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Abstract

:

3D printing conquers new branches of production due to becoming a more reliable and professional method of manufacturing. The benefits of additive manufacturing such as part optimization, weight reduction, and ease of prototyping were factors accelerating the popularity of 3D printing. Additive manufacturing has found its niches, inter alia, in automotive, aerospace and dentistry. Although further research in those branches is still required, in some specific applications, additive manufacturing (AM) can be beneficial. It has been proven that additively manufactured parts have the potential to out perform the conventionally manufactured parts due to their mechanical properties; however, they must be designed for specific 3D printing technology, taking into account its limitations. The maritime industry has a long-standing tradition and is based on old, reliable techniques; therefore it implements new solutions very carefully. Besides, shipbuilding has to face very high classification requirements that force the use of technologies that guarantee repeatability and high quality. This paper provides information about current R&D works in the field of implementing AM in shipbuilding, possible benefits, opportunities and threats of implementation.
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1. Introduction


Additive manufacturing has gained great popularity over the last decade due to media interest in 3D printers. The main factor of this situation was the popularization of small and inexpensive 3D printers, designed for home use, producing objects from thermoplastic materials. Such devices have experienced the fastest development as a result of high demand, and for many they are the only association with additive manufacturing.



However, the origins of 3D printing date back much earlier than the last decade. The first patents for devices producing objects additively began to appear in the 1980s and the first commercial device using stereolithography technology was released in 1987 [1]. However, until the turn of the first and the second decades of the 21st century, these were niche technologies, very expensive and limited to only a small group of specialized applications. The popularization of fused deposition modeling 3D printers through the RepRap project [2] have been a driving force for the development of the entire 3D printing industry. It aroused interest in these techniques in many sectors of the economy and contributed to the discovery of new applications of additive manufacturing (AM).



In addition to thermoplastic based 3D printing, there are many other methods, including photosensitive resins curing, sand or composite powders bonding, powdered polymers and metals sintering or wire metal arc welding. Each of these technologies is characterized by different properties of the final product, need of providing special condition during manufacturing, production time, need of support structures or complexity of post-processing. These may result in the specific method not being applicable or financially justified in some cases. Due to the above mentioned, AM should not be considered as an alternative for every manufacturing method and it is not suitable for all cases. Compared to traditional manufacturing methods, 3D printing has a number of advantages but also has limitations that do not exist in conventional techniques. As most AM techniques are based on layer-by-layer manufacturing, defects such as poor layers adhesion, voids, porosity or shifted layers can occur. It may be caused by a controller glitch, machine fault, mistake in G-code or improper placement of the item on the manufacturing bed. Production defects can also occur, in some materials, due to temperature gradients, speed of printing or heat influence. Some of these defects can be difficult to notice but simultaneously they can lower the item properties drastically. These flaws can be a huge obstacle in implementing AM parts in safety related applications, where reliability is crucial. Repeatability problems mostly concern fused deposition modeling (FDM) printing, and the risk can be minimized by choosing more advanced materials or technology. However, it can increase the production cost significantly. This is why choosing the right material and 3D printing technology for the specific application is important, so the price, quality and strength of the component meet the design assumptions.



Industrial grade machines, especially based on powder bed fusion, are very expensive, both in purchase and operation, but they are characterized by very good parameters and print quality, which makes them reliable. They can provide a good return of investment, yet it strongly depends on the benefits, that 3D printing can contribute to each specific case. All parts designed for 3D printing should be customized for the process and use the potential of the manufacturing technology. For example, it has been proven that WAAM parts can outperform conventionally manufactured parts [3] in terms of mechanical properties. Combining this fact with the ability to optimize geometry that only AM can achieve, it can lead to a significant reduction in weight and waste material, while maintaining component strength.



In many industries, AM methods are used on a daily basis for prototyping, conceptual models, low-volume production [4], production of single, customized parts [5], assemblies simplification, mass reduction of parts [6], personalized items such as dental implants [7] or special tools [8]. A good example of using the AM potential is a BMW case. They developed a personalized thumb protector for employees who have to press large amounts of rubber plugs into the car body during production. The thumb protector can prevent pain and health issues. Every protector was personalized for each employee’s thumb shape, which was 3D scanned previously. Additive manufacturing enabled creation of items with personalized shapes in one production series. It would be difficult to obtain with conventional techniques.



Professional applications of 3D printers can be found in many sectors, including aerospace [9], automotive [8,10,11], medical [7], architectural [12] and jewelry [13]. Recently, development work on the use of 3D printing in construction has been ongoing [14]. Researches and trials are also being carried out in gastronomy, the clothing industry, sport equipment industry and in electronics.



Shipbuilding has gradually joined this group, through commitment to research and attempts to use parts made by AM. These activities bring together maritime market leaders from all over the world, which proves the great hope placed in 3D printing.




2. AM Technologies


3D printing is mostly divided according to used material, which indirectly determines the type of technology used for its processing. Some materials can be processed in multiple techniques, but different forms of raw material may be needed, for example, a wire for FDM and powder for Selective Laser Sintering (SLS). Technology and materials should be chosen based on required strength, physical properties, financial assumptions and purpose of the product. The selected process can differ significantly from the others due to cost, printing time, post-processing time and repeatability.



Most of the processes require post-processing, which may include removing support structures, sanding, polishing, painting, infiltration, heat treatment, chemical treatment or cleaning. It can be very time consuming and may have the biggest impact on the final cost of the product.



A common limitation for most of the AM methods is the size limit of the part. It is a big obstacle in shipbuilding since most of the marine parts used tend to be large and heavy. The source of the problem is the AM process itself. In most of the technologies the part is created by applying material, layer by layer, simultaneously fusing them. This results in an introduction of a significant amount of heat into the workpiece. In professional 3D printers, the processing chamber is heated but the fusing temperature is much higher. Because applying the subsequent layers is relatively slow, it causes a big temperature gradient across the manufactured part which results in significant shrinkage. This shrinkage may lead to dimensional inaccuracies, warping, displacement of the model during printing and cracks. It can be controlled in cases of small parts but is an issue in long and tall parts. This effect is present in FDM, stereolithography (SLA), digital light processing (DLP), liquid-crystal display (LCD), SLS and metal powder bed fusion (M-PBF) technologies.



The other problem affecting item size is printing head movement. In AM processing the printing head performs a movement, or the item is moved relative to the printing head in some cases, covering the cross-sectional area of the item, usually hundreds of times during the process. In order to achieve reasonable times for manufacturing the movement must be fast, especially when the best print quality layer height is desired to be as low as possible. Usually the print head is heavy, which is connected with high inertia and leads to vibration increase. Vibration can affect the quality of the print. Furthermore, providing too big a printing area creates difficulties with maintaining rigidity and proper geometry of printer frame, which can also affect the printing quality.



In order to provide high quality and reasonable printing times, it is necessary to limit the processing chamber volume and therefore item size.



2.1. Fused Deposition Modelling


The first and the most widespread group is thermoplastic 3D printing known as Fused Deposition Meodelling (FDM) or Fused Filament Fabrication (FFF). The material is fed in the form of a wire to the print head, in which material is brought to a plastic state by heating block and then pressed through a nozzle with an appropriately selected diameter. The print head extrudes the material on the work surface, according to the cross-sectional geometry of the manufactured workpiece. Movement is repeated layer by layer until a complete object is obtained. There are many materials that can be used with this technology, such as: polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), high impact polystyrene (HIPS), thermoplastic polyurethane (TPU), nylon, polyether ether ketone (PEEK), polyethylene terephthalate (PET), polyethylene terephthalate glycol (PET-G) and composites in the matrix of some of the listed materials with reinforcements made of glass fibers, carbon fibers, wood, metals or ceramics.



Markforged has introduced composite 3D printing technology in two different technologies. The first is the use of a composite filament with a nylon matrix and discontinuous carbon fibers as reinforcement. The manufacturer declares an increase in bending strength in relation to pure nylon by 60% [15]. The second technology consists of introducing continuous reinforcements between the layers of thermoplastic material during the printing process. After completing the application of the declared number of layers of the base filament, an additional nozzle applies a layer of the reinforcing component, also in the form of a wire, according to the pattern declared in the CAD model. The reinforcement material can be Kevlar, glass fiber, carbon fiber or high strength high temperature glass fiber, shown in Figure 1.



In the case of a composite with carbon fiber, the manufacturer declares a 10-fold increase in bending strength compared to pure nylon, and according to tests carried out by it, greater strength than aluminum 6061-T6. The data is based on the manufacturer’s static bend tests in accordance with ASTM D790. Samples containing no reinforcement did not break. The results of the manufacturer’s tests are shown in Figure 2.



