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Abstract

:

Brass is a material that can be used for a wide range of products, e.g., door fittings and handles, products from the electrical sector, installation technology from the sanitary sector, hydraulics, and pneumatic components. For Germany and northern Italy, where many of the above- mentioned products are manufactured, the processing volume is estimated at approx. 500,000–600,000 tons of brass per year. These products are often manufactured by means of forging and subsequently machined. The cross-industry use of extruded wrought zinc alloys in forming technology as a substitute for commercially available brass materials has a high CO2 emission saving potential of up to 40%. In this paper, a basic investigation of the forming of wrought zinc alloys is carried out and compared with brass and aluminum. In detail, the formability and the upset ratio are determined. In addition, the information obtained at laboratory level is verified by exemplary production selected parts on the industry level.
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1. Introduction


Zinc is a chemical element with the element symbol Zn and is the 24th most abundant element on earth with a content of 0.0076% [1]. The global demand for zinc is increasing. It amounted to 13.4 Mt in 2018 [2]. The applications of zinc and its alloys are very numerous. More than 50% of the zinc produced worldwide is used for corrosion protection of steel. The use for zinc dye casting or as an alloying additive in brass is the second highest application of zinc with 17% each. In addition, 6% of the world’s zinc production is used for semi-finished products for roofs, facades, and roof drainage. Another 6% are used for zinc compounds such as zinc oxide or zinc sulphate [3].



In forging, zinc is mainly used as an alloying component in brass. Today, brass is found especially in applications such as in the sanitary, the fittings, and the electrical industry, where components such as fittings, valves, door fittings, locks, and plugs are manufactured. Many brasses, especially free-cutting brass CuZn39Pb3, are to be regarded critically due to their lead content after the European health authorities established the toxicity of lead even in very small quantities [4]. In connection with the resulting conversions, lead-free wrought zinc alloys in bar form were developed as a substitute for brass. Zinc extrusion products, ZEP for short, are novel wrought zinc-based alloys that differ from other alloys in their good formability and meet the highest demands on material quality and achievable manufacturing tolerances [5].



The alloying elements of this wrought zinc alloy were put together with the aim of creating an environmentally friendly and lead-free alternative for brass alloys, especially for brass CuZn39Pb3, without having any mechanical and physical disadvantages [6]. In addition to being environmentally friendly during production and further processing, ZEP1510 (consisting of up to 15% secondary aluminum, 1% copper, and 0.1% magnesium) has other advantages over CuZn39Pb3 (see Figure 1). The 15% higher electrical conductivity offers great potential for several products in the innovative field of electromobility [7], which are currently manufactured with copper and copper alloys. In addition, the 20% higher yield strength combined with low weight enables the use of ZEP1510 in light- weight construction applications. Energetically and economically, the use of wrought zinc alloys makes sense due to the realisation of enormous cost advantages and CO2 savings in the process chain [8]. In this study, the aim is to investigate the fundamental forming behavior of ZEP1510 and compare it with other materials used usually as substitutes. Furthermore, another objective is to produce and investigate selected industry-relevant products manufacturable using ZEP1510.




2. Experimental Procedure


2.1. Laboratory Level


To determine the fundamental forming behaviour and forming capacity of wrought zinc alloys, various experimental investigations were carried out on a hydraulic press. The aim is to determine the material characteristic and process engineering correlations as well as process limits of wrought zinc alloys. The achievable forming limits ε at typical process temperatures of ZEP1510 were determined with the aid of compression tests and com- pared with high purity zinc, CuZn39Pb3, and AlSi1MgMn. The initial diameter of the samples is 34 mm and the initial height is 47 mm. The tests were carried out with a defined pressing force F of 150 kN.



The limit of buckling risk during compression is indicated by the upset ratio [9], which is the ratio of specimen height h0 to specimen diameter d0 in the non-formed state:


   s =     h 0     d 0     



(1)







The permissible compression ratio for upsetting is given in the literature as s ≤ 2.6 [9]. However, as there is no clear definition of a permissible compression ratio for zinc and copper alloys in the literature, tests were carried out with the samples listed in Table 1.



