

  applsci-10-00735




applsci-10-00735







Appl. Sci. 2020, 10(3), 735; doi:10.3390/app10030735




Article



The Level of the Additive Manufacturing Technology Use in Polish Metal and Automotive Manufacturing Enterprises



Justyna Patalas-Maliszewska *[image: Orcid], Marcin Topczak[image: Orcid] and Sławomir Kłos





Institute of Mechanical Engineering, University of Zielona Gora, 65-516 Zielona Góra, Poland









*



Correspondence: j.patalas@iizp.uz.zgora.pl







Received: 31 December 2019 / Accepted: 19 January 2020 / Published: 21 January 2020



Abstract

:

(1) Background: Products, manufactured using additive manufacturing technologies (AM) are increasingly present on the market. The research was undertaken to determine the possibilities of increasing the use of AM technology in Polish manufacturing companies. The aim of the paper is to determinate the level of the AM technology use of Polish Metal and Automotive Manufacturing and the influence of AM technology use on the increase of manufacturing company’s competitiveness–in the context of Polish Manufacturing Companies. (2) Methods: This paper uses literature studies to determinate the AM technology used within the production processes in the automotive and metal industry companies (so called dimensions) and a questionnaire survey, which was carried out on a sample of 250 Polish Metal and Automotive Manufacturing Enterprises. (3) Results: The results were verified by a statistical analysis, using correlation coefficients. Based on the data obtained, it was determined that both metal and automotive Polish companies use, or have in their investment plans, the implementation of AM technology, due to the need to reduce production costs and increase speed and flexibility when responding to customer needs. Moreover, the relationship between applied additive manufacturing technologies and the effects of their use, in enterprises, was analysed. The novelty of our work is defining the dimensions of the AM technology use for our empirical research and determining the influence of AM technology use on the increase Polish manufacturing company’s competitiveness. (4) Conclusions: The possibilities of using the results of research in economic practice were demonstrated. We also highlighted the impracticality for managers to support the selection and implementation of AM technology in the context of obtaining possible benefits for a manufacturing company.
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1. Introduction


Additive manufacturing (AM) technologies are, currently, being increasingly used in manufacturing companies, particularly in view of the need to reduce the time required to launch a new product onto the market. AM is treated as a combination of materials with the aim of obtaining a real object, based on 3D CAD data [1], which is applicable in the production area of, among other things, prototyping processes, the production of products in small series and the production of tools [2].



AM technologies are particularly applicable in the field of design and construction, in manufacturing companies in the automotive, aviation, military and metal industries [3]. However, according to data from the Central Statistical Office of Poland [4], only 2.4% of Polish enterprises uses AM technology, with only 1.4% of these enterprises having their own 3D printers. Other entities commission 3D printing from external entities. In addition, large enterprises (11.2%) and industrial processing units (5.0%) use AM technology, taking into account their type of business. Information and communications industry companies (3.2%) use their own 3D printers and outsource printing to entities from the industrial processing industry (2.9%). Bearing in mind the research results presented, regarding the application of AM technology in Polish production enterprises, research was undertaken to determine the possibilities of increasing the use of AM technology in Polish production companies.



The second chapter of this article indicates a research gap, based on an analysis of the current state of research in the field of the application of AM technology in Polish manufacturing companies. Based on the analysis carried out, the need was pointed out, on the one hand, to conduct advanced, empirical research into Polish enterprises, regarding the use of AM technology; on the other hand, restrictions on their use was pointed out. In the first stage of the research, the dimensions of the AM technology use in Polish manufacturing companies, were defined. Research was narrowed to the automotive and metal industries. A detailed description of the AM technologies used was then made for each individual dimension. The fourth part of the article describes the research methodology and gives details of the research samples. The following sections analyse the data acquired and indicate that both metal and automotive companies use—or actually have investment plans to implement—additive manufacturing technologies, due to the need to reduce production costs, optimise processes and increase speed and flexibility in responding to customer needs. The summary presents the possibilities of using the results of research in economic practice and formulates the direction of further work.




2. The State of Research in the Application of AM Technology in Polish Manufacturing Companies


Polish manufacturing enterprises make little use of additive technologies (2.4% according to GUS data). In 2017, 3D printing technology was most often used by enterprises in the Dolnośląskie (3.5%), Podkarpackie (3.2%) and Świętokrzyskie (3.1%) voivodships, yet least frequently so in the Lubelskie (1.0%) and Lubuskie voivodships (1.1%). In 2017, 3D printing technology was mainly used to create prototypes or models for personal use (1.8%), of which 10% were mainly for large enterprises. The least frequently used 3D printing was to create goods for sale, excluding prototypes or models (0.4%) and to create goods for use in production processes, excluding prototypes or models (0.5%). Spatial printing was mainly used by large enterprises employing 250 people or more.



Based on the analysis of the literature on the subject [5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29], the characteristics of AM technologies used have been broken down into separate dimensions:




	
In automotive industry companies:




	(1)

	
Production process of machinery parts and equipment made of plastic and metal, including high precision mechanical parts and sub-assemblies,




	(2)

	
Production process for functional prototypes and co-operating mechanisms,




	(3)

	
Production process in models used in strength tests, tests and modelling.









	
In metal industry companies:




	(1)

	
Prototype and model production process,




	(2)

	
The production process for injection moulds, foundry moulds, highly precise metal structures and other elements with a complex geometry or requiring high mechanical properties, the production of which would often not be possible using foundry technologies,




	(3)

	
The process of the repair and regeneration of complex damaged metal parts.














The following AM technologies according to the defined dimensions were identified for further research (Table 1).



In the processes carried out in AM technologies, the following technologies can be distinguished: technologies using a powder-filled platform, the powder bed technology, so-called, occurring in such technologies as Selective Laser Melting (SLM), Direct Metal Laser Sintering (DMLS), Electron Beam Melting (EBM) and also direct deposition technology, in such technologies as Electron Beam Additive Manufacturing (EBAM), Laser Engineering Net Shape (LENS) [30].



