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[bookmark: _Toc510624920]Abstract
Two non-traditional machining (NTM) methods are investigated as alternatives to an existing laser-cutting process at a manufacturing company. Abrasive water-jet cutting (AWJC) and wire electrical discharge machining (WEDM) are studied to determine the principles behind the technology and the advantages and disadvantages of each process. The study demonstrates that calculations that can be performed to analyse the performance of each process. The two processes are compared for their individual capabilities and suitability to the company’s operations. In addition, the impact of new technology on the company is discussed which highlights the importance of careful planning to result in beneficial change to the company. The study concludes that the most appropriate NTM method would depend on the specific needs of the company as each is suitable for different manufacturing conditions dependant on the range of components manufactured by the company. The study recommends investigating hybrid processes to enhance the capabilities of the proposed NTMs.
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1. [bookmark: _Toc510624921]Introduction
This study will investigate two methods of non-traditional machining (NTM) that are to be proposed for improving the operations of a company which manufactures a variety of components such as fastenings, fixings and springs. The organisation currently uses a laser cutting process. The two methods to be investigated are abrasive water-jet cutting and electrical-discharge machining. These methods will be compared for their suitability to the company and any advantages and disadvantages of each process will be identified. Further to this, the industrial impact on the company of the new technology will be discussed. 
NTMs can be considered as operations that do not use shear force as the primary means to remove material from the workpiece (Das & Chakraborty, 2011). The methods of NTM can be typically divided into four categories: mechanical, electrical, thermal and chemical. The most suitable machining process for a given task can be identified depending on various factors which include: the material type, the economy of the process, the suitability of the process and the complexity of shape. 
The increasing levels of advanced and difficult-to-machine materials required in modern industry has led to a need for more advanced machining processes (Temucin, et al., 2014). The need for more advanced NTMs has been necessary to produce highly intricate details and surface finishes that have been previously unachievable with traditional methods.




2. [bookmark: _Toc510624922]Main Body
2.1 [bookmark: _Toc510624923]Abrasive Water-Jet Cutting (AWJC)
Abrasive water-jet cutting (AWJC) is a non-traditional machining method that removes material using a high-pressure water jet (Kong, 2014). The process involves the use of fine abrasive particles such as garnet, alumina or silicon carbide which are sucked in to the mixing chamber (see Figure 1) and accelerated to very high velocities as the momentum of the water jet is transferred to the particles (Hlavacova & Geryk, 2016). The water and abrasive mixture is focused through a very fine nozzle that is usually constructed of tungsten or sapphire to resist abrasion. The nozzle orifice ranges between 0.1-0.3mm through which pressures of up to 620 MPa can be exerted, providing sufficient energy to remove material from the workpiece (Lv, et al., 2015). AWJC is a mechanical cutting process that relies on erosion of the material by the abrasive particles and is suitable for almost any type of material, regardless of physio-chemical properties (Meshcheryakov & Shulepov, 2017).
[bookmark: _Ref508728508]Figure 1 - Abrasive Water-Jet Cutting (CES Edupack, 2016)
[image: ]



2.1.1 [bookmark: _Toc510624924]Advantages and Disadvantages
AWJC can be used for rapid prototyping and in-series production (Luca, et al., 2013). The process is suitable for almost any type of material and material hardness does not affect the process. It can be particularly suited to materials that are sensitive to high pressures or work hardening caused by other cutting techniques (Radovanovic, 2016). The process is also suitable for machining heat sensitive materials as the water negates any heat c by the abrasion. There are no physical tools in contact with the workpiece so there are low tooling costs associated with the process. AWJC is suitable for reflective materials in which laser beam machining cannot be used (Koelsch, 2005). 
The disadvantages of AWJC include the low removal rate of thick metal sections and the relatively high initial equipment cost (CES Edupack, 2016). Also, when cutting laminate materials, delamination can occur (see Figure 2) in which the bottom laminae can become detached from the main body due to the force of the water jet. This can cause deformation of the workpiece at the bottom edge of the cut. 

[bookmark: _Ref509960221]Figure 2 – Delamination (Hocheng, et al., 2015)
[image: ]

Hlavacova & Geryk (2016) have demonstrated that AWJC produces a parabolic edge profile which can be considered negligible for thin workpiece sections but can be problematic for thicker sections, whereby a finishing process may be required.

