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[bookmark: _Toc530355438]Introduction 
The reason why companies often decide to replace convectional machining for more advanced, non-convectional is the material properties, as Skoczypiec [7] said, matreial ‘classified as a ‘difficult-to-cut’ because it is difficult or sometimes impossible to machine them by using the traditional matching process’. Also the company would like to improve the quality of the product depicted on the Figure 1, as well as modernize the equipment and expand the production. 

[bookmark: _Toc530355439]Aims
The main purpose of the report is to compare and contrast advantages and disadvantages of the existing process - CNC Milling with two possible, non-traditional manufacturing processes. 
A company manufactures a variety of aerospace component such as aluminium helicopter cockpit floor pictured on Figure 1.[bookmark: _Toc530254680][bookmark: _Toc530355451]Figure 1. Aluminium helicopter Cockpit Floor for the military industry [1]


Specification of the product;
1. Dimension ; 50.8 x 33 x 2.5 cm 
2. Maximum tolerance ;  +/- 0.0127 cm
3. Process used ; CNC Milling
4. The floor is heat treated
5. Material; 7074 – T6 Aluminium
                 2024 – T45 Aluminium
6. Heat treated
Assumption;
In this study aluminium alloys 7074 – T6 and 2024 – T45 were considered as a material used for the production. J&N Metal Product [1] Company provides the product for aerospace where strength to weight ratio of the material is a critical factor. For that reason the company ‘sacrificed’ machining, corrosion resistance and workability properties to gain the strength the Also both alloys can be heat treated. 




[bookmark: _Toc530254628][bookmark: _Toc530355474]Table 1. Properties of Aluminium alloys; 7075 T6, 2024 T6, 2024 T6 and 6061 T6 [2]
	Properties 
	Aluminium Alloy

	GRADE 
	7075 T6
	2024 T6
	6063 T6
	6061 T6


	Electrical 
	Electrical conductivity[S/m]
	1.91E+8
	1.74E+8
	-
	-

	General information
	Density [g/]
	3.10
	3.00
	2.70
	2.70

	Mechanical
	Elastic modulus [GPa]
	72
	73
	69
	69

	
	Elongation [%]	
	6.8
	5.2
	11
	9.4-95

	
	Tensile strength [MPa]
	560
	490
	205-250
	24-414

	
	Yield strength [MPa]
	470
	380
	210
	270-276

	Thermal
	Coefficient of thermal expansion [1/K]
	12.31E-5
	2.3E-5
	2.3E-5
	12-324

	
	Melting point [°C]
	480
	500
	620
	580

	
	Specific heat capacity [J/kg.K]
	910
	870
	900
	900

	
	Thermal conductivity [W/m.K]
	130
	120
	200
	170



[bookmark: _Toc530355440]Current process – CNC Milling
Milling is one of subtractive manufacturing technologies. In the literature are many descriptions of the process, for instance, Beddoes [3] describe it as a mashing process in which is used to machine external surface by “the primary cutting action produced by rotating of a tool which consists of multiple cutting edges and feed by motion of a workpiece”. Pictured on the Figure2. 
[bookmark: _Toc530355452]Figure 2 Schematic CNC Milling Machine [4]

Numerically Controlled (NC) machining is defined by Beddoes [3] as machining operations consist of ‘controller and numerical data entry device’. Current technical development forces companies to improve the process and machines. One of them computer numerical control (CNC). CNC milling machine systems have 3 or 5 degree of freedom. More advanced is 5-axis CNC system which allows the bed to rotate and much more complex geometry can be create with lower number of setups. [bookmark: _Toc530355453]Figure 3. An example if industrial CNC Milling Machine [3]


