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Abstract

:

This article presents a comparative analysis of the crucial physical properties of electrically conductive components made of pure copper, produced by various additive manufacturing technologies such as binder jetting (BJ) and direct metal laser sintering (DMLS). The comparison concerned the assessment of critical parameters important from the application point of view, such as: electrical conductivity, hardness, yield point, microstructure and the occurrence of internal material defects. Same-sized components made in a conventional casting and subtractive method (machining) were used as a reference material. Comprehensive tests and the comparison of a wide range of parameters allowed us to determine that among the selected methods, printing using the DMLS technique allowed for obtaining arcing contact with mechanical and electrical parameters very similar to the reference element. Therefore, the obtained results showed the possibility of using the copper elements made by additive manufacturing for the switching and protection devices used in electrification and energy distribution industrial sectors.
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1. Introduction


The use of pure copper and its alloys in the production of components by additive manufacturing is relatively rare due to the specificity of the application and the resulting set of requirements that must be met. This is mainly because of the high electrical and thermal conductivity and good corrosion resistance, since the use of copper is very often limited to applications where a high electrical current density (e.g., contact elements for switching and protection devices, like circuit breakers) and/or high heat conductivity are required (e.g., heat sinks, heat pipes) [1,2,3,4,5,6]. Since additive manufacturing provides almost unlimited freedom of design and optimization, components produced from pure copper in related technologies have great potential for use wherever single pieces with unique shapes or even short series are needed. Applications in such areas as power and electrification products, electronics, the automotive industry, the aviation industry, as well as in heat management systems and others, in which components are traditionally produced by methods based on subtractive manufacturing (SM) or by sand casting (SC), can be mentioned here. However, the production of copper components by sand casting is economically limited to large production quantities, so in fact the only method to cost-effectively produce single components is the subtractive approach [7,8].



Conventional production of components by machining is associated with high material and labour consumption, and thus high costs and a long production time. In addition, machining of copper can cause problems related to its low machinability. In the case of casting, there are advantages in the possibility of precise selection of the batch material with the desired properties, and good precision of manufacturing. On the other hand, the main obstacle with casting is the need to prepare the model necessary to make the mould in the moulding sand beforehand. In this regard, the use of 3D printing to produce a complete mould from moulding sand seems to be a major convenience. The advantage of casting is a relatively good representation of the shape of the desired element, especially if it is necessary to obtain better tolerances and surface quality, as well as precise mapping of certain shapes, such as e.g., holes. Thus, the machining of the pre-cast features, such as holes and undercuts, is more material-saving and thus simpler and cheaper.



However, the development of new printing technologies has created completely new possibilities and allowed for significant progress in this area, not only for polymers but also for metal products. The practical application of additive technologies in industry has already become a fact in many industries and in a wide range of manufacturing technologies [9]. There are known achievements concerning the production of components made of materials such as stainless steel, tool steel, aluminium alloys, titanium and titanium alloys, Inconel, nickel alloys (superalloys), magnesium alloys, ceramic matrix composites, as well as noble alloys, copper, and copper alloys [10,11,12,13,14,15]. However, many of the developed additive technologies have been referred to by different names, creating a certain terminological disorder, which was largely unified by the standard [16], on which the presented description is based.



Pure copper is quite a demanding material in terms of additive manufacturing due to certain limitations caused by its material properties. The first problem is the high thermal conductivity of copper, which during the printing process leads to a rapid heat evacuation from the melting area, causing high temperature gradients; this, consequently, can lead to delamination of the deposited layers, curling of the material and damage to the formed element. Another limitation is the high plasticity of copper, which makes it difficult to remove and to recover the copper powder after building subsequent layers of the element. In addition, the copper powder particles tend to agglomerate, which also has a negative effect on the 3D printing process by changing the flowability of the material, which determines the quantity and quality of the deposited material. In addition, copper is susceptible to surface oxidation, which requires special storage of the material before use, as well as protection during the process (the process is carried out in a non-oxidizing atmosphere) [17,18,19]. Taking these obstacles into consideration, the most promising printing technologies that can compete with traditional technologies are binder jetting, or powder sintering/melting with a laser or electron beam (EBM).