This technique is characterized by a relatively low printing resolution in comparison to other solutions, due to the way of distributing the building material. The accuracy in the XY axes is limited by the size of the printing nozzle, usually 0.4 mm. The resolution in the Z axis is connected with displacement of the print head or the working table along the axis, depending on the solution. The biggest reasonable displacement is usually 0.1 mm, above this value surface quality and layer adhesion will be poor. This method is characterized by a visible layering of the manufactured object and a clear anisotropy of mechanical properties along the Z axis.




2.2. Photopolimerization


Another group of devices is based on the photopolymerization phenomenon. These devices are equipped with a reservoir which is filled with photosensitive resin. The resin is cured by light, layer by layer. Main methods of curing are laser beam curing (stereolithography), DLP projector light curing or LCD generated light curing.



A typical SLA device consists of a movable work platform, a resin tank and a laser located under its bottom with a system of mirrors and lenses. The platform moves along the Z axis and the printed object is rotated upside down. In the initial phase, the platform is immersed in the resin tank and the distance between the working surface and the bottom of the tank is a set layer height, usually from 0.025 to 0.1 mm.



The DLP method is similar to SLA, it differs only by the light source—in stereolithography it is a laser, in DLP it is a DLP projector. The advantage of DLP is the ability to expose the entire surface of the layer at the same time, which significantly reduces the printing time. However, due to the high printing speed, there is a significant thermal shrinkage of the printed objects, which can lead to dimensional deviations, deformation or even cracking of the object. This phenomenon should be taken into account when designing.



The LCD technique is analogous to DLP, differing in the light source used—an LCD matrix is used instead of a projector. The LCD technique is characterized by a longer life of the light source, higher printing speed and lower quality of prints.



There is also multi jet printing/poly jet method, where the photosensitive resin is sprayed through a multi-nozzle battery and then cured with UV light. The process is repeated, layer by layer, until the complete item is finished.




2.3. Powder Technologies


Powder methods include polymer fabrication (selective laser sintering) and metal powders fabrication (direct metal laser sintering, electron beam melting or direct energy deposition). Although all the mentioned powder technologies use a concentrated energy beam to solidify a powdered material, they differ from each other significantly, especially between manufacturing of polymers manufacturing of metals. In all powder bed fusion technologies, except binder jetting, a thin layer of material is spread on the worktable surface and then selectively sintered or melted by concentrated energy beam (electrons or laser).




2.4. Multi Jet Fusion


Multi Jet Fusion technology, developed by the HP concern, resembles the inkjet printing technology used by them for decades. Cartridges with bonding and separating factors are used for printing. The bonding agent is applied to the cross-sectional surface of the printed object. Its task is to increase the absorption of heat emitted by the heat source. The release agent is sprayed around the edge of the printed object. Its task is to reflect thermal radiation, thus the material around the outer walls of the object is not bonded and its separation is much easier. This significantly increases the final quality of the item.




2.5. Binder Jetting


The binder jetting technology uses metallic powders, sand or ceramics that are bonded with a liquid binder. It is a fast, inexpensive method, allowing for obtaining objects with good visual properties. Binder jetting is used, inter alia, in industry as a method of making casting molds. During printing, it does not require a vacuum or protective gas atmosphere inside the working chamber or increased temperature. After the printing cycle, it is necessary to post-process the item. The first step is to clean the model of powder residue. Particular care is required as the model has not been hardened yet. The next stage is hardening the model at temperatures from 200 to 260 °C. The last stage, which is not obligatory, but allows increasing the density of the objects and reducing the porosity, is sintering in the furnace along with infiltration, for example, using bronze. Models with a melting points above the temperature of 900–1400 °C, are being infiltrated with bronze, via special bus, thanks to the capillary phenomena. Models during sintering and infiltration are covered with graphite powder. The binder jetting method does not require the use of support structures.




2.6. Selective Laser Sintering


In SLS technology, a laser melts a layer with a thickness of 60 to 150 μm [17]. This technology allows making complex items quickly, with low anisotropy, good surface quality and mechanical properties. It also does not require support structures, because the overhangs in the subsequent print layers are supported by the compact powder below. A characteristic feature of the SLS method is high porosity, which is visible as a granular texture of the finished object. This is due to the sintering process itself and the shape of the material grains. This is both an advantage, because items are easy to dye, and a disadvantage, because in case of using parts manufactured by SLS method in a humid environment, it should be previously protected with paint or varnish. Porosity also causes a significant increase in the brittleness. This is visible in the comparison of strength tests results for printed samples and identical, solid material in Table 1.



SLS allows usage of materials such as polyamides (PA), polystyrenes (PS), thermoplastic elastomers (TPE) or polyaryletherketones (PAEK). They are reliable materials widely used in industrial applications.




2.7. Metal Powders Fusion


Metals used in metal powder bed fusion (MPBF) include, steel, aluminum alloys, brass, titanium alloys and copper alloys. AM of metal powders is very complex, due to many factors that can affect the process: melting temperature, heat influence, temperature gradient, scanning speed, chemical composition of alloy, use of shielding gases or layer thickness. Contrary to SLS, printing from metal powders requires the use of support structures, because of greater shrinkage of the printed layers due to big temperature gradients between temperature of molten material and ambient temperature in processing chamber. Lack of supports could cause deformation or cracking of the object. Support structures in M-PBF play the role of stabilizing overhangs or thin elements of the model, and also act as a heat sink, helping to dissipate heat introduced into the object during melting. Items made with M-PBF methods are characterized by very good mechanical properties, shown in Table 2, similar to those made traditionally, low anisotropy and surface roughness similar to castings—Ra 4–20 µm.



Advanced researches are being conducted in the field of metal powder AM and there is still need for further development.




2.8. Electron Beam Melting


Electron beam melting (EBM) is a method technologically similar to SLS or MPBF, with the difference that instead of a laser as a heat source, a focused beam of electrons is used. The electron beam comes from the electron gun. The tungsten electron gun emits electrons that are accelerated to half the speed of light. The device is equipped with a system of coils whose task is to align the electron beam, focus it in such a way as to obtain the desired spot and deflect it to scan the working field.



As the EBM technology does not use any moving parts to move the heat source and the heat flux density is very high, the printing speed is one of the highest among other 3D printing techniques. Printing takes place in a vacuum to avoid energy loss through the collision of electrons with air molecules. Thanks to this, the process achieves an energy efficiency of 95%, which makes it 5–10 times more energy-efficient than laser sintering. An additional advantage of using the vacuum is the possibility of using reactive materials such as titanium alloys, but the available materials are very limited—Ti grade 2, Ti6Al4V, Inconel 718, CoCrMo [20].




2.9. Wire Arc Additive Manufacturing


WAAM, wire arc additive manufacturing, uses MIG/MAG or TIG arc welding method, where the material is fed in the form of a wire and the welding process takes place in an atmosphere of protective gases. There is also a variant that uses a laser beam as a heat source. Successive layers of material are welded onto each other using a welding robot. It is possible to manufacture very large elements, the dimensions are limited by the working area of the robot and the possible movable mounting system of the object. There are many materials available for arc welding, such as steels, copper nickel or aluminum alloys, depending on the expected properties of the final product. This method has a potential to shorten production time, compared to traditional methods such as casting, forging or machining, especially in the case of single and large items. It also significantly reduces costs, because it does not require the preparation of molds, dies or machine retooling. WAAM allows for considerable material savings, because usage of material only consists of the final object volume plus a few percent of the allowances for final processing.




2.10. Researches in the Fields of Additive Laser Manufacturing


Kürnsteiner et al., performed research on the laser metal deposition (LMD) process in which a focused laser beam creates a melt pool in the component’s surface [21]. Material, which is metallic powder, is delivered via nozzle to the melting pool. As neighboring tracks and subsequent layers are deposited during the LMD process, already consolidated material experiences a cyclic reheating. This intrinsic heat treatment (IHT) can be used to trigger the precipitation reaction in precipitation hardening alloys. Kürnsteiner and his team tested maraging steels of different Al at % content, to identify an alloy composition that responds well to the IHT of the laser additive manufacturing (LAM) process to produce an in-process precipitation strengthened maraging steel. They used atom probe tomography (APT) to gain detailed information about the composition. This technology is very efficient in analyzing small clusters and precipitates. High energy synchrotron X-ray diffraction (HEXRD) was used to provide crystallographic information with high sensitivity. As a result of performed research they found the optimal Al concentration, which allows obtaining high density of NiAl precipitates created by IHT of the LAM process. Hardness was measured in the different layers of the sample, showing increase in hardness from 300 to 530 HV, associated with high density of mentioned precipitates.



