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Abstract

:

Rapid developments in aerospace and nuclear industries pushed forward the search for high-performance self-lubricating materials with low friction and wear characteristics under severe environment. In this paper, we investigated the influence of the Mo element on the tribological performance of nickel alloy matrix composites from room temperature to 800 °C under atmospheric conditions. The results demonstrated that composites exhibited excellent lubricating (with low friction coefficients of 0.19–0.37) and wear resistance properties (with low wear rates of 2.5–28.1 × 10−5 mm3/Nm), especially at a content of elemental Mo of 8 wt. % and 12 wt. %. The presence of soft metal Ag on the sliding surface as solid lubricant resulted in low friction and wear rate in a temperature range from 25 to 400 °C, while at elevated temperatures (600 and 800 °C), the effective lubricant contributed to the formation of a glazed layer rich in NiCr2O4, BaF2/CaF2, and Ag2MoO4. SEM, EDS, and the Raman spectrum indicated that abrasive and fatigue wear were the main wear mechanisms for the studied composites during sliding against the Si3N4 ceramic ball. The obtained results provide an insightful suggestion for future designing and fabricating solid lubricant composites with low friction and wear properties.
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1. Introduction


High-performance materials with excellent tribological properties have recently become urgently needed due to rapid developments in the aerospace, nuclear, and automobile industries [1,2,3,4,5,6,7]. The moving parts of nuclear reactors, petrochemical equipment, steam power plants, aircraft engines, and various types of gas turbines need maintenance under severe conditions (high temperature, corrosive gasses, vacuum, radiation, etc.). Introducing solid lubricants, e.g., metal oxides (MoO3, NiO, CuO, Fe2O3, etc.), noble metals (Au, Ag, Cu, etc.), transition-metal dichalcogenides (WS2, MoS2, MoSe2, etc.), and alkaline halides (e.g., BaF2, CaF2, CeF2, etc.), into composites is the most effective way to increase lubricating and wear-resistance properties for composites used in moving parts [8,9,10,11,12,13,14,15]. Traditional lubricating agents, such as oil/grease and polymer matrix composites, carbonize/decompose in harsh environments and lose their lubrication ability, failing to protect moving parts from potential accidents. Therefore, developing high-performance solid lubrication composites is urgently needed.



The two most famous wide-temperature solid lubricants were plasma spray (PS) and adaptive nano-lubricating coatings, which were fabricated by the National Aeronautics and Space Administration and the Air Force Research Laboratory, respectively. The former PS coatings were successfully applied as components of foil bearings and lightly loaded oscillatory bearings. They were developed in four generations, from the PS100 to the PS400 series [16,17,18,19,20,21]. These coatings exhibited excellent wear resistance and lubricating performance in broad temperatures for the first time by employing Ag/BaF2·CaF2 as solid lubricants (soft metal Ag as low-to-moderate temperature, and BaF2·CaF2 as a moderate-to-high temperature), glass/Cr2O3/Cr2C3 as a reinforcing phase, and nickel alloy as a matrix. The latter adaptive nanocomposite tribological coatings, also called “chameleon” coatings, because these coatings could respond to surrounding environments by adjusting the contact surface compositions and microstructure of (like a chameleon changing its skin color to avoid) to maintain good self-lubricating properties under testing conditions (such as humid/dry cycling and temperature variation). Results showed that the adaptive self-lubricating mechanism combined the chemical composition (containing low melting point oxide, bimetallic oxide, and layer structure material) and surface structure (gradient interface, two-layer coating with a patterned diffusion barrier) to the main low friction and wear rate. These coatings include DLC/TiC/WC, YSZ/Ag/Au, YSZ/Ag/Mo/MoS2, YSZ/Au/MoS2/DLC, VN/Ag, (Ag, Cu)-Ta-O, etc. [2,9,22,23,24,25,26,27,28].



