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Abstract. To substantiate the expansion of the area of application of plasma
technology in the restoration of parts of ship equipment, the suitability of wear-
resistant coatings applied by powder alloys in a plasma stream, under different
conditions of external exposure: under conditions of cyclic contact pulse loading,
cavitationwear and in conditions of liquid sliding frictionwere investigated.Wear-
resistant coatingswere obtainedbyplasmaflowsputteringwith intermetallicNi-Al
andNi-Ti powder alloys, aswell aswith powderNi-Cr-B-Si-C alloy, hardenedwith
carboride phases. Bench and operational tests showed the expediency of using the
coatings obtained with the use of modern plasma technologies for restoration and
hardening of parts working in difficult conditions of cavitation and hydroabrasion
wear, as well as inmating sliding friction pairs. The coating sprayedwith a powder
of intermetallic Ni-Al alloy showed a higher resistance under shock cyclic action
and abrasion under liquid friction than other studied materials. Coating with a
self-fluxing Ni-Cr-B-Si-C powder alloy hardened with carbon-boride solid phases
loses individual particles during sliding friction. These solid fragments play the
role of abrasive in the friction zone, leading to rapid wear of the mating pairs.
Such coating without its additional heat treatment is not recommended for the
restoration of surfaces operating in sliding friction pairs.
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1 Introduction

One of the methods of restoring worn surfaces of parts is the spraying of wear-resistant
powder alloys.

Improvement of equipment, methods and technologies of applying protective and
wear-resistant powder alloys allows obtaining coatings with high protective properties
without additional processing [1–3]. This expands the list of machine parts subject to
restoration in the process of overhaul of ship mechanisms and devices [4].

When planning repair-repair work, to reasonably expand the area of application of
plasma technology for restoration of machine parts, it is necessary to reliably evaluate
the durability of surfaces restored by powder alloy sputtering under conditions that
correspond to real operating loads.
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In this work we investigated the suitability of wear-resistant coatings applied by
powder alloys in a plasma flow to restore and harden parts operating under different
operating conditions: cavitation, hydroabrasion, and sliding friction.

2 Materials and Methods

Samples for comparative evaluation of protective properties were made of carbon steel
with a carbon content of 0.2%. The coatings with powder alloys were applied in a
plasma stream. Equipment, wear-resistant alloys for plasma spraying of coatings and
technological parameters of spraying were selected on the basis of preliminary studies
[1–4]. The coatings were created by spraying the following powder alloys:

– PV-PN55T45 powder nickel-titanium alloy for spraying (Ti-45%, C-0.07%, Ni-the
rest). The size of the powder particles was 40–100 µ.

– PV-N85Y15 powder nickel-aluminum alloy (Ni-85%, Al-15%).
– PR-NH16CR3, GOST 21448–75 was sprayed using a sublayer of PV-N85Y15 alloy.

3 Results

Conditions of shock fatigue, cavitation, water-jet and gas-jet effects and other types
of cyclic pulse loads occur during the operation of a wide range of machine parts and
mechanisms [5, 6]. The criterion for the endurance of materials under shock-pulse cyclic
action is the number of loading cycles that the test sample withstood before entering
the emergency state. To reproduce in the laboratory the harsh operating conditions that
occur under shock fatigue conditions, a stand for multiple shock-pulse loading of the
surface was created [4]. The value of the energy of the force pulse created by a cyclically
falling load was 3 J.

The loading parameters were selected so that the protective coatings could withstand
about 1000 shocks during the tests. Coatingswith a thickness of 0.5–0.6mmwere applied
to the surface of steel samples by plasma spraying. The diameter of the hole covering
the surface deformed by a spherical indenter is chosen as a criterion for the durability of
the surface hardened by a wear-resistant coating. The diameter of the indenter is 10 mm.
The moment of the appearance of cracks in the protective layer and the peeling of the
coating was considered its destruction, the tests were stopped at the same time.

The dependence of the diameter of the contact spot on the number of loading cycles
for the studied coatings is shown in the graphs (Fig. 1). After testing, microshlips were
prepared in the cross section of the images coinciding with the center of the well, the
macro and microstructure of steel with a deformed coating was studied. The sample
without a protective coating received significant damage after 100 shocks. Protective
coatings sprayed with any used powder alloys increase the resistance to shock-cyclic
loads.

