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Abstract

:

The friction behavior of the formed antifriction films and their effect on the functional properties of the composite based on the powder nickel alloy EI929 with solid lubricant CaF2 at high temperatures was investigated. An antifriction film was formed on the contact surfaces during the friction process. Such a film was the result of the interaction of the contact surfaces with atmospheric oxygen at high temperatures. It contains oxides of alloying elements from materials of the frictional contact and solid lubricant calcium fluoride. The quantitative ratio of formed oxides depends on the temperature operating conditions of material. The data of thermodynamic simulation of the high-temperature interaction of the composite with oxygen coincide with the experimental data obtained by studying the fine structure of surface antifriction films. Antifriction films consist of oxide phases in combination with solid CaF2 lubricant. Anti-friction films provide high wear resistance of the self-lubricating composite in the range of temperatures 1073–1173 K due to the balance between the rate of their formation and wear. When the temperature exceeds 1200 K, the film loses its lubricating properties and acts as an abrasive substance due to the intense oxidation. Abrasive surfaces of materials were subjected also to microscopic examination, in which the mechanically mixed layer (MML) was described. The study of the friction surface roughness parameters confirmed the presence of the formed friction self-lubricating film and allowed to determine its parameters. The friction mechanism was the formation of an oxide layer combined with a solid lubricant, which provides high antifriction properties in the range of 1073–1273 K.
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1. Introduction


The high temperatures exceeding 800 K are inherent in the operation of gas turbine equipment, where many units operate under the influence of not only high temperatures, but also increased pressures in the oxidizing environment (atmospheric air). This fully applies to friction units operating in such conditions. High temperatures and an oxidizing environment have led to the use of nickel or cobalt alloys, in particular, for the manufacture of antifriction parts. Among nickel alloys, the high-alloy cast nickel alloys EP975, EI929 and others are used for such high temperatures. However, the use of cast nickel alloys as antifriction materials is ineffective due to their low wear resistance, and liquid lubricants cannot be used due to high operating temperatures.



Therefore, scientists have developed a number of high-temperature nickel composites with solid lubricants [1,2]. An analysis of the processes occurring during high-temperature friction without liquid lubricating the air atmosphere shows that the wear rate is determined mainly by the properties of friction films, the so-called secondary structures, and depends to a large extent on the nature of the formed oxides. Moreover, not only one property matters, but their entire complex, such as hardness, strength, plasticity, adhesion to the surface. The properties of the base material and additives effect on the composition of the secondary structures formed during friction process. This is especially important when the material operates at high temperatures exceeding 800 K.



Methods for the production of new composite antifriction materials based on high-nickel alloys with additives of chemically and thermally stable solid lubricants are the subject of many scientific studies [3,4]. The main advantage of the nickel-based alloys is that they are heat resistant, have high melting temperatures, retain their mechanical and chemical properties at high temperatures and are highly resistant to corrosion, thermal fatigue, creep, erosion and thermal shock [5,6]. As noted in references, [7,8] high-temperature wear usually leads to the loss of mechanical strength and to a decrease in the service life of mechanical parts. It was confirmed that, the wear mechanism of antifriction composites depends not only on the material’s initial properties, but also to a large extent on the properties of the formed antifriction films, the so-called secondary structures [9,10,11]. When applied, solid lubricants contribute to the constant and uniform lubrication of contact surfaces at high temperatures due to their ability to soften and spread over the entire contact surface, which simultaneously protects the surface from oxidation [12,13]. The friction film was formed during the operation and greatly affects the behavior of high-temperature friction units. The film was the result of numerical oxidation processes occurring on contact with surfaces under the influence of high temperatures, increased loads and oxygen in the air. Friction films (secondary structures) have been established to be carriers of the material’s tribological properties [14,15,16].



The effect of known CaF2 solid lubricant for the formed friction films (secondary structures) improves antifriction properties and chemical and thermal stability [17,18]. The calcium fluoride has also low shear strength and thermophysical and thermochemical stability at high temperature, so it is used as an effective high-temperature solid lubrication [19,20,21].



Calcium fluoride is commonly applied for self-lubricating ceramics [22,23]. A multicomponent self-lubricating ceramic composite was studied, and the study showed that the addition of CaF2 can improve the antifriction properties of ceramic composite. The addition of calcium fluoride to self-lubricating ceramic materials improves the wear resistance of the materials, while at the same time, it reduces the mechanical properties of materials and the overall reliability of the ceramic tool. The use of appropriate methods can improve the mechanical properties of self-lubricating ceramic tools, while maintaining high lubricating characteristics, which was presented in [24,25]. Based on the study [26] an extensive review was carried out for the wear properties of fluoride coatings for different composition in open air along with wear and friction of uncoated specimens. Fluorides showed effective lubrication in the air



The behavior of high-temperature wear of self-lubricating sintered steels with CaF2, MnS and TiC was studied in [27,28]. Studies have shown that MnS, TiC and CaF2 additives significantly affect steel wear, while TiC improves its wear resistance. At elevated temperatures, a thin molten layer or soft metal film covers the worn surface and affects the wear process. CaF2 contributes to the lowest wear of sintered high-temperature composites among other solid lubricants, such as sulfides, boron and calcium nitrides, alkaline earth metal fluorides. However, the shear resistance of CaF2 decreases due to an increase in temperature. At high temperatures, ternary lubricants, such as Ba0.25Sr0.75SO4, also showed a significant improvement in the tribological properties of Fe3Al alloys [29,30,31].



