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 A B S T R A C T 

The investigations of tribo mechanical properties of coatings obtained 
with electrocontact welding of sintered powder materials and powder-
polymer fillers of Russian manufacture are presented. It is proved that the 
introduction of antifriction components (powders of copper or tin) into 
filler material at a rate of 5-10 % increases the time to joints seizure by 
1.5-2 and decreases by 1.5 the friction ratio. The application of powder-
polymer and sintered fillers reinforced with metal grid produces a relief 
on the operating surface of the coating with the areas possessing 
minimum hardness. They are worn out more intensely and the forming 
herewith grooves help to keep lubricating oil on the friction surface. For 
the friction pair operating in abrasive wear conditions with adhesive wear 
elements, at welding it is recommended to use powder compositions (by 
weight): 80-90 % – PG-FBX6-2, 10-20 % of copper powder friction ratio 
(PMS-N); for wear conditions  at adhesive wear: 90 % of iron powder 
(PZHR 3.200.28), 10 % of tin powder (PO-1); for abrasive wear conditions: 
70-80 % – PG-FBX6-2, 30-20 % – VK8. 
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1. INTRODUCTION 
 
At current the deposition methods (gas flame, 
plasma, detonation and electro arc) are widely 
spread among various powder materials [1-13]. 
Methods of electro arc [14-16] and laser welding 
[17-21] of metal powders, cored wire and 

sintered filler wires are well-known too. The 
method of application of metal powders – 
electrocontact welding is less known. Its essence 
is in current pulse gating via the circuit 
«electrode - additing material - part». As a result 
because of high electric resistance additing 
material is heated and welded to the metal 
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surface [22,23]. The advantages of the 
electrocontact welding of metal powders are the 
possibility of quenching of the deposited coating 
in the process of its welding, efficiency increase 
by 2-3 times in comparison with numerous 
coating techniques, reduction of the deposited 
material rate in comparison with the 
conventional welding by 3-4 times, the absence 
of considerable part heating, decrease of alloying 
elements burning out, low allowance for 
subsequent machining of the deposited 
reconditioning coating [24-27]. 
 
However, the method of the electrocontact 
welding of metal powder materials has some 
disadvantages, such as: a complicated and 
labour intensive nature of the deposition 
process of an even powder layer on the surfaces 
to be joined; the difficulty of holding the powder 
on curved surfaces; washing off some of the 
powder with a cooling liquid. Moreover, it is 
known from the powder metallurgy that the 
powder body is unstable because of abundant 
free energy. This is primarily caused by the 
presence of an extremely advanced internal 
phase interface between the solid body and 
pores [27-31]. Besides, the problems of wear 
resistance when using the fillers of powder 
compositions are underexplored, which allow to 
control the structure and physical mechanical 
properties of deposited reconditioning and / or 
hardening coating [24, 32-35]. 
 
In this regard, the main objective of the carried 
out investigations is the study of the 
tribotechnical characteristics, powder-polymer 
fillers deposited with electrocontact welding, 
and their composition optimization to obtain 
maximum wear resistance of the deposited 
reconditioning and /or hardening coating in the 
conditions of abrasive wear and adhesive wear. 
 
 
2. MATERIALS AND METHODS 
 
The installation of trade mark «BMU-1» (Fig. 1) 
was used for electrocontact welding of powder 
materials. 
 
Depending on the trade mark of powder and the 
type of filler material, welding modes were 
varied in the following intervals: welding 
current – 4-7 kA, current pulse duration – 0.02-
0.06 s, duration of pause between current pulses 

– 0.04-0.08 s, pressure – 0.3 MPa, speed of 
rotation of the installation spindle – 3.5 min-1. 
 

 
 

Fig. 1. General view of installation for electrocontact 
welding. 

 
Metal powders (made in Russia) and their 
mixtures, of trade marks PG-FBX6-2, PG-S27М, 
PR-X11G4СR, chippings from cast iron SCH18, 
PZHR 3.200.28 + PMS-N, PZHR 3.200.28 + PO-1, 
PG-S27М + PMS-N, PZHR 3.200.28 + VK8, PZHR 
3.200.28 + Sormite, PZHR 3.200.28 + VK8 were 
used for the investigation. The choice of these 
powders was determined by the objectives of 
the study, namely, increasing the wear 
resistance of powder coatings in the conditions 
of abrasive wear and adhesive wear. For 
example, solid (PG-FBX6-2, PG-S27M, PR-
N11G4SR, Sormite) and high-hard (VK8) 
powders were studied for abrasive wear 
conditions. For example, solid (PG-FBX6-2, PG-
S27M, PR-N11G4SR, Sormite) and high-hard 
(VK8) powders were studied for abrasive wear 
conditions. Antifriction powders (PMS-N, PO-1) 
were added to the powder composition for 
adhesive wear conditions. Since tin (PO-1), 
copper (PMS-N) and hard-alloy (VK8) powders 
are not sintered with powders from iron-carbon 
alloys, when welding in the studied modes (they 
are mechanically held in a matrix of steel 
powders), the PZHR 3.200.28 powder was used 
as a matrix for these powders. The chemical 
composition of the used powder materials is 
presented in Table 1. 
 

