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The aim of this study is to present the development of the hybrid method, and its possible applications, advantages and limitations. The new elaborated method of spraying can be
applied for the production of coatings working in an aggressive environment. In the paper, the
corrosion-erosion resistance of coatings obtained by the hybrid method is presented. The structure and chemical composition of coatings are obtained by the scanning electron microscopy
(SEM). The made samples were subject to cyclic corrosion test in air and at high temperature
of 650 C. The changes in mass of samples in time were measured and the curve of the course
of corrosion processes was speciﬁed. In this paper, the results of abrasion test on T07 stand
and erosion tests under a load of 200 g in ambient and elevated temperature are presented.
The presented results conﬁrm the correctness of chosen parameters of a new, elaborated and
innovative hybrid method.
Key words: hybrid method, spraying system, coatings.

1. Introduction
The classical, ultrasonic thermal spraying of coatings is widely used to coat
the critical wear parts, such as: chassis, bearing, valves and turbines and their
components. The process is characterized by very high deposition rate, of about
[1–4]:
• 70% at a ﬂow rate of powder of 7.2 kg/harmat ,
• 12 kg/h of fuel gas with a liquid fuel gun.
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The porosity of the obtained coating by the high velocity oxygen fuel (HVOF)
system is a few percent. The coating is characterized by a very good adhesion to
the substrate –approximately 60 to 80 MPa and low oxygen content – between
0.5 to a few percent [4].
Currently, the ultrasonic spraying methods are being developed in two basic
directions (Tables 1 and 2):
1. The ﬁrst direction is the reduction the spraying process time. The diameter
modiﬁcation of gun ensures the acceleration of particles in the gas stream
and increases the eﬃciency of the process, for example, the HVAF method.
This problem is well described in the literature [1–5].
2. The second direction is the reduction of the thermal stress generated in
a coating during the spraying process (Table 2).
In this regard, the following technologies can be identiﬁed [6–11]:
a) cold spraying methods, for example: cold gas dynamic spray method
(CGDM) in which the kinetic energy, i.e., the speed of the particles
Table 1. Modiﬁcation of ultrasonic gun and the selected obtained structure of coatings [4–9].
Process type

View on the gun

Selected structure

Literature

High Velocity
– E-Gun Spraying

[4, 5]

High Velocity
Air Fuel
(HVAF)

[6, 7]

High Velocity
Oxygen Fuel
(HVOF)

[8, 9]
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Table 2. Modiﬁcations of the ultrasonic methods to decrease the temperature of coating [4–7].
Process type

View on the gun

Selected structure

Literature

Cold spray

[4, 5]

Cryogenic spray

[6, 7]

is increased while the thermal energy is reduced. Thus, it becomes
possible to obtain nearly oxygen-free coatings,
b) the thermal spray technology with cryogenic cooling presented and
patented in the United States of America, which uses a cryogenic
liquid as the medium of the cooling system in the thermal spray
process,
c) the hybrid method – using equipment in the form of newly constructed cooling nozzles of a micro-jet type. The nozzles enable the
precise and selective cooling of coating with stream of selected gases
immediately after spraying. The micro-jet nozzles are patented in
Poland.
The hybrid spraying technology is one of the innovative methods of thermal
spraying. The advantage of this method is the ability to control the spraying
structure of coating with a precise and selective cooling of the surface immediately after spraying. The construction of micro-injector gives the possibility
of a modiﬁcation of the classical spraying or welding methods, because it is
compatible with these systems. The developed hybrid method with the forced
selective cooling is characterized by high intensity of heat transfer produced by
obtaining a very high coeﬃcient of heat exchange between the applied coating
and micro-streams of cooling ﬂuid. So far, this method has not been completely
described in the literature [12].
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Therefore, the main aim of this article is to present the development of the
hybrid method, and its possible applications, advantages and limitations. In
the article, the selected results of tested coatings obtained by the innovative
hybrid method are presented. For the preliminary ﬁndings of the process, the
compressed air is used as the cooling medium with the micro-injector. It is most
comparable to the classical HVOF process. The other gases, like nitrogen (N2 )
and helium (He2 ), are used in the hybrid spraying process.
2. Hybrid method – development
During the thermal spraying of coating, the molten metal, composite or ceramic particles are sprayed with a gun on the part of the construction materials
or equipment. Thermal kinetic energy required to melt the powder and acceleration of molten material in the gas in order to deposit the particles on the
surface landing require considerable heat input (Fig. 1).

Fig. 1. Building a full coating of a desired thickness: 1 – heat source (arc, ﬂame), 2 – speeding
up particles, 3 – oxide coating, 4 – blowing particles into the ground, 5 – non- molten particles,
6 – pores, 7 – oxide layers, 8 – base material, 9 – surface roughness, 10 – transition zone in the
coating layered, 11 – transition zone between the coating.

