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Abstract

:

In the present work, Ni-10 wt.%TiO2 self-lubricating composite sinters were prepared via a powder metallurgy. Commercially available powder of nickel and non-commercial nanometric titanium dioxide (approx. 30 nm size) produced by the microwave method was used. The produced sinters were characterized by evenly distributed TiO2 particles in a nickel matrix and a hardness of approx. 110 HV5. Pin-on-disc wear tests at room temperature and 600 °C were carried out. Light Microscopy (LM), Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDS), and X-Ray Diffraction (XRD) were used to characterize the wear mechanism of sintered materials. The coefficient of friction of the Ni-10 wt.% TiO2—Inconel®625 friction pair tested at room temperature was approx. 0.52. At the test temperature of 600 °C, the same friction pair had a friction coefficient of 0.35. The main wear mechanisms in dry friction conditions at 23 °C were cutting and ploughing. At the test temperature of 600 °C, formation of tribofilm on the surfaces of the friction pair was observed, which reduces the wear by friction.
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1. Introduction


Friction is an indispensable phenomenon that occurs during the operation of machine parts. In many cases, it is an unfavorable occurrence and is responsible for the precipitated wear of machine parts and tools, leading to their failure, and thus to high exploitation costs. In order to reduce the frictional resistance of cooperating elements, oils and plastic greases are introduced [1,2]. Moreover, modifications with various additives of existing oils and plastic greases can be applied [3,4,5]. Nanoparticles used as additives in oil lubricants show in experimental results that they deposit on the friction surfaces and improve the tribological properties of the base oil, reducing wear, even at low concentrations [3,4,5,6]. The authors in the work [4] have made an extensive review of additives of nanometric solid lubricants to various liquids, including oils. They have shown that nanoparticles can operate as nano-sized ball bearings with a rolling and sliding motion, mend surface defects, micro-polish, and create low-shear tribofilms to reduce friction and wear loss. In the work [5], the authors have analyzed the effect of adding nanoparticles on the coefficient of friction (COF) for synthetic and bio-lubricating greases. Based on the literature review, they have found that the optimal concentration of nanoparticles of solid lubricants in greases resulted in a lower COF compared to greases without nanoparticle additives. In the literature, there are many studies concerning the use of TiO2 additive in various oils and its positive influence on tribological properties [7,8,9,10,11,12,13]. Based on tribological studies [14], the authors have found that nano-TiO2/fluorinated reduced graphene oxide as lubricant additives showed a low COF and excellent wear resistance. The influence of titanium dioxide nanoparticles as an additive to oils was investigated by Ilie and Covaliu [15]. The technology proposed by them solved the problem of poor solubility of TiO2 in oil, thus obtaining better anti-wear properties in the base oil. The lubrication mechanism of water-based nanolubricants containing nano-TiO2 in hot rolling of steel is attributed to the synergistic effect of the lubricating film, rolling, polishing, and mending [16]. Apart from metal oxides, the modification of oils with nanoparticles, e.g., titanium, is also observed [17]. Unfortunately, oils and greases may not be used in some applications, such as high temperature or high vacuum. Another disadvantage of this type of lubricant is the problems associated with environmental pollution, practically from the moment of their production up to their disposal. These problems do not apply to solid lubricants, which can be successfully used in demanding operating conditions such as high temperature. Solid lubricants that can operate at high temperatures include, among others, calcium and barium fluorides [18,19,20], calcium sulfates [21,22], and metal oxides [23,24]. The most commonly used solid lubricants that can be used at elevated temperatures are transition metal dichalcogenides (TMDs) such as MoS2 and WS2 as well as hBN and graphite [25,26,27]. Solid