The general view of the reinforced powder-
polymer and sintered fillers used for welding is 
presented in Fig. 2. The general view of the 
coating on the part obtained by electrocontact 
welding is presented in Fig. 3. 
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Table 1. Chemical composition of powders [29]. 
Powder 

trade 
mark 

Mass fraction [%] 
 

Fe C Si Мn S P O Cu Sn Pb Ni Cr B W Mo Co 

PZHR 
3.200.28 

99.4 0.04 0.06 0.14 0.02 0.02 0.32 - - - - - - - - - 

PMS-N 0.08 - - - - - 0.03 99.5 - - - - - - - - 

PO-1 - - - - - - 0.5 - 99.0 0.25 - - - - - - 

Sormite 60 2.8 3.5 1.5 - - - - - - 4 28 - - - - 
PR-

Х11Г4SR 
82 0.8 3.0 - - - - - - -  11 2.7 - - - 

SCH18 92.5 3.3 1.9 0.8 0.12 0.45 - - - - 0.35 0.35 - - - - 

PG-FBX6-2 55 4.5 1.7 4 0.4 0.3 - - - - - 32 1.7 - - - 
PG-S27М 63 4,0 1,5 1,2 - - - - - - 1.7 26.5 - 0.3 1.2 - 

VK8 0.3 0.6 - - - - 0.4 - - - - - - 91 - 7.6 

 
Tribological studies of the samples were carried 
out on friction machine «SMC-2», which was 
completed with a heat exchanger to stabilize the 
oil temperature when the load in the friction 
pairs increased in order to accelerate the tests. 
 

 

 
(a) 

 

 

 
(b) 

 

Fig. 2. Powder-polymer (a) and sintered (b) fillers 
reinforced with metal grid. 

 
Friction pair wear was controlled with the 
artificial bases method. The artificial base in the 
form of a pyramid imprint with an angle 1360 

between edges was applied at 4 points of the 
sample circumferentially, via 900 it applied with 
Vickers hardness tester of model «TP-7r-1» at 
load on the diamond point 294.3 Н. The wear 
was determined from the formula: 

7

21 dd
h


                                  (1) 

where d1, d2 – are the dimensions of projects 
diagonals of imprints at the beginning and at the 
end of tests correspondingly, mm;  
7 – proportionality factor at the angle 1360 

between opposite edges of the square pyramid. 
 

 
 

Fig. 3. General view of the coating on the part 
obtained by electrocontact welding: a – before 
grinding; b – after grinding. 
 

The objects of the tribological investigations 
were the samples-rollers (Fig. 4), made of steel 
45, on which the coatings of powder materials 
were welded by the electrocontact method. 
 

 
 

Fig. 4. Sample and counterbody to carry out tests on wear. 

 
The sample rotation frequency at the testing was 
1000 min-1. As a counterbody we used two 
blocks of gray cast iron of trade mark SCH10 
(Fig. 4). Optimal load was selected according to 
load prior to research objects seizure. During 
running-in loading was increasing gradually 
after 1/6; 1/3 and 2/3 from optimal load. The oil 
temperature in the friction zone was maintained 
constant in the interval 70-80 0С. 
 
Extreme-pressure properties of the deposited 
coatings were estimated by measuring the time 
prior to friction pair seizure at pressure 44 МPа 
with the uncooled lubricating oil. 
 
To speed-up the testings 5 % of grinding sludge 
was added to the lubricating oil. During the 

а b 
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friction pair replacement the lubricating oil was 
changed. Suspended abrasive particles were 
supported with impellar blades, mounted on an 
axis together with the tested sample. 
 
