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Abstract

:

The processing of copper-bearing scrap makes it possible to reduce the costs and energy consumption of obtaining copper alloy products compared to producing them from primary raw materials. To achieve this, it is necessary to quickly and accurately determine the content of alloying elements in individual scrap elements. However, the copper-bearing scrap obtained at secondary raw materials collection points consists of elements with various surface conditions (due to contamination, shape, paint coatings, roughness, etc.). The paper contains research results on the influence of surface roughness and paint coatings on the measurement result of the content of alloying elements in copper-bearing scrap. Three mobile spectrometers were used for measurements: spark-induced optical emission spectroscopy (OES), X-ray fluorescence spectrometry (XRF) and laser-induced breakdown spectroscopy (LIBS). The tests used elements with different surface roughness (from Ra = 0.03 μm to 6.7 μm) and covered with various types of varnish (alkyd, water-based, oil-phthalic, acrylic, oil-alkyd). It was found that the roughness of Ra < 2 μm does not significantly affect the results of the measurements with the OES and LIBS spectrometers, and a larger scatter of measurement results was observed for the XRF spectrometer compared to OES and LIBS. For Ra > 2 μm, a significant impact of roughness was found on the measurement results (this may result in the erroneous classification of the scrap as an incorrect material group). The influence of paint coatings on the measurement is much stronger compared to surface roughness. Even a single layer of paint can cause a change in the measurement result of the content of alloying elements by more than 10%. In the case of an OES spectrometer, paint coatings may prevent the measurement from being performed (which means that no measurement result can be acquired).






Keywords:


scrap; copper alloys; spectrometers; measurements; roughness; paint coatings












1. Introduction


Recycling, i.e., the reprocessing of materials in the production process, is an important factor in reducing the manufacturing costs of copper and its alloys compared to the production of its products from raw materials [1,2]. The undoubted advantage of recycling copper bearing materials, in which the copper content ranges from 10% (ashes and slags) to almost 100% (wires, strips), is that if the copper melting process is carried out correctly, the material obtained does not lose its original properties. The effective use of copper alloy scrap requires its accurate sorting, which allows the scrap to be classified into the appropriate material group. For this purpose, after recovering the recyclables, the chemical composition is first measured, and then the sorting process is carried out. The reliability of the measurement of the chemical composition depends on the surface condition of the copper scrap [3]. The condition of such a surface is related, among other things, to the shape and roughness of the surface and the applied paint coatings. Reliable measurement of chemical composition is essential for the proper segregation of scrap materials into various material groups of copper alloys. In many cases, mobile spectrometer users are not aware of the possibility of incorrect measurement of the chemical composition resulting from an unprepared sample surface. Although the scrap surface appears to be clean during visual inspection, even trace amounts of grease, varnish, and even larger scratches, etc. will cause incorrect measurement results. Obtaining a reliable measurement result is necessary for the correct separation of scrap into proper material groups of copper alloys. The quality of such segregation has important implications during the subsequent melting process of the acquired material groups in the smelter. If the scrap is poorly sorted, it will be necessary to increase or decrease the elemental content of the input material and prolong the smelting process, increasing the cost of obtaining the expected copper alloy. A diagram of the copper-bearing material cycle including scrap measurement and sorting is shown in Figure 1.



Scrap metal are used metals that are an important source of industrial metals and alloys, particularly in the production of steel, copper, lead, aluminum, and zinc. Smaller amounts of tin, nickel, magnesium, and precious metals are also recovered from scrap. Scrap is usually blended and remelted to produce alloys similar to or more complex than those from which the scrap was derived [4]. Metal scrap is a collection of elements with very diverse shapes and cleanliness of the surface. The results of laboratory measurements of the chemical composition of prepared samples (cleaned, planed) samples are known. In the industrial automatic sorting process, the number of scrap items is very large. Cleaning and scheduling each sample is impossible. Therefore, it is important to know the influence of the surface condition of the samples (in this case scrap elements) on the result of the chemical composition measurement.



The research goal of the paper is to investigate the influence of the surface condition of copper-bearing scrap elements on the result of measuring the chemical composition with spectrometers used in industrial sorting of scrap. The paper presents the influence of roughness and paint coatings on the measurement results with three spectrometers (spark-OES, XRF, and LIBS). The influence of surface roughness on the measurement results of the Cu, Zn, Sn, Pb, Si, Al and Fe content was determined for scrap elements made of CuZn37, CuSn5Zn5Pb5, CuZn35Pb1.5, CuSn10P and CuZn39Pb3. In the study of the influence of paint coatings with different numbers of layers, the following pairs were taken into account: alkyd paint—spraying on CuZnPb, water paint—spraying on CuZnPb, anticorrosion paint—brush on CuZnSn, oil-alkyd paint—brush on CuZnPb, acrylic enamel—brush on CuZn, and oil-phthalate enamel—brush on CuZnSn.