Besides these two best examples, many other solid lubricating composites were also developed [29,30,31,32]. To increase the high-temperature wear performance of tool materials, Ripoll et al. fabricated NiCrSiB-Ag-MoS2 mm-thick coatings using laser metal deposition [12]. The effective lubricant at elevated temperatures (600–800 °C) resulted in a glazed tribolayer rich in silver molybdate. Bian et al. prepared a NiCr-Cr3C2 coating in fluoride molten salts using high-speed laser cladding, and the results showed that the composite coating that contained 60 wt. % Cr3C2 exhibited quite a low wear rate of 2.78 × 10−6 mm3/Nm and friction coefficient of 0.12 [33]. Ye et al. studied Ag content on wear resistance of Ni60 coatings at different temperatures, finding that the oxide lubrication layer formation rich in Ag2O, NiO, and AgCrO2 was beneficial for high temperature tribological behavior [34]. Using the spark plasma sintering method, Zeng et al. prepared a nickel-based h-BN/CePO4 composite coating, and the high-temperature friction and wear results indicated that the formation of gradient lubrication film formed on the sliding surface exhibited the best lubricating properties [35]. Employing a laser cladding method, Zheng et al. fabricated Ni60/WC-Cu/MoS2 composite coatings. Cu and MoS2 decreased the wear rate for the coating due to the formation of the uniformly distributed self-lubricating film rich in MoS2 and the structural enhancement by Cu, which induced solid solution strengthening and minimized wear debris generation [36].



In addition, due to dispersion strengthening and alloying, it is important to investigate how the amount of a specific element influences the tribological performance of composites. Qin et al. studied Mo content on the wear resistance of iron matrix materials, and the results demonstrated that due to the strengthening effects of Mo, composites that contain 12% Mo had the lowest wear rate [37]. Using the high-velocity oxy-fuel process, Behera et al. prepared two composite coatings (WC-CoCr/Mo and WC-Co/NiCr/Mo), and studied the Mo addition on the wear behavior for the coatings. The results showed that the WC-CoCr coating with 10% Mo had the best frictional performance at high temperatures, and this was mainly due to the thin oxide layer which formed on the contact surface rich in WO3, CoWO4, MoO3, NiMoO4, and CoMoO4 [38]. Zhu et al. prepared high-entropy carbide materials and investigated the Ag and Mo content on its frictional behavior [29], and the results demonstrated that the formed multi-component lubricating film significantly improved the wide-temperature wear resistance, especially at 300 °C. To improve the poor friction behavior of titanium alloys, Zhen et al. fabricated a multiphase Ti-Mo-Ag composite via the spark plasma sintering method, and the results showed that a heterogeneous triple-phase co-reinforced microstructure was formed, which demonstrated the Ti-Mo-Ag composite lubricating performance at 600 °C (friction coefficient: 0.20, wear rate: 8.0 × 10−6 mm3/Nm) [39]. Moussaoui et al. studied the effect of the addition of Mo on the mechanical and frictional behavior of TiN film, and the results indicated that the mechanical/wear resistance performance was significantly enhanced as the Mo content is 18 at.% due to the solid solution of nitride mixture phase of TiN/MoN [40]. Cui et al. designed and prepared a Stellite 12 alloy/Mo coating by laser cladding; the friction and wear properties from 25 to 1000 °C were significantly enhanced due to the complex carbides (with net structure and high hardness/load-carrying) and the formation of a lubricating film. The coating with 12.0 wt. % Mo exhibited optimal wide-temperature tribological performance [41].



In a previously reported study, the influence of Mo on the high-temperature frictional performance for NiCrMoTiAl matrix composites was investigated in vacuum. To systematically investigate the tribological properties of these composites, high-temperature wear behavior was investigated from 25 to 800 °C under atmospheric conditions in this study, and the obtained data were compared. Furthermore, the influence of contact surface oxidation on the wear and lubricant mechanism was also discussed in detail.




2. Experimental Details


2.1. Materials


Using a hot-pressing sintering method, the nickel alloy matrix composite was fabricated by mixing nickel alloy powder and solid lubricant (Ag and BaF2/CaF2). The detailed processing parameters were described elsewhere [42]. Table 1 lists the composition of the prepared composite samples.