How the CNC milling mashing works?
The first step of the process is to transfer Computer Aided Design (CAD) model to Computer Aided Manufacturing (CAM) software in a form of encoded (program) information. To produce the part CNC need to follow the instruction called ‘part programing’, which include;
1. G-codes – codes to instruct the cutting tool to move to the specified location according to CAD design 
2. M-codes - codes to instruct the machine to perform non-movement actions such as turning on/off, the coolant. [4]
Despite the fact the machine has been almost fully automated the operator of the machine is required to have knowledge about, cutting fluids, cutting tools, how to operate the machine and read the technical drawings. The procedure has been shown on Figure 4.
The next step is to prepare the work piece by cutting to the nearest net shape of the final part.  A good rule has been adopted in the industries, for instance by Xometry [5] namely, to create a minimum positive tolerance + 0.125in (+0.3175cm) for the whole geometry of the part. Finally the part is placed on the bed. The precision on that stage is very import as any mistake will not change the code, what in consequence will negatively affect the geometry of the part.
Milling operation technology has been described by many authors, for instance Black [6]
1. Feed per revolution [mm/rev] – the distance the cutting tool moves through the workpiece in one complete revolution. Helps to determine finishing effectiveness of a face milling. 
2. Feed per tooth [mm] – ‘linear distance moved by the tool while one particular tooth is engaged’. It is a critical value for the process, for example it prevents overloading the machine drive motor
3. Cutting speed [m/mm] – stand for surface speed at which tool machines the workpiece. 
Recommended is to decrease cutting speed for longer tool life. Also start the process with lower cutting speed, and increase the speed at the end of the process with lowering the feed rate. 
4. Spindle rotation speed [rev/min] – number of revolution of the tool in unit of time. It can be seen form formulas below relation between spindle speed, cutting speed and diameter of the tool.
[image: ]
[bookmark: _Toc530355454]Figure 4 Procedure for the CNC milling process
[bookmark: _Toc530355441]Non-traditional processes
[bookmark: _Toc530355442]Laser – Engineered Net Shaping (LENS)
[bookmark: _Toc530355443]Process [bookmark: _Toc530355455]Figure 5Schematic description of LENS process.


Shaping (LENS) belong to the group of Laser deposition Technology (LDT) [6] 
The technology uses focused laser beam as the heat source for depositing metal .The process is characterised as ‘disruptive additive process’ that might be used for variety of repairs and freeform fabrications. The operational principle of LENS is schematically pictured on Figure 5. The popular laser types in the industry are: CO2 and Nd. Yag which provide power up to 25 KW in continues wave. 
Metal powder is injected into a molten pool created a substrate by a focused, high power laser beam.  This laser is directed by fibre optics or angled mirrors. When the laser are concentrated on the table controls the table motion in X-Y direction, the number of lenses contract the laser on designed spot to achieve the selective deposition of powder based on designed cross section of the part. For good adhesion the process is conducted in low pressure argon chamber without oxygen. The laser beam moves coaxially with the powder delivery nozzles in the Z direction, to create next layer. In general the process require isolate from atmosphere environment. [9]
[bookmark: _Toc530355444]Comparison LENS with CNC milling technology
CNC milling represent subtractive technology where the material is removed, whereas during LENS process layer by layer is fabricated to form a final psychical model. Despite the fact that two processes use different equipment they produce fully dense parts based on CAD model. However it has been measured that CNC milling machine is capable to machine much stronger parts than LENS. What it has been described more in details later in this report. 
One of the biggest advantage LENS over CNC milling is that the part can be repaired using LENS technology. It is a solution that can precisely add material to worn or damage area of the part. Part machine by CNC in most cases cannot repaired.
It has been reported by Skoczypiec and Faludi [7] [9] that the impact on environment is on the same level for both technologies, however considering different indicator. For instance for LENS technology metal powder is used. One of the companies producing metal powder is Renishw [9]. According the ‘Safety data sheet’ [10] for Aluminium powder is not a toxic material however it is a hazardous product as ‘it will react exothermically if mixed with a strong oxidising substance and ignite.’ The company provides with safety procedures. Also, LENS technology require much more energy for manufacturing process than CNC milling but that problem with energy could be solved by introducing an alternative and renewable energy. Also LENS technology eliminates hard tooling and wasted material associated with CNC milling. 
In addition, if LENS technology does not require the tools for manufacturing, an inventory cost can be reduced. What for CNC milling is not a case, as the machining require tools to machine the material. 
The company would like improve the surface quality of the aluminium cockpit floor. Many companies have the same problem and try to find the solution. One of them is MAZAK company which combined CNC Milling with additive manufacturing depicted on the Figure 6. As MAZAK described ‘it is a perfect relation of two processes where potential of additive manufacturing while dealing with its resolution and surface finish.’ [12]. Also the technology reduces greatly the amount of waste material  [bookmark: _Toc530355456]Figure 6 Machine designed by MAZAK, where CNC milling and additive technologies are combined. [12]




