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Abstract  

Thermofriction hardening of steels is a modern technology for extended use in the production of various parts, 

the surfaces of which require increased wear resistance. The presented research continues the work of the 

authors on the study of the transformation and properties of metal structures that have received frictional 

processing; identification of physical mechanisms of steel hardening and the formation of ideas about residual 

manifestations and support of the strength heredity of intense frictional contact in the subsequent life cycle of 

the part at the final operations of its shaping and operation under conditions of thermophysical loading similar 

to tempering. This study examines the behavior of surfaces hardened by thermofrictional treatment under 

conditions of subsequent operational thermal loading, which is simulated by heating to elevated temperatures 

(up to 600 °C) and holding steel at these temperatures for up to one and a half hours. Metallographic and 

durametric studies have been carried out on cross-sectional sections of 65G steel samples. The 

microhardness in the near-surface layer decreases the more, the higher the heating and the time of testing 

with an elevated temperature. At the same time, the surface of steel that has previously undergone 

thermofrictional hardening is much harder than its base in the entire range of experimental conditions. This 

indicates the prospects of thermofriction hardening for steel products operating under conditions of increased 

thermal loads, and stimulates further research in this direction. 
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1. INTRODUCTION 

Strengthening of materials, and especially surface hardening, is today a very popular issue, which is used for 

a wide range of products. The use of various approaches to surface hardening is a topical issue and is actively 

studied with a wide geography.  

Frictional processes are a potentially powerful source of energy and are used even in processes such as 

welding. In the literary source [1], the influence of the parameters of this type of welding on the thermal 

phenomena that occur during this process is considered. In many cases, surface treatment in various ways 

produces white layer structures that have a certain degree of similarity. Informative, from a scientific point of 

view, is the study of the behavior of individual structural components during deformation of materials. Thus, 

the behavior of the austenitic component in alloy steel is considered during hot deformation in a scientific article 

[2].  
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In [3] the influence of electro-erosive treatment on the microstructure of the white layer and its corrosion 

resistance is considered. The work [4] is devoted to the description of the martensitic white layer, which is 

obtained in steel by adhesive sliding friction. Analysis of the effect of surface nanocrystallization on friction and 

wear resistance of low-carbon steel is considered in [5]. The nanostructured surface layer, which is formed in 

the materials under the action of treatment with surface mechanical friction is described in [6]. It should be 

noted that an important operational parameter is the size of grain the objects under study. Scientific work [7] 

is devoted to the influence of grain size on the wear resistance of nanostructured steel. In [8] the influence of 

strain hardening on the wear resistance of Gadfield steel is described.  

A detailed work [9] is devoted to the microstructural evolution of the white layer in steels, but only from the 

standpoint of the influence of mechanical contact. The attention of [10] is also drawn to the structure and 

properties of the white layer as a consequence of intensive mechanical processing. Thermally deformed white 

layers as applied to high carbon steel are considered in [11]. 

The application of alternative technologies for steel products using friction processes can significantly reduce 

industrial costs and obtain products of high functionality. This can contribute to an increase in the economic 

effect, both in production and in the use of various products. In this regard [12], the use of thermo-friction 

hardening (TFH) is economically attractive in obtaining steel products with high hardness and, accordingly, the 

expected wear resistance of the surface.  

In addition to the ability to quickly and inexpensively harden the surface of various objects, it is important to 

meet a number of requirements for them, expanding the possibilities of effective use in various conditions, 

including stressful operation. In this direction, the stability of the structure and properties of products at elevated 

temperatures is important. This study is aimed specifically at studying the behavior of the technological heredity 

of steel TFH under conditions of elevated temperatures, transformation of the structure and properties provided 

by the TFH. 

2. EXPERIMENTAL PROCEDURE 

The study was carried out on the example of steel 65G (Table 1). Among its foreign analogues, the leading 

countries of the steel industry are represented by many brands, in particular 1066 (USA), 66Mn4 (Germany), 

080A67 (Great Britain), 65Mn (China). The choice of the steel grade for research, in addition to its well-known 

industrial popularity, is also due to the previous experience of experimental work with it as a material for the 

production of knives, using an electric current activated by the discharge action in the diamond-spark grinding 

zone at the end of the technological cycle of manufacturing the TFH post, while maintaining a functionally 

positive technological inheritance of the previous friction hardening [13]. An important aspect of expanding the 

use of steel knives in the context of this study is both cold and hot cutting of different materials. 