2.2. Tribological Tests


Tribological tests were performed on an HT-1000 ball-on-disk (Lanzhou Zhongke Kaihua Technology Development Co., Ltd., Lanzhou, China) high-temperature tribometer. All composite disks were polished carefully using abrasive paper and metallographic abrasive paper, and the Si3N4 ball (6.35 mm, 1500HV1) was used as the counterpart material for its aerospace applications. The tribotests were run in the air under the following conditions: sliding speed of1.0 m/s, duration of 30 min, normal load of 5 N, and 10 mm wear track diameter. The testing temperatures were selected as 25, 200, 400, 600 and 800 °C with a heating rate of 10 °C/min. The friction coefficient (COF) was automatically continuously recorded by computer during the sliding process. The volume of the wear track was measured by a contact surface profilometer, and the value was calculated automatically and expressed in mm3N−1m−1. To ensure the accuracy of the tribological tests, the measurements were performed at least three times under the same conditions.




2.3. Characterization


To further analyze the wear and lubricating mechanism of the nickel alloy matrix composites, the microstructure, worn surface characteristics, and the chemical evolution of the worn surface were investigated by scanning electron microscopy (SEM, JSM 5600LV, Zeiss, Jena, Germany) with energy-dispersive spectrometry (EDS) and LabRAM HR evolution Micro-Raman spectrometry (Renishaw inVia Reflex, with a wavelength of 532 nm, Wotton-under-Edge, UK).





3. Results and Discussion


Figure 1 shows the evolution of COF vs. testing temperature for the four composites under atmospheric conditions. All four composites show excellent lubricating properties from 25 to 800 °C, and the value fluctuates between 0.19 and 0.37. The COF values change similarly with temperature for all investigated composites: from 25 to 200 °C, the COFs of the composites decrease to minimum values (0Mo: 0.36–0.2; 5Mo: 0.36–0.22; 8Mo: 0.37–0.27; 12Mo: 0.27–0.19); when the testing temperature increases to 600 °C, the COF values continuously increase (0Mo: 0.29; 5Mo: 0.28; 8Mo: 0.33; 12Mo: 0.25), then they decrease somewhat at 800 °C (0Mo: 0.24; 5Mo: 0.23; 8Mo: 0.29; 12Mo: 0.23). This phenomenon may be explained as follows: from 25 to 200 °C, the soft metal Ag diffusion rate from the matrix to the sliding surface increases, thus resulting in decreased COFs; when the test temperature is 400 and 600 °C, the oxidation of the contact surface limits the diffusion of solid lubricants to some extent, so the COFs increase; at 800 °C, the formation of a continuous glaze layer decreases the COF values (which will be showed in the SEM image below). By comparison, 12Mo composite exhibits the lowest COF, while 8Mo has the highest COF and 0Mo/5Mo composites exhibited similar COFs under the given test conditions.



Moreover, when compared with the values under vacuum condition [32], we can see that all four composites exhibit relatively high COFs from 25 to 600 °C, especially at 600 °C, as the value is below 0.2 in vacuum. As the surrounding temperature increases to 800 °C, the trend is the opposite; all four composites exhibit higher COF values in a vacuum than that in the air. This may be explained by an increased diffusion rate of solid lubricants from the matrix toward the contact surface as testing temperature increases from 25 to 600 °C, keeping in mind that oxidation is limited under vacuum conditions, so the COFs are low. At 800 °C, significantly decreased hardness, and mechanical properties in general, result in the highest COF values.



The wear rate vs. testing temperature curves for the four composites coupled with a Si3N4 counterpart material are shown in Figure 2. All four composites present low wear rates under atmospheric conditions, the value is in the order of 10−5 mm3/Nm (2.5–28.1 × 10−5 mm3/Nm), especially for 8Mo and 12Mo composites, being below 8.8 × 10−5 mm3/Nm. Regarding the temperature effect, from 25 to 200 °C, the wear rate decreases first for 0Mo and 5Mo composites; then it increases continuously and reaches a maximum at 600 °C (0Mo: 18.4 × 10−5 mm3/Nm, 5Mo: 28.1 × 10−5 mm3/Nm); as the testing temperature increases to 800 °C, the wear rate decreases to a certain extent. As for 8Mo and 12Mo composites, the values increase gradually to the maximum as temperature increases to 400 °C (8Mo: 8.8 × 10−5 mm3/Nm) and 600 °C (12Mo: 8.4 × 10−5 mm3/Nm); at 800 °C, due to the glazed layer forming on the sliding surface, these two composites exhibit high wear resistance properties. Regarding the effect of the Mo content from 25 to 600 °C, 8Mo and 12Mo composites exhibit a relatively low wear rate, while at 800 °C, the 0Mo composite shows the best wear resistance properties. Also, all composites have higher wear rates from 25 to 600 °C under air than that under vacuum conditions.