The company would like to exchange the equipment for non-traditional to be able to expand the production and to increase the production rate The disadvantage of LENS technology over CNC milling is that the process is much slower. If the company decides to speed up the process that would reflect on poor quality. One company from Barcelona TRUMPF propose the solution, that is to say, a design of machine with two lasers [13] pictured on Figure 7. [bookmark: _Toc530355457]Figure 7 Machine designed by TRUMPF with two lasers. [13]



Aluminium is a material of choice to produce the cockpit floor, it is an ideal material for CNC machining considering mechanical properties defined in Table 1. However considering LENS technology it is harder to machine aluminium for its reflective properties, but it is not possible.
CNC Milling in general does not require secondary machining in compare to LENS. However, the cockpit floor has a very simple geometry and does not require a complex machining, will not be necessary.  
As it is known good surface finish reduce the cost of the process, reduce necessity of secondary operations, etc. The studies made by Lzainska et. all, show ‘the cooling rate and the solidification velocity at the solid-liquid interference, (…) during deposition process influence the properties of the final part’. [14] Despite the fact this disadvantage of LENS technology as it was assumed in the first part of the report the strength of the part is the most important property, and the study does not give details. 
Also the same report shows degree of porosity depends on the working table feed. For instance for deposition rate 3 mm/s the porosity is equal 3.2% and for the same sample 300mm/s porosity is 15.8%, summarizing the porosity increase deposition rate, the result is pictured on Figure 8 [14]. During high deposition rate metal powder does not have enough time to melt what cause pores in the material. [bookmark: _Toc530355458]Figure 8 the relation between porosity and deposition rate. 



Another study conducted by Kumar et.all, [15] defined indicators which affect the cause surface’s roughness. They concentrated on spindle speed and feed rate effects. The result was that the surface roughness increase with increasing feed speed and surface roughness decrease with the spindle speed increasing. The equation bellow and Table 2. confirm that relation.[bookmark: _Toc530355475]Table 2 Data used to calculate max level of the roughness.


 =1000 x   
[bookmark: _Toc530354808]Equation 3. 
Where; 
 = roughness height 
(depth of the groove)
= feed rate
 = roughness of the tool
Result of the study; 
· By reducing Feed rate by 50 % reduce the  by 75%
· By increasing the radius of the tool by 100%  reduce  by 50%

Main parameters which increase the cost of the CNC Milling process are provided by Xometry [5], are;
· Tighter tolerance can result in additional cost as a result of increased scrap, more complex geometry, special measurement tools and/or longer cycle times (the machine can slow down in order to hold the tighter tolerance) Increase cost. 
· Material type is also a critical driver in determining the overall cost of a part. For example 6061 aluminium bar is approximately ½ the price of aluminium plate per pound and 7075 aluminium bar stock can be 2 - 3 times the cost of 606 bar. 
· The quality of technical drawing can reflect on cost, for example, keeping features such as internal corner radii and tapped holes consistent, the larger the radius the lower the cost
As it can be seen both process require calculation and regulation of needed indicators. 
[bookmark: _Toc530355445]Ultrasonic mashing (USM)
[bookmark: _Toc530355446]Process 
Ultrasonic mashing (USM) the same as CNC milling is an example of subtractive process, (Figure 6) The material is removed from the surface by abrasives grits in the slurry which are fed into machining gap between tool (sonotrode) and workpiece. Kalpakijan [9] defined the frequency of the tool against the part is 18-20 kHz, low amplitude (0.0125- 0.075 mm). The geometry of the tool reflects the geometry of the finishing surface. The tool is perpendicular to the work surface the vibration of the tool transmit the energy to the grains and remove the material form the workpiece. Black 3 mechanism of material removal;[bookmark: _Toc530355459]Figure 9 Schematic process of USM


