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Introduction
Manufacturing processes are categorized as primary or secondary manufacturing methods. In regards to the fundamental manufacturing processes, the basic shape and size of the material are provided according to the requirements of the designers. Examples include forming, casting, and powder metallurgy processes. Secondary manufacturing methods are somewhat tightly controlled on issues such as the surface characteristics and dimensions; material removal methods fall in this category. Further, material removing processes are classified into two; conventional machining processes and non-traditional manufacturing (NTM) methods. Traditional machining processes include turning, milling, drilling, boring, broaching, grinding, just to mention a few.
On the other hand, the NTM processes include abrasive water Jet machining (AWJM), water jet machining (WJM), ultrasonic machining (USM), electro-discharge machining (EDM), and Abrasive Jet Machining (AJM) (Prasad and Chakraborty, 2018). Recently, non-traditional manufacturing methods have been extensively applied to handle complex shapes and composite materials. In this particular report, two non-conventional manufacturing processes, namely abrasive water jet cutting (AWJM) and electron beam machining (EBM), are analyzed in-depth. In the second part of the report, one group of materials in the category of memory metals is discussed at length.        

Background
According to Muller and Monaghan (2001), metal composites represent materials possessing characteristics such as strength, hardness, and reinforced resistance. They are laced with the toughness and flexibility of matrix material. For example, Aluminium, which is a low-density metal, is applied as a matrix material and reinforced with Silicon Carbide (SiC) ceramic particles because of their temperature resistance and hardness properties. Involved in various industries, such particle-reinforced metal matrix composites (PRMMCs) require specialized machining processes to optimize their full potential (Muller and Monaghan, 2001). Brazil et al. (1997) assert that “machining SiC particles reinforced aluminum matrix composites using conventional processes such as turning, sawing, drilling, etc. generally results in excessive tool wear due to the very abrasive nature of this material” (p.278). Given that, non-conventional or non-traditional machining processes are increasingly being used.  

Non-Tradition machining (NTM) processes 
Chauhan and Pradhan (2014) state that traditional machining methods are uneconomical for materials that have undergone an evolution in addition to technological advancement. Examples of the said materials include fiber-reinforced composites, titanium, alloys, stainless steel, ceramics, just to state a few. More so, the materials are said to possess diverse properties, including toughness, hardness, ductility, high strength, temperature-resistant, and low machinability. Alternatively, the NTM processes are being applied to attain a higher degree of accuracy and excellent surface finish. In regards to this particular method, the material is removed from the workpiece using direct energy, and there may be chip formation or not (Chaudhan and Pradhan, 2014). Abrasive Jet Machining (AJM) produces chips of microscopic size, whereas electrochemical machining processes remove material through electrochemical dissolution. In some non-traditional machining processes, physical tools may not be applied as is the case of laser and electro-discharge machining (EDM), while others such as electrochemical machining require the application of a physical tool. The tools used in NTM usually are harder than the workpiece material; for instance, cooper is incorporated in machining hardened steels in the EDM process. It is worth pointing out that the NTM utilize various energy domains other than the mechanical energy in metal removal. Thus, NTM processes are categorized based on the type of energy applied to remove material from the workpiece, namely, mechanical processes, electrochemical processes, electro-thermal processes, and chemical processes (Davim, 2010). The discussion herein will focus on Abrasive Water Jet Machining (AWJM) (mechanical) and Electron Beam Machining (EBM) (Electro-thermal). The figures below show various NTM processes depending on their energy type. 
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Fig. 1: Classification of NTM processes according to the type of energy
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Fig. 2: Various NTM processes (Davim, 2010)
Abrasive water jet cutting (AWJC)
This is an advanced bulk material removal technique that applies to metals and non-metals. It is a high-potential process that uses a high-velocity water jet laced with fine, coarse particles that hit the surface of the workpiece. The water jet mixed with the coarse material hits the workpiece surface at high speed, implying a high Kinetic Energy (K.E.) sometimes involved 900m/s. Because of the water jet momentum that is transferred to the abrasive material, the workpiece surface experiences erosion. Besides that, the localized area hit by the jet undergoes shear failure since the localized field is subjected to rapid change in stress levels. Typically the water jet is emitted at approximately 400MPa, which is adequate to generate a jet speed of 900m/s. Such a high speed can work on materials ranging from rocks and ceramics to metals.
Moreover, the AWJM techniques can cut both electrically conductive and non-conductive materials and materials that are hard to machine. Material is removed from the upper section of the workpiece through erosion while the lower part undergoes deformation wear. There are hardly thermal defects, fire hazards, and dust generated from the AWJC process, and it is possible to recycle abrasives and water to some degree. It is an ideal process to cut and shape composite materials considering that delamination cases are seldom. 
The Abrasive Water Jet Cutting machine       
 The AWJC machine consists of four basic components, that is, a catcher, a pumping system, a jet nozzle for abrasive water, and a feed system for abrasive material. A high-powered motor generates pressurized (400MPa) and high-speed water jet; a high water flow rate of up to three gallons per minute can be achieved. The abrasive material is mixed with the water jet with the help of a feed system, which discharges the abrasives via a port in controlled amounts. In the abrasive water jet nozzle, water and abrasives are mixed, forming a high-velocity jet of abrasive water. Precisely, a corrosion-resistant and hard material such as boron carbide, tungsten carbide, or sapphire are used as a material for the nozzle. Catchers help in netting the used water jet, and they are designed in two configurations, that is, an extended narrow tube beneath the point of cutting or a large settling tank filled with water. Some of the parts of the AJWC machine are shown in the figure below. 
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Fig. 3: A schematic illustration of the AWJC machine (Davim, 2010)

