		Advanced Processes and MaterialsPaul Thomas
1708327



M6X00414
 



























Executive Summary:

Manufacturing is constantly evolving; new emerging technologies are changing traditional product design. This assignment looks at one of these emerging technologies. Additive manufacturing, it has the potential to change the traditional methods of subtractive manufacturing.  These layer by layer techniques have the potential to change manufacturing and product design.
A company’s ability to adopt these new technologies will put them the forefront of its industry.  This assignment compares and discuses different techniques.  It evaluates benefits, limitations, and the potential impact of the new technologies for the company.  An inability to adopt new technology can result in result in business being left behind.
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[bookmark: _Toc5846492]Notations

The following symbols are used in this paper:
AM= Additive Manufacturing; 
RP =Rapid Prototyping;
RM =Rapid Manufacturing; 
CNC=Computer Numerical Control;
SLM =Selective Laser Melting; 
SLS = Selective Laser Sintering
DMLS= Direct Metal Laser Sintering; 
DMD =Direct Metal Deposition; 
EBM= Electron Beam Melting; 
TRL = Technology Readiness Level

[bookmark: _Toc5846493]Introduction

The most successful companies are constantly evolving and looking to expand into new technologies. This is vital to successful company development.  This constant development often evokes questions of how to be competitive and stay ahead of comparative firms.  The optimization of manufacturing processes will result in substantial time and cost savings. The introduction of industry/manufacturing 4.0 as defined by (Wohlers, 2015) will have effect on industry, akin to the Industrial Revolution.  The leap forward in technologies will be significant.  Businesses must strive to be leaders and innovators at the forefront of industrial change.
[image: ]A company’s expansion into new technologies ultimately requires a subsequent new manufacturing strategy, this is paramount to its future successful competitiveness.  The whole design and manufacturing process will need a reset and redesign.  The new relationships need to be tailored to maximise the suitability and add value to company and product. [bookmark: _Ref3493310]Figure 1 - Aerospace predicted growth figures by 2037 (Boeing, 2017)

[image: ]The aerospace industry is expected to grow considerably according to (Boeing, 2017), 2.5 times growth in the next 20 years. As shown in Figure 1 passenger airmiles are predicted to increase 4.7% year on year. This increase in aircraft industry production will produce value in excess $3.6 Trillion in 2037 (Boeing, 2017). According to Figure 2, aircraft numbers will increase from 24400 to 48540 in 2037. This type of growth is also seen in the global military helicopter market. Growth is estimated to register figures of 8.4% during the forecast period of 2018 to 2023 (Ain, 2018).[bookmark: _Ref3493532]Figure 2 - Predicted fleet numbers 2037 (Boeing, 2017)

An important requirement throughout the aerospace/helicopter manufacturing and design is weight reduction.  A common term Buy -to-Fly ratio is used within the aerospace industry.  (Arcam EBM, 2019) defines ‘The Buy-to-Fly ratio, is the weight ratio between the raw material used for a component and the weight of the component itself’.  According to (MRO Network, 2018) , typically the buy-to-fly ratio for conventional aerospace manufacturing is about 15: 1.  This is the result of using subtractive manufacturing techniques i.e. CNC machining, this can result in excess expensive raw material waste of up to 90% of final part.
[bookmark: _Toc5846494]AM: The Future of Manufacturing

[image: ]Innovations in materials and processes are driving the future of manufacturing.  These emerging technologies include Additive manufacturing, nanomaterials, advanced robotics and advanced composites (McKinsey&Company, 2019).  (Wohlers, 2015) endorse the enormous potential of AM.  Describing it as the most important emerging approach driving the future manufacturing economy. (Abdulhammed, et al., 2019) describe AM as an industry disrupter, demonstrating the ability to change the future of manufacturing.  Any industry adopting AM would require escalating areas of knowledge and expertise. The current manufacturing supply chain would change significantly. The ability to combine raw materials, material processing, component machining, assembly from multiple companies/countries all into one facility (The Economist, 2019).  This is confirmed by (Wohler’s, 2015), it debates AM’s ability to support part consolidation and the subsequent reductions in tooling, manufacturing, inventory, assembly, maintenance, and inspection costs. This enormous potential has inspired aerospace OEM manufacturers such as Boeing, Belling, Airbus and G.E to setup special AM subsidiaries tasked with optimizing the use of AM within both fixed wing and rotor aircraft manufacture (The Economist, 2019).[bookmark: _Ref3904276][bookmark: _Ref3904284]Figure 3 - AM Uptake in Different Sectors (Tofail, et al., 2018)