If the permissible deformation capacity of a material is exceeded, cracks appear on the component [10]. For a sufficient process design, it is important to know the allowable forming capacity. For this reason, a test was carried out to determine the cracking of ZEP1510 during upsetting and to compare it with CuZn39Pb3 and AlSi1MgMn. Crack detection is carried out with an infrared thermal imaging camera (IR camera). The permanent video recording of the forming process makes it possible to document the complete cooling or heating during the forming process. If cracks occur on the surface of the com- ponent during these forming processes, this is shown in a changing color within the image (see Figure 2). This is due to temperature differences between the core (or crack surface) and the surface of the component. Another detection feature could be the heating of air inside the gap, which is again visible in color on the IR camera. This method for crack detection was investigated in [11].



The challenge that arises here follows from the rapid cooling of the surfaces created by the crack. As a result, the video recording must be faster (FPS) than the cooling of the crack site. Furthermore, only the cracks that are in the recording range of the IR camera can be detected. The IR camera VarioCAM (see Table 2) from the company InfraTec GmbH was used for the tests. With the help of the IRBIS 3 Plus evaluation software, temperatures were recorded and saved during the upsetting process. Minimum, maximum, and average values could be output. It is important to note that the correction factor or emissivity must be adjusted for each material. The emissivity is 0.4–0.5 for ZEP1510, 0.25–0.35 for AlSi1MgMn, and 0.5–0.6 for CuZn39Pb2. This test was also carried out with the materials ZEP1510, CuZn39Pb2, and AlSi1MgMn. The samples have a diameter of 34 mm and a height of 55 mm. The approximate forging temperature was set as the initial temperature for all three materials. This is approx. 250 °C for ZEP1510, approx. 750 °C for CuZn39Pb2, and approx. 500 °C for AlSi1MgMn. In all tests, a dispersion of graphite and water was used as the lubricant. The initial temperature was lowered in 50 °C steps until cracks appeared at the existing degree of deformation. All laboratory-level investigations carried out were proven at least five-fold.




2.2. Application Level


To identify the potential of zinc-formed parts and to verify the results obtained at laboratory level at the application level, fields of application are sought whose requirements are fulfilled by substitution and whose use appears to make production-wise sense taking into account energetically and economically aspects. Brass-formed parts are hereby considered as a benchmark. The market research into possible fields of application was carried out based on the specific material properties of the wrought zinc alloys. The fields of application were identified that appear to be the most suitable from the point of view of resource efficiency. After the screening, two components were selected and produced by forming. In the process design, the results of the tests at the laboratory level were also considered.



For the verification of possible formed parts that could be produced by impact extrusion, i.e., cold, a demonstration component was developed and prototyped with the industrial partner Möhling GmbH & Co. KG and tested as a prototype. Three forming processes are needed to produce the component. These are:




	
full forward extrusion with a forming ratio of ε = 0.42;



	
head upsetting with an upsetting ratio of s = 1.8;



	
coining with a depth of 2 mm.








Bars with a diameter of 9 mm were used as semi-finished products, which were sheared to a length of 32.5 mm. After passing through the forming stages, the components were cleaned. The lubricant application is usually divided into two steps, namely surface pre-treatment and the application of lubricant. Surface pre-treatment is not necessary for ZEP1510 due to the alloy. For cold forming of ZEP1510, forming oils are recommended. The lubricant used in the tested cold forming processes was the metalworking oil Beruform MF 155 from Carl Bechem GmbH.



For the verification of possible formed parts that are produced by forging, i.e., by hot forming, two wet-rotor heads, one made of ZEP1510 and one made of CuZn39Pb3, were produced at the cooperation partner Metallpresswerk Hohenlimburg GmbH and compared with each other. The required forging temperature of the component using the material ZEP1510 is approx. 250 °C, while in the case of CuZn39Pb3, it is approx. 750 °C.