Research on the Ti-64 manufactured with use of selective laser melting (SLM) method described by Barriobero-Vila et al. [22], concerns a microstructure in advanced geometries. In the additive laser manufacturing (ALM) as-built condition, this alloy usually presents brittle martensitic microstructures as well as anisotropy provoked by epitaxial grain growth across the solidified layers. Many researches are based on typical coupon or block shaped samples which differ significantly compared to complex geometries. As an example, they manufactured a rocket engine impeller. They observed that the microstructure formation and the amount of defects associated with the microstrain are linked to the local heat input during SLM. Compared to coupons built with equal SLM parameters, the component’s geometry and building direction have a relevant role on microstructure formation.



Grain refining of Ti-based alloys produced by ALM can be achieved, which proves research performed by Marco Simonelli et al. [23]. Research included works on decomposing martensite structures to α and β microstructure by adding solute, which can refine prior-β grains in Ti alloys. They considered many elements, including silicon, molybdenum, beryllium, chromium, boron, tungsten, iron and rare-earth elements. The result of the research proves the addition of Fe combined with post-processing heat treatment can decompose as-built microstructure of Ti-6Al-4V-3Fe to fully laminar α + β microstructure.



Ultrafine eutectic Ti-Fe alloys can gain strength above 2.5 GPa in room temperature and compressive ductility above 10% [24]. In these alloys, grain sizes commonly decrease with increasing growth velocity or cooling rate. This allows significant size-hardening effects and opens a gateway to materials design by rapid solidification techniques. The study presented by Gussone et al. [24] provides the first demonstration of the feasibility of producing eutectic and near-eutectic Ti-Fe alloys by LAM with ultrafine microstructures and mechanical strength as well as compressive ductility attractive for structural applications.





3. The Demand for 3D Printing in Shipbuilding


The marine industry is a specific area that generates huge demand for products and services from many other industries, such as carpentry; metallurgy; machinery and electromechanical industries; industrial automation; heating, ventilation air conditioning (HVAC); energy recovery systems; exhaust after treatment systems; corrosion protection systems; fire protection systems and petrochemicals. The supply demand forecast for years 2016–2025 is presented on the Figure 3.



Ships are equipped with thousands of devices and items, consisting of hundreds of parts. These devices are subject to failures and due to the specificity of the ship’s operation, are often subject to the requirements of classification societies for periodic replacement or regeneration. The operation of a ship usually involves travelling tens of thousands of kilometers to distant countries for commercial purposes. Due to the above factors, the maritime industry has very extensive supply chains, connecting many manufacturers, distributors, service providers and customers around the world. Figure 4 shows the number of marine supplies companies, in the 20 most important countries in the marine industry.



This requires constant coordination of teams, orders and ongoing projects as well as monitoring of the geopolitical or legal situation in the world. This is due to the fact that the service or product must be delivered where the ship currently is. In some parts of the world, there may be complications, longer delivery times, inability to provide a service or part of it, or a significant increase in the cost of such services.



The way to minimize the risks associated with the logistics of products and services is to implement the Industry 4.0 solutions into shipbuilding, whose general goal is to digitize and optimize processes using modern digital technologies [26]. Additive manufacturing is listed as one of the key technologies supporting the implementation of Industry 4.0 solutions in the marine industry. According to assumptions of this vision, AM should fulfill sustainability paradigms, known as LARG, which is an acronym for lean, agile, resilient and green [27]. In the lean area, the aim is to introduce large-scale production of small product series with a strong customer orientation and to maximize production while minimizing waste [28]. The results of the agile paradigm are to include customer-specific products and processes [29]. The implementation of resilient’s objectives is to result in production located geographically as close as possible to the customer, which will positively reduce the response time [30]. The adaptation of industry to green’s objectives includes technologies allowing the use of techniques for the re-use and recycling of urban waste [31]. It is worth noting that the goals set by LARG sustainability paradigms need fundamental change in global scale, requiring both consumers and suppliers to focus on implementing these solutions. This will involve a completely new model of order execution, business cooperation, raw material management, as well as changes in logistics and storage. Full implementation of the above assumptions is a long-term process worth pursuing, bearing in mind the gradual introduction of components. Growing interest in changing the supply chain with AM solutions is shown on Figure 5 by increased the number of related publications in recent years.



Relying heavily on traditional solutions, the maritime industry can react reluctantly to sustainability implementation attempts in the context of using additive manufacturing techniques. This is due to the fear of high investment costs associated with the implementation of 3D printing, as well as the need to train staff and adapt to the new business model, and thus to create new procedures, processes and solutions. Some companies, using traditional solutions, feel confident in the market, arguing their reluctance to change with good financial results and a well working business model [32]. The relatively short period of 3D printing usage in professional applications can also raise concerns, therefore AM may be perceived as immature technology. This impression may be enhanced by the fact that standards and classification guidelines for 3D printing are still under development and publications are gradually beginning to appear in this area. At the same time, it should be remembered that many companies have been in the 3D printing industry for several decades, and over the course of their operation they have developed their own standards and processes, thanks to which their solutions are characterized by repeatability and high quality of manufactured items.



In recent years the number of companies that have already applied or are interested in implementing AM in their production is increasing across many sectors, which is shown in Figure 6.



Furthermore, the awareness of AM has risen significantly, which is shown in Figure 7, due to EY report published in 2019.



Additive manufacturing methods can be used both for the manufacture of new parts used in the shipbuilding and for the repair and regeneration of wearing components. In the first case, the benefits of 3D printing can be related to material savings, the ability to optimize the shape of the object, the use of dispersed production and on-demand production, easy prototyping and the ability to adapt parts to the needs and expectations of the customer. Three-dimensional printing as a method of regeneration is not yet a technology developed enough to be widely used and pilot and experimental work is currently underway. The vision for the development of incremental methods in the context of machine parts regeneration includes repairing parts no longer manufactured or difficult to obtain without the need to make copies of them or repair components that are difficult to disassemble. Such repair can be carried out directly on the machine. This solution will also work during emergency part regeneration to allow for the continuation of short-term operation, for example, ad hoc repair of parts to reach the shipyard where the general repair will be carried out.



3.1. Wearing Components


There are many devices on board that are subject to wear as a result of working in unfavorable conditions—high temperature, corrosive environment, continuous operation—and therefore need to be repaired. Parts of these machines can often be remanufactured through technological treatments that restore their initial properties. This reduces repair costs and often repair times, as you do not have to wait for new spare parts to be delivered, only those items that can be repaired if:




	
– the operational potential has not been exhausted,



	
– repair costs are significantly lower than the price of the new item.








In the case of marine engine components, the first condition may be met if the damage to the component is caused by tribological, erosive or corrosive factors [34]. Due to working conditions, such damage most often affects components operating at high temperatures, under high pressure, interacting with other parts or working in corrosive environments, for example, seawater or exhaust gases. These include, for example, cylinder liners, pistons, cylinder heads, plain bearings, gears, shaft journals, pump components, manifolds and valves. Choosing the right technology, some of these elements can be regenerated using AM methods. Repair of worn items depends on several factors, such as the cost-effectiveness of the repair, its feasibility, the place of its execution, the service life of the reconditioned component or the time of repair. The service life of the remanufactured components can match the new parts, and it is assumed that a properly reconditioned element can go through this process up to six times [35]. The range and capabilities of repair are estimated based on measurements and visual evaluation of the element, such as the search for cracks, measurements of dimension and shape tolerances, roughness and based on the data such as the date of manufacturing, worked hours and the number of repairs made. After such verification, you can decide whether the item is repairable, what its scope is to be, and what the tools and materials should be used.




3.2. Use of 3D Printing on Board


Three-dimensional printing in general does not require either very advanced infrastructure or large spaces; however, adapting a production facility onshore to perform additive production is easier than using these technologies on board. The difficulties are due to limited space, adverse effects of temperature fluctuations and vibrations on board. In addition, an investment in an expensive 3D printer for occasional use on board may not be economically justified. Considering implementation of a 3D printer onboard, most reasonable seems to be using one or two devices, preferable working in FDM technology, which is the cheapest and most resistant to adverse environmental conditions and at the same time the most versatile.