According to (Wohler’s, 2015) the AM industry would be worth $5.2 billion by 2020.  Most recent predictions according to (The Economist, 2019) estimate AM Industry to reach $50 billion between 2029/31 and $100 billion between 2031/44. These figures demonstrate the rapid growth of this new technology.
The potential advantages that these new technologies could produce in different manufacturing industries is indicated in Figure 3. Aerospace typically has pioneered AM processes, this partly due to large manufacturing budgets but also the high performance required of its components (Gibson, et al., 2015).

[bookmark: _Toc5846495]AM Categories
The International Organization for Standardization (ISO)/American Society for Testing and Materials (ASTM) 52900:2015 standard classify, AM processes into seven categories (ISO.org, 2016).
[image: ]Figure 4 below shows these seven categories, basic principles, and example use of the technology.  Also shown are the advantages, disadvantages and typical material for each. There are however new machines and processes emerging constantly for these developing technologies.
[bookmark: _Ref5828066]Figure 4 Figure 4 Basic Principles, materials, advantages and disadvantages of seven ASTM categories (Tofail, et al., 2018)

[bookmark: _Toc5846496]Traditional Subtractive vs Additive Manufacturing
[image: ]The traditional techniques of subtractive manufacturing are still predominantly used within the aerospace industry. These involve such techniques such as, milling, turning, grinding and sheet metal fabrication. Considerable knowledge is required in the production/fabrication of aerospace components. Traditional subtractive techniques have been used because of their abilities to produce specific features. Such as dimensional accuracy, surface finish and production volume (Hassan & Gawad, 2018). Subsequently the limitations of these processes include high volumes of waste material, lengthy production times.  Further restrictions are to the design process, as subtractive techniques can only produce limited shape and form (Groover, 2017). 
[bookmark: _Ref3905320]Figure 5 - Subtractive and Additive Manufacturing (Veronneau, et al., 2017)



AM differs fundamentally from subtractive methods.  AM is a layer forming technique, where the product is produced from the bottom up (Gebhardt, 2012).  The nature of this method allows for a design freedom which results in product design not seen with subtractive manufacturing (Tofail, et al., 2018).  The ability to design complex internal features as well as the ability to strip away un needed material with topography software, has advantages unavailable to subtractive design (D'Aveni, 2016).  Figure 5  illustrates the fundamental differences between the two methods.  With a clear demonstration of the reduction in material waste between both processes. According to (Gibson, et al., 2015) aerospace has Design for Manufacturing DFM features which particularly suit AM manufacturing.  The components must be Lightweight, able to withstand high temperatures with complex geometry. 
[image: ]Figure 6 illustrates the changing future of DFM within AM.  The new opportunities of AM will potentially create designs that conventional manufacturing will no longer be capable to produce (The Economist, 2019). Figure 6 - Changing future of AM DFM (Aerospace Technolgy Institute, 2018)

