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The abrasive wear resistance of plasma-sprayed oxide ceramic (Al2O3 and Cr2O3) and clad cermet 

((Ti–Cr–C)–30% Ni and (TiC)–30% Ni) coatings was studied. The wear characteristics of the 
coatings such as wear rates, friction forces, friction coefficients, and wear groove depth determined 
with two methods were compared. The wear test methods included simulation of the friction process 
using loose abrasive particles and reciprocal ball-on-disk friction using a diamond indenter. The 
plasma-sprayed TiC-based coatings showed the lowest wear rate and can be applied to protect 
equipment parts subjected to intensive abrasive wear. The wear loss of the (Ti–Cr–C)–30% Ni and 
(TiC)–30% Ni coatings determined by friction against loose abrasive particles was 10–17 m, while 
the wear loss of the oxide ceramic coatings was 20–42 m, being 2–2.5 times higher on average.  

Keywords: refractory compound, composite powder material, cladding, plasma spraying, coating, 
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INTRODUCTION 

The thermal spraying of protective coatings is an effective way to increase the reliability and service life of 
parts and component of modern equipment subjected to abrasive wear, fretting corrosion, and gas erosion [1–3]. 
Further advances in the thermal spraying process are associated not only with the improvement of process 
equipment but also with the development of new powder materials to deposit coatings for different purposes, 
particularly composite coatings as they are most promising [4].  

To develop parts with excellent service properties, it is important to choose components in appropriate 
ratios for composite powders, select techniques for producing and depositing the powder materials, as well as 
examine the structure and phase composition of the resultant coatings and study their mechanical properties. The 
eutectic self-fluxing nickel-matrix alloys in the Ni–Cr–Si–B system, also referred to as Colmonoy alloys, proved to 
be effective for the thermal spraying process in combination with W, Ti, and Cr carbides and borides [5], and so did 
WC–Co, WC–Ni, TiC–Ni, Cr3C2–NiCr [6, 7], and other composites. However, these materials are very expensive.  
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Besides being much cheaper, the coatings produced from Cr, Al, and Ti oxide materials showed quite high abrasive 
wear resistance [8]. They have a number of drawbacks as well, brittleness and low impact resistance being among them. 

The objective of this effort is to perform comparative wear resistance tests of plasma-sprayed chromium 
and aluminum oxide coatings and clad titanium and chromium carbide composite coatings in intensive abrasive 
wear conditions. 

EXPERIMENTAL PROCEDURE 

For depositing plasma coatings, we used the powder materials presented in Table 1. The titanium and 
titanium/chromium carbide powders were produced by self-propagating high-temperature synthesis (SHS). They 
were clad with nickel tetracarbonyl, Ni(CO)4, employing the Mond process. The resultant coatings were uniform 

and continuous, their thickness reaching 5 µm on 40–100 µm powder particles.  
The thermal-sprayed coatings consist of a nickel matrix with clad material particles being uniformly 

distributed in it. Nickel also promotes high adhesive and cohesive bonds between the particles, thus imparting 
required service properties to the coatings. 

The coatings were plasma-sprayed onto steel 45 samples (Table 2) employing an UPU-3DN unit with 
a Metco F4-MB plasma spray gun and a protective chamber with a 15 VB manipulation mechanism. The plasma 
gas was a mixture of argon and hydrogen. 

Prior to thermal spraying, the samples were subjected to abrasive jet machining with 12A brown alundum 
powder (GOST 28818–90) with F22–F24 grits (ISO 8486–86). The machining was intended to clean and activate 
the surface, increase its adhesion, and impart roughness Rz of 63–80 µm to it. The surface was machined with 

compressed air at 0.5–0.7 MPa at a distance of 90–150 mm at an angle of 60–90º. In addition, to increase the 
adhesion of coatings, they were deposited onto the substrate through an intermediate level of PG-Yu5-N heat-
sensitive material (Russia) of composition 95% Ni + 5.2% Al (ISO 9001:2008) with –100+40 µm grits. 

Before being tested for abrasive wear, the coated samples were ground with a diamond wheel to reach Ra = 

= 0.32–0.63 µm. The tests involved simulation of the friction process with loose abrasive particles employing an  
 

TABLE 1. Characteristics of Coating Materials  

Coating material Grade; manufacture Grit size, µm Composition, % 

Heat-treated chromium oxide 
(Cr2O3) 

OKhP-3; Kristall Company 
(Russia) 

20–40 
Described in [8] 

Brown alundum 15A; GOST 28818–90 (Ukraine) 28 Al2O3 matrix and 0.4 Fe2O3, 

1.8 TiO2, and 0.5 CaO 

Nickel-clad titanium/chromium 
carbide  

PKTKhN-30; Kompozytsiyni 
Systemy LLC (Ukraine) 

20–40 (Ti–Cr–C) + 29.6 Ni 

Nickel-clad titanium carbide  PKTN-30; Kompozytsiyni 
Systemy LLC (Ukraine) 

40–100 TiC + 30 Ni 

 

