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Abstract

:

The medium and high temperature tribological behavior of different iron aluminide thermal spray coatings was investigated. Several powders synthesized through different routes (ball milling, self-decomposition, and self-propagating high-temperature sintering (SHS)) were evaluated. High heterogeneity of conventional High Velocity Oxygen Fuel (HVOF) coatings plays a vital role in their sliding performance, but as long as their integrity is preserved under high temperature oxidizing conditions, the wear rates are found to be acceptable, as it occurs in the case of ball milled Fe-40Al (at.%) powder. The friction phenomenon and wear mechanisms were analyzed in detail through the wear track morphology, contact surface, and friction coefficients. The occurrence of brittle phases in the sprayed coatings, which are also present when tested at high temperatures, appeared to be crucial in accelerating the coating failure.
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1. Introduction


Intermetallic compounds (IMCs) that are based on Ni and Fe aluminides are potentially applicable at moderate and high temperatures [1,2] due to their ability to form protective alumina layers that make them excellent candidates for withstanding oxidation, sulfidizing, and carburizing atmospheres, even at temperatures as high as 1000 °C [3]. Possible applications of such coatings can be found in the gas turbine engine industry for commercial and military aircraft, industrial power generation, and marine applications. There is also an increasing interest in their use for wear resistance [4,5,6]; their performance as matrix with the reinforcement of ceramic particles was compared to WC-Co hard metals [7,8,9,10,11,12,13,14].



Iron aluminides, mainly FeAl and Fe3Al, have recently aroused special technological interest recently. Alman et al. [8,9] reported that the erosion rates of the FeAl-based cermets tend to decrease or remain constant when the test temperature is increased, whereas the erosion rates of the WC-Co alloy continually increase under conditions of elevated temperatures. By comparing the wear resistance of iron aluminide alloys to those of other ceramics and metals, the above-mentioned authors observed that the resistance of iron aluminides had similar magnitudes to those of austenitic stainless steels. In addition, by increasing the Al content, the wear rate decreased more than that of the bulk hardness. The sliding wear performance was also examined under several contact conditions against different counterpart materials i.e., AISI52100 bearing steel [14], Al2O3 [4], WC-Co [5], and Si3N4 [12]. Wear resistant materials at elevated temperatures are needed in a large selection of industrial applications, such as high temperature bearings, transport, materials processing, etc. [15,16].



Therefore, the high temperature wear performance of intermetallic aluminides may be of interest in a number of components. Even though they show good strength and environmental stability, several defects were detected, such as poor ductility and toughness at room temperature, mediocre creep strength, as well as fabrication difficulties. Such deficiencies impose a great concern for their application as industrial structural materials [17,18], and several routes are proposed to improve it, i.e., (i) addition of alloying elements; (ii) reduction in grain size; (iii) disordering of the lattice, to improve the dislocation motion; and, (iv) modifying the crystal structure of the phase into a more symmetric; some of these effects can be achieved by mechanical alloying/milling [19,20].



Therefore, they emerged as interesting materials for coatings to protect more conventional higher-strength materials. Several deposition techniques were investigated to synthesize aluminide coatings, such as weld overlay, pack cementation, electro-spark deposition (ESD), magnetron sputter deposition, and thermal spray techniques [21,22,23,24,25,26,27,28,29,30,31].



Some authors have already investigated thermal sprayed intermetallic coatings for wear applications [21,22,23,24,25,26,27,28,29,30,31]. In those previous studies, Plasma Spraying (PS) and High Velocity Oxygen Fuel (HVOF) processes were mainly employed by using different feedstock composition. It is well known that the proper selection of nominal composition can have an effect the deposition behavior as well as the it is a posteriori performance; for example, Cr, Zr, and B were among the alloying elements extensively studied [25,32], with great emphasis placed upon the effects on the mechanical and oxidation properties of Fe-Al alloys at different temperatures. In addition, the role of the powder manufacturing route also results in a different coating microstructure, and, therefore, changes on in the properties, due to deviations from precise stoichiometry in either one side of the nominal atomic ratio, the vacancies.



Atomizing, mechanical milling/alloying, and self-propagating high-temperature sintering (SHS) are the most common manufacturing processes to produce intermetallic powders. Senderowski et al. [33] have recently worked on a new a concept of powder manufacturing based on the self-decomposition of the Fe-Al alloys, with the purpose of reducing the brittleness that is caused by dynamic oxidation at high temperatures (especially above 500 °C) in atmospheres containing oxygen. It was assumed that those powders would present sufficient plasticity for the spraying process, acceptable mechanical properties of the coatings, and good stability of the structure at high temperatures.