Additionally, (Chua & Leong, 2017) describe the ability for objects to be made anywhere through consumer driven demand, this being of vast importance in sectors such as aerospace.  This could eliminate the problem to provide parts for aircraft with extended use described by (Gibson, et al., 2015).  Digital Spares could be kept indefinitely and produced on demand, saving on production and storage of parts.
[bookmark: _Toc5846497]Benefits and Limitations 
One of AM’s core advantages is that it enables design motivated manufacturing. This is contrasting to conventional subtractive manufacturing, AM’s strengths are conventional manufacturing’s limitations (Abdulhammed, et al., 2019).  AM is most suitable for low/medium volume, bespoke and complex items.  Unlike subtractive manufacturing increasing part complexity does not directly increase cost (Ford, 2015). (Gibson, et al., 2015) confirms this stating that the low volume consistent with aerospace could be come more economical.  An example of this is NASA’s manufacturing of a Rocket injector using SLS/SLM.  The resulting design reduced the number of parts from 115 to 2, whilst also saving $5000 in production costs (Gradl, et al., 2018).
Figure 8 indicates some of the main areas of AM’s benefits.  Design and Weight are vital to aerospace design, AM allows for complexities relating to shape, function and material. According to (Aerospace Technolgy Institute, 2018) part consolidation is a corollary of AM, feature integration into increasingly complex parts, results in reduced part assembly.  This is consistent with (Gibson, et al., 2015), AM has the ability to consolidate parts, resulting in minimal assembly and the elimination of tool, mould, dies, fixtures in production Reduced material use is shown in Figure 8, (Gibson, et al., 2015) describes the potential for maximum material utilization and the possible target of no waste.  EMB uses close to 100% raw material, recycling its powder therefore producing minimal waste.  This would result in reduced buy to fly ratio’s which are highly desirable to the aerospace industry.  An example of this is the production of the BALD [image: ]Bracket in Figure 7.  When manufactured by EBM, buy to fly reduced from 33:1 to 1:1.  The use of this technology also reduced the cost buy more than 50% (Dehoff, et al., 2013).  Further merit can be added to the use of AM for aerospace.   The ability to manufacture parts from digital storage, eliminates stock holding of finished parts.  Parts can be produced as customers order in real time or even produced anywhere in the world reducing transportation (Tofail, et al., 2018). 
[bookmark: _Ref5828669]Figure 7 - BALD Bracket produced by EBM

[bookmark: _Ref4452878][image: ][bookmark: _Ref5828601]Figure 8 - Benefits of AM (Aerospace Technolgy Institute, 2018)

Although AM has many benefits, it is not without its limitations. The major issues relate to surface finish or post process operations. (Abdulhammed, et al., 2019) describes aesthetic issues of surface finish relating to the use laser or beam systems. The nature of the process produces several undesirable features, in particular surface texture and stair stepping.   Aerospace components have typical surface finish of 0.8um to 1.6 um (Bahnini, et al., 2018).  (Jiang, et al., 2018) states that typical metal AM can involve the need for post process, such as machining, sand blasting.   But positively (Chua & Leong, 2017) asserts AM has the ability for components to be produced with no additional processing. This is corroborated by (Bahnini, et al., 2018) who maintains stair stepping can be overcome with thin powder layer application, whilst this does increase process time.  The high temperatures and residual stresses involved in metal AM can cause part distortion which require support structures for stability.  The need to remove support structures after manufacturing can also add to post process needs.  An example of this is shown in Figure 9.



[bookmark: _Toc5846498][image: ]Implementation Considerations[bookmark: _Ref4542857]Figure 9 - Example of Support Structure (Jiang, et al., 2018)

[image: ]The future implementation of AM within mainstream manufacturing will depend on the success of overcoming several fundamental issues within key areas. Cost, Technology Readiness (TRL), improved product quality in relation to surface finish and material properties. (Ford, 2015).  
Cost is often identified as an inhibitor for any emerging technology, metal AM is no different.  Figure 10 illustrates the cost of machine, labour and materials in relation to their traditional manufacturing method.  The difference in total cost, ranges from multiples of 7-25. This is substantiated by (Hopkinson, et al., 2016) who state, that AM machine costs range between 50 -75% of manufacturing costs.   Figure 11  below determines the capital cost of different AM processes, PBF and Laser technologies are clearly the most expensive to invest in (CES edupack, 2018).  Figure 12 also shows that the production rate of these processes are slower than other AM techniques (CES edupack, 2018).[bookmark: _Ref4937862]Figure 10 -AM manufacturing costs compared to traditional method (Spotlight Metal , 2018)

