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S y m b o l s  

 Nondimensional roughness parameter 

 Nondimensional parameter describing mass loss by particle 

  Particie velocity 
 Stefan-Boltzman constant 

 Oxygen to propane ratio  

 Poisson modulus 

 Flattening parameter 

 Coefficient of friction 

 Content of Fe3O4 in the powder mixture 

g Gas dynamic viscosity 

m Percentage share of the metal-tungsten carbide contact 

m Friction coefficient of the metal-tungsten carbide contact 

p   Particle viscosity 

p Radiative emission coefficient   

s Stresses shearing of the solid lubricant 

s Percentage share of the solid lubricant film coverage 

s Dry friction coefficient of  the solid lubricant in the friction joint 

t Unit stresses necessary to shear the welded areas 

w Wavelength distribution between two adjacent jet tops 

g Gas density 

p Particle density 

 Share of the effect of the spray parameter on the coating property 

CD Coefficient of aerodynamic drag 
d Spraying distance 
dp Particle diameter 
Ds Lamella diameter  
E’ Equivalent modulus of elasticity for the lubricating film and the steel ball 
F Surface area of the elements in contact 
Fad Adhesive bonding force 
Fchem Chemical bonding forces 
Fdyf Diffusive bonding forces 
Fepit Epitaxial bonding force 
Fkoh Cohesive bonding forces 
Fm Mechanical bonding force 
Fr Actual surface area of the elements in contact 
H Composite hardness 
h Heat transfer coefficient 
M Mach number  
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N Normal force 
Nu Nuselt number 
p0 Stagnation pressure (the sum of Static Pressure and Dynamic Pressure) 
pq Unit loads at the interface 
Pr Prandtl number 
Q Air flow rate 
q Heat  rate 
r Ball radius 
Re Reynolds number 
s Sum of standard deviations 
S Sum of squares 
SN Taguchi’s loss function (signal to noise ratio) 
T Temperature 
Tp Temperature of particle before impact 
T0 Stagnation temperature  
u Gas velocity 
V Variance 
yi Output parameter 

 Angle between the coordinate systems of principal stresses and sample 
ψ Angle between the normal to the surface and the normal to the deflecting plane 

{hkl} 
 

 

Miscellaneous 

APS Air Plasma Spraying 
HVOF High Velocity Oxy-Fuel 
HP/HVOF High Pressure/HVOF 
HVOLF High  Velocity Oxyliquidfuel 
HVSFS High Velocity Suspension Flame Spraying 
HVAF High Velocity Airfuel Flamespraying 
VPS Vacuum Plasma Spraying 
PVD Physical Vapour Deposition 
HAADF High-Angle Annular Dark-Field Imaging 
EDX Energy Dispersive X-Ray Spectrometer 
EDS Energy Dispersive Spectrometer 

 



C h a p t e r  1 

Introduction 
 
 
 
Friction, wear and lubrication are some of the top issues to be addressed by all 

industries. They are responsible for the durability of friction pairs, then, in 
consequence, the capacity of machines and devices, and, finally, the efficiency of 
a whole industry. Machine parts in contact may be affected by such factors as an 
increase in the load, a decrease in the sliding velocity, an insufficient amount of 
lubricant or a deterioration of its properties. In many friction pairs, especially those 
involving a reciprocating motion, friction is assumed to be of mixed type. The 
occurrence of boundary and dry friction implies considerable losses of energy, an 
increase in the temperature of mating elements and their accelerated wear. Under 
extreme conditions, these may lead to seizure and failure of a whole system. To 
separate contact surfaces, we use a liquid or solid lubricant. Whether it is part of 
a seal or heat exchanger system or of a separate lubrication system, its quality and 
quantity need to be controlled. Solid lubricants are common in friction pairs 
operating under mixed friction conditions with predominant boundary and dry 
frictions. Because of their lamellar structure, they ensure lower friction of elements 
in a sliding contact. The most common solid lubricants are: graphite, molybdenum 
disulfide and tungsten disulfide [53, 93, 117, 120]. 

Today, with the use of nanocrystalline materials, the performance of friction 
pairs can be further improved. The new polycrystalline solids have particles several 
nanometers in size, generally not exceeding 100 nm. The value is different for 
different materials and depends on the functional properties of the elements to be 
produced.  

The concept of nanotechnology was first mentioned in 1959 by a Noble laureate 
Richard Feynman in his visionary talk There’s plenty of room at the bottom given 
at the American Physical Society annual meeting [65, 67]. The common 
availability of nanomaterials today is a result of rapid advances in this field. 
Intensive research, starting in the 1980s, has brought about significant changes in 
the properties of materials, making nanosize materials superior to micromaterials. 
Nanomaterials, which include metals, ceramics, glasses, polymers and composites, 
can be divided into 3 groups: one-dimensional lamellar structures, where the length 
and width are much greater than the thickness of a layer, with this being of the 
order of several nanometers, two-dimensional fibrous structures, for instance, in 
the form of wires, with a length considerably greater than the width and thickness 
or diameter, three-dimensional crystalline structures, where all the three 
dimensions are of the order of several nanometers. Nanomaterials can be produced 
using different methods. The most common are: mechanical synthesis, rapid 
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cooling, physical vapor deposition (PVD), chemical vapor deposition (CVD), sol-
gel transition, and electrolytic deposition. To be considered nano, a technology 
needs to satisfy all of the following conditions: the structures produced should have 
at least one dimension not greater than 100 nm, their physical and chemical 
properties can be controlled, and such structures can be combined to create larger 
nanostructures [4, 64, 65]. The development of nanomaterials means learning about 
new phenomena on atomic and molecular scales. The basic difference between 
a micro- and a nanometric structure is the volume fraction of atoms occupying the 
grain boundary area, with this fraction being considerably higher in nanomaterials. 
Compared with conventional composites, composites with nanometric particle 
fillers demonstrate higher abrasion resistance at a smaller friction coefficient. 

Nanocrystalline coatings can be produced using thermal spraying techniques, 
which involve deposition of a material in a molten, semi-molten or solid state. The 
material to be deposited can be in the form of a powder or a wire. The two major 
factors in all the thermal spraying processes are: the source of energy, responsible 
for heating the material to a molten or semi-molten state, and the medium, which 
helps the material particles to accelerate before they are deposited on the substrate. 
The most important thermal spraying methods are: flame spraying, wire arc 
spraying, plasma spraying, detonation spraying, laser spraying, high velocity 
oxygen fuel (HVOF) spraying and cold spraying. The spraying can be performed in 
ambient air, vacuum, inert or active gas or water. The properties achieved include 
wear resistance, electrical and thermal insulation, corrosion resistance, 
biocompatibility, bioactivity, catalytic activity, optical transparency, magnetism, 
etc. [41, 52, 112, 166, 192, 198]. The research concerning nanomaterials for 
industrial applications focuses on Al2O3, WC-Co, TiO2, ZrO2, Y2O3, and 
hydroxyapatites. Thermal spray nanostructured coatings are produced from 
powders or suspensions containing nanocrystalline particles typically 15-53 μm in 
size [44, 88]. It is thus possible to create composite coatings with properties 
different from those of their constituents. 

Today, much attention is being paid to tungsten carbide as a coating material, as 
it is well capable of improving the wear resistance and, accordingly, the durability 
of machine parts. The WC-Co coatings, comprising hard WC particles embedded 
in the cobalt matrix, are now commonly deposited using high velocity oxygen fuel 
(HVOF) spraying. The plasma spray process is no longer optimal to produce  
WC-Co coatings, as the high-temperature plasma jet and the presence of oxygen 
considerably contribute to the decomposition, decarbonization and oxidation of 
WC. The resulting changes in the phase compositions have a significantly negative 
effect on the performance of WC-Co coatings. The HVOF spray process, with 
a relatively low temperature flame and a short dwell time, prevents these 
phenomena effectively. Another solution to improve the quality of WC-Co 
coatings is the use of nanostructured powders with tungsten carbide nanocrystals. 
The addition of nanocrystalline Fe3O4 particles to act as a solid lubricant should 
further contribute to better tribological properties of these composite coatings. 



C h a p t e r  2 

Processes and Phenomena Involved  
in the Formation of Thermal Spray Coatings 

 
 
 
Thermal spraying is a group of processes in which ground metallic and non-

metallic material is deposited in a molten, highly-plastic or solid state on a specially 
prepared substrate. When hitting the sprayed coating, the particles deform, adhere to 
it and, by dropping one onto another, form a layer with a characteristic lamellar 
microstructure. 

From the scientific standpoint, in the processes of thermal spraying, the velocity 
of the coating material particle and its temperature at the moment of hitting the 
sprayed surface have a vital impact on shaping the deposited coating microstructure. 
These parameters, together with the surface temperature are decisive in terms of 
constituting the coating, its properties and the efficiency of the spraying process. 
Particle velocity and its temperature are the result of many factors being the outcome 
of the applied thermal spraying process, the coating material properties and the 
technological parameters applied. Thermal spraying processes provide a plethora of 
possibilities of generating a gas stream with a very diverse range of velocity and 
temperature, from relatively low velocities and very high temperatures during 
thermal spraying to very high velocities during cold gas spraying (Fig. 2.1). It 
directly affects the particles present in the stream, their behaviour at the moment of 
hitting the surface and, in consequence, the properties of coatings. 

 

 

FIG. 2.1. Diagram of jet temperatures (T) and particie velocities (vp) used in different 
spraying methods: 1 – low-velocity gas, 2 – high-velocity gas, 3 – electric-arc, 4 – plasma, 
5 and 6 – detonation and high-velocity oxygen fuel, 7 – cold spray. 
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Velocity of coating material particle as well as its temperature while hitting the 
surface is the result of physical and chemical processes which begin when the 
particle enters the gas stream. Then, as a consequence of the impact of the stream, 
the particle starts to heat and accelerate simultaneously. Mutual interaction of the 
particle and the hot stream of gases results from the impact of such forces as: 

 aerodynamic drag, 
 aerodymanic lift, 
 pressure gradient (Archimedes force), 
 added mass force related to the particle acceleration, 
 Basset history term, 
 shear lift, 
 forces caused by particle rotation (Magnus force), 
 jet force in the case of evaporating particle. 

In the case of thermal spray processes, only the coefficient of aerodynamic 
resistance is taken into consideration and then particle acceleration in the gas 
stream is illustrated by the equation (2.1) [54, 109, 112, 134]: 

 	  =	 	 ( − )                                 (2.1) 

where: u – gas velocity,  – particle velocity, dp – particle diameter,  – particle 
density,  – gas density, CD – coefficient of aerodynamic resistance. 

Value of the CD coefficient depends on the trajectory of the particle motion in 
relation to the stream of gases in the following manner:  =	 ,				 < 0.2                                               (2.2) 

=	 1 + ,				0.2 ≤ < 2                               (2.3)       

=	 (1 + 0.11 . ),				2 ≤ < 21                          (2.4) = (1 + 0.189 . ),				21 ≤ < 200                        (2.5) 

where:    =	 ⍴


                                            (2.6) 

g – gas dynamic viscosity. 

In the equation (2.1), a spherical shape of the particle was assumed. This shape 
concerns a wide range of powders applied in the processes of thermal spraying, 
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obtained especially by the gas atomisation method. Spherical shape of the powder 
grain can also be assumed for non-spherical grains which possess a high coefficient 
of thermal conductivity, and after entering, especially the plasma stream, they take 
on a desired shape. While determining the Reynolds number, one should take into 
account the fact that grain diameter can be subject to change as the result of 
evaporation from its surface. Also, gas dynamic viscosity as well as its density 
depends on the differences between the gas and the grain temperature. With 
miniscule temperature differences, the values corresponding to the gas temperature 
are assumed. Whereas with major temperature differences, the values 
corresponding to the average temperature of the boundary layer are taken into 
account. It is also vital to consider momentum alterations of the gas stream 
connected with inserting powder into it. In the case of inserting a huge amount of 
powder, the intensity of its heating together with its velocity decrease.  

The process of heating powder grains in the gas stream takes place in the form 
of convection, conducting and radiation. The convection process plays an 
important role directly after inserting the grain into the gas stream, where the hot 
gas has a much higher velocity. Heat is transferred inside the grain by conductivity. 
Coefficient of thermal conductivity plays an important role in this process. When it 
value is low or when the grain is huge, then the process of its thermal diffusivity in 
the grain can be substantially longer than achieving the melting point on the 
surface of the grain. Usually, two cases of grain heating are taken into 
consideration: non-gradient heating, when the grain lacks temperature gradient and 
gradient heating, when the temperature inside the grain differs from the one 
outside. Radiation process from the stream to the grain and vice versa is analysed 
for the grains with a huge diameter [54, 112]. 

For the particles whose material possesses a high coefficient of thermal 
conductivity or tiny grains conducting heat inefficiently and being present in the 
hot stream of gases for a considerable time, the thermal balance equation is in the 
following form (2.7): ℎ − + ℎ = +                (2.7) 

where the left side of the equation (2.7) describes the heat flow as the result of 
convection, conductivity and radiation, whereas the right side describes the heat 
absorbed by the grain: h – coefficient of heat conductivity,  – particle material 
density, p – coefficient of particle material emissivity,  – Stefan-Boltzmann 
constant. 

In the case of gradient heating in the grains from the material with a low 
coefficient of thermal conductivity or grains conducting heat efficiently but being 
present in the stream of gases for a short time, the thermal conductivity equation 
needs to be solved (2.8),  
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where: q – heat stream intensity. 

Varied condition of the grain during its heating is taken into consideration while 
solving the equation; the grain is in uniform state of matter, there is a movable 
boundary of state of matter in the grain and the grain surface evaporates, whereas 
the middle part of the grain is close to the melting point.  

In the processes where low stream temperature and its high velocity occurs, the 
particle is not molten at the moment of impact, it is deformed due to a conversion 
of kinetic energy of the grain into its plastic deformation with heat emission. 
Particles are not subject to melting; this allows to obtain a coating with a tiny 
number of oxides and a low level of internal stresses. Particle temperature can be 
determined from the following relation (2.9) [109]:  

                                   =  ( − )                                   (2.9) 

                                 = 2 + 0.459	 	 . .                               (2.10) 

                                  = exp − 1 +                                  (2.11) 

                                   = 0.666 + 0.333exp	 −                              (2.12) 

where: Nu – Nusselt number, Pr – Prandtl number, M – Mach number, w – wave 
length between two neighbouring tops of jet distribution, p0 – stagnation pressure, 
T0 – stagnation temperature. 

The particle that hits the substrate should have a set velocity and temperature, 
regardless of the applied spraying process. Within the range of lower velocities (Fig. 
2.1), it ought to be completely molten. This allows its deformation which facilitates 
filling the surface irregularities. Such a coating has a tiny number of pores and 
density approximate to a solid material. In the case when the particle temperature is 
higher than the melting point, then evaporation from its surface can occur, which 
lower the efficiency of the spraying process. If the particle possesses Temperature 
lower than the melting point, then it adheres to the substrate to a lesser degree, which 
causes the increase in coating porosity and lowers its properties. Within the range of 
high velocities (Fig. 2.1), kinetic energy of the particle is the factor which determines 
its deforming and constituting the coating. The melting process of the grain can be 
very complex considering differential grain morphology of the currently-applied 
composite powders on the example of WC-Co (Fig. 2.2).  
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FIG. 2.2. Different morphology of WC/Co composite particle: a) sintered and crushed, 
b) pelletized and sintered, c) coated, d) coated and pelletized,  – WC, ● – Co [52]. 

 

 
FIG. 2.3. Interdependencies of the main thermal spray parameters. 
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The influence of basic factors affecting the velocity and temperature of the 
coating material particles and, in consequence, the properties of the sprayed 
coating are shown in Figure 2.3.  

The basic element of the coating obtained as a result of thermal spraying is the 
deformed powder grain, which, as a consequence of hitting the surface, fills surface 
irregularities and solidifies by taking on the shape of a lamella. Such a course of 
the spraying and coating formation processes leads to the occurrence of pores being 
the result of an irregular distribution filling in the substrate by the solidifying 
particle. Moreover, oxides and new phases can appear in the coating as 
a consequence of the impact of the spray stream atmosphere onto the particle. 
Lamella can retain chemical and phase composition of the coating material 
depending on the spraying conditions. A very rapid course of the solidifying 
process leads to the occurrence of internal tensions, which, in turn, can lead to 
microcracks in the lamellae, and, in extreme cases, to cracks on the sprayed 
coating. In the case of a composite coating spraying, the coating comprises 
purposefully inserted new phases resulting from the properties of an additional 
material and its interaction with the gas stream.  

In the coating formation process, it needs to be considered that a fully-shaped 
coating is composed of a few other layers resulting from a distribution of particles 
in the spray stream cross-section and its velocity in relation to the sprayed surface 
of the element. Spray stream usually has a circular section where the particle 
velocities and temperature are the lowest at the edges, and their number and 
distribution depend on powder feed rate. At the moment of commencing the 
spraying process, when the spray stream starts moving against the element, the 
particles with the lowest temperature and velocity reach its cold surface first.  

The coating which formed by them, and already has increased temperature, is 
reached by the particles from the stream centre with the highest velocity and 
temperature, thus causing further temperature increase. The grains (with the same 
velocity and temperature like the ones that reached the surface as the first) from the 
remaining part of the stream are deposited on a coating heated in such a way. On 
the basis of the conducted analysis, it can be assumed that a single layer is 
composed of three sublayers of different microstructure with a gradual transition 
among them. The properties of the first of the sublayers are much poorer than those 
of the one deposited directly on it. The last sublayer possesses intermediate 
properties between them. Too high stream transfer temperature reduces the 
beneficial effect of the increased temperature of the coating. In addition, powder 
too feed rate causes an increase in thickness of the first sublayer, which has an 
undesired influence on the properties of the whole coating.  

Coating porosity, which occurs during spraying, is the feature that substantially 
influences its properties. In a vast majority of applications minimizing this 
phenomenon is of utmost importance due to lower coating cohesion, it also reduces 
its corrosion resistance and accelerates wear. Porosity is increased with the 
presence of minimally deformed grains or the ones which were merely subject to 
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seizure. This, in turn, leads to cracks in the coating, its delamination and shelling. 
Such shelled hard grains, especially in anti-wear applications, cause an accelerated 
wear of the coating. Open porosity in the coating enables direct corrosion of the 
substrate. Nevertheless, in some applications it is desirable. In the coatings 
constituting heat barriers 15% porosity significantly increases its insulation 
properties, and the porosity of the sprayed coatings can reach up to 50% in order to 
increase its surface [134]. Additionally, a high level of coating porosity is desired 
in slide bearings which are saturated with oil or a solid lubricant.  

On the basis of such illustration of the thermally-sprayed coating formation 
process, its demonstrative model can be created (Fig. 2.4). This model includes the 
impact of the factors present during its formation.  

 

 
FIG. 2.4. Model illustrating the elements of microstructure of the thermally-sprayed coating 
and the factors influencing its properties: 1 – lamella with an original phase composition 
and grain size, 2 – lamella with an original phase composition and varied grain size, 3 – 
lamella with a core possessing an original phase composition, 4 – lamella composed of the 
new phase, 5 – lamella with a nanostructured construction, 6 – pores, 7 – cracks in the 
lamella, 8 – cracks comprising several lamellae, 9 – adhesion between the lamellae and the 
substrate, 10 – cohesion between the lamellae, 11 – adhesion between the lamellae with 
a varied phase composition; rs – internal stresses in the coating, Tg – gas stream 
temperature, Ts – temperature of the substrate, Ta – temperature of the atmosphere. 

 
When hitting the substrate, powder grain is in the melted, high-plastic or solid 

state and possesses certain velocity depending on the place and the its residence 
time in the spray stream.  

It determines the shape and the internal structure of the lamella. Its solidifying 
process is very rapid and exceeds 106 oC/s. Both the temperature of the substrate 
and its physicochemical properties also influence the process of deformation and 



16 Tribological Properties of Composite Coatings Sprayed with a High Velocity Stream 

solidification of the lamella. A very short period of time from particle adhesion to 
the substrate to its deformation and complete solidification inhibits the analysis of 
the phenomena which significantly decide about the properties of the sprayed 
coating. 

Moreover, taking granulometric distribution of the applied coating material into 
consideration (which comprises significant differences of particle sizes together 
with their different thermal and kinetic energy), a coating is composed of lamellae 
with a substantially diverse level of deformation and internal structure. Typical 
structures of lamellae are shown in Figure 2.5. Non-deformed grains, which are 
subject to seizure in the substrate irregularities, can also be present in the coating. 
They are poorly adhered to it and lower the properties of the coating.  

 

 
FIG. 2.5. Typical shapes of thermally-sprayed lamellae and powder grain morphologies [134]. 

