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ABSTRACT 
This paper studies the effect of technological parameters to the manufacture of new effective antifriction 
composite materials based on 7HG2VМF tool steel grinding waste with CaF2 additions as solid 
lubricants in structures, having mechanical and tribological properties for high temperature friction 
(bearings perform at a temperature of up to 550°С, a sliding speed of 1 m/s, and a pressure up to 5.0 
MPa, in air). This paper illustrates the mechanism of structure formation of the new materials and its 
effect on properties after using developed technological modes. Such technology can ensure a micro-
heterogeneous fine-grained structure. The composite structure consists of a matrix based on tool steel 
waste and the uniformly distributed CaF2 solid lubricant. The metal matrix is pearlite and consists of 
an α-solid solution based on iron with hard grains of alloying elements of carbides. Such heterogeneous 
structure promotes a high level of antifriction properties under severe operating conditions. The 
behavior of CaF2 in the friction area under high temperature operating conditions has been shown. 
The CaF2 solid lubricant is evenly distributed over the entire friction surface. Calcium fluoride and 
chemical elements of the contact pair form an antifriction film, which provides self-lubricating 
conditions. The possibility of predicting and controlling the behavior of antifriction materials at a high 
temperature, by the selection of initial metal grinding waste, for ensuring the high level of functional 
properties, has been demonstrated. The use of grinding waste to produce effective antifriction materials 
makes it possible to partially solve the global problem of environmental protection. 
Keywords:  antifriction composite material, grinding waste, tool steel, solid lubricant, technology, 
structure, properties, friction films. 

1  INTRODUCTION 
Materials that operate under severe operating conditions, such as high speeds, pressures, and 
aggressive environments, occupy a special place among the existing antifriction ones and are 
studied by experimental or numerical methods [1]–[3]. Bearing materials based on iron 
are often used under working conditions in the air at temperatures of 500−600°C and high 
stresses (of up to 5 MPa), since other materials, primarily based on non-ferrous metals, show 
either low tribological properties or are not able to be suitably operated under such 
conditions. In addition, many cast materials significantly increase the cost of the friction unit 
and the mechanism as a whole [1], [4]. 
     The iron-based materials do not satisfy the growing needs of modern machines for 
withstanding severe friction conditions, for example high temperatures. In some cases, cast 
materials have insufficient performance (high friction and wear coefficients) or are generally 
inoperable. Powder materials have a high cost due to the high price of raw materials (starting 
powders) [4], [5]. 
     At the same time, large potential sources of cheap valuable raw materials exist at plants. 
These are grinding wastes of ferrous and non-ferrous metals and alloys of machine-building, 
metallurgical, tool-making industries, which are taken to the dump because of their abrasive 
contamination and are not used in the repeated cycle of production. Such specified  
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waste contains a significant number of valuable alloying elements, such as W, Mo, V, Co, 
Al, Ti, Cr, Nb, etc. After proper processing, these wastes can be used in the further production 
cycle in particular for the production of effective slide bearings, as initiated by the authors 
[1], [4]. 
     Therefore, the creation of new composite antifriction materials which are made of cheap 
and valuable raw materials with high operational properties under severe conditions is very 
relevant and requires a scientific and practical approach. This is especially important when it 
comes to searching for cheap raw materials and the implementation of tasks related to 
developing new resource-saving technologies. 
     The friction processes analysis shows that the wear rate of the friction surfaces is 
determined by the properties of the formed separating antifriction films (so called secondary 
structures) and depends on their nature [5]–[7]. The films on the contact surfaces can have a 
positive effect, minimizing the frictional forces and preventing the adhesion of the bearing 
and shaft, and a negative impact, when the friction film acts as abrasive depending on the 
working conditions. This is particularly important for friction under self-lubricating 
conditions. Moreover, during the friction films forming process, not only the separate 
property of the composite is significant, but the whole complex of properties affects the long 
and reliable operation of the antifriction material. These properties depend on the presence 
of alloying elements in the material, which are capable of forming such a structure that will 
ensure the effective formation of antifriction films and provide the required level of the 
functional properties. 
     The issue of using industrial metal waste in the recycling cycle is extremely important. 
Many scientists around the world devote their research to the problem of recycling and reuse 
of ferrous and nonferrous metal waste. Typically, such waste is a metal chip, scrub, etc. Such 
waste is the raw material for the production of new structural parts and tools which are 
manufactured using different technologies [8]–[10]. However, information on the reuse of 
grinding metal waste is somewhat limited. 
     Research in recent years has shown the suitability of using some steel and alloy grinding 
waste for the qualitative structural parts production [1], [8], [11]. The authors [8], [11] carried 
out experiments and received positive results on the use of some non-ferrous alloys and steel 
grinding waste for the manufacture of new bearing composite materials. However, studies on 
the use of grinding waste from a wide range of steels and alloys for composite antifriction 
materials were carried out in a limited number. Only individual publications have shown the 
prospect of this scientific direction. 
     The indicated arguments were the reason for comprehensive studies on the structural 
features, properties, and the composition of friction films of new antifriction composite 
materials based on the tool steel 7HG2VMF grinding waste depending on the synthesis 
modes. This is a significant problem both from a scientific and a practical point of view.  
     Solving this problem will allow the wide use of valuable grinding waste for the production 
of effective composite materials for various functional applications. The application of 
industrial grinding waste in the further production cycle will contribute to the partial solution 
of the environmental protection problem. 
     The objective of this research is to study structural features, properties, and the antifriction 
film composition of a self-lubricating antifriction composite material based on the tool steel 
7HG2VMF grinding waste with CaF2 solid lubricant additives for high-temperature friction 
units. 
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2  EXPERIMENTAL PROCEDURE 