However, there is no reference data on the combined effect of oxides and CaF2 solid lubricant on antifriction properties at high temperatures. Moreover, the determination of the oxide phase quantitative ratio in the friction film at different operating temperatures, will allow us to correctly select the rational operation modes for high-temperature composite. In addition, information on the oxide qualitative and quantitative ratio in the antifriction film will make it possible to choose the composite metal basis and the lubricant for the required temperature conditions. This approach allows considering the material science aspect of friction and wear from the point of view of the formed structure of the friction film and its composition.



The aforementioned arguments served as a basis for studying quantities of the oxide phases that are formed at different temperatures, their ratio in the friction film and the effect of such film on the composite’s antifriction behavior. This is an important and relevant problem requiring comprehensive research.



The solution to this problem will allow rationally choosing the temperature operating conditions for new composites when they demonstrate the highest functional properties. This will contribute to the reliability and durability of high-temperature friction units.



The objective of this study is to research the structural features, chemical elements distribution, oxide phases and their quantitative ratio in the formed antifriction film, and also the effect of such film on the antifriction behavior of the self-lubricating nickel-based alloy powder composite material at high temperatures of 1073–1173 K.




2. Experimental Procedures


2.1. Materials


The study was focused on new self-lubricating antifriction composite materials based on powder nickel alloy EI929 with solid lubricant (see Table 1). EI929 is the standard known alloy that is used in industry. The chemical composition of EI929 is governed by the interstate standard [32]. A solid lubricant powder of calcium fluoride was added to the original mixture (see Table 1). CaF2 was chosen as an additive to the antifriction material because it is a solid lubricant that remains chemically stable in high-temperatures. This solid lubricant is effective at elevated and high temperatures and retains its properties up to 1573 K (1300 °C) [3,26,33].



The mechanical and tribological properties of the EI929-based composite on with solid lubricant CaF2 are described in Article [3]. As a result of hot isostatic pressing and heat treatment, the matrix structure of the studied powder alloy EI929-based compositions is a solid solution, highly concentrated and highly homogeneous alloy with the dispersed large numbers of intermetallics and carbides. Such a structure ensured the formation of high-level mechanical properties, which is an important factor in the operation of any material, especially composite. Mechanical properties of the examined materials are presented in Table 2.



The samples for mechanical tests were manufactured in standard sizes. Therefore, impact resistance test samples were 55 × 10 × 10 mm3 in size. Impact resistance was investigated using standard samples without an incision, because, test samples from powder materials are known to be made without an incision. Bending strength tests were carried out using standard samples with dimensions of 55 × 10 × 5 mm3. The bending test procedure included applying a load to the center of the sample, was placed on two supports. The distance between the supports was 40 mm. Exemplary samples for testing mechanical properties are shown in Figure 1.



The tested material was analyzed using a scanning electron microscope (SEM) before performing tribological tests. Analysis results are summarized in Figure 2 with a fracture view shown in Figure 2a. The solid lubricant CaF2 distribution in a material is shown in image (Figure 2b) of the cross section made on the metallographic specimen.



The picture provides an example of a sample structure with a 6% CaF2 content. In the analyzed area, gray secretions of CaF2 lubrication were shown against the background of the light matrix of EI929 material. An even distribution of solid CaF2 grease in the composite was demonstrated, which was a consequence of the manufacturing technology used. This is an important factor for work with the material without smooth lubrication. Calcium fluoride, evenly distributed throughout the entire volume of the composite, surrounds the friction surface and participates in the formation of a friction film.




2.2. Tribological Tests


Tribological tests were performed on a VMT-1 friction testing machine. The experiments were performed at pressure P = 5.0 MPa, temperature T = 873–1473 K, counterface disc rotation speed V = 0.32 m/s. The work pressure for the material studied was 5.0 MPa. The scheme of the station is shown in Figure 3. A scheme of the VMT-1 friction testing for of the composite material EI929 + CaF2.



Increasing the pressure leads to an increase in temperature on the surfaces under friction. But in our experiments, the analysis of the interaction of the studied material with oxygen was carried out at temperatures from 873 to 1273 K. These temperatures were higher than the temperatures that occur when the pressure increases to 5.0 MPa.



Samples for tribological tests are presented in Figure 4. The friction surface of the composites was 36.0 mm2. Therefore, we only state the pressure at which the friction tests were performed. Post-test samples after tests are shown in Figure 5. Counterface is made of stainless high-temperature, high-alloyed chrome-nickel steel EI961Sh. The EI961Sh steel corresponded to the material of the real shafts in the high-temperature friction units. The chemical composition of this steel is summarized in Table 3.