 
Adhesion between the lamella and the substrate as well as cohesion between the 

lamellae themselves are a decisive factor in the quality of the thermally-sprayed 
coatings. Mechanical seizure in the irregularities of the substrate is considered to 
be the basic process determining the adhesion of the lamella to the substrate. For 
this reason, the substrate is purposefully prepared in order to obtain proper 
porosity. Either rough turning or abrasive blasting is applied. After processing, the 
substrate not only possesses appropriate porosity but it is also clean and active. 
Lamella can also be obtained on a smooth substrate, which proves the point that 
other factors affect coating adhesion as well. Diffusion of the coating material to 
the substrate (and the other way round) can additionally occur between the sprayed 
lamella and the substrate. Taking a wide range of temperatures and hitting grains 
velocities into consideration, the possibilities of the occurrence of chemical 
reactions, surface energy alterations or electrostatic forces also need to be taken 
into account. Bonding forces of the lamella to the substrate or to a neighbouring 
lamella Fw can be noted as a constituent of the following elementary forces (2.13): 
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                         Fw = Fm + Fad + Fkoh +  Fdyf  +  Fchem + Fepit                       (2.13) 

where: Fm – mechanical bonding force,  Fad – adhesive bonding force, Fkoh – 
cohesive bonding force, Fdyf – diffusive bonding force, Fchem – chemical bonding 
force, Fepit – epitaxial bonding force.  

Ultimate bonding force Fw is a superposition of particular components and their 
weight depends primarily on the temperature and particle velocity or substrate 
properties, i.e. the material, porosity, temperature, wettability etc.  

Molten metal grain covered with a layer of oxides can be considered as the 
basic case (Fig. 2.6a). The tiny layer of oxides may be subject to breaking while 
hitting the substrate. Consequently, the substrate, which can be covered with a fine 
layer of oxides, can directly contact the sprayed metal (Fig. 2.6b). In this situation, 
adhesive bonding between the layer of oxides and metal grain takes place. When 
the layer of oxides remains on the deformed lamella (Fig. 2.6c), adhesion bonding 
takes place between the layer of oxides of the substrate and grain oxides. Partial 
perforation of oxide layers is also possible and then the cohesion force results from 
the ratio of direct contact of the oxides and metal (Fig. 2.6d). Analogical 
deliberations also concern the bonding present in the layer between the lamellae. 
Physical interaction between substrate atoms and the lamellae is the result of the 
van der Waals forces (physisorption). The interaction is possible when both 
surfaces of lamellas are clean, close to each other at the distance of atom reaction 
and are activated by, e.g. as a result of plastic deformation. If the exchange of 
valence electrons occurs between atoms, then the phenomenon of chemisorption 
can appear. The creation of chemical compounds between the lamella and the 
substrate often causes tight metallurgic bonding.  

 

 
FIG. 2.6. Typical situations appearing at the impact of composite particle into the substrate: 
a) a particle before impacting the substrate, b) direct contact of the sprayed metal grain with 
the substrate, c) contact of the fine layer of oxides with the lamellae oxides, d) a mixed 
situation (b + c). 
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In the case of spraying composite grain consisting of two phases, one of which 
constitutes a solid lubricant (Fig. 2.7a), bonding forces are the result of bonding 
these phases to the substrate (Fig. 2.7b). In the case of the contact between the 
lamellae the situation is analogical. Cohesion is likely to occur if the same phases 
from the neighbouring lamellae are adhesive (Fig. 2.7c) whereas adhesion appears 
if there is contact of various phases (Fig. 2.7d).  

 

 
FIG. 2.7. Typical situations occurring at the impact of the composite particle into the 
substrate: a) a particle before impacting the substrate, b) direct contact of the sprayed 
composite grain with the substrate, c) contact of the areas of the same phase, d) contact of 
the areas from different phases.  

  
Having analysed the above situations, one can draw a conclusion that in the case 

of composite materials the coating cohesion as well as its adherence to the 
substrate are lowered. It means that the presence of a solid lubricant in a coating 
needs optimization every single time.  

In the cases when the deformed particle takes on discus shape the coefficient of 
flatness  (set out by Madejski on the basis of dependence) can be determined as 
follows (2.14) [54, 112]: 

 = = 1.2941	 ⍴


. 	                                   (2.14) 

Coefficient  takes the following into consideration: surface tension, viscosity 
and particle solidification; yet, it does not take heat gradient alterations in the 
particle into consideration thus constitutes the basis for further analysis. The 
coefficient of flatness taking particle mass losses and surface porosity into account 
is illustrated by the following formula (2.15) [134]: 

 = 0.845  {1 – 0.06 	√ }                            (2.15) 
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where:  – a non-dimensional parameter determining the loss of mass by the 
particle,  – a non-dimensional parameter determining porosity called the ratio of 
the irregularity level  to particle radius rp. 

It appears from the relationship (2.15) that the level of particle flatness 
diminishes with surface porosity increase, i.e. a porous surface leads to an increase 
in friction between the splashing particle and the surface, thus limiting grain 
flattening.  

Both the particle size and real conditions of conducting the spraying process 
(mainly surface wettability, thermal conductivity, the angle of grain impact into the 
substrate, and oxidation of the lamella deposited on the surface) determine the 
ultimate shape of the lamella. Fine grains, nanometric in size (which are sprayed in 
the form of a slurry), are far less subject to splashing as the forces of surface 
tension inhibit this process considerably.  

Increased surface temperature causes its higher level of wettability, which also 
affects the course of the lamella solidification process and its ultimate shape. 
Together with the increase of surface temperature, the splashed-shaped lamella, 
typical for lower temperatures, takes on more convenient disc shape. Its 
microstructure is fine-grained in the directly adherent area to the substrate. It is the 
outcome of much better contact of the lamella with the substrate, which is the 
result of removing the absorbed fine layer of gases and condensates. It enables 
close contact and increased heat flow between the solidifying particle and the 
substrate. Moreover, in the nanometric scale his roughness increase as result of 
oxidation induced by high temperature. It cause growth of substrate wettability in 
contact with the molten particle. All the above-mentioned factors lead to increased 
viscosity of the particle and limit its splashing during its deforming, which favours 
the creation of discus-shaped lamellae [178]. The impact of the physico-chemical 
state on the course of shaping the lamella was confirmed in research, where the 
surface of the burnished stainless steel sample was covered with three different 
organic substances (xylene, glycol and glycerol) with various boiling points. If the 
temperature of the sprayed coating was lower than the boiling point of the deposit, 
then it created favourable conditions for splashing the particle during its deforming 
and obtaining lamellae with an irregular shape. Substrate temperature exceeding 
the temperature of the deposits by 50oC caused evaporation of all the organic 
substances which were absorbed on the substrate. This resulted in obtaining discus-
shaped lamellae without the splashing process. Identical behaviour was observed 
for Al, Ni particles and for Al2O3 [80]. 

Temperature of the neighbourhood gas stream has also a significant influence 
on the course of the deforming powder grain process. If it is above the melting 
point of gases, then it delays the process of lamella solidification, thus facilitating 
its shrinking. High temperature of gases also leads to increased adhesion of the 
lamella with the substrate in comparison with the gas of lower temperature [1, 38].  

The properties of a thermally-sprayed coating are the result of series of 
physical, chemical processes as well as technological parameters of depositing. 
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Two main stages can be distinguished during the course of this process. In the first 
phase, from the moment of grain insertion to the gas stream until its contact with 
the substrate, the reciprocal interaction of the coating material with the gas stream 
is vital. Both kinetic and thermal energy are conveyed to the particles depending on 
their sizes and morphology, physic-chemical properties of the material from which 
they were made and the placing in the spray stream. In the next stage, the process 
of deformation and solidification of the grains takes place. Creating of the coating 
during the process of thermal spraying needs optimisation which depend on 
technological conditions and the aim of coating forming. 



C h a p t e r  3 

Coatings Containing Solid Lubricants 
 
 
 
Materials which have been applied as a solid lubricant can be divided into two 

groups: substances with small internal cohesion and substances with anisotropic 
cohesion, i.e. those in the form of layers. Soaps, waxes, polymers and soft metals 
belong to the first group, whereas graphite, molybdenum and tungsten disulphides, 
a few oxides, hydroxides, halides, nitrides and sulphides belong to the second 
group [53, 76, 120]. Crystal materials with layer structure have distinct slide and 
cleavage planes which run along particular layers. In such compounds, atoms 
placed in flat layers are fixed with covalent bonding, which is much stronger than 
electrostatic bonding, present among the layers. It is quite common for the same 
compound to crystallize in a few polymorphic types which do not have the 
properties of a solid lubricant. Crystal cohesion is vital in this case, which is 
substantially influenced by a mutual relationship of crystallographic dimensions a0 
and c0, known as the axial relationship. With an increase in the a0/c0 ratio, mutual 
interaction of layers becomes easier. When the a0/c0 ratio equals 2, it enables free 
interaction of parallel layers (for MoS2 it is 1.93; whereas for WS2 – 1.96). 
Adhesion of a solid lubricant to the substrate is also of high importance. It can be 
mechanical in its form when the applied solid lubricant is rubbed into the 
ruggedness of the coating-substrate interfaces. Chemical adhesion occurs when 
lubricant reacts with the substrate forming a chemical compound. The value of 
adhesion has to exceed action of tangential forces during slipping, even at high 
load. Otherwise, material which do not possess enough high adhesion to the 
substrate cannot be used as solid lubricant. For this reason, different techniques are 
implemented in order to increase the value of adhesion.  

Solid lubricants are in many cases very good solution enabling flawless 
interaction of rubbing elements. Their mechanical as well as chemical resistance is 
much greater than the one of plastic and liquid lubricants; that is why their 
application is more varied. It is of paramount importance when friction pairs 
operating in adverse conditions must meet specific requirements, i.e. coefficient of 
friction must not exceed a certain value, the wear of coating-substrate interfaces 
must not exceed a given value either and the durability of such a pair, with 
a certain level probability, must be longer than its demanded operating time. Given 
these facts, research on elaborating new solid lubricants and their applications is 
conducted. Although solid lubricants are successfully used in diverse operating, 
temperature and environmental conditions, there are certain limitations in their 
applications. Most solid lubricants, except for soft metals, have a low coefficient of 
thermal conductance. This substantially limits the heat transfer directly from the 
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coating-substrate interfaces. Depending on the surrounding and operating 
conditions, the coefficient of friction can change and reach high values. Oxides 
being the result of the reaction of oxygen present in the atmosphere with the 
metallic substrate, frequently are solid lubricants. They prevent the coating-
substrate interfaces from seizing. During the interaction of elements in vacuum, the 
lack of oxides on the substrate increases the friction coefficient, initiates the 
process of adhesive wear and seizing [53, 120]. During long operating time, there 
might be problems with oxidation of solid lubricants and their ageing, as is the case 
with transition-metal dichalcogenides. In the case of operating at a high 
temperature or in an oxidative environment, irreversible phase changes in solid 
lubricants may occur. This may result in losing their lubricity properties; 
furthermore, hard phases may appear, which accelerates wear. What is more, solid 
lubricants also use up and their exchange is more complicated in comparison with 
liquid lubricants. For this reason, research is conducted on new solid lubricants and 
the methods of their application in the friction pair in order to reduce its coefficient 
of friction and increase its durability (Fig. 3.1) [33]. 

 

 
FIG. 3.1. Historical development of tribological coatings and solid lubricant films [33]. 

 
The PVD methods create new opportunities where DLC (diamond-like carbon) 

films are particularly promising, because they have a very low coefficient of 
friction [12, 39, 94, 156]. Mo-S-C films embedded by the PVD method with 
a various amount of carbon had a very low coefficient of friction ( = 0.015) in 
mating with 100Cr6 steel ball in a nitrogen environment. The XRD examination of 
its microstructure has revealed the presence of MoS2 grains (ca. being a dozen or so 
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nanometres large) in the carbon matrix [116]. The GLC (graphite-like carbon) film 
embedded on very hard substrates from Si3N4, SiC, and WC also enabled 
a significant lowering of the coefficient of friction in water environment [170]. 
Hybrid techniques which combine the best characteristics of particular methods are 
being developed. The ECS (Electrostatic Spray Coating) and the CVI (Chemical 
Vapour Infiltration) methods were applied to accomplish a fusion of boron and 
cubic titanium nitrides (cBN-TiN). The obtained hard layer had a topography 
resembling that of lotus leaves. The spaces created among the elements of substrate 
structure acted as suppliers for MoS2 embedded as a result of barrelling. It caused 
reduction in substrate porosity and more than twofold lowering of the friction 
coefficient. The obtained value, i.e.  = 0.28, for coating cBN-TiN/MoS2 mating 
with stainless stell ball, was comparable to the values obtained for MoS2 layers 
embedded by the PVD method [176]. Research of low-friction WC/C and Ni/Cr-
Cr3C2 coatings produced by this method are conducted by Institute for Sustainable 
Technologies National Research Institute in Radom [99, 100, 101, 149] in Koszalin 
University of Technology [28, 96, 108] and Lodz University of Technology, too 
[111]. The use of graphite is also being tested [120]. Graphite, despite its relatively 
high decomposition temperature (it is heat resistant in the air atmosphere up to 
500oC, whereas in the vacuum up to 3500oC), requires additional protection in the 
form of nickel layers in the case of application in thermal spray processes. Dies 
sprayed with a graphite-powder coating, the grains of which had been coated with 
a 5-m nickel coating, substantially improved stamping sheets of steel [160]. 
Graphite layer, embedded by the sol-gel method, had an excellent adhesion to the 
substrate and led to a significant lowering of the coefficient of friction [168]. 
Research on leaded tin bronze obtained by the powder metallurgy method with 
various contents of graphite showed that its 3% addition enabled obtaining the 
highest resistance to wear and the lowest coefficient of friction [92]. Moreover, the 
presence of graphite in a hybrid Cu-TiC composite, which was sintered with the 
use of microwaves, increased its tribological properties. Due to the content of both 
TiC hard grains and graphite its wear and coefficient of friction were lower than in 
the case of pure copper. The obtained self-lubricating transitory carbon coating 
prevented carbon oxidation in a wide range of hybrid composite parameters [123]. 
The application of titanium and its alloys contribute to limiting their unfavourable 
tribological properties. Applying graphite onto the coating obtained on the titanium 
alloy by the method of microarc oxidation allowed fivefold reduction of the 
coefficient of friction in comparison with a coating without graphite [174]. The 
powder metallurgy method was applied in order to make a composite consisting of 
Ni matrix with an addition of silver and hexagonal boron nitride (h-BN). Similarly, 
the coating containing solid lubricants was obtained during the operating time of 
the tested composite, which reduced wear five times as opposed to the Ni matrix 
without the above-mentioned additions. However, no synergic interaction of both 
solid lubricants was observed, mainly because h-BN formed a strongly adherent 
layer on a counter sample [162]. 
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Solid lubricant can be applied in the form of specially prepared mass with 
bonding additions, which is used to fill in grooves bored on the interacting surface. 
The same solution was used to increase durability of piston rings, where the grooves 
in pistons were filled in with Fe3O4, sodium metasilicate, and water. Next, pistons 
were soaked to evaporate water from the mixture and underwent finishing [66].  

The effect of using solid lubricants within friction pairs can be substantially 
enhanced due to the texturizing process of the coating-substrate interfaces. 
Substrate texture is depicted as areas regularly appearing on the substrate, which 
have a distinct topography (Fig. 3.2). They may also have other physicomechanical 
or physiochemical properties than the rest of the substrate coating. 

 

 

FIG. 3.2. Dimple shapes and arrangements (a) circular, (b) elliptically shaped circumferentially 
oriented, and (c) elliptically shaped radially oriented [122].  

  
Areas composing the texture are shaped due to the use of other parameters or 

technologies than those applied in substrate processing. Different techniques of 
modifying substrate topography, e.g. machine cutting, etching, applying ion and 
laser beams, and electric arcs are used to obtain micro-dimensional structures on 
the substrate which compose solid lubricant suppliers [104, 122, 126]. Cloth 
burnishing is a technique used for injecting solid lubricants. Such an application of 
molybdenum disulphide onto the texturized substrate by PAAT (Pulsed Air Arc 
Treatment) allowed keeping the lubricating film longer by 75% of the operating 
time than on the abraded substrate. Furthermore, adding stearin to solid lubricants 
caused a threefold increase in the durability of the film parallel with lowering the 
coefficient of friction to  = 0.1 [104]. Satisfactory results can be also achieved by 
applying the ball burnishing technique. A mixture of molybdenum disulphide, 
nanograins of aluminium and stearin led to a more effective decrease of the 
coefficient of friction than in the case of using pure MoS2 [103].  

Research is conducted on the use of new materials, i.e. fullerenes, with solid 
lubricant properties [78, 125, 180]. 

Tribological properties can also be improved by adding the hard phase to 
composite coating. Supersonically sprayed coating Fe43Cr16Mo16C15B10 metallic 
glass coating with an addition of 8% WC-12Co exhibited a lower coefficient of 
friction and wear and increased hardness than a coating without the addition of the 
hard phase [154].  
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Thermal spraying techniques provide a wide range of possibilities of applying 
solid lubricants onto the surfaces of mating machine elements (Table 3.3) [15, 52, 
112, 134, 171, 172, 190, 191, 192, 195, 196]. The application of the coating 
material with a solid lubricant for spraying results in obtaining a thin film. It can be 
coated onto a given element which can operate in a wide range of conditions. 
Utilizing molybdenum disulphide in the process of thermal spraying allows 
improving considerably operating conditions of the interacting elements. Taking 
high temperatures, present in the spray stream, into consideration, molybdenum 
disulphide can be subject to decomposition, thus additionally forming MoO3. Its 
presence in the friction area is unfavourable due to its hardness. Despite the fact 
that heat resistance molybdenum disulphide in the air reaches 500oC, the maximum 
operating temperature should not exceed 400oC; however, in the vacuum it retains 
its properties at 700oC [53, 120, 138]. A thin nickel coating is used to protect it 
against harmful effects of temperature. A composite coating obtained by detonation 
spraying of WC-12Co powder with a 10% addition of MoS2-Ni exhibited a lower 
coefficient of friction and wear [36]. The necessity to protect molybdenum 
disulphide against high temperature of the spraying stream results from its high 
melting temperature, i.e. 1185oC. In the case of spraying it in a mixture with  
WC-Co, its temperature is 307oC lower than the melting temperature of cobalt, i.e. 
1492oC. Powder grain should reach ca. 2000oC during detonational spraying, which 
guarantees the best resistance properties of WC-Co coating. Unfortunately, this 
temperature causes complete melting of MoS2 grains, which are subject to 
decomposition and are not deposited on the substrate. Only lowering the temperature 
of the spraying stream enables to obtain a coating with molybdenum disulphide 
[138]. Preparing composite powder is more expensive and technologically complex; 
nevertheless, it facilitates avoiding solid lubricant degradation and improves coating 
properties. A mixture of WC-12Co powders, copper, and molybdenum disulphide 
underwent sintering and then crushing. The plasma sprayed coating contained both 
Cu and MoS2, and, in addition, the occurrence of copper contributed to considerable 
lowering the level of tungsten carbide decomposition. As a consequence,  
WC-12Co/Cu/MoS2 coating had not only lower coefficient of friction but also 
increased wear resistance than WC-12Co [182].  

Hexagonal boron nitride (h-BN) is the material commonly used as a solid 
lubricant in thermal spray processes. It has a layer structure like graphite, where 
atoms present in the planes are bonded with trifold covalent bonds, whilst among 
the planes there are only weak dispersion forces (Fig. 3.3). Thermal stability at 
1000oC is its main advantage, even in the oxidizing atmosphere.  

Al-12Si/TiB2 composite powder with a 7.7% addition of h-BN obtained by the 
mechanical synthesis method was devoted to the plasma spray process. The 
obtained coating contained hexagonal boron nitride, but its presence did not 
contribute to lowering the coefficient of friction. Wear resistance tests carried out 
on the ball on disc tester showed a twofold increase in wear of the coating in the 
case of Al2O3 ball in comparison with 100Cr6 steel ball [106, 153]. Supersonically 
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and plasma spray coatings from NiAl powder with a 10% h-BN addition facilitated 
lowering the coefficient of friction of the obtained coatings; however, the authors 
did not provide its value [57].  

 

 
FIG. 3.3. Structure of hexagonal boron nitride. 

 
Using the properties of plastic which have a low coefficient of friction gives new 

possibilities. Plasma and supersonic spraying conducted with WC-12Co powder with 
a 6% addition of ETFE (trifluoroethylene) proved that ETFE particles were present 
in both sprayed coatings. The HVOF-sprayed coating turned out to be better, because 
the decomposition of WC grains occurred on a smaller scale. It showed a lower 
coefficient of friction both in the conditions of dry friction as well as in acid 
environment (5% solution of H2SO4) [102]. Another concept is a combination of 
a hard thermal spray coating with a thin polymer coating on the surface. Such 
a multi-layer system enables adjusting its properties, i.e. wear resistance, coefficient 
of friction, adhesion, wettability, and electric properties to working conditions. 
Supersonically sprayed Cr2O3,TiO2, WC/CoCr, and Mo coatings were then varnished 
with polyamide-imide. The varnishes contained additions to increase tribological 
properties of the sprayed coatings; i.e. h-BN, graphite, and PTFE (Fig. 3.4).  