lubricants can be introduced directly into the friction junction or introduced from the material of the cooperating element while being released from it during friction and spreading on the surfaces of the friction pair. There are many methods of producing materials containing solid lubricants in the matrix or in the coatings. These include PVD techniques, thermal spraying, laser alloying, and powder metallurgy [18,19,20,21,22,23,24,27,28,29,30,31,32,33]. The tribological properties of the sprayed TiO2/CNTs coatings were investigated in [32]. The addition of carbon nanotubes reduced the friction coefficient and was in the range of 0.50–0.55 compared to the values of 0.52–0.87 for the TiO2 coating itself. Li et al. [34] have produced NiCr-Mo-Bi2O3/TiO2 composites from micrometric-sized powders. They have conducted tribological tests at the temperature of 800 °C. They found that the excellent tribological properties were obtained due to the formation of the Bi4Ti3O12 phase on the worn surfaces. The coefficient of friction was 0.2–0.3, depending on the amount of added oxides Bi2O3/TiO2 (10.20.30 wt.%). In the work [35], the beneficial effect of TiO2 on tribological properties of the butt-welded AA5083 aluminum alloy was investigated. The authors have observed that the increased hardness, tensile strength, and wear resistance were mainly due to the uniform dispersion of TiO2 nanoparticles in the matrix and their anchoring of the grain boundaries. Zhao et al. [27] have used nano-Cu and h-BN solid lubricants. The produced laser-welded nickel-based coatings were characterized by increased wear resistance. In the literature, there is little research on the production of sinters with TiO2 and they concern commercially available oxides only. In the work [36], the authors have produced sinters containing the addition of nano-TiO2 oxide in the CoCr matrix in the amount of 2, 4, and 6 wt.%. It was found that with increasing TiO2 content, the hardness of the sinters increased, and their density decreased. The authors of the paper [37] have observed a positive effect on the tribological properties of the steel sinter with the addition of TiO2 oxide nanoparticles and in the TiO2-graphene system. Kumar R. et al. [38] have investigated the sliding wear resistance of metal–ceramic composites with a composition of 50 wt.% Ti—50 wt.% TiBw. The authors observed a synergistic lubricating behavior of TiO2 and boric acid B(OH)3 at temperatures of 700–900 °C. The formation of the glazed layer reduced the friction. The coefficients of friction were 0.88 at room temperature, 0.24 at 700 °C, and 0.18 at 900 °C. The review in [39] proves that the search for new self-lubricating materials working at high temperatures was a good direction. Titanium dioxide (TiO2) is a very well-known and widely researched material due to its chemical structure stability, biocompatibility, and favorable physical properties [35]. Moreover, the oxide is non-toxic and has bactericidal properties, and can prevent the development of bacterial flora on the surfaces of the cooperating surfaces, which may change the coefficient of friction. It is assumed that the beneficial tribological effect of TiO2 results from its structure at the atomic level and oxygen vacancies [37]. In this work, nickel sintered materials containing a solid lubricant in the form of titanium oxide TiO2 obtained by the powder metallurgy were produced. Nickel and nickel-based alloys are very important to modern industry. Due to their high corrosion resistance as well as heat resistance, they are used in aviation gas turbines, steam turbine power plants, nuclear power systems, chemical and petrochemical industries, as well as heat resistant applications, among others. Non-commercial, nanometric titanium oxide produced by the microwave method was used. The products obtained via microwave pathways are characterized by high yield and purity, because a shorter reaction time reduces the chance of undesirable side products. Most importantly, microwave heating is considered as an efficient way to control the heating in many processes since it requires less energy than conventional methods [40]. The wear mechanism of the examined sinters was determined using light microscopy (LM), scanning electron microscopy (SEM), energy dispersion spectroscopy (EDS), and X-ray diffraction (XRD).