Applications and capabilities of the AWJC process
The cutting process and parameters are determined by the workpiece material. They include water flow rate and pressure, the type, size, and flow rate of the abrasive material, and the cutting (stand-off) distance. Cutting cannot place for a particular material unless its threshold or minimum pressure is achieved. Therefore, for harder materials, high pressure is required, and this increases, and the depth of AWJC increases. At the same time, the flow rate of the abrasive material should increase. Examples of abrasive materials used in the AWJC process include Silicon Carbide (SiC), Aluminium Oxide (Al2O3), garnet sand, and silica sand, just to list a few. However, the machine depth reduces with an increase in the stand-off distance and traverse rate. The stand-off distance is the distance between the surface of the workpiece and the tip of the nozzle, while the traverse rate refers to the relative motion between the workpiece and the abrasive water jet. The AWJC may involve single-pass cutting or more than once, albeit power is consumed differently. Contemporary NTM is utilizing AWJC to work on corrugated structures and honeycomb materials in the aerospace, automotive, nuclear, and oil industry. The table shows some of the specifications and capabilities of the process.
Table 1: Parameters and specifications of the AWJC method 
	Parameter
	Specifications/Capabilities

	Pressure
	415 MPa and below

	Jet speed or velocity 
	900m/s and below

	Abrasive material
	Aluminum Oxide (Al2O3), Silicon Carbide (SiC), garnet or Silica sand

	Mesh size of abrasives
	60 to 300

	Material for nozzle 
	Tungsten carbide (W.C.), Sapphire, Boron Carbide (B4C)

	Water requirement
	3 gallons (about 11.4L) per minute


Abrasive water jet cutting has a low material removal rate (MRR), for instance, 15mm3 per minute for glass material. Sometimes, the abrasive materials tend to embed, in particular, for ductile work materials. In a situation where the jet is uncontrolled (flaring), tapering is likely to occur. Lastly, a continuous supply of water results in an environmental load; otherwise, the process is not feasible in areas that have problems with water supply. 

