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Abstract  

The article deals with the assessment of some properties of plasma sprayed coatings based on 

ZrSiO4 doped with different volume fractions of metal dopant (Ni). The work was aimed on 

verification the possibility to replace the application of Ni interlayer by adding Ni directly to the 

ceramic powder and apply them together in a single technological operation. The coatings were 

studied from point of view of their structure and construction using light and electron 

microscopy, their porosity using image analysis and mercury porosimetry and also adhesion of 

the coatings in relation to the volume of dopant added. The best properties reached composite 

coating doped with 12 wt. % Ni. 
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1 Introduction  

The main reason for the use of thermally sprayed coatings is surface protection. But in the recent 

years, there are more and more applications of these coatings as functional surfaces where are an 

alternative material between the use of thin films and bulk materials. In almost all industrial 

fields, such as power engineering, automotive, aerospace, chemical and petrochemical 

engineering too are thermally sprayed coatings dominant material. A lot of effort is put into the 

investigation of thermal spraying and its application in biomedicine [1, 2]. 

Practical impact of thermal spraying technology on product quality lies in technical and 

economical increasing of their properties in primary production and renovation too. Among the 

most important properties of thermally sprayed coatings are their resistance to mechanical 

wear, their excellent tribological properties (self-lubricating, sliding, sealing coatings), 

resistance to oxidation, corrosion and chemical attacks by aggressive environments and their 

resistance to extreme temperatures also. They find applications in case of adding dimensions or 

material missing, in electro - isolation coatings, electro - conductive coatings, biocompatible 

coatings, coatings with special physical properties (superconductivity, optics and resistance to 

radiation) and others [1, 3, 4-6]. 

Coatings produced by this technology can be applied to all conventional construction 

materials (ferrous and nonferrous metals). It means that it is not important the chemical 

composition of basic material. During the coating process, the basic material is not heated over 

the temperatures higher than 150 °C - it means any deformation of coated parts and any 

degradation of structure due to thermal shocks of basic material. Generally, the process of 

coating creating can be characterized as heating and melting of additional material (powder, 
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wire, rod, cord or molten - bath form). Molten or semi molten particles are then accelerated, 

propelled and sprayed on the prepared basic surface. The results of particle impact onto the 

substrate surface are a partial or complete deformation of individual particles (flatting), their 

quickly cooling and solidification and finally transformation into lamellar 

heterogeneous structure. On the cross-section of thermally sprayed coatings it can be seen the 

formed boundaries between deformed particles and applied layers of coating. Apart from it, all 

thermally sprayed coatings contain very common porosity and sometimes in case of incorrect 

technological procedure some defects (cracks, micro - cracks), un-joined parts of coatings, un-

joined layers of coatings, etc. [3, 7-9]. 

Nowadays, thermal spraying technology of ceramic coatings is very frequently possibility 

for improving the functional properties of mechanical parts and components and increasing their 

operational life. Apart from the common used and conventional method of high velocity oxy 

fuel spraying (HVOF), the plasma spraying technology with water arc stabilization offers 

several advantages. Plasma spraying technology with water arc stabilization is characterized by 

higher temperature plasma, high performance of coating application and so on. This method is 

particularly suitable for spraying of high fusible ceramic and composite coatings based 

on ceramic basis [1-3, 7, 8, 19-21].  

The most common material for plasma spraying is oxide ceramics.  It is a material which 

consists of one or predominantly one refractory oxide.  Some of basic substances are already in 

nature in the form of oxides; others are prepared chemically or by thermal decomposition.  Final 

properties of coatings are substantially different such as properties of raw materials. It is due to 

many factors that enter into the process from the flight of sprayed particles by plasma beam and   

in the process of coating formation. To enhance of certain properties of thermally sprayed 

coatings are used besides the basic component (often oxide) the “dopants” (plastic, metallic, 

ceramic) [1, 2]. 

Plasma spraying is very progressive variant of thermal spraying processes. It is characterized 

by high concentration of heat and high working temperature. For spraying of powdered 

materials, there are used many different equipments. They consist of complex parts, while 

the powerful spray unit is a plasma torch.  According to a type of stabilization media there are 

plasma torches with gas and water stabilization of the arc. For plasma torches with gas 

stabilization of the arc it is much more important the effect of spraying parameters. Apart from 

amperage, voltage and velocity of plasma beam, an important role plays the amount of supplied, 

focusing and shielding gas, the shape and design of the nozzle, jets and diameter of tungsten 

electrode. The final properties of generated plasma beam are strongly dependent on a used 

stream.  For an effective powder heating is substantial the value of enthalpy, i.e. a content of 

energy in the plasma. The rare gases have a relatively high temperature at a relatively 