Building a full coating of a desired thickness requires repeating the spraying
process (Fig. 2). This means that the thermal energy is supplied during the
spraying process. This is the critical point of the process. This energy can lead
to an overheating of both the coating and the substrate, and to the formation of
thermal stresses in the coating. The latter is the cause of cracks and delamination of coatings during their exploitation. Therefore, the speciﬁc heat removal,
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Fig. 2. Injector of cooling system in welding process [14].

immediately after the spray coating, should protect against an excessive accumulation of thermal stress. The literature data and the results of experimental
studies of the material structure obtained by a micro-injector cooling process
showed the positive impact of a new nozzle design for the heat removal immediately after the welding process. The nozzle (Fig. 2) was developed and patented
in 2011. Until now, the micro-injector has been used only in welding processes.
This solution is widely described in the literature, e.g., the national and international research publications of a Polish team from the Bialystok University
of Technology, and the Silesian University of Technology in collaboration with
industry [14–16].
The proposed solution is novel, and the presented results clearly indicate the
advisability of the use of such equipment on a production scale. Therefore, the
team undertook the investigations on the adaptation of the new solution for the
thermal spraying methods.
The concept of hybrid spraying process is presented in Fig. 3.

Fig. 3. Idea of hybrid spraying process.
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This scheme is based on the assumption that the use of the selective and very
precise method of cooling after spraying prevents an overheating of the coating
and signiﬁcantly reduces the transition times between stitches.
In this process, the use of suitable cooling medium will achieve the desired
coating structure in a shorter time. It is also expected that it will reduce time
and energy during the process.
In addition, it is assumed that
• properly designed nozzle must have compatibility with conventional methods of thermal spray coatings,
• the construction of a nozzle and cooling medium will eﬃciently reduce the
heat energy supplied to the surface of the coating during the spray process
– HVOF type,
• the nozzle allows for the preparation of supersonic ﬁnely dispersed, compact structure with a relatively low porosity, good adhesion to the substrate and a suitable density.
It was considered that the most important parameters in the cooling process
are: the diameter of the stream, the distance and angle of the injector with
respect to the surface being sprayed and spray gun, feed rate and the type and
pressure of the cooling medium.
Initial studies showed diﬃculties in adjusting micro-streams of the cooling
gas to the bundle of 4–5 cm, required for the process of spraying. Furthermore, it was found that the use of several injectors, one after another, complicated the process. Too intense cooling initiates longitudinal cracks of coatings [12].
Currently, the newly developed types of nozzles with appropriately designed
membrane allow the generation of stream and adapting it to the type of spraying
material. The developed new design of cooling-injectors will be the subject of
a patent.
3. The concept of material and technology
The material – technology concept takes into account that during the spraying of powder materials or wire by the hybrid method, the parameters of the
process can be chosen and changed. The parameters combination gives the practical possibility to control the obtained coating structure and thus determines
the properties of material.
It was assumed that the cooling stream sprayed immediately on the surface
of coating can lower the thermal stress in the coat, and the obtained structure
will be characterized by: ﬁne-dispersive, high density, low porosity, and very
good utility properties such as: corrosion and erosion resistance. The proper-
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ties should be better than the properties of comparable coatings obtained by
standard thermal spraying methods.
The gases like air and nitrogen were chosen as a cooling medium in the hybrid
process. The oxygen, as a cooling gas, is the most comparable to the classical
process of ultrasonic spraying method – HVOF. The nitrogen was the main
cooling medium in the process of thermal spraying and welding with cryogenic
cooling process. According to the literature data, it was found that nitrogen
gas should protect the coating against excessive oxidation during the process
[2, 10]. This is characterized by absence of the oxidation potential. Therefore,
to produce coatings with a high resistance to wear, nitrogen was selected as
the cooling medium. The cooling streams are formed inside the injector. The
construction of the injector is modeled on the design of micro-injector to welding process, but the new design allows forming the beam with a diameter of
a few centimeters. This new design is connected with a gun to thermal spraying.
The materials used in the research were thermally sprayed nickel-chromium
coatings obtained by the HVOF method and the hybrid method. The coatings
were sprayed on the corrosion resistant steel. The distance between the surface
and the gun was about 25 cm. The samples of the corrosion test had the design
of rollers, so that the entire surface was protected by the obtained coating. The
second part of samples was sprayed on the sheets and this part was used in the
erosion and abrasion tests.
4. Methods, results and discussion
The presented results of selected studies are aimed to demonstrate the possibilities of the new hybrid method in the area of the control structure of the deposited coatings. The obtained structure of coatings is analyzed by optics (LM)
and scanning electron microscope (SEM). The obtained results allow to conclude that the coatings are characterized by a high structure quality (appropriate density, compactness, very low (1–2%) porosity, uniformity and homogeneity
throughout the volume) (Table 3). The chemical composition is comparable for
all the studied materials.
The micro-hardness and the thickness of the coatings are measured on the
TH170 micro-hardness tester and thickness gauge (Table 4). A higher microhardness characterized the coatings after the hybrid process. It can be assumed
that small amounts of hard nitrides appeared in the structure of the obtained
coating.
This hypothesis is not conﬁrmed by the research results obtained with a scanning microscopy (Table 3). The chemical composition was comparable for all the
studied materials and the nitrides were not detected.
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Table 3. Microstructure and chemical composition of obtained coating in HVOF and hybrid
process.
Process type

Selected structure

Chemical composition

High velocity
oxygen fuel

Hybrid method

Table 4. Micro-hardness and thickness of coatings.
Process type

Thickness of coating

Micro hardness of coating

High velocity oxygen fuel

460 µm

1330 mHV300

Hybrid method

550 mm

1450 mHV300

The prepared samples are subjected to cyclic oxidation test at 650 C on the
research stand presented in Fig. 4. Kinetics of corrosion process, presented in

Fig. 4. Research corrosion stand.