[image: ]
[bookmark: _Ref5845246]Figure 11 - Capital cost comparison of AM processes (CES edupack, 2018)
[image: ]
[bookmark: _Ref5845257]Figure 12 - Production rate comparison of AM processes (CES edupack, 2018)



[image: ](Tofail, et al., 2018) argues that even with high machine and material direct costs, AM still has the abilty to be financially viable.  The benefits of AM manufaturing in other areas, such as DFM and part consolidation can substantially lower its costs.  According to (NASA, 2012) Technology Readiness Levels (TRL) are a measurement system used when measuring the maturity of technologies readiness for market.  Figure 15 illustrates the two types of AM most ready for market to be PBF and EB. Together with this, they have lower level of post process required but the highest capital cost.[bookmark: _Ref5831351]Figure 13 - Seven AM types including technology readiness and capital cost

AM’s ability to evolve into a high-volume manufacturer of components with good structural properties, without postprocess is still in development.  The ability to achieve surface finish comparable to traditional methods will eliminate additional cost hindering its progression (Groover, 2017). However, (Gibson, et al., 2015) describes AM’s accuracy and surface finish to be influenced by the powder size.  Finer particles produce smoother more accurate parts.  The negative effect are slower production rates.
Conventionally made aluminium alloy components used within the aerospace industry are often heat treated, a typical process involves annealing, quenching and age hardening. (Metal AM, 2019).  Shot peening can also be applied to improve the mechanical properties of aerospace components, this also applies to AM metal components (Gibson, et al., 2015).   Metal AM component’s which are produced through sintering or melting techniques produce structural properties comparable to aluminium heat-treated cast parts, therefore eliminating further post process (EOS, 2019) .  According to (EOS, 2019) AM parts require stress relieving cycle of 2 hours at 300 °C.  This producing parts with hardness of 119/5 HBW.
Other post process operations can include removal of support structures, cleaning of internal chambers or powder removal (Chua & Leong, 2017). Numerous options are available to achieve greater surface finish depending on part requirements. These include conventional grinding through to non traditional electropolishing.
[bookmark: _Toc5846499]

Process Selection
Currently the fastest growing area of AM, is metal powder-based systems shown in Figure 15 .  Aerospace industries are at the forefront of their adoption into manufacturing.  PBF’s have ability to produce complex parts with high density and structural stability, whilst also obtaining low to medium volume (Hopkinson, et al., 2016). The materials properties required in aerospace such as being Lightweight and having high temperature resistance, benefit intrinsically from the metal AM processes. (Gibson, et al., 2015). Two of the processes most suited for aerospace industry are EBM and SLS/SLM (Gibson, et al., 2015).
[image: ][image: ][bookmark: _Ref4854878]Figure 15 - Metal Printing Market 2019

(Abdulhammed, et al., 2019) defines EBM as a relatively new type of PBF technology, its application is particularly suited to the aerospace industry.  Patented by ARCAM AB it uses a high energy beam to fuse powder metal particles.  The localised electron beam melts a thin layer of powder then allowing for re-solidification. 
As shown in Figure 16, electrons are discharged from a filament, with a temperature over 2500 oC.  They are then accelerated through an anode, whilst a lens uses a magnetic field to focus the high energy electrons.  The whole chamber operates as a vacuum, metal powder particles are fed and spread for the electromagnetically controlled beam to form into the desired form (Abdulhammed, et al., 2019).[bookmark: _Ref4452883]Figure 16 - EBM Diagram (Mohammadosseinni, et al., 2015)

[image: ]SLS/SLM primary difference from EBM is its use of a laser beam in the sintering or melt process of the powder particles. (Chua & Leong, 2017). The diagram in Figure 16 shows the energy laser beam used to scan layers of powder. After each layer is scanned, the build platform is lowered and the process repeats. [bookmark: _Ref4854973]Figure 17 - SLS Diagram (Udroiu, 2012)


