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	Abbreviation
	Meaning

	3D
	Three Dimensional

	AM
	Additive Manufacturing

	CAD
	Computer Aided Design

	CAM
	Computer Aided Manufacturing

	CNC
	Computer Numerical Control

	EBM 
	Electron Beam Melting

	HSE
	Health and Safety Executive

	PBF
	Powder Bed Fusion

	SLS
	Selective Laser Sintering


 

[bookmark: _Toc6077674]1. Introduction
This report aims to compare and contrast two new non-traditional manufacturing methods that could potentially modernise the way an aerospace component company manufactures their product. 
The methods in discussion are Electron Bean Melting (EBM) and Selective Laser Sintering (SLS) and are both powder bed fusion technologies. The benefits of each process will be discussed, as will the limitations to determine which will be the most appropriate method of manufacture for the product in question. The selected method will then be compared to the traditional method of Computer Numerical Control (CNC) milling so that a conclusion can be drawn. 
The concluded manufacturing method must meet the criteria given by the manufacture in the assignment brief. This states that the cockpit floor component must be of dimensions 506 x 330 x 25mm, with a maximum tolerance of +/- 0.127mm. The company have also requested an improvement in the surface quality of the component.


[bookmark: _Toc6077675]2. Computer Numerical Control Milling
Computer Numerical Control (CNC) milling machines are automated milling machines that can be controlled and monitored via an on-board computer. This computer utilises a Computer Aided Manufacturing (CAM) program to control 3 highly accurate servo motor-controlled axis which work in tandem to create a part (Black & Kohser, 2017). A further two axis can be added if a fixture is included in the process to increase the motion the work bed can achieve. This process is described by (Groover, 2010) as being ideal machinery for a variety of different operations including profile milling, surface contouring and pocket milling. 
CNC Milling requires a skilled operator to select several variables that will affect the overall outcome of the part. These include tool selection, cutting path, spindle speed and part positioning (3DHubs, 2018).
[bookmark: _Toc6077676]2.1 Capabilities
· Considered a traditional method in the manufacturing industry and is renowned for producing good surface finish, accuracy and repeatability. (3DHubs, 2018)
[bookmark: _Toc6077677]2.2 Limitations
· The process is not fully automated and will require an operator to change the tool and load/unload each individual workpiece. (Gibson, et al., 2015)
· Subtractive process – lots of material wasted.

[bookmark: _Toc6077678]3. Additive Manufacturing
[image: ]Additive manufacturing is a collective term for a process called rapid prototyping, more commonly known as 3D printing. This process allows the user to take a model that has been designed on three dimensional, Computer-Aided Design (CAD) software and extract it to rapidly create a prototype part. This part can then be built layer by layer, with material only being deposited when necessary, minimising the amount of waste produced during the process (Sillani, et al., 2019). The CAD file then has to be converted to a Stereolithographic (STL) file, where the outer layer of the model is converted into triangular facets (Chua & Leong, 2003). This conversion makes the file compatible with software that is used to slice the design into thousands of horizontal layers (Groover, 2010). This sliced file can then be transferred to the printer via network or a removable storage device where it will be printed, layer by layer. The method in which the part will be printed will vary depending on the AM technology that is being used (See Fig.1.0). 
[bookmark: _Toc5873653]Figure.1 – Tree diagram of  available additive manufacturing technologies (Sulzer, 2019)

Before the file can be printed, the machine must be setup accordingly to ensure that the settings are capable of printing the part properly. These settings will determine factors such as the time the part takes to print, the cost and the surface finish/quality of the finished part. 