Cracks in all variants of the coatings used occur on the surface of the joint with the
base and at the boundaries between the particles. Further propagation of cracks took place
mostly along the body of the particles. This indirectly indicates the high cohesive strength
of the sprayed coatings. The nickel-titanium coating was destroyed after 500 blows. The
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a – without protective coating

b – Ni-Ti powder alloy coating

c – Ni-Cr-B-Si Coating-With Powder Alloy

Fig. 1. Resistance of plasma-sprayed coatings to the impact of contact-pulse load and the state
of the structure of the damaged coating
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d – Ni-Al powder coating

Fig. 1. continued

coating obtained by spraying a powder alloy with PR-NH16CR3 alloy withstood 1200
blows. At the same time, the coating was stratified. The most reliable protection of
the steel surface, unlike other materials studied, from cyclic impact is provided by a
coating with a Ni-Al powder alloy. It is interesting to note that after the destruction of
the protective layer of nickel-aluminum alloy, there are no noticeable traces of damage
on the main material.

The protective coatings studied in this work have been tested under operating con-
ditions. The selected powder alloys were applied to the ship’s propeller of a traveling
motor ship of the KS-101D project. The thickness of the protective coatings sprayed on
the propeller blades was 300 µ [4].

The propeller with protective coatings and the same serial control propeller were
installed on motor ships that were operated in the same conditions. After navigating
the Upper Ob, Biya, and Katun rivers, the condition of the propellers was checked. The
harsh operating conditions caused by the high flow rate in shallow areas, where the water
flow carries sand and pebbles, led to the need to repair the serial screw during operation
and its failure at the end of the navigation period. The experienced propeller, protected
by coatings, remained suitable for further operation in the next navigation season.

Tribotechnical characteristics of protective coatings were evaluated in accordance
with GOST 23.222-84 in friction tests according to the scheme “rotating indenter (disk)
- pad.

In many works, devoted to the creation of protective coatings, the study of tribotech-
nical characteristics is carried out in tests on friction machines according to the scheme
“disk - pad”. In this case the pad is the surface covered by the tested wear-resistant alloy,
and the indentor is a hardened steel disk [7, 8]. In this case the wear rate of the coated
pad is taken as the criterion of the wear-resistant coating’s ability to work. In this test
scheme, firstly, the wear of the indenter-disc is not evaluated. Secondly, wear-resistant
protective coatings in the repair industry are more often applied to shaft-covered parts in
the friction pair. In this regard, such test scheme does not give a complete picture of the
antifriction properties of the protective coating, because it does not allow us to assess
the feasibility of its application for restoration of worn surfaces of shafts, working in the
friction pair with sliding bearings.
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In this work, the coatings were applied to the cylindrical surface of discs of steel 40
with a diameter of 75 mm using plasmatron “PNK-50” [2–4]. The surface of the coating
after spraying was ground with an abrasive tool with a granularity of 20 µ.

Friction machine of MI-1M type was used for tests. To determine tribotechnical
characteristics of “steel-coating” pads operating in the friction pair with disks, they
were made of steel with carbon content of 0.2%. For operation of a disc (shaft) with
wear-resistant coating in a pair with a bearing alloy, the pads were cut from bimetallic
steel-bronze bearing shells of a crankshaft crankshaft of a ship internal combustion
engine. The pads were made with the friction surface size of 10x10 mm. The lubricant
in the friction zone came from a tub of SAE20 engine oil, in which the discwas immersed
by one-third of its diameter. The linear velocity of indentor movement corresponded to
0.8 m/s. The load of friction pair was created stepwise, creating successively pressure:
5.0; 6.0; 7.0; 8.0; 9.0 MPa. The load was increased after every 0.25 h of testing. In the
process of friction of friction pairs, the sliding friction coefficient was recorded. At the
end of the test, the wear of the pad was determined by weighing the loss of its mass, as
well as the wear of the disk working with it in a pair.

The external appearance of worn friction surfaces: bronze pads and indenter disks
with wear-resistant coatings are shown in Fig. 2.

When the disks are rubbed on a block made of carbon steel, at loads up to 8.0 MPa, a
decrease in the coefficient of friction, that is, an improvement in tribotechnical properties,
was observed for samples of disks coated with all the studied wear – resistant materials.
With an increase in the load in the Steel-coating friction pair over 8.0 MPa, there is a
sharp increase in the coefficient of friction for all the studied friction pairs. This is due
to a change in the friction conditions from liquid to contact. In the absence of a stable oil
wedge between the rubbing surfaces, the nickel-chromium-boron-silicon coating has a
negative effect on the friction process. Fragments of the coating with solid carboboride
particles are painted off the surface, their fragments cut into the pad material, leading to
the formation of scuff marks and accelerated wear of the friction pair.