small enthalpy; the molecular gases (H2, N2) have significantly higher enthalpy. According to 

used plasma gas, the temperature of gassed plasma reaches 7 - 15 000 K, in the case of helium 

up to 20 000 K. Commercially produced water stabilized plasma torches consist of a specially 

shaped arc chamber, rotary-cooled copper anode and graphite cathode. The mechanism of arc 

plasma formation lies in the evaporation of inner cylindrical wall of water vortex which 

surrounds the arc column.  Evaporation is induced by absorption of part the Joule heat arc. The 

steam does not flow; its heating creates the pressure in the inside of arc chamber and the plasma 

is accelerated to the mouth of the nozzle. The properties of arc are controlled by processes that 

influence evaporation from the wall and by radial transport of energy from the centre of arc to 
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walls (inner surface of the water vortex). The resulting properties of the generated plasma beam 

are strongly dependent on a stream. The temperature of plasma arc with water stabilization 

reaches 30 000 K and above [1-3]. 

A zircon silicate (ZrSiO4) exhibits properties such as high thermal shock resistance, good 

corrosion resistance, low wettability, etc. Its major application is in the production 

of rocket engines, aircraft turbines, as a structural material in nuclear reactors and similar 

applications Zircon is one of the technologically important oxide ceramic materials used for its 

refractoriness, its low thermal expansion and low thermal conductivity [9-13]. To increase 

adhesion and compensation of thermal expansion changes of the substrate often applies 

interlayer based on nickel. But using interlayer increase economic demands of the coating 

formation and often requires other technological equipment. 

The main aim of this contribution was to evaluate the structure, formation and selected 

properties of prepared ceramic coatings - conventional way (zircon silicate applied to nickel 

interlayer) and new way (composite of zircon silicate with different wt.% addition component 

(5, 12, 16 wt.%) of nickel to suggest and create the suitable combination of coating components 

(one composite coating) without using any interlayer for applications in the extreme conditions.  
 
 

2 Experimental materials and methods 

As a substrate material the low carbon steel of grade S235JRG2 (EN 10025A1) was used.  

Tensile strength is 363-441 MPa and yield strength min 235 MPa. Chemical composition of 

steel substrate is shown in Table 1. 
 

Table 1 Chemical composition of steel substrate 

Chemical composition  [wt.%] 

Cmax Mnmax Almin Smax Pmax Nmin Fe 

0.17 1.400 0.020 0.045 0.045 0.009 balance 

 
 

Before thermal spraying the steel substrate was pre-treated by blasting technology. Based on 

previously acquired knowledge in our workplace the grit blasting media (hereafter BM) type 

brown corundum grain size (dz) = 0.7 mm was used. Blasting was carried out on the pneumatic 

blasting equipment type TJVP 320. Blasting media was on the steel substrate applied with 

a pneumatic spray nozzle (  9 mm) at air of pressure of 0.4 MPa. During blasting the necessary 

amount of blasting media was used and the measured area showed a uniform media distribution.  

Immediately after blasting, the selected thermal spraying technology was followed. In the first 

case, the nickel (Ni) interlayer was applied by flame spraying and then the layer of zircon 

silicate (ZrSiO4) with plasma torch type WSP PAL - 160 with water plasma arc stabilization was 

deposited.  In the second case the composite coatings (ZrSiO4 + 5 wt. %, 12 wt. %, 16 wt. %) 

Ni) were also created by the already mentioned, plasma torch, which is characterized by its high 

performance (up to 160 kW) and high enthalpy plasma [7, 16, 17]. Distance deposit of samples 

from the mouth of the torched nozzle was 300 mm. Illustration of plasma thermal spraying is 

shown in Fig. 1. 

The basic formation and structure of selected ceramic coatings was documented on the fracture 

surfaces by scanning electron microscope (SEM) type JEOL JSM 7000-F. There was performed 

also EDX analysis of coatings. The basic microscopic observation was implemented by micro 

hardness measurement.  
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Fig. 1 Thermal spraying with water plasma arc stabilization, a) flame ignition, b) coating 

application 
 
 

Specific characteristics of the selected ceramic coatings were determined by coating adhesion 

measurement (pull-off test - EN 582). The principle of adhesion pull-off test was based 

on perpendicular coating separation from the steel substrate. The adhesion was expressed as 

a tension which was required to coating destroying.  For the realization of this test the cylinders 

(dimensions: ø25 x 95 mm) with applied experimental coatings were made and glued coating 

were glued to the test counterpart (button-to-button bond configuration). There was measured 

also porosity of composite coatings using two different methods - based on image analysis of 

metallographic sections with software NIS Elements and by mercury porosimetry. Image 

analysis of metallographic sections of coatings consists in outlining of individual pores within 

evaluated area and software compute the area of enclosed pores (after set of image 

magnification). The theory of mercury porosimetry is based on the physical principle that a non-

reactive, non-wetting liquid will not penetrate pores until sufficient pressure is applied to force 

its entrance [18]. Mercury is a non-wetting liquid for almost all substances and consequently it 

has to be forced into the pores of these materials. Pore size and volume quantification are 

accomplished by submerging the sample under a confined quantity of mercury and then 

increasing the pressure of the mercury hydraulically. The detection of the free mercury 

diminution in the penetrometer stem is based on a capacitance system, and the amount thus 

displaced is equal to that filling the pores. 
 
