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Abstract:



In this work, dense zircon-based ceramic coatings were obtained from inexpensive zircon powder on a steel substrate by using a new multi-chamber gas-dynamic accelerator. The microstructure and phase composition of the coating were characterized by scanning electron microscopy, optical microscopy, and X-ray diffraction. The mechanical properties of the coatings were evaluated using microindentation, wear tests and bonding strength tests. The results showed that the obtained zircon-based ceramic coatings were continuous without cracks and bonded well with substrate without a sublayer. The zircon-based ceramic coatings consisted of c-ZrO2 (major phase), m-ZrO2 and SiO2. The zircon-based ceramic coatings had a porosity of 0.1%, hardness of 526 ± 65 HV0.2, and a fracture toughness of 2.5 ± 0.6 (МPа∙m1/2). The coatings showed the low specific wear rate and average erosion rate. The failure mode occurring in the tested coatings was cohesive.
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1. Introduction


Zircon (ZrSiO4) is a natural mineral used for various applications as a refractory bulk material [1,2,3,4]. The nominal chemical composition of zircon is 67.1 wt % ZrO2 and 32.9 wt % SiO2, but there are also small amounts of Fe2O3, cerium, thorium, or hafnium [1]. Zircon is among the most widely used and cheapest spray-coating material for refractory applications [5,6,7,8,9]. Zircon decomposes into zirconia (ZrO2) and silica (SiO2) during plasma spraying, and does not recombine if cooled quickly enough [9,10,11,12,13,14,15,16]. This combination of ZrO2 and SiO2 shows a high thermal shock resistance, good corrosion resistance, etc. [1]. Zircon coatings were deposited by a plasma spray [10,17], plasma spraying with water-stabilized plasma systems [1], and atmospheric pressure plasma spraying [18]. The sprayed zircon deposits were observed with all three modifications of zirconia (c-ZrO2 [17,19], m-ZrO2 [17], and t-ZrO2 [19]) [20]. Which of these phases will prevail in the plasma-prepared material depends on the technology of its preparation [5]. Zircon is an ideal material for plasma spraying due to its low cost and the typically optimal performance of the coatings has a sufficiently wide range of process parameters [1].



In this study a new multi-chamber vertically mounted gas-dynamic accelerator (MCDS) was proposed to spray coatings [21,22,23,24]. The gas-dynamic devices used in the MCDS for dosing and synchronizing the injection of powder into the nozzle follows the line of the standard powder feeder used for HVOF systems (Metco). The deposition efficiency for the MCDS was 60%–70%. In MCDS, the realized detonation regime of the combustion of the gas mixture in the two chambers has a special profile. Accumulation of detonation energy from the two chambers in the cylindrical nozzle provides high-speed jet forming combustion products that effectively heat and accelerate the powder material. The structure of the gas jet is typical for supersonic outflow in the under expanded mode and is consistent with the explosive nature of the work of the detonation device, in which the pressure in the chamber considerably exceeded the pressure in the environment. When coatings are sprayed, the shock waves and the detonation combustion products of the powdered particles overtake and their advanced interaction with the substrate material occurs. The energy of shock waves in the combustion products becomes a source of increasing thermal vibrations of the atoms of the crystal lattice of a solid substrate material, which causes partial plasticization and weakening of energy bonds between atoms. Ultimately, the probability of bond breaking and penetration of the ceramic particle into the solid increases, forming a new layer between the substrate and the deposited material between the coating and the solid substrate [21,22,23,24].



With MCDS technology, the energy of the fuel gas mixture was transformed into a high-velocity jet with a low thermal power, which provides the formation of a high-quality layer with no overheating of a workpiece. The possibility of the formation of high-velocity and low-thermal power jets has led to a substantial decrease in the consumption of the fuel gas, and allows for the formation of high-quality coatings on thin-walled parts made from low-melting point materials. Depending on the parameters for filling the detonation combustion chambers, it is possible to deposit ceramic coatings (alumina, titanium oxide, cermet coatings and others) [22,23,24,25,26,27,28]. As proven by the analysis results, the deposited coatings were hard (hardness of 800–1320 HV0.3), dense (porosity below 1%), and had a thickness of up to 400 μm. It was established that the visible interface between the ceramic layer and the steel substrate was free from defects, i.e., from regions with weakened bonds.



The main aim of this contribution was to evaluate the structure and phase composition, micro-hardness, wear resistance, erosion resistance, and the adhesion of zircon-based ceramic coatings formed by a new multi-chamber gas-dynamic accelerator.




