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[bookmark: _Toc43650251]Abstract
This assignment is a brief look into the basic principles of Plasma Spraying systems, the use and application of plasma spraying in industry with an emphasis on the medical industry and the plasma spraying gases that are widely used. The plasma-spray process can be viewed as almost universal because of its naturally high process temperatures, which allows almost unlimited combinations of coating and base material to be used.
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What is thermal spraying?
Thermal spraying requires a device that creates a high temperature flame or plasma Jet. In the case of plasma, such a device is called a plasmatron, i.e. a plasma generator powered by an arc or high frequency discharge whose plasma is superposed by streaming gas. Metal, gas and even polymer powders can be injected into the plasma jet, melted during a very small amount of time in the flame or plasma jet, and then propelled towards a target where the molten droplets solidify on the surface of the substrate and build up a solid coating. Any material can be sprayed as long as it has a well-defined melting point and does not decompose or sublimate (change directly from a solid to a gas) (Heimann, 2008).
Figure 1 shows the organization of thermal spraying methods (Lugscheider, 1992) that are separated into 2 main energy sources, first, chemical energy provided by the combusting gases that then power the flame torches and electrical currents providing energy to the plasmatron.
Chemical energy source
Continous
Discontinous
Rod, wire or powder flame spraying
HVOF- High velocity   oxy-fuel flame spraying
Detonation spraying
Low Energy
High Energy
Wire Arc spraying
Plasma spraying
(See figure 2)
Electrical energy source
[bookmark: _Toc43650268]Figure 1- Thermal Spray techniques divided by their principle energy sources (according to Lugscheider, (1992)
















The plasma spray methods are shown if Fig 2
Surrounding Atmosphere
Air
Atmospheric plasma spraying. (APS)
High power plasma spraying. (HPPS)
Shrouded plasma spraying
Special Atmosphere
Underwater plasma spraying
Inert gas spraying.
(IGPS)
Low pressure plasma spraying.
Controlled atmosphere plasma spraying.
(CAPS)
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The different techniques here are notable by the types of atmosphere these flames/jets are sprayed in. i.e.  APS , air for conventional air spraying and high power plasma spraying (HPPS), APS within an inert atmosphere is used when the spraying media or powder is sensitive to oxygen atmospheres , this prevents the powder from oxidizing, the plasma spray methods rely on special atmospheres , most importantly (IGS) inert  gas plasma spraying and vacuum (VPS).
The principle difference between flame spraying and plasma spraying is given by the maximum temperatures achievable.
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In flame spraying the temperature is limited by the internal energy or enthalpy of combustion of the gases, i.e.  (acetylene, butane, propane), conventional flame spraying torches reach temperatures of around 3000K (2726.35 degrees Celsius), while plasma spraying, whether APS or VPS can reach temperatures of 15273.5k -12773.15k or greater. (12500-15000 degrees Celsius).
Using electrical energy as a power source to create the plasma provides theoretically unlimited temperatures that are only controlled by the amount of energy that can be inputted. The maximum power supplied to the plasmatron is dependent on the cross-sectional area of the power leads between the transformer and the device. Also, another factor is the type of plasma gases used (I.e. argon, nitrogen, auxiliary hydrogen and helium)

[bookmark: _Toc43650254]What is plasma and how is it made?

A plasma is an ionized gas. When a solid is heated sufficiently that the thermal motion of the atoms breaks the crystal lattice apart, usually a liquid is formed. When a liquid is heated enough the atoms vaporise off faster than they can recon-dense, and a gas is formed. When a gas is heated enough that the atoms collide with each other and knock the electrons off in the process, a plasma is formed: the so-called ‘fourth state of matter’. (Rutherford, 2000)
[bookmark: _Toc43650271]Figure 4-Oerlikon Metco -Version 1 
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[bookmark: _Toc43650272]Figure 5-Oerlikon Metco Version 1


As plasma is an electrically conductive gas containing charged particles. When atoms of a gas are excited to high energy levels, the atoms loose hold of some of their electrons and become ionised producing a plasma containing electrically charged particles - ions and electrons. 
The plasma generated for plasma spraying usually incorporates one or a mixture of the following gases: 
•	Argon
•	Helium
•	Nitrogen
•	Hydrogen