 

 
FIG. 3.4. Schematic drawing of investigated system [129]. 
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The countersample was made from carbonized steel coated with DLC. 
Supersonically sprayed TiO2 and Mo coatings varnished with a lacquer 
containing graphite had a much lower coefficient of friction and increased life 
than the previously-used system, where the DLC coating interacted with the DLC 
coating [129]. 

In order to improve sliding properties of the supersonically sprayed coatings, 
soft metals are also applied. The supersonically sprayed WC-12Co coating was 
next galvanized with a copper coating which filled the pores present in the sprayed 
coating. The modified coating had a lower coefficient of friction together with 
a lower wear in comparison with the sprayed WC-12Co coating [183]. 

The possibility to use solid lubricants, which are present in numerous machines 
and devices, at higher temperatures is a particularly interesting issue. At high 
temperatures (reaching 800oC) a eutectic system of calcium and barium fluorides are 
applied as solid lubricants. Unlike graphite or molybdenum disulphide used at lower 
temperatures, they do not have layer structure; nevertheless, their crystal lattices 
possess planes which enable sliding at high temperatures. Soft metals, e.g. copper or 
silver are used as solid lubricants to provide proper fiction properties at lower 
temperatures. Usually, at high-temperature utilizations, the matrix is formed by the 
material not subject to considerable alterations in its phase composition and which 
simultaneously provides high resistance to wear at a wide range of temperatures. The 
plasma spray WC–(W,Cr)2C–Ni coating with five different contents of silver and 
BaF2–CaF2 eutectic system underwent tribological testing at 200, 400, and 600oC. 
The coating with the largest content of a solid lubricant, i.e. 20% Ag and 20% BaF2–
CaF2 showed the lowest coefficient of friction at every temperature. The wear of 
coatings was varied at different temperatures, but at 600oC the coating with the 
largest content of a solid lubricant also had the highest level of wear, whilst the 
coating without any additions the lowest [22]. High resistance to wear of  
WC–(W,Cr)2C–Ni matrix is connected with the creation of NiWO4, CrWO4, and 
Cr2WO6 nanograins. Their presence in the coating is a factor which substantially 
limits coating wear, especially at high temperatures. The tests conducted at 800oC 
showed that supersonically sprayed WC–(W,Cr)2C–Ni coating has a much lower 
coefficient of friction and wear than WC-17Co coating [56]. Cr3C2–NiCr matrix also 
shows excellent properties at high temperatures (it distinguishes itself by significant 
hardness and oxidation resistance). Hexagonal boron nitride as well as the eutectic 
system of calcium and barium fluorides were used to make two composite powders, 
in which solid lubricants were coated with Cr3C2–NiCr matrix as a result of pressure 
hydrogen reduction. The sprayed coatings had h-BN and BaF2–CaF2 in its structure, 
whilst the coating with the eutectic system of calcium and barium fluorides had the 
lowest coefficient of friction at 800oC.  

The Oil-Free Turbomachinery research program has been conducted in the 
NASA laboratory for twenty years. Its aim is to develop a composite for shaft 
pivots in bearings placed in air turbines at 650oC. The solution to this problem is 
based on plasma spray composite coating, in which, depending on operating 
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conditions, the properties of various components are used [55, 148]. The conducted 
research led to forming PS300 coating, which proved to be useful in many 
applications; however, in the case of applying it in superalloys, spalling could be 
noticed, which, in turn, limited its utilization. The modified coating labelled as 
PS304 consists of 60% NiCr matrix, 20% Cr2O3, 10% Ag, and 10% BaF2-CaF2. An 
improvement in the properties of PS304 coatings with composite powders constitutes 
another stage. Tests carried out on PS304 powder, which is a mixture of NiCr, Cr2O3, 
Ag, and BaF2-CaF2 showed that the grains of the components differ considerably 
both in size and morphology. It influences the diverse behaviour of these grains in 
plasma stream and it inhibits obtaining a coating with equally distributed 
components, which lowers its properties. For this reason, composite powder was 
created, the grains of which contained all the components, and chromium oxide was 
in a nanorystal form. Plasma spray coating from this sort of powder had a more 
homogeneous microstructure, increased hardness, and adhesion [179].  

Further research led to the development of PS400 coating, which had a new 
matrix, i.e. 70% NiMoAl as well as 20% Cr2O3, 5% Ag, and 5% BaF2-CaF2 (Fig. 
3.5). Chromium oxide provides high wear resistance in the spray coatings, while 
silver and BaF2-CaF2 eutectic are responsible for the coefficient of friction both at 
low and high temperatures.  
 

 
FIG. 3.5. Cross-section of PS400 coating [32]. 

 
The newest developed PS400 coating, in comparison with the PS304 one, 

distinguishes itself with increased size stability at high temperatures in the air, inert 
atmosphere and vacuum. It is connected with altering the NiCr matrix into NiMoAl 
composed of 90%Ni, 5%Mo, and 5%Al, which is more resistant to crawling, and 
the presence of aluminium increases adhesion of the coating (Table 3.1).  

The coefficient of friction of PS400 coating collaborating with Inconel X-750 
alloy is slightly smaller, while wear, especially at high temperatures, is 
substantially smaller (Table 3.2). PS400 coating is three to four times smoother 
than PS304 coating and it not required additional heat treatment to provide 
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dimensional stability, what significantly reducing costs. The issue of insufficient 
lubrication during turbine start-up at ambient temperature remains to be solved  
[32, 33]. Plasma spray PS304 coating was also successfully applied to thrust 
bearings in turbines and piston rods of steam turbine jacks [43, 169]. 

 
TABLE 3.1. Comparison of the NASA plasma spray coatings (Oil-Free Turbomachinery 
Programm) [32]. 

Coating 
designation 

Binder 
matrix 

Hardener 
Solid 

lubricants 
Generall attributes 

PS100 NiCr Glass Ag + fluorides Soft-high wear 

PS200 Ni-Co Chrome  
carbide 

Ag + fluorides Hard-low wear (abrasive to 
counter face dimensionally stable) 

PS300 NiCr Chrome oxide Ag + fluorides Moderate hardness, midly abrasive 
to counter face, poor dimensional 

stability unless heat treated  

PS400 NiMoAl Chrome oxide Ag + fluorides TBD (Technical Basis Document) 

 

TABLE 3.2. Results of pin-on-disc friction tests (Oil-Free Turbomachinery Programm) [32]. 

Coating 
designation 

Test 
temperature, oC 

Friction  
coefficient 

Pin wear, 
mm3/Nm 

Coating wear, 
mm3/Nm 

PS304 25 0,31  0.05 96  30  10-7 480  30  10-6 

PS304 500 0,25  0.02 32  5  10-7 280  30  10-6 

PS304 650 0,23  0.02 38  4  10-7 100  30  10-6 

PS400 25 0,31  0.04 141  28  10-7 1180  380  10-6 

PS400 500 0,16  0.02 2.1  0.3  10-7 6.3  1.0  10-6 

PS400 650 0,21  0.03 8.9  2  10-7 7.6  1.2  10-6 

 

The coefficient of friction can also be decreased with the above-mentioned 
lubricants operating at an ambient temperature. A 3% addition of gravimetric CaF2 

to Al2O3–15% ZrO2 powder enabled decreasing the coefficient of friction to  = 0.58 
[70]. The conducted testing of WC-12Co composite coating sprayed with an 
addition of solid lubricants in the form of Cu and BaF2/CaF2 proved that with the 
increase of their content in the coating the coefficient of friction decreases, while 
the level of wear rises. The coating mating with stainless ball with a 10% addition 
of copper and 10% addition of BaF2-CaF2 had the lowest coefficient of friction  
( = 0.02) and wear [181]. Obtained results of tribological experiments are difficult 
to compare because of different types of applied tribotesters, countersamples and 
test conditions (Table 3.3).  
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Another group of coatings, where the presence of solid lubricants is vital, are end 
seals of compressor blades and turbines in jet engines. Rotating compressor and 
turbine units require complete sealing in order to eliminate reverse flow of fumes or 
compressed air through the areas between blade ends and the casing. The occurrence 
of reverse flows causes losses which lower jet engine efficiency. Standard seals in 
conventional machine units cannot be applied in this case since they do not meet the 
requirements set. That is why coatings which must abrade while touching the 
operating element are applied. In the case of thermally sprayed coatings, they are 
labelled as abradable coatings. Abradable seals are the coatings sprayed onto the 
internal surface of the compressor or turbine casing, which has contact with the blade 
rim of a turbine or compressor. They are treated directly by blade ends, which enables 
to obtain a very high level of measurement tolerance in the interacting unit. 
Obviously, the blade end must not be subject to abrasion while contacting the sprayed 
coating. Diverse materials are applied depending on the area of coating application. In 
compressors these are different polymers with an addition of such soft metals as 
aluminium, bronze, or babbitt metal. In the case of turbines, these are composite 
coatings containing nickel with graphite, NiCr alloy with polyester, or MCrAlY alloy 
(where M = Cr, Co, Fe) with an addition of polyesters, graphite, hexagonal boron 
nitride, or bentonite (Fig. 3.6). In the case of applying a coating, the matrix of which is 
MCrAlY alloy, blade end abrasion may occur as it is not easily-abraded material  
[10, 52, 62, 91, 93]. 

 

 

FIG. 3.6. Suggested temperature range for turbine compressor abradables [52]. 
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3.1. Thermal Spray Coatings for Lightweight Engine Blocks 

Losses issues due to friction are topical particularly in the automotive business, 
where only the losses in car engine reach 48% due to this reason (Fig. 3.7) [6, 12, 
13, 161].  

 

 
FIG. 3.7. Energy consumption developed in an engine [161]. 

 
For this reason, research taking advantage of various thermal spraying 

techniques is carried out. These techniques enable forming the coatings containing 
solid lubricants on the substrates of small density. Alloys of aluminium, which are 
the perfect constructing material, are a huge challenge. However, poor tribological 
properties limit significantly their wider use. This issue is researched in numerous 
research and scientific centres which aim to find solutions allowing the application 
of aluminium alloys in friction pairs. Utilizing the FSP (Friction Stir Processing) 
method to incorporate a mixture of SiC and MoS2 into the substrate of the A356 
aluminium alloy allowed obtaining a stable and homogenous coating MoS2-rich 
and, in consequence, decreasing the coefficient of friction [2]. Such solution cannot 
be adopted at higher temperatures. 300oC is the maximum ceiling temperature at 
which molybdenum disulphide can operate; beyond this temperature molybdenum 
disulphide becomes decomposed and losses its solid lubricant properties. The issue 
requires a more in-depth analysis since a solid lubricant with a low coefficient of 
friction at temperatures ranging from ambient to 1000oC does not exist.  

The issue of utilizing aluminium alloys particularly concerns the automotive 
industry, where their use to produce cylinder blocks is closely connected with 
lower fuel consumption. It is because of a distinct difference in density of cast iron, 
i.e. 7.8 g/cm3, used to produce cylinder blocks compared to 2.8 g/cm3 of silicon-
aluminium alloy. Nevertheless, relatively low resistance to wear and common 
seizures exclude it from utilizing. For this reason, numerous tests are carried out to 
take advantage of all the merits of aluminium alloys. New possibilities create hard 
anodizing technology of cylinder lines carried out on aluminium alloys composite 
materials, which is applied in industry [139, 175]. The application of cast-iron 
sleeves in aluminium engine blocks was a partial solution to the problem. 
However, such a construction has several flaws; the distance between the cylinders 
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becomes larger and this increases the weight of the engine. Furthermore, the flow 
of heat from the sleeve to the cooling system is not even. Oxides which are formed 
between the cast-iron sleeve and the aluminium block affect it seriously since they 
are spread unevenly, which, in consequence, leads to uneven deformation of the 
bush. Such a situation leads to scavenges during the operating time of the engine 
and its power losses. In addition, there are problems with assembling cast-iron 
cylinder sleeves and their sealing resulting from the difference in the linear 
expansion coefficient of cast iron and aluminium. Research has been conducted on 
galvanized coatings deposited on cylinder walls, e.g. nickel galvanized coatings 
with an addition of dispersed SiC. The obtained nickel coatings with an addition of 
silicon carbide have been utilized merely in small-size engines. However, the 
process of electroplating is both complicated and relatively expensive. Additional 
problems related to environmental protection generate more costs, which has 
brought further research to stop. Thermal spraying processes have turned out to be 
the most perspective; they have also become a standard solution during the 
production of aluminium engine blocks.  

 

TABLE 3.4. A comparison of applying thermal spray processes to film coating on cylinder 
bodies aluminium blocks [7]. 

Criteria 

Thermal spray processes 

Arc 
(wire) 

HVOF 
(wire or powder) 

Rotating plasma 
(powder) 

Materials 
Metallic 
alloys 

Metallic alloys, carbides,
composites 

Metallic alloys, 
carbides, ceramics, 

composites 

Versatility in choice 
of material 

Restricted choice 
of materials 

Limitation for refractory 
materials 

High versatility 

Heat transfer into 
the engine block 

Medium Very high Low 

Repeatability of the 
melting process 

Formation of the 
melted particle is 
difficult to control 

High (powder) 
Medium (wire) 

High 

Coating thickness  
as sprayed  

500 µm 200 µm 200 µm 

Coating properties 
for cylinder bores 

Medium High High 

Process cost Low Very high Low 

Industrial 
status 

Start of  
Small basis 

Prototypes 
In industrial 

production for 5 years 
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The process of honing allows to obtain proper substrate topography, which 
allows lubricant retention in micropores. Unlike abrading or turning treatment, it 
does not close pores. Rest products obtained as the result of interaction together 
with foreign matter are embedded in hollows formed during this process and they 
do not accelerate wear. Substrate porosity after honing ought to be below 0.2 µm 
[29] or 0.3 µm [6, 135]. Higher values of porosity result in increased oil 
consumption, whereas too smooth cylinder body is prone to seizure. Exploitation 
tests have shown that plasma spray coatings have much better properties than cast-
iron cylinder bodies. Coefficient of friction is 30% lower. It is of paramount 
importance, as 40% mechanical losses in the engine occur between the cylinder 
and the piston unit. As a result of applying plasma spray coatings on cylinder 
bodies in aluminium blocks, fuel consumption dropped by 4%. Moreover, oil 
consumption has also been significantly decreased, which is vital taking 
environmental protection into consideration. Also, the wear of coatings is lower 
than in the case of cast-iron cylinders. The value of wear is 5 nm/h in the end limit 
position of the piston. It has to be highlighted that the achieved results are the 
outcome of the research on mutual interaction of the whole tribological unit 
comprising a cylinder, a piston ring as well as lubricating; it also has a crucial 
impact on its efficiency [6, 41]. Ford has introduced a competitive system with the 
RotaPlasma® one. The PTWA® (Plasma Transfered Wire Arc) system developed 
by Ford allows to use a low-carbon steel wire (0.1% C) which is inserted 
perpendicularly into the plasma beam and in the spray direction. The electric arc is 
first striking between an infusible cathode and copper anode and then moved onto 
the sprayed wire (Fig. 3.9).  

 

 
FIG. 3.9. Schematic of the PTWA plasma spray apparatus [46]. 

 
Both the composition and microstructure of the coating depend on the 

composition of plasma gas and curtain gas with an adjustable content of oxygen. It 
allows to obtain gradient coating containing between 10 and 30% of wustite which 
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hardness is 70% higher than that of the steel matrix. Such microstructure and phase 
composition of the spray coating provides its high resistance to wear. The coating 
after spaying is 120-150 m thick and its porosity does not exceed 2%. After 
honing its measurement ranges from 70 to 170 m. This solution (US patent 
6,559,407) won the IPO National Inventor of the Year Award in 2009 in the USA 
and was applied in Mustang GT500 Shelby and Nissan GTR, where the weight of 
the engine was reduced by 50 kilograms [46, 133, 135].  

The properties of coatings on the surface of cylinders in aluminium blocks can 
also be improved by applying h-BN. For this reason, composite powder was made 
by sintering cast iron with a 5% addition of h-BN at 1,300oC. As a result of 
sintering, 1.86% of graphite was educed in cast iron powder. The test conducted 
with plasma spray coatings from this powder proved perfect properties of such 
a coating; it had a lower coefficient of friction and increased wear resistance than 
a sprayed coating from pure cast iron powder [107, 159]. Identical procedure of 
obtaining composite powder was also applied iron boride powder with a 5% 
addition of h-BN. Plasma spray coating contained 4.58% of h-BN and it exhibited 
a significantly lower coefficient of friction and wear in comparison to cast iron 
cylindrical sleeve [105]. Promising results were achieved for WC-12Co coating 
with HVOF sprayed onto the surface of the cylinder, which, in comparison with 
Fe-alloy, FeCrMo, and TiO2/TiC turned out to have the lowest coefficient of 
friction [127]. Sub-stoichiometric titanium oxides are also alternative materials for 
the previously used powders. Plasma spray TinO2n-1 (APS) and TiO1.95-x (VPS) 
coatings as well as grey cast iron used on cylinder sleeves were tested. The piston 
ring with plasma spray Mo-NiCrBSi coating served as a countersample. In the 
conditions of mixed and boundary friction, the best results were achieved for 
TinO2n-1 (APS) [140]. 

3.2. Thermal Sprayed Nanostructured Coatings  

Nanostructured materials provide new possibilities, which enable creating 
composite structures with much better properties than composites obtained from 
conventional materials. Such a solution facilitates combining selected features of 
different nanomaterials in order to obtain a composite with the required durability, 
thermal, insulation, tribological, etc. properties. Finally, we obtain a nanostructured 
composite material with much better properties than the ones comprising it. In the 
case of composite containing a solid lubricant, it is comprised of a nanostructured 
matrix, providing mechanical durability, and evenly distributed nanostructured 
solid lubricant.  

Research concerns materials which have found wide utilization in industry, e.g. 
Al2O3, Cr2O3, TiO2, Y2O3, ZrO2, or hydroxyapatites [20, 47, 50, 61, 63, 81, 83, 87, 
89, 98, 155, 185]. In thermal spray processes nanostructured coatings can be 
obtained by spraying powder of typical granulation (15-53 µm), the grains of 
which are built out of nanocrystals (Fig. 3.10) or by spraying suspensions, which 
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have them [68, 124]. Nanostructured powder for thermal spray processes are 
currently produced on an industrial scale [44, 88].  
 
   a)                                                                   b) 

      
FIG. 3.10. Al2O3-13TiO2 nanostructured powder: a) powder grains (1000x); b) nanocrystals 
on the surface of powder grain (100000x).  

 
Chromium oxide is the material with a high resistance to wear. That is why, in 

many utilizations, it occurs independently or as a component of the sprayed 
composite coatings [32, 60]. Comparative study of the plasma spray coating from 
the powder containing nanograins, 50 nm in size, showed that it has a lower 
coefficient of friction and increased hardness as well as resistance to wear than 
sprayed with micrometric grains of chrome oxide coating [81, 90]. The properties 
of supersonically sprayed coatings from chromium oxide can also be improved 
with an addition of TiO2 [165]. HVOF-sprayed coatings made from nanostructured 
titanium dioxide exhibited over 2.5 times greater adhesion than plasma spray 
hydroxyapatite coatings. Their hardness was by 61% higher than that of sintered 
hydroxyapatite. In addition, there are areas on the coating substrate in which 
partially remelted nanostructured grains of TiO2 are present. Such areas may 
additionally increase adhesion of osteoblastic cells due to improved mutual 
interaction with such proteins as fibronectin. Moreover, in comparison with 
hydroxyapatite coatings, titanium dioxide does not dissolve in human tissue, it is 
absolutely stable, and retains its properties throughout its use [86, 93]. 
Supersonically sprayed nanostructured coatings made from an alloy on the basis of 
iron had a better erosive resistance than widely-used HVOF-sprayed WC-CoCr 
coatings [110]. This kind of coatings has also better corrosion resistance in sea 
water and salt fog, being an alternative for the used galvanised chromium coatings 
[17]. Utilizing HVOF-sprayed MCrAlY nanostructured coating as a layer bonding 
a coating which acts as heat insulation caused a 50% increase in its durability in 
comparison with conventional interlayer [69]. Plasma spray nanostructured Fe-Si 
coatings possessed magnetic properties [23]. Also, applying the process of cold-gas 
spraying, nanostructured coatings with better properties can be obtained [167, 184]. 
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its properties. For this reason, composite powder was made; its grains contained all 
the components, and chromium oxide was in a nanocrystal form. Plasma spray 
composite coating made from this sort of powder had a more homogeneous 
mimcrostructure, increased hardness and adhesion. Solid lubricant more evenly 
distributed in the coating contributed to its lower coefficient of friction and wear  
[25, 26, 179]. Substantially better properties of the sprayed nanostructured WC-Co, 
TiO2, and ZrO2-Y2O3 coatings were confirmed by Marple and Lime. Yet, it requires 
a thorough selection of granulometric composition of powders and a careful selection 
of parameters in order to limit coarseness of nanostructured grains [97].  