Moreover, new AM technologies were developed long enough ago to become an equivalent production method today. This also applies to copper products, for which the manufacturing using AM technologies (in particular Powder Bed Fusion) has become a fully mastered process, despite significant difficulties with this material due to its very good thermal conductivity and high reflectance, which makes it difficult to use, especially with laser-based technologies.



A review of the literature has shown that it is difficult to find research works that, in a complementary way, compare a wide range of functional parameters of elements obtained from pure copper using different methods, ranging from mechanical processing, through casting, to 3D printing. Therefore, the aim of the presented research was to perform a detailed and complementary research in order to compare the crucial properties of small-size components made of pure copper with the use of various AM technologies with the properties of the same elements obtained using traditional methods. An analysis was carried out to compare the set of critical parameters important from the application point of view, such as electrical conductivity, hardness, yield point, plasticity, as well as microstructure analysis, in order to evaluate the occurrence of internal material defects. Printed components were produced using binder jetting (BJ) [20] and direct metal laser sintering (DMLS) [21] methods, which are widely used for copper printing. Same-sized components made in the traditional way by sand casting and subtractive manufacturing (cutting/machining) were used as reference materials. The obtained results allowed for the assessment of the possibility of using 3D printed copper elements for the switching and protection devices used in the area of electrification, where the rated operational voltage and current are very high (e.g., circuit breakers). Additionally, the additively manufactured contact element should ensure a long-lasting and durable operation in order to avoid the malfunctioning of switching and protection devices; therefore, the presented results are very important for the electrical industry from an application point of view and for the future selection of proper manufacturing technology.




2. Materials and Methods


All components of a small size and relatively complex shape were made by various methods listed in Table 1, from high purity copper, commonly used in wireline and contact applications. Their production was entrusted to four different manufacturers with extensive experience in the area of individual manufacturing techniques, and the applied process parameters were optimal, in line with their knowledge and experience (see details in Table 1). The manufactured components are shown in Figure 1a,b, and they constitute an actual part of the current path in the direct current (DC) high speed circuit breaker as shown in Figure 1c. The high-speed DC circuit breaker is designed for the protection of main DC circuits at traction power substations [22]. In addition, such circuit breakers are widely used for the protection of DC drives, as field discharge breakers or commutation switches in DC shunt excitation systems of synchronous generators, as protection for super-conducting coils and in many specialized DC power distribution systems, whenever high-speed opening and efficient energy dissipation is required. Due to the high current, which is managed by such devices (up to 8 kA), it is crucial to fabricate components of the conductive path from a highly conductive material; therefore, parts made of a high-purity copper were selected for investigation.



The study of the properties of the copper elements was focused on the key parameters from the point of view of their application as the electrical contact elements in switching and protection devices used in the area of electrification where rated operational voltage can reach up to 3600 V and rated currents are as high as 8000 A. Additionally, the contact element should ensure reliable functionality of the entire device during its lifetime to avoid undesirable servicing costs. Due to such high requirements, the contact elements were verified in many respects, including: determination of oxygen content, evaluation of the external surface topography of components, specific density, measurements of electrical conductivity, Vickers hardness (HV1), proof strength with 0.2% strain (Rcp0.2), and characteristics of the fracture surface and microstructure.



Measurements and microscopic observations were made both for the subsurface zone after removing the layer of about 0.1 mm of copper and for the middle zone, after cutting the element along the main symmetry plane. Metallographic observations of the specimens were carried out using an Olympus GX71 light microscope (Shinjuku City, Japan). The specimens were observed in the etched state with an Mi25Cu reagent.



Additionally, examination of the specimens was carried out using a Zeiss EVO MA10 (Carl Zeiss AG, Oberkochen) scanning electron microscope, and energy dispersive analysis (EDS) was used to identify the chemical composition in micro-areas using a Bruker XFlash® 5010 EDS spectrometer (Billerica, MA, USA).



Specific density was measured using the Archimedes method employing a Mettler Toledo XS204 (Columbus, OH, USA) analytical balance with a capacity of 220 g and a readability of 0.0001 g.