2. Materials and Methods


Zircon sand (naturally available) powder has been used as a starting material for the preparation of the coatings. Corrosion-resistant steel plates (Fe-0.12C-0.90Mn-0.025P-0.01S-16Cr-0.20Cu, all in wt %,) were employed as substrates. Steel substrates were sandblasted by alumina grits prior to spraying [21,22,23,24]. The grit blasted samples were cleaned in an ultrasonic bath and coatings were deposited immediately after cleaning. In this study, a multi-chamber, vertically mounted, gas-dynamic accelerator (MCDS) [21,22,23,24] was employed to deposit the coatings on corrosion-resistant steel substrates. The coatings were deposited with a frequency of 16 Hz. The zircon sand was sprayed according to the spray parameters given in Table 1.



Table 1. Spraying parameters of zircon coating.







	
Spray Distance, mm

	
Barrel Length, mm

	
Barrel Diameter, mm

	
Powder Feed Rate, g/h

	
Flow Rate of Fuel Mixture Components, m3/h

	
Oxygen/Fuel Ratio




	
Oxygen

	
Propane (100%)

	
Air






	
55

	
500

	
16

	
550

	
* 3.9/** 3.6

	
* 0.75/** 0.7

	
* 0.1/** 0.11

	
5.2








* Cylindrical form combustion chamber; ** Combustion chamber in the form of a disk.








The microstructure and elemental composition of the specimens were studied by a scanning electron microscope (Quanta 200 3D, SEM, FEI Company, Eindhoven, The Netherlands) and an optical inverted microscope (Olympus GX51, Olympus Corporation, Tokyo, Japan). Porosity was determined with the metallographic method [22,23,24,29,30,31]. X-ray analysis was done using a diffractometer Rigaku Ultima IV (Rigaku Corporation, Tokyo, Japan). Crystalline phases were identified by the ICDD PDF-2 (2008) powder diffraction database [22,23,24]. Micro-hardness was determined by an automatic micro-hardness tester DM-8B (Affri, Induno Olona, Italy) with a test load of 200 g. Fracture toughness of the coatings was determined by the indentation method at a 300 g load. The fracture toughness (Kc) was evaluated using a well-established formulation by Evans and Wilshaw [32]. The tribological evaluation of the coated substrates under dry conditions was performed using a ball on a disc tribometer CSM Instrument according to ASTM wear testing standard G-99 (Table 1) [33]. All tests were performed at 25 °C with a relative humidity of approximately 50%. During testing the friction coefficient was recorded as a function of the sliding distance. A quantitative estimate of the wear resistance of specimens and the counterbody was made using the wear factor W; a method for calculating the wear factor is presented in Reference [34]. The wear factor is expressed as Equation (1):


[image: there is no content]



(1)




where W is the wear rate, mm3·(m∙N)−1; V is the volume of the removed material, mm3; P is the load, N; and l is the friction path, m.



The total wear volume was calculated by measuring the track cross-sectional area with a stylus profilometer (Taylor-Hobson) at ten different locations along the wear track. Specimen volume losses (mm3) during wear were calculated by Equation (2):
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(2)




where S is the area of the section of a wear groove, mm2.



The appearance of wear spots on the balls was examined using an Olympus GX 51 inverted optical microscope. The volume of the material removed from the ball was determined by Equation (3):
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(3)




where [image: there is no content]; d is the diameter of the wear spot, mm; r is the radius of the ball, mm; and h is the height of the segment, mm.



The erosion behavior of coated samples was evaluated by an air jet erosion tester TR-471-400 (DUCOM Instruments, Bangalore, India). Erosion testing was carried out as per ASTM G76 standard at room temperature [35]. Impact velocity was measured using the double disc rotating method [36]. The erosion testing parameters are given in Table 2. Alumina particles of 50 µm size were used as an erodent (Figure 1).


Figure 1. SEM micrographs showing the morphology of the blocky alumina erodent particles (back-scattered electron mode).
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Table 2. Erosion test parameter.







	
Erodent Velocity, m/s

	
Erodent Feed Rate, g/min

	
Impingement Angle, °

	
Nozzle Diameter, mm






	
60

	
2.2

	
30, 60 and 90

	
1.5




	
Nozzle to Sample Distance, mm

	
Test Time, min

	
Samples Size, mm3




	
10

	
60

	
(25 × 20 × 5), (25 × 25 × 5), (25 × 25 × 5)










Before erosion testing, the sample was weighed using an electronic balance with least count of 0.01 mg. The samples were subjected to erosion testing of 1 h. After that, the sample was weighed to determine the weight loss. Erosion value was calculated with the volume loss ratio and speed of supply abrasive particles using Equation (4):
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(4)




where [image: there is no content] is the mass of the sample before the test; [image: there is no content] is the mass of the sample after the test; ρ is the density of the sample (coating); and S is the velocity of the abrasive particles. The steady state eroded surface was examined using a Digital Video Microscope HIROX KH-7700 3D (Hirox-USA Inc., Hackensack, NJ, USA).



