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Abstract 

 

Additive manufacturing technology (AMT) popularly recognized as 3D printing is a disruptive technology that 

has the potential to change many conventional or subtractive manufacturing methods such as drilling, forging and 

machining. The technology is capable of joining some materials and creating objects from 3D computer-aided-

design (CAD) model data, usually layer-upon-layer in distinction to traditional subtractive manufacturing 

technologies. Among others, there are popular techniques, such as stereolithography (SLA), fused deposition 

modelling (FDM), powder bed fusion and inkjet 3D printing (3DP), which are employed broadly in low quantity 

components production for more than a few applications. Additive manufacturing gives many strategic 

advantages, inclusive of extended design freedom for constructing complex internal and external section 

geometries that cannot be made in any other way, and the potential to repair expensive components for aerospace, 

clinical and many different industries. In this work, an overview of additive manufacturing processes and their 

impact on industrial practice is provided. Discussions are on some of the medical, automobile and aerospace 

applications of AMT and the usage of the SWOT analysis, describing the strengths, weaknesses, opportunities 

and threats dealing with AMT applications. Manufacturers, therefore, can adopt this technology for 

standardization of quality manufacturing practices in our country.  
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1. INTRODUCTION 

Additive manufacturing technology (AMT) informally known as 3D printing is the "process of joining materials 

to make objects from three-dimensional model data, usually layer-upon-layer" (ASTM, 2015). 3D printing is a 

growing technological know-how that has been unfolding since the 1980s (Bensoussan, 2016). The developing 

consensus of adapting the 3D printing technologies over common strategies (Maric et al., 2016) is attributed to 

numerous strategic advantages. These include waste reduction, improved design freedom (for constructing 

complicated inner and external part geometries that cannot be made in any other way), lesser energy costs, 

shorter manufacturing time, potential to build practical components in small lot sizes (for end-user customization 

or bridge manufacturing), and the ability to restore steeply-priced components for aerospace and other industries. 

Among others, the famous methods of AMT are: fused deposition modelling (FDM), stereolithography (SLA), 

inkjet 3D printing (3DP) and selective laser sintering (SLS) which are employed extensively in research and 

improvement and product fabrication for quite a number purposes (Ngo et al., 2018). 



 

 
 

 

Figure 1: Schematic diagrams of four main methods of additive manufacturing: (a) fused deposition modelling; 

(b) inkjet printing; (c) stereolithography; (d) powder bed fusion (Ngo et al., 2018). 

Berman (2012)in his report, recorded three evolution phases that AMT have gone through. In the first phase, AM 

technologies are employed by product designers to make prototypes of new designs. The second evolutionary 

phase of AMT includes the application in creating finished parts („direct digital manufacturing‟ or „rapid 

tooling‟). In the third phase, consumers making use of 3-D printers, like the traditional desktop printers.AMT has 

been broadly applied in various modern-day industries inclusive of construction, prototyping, biomedical, 

biomechanical, automobile and aerospace industries. Besides, new functions are quickly emerging as more novel 

research materials on AMT methods are continuously being developed. Recent tendencies in AMT have reduced 

the value of 3D printers, making it inexpensive for application in schools, homes, libraries and laboratories (Ngo 

et al., 2018). AMT is now a massive deal in present-day manufacturing industries with functions in architecture, 

construction, industrial design, car design, aerospace, military, engineering, etc. (Balogun et al., 2018). This is as 

a result of the broad availability of CAD/CAM software, accelerated automation and other novel technologies, 

AMT's developing library of „printable' materials, the freedom to operate enabled utilizing patent expirations, the 



 

 
 

momentum, confidence, and the innovative vision it affords (John, 2017). A materials engineer can, therefore, 

convert a want or an idea into a reality through the usage of CAD software and different analysis software 

program to facilitate this manufacturing. Thus, AMT is gradually changing the status quo from what 

manufacturing used to be and more imperative that needs to be adopted by every manufacturing industries for the 

advancement of manufacturing practices in Nigeria. 

This paper aims to provide an overview of AMT techniques in terms of the popular methods employed, the 

materials adopted, its application in various industries. This paper will also explore the benefits and challenges 

that could be encountered in adopting this novel technology. 

