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STRUCTURE AND TRIBOTECHNICAL PROPERTIES OF DEPOSITED COMPOSITE 
LAYERS BASED ON PG 10N-01 ALLOY CONTAINING AL2O3 

S. A. Luzan,1,2,3  and  V. A. Bantkovskiy 1,2 UDC 621.793.7 

The microstructure of deposited layers with a composite material (CM) based on the self-fluxing  
PG-10N-01 alloy, modified with a mechanoactivated CM obtained using the self-propagating high-
temperature synthesis, was studied.  The X-ray phase analysis revealed in the deposited layer structure 
the inclusions of nickel borides NiB , 2Ni B , 3Ni B , chromium borides CrB , 2Cr B , chromium 

carbides 3 2Cr C , 7 3Cr C , distributed in the nickel matrix.  The modifying CM during arc welding 

contributed to the grinding of structure and reduction of the friction coefficient, increase of the 
microhardness of the deposited coatings, and decrease of the wear intensity in various friction conditions. 
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Introduction 

The deposition of composite materials (CM) is widely used to restore and strengthen machine parts, which 
operate under conditions of abrasive wear [1–5].  The operation of parts in abrasive environments requires the 
presence in their composition of a wear-resistant component with high resistance to solid inclusions of the 
working environment and consistency of the physicomechanical properties of the matrix material and the base.  
Thus, composite coatings with a metal matrix made of a wear-resistant Ni–Cr–B–C nickel-based alloy, 
additionally modified with borides, carbides, oxides, etc., are of practical interest [6, 7]. 

Earlier [8], to increase the wear resistance of deposited layers based on PG-10N-01 alloy, strengthened with 
the inclusions of dispersed phases, charge compositions for self-propagating high-temperature synthesis (SHTS), 
which contain titanium, boron, aluminum, carbon, were used.  Boron (1 to 2%) is one of the main elements for 
synthesizing solid dispersed phases.  It is important to study the possibility of using the charge in the 
composition to synthesize a modifying composite material (MCM), namely, aluminum oxide 2 3Al O  instead of 

expensive boron. 
The aim of the study is to investigate the influence of the modifying additive (matrix material is PG-10N-01 

nickel-based alloy), synthesized from a charge with the composition Ti, 2 3Al O , 2 3Fe O , Al, C, PT-NA-01 with 

the help of SHTS, on structural features of deposited layers and their tribotechnical properties. 
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Research Methods 

The VT1-0 titanium powders, oxides of aluminum 2 3Al O  and iron 2 3Fe O , PM-15 carbon, heat-reactive 

PT-NA-01nickel aluminide powder, PAP-1 aluminum powder (State Standard GOST 5494) were used as initial 
materials to prepare MCM.  The size of the fractional components of all initial powder components was within 
63 to 100 m. 

The selected components were mixed and the resulting powder mixture was mechanically activated in 

AGO-2 planetary ball mills.  The drums volume is 160 3cm , the diameter of the balls is 4 to 5 mm, and their 
weight is 200 g.  The time of mechanoactivation varied from 2 to 6 min.  The composite material was obtained 
in two stages: in the first stage, Ti, 2 3Al O , 2 3Fe O , C, PT-NA-01, Al powders were mixed and 

mechanoactivated, adding a binder – the “Methylan” glue, a cylinder was formed and dried, and the SHTS was 
initiated, during which MCM was synthesized in the form of cake.  At the second stage, the cake was grinded 
and the resulting powder was mixed with industrial powder of grade PG-10N-01 (TUU 322-19-004-96), the 
resulting mixture was mechanoactivated, and liquid glass (GOST 13078) was added to it until it became pasty.  
The paste was applied to the surface of a steel plate prepared for depositing (steel 20) and after drying was 
deposited with a graphite electrode of  10 mm, depositing current was 80 to 120 A, polarity was direct.  An 
inverter power source Paton VDI-200R DC TIG was used for arc welding.  The microstructure was studied 
using a metallographic microscope.  The microhardness of the layers was measured according to the State 
Standard GOST 2999 “Metals and Alloys.  Vickers Hardness Measurement Method”. 

