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Introduction.
In this Assignment I will be covering the topic of Ceramic coatings to reduce the effect of erosion on a base metal specifically pump components such as the Impeller, Bowl and the Back plate.
The background for the chosen topic is at the facility, which is Dow Chemical, Barry,
Vale of Glamorgan, we produce silicone base material which then goes onto produce a wide
range of other finished material. In order to produce this base material, we react silicon metal with Methyl chloride at a high temperature, this produces an acidic material which then is distilled. But after this reaction has taken place there is a waste material which, consists of waste Silicon metal, Copper (which is a catalyst in the reaction) as well as an acidic solution which cannot be distilled. This highly acidic and abrasive material is then pumped out of reactor to be quenched in our waste handling unit. It is at that point where we see problems with huge wear on our slurry pump components, such as erosion and build-up of Copper on the internal components causing the Pumps to Trip on high Current. The Copper build up is believed to be due to the electrical conduction between the copper in the process and the pump components which are made of Steel.

This issue caused the plant to have an unreliable waste outlet causing rates to reduce up stream of the pump and in some cases shut the process down due to the lack of components available even with a duty standby pump. This reduced reliability made us search for a technology which we could use to mitigate these issues. Due to budget constraints it was not feasible to install a new designed installation, so it was decided to update the existing installation by designing a new Wet end to the pump using ceramic lined components due to the high erosion resistant and insulator properties to eradicate the proposed issues of erosion and electrical bonding of the copper.

Fundamentals ceramic component manufacture.
There are number of ways to produce ceramic components casting such as investment casting, mould casting, Additive manufacturing such as 3D printing, powder compaction and 
Spray coating. Almost all start with a spray dried powder which is then formed and heated to form the finished hard shape.

“The raw materials used in making Fine Ceramics (also known as "advanced ceramics") include inorganic solid powders with precisely controlled purity, particle size and distribution. These raw materials are formulated for specific properties and functionality, then mixed with a binding agent or binder. Afterward, they are shaped and cut to precise requirements and fired at extreme heat in temperature-controlled kilns.
Firing removes the moisture and binders. With additional firing, powder particles are sintered together and the products shrink due to reduced porosity. This process results in products of extreme density and hardness.”
A Series of Complex Production Processes Are Used to Make Fine Ceramic Products
Precisely controlled raw materials are converted into products with exceptional functional characteristics., Fine Ceramic World, KYOCERA Corporation, https://global.kyocera.com/fcworld/first/process.html

In the case of the pump we used Spray coating on top of steel base component for the Impeller. As well as casted profiles for the Bowl and Back plate assembly which were then Bonded to a Steel base component. This was due mainly for cost reasons and we were able to use local and on the books vendors to do this. But this does not mean it was the best method to use and below I will evaluate a few methods and conclude which may have been more appropriate method to use if cost was not a concern.

Additive Manufacturing.
One method for producing ceramic components which has become more feasible in recent years is the ability to use additive manufacturing techniques such as 3D printing to produce complex structures with high accuracy.

This process is completed by producing a Computer Aided Design component using a CAD software to design the component. Then using an Additive machine Such as a 3D printer, the component can be printed. Out this is achieved by spraying molten ceramic onto a plate and then builds up the component in layers. 
The advantage of this method is that the component can be produced in a controlled environment allowing the structure to gain the optimum crystal structure whilst cooling, making the component less porous (but not completely in most AM Methods) and less  susceptible to de lamination etc. Due to the fact we have designed the component on a CAD program and the material is constant compared to coatings where we have a base metal and impurities from the spraying process. We can model the design in the software to evaluate the component without the expense of the trials which could have a high budget impact.

