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Abstract: The paper presents the results of the research aimed at determining the quality of coatings applied by the HVOF spray coating 

technology and the advances in its application. WC-Co-Cr 86/10/4 nano covers were evaluated at two grain sizes. The effect of nano 

particle size on coatings quality was evaluated under abrasive wear conditions with bound abrasive in the initial state and after thermal 

cyclic loading. Coating thickness measurements, microhardness and structural analysis of the coatings were performed. As the number of 

thermal cycles increased, the hardness of the coatings increased. A thermal load between 600 and 800 ° C results in the crystallization of the 

amorphous phase, which leads to the precipitation of the WC phase from the Co-Cr matrix, and thus to an increase in the microhardness of 

the coating. The REM analysis of the structure of nano coatings confirmed that the exposure of the samples to the thermal load had an 

influence on their structural composition. As the number of thermal cycles increased, the wear of the coatings under dry friction conditions 

increased. 
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1. Introduction

     Thermal spraying is an important surface engineering technique. 

Thermal spraying of coatings is used in all industrial areas, in 

primary production, as well as in the renovation of parts. An 

adequately selected and optimally applied coating significantly 

increases the service life and reliability of such treated materials. 

Trends in surface treatment technology are generally focused 

on: 

• full automation of the coating process and automatic quality

control,

• tailored coating systems with unique chemistry and structure,

• nanoscience and nanotechnologies, which will play a crucial role

in the next generation of coating technology [1],

• hybridization in surface treatments based on:

(a) the formation of multifunctional coatings,

(b) multi-process hybrid technologies (e.g., HVOF (High Velocity

Oxygen Fuel) and laser remelting [2]),

(c) or multi-source hybrid technologies (e.g., PS-PVD (Plasma

Spray - Physical Vapor Deposition) of ceramics for protective

coatings. PS-PVD method allows thin (less than 10 m)

single layers to be deposited and multilayer coatings of less

than 100 m to be generated with the flexibility to tailor

microstructures by changing processing conditions. Coatings

of yttria-stabilized zirconia (YSZ) were applied to NiCrAlY

bond coated superalloy substrates using the PS-PVD coater at

NASA Glenn Research Center [3].

     Thanks to the use and development of various techniques and 

materials for thermal spraying, the nano-thermal spraying process 

has become one of the important directions in the development of 

thermal spraying techniques.  

     Development in the framework of the HVOF thermal spraying 

technique can be specified especially by: 

Development of nano-powders, nano-coatings 

As reported in [4] thermal spraying nano-coatings mainly include 

three types: nano-crystal coating composed of only one material, 

nano-crystal composite coating composed of two or more nano-

materials, and composite coating reinforced by nano-particulate. 

Adding nano-particulate in traditional coatings can greatly improve 

coating properties and functions with low cost. Poor mechanical 

strength as well as mismatches in coefficient of thermal expansion 

often limits the use of dense ceramic coatings on metals. However, 

increasing porosity would decrease the protection capability of the 

coating. It is already recognized that nano crystalline materials have 

special mechanical properties. Typically the strength of crystalline 

materials is increased with decreasing grain size and materials with 

small grain size often exhibit also superplastic behavior at elevated 

temperature. Nano-crystallinity has a positive influence on 

toughness of ceramic materials especially if alloyed with nano 

phased metals. Furthermore, hardness and wear properties of 

coatings are usually improved.  

Developments in Suspension and Solution Precursor 

Thermal Spray Processes  

As reported in [5] thermal spray coatings from liquid feedstock such 

as suspensions and solution precursors have received increasing 

interest due to the unique coating properties obtainable by these 

processes. Several research groups are working on the basis of 

plasma as well as on high-velocity oxy-fuel approaches to 

manufacture advanced nano-structured and nano-phased materials. 

Ecologisation 

Innovation from the viewpoint of ecologisation in thermal 

spraying coatings represents green carbides. Recently, just cermet 

coatings containing hard WC particles in metallic matrix applied 

using HVOF technology    was    seen    as    a    less    dangerous  

and    more    environmentally friendly alternative to hard chrome 

plating [6].  Because the WC-based powders contain heavy metals 

such as Co and  Ni,  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"[7]. 

