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Abstract:

 Thermally-sprayed Fe-based coatings have shown their potential for use in wear applications due to their good tribological properties. In addition, these kinds of coatings have other advantages, e.g., cost efficiency and positive environmental aspects. In this study, the microstructural details and tribological performances of Fe-based coatings (Fe-Cr-Ni-B-C and Fe-Cr-Ni-B-Mo-C) manufactured by High Velocity Oxygen Fuel (HVOF) thermal spray process are evaluated. Traditional Ni-based (Ni-Cr-Fe-Si-B-C) and hard-metal (WC-CoCr) coatings were chosen as references. Microstructural investigation (field-emission scanning electron microscope FESEM and X-Ray diffractometry XRD) reveals a high density and low oxide content for HVOF Fe-based coatings. Particle melting and rapid solidification resulted in a metastable austenitic phase with precipitates of mixed carbides and borides of chromium and iron which lead to remarkably high nanohardness. Tribological performances were evaluated by means of the ball on-disk dry sliding wear test, the rubber-wheel dry particle abrasion test, and the cavitation erosion wear test. A higher wear resistance validates Fe-based coatings as a future alternative to the more expensive and less environmentally friendly Ni-based alloys.
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1. Introduction


Wear is among the most serious of issues to deal with when contacting surfaces in machine parts are in relative motion, such as in bearings, joints, gears, shafts, hydraulic parts, mining industry machines, components in aeronautical industry and others. A 1997 UK industry survey estimated the cost of wear in UK industry to be about £650 million besides overhaul and machine turnover [1]. Therefore, great effort has been undertaken to minimise wear cost by design or material changes. In such a scenario, surface coating technology has gained growing interest in recent years. Among various surface coating techniques, thermal spraying has been recognized as one of the most feasible and cost-effective solutions to protect against wear and corrosion [2]. The High Velocity Oxygen Fuel (HVOF) spray process developed in the 1970s is well known as the standard technology for depositing high wear and corrosion resistant coatings. Fuel gas (propane, ethene, hydrogen) or liquid (kerosene) are mixed in a combustion chamber with oxygen at high pressure. The exhaust hot gases generated by the combustion are forced to pass through a convergent-divergent nozzle reaching supersonic velocity. Powders with typical particle sizes of 5–45 µm are axially injected into the stream of gases and dragged at supersonic velocity towards a substrate [3]. The suitable combination of moderate process temperature and high particle velocity made HVOF the standard process for manufacturing highly dense cermets coatings (e.g., WC-based and Cr3C2-NiCr) with excellent adhesion to the substrate and low thermal deterioration [4]. Low porosity, high hardness, high adhesion strength and compression stress are among the most important properties of HVOF-sprayed Ni-based or WC-based coatings which, in turn, comply with the requirement for high wear resistance. Nevertheless, the high and fluctuating prices of precious strategic metals such as Ni and of compounds such as WC are also driving forces for research and development to find solutions to replace such traditional coatings. Additionally, several diseases/pathologies related to nickel (pulmonary and respiratory disease—asthma, pneumoconiosis, cancer; skin diseases—eczema, allergen [5]) and WC-based materials (potential lung disease and carcinogenic agents [6]) have been recently pointed out.



Thermally sprayed Fe-based coatings have been extensively studied as a valid alternative to conventional Ni- and WC-based coatings when high anti-wear and corrosion properties are needed. The satisfactory combination of high mechanical and chemical properties, the low cost, the low environmental impact together with the health and safety make these coatings a reliable future candidate in replacing conventional thermal sprayed coatings. Excellent anti-wear and corrosion properties of Fe-based coatings were achieved by several authors [7,8,9,10]. Moreover the development of alloy compositions with high Glass Forming Ability (GFA) combined with high kinetic spraying process such as HVOF allowed for deposition of amorphous Fe-based coatings with outstanding wear resistance and corrosion properties [11,12]. Although promising results in wear and corrosion applications by using thermally sprayed Fe-based coatings have been achieved, no systematic research on relation between microstructure, mechanical properties and wear behavior of Fe-based coatings has been performed yet.



The present work focuses on the characteristics and wear properties of HVOF-sprayed Fe-Ni-Cr-B-C and Fe-Ni-Cr-Mo-B-C coatings. The chemical composition of the present Fe-based powders includes large amounts of Cr in order to form hard fine-grained precipitates, Ni to form an austenitic matrix with superior mechanical and corrosion properties compared to ferritic structure, and B as hardening element by promoting the formation of an amorphous phase and by developing hard fine-grained precipitates [13,14]. The second composition was achieved by a customized addition of Mo in order to evaluate its effect on the properties of the resulting coatings. Several authors have reported the beneficial effect of lubricious oxides such as MoO3 and NiMoO4 on reducing the friction coefficient and, consequently, on improving sliding wear behavior [15,16,17]. Two conventional HVOF-sprayed Ni-based and WC-based coatings were chosen as reference. The aim of this work is to study HVOF-sprayed Fe-based coatings as a valid alternative to conventional and expensive thermally-sprayed cermet and Ni- and Co-based coatings as a wear resistant coating solution.