[bookmark: _Toc5846500]EBM Advantages and Disadvantages
[image: ][bookmark: _Ref5848857]Figure 18 - EBM Advantages and Disadvantages (Aerospace Technolgy Institute, 2018)

SLS/SLM Advantages and Disadvantages
[image: ][bookmark: _Ref5849740]Figure 19 – SLS / SLM Advantages and Disadvantages (Aerospace Technolgy Institute, 2018)

Comparison
[image: ]Both technologies have strengths and weaknesses when directly compared to each other. Figure 20 is a radar chart comparing 7 key areas. SLM is denoted by the yellow line, EBM by blue.  It can be clearly shown that SLM has advantages in several key areas.  The three properties of maximum size, accuracy and surface finish are all key in this application.[bookmark: _Ref5847475]Figure 20 – Radar chart of EBM vs SLM (Aerospace Technolgy Institute, 2018)

This is corroborated by (Gibson, et al., 2015), who describe SLS/SLM to use finer powder, resulting finer layer properties, typically 20–40 µm, as opposed to 50–70 µm EBM.  The process has improved accuracy and surface finish, typically equivalent of fine investment castings. This is approved further by (Aerospace Technology Institute, 2018) and illustrated in Figure 19.  EBM also has clear benefits, this is reasoned by (Gibson, et al., 2015) as they describe EBM’s ability to produce parts with low levels of internal defects and excellent fatigue material properties.  With virtually zero waste and minimal internal stresses provided from a controlled high process temperature.
	Characteristic
	Electron beam melting
	Metal laser sintering/melting

	Thermal Source
	Electron Beam
	Laser

	Atmosphere
	Vacuum
	Inert gas

	Scanning
	Deflection coils
	Galvanometers

	Energy absorption
	Conductivity-limited
	Absorptivity-limited

	Powder preheating
	Use electron beam
	Use infrared or resistive heaters

	Scan speeds
	Very fast, magnetically driven
	Limited by galvanometer inertia

	Energy costs
	Moderate
	High

	Surface finish
	Moderate
	Excellent to moderate

	Feature resolution
	Moderate
	Excellent

	Materials
	Metals (conductors)
	Polymers, metals and ceramics

	Powder particle size
	Medium
	Fine

	Build Volume
	380mm x 350mm x 350mm
	950mm x 810mm x 300m


[bookmark: _Ref4456504]Figure 21 - EBM and SLS Comparison (Gibson, et al., 2015) (Arcam EBM, 2019)
Figure 21 is a table of the direct comparison of each process’s features. Many of the differences are due to the energy source used in each process. The result is that ‘minimum feature size, median powder particle size, layer thickness, resolution, and surface finish of an EBM process are typically larger than for an SLS process’ (Gibson, et al., 2015).  A positive of EBM shown in Figure 20 is that it is a more efficient process than SLS (Gebhardt, 2012), SLS laser systems can be very inefficient, using as little as 10-20% of its input energy (Gibson, et al., 2015).  Another positive feature of EBM is its ability to move almost instantaneously, in certain design conditions this can significantly reduce process time (Arcam EBM, 2019). (Chua & Leong, 2017) denote a clear compromise between technologies, SLS/SLM’s greater accuracy and surface finish come as a cost of speed.  Both processes would require secondary operations to achieve the highest levels of surface finish. The most important variance between processes for in this case study is build volume.  SLS/SLM machines currently have greater build volumes, the boundaries have been pushed to sizes as great as 950x810x300mm by G.E. EBM is much smaller, it currently doesn’t have the ability to make this part in one piece.  This would mean an extra process in assembly to achieve the required result.  This could still be an acceptable option due to savings in other areas such as energy efficiency and material waste as shown in Figure 21. 