In the test, the friction track was 5.0 km in the tribological testing process. After that, the measurement of linear wear was performed. Samples were cut from a blank obtained by hot isostatic pressing (see Figure 4). Next, they were ground as it is done with real parts before installation in the friction units. These operations were performed to maximize compliance with actual conditions.



Aspects of the antifriction behavior of the surface layer were microscopically analyzed. SEM microscopic observations included: testing of friction surfaces and testing cross-sections of samples showing the structure of the friction layer and the material under its surface. The study also included presentation of the distribution of elements in the cross-section of the friction layer. These tests were carried out on a Hitachi TM-3000 scanning microscope (Hitachi, Tokyo, Japan) equipped with an EDS attachment.



The number of oxides was determined by the thermodynamic analysis method and compared with the experimental results.





3. Results and Discussion


3.1. High-Temperature Tribological Properties


The film on the contact surfaces begins to form from the very beginning of the high-temperature tribological tests. The intensity of its formation increases with increasing temperature. This was due to intensification of the oxidative processes of pure elements, their carbides and intermetallics. A dense friction film 5 μm thick, was formed over the entire contact surface after about 1 km of the friction track. The film prevents further penetration of oxygen into the composite and its oxidation at high temperatures. The external effects on the new materials friction process and their interaction during tribological activity cause complex synergetic processes in surface layers, which develop due to the system being open and energy flow from the outside. This results in a multivariant synergetic system characterized by nonlinear internal processes, specific peaking modes [9,34,35], and, as a consequence, at least two stable states in direct relationship with temperature conditions. The formation of such a multivariant synergetic system led to multiple-element dissipative structures (secondary structures) with multivariant and ambiguous behavior, whose antifriction properties change substantially depending not only on material composition, but also on the intensity of external effects such as temperature [9,36].



The friction films as dissipative structures are complex, dynamically changing formations on the surfaces of the composite and the counterface, developed by the bifurcation mechanism. With their self-organization, these structures tend to deviate to one or the other attractor; in other words, they stay in two comparatively long-term states of the system. Because of this duality, the films had different compositions and behaved in two different ways, directly depending on the type and intensity of energy coming from outside: either as an antifriction lubricating layer promoting excellent tribological properties and stabilizing the friction pair or as a coarse abrasive layer leading to intensive wear of the friction pair. Therefore, the analysis of the material’s oxidation processes was carried out under temperatures where material demonstrates high antifriction properties and at a temperature leading to friction coefficient increase and intense wear (see Table 4). Interestingly [2], the wear rate can be determined by different methods. Of the known methods for assessing the wear, the most common are weight and linear, as the simplest and most reliable [37]. In our studies, linear wear was measured, which was a change in the sample’s linear dimensions per kilometer of the friction track.



Therefore, the linear wear of the studied material was determined in micrometers per kilometer of the friction track. This was the change in the linear dimension of the sample (sample height) per 1 km of the friction track. As Table 4 shows, the composite demonstrates high functional properties at temperatures up to 1273 K. The increase of temperature to 1473 K has resulted in a sharp decrease in antifriction properties.



The performance temperature conditions for the friction pair turned out to be decisive for forming secondary film structures with various properties (bifurcation phenomena) in states far from equilibrium and led to a relatively long-term mode of the system (attractor). Data on the solid oxide concentration was obtained from the composite’s surface at temperatures 1073 and 1173 K based on thermodynamic formula according to dependence:


  Δ  G o  = Δ  H o   ( T )  − T Δ  S o   ( T )  ,  



(1)




where ΔGo(T) − Gibbs energy change; ΔHo(T) − enthalpy change; ΔSo(T) − entropy change at temperature T.



Due its complexity, the system was divided into multiple subsystems wherein the matter exchange is physically possible, and the equilibrium state can be determined. That approach allowed simulating chemical processes with greater accuracy. ASTRA.4 software was used to conduct calculations.



In the friction process, the studied composite was tested in contact with the counterface made of stainless cast steel EI961Sh. Obviously, the mass transfer effect takes place during friction process [9]. The mass transfer effect was the mutual transfer of the contact pair’s chemical elements to the surfaces of each other.



Except for pure iron, in the EI961Sh steel there are other phases containing iron, as well as alloying elements phases, such as carbides and intermetallics. Therefore, the analysis of the interaction the counterface structural components with the air was also performed using the thermodynamic analysis method. The counterface material consists of the structural components that are similar to the components of the studied composite. These are carbides of chromium, titanium, molybdenum, vanadium, tungsten and complex chromium carbides containing iron [9]. Because iron is the main element in EI961Sh, the thermodynamic analysis of the interaction of iron with oxygen was also performed. The thermodynamic analysis of the interaction of the main components with the air was carried out in the temperature interval 600–1300 K at intervals of 200 K. The ratio of the components to air was varied as follows: variant α = 50:50 wt %; variant β = 10:90 wt %; variant γ = 90:10 wt %. Such variations allow observing the development of oxidation processes with excess and lack of oxygen.