2. Experimental Procedure


2.1. Materials and Coating Manufacturing


Two commercially available gas atomized Fe-based powders, Fe-Ni-Cr-B-C with particle size of −45 + 15 µm and Fe-Ni-Cr-Mo-B-C with particle size of −40 + 20 µm (Wall Colmonoy Ltd., Pontardawe, UK), were employed as feedstock powders. Additionally, three powders were chosen as reference materials as representative state-of-art anti-wear coatings: agglomerated and sintered WC-CoCr (Diamalloy 5834, Sulzer Metco, Wohlen, Switzerland) with particle size of −38 + 15 µm, sintered and crushed WC-CoCr (Amdry 5843, Sulzer Metco, Wohlen, Switzerland) with particle size of −45 + 16 μm and gas atomized Ni-Cr-Fe-Si-B-C (Diamalloy 2001, Sulzer Metco, Wohlen, Switzerland) with particle size of −45 + 15 μm. The nominal chemical compositions of the powders are listed in Table 1.



Table 1. Nominal chemical composition of powders (wt%) given by supplier.



	
Element

	
Powder




	
Fe-Ni-Cr-B-C

	
Fe-Ni-Cr-Mo-B-C

	
Ni-Cr-Fe-Si-B-C

	
WC-CoCr_1

(Diamalloy 5834)

	
WC-CoCr_2

(Amdry 5843)






	
Fe

	
bal.

	
bal.

	
4

	
–

	
–




	
Ni

	
9

	
12

	
bal.

	
1

	
–




	
Cr

	
32

	
31

	
17

	
4

	
4




	
Mo

	
–

	
2

	
–

	
–

	
–




	
B

	
4

	
3.6

	
3.5

	
–

	
–




	
C

	
0.6

	
0.6

	
1

	
–

	
–




	
Si

	
–

	
–

	
4

	
–

	
–




	
WC

	
–

	
–

	
–

	
85

	
86




	
Co

	
–

	
–

	
–

	
10

	
10












Sulzer Metco Diamond-Jet Hybrid 2700 torch (Sulzer Metco, Wohlen, Switzerland) was selected to spray the powders onto low carbon steel substrates at Tampere University of Technology. Substrates were grit-blasted by using alumina grit (36 mesh) prior to spraying (grit-blasted substrate roughness Ra = 8.3 ± 0.9 μm). The process parameters for the deposition of the Fe-based and of the reference coatings (WC-CoCr, Ni-Cr-Fe-Si-B-C) are presented in Table 2.



Table 2. High velocity oxygen fuel (HVOF) process parameters for the DJ Hybrid 2700 torch.



	
Parameters

	
Powder




	
Fe-Ni-Cr-B-C

	
Fe-Ni-Cr-Mo-B-C

	
Ni-Cr-Fe-Si-B-C

	
WC-CoCr_1

	
WC-CoCr_2






	
Air flow rate (SL/min)

	
375

	
375

	
375

	
375

	
375




	
O2 flow rate (SL/min)

	
190

	
240

	
190

	
240

	
240




	
Propane flow rate (SL/min)

	
70

	
70

	
70

	
70

	
70




	
Powder feed rate (g/min)

	
60

	
60

	
60

	
60

	
60




	
Spray distance (mm)

	
230

	
230

	
230

	
230

	
230













2.2. Microstructural and Mechanical Characterization


The microstructure of the powders was investigated by Scanning Electron Microscope (SEM, Philips XL30, FEI, Eindhoven, The Netherlands) equipped with Energy Dispersive X-ray (EDX) microanalysis and their phase composition was assessed by X-Ray Diffractometry (XRD, Empyrean, PANAlytical, Cu-Kα radiation, The Netherlands). Experimental conditions include 2θ range 20–100°, step size 0.02°, scan speed 0.02°/s, fixed incident beam mask 10 mm, irradiated length 5 mm, Nickel filter and PANAlytical PIXcel 3D detector. Phase identification was performed using the PANAlytical X’Pert High Score Plus software using the ICDD JCPDF-2 database (International Centre for Diffraction Data, Newtown Square, PA, USA). Particle size distribution and thermal oxidation behavior were studied by a laser diffraction method using a wet dispersion technique (Sympatec laser diffraction system) and by thermogravimetry analysis in air (TG: DTA 404, Netzsch, Selb, Germany), respectively. The microstructure of HVOF-sprayed coatings was observed by using Field-Emission Scanning Electron Microscope (FESEM, Carl Zeiss Microscopy GmbH, Germany) equipped with EDX microanalysis (INCA, Oxford instruments, High Wycombe, UK) and by XRD, under the same experimental conditions mentioned above.