Electron Beam Machining (EBM)
The EBM process falls under the thermo-electric advanced machining process, as indicated in Figure 1 above. Invented in the mid-20th century in Germany as a welding tool, the EBM technique uses intense high-speed electrons to remove material from the workpiece surface. The electrons are discharged at high velocity in the form of a focused beam to perform cutting and drilling operations. Notably, the EBM can be executed either thermally or non-thermally; the thermal process entails a beam of electrons that heat the material surface until selective evaporation occurs while the non-thermal procedure uses chemical reaction. In this particular technique, a stream of high-velocity electrons impinges on the workpiece surface. As a result, the kinetic energy (K.E.) is transferred to the workpiece surface generating intense heating. The material can either vaporize or melt based on the intensity of the heat produced. Interestingly, the mass of an electron is very small (about 10-27 grams), but they can be accelerated to attain speeds of up to 75 percent of the speed of light with the help of adequate voltage.     
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Fig. 4: A schematic diagram of an EBM set-up
Operation principle
Initially, an electron gun generates high-speed electron particles, which move towards the anode positioned after the cathode tube. After that, an intense stream of electrons is passed through a series of magnetic lenses. By passing through the lenses, divergent and convergent beams are separated where all low-energy divergent electrons are absorbed, leaving the convergent electrons to be stream through as a high-quality beam. A deflecting coil and an electromagnetic lens help in focusing the electron beam on the spot. On striking the work material, the K.E. is converted to thermal energy leading to vaporization or melting, and the whole process has to occur inside a vacuum chamber. The vacuum chamber is to facilitate the propagation of electrons while minimizing the collision of the electrons with other particles, something that may compromise the electrons’ K.E. Precisely, given that electrons have mass, their interaction with other particles leads to beam dispersion. More so, the vacuum chamber prevents the molten material from spreading or spattering to the adjacent surrounding. Magnetic fields play a crucial role in focusing the electron beam(s) on a point considering spot diameters ranging between 10 to 200 µm. The power density attained in the EBM process can reach up to 6.5x1012 W per square millimeter. The heating process generated by EBM can be applied in machining, welding, or annealing process. 
EBM machine set-up
An EBM machine consists of a power supply unit, a beam gun, a vacuum, and a workpiece positioning system. Usually, the EBM equipment is built in a vacuum (10-4 mm mercury) to guarantee cutting energy while an electron gun releases the electrons. The electron gun is composed of a cathode, an anode, and a grid cup where the cathode is manufactured from a tungsten filament. Electrons with negative potential are discharged from the cathode, whereas the anode is at ground potential. Electrons are emitted once the cathode has been heated to temperatures ranging between 2500 and 3000˚c. Based on the cathode material, the emission current can range between 15 and 100 milli-amperes, while the current density varies between 5 and 14A per square centimeter. Acceleration of the electrons is caused by the high potential (difference) between the anode and cathode. Accelerating electrons are focused with the aid of a grip cup as they pass through the anode. Once they have exited the anode, the electrons have to be refocused using electrostatic and magnetic lenses. It is possible for the electrons to attain and maintain high speeds since they are traversing in a vacuum hence no collision incidences. To control the cutting path, the electron beam is diverted, or the worktable is moved. Many materials are compatible with the EBM process, including metals (Tungsten, Aluminium, Beryllium, Ferrite, Copper, and Nickel), silicon, carbon, alloys (Nickel, Copper, Steel, and Stainless steel alloys), ceramics, composites, plastics, and leather. Listed below are some of the parameters applied in the EBM process
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Fig. 5: Parameters and specifications involved in the EBM process (Sunil, n. d.)






There are advantages and disadvantages associated with this process as underlined below;
Benefits of the EBM process

i)    An ideal technique to generate minute holes in multi-directions
ii) Most materials can be machined using the process
iii) Quality surface finish hence no further surface finish is required after this process
iv) Materials that react highly can be machined with ease
v) If safety measures are not taken care of, radiation may take place
Disadvantages
i) High capital costs to purchase and install the equipment
ii) Operations require high skills
iii) The material removal rate (MRR) is significantly low
iv) Regular maintenance of the machine is needed
v) Having a perfect vacuum is a very complex task

Phase change materials (PCM)
When they undergo a transformation in their physical state, Phase Change Materials (PCMs) dissipate or taken in significant amounts of latent heat. The change in physical state, for example, solid to liquid, occurs when the material attains a particular phase-change temperature. According to Pause (2010), during the absorption or dissipation of the latent heat, the PCM temperature remains constant. Further, the PCM’s capability of absorbing and dissipating significant amounts of heat energy in a regulated fashion “can be utilized to improve the thermal performance of various end-use products to which the PCMs are applied” (Pause, 2010, p.236). Thus, PCMs can store the latent heat absorbed; hence, they are considered highly efficient for thermal storage applications. Other than ice, salt hydrates and paraffin are commonly applied PCMs, and they are shown on the table below.

