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1. Introduction 
 
1.1. HVOF technology 

 
Thermal spray technology encompasses a group of coat-

ing processes that provide functional surfaces to protect or 
improve the performance of a substrate or component. Many 
types and forms of materials can be thermally sprayed – 
which is why thermal spraying is used worldwide to provide 
protection from corrosion, wear, and heat; to restore and re-
pair components; and for a variety of other applications. 
HVOF (High Velocity Oxygen Fuel spray) spray technology 
uses a high velocity spraying of the flame. This method was 
developed most of all for spraying of the cermets coatings. It 
is based on the special torch design where the combustion 
products (oxygen and kerosene) rapidly expand in the nozzle-
end and consequently come to the dramatic acceleration. The 
powder of coated material, injected to the flame, reaches 
a supersonic velocity. The combustion is also accomplished 
by the heating for melting of the incomings powder. The 
melted powder particles impinge on the grit-blasting substrate 
and create the coating. Schematic picture of HVOF spraying 
is described in Fig. 1. With HVOF technology the coatings 
with a high adhesion, cohesion and density, with a low oxides 
and pores contents are created. The main advantage of HVOF 
technology is the deposition of cermets coatings with the 
hardness about 5566 HRC that are used for the most de-
manding applications2. 

 
1.2. WC-Co coating 

 
In the WC-Co sprayed coatings there are carbides ho-

mogenously distributed in the coatings without mutual touch. 
That is influenced by the high part of cobalt in this sprayed 
system (1217 % Co) and by the loss of the WC particles or 
by their dissolution in the cobalt during the spraying. In com-
parison with the basic powder material, the changes in the 
coatings composition appear due to the spraying process. The 
main cause is the decarburization, in other words the carbon 
elimination. A high flame temperature of the applied fuel 
increases the carbon loss during the spray process10. During 
this process one part of WC is diffusing to W2C and W while 
generating CO and CO2. 

After oxidation the process continues with W and C 
dissolution in cobalt. The particles impacting the substrate 
become cold very fast and the matrix solidifies in the amor-
phous or in the fine-grinded form like a supersaturated solid 
solution from which can precipitate W and other phases 
(brittle η phases Co3W3C, Co6W6C). The decarburization and 
arising of the brittle phases is undesirable because they de-
crease the ductility of Co matrix and the cermet losses its 
excellent properties – combination of the hard phase in the 
ductile basis2,3. 

For the creating of coatings with definite desired proper-
ties it is important to spray at optimal conditions. The most 
important spray conditions are the equivalent ratio (relation 
between oxygen and kerosene), the pressure in the combus-
tion chamber, and the deposition distance. The next important 
spray condition is the angle of spraying. The stream of spray 
particles should impact the target surface as close to normal 
(deposition angle 90°) as possible. It is mentioned that the 
decreasing deposition angle is followed by the decrease of the 
coating properties like the bond strength and the coating cohe-
sion and increase of the coating porosity. Particle impacting at 
angles of less than 90° creates a shadowing effect that results 
in increasing of the coating porosity1. 

 
 

2. Experiment 
 
The WC-Co powder is documented in Fig. 2. The initial 

powder for spraying is agglomerated and sintered with chemi-
cal composition 83 % WC and 17 % Co and its grain size is 
1545 m. The powder particles are spherical and the WC 
grains (white areas) are uniform distributed in the cobalt 
phase (grey areas). Inside of the particles are visible pores, the 
dark areas in the SEM picture. The material of this powder 
was sprayed in five different deposition angles: 90°, 75°, 60°, 
45° and 30° on the steels substrate. The substrate material was 

ANGLE OF SPRAYING AND MECHANICAL PROPERTIES OF WC-Co COATINGS 
PREPARED BY HVOF SPRAY TECHNOLOGY 

Fig. 1. The scheme of HVOF spray technology 
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the steel ČSN 11 373. The substrate surface was before spray-
ing cleaned and roughened by grit-blasting for a good coating 
adhesion to the substrate. The grit-blasted medium was brown 
corundum in average size 1 mm. 