Depth-sensing Berkovich micro- and nano-indentation tests (Micro-Combi tester, CSM instruments, Peseux, Switzerland) were also performed on the polished cross sections (mirror-like surface finish Ra < 0.05 μm) in order to evaluate the interlamellar and intralamellar hardness (intrinsic hardness of sprayed particle) respectively as average of 20 measurements [18]. Nano-indentations were purposely placed avoiding any particle boundaries in order to assess intralamellar hardness. Micro-indentations were performed with maximum load of 3 N, loading/unloading rate of 4.5 N/min and holding time at maximum load of 15 s. Nano-indentations were performed with maximum penetration depth of 300 nm, loading/unloading rate of 25 mN/min and holding time at maximum depth of 10 s. Nano- and Micro- Vickers hardness was calculated using the Oliver-Pharr procedure [19] in accordance with ISO 14577 standards [20]. Coating surface elasticity was estimated by the parameter ɳIT = Wel/Wtot defined as the ratio of the elastic work of indentation (computed as the area under the unloading part of the load-penetration curve) and the total work of indentation (area under the loading part of the curve) as shown in Figure 1.


Figure 1. Schematic representation of (A) indented surface and (B) actual load-displacement curve.
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Bond strength values were determined according to the standard EN582 [21] in a tensile pull test (Instron 1185 mechanical testing machine, Norwood, MA, USA). The glue used was FM-1000 glue foil. Three measurements were carried out to calculate the average values of bond strengths. Load was measured and bond strength was calculated as load per area (diameter of the sample was 25 mm).




2.3. Wear Test


2.3.1. Dry Sliding Wear Resistance


Dry sliding wear resistance of coatings was assessed by a pin-on-disk tribometer with a ball-on-disk configuration. The sample was embedded in phenolic resin, polished up to a mirror-like surface finish (Ra < 0.05 μm) and fixed in the middle of a still table. A spherical alumina monocrystalline ball of 6.35 mm in diameter (nominal hardness ≈ 22 GPa), mounted on a rotating pin holding arm, is pressed onto the sample surface with 5 N normal load. Tests were carried out at room temperature, the wear track radius was 3.8 mm, arm the revolution speed was 150 rpm and the test lasted for 50,000 laps. The friction coefficient was continuously measured throughout the test. The wear track was measured through an optical profilometer (WYKO NT1100, Veeco, Tucson, AZ, USA) in order to calculate volume loss. The wear scars were also inspected by SEM.



Dry sliding wear rate is calculated following Equation (1):
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(1)




where V is the volume loss (mm3), w is the normal load (N) and s is the sliding distance (m).



Alumina counterpart wear rate was measured as well.




2.3.2. Abrasion Wear Resistance


Abrasion wear resistance was assessed by a modified version of the ASTM G65 [22] dry rubber-wheel abrasion test. Sample surfaces were ground by using 1200 grit SiC paper (Ra ≈ 8 μm) and afterwards pressed with a normal load of 23 N against a rotating rubber wheel with a surface speed of 1.64 m/s. The test lasted for 60 min for an overall wear distance of 5904 m. Every 12 min period, the sample weight loss was measured using scales with 0.001 g accuracy and the sample position was changed to limit possible differences in wear characteristic between different positions. Dry quartz sand (SiO2) with a grain size ranging from 0.1 to 0.6 mm was used as the abrasive. The flow rate of the abrasive was 25 g/min. The coating wear rate after a one hour test was calculated in accordance with Equation (1).




2.3.3. Cavitation Erosion Wear Resistance


Cavitation erosion wear resistance was evaluated using a vibratory apparatus according to ASTM G32 [23]. The tip of a vibrating horn, connected to a piezoelectric ultrasonic transducer, pulses in a distilled water bath at a frequency of 20 kHz with an amplitude of 50 μm. A high concentration of micrometric bubbles is produced in the fluid kept at a temperature of about 25 °C. The bubbles impact against the sample surface, polished up to a mirror-like surface finish (Ra < 0.05 μm) and placed at 1 mm distance from the vibrating tip. The weight loss is periodically measured after 15 min during the first hour (in order to evaluate the incubation periods: at the very initial stage of test, material may be work-hardened and micro-cracks may form without any loss of material) and afterwards every hour up to 5 h of test. The weight loss is converted to a mean depth of erosion (MDE) following Equation (2):
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(2)




where ΔW is the weight loss (mg), A is the worn area (cm2) and ρ is the density of the material tested. Once the cavitation rate has reached a steady value, the cavitation resistance (Re) is calculated as:


Re [h/μm] = (SER)−1



(3)




where SER stands for the steady erosion rate calculated as the slope of the linear fitting of MDE(t) when it becomes steady. The cavitation erosion resistance of a bulk Monel 400 alloy, generally used in maritime and hydraulic components (ρ = 8.8 g/cm3), was also assessed as a reference.






3. Results and Discussion


3.1. Microstructural Characterization of Fe-Based Powders


A spherical shape with a smooth surface and little amount of satellites was observed for both Fe-based powders (Figure 2). This is indicative of favorable fluidity during powder feeding. Fe-Ni-Cr-Mo-B-C had narrower particle size distribution (comprised within the −40 + 20 μm range) compared to Fe-Ni-Cr-B-C (comprised within the −50 + 20 μm range) (Figure 3). Both powders showed a similar thermal behavior (Figure 4). TG analysis performed in air revealed a noticeable gain of weight starting at about 1000 °C due to oxidation.