Green Ship of the Future, funded by the Danish Maritime Fund, which works with companies such as Alfa Laval, DNV GL, Man Energy Solutions and Maersk, is conducting extensive research into the possibilities of using 3D printing in ongoing repairs. Between 2016 and 2018, they attempted implementing 3D printers on board [36]. They used nine FDM printers on six ships and two rigs. The crews were to use 3D printing for ongoing repairs and for making tools and fixtures useful for daily use and repairs. The exact results of the tests are not available, but due to published data it can be estimated that the crews did not exploit the full potential of the provided equipment. This may have been due to the quality and limitations of the entrusted equipment, the lack of training, the lack of design capabilities or skills or the failure to provide adequate 3D models. The use of an advanced AM device onboard may be hindered by its dimensions, price, service difficulties and working conditions. To achieve high quality and good properties, the machine must be properly calibrated and positioned. On board the ship there is practically permanent rocking and vibration, the temperature changes dramatically depending on the season, time of day or geographic region. All these factors can negatively affect print quality. The operation of advanced 3D printers also requires proper training, a range of specialized materials and proper conditions to store them and to be assured that the 3D printer can operate without hindrances. Of course, these factors can be avoided using the right materials and installations on board, but this significantly increases the implementation costs. When considering this kind of solution, it is necessary to take into account the criticality of the manufactured parts and the cost associated with the technical facilities for 3D printing. Even for strategic items on board, it may be cheaper to have them stored in the event of a breakdown. At the moment 3D printing on board seems rational only by the FDM method, in which fiber-reinforced composites can be used. The mechanical properties of these composites are very high, which allows the construction to bear heavy loads; moreover, the device and materials are relatively cheap. This allows parts such as tips, clamps, tools, handles, washers, enclosures, covers, gaskets, fixtures and other simple non-crucial components to be produced, as well as emergency parts that need to last as far as the nearest port for replacement by a high-quality part. This is the most likely role of 3D printing onboard in the current state of naval technology and solutions. In specific cases, more advanced methods may be used, but prior preparation of the infrastructure and crew is necessary, this requires testing of what events would justify the cost and effort of implementing 3D printing on board so that the benefits outweigh them.




3.3. Using 3D Printing on Land


In the maritime industry, downtime is the costliest. Vessels, regardless of type, are designed for transport and make a profit when in motion. Any stop, whether due to loading, unloading or failure, generates huge costs without making a profit. A one day stop of a ship with a payload of 5000 TEU, twenty-foot equivalent unit, brings a loss estimated at around EUR 40,000 [37]. Of course, the loss depends on the type and size of the ship, the size of the crew and other economic factors. That is why it is so important to carry out repairs as soon as possible and to limit the ship’s time in port to a minimum. In the case of planned repairs such as class renewal processes, it is already known what the scope of the work will be and when they will take place. You can prepare for this by pre-ordering the parts and optimizing the repair process.



In the event of a breakdown, crews often have to deal with the problem at the nearest port using resources, specialists and parts available at the site. Parts, tools and specialists can usually be transported to the place where the ship is located, but this may extend downtime for further days. This generates costs not only resulting from delivering parts, often very large and heavy, over long distances, but also resulting from the ship’s stay in port. The answer to this problem may be dispersed production based on AM techniques. This would allow manufacturers and spare parts suppliers to deliver their products within hours instead of days or weeks. This vision includes equipping manufacturing facilities located in ports’ surroundings with suitable 3D printers capable of printing the required part based on digital data provided by the manufacturer. This is particularly important for old and specialized ships, where many parts are not standard and must be made to order. In this case, the waiting time can reach a few weeks. Most suitable for machine parts production in most cases are M-PBF technologies, like MPF or EBM. They are characterized by the highest print quality, ability to produce quality metal parts and are fast and precise.



Almost every part used in machine design and shipbuilding can be produced in several ways using different manufacturing techniques. Their selection is based on the constructor’s assumptions, but they are indirectly determined by the manufacturer’s machine park, the valuables of the technology, the size of the series of the manufactured object and the estimated production time. Taking into account all factors, as a result of analysis, the optimal manufacturing methods should be selected to ensure minimum costs, maximum possible quality of the manufactured component and a sufficiently short production time. Depending on the result of the analysis, the same detail can be done using different tools. Taking a propeller as an example, it can be made classically, in the process of casting into a mold prepared by hand imprinting the stencil in the molding mass. In this case, the stencil could be prepared by 3D printing, which can positively affect the reproduction of the shape, the speed of its preparation or the amount of material used and thus the mass. Another method may be casting in a form prepared on a 3D printer. This form is prepared by alternating layers of sand and binder by the device, which are then cured [38]. This method allows you to obtain very high-quality casting molds in a short time. The propeller can also be made 100% in the 3D printing process, using WAAM technology which is automated wire arc welding. As you can see, the execution of the same detail can take place using different technologies, depending on the production volume, the expected quality, the complexity of the detail and the resources held.



3D printing can either only partially participate in the manufacturing process or be the only technology used. This depends on the balance of profits and costs that accompany the choice of the technology. The greatest profit should be seen in applications where 3D printing can replace elements that have so far consisted of multiple parts with a single element. This reduces installation costs, joints and sealing elements as well as saving time spent on their selections or installation time. It is also important to increase reliability, as each joint of the two components is a potential weak spot that can be damaged.



Significant savings can be achieved for parts normally produced by machining from metal blocks, especially expensive materials. Production by AM saves a significant part of the material lost in subtractive machining and reduces the production time of a single component, which also translates into energy consumption by the machine. These factors lead to measurable benefits of replacing traditional manufacturing with incremental methods, but cost analysis is required for each application.





4. Analysis of the Possibility of Using Spare Parts Made by Additive Manufacturing Methods in the Shipbuilding


This section presents case studies of the AM technologies used in naval equipment and research on 3D printing development in the maritime industry. The projects described in this chapter are carried out by leading companies, organizations, consortia and research centers operating in the maritime sector. These examples were used to analyze the possibility of using spare parts made by AM methods in shipbuilding.



4.1. RAMLAB and WAAM—Propeller


RAMLAB is a Dutch company that aims to develop AM technologies that can be implemented in shipbuilding. RAMLAB was established in cooperation with the Port of Rotterdam, Innovation Quarter—an organization supporting the development of innovation in the region—and RDM Makerspace—an organization dedicated to sharing space, technology and substantive support for young start-ups in the new technology industry. Damen, Shell, Autodesk, Lincoln Electric, The Linde Group, MAN Energy Solutions and the universities of Delft and Twente are also partners of RAMLAB.



The main technology developed by RAMLAB is WAAM, an acronym for wire arc additive manufacturing, which is based on layer by layer welding using MIG/MAG welding robots (Figure 8). The material is fed in the form of wire, which is justified economically, because in this form a variety of materials are available, and their price is much lower than metallic powders. The development of WAAM technology is multilevel—from research on used materials, through real-time monitoring of welding parameters using sensors and cameras, to the optimization of the design process for this method.



RAMLAB has so far made two objects that have been successfully implemented in the industry. The first is the so-called WAAMpeller (Figure 9), which is a propeller made entirely with WAAM technology. The propeller was manufactured in cooperation and on behalf of DAMEN shipyard, which used it to drive a Stan Tug 1606. The entire manufacturing process was supervised by Bureau Veritas, which also issued certifications for the propeller [39]. The material used was an aluminum, nickel and bronze alloy, and the print consisted of 298 layers. Figure 9 shows one of the prototypes.



The second product is a crane hook manufactured for Huisman Equipment. The work was carried out in cooperation with the classification societies DNV GL, Bureau Veritas and ABS in order to systematize 3D printing processes for certification and compliance with standards and to verify properties of the produced prototype [40]. The manufactured hook had four arms with a span of 1 m and its weight was 1 t. An improvement of this design compared to typical hooks was modeling of empty spaces in its interior, which with traditional techniques would be very difficult to obtain (Figure 10). The use of a hollow shell in the structure allowed reducing of the weight of the hook significantly while maintaining similar lifting values.



Research results published by Kim et al. [3] comparing ASTM B 150 (NAB) aluminum-nickel bronze (NAB) samples produced by casting and additive manufacturing using WAAM technology, prove that the mechanical properties are better for 3D printing. The samples produced by AM had 50% higher tensile strength, 20% higher yield point and 60% greater elongation. Moreover, the samples produced with the WAAM method showed a 28% increase in hardness and higher abrasion resistance.



A significant anisotropy of 3D printed elements was also noted—samples tested along the print direction achieved better results. When designing elements manufactured using WAAM technology, the influence of anisotropy must be taken into account.




4.2. Green Ship of the Future—Implementation of 3D Printing on Ships


In 2016, the cooperation of Green Ship of the Future was established with leading maritime companies: Alfa Laval, Clorius Controls, Copenhagen Business School, Create it Real, DNV GL, Force Technology, J. Lauritzen, Maersk Drilling, Maersk Tankers, MAN Energy Solutions, OSK ShipTech, PJ Diesel Engineering and Thürmer Tools [36]. The cooperation aimed to undertake development work on the use of 3D printers working onboard the ship, scaling additive technologies towards the production of large ship structures, 4D printing, that is, from materials that remember the shape, as well as the possibility of repair and reconstruction of parts using 3D printing.