Comparative wear tests of deposited specimens were performed on a MI friction machine according to the 
disk–pad scheme in I-20 industrial oil under the following modes: average circular sliding velocity was 0.42 

m/s, specific pressure on the pad under normal wear was 8 MPa, the friction surface area was 1.8 2cm .  The 
wear intensity was determined by the formula 
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where 1G , 2G  is the mass of the sample before and after the test, respectively [mg];   is the material density 
3mg mm 

  ; F  is the sample area 2cm 
  ; t  is the test time [s]. 

Materials were abrasive wear tested under friction conditions, according to the State Standard GOST 17367.  
As abrasive particles green silicon carbide of grade 64C with the granularity of 8H (GOST 10094) were used.  
The relative wear resistance of the materials was calculated by the formula 
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where el , tl  is the absolute linear wear of the reference and test samples, respectively [mm]; ed , td  is their 

actual diameter [mm]. 
The phase composition of the deposited layers was determined by the Dron-3 diffractometer in 

monochromatized Cu K -radiation in the angular interval 2θ = 10 to 80.  The X-ray diffraction patterns were 

recorded in discrete mode.  Samples were prepared for the analysis by grinding with abrasive paper and polishing 
to achieve the necessary surface roughness.  ASTM files were used during decryption of diffractograms. 
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Results and Discussion 

As a result of the arc deposition of the CM with the graphite electrode 0.5 to 2 mm thick layers were formed 
on the steel surface.  The microstructure of the deposited PG-10H-01 layer is dendrite (Fig. 1a).  The CM, which 
consists of a matrix material of the PG-10H-01 alloy, in which solid inclusions of SHTS are uniformly 
distributed, has a fine-grained structure, and in this case with an increase in the MCM content from 10 to 20%, 
and accordingly 2 3Al O  aluminum oxide from 1 to 1 2%, homogeneity of the structure increases as a result of 

the crystallization centers growth (Fig. 1b, c).  The researches show that with the increase in the MCM content 
more than 20% conglomerates are formed in the deposited layer, which deteriorate its technological properties 
(Fig. 2).  They can be sites of crack initiation under hardening due to the significant difference between the 
coefficients of linear expansion of the PG-10H-01 matrix material and the MCM. 

 

Fig. 1. Microstructure of the deposited coatings: (a) PG-10N-01 powder; (b) composite material (CM) (10% modifying composite 
material (ΜCM) + 90% PG-10N-01); (c) CM (20% ΜCM + 80% PG-10N-01). 

 

Fig. 2.  MCM conglomerates in the CM deposited coating (30% ΜCM + 70% PG-10N-01). 

During arc deposition, there is a danger of the 2 3Al O  particles arising on the layer surface due to the 

significant difference in the specific densities of the oxide ceramics and the nickel matrix – self-fluxing  
PG-10N-01 powder.  However, the 2 3Al O  particles and other solid inclusions are distributed uniformly enough 

in the deposited layer with the MCM content 10 to 20% (Fig. 3). 
The results of X-ray phase analysis show that the following phases are observed for all layers: nickel matrix, 

7 3Cr Ni  intermetallic compounds, NiB , 2Ni B , 3Ni B  nickel borides; 3Ni Si  nickel silicide, CrB , 2Cr B  chromium 

borides; 3 2Cr C , 7 3Cr C , chromium carbides, oxides of titanium ( TiO ), iron ( 3 4Fe O ) and aluminum ( 2 3Al O ).  

No chemical interaction of aluminum oxides with the components of the self-fluxing alloy was observed. 
Fig. 4 shows the distribution of microhardness over the thickness of the deposited layers in the direction 

from the base surface to the layer surface. 
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Fig. 3. Microstructure of the deposited layers (not etched): (a) CM (10% ΜCM + 90% PG-10N-01); (b) CM (20% ΜCM + 80%  
PG-10N-01). 