Figure 2. Morphology of (A) Fe-Ni-Cr-B-C and (B) Fe-Ni-Cr-Mo-B-C powders. Secondary electron SEM images.
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Figure 3. Particle size distributions of Fe-Ni-Cr-B-C and Fe-Ni-Cr-Mo-B-C powders. Measured by using laser diffraction.
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Figure 4. Thermogravimetry (TG) analysis of Fe-Ni-Cr-B-C and Fe-Ni-Cr-Mo-B-C powders.
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Cross-sectional SEM micrographs (Figure 5A,B) and EDS analysis (Figure 5C,D) of both powders showed heterogeneous microstructure consisting of acicular, long-shaped Cr-rich precipitates embedded and evenly distributed in a Fe-rich matrix. Cr-enriched compounds (compared to the surrounding area) are clearly shown in EDX analysis (spectra 1, 2 Figure 5C,D). XRD patterns (Figure 6) evaluation revealed the presence of austenitic (f.c.c.) ϒ matrix (JCPDS 00-03-0397) and several low intensity peaks were assigned to chromium and iron mixed carbides and borides (Cr3C2 03-065-2427, Cr7C3 01-089-5902, (Cr,Fe)23C6 JCPDS 01-078-1500, (Cr,Fe)2B JCPD 01-072-1073). (Cr,Fe)2B, in particular, seems to be the most abundant of the secondary phases, while the other ones appear in very low amounts. Most of the acicular Cr-rich precipitates probably correspond to this phase.


Figure 5. Cross-sectional structure (Backscattered electron SEM images) and Energy Dispersive X-ray (EDX) analysis of (A,C) Fe-Ni-Cr-B-C and (B,D) Fe-Ni-Cr-Mo-B-C coatings.
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Figure 6. X-Ray diffractometry (XRD) patterns of (A) Fe-Ni-Cr-B-C and (B) Fe-Ni-Cr-Mo-B-C powders and of the respective coatings.
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3.2. Microstructural and Mechanical Characterization of Coatings


Fe-based coatings showed quite dense microstructure (coating cross-sections in Figure 7A,B) with a calculated porosity lower than 1 vol% (image analysis) and a thickness of about 250 μm. Both microstructures were characterized by a high particle flattening ratio with some rounded particles. Remarkable microstructural differences between Fe-Ni-Cr-B-C and Fe-NiCr-Mo-B-C coatings are shown by FESEM characterization (coating cross-sections in Figure 7C,D). Fe-Ni-Cr-B-C seems to retain the microstructural details of the corresponding powder (long-shaped acicular precipitates—label “1” in Figure 7C). However, some particles (label “2” in Figure 7C) present fine-grained precipitates likely due to melting of the powder and rapid solidification in a metastable state. Conversely, the microstructure of the Fe-Ni-Cr-Mo-B-C coating showed a higher amount of particles characterized by fine-grained precipitates (label “1” in Figure 7D) and a small development of a precipitate-free particle rim which is thought to consist of a supersaturated solution and/or of an amorphous phase (label “2” in Figure 7D). Only few particles retain precipitates similar to those found in the powder (label “3” in Figure 7D). It is inferred that the Fe-Ni-Cr-Mo-B-C powder particles underwent more extensive melting, due to their narrower particle size distribution (Section 3.1) and to the warmer spraying parameters (Table 2). Therefore, during spraying, carbides and borides are thought to dissolve into the surrounding Fe-rich matrix and subsequently the rapid quenching and solidification results in precipitation of fine-grained Cr- and B-rich compounds embedded into a metastable Fe-rich solid solution which is significantly supersaturated in solute elements. A similar microstructural evolution was previously described in thermally sprayed Fe-Cr-B [24]. Feedstock powder particles consisting of boride-based phases in a Fe-based matrix were indeed also found to turn into featureless lamellae, mainly consisting of a solid solution supersaturated in boron, as a consequence of melting and impact quenching. A higher particle melting of Fe-Ni-Cr-Mo-B-C was also inferred by the lower roughness (Ra = 7.1 ± 0.5 μm) compared to Fe-Ni-Cr-B-C (Ra = 8.0 ± 0.8 μm).


Figure 7. Microstructures of High velocity oxygen fuel (HVOF) (A,C) Fe-Ni-Cr-B-C and (B,D) Fe-Ni-Cr-Mo-B-C coatings. Secondary electron FESEM images.
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Microstructural changes were confirmed by XRD measurements (Figure 6). The main phase of both coatings was still austenitic (f.c.c.) γ-Fe (JCPDS 00-03-0397) (Figure 6A,B) with some low intensity peaks attributed to chromium and iron mixed boride (Cr,Fe)2B (JCPD 01-072-1073). Dissolution of the carbides detected in the powders and peak broadening are the results of the extensive microstructural changes occurring from powder to coatings due to the rapid quenching of molten or semi-molten particles at impact. It is worth remembering the effect of B addition. Besides the ability to form fine-grained precipitates, B (4 and 3.6 wt% in Fe-Ni-Cr-B-C and Fe-Ni-Cr-Mo-B-C, respectively) may remarkably increase the viscosity of the molten metal alloy making the melt more stable than the relative crystalline phase [25]. According to the general rules for metallic glass formation, indeed, alloys containing elements with significantly different atomic radii and large negative heats of mixing develop a viscous melt consisting of large atomic clusters, increasing the possibility to form an amorphous phase [26]. Further studies have to be done in order to assert the presence of an amorphous phase (deeper microstructural characterization has to be done, e.g., TEM).