When testing the friction of coatings sprayed with wear-resistant alloys, paired with
a bronze pad, the best result was obtained for a nickel-aluminum alloy. The coefficient
of friction in this pair of samples during tests in the range of the studied loads varied
within insignificant limits, while the wear of the friction pair “steel - nickel-aluminum
alloy” turned out to be the minimum of all the studied ones. This indicates that the nature
of the friction was invariably liquid, which is confirmed by the external appearance of
the friction surfaces (Fig. 2).

The relief obtained as a result of grinding (inclined risks on the surface) has been
preserved on the disk protected by a nickel-aluminum alloy.

Spraying the rubbing surface of the disk with a nickel-titanium alloy has no positive
effect on the tribotechnical characteristics. At loads over 6.0 MPa the friction coefficient
during tests increases sharply. The increase of friction coefficient, as the view of theworn
surface shows, occurs due to formation of cracks in the coating and pitting of separate
fragments from it. Damage to the oil-retaining relief of the disc surface leads to a change
in friction from the liquid type to the contact type. At the same time as the friction force
increases, the wear of the rubbing pairs increases.
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The pad.
Friction pair

Disk Run-in stage Oil film peeling stage

BrS-30 - Steel

BrS-30 - NiAl 
coating

BrS-30 - NiTi 
coating

Fig. 2. External view of friction pairs and disc surface microrelief after tribotechnical tests
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BrS-30 - Coating 
NiCrBSi

Fig. 2. continued

Coating the disk with nickel-chrome-boron-silicon alloy has a dramatically negative
effect on the friction process in all load ranges. The analysis of dependence of friction
coefficient on load for friction pair Ni-Cr-B-Si-C alloy with bronze shows that at load
more than 6.0 MPa character of friction changes from liquid to contact. On the surface
of both disc and pad at loads more than 6.0 MPa there are rough, deep grooves, left by
fragments of solid particles containing primary carbohydrates. In the process of testing,
the antifriction layer of the bronze turned out to be completely abraded. The chipped
bronze particles were observed on the surface of the Ni-Cr-B-Si-C-coated indenter.
Fragments of hard fragments of grains with carboride inclusions of the coating, breaking
off from the surface of the disk, get into the friction zone and play the role of abrasive.
As a consequence, intensive wear of the mating elements of the friction pair occurs, both
the disk (shaft) and the pad (bearing).

4 Discussion

The tests showed that the plasma coatings with any of the powder alloys studied in this
work give a positive effect to protect the steel surface from the shock cyclic action.
The most effective was the protective layer created by coating with intermetallic nickel-
aluminum alloy.

The coating with powdered nickel-aluminum alloy showed the best performance in
terms of tribotechnical characteristics of the surfaces worn by liquid friction. Friction
in the pair with the bronze pad was liquid in nature throughout the entire load range
studied. As a result, wear of both constituents of the friction pair materials: BrB-30 and
Ni-Al alloy was minimal with the lowest friction coefficient.

The application of an intermetallic nickel-titanium coating on the disc surface does
not improve the tribotechnical characteristics, as shown by the analysis of the test results.
Coating with wear-resistant self-fluxing powder Ni-Cr-B-Si-C alloy, the particles of
which contain carboride hard phases, without its melting significantly worsens the fric-
tion conditions in the pair with antifriction bearing alloy. Obviously, despite the high
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energy of the two-phase flow obtained by using a plasma torch with coaxial powder
input, in this case it was not possible to avoid the defects typical of spray coatings in
the form of oxide films, pores, unmelted particles [9]. In addition, self-flux coatings
produced by this technology are characterized by structural and phase heterogeneity
[10].

At the same time, there is positive experience with the use of self-fluxing coatings
to protect metals under severe loading conditions, provided additional heat treatment of
sprayed powder alloys in order to melt them [11–15].

5 Conclusions

The proposed methods of laboratory bench tests under liquid friction and contact-pulse
action on the wear-resistant coating adequately simulate the operating conditions of real
parts of ship equipment.

Application ofmodern plasma-thermal technology for obtainingwear-resistant coat-
ings without additional heat treatment is technologically acceptable and expedient for
restoration of surfaces of covered parts - “shafts” working in friction pairs, as well as
protection of propellers and other parts from hydroabrasion and cavitation wear. Powder
intermetallic Ni - Al alloy proved to be the most resistant to friction abrasion and to
contact pulse action.

Coating of wear-resistant self-fluxing powder Ni-Cr-B-Si-C alloy with carboboride
hardening without its additional thermal or other treatment for restoration of friction
surfaces of shaft-type parts is not recommended.
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