2. Mobile Spectrometers for Measuring the Content of Chemical Element in Copper Alloys


Effective separation of copper alloy scrap and copper-bearing waste materials requires determining the content of selected alloy elements. To quickly measure the chemical composition of scrap samples, mobile devices based on the following types of spectroscopy are currently used:




	
optical emission spectroscopy with spark excitation (OES)



	
X-ray fluorescence spectrometry (XRF)



	
laser-induced breakdown spectroscopy (LIBS)








Regardless of the measurement method used, operation of the high-tech equipment is simple and intuitive. After starting the device, the user must select a program for a specific material group (e.g., copper alloys, aluminum, iron, etc.), inspect a standard sample and, if necessary, correct the calibration curves to make the measurements as reliable as possible [5,6].



Sorting of scrap metal is carried out by specialized companies that have the necessary infrastructure, including storage areas for the acquired scrap metal, where the segregation process is carried out. Taking into account the conditions of such areas and the condition of scrap metal, especially its surfaces, the measurement methods used should have the following characteristics:



	
appropriate accuracy of chemical composition measurement,



	
repeatability of measurement results,



	
ease of recalibration,



	
user safety,



	
short time of performing the measurement,



	
resistance to atmospheric conditions,



	
low sensitivity to surface quality.






The advantage of the devices working with XRF technology is that there is no damage to the surface to be tested, so they are also used to analyze antique objects and those that must not be damaged [7,8,9]. In addition, the technology can be used to measure powders and geodesic materials [10,11,12,13]. Spectrometers operating in LIBS technology [14], due to the better detection of light elements (aluminium, magnesium, silicon, etc.), are used more often for measurements of aluminium alloys [15]. In the case of copper-bearing scrap, they detect e.g., aluminium and silicon bronze better, and the measurement time is much shorter than the XRF method.



Based on the experience of those professionally involved in scrap sorting [16,17], Table 1 shows the advantages and disadvantages of mobile spectrometers.



Reliable measurement of chemical composition using the spark excitation emission spectrometer (OES) requires preparing the surface of the component to be tested. Surface contaminants, e.g., grease, oil, varnish, can effectively prevent the formation of a spark between the electrode and the surface of the component. During the measurement, a protective atmosphere is generated in the immediate vicinity of the measurement point (by providing a protective gas, such as argon). The measurement time with such a spectrometer, considering the preparation of the element, can take 1 to 4 min. It is noteworthy that mobile OES spectrometers are large and heavy devices (a cylinder of protective gas is necessary), and the gun-shaped measuring probe is connected to the central unit via a long cable, making it sometimes cumbersome to perform the measurement. It should be noted that the results of measuring the chemical composition of components with properly prepared surfaces using such a spectrometer are often considered as reference.



Handheld spectroscopic devices based on the X-ray fluorescence (XRF) and laser-induced breakdown spectroscopy (LIBS) methods [18] allow measurements to be made in a matter of seconds giving them a major advantage over OES spectrometers. The XRF and LIBS [19] spectrometers are small and light enough (to be used with one hand) that they can be freely delivered to the desired measurement site (e.g., to a designated point in a scrap yard), and are ready for operation virtually immediately. These devices do not require the generation of a protective atmosphere around the measurement point. The advantage of the XRF devices is that their measurements are completely nondestructive compared to LIBS technology, where a small scratch of about 2.5 mm in length and 38 μm in width remains after measurement (Figure 2b) and to OES whose measurements leave a pronounced surface indentation of about 1 mm in diameter, Figure 2a.



Obviously, in the case of scrap testing, this does not matter, and what is important is the reliability of the chemical composition measurement result. During the operation of XRF and LIBS spectrometers, it is necessary to ensure the cleanliness of the measurement window and lenses, which is usually a minor maintenance task.



Measuring the Chemical Composition of Scrap Copper Alloys


The chemical composition of the prepared copper alloy scrap samples was measured with three mobile spectrometers using the following measurement methods:




	
SPECTROTEST (Figure 3a)—spark-excited optical emission spectroscopy (OES)



	
Spectro Xsort (Figure 3b)—X-ray fluorescence spectrometry (XRF)



	
Hitachi VULCAN Expert (Figure 3c)—laser-induced breakdown spectroscopy (LIBS)








All measurements of the chemical composition of the samples were made under the same environmental conditions (ambient temperature   T = 22 ± 2   °C and humidity   W = 50 ± 5 %  ). Three measurements were made on each surface with a given spectrometer. The middle value (median) determined from the three measurement results was used to present the test results (below in the publication). Note that the results of OES spectrometer measurements made on leveled (planed) and cleaned surfaces are often treated as correct (reference) values. However, in industrial sorting of copper scrap, the requirement for a well-cleaned and planed sample surface is practically impossible to meet, and therefore the results of measurements using OES spectrometers should be thoroughly analyzed, as in the case of LIBS and XRF spectrometers.





