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Abstract

Additive Manufacturing has been slowly introduced to the commercial sector. The technology is also rapidly
improving to improve the quality output of the products produced from Additive Manufacturing. The economic
aspects of Additive Manufacturing are crucial if Additive Manufacturing is to constantly grow. The economic
sustainability of Additive Manufacturing currently depends on the batch size manufactured. The study will show the
extent which the economic sustainability of spheroidization of Additive Manufacturing metals has been covered by
studies. The success of Additive Manufacturing depends on the powder production process, the printing efficiency
and the efficiency in the recycling of the powder itself. In South Africa many researches published focus on the
selective laser melting process and recently the recycling of Additive Manufacturing material has been introduced. In
the research United States of America and Germany were the territories used as cases studies because they are the
industry’s leaders.
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1 Introduction

The study was done for Necsa (South Africa Nuclear Energy Cooperation SOC Ltd.). Necsa has a spheroidization
plant and there is a need to determine if the process is economically viable and sustainable. In the literature in was
found that there is a gap in studies pertaining to economic viability of spheroidization of metal powders and thus the
research was readjusted to include additive manufacturing (AM). The researchers intended to determine the economic
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viability of spheroidization in South Africa and the extent to which researchers have studied it around the world. The
initial search to determine the economic viability of spheroidization yielded no results. The research was then altered
to determine the extent which economic viability studies have been conducted for AM. This was done to find out the
gaps in AM in terms of economic viability studies in order to identify the gaps that future researchers can fill. AM has
not fully penetrated industry because there are few studies that highlight its economic sustainability, so there is need
to conduct more research on the economic sustainability (Arbabian, Wagner and Foster, 2020) (Oyessola et al., 2018)
(Pannitz and Sehrt, 2020). The research will also help the research team at Necsa ascertain the extent to which the
economic sustainability of AM has been conducted. This will help also find out the extent spheroidization of titanium
alloy can be economically beneficial to additive manufacturing.

In the research few countries where analysed in relation to South Africa. The two countries studied were USA and
Germany. These two countries where chosen because they are the industry leaders in AM to date. These countries can
give a bench mark for the South African industry which it can follow. AM is economically sustainable but the extent
of its sustainability still needs to be measured at every stage of the AM value chain. In South Africa the AM process
is considered economically sustainable (Oyessola ef al., 2018). The area that needs more research is the reconditioning
of the AM material. The reconditioning can be done through spheroidization at Necsa. The process has the potential
to make the AM process economically sustainable but there are still few studies that prove its economic sustainability.
Two important definitions were given to give an understanding of the topic researched on.

Important Definitions

1. Additive Manufacturing
Additive manufacturing (AM) is manufacturing which involves manufacturing parts in layers.

2. Spheroidization.
Spheroidization is the process in which metallic particles are passed through a thermal plasma to rapidly melt and
quench particle with the aim to reshape them to spherical shapes. Spheroidization is used to return used AM material
to spherical particle shape.

1.1 Economic sustainability

Sustainability is divided into three sectors which are environmental, economic and social. Figure 1 shows the 3 facets
of sustainability (Gao, Wolff and Wang, 2021a). Economic sustainability is the main focus of the study which
encompasses

1. Economic growth

2. Efficiency and competitive ness
3. Flexibility and stability

4. Production and consumption

5. Trade

6. Employment.
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Sustainable Development
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human capital consumption * Natural and cultural
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» International trade

Figure 1: Sustainable Developments

The review was done to find articles that satisfy the definition of economic sustainability in AM. Economic
sustainability is a method of sustainability that ensures using finite resources in order to ensure the resources are
available for future generations. In economic sustainability the financial aspects of a project are also evaluated and
integrated into the sustainability matrix. For economic sustainability resources must be safe guarded and used
sustainably. The economic sustainability in AM is dependent on the batch size (Attaran, 2016).