Including all of the previous considerations, the present work is intended to explore the high temperature sliding wear performance of several HVOF iron aluminide coatings of different nominal powder compositions, obtained through the previously mentioned manufacturing routes.




2. Experimental Procedure


The nominal composition and characteristics of the powders used in the study are presented in Table 1; the commercial FeAl Grade 3 atomized + ball milled powder of nearly equiatomic composition was provided by Mecachrome (Sablé-sur-Sarthe, France). The rest are experimental compositions that are obtained by the self-decomposition and self-propagating high-temperature sintering procedures at the University of Warmia and Mazury (Olsztyn, Poland). These powders were deposited onto low alloyed carbon steel substrate. The presence of boron in powder 1 may further improve material ductility and grain boundary cohesive strength [2,34], while Zr provides high-temperature strength through the solid solution [2,34].



The equipment used for the spraying process was the Diamond Jet Hybrid (DJH2700) from SULZER METCO (Winterthur, Switzerland). A low carbon steel was used as the substrate and the following spraying parameters were applied: O2/H2 fuel ratio = 0.301, feeding rate = 20 g·min−1, spraying distance = 250 mm, traverse gun speed = 500 mm·s−1 and number of layers = 9. In addition, the samples were cooled with compressed air during the spraying process. Nitrogen was used as the powder carrying and shielding gas.



The coatings were properly degreased in acetone and afterwards mounted and polished. A SEM JEOL 5310 microscope (JEOL Ltd., Tokyo, Japan) was used to perform microstructural observation of the feedstock powder, coatings cross sections, and the worn-out surface of the wear tracks. The backscattered images were obtained with a K. E. Developments detector (K. E. Developments Ltd., Cambridge, UK). Qualitative microanalysis was performed by EDS with a RÖNTEC detector (Röntec, Berlin, Germany).



X-ray diffraction was used to analyze the phases in the feedstock powders and the sprayed coatings. All of the measurements were done using a Bragg-Brentano θ/2θ Siemens D-500 diffractometer with Cu Kα radiation (Siemens, Munich, Germany).



The Vickers microhardness was measured using a MATSUZAWA MXT-α indentation tester (Matsuzawa Co., Ltd., Akita, Japan) by applying a load of 200 gf for 15 s in the cross sections. Minimum 20 indentations were evaluated.



A sliding friction was tested with a ball-on-disc configuration by means of a CETR UMT-2MT universal mechanical tester (Bruker, Billerica, MA, USA) at 800 °C, with a heating rate of 18 °C min−1. A 3.17 mm diameter Si3N4 ball was sliding down the polished coating surface (Ra < 0.8 μm). The test coated samples were of 25 mm × 25 mm × 5 mm dimensions. The sliding speed was set at 0.1 m·s−1, the track diameter 4 mm and the sliding distance of 200 m were constant for all of the tests. Two tests per set conditions were carried out. The coefficient of friction was recorded along sliding distance at a normal load of 5 N. A brand new ball was used with every sample. Samples were cleaned using ultrasonic cleaner for 5 min and then dried. After mounting, both the sample and the ball were wiped using alcohol.



Given to the good results that will be presented for the as-sprayed FeAl Grade 3 powder, this was additionally tested at an intermediate temperature of 400 °C.



A Leica DCM3D confocal microscope (Leica Microsystems, Wetzlar, Germany) was used to obtain the wear track profiles so the volume loss could be found based on an extrapolation of a mean value of five cross sections. Depths up to 100 μm, with 0.1 nm resolution, and 0.3 nm RMS repeatability were represented independently of the magnification; lateral resolution was 500 nm.



The wear rate K (mm3 N−1 m−1) is calculated as:


  K =  V  w ⋅ s    



(1)




where V is the worn volume, w (N) is the normal load and s (m) is the total distance.




3. Results and Discussion


3.1. Powder Deposition


Figure 1 shows the particle size distribution of the feedstock powders. It can be observed that the prealloyed composition (powder 1) was characterized by the normal distribution that was centred at a mean size of 30 µm. On the contrary, the experimental self-decomposed and SHS powders were of non-symmetrical distribution. Powders 2 and 3 contained a larger amount of fine particles with d10 = 3 µm/d90 = 56 µm and d10 = 7 µm/d90 = 68 µm. The flowability of powders 2 and 3 was quite low.