TABLE 2. Conditions of Depositing* Plasma-Sprayed Coatings onto Steel 45  

Coating materials Voltage, V Gas flow rate, l/min Distance, mm Thickness, mm 

OKhP-3 70 40 100 0.6 
Alundum 70 40 120 0.6 

PKTKhN-30 65 50 120 0.7 
PKTN-30 65 45 120 0.7 

*Current of 500 A. 
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 Fig. 1. Experimental setup for abrasive wear tests: 1) container for used abrasive; 2) sample; 3) rubber 
roller; 4) roller head; 5) hopper for loose abrasive; 6) abrasive feed control lever; 7) abrasive;  

8) abrasive feed chute; 9) pressure control lever; 10) load 

experimental setup [9] (Fig. 1) in compliance with GOST 23.208–79 [10], being equivalent to ASTM C 6568. The 
coated samples were worn with loose abrasive particles (quartz sand SiO2 with 200–250 µm grits) fed by a rubber 

roller to the friction surface. The abrasive was dried (moisture content being no higher than 0.16%) prior to testing. 
The wear was measured by weighing the samples with an ADV-200 analytical balance with an accuracy to 
0.0001 g. The samples were washed in ethanol, dried, and weighed before and after the tests. The experiment was 
performed at room temperature at a sliding speed of 0.158 m/sec, under a load of 20 kg (272 mm load arm), and 
with a sliding distance of 100 m. 

 

 

Fig. 2. Reciprocal ball-on-disk friction model 

The abrasive wear of materials with different specific weights and porosities is evaluated by weighing only 
qualitatively. In this regard, the wear of friction grooves was additionally measured using a Micron Alfa 
interference 3D surface analyzer to record surface irregularities with nanometric accuracy.  

Reciprocal ball-on-disk friction tests of the coatings for wear resistance (Fig. 2) were performed using 
a Micron Gamma universal microhardness scratch tester to examine micromechanical characteristics by continuous 
indentation and scratching with different indenters. The counterface was a conic diamond indenter with a curvature 
radius of 50 µm. A special table was additionally made and placed on the Micron Gamma tester for the reciprocal 
motion of the samples [11]. The device recorded lateral forces that acted on the indenter being loaded. 
The amplitude of reciprocal motion of the samples relative to the indenter was 2 mm at an indenter load of 50 g and 
a motion speed of 20 mm/sec (at room temperature). 

EXPERIMENTAL RESULTS AND DISCUSSION 

The experimental results for the samples with plasma-sprayed coatings and the uncoated steel sample tested 
for abrasive wear with loose abrasive particles are summarized in Table 3.  

The best abrasive resistance determined by simulated friction was exhibited by the OKhP-3 and PKTN-30 
coatings, whose mass wear was 0.0059 and 0.0060 g, respectively. The PKTKhN-30 materials showed somewhat  
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Fig. 3. Surface profile curves for friction grooves on the coated and uncoated samples after abrasive 

wear tests: 1) alundum; 2) OKhP-3; 3) PKTKhN-30; 4) PKTN-30; 5) uncoated steel 45 

TABLE 3. Results for Plasma-Sprayed Coatings Tested for Abrasive Wear  

Coating material 
Sample weight, g 

Mass wear, g 
before testing after testing 

Alundum 25.2705 25.2588 0.0117 
OKhP-3 25.1696 25.1637 0.0059 

PKTKhN-30 26.3314 26.3232 0.0082 
PKTN-30 26.0126 26.0066 0.0060 

Uncoated steel 45 12.2900 12.2374 0.0526 

 
higher wear, 0.0082 g. The alundum coatings had the lowest abrasive wear as their mass wear was 0.0117 g. The 
abrasive wear resistance of all samples with plasma-sprayed coatings was much higher than that of uncoated steel 
45, whose mass wear was 0.0526 g, being 4.5 times higher than that of the alundum coating and almost nine times 
higher than those of the OKhP-3 and PKTN-30 coatings. 

However, the determination of wear by weighing does not consider the difference in the specific weights of 
the test materials. In this connection, linear wear of the friction grooves was additionally determined using a Micron 
Alfa interference 3D surface analyzer. The measurements were performed from the edge of the friction groove to its 
center, where the wear is maximum. The measurement results are provided in Fig. 3. 

The results of comparative tests agree with each other. The surface profile curves show that the linear wear 
of the PKTKhN-30 and PKTN-30 coatings is commensurate and is 10–14 µm and 13–17 µm, respectively. The 
PKTKhN-30 coating has insignificantly lower linear wear than the PKTN-30 coating does, unlike the measurements 
of mass wear. The linear wear (µm) of friction groves on the plasma-sprayed coatings is indicated below: 

Alundum . . . . . . . . . . .   42–44 
OKhP-3. . . . . . . . . . . . . . . . . . 20–24 
PKTKhN-30. . . . . . . . . . . . . . 10–14 
PKTN-30. . . . . . . . . . . . . . . . 13–17 
Uncoated steel 45 . . . . . . . . ≥160 

The linear wear of the chromium oxide coating is about 1.5–2 times higher than that of the PKTKhN-30 
and PKTN-30 composite coatings. The lowest abrasive wear resistance was shown by the alundum coatings, like in 
the measurement of mass wear. Hence, composite coatings are more preferable for abrasive wear protection. 