The topics and discussed that are in line with economic sustainability of AM are
e Decentralisation of manufacturing
e Disruption of the supply chain
e Recycling through spheroidization
e Making of light weigh parts

The initial research focus was spheroidization but there is currently little data on the economic sustainability of
spheroidization of metal powder. The review was expanded to find out the gaps in AM economic sustainability studies.
Sustainability assessments have been done in previous studies for additive manufacturing but few none have been
found directly related to spheroidization and reconditioning of AM metals (Jiang et al., 2019) (Nagarajan, Raman and
Haapala, 2018) (Ma et al., 2018) (Godina et al., 2020). Spheroidization of AM material can bring about economic
sustainability of AM by reusing AM material.

2 Methodology

A systematic literature review was used for the research. A systematic review is a review of a formulated research
question that uses systematic and repeatable methods to identify, choose and critically appraise all relevant research.
In a systematic literature review, information is collected and analysed from selected articles (Crocetti, 2016). A
systematic review aims to answer a research question and critically analyse the data. The steps taken to conduct the
research were:

Identify the research topic

Identify the research question

Identify the search terms to be used
Identify inclusion and exclusion criteria
Identifying relevant work within the studies
Assessing the quality of studies

AR e
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7. Extracted the relevant data from included studies
8. Present results and assess the quality of evidence

Research Aim

1. To find out the extent which literature covers the economic sustainability of spheroidization with respect to
AM?

2. To find out the extent techno economic studies have been done on AM.

3. To give an insight of the economic benefits in AM.

Scopus and Web of Science were used to for the research.

Screening

The primary search terms are

1. Additive Manufacturing
2. 3D printing

The secondary search terms were
1. Economic sustainability
2. Economic viability

The search was also limited to
1. 2017-2021 so that only resent research is considered.

The initial topic identified was Economic sustainability of spheroidization; however, there is still little research done
on the topic. The research was then broadened to include AM as a whole. This was done to identify the gaps that are
present in AM and also to identify were spheroidization can fit into the economic sustainability of AM. The research
question was structured as follows:

To what extent has economic sustainability studies been carried out for spheroidization with regards to AM?

2.1 Selection criteria

Only articles with topics related to AM were selected. Within the abstracts and titles, the terms selected were AM,
selective laser melting and 3d printing. Topics not related to metal AM were excluded. The AM technologies excluded
were stereolithography, selective laser sintering, fused deposition modelling and inkjet printing. Within the topics
related to metal AM only articles related to economic sustainability of AM were sought after. The articles had to
include economic viability, economic sustainability, and economics of AM and economic benefits of AM. If these
terms were not within the abstract or title of the articles, the researchers would read the article to find out if it was
related to economic sustainability of AM. If the article met the criteria, then it would be selected.

Various countries have adopted AM and but the researcher choose three countries to analyse. These countries are
United States of America, Germany and South Africa. The aim was to compare how South Africa fares against first
world countries in the adaptation of AM and its profitability. The selected articles were to meet the following
conditions.

1. The articles were selected if they included AM in their topics, abstracts or keyword.
2. The articles had to contain an economic sustainability related topics or abstract.

There were other articles outside of the review which were included for review in the research to provide a wider
overview of the economic sustainability studies.

2.1.1  Selection of countries

United States of America, Germany and South Africa were chosen as case studies. The reason for choosing America
and Germany are that they are the AM industry’s leaders in their continents and worldwide. America dominated the
AM market share with more that 35% of installed AM machinery (Wolhers 2019). In the USA, the military also has
adopted AM technology. In the USA, the military and aerospace are the dominant players in adaptation of the AM
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technology. Most of the investments are in the private sector. USA was also selected because it is the biggest economy
in the world.

