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ABSTRACT 

The investigation into wear resistance is an up-to-date problem from the point of view of both scientific and engi-

neering practice. In this study, HVOF coatings such as MCrAlY (CoNiCrAlY and NiCoCrAlY) and NiCrMo were 

deposited on AISI 310 (X15CrNi25-20) stainless steel substrates. The microstructural properties and surface mor-

phology of the as-sprayed coatings were examined. Cavitation erosion tests were conducted using the vibratory 

method in accordance with the ASTM G32 standard. Sliding wear was examined with the use of a ball-on-disc 

tribometer, and friction coefficients were measured. The sliding and cavitation wear mechanisms were identified 

with the SEM-EDS method. In comparison to the NiCrMo coating, the MCrAlY coatings have lower wear re-

sistance. The cavitation erosion resistance of the as-sprayed M(Co,Ni)CrAlY coatings is almost two times lower 

than that of the as-sprayed NiCrMoFeCo deposit. Moreover, the sliding wear resistance increases with increasing 

the nickel content as follows: CoNiCrAlY < NiCoCrAlY < NiCrMoFeCo. The mean friction coefficient of 

CoNiCrAlY coating equals of 0.873, which almost 50% exceed those reported for coating NiCrMoFeCo of 0.573. 

The as-sprayed NiCrMoFeCo coating presents superior sliding wear and cavitation erosion resistance to the as-

sprayed MCrAlY (CoNiCrAlY and NiCoCrAlY) coatings. 
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INTRODUCTION 

 

 

Cavitation phenomenon is defined as the process of development and growth of vapor 

bubbles in a fast flowing liquid due to a rapid pressure drop, and then implosions of bubbles 

at the time of liquid pressure increase. Therefore cavitation causes severe damage to hydraulic 

machinery [1–3]. Cavitation erosion consists in surface damage and progressive loss of mate-

rial from a solid due to the action of bubbles in the liquid that systematically collapse at the 
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surface. It is generally accepted that the impact pressure and shock waves generated by the 

implosion of cavitation bubbles lead to wear of materials [4–7]. Cavitation erosion is a com-

plex phenomenon, which includes not only hydrodynamic factors of liquid but also properties 

of erodible material e.g. microstructure, mechanical properties, material surface morphology, 

etc. [8,9]. Moreover, according to the literature [10–12], the abrasive wear and particularly 

sliding wear are dominant processes of materials degradation. Furthermore, erosion by solid 

particles and corrosion is frequently described damage processes in literature [13–17].  

Due to the development of new materials and surface treatment techniques, the anti-wear 

applications are still systematically studied. According to the literature, bulk cobalt- and nick-

el-based metal alloys have superior resistance to both cavitation erosion and sliding [18–20]. 

Moreover, Co-, Ni- or even Fe-based overlay deposits are considered highly resistant to both 

abrasion and erosion [21–23]. It is known that thermally sprayed coatings increase the wear 

resistance of machine and equipment components and make it possible to prevent or reduce 

various damage processes. Therefore, different cermet coatings systems have been investigat-

ed concerning sliding, abrasive, or erosion wear [24–30]. Despite the fact that the HVOF 

method allows for metallic or cermet wear-resistant materials deposition [31–33], the anti-

wear properties of HVOF coatings are still being investigated. Besides, in comparison to other 

thermal spraying processes, e.g., plasma spraying or flame spraying, HVOF-deposited coat-

ings exhibit low porosity and crack density, and therefore have a homogeneous structure. This 

is mainly due to the low thermal stresses, relatively low process temperature, and the high 

speed of the particles being sprayed [34–36]. It is well known that the homogeneous structure 

of the material has a positive effect on its resistance to cavitation erosion. Thus, HVOF ther-

mal spraying seems to be the next step in increasing the wear resistance of metallic substrates. 