Tungsten carbide is the material used for numerous investigations. Taking its 
high level of hardness into consideration, it is most often used in the form of sinter 
with cobalt, which guarantees its high durability. Its outstanding wear resistance 
contributed to the use of WC-Co to increase durability of various machine parts. 
The structure of the sprayed coatings is composed of hard WC grains deposited in 
a cobalt matrix [186, 188, 194]. Supersonic spraying is currently used for their 
application. As a consequence of reaction of high temperature plasma and the 
presence of oxygen, the previously-used processes of plasma spraying led to its 
decomposition, decarburization and oxidation according to the following reactions: 

2WC  W2C + C, 

W2C  2W + C, 

2C + O2  2CO. 

In consequence, significant changes in the phase composition considerably 
worsened exploitation properties of the coatings [48, 121, 201, 204]. The process 
of supersonic spraying, at a relatively low temperature of the spray stream and 
a short dwelling time of the powder grain in the spray stream, limited those 
unfavourable phenomena to a large extent. The next stage facilitating even better 
results is the possibility to take advantage of the nanostructured tungsten carbide 
powders, whose grains with granulation ranging from 15 to 45 µm are 
agglomerates of grains of nanostructured size.  

The most common methods of obtaining WC-Co grains are as follows: spray 
conversion, mechanical alloying, chemical co-precipitation, and high-energy ball 
milling. In the case of sintering the grains, the issue of controlling the process 
occurs, because, as a result of high activity of nanograins, they undergo sudden 
growth. High-energy ball milling of nanograins from W(Co,C) composite 
powders allows limiting this process. Obtaining the WC phase during sintering, 
causes the consumption of the energy cumulated in composite W(Co,C) 
nanograins and limits the growth of WC-Co nanograins. The distribution of 
phases in the grain of W(Co,C) composite powder after milling in a high-energy 
ball mill is illustrated in Figure 3.13. 

 



42 

FIG. 3.13. S
powders [19

 
Solid so

solution of 
700oC for c
Co3W3C. T
the grains o
reacted wit

Co3W3C (
force. Furt
following r

During 
stream owi
137, 203]. 
tungsten ca
it is the pr
material is 
a result of 
plastic stat
processes o
almost an a
noticeable 

Tribologica

Schematic ill
9]. 

olution of tu
f cobalt has t
ca. 30 minute
The conclusio
of nanopowd
th tungsten a

-carbides) o
thermore, C
reactions tak

supersonic s
ing to smalle

Unfavourab
arbide during
rocess in wh

in a solid s
very high k

te or melted 
of thermal s
absolute con
(Fig. 3.14) [3

l Properties of 

ustration of 

ungsten poss
the atoms of 
es leads to fo
on to be draw
der reacted f
nd carbon fo

W

2W

3W + 3

occur mainly 
Co6W6C carb
e place [19]:

2W

2Co3W3C

Co3W3C

spraying, WC
er sizes and 
ble reaction 
g spraying ca
hich the strea
tate and no 

kinetic energ
while impa

spraying. Du
solidation of
3, 72, 73, 82

f Composite Coa

distribution o

sesses disper
tungsten and

orming the f
awn from the
forming new 
orming Co3W

W + C  W

W + C  W

3Co + C  C

y during sinte
rbide is form
:  

W + C  W

+ W  Co6W

+ 2C  3W

C nanocrysta
a larger rati
of the surr

an be avoide
am of gases 
phase chang

gy of powder
acting the su
uring the pro
f the coating

2, 84, 197, 20

atings Sprayed 

of W, Co an

rsed carbon 
d coal. Sinte

following pha
ese facts is th

WC and W2

W3C (-carbi

C 

W2C 

Co3W3C 

ering at 800oC
med at this

W2C 

W6C + WC

WC + 3Co. 

als are more 
io of capacit
rounding up
d by applyin
has a low t

ges occur. Th
r grains, not

ubstrate, whi
ocess of cold
, after which

02]. 

with a High Ve

 
nd C phases 

atoms, wher
ering at a tem
ases: WC, W
hat, W and C
2C phases, w
de). 

C as a result 
s temperatur

susceptible t
ty to area [5
on the nano

ng cold-gas sp
emperature, 
he coating is
t because of 
ich takes pla
d-gas sprayin
h their porosi

elocity Stream 

in as-milled 

reas a solid 
mperature of 
W2C, W, and 
C present in 
whilst cobalt 

t of coercive 
ure and the 

to the spray 
5, 8, 21, 24, 
ocrystals of 
spraying. As 

the coating 
s formed as 
f their high-
ace in other 
ing, there is 
ity is hardly 



3. Coatings C

FIG. 3.14

3.3. HVOF

Researc
WC-Co is 
galvanic ch
application
to the follo
(higher tha
resistance, 
relatively l
contain he
properties, 
is carcinog
tract. The f
with the so
process of
materials, s
parts, big a
these mate
associated 
rules conc
technologie
harmfulnes
concerning
(Occupatio
higher requ
environmen
10% of the

Containing Solid

4. Schematic o

F Spraying

ch on the fu
associated w
hromium pla
n in covering
owing merits
an in the ca

chemical a
low depositio
exavalent ch
pose a very 

genic and it 
fog which fo
olution have
f galvanic c
such as used 
amounts of ri
erials is tro
with the use
erning envir
es enabling 
ss of hexava
g its admis
onal Safety a
uirements reg
nt. The curre
e previous P

d Lubricants 

of the particle 

g as an Alte

urther increa
with searchin
ating. In indu
g new elemen
s of these co
ase of the h
nd high tem
on costs. Ho
hromium and
big threat to
also causes 

orms during 
 a direct inf

chromium p
up solutions

inse water an
oublesome a
e of galvanic
ronment pro
replacement

alent chrom
ssible emiss
and Health A
garding proc
ent PEL (Per
PEL value, i.

 

densification 

ernative to

ase of the pr
ng new techn
ustry, galvan
nts and the r
oatings: high
hardest sorts
mperature re
owever, the s
d which all

o people and 
allergies, ir
this process

fluence on p
plating is th
s, solutions r
nd polluted m
and costly. 
c chromium 
otection mad
t of chromiu

mium has be
sion within 

Administratio
cesses which
rmissible Exp
.e. 52 µg/m3

upon impact 

o Galvanic

roperties of 
nologies whic
nic chrome p
regeneration 
 hardness le
 of hardene

esistance, ae
solutions use
low obtainin
environment

rritation of s
s and the po
people. More
he source of
removedalon
masking mate

The above
plating and 
de it necess
um plating. 
en reflected

8 hours 
on USA).It re
h pose an ext
posure Level
3. Apart from

 
at a high velo

c Chromium

supersonica
ch enable eli
plating have 
of machine p
vel of the ch

ed steel), hig
sthetic appe

ed in the pro
ngcoatings o
t. Hexavalen
skin and the 
ssibility of s
eover, the te
f many harm
g with chrom
erials. The u
e mentioned
the introduct
ary to searc
The importa

d in the new
introduced 
efers to the i
tremely big t
l)  index, i.e.

m that, the p

43 

ocity [84]. 

m Plating 

ally sprayed 
imination of 
found wide 
parts owing 
hrome layer 
gh abrasion 
earance and 
ocess, which 
of the best 

nt chromium 
 respiratory 
skin contact 
echnological 
rmful waste 
mium plated 
utilization of 
d problems 
ction of new 
ch for new 
ance of the 
w standards 

by OSHA 
increasingly 
threat to the 
. 5 µg/m3, is 

plants where 



44 Tribological Properties of Composite Coatings Sprayed with a High Velocity Stream 

exposure exceeds 2.5 µg/m3 are obliged to monitor it constantly and are strongly 
advised not to go beyond 1 µg/m3. The progress in terms of supersonic spraying 
allows obtaining coatings with better properties, without hazardous effect on the 
surrounding. The initially-applied plasma spraying [79, 95] enabled substituting 
chromium plating in many cases. However, it was the introduction of supersonic 
spraying and its variations (HVOF, HVOLF, HP-HVOF, HVAF) that expanded the 
possibilities of using this method. It allows obtaining coatings from numerous 
materials, which replace galvanic chromium plating and are significantly more 
resistant to wear and corrosion, which is crucial to human health and environment 
protection [11, 18, 42, 115, 131].  

 



C h a p t e r  4 

State of the Art Analysis 
 
 
 
On the basis of the analysis of literature, the following conclusions can be 

drawn: although solid lubricants have been used for many years, the subject matter 
regarding their obtaining and application is still researched. In particular, the 
newest PVD and CVD methods, together with their variations, facilitate obtaining 
DLC (diamond-like carbon) or GLC (graphite-like carbon coatings) with 
outstanding tribological properties. Research involves also thermal spray processes, 
especially supersonic and plasma spraying; in these processes composite coating 
with a lower coefficient of friction is possible to obtain through the use of solid 
lubricants. The range of the analysed coatings involves materials with high wear 
resistance (Al2O3, Cr2O3, MCrAlY, NiCr, NiMoAl, WC-Co, and Cr2C3-NiCr) and 
the materials with the properties of a solid lubricant (graphite, MoS2, WS2, BaF2, 
CaF2, Cu, Ag, and PTFE). Such a wide range of the used materials in combination 
with the advantages of the applied techniques of thermal spraying facilitates 
a number of industrial utilizations. Thermally-sprayed coatings on the basis of iron, 
used for cylinders in aluminium blocks belong the most technologically-advanced 
ones. As part of the Oil-Free Turbomachinery research program, NiMoAl-Cr2O3-
Ag-BaF2-CaF2 coatings for shaft pivots in bearings of air turbines were developed; 
they are a unique solution enabling their operation at 650oC. Current jet efficiency 
is possible due to spraying abrasive casings on compressors and turbines. The 
research carried up till now concerns nanostructured composite coatings with 
a decreased coefficient of friction only to a limited extent. In particular, there is 
a lack of systematic comparative research of the supersonically sprayed coatings 
which allow for selecting coating materials for: the matrix and solid lubricant. 
Additionally, there is a shortage of indications concerned method of preparing the 
substrate prior to spraying and also the processes of coating finishing. The 
properties of the sprayed nanonstructural solid lubricants, Fe3O4 ferro-ferric oxide 
in particular (which, regarding the previous research, has an important influence on 
the properties of the coatings), are extremely interesting. However, determining its 
tribological properties remains to be seen, especially in supersonically sprayed 
coatings which operate in friction conditions without external lubrication. Also, the 
properties of the sprayed nanostructured composite coatings are yet to be 
researched.  



 

 

C h a p t e r  5 

Theses and Aims of the Research 
 
 
 
The research on HVOF spray nanostructured composite coatings with a reduced 

coefficient of friction has been insufficient because such coatings have not yet been 
produced on a large scale; the literature on spray coatings containing solid 
lubricants is also scarce. The data obtained so far indicate that adding 
nanostructured iron oxide (Fe3O4) to a nanostructured WC-Co matrix should 
contribute to a reduction in the coefficient of friction and the wear of surfaces in 
contact. The results of the theoretical and experimental studies were used to 
formulate the following theses. 

1. The properties of nanostructured iron oxide, Fe3O4 (magnetite), indicate 
that, by adding it to a nanostructured WC-Co matrix, we can alter the 
tribological properties of that matrix and form a nanostructured coating 
with functional properties superior to those of a conventional coating. 

2. The proportions and distribution of the composite constituents need to be 
precisely specified as these factors are responsible for the tribological 
properties of a coating (lower friction resistance and lower wear). 
 
The aims of the fundamental research formulated on the basis of the above 

theses include: 

1. Identifying the properties of the nanostructured coating materials. 

2. Determining the effect of the low temperature/high velocity gas stream on the 
grains of the powders differing in physical and chemical properties. 

3. Analyzing the process of formation of an HVOF spray coating and establishing 
its influence on the coating properties. 

4. Determining the influence of the composition of the coating material and the 
HVOF spraying parameters on the tribological properties of the composite 
coatings. 

5. Analyzing the process of lubrication by applying a ball-on-disc tribotester for 
the HVOF spray conventional and nanostructured coatings containing a solid 
lubricant (Fe3O4). 

6. Developing a model of interaction of the outer layer of the composite coating 
with the counter surface under dry friction conditions.  
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The purposes of the applied research include: 
1. Forming an HVOF spray nanostructured WC-Co/Fe3O4 coating with optimal 

tribological properties to operate under dry friction conditions, using the results 
of the optimization experiment. 

2. Developing a method of spray deposition of nanostructured composite coatings 
on elements of friction pairs in a sliding contact operating under dry friction 
conditions.  



C h a p t e r  6 

Test Procedure, Methods and Equipment 
 
 
 

6.1. Test procedure  

On the base of insightful analysis of available data the following research 
procedure has been applied: 

1. Material for the composite matrix should be selected in order to provide high 
possible resistance to wear and to guarantee good maintenance properties of 
the composite with lowered friction coefficient. 

2. Material for a solid lubricant which enables lowering the coefficient of 
friction and reducing wear of the composite coating should be selected. 

3. Research should be conducted on the basic properties of the coating material 
used for the matrix; its granulometric composition, grain morphology, and 
phase composition. 

4. Research should be carried out on the basic properties of the coating material 
used for the solid lubricant; its granulometric composition, grain 
morphology, and phase composition. 

5. Test on microstructure, chemical composition, and phase composition of the 
sprayed coatings should be conducted. 

6. A program should be drawn up and Taguchi optimization experiment of both 
nanostructural and conventional properties of composite coatings should be 
executed. 

7. Verifying research should be undertaken on the basis of the results obtained 
from the optimization experiment.  

6.2. Test Methods and Equipment 

6.2.1. Analysis of the Granulometric Composition  
of the Thermal Spray Powders  

Laser size measurement is the most effective method of analyzing 
granulometric decomposition of powder. It enables measuring grains ranging from 
10 nm for wet-dispersed samples in suspension and from 100 nm dry-dispersed 
powder in the airstream. A single measurement lasts from 5 to 10 seconds, whereas 
the whole measurement cycle lasts approximately 2 or 3 minutes. The 
measurement is carried out through laser diffraction. The tested sample is 
illuminated with a laser beam which, going through opaque grains of powder that 
operate as diffraction grating, undergoes partial deflection behind the tested sample 
where Fournier lens forms the diffused light into rings. The obtained unit is 
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measured by detectors fixed on a plate made from photosensitive silicon. Grains of 
smaller diameter cause larger diffraction of laser beams and thus form diffraction 
rings which are widely set. Larger grains, in turn, form rings which are closely set. 
Diffraction formulas dependent on the size of grains are shown in Figure 6.1.  

 

      

FIG. 6.1. Diffraction rings dependent on the size of grains. 
[http://www.sympatec.com/EN/LaserDiffraction/LaserDiffraction.html] 

 
The range of grain size of powders used for thermal spraying is given according 

to American norm – ASTM B214. Labelling the range of grain size of powder with 
A-B μm indicates that powder should not have more than 2% of grains larger than 
B and not more than 5% of grains smaller than A. The test on granulometric 
composition was conducted with HELOS laser diffraction sensor constructed by 
SympatecGmbh. The measurement range of the sensor enables determining the 
size of the grains in 31 ranges from 0.9 to 175 m, which are presented as 
cumulative distribution and relative density distribution of q3lggrains calculated 
according to the following formula (6.1): 

  q3lg  = 2.3  100  q3  xlg                                        (6.1) 

where: xlg = (xo + xu)/2 – the average range of measurement referred to logarithmic 
scale, xo – the lower measuring range, xu – the upper measuring range. 

6.2.2. Analysis of the Morphology and Chemical and Phase Composition 
of the Thermal Spray Powders and Coatings 

Metallographic microsections and microsctructures of coatings have been tested 
in the Department of Metal Science and Materials Technologies at Kielce University 
of Technology. Elements for metallographic research were cut out from the samples 
with “ISOMET – low speed saw” (BUEHLER) equipped with a diamond saw. 
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Coating microsections were made using “LaboPol – 5” (STRUERS) polishing 
machine. The research of the spray coatings was conducted with JSM Jeol 7100F 
and Jeol JSM 5400 scanning microscopes. This microscope is equipped with an 
ISIS 300 Oxford (EDS) microprobe, which enables analysing chemical 
composition of the coating. SEM FEI COMPANY NovaNanoSEM 200 scanning 
microscope as well as TEM Philips CM20 with EDAX EDX transmission 
microscope were used to research powder and coating microstructures. The 
research of phase composition was conducted with D500 and D8 Advance 
diffractometers developed by Bruker company, and also with filtered radiation of 
the Cu and Co lamps. Measurements were done for every sample in one selected 
area of the coating substrate without initial preparation.  

6.2.3. Coefficient of Friction Test 

Tests of the coefficient of friction were conducted with the ball on disc T-01 
tribological tester produced Institute for Sustainable Technologies National 
Research Institute in Radom. Figure 6.2 illustrates functioning of the tester. In 
a tester of this kind, a friction pairs composes of a ring-shaped sample (Fig. 6.3) 
and a countersample which can be either a pin or ball. A ball with the diameter of 
¼’’ made from 100Cr6 steel was applied in the research. During the test, the ball is 
pressed onto the frontal substrate of the plasma spray ring. The force influencing 
the ball is determined by the use of weights. Rotational speed of the ring and the 
weight of the ball are set before the test commenced. The tester enables continous 
measurement of the friction force at a set load by computer. The test was carried 
out for rings supersonic plasma spray coatings abraded and grinded for one hour. 
The following parameters were selected: linear velocity – 0.5 m/s, ball weight – 4.9 N, 
test time – 1 h. The test was repeated three times for each of the coatings.  

 

 

FIG. 6.2. Diagram illustrating the operation of ”ball on disc” T-01 tribological tester. 
  
 

            disc 

        ball
coating 
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FIG. 6.3. The ring (a sample in T-01 tester). 

6.2.4. Wear, Microhardness and Porosity Tests  

Samples and countersamples were weighed on the Denver Instrument Company 
scale to an accuracy of 0.0001 g.  

Testing of microhardness for the optimization experiment was conducted with 
the MMT-X3 Ahardometer (developed by Matuzawa Co., Ltd.) with an automatic 
microhardness reading. The result of the test was determined by an average of 10 
measurements.  

The measurements of substrate porosity were carried out with Talysurf 4 device 
and the SUFORM programme in the Laboratory of Computer Measurement of 
Geometrical Quantities at the Department of Mechanical Technology and 
Metrology at Kielce University of Technology (Fig. 6.4). The result of the test was 
determined by an average of 5 measurements.  

 

 

FIG. 6.4. Testing stand: Talysurf 4 with program SUFORM. 
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6.2.5. Seizure Resistance Test 

The research on seizure resistance for supersonic sprayed coatings was 
conducted in dry friction conditions with FalexT-09 tribological tester, developed 
by Institute for Sustainable Technologies National Research Institute in Radom. 
Figure 6.5 illustrates the diagram of the tester performance. In the Falex tester the 
friction pair is composed of a countersample in the form of a roll made from steel 
45 (Fig. 6.6a), fixed to a transmission shaft with a copper pin clamped by two 
samples in the form of prismatic blocks (Fig. 6.6b) placed in the lever arm of the 
head. During the research, the turning ratchet causes gradual increase in the tension 
of springs which load lever arms of the head. Prismatic blocks, which are in the 
head, clamp themselves with a gradually increasing force in a countersample 
rotating at a constant velocity, i.e. 290 rpm. The resistance to seizure (i.e. the 
value of the force at which the copper peg is cut) or, in the case of lack of 
seizure, the highest possible value of sample load is the result of the research. 
The course of the research is supervised by the computer which registers the 
course of the load and friction force in time function. The tests were carried out 
in the friction condition without external lubrication. The result was the average 
value of three tests.  

For carried out experiment coatings were sprayed onto the vee blocks which 
were fixed in special holder (Fig. 6.7) enabled simultaneously spraying six samples 
in the same conditions. 
 

 
FIG. 6.5. The flow diagram of FalexT-09 tribological tester. 
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    a)                                         b) 

           
FIG. 6.6. Test elements in T-09 tribological tester: a) pin, b) vee block. 

 
 

 
FIG. 6.7. Clamping device holding samples for T-09 tester during supersonic spraying: 1 – vee 
blocks, 2 – device. 

6.2.6. Coating Adhesion Test 

Testing of coating adhesion was conducted according to the Polish Norm  
PN-EN 582 (“Thermal Spraying – Determination of Tensile Adhesive Strength”). 
Three B-type samples, made from PA6 alloy, were prepared for each sprayed 
material (Fig. 6.8). Frontal surfaces of the samples were vapour-blasted with APR 

1

2
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600 device (compressed air pressure – 0.5 MPa). Electocorund EB16 was used as 
abrasive material (grain size 0.6-1.6 mm). The porosity of frontal surfaces of the 
samples after treatment reached Ra = 7,1 m. 
 

 
FIG. 6.8. Samples for porosity testing (B). 

 
Next, the samples were fixed on the girth of a special handle (270 mm in 

diameter) which enables spraying all the samples in identical conditions (Fig. 6.9). 
Rotational speed of the handle was 40 rpm, whereas sweep speed of the gun was 
3.5 mm/revolution.  