Europe has the second highest market share in the AM sector though they have the most companies that practice AM.
The reason for choosing a western European country for analyses and comparison is to gain an understanding of the
extent South Africa has adopted AM with respect to leading industry players. In Europe the biggest challenge in
adaptation of AM is skill shortage (Giffi, Gangula and Illinda, 2014). More training is required for adaptation of AM
technology. From Europe Germany was then selected for the study. Germany manufactures many of the AM
machinery and it is a good benchmark to follow when measuring the economic sustainability of AM. Italy, England
and France are also major market share holders in the AM industry. In the European Union, Germany is the largest
country and also the largest adopter of the AM technology. It has more than 148 research institutions, with Fraunhofer
Research being the biggest (Nahirna, 2019), researching on AM. South Africa is part of the study because the Necsa
is the case study for the research which is located in South Africa.

2.1.2  Scopus Search
Compared to the AM industry leaders, South Africa is still lagging behind as reflected in the publications researched.
A search on AM was done and 41872 journal were found with the following distribution shown in Table 2.

1. 12173 were America
2. 4287 were Germany
3. 362 were South Africa
4. 25050 were other countries.
Table 1: Scopus Results
Search term Result For Additive Manufacturing Relevant Results
For Economic Sustainability From
2017 -2021
America 12173 124
Germany 4287 51
South Africa 362 9
Other Territories 25050 N/A

The results were limited to from 2017-2021. The search was refined to economic viability to find out the extent which
researchers are focusing on the economic viability aspects of AM and the following information was obtained:

1. America 124
2. Germany 51
3. South Africa 9

2.1.3  Web of Science

With Web of science the results yielded fewer articles. The other advantage with Web of Science is that the results
were more stream lined and did not require a lot of screening to find relevant journals. The disadvantage is that
separating results according to territories is not as simple as in Scopus. When additive manufacturing search 41867
results were found. When the search was refine to economic sustainability 94 results were found and 52 of these were
relevant to the research. There was no need to separate the Web of Science Articles as it would be repetition of the
Scopus search.

The articles were from Scopus and Web of Science were all mostly the same and thus the outliers were simply included
in the results. The relevant papers were further analyse to find out more information on the publication trends in AM
sustainability.

2.2 Economic viability

Apart from the economic sustainability the researchers also discovered that there were some research articles that also
focused on the economic viability of AM so the researchers decided to review and define the economic viability with
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respect to AM. The economic viability of a project can help decide if a project is worth pursuing. If the benefits of the
project exceed its economic costs, then it is considered economically viable. The economic costs may go beyond the
financial investments in the projects which may include the benefits to the environment. The economic benefits may
cover aspects and people who are not directly involved in the projects (Trentin, Adamczuk and Batistus, 2015).
Reconditioning has many potential economic benefits especially in the AM sector though there are no studies that
document the benefits.

Among these are

1. Reconditioning may reduce the rate of extracting more titanium from the ground thus cutting down the
processes that feed into purifying titanium.

2. If energy used in reconditioning is less than the energy in making virgin powder, then energy saving are
realised in reconditioning.

3. Energy savings in an economy mean less extraction of fossil fuels required to create the energy (Murray et
al., 2019a)

4. With much of the titanium powder exported, reconditioning benefits the economy by reducing the need to

import titanium powder.

To the AM industry, the reconditioning process is potentially economically viable especially in South Africa.
Reconditioning Ti6Al4V is a steppingstone to ensuring that the South African industry is independent from other
countries that manufacture Ti6Al4V powder.

For economic viability the factors to consider are:

The cost of the project

The potential to secure funding

The profitability over the lifetime of the project
Positive impact in community and job creation
Flexibility of technology to adjust to future changes.

NhwD =

The economic viability and sustainability of AM process has 6 publications that directly mention the economics of
AM.

The systematic literature review yielded no results for the economic viability of spheroidization research in South
Africa. However, there are ongoing studies that are investigating the economic benefits of spheroidization. The
economic sustainability of spheroidization depends on the material spheroidized though there are not many studies on
the economic benefits for specific materials. The materials used in AM are expensive and difficult to extract, thus
need to be used sparingly. Reconditioning ensures that little material is wasted in the lifecycle of the material

(Bao et al., 2021)

. The most common material in AM is Ti6Al4V.The material cost is quite high and thus needs to be used sparingly
with little waste as possible.