2. Materials and Methods


2.1. Preparation of Sinter


Commercially available nickel powder (99.7% purity, Sigma Aldrich, Saint Louis, MO, USA) was used for the matrix material of the sinters. Titanium (IV) chloride was used as the precursor for in situ microwave fabrication of TiO2. The preparation of the TiCl4 solution was carried out in distilled water in an ice-water bath according to the procedure previously reported by Zhang et al. [41]. The concentration of titanium (IV) chloride was adjusted to 1%. Subsequently, 1 g of urea was added to the 50 cm3 TiCl4 solution prepared in the previous step. During microwave heating, urea was decomposed into carbon dioxide and ammonia, which was a hydrolysis promoter and enabled in situ synthesis of TiO2 nanoparticles during microwave irradiation. Following the urea dissolution, the solution was transferred to a microwave reactor (Discover 2.0, CEM, Matthews, NC, USA) and heated with a maximum power of 300 W until a temperature of 200 °C was reached; it was maintained at this temperature for 1 min. The obtained titanium dioxide was filtered and washed, and finally dried at 80 °C for 12 h. The morphologies of the used powders are shown in Figure 1; the micro-scale nickel powder has a dendritic structure, and TiO2 powder is in the form of agglomerates. TiO2 nanoparticles have a spherical shape and size between 20–45 nm. In the first step, the powder mixture (Ni and 10 wt.% TiO2) was tumble milled for 1 h. Then, the moldings were manufactured by pressing powder mixtures at a pressure of 1.17 GPa. In the next stage, sintering was carried out at 1000 °C for 3 h in a tube furnace under an argon atmosphere. Sinters were cooled in the furnace at 25 °C/h rate. The produced sinters had a height of 5 mm and diameter of 4 mm. Figure 2 shows the XRD patterns of pure nickel powder, nano-TiO2 powder, and sintered material.




2.2. Microstructure and Hardness


The microstructure of the produced sinters was observed with a scanning electron microscope (Mira 3, Tescan, Brno, The Czech Republic). The Vickers hardness tester (Falcon 500, INNOVATEST, Maastricht, The Netherlands) was used to measure the hardness of the sinters. The Vickers hardness tests were carried out with a load of 5 kgf and a time of 15 s. Metallographic observations and hardness tests were carried out on metallographic samples prepared from sinters. The metallographic samples were ground with a sandpapers of decreasing grain size and finally polished. Ten hardness measurements were made.




2.3. Wear Tests


The friction wear tests of sinters at room temperature and 600 °C were used with a pin-on-disc tribometer (T-21, Lukasiewicz Research Network—IST, Radom, Poland). Inconel®625 nickel alloy with a diameter of 25.4 mm and a height of 4 mm was used as counter-sample. Friction tests under dry friction conditions were carried out at a load of 5 N for 1 h at a linear speed of 0.1 m/s. Each wear test was repeated three times. During the tests, the friction forces for the friction pairs (sintered material (pin)—Inconel®625 (disc) were recorded. The friction coefficients were determined from the Equation:


  μ =    F f     F l    ,  








where: μ—friction coefficient, Ff—friction force [N]; Fl—load applied [N].



The results of the wear tests were presented in the form of graphs of the friction coefficients as a function of test time. The relative mass losses were calculated from the Equation:


     Δ  m    m i    =     m i  −  m f     m i      








where: Δm—mass loss [g], mi—initial mass [g], mf—final mass [g].




2.4. Tests of Wear Surface and of Worn Debris


The surface of the sintered materials and counter-samples after the tests, as well as worn debris, were tested with SEM (Mira3, Tescan, Brno, The Czech Republic) and the EDS X-ray microanalyzer (Ultim Max 65, Oxford Instruments, High Wycombe, UK). In order to limit the interaction volume, an accelerating voltage of 12 kV was used. A beam intensity (BI) of 15 and a dead time (DT) of 18–22% were used in the EDS analysis. Quantitative and qualitative tests of the chemical composition of the surface of sintered materials and worn debris were carried out. The element concentrations were also presented in the form of mono-color EDS maps and a color scale. In the case of the color scale, the colors correspond to the concentration of the selected element; white pixels indicate the highest concentration of the element and black areas correspond to zero concentration. Numerical values on these maps correspond to the number of counts. Phase composition tests were carried out on the surface of the sinters after the friction process was performed using a diffractometer (Empyrean, PANalytical, Almelo, The Netherlands) equipped with a copper lamp (X-ray wavelength λ = 1.54060 Å) and an X’Celerator detector. Diffractograms were recorded at room temperature, in an angular range of 25–100° 2 Theta, in steps of 0.0170°. The phase analysis of the obtained diffractograms was carried out in the HighScore program with the PDF-4 database.