Among many thermal spray methods, the HVOF one has some features, which allow produc-

ing homogeneous coatings with very low porosity, which is very important in case of abrasive 

wear, corrosion, and cavitation resistance [37–39]. The primary form of the feedstock material 

is a powder, but since the last 15 years, many research groups have started to use another type 

of feedstocks, like suspension and solution ones [40–43]. The detailed description could be 

found in the work of Pawłowski [44]. Nevertheless, in the field of powder-based HVOF 

spraying, there is also some modified technique. It is called high-velocity air fuel (HVAF), 

and the air instead of oxygen is introduced because of the lower cost of the process and results 

in better properties, especially against wear [45,46].  

Currently, new studies on the abrasive wear of thermally deposited coatings are pub-

lished, and even though these issues seem to well-known, there are relatively few scientific 

reports combining both sliding and cavitation testing of HVOF metallic coatings. Mainly, the 

effect of alloying composition on the cavitation erosion and sliding wear resistance of Ni-Co 

based matrix coatings deposited by the HVOF method has not been exhaustively investigated.  

In this paper, the sliding and cavitation erosion wear resistance of NiCrMoFeCo and 

MCrAlY (CoNiCrAlY and NiCoCrAlY) coatings was investigated.  

 

 

 
EXPERIMENTAL 

 

Materials investigation 

 

The nominal chemical compositions of powders used for the deposition of HVOF coat-

ings are given in Table 1. The substrate was AISI 310 (X15CrNi25-20), with the thickness 

equal to 8 mm. Coatings thickness was ranging from 180 to 200 µm and the initial roughness 
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of deposited coatings, Ra, was examined with the Dektak 150 contact profilometer (Veeco 

Instruments, USA). The NiCrMoFeCo and MCrAlY (CoNiCrAlY and NiCoCrAlY) coatings 

morphology were examined on their top surfaces using a scanning electron microscopy (SEM, 

Phenom ProX Desktop SEM). The phase composition was estimated by the XRD method, 

and the procedure is described in [47,48]. The phase composition studies were carried out 

using a XTRa ARL X-ray diffractometer (Thermo Fisher Scientifc, USA). The filtered X-ray 

radiation of the CuKα1 lamp λ = 0.154051nm was used applying the Bragg-Brentano diffrac-

tion geometry. Parameters that were chosen to obtain the diffractogram: angle range of 

diffraction pattern 2θ = 20–100 °, angular step 2θ = 0.02 °, counting time for one angular step 

t = 6 s and X-ray tube power of 1200W (40 kV and 30 mA). The phase composition was de-

termined using the Powder Diffraction File (PDF) developed and published by ICDD (The 

International Centre for Diffraction Data) [47,48]. Samples were cutting in order to obtain 

cross-sections, and it has been prepared by the standard metallographic procedure (impregnate 

into the resin, then grinding with abrasive papers and polishing with diamond suspension). 

Hardness was measured on the metallographic cross-sections with a nano-hardness tester (An-

ton Paar CSM Instruments) having a load of 500 mN accordingly to the reference [36]. 

 
Table 1. Nominal chemical composition of feedstock powders 

Chemical  

element, wt.% 

Specimen code and coting type 

A B C 

CoNiCrAlY NiCoCrAlY NiCrMoFeCo 

Ni 32 balance balance 

Co balance 22 0.5 

Cr 21 17 21.5 

Al 8 12.5 - 

Y 0.5 0.5 - 

Mo - - 8.5 

Fe - - 3 

 

Wear examination methods 

 

Sliding wear tests were performed by the ball-on-disc method with a tribotester from 

CSM Instruments, Switzerland, in compliance with the procedure described in [49]. The idea 

of the sliding test is presented in Fig. 1. The counter-ball was made of 100Cr6 steel; the ap-

plied load was F=15 N, and the sliding distance was set equal to 200 m. The mass loss of the 

samples was estimated with an accuracy of 0.1 mg. After that, they were examined with the 

use of a scanning electron microscopy (SEM).  