It is known the FeO, Fe2O3 and, Fe3O4 oxides exist in the system [38,39]. The intensive carbide oxidation occurs at temperatures above 1273 K and depends on the carbon amount in steel [40]. Oxidation resistance increases at the carbon amount growth. The oxidation products contain chromium, iron, molybdenum, tungsten and vanadium oxides. The authors state that the pure iron oxidation is accompanied by the formation of Fe2O3 oxides (up to 473 K), then Fe3O4 (at 673 K) and FeO (after 843 K).



The counterface material, EI961Sh steel, contains small amounts of manganese and silicone. We can assume the oxygen dissolution in Mn and Si compounds will lead to the appearance of MnO, Mn2O3, SiO2 oxides in small numbers at a high temperature oxidation. The manganese and silicon oxides concentration is much lower than the amount of chromium, titanium, iron, nickel and others oxides. Therefore, the manganese and silicon oxides number will probably have no significant effect on the total amount of oxides.



Iron is oxidized in several stages. In the Fe−O system, Fe2O3 oxides were formed at 473 K and coexist with pure iron in a case of oxygen absence (variant γ). At variant α, Fe2O3 oxides were transformed to Fe3O4 oxides at 673 K, and Fe2O3 coexists with Fe3O4 oxides. Above 673 K, there were only Fe3O4 oxides at variant α. In the case of excess oxygen (variant β) the Fe3O4 oxides were transformed into the FeO oxides and they coexist in the interval of 673–843 K. Only the FeO oxides exist at temperatures above 843 K at the oxygen excess [41,42]. Oxidation products contain free iron on the friction surface due to large amounts of iron in the steel counterface. Table 5 shows concentration of solid oxides after tribological tests at 1073 and 1173 K.



Table 5 data shows the temperature rise to 1173 K and above, leading to intensification of the oxidation processes. Among the solid oxides, the amount of iron, chromium, titanium and other element oxides is significantly increased in the friction film. At temperature conditions, the friction film becomes an abrasive substance and cannot provide high antifriction properties. Such concentration of solid oxides on the surface (see Table 5) is characteristic both for the researched antifriction composite and for a counterface as a result of the mass transfer effect at the friction process.



From the analysis of results, it follows that formation of the composite’s surface film was accompanied by the formation of NiO, FeO, Cr2O3, V2O5, TiO2, Co3O4, CaO, CeO2, B2O3 and Al2O3 solid oxides. In addition, MoO2, WO2, V4O10, CO, CO2, F2 molecules were present at the vapor phase at 1073–1173 K. Oxidation products contain free nickel and iron, which was due to their increased concentration compared to other elements.



Phase composition of the material and counterface, the strengthening phase number and the formed oxidation products make it possible to conclude that the oxides of alloying elements were formed from the corresponding carbides and intermetallics, both from the composite material and counterface. The total amount of alloying elements, carbides and intermetallics is proportional to their content in the original material composition, were described in works [3,9]. Subsequently, this causes formation of the oxides in proportional amount. References include information about impurities located on the boundaries of particles that form a diffusion barrier to the oxygen penetrating into the powder particles, and protect nickel against oxidation [40,43,44,45]. Thus, the more oxides of other chemical elements were formed, the slower was nickel oxidation. The alloying oxide elements envelop EI929 particles in the surface layer and hinder the penetration of oxygen into the alloy.



This phenomenon was observed by visual inspection of samples after tribological tests and confirmed by high and stable antifriction properties at high temperatures. Thereby oxides “build” a barrier against nickel oxidation and the NiO amount does not increase, as it was shown in [46,47,48]. The oxide composition formed with calcium fluoride determines the tribological characteristics of the researched antifriction composite with an average value of solid lubricant, depending on temperature (see Figure 6).



Analyzing parameters of experimental tests, high wear resistance (low wear rate, J) was observed at friction in the wide temperature interval 873–1173 K. This was due to the balance between the formation and wear of oxide-fluoride compounds, which form the antifriction film and provide a minimum of wear intensity for these tribo-thermal conditions. The minimum wear was observed due to the optimal combination of oxide and fluoride phases, their properties and composition. Therefore, a conclusion can be made that high tribological properties were caused by the formation of dense oxide-fluoride films in the interval 873–1173 K. The wear ratio of films coincides with their restoring speed at such working conditions. An increase of the material wear intensity was observed at temperatures above 1173 K (see Figure 6).



In this case, the balance between the film formation and wear was broken. Intense oxidation leads to the appearance of the Cr2O3, FeO, V2O5, TiO2 and other solid oxides in large numbers (see Table 5). Calcium fluoride cannot perform lubrication functions in such conditions. Thus, the catastrophic wear occurs, when the friction film’s antifriction properties become abrasive due to intense oxidation. Thus, the qualitative and quantitative composition on oxides was obtained in the antifriction composite friction film under different temperature conditions.