The optimized spraying parameters are the standard 
parameters used in ŠKODA VÝZKUM Ltd. Plzeň. On such 
prepared samples were measured several mechanical proper-
ties. The microhardness, indentation fracture toughness (IFT) 
and coating microstructure were investigated. 

  
 
 
 
 
 
 
 
 
 
 
 

LEM theory:  KIC=0,0134 (L/c3/2) (E/H)1/2         ref.5   
LS theory: KIC=0,0101 L/(ac1/2)        ref.6 
EC theory: KIC=0,0824 L/c3/2        ref.7 
LF theory: KIC=0,0515 L/(c3/2)        ref.8 
 
Here is a –  ½ of the diagonal length [m], c – fracture length  
+ a [m], E/H – materials constant  [–], KIC – fracture tough-
ness [MPa m1/2] 
 

The microhardness HV0.3 was measured on the coating 
cross sections by LECO DM-400A Hardness Tester. The used 
load was 300 g and the indentation time was 10 s. Altogether 
there were prepared 10 indentations. The lengths of diagonals 
were measured and then calculated for an average value. In 
the accordance with the Standard ČSN EN ISO 6507-4 (ref.4) 
the microhardness value was determined from the diagonal 
length. 

The indentation fracture toughness was determined by 
the help of the Scratch Tester “Revetest” in the Academy of 
Science in Plzeň. In the cross sections were prepared 10 in-
dentations by the Vickers diamonds indenter. The load was 

selected in such manner in order to be possible to obtain 
cracks which start from the corners of the indents, Fig. 3. 
WC-Co cermet is very hard and tough therefore it was neces-
sary to use a load of 200 N for crack creation. After these 
cracks were measured we determined the IFT values by using 
the four models below.  

Microhardness and fracture toughness were evaluated on 
the cross sections of the samples. For sections preparation was 
used standard method for metallography preparation of hard 
metals9. 

 
 

3. Results 
 
3.1. Coatings microhardness 

  
Results of microhardness testing are summarized in the 

Tab. I. For WC-Co coatings the typical high microhardness 
also corresponds to their high resistance against several wear 
conditions. As seen in the Tab. I and in Fig. 4, the microhard-
ness has the tendency to decrease with lower deposition angle. 
For deposition angles 30° and 45° we noticed the lowest val-
ues and then it is seen an increase up to the deposition angle 
90° where the microhardness is the highest. The microhard-
ness variance between deposition angles 90° and 30° is of 
a significant value 145 HV0.3. 

 
3.2. Indentation fracture toughness and microstructure 

 
Thermally sprayed coatings show a strong anisotropy 

due to their lamellar structure. Because of that the lengths of 
cracks differ significantly in parallel and perpendicular direc-
tion with respect to coatings surface11. In this experiment 
there were measured only parallel cracks, Fig. 5. As shown in 
the picture, the cracks spread parallel through the coatings 
from the corner of the indent. 

The lengths of the cracks were specific to each deposi-
tion angle. For lower deposition angles the cracks were longer 
and wider. Also the indents size was different for the different 
deposition angles. The coatings prepared with the lower depo-
sitions angles showed a lower indents size. That is among 
others obvious from the results of microhardness.  

The results of the indentation fracture toughness (IFT) 
for all used models are contained in Tab. II below. In Fig. 6 it 
is recorded an evident effect of deposition angle on IFT. The 
IFT values that are calculated according to models58 differ 
significantly, but they have a similar tendency. The deposition 

Fig. 2. SEM picture of the WC-Co powder, left: the powder sur-
face, right: the powder cross section; the hell areas – carbides 
WC, the grey areas – Co matrix, dark areas – pores 

Fig. 3. Evaluation of the fracture toughness  

Deposition angle Microhardness 
HV0.3 

Standard  deviation 
[±] 

30° 1145 100 
45° 1134 80 
60° 1238 90 
75° 1291 70 
90° 1319 110 

Table I 
List of microhardness values 
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angle definitely influences the IFT. The trend of IFT changes 
is similar to the changes of microhardness. With the decreas-
ing deposition angle decreases the indentation fracture tough-
ness of the coatings. One disagreement in this trend of IFT 
measuring is only for deposition angle 60° and 75° where the 
IFT values are identical. 

