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1. [bookmark: _Toc508806588]Introduction

The following report will investigate and evaluate the use of non-traditional machining processes for the production of fastening components such as; screws and nuts. The primary aim is to critically appraise abrasive water jet cutting and powder metal forming and determine which method, if any, is best suited to the production of the aforementioned components. 
Each individual process will be analysed and evaluated against the original machining process used (forming), as well as the other selected non-traditional process. This information will be detailed and discussed and a conclusion of which process is best suited to the company’s specific application will be made.


1.1. [bookmark: _Toc508806589]Assumptions

In order to successfully appraise the processes discussed in this report, the following assumptions were made:
· The company mass produces all components
· The specific components produced are a screw and a nut
· The components are manufactured with low carbon steel
· The company is not a start-up business and is already established in the market
· The company associates expansion with increased business, not the opening of another manufacturing site



2. [bookmark: _Toc508806590]Current Process

The business currently manufactures components such as; fastenings, fixings and tension, torsion and compression springs (as shown below in Figures 2.1 and 2.2):
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[bookmark: _Toc508611324][bookmark: _Toc508626863][bookmark: _Toc508799938]Figure 2.1: Manufactured Components 1 (2018) 	Figure 2.2: Manufactured Components 2 (2018)

This report will specifically focus on the manufacture of screws and nuts with this section detailing a traditional forming process. The advantages and disadvantages of this method will be detailed and evaluated with the suitability of its application for the company’s intended purpose being discussed.

2.1. [bookmark: _Toc508806591]Traditional Forming

2.1.1. [bookmark: _Toc508806592]Background Research and Manufacturing Process

Materials can be converted to finished products through many different manufacturing processes. These processes can be categorised into different sectors and are shown below in Figure 2.1.1:


[bookmark: _Toc508626864][bookmark: _Toc508799939]Figure 2.1.1: Manufacturing Categorisation (n.d.)
Forming is a widely used process within multiple engineering disciplines; aerospace, automotive, defence etc and metal forming in particular is part of the process that the specified company is currently using to manufacture its screws and nuts. Metal forming represents a large set of manufacturing processes which plastically deforms material (takes it to stresses beyond its yield strength) until it takes shape of a desired die geometry (Narayanan, n.d.). It is a process of obtaining a desired shape by subjecting the material to plastic deformation through the application of tensile, compressive, shear or bending force (or a combination of these forces) (Chandramouli, n.d.). 
This process can be classified into bulk forming (deformation) and sheet metal forming. Figure 2.1.2 represents this classification in terms of a diagram:

[bookmark: _Toc508626865][bookmark: _Toc508799940]Figure 2.1.2: Metal Forming Categorisation (n.d.)

Bulk forming is a severe deformation process which results in a dramatic shape change. It has a relatively small work surface area to volume ratio and the nature of forces applied during this process can be compressive, tensile, shear or a combination of these forces (Silva et al., 2015).
Sheet metal forming involves performing cutting and forming operations on metal strips, coils and sheets. It has a relatively high work surface area to volume ratio and predominantly uses shear or tensile forces during this process (Hattalli and Srivatsa, 2018). 
Bulk forming is applicable to the components specified in this report (screws and nuts). It is accomplished by forming presses with the use of a tool and die (Chandramouli, n.d.) and the different methods of basic bulk forming are shown in Figure 2.1.3 below:

[bookmark: _Toc508799941]Figure 2.1.3: Bulk Forming Processes (2015)
Figure 2.1.4 shows metal forming processes categorised by the type of stress applied during the process:

[bookmark: _Toc508799942]Figure 2.1.4: Metal Forming Categorisation (2015)

The bulk forming process used to manufacture screws and nuts is extrusion. In this process, the work piece is compressed into the die opening to achieve the desired shape of the die hole and its cross section (Wang and Feng, 2018). Extrusion allows for a variety of shapes, close tolerances and enhanced grain structure/strength properties when used in cold and warm extrusion conditions (Narayanan, n.d.). There are two types of extrusion; direct (forward) and indirect (backward). For direct extrusions, a metal billet is loaded into a container with die holes. The material is compressed via a ram, forcing the material to flow through the die holes. This can be seen in Figure 2.1.5. For indirect extrusions, the die is attached to the ram instead of the container. As the material is compressed by the ram, it flows through the die hole on the ram side – opposing the direction of ram movement. This can be seen in Figure 2.1.6:
 