Each of the three powders revealed an irregular morphology. The BSE-SEM micrographs of the cross sections showed the uniform composition of powder 1, whereas the other two presented the varied degree of greyness (Figure 2); the distribution of the phases in powders 2 and 3 from one particle to the other was considerably different (Figure 2b,c), especially in the last one, where some particles exhibited a laminar structure.



Figure 3 shows the XRD of the powders. The peaks of powder 1 were identified as the fundamental lines of the FeAl intermetallic (h + k + l = even), which appeared in the disordered lattice; no superlattice lines (h + k + l = odd) were observed. The occurrence of broad peaks was related to the fine grain size and microstrains resulting from the milling. Powder 2 showed the presence of different intermetallic Fe-Al phases, mainly Fe2Al5 and FeAl3, together with some SiO2, while powder 3 contained FeAl, FeAl2, Fe2Al5, and FeAl2O4. In [35], the self-decomposing process was analyzed in detail; these authors put forward a hypothesis about the self-decomposition of the Fe-Al-C-Me alloys (Me = Ni, Mn, Cr, Mo, V, B, Si). The powder was composed of iron aluminide intermetallic base with different Al content and thin oxide films as particle shells; this allowed for the obtainment of nanocomposite coatings.



From each powder, the same coatings were deposited. Figure 3 shows the as-sprayed cross sections of the powders 1, 2, and 3, with 103 ± 9, 76 ± 13 and 93 ± 11 µm of coating thickness respectively, after spraying nine layers. The coating obtained from the prealloyed powder (powder 1) was quite uniform in thickness whereas the other two were less homogeneous; the roughness of the coatings was found to be Ra = 3.06 ± 0.6, 4.3 ± 0.3, and 6.8 ± 0.4 µm, respectively.



The detailed inspection of the HVOF coating microstructures revealed the occurrence of the typical lamellar structure of thermal sprayed coatings with light and dark contrasts between splats and porosity (Figure 4). In coating 1 (Figure 4a), these were identified as iron-rich and oxide zones by EDS, respectively, and it was observed that heating the particles in-flight time resulted in the depletion of aluminium [36]. XRD confirmed the presence of oxidation (Figure 5); the additional peaks identified as FeAl corresponded to the superlattice lines in accordance with the ordering process when reaching the melting temperature [37].



The grey region in coating 2 consisted mainly of FeAl2 and Fe2Al5, while the lightest phases at the intersplats were Fe-rich areas (Figure 4b). Some porosity was observed but not much oxidation, as detected in coating 1. In coating 3, the lightest regions were poorer in aluminium than the middle-grey ones that were identified by the Fe3Al phase (Figure 4c).



The heterogeneous structure in the sprayed coatings may affect different properties, i.e., the occurrence of Al-depleted regions may lead to susceptibility to corrosion or oxidation and intersplat oxides may result in an increase of coating hardness and wear resistance; all of these features can be controlled by process variables i.e., spraying distance, oxygen and fuel flow rates, and particle size.




3.2. Coatings Performance


As it can be observed in Table 2, the microhardness values of coatings 1 and 2 are quite similar despite exhibiting different porosity levels, while the properties of coating 3 differ significantly, displaying a lower value due to its higher porosity and the amount of cracks in the as-sprayed condition. Actually, Figure 6 shows two indentations that were made in coatings 2 and 3 and illustrates the occurrence of many cracks as the result of applied force. It was observed that some of these cracks propagated along the intersplat boundaries and can be explained by the embrittlement caused by the occurrence of the Al-rich phases, namely Fe2Al5 and FeAl2 [38].



In many cases, the hardness values were essential to predict the wear trend among different materials, according to Archard’s equation [39], but it was also related to the characterized type of wear; therefore, when performing such an analysis, caution must be taken. By this mean, the abrasive performance can be predicted more accurately than sliding wear when hardness is taken into consideration. In addition, at high temperatures, the damage was increased due to the additional oxidation effect [40]. Figure 7 presents the XRD of the samples after the wear tests at 800 °C, showing the oxide products beside the wear tracks. For coatings 1 and 3, the formation of the fast growing oxide Fe2O3 at 800 °C, was observed; coating 2, however, showed similar phases as under the sprayed conditions, but with narrower peaks, which might be attributed to grain growth.