By evenly placing the powder on the working platform, the material feeding system has the advantage because the model does not need to have brackets generated. Moreover, the powder bed gives the opportunity to make models in the higher parts of the working chamber [27]. Selective powder micro-metallurgy (SLM) has many advantages related to accuracy of performance, versatility and the possibility of the complete elimination of the assembly phase, by sintering ready-made constructions. In the selective laser melting of powders of various metals, stainless steel powders are most often used. Unlike Selective Laser Sintering (SLS), the powder is re-melted through a laser beam, which significantly affects the tightness of the model and the lack of pores [27]. Metal additive manufacturing (MAM) is becoming a popular industrial production solution. Metal AM is characterised by two leading methods using metal powders, namely SLM/DLMS which is used mostly in the automotive industry and electron beam melting (EBM) [31,32]. The benefits of using additive manufacturing techniques are observed in the production of engine parts, fuel systems or turbines with a complex geometry and with defined aerodynamic properties. In addition, the technology of laser sintered metal powders enables the development of advanced and lightweight structures that combine high strength with a weight reduction of up to 60%. Even very complex elements, made of high-strength material, can easily be manufactured by means of additive manufacturing techniques, where the use of traditional processes, for the production of such parts, is impossible or very expensive [33]. Powder sintering methods are used to make injection moulds for mass production as also for the production of pressure casting moulds and other elements requiring high mechanical properties, the production of highly precise metal structures, making surgical instruments, passive and active implants, as well as for medical parts/devices, manufacturing elements complex shapes and structures that would not have been possible with casting technologies (DMLS).



FDM (fused deposition modelling) technology is used for rapid prototyping. In FDM technology, one of the nozzles of the printing device feeds the material for modelling, while the other feeds the material to produce supports, when necessary. Depending on the printing machine and the material used, the supports, produced in the final phase, can be broken off (BST series machines) or dissolved in water (SST series machines). Manufacturing supports is sometimes necessary due to the presence of hanging elements that affect the stability of the manufactured item. Molten thermoplastic layer extrusion methods are used for the production of plastic machinery parts and equipment, the production of prototypes of co-operating mechanisms and the production of models, used in strength tests, etc. [19].



Material application and UV hardening methods are used for the production of high-precision parts, mechanical components, the production of flexible elements, such as gaskets and washers and the production of high-quality prototypes over a short time.




	
Methods based on the technology of curing photosensitive resins are used in the production of prototypes, among other things, for empirical research, in tests and in modelling processes, the production of components used in automotive sectors, electronic housings, latch assemblies, car bodies, the production of machine covers and the production of functional prototypes.



	
Methods for producing laminated objects are used to produce models, prototypes and machine parts made from plastic, cellulose or composite materials.








2.1. Technologies Based on the Photo-Initiated Polymerisation Method (SLA, DPL)


Liquid photo-polymer is placed in a tank (ladle) and then selectively cured, layer by layer at source, emitting heat using a digital screen, LCD screen, UV radiation or laser beam, until the element is completely manufactured. In the case of Stereo-lithography (SLA), a laser beam is mainly used which is focussed on the surface of the tank, creating each layer of the desired 3D object by cross-linking or polymer degradation. Digital Light Processing (DLP) uses a digital projector screen, through which the entire layer of the element is cured simultaneously over the entire surface. This reduces the time it takes to manufacture a part [3,6,25].




2.2. Powder Sintering Technologies (SLS, SLM, DMLS, EBM)


Basically, the SLS process uses a laser or electron beam to sinter or coalesce powdered material, layer by layer, in order to create a solid structure. The powder is placed in a container where the sintering takes place. The molten powder is supplemented with further powder supplies and levelled with a roller. The final product, covered with loose powder, is then cleaned with brushes and compressed air. SLM relies on selective laser melting to form the element, layer by layer, while DMLS, operating on the same principle, consists in the direct sintering of the metal, by laser and is used for the sintering of metal powders only [15,16,17,18,20,22,25,26,27,28,30,33].




2.3. Technologies Based on the Method of Layered Extrusion of Molten Thermoplastics (FDM, MEM, FFF)


3D printing technology uses continuous filament from thermoplastic material as the basic material while additional material is used to make the support. The fibre from the material spool is fed from the coil through a movable, heated extruder head. The molten material is ejected from the extruder nozzle and deposited on a 3D printing platform that can be heated, for additional grip. The movement of the extruder head is controlled by computer. The next layer is applied onto the previous layer until the manufacturing process of the object is completed [19,21,22,24,25,27].




2.4. Technologies Based on the Method of Curing Material by Direct Energy Supply (LENS, EBAM)


This technology allows elements to be produced by directly melting materials and depositing them on the workpiece, layer by layer. The LENS process must take place in a hermetically sealed, argon-filled chamber so that the oxygen and moisture levels are kept very low. This keeps the manufactured item clean and prevents oxidation. The metal powder is delivered directly to the head which deposits the material. After depositing a single layer, the head which deposits the material advances to the next layer. The whole section is constructed by building successive layers. Once completed, the element is removed and can be processed or finished in any way. EBAM is an additive manufacturing technology that produces large-scale metal structures. The EB gun deposits the metal with a wire, layer by layer, until the element reaches a grid-like shape and is ready for its final treatment [11,12,13,22,24,25,27].



This article offers an explanation of the influence the AM technology use on increase the manufacturing company’s competitiveness. On the basis of the current analysis of the literature on the subject and of the defined dimensions of the AM technology use a questionnaire was developed, based on which, pilot studies of the first stage were conducted, followed by the main research into the Polish automotive and metal manufacturing companies, regarding the use of additive manufacturing technology. This study assumes also that those workers who were involved in the survey realize at least 80% of the defined dimensions associated with the dimensions of the of the AM technology use. The surveys applied for testing the research model (Figure 1) were developed by defining scales to fit the knowledge codification meaning.



Factors of dimensions of the AM technology use were based on feedback surveys and their sources are listed here: The dimensions of the of the Additive Manufacturing Technology Use: I know that in my company the use AM technologies during the business processes, namely in automotive industry: DA11-production processing of machinery and equipment parts made of plastic and metal, including high-precision mechanical parts and components, DA12-production process of functional prototypes and co-operating mechanisms, DA13-production process of models used in strength tests, tests and modelling; in metal industry: DM11-prototype and model production process, DM12-production process of injection moulds, foundry moulds, highly precise metal constructions and other elements with a complex geometry or requiring high mechanical properties, the production of which would often not be possible by means of foundry technologies, DM13-process of repair and regeneration of complex damaged metal parts is: factor0: not very important/ factor1: very important.