The experimental result analysis showed that wear resistance was determined by the ability of material to form thin and dense oxide phases with solid lubricant CaF2 on the working surfaces at high temperature friction in the air. Formation of the optimal protective films can be forecasted using the thermodynamic method, recognizing the qualitative and quantitative composition of alloying elements in the material. The thermodynamic analysis used allows obtaining reliable information and can be used to study the interaction of self-lubricating antifriction composites with the air at different temperatures. The optimum concentration of oxide phases in combination with solid lubricant will ensure the formation of such friction films. This approach allows choosing the temperature conditions for composite antifriction materials. Therefore, the rational working temperature interval was 973–1173 K for the studied composite EI929 + (4–8)% CaF2, when the material demonstrates the highest functional properties. The maximum allowable temperature was 1273 K, above which the functional properties were greatly reduced (see Table 4, Figure 6).



Features of the friction process of the nickel-based composite antifriction materials at high temperatures (see Figure 7) confirm that the wear resistance increases dramatically above 1173 K. As shown in Figure 7a, the increase was more than threefold at 1273 K. The CaF2 content percentage becomes nonlinear. Based on the trend of wear rate curves of the studied composite, it was shown that the material exhibits the highest functional properties in the range of 873–1173 K. Figure 7b shows the relationship between the coefficient of friction and the mass concentration of solid lubricant CaF2 in the analyzed samples obtained after friction tests on track about 5 km at a speed of 0.32 m/s and a clamping force of 180 N. The presented results indicate the approximately linear nature of this relationship. The relationship between the coefficient of friction and the mass concentration with solid lubricant CaF2 was linear for all composite materials tested. The linear harmony was 98.7% only 1273 K while in other cases it was 100%. The friction coefficient varies slightly in the range 873–1173 K and depends only on the number of oxides in the friction film. This confirms the optimal CaF2 content between 4.0 wt %–8.0 wt % in the composite, when a balance takes place between the wear of the antifriction film and the formation of its new sections at temperatures up to 1273 K (see Figure 7b). For 1473 K, the increase in the friction coefficient was significant, since the intensity of the oxidation processes increases sharply, as described above. At temperatures above 1273 K, a solid lubricant, regardless of its quantity, can no longer provide stable operation of the friction pair since an intense friction surface oxidation occurs. As a result, the friction coefficient increases, and the composite begins to act as abrasive material (see Figure 7b).




3.2. Microstructure Changes of the Composite Friction Surface


Microscopic analysis consisted of studying the CaF2 solid lubricant distribution before starting tribological tests. As shown in Figure 8, CaF2 distribution reflects the powder particles geometry of the composite, which was obtained from the sprayed (spherical) powders of the nickel alloy EI929. CaF2 particles were arranged around the spherical particles of EI929, as seen in Figure 8b. Such arrangement of CaF2 solid lubricant particles was a consequence of composite manufacturing technology (see Figure 8). The performed microscopic analysis of surfaces after tribological tests were carried out not only allows determining the oxide phases quantitative ratio in the friction film, but also studying the behavior of CaF2 solid lubricant at high temperatures.



General view of the friction surface in Figure 9 shows the friction process creates a characteristic band structure oriented along the friction direction. The friction of sample abrasion under pressure P = 5 MPa causes a gradual separation of the friction film. Separation of individual fragments of the layer was combined with their brittle cracking small fragments falling off the surface layer. At the same time, new fragments of the friction film were formed at these places. Thus, the friction film was constantly present on the contact surfaces and implements the self-lubrication mode at studied operating conditions. Surface characteristics indicate a high uniformity in the distribution of solid lubricant on the surface during tests carried out at 973–1173 K.



The finding confirm the presence on the friction surface of small zones, where lubricant “chambers” filled with CaF2 were formed, which was a consequence of plastic deformation of the material during friction. These areas were sources of the continued presence of CaF2 solid lubricant during friction. In these areas, the processes of material wear intensify with increasing temperature over time due to the appearance of deep scratches, fragmentation and the formation of craters (see Figure 10). It should be noted that the morphology of composite friction surfaces after wear tests at 873, 973, 1073 and 1173 K was identical and contributes to high tribological properties (see Table 4, Figure 6).



The friction process intensifies at the abrasion at 1173 K, and at increasing the temperature to 1273 K which leads to the loss of composite’ stability caused by the intensive oxidation of the entire friction surface.



As a result, the mechanical abrasive wear occurs. Then a mechanically mixed layer was formed with a thickness of approx. 3–5 μm. On this surface, a film with individual fragments, 1 to 2 μm thick was observed. In the abrasion process, at some point, small fragments of a strongly oxidized film break under friction forces. The moment immediately before a fragment of the material breaking off, which opens a “chamber” with CaF2 lubricant is shown in Figure 11. After breaking off, fragmented pieces of friction film that move in the contact zone, act as loose abrasives, contributing to abrasive wear and removal of mechanically mixed fragments of the layer (see Figure 11b).