2.1.2 [bookmark: _Toc510624925]Analysis
The velocity of the water-jet is accelerated as stated by Bernoulli’s equation which is a statement of conservation of energy in a flowing liquid (Alsoufi, 2017). The jet velocity, , can be expressed as:
				

To determine the jet velocity for a typical operation, the following parameters will be considered:

		water pressure, P = 500 MPa = 500 x  Pa
		the density of water,  = 1 g/ = 1000 kg / 
		discharge coefficient due to energy losses,  = 0.86 (must be <1)
		
Therefore,			 = 860 m/s

A higher velocity of the water jet will increase the permissible cutting speed of the workpiece and allow a greater depth of cut to be machined. However, this will cause wear on the nozzle material at an increased rate (Alsoufi, 2017). Excessive wear in the nozzle can cause the jet stream to diverge leading to an uneven cutting surface and a reduced level of accuracy.

2.2 [bookmark: _Toc510624926]Wire Electrical Discharge Machining (WEDM)
Electrical Discharge Machining (EDM) is a process that can be used to machine hard metals and alloys (Hocheng, et al., 2015). The process uses a non-contact, electro-thermal mechanism to melt and vaporise material from the workpiece (Hocheng, et al., 2015). In EDM, the contact area is bathed in a dielectric fluid through which an electrical breakdown occurs, generating an electric arc between the workpiece (anode) and tool (cathode). As the arc is being pulsed, energy is discharged which generates a very high temperature to remove material from the surface of the workpiece (Wu, et al., 2016). The flow of dielectric fluid also acts as a mechanism to flush away debris from the gap between the electrode and the workpiece.
EDM can be utilised as a die-sink process or a wire cutting process. EDM die-sink (see Figure 3) uses a negative-form shaped electrode containing all the detail required in the final workpiece, which is sunk into the workpiece to create the inverse shape of the electrode (Luca, et al., 2013). This process is often used when the desired cut does not fully penetrate the workpiece. 

[bookmark: _Ref508728407]Figure 3 - EDM Sink Process (HDT, 2018)
[image: ]

Wire EDM (WEDM) (see Figure 4) uses a wire electrode, usually made from brass, brass and zinc, tungsten or molybdenum and is between 0.025 and 0.357mm in diameter (Sommer & Sommer, 2005). The wire is fed between two spools so that the active part of the wire is constantly renewed resulting in less erosion of the wire (Ablyaz, 2016). WEDM is suitable for through-cutting of the work piece and the traverse is controlled with computer numerical control (CNC). The slot width (kerf) can be controlled by considering that a constant spark gap of between 0.051mm and 0.76mm is maintained between the wire and the workpiece by the machine’s servo mechanism.

[bookmark: _Ref508728433][bookmark: _Ref508728426]Figure 4 - EDM Wire Process (Weeks, 2011)
[image: Image result for wire edm]
WEDM is typically used for the cutting and shaping of conducting ceramics and metals that could be difficult to shape using other methods. The common materials to be cut using WEDM include Stellite, tool steels, tungsten carbide and titanium alloys (CES Edupack, 2016). 

2.2.1 [bookmark: _Toc510624927]Advantages and Disadvantages
The process can achieve fine tolerances and is able to cut complex shapes and thin walled sections with minimum distortion. In addition, WEDM is suitable for fragile materials as it is a non-contact process that leaves no burrs on the workpiece (Weeks, 2011). 
However, the process has a relatively slow material removal rate and is only suitable for electrically conductive materials. Additionally, the wire electrode is easily broken, and this can affect the efficiency and reliability of the process (Weeks, 2011).

2.2.2 [bookmark: _Toc510624928]Analysis
To determine the MRR of a typical WEDM operation, the following parameters will be considered:
 Length of cut, l 			= 100mm
Thickness of workpiece, t 	= 20mm
Time taken to make cut, T	= 10 minutes
Wire diameter 		= 0.3mm
Spark gap 		= 0.35mm
Now,			Kerf, K 		= Wire diameter + (2 * Spark gap)
	 				= 0.3 + (2 * 0.35) = 1mm
Therefore,		MRR 		= K*t*l / T
				= 1 * 20 *100 / 10
				= 200 /min

To find the required discharge current to achieve the MMR, the following formula will be considered:
			MRR		=  (El-Hofy, 2014)

Where,		 = Discharge current (A), and
  = Melting point of the workpiece (deg. C) = 1370 for steel (CES Edupack, 2016)

			 		=
					= 
					= 36.07 Amperes.