Adhesion tests were carried out following the ASTM C633 standard [37] using an Instron 5882 testing machine (Instron Corporation, Norwood, MA, USA). The experimental setup consisted of identical cylindrical rods (measuring 25.4 mm in diameter and 50 mm in height) screwed into a tensile machine on one of their tips where on another tip the thermal spray samples were glued, as seen in Figure 2. Adhesive glue with a tensile fracture strength of over 70 MPa was used.


Figure 2. Samples assembled for the bond test and applied tensile load.
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3. Results


The particulars of the zircon powder are listed in Table 3. SEM micrographs of the feedstock powder are shown in Figure 3.


Figure 3. SEM micrographs of zircon powder (back-scattered electron mode). (a) ×2000; (b) ×5000.
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Table 3. The chemical composition of the powder and coating, as well as the mechanical features of coating.







	
Chemical Composition and Mechanical Features

	
Powder

	
Coating

	
Steel






	
Chemical Composition (wt %)

	

	

	




	
Zr

	
77.48

	
61.03

	




	
Si

	
8.23

	
11.17

	




	
O

	
13.77

	
12.75

	




	
Fe

	
0.46

	
7.40

	




	
Al

	
0.07

	
0.73

	




	
C

	

	
6.92

	
0.12




	
Fe

	

	

	
base




	
Mn

	

	

	
0.90




	
P

	

	

	
0.025




	
S

	

	

	
0.01




	
Cr

	

	

	
16.0




	
Cu

	

	

	
0.20




	
Particle size Distribution (μm)

	

	

	




	
d(0.1)

	
2.56

	

	




	
d(0.5)

	
18.29

	

	




	
d(0.9)

	
46.68

	

	




	
Porosity, ± 0.05%

	

	
0.10

	




	
Microhardness (HV0.2)

	

	
526 ± 65

	
187 ± 12




	
Fracture Toughness, ± 0.6 МPа∙m1/2

	

	
2.5

	
–




	
Specific Wear Rate∙(× 10−5) *, ** [mm3·(m∙N)−1]

	

	
11.75

	
48.54




	
Avg. Erosion Rate (10−3) (mm3/g)

	

	

	




	
Impact Angle

	
30°

	

	
2.9

	
21.7




	
60°

	

	
3.4

	
26.0




	
90°

	

	
8.1

	
28.0




	
Average Adhesion (MPa), Fracture Mechanism

	

	
13, Cohesive

	








* Counterbody (a 6 mm in diameter aluminum oxide ball), 6 N normal load, 0.15 m∙s−1 sliding speed, a total sliding distance of 1200 m; ** Surface roughness (polished surface) Ra = 3.04 ± 0.01 µm.








Zircon powder consists of irregularly shaped particles with sharp facets. The powder consisted of crushed particles with the main fraction being 2.56–46.48 μm (Table 3).



Table 3 gives the average chemical composition of the particles expressed as weight percentages of the constituents. Figure 4 shows the results of the X-ray diffraction (XRD) of the zircon sands and coatings. The XRD (Figure 4a) and EDX analyses determined that the major component of the sand was ZrSiO4 (Table 3).


Figure 4. XRD patterns of the (a) zircon sands, and (b) the zircon-based ceramics coating.
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Figure 5 presents the SEM micrographs (back-scattered electron mode) of the polished cross-sections of the zircon-based coatings (210–250 μm thick). No vertical cracks were observed in the coating. As shown in Figure 5, the sample had a wavy and stratified structure with piled-up flattened particles. In the structure of the coating, the lamellar structure was poorly visible, and the boundaries of the lamellas were diffuse.


Figure 5. SEM micrographs of cross-sections of the zircon-based ceramics coating (back-scattered electron mode). (a) ×500, (b) ×2000, (c) ×5000, and (d) ×10000.
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The interface between the coating and the substrate had no visible macro defects. The metallographic porosity of the coatings was very low (Table 3).



Figure 4b shows the XRD patterns for the zircon based coatings that were deposited by the MCDS. Zircon (ZrSiO4) was the major identified phase in the powder (Figure 4a). As shown in Figure 4b, the coatings underwent a phase transformation during spraying. In the XRD pattern (Figure 4b) of the surface coating peaks corresponding to monoclinic ZrO2, cubic ZrO2 and SiO2 phases were observed after deposition. A high temperature modification (cubic) was found as a consequence of the faster heat transfer to the layer and, consequently, a faster local cooling rate. The low temperature monoclinic phase was detected as a result of the lower local cooling rate in larger regions of splats, which was supported by the results obtained in [1,19].



The microhardness of the zircon based coatings was 526 ± 65 HV0.2 (Table 3). The difference in the microhardness values of the coatings was related to the phase composition and the size of the prints at a load of 200 g.