The oxygen content was determined for a sample cut from the centre of the contact element after removing the surface layers. A high-temperature combustion method with infrared detection (TCHEN 600 LECO analyser, LECO Corp., St. Joseph, MI, USA) was used to analyse the chemical composition, namely to determine the oxygen content.



The Vickers hardness measurement was carried out with a load of 1 kg for 15 s. A Future—Tech FM—700 (Future-Tech Corp., Kawasaki, Japan) hardness tester was used for the tests. For HV1 hardness, a distribution map was made by measuring the HV1 value at 18 points on the subsurface plane and 24 points on the middle plane. Similarly, electrical conductivity was measured at 6 points for each of the measurement planes.



The value of the proof stress Rcp0.2 was determined on cylindrical specimens ø6 × 10 mm, and the compression test was carried out to the deformation (ΔH/H0)—15%, where: ΔH—change in height of the sample after deformation, H0—initial height.



Conductivity measurements using the eddy current method according to ASTM E1004 were carried out employing a Sigmatest device type 2.069 (Institut Dr. Foerster GmbH & Co. KG, Reutlingen, Germany).




3. Results and Discussion


3.1. Surface Appearance


Figure 2 shows a representative surface appearance of components produced by all methods. The visual assessment of the outer surface of the contact elements already indicates the existence of significant differences in the surface development between the elements, resulting from the manufacturing technology used. Comparison of the surfaces shows best smoothness in the case of a conventionally manufactured element, for which the surface smoothness class depends on the machining method used and can be selected depending on a wide range of requirements. However, it should be noted that additional machining can also be applied to all other elements for the final surface treatment. When comparing the surface of raw products, it is necessary to emphasize the very good quality of the element after printing with the BJ method, with a characteristic fine texture ensuring relatively good smoothness. In this respect, printing with the DMLS method provides slightly worse results; however, this slightly higher roughness of the surface with a characteristic texture (similar to the surface after shot blasting), may be fully sufficient for most applications, and parts of the surface that require a better finish can be machined. The elements cast into sand moulds undoubtedly have the worst surface quality, which is a characteristic feature of this method.




3.2. Microstructure


The results of microscopic observations of the microstructure of samples obtained by all methods are shown in Figure 3.



The microstructure of BJ samples fully complies with the binder jetting technology and is typical for this type of material with the microporosity present in the entire volume of the material, with only local variation (see Figure 3a). Numerous micropores, in the order of several tens of micrometres, have complex shapes. The microstructure is characteristic of a fully recrystallized material with polygonal equiaxed grains. The microporosity of the material limits the grain size and inhibits grain growth.



In the case of the SC contact samples, a coarse-grained nature of the macrostructure is visible, typical for the cast and relatively slowly cooled material. There is a clear difference between the microstructure observed in the area at the outer contact surface (Figure 3b) and the microstructure in the middle section (see Figure 3c). The main difference is the presence of a casting structure with numerous regions of the Cu-Cu2O eutectic present at a depth of about 100 μm to even 500 μm, depending on the area of observation. It can be assumed that the surface oxidation of the liquid copper took place during the casting process, after the copper was poured into the mould. In the central areas of the sample, no oxide clusters are observed and the oxygen level is relatively low; however, a scattered microporosity is visible, mainly at the grain boundaries.



The microstructure of the DMLS contact is very fine-grained (see Figure 3d,e), uniform and very similar for both observed metallographic sections. There are no significant internal defects in the material, except for a few minor sub-surface areas of delamination and accidentally introduced impurities. The fine-grained nature of the microstructure and its morphology resemble hot-deformed but non-recrystallized material.



In the case of the sample from the SM contact, the microstructure (see Figure 3f) is typical for extruded copper of the Cu-ETP grade, additively drawn with a small degree of deformation, without visible internal defects, and with numerous visible twins. This results from the feedstock material used and is typical for extruded copper of the Cu-ETP grade, additionally drawn with a small degree of deformation.




3.3. Specific Density


The values of specific density obtained for the investigated components are presented in Table 2.