Although the reconditioning process has a high investment cost, the process in the long run has a high potential to
improve the economy of the country. Currently a few publications are available on spheroidization economic viability
of which most that are available partly address economic aspects of spheroidization. The search was then broadened
to include AM as a whole to find out the gaps in economic sustainability studies in AM. There are few publications
that address the economic sustainability of AM. AM has been shown to have economic advantages for small
production volumes and complex designs (Dircksen, Dircksen and Feldmann, 2020).

Before an organisation can take up a new technology, the usual action is to compare with conventional technology.
Normally AM is compared to conventional manufacturing that includes subtractive manufacturing, casting and
forging. Studies highlight that the economic sustainability depends on the volume produced (Jiang, Kleer and Frank
T Piller, 2017). The economic Viability of AM was reviewed from a Germany, American and South African
perspective.

2.2.1  United States of America (USA) Perspective
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America has the most publications on the economic benefits of AM as a whole. As an industry leader in the
manufacturing sector worldwide, USA also leads in the AM sector. Cost analyses of stereolithography have been done
and it has been highlighted that there is still more to be done in other AM technologies (Giinther et al., 2017). The
lack of universal standards is what makes AM difficult to adopt in USA. Though AM has some economic benefits,
there is still need to develop universal standards for America to adopt AM.

With various technologies available, different process parameters to administer AM on materials may cause different
manufacturing standards. There is need to develop standard operating procedures for AM which can ensure
consistency even with different AM technologies. With regards to AM being economical, energy consumption is also
an area that researchers are focusing on (Gutierrez-Osorio et al., 2019)(J. Jakob Heinen and Hoberg, 2019)
(Hettesheimer, Hirzel and RoB, 2018a). Energy consumption is an important part of the manufacturing phase as it can
determine if it is economical or not. It is also important that researchers also analyse and study each phase of the AM
process to give a clear over view of the energy consumption at the respective phases (J. Jakob Heinen and Hoberg,
2019).

The material efficiency of AM is also attractive in the USA. A gap that was highlighted in literature is the need to
include the energy needed for the production of the AM material, as this can give a holistic view of the economic
benefits of AM (Huang et al., 2015). These processes may include the atomisation of metal and spheroidization of
metal. It is however, important to note that AM is not always more efficient than conventional manufacturing. There
is need to develop an instrument that can help choose the right process for different scenarios in manufacturing.
Subtractive manufacturing can be more energy efficient, can consume less material in cases where little material is
removed to make a curtain part (Huang et al., 2015) (Marcus A. Jackson ef al., 2018). AM also maximises energy
consumption through nesting of parts thus building multiple parts in a single build (J. Jakob Heinen and Hoberg, 2019)
. This reduces idle time in build set up which would still consume energy through keeping machinery running. In
subtractive manufacturing there is a lot of idle time during which energy is consumed in keeping machinery running
which may include the motors or spraying of coolants (Jiang et al., 2019). A problem identified with AM
standardisation is that while the energy consumption can be measured for a specific part, the results are not easily
transferable to other parts which then need to be measure again. More research also needs to be done to develop a
method to predict energy consumption across different technologies in AM and for different part designs. This can
also make it easier to determine the economic sustainability for specific AM processes and components (Jiang ef al.,
2019). The parameters that will need to be optimised are laser beam properties (power, scan rates electron beam power,
powder bed temperature). These parameters vary across different parts.