Micro cutting, in which the oxide film layer is removed, also acts on the native material, increasing its wear and damage. The effects of plastic deformation appear on these surfaces, which look like elongated “flakes” of material flowing in the direction of deformation, which has been confirmed by research (see Figure 12a). Deformed layers of material adhere to each other due to the local adhesive forces. Initially the products of wear were formed on the surface. Then in some moment the products of wear and lubricant were closed under the surface of the formed “flake”. After that, the process was repeated again (see Figure 12b). Thus, the self-lubrication mechanism was realized.



As part of EDS tests, with the help of map analysis, elements were identified and their distribution in the area on and below the friction surface (see Figure 13). The distribution maps of the composite’s matrix elements: Ni, Cr, Co, Mo, Ti, F, Ca (Fe from counterface) and W were obtained. It was difficult to identify Ce and B due to their small number, and also, probably, elements with higher screen contents of cerium and boron.



The Figure 13 shows the uniform distribution of chemical elements that determines the uniform distribution of the corresponding oxides in the antifriction film. This ensures the formation of a homogeneous structure of the surface layer, which stabilizes the friction pair at high temperatures.



The analysis confirms the formation of the mechanically mixed layer on the friction surface with an increased content of elements such as oxygen O and iron Fe. Such layer consists of an antifriction lubricant at high friction temperatures. Anti-scoring films provide high wear resistance of the self-lubricating composite 973–1173 K due to the balance between the rate of their formation and wear (see Figure 6, Table 4).



The distribution of selected elements as a function of depth of the friction surface was illustrated by means of a linear EDS analysis (see Figure 14).



The tests were carried out at a depth of 5 μm below the surface, excluding surface interlocked products (see Figure 15). The analysis showed an increase in the number of oxide phases formed on the friction surface. An increase in the number of oxide phases was observed at a depth of up to about 2 μm, with their largest share on the friction surface. In the selected place, the presence of an increased amount of TiO2 in the surface layer was clearly indicated, although the presence of other oxides also occurs. This was due to the high affinity of chromium and titanium to oxygen.




3.3. Analysis of Worn Surfaces


To illustrate the mutual influence of both members of the friction pair and determine the relationship between the sample and the counterface, surface roughness tests of the counter-sample were also carried out. These tests were very important in order to confirm the presence of an antifriction film on the contact surface, to monitor the change in its geometry and to determine its parameters. Surface roughness was analyzed with a MarSurf SD 26 profilometer (Mahr, Werl, Germany). Comparative measurements with visual surface assessment were also carried out using the 3D-Image Viewer system and the Hitachi TM-3000 electron microscope. Measurements on the profilometer were carried out on five measuring lines, each 4 mm long, taken in separate places for each sample, and on 20 measuring tracks 240 μm long for each of the five images obtained in the 3D image. In both cases, measurements were carried out along the measurement lines perpendicular to the abrasion direction. The results are presented in Figure 16 and Figure 17.



Figure 16 above presents the state of the counter-sample surface after friction, with an example of roughness determination. Figure 17 shows the surface view before and after the friction test, respectively.



The results in the form of the mean value from the measurements are presented in Table 6. The results clearly confirm the increase in the value of roughness parameters. Analysis of the surface roughness after the abrasion process clearly shows that a layer of lubricating film was created on the surface of the counter-sample. It appears as a banded structure along the abrasion line. This layer forms parameters characterizing roughness (see Table 6). The arithmetic mean deviation of the profile from the midline Ra increases by 37–42% after the abrasion and the height of the profile Rz was 18–21% higher relative to the surface before abrasion. Analysis of the surface roughness of the counter-sample at the point of contact with the sample edge did not confirm wear of the counter-sample, but only the increase in profile height due to the presence of a lubricating film layer. The differences between the methods result from the adopted measuring section Ir.



As it can be seen from Figure 17b, an antifriction film was present on the surface of the composite after tribological tests. This film covers the entire friction surface and contributes to the stable operation of the friction pair.



As shown in Table 6, the performed surface roughness tests showed an increase in average roughness (Ra) of approx. 39.5% after friction tests, which confirm the presence of the formed antifriction film on the material’s surface. Such film ensures the tribological properties high level and the studied composite stable work.



In conclusion, based on the surface roughness analysis after tribological tests and the studies of other authors [7,20,49], one can be tempted to assess the impact of friction on the functional properties of the composite based on EI929 nickel powder with solid CaF2 lubrication at high temperatures. The tested wear resistance of the self-lubricating composite in the temperature range of 873–1273 K shows specific effects in individual temperature ranges. After exceeding the temperature threshold (1200 K), it was noted that the friction film loses lubricity and acts as an abrasive. Abrasive surfaces of materials undergo some degradation. These mechanisms are summarized in Table 7.





4. Conclusions


The material science approach was used to describe the structural features of the friction films formation, their composition, the distribution of chemical elements inside them, and their influence on the functional properties of high-temperature nickel composites. Research of the friction mechanism of the antifriction composite material based on powder nickel alloy EI929 + (4–8)% CaF2 was carried out using the thermodynamic analysis of oxidation process at high temperatures, micro-structural studies by EDS, tribological and mechanical tests, measuring of roughness parameters.