The attempt to implement 3D printers on ships was made by equipping six ships and three rigs with desktop 3D printers working in FDM technology. Crews have been asked to test new technology and to print parts that are not critical for the ship’s operation and safety and which are often being damaged or are difficult to order. Items that have been printed during this test are for example, powder extinguisher end nozzle, lathe lever knobs, DIN rail fuse mounts or handrail brackets for the engine control room (Figure 11). Considering the quantity and complexity of the components produced, it can be seen that the crews were skeptical about the new solution, which may have been due to a lack of knowledge of device capabilities, lack of operation skills of the device, sufficient 3D models for printing were not provided, lack of CAD software or skills to create their own models.



During the test, the possibility of printing spare parts from external manufacturers on board the ship was considered. Due to the need to protect the intellectual property of the company, no manufacturer will agree to provide full models of its products. The solution to this problem could be to make e-models available as a streaming service, analogous to popular services with legal online music, where music can be listened to, however, it is not possible to save and process a file with its content. The model would be shared directly to 3D printer using encryption and security protocols, which would prevent unauthorized access to files.




4.3. Oak Ridge National Laboratory—Submarine Hull


In 2017, the U.S. Navy, in collaboration with Oak Ridge National Laboratory, developed a composite submarine hull (Figure 12) made of carbon fiber-containing material using the big area additive manufacturing (BAAM) additive technique. The built hull is a SEAL delivery vehicle (SDV) designed to transport U.S. Navy SEALs and their equipment during maneuvers. The length of the hull is over 9 m.



The production of this type of boat by conventional methods generates costs of 600–800 thousand USD, and the time it takes to produce one piece is between three and five months [41]. The use of AM allows you to limit the production time to a few weeks and the cost reduction can be up to 90%.




4.4. Wärtsilä—Mounting for Cylinder Liners


The Finnish marine engine manufacturer is seriously interested in implementing additive methods in its operations. Development is underway to implement parts manufactured in direct metal laser sintering (DMLS) 3D printing technology in marine engine components. Wärtsilä works on AM technologies in their R&D centers in Italy and Finland. In the long term, Wärtsilä plans to develop dispersed production, which involves the use of many 3D printers located in Wärtsila branches around the world, producing the necessary parts according to demand. This is to reduce storage costs due to storage space reduction and the need to provide adequate warehouse conditions as well as investment costs associated with the production of large series of items that are usually stored for years. Dispersed production can also reduce time and delivery costs, as the necessary item can be produced locally without waiting for transport from a warehouse located on the other side of the world.



In 2019, Wärtsilä successfully introduced a 3D printed device to carry the assembly of a cylinder liner with piston and connecting rod, which is to replace the tool currently in use. Until now, a tool made of steel in the machining process (Figure 13) has been used to carry cylinder liners.



Such a manufacturing process is very time consuming and requires a suitable machine park. Since the component is relatively large, not every manufacturer is able to produce it, therefore Wärtsilä has a limited number of subcontractors producing these tools. This limitation creates the need to send these devices to Wärtsila’s branches around the world and to ships undergoing repairs. The final cost of operation of the instrument is very high due to the amount of material lost during machining, long machining time and transport costs.



It was decided by the team of innovation engineers led by Juho Raukola, an AM expert at Wärtsilä, to reduce these expenses, in collaboration with Markforged, using their innovative FDM printing technology supported by continuous carbon fiber reinforcement. They developed a multi-element solution to optimize the shape for 3D printing and to exploit the full potential of reinforcement. In this way, the weight of the instrument was reduced by 75% while maintaining a load capacity of 960 kg and reaching a safety factor of 4 [42]. Figure 14 shows the strength tests of the mounting.



In cooperation with Bureau Veritas, strength tests were performed as well as a certification procedure, which allowed Wärtsilä to build the first AM manufactured CE-certified lifting device (Figure 15) [42].




4.5. AM JIP—Additive Manufacturing Joint Industry Programme


The program is being implemented by MPA (Maritime and Port Authority of Singapore), AM cluster (NAMIC—National Additive Manufacturing Innovation Cluster) and SSA (Singapore Shipping Association) in cooperation with, among others, Wärtsilä or DNV GL and many other companies affiliated with SSA. The aim of this cooperation is to conduct research into the possibilities of implementing 3D printing in shipbuilding. The first phase of the project, which was completed in October 2019, focused on the analysis of 600,000 spare parts used by the companies involved in the project. The information was collected in the form of surveys, interviews and repair reports. After analyzing all the collected data, 100 items were selected, which were divided into three categories [43] (Table 3).



It should be taken into account that the information has been collected from different shipowners about ships of miscellaneous purpose, equipment and age. Many components may have been repeated, but also, they may have been parts of different manufacturers or adapted to diverse operating conditions. The data collected by the main research team from the AM JIP partners was intended to help assess the feasibility and commercial viability of potential parts that could be 3D printed. However, it is not possible to clearly classify these parts without a precise definition of the area of application and a thorough verification of the technical details. Therefore, the categorization of the parts was carried out with the assumptions and limitations described below:



3D printing without class certification—it is assumed that the parts listed in this category are used in components that are not crucial to ship safety and are therefore not class certified. However, some of these parts can be used in components that are subject to class certification.



3D printing with class certification—it is assumed that the parts listed in this category are used in components that are sensitive safety areas of the ship and are therefore subject to class certification, such as main engine, auxiliary engine, et cetera.



Impossible to print 3D—the parts listed in this section were selected on assessment of the benefits of incremental methods, as reported by the project research team. Non-printable 3D may be interpreted as commercially or technically inappropriate for various reasons, such as shape, weight or material type.



Ivaldi, one of the companies cooperating with JIP, through nearly three years of research has developed a digitization method that makes AM economically viable for the marine industry. They have created a platform which allows them to produce almost any part for their customers, relying on sent technical documentation, which leads to reducing waiting times and costs. Wilhelmsen Ship Services (WSS), which is one of Ivaldi’s investors, uses its own facility located in the Port of Singapore to 3D print parts on demand and supplies them to various WSS customers. Below are case studies of AM parts implementation performed by Ivaldi, the figures are presented in Table 4 [43].



Cast iron handwheel:



Traditional handwheels often damage valve stems which leads to costly equipment replacement and delays. AM technologies have been used to replace cast-iron handwheels with spares made of polyamide. Polymer handwheels prevent damage to valve stems caused by traditional handwheels.



Guide bar:



At the customer’s request, Ivaldi produced a stainless-steel guide. Traditional purchasing processes lasted up to 12 weeks and had an average cost of 20,000 USD. Because the guides are not mass produced, the waiting time is long, and the cost of unit production is very high. Production and delivery using the Ivaldi platform cost 1250 USD and were completed in less than 72 h. This is about 38% of the cost savings for the end user.



Bolt cover:



During visits to ships carried out by the Ivaldi team, a problem was noticed with the polymer bolt caps used to protect the threads of the holding bolts. The covers used to crack and slid off the screws, which required frequent replacement. The team encountered this problem on many ships. Responding to demand, Ivaldi engineers redesigned the bolt covers, adding an internal thread to them to help hold them in place. This allowed crew members to reduce the cost of replacing additional bolt guards.



Scupper plugs:



3D printing also allows the creation of multi-component parts, such as scupper plugs. Ivaldi provides end-users with access to individual components that are not available from manufacturers who sell the entire complete assembly. Crew members can choose to replace individual components instead of the entire scupper plug, which significantly reduces the total cost of replacement.




4.6. Own 3D Printed Elements


As an element of research, parts that can easily be 3D printed and are applicable in shipbuilding were proposed. These parts can be made in any AM technology. In this case, FDM technology was chosen due to availability and low cost of production. The manufactured components are not designed to bear loads, so typical thermoplastic materials used in FDM printing will work very well in these applications. The selected material is PET-G, which has good mechanical properties, resistance to humidity, temperature and ultraviolet light.