One can clearly observe that the Fe-Ni-Cr-Mo-B-C coating underwent larger microstructural changes compared to Fe-Ni-Cr-B-C. Wider peak broadening at 2θ ≈ 43° and the formation of a broad band in the 35° < 2θ < 50° range are observed (Figure 6B). Peak broadening is much likely due to the formation of a finely-structured supersaturated austenitic solid solution, whereas the underlying broad band probably reflects amorphous phase formation [11,12]. In the literature, similar broad bands in the diffraction patterns of thermally sprayed Fe-based alloys have indeed been univocally associated with the presence of significant amounts of amorphous phase, identified e.g., by TEM observation [14]. With regard to Fe-Ni-Cr-Mo-B-C, the narrower particle size distribution and the higher oxygen flow rate, which in turn increases the flame temperature, provide more extensive particle heating and melting, resulting in the observed microstructural changes. Furthermore, Mo is thought to promote high viscosity at high temperature by its stabilizing effect on boride and carbides and in turn it may increase the so called Glass Forming Ability (GFA) of the sprayed alloy [27].



Besides the effect of heating and melting, it is worth mentioning that the peak broadening might be also attributed to high plastic deformation of the particles at impact. Richer et al. [28] reported the dissolution of β-NiAl precipitates into Co-Ni-Cr solid solution γ-matrix due to the high energy impact of particles onto the substrate during the deposition of HVOF-sprayed MCrAlY (M = Co,Ni) powders. Most likely a combined effect of melting/rapid quenching and plastic deformation of particles resulted in the dissolution of carbides and borides into the super saturated austenitic matrix. No oxide peaks are recognizable in these patterns.



The micro- and nano- hardness values of the coatings (Figure 8), assessed by depth-sensing Berkovich micro- and nano-indentation tests, are similar to those of a conventional HVOF-sprayed Ni-based alloy, with the exception of the micro-hardness of the Fe-Ni-Cr-B-C sample, which is slightly lower. The high dispersion of the results of WC-CoCr nanohardness was due to the composite microstructure of this material, with fine sized hard carbides embedded in a softer metallic CoCr binder: nanoindentation values therefore reflect the different intrinsic hardnesses of both phases. Instead the high dispersion of the results of Fe-Ni-Cr-B-C nanohardness is due to the heterogeneous microstructure as explained previously. The larger particle size distribution compared to that of Fe-Ni-Cr-Mo-B-C resulted in a less homogeneous microstructure with molten and unmolten particles with different mechanical properties. In fact, the rapid quenching of a molten particle and its solidification in a metastable state may result in greater hardness due to strengthening by solid solution as reported in another study [10]. Since nano-hardness was achieved by indentation at low penetration depth (300 nm) within the particle, it mainly reflects the intralamellar properties of the sprayed coating [29]. Instead the micro-hardness obtained at greater penetration (3 N max load) reflects the interlamellar properties [10,18]. The difference between micro- and nano-hardness is accordingly a measure of interlamellar cohesion, and it grows larger as the cohesion decreases, as shown in the literature [18,30]. It is therefore inferred that, due to the lower degree of melting of the coarser Fe-Ni-Cr-B-C powder, the interlamellar cohesion of this coating is poorer than that of the Fe-Ni-Cr-Mo-B-C coating, where the amount of fully molten particles (recognizable by their higher degree of flattening and by the presence of finer precipitates and/or of precipitate-free metastable solid solutions as described above) is higher.


Figure 8. Berkovich micro- and nano- hardness of HVOF-sprayed coatings.
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Bond strengths of the coatings are shown in Table 3. HVOF-sprayed Fe-based coatings possessed bond strengths of about 30 MPa. As the failure of the WC-CoCr_2 after pull test was observed to occur in the glue, its bond strength is higher than the value reported (>64 MPa). The low in-flight oxidation and high specific weight of WC-CoCr which guarantee high kinetic particle velocity play a fundamental role in better particle sticking and in turn adhesion bond strength.


Table 3. Bond strengths and standard deviations of HVOF-sprayed coatings.


	Coating
	Bond strength (MPa)





	Fe-Ni-Cr-B-C
	31.9 ± 7.2



	Fe-Ni-Cr-Mo-B-C
	25.1 ± 4.5














3.3. Wear Properties


3.3.1. Dry Sliding Wear Resistance


Dry sliding wear rates (Table 4) of both Fe-based coatings were found to be lower than those of Ni-Cr-Fe-Si-B-C but still far larger than those of WC-CoCr. Wear rates of Al2O3 balls used against Fe-based coatings showed lower values compared to the Al2O3/Ni-Cr-Fe-Si-B-C coupling (Table 4). Friction coefficients of Fe-based coatings appeared lower and more stable throughout the test compared to that of Ni-Cr-Fe-Si-B-C (Figure 9). Furthermore, the Fe-Ni-Cr-Mo-B-C coating was slightly more resistant to dry sliding wear showing lower coating wear rates, lower alumina ball wear rates and a lower and more stable friction coefficient compared to Fe-Ni-Cr-B-C.