  

 
FIG. 6.9. Handle for sample spraying in porosity testing. 
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Coating thickness was measured using Minitest 2100 magnetic inductive 
coating thickness gauge Minitest 2100 developed by ElektroPhysik. The thickness 
of the coating was measured three times. After spraying, the coatings were not 
subject to finishing treatment. Samples with the coating were glued with 
countersample (by PN-EN 582) without coating, which frontal surface was 
subjected to grit blasting process. Coated samples were glued to the countersample 
after 24 hours (according to PN-EN 582) and placed on a special stand 
guaranteeing their vertical position and concentricity during bonding of the 
adhesive. Adhesion tests were carried out at the Centre for Laser Technologies of 
Metals with Instron 8501 universal testing machines. The samples, after adhesive 
bonding, were screwed into handles with ball joints, and then fixed in self-locking 
hydraulic grips. The sweep speed was 0.05 mm/s. Adhesion (RH) was calculated as 
the average value of breaking three samples.  

6.2.7. Optimization of the Properties of the HVOF Spray Coatings by Using 
the Taguchi Method 

The process of supersonic spraying is a typical technological process in which 
the final effect is determined by the quantity value which is a basic criterion in 
coating assessment. Properties of the obtained coatings illustrate the output system 
and they depend on the input data as well as interfering factors. Model spray 
analysis process shows that output parameter (optimization parameters) cannot be 
explicitly determined with input parameters due to the influence of interfering 
factors; that is why spraying is a stochastic process.  

Researching such processes requires applying statistical methods of planning 
the experiment. Their aim is to utilize optimally and control all the independent 
input factors. Multifactor experiments are used in order to achieve this goal. They 
permit to obtain such input parameters which, in turn, will permit to obtain an 
extreme value of the tested property of the coating (e.g. wear resistance, adhesion, 
and porosity). In thermal spray processes it is assumed that optimized property of 
the coating (the output parameter) is related to input factors of the spray process in 
the form of a mathematical relationship. For this reason, an experiment should be 
planned in such a way that a mathematical model of the spraying process with the 
lowest possible number of input factors could be found. In the Taguchi method the 
existence of an ideal level (not necessarily real) of the input factor, i.e. the 
existence of optimal function of optimization, is assumed. It is also considered that 
increasing deviations of the process from its optimal values causes squared, 
although not proportional, quality losses. The method includes a few procedures 
permitting to choose such parameters of the process with which the required 
quality of the product is obtained and, at the same time, the process itself is as 
barely sensitive to interfering factors as possible. Such a procedure is aimed at 
determining the influence of particular input factors and the so-called loss function 
(depicted as the SN coefficient) illustrating the changeability (the scatter of values) 



56 Tribological Properties of Composite Coatings Sprayed with a High Velocity Stream 
 
of the tested output factor resulting from the interferences (deviations) of the 
process. Obtaining such data enables optimization in order to minimize deviation 
squares or variances of the ultimate factor value from the optimal one. Selecting 
input factors, determining adequate area, and determining methods and numbers of 
measures is conducted in the same manner as in the case of other factorial 
experiments; however, input factors do not need to be measurable. Experiments 
can be conducted according to Taguchi plans, but it is also possible to apply two- 
and three-factorial plans, Latin squares, or other plans of this kind [51,74].  

The SN coefficient is calculated for the following cases [150]: 

a) for the features with a nominal value (e.g. diameter deviation) = 10log /  

where: yi – the tested output factor, s2 – sum of standard deviations in the 
conducted experiment; 

b) for the “the larger, the better” features (e.g. coating adhesion) = −10log (1/ ) 1/  

where: yij – the tested output factor; 
 

c) for the “the smaller, the better” features (e.g. the coefficient of friction) = −10log (1/ ) 1/  

where: yij – the tested output factor. 

Taguchi method has found numerous applications in industry, where it is widely 
used [9, 150, 151, 152]. It is also applied to optimize the properties of coatings in 
surface engineering [42, 132]. 

On the basis of literature and own research, the following factors have been 
considered as important in the three-level experiment [59, 102, 173]: 

 content of Fe3O4 in the blend,  [% weight] 
 ratio of oxygen to propane,  
 spraying distance, d 
 intensity of air flow, Q [l/min]. 

On the basis of Taguchi tables (P = 4, the number of input parameters, L = 3, 
the number of level of parameter changes) (Table 6.1), a system of parameter 
changes for supersonic spraying was designed (Table 6.2) and an optimizing 
experiment was conducted (according to Table 6.3) in order to determine the 
influence of the assumed factors on: 
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 coefficient of friction, 
 coating microporosity, 
 sample wear, 
 countersample wear, 
 coating porosity, 
 porosity adhesion. 

 
TABLE 6.1. Orthogonal Taguchi table, P = 4, L = 3.  

Experiment A B C D 
1 1 1 1 1 

2 1 2 2 2 

3 1 3 3 3 

4 2 1 2 3 

5 2 2 3 1 

6 2 3 1 2 

7 3 1 3 2 

8 3 2 1 3 

9 3 3 2 1 

 

TABLE 6.2. Range of supersonic spray parameter changes. 

Level 
Parameter 

A ( % wag. Fe3O4) B (, O2/C3H8) C (d, mm) D (Q, l/min) 

1 5 4.4 180 336 

2 10 4.7 200 375 

3 15 5.0 230 414 

 
 

TABLE 6.3. Plan of the optimization experiment. 

Experiment , % wag. Fe3O4 , O2/C3H8 d, mm Q, l/min 

1 5 4.4 180 336 

2 5 4.7 200 375 

3 5 5.0 230 414 

4 10 4.4 200 414 

5 10 4.7 230 336 

6 10 5.0 180 375 

7 15 4.4 230 375 

8 15 4.7 180 414 

9 15 5.0 200 336 
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6.2.8. HVOF Equipment 

Supersonic spraying High Velocity Oxy-Fuel (HVOF) belongs to the group of 
flame spraying processes in which continuous stream of gases which exits the 
nozzle of the gun have the hypersonic velocity. Such high velocity allows to obtain 
by grains of powder significantly higher velocities than in the case of the others 
thermal spray processes. High velocity of the grains cause forming coatings with 
much better properties and adhesion to the substrate. These advantages generated 
intensive development of systems for supersonic spraying fed not only by gases but 
by kerosene or alcohol too (HP-HVOF, HVAF) [112]. Coatings with comparable 
properties can be obtain by detonation or cold spraying systems [52]. 

Supersonic spray coatings were deposited with the use of Hybrid Diamond Jet 
supersonic spray system developed by SulzerMetco company. It is a fuel-oxygen 
spraying device with supersonic stream speed and axial injection of the coating 
material (Fig. 6.11). The above-mentioned system is composed of the following 
sub-assemblies: Diamond Jet gun, gas flow meter units, gas reduction units, 
pneumatic feeding and regulatory unit, cooling system with a blockade (Fig. 6.10).  

 

 

FIG. 6.10. Hybrid Diamond Jet system for supersonic spraying. 
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Hybrid Diamond Jet gun is the main element of the supersonic spray system. 
Regulated flow of oxygen stream with combustible gas and compressed air causes 
acceleration of the melted material in gas stream. During gun operation, a mixture 
of oxygen and flammable gas is used; the gas can be propylene, propane, or 
hydrogen depending on requirements resulting from the type of deposited coating. 
The gun operating in the Department of Operation Engineering is equipped with 
a nozzle unit to operate with propane which flows through the siphon unit, where it 
is precisely mixed with oxygen (Fig. 6.11). Next, the gas mixture flows through the 
nozzle and is ignited outside the gun. Ignited gases form a flame with a circular 
configuration. Combustion temperature reaches 2970 K.  

  

 
FIG. 6.11. Diagram illustrating Hybrid Diamond Jet Gun for supersonic spraying. 

 
TABLE 6.4. Parameters of supersonic spraying. 

Parameter Value 

Oxygen pressure, MPa 1.03 

Oxygen volume flow, Nl/min 253 

Propane pressure, MPa 0.69 

Propane volume flow, Nl/min 77 

Air pressure, MPa 0.72 

Air volume flow, Nl/min 375 

Spraying distance, mm 200 

 
Spraying parameters included in the Hybrid Diamond Jet System Manual formed 

the basis for Taguchi plan (Table 6.4). Before spraying, the samples had been 
degreased and grit blasting with electrocorund EB14 at air pressure of 0.5 MPa.  
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6.2.9. Preparation of the Powder Mixture  

The main problem regarding the use of coating materials in the form of 
mixtures is their transport capability within the spray stream used in the powder 
feeder. Such factors as density, size, and shape of powder grains forming the 
mixture affect transport capability of the spray stream. If small powder grains are 
taken into consideration, then they have a growing tendency of adhering one to the 
other. It is a result of the increasing ratio of size to weight; therefore, friction and 
cohesion forces dominate gravity forces. An increased influence of these forces 
lowers their transport capability with gas owing to the fact that they easily solidify. 
In the case of spraying a mixture composed of powders with different density, size, 
and grain shape, segregation of components may occur during their transport from 
the feeder to spraying gun, which leads to coating in homogeneity or to blocking 
the cord feeding the coating material to the gun. 

The following mixtures with given powder proportions were prepared for both 
supersonic and plasma spraying (Table 6.5): 

 WC-12CoAmperit 519.074 + Fe3O4Inflox26FE23, 

 WC-12CoNanoxS7412 + Fe3O4 Nanox26FE23. 
 

TABLE 6.5. Components of mixtures for spraying. 

Mixture of conventional powders [% wt.] 

I 95% WC-12Co Amperit + 5% Fe3O4 Inflox 

II 90% WC-12Co Amperit + 10% Fe3O4 Inflox 

III 85% WC-12Co Amperit + 15% Fe3O4 Inflox 

Mixture of nanostructured powders [% wt.] 

IV 95% WC-12Co Nanox + 5%Fe3O4 Nanox 

V 90% WC-12Co Nanox + 10%Fe3O4 Nanox 

VI 85% WC-12Co Nanox + 15%Fe3O4 Nanox 

 
Mixtures for spraying composite coatings were obtained by stirring weighed out 

quantities of components in a V-type mixer (Fig. 6.12) for one hour.  
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FIG. 6.12. V-type mixer: 1 – housing of mixer, 2 – shaft rotating containers for powder, 3 –  
container for big quantity of powder, 4 – container for small quantity of powder. 

6.2.10. Residual Stresses in the HVOF Spray Coatings 

Tests of residual stresses in coatings were conducted using Brucker D-8 
Advance (λCoKα) diffractometer at the Faculty of Materials Engineering and 
Ceramics at the AGH University of Science and Technology. The measurements 
were carried out by applying a brand-new g – sin2ψ method [145]. 

In order to measure factual and absolute elastic deformation and lattice tension of 
the crystal sample, it is necessary to measure the distance between atomic planes dhkl 
in particular directions of the half-space above the sample (Fig. 6.13). To achieve 
this, appropriate systems of sample inclination (of the S(i) coordinate system of the 
sample) against the measurement system L(i) and diffraction plane are used.  

The X-ray diffraction methods are based on the factual elastic deformations of 
crystal lattice in particular phases of crystal material and, therefore, they are used 
as model or verifying ones. They are measured with the distance between the 
crystallographic planes {hkl}.  

The X-ray "sin2" diffraction method enables determining both the directions 
and the values of main stresses; it also permits to measure anisotropic elastic 
constants Ehkl and hkl related to the so-called X-ray elastic constants 1/2S2(hkl) and 
S1(hkl), when having a determined external load. 

The "sin2" method combines Hooke’s equations with for the plane state of 
tensions with deformation ellipsoid constituents in the coordinate system (S) and 
measurement system (L) of the sample (Fig. 6.13).  

1 2 3 4 
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FIG. 6.13. Spatial system of beam course as well as deformations and tensions with 
a plane state of stresses on the sample substrate in the S(i) coordinates of the sample and 
the measurement system L(i). Diffraction register in the Bragg-Brentano symmetrical 
geometry [145]. 

 
The basic equation is as follows: 

 = , ( + ) + , (ℎ )( cos + sin + sin )sin 

=  −
 

After certain simplifications and assuming a plane state of stresses, the following is 
obtained: 

 = 1/2 sin  + ( + ) =  −
 

where: d, do – distances of crystallographic planes (hkl),  – deformation in the 
direction of axis L3. 

Practical measurement consists in calculating deformations in the crystal lattice 
in given directions of the half-space above the sample, which are determined with 
angles  and . Several angles  are selected, depending on the expected 
measurement accuracy (in practice from 5 to 10); nevertheless, due to geometrical 
reasons, they should be angles ranging from 0o to 60o.  

In order to calculate absolute value of stresses, the measurement of model 
material dhkl is not necessary without stresses (d0), since  is calculated with 
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differentiation of the equation above. In this case, the following substitution is 
possible: 

0d = d = d hklhkl o   

Such procedure makes this method a non-model one. Due to the procedure of 
measurement and calculations, measurement error is calculated for n – 2 degrees of 
freedom for confidence intervals 1 –  = 0.9; where  is the assumed error 
probability. 

The principles if the sin2 method can be applied in both types of goniometers, 
i.e.  and . In the case of the classical sin2  method, there is a problem of 
changing X-ray penetration depth while altering angle . It causes measurement 
errors, especially in the case of occurring tension gradients and heterogeneity of the 
structure and texture.  

Such drawbacks and methodological limitations can be avoided by applying the 
geometry of constant angle of incidence for the diffraction measurement of crystal 
lattice deformations. This kind of measurement geometry can only be applied in 
goniometers . A variation of this method is given the term g – sin2. General 
principles of measuring internal macrostressesin this variation of the method are 
similar to the typical sin2 one.  

The most substantial benefit of the g – sin2 method is almost constant X-ray 
penetration depth, which is parallel to measurement depth. This measurement depth 
can be regulated with a selection of wavelength and angle of incidence. As can be 
concluded form the previous cases of applying a diffraction of the constant angle of 
incidence, particular benefits can be gained for thin and very thin coatings of 
substrate layers [141–147]. 

Internal stresses tests in supersonic spray coatings were performed on 30x30x3 
mm samples made from PA6 aluminium alloy and steel C45.  
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in the Composite Coatings 

 
 
 
Constituting composite coatings is of particular interest when deposited in some 

areas, they enable considerable increase in functional properties of machine parts. 
The process of supersonic spraying provides a wide range of possibilities of 
obtaining composite coatings from composite materials, which are to constitute 
composite powders as well as mixtures of different powders. Applying composite 
coatings facilitates achieving much better properties of the coatings; however, it 
incurs huge costs [44, 88]. Those mixtures of powders that enable selecting 
composite components in a wide range are used most often.  

7.1. Tungsten Carbide  

Tungsten carbide is among those materials that have found a wide application in 
numerous branches of industry to increase resistance to wear and to reclaim 
machine parts. Its origin dates back to 1897, when a French chemist Henri Moissan 
conducted the first synthesis of tungsten carbide. The following tungsten carbides 
have found the widest application: W2C (3.10% of C) and WC (6.13% of C). 
Tungsten dissolves ca. 0.05% of C at 2400oC. The first eutectic between a solid 
solution, rich in tungsten, and W2C occurs at 1.5% of C at 2475oC. Tungsten W2C 
has a melting point at 2850oC. A change of W2C from αphase to γ phase at 2400oC 
takes place to the accompaniment of clearly audible cracks. Mechanical processing 
also contributes to a change of non-durable α W2C into γ. The second eutectic, i.e. 
W2C – WC, melts at 2525oC and contains ca. 4.5% of C. Tungsten carbide WC 
disintegrates at 2800oC into a liquid rich in tungsten, W2C and carbon. The basic 
features of tungsten carbide are: a high melting point, high level of hardness, 
resistance to wear and corrosion at ambient and high temperatures. The boiling 
point of tungsten carbides is extremely high (6000oC - WC). Tungsten carbide WC 
(6.13% of C) is a grey metallic powder. Acids have an inhibited impact upon it, i.e. 
a mixture of nitric and hydrofluoric acids at a ratio of 1:4 does not dissolve WC, 
though it dissolves W2C. It is Cl-resistant until 400oC, whilst a violent reaction 
occurs at 600-800oC. Tungsten carbide W2C (6.13% of C) is resistant to the impact 
of cold non-organic acids. Nitric acid dissolves it when hot. In an oxygen stream 
W2C burns at 600oC to obtain WO2. The hardness of W2C on the Mohs scale 
reaches 9, whilst microhardness 30,000 N/mm2 with a load of 500 N, whereas the 
microhardness of WC reaches 24,000 N/mm2 with a load of 500 N (or 25,000 
N/mm2 with 300 N). It is impossible to determine the exact melting point of WC 
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due to the fact that it disintegrates while melting. The melting point of WC is 2700-
2800oC. Carbides used in pure form are very hard and resistant to the impact of 
high temperatures, but then particular grains are loosely connected with one 
another and the substrate. For this reason, tungsten carbide WC is applied in the 
form of a sinter with cobalt which guarantees high durability. Moreover, its 
hardness is not subject to changes because of temperature. Sintered tungsten 
carbide was first used in Germany during World War I to manufacture drawing 
dies used to produce tungsten lamp filaments. Next, tungsten carbides were applied 
to produce cutting tools and machine parts. Positive results of applying sintered 
tungsten carbides resulted in introducing into the market a sinter containing 6% of 
cobalt under the name “Widia” (wie Diamant) and its popularization in numerous 
applications. The introduction of plasma spraying into the industry opened new 
possibilities in mid-50’s. Plasma-sprayed coatings WC-Co had very good 
properties; however, the impact of a plasma stream at a high temperature as well as 
the presence of oxygen caused partial disintegration of WC. Detonation-sprayed 
coatings, which were introduced into industry at the same period of time, possessed 
much better properties. Nevertheless, this method was patented by Union Carbide 
(currently Praxair S.T., Inc.) and due to commercial considerations was not 
popularized. Breaking the monopoly of Union Carbide Inc. took place at the 
beginning of 1980’s 52, 112, when Browning Engineering developed continuous 
supersonic spraying process, i.e. High Velocity Oxygen Fuel Spraying (HVOF) 
which was competitive to detonation spraying. The current supersonically-sprayed 
coatings WC-Co have found a wide range of applications in industry with the 
purpose of increasing the resistance of machine parts to abrasive wear, erosion and 
corrosion [24, 27, 34, 158, 187, 189, 193, 200].  

In this work, conventional powder WC-12Co developed by Amperit 519.074 
and the nanostructured powder WC-12Co NanoxS7412 developed by Inframat 
Advanced Materials were applied onto the composite coatings matrix.  

7.2. Iron Oxides  

In nature, iron oxides are present in three forms depending on the temperature 
of the surrounding and the pressure.  

Ferric oxide FeO, called wustite, is a body, black in colour, in which iron 
occurs in the II degree of oxidation. It rarely occurs in a single state, it constitutes 
a solid phase only at a temperature higher than 575oC. During slow cooling, below 
this temperature, it is subject to disintegration into magnetite Fe2O3 or ferro-ferric 
oxide Fe3O4. Ferrous oxide is a non-stoichiometric compound, formula FeO does 
not correspond to its actual composition. It usually contains less iron, whose 
content varies between 0.8150 and 0.9460. Regardless of the composition, the 
same crystal structure is retained; wustite has a regular crystallographic lattice 
space-centred type NaCl (Fig. 7.1).  
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Properties of the Spray Powders 
 
 
 

Powders utilized for supersonic spraying have a vital impact on the course of the 
very spraying process and the properties of the obtained coating. Basic properties of 
powder include chemical and phase composition, and granulometric decomposition. 
Additionally, the morphology of powder grains is of paramount importance due to 
the fact that even powders with identical chemical composition and granulometric 
decomposition may vary because they were made with use of different methods. As 
a consequence, their mutual interaction with the stream proceeds disparately, which 
affects the properties of the sprayed coating. Determining these properties is essential 
since producers do not provide information about them, whereas the given data do 
not always coincide with test results. 

8.1. Granulometric Composition of the Spray Powders  

The course of cumulative decomposition curves and relative decomposition of 
grain density for WC-12Co Amperit powder (Fig. 8.1) illustrates that it is powder 
with a narrow range of granulation utilized in thermal spraying. It is evident having 
analysed the tangent of the cumulative decomposition curve n = 4.07, and the 
following values d10 = 21.59 m, d50 = 31.68 m, and d90 = 43.37 m determining 
granulation of 10, 20, and 90% of the test on the basis of cumulative 
decomposition. The results of the granulometric test showed that the range of grain 
size for this powder does not coincide with the one provided by the producer, i.e. 
15-45 m. This powder has a minute percentage of grains larger than 15 m, i.e. 
3.88% for 18 m and a greater percentage of grains larger than 45 m, i.e. 97.18% 
for 51 m. On the basis of the analysis, grain size ranges from 18 to 55 m.  

