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Abstract: The paper presents results of research of the essential characteristics of two kinds of advanced coatings applied by HVOF 
technology. One studied coating: WB-WC-Co (60-30-10%) contains two types of hard particles (WC and WB), the second coating is eco-
friendly alternative to the previously used WC-based coatings, called "green carbides" with the composition WC-FeCrAl (85-15%). In green 
carbides coating the heavy metals (Co, Ni, NiCr) forming the binding matrix in conventional wear-resistant coatings are replaced by more 
environmentally friendly matrix based on FeCrAl alloy. On the coatings was carried out: metallographic analysis, measurement of thickness, 
micro-hardness, adhesion, resistance to thermal cyclic loading and adhesive, abrasive and erosive wear resistance. There were also 
determined corrosion characteristics of the coatings in NaCl and SAR solutions.  

Keywords: HVOF TECHNOLOGY, ADHESION, WEAR, FRICTION COEFFICIENT, THERMAL LOADING, CORROSION RATE 

 

1. Introduction 
The components of production machines in technical practice 

are stressed by various operating conditions (transmitted forces, 
pressures, temperature, environment, etc.). By the influence of 
these diverse effects, in the majority of machines and their 
components stresses occurs, which causes unwanted damage of 
the surface (wear, deformation, corrosion, cracks, fractures etc.). 
To avoid substantial damage of surfaces of machinery 
components, there have been developed various methods of 
forming protective layers, resistant to operating conditions. 
Thermal spraying technology also belongs to such methods. 
Coatings formed using thermal spraying technology for its high 
hardness and wear resistance even at higher operating 
temperatures are often applied in many fields of industry, 
especially in automotive, aerospace, energy, engineering, 
manufacturing and mining industry. 

Recently, just cermet coatings containing hard WC particles in 
metallic matrix applied using HVOF (High Velocity Oxygen Fuel) 
technology was seen as a less dangerous and more 
environmentally friendly alternative to hard chrome plating [1]. 
Because the WC-based powders contain heavy metals such as Co 
and Ni [2-15], there is very strict logistics of powders used for 
coatings formation in the HVOF process. Currently, effort of 
materials scientists is focused on developing new powders, in 
which these elements in metallic matrix is eliminated and are 
replaced by other alloys. One of them is the powder WC-FeCrAl, 
called "green carbides". 

The aim of the experiment was to evaluate the characteristics 
of the two types of coatings containing hard carbide particles in 
Co and also in Co-free matrix with respect to their tribological 
properties in atmosphere and in a corrosive environment [16-19]. 

2. Materials and Methods 
The base material for production of test samples was stainless 

steel AISI 316L. The test samples were of a cylindrical shape with 
a diameter of 25 mm and a length of 70 mm. The coatings were 
applied to the front area of the cylinder. Before powder spraying 
the base material was cleaned by abrasive blasting using white 
aluminum oxide with grain size of 0.56 mm, air pressure of 0.4 
MPa, blasting angle of 90° and a blasting distance of 300 mm 
[20,21]. The coating was applied by HVOF technology using 
TAFA JP-5000 spraying system under spraying parameters 
recommended by the powder manufacturer. 

Powders used: 

WC-WB-Co (60/30/10), agglomerated and sintered, grain size 
+15/-45 µm, used for wear and corrosion protection in molten 
metal (for Zn bath rolls in Continuous Galvanizing Lines) 

WC-FeCrAl (85/15), agglomerated and sintered, grain size 
+15/-45 µm, wear resistant coating with Ni- and Co-free metallic 
binder, replacement for WC-Co or WC-Ni 

The structure and thickness of coatings were assessed on 
metallographic sections using light and electron microscopy. The 
microhardness was evaluated using test load 980,7 mN and dwell 
15 s. 

The coatings were evaluated as-sprayed and after 5 and 10 
thermal cycles. One thermal cycle consisted of heating to 600 °C, 
dwell time of 20 min in furnace, followed by cooling to room 
temperature using still air. 

Adhesion of coatings was determined by pull-off test (using 
2K adhesive Loctite 9497) and wear resistance of coatings by pin-
on-disc test (load 1.5 N, velocity 0.02 m.s-1, duration of test 
60 min, environment: atmosphere and immersion in 1 M NaCl 
solution, a static counterpart SiC ball, diameter 6 mm). Abrasive 
resistance was determined using abrasive belt (mesh 80 and 120, 
load 10 N, speed of abrasive 0.33 m.s-1, wear track: 40 m) and dry 
erosion test in pin mill (abrasive: brown corundum, grain size: 1.2 
mm, sample speed 1.74 mps, sample angle 45° and 90°, duration 8 
hours).  