3. Results and Discussion


Figure 3 shows the microstructure of the molding and the sinter. They are characterized by an even distribution of TiO2 particles in the form of agglomerates. Their size reaches approx. 90 µm. In the BSE images, titanium oxides are visible as darker phases (Figure 3a,c–f). The observations were confirmed by examining the chemical composition using the EDS method in the form of a titanium concentration distribution map (Figure 3g,h). The lack of oxides in some places is probably due to their removal during the preparation of the metallographic sample. The microstructure of the nickel matrix before the sintering process is characterized by an adhesive connection of dendritic grains and titanium dioxide particles between them (Figure 3a,b). After the sintering process, the characteristic boundaries between the nickel grains are not visible (Figure 3c–f). This proves that the sintering process was carried out properly. The nickel matrix creates a continuous structure free of defects (i.e., in the form of cracks). The bond between the oxides and the matrix is only adhesive. Therefore, during the cooperating of the sinter and the counter-sample, free release of oxides will take place. The introduction of TiO2 nanoparticles to the soft matrix resulted in an increase in hardness from about 66 HV for pure nickel sinter [18] to about 110 HV for Ni-10 wt.% TiO2 sinter.



Figure 4 shows the test results of the friction coefficient as a function of time. The tests were carried out both at room temperature and at 600°C. In the case of the sinter cooperating with the Inconel®625 counter-sample at the test temperature of 23 °C, three stages are clearly visible in the figure. The first stage was the grinding-in phase of the friction pair, and the time of this period was approximately 500 s. In the second stage, fluctuations in the friction coefficient between 0.48 and 0.53 were observed. The average coefficient of friction during this period was 0.51. After the test time of approx. 2200 s, the fluctuations of the friction coefficient increased from approx. 0.46 to approx. 0.64. The average coefficient of friction in this stage was 0.52. Such changes in the friction coefficient result from complex wear mechanisms, which will be described later in this work. The nature of the changes in the coefficient of friction tested at 600 °C was different (Figure 3). In this case, three stages were also observed. The grinding-in stage was similar and lasted to approx. 500 s. Then, a reduction in the friction coefficient and its fluctuations in the range of 0.30–0.53 was observed. After the test time of approx. 1200 s, the friction coefficient stabilized at the level of approx. 0.30–0.38. The average coefficient of friction in this test stage was 0.35. Our previous research [18] showed that for the nickel-Inconel®625 friction pair tested at room temperature, the average coefficient of friction was 0.75; at the test temperature of 600 °C, it was 0.54. The coefficient of friction for the Ni-10 wt.% TiO2-Inconel®625 friction pair was also lower compared to the nickel sinters containing the solid lubricant in the form of calcium fluoride, which was 0.46. Similar coefficients of friction at the test temperature of 600 °C for CoCr sinters containing nano-TiO2 in a friction pair with Si3N4 were obtained by other authors [36]. Before and after the friction process, the samples and counter-samples were weighed to determine the change in their mass. In Figure 5, the results in the form of relative mass losses are shown. The relative mass loss for sinters and counter-samples tested at room temperature was 0.08149 and 0.00053, respectively. In the case of the test at the temperature of 600 °C, the relative mass loss of the sinters and counter-samples was lower and amounted to 0.02276 and 0.00002, respectively. The relative mass loss for the counter-sample at the test temperature of 600 °C was below zero. This proves that the mass of the counter-sample increased during the test, which was caused by the smearing of removed particles of the sinter, especially titanium dioxide nanoparticles, on the counter-sample surface. That is confirmed by the next test results presented below.