 

3 Results  

To enhance the adhesion properties of ceramic coatings in generally it is commonly to use an 

interlayer under the outer coating. Is acceptable solution but it increases an economic demand of 

this technology [14].  

A complex view onto investigated ceramic coatings provided scanning microscopy 

(SEM). On Fig. 2a) it can be seen the fracture surface of ceramic coating formed by ZrSiO4 

which is deposited on Ni interlayer. The fracture surface is very heterogeneous and consisted of 

lamellar structure with the flattened particles (splats) of different shapes and sizes which is 

typical for thermal spraying [3, 8, 14, 15]. The Fig. 2 b), c), d) documents the structure of 

composite coatings with Ni as the addition of metal part. The structure is heterogeneous too. The 

nickel particles are concentrated on the figures as bright areas alternating with ceramic 

component. The values of microhardness measurement of prepared ceramic coatings are 

documented in Table 2. 
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Table 2 Vickers microhardness (HV) of evaluated ceramic and composite coatings 

Type  of  ceramic coating HV 0.05 

with Ni interlayer 789 

ZrSiO4  + 5 wt.% Ni 572 

ZrSiO4 + 12wt.% Ni 499 

ZrSiO4 + 16 wt.% Ni 463 
 
 

The highest value of microhardness was shown by a ceramic coating ZrSiO4 applied on the 

interlayer. Increasing of the metal dopant added to the ceramic matrix led to decreasing 

microhardness values (by about 320 units). 
 

 
 

 
 

Fig. 2 SEM images of fracture surfaces of ceramic coatings. a) ZrSiO4 applied on Ni 

interlayer, b) ZrSiO4  with additional component 5  wt. % Ni, c) ZrSiO4 with additional 

component 12 wt. % Ni, d) ZrSiO4 with additional component 16 wt. % Ni 
 
 

Surface of coatings is significantly heterogeneous, consisting of individual splats in the form of 

discs of different size and shape. Overheated particles produce spattering, from which particles 

of globular shape separate. Voids arise due insufficient deformability of newly formed layer. 

Pores present in the coating are small but numerous. Locally partially melted particles occur. 

The internal structure of the coating is formed by layering of particles to each other. It is a 

characteristic sandwich structure. The better coupling between individual layers (splats in the 

form of discs) the fewer content of defects e.g. pores, cavities, cold joints and the more 

anchoring wedges will be in a layer. 

The chemical composition of studied ceramic coatings was verified by Energy Dispersive X - 

ray (EDX) analysis. On the Fig. 3 the details of surface fractures and EDX spectrum of selected 

areas can be seen.  
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ZrSiO4 applied on Ni interlayer 
 

 

ZrSiO4 + 5 wt. % Ni 
 

 

ZrSiO4 + 12 wt. % Ni 
 

 

ZrSiO4 + 16 wt. % Ni 
 

 

Fig. 3 Surface fractures of ceramic coatings and their EDX spectrum 
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EDX analysis confirmed the increased proportion of the metal dopant in the ceramic matrix, 

which corresponds to the composition of powder mixtures applied. The results of coating 

adhesion measurement are (pull-off test) in Table 3.  
 

Table 3 Results of coating adhesion measurement (pull-off test) according to STN EN 582  

Appearance of coatings after pull - off 

test 

Fracture evaluation 

ZrSiO4   with Ni interlayer 

Adhesion strength 16 MPa 

ZrSiO4 + 5 wt.%  Ni 

Adhesion strength 16.5 MPa  

ZrSiO4 + 12 wt. %  Ni 

Adhesion strength 23.5 MPa 

ZrSiO4 + 16 wt. %  Ni 

Adhesion strength 16.5 MPa  
 

 

Fig. 4 Evaluation of closed porosity 
 

 

Adhesion of ZrSiO4 with Ni interlayer and adhesion of Ni doped composite coatings (ZrSiO4 + 5 

wt. % Ni and ZrSiO4 + 16 wt. % Ni) was approximately the same. The 
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greatest adhesion (23.5 MPa) was achieved by zircon silicate with 12 wt. % Ni. Increasing of Ni 

dopant content led to the decreasing of coating adhesion to level of pure ZrSiO4 coating applied 

to Ni interlayer. The cohesive forces of used experimental adhesive (CHS EPOXY 1200 ) were 

not sufficient to remove the coating from the steel substrate  across all  prepared samples, so the 

appearance and character of  coating fracture were evaluated in the presence of  adhesive 

residues. It follows that the cohesion strength of applied coatings was excellent. Fig. 4 and 

Fig. 5 shows evaluation of coatings closed (ineffective) porosity by image analysis of 

metallographic sections. Closed porosity refers to pores which are closed in volume of coating 

and do not create connection between substrate and surrounding atmosphere. 