 

Fig. 4. Change in the microhardness HV of the deposited metal in the direction from the base surface to the layer surface:  
(1) PG-10N-01 alloy; (2) CM (10% ΜCM + 90% PG-10N-01); (3) CM (20% ΜCM + 80% PG-10N-01). 

The average microhardness of the CM layer (10% MCM + 90% PG-10N-01) is 673 HV, and of the CM  
(20% MCM + 80% PG-10N-01) is 915 HV, which exceeds the average microhardness of the PG-10N-01 layer, 
which is equal to 520 HV.  The distribution of the CM microhardness indicates that there is a tendency to its 
increase towards the surface of the deposited layer (Fig. 4, curves 2, 3).  The microhardness distribution of the 
CM with 20% MCM is more stable compared to the layer with 10% MCM.  This can be explained by a more 
uniform distribution of solid particles in the PG-10N-01 matrix material with an increase in their concentration.  
The microhardness of the deposited PG-10N-01 layer stabilizes in the direction from the base to its surface, 
which can be explained by the effect of the alloy self-fluxing during deposition and a more uniform distribution 
of the 3Ni B  solid inclusions in the nickel matrix. 

Thus, the results of the study of the layers microhardness allow us to conclude that in the dendritic structure of 
the unmodified deposited layer, the values of the microhardness are unstable and the absolute values are within 396 
to 578 HV (Fig. 4, curve 1).  During CM deposition, a structure is formed which is saturated with borides of nickel 
NiB , 2Ni B , 3Ni B , chromium CrB , 2Cr B , chromium carbides 3 2Cr C , 7 3Cr C , nickel silicide 3Ni Si , oxides of 

titanium ( TiO ), iron ( 3 4Fe O ) and aluminum ( 2 3Al O ), what increases the average microhardness for the CM 

(10% MCM + + 90% PG-10N-01) in 1.29 times, and for the CM (20% MCM + 80% PG-10H-01) in 1.76 times 
(Fig. 4, curves 2, 3).  It is also important to note that microhardness in modified coatings has a smaller scatter of 
values over the entire thickness of the deposited layer, what is a criterion for a high wear resistance. 
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The study of the wear intensity under conditions of normal friction of the layers on the MI machine revealed that 
the wear resistance of the CM (10% MCM + 90% PG-10N-01) is in 1.9 times higher, and of the CM (20% MCM + 
80% PG-10N-01) is in 2.16 times higher than that of the self-fluxing PG-10N-0 alloy (Fig. 5). 

 

Fig. 5. Wear resistance of materials deposited by the arc method in the process of normal friction: (1) PG-10N-01 alloy;  
(2) CM (10% MCM + 90% PG-10N-01); (3) CM (20% ΜCM + 80% PG-10N-01). 

The coefficient of friction was calculated at certain intervals according to the formula 
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where fM  is the moment of friction [kg×m]; P  is load [kg]; R is the disk radius [m]. 

During the wear tests under normal friction, friction coefficients ( fK ) were determined for the CM on steel 

45 (50 HRC).  The working surfaces of the samples were polished to a roughness of aR  = 0.25 m (Fig. 6).  The 

character of the curve changes is the same.  The running-in period, when the friction coefficient decreases, is 
approx. 3 h, after which it stabilizes.  The research results indicate that the CM layers (10 and 20% of CM) have lower 
coefficients of friction in a pair with steel 45 compared to the PG-10N-01 alloy: 0.07; 0.04 and 0.03, respectively. 

 

Fig. 6. Friction coefficients in the process of normal friction paired with steel 45 (50 HRC): (1) PG-10N-01 alloy; (2) CM (10% MCM + 
+ 90% PG-10N-01); (3) CM (20% MCM + 80% PG-10N-01). 