The course of cumulative decomposition curves and relative decomposition of 
grain density for WC-12Co Nanox S7412 powder (Fig. 8.2) indicates that it is also 
powder with granulation range utilized in thermal spraying but wider than in the 
case of WC-12Co Amperit powder. It is visible having analysed lower tangent of 
the cumulative decomposition curve n = 2.33, and the following values d10 = 22.70 
m, d50 = 34.52 m, and d90 = 61.28 m determining granulation of 10, 20, and 
90% of the test on the basis of cumulative decomposition. The results of the 
granulometric test showed that the range of grain size for this powder does not 
coincide with the one provided by the producer, i.e. 5-45 m. This powder has 
a minute percentage of grains larger than 5 m, i.e. 5.83% for 21 m and a greater 
percentage of grains larger than 45 m, i.e. 97.79% for 103 m. On the basis of the 
analysis, grain size ranges from 21 to 103 m. 
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FIG. 8.1. Cumulative distribution and density distribution WC-12Co Amperit powder. 
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FIG. 8.2. Cumulative distribution and density distribution WC-12Co Nanox powder. 
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FIG. 8.3. Cumulative distribution and density distribution Fe3O4 Inflox26FE23 powder. 
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FIG. 8.4. Cumulative distribution and density distribution Fe3O4 Nanox26FE23 powder. 
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The course of cumulative decomposition curves and relative decomposition of 
grain density for Fe3O4Inflox26FE23 powder (Fig. 8.3) indicates that it is powder 
with a very wide range of granulation. The tangent of the cumulative 
decomposition curve n = 0.16. The range of granulation takes values from 0.9 to as 
many as 175 m; however, grains of a size smaller than 0.9 m constitute as much 
as 21.09% of the powder.  

The course of cumulative decomposition curves and relative decomposition of 
grain density for Fe3O4Nanox26FE23 powder (Fig. 8.4) illustrates the fact that it is 
powder with a wide range of granulation as well, especially in the case of minute 
grains. It is noticeable having analysed lower tangent of the cumulative 
decomposition curve n = 1.05, and the following values d10 = 1.08 m, d50 = 5.95 
m, and d90 = 17.41 m determining granulation of 10, 20, and 90% of the test on the 
basis of cumulative decomposition. The conclusion to be drawn from the above 
analysis is that this powder has a substantial percentage of minute grains. The 
quantity of grains smaller than 0.9 m is 7.23%, whereas 97.23% are grains smaller 
than 25 m. On the basis of the analysis, grain size ranges from 0.9 to 25 m.  

8.2. Morphology of the Powder Particles 

Powders for thermal spraying can be obtained by diverse technologies; that is 
why, their morphology is heterogeneous. Ball-shaped grains are the most desirable; 
the ball-shape increases its looseness thus facilitating its insertion into the spray 
stream. Moreover, spherical shape permits even heating of the whole grain during 
its dwelling time in the spray stream. 

8.2.1. Morphology of the Amperit 519.074 WC-12Co Powder Particles 

The shape of WC-12Co Amperit powder grains is shown in Figures 8.5a and 
8.5b. The grains are ball-shaped which is typical of powders obtained by 
agglomerating and sintering. A considerable difference in the size of grains is 
noticeable, especially the percentage of minute grains, up to 18 m, which is 
3.88% (Fig. 8.2). Powder producer claims in its description that a single grain is 
composed of tungsten carbide grains which are 1 m. Analyse of the surface of the 
powder grain (Fig. 8.6) confirms this information: grains of tungsten carbide of the 
given size on its surface and in microsections of powder grains (Fig. 8.7a and 
8.7b). Microsections of powder grains exhibit considerable porosity, which is 
supported by linear analysis, i.e. in the places of pore occurrence there is neither 
tungsten nor cobalt.  
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a)                                                                      b)   

 
FIG. 8.5. Morphology of WC-12Co Amperit powder grains: a) magnified 500x, b) magnified 
2000x. 

 

 
FIG. 8.6. Morphology of the surface of WC-12Co Amperit powder grains; magnified 5000x. 

 
 

a)                                                                     b) 

     
FIG. 8.7. Morphology of the cross section of WC-12Co Amperit powder grains: a) magnified 
500x, b) magnified 5000x. 
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                           a) 

 

 

 

 

 

 

 

 

 

                                      b) 
  

FIG. 8.8. Morphology of the cross section of a WC-12Co Amperit powder grain: a) magnified 
2000x, b) linear analysis. 

8.2.2. Morphology of the Nanox WC-12Co Powder Particles 

The shape of the grains WC-12Co Nanox is presented in Figures 8.9a and 
8.9b. The grains are of irregular shape; a part of them is spherical. The structure 
of the grains is typical of the powders formed as a result of agglomeration and 
sintering. Significant diversity in powder grains which could result from the 
analysis of granulometric composition is not apparent; nor is the presence of 
large grains in the obtained powder sample. The producer of the powder in the 
description states that a single grain of the powder is built from wolfram carbide 
sized 100 to 500 nm. The analysis of grain surface (Fig. 8.9c) makes it possible 
to confirm this information, particularly in comparison to the surface of a grain of 
conventional structure (Fig. 8.6c). Tungsten carbide particles sized 100 to 500 
nm are visible on the powder grain surface, however, the accurate definition of 
their size requires analyzing the grain at higher magnification. Significant 
porosity can be seen in the microsection of powder grains (Fig. 8.10a). The linear 
analysis conducted in the site of the dark phase showed high level of cobalt count 
and low level of tungsten count, which indicates the lack of tungsten carbide in 
the analyzed site (Fig. 8.11a and 8.11.b). Therefore, it appears that the dark phase 
is an area were the cobalt wrap is present.  

The conducted analysis of the grain surface of the WC-12Co Nanox powder at 
high magnification (Fig. 8.11a) showed that the grain is built from the WC 
particles of very various shape and size. This diversification is visible in Figure 
8.11b; the tungsten carbide grains comprising the composition of a single powder 
grain measure from several dozen nanometers to one micrometer.  
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a)                                                                     b) 

     
                                    c) 

 
FIG. 8.9. Morphology of WC-12Co Nanox powder grains: a) magnification 500x, b) magnified 
2000x, c) magnified 5000x. 
 
 a)                                                                     b)                                                              

     
FIG. 8.10. Morphology of WC-12Co Nanox powder grains cross-section: a) magnified 
500x, b) magnified 5000x. 
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                     a) 
 
 
 
 
 
 
 
 
                      
 
 
 
 
 
 
                     b) 
 
 
 
 

 
 
 
FIG. 8.11. Morphology of WC-12Co Nanox powder grains cross-section: a) magnified 
2000x, b) linear analysis. 

 
 

 a)                                                                    b) 

    
FIG. 8.12. Morphology of  WC-12Co Nanox powder grains surface: a) magnified 20 000x, 
b) magnified 100 000x. 
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Figure 8.13a illustrates the HAADF picture of WC particle which dimension is 
1 m. Changing contrast within the grain is related to a different orientation of two 
neighbouring grains the size of which is over 500 nm. EDS spectra made from 
points indicated in the HAADF picture point to the occurrence of the WC grain 
with a scarce content of cobalt (Fig. 8.13b).  

  

a)    
 

b)  

FIG. 8.13. WC particle: a) HAADF picture, b) EDS analysis. 

 
Figure 8.14a illustrates the HAADF picture of two WC grains, which 

dimensions are 1 m. The conducted EDS analysis from three places of the first 
grain and from the square surface of the second grain proves the occurrence of WC 
and Co. Quantitative analysis from the square surface pointed out that there is ca. 
3.5% of weight (10.5% of atoms) of Co in WC grain. 
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a) 

 
 

b) 

 
FIG. 8.14. Two WC grains: a) HAADF picture, b) EDS analysis. 
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Figure 8.15 shows the BF picture (Figs. 8.15a and 8.15b) and the SADP picture 
(Fig 8.15c) of the WC grain analysed in Figure 8.14. Point diffraction taken from 
one WC grain is noticeable in the picture of electron diffraction. The diffraction 
was completed with an outstanding adjustment to the hexagonal phase of WC with 
a lattice parameter a = b = 2.9065, c = 8366 Å and orientation [110]. 

 

a)  
 

      b)                                                           c) 

 

FIG. 8.15. WC grains: a) picture in the bright field (BF), b) electron diffraction (SAADF). 

  
Figure 8.16a presents the HAADF picture of two WC grains (size 1 m) and 

the map of decomposition of chemical elements taken from the area marked with 
a rectangle. In the HAADF picture it is noticeable that the size of single grains in 
the elongated grain is 300 nm. It is confirmed by the decomposition of particular 
chemical elements (Fig. 8.16b). In the picture of CoK concentration there are 
minute, several nanometres in size, Co grains homogeneously distributed in the 
WC grain. 

  



8. Properties of the Spray Powders  81 
 

a)  
 

b) 

 

FIG. 8.16. WC grains: a) the HAADF picture, b) map of elements distribution. 

8.2.3. Morphology of the Inflox26FE23 Fe3O4 Powder Particles 

The shape of Fe3O4Inflox26FE23 powder grains is shown in Figure 8.17. 
Some powder grains have a regular spherical shape which is typical of powders 
obtained by agglomerating and sintering. Several spherical grains are damaged and 
have cracks. A huge percentage of fine grains is noticeable, with flake structure, 
which very often adhere to larger spherical grains (Fig. 8.17a). Analysing the 
surface of spherical powder grain (Fig. 8.17b and 8.17c) leads to a statement that 
they are composed of submicrometric and nanometric Fe3O4 grains among which 
there are pores. These grain were formed as result of sintering nanocrystals of 
nanometric size (Fig. 8.17d). Significant amount of pores can be seen in the 
powder cross-section (Fig. 8.18a). Linear analysis (Fig. 8.19a and 8.19b) depicted 
a varied course of calculations for oxygen and iron at different levels, which is 
probably related to the occurrence of micropores among Fe3O4 grains.  
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a) b) 

 
c) d) 

 
FIG. 8.17. Morphology of Fe3O4 Inflox powder grains: a) magnified 1000x, b) magnified 
5000x, c) magnified 150000x, d) magnified 450000x. 

 
a)                                                                             b) 

   
FIG. 8.18. Morphology of the cross section of Fe3O4 Inflox powder grains: a) magnified 
500x, b) magnified 5000x. 
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                 a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
                 b) 

FIG. 8.19. Morphology of the cross section of a Fe3O4 Inflox powder grain: a) magnified 
2000x, b) linear analysis. 

8.2.4. Morphology of the Nanox26FE23 Fe3O4 Powder Particles 

The shape of Fe3O4 Nanox26FE23 powder grains and the morphology of their 
surface are illustrated in Figure 8.20. Some of the grains have irregular spherical 
shape. Powder was obtained as a result of agglomerating and sintering of 
Fe3O4Inflox26FE23 minute grains of diverse size and irregular shapes. There are 
also visible fine grains, of much smaller size (Fig. 8.20a). Analysis of the surface 
of spherical powder grain (Figs. 8.20b,c,d) leads to a statement that they are 
composed of submicrometric Fe3O4 nanocrystal grains. Substantial porosity is 
observable in the microsections of powder grains (Figs. 8.21a and 8.21b). Diverse 
grain composition is visible in the powder grain microsection at a magnification of 
5000x. The conducted linear analysis (Figs. 8.19a and 8.19b) shows quite 
diversified course of calculations for oxygen and iron, which is probably connected 
with the occurrence of micropores among Fe3O4 grains.  

Figure 8.23 illustrates a picture of microstructure of Fe3O4 powder particle in 
the bright field (BF) (Fig. 8.23a), in the dark field (DF) (Fig. 8.23b), and the 
correspondent electron diffraction (SADP) (Fig. 8.23 c). A circle in the diffraction 
picture indicates the positions of the lens diaphragm used to take the picture in the 
dark field. In fact, it gives a picture of crystallites (bright particles with the 
correspondent orientation to two chosen reflections – crystallographic planes). For 
this reason, the size of crystallites can be precisely estimated from the picture in the 
dark field. In this case it is 13 nm ± 3 nm. 
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a) b) 

 
c) d) 

 

FIG. 8.20. Morphology of Fe3O4 Nanox grains: a) magnified 1000x, b) magnified 50000x, 
c) magnified 150000x, d) magnified 450000x. 

    
     

a)                                                                    b)  

   
FIG. 8.21. Morphology of the cross section of Fe3O4 Nanox powder grains: a) magnified 
500x, b) magnified 5000x. 
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        a) 
 
 
 
 
 
 
 
 
       
 
 
 
 
 
 
               b) 
 

FIG. 8.22. Morphology of the cross section of a Fe3O4 Nanox powder grain: a) magnified 
2000x, b) linear analysis. 

  
    a)                                                                   b) 

         
                                        c) 

 

FIG. 8.23. The picture of microstructure of Fe3O4 powder: a) in the bright field (BF), b) in 
the dark field (DF), c) electron diffraction (SADP). 
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The crystallographic structure of powder was determined on the basis of 
electron diffraction. Five most intense diffraction rings were used to conduct the 
analysis (Fig. 8.24). Interplane distances are given in Table 8.1 calculated on the 
basis of diffraction picture and theoretical for iron oxide (Fe3O4) with face-centred 
cubic and lattice parameter a = 8.3958 Å. It can be seen that the values measured 
with utmost precision correspond to the theoretical ones, which proves the 
existence of the Fe3O4 phase with the above-mentioned crystallographic structure. 

  

 
FIG. 8.24. Picture of electron diffraction (SADP) of Fe3O4 powder particle: 1-5 – the most 
intense diffraction rings. 

 
 

TABLE 8.1. Calculated and theoretical values of interplane distances for Fe3O4 

with the RSC structure. 

dhkl – computational, Å dhkl – theoretical, Å hkl 

3.066 2.968 220 

2.597 2.531 311 

2.153 2.099 400 

1.666 1.616 333 

1.527 1.484 440 

 

Figure 8.25a shows the picture of microstructure of Fe3O4 particle powder in 
the bright field and a relevant HAADF picture (Fig. 8.25b), in which contrast is 
“sensitive” to both atomic mass of elements and thickness of the preparation. 
Dark areas correspond to lighter elements. Figure 8.25c presents a model 
spectrum of radiation, typical of the one analysed in point 2, proving the 
occurrence of iron oxide.  
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     a)                                                              b) 

        
 
                        c) 

 
FIG. 8.25. Microstructure of Fe3O4 powder particle: a) in the bright field (BF), b) HAADF 
picture, c) the result of EDX analysis in point 2. 

  
  

 
FIG. 8.26. The picture of microstructure of Fe3O4 powder particle obtained by scanning with 
an electron beam in the HAADF operating mode. 

 
The picture of microstructure of powder particles is obtained by scanning them 

with an electron beam in the HAADF operating mode, in which contrast is 
“sensitive” to atomic mass of elements enabling to obtain a map of their 
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decomposition, is shown in Figure 8.26. In the pictures on the right it is visible that 
particles have high chemical homogeneity, which is proved by signal homogeneity 
(the intensity of the greyness level) both for iron and oxygen. Insignificant 
differences in brightness occurring in the pictures indicate a different thickness of 
the particles (induced stronger signal). Occurrence of any other elements was not 
confirmed.  

8.3. Phase Composition of the Powders 

Examination of phase composition was carried out with the use of the 
diffractometers D500 and D8 Advance of the Bruker Company with Co-K radiation 
of wavelength  = 1.78897 Å. Measurements were carried out for all four applied 
powders. Analysis of WC-12Co Amperit and WC-12Co Nanox showed that they are 
composed of WC and Co and they do not have any other phases (Fig. 8.27).  

 

 
FIG. 8.27. Diffractograms of WC-12Co Amperit (WC12A) and WC-12Co Nanox (WC12N) 
powders made according to the Bregg-Brentano geometry. The positions of lines from the 
identified phases are highlighted in the picture. 

 

Analysis of Fe3O4Inflox and Fe3O4 Nanox indicated that they do not have any 
impurities and are composed merely of pure magnetite (Fig. 8.28). 
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FIG. 8.28. Diffractograms of Fe3O4Inflox (Fe3O4_A) and Fe3O4 Nanox (Fe3O4_N) powders 
according to the Bregg-Brentano geometry. The positions of lines from the identified 
phases are highlighted in the picture. 
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C h a p t e r  9  

Microstructure and Chemical Composition  
of the Coatings 

 
 
 
One of the elementary features of a coating is its microstructure which has 

a significant influence on physico-mechanical properties; therefore, its analysis is 
a key factor in quality assessment of the coating [71, 112].  

Figure 9.1a and b show the microstructure of the supersonically sprayed  
WC-12Co Amperit coating. The pores with diversified shape and size occurring in 
the structure of the coating are observable. Their presence results from incomplete 
filling of the substrate by the particle hitting it. It is an intrinsic feature of all 
thermally sprayed coatings. Tungsten carbides constitute the bright phase on the 
sprayed coating. Its diversely-shaped grains embedded in the cobalt matrix are 
noticeable (Fig. 9.1b). Linear analysis (Fig. 9.1b) illustrates an uneven distribution of 
elements, which is a result of composite-like structure of the WC-12Co coating. The 
analysis of the element contents in the coating enables identifying the presence of 
pores in the coating structure, which, without a thorough analysis of its structure, can 
be classified as a different phase occurring in the coating. In the areas of pore 
occurrence, there is a substantially lower level of cobalt and tungsten. The noticeable 
substantial decrease in tungsten counts together with an increase in cobalt counts 
proves the occurrence of cobalt not a pore in that particular place. The qualitative 
analysis (Fig. 9.3) illustrates the distribution of elements in the coating. 

Figure 9.4a and b present the microstructure of the supersonically sprayed  
WC-12Co Nanox coating. The difference in the shape of tungsten carbide grains is 
visible in both types if the coating, i.e. the nanostructural and conventional one. 
The coating sprayed with powder with a nanostructural composition has a fine-
grained structure to a larger extent, in which nanocrystals are retained. It also 
exhibits a lower level of porosity despite the fact that nanostructural powder has 
a higher percentage of grains with a higher level of granulation. One of the reasons 
of increased porosity of the coating sprayed with conventional powder is greater 
porosity in the microsections of its grains than in the case of nanocrystal powder. 
The linear analysis of the coating bears resemblance to the one of the WC-12Co 
Amperit coating (Figs. 9.5a and 9.5b). In the place of increased tungsten counts, 
there is a decrease in cobalt counts. The distribution of elements in the coating 
(Fig. 9.6) shows a denser and more even distribution of elements than in the case of 
the WC-12Co Amperit coating (Fig. 9.3), which proves much smaller size of 
tungsten carbide grains in the sprayed coating.  

 
 



9. Microstructure and Chemical Composition of the Coatings  91 
a)                                                                    b) 

   
FIG. 9.1. Microstructure of supersonic sprayed WC-12Co Amperit coating: a) magnified 
500x, b) magnified 2000x. 

                            
                          
                 
 
             a) 
 
                             
 
 
 
 
 
 
 
 
 
 
 
 
 
                                  
 
 
                               
            b) 
 
 

FIG. 9.2. Microstructure of supersonic sprayed WC-12Co Amperit coating: a) magnified 
5000x, b) linear analysis. 
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FIG. 9.3. The qualitative analysis of supersonic sprayed WC-12Co Amperit coating 
(magnified 5000x). 

  
 
 

a)                                                                   b) 

   
FIG. 9.4. Microstructure of supersonic sprayed WC-12Co Nanox coating: a) magnified 
500x, b) magnified 2000x. 
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                    a)                       
 
 
 
 
 
              
 
 
 
 
 
 
 
 
 
                   b)                                    
             
 
 
 
 

FIG. 9.5. Microstructure of supersonic sprayed WC-12Co Nanox coating: a) magnified 
5000x, b) linear analysis. 

 

 
FIG. 9.6. The qualitative analysis of supersonic sprayed WC-12Co Nanox coating 
(magnified 5000x). 
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Both the microstructure of two WC grains in the WC-12CoNanox coating in the 
bright field and diffraction correspondent to them are shown in Figure 9.7. The 
grains are surrounded by an amorphous cobalt warp. The size of grains ranges from 
200 to 500 nm. The selected area diffraction pattern is correspondent to the 
hexagonal structure of WC with [102]. Microstructures in the bright field and their 
correspondent electron diffractions from the areas with grains of different content 
of Co are presented in Figure 9.8. In the area of an increased content of Co, there is 
a completely amorphous structure, whereas crystal grains have a hexagonal 
structure of WC.  

 
                  a)                                                   b)     

 
FIG. 9.7. Microstructure of supersonic sprayed WC-12Co Nanox coatings: a) WC grains, 
b) electron diffraction (SADP). 

 

 
FIG. 9.8. Crystal grains of tungsten carbides and amorphous cobalt structure in supersonic 
sprayed microstructure of WC-12Co Nanox coating in the bright field (BF) and connected 
electron diffractions. 
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The microstructure of the WC-12CoNanox coating in the bright field and its 

correspondent HAADF picture are shown in Figures 9.9a and 9.9b. Sample spectra 
of the EDS analysis (Fig. 9.9, points 1, 2, 3 and 4) confirm the presence of tungsten 
carbide and varied contents of Co (Fig. 9.9c). The results of chemical analysis 
showing the differences in the construction of particular grains have been collated 
in Table 9.1.  

a)                                                                             b) 

                      
 

c) 

   
FIG. 9.9. Supersonic sprayed WC-12Co Nanox coating: a) microstructure in the bright field 
(BF), b) HAADF picture of microstructure, c) results of EDX analysis. 

 

TABLE 9.1. Results of chemical analysis of supersonic sprayed WC-12Co Nanox coating. 