4.6.1. Name Plate


Due to the high complexity of marine systems, clear identification and marking of pipelines, electrical installations or equipment such as pumps, tanks, radiators and valves is very important. This is crucial for the safety of the ship’s operation and allows the crew to quickly and undoubtedly identify what the element is and to which system it belongs. For this purpose name plates are used, which are placed on pipelines, cabinets, tanks, valves or enclosures. Typically, these plates are engraved at the shipowner’s request and placed in designated locations. During the operation of the vessel, modifications are often carried out and new name plates with different content are needed or existing ones need to be repeated elsewhere for easier identification. In order to improve this process and minimize the lead time of name plates, it was designed in a CAD environment and optimized for 3D printing. During prototyping work, several versions of the plates were tested—with concave painted inscriptions, convex single-color inscriptions and convex contrasting color inscriptions. As a result of their comparison, the signs with convex inscriptions in contrasting color were found to be the most visible (Figure 16). An additional element designed together with the plate is a pipe mounting which can be easily adjusted, before printing, to dimensions of any pipeline (Figure 17).



Three dimensional printing in this application allowed a significant reduction in the cost of purchasing name plates and mountings. It is estimated that the AM mounting cost is 80% lower than buying the end product, excluding shipping costs. The cost of producing one piece of the mounting has been estimated according to the following formula:


  K = t · P ·  K e  +  K m  · l · π ·    (     d m   2   )   2  ·  ρ m  +  K u  ·  t  y ·  d p  ·  t p       (  USD  )  ,  



(1)




where  K  is the total cost of producing part (USD),  t  is printing time (h),  P  is 3D printer power consumption (kW),    K e    is cost of electricity per 1 kilowatt-hour (USD/kWh),    K m    is cost of material per 1 kg (USD/kg),  l  is length of used material (m),    d m    is wire diameter (m2),    ρ m    is material density (kg/m3),    K u    is the cost of purchasing a 3D printer (USD),  y  is 3D printer life span in years,    d p    is number of printer operating days per year and    t p    is 3D printer operating time in one working day (h).



The cost of producing one piece of mounting has been calculated based on the following data:


  K = 1.7    h  · 0.2    kW  · 0.19     USD   kWh   + 27     USD   kg   · 3.5    m  · π ·    (    0.00175    m   2   )   2  · 1270     km    m 3    + 2260    USD  ·   1.7    h    5 · 251 · 8    h    = 0.74    USD   












4.6.2. Thread Protective Cap


Due to the long lifecycle of marine equipment and related repairs, it is essential that the equipment is maintained in a condition that can be dismantled and then reassembled. It is important to protect the fasteners from damage. In the case of elements like bolts, threaded studs or rods, damage can be caused by impact, dirt or corrosion. To prevent this, an inside-threaded protective cap was designed (Figure 18) that, thanks to the use of an internal thread, sticks to the secured element which prevents against accidental fall. In addition, the cap can be equipped with an O-ring to protect against moisture. Design of this part was inspired by an Ivaldi solution, described in Section 4.5.






5. Profits from 3D Printing Implementation in Shipbuilding


Additive manufacturing is classified among artificial intelligence or the internet of things as one of the pillars of the modern industrial revolution, known as Industry 4.0. The emergence of new technologies, digitization, widespread automation, the development of artificial intelligence and process improvements create new opportunities for industry, trade and logistics. Some of these changes are already visible, but in many aspects the scope of changes is difficult to estimate. AM technologies have many advantages that can reduce supply chains, reduce material costs and delivery times. In addition, they allow for freely optimizing parts and to make details which are very difficult or impossible to achieve by other techniques. AM technologies are estimated to generate approximately 100 billion USD in revenue in the Countries of the Association of Southeast Asian Nations (ASEAN), which will amount to approximately 1.5 to 2% of their GDP [44]. Three dimensional printing has great potential in the maritime industry, with significant benefits in the short term, but the current level of implementation is very low [45]. According to AM professionals, creating AM business clusters can be an opportunity for mutual instilling of ideas between companies, accelerating innovation [43].



Compared to conventional manufacturing techniques, 3D printing has a very high potential that can bring real financial benefits, as well as in terms of weight reduction or optimization of the shape of objects while maintaining utility properties. This is due to the high versatility and adaptability of 3D printing, so that in some cases 3D printing can successfully replace the entire machine park used to produce the component. Table 5 represents the potential benefits for maritime industry.



The following are the potential benefits of implementing AM techniques in the maritime sector [43]. The information collected relates mainly to the Asian market, due to the current greatest interest in 3D printing in this area, which results in the largest amount of data available. However, they are largely universal for other markets as well, including the European one.



5.1. More Efficient Procurement


AM techniques can help reduce the cost of supplying parts. On-demand production and local production can reduce inventory and thus costs. This reduces supply chain complexity and brings production closer to the customer in order to better adapt and ensure quality [46]. By 2022, it is estimated that 85% of spare parts suppliers will implement 3D printing into their business [47].




5.2. Reduce the Cost and Time of Parts Delivery


Three dimensional printing can simplify and shorten the supply chain. AM technologies significantly reduce lead time, making the market more responsive. The current naval fleet spends approximately 13 billion USD per year on spare parts, and 50% of ships older than 15 years suffer from limited availability of spare parts (Clarksons Marine Fleet) [43]. For small series production, AM offers shorter lead times than traditional production methods. Significant time savings can be achieved by creating mesh-like structures that are highly durable and at the same time smaller in weight and volume than solid structures. The U.S. Navy successfully printed the hull of a small submarine in less than a month and under 60,000 USD. Construction of such a hull by conventional techniques costs about 600,000 USD and takes about 3 months [48]. Using 3D printing, Ford managed to develop multiple iterations of the prototype in just four days at a cost of only 3000 USD [11].




5.3. Improving Manufacturing Efficiency


Since most AM methods are based on layer-by-layer fabrication with minimal use of raw material for part production, waste can be significantly reduced and material costs reduced compared to traditional production methods [49]. The ratio of the volume of raw material used in traditional production to the volume of the finished product may be up to 20:1 [50]. Incremental techniques can reduce material allowances to just a few percent, which are only necessary due to subsequent finishing or the need to create support structures.




5.4. Weight Reduction and Simplification of Structures


Three dimensional printing provides the ability to reduce weight or volume with greater freedom to optimize the design [46,49]. By optimizing the topology and working with network structures, you can reduce the weight and cost of parts [51]. Naval Group and Centrale Nantes have successfully made a hollow stainless-steel propeller using WAAM technology. The reason being improving the efficiency of the propeller and reducing the noise and vibration emitted compared to conventional ones [52]. The use of multiple materials or different structures in the construction of a single element may reduce its total weight and cost while retaining the highest possible properties [53,54].




5.5. Easier Part Optimization


Thanks to AM, we are able to overcome the constraints of other methods and perform elements that so far have been used as an assembly, in the form of a single part or objects that cannot be done conventionally. This creates completely new design opportunities at a small additional cost [46]. Some spare parts can also be redesigned to improve functionality. The ease and speed of prototyping using AM methods allows the part to be tested long before its production runs and allows for many iterations of the prototype, thanks to which many errors can be eliminated and advanced optimization can be carried out [51]. Three dimensional printing also creates unique alloys and composite materials to increase mechanical strength, modify the coefficient of thermal expansion and control the material properties [55]. In 2019, Wärtsilä, in cooperation with DNV GL, developed a nozzle for the inert gas installation for oil tankers in M-PBF—metal powder bed fusion technology, as shown in Figure 19. Thanks to 3D printing, much better regulation and spray performance was achieved [56].




5.6. Digital Model Database


The possibility offered by 3D printing is so-called dispersed manufacturing, in an on-demand production system which can enable a digital model base. This database would include models of spare parts, together with information of materials, mechanical properties, manufacturing technologies. The geometrical properties and parameters of each part are entered into the database via CAD design, creating a digital “twin” of the part. Each part entered into the database is cataloged and saved. The digital database is one of the important steps in view of the upcoming digitization process within Industry 4.0 [57].



By integrating with CAD/CAM software, as well as with a view to the development of the internet of things and artificial intelligence, it is possible to significantly reduce the supply chain and latency, and eventually produce parts and deliver them to a port that the ship will visit next, just before a breakdown or planned overhaul. It is a vision that assumes development of the internet of things to the level that the entire engine room is equipped with sensors live-monitoring the condition of the devices. Software using artificial intelligence on the basis of the collected data, information about the ship’s stock and supplies as well as its location, next destination and available infrastructure in the port, would make decisions about ordering and delivering parts within the optimal time and financial framework.




5.7. Environmental Impact


Mehrpouya et al. [58] distinguishes three main aspects in which 3D printing affects the environment:




	
Resource utilization: In the context of 3D printing, mainly electricity and construction material are consumed. Compared to conventional techniques, material consumption is significantly lower, but the energy consumption per part may be higher due to low production throughput, especially in high-temperature 3D printing processes. Please note that for traditional production, the energy consumption per part will vary depending on the scale of production. When comparing single production to 3D printing, AM tends to be more energy efficient.