Considering only the AM itself is not enough to provide a holistic overview of the economic benefits of AM.
Considering the whole life cycle of AM is also important (Hettesheimer, Hirzel and Rof, 2018a). Considering the cost
and energy consumed in the production of the feed wire to the atomisation process is also important (J. Jakob Heinen
and Hoberg, 2019). There are also logistical factors which also include labour and transport which also need to be
accounted for (Arbabian, Wagner and Foster, 2020). In the spare parts manufacturing, AM can come in handy.
Manufacturing plants can be brought closer to the customer, thus there is energy savings provided batches
manufactured are big enough to justify decentralisation of manufacturing (Arbabian, Wagner and Foster, 2020). USA
has also realised the benefits of AM on the improvement of the supply chain. The aircraft and automotive industry
were the first to adopt additive manufacturing in the USA (Jiang, Kleer and Frank T. Piller, 2017a). General Electric
(GE), Mercedes Benz and Disney have also adopted 3D printing technology in improving their supply chains by
bringing manufacturing closer to the customer, cutting down transportation and logistics costs g (Arbabian, Wagner
and Foster, 2020). AM has proven to be faster than subtractive for big batches because of the ability to have many
parts in a single build. AM for complex parts is also cheaper than in traditional manufacturing. As the part complexity
becomes simpler the traditional manufacturing becomes more economical. Studies in the USA are more focused on
the energy consumption of AM compared to traditional manufacturing. Improving the supply chain is also important
in the USA as a major world economy (Huang et al., 2015).

2.2.2  Germany Perspective

Germany also focuses on energy consumption of AM when looking at sustainability (Yi et al., 2020) (Hettesheimer,
Hirzel and RoB3, 2018b). Germany industry aims to reduce energy demand in any process it develops (Wirtz, Rehtanz
and Wiederkehr, 2021). Germany also intends to use AM to establish sustainable business models. There are few
studies that highlight the importance of business model and more need to be established and documented (Cardeal and
Hése, 2020). Germany articles highlight the importance of evaluating the importance of sustainable business models
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in the lifecycle of AM. This includes the manufacturing of spare parts and lighter weight aircraft parts (Cardeal and
Hose, 2020) (J Jakob Heinen and Hoberg, 2019). It was also highlighted that ware-housing reduces storage costs, thus
improving the profitability of a business (Cardeal and Hose, 2020).

It is difficult to talk about one section of sustainability without including the other aspects. Economic sustainability
also depends on environmental sustainability and social sustainability (Hettesheimer, Hirzel and Rof3, 2018b). If a
project proves to be economically sustainable but not environmentally friendly it can be shut down by local
governments and environmentally conscious investors may choose not to invest. Social sustainability is also crucial
because many of the customers may be affected by the business model directly or indirectly (Cardeal and Hose, 2020).
The biggest challenge in AM is the potential to infringe on intellectual property rights (Jiang, Kleer and Frank T.
Piller, 2017b). A solution to ensure organisations gain trust that AM’s potential to infringe on intellectual property
rights. With AM blueprints of parts can be transferred world-wide and easily be built using AM technologies around
the world.

Process parameters are also areas that establish are focused on in economic sustainability studies. Process parameter
that include laser power, particle size and particle size distribution are important in the efficient running of AM (Wirtz,
Rehtanz and Wiederkehr, 2021). Running AM processes efficiently ensure that there is little waste and scrap. Energy
savings are also a result of running AM efficiently. Mass customisation has also been a benefit of AM in Germany.
Germany makes customised and highly complex parts which could be highly expensive for conventional
manufacturing. AM is the technology of choice for highly customised products (Attaran, 2016).

The studies were also grouped in their area of focus to give an overview of which areas need focus for AM. In all the
three countries the main area of focus in economic sustainability is energy consumptions (Hettesheimer, Hirzel and
RoB, 2018b) (Yi et al., 2020) (Wirtz, Rehtanz and Wiederkehr, 2021) (Pannitz and Sehrt, 2020) (Marcus A Jackson
et al., 2018) (Gutierrez-osorio, Ruiz-huerta and Caballero-ruiz, 2019) (Pontevedra et al., 2019) (Arbabian, Wagner
and Foster, 2020). Energy consumption is the area which most companies focus on in for AM sustainability.

