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Additive Manufacturing (AM), also known as three-dimensional (3D) printing has emerged as a disruptive and powerful
tool for industrial systems in the Industry 4.0 era by helping businesses flourish in the contemporary dynamic competitive
landscape. However, their achievements and development highly rely on “take-make-waste” linear business models,
which come, all too often, to the detriment of the environment. Hence, a shift to Circular Economy (CE) practices
promoting the acceleration of the transition to resource-efficient systems and the minimization of environmental
degradation is now more imperative than ever.

Keywords: additive manufacturing ; circular economy ; sustainable manufacturing ; Industry 4.0 ; 3D printing

| 1. Introduction

The proliferation of the Fourth Industrial Revolution, referred to as Industry 4.0, has undoubtedly transformed the
manufacturing industry by driving dramatic increases in productivity and flexibility, enhancing strategical and operational
decision-making and contributing to an improved overall industrial performance &2, AM, also known as three-dimensional
(3D) printing, has been presented as an essential driving force behind Industry 4.0. AM uses digital 3D models to create
parts by adding material in layers 3, offering the beneficial ability to build parts with geometric and material complexities
(4l as opposed to conventional subtractive manufacturing, where a product is shaped by removing material in order to
achieve a desired shape Bl The consumer driven nature of this manufacturing paradigm, in that it inherently provides
opportunities for mass customization by facilitating the production of personalized products [, justifies its growing
utilization by industrial companies, which strive to meet the ever-growing customer demand and eventually blossom in this
modern, continuously changing, competitive landscape.

Nevertheless, despite its economic benefits, the development of industrialization has indisputably led to serious
ramifications, several of the most significant of which pertain to the deterioration of the environment. In fact,
industrialization is deemed responsible for a multitude of deleterious consequences undermining the integrity of natural
ecosystems, such as water [, air B and soil pollution &, resource depletion 19 and excessive land use 11, Under these
conditions, the need to ensure companies’ environmental compliance without jeopardizing their production and, therefore,
financial prosperity, is now more imperative than ever. In light of the intrinsic mechanics of the conventional linear
economy, in which resources are considered to be unlimited, and economic benefits are placed above all other criteria 12,
the transition to a sustainable CE business model appears as a priority. The CE concept and its 3R principles, i.e.,
“reduce, reuse, recycle”, are fully aligned with combining economic growth and environmental protection by promoting the
extension of the useful life of products which have exhausted their physical and/or functional service life and would
otherwise be discarded, thus maximizing their utilization capacity and maintaining their value for as long as possible (131,

| 2. Recycling

As already mentioned, recycling takes place when a product can no longer serve any function and would otherwise be
disposed of as waste 14, How 3D printing can contribute to embracing the value of waste, after its collection and
separation, is an issue that is of interest to researchers, since AM is capable of being used as a recycling process,
exploiting materials made of recyclable components with both environmental and economic advantages 2. Logistically
speaking, the successful implementation of recycling systems is contingent upon the size and location of production
facilities and new forms of manufacturing, such as AM, have the potential to decentralize them, consequently increasing
overall flexibility, and reducing logistical costs and delivery times, while, at the same time, diminishing environmental
impacts L8710 Decentralized distributed manufacturing techniques are becoming all the more common 28, providing
excellent opportunities for the development of local closed-loop recycling systems 2. In this subsection, two aspects of
distributed manufacturing are investigated through the lens of AM: (1) Distributed recycling and (2) Closed-loop supply
chains, followed by efforts pertinent to the (3) Recycling of different types of waste.



| 3. Reuse after Recycling

An important issue which must be taken into account when it comes to designing products is their subsequent disposal,
explored under the lens of recycling and reuse. In other words, material selection in product design should be guided by
its added value as waste for its subsequent use as feedstock for the manufacture of new products 2. The more AM
becomes acknowledged, the more powder is needed as raw material, thus highlighting the need for its recycling and
reuse 29, |n fact, the production of parts made of recycled metal powder using AM methods is an emerging process that
growingly attracts scientific interest 2. Approximately 80-90%, according to the authors of 22, or even up to 95-97%,
according to the authors of 23, of used powder does not melt during 3D printing and can be reused, which shows
enormous potential for resource efficiency [212312411251(26] rendering material waste a sustainable resource, with added
value for AM [231127],