	
Waste management: waste treatment generates significant amounts of waste, which can be reduced by up to 90% by using 3D printing [59]. This is possible thanks to the use of only the volume of material that the final product has, plus the amount of allowances for support structures and finishing.



	
Contamination control: compared to traditional manufacturing techniques, 3D printing needs much less potentially harmful chemicals, such as casting anti-stick compounds, lubricants used in forging processes or coolant used in machining. Some 3D printing processes use small amounts of organic solvents for postprocessing.










6. Limits of Additive Manufacturing


Despite a number of advantages over conventional methods, 3D printing, as a collection of young technologies, is associated with risk and has some disadvantages. By being aware of these limitations and correctly selecting materials and methods for the application, manufacturing defects can be effectively avoided.



6.1. Scale of Production


The benefits of using 3D printing, considering their current performance, are inversely proportional to the production volume [60], therefore AM techniques are not cost-effective methods of mass production now. This situation may change with the development of 3D printers, which are likely to allow even faster, more energy-efficient and more repeatable production.




6.2. Repeatability of Production


Additive manufacturing is a dynamically developing but still young method of production. There are large discrepancies in the parameters of machines and materials from different manufacturers and operating in different 3D printing technologies. Each manufacturer uses different processes, materials, principles of printer operation, pre-processing and post-processing. This set of variables creates the possibility of errors during production, and the variety of methods makes it difficult to verify them. In addition, 3D printers are sensitive to interference, for example, in the power grid, sudden changes of temperature, humidity, vibration or even ambient light intensity when using photopolymers. They can cause printing errors such as poor layer connection, incorrect layer arrangement, layer thickness faults, surface imperfections and pores and voids inside the model [58]. This is the reason why it is so important to implement monitoring of parameters in 3D printing to optimize the process and avoid any manufacturing flaws. Classification societies such as Bureau Veritas and DNV GL are conducting advanced work in the field of AM normalization, making classification procedures and creating a set of guidelines to help different manufacturers achieve the same repeatable results.




6.3. Financial Outlays


Investments in equipment necessary to start AM-based production is associated with significant cost—industrial 3D printers’ prices start at several hundreds of USD and end at hundreds of thousands of USD [61]. A popular way to minimize the costs of implementing and developing AM techniques is business cooperation between manufacturers and companies specializing in 3D printing, as well as establishing consortia, to split the cost of AM implementation. This allows significant reduction in investment costs and exchanging of experiences and involving specialists from many fields in the project.




6.4. Small Pool of Specialists


Because 3D printing has recently started to be seen by people who are not only passionate about these technologies and inventors, there is still a lack of people with education and expertise in AM in the market [62,63]. Many people, even with technical backgrounds, have the vision of 3D printing as a way to get a fully functional product straight from the 3D printer. People familiar with these manufacturing techniques are aware of the limitations and necessity of printed parts’ post-processing, which is often more laborious than printing itself. The technical and engineering skills required for successful implementation of 3D printing range from modern design processes and knowledge of new material processing to data management from testing and process monitoring. In order for 3D printing to revolutionize production in the maritime industry, a well-trained and capable staff will be required [63]. Efforts to train staff as additive technology professionals are undertaken by universities, research clusters and companies around the world, where the greatest activity can be seen in Singapore, Finland, the Netherlands and the USA.




6.5. Creation of Industrial Standards


To effectively implement AM into industry, you need a set of standards to ensure that companies and manufacturers have processes, materials and 3D printing technologies that are safe and reliable. The International Organization for Standardization (ISO) and ASTM International have jointly developed the Structure for the Development of 3D Printing norms [64]. There are currently no standards for 3D printing for the maritime industry [60,65]. To enable widespread use of AM, constant quality and reliability must be ensured [51].




6.6. Class Requirements and Certification


Regulatory standards and norms specific to the maritime industry should be developed to deal with typical marine difficulties. Without standards, maritime companies face difficulties in evaluating and accepting additively produced items. Their assessment can only be based on general ISO/ASTM standards, which do not define requirements for the maritime industry [66].This situation is not acceptable because it leaves room for interpretation, which may result in the use of parts that do not have proper certification. Classification societies such as DNV GL and Bureau Veritas are trying to fill this gap by working with research centers using the expertise of industry professionals. The establishment of classification standards and guidelines will allow for unambiguous verification of AM produced parts [51].





7. Discussion


The purpose of this article was to present and discuss 3D printing implementation attempts in shipbuilding and activities carried out for the development of AM. Based on collected data, the possibility of using 3D printing in shipbuilding analysis was performed and the vision of 3D printing development was proposed. These examples include varied application areas, materials, dimensions and levels of complexity. Many 3D printing techniques were presented, differing significantly in characteristics.



AM as industrial manufacturing techniques are very young compared to conventional methods, which often raises skepticism in decision-makers [32]. The desire to maintain the status quo and the reluctance to risk associated with changing a production system that has been in operation for years, often makes the implementation of 3D printing just a forward-looking vision. Reliability and high quality of the delivered products are particularly valuable for the maritime industry, which is understandable from the perspective of safety at sea and the financial risks of possible accidents. However, large companies’ interest in AM, mentioned earlier in this article, indicates the perceived potential and gives hope for the dynamic development of 3D printing in the shipbuilding industry in the upcoming years. In addition, the involvement of classification societies in the development of 3D printing in the maritime industry demonstrates the desire to standardize AM and to enable the easy and safe manufacturing of parts by these methods.



Certain methods will never be used as manufacturing techniques for strategic components, for example, FDM method, due to the print quality, materials used and mechanical properties of the parts. However, they can successfully replace some parts produced by traditional methods with measurable benefits. One benefit is cost reduction and shortened manufacturing process.



Due to satisfying mechanical properties, low price of FDM devices and less sensitivity to environmental conditions such as dust, temperature, humidity, vibration or leveling, FDM printers can be successfully used onboard. For quick repairs of components such as hand wheels, handles, plugs, name plates and mounting brackets, FDM technologies seem to be ideal and equipping the engine room with affordable thermoplastic printing equipment can be a significant facilitation for crews performing simple repairs and improvements.



The methods that have the best chance of dynamic development in the maritime sector are DMLS, EBM, WAAM and binder jetting. These are methods that use metals, which distinguish them from others with much better mechanical properties of products, and this is crucial for applications in areas related to safety. In those methods the biggest companies see a future in production and the biggest benefits. Their disadvantage is the high price of printing material and devices.



For applications that do not require high surface quality, however, which focus on high print speed and low material price, the WAAM method can be a perfect solution. Components made by this method can be machined to the required dimensions and surface quality, but the detail straight after printing process is characterized by a very strong layering and irregularity of the surface.



Currently, 3D printed objects require more attention than conventionally manufactured counterparts. Even though competitive mechanical properties are possible to obtain, which was proven in researches, they often suffer from defects and rough surface finishes. Typical defects may be poor layer adhesion, warping, cracks, undesirable microstructure, shifted layers, porosity or voids. Moreover, in most cases it is necessary to cut the detail off the worktable and to remove support structure. These treatments are highly time consuming and are connected with risk of damaging the part.



The advantage of production using AM methods compared to conventional methods can be shape optimization, weight reduction, ease of object scaling, integration of several elements into one or use of better materials. A graphic interpretation of the benefits of AM methods in production is shown in Figure 20.




8. Conclusions


Additive manufacturing is still a new group of technologies and requires further research to gain the reliability of conventional manufacturing. It has potential to compete with traditional methods by parts’ properties and functionality but is still connected with high risk of manufacturing defects. Three dimensional printed parts require complex post-processing which generates additional expenses.



The use of 3D printing creates a number of possibilities for shipbuilding, such as reducing storage space, shortening the supply chain, reducing waiting times, reducing manufacturing costs, optimizing part design in a way that has not yet been possible and using materials not available for conventional techniques.



The factor that seems to be the most important in the context of shipbuilding is the dramatic reduction in waiting time for parts, because downtime is the biggest cost for shipowners. An equally important factor is the ability to disperse production and produce parts on demand. This would significantly reduce the costs of transportation, payment of customs duties and parts storage. High hopes are also placed in the optimization of parts, the replacement of subassemblies consisting of many elements into parts made as a monolith, which would be enabled by 3D printing. This would facilitate service works, shorten their duration and reduce the number of necessary elements. The risk of failure connected with the large number of connections, seals or assembly and production defects would be decreased.



It can also be used for on-board repairs, to reduce the downtime spent in the shipyard. With additive manufacturing, parts that are difficult to dismantle, like crankshafts or camshafts, could be repaired directly on the machine.