Figure 6, Figure 7, Figure 8 and Figure 9 show the results of microscopic observations of the wear surfaces of both nickel sinters with TiO2 and counter-samples. The surface of the sinters after the friction wear test at room temperature is very developed (Figure 6a,b and Figure 7a–e). The main wear mechanism of the sinter tested at 23 °C is abrasion and ploughing. Moreover, a significant amount of worn debris is visible, in the form of black particles (Figure 6a,b). The SEM pictures taken in the backscattered electrons contrast (BSE) additionally show the areas of TiO2 located in the sinter. The surface appearance is different after the friction wear test at the temperature of 600 °C. In the LM image (Figure 6c,d) regular scratches are visible, and the surface has a regular blue-gray color. SEM observations (Figure 7g,h) at higher magnifications show slight delamination of the outer sinter surface layer. In BSE contrast, an almost uniform gray color of the surface is visible, which indicates the formation of a lubricating film on the surface. Areas with a lighter shade of gray are characterized by a smaller thickness of the tribofilm. The amount of worn debris is minimal, which is confirmed by the relative mass losses. The results of the observation of the counter-sample surface after the wear test at 23 °C are shown in Figure 6e,f and Figure 8. On the worn surface, a significant amount of worn debris was observed. The BSE image shows dark-colored worn debris corresponding to titanium dioxides, and worn debris with no considerable difference in color, which are wear products from sinter and Inconel®625. The ploughing and cutting are noted on the wear tracks of Inconel®625. In addition, smeared worn debris and–in some places–micro-polishing are visible. On the surface of the counter-sample, after testing at the temperature of 600 °C Figure 6g,h and Figure 9), micro-cutting and micro-polishing are visible. Observations in BSE contrast show the smearing of TiO2 on the worn surface. This is clearly visible in the form of darker shades of gray. The worn surface is smoother than the worn surface of Inconel®625 when tested at room temperature. In the wear track, there are also areas indicative of ploughing. The wear pattern also shows ploughing areas that were formed in the initial stage of the test, i.e., during the grinding-in period.



The study of the chemical composition of EDS (Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14, Table 1) confirmed the formation of tribofilm on the surface of the sinters at the test temperature of 600 °C. On the sinter surface after wear test at room temperature (to 7.5 wt.%), an increased content of chromium was observed compared to the content of chromium on the worn surface at temperature of 600 °C (0.1 wt.%). This proves that the counter-sample had a significant role in the friction and abrasion process. Titanium was observed on the whole surface of the sinter, but mainly in loose TiO2 particles and anchored in the matrix. On the surface of the sinter tested at the temperature of 600 °C, the smearing of TiO2 is clearly visible. The distribution of titanium concentration and the quantitative analysis show the different thickness of the tribofilm formed during the wear test. The titanium content was between 0.5 and 3.8 wt. %. The distributions of the concentrations of elements on the surfaces of the counter-samples depending on the test temperature are shown in Figure 12 and Figure 13. The result of the quantitative analysis is presented in Table 1. Based on the SEM observations and EDS maps, as well as the quantitative analysis, it was found that for the counter-samples at room temperature after the wear test, TiO2 is present in its original form, i.e., nanoparticles and agglomerates. The formation of tribofilm in some places in the wear track was confirmed on the worn surface of the Inconel®625 alloy after the test at 600 °C. For this counter-sample, an increased content of nickel and oxygen is observed in the areas where there is also an increased content of titanium. It proves the smearing of the sintered material in the wear track, the release of TiO2 nanoparticles, and further formation of a tribofilm. Based on the XRD tests (Figure 15), it was found that during the testing of the Ni-10 wt.% TiO2—Inconel®625 friction pair at room temperature on the sinter surface, apart from the original components (TiO2, Ni), there is also the presence of phases composed of elements derived from the counter-specimen material, such as Cr2O3, NiMoO4 and γ. A similar phase composition was found on the sinter surface after the friction wear test at the temperature of 600 °C. In the case of Cr2O3 and NiMoO4 oxides, there is a slight shift of the peaks towards the lower angles. This can probably be attributed to a lower coefficient of friction, which leads to less local deformation caused by stress and thus to larger d-spacing of the crystal structure compared to sinter tested at room temperature. Figure 16 and Table 2 show the results of tests of worn debris. Based on the SEM observations and EDS tests (Figure 16a–d, Table 2), it was found that the worn debris for the friction pair tested at 23 °C were loose Inconel®625 particles and oxide particles. The particle size of the worn debris is as high as 200 µm. In case of a friction pair tested at 600 °C, the particle size is about 10–20 µm and they contain mainly nickel, titanium, and oxygen. This proves the low wear of counter-sample in this case. It should be noted that the wear of the sinter is low, which was confirmed by the relative mass losses test.