[bookmark: _Toc508799943]Figure 2.1.5: Direct Extrusion (2015)


[bookmark: _Toc508799944]Figure 2.1.6: Indirect Extrusion (2015)

As well as the previously mentioned categorisations, forming can also be classified into hot, cold and warm forming. Hot forming carries out deformation at temperatures above recrystallization (around 0.5 to 0.8 Tm – where Tm is the melting temperature), whereas cold forming is carried out at ambient/slightly above ambient temperature and warm forming is between these two temperatures (Berndt et al., 2017). When manufacturing components such as screws or nuts, cold extrusion (cold forming) is the desired process. Cold extrusion is more economically viable for the production of large quantities (lower energy required due to lower temperatures) and as the company mass produces these components it is the most appropriate process for this application. Further benefits of using this process are detailed in section 2.1.2. 
In order to complete the manufacture of the screw, secondary machining processes such as thread rolling is necessary.



2.1.2. [bookmark: _Toc508806593]Benefits

The benefits of using cold extrusion (forming) are listed below:
· High dimensional accuracy
· High surface quality
· Very high output capabilities (50-400 parts/minute)
· Optimal use of material (material loss of 0-3%) – almost used at 100% efficiency
· Increased strength and hardness properties
· Broad range of shapes achievable
· Comparatively cheap tooling costs – the most expensive tool sets (a multi-cavity header) can cost a few thousand dollars 
· Autonomous process reduces labour costs
· Comparatively low energy consumption
· Cold formed parts cost around 40-60% of machined parts
 (Wurth, n.d.), (Deringer, 2018).

2.1.3. [bookmark: _Toc508806594]Drawbacks/Limitations

The drawbacks of using cold extrusion are:
· High loads – require higher amounts of energy therefore higher expenses
· High lubrication costs
· Limited shape complexity – results in secondary machining
· Limited deformation achievable
(Industrial Extrusion, n.d.).

2.1.4. [bookmark: _Toc508806595]Suitability of Application

This process is extremely suitable to the company’s application. It meets the required production output, is a comparatively cheap production method and works perfectly with the required material (low carbon steel).
The company wishes to expand and this process would be sufficient in helping achieve this. The process production capabilities would meet the desired increase in production and a benefit of staying with this current process would be the saving of tooling/machining costs that would arise if the manufacturing process were to change.


3. [bookmark: _Toc508806596]Non-traditional Processes 

The company wishes to switch manufacturing process from a ‘traditional’ machining process to a more ‘non-traditional’ machining process to allow for the modernisation and expansion of the business. Traditional (also known as conventional) machining classifies processes in which the material is removed by direct contact between the tool and work piece (Al-Ghamdi and Iqbal, 2015). In these processes the energy is used to rotate the work piece or the tool. Non-traditional processes however, use the energy to remove material from the work piece (via thermal, mechanical or electrical means) with many having no direct contact between the tool and the work piece (Rajurkar et al., 2017).
The processes being investigated in this report are; abrasive water jet cutting and powder metal forming (near net shape forming). This section will detail and evaluate these processes through analysing the advantages and disadvantages of each method and their suitability for the company’s application.