The results of friction tests with fixed abrasive particles are shown in Fig. 7.  The PG-10N-01 alloy was 
used as a control material; its wear resistance was taken as a unit. 
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The results of tests on wear resistance of arc deposited materials (Fig. 7) demonstrate that the abrasive wear 

resistance of the CM (10% CM + 90% PG-10N-01) exceeds in 1.4 times, and of the CM (20% MKM +  
+ 80% PG-10N-01) in 1.65 times exceeds the indicator for self-fluxing PG-10N-01 alloy. 

 

Fig. 7. Wear resistance of materials deposited by the arc method under influence of fixed abrasive particles: (1) PG-10N-01 alloy;  
(2) CM (10% ΜCM + 90% PG-10N-01); (3) CM (20% MCM + 80% PG-10N-01). 

 

Fig. 8. Morphology of friction surfaces during wear of deposited materials under action of abrasive particles: (a) PG-10N-01 alloy; 
(b) CM (10% ΜCM + 90% PG-10N-01); (c) CM (20% MCM + 80% PG-10N-01). 

The morphology of the friction surfaces agrees well with the results of the friction tests of the deposited  
PG-10N-01 layers and the CM with fixed abrasive particles (Fig. 8). 

During wear under the abrasive influence, quite deep parallel grooves are found on the PG-10N-01 alloy 
layer (Fig. 8a).  The surface relief is uneven ( aR  = 1.35 m).  Shallow, small and uniformly spaced scratches 

due to friction are observed on the surface of the deposited layers with the CM ( aR  = 0.85 m at 10% MCM 

and 0.4 m at 20% MCM) (Fig. 8b, c).  This is explained by the introduction of the MCM, which contributes to 
the formation of new centers of crystallization during deposition, and this eventually leads to the grinding of the 
structure.  Crumbling of solid particles (borides, oxides) was not detected. 

CONCLUSIONS 

Layers of composite materials 10 to 20% MCM + 90 to 80% PG-10N-01 under arc deposition contain solid 
inclusions in the structure in the form of borides of nickel NiB , 2Ni B , 3Ni B , chromium CrB , 2Cr B , carbides 

chromium 3 2Cr C , 7 3Cr C , nickel silicide 3Ni Si , oxides of titanium ( TiO ), iron ( 3 4Fe O ) and aluminum 
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( 2 3Al O ), which ensures an average microhardness of the coating of 673 to 915 HV.  They were compared with 

the PG-10N-01 base layer with the 3Ni B  main strengthening phase and an average microhardness of 520 HV.  

To obtain the MCM, applying the SHTS, the VT1-0 titanium powders, oxides of 2 3Al O  aluminum and 2 3Fe O  

iron, PM-15 carbon, heat-reactive nickel aluminide PT-NA-01 powder, aluminum powder PAP-1 were used.  
During wear under the influence of fixed abrasive particles, the wear resistance of the CM (10% MKM + 90% 
PG-10N-01) is in 1.4 times, and of the CM (20% MKM + 80% PG-10N-01) in 1.65 times higher compared to 
the PG-10N-01 alloy.  The wear resistance of arc deposited CM with 10 and 20% MCM during normal friction 
is in 1.9 and 2.16 times higher than the wear resistance of the self-fluxing PG-10N-01alloy, which is due to the 
introduction of MCM, which contributes to the formation of new centers of crystallization during deposition, 
and as a result leads to the structure polishing and a decrease in the coefficient of friction to 0.03 to 0.04 
compared to the base PG-10N-01 alloy ( fK = 0.07).  Thus, the presence of the borides of nickel NiB , 2Ni B , 

3Ni B , chromium CrB , 2Cr B , chromium carbides 3 2Cr C , 7 3Cr C , nickel silicide Ni3Si, oxides of aluminum 

( 2 3Al O ), titanium ( TiO ) and iron in the deposited layer ( 3 4Fe O ) leads to a decrease in wear intensity under 

various friction conditions. 
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