It has been shown that the wear and friction mechanism was oxidative in nature. The formed oxide composition with calcium fluoride determines the tribological characteristics of the researched antifriction composite. Quantitative ratios of oxide phases were obtained for 1073 and 1173 K. Microscopic analysis confirmed the increase in the number of described oxide phases in the antifriction film, which corresponded to the content of each alloying element in the composite’s nickel matrix. An increase in the number of oxide phases was observed at a depth of about two micrometers. This phenomenon was observed by visual inspection of samples after tribological tests and confirmed by high and stable antifriction properties at high temperatures.



High tribological properties were observed during friction in the wide temperature interval 873–1173 K. This was due to the balance between the formation and wear of oxide-fluoride compounds, which form the antifriction film, and provide a minimum of wear intensity for these tribo-thermal conditions. The minimum wear was observed due to the optimal combination of oxide and fluoride phases, their properties and composition.



The high tribological properties were caused by the formation of dense oxide-fluoride films in the interval 873–1173 K. Such films wearing ratio coincides with their restoring speed during working conditions. An increase of the material wear intensity was observed at temperatures above 1173 K. In this case, the balance between the formation of film and wear was broken. Intense oxidation leads to the appearance of the Cr2O3, FeO, V2O5, TiO2 and a large number of other solid oxides. Calcium fluoride cannot perform lubrication functions in such conditions. Then the catastrophic wear occurs when the film’ antifriction properties become abrasive due to intense oxidation.



The formation of optimal antifriction protective films can be predicted by thermodynamic analysis when the combination of oxide phases and solid lubricant will provide high tribological characteristics at operating temperatures. Surface roughness tests after abrasion showed an increase in average roughness (Ra) of approx. 39.5% after tribological tests, which confirmed the presence of the formed antifriction film on the composite’s surface and allowed to determine its parameters.



Microscopic analysis data and EDS studies confirmed the oxidative nature of wear, which intensifies with increasing temperature. At 1273 K, the antifriction properties of the film were lost, leading to catastrophic wear.



The obtained results open up the possibility for creating composites with predefined properties by selecting initial powders with the appropriate combination of alloying elements as the basis of material.



Further research will be devoted to studying the nature of secondary structures on contact surfaces in order to obtain a broader nomenclature of anti-friction composites based on ferrous and non-ferrous metals in various operating temperatures.
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Figure 1. Test samples to determine selected mechanical properties: (a) for impact tests; (b) for bending tests. 
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Figure 2. Scanning electron microscope (SEM) microstructure of the composite material EI929 + CaF2: (a) fracture; (b) cross-section. 
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Figure 3. A scheme of the VMT-1 friction testing for of the composite material EI929 + CaF2. 
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Figure 4. Samples dimensions for tribological tests: (a) geometrical dimensions; (b) sample tested. 
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Figure 5. Samples for testing: (a) sample as composite material EI929 + CaF2; (b) counter-sample. 
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Figure 6. Temperature dependence of the wear intensity for composite EI929 + (4–8)% CaF2; P = 5 MPa, V = 0.32 m/s, counterface—EI961Sh steel. 
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Figure 7. Wear rate and friction coefficient at different temperatures: (a) wear rate; (b) friction coefficient. 
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Figure 8. CaF2 solid lubricant distribution on the composite’s surface before the tribological tests: (a) ×50; (b) ×500. 
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Figure 9. Composite friction surface after testing at 1073 K: (a) general view; (b) fragmentation of the friction layer. 
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Figure 10. Composite friction surface after testing at 1173 K: (a) general view; (b) hulling and cracks. 
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Figure 11. Microstructure of the friction layer formed during abrasion at 1073 K (a) and (b) different areas in friction film. 
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Figure 12. Microstructure of the friction layer was formed during abrasion at: (a) 1173 K; (b) 1073 K. 
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Figure 13. Energy dispersive spectroscopy analysis: distribution map of elements on and below the friction surface: (a) fragment of structure; (b) Ni; (c) Cr; (d) Ti; (e) F; (f) Ca; (g) O; (h) Fe. 
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Figure 14. Distribution of selected elements and their location. 
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Figure 15. Linear EDS analysis of elemental distribution as a function of depth from abrasive surface. 
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Figure 16. Surface profile of the counter-sample after wear resistance test: (a) measurement by the place of contact with the edge of sample; (b) surface after friction. 
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Figure 17. Surface profile of the counter-sample: (a) surface view of the sample before friction test; (b) surface view of the sample after friction test. 






Figure 17. Surface profile of the counter-sample: (a) surface view of the sample before friction test; (b) surface view of the sample after friction test.



