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Abstract. The object of the investigation is characterising the wear and wear resistance of composite
powder coatings, deposited by supersonic flame stream (i.e. High Velocity Oxygen-Fuel (HVOF)
spraying). Two groups of coatings have been obtained — powder composites of tungsten and nickel
matrices, whereupon each group includes coatings having different sizes of the powder particles. The
coatings have been tested in two cases — during abrasion and erosion. The research work consists
of two parts. The first part represents the results on the characteristics of wear during dry friction
on the surface with fixed attached abrasive particles. Results are presented here on the wearing of
the coatings under the effect of air stream, carrying solid abrasive particles (erosion wear), more
specifically — mass erosion wear, erosion rate, erosion intensity, absolute and relative wear resistance
under identical conditions of erosion of the coatings. It has been found out that upon increasing the
size of the particles 4 times from 11 to 45 pm in the case of coatings with tungsten matrix the wear
resistance grows up 2.1 times, while in the case of coatings with nickel matrix the growth of the ero-
sion resistance is insignificant — 1.2 times. The comparative results on the wear of the tested coatings
during abrasion and erosion show different tendencies in the influence of the sizes on the wear and
wear resistance. The abrasive wear resistance of the two kinds of coatings is greater in the case of
smaller sizes of the powder particles. The same coatings in the case of erosion possess lower wear
resistance, i.e. lower resistant ability under the impact effect of the abrasive particles in the air stream.
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AIMS AND BACKGROUND

The green tribology is a new interdisciplinary scientific research direction within
the functional space of the tribology, directed to stable development of the society
in its coexistence with the nature and the environment. The green tribology gained
popularity among the thousands of tribologists around the world and it became
a substantial part of the organisational activity of the International Council on
Tribology since the beginning of the 21st century. Some researchers define the
term ‘green tribology’ as ‘the science and technology of tribology aspects of the
ecological equilibrium’. In its popular type it is connected basically with the as-
piration to minimise the pollution of the environment and the risks for the health
by using lubricating materials, techniques and technologies, connected with the
reduction of friction and wear degree'~.

The central purpose of the green tribology is focused on the improvement of
the quality of life of mankind by means of optimisation of its contact interaction
with the nature. It is connected with carrying out a complex of investigations and
elaboration of interdisciplinary technologies, which guarantee functionality, ef-
fectiveness and stable development of the system ‘society-environment’' .

The most often applied approach in tribology for reducing the wearing off
degree in the tribo-systems is connected with the elaboration of new technologies,
materials and coatings for promoting their exploitation and ecological character-
istics® 1.

Such technology appears to be the method for the deposition of highly wear
resistant composite coatings with supersonic flame stream, known as High Velocity
Oxygen-Fuel (HVOF) spraying. HVOF is accepted as one of the innovation tech-
nologies for preparing functional coatings with unique exploitation characteristics
— high density, stability to corrosion, wear resistance and others under extreme
conditions of exploitation — abrasion, erosion, high temperatures, active corrosion
medium, and vibrations. In many countries in Europe and North America, as well
as in Russia, in many branches of the industry the HVOF deposition has practi-
cally replaced the galvanic and vacuum methods for deposition of coatings. The
HVOF-coatings exceed considerably the highly wear resistant coatings, containing
industrial chromium, obtained by highly toxic and in many cases carcinogenic
galvanic methods’ 2.

The operating process in the supersonic flame stream burner for deposition
of HVOF—coatings is analogous to the working process in a rocket engine’. The
powder compositions, known in the specialised literature as powder super alloys,
represent composites of particles of different metals, alloys, ceramics, and poly-
meric materials. The particles, carried by the flame stream, pass over to plastic
and/or semi-plastic state in the form of particle or drop and after the contact with
the substrate they are being deformed forming thin lamellas. Upon collision with
surface irregularities the particles-droplets are cooling down, forming adhesion
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and cohesion contact bonds with the basic surface and between themselves thus
forming laminar structure of the composite coating. The preparation of coatings
of high adhesion, compactness, density, low porosity, lack of oxides is a complex
multi-factorial process, which is the object of continuous investigations and im-
provements. The characteristic features of the coatings to a great extent depend
on the sizes, their nature and on the temperature of the superficial layer of the
particles and the substrate'**.

The object of the present research work is determination of the characteris-
tics of wearing off and the wear resistance of composite powder HVOF-coatings,
with tungsten and nickel matrix, whereupon each group includes coatings with
different micron sizes of the powder particles. All the coatings have been tested in
two cases of friction — during abrasion on the surface with attached abrasive and
erosion from air stream, carrying solid abrasive particles.