The surface roughness of the coatings was 
measured using profilometer-profilograph «ABRIS 
PM-7.2». Profilograms were recorded before and 
after each friction pair research. The track of strip-
chart method was checked in according to the 
imprint in the center of the grid cell on the sample 
end. Each friction pair was measured in four 
mutually perpendicular surfaces. 
 
 
3. RESULTS AND DISCUSSION 
 

One of the directions of increase of the operating 
surface wear resistance in the conditions of 
abrasive wear is its hardness increase. Figure 5 
presents the studies results of the test duration 
effect on the powder coatings wear. Figure 5 
presents that the reference sample has the 
maximum (1-5 hours more in comparison with 
other samples) running-in duration. The 
reference sample wear insufficiently exceeds 
the coating wear, obtained from steel chip, 
which can be explained with its porousness. At 
the steady friction mode the coating of cast iron 
chip has the wear circa 26 % less, in 
comparison with the reference sample. This is 
connected with the increase of the operating 
surface hardness as a result of hardening at the 
electrocontact welding (hardness of SCH18 chip 
is not high and corresponds to НВ 1700-2410), 
and also presence of antifriction graphite in the 
SCH 18 structure.  
 
Wear rate of the powder coatings (except PZHR 
3.200.28 + VK8 and PG-FBX6-2) at the steady 
mode is roughly the same. After 18 hours of 
testing the minimum wear of the coating of 
consistent powder was observed in PG-FBX6-2 
and was 72 % from the reference sample wear. 
Among the powder composition coatings PZHR 
3.200.28 + Sormite and PZHR 3.200.28 + VK8 
have the minimum wear. However, during work 
with coating PZHR 3.200.28 + VK8 the 
counterbody has the extremely gross wear after 
3 hours of testing, afterwards a new block is 
mounted. It is found that on testing of the 
powder composition coatings, containing highly 
rigid materials, the counterbody is worn out 
more intensively in comparison with the 

consistent powder coatings. For this reason the 
usage of the powder composition coatings 
containing highly rigid materials, is irrational in 
the sliding friction conditions. It is reasonable 
to them for reconditioning or hardening of 
working elements of the road, building and 
agricultural machinery. 
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 – without coating (reference – steel 45, hardened to 40-45 HRC); 

 – with coating from steel chip of steel 45 (chip size is 0.3-1.0 
mm); 
 – with coating from cast iron chip of trade mark SCH18; 
 – – with coating from powder PG-FBX6-2; 

 – with coating from powder composition: PZHR 3.200.28 (80 %) 
+ Sormite (20 %);  
 – with coating from powder composition: PZHR 3.200.28 (70 %) 
+ VK8 (30 %) 

Fig. 5. Influence of tests duration on coatings wear. 

 
In the course of wear tests, it was found that the 
micro-relief of the surface of the sample taken as 
a reference standard was characterized by 
smoothing of micro-irregularities and an 
increase in the reference area of the working 
surface. At the same time, the working surface 
profile of the test sample with a coating obtained 
by electrocontact welding of sintered powder-
polymer fillers reinforced with the metal grid 
gained a microrelief, which view was 
determined with the cell size of the reinforcing 
steel grid used in sintered powder fillers for 
reinforcing (Figs. 2 and 6). 
 
Under friction the grid material with lower 
hardness is worn with the higher rate. Herewith 
formed grooves can keep some additional 
quantity of the lubricating oil, which positively 
influences on the wear resistance at boundary 
lubrication and increases the time to the 
moment of sticking (seizure) of the coworking 
surfaces. Analogical results are obtained at the 
electrocontact welding of cast iron chip and 
metal powder materials (Fig. 7). 
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Fig. 6. Profilogram of the operating surface after 8 
hours of testing by the friction machine. 
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Fig. 7. Coatings seizure time: 1 – from steel 45 
(reference); 2 – from cast iron chip SCH18; 3 – from 
powder PR-X11G4SR. 

 
The sample with the metal powder material 
coating and cast iron counter-sample in the 
friction pair have the time to seizure on an 
average is 2 times more than, the reference 
friction pair has. This is explained with the 
presence of pores in the coating with oil 
absorbing capacity. When heated oil in the pores 
projects from them and lubricates flexible joint 
which in the boundary lubrication condition can 
endure higher temperatures before seizure of 
the interacting operating surfacers. 
 
Another way to improve the wear resistance of 
coatings is to reduce their friction ratio by 
including antifriction materials in their 
composition. Copper and tin powders were used 
as these materials. 
 
Investigations have shown (Fig. 8) that a powder 
coating with 10 % tin in its composition has the 
minimum wear, and a coating containing tin (5 %) 
and copper (5 %) has the maximum wear [29]. 
 