The Polish manufacturing company’s competitiveness: I know that in my company the realization of the work activities using Additive Manufacturing Technology, is: factor0: not very important/factor1: very important for C1-reduction of production costs, C2-effective use of material, C3-freedom in product design, C4-no assembly stage, C5-product personalisation to meet specific customer requirements, C6-quick response to market needs, C7-optimisation of product functions, C8-development, C9-elimination of human labour, C10-waste reduction/lower energy consumption.



The data for this study were collected from 250 Polish manufacturing enterprises between October to November, 2019.





3. Research Method


The studies were carried out in two stages: (1) pilot studies and (2) main studies. The tests were carried out using the survey method. The survey questionnaire included multi-alternative closed questions.



The pilot study was intended, initially, to identify the needs of the industry’s representatives in carrying out work in the field of material testing and additive manufacturing technologies. The pilot study involved 10 companies from the automotive industry and 10 companies from the metal industry from the Lubuskie Voivodeship, employing between 30 and 1400 employees. The survey respondents from the automotive industry were mostly representatives of the management staff of operational, technological and R&D areas (managers (2), directors (2), supervisors (3), principal (1)) as well as the cost leader and technical and the commercial adviser. In the metal industry, half of the respondents were representatives of the production management staff (director (1), manager (1) managers (3) and representatives of specialist technological, quality and sales staff, (5)). Among the 20 companies surveyed, 7 declared that AM technologies were used in their enterprises, of which 3 companies were from the automotive industry and 4 were from the metal industry.



The main research was then carried out in 250 small, medium and large manufacturing companies from western Poland, including 125 representatives from the metal and automotive industries. The research group accounts for 1% of the total number of manufacturing companies from the automotive industry and metal industry group in Western Poland. Among the automotive companies there were 92 small enterprises, 29 medium enterprises and 4 large enterprises, while representatives of the metal industry comprised 120 small enterprises, 27 medium enterprises and 3 large enterprises. The respondents in the automotive industry were mostly representatives of the management (69) and company owners (32), specialist employees, including technologists, logisticians, designers, marketing employees (16) and company support employees, including assistants, accountants, administrative staff, etc. (8). In the metal industry, the respondents to the survey were mainly representatives of the management (72), owners and shareholders (36) and specialist employees, among others, in the fields of quality, production, purchasing, design and construction (13) and company support employees, including accountants and sales/sales department staff (4).



A total of 109 of the 250 enterprises surveyed declared themselves to be users of additive manufacturing technology, of which 57 were from the metal industry and 52 were from the automotive industry.




4. Research Results


4.1. Pilot Studies


In the enterprises in which AM technologies were used, none of the proposed methods were indicated, i.e., FDM, Laminated Object Manufacturing (LOM), Plastic Sheet Lamination (PSL), Selective Deposition Lamination (SDL), DLP, PolyJet, DMLS, SLS, SLA, EBM, MEM, Fused Filament Fabrication (FFF), ProJet, Multi Jet Modelling (MJM), LENS, EBAM, SLM (Table 1). However, it was emphasised that plasma-burning, hot-dip galvanising technologies and anti-corrosion coating were used. Unfortunately, pilot studies have shown that only traditional, additive manufacturing methods, such as welding, were used. Therefore, the main research is looking for possible answers in order to increase the use of modern, additive technologies in Polish enterprises; subsequently, it was then determined which of the defined dimensions of the Additive Manufacturing Technology Use (Table 1):




	
Automotive industry companies:




	(1)

	
Production process of functional prototypes and co-operating mechanisms—in two companies,




	(2)

	
(Production process of models used in strength tests, tests and modelling—in one company.









	
Metal industry companies:




	(1)

	
Production process of injection moulds, foundry moulds and other elements requiring high mechanical properties—in four companies.














Only one of the companies surveyed indicated their willingness to adopt AM technology. The company identified the following factors that could potentially influence their decision:




	(a)

	
Reduction of production costs




	(b)

	
Effective use of material




	(c)

	
Freedom in product design




	(d)

	
No assembly stage




	(e)

	
Product personalisation to meet specific customer requirements




	(f)

	
Quick response to market needs




	(g)

	
Optimisation of product functions









In addition, it was emphasised that any technology implemented should be associated with the welding and bonding processes, indicating at the same time the limitations existing in the company, namely the outdated machine park and the need to update workstations.



Pilot studies showed that in the manufacturing companies surveyed—which use AM technologies—traditional and specific methods were used, such as welding, plasma-burning and the production of an anti-corrosion layer. The use of traditional additive methods probably has something to do with the lack of appropriate technological facilities, along with a low recognition/perception of modern methods of additive manufacturing.




4.2. Main Research


Among those manufacturing enterprises to declare themselves users of additive technologies, 29 enterprises from the automotive industry indicated the use of the FDM and EBM methods, while 1 enterprise indicated the use of FDM with 1 company, from the metal industry, indicating the use of EBM technology (Table 1).



A total of 78 companies indicated “other” technologies, of which 23 were from the automotive industry and 55 were from the metal industry. Welding was indicated by 39 enterprises, while for those companies using welding technology, 29 companies indicated using Metal Inert Gas (MIG), Metal Active Gas (MAG), Tungsten Inert Gas (TIG)technology. Material processing was indicated by 18 companies, of which 4 indicated machining with CNC machines. Other companies indicated methods such as aluminium casting, metallisation, plasma-burning, laser cutting, joining sheets, carburising, etc.



Basic research has shown that AM technologies are used in 44% of manufacturing companies in the metal and automotive industries. It is interesting that the number of those respondents, classifying the welding method as the AM method, came to about 15%. It is worth noting that over 11% of respondents, in the automotive industry, declared the use of two AM technologies, namely: FDM and EBM.



Subsequently, the dimensions of the Additive Manufacturing Technology Use were then determined; these are indicated in Table 1:




	
Automotive industry (52 companies in total):




	(1)

	
Production processing of machinery and equipment parts made of plastic and metal, including high-precision mechanical parts and components—27 marked answers,




	(2)

	
Production process of functional prototypes and co-operating mechanisms—29 marked answers,




	(3)

	
Production process of models used in strength tests, tests and modelling—no company marked an answer.