The results of fracture toughness are shown in Figure 6. The crack pattern was identified as crack type I, where dominant cracks occurred parallel to the substrate and emanated from one or two corners of the horizontal diagonal of impression [38].


Figure 6. Microcracking propagation from the Vickers indentation in the zircon-based ceramics coating (SEM, back-scattered electron mode).
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The tribological properties of the zircon based coating are shown in Table 3. The coatings show the low specific wear rate, 11.75 × 10−5 mm3·(m∙N)−1. During testing, the contact surfaces of the samples and counterbodies were studied. The wear track of the sample observed by SEM is shown in Figure 7. The wear track of the sample (Figure 7) shows the presence of wear scars along the sliding direction typical for a wear surface and the presence of ploughing grooves and delamination at certain regions similar to that reported in References [39,40,41,42]. The process of coating wear was accompanied by cracking of the coating. Solid phase grains delaminated from the wear surface, which led to the appearance of an abrasive medium in the contact zone (Figure 7) [42]. The delamination cracks did not lead to significant delamination of the zircon-based ceramic coatings. According to Archard’s wear equation [43,44], the wear volume is proportional to the normal load and sliding distance and inversely proportional to the hardness under investigation. The lower the hardness, the larger the wear volume, or the wider and deeper the wear track. The hardness of the zircon based coating was higher than that of the substrate (Table 3); the friction coefficient of the zircon based coating (0.41) was smaller than that of the substrate (0.69); and the wear track of the treated sample was narrower than that of the substrate under the same conditions. All these indicated that the zircon based coating had effectively improved the wear resistance of steel.


Figure 7. Morphology of the wear track of the zircon-based ceramics coating (SEM, back-scattered electron mode).
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The results of the erosion resistance of the coatings are shown in Table 3. Samples were eroded with angles 30°, 60° and 90°. It was established that increasing the impact angle raised the erosive rate of the zircon-based ceramics coatings (Table 3). Erosion areas formed as elliptical shapes for 30° and 60° (Figure 8a), and as round shapes for 90° (Figure 8b). The elliptical shape was formed due to a higher flow divergence of the abrasive particles where the corners of hitting were 30° and 60° [45]. It is known that the removal of material from the surface occurs due to plastic deformation for small angles (less than 30°), and due to the formation of microdefects and subsequent ductile fractures for bigger angles (90°) [46].


Figure 8. Micrographs of erosion surfaces of the zircon-based ceramics coating after (a) 30° and (b) 90° impingement.
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The adhesion strength of the coating was given if the failure occurred at the coat-substrate interface. The cohesive strength of the coating was given if the rupture was completely within the coating [47,48]. The results obtained from the tensile testing are presented in Table 3 and Figure 9. The tensile bonding strength of zircon-based ceramic coatings on steel substrates ranged from 13.0 to 13.5 MPa. Zircon-based ceramic coatings did not peeled off due to internal fracture at a load of about 13 MPa, which implied that in this case, the adhesion strength of the coating exceeded the cohesive strength of the coating and adhesive strength of the adhesive. Coating destruction was cohesive in the inter- and intra-lamellar structure of coating.


Figure 9. Macrograph of fractured surface after tensile strength test.
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4. Conclusions


It was experimentally demonstrated that the zircon-based ceramic coatings could be manufactured on corrosion resistant steel without a sublayer by a new multi-chamber gas-dynamic accelerator. The main results can be summarized as follows:

	
The zircon-based ceramic coatings were characterized by low porosity (0.1%), a relatively high hardness of 526 ± 65 HV0.2 and fracture toughness of 2.5 ± 0.6 МPа∙m1/2;



	
The coatings showed a low specific wear rate, 11.75 × 10−5 mm3·(m∙N)−1;



	
The XRD results revealed that the coating consisted of the monoclinic and cubic ZrO2 phases, and SiO2 phase;



	
The coating layer showed a low average erosion rate;



	
The cohesion strength between the zircon-based ceramic coating and substrate was evaluated as 13.0 ± 0.5 MPa.








The results of this work open up new prospects for the further elaboration of novel, facile and economical technology to make the zircon-based ceramic coatings for practical applications. Zircon is widely used in the industrial field as a refractory material because of its excellent mechanical and chemical properties at high temperature. Zircon (ZrSiO4) is a promising candidate as an environmental barrier coating material because of its excellent tolerance against thermal shock and corrosion. Furthermore, zircon-based ceramic coatings have a wide range of application as protective coatings of steel-molding tools. Zircon-based ceramic coatings can be deposited as functional coatings that are used as protection for the surfaces of molds and cores. Zircon coatings are corrosion-proof, heat- and radiation resistant, and can also be used as thermoregulating coatings to maintain the thermal behavior of space vehicles, nuclear power plants, electrostatic safety systems, etc.
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