Although the recycling of metal powder for AM is of paramount significance to the reduction of costs, processing time,
energy consumption and material waste 24, the main question lies in how it affects powder quality and consequently the
properties of final products (28, |deally, unused powder could be recycled and reused countless times 22, However, its
morphology, mechanical performance and composition change with each cycle of recycling, and material quality
deteriorates 2139 due to increases in the molecular weight of the residue [22[22BY This is because the repeated
oxidation of recycled powder changes particle size distribution and the powder becomes thinner. Therefore, the indicated
number of recycles is limited 24 so as not to jeopardize the quality of final products and, therefore, the reliability of AM 29,
There is a broad spectrum of studies in the literature presenting a variety of recycling strategies, where the same powder
is used repeatedly from 5 to over 30 times [24],

There are multiple ways to recycle waste powder and, hence, bring economic benefits, as it is a less costly process than
the supply of virgin raw material 29, Since low-quality powder might affect final products, techniques to maintain its quality
throughout its life are required 2221, Waste powder can be refreshed with virgin unused powder B at a rate of at least
30-50% [290[22132)83]  5nd thus reused for a few more times for the manufacture of high quality products 22 before it
becomes waste with no way of recovery B2, In the literature, this process of recycling and reusing waste powder from AM
processes to subsequent ones has been extensively studied, aiming to reduce the energy footprint and maximize
economic performance, always guided towards the adoption of a CE model where waste is not discarded but utilized in
new production processes 29,

| 4. Reuse without Recycling

The authors of B4 worked on the issue of direct material reuse without the need for recycling. In particular, their study
investigated a combination of additive (EBM, SLM, Direct Metal Deposition—DMD) and subtractive (Computer
Numerically Controlled—CNC machining) manufacturing, a strategy that leads to the creation of metal components
directly from end-of-life parts. This strategy makes full use of resources, reduces waste production and energy
consumption and, hence, helps alleviate environmental impacts. The authors of 5 developed a project called
EDUCABOTS3D in order to raise awareness in high school students about e-waste with the support of AM. A mobile robot
chassis was modeled using two ways of control between sensors and actuators, one with a rapid prototyping board and
another one assembled with components of obsolete electronic devices in a printed circuit board. The authors of B8 also
conducted in-depth research on waste reuse without recycling. “Project RE_" explores AM as a “do-it-yourself” tool for the
reuse of end-of-life products. For instance, used cans and jars were transformed into pencil holders or piggy banks
through the addition of customized lids.

In summary, powder reuse—after or without recycling—appears as an extremely useful practice, promoting the
sustainability, quality and cost-effectiveness of parts. However, powders of different materials can be affected in different
ways depending on a plethora of factors. These factors include the number of recycles prior to reuse, the rate of
refreshment with virgin powder, the AM process employed, material properties, experimental conditions, etc., giving the
space to explore a multitude of scenarios, which is a necessary step towards the optimization of the process. Moreover,
the limited number of publications on reuse without recycling reflects the need for additional research on the matter, given
its potential to dispense businesses—whenever possible—from the cost of recycling as well as to provide resource
efficiency.

| 5. Repair

The implementation of effective production techniques designed to extend a product’s lifespan through repair is a topic
that has been of great concern to researchers 248l and although AM has been generally used for prototyping, its use for



repair, especially through the 3D printing of spare parts, is increasing rapidly B8l The key difference between repair and
remanufacturing lies in the fact that in order to repair a part, the issue causing its failure would have to be recognized and
then repaired, whereas in remanufacturing, that part would have to undergo diverse processes and end up indiscernible
from a new one, meaning that it would essentially restart its lifecycle 2. While conventional processes necessitate the
manual reparation of a component and then it's attachment to the broken part, AM can directly build-up in the position of
the broken part layer by layer 4941 The ability to immediately repair an item instead of dumping it in a landfill actively
combats waste generation and resource depletion 8], thus promoting CE principles.

Of the different AM techniques, only three are applied for repair, namely DED, FDM and PBF 42, |n [42] each of the three
AM methods used for repair was meticulously analyzed. Laser Cladding (LC), which is commonly used in the application
of DED, is able to repair damaged parts—even in the case of wide solid constructions—or cracks by applying material on
the damaged surface. It is worth noting that geometrical complexity remains a major challenge in this process. FDM is
used to create new parts and fit to replace damaged ones, considering that it might be more advantageous for a part to be
self-produced by the user instead of ordered from the manufacturer, especially for parts no longer available for purchase.
Last but not least, PBF—in contrast to the aforementioned two methods—requires the object surface to be flat and
parallel to the platform previous to the repair process. The authors of 43! analyzed a polymerization strategy to develop 3D
printing reprocessable thermosets allowing users to convert a printed 3D structure into a new shape, repair a broken part
by simply 3D printing new material onto the damaged site and recycle unwanted printed parts so that the material can be
reused. With conventional thermosetting 3D printing materials, when a part is broken, it is not able to be repaired since its
chemically crosslinked networks are permanently damaged. However, with this approach, printed parts are repairable
through thermally activated self-healing.