Four companies simultaneously indicated the production of machinery and equipment parts and the production of prototypes. One company gave the answer "other" indicating that it uses AM technology for the production of machinery and equipment parts and for the provision of services.




	
Metal industry (57 companies in total):




	(1)

	
Prototype and model production process—4 marked answers,




	(2)

	
Production process of injection moulds, foundry moulds, highly precise metal constructions and other elements with a complex geometry or requiring high mechanical properties, the production of which would often not be possible by means of foundry technologies—54 marked answers,




	(3)

	
Process of repair and regeneration of complex damaged metal parts—3 marked answers.














Two enterprises, marking their answers “other”, indicated that they used AM for the provision of services (1 company) and for machine construction (1 company).



Three companies marking their answer “the injection mould production process” also marked “prototyping”, whereas three companies that indicated the process of manufacturing injection moulds also indicated protection and regeneration (2 companies) and the production of semi-finished products (1 company).



A total of 72 enterprises declared their willingness to adopt additive technologies, including 3 companies were interested in FDM technology, while 2 interested companies also marked DMLS; 2 companies in LOM technology, with 1 company also indicating DMLS; 5 companies in DLP technology, including 5 companies also marked DMLS; 1 company in PolyJet technology, with DMLS technology also indicated; 20 companies in DMLS technology, 3 companies also indicated SLS, 2 companies also indicated SLA, 2 companies also indicated EBM; 3 companies in SLS technology; 2 companies in SLA technology; 2 companies in EBM technology and 52 companies marked the answer “other” (Figure 2).



Respondents who ticked “other” indicated, among others, laser technologies (12), robotic technologies (4), powder technologies (1), hardening technologies (4), welding (1), production/application of layers of material (3) bonding of materials (2), regeneration of machine elements (1) (Figure 3). As many as 22 companies answering “other” claimed that, currently, they could not, or were not able to determine what technology they would be interested in, while 2 did not provide any justification for using additive technologies. As results from the analysis of the data obtained, companies are interested in implementing laser technology. This is indicated by declarations of intent to implement the laser sintering of metals-DMLS (20 companies) with justification of the respondents who indicated the answer “other”, pointing to technologies using welding, cutting and laser processing (12 companies).



Companies declaring an interest in implementing additive technologies indicated the following factors that could potentially influence their decision (Figure 4):




	(a)

	
Reduction of production costs—37 marked answers




	(b)

	
Effective use of material—26 marked answers




	(c)

	
Freedom in product design—26 marked answers




	(d)

	
No assembly stage—25 marked answers




	(e)

	
Product personalisation to meet specific customer requirements—25 marked answers




	(f)

	
Quick response to market needs—32 marked answers




	(g)

	
optimisation of product functions—29 marked answers




	(h)

	
Other—39 marked answers, of which 21 focussed on the development of the company, 10 on increasing work efficiency and processes, 4 on reducing employment, 2 on reducing exhaust emissions and waste; 2 companies did not provide justification or indicated insufficient knowledge of this area.









Analysis of the responses received, with reference to the restrictions (Figure 5) determining the implementation of AM technology, showed that 21 companies indicated the below par performance of devices which had a lengthy printing time, with 13 indicating the poor quality of the products manufactured, 14 indicating the low strength poor clarity of the printed details, while 51 marked the answer “other”.



The respondents marked the answer “other” (Figure 6) and indicated their justifications of the answer, with 23 indicating lack of funds, 9 indicating lack of space, 7 did not see the need, 3 indicated the unstable market situation, 2 companies indicated that they were under-staffed, while 3 were unable to give any reasons. Moreover, 3 companies said, in their self-justification, that they were at the ‘searching for the right technology’ stage or were those companies who intimated that, ‘so far, no method had been developed that would meet our expectations’.



Analysing the results obtained, it was found that the main determinants influencing the decision to implement AM technology, in automotive and metal industry manufacturing companies, was the need to reduce costs and the ability to respond quickly to market needs. The research results are in the line with the current development trend of production companies, whose managers are constantly looking for a production system that will allow the company to adapt it to current market needs [34].




4.3. Analysis of the Research Results


Based on the research results of 250 Polish metal and automotive industry manufacturing companies, the research model (Figure 1) was studied using a correlation and regression approach in order to estimate the impact of using AM technologies in Polish manufacturing enterprises. An analysis of the research results was carried out using Statistica ver.13.3. The data were carefully examined with respect to linearity, equality of variance and normality. No significant deviations were detected. Table 2 presents the correlation analysis, where only the variables, for which the relationships were significant, were summarised, that is, where the technologies used were: FDM, EBM, welding, heat bonding, laser cutting.



The analysis shows significant relationships between:




	(a)

	
The FDM technology used and the impact of its use vis-à-vis the increased freedom gained when it comes to product design.




	(b)

	
Heat bonding and reducing waste/lower energy consumption as a result of using this technology.




	(c)

	
Between the introduction and application of laser cutting technology and the company’s development.









The importance of a company’s dependence on such an impact should be emphasised since such results may encourage further production companies to implement AM technology. Other relationships basically confirm the assumed benefits of using AM technology. FDM technology consists in the layered joining of plastic polymer material extruded through a nozzle, allowing the production of objects of any shape, with the only restriction being the dimensions of the designed element. The relationship between heat bonding the material and reducing the amount of waste can be justified by the maximum use of raw materials. To define the nature of significant interactions of the influence of AM technology use on the increase manufacturing company’s competitiveness—in the context of Polish Manufacturing Companies, the study tests the hypotheses using regression analyses which estimate this impact (Equations (1)–(3)).



Based on the analysis, it was noticed that as the use of FDM technology increases, the possibilities for product design (Equation (1), Figure 7).