Measurement of corrosion properties of coatings was realized 
by potentiodynamic test. Samples were exposed to 3.5% NaCl 
solution and SAR (simulated acid rain, pH=5) solution. Tests were 
performed on device Potentiostat SP 150(Bio-LOgic Science 
Instruments) and were processed using software EC-Lab V10. As 
the reference electrode was used saturated calomel electrode 
(SCE) and as an auxiliary electrode was used platinum electrode 
(Pt). The start of the measurement consisted of stabilizing the 
electrode potential Er [V] in time interval of 15 minutes. The 
software recorded values every 5 seconds or 5 mV. The 
polarization ranged from -0.30 V against the free potential, up to 
1.00 V against the calomel electrode at polarization rate of 1 
mV/s. After elapsing of the time sequence, the values most closely 
related to observed potential values were recorded. The resulting 
current densities depending on the inserted potential were plotted 
in semilogarithmic coordinates and analyzed by Tafel analysis. 

3. Results and Discussion 
The thickness of the coatings was evaluated on several 

metallographic cross-sections. The cross-section of the coatings is 
shown in Fig. 1. There the thickness of the coatings can be seen. 
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a) 

 
b) 

Fig. 1 Metallography section of the coatings: a) WC-WB-Co, b) WC-
FeCrAl, LM 

There is is a visible interface between the substrate and the 
coating in Fig. 1. The interface is indented, corresponding to 
profile of surface after grit blasting. The coating good fills all 
valleys in the surface, in the interface are not present any defects. 
The coatings are well anchored in surface irregularities. Average 
coatings thickness varies from 145 to 174 µm. 

More detailed analyses of the structure of coatings were 
performed using SEM. The microstructure of the coating and EDX 
analyses of hard particles and matrix are showed in Fig. 2. 

 

 

 
a) 

 

 

b) 

Fig. 2 SEM image of the coatings: a) WC-WB-Co, b) WC-FeCrA 

The coating WB-WC-Co consists of two types of hard 
particles (WC and WB) in soft binding Co matrix which ensures 
the coherence of carbides. The coating WC-FeCrAl contains hard 
particles of WC in a matrix based on FeCrAl alloy.  

The hardness of the coating WC-WB-Co was found between 
1200 and 1300 HV 0.1 and hardness of coating WC-FeCrAl 
between 1000 and 1100 HV 0.1. Adhesion of both coatings as 
sprayed, or after thermal cyclic loading exceeded the cohesive 
strength of the adhesive used (>50 MPa). The results of 
determination of thickness, hardness, and adhesion of coatings are 
summarized in Tab. 1. 

Table 1: Results of the tests 
WC-WB-Co 

Number of thermal cycles 0 5 10 
Thickness / µm 145 151 160 
Hardness HV0.1 1303 1325 1229 
Adhesion / MPa >56 >51 >50 

WC-FeCrAl 
Thickness / µm 165 157 174 
Hardness HV0.1 1075 1050 1069 
Adhesion / MPa >50 >56 >54 

 

Wear resistance of coatings as-sprayed and after the thermal 
cycles was evaluated by pin-on-disc test under dry friction 
conditions in the atmosphere and also immersed in the NaCl 
solution. The course of the friction coefficient during pin-on-disc 
test states Fig. 3. 
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a) 

 
b) 

Fig. 3 Friction coefficient of the coatings after 5 and 10 thermal cycles in 
the atmosphere a) and in NaCl solution b) 

 

Friction coefficient of the coatings in the atmosphere after the 
initial start-up became stabilized slightly above a value of 0.1, and 
immersed in NaCl solution was stabilized slightly below 0.1. The 
appearance of the coatings surface in wear track and out of wear 
track is shown in Fig. 4. 

  
surface of coatings in wear track 

  
surface of coatings out of wear track 

WC-WB-Co WC-FeCrAl 
Fig. 4 Surface of the coatings in wear track and out of wear track 

Weight loss of coatings after pin-on-disk test was minimal so 
could not be determined although the resolution of the balance 
was 1×10-4 [g], as confirmed also appearance of wear track. 
Surface of coatings in wear track and out of wear the track is 
almost identical, they are visible no signs of particles removed 
from coating material. Conversely, on the static counterpart was 
found volume loss of material, Tab. 2. 

From Fig. 5 can be stated that higher wear resistance showed 
the WC-WB-Co coating. Differences in weight loss using smaller 
abrasive grains (P120) were more pronounced. Smaller abrasive 

grain is closer to the size of WC, WC and WB particles and more 
intensively removes them compared to large abrasive grains. 