3. Review of the Surface Condition of Scrap to Be Sorted When Recycling


Because large quantities of scrap metal are delivered to the scrap yard, sorting must be carried out quickly and accurately. In some cases, this process can be difficult or impossible to perform due to the form and quality of the material delivered. Copper-bearing materials, in addition to their chemical composition, are mainly classified as postproduction materials and as postamortization/postconsumption materials. The first group is the most desirable material due to the absence or minimal amounts of impurities found on the surface of copper-bearing elements, e.g., defective components (Figure 4a), filling systems (Figure 4b) or punching scraps (Figure 4c). Post-amortization scrap comes from usable components that may have contaminants such as grease, dried oil (Figure 4d), varnish coatings (Figure 4e) or protective coatings, for example, chrome plating (Figure 4f).



In addition to the cleanliness of the scrap surface, an important factor that affects the efficiency of sorting is the roughness of the surface, which depends on the manufacturing method and operating factors, among others. At present, the main manufacturing technologies are nonabrasive (casting, forming) and shaping (turning, milling). Each of them is characterized by obtaining surfaces with different roughness values. The highest surface roughness occurs in the case of manufacturing parts made in molding compounds (Figure 5a), whose roughness is up to    R a  = 14   μ m   , while the lowest roughness values (   R a  ≈ 0.1   μ m   ) are reached when parts are machined using various types of plastic working (Figure 5b). In subtractive manufacturing (Figure 5c) the roughness can vary from    R a  ≈ 0.32   μ m    to   20   μ m    and higher, which depends on the type of machining used.



Another problem that occurs when measuring the chemical composition under field conditions is the shape of the component being tested. In the case of surfaces with a small radius, such as pipes, bushings, shafts, spheres, etc., the use of an OES spectrometer to measure chemical composition will make it virtually impossible to obtain a correct measurement result. Samples of this type will cause two problems. The first will be related to the gap between the sample and the spectrometer table (Figure 6a), which will prevent the full protective gas atmosphere needed for proper spark and plasma formation. The second concern may arise with spherical samples, where the correct distance between the surface of the sample and the tungsten electrode will not be maintained (Figure 6b). When the scrap pieces are wavy (Figure 6c) regardless of the spectrometer used, the measurement will not be performed correctly. In the case of spectrometers operating with XRF and LIBS technology, it does not matter much if the axis of the spectrometer’s measurement window is perpendicular to the surface to be examined.



In view of the above information on the materials that reach the scrap yard, manufacturers of mobile spectrometers recommend preparing the scrap in terms of removing any contaminants present on the surface and planning the sample, which is particularly important when using spark spectrometers. Taking into account the properties of the scrap to be sorted, two factors that can significantly affect the results of chemical composition measurements were identified: surface roughness and paint coatings.



3.1. Specification of Samples Selected for the Study of the Effect of Roughness on the Results of Chemical Composition Measurements


A copper alloy scrap differentiated by chemical composition, manufacturing technology, and surface layer was selected to investigate the effect of surface roughness [20] on the results of chemical composition measurements. The appearance, material group, and fabrication technology of the selected scrap are presented in Table 2.



Table 3 summarizes the results of the measurement of the chemical composition of each material group using OES spectrometers (following the preparation of the sample surface according to the recommendations of the spectrometer manufacturer). The results of the elemental content measurements confirm that the samples belong to the selected material groups.



Samples of   20 × 25  ± 2  mm   were cut from each item (the scrap selected for testing), and each sample was assigned its unique ID. For the planned tests, the samples were subjected to abrasive treatment using sandblasting, SiC waterproof sandpaper of different grades and diamond slurry, as listed below:



	0.

	
raw material—no treatment




	1.

	
sandblasting with an abrasive




	2.

	
grinding with P120 grit waterproof sandpaper




	3.

	
grinding with P400 grit waterproof sandpaper




	4.

	
grinding with P800 grit waterproof sandpaper




	5.

	
grinding with P1200 grit waterproof sandpaper




	6.

	
polishing with diamond slurry with grit of 1 μm







Within each material group, seven samples were prepared and treated according to the above list. Thus, a collection of samples with different surface roughness was obtained in each material group. In order to obtain a stable and reproducible grinding process, each sample was encapsulated (embedded) in Duracryl Plus acrylic resin, as shown in Figure 7.



The grinding process was carried out using a Metasinex sample grinder, and the polishing process was carried out using a Mecatech 250 automatic polishing machine [21]. Surface roughness measurements were made with a MarSurf PS 10 contact profilometer [22] with a profile resolution of 8 nm, on the bench shown in Figure 8a. Measurements of the roughness parameter   R a   after grinding were made perpendicular to the grinding line (Figure 8b). For samples with raw surfaces, after sandblasting and polishing, where grinding lines were not visible, the measurements were made in random, nonrepeating directions.



Before studying the effect of surface roughness on the result of measurement of chemical composition, roughness measurements of samples were made. Figure 9 shows the results of the surface roughness measurements of samples with different chemical compositions depending on the treatment used.



The raw surfaces of the samples have roughness values from    R a  ≈ 0.8   μ m    for parts made by plastic processing (Figure 10a) to    R a  > 6   μ m    for the cast elements (Figure 10b).



