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Additive manufacturing methods are among the technologies that have extremely versatile and a broad potential for use in
many fields. However, it should be considered that in relation to critical infrastructure, they can also be considered from
the traditional point of view of production systems allowing for the manufacture of machine and equipment components. At
the same time, they can be an element of the system, performing functions in crisis situations to sustain the operation of
strategic technical equipment, such as the production of spare parts by 3D printing in the absence of access to original
parts.
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1. Introduction to 3D Printing Applications in the Area of Critical
Infrastructure

An additional advantage of 3D printing is the dispersion of infrastructure in many places, including manufacturing
companies, universities and research institutes, local government units and schools, as well as a significant number of
printers in the hands of private users. Taking this into account, three patterns in the use of additive technologies can be
distinguished in relation to the production and operation of critical infrastructure. The first pattern refers to the use of 3D
printers in the process of production machinery and equipment in the energy industry, for example. The second pattern
allows 3D printing equipment to be used as a planned overhaul system with mobile repair centres being used, for
example, as technical repair vehicles in the energy services or the armed forces. The third pattern refers to a distributed
3D printer system that can be integrated and ready for action when emergencies occur . This approach requires the
creation of a database of equipment that is in private ownership, in the government sector and with commercial
organisations. This type of approach could be an element included in the National Programme for Critical Infrastructure
Protection. To this end, an analysis of the potential areas of use for 3D printing should be undertaken, particularly in the
field of energy security [,

Additive technologies are subject to a continuous standardisation process in accordance with ISO standards. These
standards often set out guidelines for product design, data processing, specific applications or industries, and also refer to
the materials used, the processes and quality controls EIRIBIGIABINMOMILNZ  The standards do not refer to the
classification of critical infrastructure applications, but distinguish the basic additive processes, which include:

e VP—Vat Photopolymerisation: a process involving layered photopolymerisation to a defined volume using a
concentrated beam of ultraviolet light (L3!;

« MJ—Material Jetting: an additive manufacturing technology involving the layered printing of liquid material onto a
model based on layered cross-sections. The change of state from liquid to solid usually occurs by solidification or
photopolymerisation [141;

« BJ—Binder Jetting: the bonding of powdered material with a liquid binder. A process in which a powdered material is
bonded together by depositing a liquid binder (adhesive) from a print head onto the cross-section of a layered model
[15][16]-

o PBF—Powder Bed Fusion: the selective bonding of powdered material. A process in which heat energy selectively
melts layers within a powder bed 1Z18119].

« MEX—Material Extrusion: the extrusion of layers of material. A process in which a thermoplastic material is extruded
into a fibre (thread) that is layered according to a digitally specified path [29211122]:



« DED—Directed Energy Deposition: the targeted melting of supplied material. A process in which concentrated energy

melts a material in layers during deposition (concentrated heat energy emitted as a laser beam, electron beam or
plasma arc) [231241(25]126][27].

e SL—Sheet Lamination: cross-section lamination. A process in which successive sections of a model are cut out from
sheets of material glued to each other in succession [28129]30]31]

The presented list of incremental processes refers to the ISO standard, but it should be remembered that each of these
processes is used by companies producing 3D printers to implement their own technologies.

| 2. Summary of Additive Technology Methods

The adoption of additive technologies in the area of critical infrastructures implies the possibility of manufacturing
infrastructure components from suitable materials using devices of varying complexity and environmental constraints.
Many additive technologies require a complex infrastructure to maintain a proper working environment. Other additive
methods require the use of specialised materials that must be stored and processed under specific conditions. However,
there are also 3D printing systems that are less sensitive to external factors. This is usually related to the quality and
accuracy of the dimensions and shapes of the products, and consequently determines their potential for application.
Taking the above into account, a summarised description of the additive methods was prepared, which will form the basis
for the analysis of applications in the area of critical infrastructure. The criteria that determine the adoption of 3D printing
for the production of critical infrastructure components were identified and include: the accuracy of dimensions and shape,
the properties of the starting materials and those produced in the additive process, the requirements of the technology
with regard to the environmental factors, the possibility of producing spare parts in mobile repair systems 12 and the
production of high quality machine parts. Furthermore, the potential of additive technologies should be considered in
relation to the needs of companies and institutions responsible for maintaining the critical infrastructure. Applications
range from small parts in polymeric materials to complex power plant components, such as turbine blades and gears.