Table 2: Wear of the balls in mm3 

Number 
 of thermal cycles 

ATM NaCl 
5 10 5 10 

WC-WB-Co 0.03 0.04 0.04 0.06 
WC-FeCrAl 0.05 0.04 0.02 0.05 

Fig. 5 shows the weight loss of the coatings in abrasive wear test 
using abrasive cloth. 

 
Fig. 5 Weight loss of the coatings in dependence of abrasive cloth grain 

size 
 

Fig. 6 shows the weight loss of the coatings in dry erosion test in 
pin mill with sample angle of 45° and 90° depending on the 
number of thermal cycles. 

 

Fig. 6 Weight loss of the coatings at particular sample angle 

The results show that the coatings exhibit very good resistance 
to erosive wear. Lower weight loss values were recorded for the 
WC-FeCrAl coating. Due to the thermal cycles, the weight loss 
decreased. The coatings exhibited higher wear at higher sample 
angles. Despite of hard erosive conditions, the weight loss of 
coatings was minimal. This is the manifestation of good adhesion 
of the coatings to the substrate, but especially between the 
particles and the matrix. 

Using Tafel analysis of potentiodynamic polarizing curves the 
current densities of the measured samples and the calculated 
corrosion rate of the evaluated coatings were determined. The 
measured values of exposed samples in solution SAR and in 
solution 3.5% NaCl are shown in Tab. 3. 
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Table 3: Values of corrosion potential, current density, and slopes of 
cathode and anode dependence 

 3.5 % NaCl SAR 

 WC-
FeCrAl 

WC-WB-
Co 

WC-
FeCrAl 

WC-WB-
Co 

Ecorr [mV] -432.876 -582.858 -276.291 -532.463 

icorr [µA] 18.561 18.735 6.328 7.71 

βc  [mV] 121.9 310.8 277.8 309.9 

βa  [mV] 193.2 149.8 309.8 350.4 
 

Based on experimentally obtained results, we can conclude 
that the lowest current density was recorded on the WC-FeCrAl 
coating exposed in SAR solution. The highest current density was 
recorded on the WC-WB-Co coating exposed to 3.5% NaCl 
solution. Regarding solution used, higher corrosion aggressivity 
showed 3.5% NaCl solution compared to SAR. Higher corrosion 
resistance in both testing solutions showed WC-FeCrAl coating. 

4. Conclusion 
Both coatings exhibited comparable properties as for thickness 

(140-170 µm), hardness (1300 and 1050 HV0.1), adhesion (> 50 
MPa), and also in terms of adhesive, abrasive and erosive wear 
resistance (minimal weight loss, low friction coefficient: 0.1 in the 
atmosphere and also in NaCl solution). It can be concluded that 
“green carbides” coating is environmentally more friendly 
replacement for coatings containing Co and Ni without reducing 
the performance of the coating and with higher corrosion 
resistance compared to WC-WB-Co coating. 

Acknowledgement 
This work was supported by the Ministry of Education, 

Science, Research and Sport of the Slovak Republic (VEGA 
1/0424/17. 

References 
1. Bolelli G. et al. (2012), Cermet coatings with Fe-based matrix 

as alternative to WC–CoCr: Mechanical and tribological 
behaviours, Surface and Coatings Technology, Vol. 206, No. 
19-20, 4079–4094. 

2. Brezinová J., Guzanová A., Draganovská D., Bronček J. 
(2015), Quality Evaluation of HVOF Coatings on the Basis of 
WC-Co in Tribocorrosive Conditions, Materials Science 
Forum, Vol. 811, 63-66. 

3. Aw P.K., Tan B.H. (2006), Study of microstructure, phase and 
microhardness distribution of HVOF sprayed multi-modal 
structured and conventional WC–17Co coatings, Journal of 
Materials Processing Technology, Vol. 174, No.1-3, 305–311. 

4. Žórawski W. (2013), The microstructure and tribological 
properties of liquid-fuel HVOF sprayed nanostructured WC–
12Co coatings, Surface and Coatings Technology, Vol. 220, 
276-281. 

5. Sahraoui T., Guessasma S., Jeridane M. A., Hadji M. (2010), 
HVOF sprayed WC–Co coatings: Microstructure, mechanical 
properties and friction moment prediction, Materials and 
Design, Vol. 31, No.3, 1431 – 1437. 

6. Saha G.C., Khan T.I., Zhang G.A. (2011), Erosion–corrosion 
resistance of microcrystalline and near-nanocrystalline WC–
17Co high velocity oxy-fuel thermal spray coatings, Corrosion 
Science, Vol. 53, No.6, 2106–2114. 