2.2.3  South African Perspective

The economic benefits of AM in South Africa are clear and many organisations are carrying out studies to prove that
AM is technically and economically viable.

Among these organisations are:

1. Council for Scientific and Industrial Research (CSIR)
2. Necsa
3. Aeroswift

Compared to Germany and America, South Africa has a lot of catching up to do though it is leading in Africa. More
focus needs to be emphasised on the economic viability of AM and the activities that feed into AM. Germany has a
high investment in AM in relation to its whole manufacturing economy. The USA has a high investment in AM, but
compared to its economy it is still not highly invested in it (Nahirna, 2019).

The AM value stream comprises of the

1. Printing material making process
2. 3D printing
3. Reconditioning

The searches reflect a huge gap in the economic analyses of AM. Most studies are focused on the technical aspects of
AM.

A search on economic sustainability of spheroidization of AM metals yielded no results for South Africa showing that
the economic aspects of spheroidization are under researched at the moment. Spheroidization can positively impact
AM activities by reconditioning powder that is no longer fit for use, thus reducing waste. This also improves the
profitability of AM as a whole.

In Africa; South Africa, Morocco and Egypt are the leaders in adopting AM. Cameroon and Botswana are also
following in adopting AM. Many countries in Africa are poor and investing in new technology that has little guarantee
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of growing the economy is difficult. Within the countries that have adopted AM, the economic sustainability must be
proven economically, technically, socially and environmentally for the technology to be adopted in developing
countries.

At the moment the major industries where AM is economically viable in South Africa and the rest of the world are

Medical sector

Aerospace industries

Custom automobiles

Spare parts of specialised machinery

el S

Within the health sector, manufacturing of titanium inserts for replacements of bones in humans is now common
(Attaran, 2016). These are specialised and unique products which are only economically viable if manufactured
through AM. The health sector AM also allows for intricate designs which would be extremely expensive to make
using conventional methods and sometimes impossible to make. In the South African; Council for Scientific and
Industrial Research (CSIR), Collaborative Programme in Additive Manufacturing (CPAM), and Necsa are among the
leading organisations that have played a big role in advancing the adaptation of the AM technology. Central University
of Technology (CUT) has been conducting much of the research related to Ti6Al4V selective laser printing. In the
medical industry in South Africa the technology has the potential to alter the way the medical industry functions
economically, and technically.

2.3 Disruption of the supply chain

AM economic impacts are indirect. The potential to disrupt the supply chain is one of the ways AM impacts the
economy (Emelogu et al., 2019) (Strong et al., 2018). From the publications, the viability of AM also depends on the
types of parts also made. Some of the criteria used make a decision if AM is viable are:

Production of Lightweight Parts
High Performance Critical Parts
Producing Spare Parts in Low Volume
Production Tools with Special Features

el S

Criteria for selecting Parts for AM Application are:

Reducing the Number of Components in an Assembly
. Material Usage

0. Function of the Par

1. Time to Manufacture Component (Yi et al., 2020)

1. Items to consider in economic sustainability
2. Geometric Complexity

3. Value of the Part

4. Production Volume

5. Lightweight Design

6. High Performance Material Change
7. Improved Efficiency

8.

9

1

1

AM can bring disruption to the supply chain. The disruption of the supply chain can alter economies and there is need
to research more on the extent which the supply chain is affected by AM (Emelogu et al., 2019).

2.4 Decentralisation by AM

Studies from the literature review also discuss decentralisation as a driver for economic sustainability of AM (Ben-
ner and Siemsen, 2017). AM can bring decentralisation to the manufacturing side. Decentralisation has a few economic
benefits which are:

1. Decision making is spread among different managers cutting down on time wastage.
2. Manufacturing is bought closer to client and this is particularly important for the spare parts manufacturing.
3. Lead time to customer is short.
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The different manufacturing plants increase the cost of investments and thus cannot be suited for mass production
(Dircksen, Dircksen and Feldmann, 2020). Decentralisation is beneficial for low volume production and specialised
parts. The decentralisation helps in making the manufacturing of spare parts easier and closer to the customer
(Ghobadian et al., 2020). The other advantage which most of the literature discusses is the disruption of the supply
chain worldwide which also has economic implications. Some of the economic implications mean some processes are
eliminated in the chain.