 

2. ADDITIVE MANUFACTURING PROCESSES 

According to the International Organization for Standardization (ISO)/ American Society for Testing and 

Materials (ASTM) 52900:2015 standard, additive manufacturing processes are classified into seven categories: 

Binder jetting (3D printing), Direct energy deposition (direct manufacturing), Material extrusion (fused 

deposition modelling), Material jetting, Powder bed fusion (laser sintering), Sheet welding (e-beam welding, 

laminated object manufacturing), and Vat photo-polymerization (digital light processing). These methods are 

briefly explained below: 

2.1.Binder Jetting 

The binder jetting process is similar to material jetting, except that the print head lays down alternate layers of 

powdered material and a liquid binder. 

2.2.Directed Energy Deposition 

The process of directed energy deposition (DED) is similar to material extrusion, although it can be used with a 

wider variety of materials, including polymers, ceramics and metals. An electron beam gun or laser mounted on a 

four or five axis arm melts either wire or filament feedstock or powder. 

2.3.Material Extrusion  

It is the most common method of 3D printing that mainly uses polymer filaments (Al-Makky& Mahmoud, 2016). 

The printer extrudes a stream of melted thermoplastic through a heated nozzle mounted on a movable arm. The 

nozzle moves horizontally while the bed moves vertically, allowing the melted material to be built layer after 



 

 
 

layer(figure 1a). Proper adhesion between layers occurs through precise temperature control or the use of 

chemical bonding agents. 

 

 

2.4.Material Jetting 

With material jetting, a print head moves back and forth, much like the head on a 2D inkjet printer. However, it 

typically moves on x-, y- and z-axes to create 3D objects. Layers harden as they cool or are cured by ultraviolet 

light. 

2.5.Powder Bed Fusion  

Powder Bed Fusion (PBF) technology is used in a variety of AM processes, including direct metal laser sintering 

(DMLS), selective laser sintering (SLS), selective heat sintering (SHS), electron beam melting (EBM) and direct 

metal laser melting (DMLM) (Figure 1d). These systems use lasers, electron beams or thermal print heads to melt 

or partially melt ultra-fine layers of material in a three-dimensional space. As the process concludes, the excess 

powder is blasted away from the object.  

2.6.Sheet Lamination 

Laminated object manufacturing (LOM) and ultrasonic additive manufacturing (UAM) are two sheet lamination 

methods. LOM uses alternate layers of paper and adhesive, while UAM employs thin metal sheets conjoined 

through ultrasonic welding. LOM excels at creating objects ideal for visual or aesthetic modelling. UAM is a 

relatively low-temperature, low-energy process used with various metals, including titanium, stainless steel and 

aluminium. This method is widely used in various industries for advanced applications such as scaffolds for 

tissue engineering, lattices, aerospace and electronics.  

2.7.Vat Photo-Polymerization 

Photo-polymerization is the creation of a solid from a liquid polymer by curing the liquid with light. With vat 

photo-polymerization, an object is created in a vat of a liquid resin photopolymer. A process called photo-

polymerization cures each micro-fine resin layer using ultraviolet (UV) light precisely directed by mirrors.  

 

3. ADDITIVE MANUFACTURING TECHNOLOGIES (AMT) 

There are a variety of different additive manufacturing technologies: 

3.1 Sintering 



 

 
 

Sintering is the process of creating a solid mass using heat without liquefying it. Sintering is similar to traditional 

2D photocopying, where toner is selectively melted to form an image on paper (Figure 1d). With DMLS, a laser 

sinters each layer of metal powder so that the metal particles adhere to one another. With SLS, a laser sinters 

thermoplastic powders to cause particles to adhere to one another. By contrast, materials are fully melted in the 

DMLM and EBM processes. With DMLM, a laser completely melts each layer of metal powder while EBM uses 

high-power electron beams to melt the metal powder. 

3.2 Stereolithography 

Stereolithography (SLA) uses photopolymerization to print ceramic objects. The process employs a UV laser 

selectively fired into a vat of photopolymer resin to initiate a chain reaction on a layer of resin or monomer 

solution. The monomers (mainly acrylic or epoxy-based) are UV-active and instantly convert to polymer chains 

after activation (radicalisation). After polymerization, a pattern inside the resin layer is solidified to hold the 

subsequent layers (Figure 1c).  The remaining resin is poured off and used for the next project. The UV-curable 

resins produce torque-resistant parts that can withstand extreme temperatures. SLA is effectively used for the 

additive manufacturing of complex nanocomposites. 