Development of a new generation of HVOF-Systems 

Despite undeniable achievements, there is still potential to 

improve HVOF technology concerning its versatility and to reduce 

coating costs. As published in [8] developed new HVOF spraying 

guns operating at increased combustion chamber pressures show 

high potential for spraying of coatings consisting of metals that do 

not feature the outstanding ductility of pure copper or aluminium. 

High deposition efficiency, i.e. up to 85%, at considerable powder 

feed rate of 4.5 kg/h is already possible for spraying of corrosion 

protective iron or nickel based coatings like AISI 446, AISI 316L or 

MCrAlYs. Also spraying of highly reactive materials like titanium 

under atmospheric conditions becomes feasible.  

High performance thermal-sprayed coatings in narrow and 

complex areas  

A complex geometry is always a challenge for the thermal spray 

community, because the spray angle affects the droplet’s impact on 

the substrate resulting in changes in coating properties. In the work 

[9] an attempt has been made to overcome this limitation. WC-Co-

Cr coating was deposited on the CA6NM steel using newly

developed high-velocity oxy liquid fuel (HVOLF) thermal spraying

gun. The angular design of this gun allows spraying in narrow

areas, complex parts and inside internal diameter minimum as 140

mm having almost uniform coating properties at both spray angles

(45° and 70°); this makes it a promising solution for coating

deposition on complex geometries [9].

Post-processing of HVOF coating 

Thermally sprayed coating possesses high surface roughness 

which is beyond the desirable limit for many industrial applications. 

The coatings are needed to be finished to get desired surface finish  
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and form accuracy. The post processing techniques are also required 

to eliminate the defect of the as-sprayed coating as well as to 

improve the coating properties [10].  

The laser remelting technique is considered a promising and 

effective method for improving the surface of thermally sprayed 

coatings, eliminating microstructural defects such as pores and 

cracks, increasing the life of parts and equipment by increasing 

microhardness and increasing anchoring force between coating and 

substrate [11]. 

In the study [12], a multi-step finishing strategy was adopted to 

improve the surface finish of high velocity oxy-fuel spraying 

(HVOF) sprayed WC-Co coating. Shape adaptive grinding (SAG) 

was performed using a zirconia-alumina abrasive polishing pad 

which resulted in differential finishing of WC and Co binder due to 

their significant hardness difference. To overcome this situation, 

chemical assisted SAG is performed using Murakami's reagent. A 

thin passivation layer was formed on the top of coating due to 

chemical interaction which has hardness many times lesser than the 

bare coating and facilitates high and uniform material removal rate. 

Thermal spray property-performance maps “TS maps” 

The process-structure-property relations can be presented by 

process maps, which can be used as design tool for coating 

processing. Process maps are interrelationships among the process 

variables and output responses [13]. The process map methodology 

is under development for process control and coating properties 

optimization. In the process mapping concept, the diagnostic tools 

are used for understanding the fundamentals of relationships in the 

thermal spray process, starting from powder to thermal spraying 

process, to deposit formation, to coating characteristics, and finally 

to coating performance. The TS maps are based on coating 

characteristics of major importance, i.e., microhardness, adhesion 

strength, and the elastic modulus of thermal spray coatings [14]. 

The process mapping optimization tool has been widely applied for 

plasma spray process [13,15], but it can be successfully used for 

HVOF process as well [16,17,18].  

2. Materials and methodology of experiments

Materials 

The base material AISI 316L (1.4404; 17 349) was chosen for 

the application of the coatings. It is a chromium-nickel austenitic 

unstabilized molybdenum low carbon stainless steel. The annealing 

temperature of this steel is in the range of 1000-1100 ° C. This steel 

is non-magnetic, hardenable and has a tendency to harden during 

cold forming. As the temperature of this steel increases, the values 

of Rm and Rp decrease. It is resistant to corrosion in industrial 

environments, is not prone to intergranular corrosion in heat-

affected areas, but is less resistant in nitric acid environments. It is 

used for welded structures that are located in aggressive industrial 

environments, in coastal areas and in chemically treated swimming 

pool environments. It is suitable for the construction of chemical 

equipment, including pressure vessels. Also suitable is a non-

oxidizing medium containing strong organic and inorganic acids at 

lower concentrations up to medium temperatures. It can also be 

used in contact with food, but not with drinking water due to its Ni 

limit value [75]. The chemical composition of the basic material is 

given in Tab.1. 