It should be stressed the simultaneous presence 
of tin and copper powders in the mixture 
influences negatively on the coating formation 
quality at the electrocontact welding, worsening 
its adhesion and also preventing qualitative 
sintering of iron particles caused by the effect of 
the factitious removal (exudation) of fusible 
metal. The coatings being obtained with the 
usage of tin or copper in the powder mixture, 
have the wear resistance exceeding the wear 

resistance of the coating without these 
antifriction materials twice. 
 

 
 

Polymer (bounding substance for metal powder),  
AFP – antifrictional powders (Cu – copper, Sn – tin). 
*, **, *** – statistically significant difference in the corresponding 

values (with respect to Student’s criterion) is absent. 
 

Fig. 8. Wear of the coatings on the base of iron 
powder PZHR 3.200.28 and counterbody: 1 – 3 % 
Polymer, without AFP; 2 – 10 % Polymer, without 
AFP; 3 – 17 % Polymer, without AFP; 4 – 10 % 
Polymer, 5 % Sn, 5 % Cu; 5 – 10 % Polymer, 10 % Sn;   
6 – 3 % Polymer, 20 % Cu, Reinforcing grid; 7 – 10 % 
Polymer, 10 % Cu; 8 – 10 % Polymer, 20 % Cu. 

 
Estimating the effect of the coatings from metal 
powder materials with antifriction materials on 
the counterbody, it is established that blocks 
which were tested with the coating containing 20 
% of copper had the minimum wear. The maximum 

wear of the counterbody was observed in the 
friction pair with the coating without antifriction 
material and with the minimum content (3 %) of 
cohesive polymer (polyvinylbutyral), which was 
used for powder particles adhesion at the 
electrocontact welding. The counterbody wear 
decreases at the increase of the adhesive 
component because of burning out of the last one 
at the electrocontact welding, which provides the 
increase of porousness and antifriction properties 
of the coating at the sake of lubrication oil keeping. 
Wear test of the reference sample was not carried 
out because of the extremely gross wear of the 
counterbody at the accepted test conditions. 
 
The research showed that antifriction material 
content in the metal powder coating and its 
porousness produce considerable influence on 
the time prior to seizure of interactive operating 
surfaces. The most significant influence on the 
time prior to seizure of flexible joint (58 min), is 
done by the tin incorporated into the coating 
composition. It is established that the coatings 
from the metal powder materials with copper 
operate 1.5 less prior to seizure in comparison 
with tin [29]. 
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The next experimental step was aimed at the 
investigation of the coatings from the metal 
powder materials with combination of antifriction 
and operating surface high hardness. It is 
reasonable to use these coatings in flexible joints 
with boundary lubrication, when counterpart also 
has high hardness of the operating surface 
(connections of type: «camshaft lobe - pusher», 
«fuel pump camshaft – plunger cam roller», «neck 
of gear-box input shaft – bearing rollers» etc., 
where sliding friction and combined rolling and 
friction are realized). The required resource of 
these flexible joints is provided only at the account 
of high surface hardness of the coworking surfaces. 
Thus, it is possible to suggest that the presence of 
the antifriction materials in the coating of metal 
powder materials, allows to increase wear 
resistance of flexible joints. 
 
Together with the usage of the antifriction 
materials in the powder matrix with low 
hardness (HRC 12-18), the analogical coatings 
with the antifriction materials and the hard 
matrix (HRC 40-60) were tested. During the 
tribological investigations we determined the 
time prior to seizure and friction ratio of two 
hard composite coatings, obtained by the 
electrocontact welding from the powder 
mixtures of the following composition: 

1. Hard powder PG-S27М – 90 % + antifriction 
filler (copper powder PMS-N) – 10 %. 

2. Hard powder PG-FBX6-2 – 90 % + antifriction 
filler (copper powder PMS-N) – 10 %. 
 
The above mentioned powder compositions 
were sintered into filler wires, according to the 
recommendations [36] and after the 
electrocontact welding were tested in the 
friction pair with steel 50, hardened to HRС 50-
55. The results of the flexible joints tests were 
accepted as reference values: «hardened steel 50 
– hardened steel 50»; «coating from powder PG- 
FBX6-2 - hardened steel 50». 
 