2.5 Spheroidization in South Africa as a Tool for Economic Growth for AM

The recondition of the printing material is all an effort to make the AM economically sustainable. In South Africa
Necsa is currently the only plant that can recondition Ti6Al4V through spheroidization. Proving the economic
sustainability is one of the steps that need to be taken at Necsa to increase their chances of being accepted in industry.

Spheroidization has the potential to be economically benefiting the South African AM sector. Among these benefits
are the potential to:

1. reduce the need to extract more titanium ore,

2. cut down on procurement of titanium powder

3. reducing pollution which in turn reduces penalties from environmental bodies
4. Improve the quality of printed products.

Currently in South Africa little has been published on the economic sustainability of spheroidization of Ti6Al4V, but
efforts are still ongoing to prove its sustainability. At the moment the economic sustainability of AM and
spheroidization still needs to be proven in all territories. There are very few countries worldwide that have adopted
AM as of 2021. The countries that have not adopted AM need proof that the high capital investment of AM is worth
the investment.

Currently at Necsa there has been some progress with spheroidization. With reference to CSIR there has not been
powder that has been used for commercial purposes. The current challenge is attaining the flowability require for the
powder to be printed. To determine the economic sustainability of spheroidization in South Africa there is need to
first ensure that the powder meets the requirements for SLM.

2.5.1 Aerospace Industry

Metal AM has seen significant growth in aerospace and there is need to ensure more research is done to make the AM
process more economically viable. Reducing the cost of AM through recycling its material also ensures that it is
economically viable (Blakey-Milner ef al., 2021). In the aerospace industry there is a requirement for light weight
parts. Light weight parts in an aircraft ensure less fuel consumption which also translates to less overhead expenses in
the long run (Pannitz and Sehrt, 2020). AM allows complex designs and also reduce assembly time as parts can be
merged in AM (Yi et al., 2020). Air craft parts made with subtractive manufacturing waste 90% of the material while
in AM the material is reusable for multiple cycles (Huang et al., 2015). This ability to reuse material makes the AM
process economic and sustainable (Daraban et al., 2019). AM gives aerospace engineers freedom of design (Yi et al.,
2020) (Yang et al., 2020) (Liu et al., 2018). This can ensure that the designers make more efficient parts which could
not be produced by conventional manufacturing methods.

2.5.2  Medical Industry

In the Medical industry customisation is common especially in the manufacturing of prosthetics. AM has proven to
be highly economical in the making of customised prosthetics (Marro, Bandukwala and Mak, 2016). South Africa is
driving towards adopting AM in the medical industry (Yadroitsev et al., 2018). To date many prosthetics have been
made that have been fitted in humans (Giinther et al., 2017) (Attaran, 2016). Adaptation of AM in the medical industry
is fairly fast as there is need to have AM equipment close to the customer. AM has a shorter lead time if there is need
to make medical prosthetics quicker that in traditional manufacturing. Some human prosthetics would take much
longer to make using traditional manufacturing and would also be more expensive due to the tool change over. If
prosthetics are made using subtractive manufacturing material waste would typically be at 90% (Childerhouse and
Jackson, 2019). In many cases some geometries that AM can achieve are impossible to achieve with subtractive or
would be highly expensive to achieve (Liu ef al., 2018). If the prosthetics are manufacturing with mould the process
would be highly expensive as the mould would be discarded as no two humans are exactly the same.
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2.5.3  Choosing the right technology for manufacturing