[bookmark: _Toc6077679]3.1 Powder Bed Fusion Overview
The non-traditional manufacturing methods that will be discussed in this report are both powder bed fusion (PBF) technologies, one of the sub categories included in the additive manufacturing tree diagram in Fig.1. This means that both methods will be similar in terms of process, post processing, health and safety etc. This section of the report has been included to cover the aspects of processing that each of the non-traditional methods share.
 (Goodridge & Ziegelmeier, 2017) states that PBF processes use a heat source to fuse powdered material layer by layer, allowing it to eventually form a 3D object. The type of heat source varies depending on the type of powder bed fusion technology that is being used. The bed of the printer is then heated to a temperature that is just below the melting temperature of the material being used for the print. This allows the powder to be spread across the bed easier (3DHubs, 2018). The main steps of a PBF process are the same regardless of the heat source and are as follows according to (LboroUni, 2019):
· A layer of material approx. 0.1mm thick is spread across the build platform.
· The first layer/cross section of the model is fused by the heat source.
· The rollers then spread a fresh layer of powder on top of the previous layer.
· Further layers/cross sections are fused and added.
· The process is repeated for each layer until the entire model had been created. Unused powder that has not been fused is to be removed during post processing and can be reused.
Post processing is then required to ensure that any excess powder that was used to support the part build has been removed. Parts will then have to be deburred to ensure an appropriate finish (3DHubs, 2018).


[bookmark: _Toc6077680]3.1.1 Health and Safety 
When working with powder-based printers, there is a health and safety concern with operators breathing in powdered particles. (HSE, 2007) and (Walter, et al., 2018) claim that tests that they carried out suggested that the concentration of hazardous substances that are included in the powder particles given off by a PBF printer were deemed safe. These tests were carried out in a properly ventilated area, which abides to the HSE ventilation standards which state that workplaces require an adequate supply of fresh air (HSE, 2019).
However, (du Preez, 2018) states that tests they carried out showed metal particles were being inhaled by workers using titanium-based powders for printing and could prove dangerous if exposed to workers over long periods of time. The study shows that reused powders are more of a respiratory concern when exposed to and supported the authors mentioned earlier in ensuring that printing areas are correctly ventilated.

[bookmark: _Toc6077681]3.2 Selective Laser Sintering	
[bookmark: _Toc6077682]3.2.1Theory of Selective Laser Sintering
Selective Laser Sintering is described by (Gebhardt & Hötter, 2016) as a powder-based form of additive manufacturing which uses a high-powered laser beam to sinter powdered material. Following on from the steps mentioned in part 3.1 of the report, the sintering of the powder is indirect as a mirror is used to reflect the light onto the powder bed. Rollers are used to evenly distribute powdered material to the powder bed of the machine. Some printers such as the sPro (See Figure 3) feature an overflow container which is used to catch any unused powder. This powder builds up over the duration of the print and is fed back onto the rollers via the powder feeder chamber. 

[image: ]
[bookmark: _Toc5873654]Figure 2 - Schematic diagram of selective laser sintering process (Gibson, et al., 2015).
[image: ]
[bookmark: _Toc5873655]Figure 3 – Construction of sPro SLS 3D printer (Gebhardt & Hötter, 2016).

[bookmark: _Toc6077683]3.2.2 Capabilities
· The sPro 140 has bed dimensions of 460 x 550 x 550m, while the sPro230 has a larger bed of 750 x 550 x 550m. This means that these machines are capable of meeting the dimensional demands of the part (See Tables 2 and 6). (Gebhardt & Hötter, 2016)
· According to (3DSystems, 2018), both the sPro 140 and 230 attribute a scanning speed of 10m/s and use a 70W CO₂ laser.
· SLS printed materials generally exhibit high levels of Young’s modulus (Sillani, et al., 2019). When combined with PA66 carbon (See Figure 7 and Table 1), the part being built could potentially exhibit a massive Young’s Modulus value, making it an ideal combination for the aerospace manufacturer.
· The dimensional accuracy of a SLS printed part is typically 0.04-0.2mm (DebRoy, et al., 2018), making it within the required tolerance mentioned in the assignment brief.