Increasing the possibilities for product design = 0.0682 + 0.2985 × FDM



(1)







The results show that as the use of heat bonding increases the level of reduction in post-production waste increases (Equation (2), Figure 8).


waste reduction = 0.0041 + 0.2459 × heat bonding



(2)







The results obtained showed that with the increase in the use of laser cutting technology, the level of company development increases significantly (Equation (3), Figure 9).


development = 0.1074 + 0.6426 × laser cutting



(3)







The statistical results showed that the three AM technologies examined are held to have the strongest positive effect on the company’s competitiveness. Figure 10 presents the structural model.



This study explores the influence of AM Technology use on the increase manufacturing company’s competitiveness—in the context of Polish Manufacturing Companies. The statistical results showed that the three AM technologies examined have the strongest positive effect on the company’s competitiveness.



In addition, an analysis of dependencies was then made to assess the impact of the factors defined which determine management decisions to change business processes within an enterprise. The research was carried out using Statistica ver.13.3. The data was thoroughly examined for linearity, equality of variance and normality. No significant deviations were found. Table 3, Table 4 and Table 5 present the correlation analysis, with only those variables for which the relationships were significant—that is, the production process, the prototyping process and the services—being listed.



In both the metal and automotive industries, in analysing the relationship between the use of AM technology in a given process and the effects of their implementation, it was shown that there are significant relationships between the production process and the impact on reducing production costs (Table 3).



Based on Table 4, significant relationships between the prototyping process and the company’s development were indicated. Making prototypes of elements using AM technology along with further research in this area will contribute to making more effective construction and production decisions.



Based on the data in Table 5, it was found that enterprises in the automotive industry strive to search for modern solutions, the use of which will reduce the involvement of employees to perform certain services for business partners (Figure 11).



This is understandable, since the boards of production companies indicate that in the west of Poland there is still a shortage of suitably qualified employees. This is an area of research that requires further work, in order to define the possible actions that should be taken by research and development units in the west of Poland, to contribute to the strengthening and intensification of their co-operation with manufacturing companies. In this area, further in-depth research is planned regarding the possibilities of intensifying the co-operation of Polish manufacturing companies with scientific and research units.





5. Discussion


According to the research results within Polish Metal and Automotive Manufacturing Enterprises, it can be concluded that mangers of both metal and automotive companies are aware of the need to implement additive manufacturing technologies, due to the need to be more flexible in responding to customer needs.



Firstly, we discuss the dimensions of the AM technology use. The level of the AM technology use of Polish Automotive Manufacturing Enterprise was determined for two dimensions: (1) production processing of machinery and equipment parts made of plastic and metal and (2) production process of functional prototypes and co-operating mechanisms and of Polish Metal Manufacturing Enterprise for 1 dimension: (1) production process of injection moulds, foundry moulds, highly precise metal constructions and other elements with a complex geometry or requiring high mechanical properties. Research has shown that almost half of the respondents use AM technologies, while in the automotive industry AM are used in a similar ratio in the production of machinery and equipment and for the production of functional prototypes. In the case of the metal industry, AM technologies are almost entirely used in the production of high-precision components with complex geometry, which would be impossible or inefficient to produce using traditional methods.



Secondly, the obtained data allowed to indicate further directions and areas of research, experiments and improvement activities. The research has shown that the automotive industry, due to the continuous development of technology and the dynamic product market, is constantly looking for new solutions that will allow for more free design and construction of elements, reduction of time, stages and costs of production, maximum use of material and quick response to customer needs. This is important information due to the level of awareness of manufacturing companies and understanding of market processes. Managers of manufacturing companies from the automotive industry know the potential and possibilities to achieve the desired effects by applying additive manufacturing technology in the company.



The added value of our research to the recent state of the research field is the definition of knowledge about AM technology in Polish manufacturing enterprises. Based on empirical research conducted in 250 production companies of western Poland, the projected benefits of AM implementation (reduction of costs, personnel, waste) and limitations in the implementation of AM (funds, operational site, staff) were determined. This study allowed to identify the state of knowledge about AM technology and to identify implementation needs both in the area of machine and device production, production of functional prototypes, but also in the area of production of high-precision components with complex geometry. Managers of production companies have indicated that they are mainly interested in technologies that use laser. The data obtained allow the research to be targeted at a specific group of methods using laser technologies. The practical significance of our work is determined in the form of a recommendation for managers to support the selection and implementation of AM technology in the context of obtaining possible benefits for a manufacturing company.



Based on the obtained research, which clearly identify the general limitations that may affect the decision to implement AM in the enterprise, research initiations should be undertaken in the following directions:




	-

	
designing a system to help enterprises decide on the implementation of AM into production, analysing the current parameters of the production process and implementation possibilities,




	-

	
designing the matching system for the most optimal method of additive manufacturing




	-

	
improving the methods of additive manufacturing used in the area of production efficiency and reducing the costs of implementing and operating devices.









Based on the obtained data, another area requiring research was identified in order to increase the efficiency of devices and reduce production time. The second limitation indicated is the lack of funds and hence the inability to finance the implementation and operation of additive manufacturing devices. The metal industry uses AM technologies mainly in the production of high-precision components with complex geometry. The main limitation to implementing AM in enterprises from the metal industry is the lack of funds. This area requires further research to reduce the costs of application and operation of AM devices so that the profitability of AM implementation is achievable in a shorter period of time. Managers see the application potential for AM technology precisely in the area of production of high-precision elements whose production would be impossible or inefficient using traditional production methods. Decisions on the implementation of AM representatives of the automotive industry argue factors influencing both the development of the organization, processes and products themselves, balancing this with a reduction in production costs. In the metal industry, production cost reduction comes first.



The results of the empirical research, here presented, are the response to the need in-depth research, into Industry 4.0. A manufacturing company can be competitive in the market due to the high-quality of the products and services it offers and by implementing new solutions and technologies, e.g., intelligent new material handling systems, multi-agent system of autonomous automated guided vehicle [35,36], in the context of the Industry 4.0 concept [37,38]. Managers are also looking for solutions that will be helpful when deciding on the purchase of new technologies in order to adapt the enterprise to the Industry 4.0. concept.



Like all studies, this one has certain limitations that further research should aim to overcome. Firstly, because the intention is to analyse the influence of AM technology use on the increase manufacturing company’s competitiveness, this study focuses on Polish manufacturing industries. It would be unwise to generalize the findings too broadly to other enterprises. Furthermore, all the variables were measured at the same moment in time. So, it would be useful to provide such research over a longer time period. These conclusions and limitations suggest proposals for future research directions.