When tribological properties of the plasma-sprayed coatings were determined by reciprocal friction, the 
indenter motion resistance force—friction force Ff and depth h and width  of the friction groove—were continuously  
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Fig. 4. Friction force versus the number of reciprocal motions: a) uncoated steel 45 sample and 
samples with b) alundum, c) OKhP-3, d) PKTKhN-30, and e) PKTN-30 coatings 

recorded. The wear resistance was evaluated from the average friction groove depth and friction coefficient µ as the 
ratio of friction force to load (Ff/P). 

Friction force Ff versus the number of reciprocal motions of a diamond indenter on the test samples is 

shown in Fig. 4. 
Analysis of the measured average friction force showed (Table 4) that the oxide ceramic coatings had lower 

values than the composite coatings and, consequently, lower coefficient of friction against a diamond indenter: µ = 
= 0.08–0.11 and 0.15– 0.19, respectively. The lowest average and most stable friction force (Ff = 4 cN) was 

exhibited by the OKhP-3 oxide ceramic coating (Fig. 4c, Table 3). The highest average friction force, Ff = 9.5 cN, 

was observed for the PKTKhN-30 coating. 
The unstable Ff values for the other coatings are probably due to higher porosity, which is typical of the 

plasma spraying process. Analysis of the friction groove surface morphology revealed cavities, associated with the 
abrasive wear of the composite and ceramic coatings [12, 13]. In the wear of these coatings, particles with weak 
cohesion bonds break off to form microirregularities on the friction grove. To decrease the effect of particle 
breakoff, the surfaces must be as clean as possible since microirregularities damage protective coatings. 

Microphotographs of 150 µm  220 µm friction groove areas, two-dimensional topographies with cross-
sectional surface profiles, and three-dimensional topographies of the samples are provided in Fig. 5. Comparative 
analysis of the morphology and topology of the friction groove areas showed that the friction groove width and 
depth values for the PKTKhN-30 and PKTN-30 composite coatings were lower than for the oxide ceramic coatings  

 
TABLE 4. Tribological Properties of the Plasma-Sprayed Coatings Tested by Reciprocal Friction  

Coating material 
Average friction 

force Ff, cN 
Average friction 

groove depth h, µm 
Average friction groove 

width , µm 
Friction 

coefficient  

Alundum  5.5 2.6 50 0.11 
OKhP-3 4.0 1.4 45 0.08 

PKTKhN-30 9.5 1.2 44 0.19 
PKTN-30 7.5 1.2 40 0.15 

Uncoated steel 45 5.6 4.5 55 0.12 
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Fig. 5. Microphotographs and three- and two-dimensional topographies with surface profiles for 
reciprocal friction grooves on the samples of uncoated steel 45 (a) and with alundum (b), OKhP-3 (c),  

PKTKhN-30 (d), and PKTN-30 (e) coatings 
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(Fig. 5, Table 4). Note that the OKhP-3 coating has wear resistance characteristics that are close to those of the 
composite coatings. 

The PKTKhN-30 and PKTN-30 coatings have coefficients of friction against a diamond indenter that are 
1.9 and 2.4 times higher than that of the OKhP-3 coating. Like in the simulation of friction against loose abrasive 
particles, the wear of all coatings is substantially lower than of the uncoated steel 45 sample. The average friction 
groove depth is 4.5 µm, which is 3.7 times greater than that of the PKTKhN-30 and PKTN-30 coatings. The 
smallest friction groove depth indicates that the PKTKhN-30 and PKTN-30 coatings have the highest abrasive 
resistance. 

The roughness and porosity of the plasma-sprayed coatings may lead to significant deviations and peaks on 
the surface profile path. They may be eliminated by more carful polishing of the samples.  

Therefore, the plasma-sprayed PKTKhN-30 and PKTN-30 composite coatings show higher wear resistance 
than the ceramic coatings like in the tests of simulated friction against loose abrasive particles. 

CONCLUSIONS 

The abrasive wear resistance of the plasma-sprayed Al2O3 (alundum) and Cr2O3 ceramic coatings and clad 

(Ti–Cr–C)–30% Ni and (TiC)–30% Ni composite coatings has been tested by friction against loose abrasive 
particles and reciprocal ball-on-disk friction against a diamond indenter. The PKTKhN-30 and PKTN-30 composite 
coatings have higher wear resistance than the ceramic ones: their average linear wear with loose abrasive particles is 
10–14 µm and 13–17 µm, respectively, while that of the OKhP-3 coating is 1.5–2 times higher (20–24 µm). 

Chromium oxide of OKhP-3 grade has the highest abrasive resistance among oxide materials. The average 
linear wear of the OKhP-3 coating determined by simulation of friction against loose abrasive particles is 20–
24 µm, while that of the alundum coating is 1.8–2.1 times higher (42–44 µm). Noteworthy is that the chromium 
oxide coating has the lowest coefficient of friction (µ = 0.08) against a diamond indenter.  

The coating surface must be as clean as possible to increase the abrasive wear resistance of parts to be 
machined with diamond tools. 
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