The discharge current required during the process can be controlled by altering the MRR. It would be necessary to optimise the current so that it does not exceed the current rating of the wire electrode to minimise wire breakages (El-Hofy, 2014).


2.3 [bookmark: _Toc510624929]Comparison of Processes
The study will compare abrasive water-jet cutting (AWJC) and wire electrical-discharge machining (WEDM) as viable alternatives to the current method of laser cutting. These two processes have been selected as they are both suitable for profile machining of components which are typically manufactured by the company.  

2.3.1 [bookmark: _Toc510624930]Process Capabilities
Figure 5 shows the range of cutting speeds at which each process can operate. Laser cutting operates within a range of 0.001 and 0.1 m/s. The chart shows that AWJC is capable of operating at a higher cutting speed than laser cutting whereas EDWC operates at a considerably lower cutting speed. However, Figure 6 shows that the tolerances achievable with WEDM are much finer and therefore could be suited to more precise work. Koelsch (2005) states that when comparing WEDM and AWJC, it is generally accepted that whereas AWJC can be about ten times faster, WEDM can be about ten times more accurate. 
Figure 7 demonstrates that whereas AWJC is comparable to laser cutting in terms of surface roughness, WEDM can achieve much finer surface finishes. Zhao & Guo (2014) demonstrate that the surface finish of the cut edge with AWJC can be divided into three zones with the top of the cut having a fine finish and the bottom of the cut having a coarser finish due to divergence of the water jet (see Figure 8 ). Hocheng, et al. (2015) illustrate that while the surface finish with WEDM may appear smooth, it is constructed of a series of microscopic craters due to the erosion caused by sparks (see Figure 9).  

[bookmark: _Ref509397418]Figure 5 - Cutting Speeds (CES Edupack, 2016)
[image: ]
[bookmark: _Ref509397802]Figure 6 - Achievable Tolerances (CES Edupack, 2016)
[image: ]
[bookmark: _Ref509397964]Figure 7 - Surface Roughness (CES Edupack, 2016)
[image: ]
[bookmark: _Ref510032491]Figure 8 -AWJC Surface (Zhao & Guo, 2014)
[bookmark: _Ref510032189][image: ] 


[bookmark: _Ref510032131]Figure 9 - WEDM Surface (Hocheng, et al., 2015)
[image: ]
Figure 10 plots the variable range of workpiece thicknesses that are capable for each process. It shows that laser cutting is capable of machining the thickest sections. WEDM has a slightly narrower range whereas AWJC machines the narrowest range of thicknesses. The chart also demonstrates that AWJC can machine a minimum thickness of 0.5mm whereas WEDM is 0.25mm. However, laser cutting can operate on sections as thin as 0.1mm.

[bookmark: _Ref509398527]Figure 10 - Workpiece Thickness (CES Edupack, 2016)
[bookmark: _Ref509724283][image: ]

Figure 11 shows that when considering the entire material universe on CES Edupack (2016), AWJC is suitable for a considerably larger range of materials than WEDM, mostly due to the non-reliance of the process on electrical conductivity of the workpiece. Considering this, the most suitable process would depend on the materials used by the company to manufacture its components. 

[bookmark: _Ref510033191]Figure 11 – Material suitability count (CES Edupack, 2016)
[image: ]

2.3.2 [bookmark: _Toc510624931]Process Suitability
The range of components manufactured by the company (see Figure 12) include items that are intricately shaped and constructed of sheet metals. It would be dependent on whether these metals are electrically conductive to be suitable for WEDM. Many non-ferritic stainless steels are not suitable for the process and therefore would need to be machined with laser cutting or AWJC (Luca, et al., 2013). 
[bookmark: _Ref509489477]Figure 12 - Components
[image: ]

The thickness of the steel section would also need to be considered for suitability as AWJC will only operate on thicknesses above 0.5mm, whereas WEDM is above 0.25mm (CES Edupack, 2016). The current laser cutting process can cut a wider range of workpiece thicknesses than WEDM and AWJC meaning the proposed NTM processes will only be beneficial if the company needs to improve a specific capability. For example, if a finer surface finish is required, then WEDM will be more suitable whereas if increased productivity is required, AWJC will be more suitable (Temucin, et al., 2014). 
Economic factors should be considered when choosing the most appropriate NTM method. For lower batch quantity production, WEDM can be economical when high precision and hard materials are involved as the tooling costs of the process are relatively low (CES Edupack, 2016). A very high-quality finish is achievable with WEDM by making successive low-power skims of the surface, but the consequence of this is a lower production rate and reduced economy (Ablyaz, 2016). 
AWJC is more suitable for when a high production rate is required but a fine surface roughness is not important on the cut edge.  In addition, AWJC could be more economical as it requires a low labour intensity whereas WEDM commands a higher labour intensity (CES Edupack, 2016).