6. Conclusions


Research conducted in 250 Polish manufacturing companies has shown that a significant number of companies in the west of Poland use, or are interested in implementing, AM technology. In the pilot studies, the desire to implement AM technology was indicated by some 5% of respondents, while in the main research, this was indicated by some 28.8%, who gave as the deciding factor, the need to reduce production costs and increase flexibility in responding to customer needs. Further work will require research into areas affecting the decision of the management boards of Polish manufacturing companies in order to implement AM technology and develop possible scenarios for co-operation between R&D units and production companies in order to increase the use of AM technology in the west of Poland. Moreover, the results of the empirical research, here presented, have become the motivation for conducting research into the construction of a decision-making system to support the selection and implementation of AM technology in the context of obtaining possible benefits for a production company.
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Figure 1. Research model. 
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Figure 2. Interest in implementing AM in the manufacturing companies surveyed in the metaland automotive industries. 
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Figure 3. Interest in implementing AM. Answers declared by respondents from the automotive and metal industries. 
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Figure 4. Factors affecting interest in implementing AM in the manufacturing companies surveyed in the metal and automotive industries. 






Figure 4. Factors affecting interest in implementing AM in the manufacturing companies surveyed in the metal and automotive industries.



[image: Applsci 10 00735 g004]







[image: Applsci 10 00735 g005 550] 





Figure 5. Restrictions affecting the decision to implement AM in the metal and automotive industry manufacturing companies surveyed. 
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Figure 6. Restrictions affecting the decision to implement AM, in the metal and automotive industry manufacturing companies surveyed. Answers given by the respondents. 
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Figure 7. Interactions between using Fused Deposition Modelling (FDM) and increasing the possibilities for product design. 
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Figure 8. Interactions between the use of heat bonding and the reduction of post-production waste. 
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Figure 9. Interactions between the use of laser cutting technology and the future possibilities for increased development within an enterprise. 
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Figure 10. The structural model. 
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Figure 11. Interactions between the process of providing services in the automotive industry. vis-à-vis the elimination of human labour. 
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Table 1. Characteristics of additive manufacturing (AM) technology.
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Automotive Industry Companies




	
Dimensions

	
Method

	
Additive Manufacturing Technologies

	
Characteristics

	
Raw Material




	
Production process for machinery and equipment parts made of plastic and metal, including high-precision mechanical parts and components, the production process of models used in strength tests, tests and modelling

	
Layered extrusion of molten thermoplastic

	
FDM (Fused Deposition Modelling)

MEM (Moulded and Extruded Manufacturing),

FFF (Fused Filament Fabrication)

	
The method is based on the layered joining of a plastic polymer material, extruded through a nozzle, with the material from which the element is made being a line made of thermoplastic material

	
ABS (acrylonitrile butadiene styrene),

ABSi (acrylonitrile-butadiene-styrene-biocompatible),

PC (polycarbonate),

Ultem 9085,

PLA (Polylactide),

TPU (Thermoplastic Polyurethane),

Nylon




	
Production process for machinery and equipment parts made of plastic and metal, including high-precision mechanical parts and sub-assemblies, production process for functional prototypes and co-operating mechanisms

	
Material application and UV curing

	
PolyJet,

ProJet,

MJM (Multi Jet Modelling)

	
Liquid resin in the form of droplets is applied, in layers, by means of a piezo-crystalline nozzle head, on the working platform and fully cured by a UV lamp integrated with the head. The support material, in the form of a gel, is removed with water.

	
Polymers with the trade names: Polimer PA 12, VeroWhitePlus, VeroCyan, VeroClear Object Agilus, Agilus Black

Composites with specific mechanical properties: DM_Shore A40, DM_Shore A50, DM_Shore A60, DM_Shore A70, DM_Shore A85, DM_Shore A95




	
Production process for functional prototypes and co-operating mechanisms

	
Production of laminated objects (lamination of sheets)

	
LOM (Laminated Object Manufacturing),

PSL (Plastic Sheet Lamination),

SDL (Selective Deposition Lamination)

	
Sheets of material are laminated and then, with the help of, for example, a laser, an object of the desired shape is cut out

	
Paper, polymers, metals, ceramics, cellulose, poly-carbonate composites




	
Production process for functional prototypes and co-operating mechanisms,

production process for models used in strength tests, tests and modelling.

	
Curing photosensitive resins

	
SLA (Stereo-lithography), DLP (Digital Light Processing)

	
The method involves the localised UV cure of the applied liquid resin layer in which photo-incised polymerisation takes place.

	
Polymers, resins and polymer composites with the trade names:

Poly1500, Tusk Somos SolidGrey3000, Taurus, NeXt,

ProtoGen, PerFORM.




	
Metal Industry Companies




	
Production Process

	
Method

	
Additive Manufacturing Technologies

	
Characteristics

	
Raw Material




	
Production process for injection moulds, foundry moulds, highly precise metal structures and other elements with a complex geometry or requiring high mechanical properties, the production of which would often not be possible by means of foundry technologies.

	
Powder sintering

	
SLS (Selective Laser Sintering),

SLM (Selective Laser Melting),

DMLS (Direct Metal Laser Sintering),

EBM (Electron Beam Melting) *

	
The method is based on the relationship in which the contacting powder grains bind each other together by melting their surfaces as a result of having been heated with a laser beam.

	
Polymer (polyamides, thermoplastic polyurethane, alumide), composite (Glass-filled Polyamide) and metallic powders

(various metal powder mixtures, e.g., stainless steels, titanium, aluminium)




	
Production process for injection moulds, foundry moulds, highly precise metal structures and other elements with a complex geometry or requiring high mechanical properties, the production of which would often not be possible by means of foundry technologies;

process of repair and regeneration of complex, damaged metal parts.

	
Hardening of material by direct energy supply

	
LENS (Laser Engineering Net Shape),

EBAM (Electron Beam Additive Manufacturing)

	
In the method, the material stream is supplied through a nozzle and cured, by means of a laser or electron stream, directly onto the surface on which it falls; the LENS method, which is a specific type of laser surfacing, is used for laser

performance

of the final shape and dimension of the element.