For components produced by additive manufacturing, it is important to evaluate the absence of defects in terms of the homogeneity of the material. In this respect, a good estimate is the specific density (see Table 2), the value of which is the highest for the element made in a conventional way by subtractive manufacturing (the SM element), which is typical for this technology. However, it should be emphasized that the DMLS element is characterized by only a slightly lower density value (0.3% lower than the density of the SM element). In this respect, the obtained value is definitely better than many results reported for samples made in a similar technology such as Selective Laser Melting (SLM) in [23,24], approaching the density assumed as characteristic for commercial annealed copper (8.89 g/cm3). A slightly lower value of the specific density was recorded for the cast sample (SC), which is related to the scattered microporosity and is typical for castings (Figure 3c). A much higher porosity related to the printing method used was noted for the sample made in the BJ technology (average porosity approx. 14 wt.%); however, this is a much better result compared to the porosities presented in [25] (from 77.8 ÷ 90.5% depending on the conditions). It should be emphasized that the density of prints in the BJ technology, if necessary, can be significantly improved using hot isostatic pressing (HIP) [26], which is also associated with a significant improvement in many other properties.



The visual assessment of the contact cross-sectional area, conducted for the subsurface layer after grinding of approximately 0.1 mm of the material, and the cross-section made in half the thickness of the elements, did not show (on a macro scale) the presence of internal defects. The homogeneity of the material should be assessed as good, and the components as practically defect-free.




3.4. Oxygen Content


For the tested elements, no classical chemical analysis was carried out to determine the chemical composition, with the exception of the analysis of the oxygen content, which resulted from the real possibility of introducing this element during the production process and its potential impact on functional properties. The results of these measurements (see Table 2) show highly variable levels of oxygen content when comparing different manufacturing methods. The oxygen content is the highest for the SM contact, which is associated with the use of a copper flat bar of the Cu-ETP grade for the production; the oxygen content found here is typical and falls within the standard range (the content of oxygen up to 400 ppm).



A similarly high level of oxygen content was also noted for the contact made using the DMLS printing technology. In this case, the oxygen content may be related to its presence in the powder itself (also due to surface oxidation), as well as to the oxidation introduced during the production process. For example, the high purity copper powder used in work [24] for SLM printing contained 423 ppm of oxygen, although unfortunately, the final content was not specified. It should be emphasized that the increased oxygen content is fully acceptable and does not differ from the level found in existing copper products, with the exception of oxygen-free copper grades used in applications requiring resistance to hydrogen embrittlement, in which the oxygen content in the products eliminates the possibility of using such material. The other two components, obtained by sand casting and binder jetting, were characterized by a lower oxygen content; however this still does not protect against the occurrence of hydrogen embrittlement.



It is, however, worth mentioning that in the case of the SC contact, the sample was taken from the centre of the contact, and metallographic tests revealed oxidation of the subsurface layers of the material, leading to the formation of the Cu-Cu2O eutectic (Figure 3b) at a depth from 0.1 to 0.5 mm, depending on the observation area. It should be emphasized here that the presence of eutectics in the surface regions does not have to be of great importance for the application of the contact, due to the frequent use of surface treatment of cast details.




3.5. Mechanical Properties


The evaluation of the mechanical properties in the compression tests of samples cut from the contacts, due to small size of components, was limited only to the determination of the value of the compressive yield strength Rcp0.2. The determined values (see Table 2) are comparable to the values obtained in the tensile test; hence, the evaluation can relate these values to the provided literature data.



The lowest value of Rcp0.2 was obtained for the sample from the BJ contact (Rcp0.2 = 71 MPa), which is fully understandable considering that the actual cross-section of the sample (including microporosity) was definitely smaller than the one used in the calculations. A slightly higher value of the Rcp0.2 yield strength was noted for the SC sample (Rcp0.2 = 81.1 MPa), which is also fully understandable and is a typical level for pure Cu of soft temper. For the sample from the SM contact, the value of Rcp0.2 indicates significant hardening of the material (258 MPa), which is characteristic of copper of the Cu-ETP grade in the hardened temper H075 (R280). The similar material in the DMLS contact showed a much lower value of Rcp0.2 (169 MPa), indicating the presence of strain hardening in the material. The value of Rcp0.2 is clearly higher than for copper in the annealed state and can be comparable with the H065/R230 temper. The results reported in the literature for components printed with similar methods are comparable. In the work [27], parts made of Cu printed with the EBM method had a yield point of 78 ÷ 88 MPa, while a significant anisotropy of properties was noted, as in the work for components printed with the SLM technology (yield point 125–157 MPa), or in the work [20], where the prints made with the SLM method showed even higher values of the yield point (186 MPa).