3. Results and Discussion


3.1. Laboratory Level


3.1.1. Formability


Figure 3 shows the formability of ZEP1510, high-purity zinc, CuZn38Pb3, and AlSi1MgMn as a result of temperature. With a defined maximum pressing force of 150 kN, a degree of deformation of 0.8 is achieved at approx. 260 °C for ZEP1510. With the free-cutting brass CuZn39Pb3, this degree of deformation can be achieved with the de- fined maximum force at 536 °C. This large reduction in processing temperature offers great energy-saving potential in hot forming. From these experiments, it is clear that targeted temperature control during the hot forming of ZEP1510 is important for the achievable forming degrees.




3.1.2. Upset Ratio


Table 3 shows the results of the tests for determining the upset ratio at elevated temperature. For ZEP1510 and CuZn39Pb3, the permissible upset ratio was observed between 2.9 and 3.4. For AlSi1MgMn, the permissible upset ratio is indicated between 3.5 and 4.3. A high upset ratio helps to produce components in fewer stages. However, if the forming ratio is too high, there is a risk of cracks appearing around the circumference of the com- ponent.




3.1.3. Permissible Deformation Capacity


The initial temperatures mentioned in the test description were reduced in 50 °C steps until cracks appeared in the existing forming. In the case of ZEP1510, the initial temperature was reduced step by step from 250 °C to 30 °C. Unexpectedly, no surface cracks appeared despite the lower temperature (see Figure 4).



In the case of CuZn39Pb3, the upsetting temperature was reduced step by step from 750 °C onwards. During the upsetting tests with an initial temperature of 450 °C, cracks appeared that can be clearly seen with the IR camera (see Figure 5).



In the case of AlSi1MgMn, the upsetting temperature was lowered step by step from 500 °C onwards. During the upsetting tests with an initial temperature of 200 °C, cracks appeared that can be clearly seen with the IR camera (see Figure 6).





3.2. Application Level


3.2.1. Cold Forging


Figure 7 shows the manufactured component from ZEP1510. The same forming ma- chines have been used for cold forming ZEP1510 as for forming copper alloys. A three- stage cold extrusion press was used to produce the component from ZEP1510. Through the tested procedures and process limits, it was found that ZEP1510 has good cold forming properties despite its hexagonal lattice structure.



ZEP has good cold forming properties, although a hexagonal lattice structure pre- dominates. However, many products that are manufactured today by cold forging using conventional copper and brass alloys may be substituted. In addition to the forming pro- duction, the requirements of each product must be taken into account in the application, as ZEP can show differences compared to copper alloys due to its hexagonal lattice structure. Products where substitution is conceivable are, for example, boundary points, rivets, and connectors.




3.2.2. Warm Forging


The warm forming of the component with ZEP1510 works very well (see Figure 8). The false colour comparison (see Figure 9) shows that there are dimensional deviations in the mould filling compared to brass. For this purpose, both scanned models were com- pared to each other in order to check the dimensional deviations. The geometry change comes from the fact that the forming temperatures are 500 °C lower than when forming brass. With smaller (−0.19 to +0.15 mm) adjustments to the tool engraving, the mould filling can be optimised.






4. Conclusions


Having identified the toxicity of lead even in very small quantities, the European health authorities have repeatedly reiterated the need to reduce the concentration of this material as much as possible in various sectors. As a result, the use of free-cutting brass will no longer be possible or will have to be greatly reduced. The use of wrought zinc alloys in massive forming offers a cost-efficient changeover from lead-containing to lead- free materials.