1. Hammering of grains against the surface but the tool.
2. Erosion – impact of free abrasive grain particles
3. Micro-cavitation – the consequences of rapid acceleration of particles that cause the pressure difference and create shock wave. 
Parts of the machine;
Tool – must have high wear resistance and fatigue strength. Mainly made of carbon steel, stainless steel. 
The abrasive – The abrasive grits are suspended in a water to form a slurry. Materials used for the abrasive are aluminium oxide, silicon carbide and boron carbide. It is composed of 20 to 60% (by volume) of abrasive grains. Hassan described [17] the slurry circulation rate between oscillating tool and workpiece trough the nozzle, to be approximately 25L/min. The slurry needs to be changed regularly to replace grids used and washes away worn grits created by the cutting process. 
Material removal rate (MRR) define surface quality and depends
1. Mechanical properties of workpiece (ductility, hardness, compression and tensile strength)
2. Properties of material used for the tool (hardness wearability the geometry fatigue strength) 
3. The type, size of slurry, carrier liquid, feeding method and concentration. 
4. Machining condition indicators such as frequency, amplitude, pressure, depth, surface area. 
Main rule Material removal rate defined by Groover, Kalpakijan and Hassan [17] [16] [4] (MRR)
· MRR increase with in the amplitude rise of tool vibration
· Increase in vibration frequency reduces the removal rate
· The vibration amplitude should be set approximately equal to the grit size
· the gap size should be +/- two times grit size
· improved slurry flow increase the MRR
· The harder material of workpiece the lower is MRR
[bookmark: _Toc530355447]Comparison USM with CNC milling technology
The both processes represent a subtractive technology. The difference is that tool in USM is not in contact with the workpiece, like in CNC Milling. During CNC Milling the tool is worn during whole process. If USM follow the rules for MRR, stated above it is less likely that tool will lose its geometry. The geometry of the tool in both process is a critical as it determine the geometry of finished product. 
Standard CNC Milling tolerance is +/- 0.0127 cm for USM is lower +/- 0.005 mm. What makes CNC Milling machine more versatile over USM. 
It has been reported by Chaiya [18] that by combining USM with Electric Discharge Machining (EDM) that MRR is three times greater than USM two times greater than EDM.  The surface guilty has been improved compering to conventional EDM and USM. 

[bookmark: _Toc530355448]Conclusion 
The study has proven by many scientist, engineers, companies that by combing two process the company can gain more profits than if they use only the one process or booth separately. Many companies like MAZAK, or TRUMF has use the rule of ‘synergy to develop a new equipment improve surface quality, reduce the waste and increase the production rate. 
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‘The microstructural observation showed that the obtained materials are characterized by the
presence of spherical voids in all the variants. However, the degree of porosity depends on the working
table feed rate (Figure 2). The porosity of samples increases with the deposition rate. For samples Show more related items

obtained at a deposition rate of 3 mm/s, the porosity is 3.2%, whereas for a sample obtained at

a deposition rate of 30 mm /s, the porosity is as high as 158%. Due to the high deposition rate,

the powder delivered into the laser focus spotis not fully molten (partially molten, which could initiate

the formation of pores in the material), and the preset processing power is insufficient for the entire Search with indexing terms ~
batch of powder to become molten in such a short period. Increasing the deposition rate causes shorter
laser-particle interaction times. The short laser interaction time and low specific energy result ina

high porosity level in the LENS fabricated sample. The smallest porosity was obtained for the longest Sesy
laser interaction time of t. = 027 s and the highest specific energy of E = 125 J/mm?. Additionally, () Laser deposition
for samples produced using the melt pool sensor software, an increase in porosity was observed 0 chemical precipitation
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Figure 2. Influence of the traverse feed rate on the porosity of Fes AIZeB alloys (MPS-melt pool
Sensor—this i a control system monitoring the size of the liquid metal pool and providing feedback
between the size of the pool and the power of the lasr).

Cracks were observed in the samples obtained at deposition rates of 30 and 40 mm /s. This was “
due to the high cooling rate and solidification cracking. In these variants, the time for laser-particle
interactions was as short as 0.02-0.03 s at specific energies of 125 and 9.4 J/mm? (Table 1).
Every discontinuity, including instances of porosity, is an adverse factor, as it negatively affects
the quality of materials. When the porosity is high, voids within the material volume may contribute +

to deterioration of the material resistance properties. Depending on their shape, the pores may N
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