“Additive manufacturing (AM), also designated as solid freeform fabrication (SFF), Rapid Prototyping (RP), or 3D printing, describes a class of technologies in which a part is directly generated from a virtual model by adding material to form the part. AM is defined by ASTM F2792 ‐ 12a (Standard Terminology for Additive Manufacturing Technologies) as the “process of joining materials to make objects from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing methodologies, such as traditional machining”
Additive Manufacturing of Ceramics: Issues, Potentialities, and Opportunities
Andrea Zocca, Paolo Colombo, Cynthia M. Gomes, and Jens Gunster, (2015) pg1

This method is great for the purpose of Design change as we can make a CAD change very easily and send the component to production thus allowing the ability for mass personalisation if you were a component manufacturing company. Allowing a base design to be altered easily to suit other customer’s needs.

“Recent developments in digital fabrication, namely, additive manufacturing (AM) technology are enabling the adoption of mass customization and mass personalization strategies (Da Silveira et al. , 2001; Hu, 2013, p. 6; Piller, 2004; Reeves et al. , 2011).”	
A review of additive manufacturing for ceramic production Castro e Costa, Eduardo; Duarte, José Pinto; Bártolo, Paulo. Rapid Prototyping Journal; Bradford Vol. 23, Iss. 5,  (2017): 954-963. DOI:10.1108/RPJ-09-2015-0128

Additive manufacturing also creates little to no waste, making this a more efficient and cost-effective way of manufacturing. It can also produce highly precise components ideal for this type of problem, such as impellers (open and closed) in our case the pump runs an open impeller. This means that there are other technologies available which can give the tolerance we require at possible cheaper cost. But if a closed impeller were required, Spray Coating for example would not be easy due to the hidden recesses. This method has been a lot more prevalent than at the start of AM but there are still issues with this specific application.
“Traditionally, ceramic parts are consolidated from powders by sintering, which introduces porosity and limits both achievable shapes and final strength. Such component are brittle and can fall apart under machining, limiting their application.
3D printing, which offers a big leap in geometrical flexibility, potentially offers a way around this. However the high melting point of many ceramics has hitherto made it difficult to 3D print ceramic components.
"With our new 3D printing process we can take full advantage of the many desirable properties of this silicon oxycarbide ceramic, including high hardness, strength and temperature capability as well as resistance to abrasion and corrosion," said program manager Dr. Tobias Schaedler.”
US engineers hail ceramic 3D printing "breakthrough". Engineer (Online Edition). 1/5/2016, p1-1. 1p

Although once this component is installed and running the problem may be eradicated due to the high erosion properties etc. The pump would then have a Mean Time Between Failure (MTBF) dependent upon the mechanical seal which typically had a MTBF of 6-9 months, this would then mean that the pump would be opened up and stripped on a frequent basis putting the expensive component at risk of damage.
“Compared to other materials, the design of advanced ceramic components requires more attention due to their brittle nature and low resistance to mechanical and thermal shock.16 Thus, simulations of heat transfer, fluid transfer and mechanical strength are key points of reliable design in the pre-processing” 
Ceramic Additive Manufacturing via Lithography, Nohut, Serkan; Dilibal, Savaş; Şahin, Haydar. Ceramic Industry; Troy Vol. 168, Iss. 10,  (Oct 2018): 22-25.
The disadvantage to Additive manufacturing for this purpose is that the size of machine and quantity of ceramic required would be expensive to trial and implement. We would also be reliant on possibly one supplier for this.
It is also very hard to produce a completely nonporous component due to the manufacturing method and the way the component is formed in a “honey comb” structure. So, in order to produce a component like an impeller were a non-porous component is vital due to the forces upon it, this can be difficult.



“There are very few AM technologies on the market capable of generating fully dense monolithic ceramic bodies. AM of monolithic ceramics, enabling the components to fully retain their superior physico-chemical properties, is still a challenge and remains the most important task that needs to be solved to promote AM of ceramics to more than a niche technology.”
Additive Manufacturing of Ceramics: Issues, Potentialities, and Opportunities
Andrea Zocca, Paolo Colombo, Cynthia M. Gomes, and Jens Gunster, (2015) pg2
Other economic factures to consider is that with this component there would then be no sustainable recycling or servicing of this component which means after potentially one use of maximum of 9 months it would be thrown away. This would be classed as a linear economic process Take, Make, Use and Dispose. 
“A linear economy is based on production, consumption, and disposal. In the linear economy, only a small part of used materials and waste is recycled, and a majority is thrown away. This causes great negative impacts on the environment in the economy.”                    Transition from a Linear Economy toward a Circular Economy in the Ramsey Model, Kiyoka Akimoto and Koichi Futagami ,Discussion Paper 18-09 pg01 
Ceramic spray coating.
Another method of producing ceramic components is to use a base metal commonly steel or cast iron then apply a molten spray of ceramic powder to the base component allowing to cool to specified temperature then apply “x” number of coats until specified thickness is achieved.