Vat Photopolymerisation (VP) is one of the first 3D printing technologies available on the market for professional
applications. The final product is made by layered photopolymerisation in a defined volume using a concentrated
ultraviolet light beam. This technology is amongst the most accurate and, at the same time, the most precise. The
photopolymerisation process requires stable environmental conditions and the equipment cannot operate near sources of
either low or high frequency vibration. Therefore, the operation of devices requires stable environmental conditions with
regard to both the ambient temperature and humidity. Furthermore, VP devices must also not be operated in dusty
environments or be exposed to UV radiation. Photopolymerisation can be achieved either by scanning the resin surface
with a UV laser beam or by projecting cross-sections of the model in layers using a projector. Resins with photoinitiators
that allow for the photopolymerisation process to take place are used to produce prototypes. Different types of resins with
properties imitating specific thermoplastic materials can be used. This makes the manufacture of plastic components or
spare parts for critical infrastructure possible. The working chambers of machines make it possible to print items ranging
from small objects with dimensions of just a few millimetres to objects with lengths of more than 1000 mm. Due to its
sensitivity to the environmental conditions, the volumetric photopolymerisation process is not suitable for mobile repair
stations 18],

Material Jetting (MJ) is an additive process in which a liquid material is printed onto a layered cross-section of a model;
the change of state from liquid to solid usually occurs through solidification or photopolymerisation. This technology is
versatile and allows the manufacture of specific and yet precise products from polymeric materials. At the same time, it
can be used to produce technological tools for subsequent stages of the production process, which makes it highly
adaptable. For example, it is possible to make injection moulds for the short series production of injection moulded
products from polymeric materials. Due to its sensitivity to environmental conditions, the volumetric photopolymerisation
process can be difficult to implement in mobile repair stations. One example of the application of MJ technology in a crisis
situation is the manufacture of protective visor components using PolyJet technology during the supply shortage caused
by the COVID-19 pandemic 4. In the first period of the pandemic, all safeguards and protective measures were needed,
especially for medical and uniformed services. In subsequent phases of the pandemic, some security measures were
abandoned, but the glass helmets are still used by doctors during medical procedures, including dental procedures.

Binder Jetting (BJ) involves bonding a powdered material with a liquid binder process by printing it from a special head
onto a cross-section of a layered model. The technology allows for the production of mainly visual models with the
possibility of imprinting coloured textures. Due to the relatively low strength of the models, it is rarely used for the
production of functional prototypes. An additional advantage of the BJ process is the ability to directly produce casting



moulds for metal alloys, making this method very functional for the rapid production of tools used in the foundry industry.
Taking this into account, it is possible to use it for the manufacture of cast critical infrastructure components, for their direct
production as well as for repair work. This makes it possible, for example, to produce castings of spare parts for critical
infrastructure for which the originals cannot be sourced. Of course, this type of casting should be treated as a semi-
finished product for further finishing (L1161,

Powder Bed Fusion (PBF) is a process in which thermal energy selectively fuses layers within a powder bed volume. A
distinction must be made here between PBF processes for polymeric materials and metal alloys. In the case of polymeric
materials, this technology is mostly used to manufacture products from polyamide-based materials. These processes are
mostly dedicated to stationary manufacturing, but it is also possible to find equipment that can meet the criteria for mobile
repair systems. As far as the processing of metal alloy powders is concerned, the PBF process is extremely versatile and
allows for the manufacture of high-quality components used in the construction of critical infrastructure equipment. These
include highly stressed components, such as the blades of power turbines or the gears of gearboxes used in the energy
industry. For example, Siemens manufactures burners for power generation equipment and rotor components for
industrial turbines, using the Direct Metal Laser Sintering (DMLS) process. In most cases, the devices are stationary and
require an extensive infrastructure, but it is possible to find 3D printers on the market that can meet the criteria for mobile
renovation systems due to their small size, low energy and gas utility requirements, and a design that allows for the
device to be transported. An example of such a device is the XM200C system[LZ[L8][19]