In choosing the technology there are factors to be chosen to determine the appropriate technology. These include
volume, complexity of the product, size of the product cost and delicacy (Liu and Shin, 2019) (Marro, Bandukwala
and Mak, 2016). On the economic sustainability of the technology, productivity, quality cost, delay time, innovation
and profitability are to be researched before choosing technology is best. The AM technology eliminates wastes as
most of the material goes into the printed product with little material going into making support structures. AM is the
technology of choice if parts are complex and highly customised (Marro, Bandukwala and Mak, 2016). With the
ability to print lighter parts than in conventional manufacturing the savings that AM bring are more long term in
curtain industries like aerospace and automotive industries. The low delivery time associated with AM reduces
opportunity costs associated with high delivery time. AM also has the potential to improve the energy efficiency (Gao,
Wolff and Wang, 2021a).

The quality cost in AM is lower as there is less tooling associated with improving tolerance (Yang et al., 2020) (Huang
et al., 2015). AM requires little post processing, thus can be economically sustainable in cases where low tolerances
are required. In AM innovation is made easier as the product development stage of product is shorter. In the areas
where AM is profitable, there is still need to improve the process chain. This is where the spheroidization of used
powder comes in which is a recycling process. As mentioned earlier Necsa is the only plant in South Africa that
spheroidizes metals and the research is still on going to improve the process.

Spheroidization can improve the profitability of AM by:

1. Reducing wasted material through recycling
2. Improving the quality of the material used in additive material (Qin ef al., 2019)

Spheroidization improves some properties of metal powder which are:

1. Flowability

2. Chemical composition

3. Density

4. Morphology

5. Powder shape (Murray et al., 2019b)

Improving the quality of the powder ensures the printing process takes places smoothly with less defects caused by
inconsistent powder (Santecchia ef al., 2019). Reducing waste in manufacturing is also financially beneficial to an
organisation as it can reduce material and energy costs (Watson and Taminger, 2018).

3 Discussion

There are few studies highlighting the economic sustainability of spheroidization and AM. The literature revealed that
the studies that are available relation to economic sustainability. From the search, decentralisation is one of the main
advantages of AM. The economic sustainability is also evident as parts get more complex. The medical industry and
the aerospace industry benefit from AM as they require complex parts. In organisations where customisation of
products is a major activity, AM is the technology of choice (Yang and Li, 2018). Within the value stream of AM,
spheroidization can make AM more economical. Figure 2 shows the value chain of AM and the flow activities. In
economic viability and sustainability studies, all aspects of the AM value stream must be looked into in depth. The
extraction of metals for AM affect the profitability. Spheroidization can be added in the AM value stream to improve
the economic sustainability of AM. The spheroidization process can reduce the need to extract more metals by
recycling the AM material (Gao, Wolff and Wang, 2021b). This also brings about cost saving for AM. More studies
are needed in the powder processing steps especially when it pertains to economics of AM. Necsa focuses more on
the spheroidization side of AM and more economic sustainability studies should be conducted for spheroidization.
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Figure 2: Life cycle for additive manufacturing

Within the metal powder value stream spheroidization can ensure that rejected powder is not disposed by
reconditioning. Spheroidization can improve the AM process by ensuring unused powder is reused.
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Figure 3: AM value chain with spheroidization Added

From Figure 3 the spheroidization process is show to be cyclic. This means that powders that is left unsintered can be
reused multiple times thus saving on material cost.

4 Conclusion

AM is economically sustainable though it still needs improvements. The economic sustainability of AM still needs to
be proven. The literature revealed that for AM to be accepted in industry, there is need to improve and prove the
economic sustainability. More studies need to be conducted with regards to the economic sustainability of AM. Focus
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also needs to be placed on the other aspects of AM that add to the value chain of manufacturing. These aspects include
atomisation and manufacturing of feed stock for AM, spheroidization (reconditioning of metals) and the products
utilisation stage of AM.
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