“In plasma arc spraying process also known as plasma spraying process, the thermal energy of an
electric arc (40 kW or 80kW) together with a plasma forming gas, which would be either nitrogen or argon, are utilized in melting and propelling of the deposit material at high velocities (600 mS-1) onto a substrate. This process is capable of generating very high temperature, exceeding 16,000 °C, which can be gainfully employed in the deposition of materials with high melting points. The deposited material is generally in a powder form and requires a carrier gas to feed it into the combustion chamber”
Erosion Behavior of Plasma Sprayed Alumina and Calcia-Stabilized Zirconia Coatings on Cast Iron SubstrateBy N. Krishnamurthy, M.S. Murali, B. Venkataraman and P.G. Mukunda 2011 pg01
 
The Advantages of this method for this application is that it is the most common method to produce ceramic components as well as the least expensive. There is also the ability to use existing components to apply the coatings to. This will obviously require small amounts of machining to be done to compensate for the spray thickness, such as Impeller external diameter. The Benefit is that this operation could be performed on site prior to component spraying or by the vendor themselves, of which there are two local vendors to the site making this a readily available process.


Depending on the condition of the components after Being in service, for example after the 9 month MTBF of the Mechanical seal we could salvage the base components and recondition these components allowing use to implement a more circular economy model such as the “Barloworld CAT engine servicing in South Africa as described on Closing the Loop 2018”.

One Disadvantage of this method is that the formation of the Spray droplets can cause the coating to be porous and in turn making the component more prone to delamination as the process material can get under the coating and lift the coatings especially at specific velocities and angles. Thus making pump components especially Rotating Impeller with Varying angles susceptible to this with the high velocities over the component surface.

“Erosive wear of the solid bodies is caused by the action of sliding or impact of solids, liquids,
gases or a combination of these [1]. Erosion can be divided into three basic types: Solid
particle erosion, liquid impact erosion and cavitations erosion” Erosion Behavior of Plasma Sprayed Alumina and Calcia-Stabilized Zirconia Coatings on Cast Iron SubstrateBy N. Krishnamurthy, M.S. Murali, B. Venkataraman and P.G. Mukunda 2011 pg02

The above was proven during the initial trials of the slurry pump where, on strip down it was noted that the vane roots of the impeller sore higher levels of material loss than others, although the ceramic loss was not to bare metal at this point it was a point of failure to base the future predicted fail time on to enable the salvage of the base components to allow refurbishment of these items.

Powder compaction.
The components produced from this method are first cold pressed into a mould of required shape using fine ceramic powder (granules). A limitation of this is the complexity of the component for example open impeller simple shape and can be formed easily. Closed impeller with internal vanes is a more complex component. After the cold pressing the cold component or Green Body is removed from the mould it then goes through a thermal heating and cooling process (sintering) to harden the component. 

“Most Ceramic Component manufacturing processes begin with a ceramic powder and a forming method to consolidate the powder into a desired shape. Shape forming processes such as dry pressing, slip casting or injection-moulding consolidate powders into porous compacts which typically 60%-70% dense. Complete densification of the pours compact occurs by subsequent sintering at high temperatures.”
Applied mechanics modeling of granulated ceramic powder compaction, article, Mahoney, F.M. & Readey, M.J. August 1, 1995 pg1

The advantage of this process is that components are easily mass produced and in a high output process. This process also produces very little waste as the moulds are filled and vibrated to fill the moulds exactly and then very little if any machining is required post forming. This process can produce components of varying sizes which makes it a versatile production method for producing many different components.