2.1  Preparatory procedures 

The subject of study is a new antifriction composite material based on the tool steel 
7HG2VMF grinding waste with the CaF2 solid lubricant (Table 1) [12]. 

Table 1:    Chemical composition of the materials based on the tool steel 7HG2VMF 
  grinding waste. 

Components, wt.%
C W Cr Mo Si Mn V S P Fe CaF2 

0.68–
0.76 

0.55–
0.9 

1.5–
1.8 

0.5–
0.8 

0.2–
0.4

1.8–
2.3

0.1–
0.25

0.02–
0.03

0.02–
0.03

basis 
4.0–
8.0 

 
     The 7HG2VMF steel is the closest analogue to the AM6F2 tool steel, AISI standard, USA. 
The steel 7HG2VMF grinding waste is formed during the grinding process of punches and 
dies. The waste is polluted with abrasive particles from grinding wheels. Therefore, such 
waste is not usually used in the subsequent production cycle. However, this steel contains 
valuable alloying elements (Table 1). Hence it is attractive for use as the basis for 
high-temperature antifriction material. The magnetic separation method was used to clean 
the grinding waste from the abrasive particles through using a magnetic separator [1]. The 
abrasive remains constituted 12% after the metal waste powders had been cleaned. 
     After cleaning, the metal powders were subjected to regenerative annealing at 
temperatures of 8701000°C in a hydrogen atmosphere for removing excess oxygen. The 
regenerative annealing reduces the total concentration of oxygen in powders from 1.0% in 
the initial content to 0.4% after annealing. The above contributes to the formation of a 
homogeneous microstructure. The remains of the casting structure are observed in samples 
made from non-annealed powders in the form of heterogeneous carbide grain-boundary 
accumulations of a biographical character. However, the carbides are spheroidized after 
regenerative annealing, and the material’s strength increases [13], [14]. A solid lubricant 
powder of calcium fluoride was added to the original mixture (Table 1). СаF2 was chosen to 
be added to the antifriction material because it is a high-temperature and chemically stable 
solid lubricant. This solid lubricant is known to be effective at elevated and high temperatures 
and retains its properties at a temperature t up to 1300°C [15], [16]. The CaF2 amount was 
chosen within the range of 4.0−8.0 wt.% because of the following reasons: at a quantity less 
than 4% of CaF2, the function of the solid lubrication is not fully realized, and when 
the content exceeds 10% the strength and plasticity of the material are very low. Thus, in the 
experiments, the authors have examined the antifriction composite materials: powders of 
steel 7HG2VMF + (4.0−8.0)% СаF2. 
 