The use of sandblasting to clean the surface of the sample results in a significant increase in the roughness parameter   R a   compared to grinding with P120 paper by about 3 times to a value of    R a  > 6   μ m   . In Figure 11a view of the grinding surface before and after measurement with the OES spectrometer is shown (with a visible trace of spark impact).



The use of waterproof paper with a grit of P120 and higher is characterized by high surface quality reproducibility regardless of the material from which it is made. Table 4 shows sample surfaces of CuZn37 alloy for wet machining using abrasive papers of different grits and after polishing.




3.2. Specification of Samples Selected for Testing the Effect of Thickness and Type of Paint Coating on the Measurement Results


To study the effect of thickness and type of paint coating on the results of chemical composition measurements, we selected machined elements from scrap metal (CuZnPb, CuZnSn, CuZn). The surfaces of the selected elements were cleaned using P120-grit sandpaper and then degreased. The following varnish coatings were applied to the so-prepared surfaces:



	
AP: alkyd paint—spraying on CuZnPb,



	
WP: water paint—spraying on CuZnPb,



	
ACP: anti-corrosion paint—brush on CuZnSn,



	
OAP: oil-alkyd paint—brush on CuZnPb,



	
AE: acrylic enamel—brush on CuZn,



	
OPE: oil-phthalate enamel—brush on CuZnSn.






Paint coatings were applied by spraying and painting with a brush (separate for each paint). After applying a layer, regardless of the application method, 24 h of waiting time was allowed before applying another layer. The areas of parts with a uniform layer of paint coating made up the sample for experimental testing. In the case of coatings applied with a brush, each time the brush was washed in a solvent dedicated to the type of paint.



A view of the painted and labeled samples is shown in Figure 12.





4. Assessing the Impact of Surface Condition on Spectrometer Results


To assess the influence of the surface condition of copper-bearing scrap elements on the result of chemical composition measurement, the dependence of the measurement results using OES, XRF, and LIBS spectrometers was determined separately from the surface roughness and the kind and thickness of the paint coatings.



4.1. Effect of Surface Roughness on the Results of Measuring the Content of Selected Chemical Elements


To evaluate the influence of surface roughness on the measurement results, the most important elements in the sorting of scrap copper alloys were selected, i.e., copper (Cu)—as the dominant component, as well as zinc (Zn), tin (Sn) and lead (Pb). Figure 13 shows examples of copper content measurements of samples of material group 2 (CuSn5Zn5Pb5) for various surface roughness. Analyzing the graph in Figure 13, it is easily seen that roughness affects the result of the measurement of copper content and depends on the spectrometer used—there is an increasing trend (for the LIBS spectrometer) and a decreasing trend (for the OES spectrometer).



To highlight the influence of roughness while reducing the differences in measurement results caused by other factors (e.g., related to the basic errors of spectrometer measurements), the following index was proposed.


  Δ C  (  R a  )  = C  (  R a  )  − C  ( ref )   



(1)




where:   C (  R a  )  —the result of measuring the content of the selected element for the sample with roughness   R a  ,   C ( ref )  —the result of measuring the content of the selected element for the sample with the smallest roughness   R a  .



Using (1)   Δ C = 0   was obtained for the smallest roughness value for all samples—which means that   Δ C = f (  R a  )   has identical first points. The effect of roughness on the results of measurements made by OES, LIBS and XRF spectrometers of the copper content of samples of material groups 1–5 is shown by the characteristic   Δ C = f (  R a  )   in Figure 14.



Comparing the correlations in Figure 14, it can be observed that the increase in roughness (expressed by the   R a   measure) correlates with:




	
an increase in the copper content measurement result using the LIBS spectrometer,



	
decreasing the measurement result using the OES spectrometer,



	
ambiguous variation in the XRF spectrometer measurement results.








To facilitate the analysis of the effect of roughness on the result of copper content measurement, the index   Δ C = f (  R a  )   were grouped according to the spectrometers used. In Figure 15, the index   Δ C   is presented for the measurements taken by means of OES, LIBS, and XRF.



Graphs in Figure 15 confirm the previously described observations concerning the dependence of the copper results obtained with the different spectrometers—the results of measurements with the OES and LIBS spectrometers maintain consistent trends, while the determination of the trend is troublesome for the XRF spectrometer.



The effect of roughness on the result of zinc, tin and lead content measurement is included in Figure 16, Figure 17 and Figure 18 respectively.



By way of analyzing the index   Δ C = f (  R a  )  , it may be concluded that a significant effect of surface roughness on the content of copper, zinc, tin and lead in scrap copper alloys occurs for    R a  ≥ 2   μ m   . The results of XRF spectrometer measurements are characterized by the absence of a clear trend in contrast to OES and LIBS spectrometers, and it is difficult to accept surface roughness as the prevailing cause of this variability.



There are other elements present in copper alloy scrap. In Figure 19   Δ C = f (  R a  )   is shown for the measurement of the silicon, aluminum and iron content respectively, using OES, XRF and LIBS spectrometers.