The wear resistance properties for the investigated composites can also be reflected in three-dimensional morphologies, as shown in Figure 3 and Figure 4. At 25 °C, the wear track is covered with wide/shallow grooves for 0Mo (Figure 3a) and narrow/deep grooves for 5Mo (Figure 3e). For 8Mo and 12Mo composites (Figure 4a,e), the groove depth is about 20 μm, which is quite lower than that of 0Mo and 5Mo. As the testing temperature increases to 400/600 °C, the wear track becomes larger and deeper for all four composites as compared to that at 25 °C (Figure 3b,c,e,f and Figure 4b,c,e,f), which can be attributed to matrix softening. At 800 °C, the worn track is shallow at 800 °C for all composites due to the formation of the oxidative glazed layer.



For the analysis of the wear mechanism at various temperatures from 25 °C to 800 °C for the composites, SEM images were investigated, as shown in Figure 5, Figure 6, Figure 7 and Figure 8. For the 0Mo composite, grooves and wear debris appeared on the sliding surface (Figure 5a); as the Mo content increases to 5 and 12 wt. % (Figure 5b,c), grooves become the main feature. Overall, the characteristics of the worn surface indicate that abrasive wear is the main wear mechanism for 0Mo and abrasive/fatigue wear for 5Mo and 8Mo composites at 25 °C.



0Mo and 5Mo composites exhibit different worn surface morphologies at 400 °C. As compared with that at 25 °C, delamination appears on the worn surface apart from tiny grooves for 0Mo composite, which suggests that abrasive and fatigue wear are the main wear mechanism (Figure 6a). For 5Mo and 8Mo composites, large grooves indicate that the main wear mechanism is abrasive wear (Figure 6b,c).



Figure 7 and Figure 8 show the worn surfaces of 0Mo, 5Mo, and 8Mo composites coupled with a Si3N4 ceramic ball at 600 and 800 °C. Deformation and some wear debris smear on the worn surface for 0Mo composite (Figure 7a) indicates that the main wear mechanism is fatigue wear. For 5Mo and 8Mo composites, (Figure 7b,c), large grooves with some small pits appear on the worn surface. At 800 °C (Figure 8a), different characteristics are exhibited on the sliding surface: a smooth glazed layer with furrows appears on the contact surface, and there is almost no wear debris smeared on it, especially for 8Mo materials, which indicates that the main wear mechanism is abrasive wear.



Combined with the wear rate trend, this may explain the change in the worn surface from the following aspects: from 25 to 400/600 °C, the hardness and mechanical strength of the composites decrease, and large parts of the oxide layer which formed during the sliding process on the worn surface are removed, thus large wear rate and grooves/delamination occur at this temperature range. Moreover, as the testing condition increases up to an elevated temperature of 600 °C/800 °C, the contact surface between the sample and ceramic ball is covered with an oxide-glazed lubricating layer and only a small amount of these films is consumed in the process of testing, so excellent lubricating and wear resistance performance is exhibited.



The worn scar for the Si3N4 ceramic ball sliding against different composites under various testing temperatures was further investigated by SEM and EDS mapping to analyze the wear behavior, as presented in Figure 9, Figure 10, Figure 11, Figure 12, Figure 13, Figure 14, Figure 15 and Figure 16. Figure 9, Figure 10 and Figure 11 show the SEM images of the Si3N4 ceramic ball’s wear scar as sliding against 0Mo and 5Mo composites under various testing temperatures at 25, 400, and 800 °C and the corresponding EDS mapping at 800 °C. It can be seen that the size of the wear scar for 0Mo and 5Mo composites is similar at 25 and 400 °C, with both exhibiting a large transfer film on the contact surface. As the testing condition increases to 800 °C, the wear scar of 0Mo (Figure 9c) is smaller than that of 5Mo (Figure 9f) and the transfer film is also small; the EDS results indicate that this transfer film is rich in Ni, O, Cr, and Ag elements (Figure 10 and Figure 11). We speculate that the oxide-glazed film formed on the contact surface could increase the wear resistance properties for materials, which is consistent with the wear rate changing trend (Figure 2) [6].