[bookmark: _Toc6077684]3.2.3 Limitations
· According to (Santos, et al., 2018), geometrically complicated designs have a tendency to distort as a result of the heat. This can lead to the part falling out of tolerance or even the part failing all together. 
· (Gibson & Shi, 1997) states that PBF parts are structurally weaker when printed in the Z-direction (vertical). (Beitz, et al., 2019) carried out a study which proves this statement as parts printed in this orientation showed low tensile strength and high elongation at the break point, resulting in a lower Young’s Modulus. 
· Can display aspects of warping over flat surfaces (Sillani, et al., 2019).


[bookmark: _Toc6077685]3.3 Electron Beam Melting
[bookmark: _Toc5713705][bookmark: _Toc6077686]3.3.1 Theory of Electron Beam Melting
Electron Beam Melting (EBM) is stated by (Gibson, et al., 2015) as a powder bed based additive manufacturing process that uses a beam of high energy electrons to create fusion between the metal powder particles. Following on from the steps of PBF in section 3.1 of the report, the electron beam then scans across a thin layer of this pre-laid metal powder, causing localised melting and re-solidification per the slice cross section. The beam is powered by electromagnetic coils that contribute to fast and accurate beams (3DSource, 2018).  EBM differs to other types of powder bed fusion technologies as the electron beam can reach multiple melting points across one layer. The process requires that part formation takes place in a vacuum
[image: ]

Figure 4 – Diagram of EBM machine (Negi & Sharma, 2013)


[bookmark: _Toc6077687]3.3.2 Capabilities
· EBM differs to other types of powder bed fusion technologies as it can reach multiple melting points across one layer (Gebhardt & Hötter, 2016). This distribution of temperature can help to enhance the strength of the part (LboroUni, 2019).
· Considered to be more energy efficient than laser processes (Gibson, et al., 2015)
· Large bed dimensions (See Table 5 in appendix).
· Powder is reusable
· EBM parts can display high levels of density (LboroUni, 2019).
· The electron beam can be moved almost instantaneously. This feature is utilised to keep melt pools from forming in the powder (Gibson, et al., 2015).
[bookmark: _Toc6077688]3.3.3 Limitations
· Surface finish is not as smooth as other AM processes (3DSource, 2018). Surfaces are reported to be quite rough as they contain a rippled structure with visible sintered powder grains (Koike, et al., 2011).
· The process in general is very expensive when machine and powder costs are taken into account (3DSource, 2018).
· Limited to highly conductive materials (metals) as negative charges given off by low conducting powder can cause the electron beam to repel the powder, causing clouds of powder which will have a poor effect on the print (Gibson, et al., 2015).


[bookmark: _Toc6077689]4. Materials
	Process
	Material

	CNC
	Aluminium, Steel, Titanium

	EBM
	Grade 2 Titanium, Ti-6Al-4V

	SLS
	PA12*, PA66 Carbon*, DuraForm EX (PA11)*, Aluminium, Titanium



*Polyamide is a nylon-based material that is ideal for the majority of 3D printing processes. The materials being analysed for this stage of the report are variants of polyamide which feature another binding material e.g. PA66 – Carbon.

[bookmark: _Toc6077690]4.1 Material Characteristics
The following collection of tables and figures shows the characteristics of materials that are eligible to be used by the manufacturing method selected for the aerospace manufacturer to utilise for their product. 

[bookmark: _Toc6077691]4.1.1 Case Study Findings[image: ] [bookmark: _Toc5909410]Table 1 – Properties of the materials compatible with the sPro 140 (3DSystems, 2018)

 

[image: ]Table 2 – Recommended applications for sPr0 140 SLS printed parts case study (3DSystems, 2018)

[image: ]4.1.2 CES Findings[bookmark: _Toc5873656]Figure 4 - Tensile strength vs Price per unit volume for PA12, PA66 and Aluminium (CES, 2018)

[image: ] 
[bookmark: _Toc5873657]Figure 5 – Yield strength vs Price per kg for PA12, PA66 and Aluminium (CES, 2018)

[image: ][bookmark: _Toc5873658]Figure 6 – Tensile strength vs Density for PA12, PA66 and Aluminium (CES, 2018)