7. Wood R.J.K. (2010), Tribology of thermal sprayed WC–Co 
coatings, International Journal of Refractory Metals and Hard 
Materials, Vol. 28, No.1, 82–94. 

8. Hulka I., Uţu D., Şerban V.A. (2011), Micro-scale sliding 
wear behavior of HVOF sprayed WC-Co(Cr),  Annals of 
Faculty Engineering Hunedoara – International Journal of 
Engineering, Vol. 9, No.2, 61-64. 

9. Hong S., Wu Y., Zheng Y., Wang B., Gao W., Lin J. (2013), 
Microstructure and electrochemical properties of 
nanostructured WC–10Co–4Cr coating prepared by HVOF 
spraying, Surface and Coatings Technology, Vol. 235, 582–
588. 

10. Santana Y.Y., La Barbera-Sosa J.G., Caro J., Puchi-Cabrera 
E.S., Staia M.H. (2008), Mechanical properties and 
microstructure of WC–10Co–4Cr and WC–12Co thermal 
spray coatings deposited by HVOF, Surface Engineering, Vol. 
24, No.5, 374-382. 

11. Berget J., Rogne T., Bardal E. (2007), Erosion–corrosion 
properties of different WC–Co–Cr coatings deposited by the 
HVOF process—influence of metallic matrix composition and 
spray powder size distribution, Surface and Coatings 
Technology, Vol. 201, No.18, 7619–7625. 

12. Maiti A.K., Mukhopadhyay N., Raman R. (2007), Effect of 
adding WC powder to the feedstock of WC–Co–Cr based 
HVOF coating and its impact on erosion and abrasion 
resistance, Surface and Coatings Technology, Vol. 201, 
No.18, 7781–7788. 

13. Zavareh M.A., Sarhan A.A.D.M., Razak B.B.A., Basirun W.J. 
(2015), The tribological and electrochemical behavior of 
HVOF-sprayed Cr3C2–NiCr ceramic coating on carbon steel, 
Ceramics International, Vol. 41, No.4, 5387–5396. 

14. Kaur M., Singh H., Prakash S. (2009), High-Temperature 
Corrosion Studies of HVOF-Sprayed Cr3C2-NiCr Coating on 
SAE-347H Boiler Steel, Journal of Thermal Spray 
Technology, Vol. 18, No.4, 619-632. 

15. Hong S., Wu Y., Wang Q., Ying G., Li G., Gao W., Wang B., 
Guo W. (2013), Microstructure and cavitation–silt erosion 
behavior of high-velocity oxygen–fuel (HVOF) sprayed 
Cr3C2–NiCr coating, Surface and Coatings Technology, Vol. 
225, 85–91. 

16. Brezinová J., Guzanová A., Egri M., Malejčík J. (2011), 
Evaluation of thermal sprayed coatings properties in terms of 
erosive wear, Chemické listy: special issue, Vol. 105, No. 17, 
775-776. 

17. Brezinová J., Guzanová A., Egri M. (2012), Change in 
properties of HVOF coatings under conditions of thermal 
cyclic loading, Chemické listy, Vol. 106, No. S3, 383-386. 

18. Brezinová J., Guzanová A. (2012), Possibilities of utilization 
high velocity oxygen fuel (HVOF) coatings in conditions of 
thermal cyclic loading, Metalurgija, Vol. 51, No. 2, 211-215. 

19. Brezinová J., Guzanová A., Draganovská D., Egri M. (2013), 
Assessment tribological properties of coatings applied by 
HVOF technology, Acta Mechanica et Automatica, Vol. 7, 
No. 3, 135-139. 

20. Brezinová J., Guzanová A., Draganovská D. (2015), Abrasive 
Blast Cleaning and Its Application, 1st. Ed., Pfaffikon: Trans 
Tech Publications, 107 p. 

21. Staia M.H., Ramos E., Carrasquero A., Roman A., Lesage J., 
Chicot D., Mesmacque G. (2000), Effect of substrate 
roughness induced by gritblasting upon adhesion of WC-
17%Co thermal sprayed coatings, Thin Solid Films, Vol. 377-
378, 657-664.  

 
 

 

 

 

71

INTERNATIONAL SCIENTIFIC JOURNAL "INNOVATIONS" WEB ISSN 2534-8469; PRINT ISSN 1314-8907

YEAR VI, ISSUE 2, P.P. 68-71 (2018)

http://www.sciencedirect.com/science/journal/02578972