Having analyzed the index   Δ C = f (  R a  )   from Figure 19, for    R a  > 2   μ m    a significant influence of the sample roughness on the result of measurement of silicon, aluminum and iron content in copper alloy scrap taken by OES and XRF spectrometers is evident. For the OES spectrometer, this influence manifests itself as an overestimation of the measurement results. And for the XRF spectrometer, the variation in measurement results is evident for Ra > 0.2 μm.



In Table 5 the dominant trends of changes in the result of measurement of the content of individual elements caused by an increase in the roughness of the measured sample are listed.




4.2. Effect of Thickness and Type of Paint Coating on the Results of Measuring the Content of Selected Elements


Equation (1) was used to present the effects of varnish coatings on the results of chemical composition measurements. However, the result of measuring the content of the selected element on the ground reference surface was used as the reference value   C ( ref )  , and the roughness   R a   was replaced by the number of layers (NoL). Figure 20 shows the effect of the number of paint layers on the results of copper content measured using OES, XRF and LIBS spectrometers.



The study shows that the smallest change in the measurement of copper content on samples with different numbers of applied paint coats was obtained using the OES spectrometer, where only the 4th paint coat causes a significant change in the   Δ C ( NoL ) ≈ 20 %   value. Only the application of anti-corrosion paint (ACP) causes a significant deterioration in the OES spectrometer measurement to   Δ C ( NoL ) ≈ 30 %  . When XRF and LIBS spectrometers are used, the very first layer of oil-alkyd and acrylic paint can cause erroneous scrap sorting. Increasing the number of coats of paint significantly affects the results of measuring the copper content of the sample and for 4 layers the difference ranges from about   Δ C ( NoL ) ≈ 50 %   (oil-alkyd paint) to about   Δ C ( NoL ) ≈ 80 %   when using acrylic and anti-corrosion paint. This means no detection or the detection of trace amounts of copper in scrap and the misclassification of scrap as non-copper-bearing material.



The effect of paint coatings on the result of zinc content measurements by OES, XRF and LIBS spectrometers is shown in Figure 21.



As in the case of assessing copper content, the weakest influence of paint coatings on zinc results occurs with the OES spectrometer. If the paint coating does not exceed three layers the impact is no greater than   Δ C ( NoL ) ≈ 15 %  . Most scrap contains either a trace amount or a very large amount of zinc, so a value of   Δ C ( NoL ) ≤ 15 %   enables effective industrial sorting of copper-bearing scrap for zinc content. The use of an XRF spectrometer and LIBS makes it possible to obtain the correct result of most zinc content measurements for a single layer of paint. The presence of more layers on the surface of the scrap will increase the difference up to   Δ C ( NoL ) ≈ 40 %  , which makes it practically impossible to correctly sort copper-bearing scrap.



In Figure 22   Δ C = f ( NoL )   is presented for the measurements of lead content taken by means of OES, XRF and LIBS spectrometers.



Acceptable quality measurement of lead content is possible using the OES and XRF spectrometers (Figure 22a,c) for the number of layers of no more than one. In addition, the use of a coating in the form of anticorrosive paint causes the OES spectrometer to detect lead in samples where its content was at the level of 0.4% (ACP sample). The use of a paint coating in the form of acrylic, oil-alkyd and water-based paint makes it impossible to make a correct measurement of the lead content in the sample using the LIBS spectrometer. In such a case, already with two layers   Δ C ( NoL ) > 40 %  , which disqualifies such a measurement as a decision criterion during the segregation of copper-bearing scrap.



The effect of paint coatings on the result of measuring tin content is shown in Figure 23, with only samples labeled ACP and OPE having such an element in their chemical composition.



The smallest effect of varnish coatings on the tin content result was obtained using the XRF spectrometer for a single layer of varnish coating, where   Δ C ( NoL ) ≤ 1 %  . Increasing the number of paint layers results in an increase in   Δ C ( NoL )  . The effect of varnish coatings on the LIBS spectrometer measurement result increases for more than two layers, with noticeable differences   Δ C ( NoL )   values also occurring for samples where tin was absent. A pronounced effect on the OES spectrometer measurement results occurs for even one layer, and the effect of more layers varies particularly in samples where this element was absent.



The effect of coating type and number on the   Δ C ( NoL )   result for copper measurements by OES, LIBS and XRF spectrometers is shown in Figure 24.



The graphs show that by using the OES spectrometer it is possible to obtain similar measurements of copper content with two layers of applied paint coatings, except for anticorrosive paint (ACP). In this case, even single layer results in a reduction of   Δ C ( NoL )   by ≈30%. For oil-alkyd and acrylic coating, it is not possible to measure for three layers and more. Measurement with the XRF spectrometer and LIBS on surfaces with a minimum of one layer of anti-corrosion paint, oil-alkyd and acrylic enamel gives a very high   Δ C ( NoL )   value of up to –80%.