These results are consistent and follow the trend recorded for the hardness values of individual contacts as shown in Table 2 (see Figure S1 for a graphical representation of the results). In the case of BJ contact, the material is pure copper, but the obtained result is determined by a relatively high ratio of microporosity, which resulted in unnaturally low hardness values (in the range of 27 HV). In the case of the SC contact, the hardness of copper (45 HV) is relatively low, at the level typical for this state of the material. In this case, there were differences in hardness between the surface area (51.2 HV1) and the central area (41.3 HV1), which have their source in the presence of the Cu-Cu2O eutectic in the subsurface zone. The contact made using the DMLS method is characterized by increased hardness (approx. 80 HV1) compared to annealed copper, which proves that the material strengthened. This result is consistent with that reported in [24] for the SLM technology, where a hardness of 83.6 HV0.05 was demonstrated. This clearly indicates the residual hardening of the material after printing with the SLM method, which is clearly visible when comparing the hardness of the elements after, for example, printing with the EBM technology (30 ÷ 47 HV5 depending on the printing conditions [27]). On the other hand, the hardness level of 96 HV for copper in the SM contact is characteristic of a strain-hardened product (Cu-ETP copper, H085/H075 hardening temper). Slightly higher hardness values for the subsurface zone should be explained by additional hardening due to machining.




3.6. Electrical Conductivity


Some differentiation is also shown by the results of measurements of the electrical conductivity of the contacts, made on the same planes as the hardness measurements. The SM contact is characterized by the highest value of conductivity (above 100% IACS, as shown in Table 2; see also Figure S1 for a graphical representation of the results), which is fully understandable, since this is a typical value for pure copper of the Cu-ETP grade in the case of making an electrical contact out of it. Additionally, the very good homogeneity of the results should be underlined. A similarly high electrical conductivity was measured for the DMLS contact (98.5% IACS on average), also with very good homogeneity, which indicates good copper purity (no impurities introduced in the contact manufacturing process). The obtained results are much higher than the conductivity of 23.9 MS/m reported in [24], but on the other hand they are very consistent with the similarly high conductivity values obtained for the printed copper using the EBM method [27] where, depending on the process parameters, the components were characterized by conductivity from 55 to even 59 MS/m.



In the case of an SC contact, also made of pure copper, the conductivity also exceeds 100% IACS, but only in the subsurface layers, while in the centre of the element it drops to about 97% IACS. The variability of results is most likely related to the presence of large amounts of Cu-Cu2O eutectic, apparently increasing the electrical conductivity of copper. A high level of conductivity depends on the elimination of impurities, which is not always possible to achieve, even with a high-purity copper feedstock and thus a good purity of the casting. In such cases, the oxygen content in the metal changes the form of the impurity elements into oxide and improves the conductivity.



The BJ contact, also made of pure copper, due to its very high microporosity, is characterized by a significantly reduced conductivity, in the order of only 46 ÷ 48% IACS, which is completely inadequate for products made of Cu. In this case, the heterogeneity of the results is also visible, related to the variability of the microporosity ratio depending on the measurement place.




3.7. Fracture Characteristics


The results of the fractographic observations of the fractures are shown in Figure 4. The topography of the fractures varies depending on the production technology adopted, but in all cases the material showed a transcrystalline ductile fracture.