EXPERIMENTAL

The obtained coatings, deposited by the HVOF technology using metal powder
composites, were prepared according to the conditions described in Ref. 1.

The chemical conditions and the technological regime were described in our
previous paper in the same field'. In this paper’ are given also the chemical, particle
size and the hardness of the coatings produces.

The thickness of the coatings was measured by a portable device Pocket
Leptoskop 2021 Fe (Ref. 1). The measurements were made in 10 points on the
surface and the mean arithmetic value was taken.

The measurement of the hardness of the coatings was done using a hardness-
metering device Bambino based on the scale of Rockwell (HRC) (Ref. 1).

DEVICE AND METHODOLOGY

Erosive wear tests were carried out on jet nozzle type erosion equipment (Fig. 1)
in the ambient air, at room temperature. This testing utilises repeated gas-entrained
solid particle impingement erosion, and involves a small nozzle delivering a stream
of gas containing solid particles which impacts the surface of a test specimen.
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Fig. 1. Schematic diagram of erosive wear testing

Solid particles are poured from the reservoir (1) by freefalling to the nozzle
tube (2). Length of the nozzle is 200 mm, diameter is 8 mm, and exit diameter is
6 mm. Before the tests, solid particles material was sieved through a set of sieves
and dried in an oven for removal of moisture from the particles. The air stream
was provided by the compressed air at controlled pressure, purified from particles
and moisture (3). Air stream also enters the nozzle tube (2), where the formation
of two-phase (particle-air) working stream takes place. The test sample (4), in
the rectangular shape (20 x 25 mm) and 3 mm thickness, is fixed in a holder (5)
attached to the reversing mechanism (6). With reversing mechanism (6), two work-
ing parameters are controlled: (a) distance of the sample from the nozzle, and (b)
impact angle of the particles. Parameters used in the erosive wear testing (solid
particles material, maximum size of the particles, air stream pressure, particles flow,
particles impact angle, distance between the sample and the nozzle and duration
of the test) were the same for all tested coatings’.

The mass flow rate 7iz_ of a given abrasive material with mass m, in the device
is determined by measuring the time ¢, for the gravitational flowing out of the
abrasive material. It is calculated by the formula:

W o=mt. (1)

A minimum of 3 measurements were carried out and the mean arithmetic
value was estimated.

The methodology for studying the erosion wear and wear resistance by means
of the described device consists of measuring the mass of the sample before stream
treatment and its mass after exposure to treatment with two-phase stream under
the same fixed parameters: distance /, angle of interaction o, working pressure P,
type and average size of the abrasive particles, mass flow rate of the abrasive ma-
terial 7iz. The difference in the mass of the sample before and after the treatment
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represents the mass erosion wear —m (mg). The rate of erosion wear is determined
by the following formula:

m=mlt, 2

where 7_is the time duration of the treatment of the coating.
The intensity of the erosion is determined by the formula:

i, =mim, 3)

The intensity of the erosion i_ represents the ratio between the rate of mass
wear of the surface layer and the mass flow rate of the abrasive phase in the stream.
The intensity of the erosion is a non-dimensional number.

The erosion wear resistance /_is defined as the reciprocal value of the intensity
of erosion. It represents a non-dimensional number, which shows how many grams
of the abrasive mass m, is needed for the loss per 1 of mass m from the surface of
the sample for a definite period of time of the interaction, i.e.

L=1/i_=rnfn. (4)
The relative erosion wear resistance R, is determined by the formula:
R,=1I/1, (5)

where I is the erosion wear resistance of the tested sample, determined using (4),
while I, — the wear resistance of a sample, accepted as a standard for comparison,
evaluated under the same conditions of wearing.

The relative erosion wear resistance RiJ is a dimensionless number, which
shows what is the share of the wear resistance of the tested sample related to the
wear resistance of the standard under identical conditions of stream-abrasive ero-
sion.

The samples of the tested coatings and the substrate have the form of a paral-
lelepiped of dimensions 25 x 30 X 5 mm.

The parameters of the erosion using two-phase air-abrasive stream are rep-
resented in Table 1.