3.3  Inkjet Printing 

Inkjet printing is one of the main methods for the additive manufacturing of ceramics. It is used for printing 

complex and advanced ceramic structures for applications such as scaffolds for tissue engineering. In this 

method, a stable ceramic suspension, for example, zirconium oxide powder in water is pumped and deposited in 

the form of droplets via the injection nozzle onto the substrate(Figure 1b). The droplets then form a continuous 

pattern which solidifies to sufficient strength to hold subsequent layers of printed materials (Ngo et al., 2018).   

 

4. ADDITIVE MANUFACTURING MATERIALS 

It is possible to use many different materials to create 3D-printed objects. AMT is used to fabricate jet engine 

parts from advanced metal alloys, and also creates chocolate treats and other food items (Ngo et al., 2018).  

The additive manufacturing materials include: 

4.1 Thermoplastics 

Thermoplastic polymers remain the most popular class of additive manufacturing materials. Acrylonitrile 

butadiene styrene (ABS), polylactic acid (PLA) and polycarbonate (PC) each offering distinct advantages in 



 

 
 

different applications. Water-soluble polyvinyl alcohol (PVA) is typically used to create temporary support 

structures, which are later dissolved away. 

4.2 Metals 

 Many different metals and metal alloys are used in additive manufacturing, from precious metals like gold and 

silver to strategic metals like stainless steel and titanium. 

4.3  Ceramics 

A variety of ceramics have also been used in additive manufacturing, including zirconia, alumina and tricalcium 

phosphate. Also, alternate layers of powdered glass and adhesive are baked together to create entirely new classes 

of glass products. 

4.4. Biochemicals 

Biochemical healthcare applications include the use of hardened material from silicon, calcium phosphate and 

zinc to support bone structures as new bone growth occurs. Researchers are also exploring the use of bio-inks 

fabricated from stem cells to form everything from blood vessels to bladders and beyond. 

 

5. ADVANTAGES OF ADDITIVE MANUFACTURING OVER CONVENTIONAL MANUFACTURING 

In an attempt to a bounce in the direction of Manufacturing 4.0, some of the world‟s largest manufacturers, such 

as Airbus, Boeing, GE Aviation, Ford, Siemens has enthusiastically welcomed additive manufacturing 

development (Tofail, et. al., 2018). AMT has the potential to substitute many conventional (subtractive) 

manufacturing techniques such as drilling, cutting, shaping, forging, machining etc. (Tuck et al., 2007; Liu et al., 

2013). 

The advantages of AMT following GE Additive (n.d.) includes: 

• The use of 3D CAD data for the creation of lighter and greater complex designs that are too hard or too steeply-

priced to construct using traditional dies, moulds, milling and machining.  

• Elimination of cost and prolonged system of having fixtures or molds creation. 

• Rapid prototyping – A extra dynamic, design-driven system when compared to the relative tediousness of 

traditional prototyping. 

• Fabrication of multiple assembled pieces as a single, assembly-free object with greater layout freedom. 



 

 
 

• Minimizing weight whilst maximizing power of the produced component. 

• Changes in mid-design barring any interruption in the manufacturing process.  

Materials engineers can consequently use 3D CAD information to facilitate the manufacturing of any engineering 

thing with larger layout freedom; without any restrictions to the limitations of standard machines. They will 

additionally be able to remodel a shape mid-way employing simply going back to the 3D CAD file and make the 

fundamental modifications in a format without any interruption in the manufacturing process. 

 

 

6. ADDITIVE MANUFACTURING PROCESS 

 

AMT makes use of distinct elements for layering material, which include metallic powder, thermoplastics, 

ceramics, composites, glass and even edibles like chocolate (Ngo et al., 2018). Objects are digitally defined by 

using computer-aided-design (CAD) software used to create .stl documents that truly “slices” the object into 

ultra-thin layers. This information guides the course of a nozzle or print head as it precisely deposits material 

upon the previous layer. Or, a laser or electron beam selectively melts or partly melts in a bed of powdered 

material. As materials cool or are cured, they fuse collectively to form a 3-dimensional object.  
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Figure 2: Diagrammatic illustration of the additive manufacturing process (Cotteleer et al., 2014). 