The dependence of   Δ C ( NoL )   on the number of layers and the type of coatings for zinc are shown in Figure 25.



Using an OES spectrometer for measurement, as with copper content, yields similar correlations in the difference   Δ C ( NoL )  . The LIBS measurement is the most sensitive to the number and type of paint coating, where already the second coat of paint causes a significant change in the measurement of zinc content.



The correlations of   Δ C ( NoL )   with the number of layers and the type of paint coatings for tin are shown in Figure 26, and they were present only in the sample with an anti-corrosion coating (Figure 26c and an oil-phthalic coating (Figure 26f).



In these samples up to the number of layers equal to 1 and 2, respectively, the value   Δ C ( NoL )   practically does not change. In the ACP-coated sample, applying the second and more layers of varnish, regardless of the type of spectrometer, will cause the tin content measurement results to be misinterpreted. The disturbing information from the study is that despite the absence of tin in the WP, AE, OAP samples, the OES spectrometer revealed it from the first layer of varnish. The XRF spectrometer is the least sensitive to the   Δ C ( NoL )   value for tin.



The correlations of   Δ C ( NoL )   with the number of layers and the type of paint coatings for lead are shown in Figure 27.



The use of alkyd paint in a sample containing lead (Figure 27a), causes no significant change in the   Δ C ( NoL )   value regardless of the number of layers and the measurement method used. The oil-alkyd coating eliminates the use of the LIBS spectrometer from the second layer of paint, where the   Δ C ( NoL )   value is   ≈ 40 %  . In the case of the CuZn alloy sample with an acrylic coating, despite the absence of lead, the spectrometer showed its content already from the first layer of varnish, which will make it impossible to sort the scrap correctly.



The correlations of   Δ C ( NoL )   with the number of layers and type of paint coatings for aluminum, silicon and iron are shown in Figure 28, Figure 29 and Figure 30.



The paint coatings used for the tests have virtually no effect on the   Δ C ( NoL )   value for all samples except ACP and OAP, where only layers 4 and 3 cause significant changes in aluminum content using the XRF spectrometer. Silicon, which is not present in any of the analyzed samples, is correctly determined only with the LIBS spectrometer. The highest values of   Δ C ( NoL )   occur when measured with the XRF spectrometer, where the very first layer of paint coating will cause an incorrect determination of this element by as much as ≈22% (Figure 29d). Iron, which was present at a maximum of 0.2% in the samples, is correctly determined (  Δ C ( NoL ) ≈ 0 %   value) for samples with AP, WP and OAP paint. The use of the OES spectrometer in samples with AE, ACO and OPE results in   Δ C ( NoL )   values of   ≈ 8 %  .





5. Summary


The paper reports the results of a study of the effect of roughness and paint coatings on the results of measuring the copper, zinc, lead, tin, aluminum, iron and silicon content of copper alloys. CuZn, CuZnPb, CuSnZnPb and CuSn alloy samples were tested. Measurements were performed under laboratory conditions with spectrometers using spark excitation emission spectroscopy (OES) and laser excitation spectroscopy (LIBS), as well as an X-ray fluorescence spectrometer (XRF). The OES spectrometer was of mobile design, while the XRF and LIBS were handheld. The spectrometers used in the study were those used by companies involved in the segregation of copper-bearing scrap. As a measure of the effect of roughness and paint coatings on the measurement results,   Δ C (  R a  )   and   Δ C ( NoL )  , respectively, were adopted, as defined in (1).



To study the effect of roughness on the results of measuring the content of selected elements, the samples were prepared (by encapsulating copper alloy components in resin) with ground (with wet sandpaper of different grits) or sandblasted surfaces. Their surface roughness was determined using the   R a   index. An effect of roughness on the measurement results was observed that intensifies for    R a  > 2   μ m    (   R a  = 2   μ m    corresponds to grinding with P120 grit sandpaper). When evaluating the copper content, an increase in the roughness of the samples causes a decrease in the   Δ C (  R a  )   results for the OES spectrometer measurement, an increase for the LIBS spectrometer, and for XRF it is difficult to determine the trend of changes. When evaluating zinc, tin and lead content, an increase in roughness is accompanied by a decrease in the values of   Δ C (  R a  )   results for LIBS and XRF spectrometer measurements, and an increase for the OES spectrometer. In contrast, the evaluation of silicon, aluminum and iron content points to the conclusion that an increase in roughness is associated with an increase in the results achieved by OES and XRF spectrometers with no such association for LIBS spectrometer measurements. It should be noted that the results of XRF spectrometer measurements have the highest variability concerning   Δ C = f (  R a  )   (e.g., Figure 15, Figure 18 and Figure 19).