2.2  Preparation of powder charge and compaction 

The initial components such as the regenerated powder waste of the tool steel 7HG2VMF 
and the solid lubricant (СаF2) were mixed up for 4 hours. Then the powder mixture was 
subjected to pressing. The pressing process was carried out under a pressure of 700900 
MPa. 
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2.3  Sintering 

The samples were sintered in an atmosphere of shielding gas (H2) in a laboratory furnace at 
t = 11001150°С for 2 h. 

2.4  Examination techniques 

The composite structure was studied using optical and raster electron microscopes; calcium 
fluoride in the matrix was identified using scanning electron microscopy (SEM). The 
mechanical properties of the samples were determined as well. Tribological tests were 
performed on a VMT-1 friction testing machine (at temperature of up to 550°С, sliding speed 
V = 1.0 m/s, and load P of up to 5.0 MPa), the counterface was made of R18 cast tool steel 
(hardness 5759 HRC). The counterface material R18 steel corresponded to the material of 
real shafts in the high-temperature friction units. The R18 steel has the following chemical 
composition, wt.%: 0.730.83 carbon, up to 0.5 silicon, up to 0.5 manganese, 3.84.4 
chromium, 17.018.0 tungsten, up to 1.0 molybdenum, 1.01.4 vanadium, up to 0.03 sulfur, 
up to 0.03 phosphorus, and iron as the base. 

3  EXPERIMENTAL RESULTS AND DISCUSSION 
A heterogeneous composite material was formed after the sintering process. The new 
composite structure consists of a metal matrix and inclusions of CaF2 solid lubricant (Fig. 1). 
  

 

Figure 1:    Images of composite microstructure, non-etched section. (a) Electron 
  microscopic photo; (b) Optical microscopic photo; (c) Pearlitic phase fragment. 
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     It can be seen on Fig. 1 that the CaF2 solid lubricant is uniformly distributed over the 
entire composite material. The metal matrix is pearlite (Fig. 1(c)) where the carbide phases 
have been presented as alloying elements of carbides. These carbides are described by 
formulas Ме23С6, Ме2С, Ме6С and МеС. Such phases are characteristic of a cast tool steel. 
In our case, a thin foil was prepared to identify the carbides in the new composite. Carbides 
presence was confirmed by electron diffraction using an electron microscope, followed by 
calculation of the lattice parameters (Figs 2 and 3). 
     The alloying elements in the waste powders contribute to the formation of the phases 
which are responsible for the formation of exploitation properties. It should be noted that the 
influence of alloying elements on the characteristics of the composite depends on the method 
of their introduction into the material. 
 

 

Figure 2:  Mo2C carbides in metal matrix. 

 

Figure 3:  (Fe, Cr)23C6, VC and (Fe, Cr,Mo)6C carbides in metal matrix. 

     Addition of pure Cr powders leads to the formation of an extremely heterogeneous 
structure of the matrix. That is due to the deceleration of chromium dissolution processes on 
the iron base because of its high oxidation and ability of forming carbides [17]. However, the 
production of the composite made from the alloyed primary raw material provides a more 
homogeneous structure with higher mechanical properties. Such a structure has provided the 
development of the properties presented in Table 2. 
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     Tribological and mechanical properties of the examined materials have been presented in 
Table 2 compared to the known powder materials based on Fe [1], [5], which are used under 
similar conditions. Table 2 shows that the new waste-based composite material demonstrates 
higher antifriction properties at friction in a self-lubricating mode at high temperatures and 
loads than the known Fe-based composite material, which showed unsatisfactory tribological 
characteristics under such operating conditions. 