Figure 8 shows the variation of friction coefficient versus sliding distance at a normal load rate of 5 N for the different coating systems as well. It is was found that the friction coefficients fluctuate, which is probably due to plowing/delamination/oxidation mechanisms [12,32]; observations from Zhang et al. [12] are in agreement with that. Coating 1 presented a similar final COF as coating 3, while coating 2 peaked at a higher value; in addition, coating 1’s curve was in fact quite smooth compared to coating 3, which presented ups and downs along the test; coating 2 however, started decreasing and then progressively increased afterwards, reaching a more stable value during the last few meters of the test.



The high initial values and the immediate drop can be attributed to the asperity contact given by the increased surface roughness initiated by oxide nodules. Coatings 1 and 3 tested at 800 °C, both formed Fe2O3 nodules (Figure 7 and Figure 9), but the wear rates that were observed in Table 3 were quite different, i.e., negligible in coating 1 and high for coating 3. Given the positives tests of coating 1, this was also examined at 400 °C and proved a higher friction coefficient than at 800 °C, convergent with what was found at room temperature [31]. Such differences clearly indicated a transition of friction regimes at both temperatures influenced by the predominance of different wear mechanisms. Zhu et al. [41] reported a decrease of wear rate of undoped Fe-40Al with increasing temperature up to 500 °C. Other authors have reported that more rapid oxidation at 800 °C than at 400 °C may stabilize the adhesion of the oxide layer reducing friction [42].



At 800 °C, the removal of oxide through sliding contact and reoxidation in coatings 1 and 3 was rapid enough to avoid Fe2O3 detachment as debris particles; it was also assumed that splat cohesion in coating 1 was good enough to prevent delamination mechanisms, which explained its low wear rate. Nevertheless, the presence of brittle Fe2Al5 and FeAl2 phases in sprayed coating 3 might induce subsurface crack nucleation and fatigue mechanisms that would result in accelerated delamination. Coating 2 originally showed the presence of the Al-rich intermetallic phases, but the oxidation was much less extensive, and, although the same phases were identified at 800 °C, the friction coefficients followed different trends.



Not only was the mean average of the friction coefficient value presented in Table 3, but also the value of wear tracks widths, depths and wear rates. Coating 1 displayed the lowest rates at both tested temperatures. The higher wear at 400 °C when compared to 800 °C was in agreement to the highest friction rate and might be attributed to the particulate adhesive wear debris observed during the examination of the wear track that remained between the contacting surfaces during sliding (Figure 9a) [12]. Additionally, the two-dimensional (2D) profiles of the wear tracks presented in Figure 10 confirmed the smoothness of the wear track of the coating tested at 800 °C; the roughness profile was indicative of the oxide layer formation.



Coating 1 showed better wear rates than high velocity arc sprayed (HVAS) coatings tested at room temperature by Xu et al. at 7 N, with a Si3N4 ball (55.4 × 10−5 mm3·m−1/7 N = 7.91 × 10−5 mm3 N−1 m−1) [26]. After the examination of the wear tracks, at 800 °C, coating 1 presented small Fe2O3 nodules formed by continuous oxidation of the freshly deposited coating (top left inset in Figure 9b); the top right inset showed the morphology of the oxidized surface with iron oxide nodules and needles. Coating 2 showed severe wear with patches of delaminated coating (Figure 9c). Coating 3, however, was formed by patches of fresh and oxidized coating (Figure 9d). The wear mechanism of coating 3 at 800 °C consisted of continuous formation and removal of a thick “glaze” tribofilm that was formed by smearing and sintering of iron oxide debris on the sliding surface. The high testing temperature was sufficient to promote the occurrence of such a dense glaze layer without the additional flash temperature between contacting surfaces.



The high wear rates at 800 °C of coatings 2 and 3 stemmed from the larger contact area, created by the lack of splat cohesion; the reported nanocomposite features that were reported by Senderowski et al. [38] did not seem to positively impact the wear performance. Moreover, it was proved that low intersplat cohesion favored oxygen penetration, which weakened the boundaries. The failure in coating 3 is well illustrated in Figure 11 through the cross section of the wear track, where the substrate was reached; this is in agreement to the predominance of iron oxide in the XRD analysis and the formation of the tribofilm layer, although both of the coating compositions were quite different, the performance appeared to be related to the microstructure, occurrence of brittle phases, subsequent delamination, and rapid oxidation. Other microstructural heterogeneities within the coating, such as pores, intersplat oxides, and other imperfections serve performed as stress concentrators. This lead to favorable conditions for crack initiation.