Figure 12, Figure 13, Figure 14, Figure 15 and Figure 16 show the SEM images of the contact surface of the Si3N4 ceramic ball and corresponding EDS mapping sliding against 8Mo and 12Mo composites at 25, 400, and 800 °C. The size of the wear scar at 25 °C (Figure 12a) is small and there is only a small amount of transfer film smeared on the contact surface; this is in agreement with the wear rate changing trend for 8Mo composite. Moreover, EDS mapping results (Figure 13) present that the main elements of the transfer film are Ni, Cr, and Ag, indicating that the lubricating film is formed on the contact surface, and this may be attributed to the self-lubricating and wear resistance properties at 25 °C. As testing temperature increases to 400, 600, and 800 °C, the size of the worn surface becomes bigger than that at room temperature (Figure 12b–d), and a large transfer film is formed on the Si3N4 ceramic ball’s contact surface, indicating that metal-to-metal contact occurs during the frictional process, so the relatively high COF and wear rate are exhibited. In addition, the elemental distribution of the contact surface for the Si3N4 ceramic ball indicates the presence of Ni, Cr Mo, O, and Ag in the formed tribolayer (Figure 14, Figure 15 and Figure 16), which suggests that a tribolayer rich in these compositions is formed and this is attributes to the friction and wear behavior for 8Mo and 12 Mo composites. The Raman spectrum, the SEM images of the worn surface, and the corresponding EDS mapping for four composites at different temperatures were conducted to discuss the wear mechanism, as presented in Figure 17, Figure 18 and Figure 19. Composites 8Mo and 12Mo showed a smooth glazed layer with a large area of gray glass pattern spot inlaid on the surface. The EDS results show that the main elements of the smooth dark gray area are Ni and O, while the main composition for the light gray spots are Mo, Ba, Ca, and Ti. This indicates that nickel oxide and calcium/barium molybdate are formed on the sliding surface. Figure 19 confirms that the main compositions of the respective worn surfaces at 800 °C for the four composites are NiCr2O4, Ag2MoO4, and BaMoO4 (Figure 19a). It was previously reported that a tribolayer rich in these compounds could effectively lubricate at elevated temperatures, so excellent lubricating and wear resistance performance are exhibited at 800 °C. For 12Mo composite, it can be seen that the oxidation degree increases from 25 to 600 °C, while in this temperature range, during the sliding process, most parts of the oxide layer formed on the contact surface is removed, which is attributed to the contact of ceramic-to-metal and the occurrence of severe deformation/grooves (Figure 5, Figure 6 and Figure 7).




4. Conclusions


In this study, the NiCrMoTiAl matrix composites with Ag and CaF2/BaF2 solid lubricants were prepared, and the effect of the Mo element on tribological performance was studied from 25 to 800 °C under atmospheric conditions. The main conclusions are as follows:



	(1)

	
From 25 to 200 °C, the COFs of the studied composites first decreased to the minimum values, and then continuously increased when the temperature increased to 600 °C; at 800 °C, the COF values decreased to a certain extent. Overall, the 12Mo composite showed the lowest COF, while the 8Mo composite exhibited the highest COF value under testing conditions.




	(2)

	
All four composites exhibit low wear rate which, in the order of 10−5 mm3/Nm (2.5–28.1 × 10−5 mm3/Nm), especially for the composites of 8Mo and 12Mo, the values are below 8.8 × 10−5 mm3/Nm.




	(3)

	
The 12Mo composite exhibits the lowest COF, while 8Mo has the highest COF and 0Mo/5Mo composites exhibited similar COFs under the given test conditions. From 25 to 600 °C, 8Mo and 12Mo composites exhibit a relatively low wear rate, while at 800 °C, 0Mo composite shows the best wear resistance properties.




	(4)

	
From 25 to 400 °C, the presence of Ag results in excellent lubricating performance, while at 600 and 800 °C, the effective lubricant is attributed to the formation of an oxidative glazed layer. The main wear mechanisms are abrasive and fatigue wear at low-to-moderate temperatures, and it changes into abrasive wear at high temperatures.