Table 2:  Properties of the examined composite. 

Composition, 
wt.% 

 

Bending 
strength, σs, 

МPа 
 

Impact 
resistance,
KС, J/m² 

 

Hardness 
НВ, МPа 

Friction 
coefficient/ 
wear rate, 

µm/km 
(at 5 МPа and 

550°C)

Maximum 
allowable 
load, MPа/ 

temperature, 
°С 

 
7HG2VMF + 

4 СаF2 
590630 650680 25902640 0.18/41 5/550 

7HG2VMF + 
6 СаF2 

570620 630670 25702630 0.16/39 5/550 

7HG2VMF + 
8СаF2 

560600 620640 25502620 0.17/42 5/550 

Fe+3C + 15 Mo 
(ZhGr3M15) 

composite 
material [1]

240300 350520 850950 0.31/176 1.5/450 

 
     The dense and continuous antifriction films were formed on the contact surfaces, both on 
the surface of the examined material and counterface during the tribological tests. The 
scanning electron microscopy confirmed the presence of a thin dense antifriction layer on 
the friction surfaces after tribological tests (Fig. 4). 
 

 

Figure 4:  Friction surfaces: image in secondary electrons mode (x – analysis points). 
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     Such films consist of contact materials alloying elements and the CaF2 solid lubricant that 
was confirmed by the micro X-ray spectral analysis method (Fig. 5). The chemical elements 
of the composite material were determined after the analysis at points (the spectra 1 and 2). 
The data for spectra 1 and 2 (Fig. 5) show the presence of all components from the initial 
charge and counterface. 
 

 

Figure 5:  Spectra from selected areas of friction film. 

     The chemical elements ratio has been presented from the selected areas on the friction 
track (Fig. 5, spectra 1, 2) after tribological tests at 550ºС, load 5.0 MPa and speed of 1.0 m/s 
(Table 3). 

Table 3:  EDS results of the wear track in selected areas. 

Element, at.% Spectrum 1 Spectrum 2 
Fe 59.00 68.00 
C 12.13 21.79 
Ca 2.53 5.02 
W 0.71 0.77 
Mo 0.80 0.86 
Cr 1.65 1.68 
Mn 2.09 4.22 
F 4.37 4.58 
O 3.14 11.31 
P 0.39 0.41 
S 0.41 0.43 
V 0.81 0.82 
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     As can be seen from the spectral microanalysis data, oxygen is also present on the contact 
surfaces. This suggests that oxidation processes are activated at friction in the air at elevated 
temperatures. 
     Friction films probably consist of complex oxide and fluoride formations which cover the 
contact surfaces and prevent the composite from volume oxidation. Under these friction 
conditions, there is a balance between the wear rate of these films and the rate of new areas 
antifriction films formation. Thus, the self-lubrication mode is realized. Friction films 
(secondary structures) have smooth microtopography, which minimizes wear and stabilizes 
the friction pair operation. 

4  CONCLUSIONS 
The studies on the example of a new antifriction composite material based on the 7HG2VMF 
steel grinding waste with the CaF2 solid lubricant have shown the possibility to determine 
the features of the formation of the material structure using grinding waste as the metal basis, 
taking into account the nature of the alloying elements and their phases in the metal matrix. 
The above allows predicting the nature of strengthening of the materials and their antifriction 
behavior. Such an approach opens the opportunity for controlling the composite structure and 
properties by the choice of initial alloyed grinding waste to form the necessary matrix basis 
and adding the required amount of the solid lubricant. 
     The analysis of tribological properties allowed determining the ranges of rational 
exploitation modes for the studied material: load of up to 5.0 MPa, slide speed of 1 m/s, and 
temperature of 500−550°C in the air. The developed antifriction composite can be 
recommended for operation in the friction units of thermal and metallurgical equipment. 
     Using the valuable grinding waste will allow not only manufacturing of new effective 
composites but also it will contribute to the partial solution of the environmental protection 
problem. 
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