Figure 9. Friction coefficient of HVOF-sprayed coatings against alumina ball recorded throughout the test.
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Table 4. Coating wear rates and Al2O3 ball counterpart wear rates after ball-on-disk.


	Coating
	Sample wear rate

(×10−6 mm3/Nm)
	Alumina ball wear rate

(×10−6 mm3/Nm)





	Fe-Ni-Cr-B-C
	3.45 ± 0.81
	0.101 ± 0.008



	Fe-Ni-Cr-Mo-B-C
	3.25 ± 0.44
	0.095 ± 0.004



	Ni-Cr-Fe-Si-B-C
	8.13 ± 0.75
	0.203 ± 0.037



	WC-CoCr_2
	0.06 ± 0.01
	1.151 ± 0.131













Abrasive wear occurred on both Fe-based coatings (small grooves labelled “1” in Figure 10A,B) due to the relative motion between the softer surface (Fe-based coatings) against a counterpart with harder asperities (alumina). The wear mechanism could have been worsened by the presence of hard agglomerates of oxides trapped between the mating surfaces, formed due to tribo-oxidation phenomena. Adhesive/delamination wear occurred and it was detectable by the presence of a small dark spot likely due to particle pull out (Figure 10A,B: label “2”). During the sliding test micro-welded junctions formed between the coating and the counterpart asperities. The strength of such micro-welded junctions may be greater than the bond strength between particles and this results in particle pull out. Splat delamination may also occur due to the presence of few oxide-rich intersplats which are brittle and cannot accommodate shear strains causing splat pull out [31]. These mechanisms seemed to occur more frequently on the Fe-Ni-Cr-B-C coating, consistent with the previous observations on its lower interlamellar cohesion (Section 3.2). These delaminated areas are covered up with a cluster of fine oxidized debris (spectrum 1 Figure 10C,E), further confirming the existence of triboxidative wear as well. Fe-Ni-Cr-Mo-B-C, by contrast, showed a more evenly distributed oxide layer throughout the wear track (see the dark area in the SEM-BSE inset of Figure 10B, detail in Figure 10D and EDX spectrum in Figure 10F: spectrum 1). The higher amorphous phase content of Fe-Ni-Cr-Mo-B-C coating (previously assumed) may be playing a critical role in oxidation behavior. In fact, as carbides/borides precipitate, large amounts of Cr and Mo are consumed which, in turn, causes depletion of Cr and Mo in the surrounding area and results in a lower capability to form even and continuous oxide scale. The micro-Raman spectrum of this tribo-oxidational layer (Figure 11), characterized by a main peak at 652 cm−1, accordingly confirms a significant presence of Mo. This peak is shifted to a lower wavenumber, compared to pure magnetite [32] and to the main peak in the Raman spectra of tribo-oxidational products of Fe-Ni-Cr-B-C coatings as seen in [10]. Such a shift is reportedly associated with the replacement of Fe with transition metal ions other than Ni and Cr (e.g., Mn, Cu) in the lattice of magnetite [33,34]. Although no specific study on Mo-substituted magnetite is available, the same effect is reasonably expected, leading to the conclusion that this layer contains non-negligible amounts of Mo.


Figure 10. Sliding wear tracks (backscattered electron SEM images) and EDX analysis of (A,C,E) Fe-Ni-Cr-B-C and (B,D,F) Fe-Ni-Cr-Mo-B-C coatings.
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Figure 11. Micro-Raman spectrum of tribo-oxidational layer of Fe-Ni-Cr-Mo-B-C coatings.
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Therefore, such an oxide layer could decrease the shear strength and in turn the frictional forces between the tested surface and the counterpart, reducing adhesive/delamination wear and resulting in a friction coefficient which is not only lower (Table 4), but also more stable (lower fluctuations of the friction curve in Figure 9). It is worth underlining that oxidation may be considered as a desirable event whenever a thin lubricious layer forms [35,36,37]. Further studies are needed to evaluate the positive effect of this oxide layer on coating wear resistance.







The wear track of Ni-Cr-Fe-Si-B-C presented less adhesion/delamination wear, with very limited cracking at the particle boundaries (label “1” in Figure 12A) and few delaminated particles (with fine oxides filling the resulting holes, Figure 12A—spectrum 2). Extensive triboxidation (spectrum 1, Figure 12A) and abrasion are thought to occur. The release of a larger amount of debris fragments in the contact region (due to the higher wear loss) and the instability of the oxide film, testified by the numerous delaminated areas seen in Figure 12A, probably explain the large fluctuations of the friction coefficient produced by sliding wear testing of this sample (Figure 12). Instead very shallow grooves (label “1”, Figure 12B) and near-zero delaminated areas are detected on the wear track of WC-CoCr. Additionally, consistent with the high wear rate of alumina ball counterpart when testing WC-CoCr, a fine grained alumina particle area is reported (spectrum 1, Figure 12D). The lower friction coefficient of WC-CoCr may further reduce the delamination wear according to Hertzian contact theory. When two non-conformal bodies are in contact with a certain normal load combined with a tangential load (relative movements of contacting surface), the greatest value of maximum shear stress is placed below the contacting surface, at a distance which depends on the relative elastic modulus, on the radius of circular shape, and on the contacting load. As the friction coefficient increases, the maximum shear stress moves towards the surface, and it becomes located on the surface for μ > 0.32 [38]. Furthermore, one can notice the high fluctuation of the WC-CoCr_2 friction coefficient within the first 9000 laps. At the very early stage of the dry sliding wear test, the hard alumina asperities may crack and get dispersed as fine wear debris between two contacting surfaces. Eventually they get stuck into the metal matrix of WC-CoCr_2 (spectrum 1, Figure 12D) resulting in a decrease of the friction coefficient (transfer mechanism, low friction coefficient alumina/alumina is well known and reported in several studies [39,40]).