In the study of the effect of paint coatings on the results of measuring the content of selected elements, samples were prepared by applying (using a brush, spraying) various paints onto the cleaned and sanded surfaces. The study shows that the effect of paint coatings on the measurement results is much stronger than that of surface roughness. Even a single layer of paint in most cases results in   Δ C ( NoL ) > 10 %  , which will lead to errors in the sorting of copper-bearing material. When evaluating the measurement of copper content, the weakest influence of paint coatings was found for measurements made with the OES spectrometer, where practically only the paint coating made with anti-corrosion paint caused a significant difference compared to the sample with no paint coatings (  Δ C ( NoL ) ≈ 20 %  ). Using other spectrometers operating with XRF and LIBS technology, one should expect a significant error in the measurement of copper content in the sample from the second layer of varnish onward. Errors in the measurement of zinc content in prepared scrap samples using the OES spectrometer, despite the application of several layers, will allow to sort the scrap into copper alloys containing or not containing zinc. XRF and LIBS spectrometers already from the second paint layer applied cause too large differences in the obtained zinc content (  C ( NoL ) > 30 %  ) compared to the sample without paint coating, which disqualifies such measurement methods. Lead, whose content in brass is mostly up to 3%, will be detectable by any of the measurement methods. However, it should be noted that in the case of the LIBS method, each successive coat of paint applied will cause a significant increase in the result of the lead content of the sample, even up to   Δ C ( NoL ) ≈ 80 %  , which will make it impossible to recognize the grade of the copper alloy. In the case of measuring the tin content of a sample labeled ACP-CuZnSn, the use of an XRF spectrometer will cause it to indicate a higher value as the number of layers increases. From the results of the study, it does not appear that the variation in the detection of alloying elements in the samples is influenced by the method of application of paint coatings (spraying or application with a brush).



To sum up, to obtain reliable results of measuring the content of individual elements in copper alloys, it is necessary to prepare the surface of the sample to be tested. First, if such a surface is coated with paint, it should be removed. Next, it should be prepared by planing and wet cleaning with sandpaper.
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Figure 1. A diagram of the copper-bearing material cycle. 
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Figure 2. View of traces left by spectrometer measurements: (a) OES and LIBS (b) LIBS. 
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Figure 3. Spectrometers used for chemical composition measurements: (a) OES, (b) XRF, (c) LIBS. 
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Figure 4. Surface view of example copper-bearing materials: (a–c) post-production scrap, (d–f) post-amortization scrap. 






Figure 4. Surface view of example copper-bearing materials: (a–c) post-production scrap, (d–f) post-amortization scrap.



[image: Recycling 09 00014 g004]







[image: Recycling 09 00014 g005] 





Figure 5. Examples of scrap pieces of metal parts made using the processes of (a) casting, (b) plastic working, (c) subtractive manufacturing. 
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Figure 6. Problems arising from the shape of the sample when using the OES spectrometer: (a) escape of the gaseous layer, (b) insufficient tungsten electrode—element distance, (c) wavy surface. 






Figure 6. Problems arising from the shape of the sample when using the OES spectrometer: (a) escape of the gaseous layer, (b) insufficient tungsten electrode—element distance, (c) wavy surface.



[image: Recycling 09 00014 g006]







[image: Recycling 09 00014 g007] 





Figure 7. An embedded sample. 
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Figure 8. Measurement of surface roughness values. (a) view of the testing bench, (b) the direction of the measurement performed relative to the grinding line. 
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Figure 9. Surface roughness   R a   depending on the abrasive treatment used. 
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Figure 10. View of the surface of the raw sample made by: (a) plastic processing and (b) casting technology. 
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Figure 11. View of the surface after sandblasting: (a) before measurement, (b) after measurement with the OES spectrometer. OES measurement points are marked from 1 to 3. 
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Figure 12. View of the samples after the measurements (with visible traces of OES spectrometer measurements). 
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Figure 13. Dependence of copper content measurement results on the surface roughness   R a   of material group 2 samples (CuSn5Zn5Pb5). 
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Figure 14.   Δ C = f (  R a  )   characteristics for copper content measurements of material group 1−5 samples using OES, LIBS and XRF spectrometers. 
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Figure 15.   Δ C = f (  R a  )   characteristics for copper content measurements of material group 1−5 samples using OES, LIBS and XRF spectrometers. 
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Figure 16.   Δ C = f (  R a  )   characteristics for zinc content measurements of material group 1−5 samples using OES, LIBS and XRF spectrometers. 
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Figure 17.   Δ C = f (  R a  )   characteristics for tin content measurements of material group 1−5 samples using OES, LIBS and XRF spectrometers. 
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Figure 18.   Δ C = f (  R a  )   characteristics for lead content measurements of material group 1−5 samples using OES, LIBS and XRF spectrometers. 
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Figure 19.   Δ C = f (  R a  )   characteristics for silicon, aluminum and iron content measurements of material group 1−5 samples using OES, LIBS and XRF spectrometers. 
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Figure 20.   Δ C = f ( NoL )   for copper content measurements taken with: (a) OES, (b) LIBS, (c) XRFspectrometers. 
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Figure 21.   Δ C = f ( NoL )   for zinc content measurements taken with: (a) OES, (b) LIBS, (c) XRF spectrometers. 
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Figure 22.   Δ C = f ( NoL )   for lead content measurements taken with: (a) OES, (b) LIBS, (c) XRF spectrometers. 
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Figure 23.   Δ C = f ( NoL )   for tin content measurements taken with: (a) OES, (b) LIBS, (c) XRF spectrometers. 
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Figure 24.   Δ C = f ( NoL )   characteristics of copper measurement for different types of paint. 
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Figure 25.   Δ C = f ( NoL )   characteristics of zinc measurement for different types of paint. 
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Figure 26.   Δ C = f ( NoL )   characteristics of tin measurement for different types of paint. 
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Figure 27.   Δ C = f ( NoL )   characteristics of lead measurement for different types of paint. 
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Figure 28.   Δ C = f ( NoL )   characteristics of aluminium measurement for different types of paint. 
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Figure 29.   Δ C = f ( NoL )   characteristics of silicon measurement for different types of paint. 
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Figure 30.   Δ C = f ( NoL )   characteristics of iron measurement for different types of paint. 
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Table 1. The advantages and disadvantages of mobile spectrometers.
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Method of Measurement