In this paper, the formability of wrought zinc alloys was analysed and verified in an industrial environment. First of all, the application fields were found whose requirements are fulfilled by the technical properties of the zinc forming part and whose use is energetically as well as economically reasonable. Brass-formed parts were primarily considered as a benchmark. These parts were produced with wrought zinc alloys in an industrial environment. For the determination of forming process limits, upsetting tests for the determination of formability, the determination of the upsetting ratio, and the determination of shear cracks were carried out with wrought zinc alloys and compared with other materials. The processing temperature of ZEP1510 is 400–500 °C lower than brass. There- fore, less energy is required for processing. The investigations to determine the upset ratio have shown that the permissible upset ratio during hot forging is the same as brass and lower than aluminium. The results for the determination of shear cracks show that despite the reduced temperature, no cracks occurred during the upsetting of ZEP1510. Thus, high share rates can be achieved in one step.



In this research project, the first progress was made in the forming of wrought zinc alloys. Particularly in cold forging, new knowledge has been gained that can be introduced into industrial practice.
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Figure 1. Advantages of extruded zinc alloy ZEP1510 compared to brass CuZn39Pb3. 
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Figure 2. Schematic representation of the crack detection. 
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Figure 3. Formability of high-purity zinc, ZEP1510, AlSi1MgMn, and CuZn39Pb3 as a function of temperature. 
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Figure 4. Upsetting process of ZEP1510 with IR camera, start temperature: 30 °C. 
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Figure 5. Upsetting process of CuZn39Pb3 with IR camera, start temperature: 450 °C. 






Figure 5. Upsetting process of CuZn39Pb3 with IR camera, start temperature: 450 °C.



[image: Engproc 26 00002 g005]







[image: Engproc 26 00002 g006 550] 





Figure 6. Upsetting process of AlSi1MgMn with IR camera, start temperature: 200 °C. 
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Figure 7. Process sequence sample part from ZEP1510. 
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Figure 8. Wet rotor head made of CuZn39Pb3 (left) and of ZEP1510 (right). 
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Figure 9. CAD false colour comparison of digitised wet rotor head made of CuZn39Pb3 and ZEP1510. 
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Table 1. Sample dimensions for the tests to determine the upset ratio.
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	Material
	Starting Diame-

ter [mm]
	Starting Height

[mm]
	Upset Ratio

[-]
	Temperature

[°C]





	ZEP1510
	34
	89
	2.6
	250



	ZEP1510
	34
	100
	2.9
	250



	ZEP1510
	34
	120
	3.5
	250



	ZEP1510
	34
	150
	4.4
	250



	CuZn39Pb3
	34
	89
	2.6
	600



	CuZn39Pb3
	34
	100
	2.9
	600



	CuZn39Pb3
	34
	120
	3.5
	600



	CuZn39Pb3
	34
	150
	4.4
	600



	AlSi1MgMn
	34
	89
	2.6
	500



	AlSi1MgMn
	34
	100
	2.9
	500



	AlSi1MgMn
	34
	120
	3.5
	500



	AlSi1MgMn
	34
	150
	4.4
	500
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Table 2. IR camera features.
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	Feature
	VarioCAM





	Frame rate
	30 Hz



	Image Resolution
	640 × 480



	Temperature range
	−40–1200 °C



	Deviation
	±1.5%
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Table 3. Results of the tests for the determination of the upset ratio.
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	Material
	Starting Height

[mm]
	Upset Ratio

[-]
	Temperature

[°C]
	Buckle





	ZEP1510
	89
	2.6
	250
	NO



	ZEP1510
	100
	2.9
	250
	NO



	ZEP1510
	120
	3.5
	250
	YES



	ZEP1510
	150
	4.4
	250
	YES



	CuZn39Pb3
	89
	2.6
	600
	NO



	CuZn39Pb3
	100
	2.9
	600
	NO



	CuZn39Pb3
	120
	3.5
	600
	YES



	CuZn39Pb3
	150
	4.4
	600
	YES



	AlSi1MgMn
	89
	2.6
	500
	NO



	AlSi1MgMn
	100
	2.9
	500
	NO



	AlSi1MgMn
	120
	3.5
	500
	NO



	AlSi1MgMn
	150
	4.4
	500
	YES
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