Material Extrusion (MEX)—a process involving the extrusion of a thermoplastic material into a fibre (thread) arranged in
layers according to a digitally determined path. This technology is widely used both in the industry and by private users. It
offers the possibility of manufacturing high-strength products from polymeric materials with continuous operating
temperatures of up to 260 °C (310 °C—short-term loads), which allows for the technology to be used to manufacture
components for critical infrastructure. It enables the processing of many materials, both insulators and polymer matrix
conductors. The adaptability of the process makes it possible to manufacture products under industrial conditions and to
equip mobile repair systems. An example of such a solution is the mobile spare parts production system developed at the

Rzeszow University of Technology, designed for work in field conditions for energy repair services as well as for the armed
forces(2a21]22],

Directed Energy Deposition (DED)—a process in which focused energy melts a material in layers as it is deposited (the
focused heat energy is emitted as a laser beam, electron beam or plasma arc). Wire Arc Additive Manufacturing (WAAM)
can also be added to the group of DED technologies. This process builds on the experience of welding and surfacing
technologies and is suitable for the manufacture of high-strength metal alloy products. The dimensional accuracy of the
manufactured components is considerably lower than that of the PBF processes, so it is necessary to plan machining
allowances at a specified level when designing products, especially if the component is intended to work with other parts
in a machine assembly. An important advantage of this technology is the possibility of producing parts from scratch, as
well as to repair them by the additive reconstruction of damaged parts. This makes it possible to use the technology to
provide a manufacturing and repair system for critical infrastructure components. This type of equipment should mostly be
used in climate-controlled rooms. Powdered materials should also be stored under special conditions to avoid altering

their properties. In some cases, it is possible to adapt equipment for mobile repair systems as an element of critical
infrastructure [2311241[25][26](27]

Sheet Lamination (SL)—cross-section lamination, a process in which successive sections of a model are cut out of
sheets of material glued to each other successively. It is currently a niche technology used in industrial design and used to
produce casting models for ceramic moulds. Due to the properties of the materials used and the complexity of the
process, its application to the manufacture of critical infrastructure components is limited [28122[301[31],

The presented analysis of additive technologies in relation to applications for the manufacture of critical infrastructure
products and their use as a component has allowed the results to be tabulated.

An additional advantage of 3D printing is the dispersion of infrastructure in many places, including manufacturing
companies, universities and research institutes, local government units and schools, as well as a significant number of
printers in the hands of private users. Taking this into account, three patterns in the use of additive technologies can be
distinguished, in relation to the production and operation of critical infrastructure. The first pattern refers to the use of 3D
printers in the process of manufacturing machinery and equipment in the energy industry, for example. The second
pattern allows 3D printing equipment to be used as a planned maintenance system consisting of mobile maintenance
centres commonly used as maintenance trucks in the energy services or armed forces. The third pattern refers to a
distributed system of 3D printers that can be integrated and ready for action when emergencies arise. This approach



additionally requires the creation of a database of devices that are in private ownership as well as in government and local
government institutions. This type of approach could be an element included in the National Programme for Critical
Infrastructure Protection. To this end, an analysis of potential areas of use for 3D printing should be undertaken,
particularly in the field of energy security.

| 3. Energy Demand of Processes

It is also possible to analyse the energy requirements of additive processes, which, in comparison to classical
manufacturing processes, belong to processes with relatively low energy consumption. However, this is not a simple task
that can be a separate issue, as it is influenced by various factors that include the type of additive process, the type of
material being processed, the size of the 3D printer, and whether thermal parameters need to be maintained during the
process. In general, it can be stated that the processing of metal alloys requires more process energy than the processing
of polymeric materials. Additionally, the implementation of the additive process in thermally stabilised working chambers
will require more energy than for the processes carried out in open working spaces. A summary of the process energy
demand for additive processes is presented in Table 1.

Table 1. Energy demand of processes.