Point 
% at.  

W C Co 

1 31.3 13.2 55.5 

2 52.6 47.1 0.3 

3 50.1 49.9 1.0 

4 49.6 40.3 11.1 
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Figures 9.10a and 9.10b also illustrate the microstructure of the WC-12CoNanox 
coating in the bright field and its correspondent HAADF picture of the selected 
fragment of the coating with a visible round grain, being 20 nm in size, inside 
a larger equiaxed grain embedded in an amorphous matrix. Analysis the smaller 
grain led to a conclusion that it is TiN. Sample spectra of the EDS analysis (Fig. 
9.10b, points 1, 2, 3 and 4) confirm the presence of tungsten carbide and varied 
contents of Co and the grain of titanium nitride (Fig. 9.9c).  

 
a)                                                                     b) 

      
 

c) 

 
FIG. 9.10. Supersonic sprayed WC-12Co Nanox coating: a) microstructure in the bright 
field (BF), b) HAADF picture of microstructure, c) results of EDX analysis. 

 
Figures 9.11a,b,c and d illustrates the microstructure of the WC-12CoNanox 

coating in the bright field in varied magnifications of the selected areas of the 
coating. There are all visible types of grains: crystal, amorphous, and circular. 
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  a)                                                                    b) 

        
                                c) 

 
FIG. 9.12. Microstructure of supersonic sprayed Fe3O4 Inflox coating: a) magnified 500x, 
b) magnified 2000x, c) magnified 5000x. 

 

 
FIG. 9.13. The qualitative analysis of supersonic sprayed Fe3O4 Inflox coating (magnified 
5000x). 
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                       a) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                 b) 
 
 
 
 
 
 
 

FIG. 9.14. Microstructure of supersonic sprayed Fe3O4 Inflox coating: a) magnified 2000x, 
b) linear analysis. 

 
Figures 9.15a and 9.15b present the microstructure of the supersonically sprayed 

Fe3O4 Nanox coating. Despite the differences in granulometric distribution of Fe3O4 

Inflox and Fe3O4 Nanox powders, there are no distinct differences in the morphology 
of both coatings. As in the case of the Fe3O4 Inflox coating, one can observe clearly 
noticeable boundaries between slightly distorted powder grains as well as pores (Fig. 
9.15c). On the basis of the linear analysis in the area of adhesion of the Fe3O4 Nanox 
coating to the substrate, it can be concluded that there is no diffusive connection 
between the Fe3O4 Nanox coating and the aluminium substrate, which was also the 
case with the Fe3O4 Inflox coating (Fig. 9.16).  

Figure 9.17 shows equal occurrence of oxygen and iron in the Fe3O4 Nanox 
sprayed coating on the map of element distribution. A dark grain (400 nm in size, 
present in the spherical area with coarse grains and a distinct boundary between 
columnar grains much smaller in sizes) is visible in the picture showing the 
microstructure of the bright phase (Fig. 9.18a). Electron diffraction (Fig. 9.18b) from 
the dark field corresponds to Fe3O4 phase with axial orientation of the strip [411] 
with a considerable accuracy.  
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Figure 9.19a presents the microstructure of Fe3O4 Nanox coating with a boundary 
between the area of columnar nanograins and coarse equiaxed grains, whereas Figure 
9.19b shows the picture of equiaxed grains. HAADF picture of the microstructure 
with a boundary between the area of columnar nanograins and coarse equiaxed 
grains is given in Figure 9.20a. Point chemical analyses of the area (1, 2, 3, and 4) 
show the composition of Fe3O4 Nanox coating (Fig. 9.20b). In all cases there is 
present Fe3O4 and lack of a signal from aluminium.  

 
 

a)                                                                      b)    

      
 
                               c) 

 
FIG. 9.15. Microstructure of supersonic sprayed Fe3O4 Nanox coating: a) magnified 500x, 
b) magnified 2000x, c) magnified 5000x.  
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                   a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                    b) 
 
 
 
 
 
 
 

FIG. 9.16. Microstructure of supersonic sprayed Fe3O4 Nanox coating: a) magnified 5000x, 
b) linear analysis. 

 

 
FIG. 9.17. The qualitative analysis of supersonic sprayed Fe3O4 Nanox coating (magnified 
5000x). 
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The map of element distribution (Fig. 9.26) serves as a confirmation of this fact, 

where in the areas of iron and oxygen occurrence there is lack of tungsten. It can be 
noticed from the course of the linear analysis (Fig. 9.27b) that both the presence 
and the number of counts of iron and oxygen in the tested microstructure (Fig. 
9.27a) coincide, which proves the presence of Fe3O4 in these areas. Simultaneously, 
the number of tungsten counts drops nearly to zero. The picture illustrating the 
microstructure of the gradient nanocomposite coating (Fig. 9.28) is very similar to 
the microstructure of the gradient conventional coating, granulations of the sprayed 
coatings in spite of the fact that their distributions are disparate. The map of 
element distribution (Fig. 9.29) shows that, like in the previous case, there is lack 
of oxygen and iron in the areas of tungsten occurrence. The linear analysis (Fig. 
9.30b) of the researched microstructure (Fig. 9.30a) show the same changes in 
counts like in the case of the gradient conventional coating. 

 
 

 
FIG. 9.26. The qualitative analysis of supersonic sprayed WC-12Co/Fe3O4 conventional 
composite coating (magnified 500x). 
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             a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
             b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 9.27. Microstructure of supersonic sprayed WC-12Co/Fe3O4 conventional composite 
coating: a) magnified 500x, b) linear analysis. 
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a)                                                                    b) 

   
FIG. 9.28. Microstructure of supersonic sprayed WC-12Co/Fe3O4 nanostructured composite 
coating: a) magnified 500x, b) magnified 2000x. 

 
 
 

 
FIG. 9.29. The qualitative analysis of supersonic sprayed WC-12Co/Fe3O4 nanostructured 
composite coating (magnified 500x). 
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              a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
              b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 9.30. Microstructure of supersonic sprayed WC-12Co/Fe3O4 nanostructured composite 
coating: a) magnified 500x, b) linear analysis. 

 



C h a p t e r  1 0  

Phase Composition of the Coatings 
 
 
 
Identifications of phases appearing in the obtained coatings were conducted in 

order to obtain a thorough analysis of the influence of supersonic spraying on the 
properties of coatings apart from investigating the microstructure and chemical 
composition. The study of chemical composition was conducted with Bruker D500 
and D8 Advance diffractometers and filtered radiation of Cu and Co lamps. 
Measurements were done for each of the samples in one selected area on the 
external surface without initial preparations. 

The analysis of WC-12Co Amperit (Fig. 10.1) and WC-12Co Nanox (Fig. 10.2) 
coatings showed only the presence of the WC phase; Co or, possibly, other phases 
obtained as a result of tungsten carbide decomposition do not occur. These phases 
are noticeable in the case of samples of coatings sprayed with the JP5000 system. 
Analysis of WC-12Co Amperit (Fig. 10.3) and WC-12Co Nanox (Fig. 10.4) 
coatings proved the presence of WC and Co, which were also present in both WC-
12Co powders as well as in new phases, namely: W2C, WC1-x and W, which result 
from decomposing WC, which, in turn, is a consequence of the spraying stream 
affecting powder grains. A diffractometric analysis of Fe3O4 Inflox (Fig. 10.5) and 
Fe3O4 Nanox (Fig. 10.6) sprayed coatings showed that the sprayed coatings were 
not subject to any phase alterations, did not have any additional pollutants and are 
composed only of pure magnetite. Sprayed gradient coatings from mixtures of 
conventional and nanostructural powders were also investigated (Figs. 10.7 and 
10.8). In the first case there is lack of Co or Fe3O4 as well as other phases. In the 
second phase only Fe3O4 is present. The diffractograms in Figure 10.9 and Figure 
9.10 refer to the coatings sprayed with a mixture of conventional and 
nanostructural powders. In both cases, apart from WC, no other phases are present. 
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FIG. 10.1. Diffractograms of WC-12Co Amperit(WC-12CoA) coating made according to 
the Bragg-Brentano geometry. The picture shows marked positions of the lines of identified 
phases.  

 
 

 
FIG. 10.2. Diffractograms of WC-12Co Nanox (WC-12CoN) coating made according  to the 
Bragg-Brentano geometry. The picture presents marked positions of the lines of identified 
phases. 
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FIG. 10.3. Diffractograms of WC-12Co Amperit(WC12A) coating made according to the 
Bragg-Brentano geometry. The picture illustrates marked positions of the lines of identified 
phases. 

 

 
FIG. 10.4. Diffractograms of WC-12Co Nanox (WC12N) coating made according to the 
Bragg-Brentano geometry. The picture shows marked positions of the lines of identified 
phases. 
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FIG. 10.5. Diffractograms of Fe3O4Inflox (Fe3O4_A) coating made according to the Bragg-
Brentano geometry. The picture presents marked positions of the lines of identified phases. 

 
 

 
FIG. 10.6. Diffractograms of Fe3O4 Nanox (Fe3O4_N) coating made according to the 
Bragg-Brentano geometry. The picture illustrates marked positions of the lines of identified 
phases. 
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FIG. 10.7. Diffractograms of WC-12Co Amperit/Fe3O4Inflox (A41) gradient coating made 
according to the Bragg-Brentano geometry. The picture shows marked positions of the lines 
of identified phases. 
 
 

 
FIG. 10.8. Diffractograms of WC-12Co Nanox/Fe3O4 Nanox (K41) gradient coating made 
according to the Bragg-Brentano geometry. The picture presents marked positions of the 
lines of identified phases. 
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FIG. 10.9. Diffractograms of WC-12Co Amperit/Fe3O4Inflox (K21) coating made according 
to the Bragg-Brentano geometry. The picture shows marked positions of the lines of 
identified phases. 
 
 

 
FIG. 10.10. Diffractograms of WC-12Co Nanox/Fe3O4 Nanox (K31) coating made 
according to the Bragg-Brentano geometry. The picture illustrates marked positions of the 
lines of identified phases. 
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C h a p t e r  11 

Results of the Taguchi Optimization Experiment 
 
 
 

Results of experiment carried out according to Table 6.3 are presented in Tables 
11.1÷11.12 and in Figures 11.1÷11.6. 
 

TABLE 11.1. Results of Taguchi experiment for friction coefficient tests. 

Experiment Friction coefficient, µ Standard deviation Coefficient SN 

1 0.23 0.02646 12.7273 

2 0.31333 0.02887 10.05536 

3 0.17333 0.02082 15.1808 

4 0.27333 0.02082 11.24939 

5 0.47333 0.05686 6.455074 

6 0.30333 0.02517 10.34171 

7 0.15667 0.02082 16.04965 

8 0.22333 0.01528 13.00741 

9 0.20667 0.01528 13.6788 

 
 

TABLE 11.2. Variance analysis of friction coefficient test results. 

Parameter coefficient S f V = S/f  (%) 

SA 37.4350123 2 18.717506 54.52% 

SB 22.7643095 2 11.382155 33.16% 

SC 1.23157944 2 0.6157897 1.79% 

SD 7.22785402 2 3.613927 10.53% 

Total 68.6587553   100.00% 

 
  



118 Tribological Properties of Composite Coatings Sprayed with a High Velocity Stream 
 
TABLE 11.3. Results of Taguchi experiment for microhardness tests. 

Experiment Microhardness HV0.1 Standard deviation Coefficient SN 

1 765.9 27.4568 57.68903 

2 993.5 18.1123 59.92799 

3 808.3 67.2476 57.92493 

4 848.6 15.371 58.58493 

5 794.1 14.8956 57.94086 

6 959.5 62.4842 59.63773 

7 830.3 11.2945 58.31342 

8 929.4 12.0296 59.35545 

9 887.2 59.3498 58.36486 
 

TABLE 11.4. Variance analysis of microhardness test results. 

Parameter coefficient S f V = S/f  (%) 

SA 0.07167103 2 0.0358355 1.36% 

SB 1.1589895 2 0.5794947 22.05% 

SC 1.50950896 2 0.7547545 28.72% 

SD 2.51589363 2 1.2579468 47.87% 

Total 5.25606312   100.00% 

 

TABLE 11.5. Results of Taguchi experiment for coating wear tests. 

Experiment Coating wear, g Standard deviation Coefficient SN 

1 0.00093 0.00021 60.45757 

2 0.00143 0.00021 56.81241 

3 0.00097 0.00015 60.22276 

4 0.00137 5.8E-05 57.28158 

5 0.00097 0.00012 60.25335 

6 0.00113 0.00015 58.86057 

7 0.00137 0.00015 57.25073 

8 0.00093 0.00015 60.5224 

9 0.00113 0.00015 58.86057 
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TABLE 11.6. Variance analysis of coating wear test results. 

Parameter coefficient S f V = S/f  (%) 

SA 0.22207597 2 0.111038 1.21% 

SB 1.73374803 2 0.866874 9.46% 

SC 8.29544411 2 4.1477221 45.28% 

SD 8.06891567 2 4.0344578 44.04% 

Total 18.3201838   100.00% 

 
 
TABLE 11.7. Results of Taguchi experiment for countersample wear tests. 

Experiment Countersamlpewear, g Standard deviation Coefficient SN 

1 0.00087 0.00012 61.19186 

2 0.00107 0.00015 59.38045 

3 0.00067 0.00015 63.37242 

4 0.00097 5.8E-05 60.28415 

5 0.0008 0.0001 61.8932 

6 0.00097 0.00012 60.25335 

7 0.00113 5.8E-05 58.90534 

8 0.0009 0.0001 60.87955 

9 0.00093 0.00015 60.5224 

 
 
TABLE 11.8. Variance analysis of countersample wear test results. 

Parameter coefficient S f V = S/f  (%) 

SA 2.2258026 2 1.1129013 15.69% 

SB 2.36757927 2 1.1837896 16.69% 

SC 2.6500451 2 1.3250225 18.68% 

SD 6.94600704 2 3.4730035 48.95% 

Total 14.189434   100.00% 
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TABLE 11.9. Results of Taguchi experiment for coating roughness tests. 

Experiment Ra, µm Standard deviation Coefficient SN 

1 0.209 0.02338 14.12581 

2 0.2018 0.05095 13.95421 

3 0.2538 0.01954 11.64297 

4 0.2444 0.06027 13.02442 

5 0.2572 0.04717 12.48657 

6 0.2466 0.05055 11.35794 

7 0.255 0.05211 10.94431 

8 0.2578 0.03383 11.96905 

9 0.2346 0.02373 12.08745 
 

TABLE 11.10. Variance analysis of coating roughness test results 

Parameter coefficient S f V = S/f  (%) 

SA 3.77051028 2 1.8852551 38.27% 

SB 2.24097963 2 1.1204898 22.74% 

SC 2.68889646 2 1.3444482 27.29% 

SD 1.15244165 2 0.5762208 11.70% 

Total 9.85282802   100.00% 

 

TABLE 11.11. Results of Taguchi experiment for coating adhesion tests 

Experiment Adhesion, MPa Standard deviation Coefficient SN 

1 34.3467 2.62407 30.66819 

2 37.09 1.67654 31.3669 

3 33.46 1.11862 30.48057 

4 42.6867 3.96263 32.53115 

5 33.0467 3.8238 30.2556 

6 35.32 3.79237 30.8557 

7 32.7933 2.2646 30.27566 

8 35.6867 3.3395 30.96836 

9 33.0467 3.8238 30.2556 
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TABLE 11.12. Variance analysis of coating adhesion test results. 

Parameter coefficient S f V = S/f  (%) 

SA 0.76597033 2 0.3829852 17.76% 

SB 0.59175439 2 0.2958772 13.72% 

SC 1.64699297 2 0.8234965 38.18% 

SD 1.30878495 2 0.6543925 30.34% 

Total 4.31350264   100.00% 

 
 

 

FIG. 11.1. Influence of spraying parameters on friction coefficient (tribotester “ball on disc”, 
chapter 6.2.3): a) Fe3O4 addition, b) composition of flammable gases, c) spraying distance, 
d) air mass flow. 
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  a)                                                                          b)  

 
FIG. 11.2. Influence of spraying parameters on coating microhardness (hardness tester 
Matuzawa MMT-X3A, chapter 6.2.4): a) Fe3O4 addition, b) composition of flammable 
gases, c) spraying distance, d) air mass flow. 
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 a)                                                                            b) 

 
FIG. 11.3. Influence of spraying parameters on coating wear (analytical balance Denver 
Instrument Company, chapter 6.2.4): a) Fe3O4 addition, b) composition of flammable gases, 
c) spraying distance, d) air mass flow. 
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 a)                                                                            b) 

 
FIG. 11.4. Influence of spraying parameters on countersample wear (analytical balance 
Denver Instrument Company, chapter 6.2.4): a) Fe3O4 addition, b) composition of 
flammable gases, c) spraying distance, d) air mass flow. 
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 a)                                                                            b)  

 
FIG. 11.5. Influence of spraying parameters on coating roughness (device Talysurf 4, 
chapter 6.2.4): a) Fe3O4 addition, b) composition of flammable gases, c) spraying distance, 
d) air mass flow. 
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  a)                                                                            b)  

 
FIG. 11.6. Influence of spraying parameters on coating adhesion (testing machine Instron 
8501, chapter 6.2.6): a) Fe3O4 addition, b) composition of flammable gases, c) spraying 
distance, d) air mass flow. 
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Mechanism of Lubrication  
 
 
 
Lubrication is a critical problem in machine operation as it is strictly related to 

energy losses resulting from friction and wear. Most machines use lubricants in 
a liquid form, but some friction pairs require solid lubricants. These are particularly 
useful when the operating conditions include low or high temperatures, or 
a vacuum. It is important that, by applying a solid lubricant, we are able to simplify 
the friction pair design and reduce its weight. The current research into solid 
lubricants is concerned with theoretical and practical problems, which are varied 
and complex. There is, however, no common general theory of solid lubrication. 
The structural, adsorption, and crystal-chemical approaches, developed in the 
middle of the 19th century, are true only under certain conditions; they do not 
explain the behaviour of solid lubricants in all environments [16, 49, 75, 118, 119]. 
The starting point for further analysis is the assumption that the real surface of 
contact Fr of two mating elements is considerably smaller than the nominal surface 
and can be represented as (12.1): 

Fr = N/pq                                                      (12.1) 

where: N – normal force, pq – unit loads at the interface. 
 
For the metal-metal contact, the friction force T is (12.2): 

T = Frt                                                       (12.2) 

where: t – unit shear stresses necessary to shear the welded areas. 
 
Using the formula for the coefficient of friction, we obtain (12.3); 

 = T/N = Frt / Frpq  = t / pq                                   (12.3) 

From the above relationship it is clear that the coefficient of friction is not 
dependent on the actual surface area of the elements in contact Fr. To reduce the 
coefficient of friction, we need to reduce the unit shear stresses necessary to shear 
the melted areast and increase the unit loads at the interface pq. If an additional 
body with small t, i.e. a solid lubricant, is introduced between the moving 
surfaces, the coefficient of friction decreases. Friction joints with solid lubricants 
are interesting to investigate because it is essential to explain all the processes 
taking place between the moving elements. Particular attention is given to the 
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surface microstructure, its composition, phase distribution and the amount of solid 
lubricant, all having a considerable effect on the coefficient of friction and wear. 
There exists an optimal composition of the composite that ensures the minimum 
values of the coefficient of friction and wear (Fig. 12.1) [71].  

 
FIG. 12.1. Schematic diagram of the relationship between the solid lubricant concentration, 
the solid lubricant film coverage and the coefficient of friction. 

 
Analyzing the surface of the HVOF sprayed coating, we assumed that the 

coating consisted mainly of WC grains in the cobalt matrix and the solid lubricant 
(Fe3O4). At the surface, we had W2C, WC1-x and tungsten phases, which resulted 
from the action of the HVOF spraying stream on the tungsten carbide (WC) grains 
(Fig. 12.2).  

 

 
FIG. 12.2. Model of surface layer of the HVOF spray WC-12Co/Fe3O4 composite coating. 

 
The processes of sliding friction and wear of the HVOF spray WC-12Co/ Fe3O4 

composite coatings were responsible for the formation of grains containing WC, 
W2C, and Fe3O4, WC1-x and tungsten particles. The particles crushed, combined 
and spread in the coating-counter surface system. Their mass (and dimensions) 
were reduced due to the development of shear stresses. The small, very hard WC 
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grains were the most important in the process, as they contributed to the wear of 
the coating and the counter surface. On the surface of the HVOF spray 
nanostructured and conventional coatings, there were ridges forming as a result of 
the action of the worn WC grains (Fig. 12.3). The other grains, i.e. Co and 
particularly Fe3O4, brought about a decrease in the static stresses, and accordingly, 
a decrease in the coefficient of friction and wear. The wear analysis confirmed this 
mechanism of lubrication and wear. 

 
a)                                                                    b) 

   
FIG. 12.3. Morphology of the worn surfaces of WC-12Co coating: a) nanostructured, 
b) conventional. 

 

a)                                                                        b) 

   
FIG. 12.4. Morphology of the worn surfaces of WC-12Co/Fe3O4 coating: a) nanostructured, 
b) conventional. 