Table 1: Chemical composition of the base material 

element C Si Mn P S Cr Mo Ni Fe 

 [wt %] <0.03 1 2 0.4 0.3 16.5- 

18.5 

2-

2.5 

10.5- 

13.5 

Bal. 

WC-Co-Cr 86/10/4 nano coatings were evaluated at two grain 

sizes. 

Nano HVOF technology differs from the classic HVOF coating 

by the highest quality in every respect. The nano technology uses a 

very fine powder, which ensures perfect adhesion to the surface of 

the material. Using cheaper powders that have a larger particle size 

results in porosity (typically less than 0.5%). The higher porosity of 

the coatings reduces the spray efficiency. WC-CoCr -9 + / 1μm 

(mark E) and -17 / + 3 μm (mark F) coatings were applied with a 

plasma system designed to generate HVOF and nanoHVOF with an 

ABB 4600 IRCS robot and a CPF2 powder feeder from Thermico 

GmbH & Co.KG. The injection parameters of these coatings are in 

Tab.2. 

Table 2: Spraying parameters of nano coatings 

WC-CoCr Powder A Powder B 

Parameter -9/+1 μm -17/+3 μm 

Nozzle length [mm] 140 140 

Nozzle diameter [mm] 11  - 11.8 11  - 11.8 

Kerosene [l/hour] 13.5 17 

Oxygen [l/hour] 395 570 

Nitrogen [l/hour] 580 250 

Hydrogen [l/hour] 140 140 

Powder [g/min] 50 50 

Distance [mm] 220 250 

Figure 1. Structure of evaluated powders 

Table 3: Chemical composition of nano coatings [wt %] 

Powder Cr  WC  Co  

A 4 86 10 

B 4 86 10 

WC-CoCr (-9 / + 1 μm) / WC-CoCr (-17 / + 3 μm) 86/10/4 

these coatings are applied to hydraulic cylinders with high 

resistance to corrosion and wear, also to compressor shafts, valves 

and rollers in the paper industry. The hardness of these coatings is 

greater than 1200 HV 0.3. Determination of properties of selected 

types of composite coatings: 

 Determination of adhesion of coatings

 Determination of microhardness of coatings

 Structural and phase analysis

 Determination of porosity of coatings

 Evaluation of the quality of coatings in tribological

conditions depending on thermal cycles

 Determination of fracture toughness of coatings

During the application of the coatings, the samples were 

subjected to thermal cyclic stress in the electric chamber furnace of 

SM Lin Elektro Therm GmbH. The cycle itself consisted of heating 

the samples to 600 °C for 20 minutes and then cooling to ambient 

temperature. The test specimens were subjected to 5 and 10 thermal 

cycles. 

The adhesion of the coatings was determined according to the 

standard STN EN 582. The principle of the test is to tear the coating 

from the base material. Adhesion was evaluated on a ZD10 / 91 

tearing machine. Test specimens measuring ϕ25x50 mm were 

adhesively bonded to the counterpart using CHS Epoxy 1200 

adhesive. 

The microgeometry of the coatings was evaluated using a 

Sufttest SJ-301 instrument. 

Prior to coating, the samples were pretreated by blasting 

technology on a pneumatic blasting machine. The blasting agent 

was F22 corundum with a grain size of 0.56. It is artificial white 

corundum A99, which is produced by melting chemically from 

high-purity aluminum oxide in an electric arc furnace "for casting". 

Castings weighing 6 tons are then crushed and ground to abrasive 

and refractory grains after cooling. During processing, they are 

magnetized several times, sorted on grids and in some cases can 
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also be chemically treated in hydrochloric acid. White fused 

alumina is the purest form of alumina. This abrasive is very hard 

and sharp [76]. The chemical composition of the blasting agent is 

listed in Table 7. 