This process sees some issues with micro cracking which form during the sintering process. This is partially due to the possible component granules not being arranged in the mould effectively, this in turn causes an un-uniform structure which can cause different expansion and contraction rates during sintering. Because the more irregular the green body structure the harder it is to apply and reduce heat in the sintering and cooling process. For example, the vanes of an impeller which are approximately 8mm wide will be subjected to the same heat/ time as a 20mm thick rear face of the impeller thus making it hard to regulate the temperature across the structure. Allowing parts to cool quicker than other thus forming the cracks.

“particle or granule packing may be the single most important physical characteristics or a powder compact. In closely packed powder compacts, densification during sintering occurs faster and more uniformly, to higher end-point densities, and with less overall volume shrinkage. Uniform particles packing in a green compact ensures uniform densification and shrinkage during sintering.”
Ceramic powder compaction, Glass, S.J.; Ewsuk, K.G. & Mahoney, F.M. December 31, 1995, pg2

The Economic impact of this type of method when applying it to the problem of the pump is that given the micro crack characteristics it is not suited to an impeller due to the high centrifugal and axial forces applied to it but this form of manufacturing could be applied to the Bowl and Backplate where they can be made of a one piece uniform structure and bonded into position inside a metal cast structure. Using this method for this application would allow the reuse of the metal bowl and backplate and hopefully would have a long service life due to the simple shapes and application. Thus, applying the circular economic methodology discussed previously. 

Conclusion.
after the evaluation of the above ceramic production methods, the method most appropriate that suits the requirements of the problem are to use spray coating for the impeller and powder compaction for the bowl and backplate.
Impeller.
Spray coating works well for this application as we have the base components which the original pump supplier still manufactures as spares which we can then have spray coated. This technology is the most cost effective as we can salvage the expensive machined component which would be destroyed if Carbon steel, then refurbish the base component as a reusable spare. Although this component will see erosion on certain areas of the component the ideal scenario is that we install a run hours alert on the pump to pre-empt the life span of the coating.
This in turn allows us to reduce wasted components which would although go to be recycled by scrap, we would now be reusing the hole component by applying a thin layer of ceramic. This also makes us less reliant on the pump suppliers which may be moving away from producing Spares.
[image: ]
Fig1. Aluminium Oxide sprayed kestner pump impeller (picture by S.Wallace 2008)
Bowl and Backplate.
For these components we can use the power compaction method due to the uniform moulding required. This will make the component less susceptible to micro cracking. It will also be a more resilient component due to the thickness of the ceramic whereas with ceramic spray coating the angle of erosion could wash the ceramic off to the base metal as with the roots of the vanes of the impeller.
Using this method, we would also be able to reuse the metal carcass of the bowl and back plate making it again a serviceable part. 
This technology to produce low quantities of approximately six components per year may work out quite expensive but for example if Dow owned the moulds and produced “x” number of spares at one time with a manufactured in a lump sum Purchase, it may be more viable for a ceramic company to assist with this application. We would also have to investigate Stores strategies such as max-min levels and safety stock to ensure we always had an appropriate number of spares on the shelf.
[image: ]
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Fig3. Aluminium Oxide lined Kestner pump bowl using             Fig4. Aluminium Oxide lined Kestner pump Back plates (Picture 
Ceramic moulded coating. (Picture by S.Wallace 2008)            By S.Wallace 2008)

It was also concluded after the components were installed and put through extended service that the ceramic coating also reduced the copper build up on the components to a point where we would see only a small build up in the areas where the ceramic had been lost at the root of the vanes. This in turn proved that there must have been an electrical bonding process in play to allow the copper to be pulled out of the process and be deposited on the components. Proving the insulating properties of ceramic coatings.


[image: ]Slight copper build up where ceramic coating had been washed away by abrasive slurry at optimum velocity and angle.

Fig5. Slight copper build up after Being online for 6 months (picture by S.Wallace 2009)
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