A NOVEL HYBRID SPRAYING METHOD. . .

481

Table 5, were analyzed through an analysis of the weight of growing scale after
24, 48, 72, . . . , 500 hours of exposition time.
Table 5. Results of oxidation test in elevated temperature.
Corrosion resistance in test conditions:
air, temperature 650 C, 500 hours, mass change as a function of heating time [g/m2 ]
Linear
Description rate law
MI

Parabolic
rate law
(MF – MI

q

MF – mass
ﬁnish [g/m2 ]

S1

25.8554

159.87

185.7256

S2

50.8979

159.939

210.8369

S1A40

38.2761

122.895

161.1710

S2A40

87.7575

74.8761

162.6336

Curves of mass change
as a function of heating time

The analysis of curves leads to the conclusion that for each tested coating,
after an initial period of rapid weight growth, the stabilization period of oxidation is registered. This period is compatible with the parabolic rate law of
oxidation.
Therefore, the reaction rate constant (kp ), was calculated from the parabolic
law [13]:



(4.1)

∆m
A

n

 kp  t

C,

where n = 2, ∆m –the mass increment after exposure time, C – free parameter
(correlated with the initial, non-parabolic rate law), and A – surface area for
the cylinder samples calculated from:
(4.2)

A  2π

d2
4

πdh,

where d – diameter of sample and h – height of sample.
The reaction rate constants were calculated only for the stability period of
the oxidation process. The average value of the kp parameter for the HVOF is
about 1.42  1010 and for hybrid sprayed coatings is about 5.75  1011 (Table 6).
The results conﬁrm the high heat resistance of all the studied materials.
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Table 6. Calculated value of the kp reaction rate constants.
Process type

kp for the stability period
1.41992  1010
1.4214  1010
8.38064  1011
3.1146  1011

High velocity oxygen fuel
Hybrid method

Average value of kp
1.42053 1010



5.75266 1011



Next, the selected tribological properties of the obtained coatings are determined. The results of abrasion test on T07 stand (Fig. 2) and erosion tests
under load 200 g in ambient and elevated temperature are presented in Tables 7
and 8.
Table 7. Results of erosion test in ambient temperature.
Erosion wear in ambient temperature [g]

Temperature 20 C, rotation 600
Sample
S1

Temperature 20 C, rotation 900

m1 [g]
m2 [g]
mI [g]
m3 [g]
mII [g]
(before test) (after 1st test) (m1 m2 ) (after 2nd test) (m2 m3
30.78016
30.76778
0.01238
30.69803
0.06975



 q

∆m [g]
(mI mII )
0,08213

S2

27.86069

27.84689

0.0138

27.7625

0.08439

0.09819

S1A40

28.40018

28.38848

0.0117

28.34621

0.04227

0.05397

S2A40

30.6617

30.6498

0.0119

30.62525

0.02455

0.03645

Table 8. Results of abrasion and erosion test in elevated temperature.
Abrasion wear [g]

Erosion wear [g]

Temperature 20 C, rotation 600

Temperature 650 C, rotation 900

m2 [g]
(after 1st test)
34.47385

mI [g]
(m1 m2 )
0.05345

m1 [g]

m2 [g]

S1

m1 [g]
(before test)
34.5273

51.5231

51.5741

∆m [g]
(m2 m1 )
0.0510

S2

34.5499

34.49969

0.05021

51.5879

51.6404

0.0525

S1A40

34.8360

34.0265

0.04905

50.3966

50.4426

0.0460

S2A40

34.4633

34.41743

0.04587

50.3745

50.4191

0.0446

Sample





5. Conclusion
This study conﬁrms that the presented technology allows to obtain the desired structures of coating, which indicates the correct implementation of the
spraying process. The structure of coating obtained by the hybrid method is
comparable to the HVOF structure obtained with the same powder materials.
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The obtained structure is ﬁnely dispersive, and with low porosity, good density and good adhesion to the substrate. The results conﬁrm correctly selected
parameters of the hybrid spraying process. The samples sprayed by the hybrid
method were obtained in a shorter time than the samples coated by a conventional ultrasonic process. The consumptions of powder materials and energy
were also lower by about 25%. The results must be conﬁrmed in the future research. The presented results of the oxidation test show that the hybrid sprayed
samples had better properties of corrosion resistance in elevated temperature
in comparison to the samples sprayed using the HVOV method. The registered
curves follow the parabolic rate law in the test conditions (650 C, time 1000 h,
air). The erosion and abrasion test conﬁrm good properties of all studied materials, and they show slightly better erosion resistance of the hybrid sprayed
coatings as compared to the HVOF coatings. The results were obtained within
the statistic range of error.
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