[image: cid:image053.jpg@01D4F051.BE41AF60]
Figure 7 - Young’s modulus vs Density for PA12, PA66 and Aluminium (CES, 2018)




[bookmark: _Toc6077693]4.1.3 Material Conclusion
PA12 Nylon, PA66 Carbon induced nylon and Aluminium were compared using CES software. When looking at the results of the CES study, it is clear that the only competition is between PA66 and Aluminium. The Young’s Modulus, yield strength and tensile strength were all approximately the same. To select the best out of the two remaining materials, the other fields mentioned in the CES findings will be compared.
The only fields separating Aluminium and PA66 were the density of each material and the cost. Aluminium is the denser material, while PA66 was the more expensive of the two (See Figure 6). Although it may seem that Aluminium will be the cheaper option due to its substantially lower cost, when the density of each material is accounted for, the difference in cost will be much smaller.
Another material that could be used by the aerospace manufacturer is DuraForm EX. This is a variant of PA11 Nylon and attributes high impact strength and tensile modulus (See Table 1). This material was given a 5/5 rating for its compatibility with making aerospace components (See Table 2) in a case study carried out by (3DSystems, 2018), making it a strong contender for the material to be used.



[bookmark: _Toc6077694]5. Comparing Processes
[bookmark: _Toc6077695]5.1 Why use Additive Manufacturing instead of Computer Numerical Control Milling?
[bookmark: _GoBack](Gibson, et al., 2015) states that when Computer Numerical Control (CNC) machining a part, the job requires a skilled craftsman to undertake the careful planning for the many stages of the process. An “expert” operator or engineer is required to select and control variables such as; tool selection, spindle speed, cutting path and the repositioning of the part. The process involves a sequential approach that may require the construction of certain fixtures that must be made to secure material in place before the part can be made.  All of this takes up time which will influence the overall cost of the part being made. These stages of the build can be simplified and reduced with the implementation of an additive manufacturing process.
Additive Manufacturing (AM) and CNC use similar processes as they are both computer-based technologies. The main difference is that CNC is a subtractive process, while AM is additive. This means that in comparison, a lot more waste material is produced on a CNC machined project. AM produces minimal waste in the form of support fixtures that are printed off with the part to ensure its structural integrity (Sillani, et al., 2019). This means that some of the costs saved on Aluminium are now negligent as more material must be purchased than needed. 
The journal (Baumers, et al., 2011) cites work from other authors (Tuck, et al., 2008) who suggested that there are two main benefits of AM. One being the lack of geometric constraints that cause problems with CNC subtractive manufacturing and the other being the ability to create single, customised parts in small amounts, eliminating the need to buy in bulk. This could be useful for the aerospace manufacturer if they decided to utilise a printer to build a variety of different interior components found on the aircraft.
A case study was carried out by (3DHubs, 2018) to try and solve the 3D printing vs CNC machining debate. It compares CNC Milling with SLS printing and states that the cost of each process is roughly the same. The study also gives the lead time of each process with CNC being 1-2 weeks and SLS being less than a week. 

[bookmark: _Toc6077696]5.1.1 Machine Costs:
This is a key area for the manufacturer as they will have to consider both initials costs and long-term costs. 
CNC: Machine prices vary. Average out at £25,000
SLS: The sPro 140 printer cost is listed as £191,500 on (Aniwaa, 2019)
EBM: £200,000
[bookmark: _Toc6077697]5.1.2 Material costs: 
CNC: Aluminium £1.60 per kg (See Figure 6)
SLS: PA66 £10 per kg (See Figure 6)
EBM: £300 per kg (IFAM, 2018)
As previously mentioned earlier in the report, due to factors such as the amount of waste produced in the CNC process and the higher density of aluminium, the low cost of aluminium is not justified against the higher cost of PA66. 