[image: Coatings 10 00454 g017]







[image: Table] 





Table 1. Chemical composition of the material based on alloy EI929 [3].
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Components, wt %






	
C

	
W

	
Cr

	
Mo

	
Ti

	
Al

	
V

	
Co

	
B

	
Ce

	
Ni

	
CaF2




	
0.04–0.10

	
4.5–6.5

	
9.0–12.0

	
4.0–6.0

	
1.4–2.0

	
3.6–4.5

	
0.2–0.8

	
12.0–16.0

	
0.001–0.002

	
0.001–0.002

	
basis

	
4.0–8.0
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Table 2. Mechanical properties of the materials based on EI929.
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	Composition

wt %
	Bending Strength

σs (σPa)
	Impact Resistance

KC (J/m²)
	Hardness

(HBS)





	EI929 + 4 CaF2
	570–630
	640–670
	258–263



	EI929 + 6 CaF2
	550–620
	620–650
	256–262



	EI929 + 8 CaF2
	540–590
	610–520
	255–261
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Table 3. Chemical composition of EI961Sh steel counter-sample [3].






Table 3. Chemical composition of EI961Sh steel counter-sample [3].





	
Components, wt %






	
C

	
W

	
Cr

	
Mo

	
S

	
Si

	
V

	
Mn

	
Ni

	
P

	
Fe




	
0.10–0.16

	
1.60–2.00

	
10.5–12.0

	
0.35–0.50

	
to 0.025

	
to 0.6

	
0.18–0.30

	
to 0.6

	
1.50–1.80

	
to 0.030

	
basis
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Table 4. Antifriction properties of the materials at 873–1473 K.
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	Composition,

wt %
	Friction

Coefficient

at 873 K
	Friction

Coefficient

at 1273 K
	Friction

Coefficient

at 1473 K
	Wear Rate, µm/km

at 873 K
	Wear Rate,

µm/km

at 1273 K
	Wear Rate,

µm/km at 1473 K
	Maximum Allowable

Temp., K





	EI929 + 4 CaF2
	0.24
	0.37
	0.63
	44
	62
	273
	1273



	EI929 + 6 CaF2
	0.25
	0.40
	0.67
	46
	66
	298
	1273



	EI929 + 8 CaF2
	0.26
	0.42
	0.71
	48
	71
	311
	1273
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Table 5. Concentration of solid oxides after tribological tests.
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Solid Oxides, wt % at 1073/1173 K






	
Cr2O3

	
FeO

	
NiO

	
CaO

	
V2O5

	
TiO2

	
Al2O3

	
Co3O4

	
CeO2

	
B2O3




	
0.24/0.34

	
0.14/0.26

	
0.12/0.18

	
0.05/0.07

	
0.07/0.09

	
0.08/0.12

	
0.09/0.11

	
0.11/0.14

	
0.01/0.02

	
0.01/0.02
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Table 6. Selected parameters of state of the counter-sample surface.
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	Description
	RSm

(μm)
	Rv

(μm)
	Rp

(μm)
	Ra

(μm)
	Rz

(μm)
	Rq

(μm)
	Ir





	3D-Image Viewer

before abrasion
	34.05
	0.74
	0.56
	0.14
	1.70
	0.20
	240 μm



	3D-Image Viewer

after abrasion
	23.29
	0.94
	0.85
	0.21
	2.20
	0.23
	240 μm



	MarSurf Page 2

before abrasion
	41.925
	1.089
	0.722
	0.211
	1.810
	0.287
	4 mm



	MarSurf Page 2

after abrasion
	27.031
	1.053
	1.228
	0.259
	2.281
	0.341
	4 mm







Where: RSm—mean spacing of profile irregularities, Rv—maximum profile valley depth, Rp—maximum profile peak height, Ra—roughness average, Rz—maximum height of the profile, Rq (Rms)—root mean square, Ir—sampling length.
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Table 7. Mechanisms and scale levels responsible for damage generation.
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	Operating Temperature
	Damage Type

and Scale Level
	Possible Causes
	Mechanism of Deformation Process Evolution





	873–973 K
	Striping of the furrow along the abrasion direction, slight exfoliation and fragmentation of the created layer of oxygen film,

(micro-level, units or tens of μm).
	Plastic grinding of CaF2, delamination of oxide film layers combined with adhesive re-tacking to the friction surface. Plastic deformation at the bottom of the furrows in places without the presence of CaF2 lubricant. Fragmentation of the oxide layer and micro cutting. Some loose abrasive.
	Mixed abrasive wear: the advantage of adhesive wear over abrasive wear.



	973–1173 K
	Micro cutting, intensification of deep grooving, formation of micro craters,

(micro-level, units or tens of μm).
	Intensification of opening the lubricant pocket. Fragmentation of the oxide layer and micro cutting.

Increased amount of loose abrasive.
	Mixed abrasive wear: balance between adhesive and abrasive wear.



	1173–1273 K
	Meso-cutting.

Deep furrowing and formation of extensive craters. Local breaks out of large fragments of material, (micro-level, units or tens of μm and locally,

(meso-level, units or tens of centesimal μm).
	Loss of stability of CaF2 lubricant. CaF2 leaching. Micro cutting—with fragments of the detached oxygen film. Increased intensity of abrasive mechanical wear. A significant amount of loose abrasive.
	Main mechanism of abrasive wear. There was also a small presence of adhesive tack locally.
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