Figure 12. Sliding wear track and EDX analysis of Ni-Cr-Fe-Si-B-C (A,C) and WC-CoCr_2 (B,D) coatings.
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3.3.2. Cavitation Erosion Wear Resistance


The cumulative mean depth of erosion (MDE) assessed by cavitation erosion testing in distilled water is shown in Figure 13. WC-CoCr showed the highest wear resistance within the first hour (Figure 13). However, when hard carbides or particles are pulled out of the coatings, severe erosion wear and, in turn, high weight loss is created. Fe-Ni-Cr-Mo-B-C was reported to have the highest cavitation erosion resistance within 5 h (Table 5). In spite of its slightly lower adhesion strength, this sample exhibits better interparticle cohesion than the Fe-Ni-Cr-B-C coating (as witnessed by the lower difference between micro- and nano-hardness values, Section 3.2), which is particularly important for cavitation erosion resistance. In fact, in thermal spray coatings, cavitation wear generally proceeds by propagation of cracks along particle boundaries [8]. While the comparison between micro- and nano-hardness can be significant as a measure of the relative quality of interparticle cohesion, hardness, by itself, is not the most influential property controlling cavitation erosion resistance. This is witnessed by the lower erosion resistance of the hard WC-CoCr coating. Conversely, another mechanism seems to be dominant in this case. In our previous study [41], the remarkable importance of work-hardening and surface elasticity as energy dissipation mechanisms in cavitation erosion wear was discussed. Based on such results, the ɳIT value (estimation of surface elasticity) was calculated through depth-sensing micro-indentation (Figure 14). A close correlation exists between cavitation erosion resistance and surface elasticity as a key property in order to dissipate the energy released by bubble collapse (Figure 14). The poorer cavitation erosion resistance of Ni-Cr-Fe-Si-B-C and WC-CoCr coatings is indeed well explained by their lower surface elasticity compared to Fe-Ni-Cr-Mo-B-C. The only sample which exhibits lower cavitation erosion resistance in spite of its high elasticity is the Fe-Ni-Cr-B-C coating, on account of its lower interparticle cohesion as observed previously.


Figure 13. Variation of mean depth of erosion (MDE) of HVOF-sprayed coating samples within 5 h.
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Figure 14. Cavitation erosion wear resistance vs. estimation of surface elasticity (ɳIT) for HVOF-sprayed coating samples.
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Table 5. Steady erosion rate (SER) and cavitation erosion wear resistance (Re) of HVOF-sprayed coating samples.


	Coating
	SER (μm/h)
	Re (h/μm)





	Fe-Ni-Cr-B-C
	3.87
	0.26



	Fe-Ni-Cr-Mo-B-C
	2.43
	0.41



	Ni-Cr-Fe-Si-B-C
	4.62
	0.22



	WC-CoCr_1
	4.39
	0.23















A further comparison between the best performing Fe-based coating (Fe-Ni-Cr-Mo-B-C) and bulk Monel400 alloy (Ni-30Cu), commonly used for maritime and hydraulic applications (pump shafts, seawater valves, piping system), was performed in order to validate the replacement of conventional bulk material with this promising HVOF Fe-based sprayed coating. In Figure 15, the Ni-30Cu bulk material presented an incubation period within the first hour in which the material is most likely work hardened, or cracks may form without any detectable loss of material. Afterwards, the MDE increased due to crack propagation reaching a steady state. Conversely, Fe-Ni-Cr-Mo-B-C showed higher cavitation wear rate within the first test hour most likely due to the slightly lower strength of the superficial layer of thermal spray coating compared to Monel400 alloy. Indeed, in coating deposited by high kinetic energy thermal spray processes, such as the HVOF technique, extensive deformation and densification occurs due to the “peening effect” of impinging particles that effectively hammer the previously deposited layers [42,43]. The outermost layer is therefore slightly less dense and possesses lower overall strength compared to the inner layers, as it lacks this peening effect. After removal of this superficial layer, however, the cavitation erosion rate of the coating decreased to a lower value. To sum up, the Fe-Ni-Cr-Mo-B-C coating presented a lower steady erosion rate (SER) and in turn higher cavitation wear resistance within the 5 h test.