 

 
 

  
Fig. 5 Closed porosity of evaluated coatings 

 

 

Based on image analysis there was assessed size and number of closed pores in the coatings. The 

closed porosity reduces the cohesion strength of coatings under load. In the coating ZrSiO4 

applied on the interlayer more than 50 % pores of the total porosity are of size 100 µm. Coatings 

with the higher dopant content contained more pores of small size. The open porosity (effective) 

refers to the connection between substrate and surrounding atmosphere. It negatively affects the 

resistance of coatings in corrosive environments, allows penetration of aggressive components 

of corrosive environment into the coating, or to the substrate and causes under corroding. The 

presence of open pores in the coatings was evaluated by mercury porosimetry. The results are 

shown in Table 4. Realized analysis showed the lowest open porosity in coating ZrSiO4 + 12 wt. 

% Ni. 
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Table 4 Open porosity of evaluated coatings determined by mercury porosimetry 

Coating 

Sample 

weight 

[g] 

Sample 

volume 

[cm
3
] 

Humidity 

[%] 

Inter-

particle 

PS [%] 

Intra-

particular 

PS [%] 

Total 

PS [%] 

Ni + ZrSiO4 1.41 0.226 9.4 0.3938 1.1257 1.5195 

ZrSiO4+6%Ni 2.42 0.329 0.16 1.4097 0 1.4097 

ZrSiO4+12%Ni 2.33 0.348 0 0.1704 0 0.1704 

ZrSiO4+16Ni 1.59 0.214 0.96 1.6079 0 1.6079 
 
 

4 Discussion 

The contribution was focused on research of basic formation, structure and selected properties of 

composite coatings on ZrSiO4 basis with different addition (5, 12, 16 wt. %) of Ni component. 

Electron - microscopic observation (SEM) of ceramic coatings showed markedly heterogeneous 

surface of fracture surfaces which consist of different shapes and sizes of splats. 

The greatest adhesion (23.5 MPa) after pull - off test has composite coating zircon silicate with 

12 wt. % of Ni as metallic addition component. Appearance and character of fracture surface 

were evaluated as a cohesive fracture in the adhesive. 

The highest microhardness was shown by ceramic coating ZrSiO4 applied on the interlayer. 

Increasing of the metal dopant added to the ceramic matrix led to decreasing microhardness 

values (by about 320 units). 

With the increasing of dopant content size of closed pores in coatings decreased. There was 

noted presence of small pores, which positively affects the cohesion strength of coatings. 

Based on the realised analysis coating ZrSiO4 + 12 wt. % Ni showed the lowest open porosity.  

Based on experimental results obtained it can be concluded that the elimination of interlayer for 

evaluated type coatings with a ceramic matrix is possible while maintaining their properties. 

Interlayer elimination allows reducing the economic and technological demands of coatings. The 

best properties reached composite coating doped with 12 wt. % Ni. It is characterized by good 

adhesion, relatively low porosity and relatively high hardness - about 500 HV 0.05. However, 

for a comprehensive assessment of the properties of the coating it is necessary to perform other 

experimental measurements aimed on assessment of its quality in terms of thermal cyclic stress 

and in tribological conditions based on simulations of real operating conditions, which coatings 

are really exposed to. 
 
 

5 Conclusions 

Based on the experimental results, it is possible to formulate following conclusions: 

 ceramic coatings showed heterogeneous fracture surfaces consist of splats with 

different shape and size, 

 ZrSiO4 with 12 wt. % of Ni showed the greatest adhesion of all evaluated coatings 

(cohesive fracture in the adhesive after pull-off test),  

 the highest microhardness was shown in coating ZrSiO4 applied on the interlayer; 

increasing of the metal dopant led to decreasing microhardness, 

 size of closed pores in coatings decreased with increasing of dopant content 

 composite coating ZrSiO4 + 12 wt. % Ni showed the lowest open porosity, good 

adhesion, relatively low porosity and relatively high hardness. 

The realised research showed, that elimination of interlayer for evaluated type coatings with a 

ceramic matrix is possible while maintaining their properties. 
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