The authors of 44 compared the environmental ramifications of conventional and LBM-based manufacturing through a
case study for the repair of a gas turbine burner. Contrary to the conventional repair process, only a low percentage of
material needs to be removed and turned into scrap through the AM repair process, thus preventing additional material
waste. The work presented in 19 deals with 3D printing surface finishing post-processing with the use of recycled plastic
waste. In this study, the proposed process was performed on four types of surface defects, i.e., (1) warping holes, (2) skip
layers or intermittent deposition, (3) stair effect gaps and (4) excessive air gap, using plastic paste made of recycled FDM
waste. This method makes it possible to substantially reduce the use of support materials, hence directly promoting waste
recycling and indirectly reducing waste generation. The authors of 2 described a project in which secondary raw
materials are reused for the repair of vending machines for beverage containers (internal aluminum structures and 3D
printed plastic parts).

As a final note, a key parameter in complying with CE criteria is optimizing part design and guiding it towards easy
maintenance, repair and restoration, i.e., ease of assembly and disassembly, consideration of the degree to which the
component can be repaired by the user himself/herself, etc. 8. A way to facilitate this orientation process is by making a
technological leap through the creation of digital databases where spare part designs are stored and utilized at all times
for various functions of the supply chain BZ. Digital storages of spare part designs allow direct exchange of information for
their production and custom repair, thereby enabling the production of spare parts on-demand, fast repair and the
reduction of required storage capacity for inventory to a minimum 281,

In summation, the superiority of remanufacturing—in terms of energy expenditure and material utilization—against
conventional landfilling and recycling processes renders it a prominent practice for the treatment of end-of-life products. At
the same time, it triggers the need for more research on the issue, with an emphasis on the application of information and
technology as well as innovations, not only allowing the optimization of the products’ upgrade, restoration and repair, but
also assisting the operation of the entire supply chain.

References

1. Schwab, K. The Fourth Industrial Revolution: What It Means, How to Respond. Available online: (accessed on 26 May
2021).

2. Dalenogare, L.S.; Benitez, G.B.; Ayala, N.F.; Frank, A.G. The Expected Contribution of Industry 4.0 Technologies for
Industrial Performance. Int. J. Prod. Econ. 2018, 204, 383-394.

3. Gibson, I.; Rosen, D.; Stucker, B.; Khorasani, M. Additive Manufacturing Technologies; Springer: Berlin/Heidelberg,
Germany, 2014; Volume 17.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Guo, N.; Leu, M.C. Additive Manufacturing: Technology, Applications and Research Needs. Front. Mech. Eng. 2013, 8,
215-243.
. Tofail, S.A.; Koumoulos, E.P.; Bandyopadhyay, A.; Bose, S.; O’Donoghue, L.; Charitidis, C. Additive Manufacturing:

Scientific and Technological Challenges, Market Uptake and Opportunities. Mater. Today 2018, 21, 22-37.

. Ngo, T.D.; Kashani, A.; Imbalzano, G.; Nguyen, K.T.; Hui, D. Additive Manufacturing (3D Printing): A Review of

Materials, Methods, Applications and Challenges. Compos. Part B Eng. 2018, 143, 172-196.

. Ebenstein, A. The Consequences of Industrialization: Evidence from Water Pollution and Digestive Cancers in China.

Rev. Econ. Stat. 2012, 94, 186—-201.

. Patnaik, R. Impact of Industrialization on Environment and Sustainable Solutions—Reflections from a South Indian

Region. IOP Conf. Ser.: Earth Environ. Sci. 2018, 120, 012016.

. Mishra, R.K.; Mohammad, N.; Roychoudhury, N. Soil Pollution: Causes, Effects and Control. Trop. For. Res. Inst. 2015,
3, 20-30.
Mudakkar, S.R.; Zaman, K.; Khan, M.M.; Ahmad, M. Energy for Economic Growth, Industrialization, Environment and

Natural Resources: Living with Just Enough. Renew. Sustain. Energy Rev. 2013, 25, 580-595.

Lu, Q.; Liang, F.; Bi, X.; Duffy, R.; Zhao, Z. Effects of Urbanization and Industrialization on Agricultural Land Use in
Shandong Peninsula of China. Ecol. Indic. 2011, 11, 1710-1714.