3.1. [bookmark: _Toc508806597]Water jet Cutting 

3.1.1. [bookmark: _Toc508806598]Background Research and Manufacturing Process

Water jet cutting was originally developed over a century ago for use in the mining of gravel and clay deposits, to blast material from the quarry face. However, the development of water jet systems did not truly begin until the early 1960’s with the very first commercially usable water jet cutting system being installed for the Alton Box Board Company in 1971. This cardboard box manufacturing facility eliminated the use of commercial saws by using its new ‘Fluid Jet Cutting System’ for the contour cutting of furniture packing forms (OSS Ltd, 2015). 
Since then, this process has become one of the fastest growing cutting methods due to its high flexibility and accuracy. Water jet cutting can be divided into two methods; pure and abrasive water jet cutting.  Pure water jet cutting uses only water (at pressures between 20,000 to 94,000 PSI) to cut materials, however this method can only cut through ‘soft’ materials such as foam, rubber and plastics (Krajcarz, 2014). This limitation in the type of materials that can be cut led to the development of abrasive water jet cutting. Abrasive water jet cutting uses a combination of water and abrasive particles ah high pressures to cut through any material, whilst still upholding the high flexibility and accuracy. This section will detail an abrasive water jet cutting process as this is the process in which the company would use to manufacture the desired screw and nut components (due to the material of low carbon steel not being able to be machined by pure water jet cutting). 
The cutting process works by pressurising the inlet water to pressures between 20,000 to 94,000 PSI. Industrial standard water jets often operate at pressures between 50 to 60,000 PSI (Kumar, 2017). The water is then forced through a hole in the jewel (width of 0.25-0.4 mm) to create an extremely high velocity, thin flow of water. The pressure and stream velocity are directly proportional, with greater cutting power density being achieved through higher pressures (Agarwal, 2015). The abrasive element to this process occurs straight after the inlet water passes through the jewel. Figure 3.1.1.1 shows the arrangement of an abrasive water jet cutting tool, with Figure 3.1.1.2 showcasing a pure water jet cutting tool arrangement:

			[image: ]
[bookmark: _Toc508799945]Figure 3.1.1.1: Abrasive Water Jet Cutting Tool (2017) 	Figure 3.1.1.2: Pure Water Jet Cutting Tool (2017)

Once the inlet water passes through the jewel, abrasive is added to the stream and mixed. The resultant stream travels through the mixing tube and forms a cutting jet (between 0.9-1.2 mm in diameter). The high velocity beam of water accelerates the abrasive particles into the material needed to be cut, transferring the water jets momentum into the abrasives, resulting in the ability to cut harder materials than pure water jet machining (Kumar, 2017).
Figure 3.1.1.3 details an abrasive water jet cutting setup:

[bookmark: _Toc508799946]Figure 3.1.1.3: Abrasive Water Jet Cutting Setup (2017)
The equipment used in an industrial abrasive water jet cutting process are as follows:
· Hydraulic pump – Supplies the intensifier with compressed oil to drive its reciprocating plunger pump. Offers complete flexibility for water jet cutting applications and can support single or multiple cutting stations for improved productivity. 
· Intensifier – Driven by a hydraulic power pack. This section works to deliver high pressure water to the system. 
· Accumulator – When the large piston within the intensifier changes direction, the delivery pressure drops. To account for this drop in pressure a thick cylinder is added to the delivery unit to store water at high pressure (the accumulator). 
· High pressure tubing – Transports pressurised water to the cutting head. This equipment allows for the flexible movement of the cutting head.
· Jet cutting nozzle – Used to provide efficient mixing of the water and abrasives. Commonly made from tungsten carbide or boron carbide to minimise abrasive wear. Two major nozzle designs are; single jet and multiple jet feed nozzles. Figures 3.1.1.4 and 3.1.1.5 show these designs respectively.

 	
[bookmark: _Toc508799947]Figure 3.1.1.4: Single Jet Nozzle (2017) 			Figure 3.1.1.5: Multiple Jet Nozzle (2017)

· Catcher – Used to absorb the residual energy of the abrasive water jet and to collect machining debris. The use of a catcher reduces noise levels by around 105 decibels and there are two types that can be used; a pocket type and a line type. The pocket catcher travels along the jet (X and Y direction) whereas the line catcher only travels along one axis with the width compensating for the other axis.

(Agarwal, 2015), (Kumar, 2017) and (Supriya and Srinivas, 2018).


3.1.2. [bookmark: _Toc508806599]Benefits

The benefits of using abrasive water jet machining are:
· Environmentally friendly – can recycle scrap material
· Can cut through any material
· Omni-directional cutting
· Cold cutting (no heat affected zones)
· Minimal fixtures required due to low horizontal forces
· Stress-free cutting through material (does not workload material)
· Extremely high accuracy
(Ballard, 2016), (TECHNI Waterjet, 2018) and (Kumar, 2017). 

3.1.3. [bookmark: _Toc508806600]Drawbacks/Limitations

The drawbacks of using abrasive water jet machining are:
· Increased cutting time – lower production output
· Short life of mixing tube – the abrasive material will wear down the mixing tube 
· Occasional plugging of mixing tube can interrupt production
· Wear, misalignment and damage to jewel if positioned incorrectly
· Thicker material results in lower accuracy
· Extremely high start-up costs – tooling and cost of additional abrasive materials
· Secondary machining is required to create the screw
 (Kumar, 2017) and (Agarwal, 2015).