 

 

 

 

 

 

 

 

7. ADDITIVE MANUFACTURING TECHNOLOGICAL APPLICATIONS 

 

The emergence and fast improvement in AMT make it feasible to 3D print almost any fabric ranging from 

chocolate to superior multifunctional substances (Ngo et al., 2018). The range of utility market for AMT can be 

divided into the aerospace industry, the car industry, client products, healthcare, government and defense, 

industrial/business machines, training &amp; research, and others (Antisel, n.d.).  

7.1.Medical applications 



 

 
 

The ability to convert medical imaging data into solid objects has made medical teams direct AM research in 

implants and prosthesis applications. Implants are used to reconstruct bone damage or defects cause by trauma or 

disease. One benefit of AM is the ability to manufacture complex internal mesh structures and porous structure; 

this allows the bone to grow into the implants for better integration. Also, it enables the variation of density to 

match the stiffness of the surrounding bones (Al-Makky and Mahmoud, 2016).  

 

 

 

 (a)        (b) 

Figure 

3:(a)Complex Internal Structure of a Knee Implant, (b) Custom 

Patient-specific Cranial Implant (Al-Makky and Mahmoud, 2016). 

 

7.2.Automotive applications 

AM has been deployed in the automobile industry for decades, however, it is usually used for the production of 

prototypes, or complex customized parts for luxurious or vintage automobiles (Ford, 2014). Companies and 

research institutes also have successfully applied AM techniques to manufacture functional components for 

racing vehicles. Vehicles for motorsports normally use light-weight alloys (e.g., titanium) and have fantastically 

complex structures and low production volumes (Huang et al., 2015), hence they may also use AM greater than 

passenger automobile industries. All these components have been manufactured with the usage of SLM; the 

result of the use of additive manufacturing is lighter weight, hence faster speed.  

 



 

 
 

 

   (a)    (b)    (c) 

 

Figure 4: Examples of Automotive spare parts manufactured using DMLS (a) Oil pump housing [courtesy of 

Concept Laser](b) exhaust gas manifold [courtesy of Concept Laser](c) a Knuckles or an (axle pivot) [courtesy of 

EOS cited in Al-Makky and Mahmoud, 2016]. 

 

7.3.Aerospace applications 

The aerospace industry is increasingly using AMT to produce complicated geometry accessories, decrease 

material costs, minimize labour contents besides compromising their mechanical properties and manufacturing of 

lighter accessories, aircrafts spare parts. Also, low volume printing of complex elements and insides of some 

aircraft components can lead to a weight reduction of those components, thereby saving airline millions of 

gallons of fuel each year (Al-Makky and Mahmoud, 2016). 

  (a)       (b)             (c) 

Figure 5:(a)GE made aircraft engine component using DMLS; (b) GE jet engine Fuel Nozzle; (c) GE‟s Jet 

Engine (Al-Makky and Mahmoud, 2016). 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

8. SWOT ANALYSIS FOR ADDITIVE MANUFACTURING TECHNOLOGY 

SWOT analysis is a frequent evaluationtool for evaluating the potential of a technology. The four predominant 

factors/ components of SWOT analysis are Strengths, Weaknesses, Opportunities, and Threats and they are 

described in the table as pertained to AMT below: 

 

Table 1: SWOT analysis of additive manufacturing technologies (Al-Makky and Mahmoud, 2016). 

Strengths  Weakness  

• Complex shapes and geometries  

• No tooling needed  

• Flexibility in changing design  

• Customized products  

• Reduce material waste in contrast to 

conventional techniques 

• Increased supply chain proficiency 

• Relatively poor surface finish   

• post-processing operations 

• Requires knowledge of CAD software program 

• Not a wide range of materials available  

• Relatively high cost of equipment and 

materials.  

• Significantly slow fabrication speeds.  

• Not fit for mass production  

• Lack of repeatability   

• The lack of multi-material deposition  

Opportunities  Threats  

• 3D printing of organs  

• AM of intelligent material  

• Nano-printing  

• Developing new materials  

• Extending functions to print spare parts directly 

in place.  

• Improving Process sustainability  

• Reliability and standardization.  

• Hype and unrealistic expectations.   

• Ethical constraints (gun printing)  

• Cybersecurity dangers (CAD drawing piracy)  

• Intellectual property/privacy issues  

• Inadequate power supply 

 

 

9. ADDITIVE MANUFACTURING CHALLENGES 

There are several challenges which are encountered in the adoption of additive manufacturing technology. 