The fracture strength of WC-Co cermet depends mainly 
on the carbides grain contents and carbide grain size in the 
coating and further also on the amount of Co-binder phase. 
For WC-Co system exists an optimal carbide grain size and 
free path of cobalt binder where occurs the highest fracture 
strength12. During HVOF spray process the decarburization 
which leads to the carbides loss might occur together proba-
bly with the carbide loss provoked by melted particle impact 
on the substrate. When the melted particle impinges the sub-
strate with the high velocity it could occur a disadvantageous 

effect of some hard WC grains ejecting from the melted co-
balt matrix. This undesirable effect could be higher when the 
deposition angle decreases and the particles impinge on the 
substrate in oblique direction. This assumption could explain 
why the IFT value decreases with decreased deposition angle. 

The coatings cross sections show several differences in 
the microstructure. All coatings are dense without cracks and 
presence of oxides. The boundary between individual splats 
(impinged melted particles) is not identifiable and the adhe-
sion to the substrate seems to be good. The coatings sprayed 
under the angles 75° and 90° show uniform carbides distribu-
tion and the pores content is low and nearly identical. The 
pores are small and spherical. The coatings sprayed under 60° 
and lowers contents more porosity in particular the coating 
sprayed under the angle 45°. Increase of coatings porosity can 
tend to decrease coating cohesion and fracture strength. 

 
 

4. Conclusion 
 
 The experimental results described in this paper show 

that the deposition angle in the HVOF spray process plays an 
essential role for the resulting coating properties. The coating 
sprayed with 90° deposition angle shows the best mechanical 
properties. 

 The coating microhardness and indentation fracture 
toughness decrease with the decreasing of the deposition an-
gle. This deterioration of mechanical coatings properties is 
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Fig. 4. Dependence of the microhardness on the deposition angle 

Fig. 5. Measurements of indentation fracture toughness, a) cracks 
in the coating sprayed under 90°, b) cracks in the coating sprayed 
under 30° 

a 
 
 
 
 
 
 
 
 
 
 
b 

Table II 
Summary of IFT values  

[o] Indentation fracture toughness 
IFT 

 [MPa m1/2] 

Standard deviation 
[MPa m1/2] 

LEM LS EC LF LEM LS EC LF 

30 0.75 0.62 1.1 0.68 0.07 0.05 0.1 0.07 

45 0.87 0.72 1.3 0.78 0.30 0.10 0.4 0.20 

60 1.00 0.84 1.5 0.91 0.20 0.10 0.3 0.20 

75 0.98 0.83 1.4 0.88 0.30 0.20 0.4 0.30 

90 1.20 0.93 1.8 1.10 0.4 0.20 0.7 0.40 
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Fig. 6. Effect of deposition angle on the indentation fracture 
toughness 
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probably affected by WC grain loss in the coatings that are 
sprayed by lower deposition angle than 90°. Further effect 
could be assigned to coatings porosity rise and to cohesion 
loss in the coatings that are sprayed with the lower deposition 
angles. 

 
The article was prepared thanks to the project of Ministry of 
Education, Youth and Physical Training of the Czech Repub-
lic MSM4771868401. 
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M. Kašparová, F. Zahálka, and Š. Houdková (ŠKODA 

VÝZKUM Ltd., Plzeň, Czech Republic): Angle of Spraying 
and Mechanical Properties of WC-Co Coatings Prepared 
by HVOF Spray Technology 

 
Thermal spraying is the effective technology that pro-

duces the coatings from 50 m to several millimeters in the 
thickness. In this paper the HVOF spray technology is dis-
cussed. This technology for its typical properties is most of all 
used for forming cermets coatings. WC-Co cermets coating 
was tested and its mechanical properties were studied. WC-
Co coatings were sprayed with five different angles (90°, 75°, 
60°, 45° and 30°). The deposition angle is very important for 
resulting coating properties. The deposition angle influences 
most of all bond strength, coating cohesion and porosity of 
the coating. From this case the different properties for the five 
different deposition angles were expected.  We directed our 
attention at the hardness measurements and indentation frac-
ture toughness (IFT) measurements. The results of microhard-
ness and IFT indicate on mechanical material properties in the 
influence of the deposition angle. 

 
 
 
 

 