Presented examples mainly show simple parts that do not work in safety-critical systems. This is due to the initial phase of implementing 3D printing and reducing the consequences of possible errors. However, because of advanced research work carried out by numerous companies, organizations and universities, we can expect additively manufactured parts to be applied in critical areas, such as engine parts, propellers, safety installations and tools.
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Glossary




	ABS
	acrylonitrile butadiene styrene thermoplastic polymer



	AM
	additive manufacturing



	BAAM
	big area additive manufacturing



	CAD
	computer aided design



	DLP
	digital light processing



	DMLS
	direct metal laser sintering



	EBM
	electron beam melting



	FDM
	fused deposition modeling



	HVAC
	heating, ventilation, air conditioning



	M-PBF
	metal powder bed fusion



	PLA
	polylactide



	PBF
	powder bed fusion



	SLA
	stereolithography



	SLM
	selective laser melting



	WAAM
	wire arc additive manufacturing
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Figure 1. Presentation of cross-sections of composite prints using various reinforcing materials, from the left: carbon fiber, glass fiber, high-strength high-temperature glass fiber and Kevlar [16]. 
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Figure 2. Bending stress as a function of deformation. On the left, material not continuously reinforced; on the right, with the continuous reinforcement [16]. 
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Figure 3. Marine supply demand per trade [25]. 
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Figure 4. Number of companies in top 20 countries [25]. 
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Figure 5. Number of publications related to searched phrase: “Additive Manufacturing in shipbuilding”, by lens.org (26 November 2020). 
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Figure 6. Experience of additive manufacturing (AM) technologies per industry [33]. 
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Figure 7. Awareness about AM technologies [33]. 
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Figure 8. Welding robot as the main element of wire arc additive manufacturing (WAAM) printing. 
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Figure 9. WAAM prototype. 
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Figure 10. Crane hook during the 3D printing process. 
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Figure 11. Components made by onboard 3D printing [36]. 
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Figure 12. Submarine hull made incremental techniques for the US Navy [41]. 
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Figure 13. Mounting previously used by Wärtsilä personnel [42]. 
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Figure 14. Strength tests of the new mounting [42]. 
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Figure 15. The mounting after successful certification was put into operation in Wärtsila workshops [42]. 
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Figure 16. Models of the designed name plate and the mounting. From the top: name plates, view from the back and front, the mounting and the assembly of all components. 
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Figure 17. Photos of the plate and mounting produced in fused deposition modeling (FDM) technology. 
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Figure 18. From the left: a 1/4-section view and a full view of assembly showing the essence of the protective cap. Photo of an FDM-printed cap mounted on a bolt. 
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Figure 19. Nozzle manufactured by Wärtsilä [56]. 
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Figure 20. Graphic representation of the benefits of using 3D printing in shipbuilding. 
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Table 1. Comparison of selected mechanical properties of 3D printing and a solid sample of PA12 material [18].






Table 1. Comparison of selected mechanical properties of 3D printing and a solid sample of PA12 material [18].











	
	X–Y Direction
	Z Direction
	Standard PA12





	tensile strength (MPa)
	48
	42
	35–55



	modulus of elasticity (MPa)
	1650
	1650
	1270–2600



	elongation at break (%)
	18
	4
	120–300
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Table 2. Comparison of AlSi10Mg material, used for 3D printing, and similar A360 aluminum alloy, used in foundry [19].
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	AlSi10Mg
	A360





	Yield point (MPa) (0.2% load) *
	XY: 230 Z: 230
	165



	Tensile strength (MPa) *
	XY: 345 Z: 350
	317



	Modulus of elasticity (GPa) *
	XY: 70 Z: 60
	71



	Elongation at break (%) *
	XY: 12 Z: 11
	3.5



	Hardness (HBW) **
	119
	75



	Fatigue strength (MPa) **
	97
	124







*: heat treatment—annealing at 300 °C for 2 h. **: Testing on made samples.
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Table 3. Division of parts into incremental methods [43].
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	Highly Feasible for 3D Printing without Class Certification
	Highly Feasible for 3D Printing with Class Certification
	Not Feasible for 3D Printing





	Bearing shell
	Air compressor elbow
	Angular ball bearing



	Compressor housing
	Anti-Polishing ring
	Anode



	Top cover of fuel pump
	Banjo plug
	Band brake lining



	Condenser/evaporator plate
	Bearing bush
	Bearing housing



	Shaft
	Bearing cover
	Bolt reamer



	Turbine diffuser
	Bleed screw
	Compressed sealing ring



	Valve plug
	Bursting disc
	Compressor driving pulley



	Bearing nut
	Connecting rod
	Coned disc spring



	Compressor blade
	Cooling water jacket
	Crane shackle



	Claw clutch
	Crank pin
	Dowel pin



	Clutch shoe
	Drive pinion
	Fairlead



	Connection nipple
	Flange
	Gasket



	Couplings
	Flexible coupling
	Gear ring



	Cylinder liner
	Gear
	Gland packing



	Damper ring
	Guide pin
	Hexagon screw



	Expansion joint
	Handle axle
	Impeller nut



	Flywheel
	Hatch cover packing
	Key



	Helical rotor
	Impeller
	Mooring winch drum



	Nozzle ring
	Needle roller bearing
	Oil scraper ring (stuffing box)



	Piston ring
	Nozzle tip
	Pipe clamp



	Plunger barrel
	O-ring
	Piston crown



	Rocker arm bracket
	Oil slinger
	Purifier bowl



	Roller guide housing
	Pintle bush
	Screw



	Rotary cup
	Polyurethane buffer
	Spring



	Spindle guide
	Quick acting cleats
	Steel ball



	Tapered bush
	Retainer ring
	V pulley



	Thrust collar
	Sea chest strainer
	Valve spring



	Thrust piece
	Sea valve stem
	Filter cartridge



	Valve guide
	Spiral gear
	



	Valve seat
	Spring carrier
	



	Valve spindle
	Swirler
	



	Worm gear
	Thrust spindle
	



	Nut
	Valve bridge
	



	
	Valve cotter
	



	
	Washer
	



	
	Wrist pin bushing
	



	
	Cylinder cover
	



	
	Disc valve
	



	
	Valve rotator
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Table 4. Examples of 3D printed elements, production times and savings [43].
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	Part Name
	Original Material
	Material Used for Printing
	Printing Time
	Average Savings on One Element
	Photo of a Printed Item





	Handwheel
	Cast iron
	Polyamide/Nylon
	7 h
	5.89 USD
	 [image: Machines 08 00084 i001]



	Scupper plug
	Brass and rubber
	Polyamide/Nylon
	17 h
	4.50 USD
	 [image: Machines 08 00084 i002]



	U-bolt
	Galvanized steel
	Resin
	2 h
	11.26 USD
	 [image: Machines 08 00084 i003]



	Guide bar
	Low alloyed Mn-V steel
	Steel
	8 h
	1965 USD
	 [image: Machines 08 00084 i004]



	Nut wing
	Brass
	Nylon reinforced with glass fiber
	5 h
	2.95 USD
	 [image: Machines 08 00084 i005]



	Pipe cover
	Brass
	Polyamide/Nylon
	3 h
	3.96 USD
	 [image: Machines 08 00084 i006]



	Bolt cover
	ABS
	Polyamide/Nylon
	19 h
	10.44 USD
	 [image: Machines 08 00084 i007]
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Table 5. Advantages of AM implementation in shipbuilding.
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	Criterion
	Advantages of AM Implementation in Shipbuilding





	Production volume
	Volume adjusted to the current demand



	Design and manufacturing process
	New possibilities of parts optimization, remote manufacturing in the place where the ship is currently present



	Prototyping
	Ease of multi-iteration prototyping, possibility of creating new, customized materials



	Item shape
	Almost any shape and geometry, both external and internal



	Versatility
	3D printers can produce any item from a wide range of materials and are applicable for many different geometries



	Ease of use
	Although the preparation for 3D printing is complex, production could be simplified to just starting the machine



	Material consumption
	Small loss for machining allowances and support structures



	Benefits for crew
	On-board manufacturing, less dismantling, parts reconditioning on-board



	Benefits for shipowners
	Savings on: custom duties, transportation, delays, manufacturer service



	Benefits for manufacturers
	Smaller storage space required, manufacturing on-demand, easier prototyping, new materials, savings on production machines, remote production, being more responsive to the customer needs



	Benefits for shipyards
	Less delays, parts on time, simpler logistics, shorter supply chains, possibility of producing extraordinary parts or spare parts for old vessels, no longer supported by manufacturer
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