	
Raw material deposited by means of wire or powdered metals (titanium, tantalum and nickel), alloys, ceramics or composites








* Technologies are also used in the automotive industry (spare parts).
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Table 2. Correlation analysis.
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	Relations
	Correlation
	r2
	t
	p





	AM used: FDM/production cost reduction
	0.1927
	0.0371
	3.0931
	0.0022



	AM used: FDM/efficient use of material
	0.2774
	0.0770
	4.5474
	0.0000



	AM used: FDM/freedom in product design
	0.3177
	0.1010
	5.2774
	0.0000



	AM used: FDM/no assembly stage
	0.2462
	0.0606
	4.0000
	0.0001



	AM used: FDM/product personalisation
	0.2872
	0.0825
	4.7220
	0.0000



	AM used: FDM/quick response to market needs
	0.1901
	0.0361
	3.0495
	0.0025



	AM used: FDM/optimisation of product functions
	0.2506
	0.0628
	4.0769
	0.0001



	AM used: FDM/development
	−0.1046
	0.0109
	−1.6569
	0.0988



	AM used: FDM/elimination of human labour
	0.0510
	0.0026
	0.8044
	0.4219



	AM used: FDM/waste reduction/lower energy consumption
	−0.0332
	0.0011
	−0.5225
	0.6018



	AM used: EBM/production cost reduction
	0.0299
	0.0009
	0.4709
	0.6381



	AM used: EBM/efficient use of material
	−0.0027
	0.0000
	−0.0421
	0.9664



	AM used: EBM/freedom in product design
	−0.0027
	0.0000
	−0.0421
	0.9664



	AM used: EBM/no assembly stage
	0.0000
	0.0000
	0.0000
	1.0000



	AM used: EBM/product personalisation
	0.0000
	0.0000
	0.0000
	1.0000



	AM used: EBM/quick response to market needs
	0.0440
	0.0019
	0.6934
	0.4887



	AM used: EBM/optimisation of product functions
	−0.0102
	0.0001
	−0.1606
	0.8725



	AM used: EBM/development
	−0.0171
	0.0003
	−0.2695
	0.7878



	AM used: EBM/elimination of human labour
	0.1367
	0.0187
	2.1724
	0.0308



	AM used: EBM/waste reduction/energy consumption
	−0.0183
	0.0003
	−0.2887
	0.7730



	AM used: welding/production cost reduction
	0.0483
	0.0023
	0.7622
	0.4467



	AM used: welding/efficient use of material
	−0.0313
	0.0010
	−0.4930
	0.6224



	AM used: welding/freedom in product design
	−0.0682
	0.0047
	−1.0764
	0.2828



	AM used: welding/no assembly stage
	−0.0638
	0.0041
	−1.0073
	0.3148



	AM used: welding/product personalisation
	−0.0638
	0.0041
	−1.0073
	0.3148



	AM used: welding/quick response to market needs
	0.0089
	0.0001
	0.1402
	0.8886



	AM used: welding/optimisation of product functions
	−0.0103
	0.0001
	−0.1618
	0.8716



	AM used: welding/development
	0.0426
	0.0018
	0.6718
	0.5024



	AM used: welding/elimination of human labour
	0.1264
	0.0160
	2.0067
	0.0459



	AM used: welding/waste reduction/lower energy consumption
	−0.0374
	0.0014
	−0.5898
	0.5558



	AM used: heat bonding/production cost reduction
	0.0366
	0.0013
	0.5772
	0.5643



	AM used: EBM/efficient use of material
	−0.0434
	0.0019
	−0.6848
	0.4941



	AM used: heat bonding/freedom in product design
	−0.0434
	0.0019
	−0.6848
	0.4941



	AM used: heat bonding/no assembly stage
	−0.0425
	0.0018
	−0.6700
	0.5035



	AM used: heat bonding/personalisation of the product
	−0.0425
	0.0018
	−0.6700
	0.5035



	AM used: heat bonding/quick response to market needs
	−0.0489
	0.0024
	−0.7703
	0.4419



	AM used: heat bonding/optimisation of product functions
	−0.0462
	0.0021
	−0.7282
	0.4672



	AM used: heat bonding/development
	0.0466
	0.0022
	0.7341
	0.4672



	AM used: heat bonding/elimination of human labour
	−0.0163
	0.0003
	−0.2561
	0.7981



	AM used: heat bonding/waste reduction/lower energy consumption
	0.3464
	0.1200
	5.8151
	0.0000



	AM used: laser cutting/production cost reduction
	0.1162
	0.0135
	1.8429
	0.0665



	AM used: laser cutting/efficient use of material
	0.0870
	0.0076
	1.3747
	0.1705



	AM used: laser cutting/freedom in product design
	0.0870
	0.0076
	1.3747
	0.1705



	AM used: laser cutting/no assembly stage
	0.0909
	0.0083
	1.4376
	0.1518



	AM used: laser cutting/product personalisation
	0.0909
	0.0083
	1.4376
	0.1518



	AM used: laser cutting/quick response to market needs
	0.0664
	0.0044
	1.0479
	0.2957



	AM used: laser cutting/optimisation of product functions
	0.0761
	0.0058
	1.2016
	0.2307



	AM used: laser cutting/development
	0.3385
	0.1146
	5.6652
	0.0000



	AM used: laser cutting/elimination of human labour
	−0.0232
	0.0005
	−0.3652
	0.7153