2.4 [bookmark: _Toc510624932]Impact of New Technology on the Company
Das & Chakraborty (2011) argue that the optimum NTM process selection for a given manufacturing process can be determined by considering the relevant product and process characteristics. Therefore, the company should be sure that the chosen NTM method is suitable for its product range as the capital outlay for new NTM equipment can be very costly (CES Edupack, 2016). The NTM process success can be be measured by considering many factors including: the increase in product quality, the increase in process efficiency, the increase in productivity, the capability to attract new streams of work and the reduction in operating/tooling costs (Das & Chakraborty, 2011). The industry sector of the company will determine the importance of these factors. For example, a high-quality, bespoke manufacturer may need to produce more intricate components at a low production rate, wheras a high volume producer may require a rapid production rate while having less requirement for accuracy and finish. 
Ayhan, et al. (2015) states that since technology in industry is consistently changing, then manufacturing companies should constantly update their manufacturing processes to remain competitive. Therefore, a competitive edge can be gained by utilising the latest technology to improve the capabilities of the company. It is important that the company employs a comprehensive change management model to maximise the success of the change. A successful change will in turn result in more demand from customers, ultimately leading to increased profits for the company (Mullins, 2016). However, failure to develop a comprehensive model of the proposed change could result in large capital being invested in new equipment that does not satisfy the requirements of the company. This could result in less future demand for the company’s products, and ultimately, reduced profits.
  


3. [bookmark: _Toc510624933]Conclusion
A study of two NTM methods was conducted to investigate whether they are feasible alternatives to the current laser-cutting process at a manufacturing company. The study found that both AWJC and WEDM are effective through-cutting processes, although their suitability is dependent on the specific manufacturing needs of the company. 
Analysis of the discharge current requirement of WEDM highlighted the importance of optimising the MMR to minimise wire breakages and was shown to be the main limiting factor of the speed of the process. AWJC was shown to remove material up to ten times faster than WEDM. However, the achievable tolerance limit with WEDM was shown to be considerably more precise (0.1mm vs 0.005mm) and the surface roughness approximately three times finer (1µm vs 0.3µm) (CES Edupack, 2016). Therefore, it can be concluded that if the company has a greater requirement for fine detail and surface finish, then WEDM would be most suitable. However, AWJC would be more suitable to achieve a high-volume of output with less requirement for fine detail and surface finish. However, laser-cutting could remain the most suitable process if workpiece thicknesses below 0.25mm are required as WEDM and AWJC cannot operate in this range.
The study found that each process should be carefully evaluated for effectiveness before the company invests in the new technology. The capital outlay of new machinery can be very costly, so it is important to ensure that the new NTM process will improve the capabilities of the company to maximise the success of the change and increase the company’s profits. 
It was found that each process can be beneficial to satisfy specific manufacturing needs at the company, but the disadvantages should also be considered as part of a change management plan. It would be advisable to compare the proposed NTM processes against the current laser-cutting process to determine if change is worthwhile in terms of cost and business requirement.
To conclude, it is important that manufacturing organisations continually invest in new technology to improve their operations and remain competitive in a constantly changing industry.

4. [bookmark: _Toc510624934]
Recommendations
It would be recommended to investigate employing both WEDM and AWJC together as a combined machining process (Zhu, et al., 2013). The benefit of this could be that AWJC could perform the rough machining operations where increased cutting speed is desirable, whereas WEDM could perform finishing operations in which more accuracy and a finer surface finish is desirable.
Lv, et al. (2018) have shown that the effectiveness of AWJC can be increased by introducing ultrasonic vibrations to the target area. Ultrasonic-assisted AWJC can increase the material removal rate of the abrasive particles. It is recommended to investigate this further as it could increase the production rate of AWJC.
[bookmark: _GoBack]Kibria, et al. (2017) have shown that wire electro-chemical spark machining (TWECSM) is a hybrid process that combines electro-chemical machining (ECM) and WEDM. This process enables difficult and non-conductive materials to be machined that cannot normally be machined with WEDM. It is therefore recommended to investigate this process further to increase the suitable material range of WEDM.
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