Table 1 Chemical composition of steel, % wt 

С SI Mn Ni S P Cr Cu Fe 

0.62-0.7 0.17-0.37 0.9-1.2 ≤0.25 ≤0.035 ≤0.035 ≤0.25 ≤0.2 Rest, ~97-98 

Flat specimens for research with dimensions of 100 mm x 40 mm x 25 mm were preliminarily passed through 

the TFH on 3G71 surface grinding machine (Figure 1) using disc tool made of St3 steel with the following 

processing modes: peripheral speed of the too 35 m⋅s−1, sample feed rate 30 mm⋅s−1, processing depth 

0.7 mm.  

The study of the features of structural changes in steel and the assessment of the behavior of the 

microhardness of white layers under test conditions with an increase in temperature after TFH were carried 

out by heating to 200 °C, 400 °C, 600 °C, and holding for 10 min., 30 min., 60 min., 90 min. at these 
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temperatures. The range of heating temperatures is adopted according to the classical tempering temperatures 

[14]. 

 

Figure 1 TFH process 

Metallographic analysis along the slice of standard etched thin sections after TFH and furnace heating was 

carried out using an MIM-7 microscope, by photographing microstructures together with a micrometer ruler 

and using interchangeable objectives and eyepieces with different optical characteristics.  

The microhardness was measured using a PMT-3 microhardness tester with a load on the indenter of 100 g. 

The distance between the edge of the sample and the first indentation was 3 μm, and between the subsequent 

ones – 5 μm or more, depending on the homogeneity of the layers to be removed. 

3. RESULTS AND DISCUSSION 

The measured data on the microhardness of white layers after heating with different holding times are shown 

in (Table 2).  

Table 2 Microhardness of the white layer after TFH and heating, GPа 

Temperature holding time, min. Heating temperature, °С 

200 400 600 

10 17.4 14.3 8.0 

30 16.0 12.0 6.2 

60 14.5 10.7 5.6 

90 14.0 10.0 5.0 

Structural changes that occur when the samples are heated after their TFH showed that there is a relative 

stability of the white surface layer. In all samples, after heating, three characteristic zones are preserved 

(hardening, thermаl softening, base metal, which were considered in previous studies, with the initial 

microhardness of the white surface layer 18.0 GPa [12].  

When heated to a temperature of 200 °C, white surface layer of the samples (hardening zone) (Figure 2a) has 

a fine-grained structure with an oblong grain shape and a size significantly smaller than the size of martensitic 

needles, which make up the base metal layer. The level of its microhardness is significantly higher than in the 

base metal zone of samples after preliminary quenching and low-temperature tempering. This is visually shown 
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by microhardness prints in photos of microstructures. The average depth of this strengthening zone is 0.6–0.7 

mm. 

Figure 2 The microstructure of the cross section after TFH, heating to temperatures of  

200 °C (a), 400 °C (b), 600 °C (c), and holding for 30 min. Magnification 500 

The zone of base metal is shown at the bottom of microstructures photos (Figure 2). It has a needle-like 

structure of martensite after low-temperature tempering caused by previous heat treatment by TFH exactly in 

this temperature range (about 200 °C). Its microhardness reaches 6.5 GPa. 

These two zones are connected by a rather thin layer with a darker structure of a different type, with a minimum 

level of hardness. The microhardness here decreases to the level of 3.5 GPa, which is typical for the thermаl 

softening. This low level of hardness is explained by the spread of tempering temperatures to this depth, and 

the structures corresponds to sorbite-like - and troostite-like. 

When heated to temperature 400 °C, the cross-section pattern (three zones) remains, which is described 

above. However, there are significant changes in the hardening zone and the base metal zone. At a given 

temperature, these zones instead of the martensitic structure acquire the structure of troostite after medium-

temperature tempering (Figure 2b). 