3.1.4. [bookmark: _Toc508806601]Suitability of Application

This process would not be a suitable replacement for the manufacture of screws and nuts due to the reduced production capabilities (compared to bulk forming). Although abrasive water jet cutting is extremely accurate process with little to no wastage of material, these benefits do not compensate for the lower production capabilities. Especially with the company wishing to expand the business and produce more components.
If the production capacity could meet the desired quantity the financial aspect of the new implementation could be evaluated. Water jet machines have an extremely high start-up cost and this cost would need to be justified. Due to the low retail price of the components (£0.05 per screw), this investment would need to be long-term or the company would need other means/increased business generating profit to justify the tooling investment.
As well as tooling cost and lower production capabilities, much like bulk extrusion forming, the use of water jet cutting to manufacture the screws would not fulfil the desired shape and secondary machining would be required to create the thread. This is an added expense that could be avoided by using other processes.

3.2. [bookmark: _Toc508806602]Powder Metal Forming (Near-net Shape Forming)

3.2.1. [bookmark: _Toc508806603]Background Research and Manufacturing Process

Conventional (traditional) manufacturing processes such as casting, machining, forming etc., often use raw materials that are in a solid state or a solid that has been melted into a liquid state. Powder metal forming (a new class of manufacturing) uses metal or alloy powders as raw materials to generate finished components with high precision, accuracy and at a competitive rate (Chandramouli, n.d.). This process has the ability to produce parts extremely close to the final dimensions with minimal material wastage and the material compositions can be modified to match desired material properties (Wolfson and Nikolskii, 1997).
The general steps for powder metal processing are:
· Production of metal powders – The raw material for the metal powder productions may be the bulk metal, compounds of the metal or salts and oxides of the metal (Qin et al., 2017). The characterisation (particle shape, size, composition etc) of the powder produced and its nature are dependent on the method of production. The common methods are; reduction – metal oxides being reduced by reducing gases such as carbon monoxide, atomisation – molten or metal alloy is injected through an orifice to be broken into fine droplets via air, steam or gas and electrolytic deposition – metal powders are produced by electrochemical reaction involving fused salt or an aqueous solution (Chandramouli, n.d.). 
· Powder mixing/blending – Mixing refers to the mixing of different powders, whereas blending refers to mixing powders of the same kind. This process is carried out in ball/attritor mills under controlled atmospheric conditions to avoid explosions and/or oxidation of the powder.
· Powder compaction – This process of compacting the powder inside the closed die-punch assembly by applying sufficient pressure. Lubrication reduces particle friction, with lubricants such as graphite powder and zinc stearate being blended with the metal powder before compaction. The compaction process can be seen below in Figure 3.2.1.1:


[bookmark: _Toc508799948]Figure 3.2.1.1: Powder Compaction Process (n.d.)
· Sintering – After compaction, the product does not have the required strength and the particles contain porosity. This can lead to premature failure (as the particles bonds are weak). To reduce this porosity and establish metallurgical bonds, sintering is carried out after compaction. Sintering involves heating the compact (to a temperature below its melting point) to achieve chemical bonding through interparticle diffusion, grain formation/growth and plastic deformation (Chandramouli, n.d.). This process can be carried out at temperatures above melting point (liquid sintering) to enhance the density, however this is not necessary for the company specific application. As the material of the screws/nuts are ferrous, the atmospheric conditions for the process must consist of a nitrogen-hydrogen mixture to avoid oxidation (Frueh et al., 2018).
· Post-sintering – The metal parts ductility, tensile strength and fatigue strength will be degraded by porosity in the sintered material. To eliminate this porosity, post-sintering processes may be implemented. Common methods are; powder forging, extrusion, repressing and infiltration. Powder extrusion is the process which will be recommended to the company for the production of its screws/nuts due to the similarity with the company’s current bulk extrusion forming process (Wieland and Petzoldt, 2017). Powder extrusion uses the same process as detailed in section 2.1.1 and Figure 3.2.1.2 shows the process:

[bookmark: _Toc508799949]Figure 3.2.1.2: Powder Extrusion (n.d.)

This process would replace the current bulk forming extrusion process and not eliminate the need for secondary machining such as thread rolling for the production of the screw.