AM Process VP MJ BJ PBF MEX DED SL
Desktop or laboratory 3D printer (polymers) 2 3 3 6 2 NA 4
Industrial 3D printer 5 5 6 9 6 NA 6
(polymers)
3
Desktop or laboratory 3D printer NA NA NA 7 Composite 7 5
(metal alloys) metal
polymer
7
Industrial 3D printer NA NA NA 10 Composite 10 7
(metal alloys) metal

polymer

The energy demand of the processes was determined on a scale of 1 to 10, where 1 indicates a low energy demand and
10 a very high energy demand, with respect to the additive technologies themselves. The values in the table were
introduced based on the technical data of the incremental machines, without taking into account the details of the
manufacturing process of specific products.

Analysing the generalised data from Table 1, it can be seen that metal alloy processing requires more energy than
polymer processing. Industrial equipment also consumes more energy than home or laboratory printers. The total energy
demand during the manufacture of a product by means of an additive process requires a broader analysis not only of the
process itself, but also of the shape and dimensions of the object and the technological parameters of the process itself. It
is a complex issue closely related to the component to be manufactured and the number of components to be produced in
a single additive process.

References

1. Ramya, A.; Vanapalli, S.L. 3D printing technologies in various applications. Int. J. Mech. Eng. Technol. 2016, 7, 396—
409.

2. Heinen, J.J.; Hoberg, K. Assessing the potential of additive manufacturing for the provision of spare parts. J. Oper.
Manag. 2019, 65, 810-826.

3. ISO/ASTM52921-13 (2019) Standard Terminology for Additive Manufacturing—Coordinate Systems and Test
Methodologies. (n.d.). Available online: https://www.astm.org/Standards/ISOASTM52921.htm (accessed on 6
November 2021).

4. ISO/ASTM52915-20 Specification for Additive Manufacturing File Format (AMF) Version 1.2. Available online:
https://www.astm.org/Standards/ISOASTM52915.htm (accessed on 6 November 2021).

5. WK65420 New Guide for Additive Manufacturing Guideline for Installation, Operation and Performance Qualification
(IQ/0Q/PQ) of Laser-Beam Powder Bed Fusion Equipment for Production Manufacturing. (n.d.). Available online:



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

https://www.astm.org/DATABASE.CART/WORKITEMS/WK65420.htm (accessed on 10 November 2021).

. British Standards Institution-Project. (n.d.) Available online: https://standardsdevelopment.bsigroup.com/projects/9019-

03489¢#/section (accessed on 10 November 2021).

. ISO/ASTM52904-19 Additive Manufacturing—Process Characteristics and Performance: Practice for Metal Powder Bed

Fusion Process to Meet Critical Applications. (n.d.). Available online:
https://www.astm.org/Standards/ISOASTM52904.htm (accessed on 12 November 2021).

. ISO/ASTM52911-1-19 Additive Manufacturing—Design—Part 1: Laser-Based Powder Bed Fusion of Metals. (n.d.).

Available online: https://www.astm.org/Standards/ISOASTM52911-1.htm (accessed on 12 November 2021).

. ISO/ASTM52907-19 Additive Manufacturing—Feedstock Materials—Methods to Characterize Metallic Powders. (n.d.).

Available online: https://www.astm.org/Standards/ISOASTM52907.htm (accessed on 14 November 2021).

ISO-ISO/ASTM PRF TR 52906-Additive Manufacturing—Non-Destructive Testing—Intentionally Seeding Flaws in
Metallic Parts. (n.d.). Available online: https://www.iso.org/standard/75716.html (accessed on 14 November 2021).

ISO-ISO/ASTM DIS 52931-Additive Manufacturing of Metals—Environment, Health and Safety—General Principles for
use of Metallic Materials. (n.d.). Available online: https://www.iso.org/standard/74641.html (accessed on 16 November
2021).

Krivolapov, V.L.; Strakhov, A.F. Mobile centres of air defence weapons, military and special equipment maintenance
and repair. Issues Radio Electron. 2018, 6, 6-10.

Van der Laan, H.L.; Burns, M.A.; Scott, T.F. Volumetric photopolymerization confinement through dual-wavelength
photoinitiation and photoinhibition. ACS Macro Lett. 2019, 8, 899-904.

Kirchebner, B.; Rehekampff, C.; Trondle, M.; Lechner, P.; Volk, W. Analysis of salts for use as support structure in metal
material jetting. Prod. Eng. 2021, 15, 855-862.