[bookmark: _Toc5846505]Impact of new technology for company
EBM and SLS/SLM would both have many potential benefits to a company producing parts for the aerospace industry.  More conventional methods are available and still more viable in many areas for the part in this case study. But substantial advantages could be created for any company being early into the uptake of AM processes.  The company currently wishes to modernise and expand in to non-traditional manufacturing of an aluminium helicopter part. The case study part has specific requirements, dimensions of 50.8 x 33 x 2.5cm, tolerance of +/-0.0127 cm and improved surface finish. Metal AM process could yield many benefits to this component design.  Full optimization for AM production would be produced by a redesign of the product. The layer by layer technique could be used to produce a more complex design far superior to the current design.  The materials waste could be almost eliminated in comparison to subtractive methods.  Internal structures could be added, increasing strength, reducing material with real buy to fly weight savings.  The design could be easily customised and produced as customers requirements change.  If Industry 4.0 is as disruptive as predicted, the ability to design and produce parts with faster cycle times will become paramount to business success.  The more agile the business is, the greater chance of success.
[bookmark: _Toc5846506]Conclusion
[bookmark: _GoBack]
Advancements in manufacturing industry depend on leading edge research associated with manufacturing processes, materials, and product design. As product complexity increases, there is a need for new and innovative manufacturing processes. AM is a recent trend in production processes because of the many benefits it provides as well as the challenges it must overcome.
 Among the primary AM challenges, part size limitation, anisotropic mechanical properties, building of overhang surfaces, high costs, poor accuracy, warping, layer misalignment, mass production, and limitation in the use materials need further research and investigation. Based on this review, the various aspects of AM technology can be summarized as follows. It can be asserted that the selection of suitable part orientation is crucial in AM. It helps to improve geometrical and dimensional error, reduce build time, and minimize support volume and part production costs. The staircase effect has been identified as the most important factor affecting the part accuracy. Indeed, the staircase effect is directly proportional to the layer thickness. It has also been observed that build time, which possess greater significance in improving productivity, depends on machine speed, part size, layer thickness, and build orientation. 
After that, we have investigated the differences between the AM technology and some of the most-used processes, i.e., forming processes, plastic deformation processes, and CNC machining. Despite all this development, some issues remain and need further research, such as the geometric specifications and the associated tolerances. As it is known for the CNC machining and some other traditional processes, the manufacturing constraints have resulted in the expression of design rules that allow the design of manufacturable parts. Tolerances and related geometric specifications are widely studied, and the standards and the design methodologies are well established. But regarding AM processes, there are still no standards describing associated tolerances, geometrical specifications, acceptable defects, types of quality controls, etc. Moreover, there are no generic design methodologies for AM (DFAM) except some that have been established for some specific processes.
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* High productivity
* Suitable for very massive parts

* No residual internal stress (constant
680-720°C build temperature)

* Less supports are needed for
manufacturing of parts

+ Possibility to stack parts on top of
each other (mass production)

« Sintered powder = good for
thermal conductivity = less supports
« Process under vacuum (no gaz
contaminations)

* Very fine microstructures (TIGAI4V),

very good mechanical and fatigue
results (TI6AI4Y)

+ Few developed materials, only
conductive materials possible

« Powder s sintered -> tricky to
remove (e.g. interior channels)

* Long dead time between 2
productions (8 hours for cooling -
A2, A2X, A2XX systems)

« Tricky to work with fine powder
+ Expensive maintenance contract
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« Flexibility for new material
developments

+Possibility to work with fine
powders 10pm (d450)

+ Easy powder removing from the
parts (the parts are not embedded in
pre-sintered cake)

+Short dead time between 2
productions (2 hours for cooling)

«possibility of restarting an
interrupted job

« Easy visual inspection of building
process during the manufacturing
(either with unaided eye or with
optical camera)

+ Process is wallthickness dependent.
(not suitable for massive parts)

+ Process involving internal stresses
in the parts> need additional
annealing

« Process requiring strong supports
for parts fasten during the
manufacturing (not only for heat
transfer)

+ Need to use build plates of the
same material than the powder used
n the machine (e.9.- more expensive
for titanium powder)

+ Cutting tool necessary (eg: a saw) in

order to release the parts from the
build plate
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