Cavitation erosion tests were conducted using a vibratory rig operating under the condi-

tions given in the ASTM G32 standard [50] and described in the previous paper [51]. The 

stationary specimen test method and distilled water were used, which is specifically for coat-

ings testing. The gap between horn tip and test surface was set equal to 1 mm, and the ampli-

tude and frequency of the tests were 50 µm and 20 kHz, respectively, while a schematic de-

sign of the apparatus is shown in Fig. 2. The specimen is mounted in the holder and sub-

merged in distilled water. Horn tip vibrations generate a cavitation field that causes erosion of 

the specimen surface (Fig. 2). In the present study, a sonotrode tip with a 15.9 mm diameter 

was used. The samples were weighed in specified time intervals with an accuracy of 0.01 mg. 

The worn areas were analyzed with the SEM microscope.  
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Fig. 1. Scheme of ball-on-disc sliding wear test 

 

 

Fig. 2. Design of a vibratory apparatus for cavitation tests 

 

 

 
RESULTS 

 

 

Coating characterization  

 

Results of the surface roughness measurements are given in Table 2. Relative to the rela-

tively low roughness of coatings C, the A coatings exhibit the highest roughness. This obser-

vation is confirmed by the SEM examination. The surface morphology of the coatings is pre-

sented in Fig. 3-5. The top-view of the coatings indicates their lamellar microstructure and the 

presence of unmelted powder particles, porosity, and oxides that are typical of thermally 

sprayed coatings [36,52,53]. According to the XRD analysis results, the coatings A and B 

form a γ solid solution with the structure of fcc and phases β-(Co,Ni)Al and Cr3Ni, which is in 

agreement with the data reported in the literature [32,52]. The hardness ranges from 4.8 to 6.0 

GPa, which is comparable with the literature data [32,54]. 

 
Table 2. The roughness of the as-sprayed coatings 

Coating Roughness, µm 

Ra Rq Rv Rp Rt 

A 5.94 7.08 -15.27 15.84 31.11 

B 5.79 7.20 -16.33 17.73 34.06 

C 4.66 5.69 -13.08 13.74 26.83 
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Fig. 3. Surface morphology of coating A (CoNiCrAlY), 
SEM 

Fig. 4. Surface morphology of coating B 
(NiCoCrAlY), SEM 

 

 

Fig. 5. Surface morphology of coating C (NiCrMoFeCo), SEM 
 

Sliding wear results  

 

Sliding wear results are given in Fig. 6-12 and in Table 3. The results clearly demonstrate 

that coating A has undergone the highest wear while coating C is the most resistant to wear. 

The wear resistance of HVOF coatings is lower than reported for nickel, cobalt, and ferrous 

alloys [20,55]. The friction coefficients are in agreement with the mass loss data, as shown in 

Fig. 6. At the initial stage of the wear process, the top surface peaks of the coatings are cut out 

or smashed, and, subsequently, a significant amount of debris occurs in the wear trace. The 

presence of the wear debris first causes the variation in the coefficient of friction (Fig. 7, Fig. 

8 and Fig. 9.), but finally, due to the counter-ball and worn coating fitting, it leads to the sta-
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ble coefficient of friction. The wear results are complementary with the surface roughness 

measurements of the coatings. Also, it can be observed that the wear of the C (nickel-based) 

coating is much lower.  

Fig. 10 and 11 show the wear traces of M(Ni,Co)CrAlY coatings and Fig. 12 shows the 

wear trace of the Ni-based coating. All wear traces show the presence of oxides (primary ox-

ides or material oxides due to wear). Also, it can be observed that the wear mechanism relies 

on smearing the coating material and, especially in the case of coating C, on low-cyclic fa-

tigue resulting in the delamination of the coating material. The material removal is a result of 

cyclic compression and smearing of the HVOF-deposited material. Moreover, the observed 

delamination is in agreement with the splat dimensions indicating splat-induced detachment. 

Wear debris also plays a vital role due to its smearing through the wear trace and cyclic de-

formation leading to a fatigue detachment of the coating material.  