Table 4: Chemical compositon of blasting agents 

Element Al2O3 Na2O Fe2O3 SiO2 

Quantity [wt %] 99.58 0.33 0.03 0.06 

The thickness of the coatings was evaluated on cross-sections of 

metallographic sections with an Olympus BXFM electron 

microscope using Quick Photo camera 2.3 software, in accordance 

with STN EN ISO 9220. The microhardness of the coatings was 

measured according to STN ISO 4516. The Vickers method was 

used to determine microhardness. A Shimadzu HMV-2 Micro 

Hardness tester was used. The loading force was 980.7 mN (100 g) 

and the holding time was 15 s. 

Prior to coating, the test specimens were pretreated on a 

pneumatic blasting machine. The blasting pressure used at the outlet 

was 0.4 MPa at a nozzle distance of 300 mm from the base material 

and with an angle of incidence of the blasting material of 75 °. 

Coating adhesion 

The average destructive force values on the tungsten 

carbide nanocoatings ranged from 41.5 to 56.3. Due to thermal 

cycles, the values of the average destructive force at the failure of 

the joint did not change significantly. The joint was broken in the 

area of the adhesive. Due to the fact that the evaluated coatings 

show a high adhesion greater than 70 MPa, the test was limited by 

the cohesion of the adhesive. 

Microgeometry of coatings 

In Tab. 2 shows the values of the mean arithmetic deviation of 

the coating profile as a function of the number of thermal cycles. 

Table 5: Measured values of Ra and Rz 

Number 
of cycles 

0 5 10 

 Ra 

[μm] 

  Rz 

[μm] 

  Ra 

[μm] 

  Rz 

[μm] 

   Ra 

[μm] 

  Rz 

[μm] Coating 

E 1.673 10.75 1.37 8.74 1.4766 8.79 

F 2.43 14.306 2.496 14.11 2.653 13.3367 

Due to thermal cycles, the Ra values did not change 

significantly for the studied coatings. The lowest value of the 

profile unevenness height was recorded for the coating E / 5 8.74. 

These values did not change significantly due to thermal cycles in 

the studied coatings. Based on the results of microgeometry of 

coatings, it can be stated that the height of the coating is affected by 

the particle size of the coating. The thickness of the coatings ranged 

from 261 μm to 415 μm. Thermal cyclic loading had no effect on 

the coating thickness. 

Table 6 Measured values of coating thickness 

Thickness of coating [μm]/Number of cycles 

Coating 0 5 10 

E 261 235 270 

F 411 409 415 

Microhardness of substrate material and coatings 

The microhardness values of the base material, which were 

measured for comparison of the results with the evaluated coatings, 

are given in tab. 15. The measured values of microhardness of 

coatings are given in Tab. 16. The microhardness values of the base 

material ranged from 278 to 304 HV 0.1. Due to thermal cycles, the 

microhardness value of the base material did not change 

significantly. 

Table 7: Hardness of substrate material 

Number of cycles 0 5 10 

AISI 316L HV0.1 304 278 282 

Table 8: Microhardness of nano coatings 

Coating/ number of cycles 

Microhardness HV0.1 

0 5 10 

E 1564 1767 1841 

F 1297 1640 1703 

The microhardness of the coatings ranged from 1297 to 

1841HV0.1. The highest value of microhardness was measured on 

the coating E10 1841 HV 0.1. Due to temperature cycles, the 

microhardness values of nanocoatings increased. 

Figure 2. The structure of  WC-CoCr (-9/+1 μm) coating in the 

initial state  

Figure 3. The structure of WC-CoCr  (-17/+3 μm) coating in the 

initial state  

The WC, W2C, WP2, Co phases were identified on samples E / 

10 and F / 0, and a W2CoB2-related phase can be observed in the 

diffraction pattern. Since the composition of the layer is not formed 

under equilibrium conditions, the W2CoB2 phase may occur in a 

metastable state resp. in metastable state resp. non-stoichiometric. 