	

	
OES

	
XRF

	
LIBS






	
advantages

	

	
Repeatability of results



	
Measuring accuracy



	
Large measurement area






	

	
Ease of recalibration



	
Ease of operation



	
No surface traces






	

	
Speed of measurement, especially of light elements



	
Ease of correction of calibration curves



	
Ease of operation









	
disadvantages

	

	
Time-consuming and frequent recalibration



	
Surface preparation required



	
Clear trace of measurement



	
Sample heat build-up






	

	
X-radiation (operator safety)



	
Inaccurate measurements of light elements



	
Long measurement time for light elements (about 30 s)






	

	
Small measurement area
















 





Table 2. The appearance, material group and fabrication technology of the selected scrap.
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	Group Number
	Photo
	Alloy Type
	Manufacturing Process





	1
	[image: Recycling 09 00014 i001]
	CuZn37
	plastic forming



	2
	[image: Recycling 09 00014 i002]
	CuSn5Zn5Pb5
	casting



	3
	[image: Recycling 09 00014 i003]
	CuZn35Pb1.5
	casting



	4
	[image: Recycling 09 00014 i004]
	CuSn10P
	plastic forming



	5
	[image: Recycling 09 00014 i005]
	CuZn39Pb3
	plastic forming










 





Table 3. Measurement results (OES spectrometer) of chemical composition of samples from material groups 1–5.
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	Alloy
	Cu
	Zn
	Sn
	Pb
	Al
	Fe
	Si





	CuZn37
	62.3
	37.5
	0.01
	0.02
	0
	0.01
	0



	CuSn5Zn5Pb5
	85.8
	4.2
	4.67
	5.06
	0
	0.05
	0



	CuZn35Pb1.5
	62.4
	34.6
	0.28
	1.51
	0.33
	0.17
	0.47



	CuSn10P
	88.7
	0.4
	9.37
	0.43
	0
	0.14
	0



	CuZn39Pb3
	58.2
	38.2
	0.19
	3.15
	0
	0.12
	0










 





Table 4. Sample surfaces of CuZn37 alloy for wet machining using abrasive papers of different grits and following polishing (with visible traces caused by roughness measurements).
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	Type of Grinding
	Macro (the Whole Sample)
	Micro Structure





	P120
	[image: Recycling 09 00014 i006]
	[image: Recycling 09 00014 i007]



	P400
	[image: Recycling 09 00014 i008]
	[image: Recycling 09 00014 i009]



	P800
	[image: Recycling 09 00014 i010]
	[image: Recycling 09 00014 i011]



	P1200
	[image: Recycling 09 00014 i012]
	[image: Recycling 09 00014 i013]



	Polishing
	[image: Recycling 09 00014 i014]
	[image: Recycling 09 00014 i015]










 





Table 5. Summary of the dominant trend of changes in the result of measuring the content of individual elements with an increase in the roughness of the measured surface.
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OES

	
LIBS

	
XRF

	




	
Element

	
Dominant Trend of Spectrometer Result Changes with Increasing Roughness

	
Notes






	
Copper

	
decreasing

	
increasing

	
difficult to determine

	
Figure 14 and Figure 15




	
Zinc

	
depending on the alloy (increasing or unchanged, decreasing)

	
decreasing

	
decreasing

	
Figure 16




	
Tin

	
depending on the alloy (increasing or unchanged)

	
depending on the alloy (unchanged or decreasing)

	
difficult to determine

	
Figure 17




	
Lead

	
depending on the alloy (increasing or unchanged)

	
difficult to determine

	
depending on the alloy (unchanged or decreasing)—increased variability

	
Figure 18




	
Silicon

	
increasing

	
unchanged

	
increasing related to increased variability

	
Figure 19/Si




	
Aluminium

	
slight increase

	
unchanged

	
increasing related to substantially increased variability

	
Figure 19/Al




	
Iron

	
slight increase

	
unchanged

	
increasing related to variability

	
Figure 19/Fe
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