 

s  

Fig. 6. Sliding wear results 

 

Fig. 7. Coefficient of friction vs. sliding distance, coating 
A (CoNiCrAlY) 

 

 

Fig. 8. Coefficient of friction vs. sliding distance, 
coating B (NiCoCrAlY) 
 

 

Fig. 9. Coefficient of friction vs. sliding distance coating C (NiCrMoFeCo) 
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Table 3. Friction coefficients of the tested coatings 

Coating Friction coefficient 

 Average Min Max. SD 

A 0.873 0.394 0.973 0.073 

B  0.645 0.229 0.779 0.055 

C 0.573 0.214 0.688 0.048 

 

 

 

Fig. 10. Wear trace of coating A (CoNiCrAlY), SEM 

  

Fig. 11. Wear trace of coating B (NiCoCrAlY), SEM 

 

 

Fig. 12. Wear trace of coating C (NiCrMoFeCo), SEM 

 

Cavitation erosion 

 

Cavitation erosion curves of the HVOF coatings are given in Fig. 13. It can be observed 

that in comparison to M(Ni,Co)CrAlY, the C (nickel-based) coating exhibits higher resistance 
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to cavitation. The material loss of the coatings A and B are comparable, and it is twice higher 

than that of coating C. The mass loss of each thermally sprayed coatings is higher than those 

reported for HVOF sprayed CaviTec and Stellite-6 materials [23], as well as overlay welded 

nickel- and cobalt-based deposits [18,19]. The wear mechanism in the M(Ni,Co)CrAlY-type 

coatings is similar, and it consists in the detachment of loose splats and cracking induced by 

non-uniformities (unmelted particles, oxides, and lamellae borders). Material erosion is fol-

lowed by plastic deformation of the coating material, as discussed in the previous study [49]. 

Fig. 14-16 show the cavitation-eroded surfaces of the HVOF coatings A, B, and C, respective-

ly. A comparison of the SEM images reveals the presence of splat edges plastic deformation. 

Moreover, it can be observed that in the case of coating B the material is removed in massive 

chunks, while the C coating exhibits a much compact morphology and lower surface rough-

ness, which increases its wear resistance. In contrast to coating C, the coatings A and B have a 

Ni-Co-based matrix. It seems that the deformability of nickel leads to an increased cavitation 

erosion resistance of coating C.  

 

 

Fig. 13. Cavitation erosion curves of HVOF coatings 

  

 
Fig. 14. Cavitation damaged surface of coating A 

(CoNiCrAlY), SEM 

 
Fig. 15. Cavitation damaged surface of coating B 

(NiCoCrAlY), SEM 
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Fig. 16. Cavitation damaged surface of coating C (NiCrMoFeCo), SEM 

 

 

 
CONCLUSIONS 

 

 

The investigation into wear resistance is an up-to-date problem from the point of view of 

both scientific and engineering practice. In the present study, the sliding and cavitation ero-

sion wear resistance of NiCrMoFeCo and MCrAlY (CoNiCrAlY and NiCoCrAlY) coatings 

was investigated. The coatings were deposited with means of the HVOF method. The results 

of the study lead to the following conclusions: 

- the resistance to cavitation erosion of the M(Co,Ni)CrAlY coatings is almost two times 

lower than that of the NiCrMoFeCo deposit; 

- the sliding wear resistance increases with increasing the nickel content as follows: 

CoNiCrAlY < NiCoCrAlY < NiCrMoFeCo; 

- the friction coefficient increases with increasing the cobalt content as follows: NiCrMo-

FeCo < NiCoCrAlY < CoNiCrAlY; 

- a combination of adhesive, oxidation and low-cyclic fatigue is the dominant sliding wear 

mechanism; 

- cavitation erosion damage is induced by plastic deformation of the coating material; it is 

initiated at the non-uniform areas (unmelted particles, oxides, and lamellae borders) and 

results in the removal of the HVOF deposited material.  
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