It should be noted that the fractures formed by bending the contact section (after it has been cut) have a morphology largely related to the mechanics of their formation. Transcrystalline ductile fracture (Figure 4d), which is homogeneous over the entire surface, with a system of small cavities with numerous Cu2O oxide particles (not visible in the shown photo at low magnification), is typical for most copper products, and the morphology is typical for Cu-ETP copper. It should be noted, however, that the nature of the fracture of the DMLS contact is significantly different, but also indicates a very high ductility of the material. The surface still shows typical indentations and traces of plastic flow of the material (Figure 4c), and in some areas of the fracture with a cleavage character. In this respect, these results are consistent with the fracture morphology for the samples studied in [24]. In the case of the SC sample, the coarse-grained microstructure of the casting results in a slightly different shape of the fracture topography, with clear traces of flow on the walls of the indentations (Figure 4b). At higher magnifications (see inset in Figure 4b), the eutectic regions with numerous oxide particles in the edge areas are clearly visible, while no oxides are observed in the middle part of the sample (Figure 4b). The BJ contact made with a different technology is characterized by a completely different morphology, associated with a large number of micropores, which are the cracks nuclei (Figure 4a). Metallic walls are characterized by high ductility subject to strong elongation, with traces of deformation lines on their surfaces. The fracture morphology has a “spongy” character, associated with the microstructure of the material, and the micropores are visible on the sample surface after the fracture, even at a relatively low magnification.





4. Conclusions


Thanks to the performed comprehensive analysis of the properties of 3D-printed copper parts and their comparison with classic manufacturing methods, the following conclusions can be drawn:




	
From the point of view of applications in the power and electronics industries, it is extremely important to emphasize the very good results of electrical conductivity obtained for components made by means of DMLS technology (>98.5% IACS), which are slightly lower than the value obtained for the reference sample.



	
DMLS technology led to a very good homogeneity and no microstructural defects, which is related to the very high values of the relative density.



	
Particularly noteworthy is the observed hardening present in the DMLS component after printing (at the level of material in the H80 state of hardening); therefore, DMLS technology provides properties that exceed the properties of components produced by sand casting.



	
In the case of BJ printed, it was possible to obtain a part with a low oxygen content; however, the mechanical and electrical properties were not sufficient.



	
The presented results are especially crucial for selection of the 3D-copper-printing method in the area of electrification, where rated operational voltages and currents are extremely high, and the manufactured electrical contact elements should ensure long-lasting and durable functionality in order to avoid the malfunctioning of switching and protection devices.
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Figure 1. Images of the arcing contacts which were manufactured and used for investigation: (a) reference sample made by SM, (b) 3D printed part by means of BJ process. (c) image of DC high-speed circuit breaker with indicated location of the investigated arcing contact. Reprinted from Ref. [22]. 
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Figure 2. Characteristic appearance of the surface texture of copper elements made with various technologies: (a) BJ; (b) SC; (c) DMLS; (d) SM. 
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Figure 3. Microstructure of the samples manufactured by various methods, etched samples. (a) BJ (b) SC—subsurface plane (c) SC—middle plane (d) DMLS—subsurface plane (e) DMLS—middle plane (f) SM. 
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Figure 4. Topography of the fracture surfaces of the samples obtained by all methods: (a) BJ; (b) SC (inset shows higher magnification with the oxide particles marked by red frames); (c) DMLS; (d) SM. 
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Table 1. Component designation and materials used and their manufacturing technology.
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	Sample Name
	Manufacturing Technology
	Materials Used
	Manufacturing Conditions





	BJ
	Binder Jetting
	Copper powder: Cu > 99.95%, C = 0.03%, Fe = 0.01%; d50 = 44 μm
	Metal printing with ExOne X1 25Pro (ExOne, North Huntingdon, PA, USA) printer: layer thickness: 50 µm, organic additive: water-based polymer binder (curing temp. 180 °C), sintering temp.: 840–900 °C



	SC
	Sand Casting
	Oxygen-free copper (O2 < 0.001%) in form of wire
	Sand mould printed with ExOne S-Max (ExOne, North Huntingdon, PA, USA) printer: FS001 quartz sand with size: 0.13–0.14 mm, layer thickness: 0.28 mm, furan binder. Copper casting temp.: 1085 °C



	DMLS
	Direct Metal Laser Sintering
	CuCP powder: Cu > 99.95%, O2 = 0.04%, d50 = 40 μm, particle distribution: 15–53 μm
	Metal printing with EOS M 290 (EOS GmbH, Krailling, German