Table 1. Parameters used in erosive wear testing

Test parameter Value

Solid particles material black corundum (Al0O,)
Maximum size of the particles 600 pm

Air stream pressure 0.1 MPa

Particles flow 166.67 g/min

Particles impact angle 90°

Distance between the sample and the nozzle 10 mm

Duration of the test 5 min

Ambient temperature 24°C
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RESULTS AND DISCUSSION

Results have been obtained using the above described device and the methodol-
ogy for testing in the case of stream-abrasive erosion with respect to mass wear,
rate and intensity of wearing off process, the absolute and relative erosion wear
resistance of all the tested coatings and the substrate. These results are listed in
Tables 2 and 3.

Table 2. Erosive wear of tested coatings

Sample Coating designation =~ Mass loss Wear rate  Intensity of Wear resist-

(mg) (mg/min) erosion ance to ero-
sion

1 SX199/11 253 4.66 233 %105 4.3 %104
2 SX199/45 11.0 2.20 1.1 X 10% 9.0 x 104
3 1660-22/20 13.3 2.66 1.33 x 103 7.5 x 10%
4 1660-22/45 11.6 2.32 1.16 x 103 8.6 x 10*
5 substrate: steel 58.6 11.72 5.86 x 1073 1.7 x 10*

12

1

Wear resistance x 104

$X199/11  SX199/45 1660-22/20 1660-22/45 Steel
Tested coating

Fig. 2. Diagram of erosion wear resistance of the tested coatings and the substrate

It is seen in the diagram of erosion wear resistance of the samples, represented
in Fig. 2 that the highest wear resistance during erosion is shown by the coatings
with tungsten matrix with particles size 45 pm. The decrease in the sizes of the
particles — 11 um leads to lowering of the erosion wear resistance. This result is
the opposite of the result for abrasive wear resistance. The lowest wear resistance
during erosion is shown by the substrate, i.e. steel without any coating.
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Table 3. Relative wear resistance

Sample Coating designa- ~ Wear resistance Relative wear resistance
tion influence of the size overall impact of

of the particles the coating

1 SX199/11 4.3 x 104 R.=1 R ;=253

2 SX199/45 9.0 x 10* Ry =21 Ry =13:29

3 1660-22/20 7.5 x 10¢ R,,=1 R, =441

4 1660-22/45 8.6 x 10* R, =12 K, =505

5 substrate: steel 1.7 & 108 - Ko =1

Upon increasing the size of the particles 4 times from 11 to 45 pm in the case
of coatings with tungsten matrix the wear resistance grows up 2.1 times, while in
the case of coatings with nickel matrix the increase in the erosion wear resistance
is insignificant — 1.2 times (Table 3, Fig. 2).

The increase in the wear resistance of the coatings with respect to the wear
resistance of the substrate can be seen in the data in the last column of Table 3
and in the diagram of Fig. 4. The greatest effect of increase in the wear resistance
is obtained with both types of coatings — with the tungsten and with the nickel
matrices having sizes of the powder particles 45 pm. The increase in the wear re-
sistance for these coatings is very close in value, respectively 5.29 and 5.05 times.

Relative Wear resistance

$X199/11  SX199/45 1660-22/20 1660-22/45
Tested coating

Fig. 3. Diagram of the effect of particle size on the erosion wear resistance of the tested coatings
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Relative Wear resistance

$X199/11  SX199/45 1660-22/20 1660-22/45 Steel

Tested coating

Fig. 4. Diagram of the relative erosion resistance of the tested coatings to the wearing resistance
of the substrate

COMPARATIVE RESULTS OF ABRASION AND EROSION WEAR RESISTANCE OF
THE COATINGS

Table 4 represents the results on abrasion and erosion wear resistance of the tested
gas-flame coatings.

Table 4. Comparative results of the wear resistance of coatings when abrasion and erosion

Sample Coating designa-  Abrasion wear Erosion wear W.. =1/
tion resistance, /, resistance, /, ’
1 $X199/11 3.6 x 10* 4.3 x10% 1.19
2 S$X199/45 0.25 x 10* 9.0 x 10* 36.00
3 1660-22/20 1.2 x 104 T8 % 104 6.25
4 1660-22/45 0.45 x 10 8.6 x 10¢ 19.11
5 substrate: steel 0.4 x 10* .7 ¥ 10* 4.25

It is clearly seen that in the case of abrasion wear the observed wear resistance
of the two types of coatings is greater when the sizes of the powder particles are
smaller, respectively for the coatings with the tungsten matrix of 11 pm and for
the coatings with nickel matrix of 20 pm. The same coatings during erosion have
lower wear resistance, i.c. lower resisting ability in the case of impact action of
the abrasive particles in the air stream.