	(5)

	
In further studies, we plan to investigate the influence of extreme testing conditions on the friction and wear behavior of nickel alloy matrix composites, such as ultralow temperature (−50 °C, −100 °C and −150 °C) and ultrahigh temperature (900 °C, 1000 °C and 1100 °C). The results obtained in this work will provide theoretical guidance for the design and preparation of high temperature solid lubricant materials.
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Figure 1. COF vs. testing temperature of nickel alloy matrix composites. 
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Figure 2. COF vs. testing temperature of nickel alloy matrix composites. 
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Figure 3. Three-dimensional morphologies of worn surface for 0Mo and 5Mo composites: (a) 0Mo 25 °C, (b) 0Mo 400 °C, (c) 0Mo 600 °C, (d) 0Mo 800 °C; (e) 5Mo 25 °C, (f) 5Mo 400 °C, (g) 5Mo 600 °C, (h) 5Mo 800 °C. 
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Figure 4. Three-dimensional morphologies of worn surface for 8Mo and 12Mo composites: (a) 8Mo 25 °C, (b) 8Mo 400 °C, (c) 8Mo 600 °C, (d) 8Mo 800 °C; (e) 12Mo 25 °C, (f) 12Mo 400 °C, (g) 12Mo 600 °C, (h) 12Mo 800 °C. 
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Figure 5. SEM images of worn surfaces for composites at 25 °C: (a) 0Mo, (b) 5Mo, (c) 12Mo. 
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Figure 6. SEM images of worn surfaces for composites at 400 °C: (a) 0Mo, (b) 5Mo, (c) 8Mo. 
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Figure 7. SEM images of the worn surfaces for the composites at 600 °C: (a) 0Mo, (b) 5Mo, (c) 8Mo. 
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Figure 8. SEM images of the worn surfaces for the composites at 800 °C: (a) 0Mo, (b) 5Mo, (c) 8Mo. 






Figure 8. SEM images of the worn surfaces for the composites at 800 °C: (a) 0Mo, (b) 5Mo, (c) 8Mo.



[image: Lubricants 12 00396 g008]







[image: Lubricants 12 00396 g009] 





Figure 9. SEM images of worn scar for Si3N4 ceramic ball: (a) 0Mo 25 °C, (b) 0Mo 400 °C, (c) 0Mo 800 °C, (d) 5Mo 25 °C, (e) 5Mo 400 °C, (f) 5Mo 800 °C. 
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Figure 10. SEM images and corresponding EDS mapping of worn surface for Si3N4 ceramic ball sliding against 0Mo composite at 800 °C. 
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Figure 11. SEM images and corresponding EDS mapping of worn surface for Si3N4 ceramic ball sliding against 5Mo composite at 800 °C. 
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Figure 12. SEM images of worn scar for Si3N4 ceramic ball: (a) 8Mo 25 °C, (b) 8Mo 400 °C, (c) 8Mo 800 °C, (d) 12Mo 800 °C. 
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Figure 13. SEM images and corresponding EDS mapping of worn scar for Si3N4 ceramic ball sliding against 8Mo composite at 25 °C. 
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Figure 14. SEM images of worn scar for Si3N4 ceramic ball and corresponding EDS mapping coupled with 8Mo composite at 400 °C. 
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Figure 15. SEM images and corresponding EDS mapping of worn surface for Si3N4 ceramic ball coupled with 8Mo composite at 800 °C. 
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Figure 16. SEM images and corresponding EDS mapping of worn surface for Si3N4 ceramic ball sliding against 12Mo composite at 800 °C. 
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Figure 17. SEM images of 8Mo composite and corresponding element distribution at 800 °C. 
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Figure 18. SEM images of sliding surface for 12Mo composite and corresponding element distribution at 800 °C. 
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Figure 19. Raman spectrum for nickel alloy matrix composite: (a) worn surface for four composites at 800 °C, (b) 12Mo composite at 25, 200, 400, and 600 °C. 
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Table 1. Compositions of the composites [42].
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	Composites
	Ni Alloy
	BaF2/CaF2 (wt. %)
	Ag (wt. %)
	Density

(g/cm3)





	0Mo
	Ni15Cr3Ti6Al
	5
	12.5
	7.46



	5Mo
	Ni15Cr5Mo3Ti6Al
	5
	12.5
	7.46



	8Mo
	Ni15Cr8Mo3Ti6Al
	5
	12.5
	7.37



	12Mo
	Ni15Cr12Mo3Ti6Al
	5
	12.5
	8.04
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