4. Conclusions


The results of the present work can be summarised as follows:




	
The coating hardness of the sprayed coatings 1 and 2 proved to be very similar, despite their different composition and original powder; this can be explained by heterogeneous balance in the HVOF coating, resulting from the presence of oxide regions as well as Al-depleted regions. The lowest hardness of the sprayed SHS powder came from the higher porosity levels.



	
The self-decomposed and SHS feedstock compositions presented quite brittle phases that were detrimental to wear performance, enabling further penetration of the oxidizing atmosphere, even up to the point that coating 3 finally formed a dense tribofilm (glaze) layer. Delamination and tribo-oxidation were mainly identified as wear mechanisms that resulted from poor substrate cohesion.



	
Wear rates for coating 1 were in the order of 2.11 × 10−5 ± 2.00 × 10−6 mm3 N−1 m−1 at 400 °C and even lower at 800 °C, where the exact value could not be measured. The other coatings showed wear rates at one order of magnitude higher. The different performance appeared to be related to the microstructural features of the initial composition and the exposure to high temperatures. Cohesive strength in coating 1 as well as its effectiveness in forming a protective layer allowed for the suppression of delamination.
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Figure 1. Particle size distribution of powders 1, 2, and 3. 
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Figure 2. Cross sections of: (a) powder 1, (b) powder 2, and (c) powder 3. 
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Figure 3. X-ray diffraction of the feedstock powders. 
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Figure 4. Cross sections of the FeAl coatings obtained with the different powders: (a) coating 1, (b) coating 2, and (c) coating 3. 
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Figure 5. X-ray diffraction of the as-sprayed coatings. 
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Figure 6. Cracks formed at the indentations of (a) coating 2 and (b) coating 3. 
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Figure 7. X-ray diffraction of the coating surfaces after the sliding wear test at moderate and high temperature. 
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Figure 8. Coefficients of friction versus sliding distance of samples tested. 






Figure 8. Coefficients of friction versus sliding distance of samples tested.



[image: Coatings 08 00268 g008]







[image: Coatings 08 00268 g009 550] 





Figure 9. Wear debris after the ball-on-disk tests: (a) coating 1—400 °C, (b) coating 1—800 °C, (c) coating 2—800 °C, and (d) coating 3—800 °C. 
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Figure 10. 2D wear track profiles of the FeAl coatings with respective colored topographic maps as insets: (a) coating 1—400 °C; (b) coating 1—800 °C; (c) coating 2—800 °C; and, (d) coating 3—800 °C. 
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Figure 11. Cross section after the ball-on-disk tests for coating 3 at 800 °C. 
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Table 1. Iron aluminide feedstock powders.






Table 1. Iron aluminide feedstock powders.





	Powder Nomenclature
	Nominal Composition
	Particle Size (µm)
	Obtaining Procedure





	Powder 1 (FeAl Grade 3)
	Fe-40Al-0.05Zr (at.%) + 50 ppm B + 1 wt.% Y2O3
	<50
	Atomising + Ball milling



	Powder 2
	Fe-46Al-6.55Si (at.%)
	<40
	self-decomposed



	Powder 3
	FexAly
	−53 + 38
	SHS multi-phases FexAly type powder
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Table 2. Coating hardness values.






Table 2. Coating hardness values.





	Coating Nomenclature
	HV 0.2





	Coating 1
	505 ± 28



	Coating 2
	502 ± 35



	Coating 3
	423 ± 39
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Table 3. Mean values of coefficient of friction, wear track width and depth and wear rates.
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	Coating Nomenclature
	T (°C)
	Friction Coefficient
	Wear Track Width (µm)
	Wear Track Depth (µm)
	Wear Rate (mm3 N−1 m−1)





	Coating 1
	400
	0.72 ± 0.06
	625 ± 38
	7.1 ± 0.1
	2.11 × 10−5 ± 2.00 × 10−6



	Coating 1
	800
	0.47 ± 0.05
	480 ± 15
	–
	–



	Coating 2
	800
	0.8 ± 0.13
	1021 ±30
	48.5 ± 7.06
	4.67 × 10−4 ± 5.02 × 10−5



	Coating 3
	800
	0.43 ± 0.05
	1399 ± 60
	49
	3.87 × 10−4 ± 1.68 × 10−4
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