              Table 2: Salt hydrates and paraffin PCMs
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PCMs can be applied in the coating of textiles and the treatment of laminates. Before the application of a PCM to a textile substrate, it requires suitable containment while in a carrier material to ensure that it does not dissolve while in the liquid phase. Using modern technology, paraffin PCMs are bound in miniature spheres, a process known as microencapsulation. The diameter of the microcapsules ranges approximately between 1 and 20 micrometers, and the casing of the PCM microcapsules contain acrylic or a melamine resin. Eighty percent of the microcapsule’s weight comprises of the PCM filling, whereas the microcapsule shell takes approximately 20 percent of the weight. It is worth noting that such microcapsules possess the ability to resist various chemical types and mechanical forces, including pressure, abrasion, and shear. Regrettable, the PCM’s capacity to store the latent heat is negatively affected by microencapsulation. A good example is the encapsulation of octadecane-type paraffin whose ability to reserve latent heat is 244J/g, which produces an octadecane-PCM microcapsule with a latent heat reservation capacity of approximately 170J/g. The figure below shows a microstructure diagram of a PCM microcapsules-textile coating compound.      

[image: ]
Fig. 5: A compound of Textile coating and PCM microcapsules 
Conclusion
Non-traditional machining methods are increasingly being applied to manufacture complex shapes and materials. They are efficient, accurate, and have a high quality surface finish. NTM processes are classified according to energy methods applied; the abrasive water jet machining cutting utilizes mechanical energy while the electron beam machining technique uses thermo-electric energy. Unfortunately, some of the NTM processes have high capital costs and require highly skilled labor, such as the EBM process. Despite that, they apply to all kinds of materials, a benefit that overrides the conventional machining processes. Phase change materials (PCMs) are suitable in thermal storage applications because of their capacity to high latent heat capacities. They also have high resistance to chemical and mechanical action hence their application in diverse industries, including textile coating applications.    
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Table 9.1 Paraffin PCMs

Melting temperature  Crystallization Latent heat storage
(°C) temperature (°C)  capacity (J/g)
Hexadecane 185 16.2 237
Heptadecane  22.5 215 213
Octadecane 28.2 25.4 244
Nonadecane ~ 32.1 26.4 222
Eicosane 36.1 30.6 247

Table 9.2 Salt hydrate PCMs

Melting Latent heat storage
temperature (°C)  capacity (J/g)
Calcium cloride hexahydrate  29.4 170
Sodium hydrogen phosphate  36.0 280
dodecahydrate
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9.1 PCM microcapsules incorporated in a textile coating compound.

80% comprises the PCM filling of the microcapsule. The microcapsules are
resistant to mechanical actions (i.e. abrasion, shear, and pressure), heat,
and most types of chemicals. However, the microencapsulation of the
PCM reduces its latent heat storage capacity. For instance, encapsulating
an octadecane-type paraffin with a latent heat storage capacity of 244 J/g
results in an octadecane—PCM microcapsule with a latent heat storage
capacity of about 170 J/g.**
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Use of electron beam:
> Welding

> Machining (cutting, drilling); first
prototype: 1947, Steigerwald.

> ‘Etching’

» Heat treatment, etc

Materials that can be cut:
diamond, carbide, ceramic oxide (and other
very hard materials), metals, plastics.

Basis for using electron:
¥ Electrons can be formed into small beam
using electric field
¥’ Electrons can be accelerated
' Electrons can be focused and bent using
electrostatic and electromagnetic fields

P Type here to search

1-52.0-510...

99.pdf

LIRUCNC

Parameter

2hu2004.pdf

Machining.... Non-traditi... Chapter-3.. x| ) A

S RT B2 aD

AcceleratingVoltage

50— 200 kv

Beam Current

100 — 1000 pA

Power

0.5 to 50 kW

Pulse Duration

4-65ms

Pulse Frequency

0.1 Hz— 16,000 Hz

Vacuum

107 to 10° mm Hg

Beam Spot Size (minimum)

12t0 25 pm

Beam Power Density

1.55x 105 to 1.55 x 10° W/cm?

Beam Deflection Angle

6.5 mm square

Tool

Beam of High Velocity Electrons

“Work Materials

All Materials

Maximum MRR

10 mm®/min

Specific Power Consumption

450W/mm®/min

Critical Parameters

OAccelerating Voltage,

O Beam Current,

O Pulse Duration,

Ospot Diameter (or Beam Diameter),
O Beam Deflection Signal

OWork Speed i.e. Speed of the
Rotation and Translation axes
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