[bookmark: _Toc6077698]5.1.3 PUGH Matrix
	
	SLS
	CNC
	EBM

	Tolerance
	4
	4
	3

	Lead Time
	3
	4
	3

	Machine Cost
	2
	4
	2

	Material Cost
	3
	5
	1

	Material Efficiency
	5
	1
	5

	Surface Quality
	3
	4
	2

	Production Rate
	4
	2
	3

	Potential to expand
	5
	3
	4

	Total
	29
	27	
	23




Key:
5 – Very Good 
4 - Good
3 - Average
2 - Bad
1 – Very Bad

[bookmark: _Toc6077699]6. Conclusion
After comparing the traditional and non-traditional manufacturing methods, it has become clear that additive manufacturing is the way forward for the aerospace company, especially if they are aiming to expand in the foreseeable future. The material comparison studies and PUGH matrix both support the that SLS printing is the better option as the variety of materials it can print with outweighs the other methods. The versatility of the printer would allow the company to use both PA11 (Duraform EX) and PA66 for the cockpit floor. These materials are almost as strong as metal but are much lighter, which suits the requirements of the cockpit floor as strength is not particularly a key factor. It is not conclusive of the surface finish of the SLS printed cockpit floor will be better than that of the CNC milled component. The material efficiency of SLS printing is far superior to that of the CNC milling process and will save to company thousands in the long run. The printer’s ability to print off smaller components will also save thousands in costs, eventually covering the initial cost of the printer.
The initial cost of the machine is may be off-putting, however the 3D printer, if used correctly, can be utilised to produce a variety of other components over time, helping the company expand. With 3D printing on the rise in the modern-day manufacturing world due to its near endless potential, the aerospace company would be missing out on a huge marketing opportunity if they were to stick with traditional manufacturing.


7. AppendicesTable 4 – Technical data for EOS M 400 SLS printer (EOSTech, 2019)
Table 3 – Standard technical capabilities of various AM processes (3DHubs, 2018)
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Table 5 - Comparison of two main categories of additive manufacturing processes for metallic components: directed energy deposition (DED) versus powder bed fusion (PBF). (DebRoy, et al., 2018)

[image: ]Table 6 – Types of SLS printers and their characteristics (3DSystems, 2018)
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Scarring specd upto 70 mf 23 ffscc)

Forus dameter approx. 50 um (00035 in)

Powersupply EN

Power consumption max 202 typical 162 4

(mgmeryy 7000 hPa; 20 maj (102 ps; 706 fef)
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Standard Technical Capabilities

Process
FoM
sLa/DLP
SLS/MIF
Material Jetting
DMLS / SLM

Binder Jetting

Min. Thickness

08mm

05mm

07mm

10mm

0.4mm

20mm

Layer Height
20-400 ym
25-100 pm
80-120 pm
16-32um
20-50 pm

50-200 ym

Max. Build Size

100 x100 X100 em

150x75 x50 cm

75x55x55 cm

100 x80 x50 em

50x28x36em

180 X100 x 60 cm

Tolerances
+0.5% (min: + 0.5 mm)
£0.5% (min: + 0.1 mm)
+0.3% (min: £ 0.3 mm)

+0.1% (min: £ 0.05 mm)

+01mm

£02-03mm
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Process DED PBF
Feedstock Powder Wire Powder
Heat source Laser E-beam Electric arc Laser  E-beam
Nomenclature DED-L DED-EB DED-PA/DED-GMA PBF-L PBF-EB
Power (W) 100-3000 500-2000 1000-3000 50-1000
Speed (mmys) 5-20 1-10 5-15 10-1000
Max. feed rate (g/s) 01-10 01-20 02-28 -
Max. build size 2000 x 1500 x 750 2000 x 1500 x 750 5000 x 3000 x 1000 500 x 280 x 320

(mm x mm x mm)
Production time High Medium Low High
Dimensional accuracy (mm) 05-1.0 1.0-15 Intricate features are 0.04-02

not possible

Surface roughness (jum) 4-10 8-15 Needs machining 7-20

Post processing

Refs.