European Cluster Collaboration Platform. European Cluster Collaboration Platform Difference between the Circular
Economy and the Linear Economy. Available online: (accessed on 17 February 2021).

European Commission. Directorate General for Research and Innovation. Accelerating the Transition to the Circular
Economy: Improving Access to Finance for Circular Economy Projects; European Commission Publications Office:
Brussels, Belgium, 2019.

Wu, H.; Wu, R. The Role of Educational Action Research of Recycling Process to the Green Technologies,
Environment Engineering, and Circular Economies. Int. J. Recent Technol. Eng. 2019, 8, 1639-1645.

Alkadi, F.; Lee, J.; Yeo, J.-S.; Hwang, S.-H.; Choi, J.-W. 3D Printing of Ground Tire Rubber Composites. Int. J. Precis.
Eng. Manuf. Green Technol. 2019, 6, 211-222.

Giurco, D.; Littleboy, A.; Boyle, T.; Fyfe, J.; White, S. Circular Economy: Questions for Responsible Minerals, Additive
Manufacturing and Recycling of Metals. Resources 2014, 3, 432-453.

Santander, P.; Cruz Sanchez, F.A.; Boudaoud, H.; Camargo, M. Closed Loop Supply Chain Network for Local and
Distributed Plastic Recycling for 3D Printing: A MILP-Based Optimization Approach. Resour. Conserv. Recycl. 2020,
154.

Wu, H. Education for Environment Sustainability: 3D Printing’s Role in Transformation of Plastic Industry. Int. J. Adv.
Res. Eng. Technol. 2019, 10, 128-134.

Cunico, M.\W.M.; Kai, D.A.; Cavalheiro, P.M.; de Carvalho, J. Development and Characterisation of 3D Printing
Finishing Process Applying Recycled Plastic Waste. Virtual Phys. Prototyp. 2019, 14, 37-52.

Melugiri-Shankaramurthy, B.; Sargam, Y.; Zhang, X.; Sun, W.; Wang, K.; Qin, H. Evaluation of Cement Paste
Containing Recycled Stainless Steel Powder for Sustainable Additive Manufacturing. Constr. Build. Mater. 2019, 227,
116696.

Gorji, N.E.; Saxena, P.; Corfield, M.; Clare, A.; Rueff, J.P.; Bogan, J.; O'Connor, R. A New Method for Assessing the
Utility of Powder Bed Fusion (PBF) Feedstock. Mater. Charact. 2020, 161, 110167.

Wang, L.; Kiziltas, A.; Mielewski, D.F.; Lee, E.C.; Gardner, D.J. Closed-Loop Recycling of Polyamide12 Powder from
Selective Laser Sintering into Sustainable Composites. J. Clean. Prod. 2018, 195, 765-772.

Lutter-Giinther, M.; Broker, M.; Mayer, T.; Lizak, S.; Seidel, C.; Reinhart, G. Spatter Formation during Laser Beam
Melting of AISi1OMg and Effects on Powder Quality. Procedia CIRP 2018, 74, 33-38.

Gorji, N.E.; O'Connor, R.; Mussatto, A.; Snelgrove, M.; Gonzéalez, P.M.; Brabazon, D. Recyclability of Stainless Steel
(316 L) Powder within the Additive Manufacturing Process. Materialia 2019, 8, 100489.

Turner, C.; Moreno, M.; Mondini, L.; Salonitis, K.; Charnley, F.; Tiwari, A.; Hutabarat, W. Sustainable Production in a
Circular Economy: A Business Model for Re-Distributed Manufacturing. Sustain. Switz. 2019, 11, 4291.

Sutton, A.T.; Kriewall, C.S.; Karnati, S.; Leu, M.C.; Newkirk, J.W. Characterization of AISI 304L Stainless Steel Powder
Recycled in the Laser Powder-Bed Fusion Process. Addit. Manuf. 2020, 32, 100981.

Idrees, M.; Jeelani, S.; Rangari, V. Three-Dimensional-Printed Sustainable Biochar-Recycled PET Composites. ACS
Sustain. Chem. Eng. 2018, 6, 13940-13948.



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44,

45.

Popov, V.V, Jr.; Katz-Demyanetz, A.; Garkun, A.; Bamberger, M. The Effect of Powder Recycling on the Mechanical
Properties and Microstructure of Electron Beam Melted Ti-6Al-4 VV Specimens. Addit. Manuf. 2018, 22, 834—-843.