[bookmark: _Toc43650273]Figure 6- Temperature as a Function of Gas Energy Content
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Plasma flames for thermal spraying can produce temperatures around 7,000 to 15,000 k or even up to 20,000K, far above the melting temperature (and vapour temperature) of any known material. The extreme temperature of the plasma is not the only reason for the effective heating properties. If for example helium gas is heated to around 13,000K without a plasma forming, it would have insufficient energy for normal plasma spraying. Nitrogen on the other hand heated to 10,000K going through dissociation and ionisation forming a plasma is an effective heating media for thermal spraying, being able to supply about six times more energy than an equal volume of helium at 13,000K. The plasma is able to supply large amounts of energy due to the energy changes associated with dissociating molecular gases to atomic gases and ionisation which occur with little change in temperature.
•	N2 + E   =   2N
•	Diatomic molecule of nitrogen + energy gives 2 free atoms of nitrogen
•	2N + E   =   2N+ + 2e-
•	2 free atoms of nitrogen + energy gives 2 nitrogen ions and 2 electrons
The reverse process provides most of the energy for heating the spray material without a dramatic drop in temperature:
•	2N+ + 2e-   =   2N + E
•	2N             =   N2 + E
Nitrogen and hydrogen are diatomic gases (two atoms to every molecule). These plasmas have higher energy contents for a given temperature than the atomic gases of argon and helium because of the energy associated with dissociation of molecules.
Argon and Helium are monatomic gases (the atoms don't combine to form molecules) These plasmas are relatively lower in energy content and higher in temperature than the plasmas from diatomic gases.
Nitrogen is a general-purpose primary gas used alone or with hydrogen secondary gas.
Nitrogen also benefits from being the cheapest plasma gas. Nitrogen tends to be inert to most spray material except materials like titanium.
Argon is probably the most favoured primary plasma gas and is usually used with a secondary plasma gas (hydrogen, helium and nitrogen) to increase its energy. Argon is the easiest of these gases to form a plasma and tends to be less aggressive towards electrode and nozzle hardware. Most plasmas are started up using pure argon. Argon is a noble gas and is completely inert to all spray materials.
Hydrogen is mainly used as a secondary gas, it dramatically effects heat transfer properties and acts as antioxidant. Small amounts of hydrogen added to the other plasma gases dramatically alters the plasma characteristics and energy levels and is thus used as one 1control for setting plasma voltage and energy.
Helium is mainly used as a secondary gas with argon. Helium is a noble gas and is completely inert to all spray materials and is used when hydrogen or nitrogen secondary gases have deleterious effects. Helium imparts good heat transfer properties and gives high sensitivity for control of plasma energy. It is commonly used for high velocity plasma spraying of high-quality carbide coatings where process conditions are critical. (England, April )










[bookmark: _Toc43650255]What is plasma Spraying as a Process?
Plasma spraying is a thermal coating process in which particles that have been softened by heat form a coating onto a substrate. This process aims to prevent corrosion or damage and allow materials that have been sprayed to last longer and have improved resistance. This popular form of thermal spraying can be used to coat any material and its flexibility can be used in many different industries such as medical, aerospace, automotive and agriculture.
[bookmark: _Toc43650256]How does Plasma Spraying work?
The coating material is in powder form and injected into a high temperature plasma jet which heats the powder before accelerating it out towards the substrate. The plasma gas acts as the spraying heat source and gets heated to such a high temperature that it ionizes and becomes electrically charged, meaning materials with high melting points can be sprayed. (IrsLtd, 2019)
The plasma gun itself comprises of a copper anode and tungsten cathode which the gas flows through and around, making plasma that is forced out through a constructing nozzle once mixed with the powder coating material. When combined, the powder becomes molten and fires out of the gun onto the substrate before cooling to form a coating.
[image: ]
[bookmark: _Toc43650274]Figure 7-Plasma Spray Process -“Science Learning Hub – Pokapū Akoranga Pūtaiao, University of Waikato, www.sciencelearn.org.nz”
Plasma spray process diagram showing the main components of the plasma torch. Key features of the process are also included. (Waikato, 2014)
[bookmark: _Toc43650257]What is Plasma Spraying used for?
Because plasma spraying is so versatile, it is one of the most popular thermal spray coating techniques available for producing high quality coatings that provide resistance, insulation, control, prevention and restoration. Plasma spray solutions may be necessary to protect industrial equipment and it is used across many different applications in industry sectors such engineering, electronics, medical, chemical and nuclear, household appliances and more. (IrsLtd, 2019)
[bookmark: _Toc43650258]How is plasma Spraying used in medical industry?