3.2.2. [bookmark: _Toc508806604]Benefits

· Materials which are difficult to cast (due to their high melting temperatures) can be easily processed with this method
· Enhanced formability
· Controlled porosity
· Great precision with a high quality surface finish
· Can produce complex shapes with good structural performance
(Chandramouli, n.d.) and (Wieland and Petzoldt, 2017).

3.2.3. [bookmark: _Toc508806605]Drawbacks/Limitations

· A common challenge is the complete elimination/near-complete elimination of porosity. This reduces the strength, ductility, corrosion resistance and ultimately increases the risk of premature failure.
· Size and weight of the part is limited by the maximum tonnage of the available presses
· Secondary machining is required to create the screw
(Wieland and Petzoldt, 2017).

3.2.4. [bookmark: _Toc508806606]Suitability of Application

This process would be a suitable replacement for the company’s production of screws and nuts. The process would be able to meet the desired production demand, produce high quality components and further reduce material waste.
Much like all changes to manufacturing processes, start-up tooling costs are the main disadvantage to swapping processes. The high start-up capital costs can outweigh the benefits of reducing material waste as the company is unlikely to generate enough profit/gain enough business during its expansion to cover the cost of the tooling equipment.






4. [bookmark: _Toc508806607]Process Selection

After evaluating the two non-traditional processes detailed in section 3, it can be stated that powder metal forming would be a better selection for the company’s application compared to abrasive water jet cutting. Powder metal forming uses a similar process to the current manufacturing process (bulk forming) and is able to meet the desired production demands, with the added benefit of reduced material wastage and higher precision/accuracy. Whereas, abrasive water jet cutting would not be able to meet the production demands of the business, especially with the business wishing to expand.
If the company switched to abrasive water jet cutting the cost per part would increase due to the increase in labour time and for a company selling components with very little profit per part, this would not be feasible. The tooling costs for both abrasive water jet cutting and powder metal forming are substantial, however powder metal forming would be a more beneficial selection for the company when compared with abrasive water jet cutting.
Although powder metal forming is the best non-traditional machining process out of the two evaluated in this report, it would not be a feasible option. The company wishes to expand the business, generate more components and ultimately more profit through sales, therefore investing a considerable amount of money into new tooling equipment would not be beneficial. Especially with the benefits of switching processes not being too substantial. The benefit of switching would be the reduction in material waste and more accurate components, however in a business that already uses a process with 0-3% material waste being produced (with that waste being recycled) it is not worth the investment.
Essentially, due to the business being an already existing manufacturer it would be advised to not switch processes as the potential increase in profits would not compensate for the tooling investment. If the company was a start-up, powder metal forming would be an ideal process to manufacture the components as they would benefit from reduced material waste and lower costs per part. 

4.1. [bookmark: _Toc508806608]Effect on company 

As previously stated in section 4, it would not be advisable to switch to a non-traditional manufacturing process, however if the business was a start-up this would be an ideal option. The impact of having a non-traditional process such as powder metal forming would be advantageous for a start-up business in this industry because the company would be able to market their product as having increased accuracy and potentially higher quality materials for their components. This would be due to the cost per part being lower than many other processes, allowing for better quality materials to be used without affecting the retail price (can compete with competitors prices with better quality components). A start-up business would also benefit from the reduced material wastage which would have a long-term capital save, however as the company in question is an already established business this would not be a major advantage. 
Although the use of non-traditional processes could generate more business (from an ethical and production capacity standpoint), the low profit per part would require a potentially unrealistic gain in business to generate enough capital to cover the costs of the tooling equipment and because of this these processes are an insufficient manufacturing replacement.
5. [bookmark: _Toc508806609]Conclusion

To conclude this report; a screw and nut manufacturer wished to expand/modernise their business and were considering the use of non-traditional machining processes to achieve this. The non-traditional processes of abrasive water jet cutting and powder metal forming were analysed and evaluated with it being advised that it would not be beneficial for the company to switch to either process due to the substantial tooling costs. 
It was instead advised that the company should stick with the current process of bulk forming as this process is capable of meeting the desired production capacity associated with the business expansion and the investment of new tooling equipment is not necessary for this particular business to achieve growth.
If the company wishes to expand, it should look at manufacturing a variety of new components using the current process to generate more profit. However if they wish to modernise and open a secondary manufacturing site, powder metal forming would be a viable option for future production.
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