In general we can conclude that the wear resistance of the tested coatings
and that of the substrate is greater during erosion in comparison to that during
abrasive friction. The comparative results are represented in the last column of
Table 4. Under exploitation conditions of the machine details in the presence of
impact action of solid state particles (erosion) more appropriate are the coatings
with tungsten and nickel matrices of dimensions of the powder particles 45 pm.
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At this stage of the investigation one is not able to give a categorical explana-
tion and interpretation of these facts in view of missing information about the den-
sity and the microstructure of the coatings before and after the wearing off process.

CONCLUSIONS

The present research work reports carrying out comparative investigations of the
characteristics of wearing and wear resistance of composite powder coatings,
deposited by means of HVOF technology. Two groups of coatings have been
prepared — powder compositions of tungsten and nickel matrices, whereupon each
group includes coatings of different micron dimensions of the powder particles.

A device has been elaborated as well as a methodology for studying the char-
acteristics of erosion wear under the effect of air stream, carrying solid abrasive
particles. The methodology is in accordance with the present days standards.

Results have been obtained about mass erosion wear, rate and intensity of the
erosion, absolute and relative erosion wear resistance under identical conditions
of erosion of the coatings.

It has been established that upon increasing the size of the particle 4 times
within the range from 11 to 45 um in the case of coatings with tungsten matrix
the wear resistance grows up 2.1 times, while in the case of coatings with nickel
matrix the increase in the erosion wear resistance is insignificant — 1.2 times.

The comparison of the results about the wearing of the tested coatings during
abrasion and erosion show opposite tendencies of the influence of the sizes on the
wearing off process and on the wear resistance. The abrasion wear resistance of the
two kinds of coatings is greater when the sizes of the powder particles are smaller.
The same coatings during erosion have lower wear resistance, i.e. lower resisting
ability with respect to impact action of the abrasive particles in the air stream.
These results are not surprising taking into consideration the different mechanisms
through which the different processes of abrasion and erosion are occurring. Dur-
ing the abrasion the specificity is the single mechanical impacts under the effect
of tangential forces of interaction between the particles and the surface of the
coating, while during the erosion the surface is subjected to multiple impacts of
the solid particles, whereupon with the course of time some exhaustion processes
are occurring and respectively destruction. It is possible that the destruction of the
surface layer by single impacts of the particle, which is occurring in the extreme
case with fragile materials’>%-%.,

Acknowledgements. This study and the results are related to the implementation on tasks: (a)
Contract: DN 07/28-15.12.2016 ‘Research and creation of new wear-resistant coatings using com-
posites and nanomaterials’, funded by the National Science Fund at the Ministry of Education and
Science, Bulgaria; (b) CEEPUS III Network: CIII-BG-0703-05-1617 ‘Modern Trends in Education
and Research on Mechanical Systems — Bridging Reliability, Quality and Tribology’.

1300



REFERENCES

1.

A W

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

M. KANDEVA, P. SVOBODA, Zh. KALITCHIN, T. PENYASHKI, G. KOSTADINOV: Wear
of Gas-Flame Composite Coatings with Tungsten and Nickel Matrix. Part 1. Abrasive Wear.
J Environ Prot Ecol, 20 (1), 811 (2019).

_ M. KANDEVA: The Contact Approach in Engineering Tribology. Technical University of Sofia,

2012. 505 p.

. B. BHUSHAN: Micro/Nanortibology and Its Applications. NATO ASI Series E, 330, 1996.
. B. BHUSHAN: Principles and Applications of Tribology. John Wiley & Sons, New York, 2013.
. B. BHUSHAN: Nanortibology, Nanomechanics and Materials Characterization Studies and

Application to Bio/Nanotechnology and Biomimetics. In: Proceedings of SERBIATRIB'11,
Kragujevac, 2011, 3-4.

_P. M. MARTIN: Introduction to Surface Engineering and Functionally Engineered Materials.

John Wiley & Sons, Hoboken, 2011.

. K. HOLMBERG, A. MATTHEWS: Coatings Tribology: Properties, Mechanisms, Techniques

and Applications in Surface Engineering. Elsevier, Amsterdam, 2009.

.M. KANDEVA, Al. VENCL, D. KARASTOYANOV: Advanced Tribological Coatings for

Heavy-duty Applications: Case Studies. Academy Publishing House, Sofia, Bulgaria, 2016.

. A. VENCL: Optimization of The Deposition Parameters of Thick Atmospheric Plasma Spray

Coatings. J Balk Tribol Assoc, 18 (3), 405 (2012).