This structure is formed as a result of the decomposition of martensite (transformation of type martensite – 

perlite). However, the degree of dispersion of the hardening zone troostite and the base metal zone troostite 

is not the same and is higher in the hardening zone. This can be explained by the conditions for obtaining a 

surface reinforced layer at TFH. It include the deformation component and provide the appearance of more 

crystallization centers on which troostite grains grow (Hall – Petch). 

However, in these samples, the volume of transformations occurred partially. Its completeness is directly 

proportional to the holding time at the specified temperature. Sample after holding for 30 minutes has a 

microhardness of the base metal zone of 5.2 GPa. The degree of thermаl softening is more pronounced in 

samples where the exposure time was 60 min and 90 min. The microhardness of the base metal is reduced 

to 4.9 GPa and 4.5 GPa, respectively. The depth of reinforcement does not change and is 0.6–0.7 mm. 

 
 

 

a) b) c) 
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The study of the microstructure and microhardness samples after TFH and heating to a temperature of 600 °C 

and determined holding found that there is still some separation between the hardening zones and the base 

metal. However, the structure of these zones consists of sorbite after high-temperature tempering (Figure 2c), 

which also has a higher degree of dispersion in the hardening zone. This structure is also formed as a result 

of the decomposition of martensite (transformation of type martensite – perlite). Complete transformation 

occurs in the sample, where the exposure time was 90 minutes., by analogy with heating up to 400 °C. 

At the same time there is a drop in microhardness, both in the zone of hardening (Table 1) and in the zone of 

the base metal. However, the microhardness of the surface layer is higher compared to base metal, where 4.8 

GPa at 10 minutes of holding, 4.2 GPa at 30 minutes of holding, 3.8 GPa at 60 minutes of holding and 3.5 

GPa at 90 minutes of holding.  

The softening zone visually disappears, as its troostite part undergoes changes similar to the base metal, and 

merges with it. However, the transition from the hardening zone to the base metal zone due to the different 

grain size in them remains noticeable. The depth of the hardening zone did not change either, and it was in 

the interval of 0.6–0.7 mm. 

The results obtained in this study show that at all heating temperatures, an increase in the holding time slows 

down the softening, and the holding time of 90 minutes practically ensures the final completeness of the 

transformation of the structure and properties of steel after TFH. In all cases, the microhardness indices of the 

hardening zone (surface layer) after testing at elevated temperatures remain higher than the microhardness 

of the base metal. 

This fact is explained by the fact that under TFH conditions, in addition to heating, a strain-stress state is 

formed in the sample surface. This initiates the appearance of a large number of crystallization centers. When 

heated to martensite decomposition temperatures, they provoke the growth of a large number of grains of 

perlite-like structures (troostite and sorbite), which makes them finer-grained.  

As a result, the complex of mechanical properties in general increases. It should also be noted that fine grain, 

first of all, contributes to an increase in impact strength [15]. This is very important in the surface layers of 

machine parts and tools. In addition, the depth of hardening maintains constant stability and does not change 

under the influence of temperature on the samples. Therefore, it is important to emphasize the possibility of 

effective use of TFP as a method of surface strengthening, and machine parts and tools that are strengthened 

in this way can work effectively, including in conditions of elevated temperatures. 

4. CONCLUSION 

The performed studies provide information on the nature and results of the transformation of the structure and 

properties of steel 65G provided by the TFH after subsequent exposure to certain elevated temperatures (200 

°C, 400 °C, 600 °C) for up to 90 min., after which the change (weakening) of the technological heredity of the 

TFZ can be considered relatively insignificant for operational prospects. At the same time, in the entire 

temperature range of tempering in steel that has passed the TFH, fine grain and increased hardness indicators 

are preserved. With a short holding time at specified temperatures (up to 30 min), the processes of decay of 

the structures of the surface reinforced layer occur partially, almost with the preservation of the original 

hardness, at a level from 6.2 GPa and above at 600 °С to not less than 12 GPa and 16 GPa, respectively, at 

400 °С and 200 °С. The surface of steel that has previously undergone TFH is much harder than its base in 

the entire range of experimental conditions. This indicates the prospects of TFH for steel products and 

stimulates further research in this direction. The results obtained support the possibility of effective use of TFH 

as a method of surface strengthening, and machine parts and tools that are strengthened in this way in 

conditions of elevated temperatures. 
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