Based on the results, the wear mechanism of the Ni-10 wt.% TiO2—Inconel®625 friction pair was proposed (Figure 17). This mechanism can be divided into four stages. The first two stages were the same at the test temperature of 23 °C and 600 °C. In the initial stage, grinding-in occurs. The unevenness of the surface of counter-samples and sinters are sheared, and TiO2 nanoparticles are released. In addition, the surface of Inconel®625 was oxidized, and Cr2O3 and NiMoO4 oxides were formed and then removed during successive rotations of the pin on the disc and were part of the worn debris. After their removal, the surface was re-oxidized. The presence of these oxides was confirmed by XRD analysis. Then, the worn debris are crumbled into smaller particles followed by the further release of TiO2 particles from the sinter. In both tested temperatures, the process of mending the surfaces by filling the grooves with oxide is observed. In the case of the friction wear test at room temperature, in the third and fourth stages, two interactions of TiO2 nanoparticles are observed—some of them behave like balls in a rolling bearing, and some of them slide on the surface. However, there is no formation of tribofilm. The oxide particles together with other worn debris cause cutting, ploughing, and in some areas, polishing of the surfaces of the friction pair. Moreover, some worn debris are smeared on the friction pair surfaces, and further release of TiO2 occurs. In case of a friction pair operating at a temperature of 600 °C, the formation of a tribofilm composed of titanium oxides in the third stage and the continuous release of oxides from the particles of sinter smeared on the surfaces of the friction pair is observed. In addition, some of the TiO2 oxides and the Cr2O3 and NiMoO4 oxides formed during friction may be responsible for the rolling and sliding effect between the surfaces of the friction pair, which causes their micropolishing. In the fourth stage, tribofilm of various thickness and containing high dispersion worn debris is formed on the surface of the sinter. The proposed wear mechanism will allow for a better understanding of the phenomena occurring during the frictional operation of the Ni-10 wt.% TiO2 sinter—Inconel®625 friction pair and may be transferred to other pairs operating under dry friction conditions in the presence of TiO2.




4. Conclusions


In this work, Ni-10 wt.% TiO2 sinters were produced by the powder metallurgy method. The influence of nano TiO2 addition on the tribological behavior and wear mechanism of the nickel sinter at room temperature and 600 °C was investigated. Non-commercial nanometric titanium oxide produced by the microwave method was used. Single particle size was about 30 nm. The following conclusions are drawn:




	
The obtained sinters are characterized by an even distribution of TiO2 particles in the form of agglomerates. The nickel matrix creates a continuous structure that is free of cracks.



	
The hardness of the sinters containing 10 wt.% nano-TiO2 was about 110 HV.



	
The coefficient of friction of the Ni-10 wt.% TiO2—Inconel®625 friction pair tested at room temperature is approx. 0.52. At the test temperature of 600°C, the same friction pair has a friction coefficient of 0.35.



	
No self-lubricating effect was observed at room temperature. The main wear mechanisms in dry friction conditions at 23 °C were cutting and ploughing.



	
The sinter at the temperature of 600 °C has self-lubricating properties due to the presence of titanium oxide. On the surfaces of the friction pair, the formation of tribofilm was observed, which reduces the wear by friction.
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Figure 1. The nickel (a) and dioxide titanium (b) powders, SEM. 
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Figure 2. XRD patterns of powders and sinter. 
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Figure 3. Microstructure of the molding (a,b), sinter (c–f), and EDS distribution map of titanium concentration (g,h). 
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Figure 4. Coefficient of friction vs. time of friction of self-lubricating composite cooperating with Inconel®625-alloy at room temperature and 600 °C. 
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Figure 5. Relative mass loss of sinters and counter-samples at room temperature and 600 °C. 
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Figure 6. Worn surface of sinters and counter-samples after friction wear tests at 23 °C—sinter (a,b), counter-sample (c,d) and at 600 °C—sinter (e,f), counter-sample (g,h), LM. 
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Figure 7. Worn surface of sinters after friction wear tests at 23 °C (a–d), and at 600 °C (e–h), SEM. 
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Figure 8. Worn surface of counter-samples after friction wear tests at room temperature, SEM. 
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Figure 9. Worn surface of counter-samples after friction wear tests at 600 °C, SEM. 
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Figure 10. EDS maps of element concentration distributions on the sinter surface after friction wear test at room temperature. 
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Figure 11. EDS maps of element concentration distributions on the sinter surface after friction wear test at 600 °C. 
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Figure 12. EDS maps of element concentration distributions on the Inconel®625 surface after friction wear test at room temperature. 
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Figure 13. EDS maps of element concentration distributions on the Inconel®625 surface after friction wear test at 600 °C. 
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Figure 14. Surface of friction pairs with marked areas of EDS analysis of sinters (a,c) and Inconel®625 (b,d). 
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Figure 15. XRD patterns of worn surfaces. 
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Figure 16. Worn debris, test temperature 23 °C (a–d), 600 °C (e–h). 
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Figure 17. Wear mechanism of the sinter (Ni-10 wt%TiO2)—Inconel®625 friction pair. 
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Table 1. The chemical composition of worn surfaces (according to Figure 14).
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	Point
	Ni
	Cr
	Ti
	O
	Fe
	Mo
	Si
	Nb
	Al