Peeters, B.; Kiratli, N.; Semeijn, J. A Barrier Analysis for Distributed Recycling of 3D Printing Waste: Taking the Maker
Movement Perspective. J. Clean. Prod. 2019, 241.

Antonov, M.; lvanov, R.; Holovenko, Y.; Goljandin, D.; Rahmaniahranjani, R.; Kollo, L.; Hussainova, I. 3D Printing of
Plain and Gradient Cermets with Efficient Use of Raw Materials. Key Eng. Mater. 2019, 799, 239-245.

Sillani, F.; Kleijnen, R.G.; Vetterli, M.; Schmid, M.; Wegener, K. Selective Laser Sintering and Multi Jet Fusion: Process-
Induced Modification of the Raw Materials and Analyses of Parts Performance. Addit. Manuf. 2019, 27, 32—-41.

Kumar, S.; Czekanski, A. Development of Filaments Using Selective Laser Sintering Waste Powder. J. Clean. Prod.
2017, 165, 1188-1196.

Kozlovsky, K.; Schiltz, J.; Kreider, T.; Kumar, M.; Schmid, S. Mechanical Properties of Reused Nylon Feedstock for
Powder-Bed Additive Manufacturing in Orthopedics. Procedia Manuf. 2018, 26, 826—833.

Paris, H.; Mandil, G. The Development of a Strategy for Direct Part Reuse Using Additive and Subtractive
Manufacturing Technologies. Addit. Manuf. 2018, 22, 687—699.

Teixeira, G.; Bremm, L.; dos Santos Roque, A. Educational Robotics Insertion in High Schools to Promote
Environmental Awareness about E-Waste. In Proceedings of the 2018 Latin American Robotic Symposium, 2018
Brazilian Symposium on Robotics (SBR) and 2018 Workshop on Robotics in Education (WRE), Joao Pessoa, Brazil,
6—10 November 2018; pp. 591-597.

Sauerwein, M.; Doubrovski, E.; Balkenende, R.; Bakker, C. Exploring the Potential of Additive Manufacturing for
Product Design in a Circular Economy. J. Clean. Prod. 2019, 226, 1138-1149.

Oros Daraban, A.E.; Negrea, C.S.; Artimon, F.G.; Angelescu, D.; Popan, G.; Gheorghe, S.l.; Gheorghe, M. A Deep
Look at Metal Additive Manufacturing Recycling and Use Tools for Sustainability Performance. Sustainability 2019, 11,
5494.

Wilkinson, S.; Cope, N. 3D printing and sustainable product development. In Green Information Technology; Elsevier:
Amsterdam, The Netherlands, 2015; pp. 161-183.

Reames, L. Remanufacture vs. Repair: What Is the Difference? Available online: (accessed on 17 February 2021).

Liu, H.; Hu, Z.; Qin, X.; Wang, Y.; Zhang, J.; Huang, S. Parameter Optimization and Experimental Study of the Sprocket
Repairing Using Laser Cladding. Int. J. Adv. Manuf. Technol. 2017, 91, 3967-3975.

Petrat, T.; Graf, B.; Gumenyuk, A.; Rethmeier, M. Laser Metal Deposition as Repair Technology for a Gas Turbine
Burner Made of Inconel 718. Phys. Procedia 2016, 83, 761-768.

Wabhab, D.A.; Azman, A.H. Additive Manufacturing for Repair and Restoration in Remanufacturing: An Overview from
Object Design and Systems Perspectives. Processes 2019, 7, 802.

Zhang, B.; Kowsari, K.; Serjouei, A.; Dunn, M.L.; Ge, Q. Reprocessable Thermosets for Sustainable Three-Dimensional
Printing. Nat. Commun. 2018, 9, 1831.

Walachowicz, F.; Bernsdorf, I.; Papenfuss, U.; Zeller, C.; Graichen, A.; Navrotsky, V.; Rajvanshi, N.; Kiener, C.
Comparative Energy, Resource and Recycling Lifecycle Analysis of the Industrial Repair Process of Gas Turbine
Burners Using Conventional Machining and Additive Manufacturing. J. Ind. Ecol. 2017, 21, S203-S215.

Tur, A.l.; Kokoulin, A.N.; Yuzhakov, A.A.; Polygalov, S.V.; Troegubov, A.S.; Korotaev, V.N. Beverage Container
Collecting Machine Project. IOP Conf. Ser. Earth Environ. Sci. 2019, 317, 012006.

Retrieved from https://encyclopedia.pub/entry/history/show/25982