Therefore, its reflections may be shifted in the measured reciprocal 

space 2 theta. CoW04 and WO3 oxide phases were observed on the 

samples after thermal cycling. The surface was passivated. The 

oxide phases increase with the number of thermal cycles, which 

manifests itself as an increase in the intensity of the reflections of 

the corresponding oxide and a relative decrease in the intensity of 

the reflections of the WC phase relative to the reflections of the 

oxides. It can also be observed that with increasing number of 

thermal fatigue cycles, the oxidic phase of CoWO4 grows faster. 

The porosity values for these coatings do not exceed 1%, which was 

also confirmed for these coatings. 

Figure 4. the amount of wear of the coatings depends on the angle of 

impact of the abrasive and the number of thermal cycles 

Evaluation of indentation fracture toughness of 

coatings 

Based on the methodology given in chap. The indentation 

fracture toughness of the coatings was evaluated. 5 loads, namely 
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10, 20, 30 40 and 50 N, were used to create the impression in the 

coating. Certain conditions need to be met to determine some 

models. Of the given models, it was possible to use three, for other 

models the conditions were not met. Due to the large number of 

calculations, a load of 40N was chosen to evaluate the indentation 

fracture toughness of the coatings and the LF model was used. The 

calculated values of fracture toughness of the evaluated coatings are 

given in Tab. 32. FIG. 100 shows these values. Fig. 100 shows 

indentor indents into coatings. 

Table 9: Indentation fracture toughness 

Indentation fracture toughness [MPa.m-1/2] 

Number of 

cycles/Coating 

0 5 10 

E 22.2x10-6 14.7x10-6 22.2x10-6 

F 23.9x10-6 21.6x10-6 18.8x10-6 

Figure 5. Indentation into coating F 

Tungsten carbide-based coatings showed poorer resistance to crack 

propagation at baseline. This resistance has improved with the 

number of thermal cycles. 

3. Summary

 The evaluated coatings have a very good adhesion to the

base material and thus a suitable pre-treatment of the

surface of the base material before the application of the

coatings was chosen. During the experimental work on the

loading of coatings in various environments and tribological

tests, there was no peeling or other types of degradation of

coatings caused by low adhesion. However, it should be

noted that the test result was limited by the cohesion of the

adhesive used.

 The lowest values of microgeometry were measured on Ea

F coatings, due to the composition of the coatings formed of

finer particles compared to other coatings. On these

coatings, the Ra values ranged from 1.37 to 2.653 μm and

the Rz values from 8.74 to 14.306 μm. Depending on the

number of cycles, the values of Ra and Rz did not change

significantly. The microgeometry of the coatings depends

on the particle size of the additive powder.

 The thickness of the coatings depends on the spray

parameters. The nanocoatings reached a coating thickness

of 235 to 415 μm.

 Nanocoatings showed microhardness in the range from

1297 to 1841 HV 0.1 with respect to the nanoparticles used

and the formation of a fine homogeneous structure. In the

case of both nanocoatings, their microhardness increased

significantly due to thermal cyclic loading, up to 17 to 31%.

 Due to thermal cycles by phase analysis, new oxide-based

phases were identified. Phase analysis showed that new

phases were formed after 5 thermal cycles, but no changes

occurred after ten cycles.

 The porosity of the evaluated coatings ranged from 0.22 to

0. 77%. Due to thermal cyclic loading, the porosity

decreased in all types of coatings. Evaluation of the porosity

of the coatings confirmed that the coatings applied by

HVOF technology did not exceed 1% of the porosity.

 Tungsten carbide-based coatings showed poorer resistance

to crack propagation at baseline. By the number of cycles,

the crack propagation resistance of this crack coating

improved in the nanocoatings.

 Theese properties can be used in the field of renovation  and

protection  of  surfaces  of  more  stressed  ma-chine parts.

The important contribution of this research work  is  the

knowledge  that  changing  the  granularity  of   powders

for   thermal   spraying   of   metal-ceramic   coatings is a

prospective way, how to suitably affect the properties  of

coatings  without  changing  their  chemical  composition.
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