 
The counter body pressing against the HVOF spray composite coating caused 

the particles of the solid lubricant, Fe3O4, to fill in the coating pores. The lubricant 
was spread over the tungsten carbide grains and the cobalt matrix. The smooth 
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surface was able to retain the effectiveness of the lubricating layer (Fig. 12.4). Iron 
oxide, Fe3O4, is a material with a lamellar structure in the direction (001). At the 
interface of the coating and the 100Cr6 steel ball (the tests conducted using a ball-
on-disc tribotester), there were layers varying in thickness. The light WC grains 
were grey in colour varying in intensity. When the 100Cr6 steel ball was in contact 
with a larger amount of Fe3O4, the lubricant surface cracked because the yield point 
was exceeded (Fig. 12.4, arrows). There was no trace of spalling of the solid 
lubricant. 

The WC and W2C particles forming during the wear processes were transported 
outside the joint or absorbed by the coating micropores. The thin films of Fe3O4 
forming during friction on the surface of tungsten carbides and the cobalt matrix 
indicated that both the HVOF spray nanostructured and the conventional solid 
lubricants were characterized by high adhesion. The nanostructured and the 
conventional layers were not regular in shape, which was due to their deformations 
at the interface (Fig. 12.5). The lubricant spalling resulted in the formation of flaky 
particles, which were several dozen nanometers in size (Fig. 12.6). There were no 
clear differences between the nanostructured and the conventional solid lubricant 
layers. In the direct area of contact, where the distances between the surfaces were 
small, the nanostructured Fe3O4 films behaved in the same way as the conventional 
ones. The solid lubricant, Fe3O4, well adhered to the tungsten carbide grains in the 
cobalt matrix. The thin, strong layer was oriented in the direction of motion. It can 
be concluded that this type of lubrication best coincides with the structural theory 
of solid lubricants, which assumes the existence of easy slide planes in the 
crystalline structure of the substance acting as a solid lubricant. 

 
 a)                                                                       b) 

   
FIG. 12.5. Morphology of the Fe3O4 films on the WC-12Co coating in contact with the 
100Cr6 steel ball: a) nanostructured, b) conventional. 
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 a)                                                                   b) 

   
FIG. 12.6. Flaky nanometric Fe3O4 particles: a) nanostructured, b) conventional. 

 
While the HVOF spray coating and the counter surface were in contact, the 

coefficient of friction for the area covered with the solid lubricant stabilized. If we 
assume that the predetermined area covered with a film of solid lubricant has no 
ridges, we consider only the effect of adhesion. The friction force can thus be 
expressed as (12.4): 

T = Fmt + Fss                                            (12.4) 

where: Fm – surface area of the elements in contact at the metal−tungsten carbide 
interface; Fs – solid lubricant film coverage; s – stresses shearing the solid 
lubricant; t – unit shear stresses necessary to shear the melted areas. 

If the load N is distributed proportionally over the area of contact, the 
coefficient of friction can be written as (12.5): 

 = mm + ss                                         (12.5) 

where: m – percentage share of the metal-tungsten carbide contact; s – percentage 
share of the solid lubricant film coverage; m – coefficient of friction of the metal-
tungsten carbide interface; s – coefficient of friction of the solid lubricant at the 
interface. 

The above relationship suggests that the coefficient of friction will decrease 
with an increase in the areas of surfaces covered with the lubricating film, which 
results from an increase in the amount of the solid lubricant in the composite. The 
coefficient of friction drops from the maximum value, observed when the metal-
tungsten carbide system is at full contact, to a minimum value, reported at the 
complete solid lubricant film coverage. The self-lubrication of the WC-12Co/Fe3O4 
coating is mainly dependent on the film spreadability, which, in turn, is attributable 
to its strength, adhesion and microstructure. The film may differ in thickness, 
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depending on the contact conditions and the presence of wear products. A thick 
film with a high concentration of a solid lubricant is less wear resistant and more 
prone to deterioration due to local spalling [177]. The film microstructure can be 
significant and depends on the method of introduction of the solid lubricant into the 
friction joint. The presence of nanostructured particles of the solid lubricant in the 
nanostructured coating (Fig. 12.7a) improved the lubrication conditions and the 
wear resistance of the coating [81, 90] (Fig. 12.7b). 

 
a) 

 
 
 

b) 

 
FIG. 12.7. Fe3O4 nanograins in the HVOF spray WC-12Co/Fe3O4 coating (a), model of the 
thermal spray conventional and nanostructured coatings (b). 

 
Another important factor contributing to the correct performance of surfaces in 

contact is the capacity of load bearing through the substrate of the solid lubricant, 
as it conditions effective lubrication. A further increase in the content of the solid 
lubricant after an optimal amount is achieved to ensure complete film coverage 
leads to a decrease in the mechanical properties of the composite. If the substrate 
covered by the lubricating film has no sufficient mechanical properties, the 
coefficient of friction rises and the film deteriorates. 
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If the lubricating film covers the entire surfaces in contact F, the friction force T 
is (12.6): 

T = Fs                                                    (12.6) 

and the coefficient of friction  is expressed as (12.7): 

 = Fs / N                                                (12.7) 

If the normal load is small, then the film surface is only plastically deformed 
and the surface area of the elements in contact F with a metal ball can be expressed 
as (12.8): 

F =  (3Nr/2E’)2/3                                          (12.8) 

where: r – ball radius, E’ – equivalent modulus of elasticity for the lubricating film 
and the steel ball. 

After substituting the relationship (12.8) into formula (12.7), we get (12.9): 

 = s (3r/2E’)2/3 / N1/3                                      (12.9) 

If the plastic deformation occurs under a large load, the contact surface can be 
expressed as (12.10) [130]: 

F = N / H                                                (12.10) 

where: H – composite hardness. 

Substituting the relationship (12.10) into Eq. (12.7) yields (12.11): 

 = s/H                                                 (12.11) 

The relationships (12.8) and (12.10) show that the modulus of elasticity of the 
lubricating film and the hardness of the composite had a considerable effect on the 
film behaviour when under friction conditions. The higher the concentration of the 
solid lubricant, the lower the modulus of elasticity of the lubricating film and the 
lower the hardness of the composite. These properties were responsible for the 
gradual increase in the coefficient of friction, and consequently in the friction 
force, which caused spalling of the lubricating film and an increase in the coating 
wear. Higher mechanical properties of the composite slowed down the wear 
process. Analyzing the images of the WC-12Co composite coating containing 
a solid lubricant, Fe3O4, we can differentiate between stages of changes in the 
coating surface morphology. Before the interaction with the counter body, the solid 
lubricant covered the coating surface, as the lubricant was a component of the 
microstructure formed by HVOF spraying (Fig. 12.8a).  
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FIG. 12.8. Model of formation of the sliding film with Fe3O4 on the HVOF spray WC-
12Co/Fe3O4 coating: a) model of the microstructure of HVOF spray WC-12Co/Fe3O4 

coating, b) surface area of contact between the HVOF spray WC-12Co/Fe3O4 coating and 
the counter surface (100Cr6 steel), c) sliding film with Fe3O4 formed on the surfaces of the 
WC-12Co/Fe3O4 coating and the counter body. 

  
During the first stage of the interaction, the solid lubricant was pressed against by 
the counter body. That caused the lubricant film coverage to increase due to the 
shear and sliding of the subsequent layers; consequently, the lubricant spread 
further over the coating surface (Fig. 12.8b). Once the interaction stabilized, the 
whole surface area of the coating was covered with a thin layer of the solid 
lubricant, Fe3O4, (Fig. 12.8c). That thin layer of Fe3O4 had very good adhesion both 
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to the coating containing tungsten carbide grains in the cobalt matrix and to the 
counter surface. As a result, the layer did not wear out quickly and the interaction 
of the moving surfaces improved. Friction took place mainly between the two 
layers of Fe3O4, where, as mentioned above, there existed planes of easy slides. 
When admissible loads were exceeded, the lubricating film deteriorated locally, 
which led to a direct contact of the hard particles (WC or W2C) with the 
irregularities of the mating surface (Fig. 12.9). Consequently, the hard grains were 
pulled out of the cobalt matrix and transported off the contact area. Simultaneously, 
some more areas containing a solid lubricant were detected; they were used up to 
produce a lubricant layer. According to the concept of boundary lubrication [118], 
the deposition of the very thin layer of a solid lubricant with low s reduces the 
coefficient of friction (12.11). 

 

 
FIG. 12.9. A model of interaction of a composite coating WC-Co/Fe3O4 with a countersample. 

  
The wear resistance of the composite coatings was dependent not only on the 

amount, dimensions and distribution of the solid lubricant but also on the 
development of the wear process. The process, on the other hand, was affected by 
a number of factors such as hardness, microstructure, bonding between the 
lubricant and the matrix, as well as the phase composition, continuity and thickness 
of the lubricating film. 
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Spray Parameters vs. Properties  
of the Composite Coatings 

 
 
 
Table 13.1 shows the relationship between the percentage share of the spray 

parameters (%) and the coating properties, which was determined using the 
Taguchi optimization approach. In Table 13.2, on the other hand, we can find the 
optimal spray parameters for producing composite coatings. 
 

TABLE 13.1. Percentage share of the spray parameters vs. the properties of the composite 
coatings. 

                                           , % 
Coating properties 

, % wt. Fe3O4 , O2/C3H8 d, mm Q, l/min 

Coefficient of friction 54.52% 33.16% 1.79% 10.53% 

Microhardness, HV0.1 1.36% 22.05% 28.72% 47.87% 

Wear of coating, g 1.21% 9.46% 45.28% 44.04% 

Wear of countersample, g 15.69% 16.69% 18.68% 48.95% 

Ra, µm 38.27% 22.74% 27.29% 11.70% 

Adhesion, MPa 17.76% 13.72% 38.18% 30.34% 

 

TABLE 13.2. Optimal spray parameters to achieve the desired property of the coating. 

Spray parameter 

Coating properties 
, % wt. Fe3O4 , O2/C3H8 d, mm Q, l/min 

Coefficient of friction 10% 4.7 200 336 

Microhardness, HV0.1 10% 4.7 200 375 

Wear of coating, g 10% 4.4 200 375 

Wear of countersample, g 15% 4.4 200 375 

Ra, µm 15% 5.0 230 375 

Adhesion, MPa 10% 4.4 200 414 
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As shown in Table 13.1, the coefficient of friction was most affected by the 
content of Fe3O4 (54.52%); microhardness resulted mainly from the air flow rate 
(47.87%); wear was most influenced by the spray distance and the air flow rate 
(45.28% and 44.04%, respectively); the wear of the counter surface was mostly 
dependent on the air flow rate (48.95%); roughness was primarily due to the content 
of Fe3O4 (38.27%); and adhesion was largely a result of the spray distance (38.18%). 
 

TABLE 13.3. Spray parameters used to produce the composite coatings. 

Spray parameters 
, % wag. Fe3O4 , O2/C3H8 d, mm Q, l/min 

10% 4.4 200 375 

 
 

TABLE 13.4. Properties of the sprayed coatings and electroplated chromium coating. 

Coating properties 

Coating 

Nanostructur
al composite 

Conventional 
composite 

WC-12Co 
Nanox 

WC-12Co 
Amperit 

Galvanic 
chrome 

Friction coefficient  0.15±0.02 0.48±0.04 0.26±0.01 0.88±0.02 0.78±0.03 

Microhardness, 
HV0.1 

863±62 892±48 966±36 1229±19 968±16 

Wear of coating, g 0.0011 0.0018 0.0012 0.0019 0.0027 

Wear of 
countersample, g 

0.0009 0.0014 0.0011 0.0011 0.0019 

Ra, µm 0.241±0.21 0.193±0.18 0.060±0.05 0.010±0.04 0.11±0.04 

Adhesion, MPa 34.26±2.67 39.45±3.48 46±4.2 41±3.6 – 

Scuffing resistance, 
N 

1845±145 1793±182 1980±173 1853±207 268±34 

Residua stress, MPa, 
substrate PA6 

-166±8  80±7 166±13 -153±13 – 

Residua stress, MPa,  
substrate C45 

145±10 260±12 261±25 482±55 – 
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The spray parameters were corrected taking into consideration the coefficient of 
friction as well as the minimum wear of the coating and of the counter surface. The 
corrections made to the standard parameters included applying a 10% content of 
Fe3O4 in the mixture and decreasing the oxygen-to-acetylene ratio and the spray 
distance. The air flow rate remained unchanged. The corrected parameters are 
shown in Table 13.3. 

The corrected spray parameters were used to deposit the nanostructured 
composite coatings. The conventional coatings were produced under the same 
conditions. Both types of coatings were tested to determine their coefficient of 
friction, microhardness, wear, wear of the counter surface, roughness, adhesion, 
seizure resistance and residual stresses. The results are given in Table 13.4.  
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Discussion of Results  
 
 
 
The morphology analysis conducted with a JOEL JSM 5400 SEM, an FEI 

Nova™NanoSEM 200 and a Philips CM20 TEM equipped with an EDAX EDX 
system to study the conventional powders (WC-12Co 519.074 and Fe3O4 
Inflox™26FE23) and the nanostructured powders (WC-12Co Nanox™S7412 and 
Fe3O4 Nanox™26FE23) to be deposited by HVOF spraying showed that 
agglomeration and sintering of fine grains were responsible for the formation of the 
materials. The particle morphology analysis and the metallographic analysis 
confirmed these findings. The particle size analysis carried out by means of 
a Sympatec HELOS laser diffraction analyzer indicated that the powders had 
diverse particle size distributions. The WC-12Co Nanox™S7412 powder grains 
contained WC particles ranging in size from several dozen nanometers to one 
micrometer. The Fe3O4 Nanox™26FE23 powder particles contained Fe3O4 
nanocrystals 13 nm ±3 nm in size. The diffraction analysis performed with 
a Bruker D-8 Advance X-ray diffractometer confirmed the phase composition of 
the coating materials. The metallographic analysis of the WC-12Co coatings 
showed that there was a clear difference in the size of tungsten carbide grains 
between the conventional and the nanostructured coatings. The coatings produced 
from the nanostructured powder had a fine-grained nanocrystalline structure. Their 
porosity was lower in spite of the higher amount of larger grains in the 
nanostructured powder. The higher porosity of the conventional coatings was 
probably due to the higher porosity of the powder particles, as shown in the 
metallographic analysis. The microstructure analysis conducted for the WC-12Co 
Nanox coating indicated that the same nanocrystalline grains of tungsten carbide 
were present both in the powder and in the coating. This suggests that the HVOF 
spray process with a relatively low temperature of the stream and a short dwell 
time did not cause the grains to decompose, despite their small size. The effect of 
the hot high-velocity gas stream on the WC-12Co Nanox powder was visible in the 
case of cobalt, which formed many amorphous structures around the 
nanocrystalline tungsten carbide grains. The microstructure analysis of the coatings 
produced from the Fe3O4 Inflox and Fe3O4 Nanox powders showed that, in spite of 
the differences in the particle size distribution, the morphologies of the two 
coatings were fairly similar. In both cases, there were clear boundaries between the 
slightly deformed powder particles and visible pores in the coatings. The TEM 
analysis of the microstructure of the Fe3O4 Nanox coating indicated that there were 
columnar and axially symmetric extended grains, the size of which ranged from 
several dozen to several hundred nanometers. In Figures 9.25 and 9.28, showing 
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the microstructures of the conventional and nanostructured coatings, respectively, 
we can see clear areas of the dark phase, which is the matrix with the spray 
deposited Fe3O4. The element distribution maps obtained for both coatings 
confirmed that tungsten was absent from areas where iron and oxygen were 
present. The linear analysis showed that the number of iron counts coincided with 
that of oxygen counts, which suggested the presence of Fe3O4. Moreover, the total 
number of tungsten counts in those areas dropped nearly to zero. The images of 
both microstructures were similar, which was due to almost the same size of 
particles. The distributions of particles, however, differed. 

The spray parameters were optimized using the Taguchi method. It was 
essential to determine what effect the content of Fe3O4 in the spray mixture, the 
oxygen-to-propane ratio, the spray distance and the air pressure had on the 
properties of the nanostructured composite coating, with the properties including 
the coefficient of friction, microhardness, wear, roughness and adhesion as well as 
the wear of the counter surface. The experimental data were used to correct the 
spray parameters for the nanostructured composite coating. The properties of the 
nanostructured coating were then compared with those of the conventional coating. 
The coefficient of friction reported for the nanostructured coating (μ = 0.15) was 
three times lower than that obtained for the conventional coating (μ = 0.48). The 
wear of the specimens was 0.0011 g and 0.0018 g for the nanostructured and the 
conventional coatings, respectively; the wear of the counter surfaces, on the other 
hand, was 0.0009 g and 0.0014 g, respectively. 

The microhardness of the nanostructured coating was 863 HV, which was less 
than in the case of the conventional coating (892 HV). The adhesion of the 
nanostructured coating to the PA6 alloy was lower; it was 34.26 MPa, while that of 
the conventional coating was 39.45 MPa. The tribological tests conducted with 
a Falex T-09 tester proved that the seizure resistance was  

higher for the nanostructured coating (1845N) than for the conventional coating 
(1793 N). Residual stresses in the nanostructured and the conventional coatings 
were measured using an original “g – sin2” method developed at the AGH 
University of Science and Technology. The macroscopic residual stresses were 166 
MPa and +145 MPa for the nanostructured composite coatings, and +80 MPa and 
+260 MPa for the conventional composite coatings, when deposited on aluminum 
and steel substrates, respectively. The results suggest that the level of residual 
stresses was lower in the nanostructured coatings than in the conventional coatings. 
The HVOF spray composite coatings had lower coefficients of friction than  
WC-12Co coatings without Fe3O4. The roughness of the nanostructured coatings 
was four times higher than that of the coatings produced from the WC-12Co Nanox 
powder; the addition of Fe3O4 Nanox powder had a significant impact on the 
surface topography. Similar results were obtained for the conventional materials; 
the difference, however, was smaller. The wear of the nanostructured coatings was 
reported to be lower than that of the conventional coatings. The nanostructure plays 
a vital role in the wear processes; it makes the nanostructured coatings more 
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resistant to wear. The adhesion of the nanostructured coatings to the PA6 alloy was 
lower than that of the conventional coatings, but its degree was sufficiently high to 
ensure the desired behaviour. Both types of coatings had resistance to seizure at 
approximately the same level; large standard deviations indicated how complex the 
seizure process was.  

The test results showed that, despite their higher microhardness, HVOF spray 
nanostructured composite coatings had better properties than chrome plated 
coatings. It can be concluded that HVOF spray composite coatings may be an 
alternative to chrome plated coatings, the production process of which is 
carcinogenic and should therefore be eliminated. 
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Conclusions 
 
 
 
The following conclusions have been drawn on the basis of conducted analyses 

and experiments: 

1. The process of supersonic spraying enables constituting coatings containing 
a solid lubricant. 

2. Having compared the properties of coatings sprayed with conventional and 
nanostructured powders, it can be inferred that nanocrystal structures have been 
retained in the coating, which, with reference to a coating of conventional 
structure, allow to achieve more favourable tribological properties. 

3. Taking the presented model of friction into consideration, the application of 
nanostructured powders is a favourable set of applying a solid lubricant for the 
coating material. It guarantee the smallest disadvantageous changes of coatings 
properties and at the same time the greatest uniform distribution of solid 
lubricant onto mating surfaces of elements. 

4. A solid lubricant in the form of Fe3O4 has a high level of adhesion to the surface 
of grains of tungsten carbide present in the cobalt groundmass. According to the 
absorption theory, this is a fundamental factor required for the interaction of the 
sliding surfaces. 

5. Very thin layers of Fe3O4 constituting during the friction process are 
correspondent to the theory of solid lubricants assuming the existence of 
facilitated slide surfaces in the crystal structure of a substance being a solid 
lubricant.  

6. Given the diverse and unlimited possibilities of constituting composite coatings 
with the methods of thermal spraying, a research should be conducted in order 
to work out composite coatings containing a solid lubricant destined for friction 
units where they interact with elements containing sprayed coatings. 

7. The field of the conducted research should regard particularly friction units 
interacting in the biological environment with the purpose of implants and also 
interacting at high and low temperatures as well as in vacuum. 

8. The research conducted in the monograph justify further research on composite 
coatings containing a solid lubricant using nanostructured materials. Reports on 
this subject are scarce and nanomaterials are a potentially huge challenge due to 
uncovered possibilities in this aspect. 
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9. Thermally-sprayed nanostructured coatings, unlike conventional coatings 

characterized by a microtopography, possess a fully-formed nanotopography 
on the surface of machine elements. One can assume a hypothesis that such 
surfaces of machine elements have diverse properties (including tribological 
ones), which requires conducting further research on nanotribology. 

10. Thermally-sprayed composite coating can be constituted even from a few 
materials forming a groundmass and a solid lubricant. Researching the 
synergism of components constituting such a coating could enable obtaining 
a coating with higher tribological properties.  

11. Further research concerning corrosion resistance and costs of supersonic 
sprayed nanocomposite coatings should be included in subsequent studies.  
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