HIP and surface
grinding are seldom
required

[16-21]

Surface grinding and
machining is required
to achieve better finish
[22-25]

Machining is essential
to produce final parts

[26-29]

HIP is rarely
required to reduce
porosity
[31-35]
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M BuitdEnvelope
Capaciy 021"

Powder Layout
Thickness
Layer Range

Imaging System

Scanning Speed
Al

Laser Power/Type.
Volume Buid Rate
Included software.

Powder
2nd Handing

Materils Packaging

‘Dimensions WD)
30 prmer Crated

Weight e . o 205
3D Priner Crated

30 printer Uncrated
Electrical Requirements
System.

Single or dual MQCs

SystemWarranty.

361 320 450 mm
Q8x13x38im)
S7siGs 00

Variblespeed
Coumter Rotatng Roter

008015 mm
0003 00061
(010 7m, 0004in)
Proscan™ OX Digtl
High Speed.

127 mis (500 i)
Smis @0oinss)

100wrco,
271

30 Sprne.
Automatic

Duraform ProxpA.
Duraform prox G
Duraform ProX EX LK
Duraform ProX HST
Duraporm ProX AP+
Duraform prox FR1200

Broad range of DuraForm® lastic, composies, lastomer and CastForm* P,

31 x320x460mm
QSxiaxiaim
57513510cuin)

precision Counter
Rotating Roler

008-015mm
00030008
(010mm, 0.0041n)

Proscan™ CX digial)

HO: 6 s Q00 ).
HS: 127 s (500 ms)
HD: 2.5 mis (100 sy
HS:5 mis (200 i)

nwico,
1
Buid Setup.

Manual enables material
changeovers)

DursformpA
Durarorm GF
Durarormex
Durarorm T
Durarorm 190
Durarormfiex
Duraform 1200
Cosirormps.

550550460 mm.
[Ereri
139 (8500 c i)

Counter Rotating Raller

008-015mm
0003 -0.008m
(©10mm, 0004n)
Proscan Standard
Digial Imaging Systems.
10 ms (400 s

5mis @00 inss)

owsco,
300
Buid Setup

Automatic

Ourarorm PA
Durararm G
Durarorm B
Durarorm HST

550x550 X750 mm.
2522330 in)
2710390 cuim)

Counter Rotating Raler

008-015mm
000300061

(010 7m, 0004in)
Proscan™ Standard
Digial Imaging System

10ms (400 nss)

Smis @0oinss)

Towico,
20ume
BuidSetup

Automatic

Duraform A
Duraform GF
Duraform X
Durarorm HST

(pouders).
S Back page for materal overiew and wwwd Aeystems.Com for (ehrica datasheet for each material

75 kg botle for hands.free
Sutomati powder handing

204x153258m
{80 x60x101in)

174x123 5230 am
(6948390 in)

1485 kg G2TAlb)
1360k G000 Ib)

208 VA0 kYA, 50/60 Hz, 3PH
208 230VAC,S0/60%z, 1PH

10 kg boses: 15 kg boves for

Dursform GF anty

191 x140x229 em
(5x55x90im)

s x127x13em
(69x50x841m)

1885kg @147 1)
186549 410315

240 VAC/T? ki S0I60Hz 3PH 208 VACH7 ok, SO/60Hz 3PH

100 kg s (neligent Powder
Carefpess 150 kg 1 for

GuraForm G only
29x178x257cm
190x70x101in)
213x163x241 cm
{Baxsax9sin)

250kg 950 1bs)
224kg 853 bs)

100kq PCs fnteligent Powder
Carudpesy 150 kg 1 or
Gurarorm G only

267x224x292cm
(10588 x 115

251 x208x274cm
(99823 108in)

2530k (5586 bs)
254149 5531 Ibs)

208VACHT kuh, S0/60Hz, 3PH

‘Oneyear warranty,under 3D Systems purchase terms and condiions.
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