Gibson, I.; Rosen, D.; Stucker, B.; Khorasani, M. Binder jetting. In Additive Manufacturing Technologies; Springer:
Cham, Switzerland, 2021.

Diaz-Moreno, C.A.; Lin, Y.; Hurtado-Macias, A.; Espalin, D.; Terrazas, C.A.; Murr, L.E.; Wicker, R.B. Binder jetting
additive manufacturing of aluminum nitride components. Ceram. Int. 2019, 45, 13620-13627.

Otto, R.; Bratan, V.; Carvalho, P.A.; Reiersen, M.; Graff, J.S.; Sunding, M.F.; Berg, O.A.; Diplas, S.; Azar, A.S.
Roadmap for additive manufacturing of HAYNES® 282® superalloy by laser beam powder bed fusion (PBF-LB)
technology. Mater. Des. 2021, 204, 109656.

Huber, F.; Rasch, M.; Schmidt, M. Laser powder bed fusion (Pbf-lb/m) process strategies for in-situ alloy formation with
high-melting elements. Metals 2021, 11, 336.

Alkelae, F.; Sasaki, S. Tribological and mechanical characterization of nickel aluminium bronze (NAB) manufactured by
laser powder-bed fusion (L-PBF). Tribol. Online 2020, 15, 126-135.

Bryta, J. The influence of the MEX manufacturing parameters on the tensile elastic response of printed elements. Rapid
Prototyp. J. 2021, 27, 187-196.

Chisena, R.S.; Engstrom, S.M.; Shih, A.J. Computed tomography evaluation of the porosity and fiber orientation in a
short carbon fiber material extrusion filament and part. Addit. Manuf. 2020, 34, 101189.

Felton, H.; Hughes, R.; Diaz-Gaxiola, A. Negligible-cost microfluidic device fabrication using 3D-printed interconnecting
channel scaffolds. PLoS ONE 2021, 16, e0245206.

Ahn, D.G. Directed energy deposition (DED) process: State of the Art. Int. J. Precis. Eng. Manuf.-Green Technol. 2021,
8, 703-740.

Svetlizky, D.; Das, M.; Zheng, B.; Vyatskikh, A.L.; Bose, S.; Bandyopadhyay, A.; Schoenung, J.M.; Lavernia, E.J.; Eliaz,
N. Directed energy deposition (DED) additive manufacturing: Physical characteristics, defects, challenges and
applications. Mater. Today 2021, 49, 271-295.

Soshi, M.; Yau, C.; Kusama, R. Development and evaluation of a dynamic powder splitting system for the directed
energy deposition (DED) process. CIRP Ann. 2020, 69, 341-344.

Barragan, G.A.; Rojas, D.; Grass, J.S.; Coelho, R.T. Observations on laser additive manufacturing (lam) in terms of
directed energy deposition (ded) with metal powder feedstock. Lasers Eng. 2020, 50, 117-141.

Liu, M.; Kumar, A.; Bukkapatnam, S.; Kuttolamadom, M. A Review of the anomalies in directed energy deposition
(DED) Processes & potential solutions-part quality & defects. Procedia Manuf. 2021, 53, 507-518.

Cedefio-Viveros, L.D.; Vazquez-Lepe, E.; Rodriguez, C.A.; Garcia-Lépez, E. Influence of process parameters for sheet
lamination based on laser micro-spot welding of austenitic stainless steel sheets for bone tissue applications. Int. J.



Adv. Manuf. Technol. 2021, 115, 247-262.

29. Derazkola, H.A.; Khodabakhshi, F.; Simchi, A. Evaluation of a polymer-steel laminated sheet composite structure
produced by friction stir additive manufacturing (FSAM) technology. Polym. Test. 2020, 90, 106690.

30. Derazkola, H.A.; Khodabakhshi, F.; Gerlich, A.P. Friction-forging tubular additive manufacturing (FFTAM): A new route
of solid-state layer-upon-layer metal deposition. J. Mater. Res. Technol. 2020, 9, 15273-15285.

31. Roberson, D.A.; Espalin, D.; Wicker, R.B. 3D printer selection: A decision-making evaluation and ranking model. Virtual
Phys. Prototyp. 2013, 8, 201-212.

Retrieved from https://encyclopedia.pub/entry/history/show/48511