	AM used: laser cutting/waste reduction/lower energy consumption
	−0.0163
	0.0003
	−0.2572
	0.7973







where: r2—coefficient of determination; t—the value of t statistics examining the significance of the correlation coefficient; p—probability value.
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Table 3. Correlation analysis: production process.
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	Relations
	Correlation
	r2
	t
	p





	production process in the metal industry/reduction of production costs
	0.2665
	0.0710
	3.0662
	0.0027



	production process in the automotive industry/reduction of production costs
	0.1887
	0.0356
	2.1315
	0.0350



	production process in the metal industry/efficient use of material
	0.1064
	0.0113
	0.1865
	0.2377



	production process in the automotive industry/efficient use of material
	0.1550
	0.0240
	1.7397
	0.0844



	production process in the metal industry/freedom in product design
	0.0692
	0.0048
	0.7696
	0.4430



	production process in the automotive industry/freedom in product design
	0.0913
	0.0083
	1.0165
	0.3114



	production process in the metal industry/no assembly stage
	0.0692
	0.0048
	0.7696
	0.4430



	production process in the automotive industry/no assembly stage
	0.0913
	0.0083
	1.0165
	0.3114



	production process in the metal industry/ product personalisation
	0.0692
	0.0048
	0.7696
	0.4430



	production process in the automotive industry/product personalisation
	0.0913
	0.0083
	1.0165
	0.3114



	production process in the metal industry/quick response to market needs
	0.1544
	0.0238
	1.7329
	0.0856



	production process in the automotive industry/quick response to market needs
	0.0929
	0.0086
	1.0350
	0.3027



	production process in the metal industry/optimisation of product functions
	0.1000
	0.0100
	1.1148
	0.2671



	production process in the automotive industry/optimisation of product functions
	0.1319
	0.0174
	1.4752
	0.1427



	production process in the metal industry/development
	0.1483
	0.0220
	1.6627
	0.0989



	production process in the automotive industry/development
	0.1148
	0.0132
	0.2812
	0.2025



	production process in the metal industry/elimination of human labour
	0.1167
	0.0136
	1.3034
	0.1949



	production process in the automotive industry/elimination of human labour
	0.1255
	0.0157
	1.4027
	0.1632



	production process in the metal industry/waste reduction/lowering energy consumption
	0.0175
	0.0003
	0.1942
	0.8464



	production process in the automotive industry/ reduction of waste/lowering energy consumption
	−0.0669
	0.0045
	−0.7440
	0.4583
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Table 4. Correlation analysis: prototyping process.
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	Relations
	Correlation
	r2
	t
	p





	prototyping in the metal industry/reduction of production costs
	0.0605
	0.0037
	0.6718
	0.5029



	prototyping in the automotive industry/reduction of production costs
	0.1690
	0.0285
	1.9012
	0.0596



	prototyping in the metal industry/efficient use of material
	0.1718
	0.0295
	1.9342
	0.0554



	prototyping in the automotive industry/efficient use of material
	0.0539
	0.0029
	0.5987
	0.5505



	prototyping in the metal industry/freedom in product design
	0.1948
	0.0380
	2.2032
	0.0294



	prototyping in the automotive industry/freedom in product design
	0.0812
	0.0066
	0.9040
	0.3678



	prototyping in the metal industry/no assembly stage
	0.1948
	0.0380
	2.2032
	0.0294



	prototyping in the automotive industry/no assembly stage
	0.0812
	0.0066
	0.9040
	0.3678



	prototyping in the metal industry/ product personalisation
	0.0950
	0.0090
	1.0589
	0.2917



	prototyping in the automotive industry/product personalisation
	0.1426
	0.0203
	1.5974
	0.1127



	prototyping in the metal industry/quick response to market needs
	0.1139
	0.0130
	1.2719
	0.2058



	prototyping in the automotive industry/quick response to market needs
	0.0475
	0.0023
	0.5274
	0.5988



	prototyping in the metal industry/optimisation of product functions
	0.0812
	0.0066
	0.9040
	0.3678



	prototyping in the automotive industry/optimisation of product functions
	0.1948
	0.0380
	2.2032
	0.0294



	prototyping in the metal industry/development
	0.2741
	0.0751
	3.1604
	0.0020



	prototyping in the automotive industry/development
	0.2437
	0.0594
	2.7863
	0.0062



	prototyping in the metal industry/elimination of human labour
	0.2252
	0.0507
	2.5635
	0.0116



	prototyping in the automotive industry/elimination of human labour
	0.2231
	0.0498
	2.5385
	0.0124



	prototyping in the metal industry/ waste reduction/lower energy consumption
	−0.0232
	0.0005
	−0.2572
	0.7975



	prototyping in the automotive industry/waste reduction/lower energy consumption
	0.0810
	0.0066
	0.9009
	0.3694
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	Relations
	Correlation
	r2
	t
	p





	services in the metal industry/reduction of production costs
	−0.0356
	0.0013
	−0.3954
	0.6932



	services in the automotive industry/reduction of production costs
	−0.0356
	0.0013
	−0.3954
	0.6932



	services in the metal industry/efficient use of material
	−0.0202
	0.0004
	−0.2237
	0.8234



	services in the automotive industry/efficient use of material
	−0.0202
	0.0004
	−0.2237
	0.8234



	services in the metal industry/freedom in product design
	−0.0183
	0.0003
	−0.2033
	0.8392



	services in the automotive industry/freedom in product design
	−0.0183
	0.0003
	−0.2033
	0.8392



	services in the metal industry/no assembly stage
	−0.0183
	0.0003
	−0.2033
	0.8392



	services in the automotive industry/no assembly stage
	−0.0183
	0.0003
	−0.2033
	0.8392



	services in the metal industry/product personalisation
	−0.0183
	0.0003
	−0.2033
	0.8392



	services in the automotive industry/product personalisation
	−0.0183
	0.0003
	−0.2033
	0.8392



	services in the metal industry/quick response to market needs
	−0.0293
	0.0009
	−0.3247
	0.7460



	services in the automotive industry/quick response to market needs
	−0.0293
	0.0009
	−0.3247
	0.7460



	services in the metal industry/optimisation of product functions
	−0.0265
	0.0007
	−0.2938
	0.7694



	services in the automotive industry/optimisation of product functions
	−0.0265
	0.0007
	−0.2938
	0.7694



	prototyping in the metal industry/development
	−0.0415
	0.0017
	−0.4607
	0.6458



	services in the automotive industry/development
	0.1943
	0.0378
	2.1969
	0.0299



	services in the metal industry/elimination of human labour
	−0.0163
	0.0003
	−0.1811
	0.8566



	services in the automotive industry/elimination of human labour
	0.4939
	0.2440
	6.2998
	0.0000



	services in the metal industry/ waste reduction/lower energy consumption
	−0.0115
	0.0001
	−0.1270
	0.8991



	services in the automotive industry/waste reduction/lower energy consumption
	−0.0115
	0.0001
	−0.1270
	0.8991
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