It is established that the time prior to hardening 
of the powder compositions is by 3.5 times 
longer for PG-FBX6-2 + PMS-N and by 2.8 times 
– for PG-S27М + PMS-N, in comparison with 
hardened steel 50. The coating from metal powder 

material PG-FBX6-2 has the time prior to 
hardening twice shorter in comparison with the 
powder compositions with the hard matrix and 
antifriction material Fig. 9.  
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Fig. 9. Time prior to seizure in the tested friction 
pairs: 1 – Hardened steel 50; 2 – PG-S27М (90 %) + 
PMS-N (10 %); 3 – PG-FBX6-2 (90 %) + PMS-N (10 
%); 4 – PG-FBX6-2. 
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Fig. 10. Friction ratio in the tested friction pairs:  
1 – Hardened steel 50; 2 – PG-S27М (90 %) + PMS-N 
(10 %); 3 – PG-FBX6-2 (90 %) + PMS-N (10 %); 4 – 
PG-FBX6-2. 
 

The obtained values of friction ratios correlate 
well with the time prior to seizure in friction 
pair. Friction ratio (the most close value) for the 
coatings of powder compositions with copper in 
the friction pair with hardened steel 50 is about 
by 1.3 times lower than in the friction pair 
«hardened steel 50 - hardened steel 50», taken 
as a reference standard. Friction ratio of the 
coating of metal powder material PG-FBX6-2 
without antifriction material is 8.5 % lower, in 
comparison with hardened steel 50 (Fig. 10).  
 

   
                        a)                                                  b) 
 

Fig. 11. Pores in powder coating with different 
polymer content (х400): a) 10 %; b) 20 %. 
 

Figure 11 presents the microstructure of the 
coatings, obtained by the electrocontact welding 
of powder-polymer fillers. It is obvious that with 
an increase in the amount of adhesive polymer 
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that burns out during welding, the porosity of 
the coatings increases. 
 

    
                         a)                                                 b) 

Fig. 12. Microstructure of the powder coating with 
copper (a) and tin (b) additives in powder matrix 
PZHR 3.200.28 (dark background) (х640). 

 
Figure 12 presents the microstructure of the 
coatings, obtained from the powder materials, 
which composition was selected according to 
positions 5 and 6, indicated in Fig. 8. The powder 
particles of copper (micro-hardness – 650-710 
MPa) and tin (micro-hardness – 144-156 MPa) 
and also their distribution through the coating 
depth were determined on a measurement basis 
of micro-hardness of structural constituents of 
powder coating. It was found that the bulk of 
copper powder particles, and especially of tin 
powder particles, after welding is located closer 
to the surface of the coating or to the border of 
fusion with the base metal of the part. This 
indicates that the temperature in the 
electrocontact welding zone is higher than the 
melting temperature of these elements, which 
causes a partial emission of liquid superheated 
metal to the surface and to the border of fusion 
with the metal base. After welding, the coatings 
are grinded and the surface layer with a high 
content of copper or tin particles is removed. 
This leads to a decrease in the number of 
antifriction additives in the coating compared to 
their initial content in the powder-polymer filler, 
which is a definite disadvantage. 
 
 
4. CONCLUSIONS  
 
1. The use of powders with high hardness (VK8) 

increases the wear of the counterbody, so to 
increase the wear resistance of the interface 
as a whole, it is necessary to select powder 
compositions according to the compatibility 
condition of the interacting surfaces. The 
presence of porosity in powder coatings 
increases the wear resistance and the time 

before seizure, especially for boundary 
lubrication. The presence of porosity in 
powder coatings increases the wear 
resistance and the time before seizure, 
especially for boundary lubrication. When 
applying coatings, it is recommended to use 
the following powder compositions: 

– for conditions of abrasive wear with wear 
elements at adhesive wear: 80-90 % (by weight) 
powder PG-FBХ6-2, 10-20 % copper powder 
(PMS-N); 

– for conditions of abrasive wear: 70-80 % (by 
weight) powder PG-FBХ6-2, 30-20 % powder 
VK8; 

– for conditions of adhesive wear: 90 % (by 
weight) iron powder (PZHR 3.200.28), 10 % tin 
powder (PO-1). 
 
2. Introduction of antifriction materials (copper 

or tin powders) at a rate of 5-10 % by weight 
increases the time to seizure by 1.5-2 times 
and decreases the friction ratio by 1.5 times. 

3. The use of sintered and powder-polymer 
fillers reinforced with metal grid for 
electrocontact welding contributes to the 
creation of a regular microrelief, the type of 
which is determined by the size of the grid 
cell and the ratio of the particle hardness of 
the powder components. 
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