Figure 15. Variation of mean depth of erosion (MDE) of HVOF-sprayed Fe-Ni-Cr-Mo-B-C coating and Ni-30Cu bulk material.
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3.3.3. Abrasion Wear Resistance


Abrasion wear resistance was evaluated by the rubber-wheel test. As expected, the WC-CoCr hard metal coating showed a remarkably higher abrasion wear resistance due to its superior hardness. Hardness, which expresses the overall resistance to plastic deformation, plays a very important role in this case. However, Fe-based coatings turned out to be comparable to Ni-Cr-Fe-Si-B-C (Figure 16), or even better, when the weight loss is converted to a volumetric abrasion wear rate accounting for material density (Table 6).


Figure 16. Weight loss of tested sample recorded within a 1-h long rubber-wheel abrasion wear test.
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Table 6. Weight loss and abrasion wear rate for a 1-h long rubber-wheel abrasion wear test.



	
Measured quantity

	
Coating




	
Fe-Ni-Cr-B-C

	
Fe-Ni-Cr-Mo-B-C

	
Ni-Cr-Fe-Si-B-C

	
WC-CoCr_2






	
weight loss (mg)

	
784

	
1060

	
1040

	
90




	
wear rate (*10−5 mm3/Nm)

	
74.3

	
100.5

	
112.0

	
4.6

















4. Conclusions


This study focused on the microstructural and mechanical characterization and on the tribological behavior of novel HVOF-sprayed Fe-based coatings compared to conventional HVOF-sprayed Ni-Cr-Fe-Si-B-C and WC-CoCr coatings taken as references. Their microstructural details, micro-mechanical properties, sliding, abrasive and cavitation erosion behavior were studied and to sum up, the main conclusions are listed as follows:

	
Fe-based coatings showed a dense microstructure with negligible porosity (<1% calculated through image analysis). The powder microstructure is only partly retained in the coatings after deposition. High flame temperature resulted in in-flight melting of several particles and in their deposition in the molten or semi-molten state. The rapid quenching and solidification led to precipitation of fine-grained Cr- and B-rich compounds embedded into a supersaturated Fe-rich solid solution. Higher microstructural alteration was detected in Fe-Ni-Cr-Mo-B-C due to finer particle size distribution and a warmer set of spraying parameters. No significant oxide inclusions were detected in the coatings.



	
Fe-based coatings possess remarkably high nano-hardness revealing high intrinsic hardness of the sprayed material, comparable to that of Ni-Cr-Fe-Si-B-C. Moreover, considering the ratio between micro- and nano- hardness as an estimation of cohesion strength, the Fe-Ni-Cr-Mo-B-C coating was found to have similar micromechanical properties compared to a conventional HVOF-sprayed Ni-based alloy, while the Fe-Ni-Cr-B-C sample had somewhat poorer cohesion. Furthermore, Fe-based coatings possess lower bond strength compared to the reference coatings, as evaluated by tensile testing according to the standard EN582. Bond strength is reported to be about 30 MPa.



	
Although the dry sliding wear resistance of HVOF-sprayed Fe-based metal alloy coatings could not compare with that of a cermet material (WC-CoCr), their sliding wear rate was reported to be lower than that of conventional HVOF-sprayed Ni-based metal alloy coatings. Fe-based coatings are found to possess a lower and more stable friction coefficient and more specifically the formation of a Mo-containing oxide scale during sliding wear is effective in reducing adhesion to the counterbody, decreasing friction and lessening the fluctuation of the friction coefficient.



	
HVOF-sprayed Fe-based coatings, but most specifically the novel composition (Fe-Ni-Cr-Mo-B-C), presented superior cavitation wear resistance in comparison to those of Ni- and WC-based conventional coatings. Its high surface elasticity, as determined by depth sensing indentation tests, coupled to its good interparticle cohesion, indicated by the relatively low difference between micro- and nano-hardness values, were found to play a fundamental role in the energy dissipation mechanism during bubble impact.



	
Abrasion wear resistance of the cermet reference (WC-CoCr) is noticeably higher than that of Fe-based coatings due to higher hardness, which prevents the abrasive sand from penetrating into the coating and from ploughing out a groove by plastic deformation. However, Fe-based coatings showed lower abrasion wear rate compared to a Ni-based reference coating.








As a summary, Figure 17 shows the radar wear rates diagram of HVOF-sprayed Fe-based, Ni-based, WC-CoCr tested coatings. HVOF-sprayed Fe-based coatings represent a valid alternative toNi-based alloys when higher anti- sliding, abrasion and cavitation wear properties are needed due to the high coating quality with acceptable micro-hardness. However, their sliding and abrasion wear resistance could not compare to that of WC-CoCr, whose superior hardness offers higher protection against scratching from hard counterparts, debris and quartz sand. Nevertheless, Fe-based coatings showed outstanding cavitation wear resistance, twice as high as that of WC-CoCr andNi-Cr-Fe-Si-B-C coatings and even better than that of commonly used Ni-30Cu bulk material, mainly due to the higher surface elasticity.


Figure 17. Radar wear rates diagram of HVOF-sprayed Fe-based, Ni-based and WC-CoCr coatings.
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The superior surface elasticity of Fe-Cr-Ni-Mo-B-C may be due to the higher amorphous content. However further work involving deeper microstructural analysis has to be done in order to confirm the presence of amorphous phase.
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