	Sinter, 23 °C
	1
	81.9
	6.8
	4.6
	3.1
	1.3
	1.6
	0.1
	0.6
	0.1



	
	2
	79.1
	7.5
	3.5
	4.2
	1.4
	2.9
	0.1
	1.2
	0.2



	
	3
	9.2
	0.5
	52.5
	37.2
	0.1
	0.1
	0.3
	0.1
	0.1



	
	4
	79.3
	6.9
	3.7
	4.8
	1.3
	2.6
	0.1
	1.2
	0.1



	Inconel®625, 23 °C
	5
	71.8
	11.5
	3.1
	5.2
	2.1
	4.3
	0.1
	1.7
	0.2



	
	6
	62.0
	21.2
	0.5
	0.9
	3.9
	7.9
	0.2
	3.0
	0.3



	
	7
	72.8
	11.8
	2.7
	4.3
	2.3
	4.2
	0.1
	1.6
	0.1



	
	8
	79.9
	8.6
	3.6
	3.0
	1.7
	2.2
	0.1
	0.9
	0.1



	Sinter, 600 °C
	9
	75.6
	0.1
	5.1
	19.1
	-
	-
	-
	-
	0.1



	
	10
	32.1
	0.1
	35.8
	31.8
	-
	-
	0.2
	-
	



	
	11
	76.7
	0.1
	3.5
	19.5
	-
	-
	-
	-
	0.1



	
	12
	88.9
	-
	3.5
	7.5
	-
	-
	-
	-
	0.1



	Inconel®625, 600 °C
	13
	60.4
	20.6
	0.4
	2.7
	3.8
	8.3
	0.1
	3.4
	0.3



	
	14
	75.9
	0.6
	5.7
	17.4
	0.3
	-
	-
	-
	0.1



	
	15
	72.5
	0.1
	5.0
	22.2
	-
	-
	-
	-
	0.1



	
	16
	84.0
	3.2
	2.8
	7.5
	1.2
	0.8
	0.1
	0.2
	0.1
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Table 2. The chemical composition of worn debris (according to Figure 16b,f).
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	Temperature
	Point
	Ni
	Cr
	Ti
	O
	Fe
	Mo
	Si
	Nb
	Al





	23 °C
	1
	65.6
	16.0
	2.3
	3.5
	2.9
	6.6
	0.2
	2.7
	0.3



	
	2
	74.1
	9.7
	3.5
	5.1
	1.9
	3.8
	0.1
	1.5
	0.3



	
	3
	82.9
	10.3
	2.1
	1.0
	1.9
	1.2
	0.1
	0.4
	0.1



	
	4
	77.0
	10.7
	2.1
	5.6
	2.0
	1.7
	0.1
	0.7
	0.2



	600 °C
	5
	93.0
	0.4
	1.8
	4.0
	0.6
	0.1
	-
	-
	-



	
	6
	79.1
	0.2
	2.0
	18.5
	0.1
	-
	0.1
	-
	0.1



	
	7
	74.6
	0.2
	3.3
	21.4
	0.1
	-
	0.3
	-
	0.1



	
	8
	79.6
	1.5
	2.8
	15.1
	0.3
	0.5
	-
	0.2
	-
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