I. KRAVCHENKO, M. KARELINA, E. ZUBRILINA, A. KOLOMEYCHENKO: Resource-
saving Technology of Derivatization of Functional Nanostructured Coatings by High-speed
Application Methods. Machine Building and Machine Science, 82 (3),19 (2015).

R.J. WOOD, K. M. ROY: Tribology of Thermal-sprayed Coatings. In: Surface Engineering for
Enhanced Performance against Wear (Ed. M. Roy). Springer,Wien, 2013, 1-43.

G. BARBEZAT, A. R. NICOL, A. SICKINGER: Abrasion, Erosion and Scuffing Resistance
of Carbide and Oxide Ceramic Thermal Sprayed Coatings for Different Applications. Wear,
162-164, Part A, (1993).

P. CHIVAVIBUL, M. WATANABE, S. KURODA et al.: Effect of Powder Characteristics on
Properties of Warm-sprayed WC-Co Coatings. J Therm Spray Techn, 19 (1), 81 (2010).

R. DIMITROVA, S. VALKANOV, V. KAMBUROV: Preparation Methodology of
Micro/Nano Particles for Scanning Electron Microscopy Analysis. In: Proceedings of International
Scientific Conference ‘70 years FIT’, Sozopol, Bulgaria, 11-13 September, 2015, 213-219 (in
Bulgarian).

M. KANDEVA, B. IVANOVA, D. KARASTOYANOV, T. GROZDANOVA, E. ASSENOVA:
Abrasive Wear of High Velocity Oxygen Fuel (HVOF) Superalloy Coatings under Vibration Load.
In: Proceedings of the 13th International Conference on Tribology, ROTRIB’16 IOP Publishing
IOP Conf. Series: Materials Science and Engineering, 2017.

M. KANDEVA, T. GROZDANOVA, D. KARASTOYANOYV, E. ASSENOVA: Wear Resistance
of WC/Co HVOF-Coatings and Galvanic Crcoatings Modified by Diamond Nanoparticles. In:
Proceedings of the 13th International Conference on Tribology, ROTRIB’16 IOP PublishingIOP
Conf. Series: Materials Science and Engineering, 2017.

M. KANDEVA, 1. PEICHEV, N. KOSTOVA, K. STOICHKOV: Complex Study of Surface
Layers and Coatings. J Balk Tribol Assoc, 17 (3), 387 (2011).

M. KANDEVA, B. IVANOVA, V. POZHIDAEVA, D. KARASTOYANOYV, J. JAVOROVA:
Composite Coatings Toimprove Durability of the Working Body of the Drill. In: Proceedings
of the 5th World Tribology Congress (WTC 2013), Turin (Italy), 08—13.09.2013, Paper 1251.
M.KANDEVA, D. KARASTOYANOV, A. VENCL, 1. PEICHEV, B. IVANOVA, E. ASSENOVA!
Wear-resistance of Composite Coatings Deposited by Gas-Flame Supersonic HVOF Process.
In: Proceedings of XIV International Scientific Conference “Tribology and Reliability”, Saint
Petersburg, Russia, 17-19.09.2014, 307-321.

1301



20. M. KANDEVA, D. KARASTOYANOYV, Zh. KALICHIN, P. SVOBODA: Tribological Studies
of High Velocity Oxygen Fuel (HVOF) Superalloy Coatings. In: Proceeding of the 6-th World
Tribology Congress (6WTC-2017), Beijing, China, 17-21.09.2017, Paper 256.

21. B. LAMY: Effect of Brittleness Index and Sliding Speed on the Morphology of Surface Scratch-
ing in Abrasive or Erosive Processes. Tribol Int, 17 (1), 35 (1984).

22. F. ERICSON, S. JOHANSSON, J. A. SCHWEITZ: Hardness and Fracture Toughness of Semi-
conducting Materials Studied by Indentation and Erosin Techniques. Mater Sci Eng A, 105-106,
131 (1988).

73 1. FINNIE: Erosion of Surfaces by Solid Particles. Wear, 3 (2), 87 (1960).

24. J. R. LAGUNA-CAMACHO, M. VITE-TORRES, E. A. GALLARDO-HERNANDE, E. E.
VERA-CARDENAS: Solid Particle Erosion on Different Metallic Materials. In: Tribology in
Engineering (Ed. H. Pihtili). InTech, Rijeka, 2013, 63-78.

Received 17 June 2019
Revised 29 July 2019

1302