Plasma spraying is used widely within the orthopaedic industry particularly around surgical and dental implants, in surgical implants (i.e. Knees joints, Hip joints) this coating technique is used to create porous structures. (Korovessis1, 2015), example below showing a porous coated Hip stem surface structure.
[image: ][image: ] 
[bookmark: _Toc43650275]Figure 8- Porous Coated Stem- Zimmer Biomet
Plasma spay coatings on joint replacement prostheses are designed to encourage new bone formation around an implant, the advantage of plasma coating medical implants is that these coatings give implants a porous surface that bone can penetrate more readily and economically than conventional sintered bead coating (Valenti, 1993) thereby improving fixation and long-term survivorship of the artificial joint. Many studies have shown that a well applied coating does produce the required outcome, especially in total hip and knee replacements. (McCabe A, 2016) ,these porous structures increase stability by enhancing  bony on-growth and in-growth.(Osseo-integration) (Korovessis1, 2015).
Plasma spraying also eliminates the problem of reduction of fatigue strength caused by the thermal cycle necessary to sinter the beads. (Valenti, 1993)
[bookmark: _Toc43650259]What are the advantages of Plasma Spraying?
[bookmark: _Toc43650260]Wide range of coating materials
There is a choice of different materials that can be used as a quality coating using plasma spraying. Most materials are readily available in the appropriate powder form such as metals, ceramics and alloys, and can be individually selected depending on the substrate. 
[bookmark: _Toc43650261]Wide range of substrate materials
Plasma spraying can coat many different substrate materials such as plastics, glass, metals and ceramics. 
[bookmark: _Toc43650262]Wide range of powder particle sizes
Compared to other types of thermal spraying, plasma spraying can use a wide range of powder particle sizes between 5-100µm. 
[bookmark: _Toc43650263]Maximise the lifespan of the substrate
Plasma spraying provides effective coatings that act as a protective barrier to a substrate, ensuring the material has a high resistance and is insulated and controlled.
[bookmark: _Toc43650264]Well known process.
Plasma porous coating is a well-known process and is well understood.
[bookmark: _Toc43650265]What are the disadvantages of Plasma Spraying?
Equipment can be expensive
If you need to use plasma spraying, buying the specialist equipment can be expensive to buy and use/maintain, for example, a complete plasma coating system can cost up to 1million pound to purchase and to install.
Due to the high temperatures involved the internal spraying components of the plasma guns’ experience rapid deterioration and so must be replaced at regular intervals which again can add up to a lot of expense. (IrsLtd, 2019), the average plasma gun consumable cost can run into thousands of pounds/year.

Below shows an example of monthly expenditure on a single porous spraying system,

[bookmark: _Toc43650276]Figure 9- Porous spraying system monthly expenditure – Zimmer Biomet





[bookmark: _Toc43650266]What’s the future for plasma porous coating?

While past and present coating techniques have great enhanced the effectiveness and stability of orthopaedic implants, new and more impressive innovations promise to give greater value.
One of the innovations is additive manufacturing , (DLMS) direct laser metal sintering , in a traditional machining process , you are coating a pre-machined product, but with DLMS, a special machine employing a high-powered fibre optic laser creates a nearly complete product (a hip socket cup, for example) with the coating already on it. 
This allows highly complex shapes to be created in hours directly from a CAD model without any extra tooling , with no special tooling requirements a manufacturer can use DLMS for  full production manufacturing , a great advantage to DLMS is also in its ability to create functional prototypes out of the same material as the production items, this allow for mor rigorous testing of prototypes while decreasing the development time for new products.
Orthopaedic medical device companies that understand why implant coatings have evolved in the way they have are at an advantage. They are better positioned to offer solutions that balance cost and capability to their present and future coatings and add more value to their customers. (Tony Crivella, 2014)
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Porous Chamber Cost/Month	
Servicing/ Planned maintenance	Consumables (i.e Gun changes)	Gases (Argon and Helium)	4860	4000	33000	
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How does Gas become a Plasma?
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How does Gas become a Plasma?
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