They include: 

 Qualification and certification. These have been persistently identified as a mission to widespread adoption 

of AM structurally imperative components; the modern method is too luxurious and takes too long. Hence, the 

technological alternative skill of accelerated qualification is needed. 

 Economic and high-cost difficulties. The capital funding in AMT is quite excessive due to high 

manufacturing and material value of an object. 

 Repeatability challenges. Despite that manufacturing flexibility is an advantage over traditional methods, 

AMT may have some technical deficiencies within that impacts its capability to create dependable parts 



 

 
 

regularly. This is owing specifically to several AMT procedure parameters which require controlling and 

monitoring. 

 Speed of production challenges. AMT has the potential of mass-customization but lacks the potential of 

mass-production. Addressing this mission will be key to not solely produce unique components however also 

mass-produce them on market demands. 

 Skill gaps. Successful utilization of AMT in manufacturing businesses requires a well-trained, capable and 

expert workforce. A manufacturing business enterprise lacking in expert staff may find it challenging making 

use of AMT to their competitive advantages. Therefore, plans on conducting in-house training for the team of 

workers of an enterprise on the use of these technologies is exceptionally recommended. 

 Electricity supply: This has proved to be an ambitious task to the industries in Nigeria as this can cause an 

interruption in the manufacturing system of a part. 

10. CONCLUSION 

Additive manufacturing technologies have been welcomed in the aerospace/automotive industry due to the fact 

of the opportunity to manufacture lighter structures to minimize weight. 

AMT, if carried out right in our manufacturing industries, can considerably decrease material waste in the 

course of production, reduce the number of manufacturing steps and perchance get rid of the total amount of 

tooling required, making it aa good deal more minimal section of the value equation. AMT is also transforming 

the exercise of medicine, making it possible to have a unique model of a bone/transplant earlier than surgery. 

There have been so many excellent innovations coming simply in brief time with this technology and it's been 

coming from existing engineers. But there is a new era of engineers coming from amongst us. This generation 

that has grown up with the know-how of these technologies like CAD and different design software, they will 

by no means have to battle with the limitations of the traditional manufacturing methods. 

Statistics exhibit that in the subsequent five years to come, AMT will be used for producing 75% of engineering 

components. 

 

 

 

 



 

 
 

 

 

 

 

References 

Al-Makky, M. & Mahmoud, D. (2016). „The Importance of Additive Manufacturing Processes in Industrial 

Applications‟, 17th International Conference on Applied Mechanics and Mechanical Engineering.Military 

Technical College, [online] 19-21 April. Cairo-Egypt: Researchgate, volume 1, pp.1-15. Available at: 

https://www.researchgate.net/publication/316023334 [Accessed: 10 May 2019]. 

Antisel (n.d.). „3D Printing‟, [online] Available at: http://antisel.gr/antwpr/additivemanufacturing/3d-printing/ 

[Accessed: 10 May 2019]. 

ASTM International (2015). Standard Terminology for Additive Manufacturing – General Principles – 

Terminology. [online]. Available at: https://www.astm.org/cgi-bin/resolver.cgi?ISOASTM52900-15[Accessed: 

23 April 2019].  

Balogun, V.A., Otanocha, O.B. &Ibhadode, A.O. (2018). The Impact of 3D Printing Technology to the Nigerian 

Manufacturing GDP. Journal of Modern Mechanical Engineering, [online] 8(2), pp. 140-157. Available at: 

https://doi.org/10.4236/mme.2018.82010 [Accessed: 08 May 2019]. 

Bensoussan, H. (2016). „The History of 3D Printing Technologies from the 80s to Today‟,Sculpteo, 14 

December. [online]. Available at: https://www.sculpteo.com//blog/2016/12/14/the-history-of-3d-printing-3d-

printing-technologies-from-the-80s-to-today/ [Accessed: 12 May 2019]. 

Berman, B. (2012). 3-D Printing: The New Industrial Revolution. Journal of Business Horizons, [online] 55(2), 

pp.155-162. Available at: https://www.sciencedirect.com/science/article/pii/S0007681311001790 [Accessed: 13 

May 2019]. 

Cotteleer, M., Holdowsky, J., Mahto, M., &Coykendall, J. (2014). „3d Opportunity for Aerospace and Defense‟, 

Deloitte Insights, 02 June. [online]. Available at: https://www2.deloitte.com/insights/us/en/focus/3d-

opportunity/additive-manufacturing-3d-opportunity-in-aerospace.html [Accessed: 12 May 2019]. 

GE Additive (n.d.). „What is Additive Manufacturing‟. [online]. Available at: 

https://www.ge.com/additive/additive-manufacturing [Accessed: 14 May 2019]. 

John, H.A. (2016). „Additive Manufacturing‟, [PowerPoint presentation]. 2.008x: Additive Manufacturing. 

[online] Available at: https://www.slideshare.net/AJohnHart/additive-manufacturing-2008x-lecture-slides 

[Accessed: 12 May 2019]. 

Liu, P., Huang, S. H., Mokasdar, A., Zhou, H., &Hou, L. (2013). The impact of additive manufacturing in the 

aircraft spare parts supply chain: supply chain operation reference (scor) model based analysis. Journal of 

Production Planning & Control,[online] 25(13-14),pp.1169–1181. Available at: 

http://dx.doi.org/10.1080/09537287.2013.808835 [Accessed: 11 May 2019]. 

Maric, J., Rodhain, F. &Barlette, Y. (2016). Frugal Innovations and 3D printing: Insights from the field. Journal 

of Innovation Economics, De BoeckSuperieur, 8 December. [online] 3(21), pp.57-76. Available at: 

https://hal.archives-ouvertes.fr/hal-01412871 [Accessed: 12 May 2019]. 

Ngo, T. D., Kashani, A., Imbalzano, G., Nguyen, K. T. Q., & Hui, D. (2018). Additive manufacturing (3D 

printing): A review of materials, methods, applications and challenges. Journal of Composites Part B: 

Engineering, [online] 143(2018), pp.172–196.Available at: https://doi.org/10.1016/j.compositesb.2018.02.012 

[Accessed:12 May 2019]. 

Tofail S.A.M., Koumoulos E.P., Bandyopadhyay A., Bose S.,O‟Donoghue L., &Charitidis C. (2018). Additive 

Manufacturing: Scientific and Technological Challenges, Market Uptake and Opportunities. Journal of Materials 

https://www.researchgate.net/publication/316023334
http://antisel.gr/antwpr/additivemanufacturing/3d-printing/
https://www.astm.org/cgi-bin/resolver.cgi?ISOASTM52900-15
https://doi.org/10.4236/mme.2018.82010
https://www.sculpteo.com/blog/2016/12/14/the-history-of-3d-printing-3d-printing-technologies-from-the-80s-to-today/
https://www.sculpteo.com/blog/2016/12/14/the-history-of-3d-printing-3d-printing-technologies-from-the-80s-to-today/
https://www.sciencedirect.com/science/article/pii/S0007681311001790
https://www2.deloitte.com/insights/us/en/focus/3d-opportunity/additive-manufacturing-3d-opportunity-in-aerospace.html
https://www2.deloitte.com/insights/us/en/focus/3d-opportunity/additive-manufacturing-3d-opportunity-in-aerospace.html
https://www.ge.com/additive/additive-manufacturing
https://www.slideshare.net/AJohnHart/additive-manufacturing-2008x-lecture-slides
http://dx.doi.org/10.1080/09537287.2013.808835
https://hal.archives-ouvertes.fr/hal-01412871
https://doi.org/10.1016/j.compositesb.2018.02.012


 

 
 

Today, [online] 21(1), pp. 22-37. Available at: 

https://www.materialstoday.com/amorphous/articles/s1369702117301773/ [Accessed: 11 May 2019]. 

Thomas, D. S., Gilbert, S. W. (2014, December). Costs and Cost Effectiveness of Additive Manufacturing: A 

Literature Review and Discussion. NIST Special Publication 1176. Available 

at:http://dx.doi.org/10.6028/NIST.SP.1176[Accessed: August 31, 2019]. 

Tuck, C., Hague, R., &Burns, N. (2007). Rapid manufacturing: impact on supply chain methodologies and 

practice. International Journal of Services and Operations Management, [online] 3(1), pp.1-22. Available at: 

https://dspace.lboro.ac.uk/2134/5657 [Accessed: 11 May 2019]. 

https://www.materialstoday.com/amorphous/articles/s1369702117301773/
http://dx.doi.org/10.6028/NIST.SP.1176
https://dspace.lboro.ac.uk/2134/5657

