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Ferrum is the metal which is mostly used by people. Our usual life is impossible in conventional way without ferrum. 

Ferrum is also the base for iron and steel, and steel is the most widely used construction material for the industries. 

The properties of this material are very important and steel application areas are determined depending on these 

properties. Different methods of steel processing are used for improvement of its quality. One of this methods is 

presented by heat treatment, in particular – thermal cycling, which allows to improve substantially mechanical 

properties of steel. There are many variants of heat treatment for steels, however, thermal cycling has still large field 

for further investigations.

Based on the modern technical level, heat treatment processes can be carried out with heating rate varying from 

parts of grades per second to hundreds of grades per second. It is also possible to vary number of heating and cooling 

cycles, what has significant effect on mechanical properties of processed steel. Additionally, the processes after heat 

treatment provide apparent influence on these properties. Mechanical steel processing after conducted heat treat-

ment also has the effect on steel properties. Conduction of metal processing according to incorrect operating modes 

can have very negative consequences for steel properties. Wrong operation with material can seriously deteriorate 

obtained steel properties after heat treatment. 

The paper presents the experiences of thermal cycling of ShKh-15 steel and the conditions allowing to obtain opti-

mal steel strength properties are determined.
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Introduction

The role of mineral resources in the mankind life can be 

hardly overestimated. All material objects, which were cre-

ated by people, are or made either from mineral resources, 

or using products of processing of mineral resources [1–5]. 

Ferrum, or really its alloys, is the metal which is mostly 

used by people. Steel is known as the most widely used Fe-

based alloy, it is used in all industrial branches – from food 

to aerospace industry. Steel quality plays the most important 

role and mainly determines the quality of finished products. 

The required quality of steel and steel products can be pro-

vided, for example, by heat treatment, alloying, surface coat-

ing and other methods [6–11]. 

Thermal cycling (TC) is also one of the ways of steel pro-

cessing, it is a kind of heat treatment with cyclic technologi-

cal process [12–18].

Thermal cycling processes can be conducted with heat-

ing rate varying from parts of grades per second to hundreds 

of grades per second. It is possible to vary number of cycles 

during TC, what provide essential influence on mechanical 

properties of processed steel. The processes conducted after 

TC, such as tempering, annealing, ageing etc., have apparent 

effect on these properties. These “finishing” processes are 

aimed on saving the positive variations, which were acquired 

during TC, and probably to strengthen them if possible  [13, 

14, 19, 20].

Development of the concrete thermal cycling modes is 

carried out for the concrete materials, i.e. TC mode essen-

tially depends on the properties of processed material. It is 

evident, that the most close are material properties, the most 

close will be processing modes. The main idea of develop-

ment of TC different modes is selection of such mode from 

rather wide number of the processes, occurring during ther-

mal cycling, and to promote the most complete conduction 

of those processes that provide improvement of steel me-

chanical properties. The a.m. number of processes includes 

dissolution, crystallization, extraction of phases, stresses, 

deformations etc. [13, 14, 19, 20].

Unlike non-cyclic heat treatment methods, thermal cy-

cling is characterized by appearance of other “sources” hav-

ing effect on steel properties; they are connected only with 

cyclic features of the process. Phase transformations, temper-

ature gradients, thermal volumetric and inter-phase stresses 

etc. can be mentioned among these “sources” [13, 14].

Variation of the structure during thermal cycling is con-

nected, in particular, with variable solubility of different ma-

terial components. It creates conditions for redistribution 

of elements and variation of phases, owing to multiple dis-

solution – extraction. Such processes are available only for 

thermal cycling, from all heat treatment operations [13, 21].

The main thermal cycling methods differ rather essen-

tially from each other. The main TC variants are presented 

in the Fig. 1. 
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The final structure of processed steel will depend on 

phase transitions, which are not connected with substantial 

variations of phase composition. Spheroidizing of phases 

and coalescence can be considered as such phase transi-

tions. In this connection, the gradient of concentration of 

a chemical element between extractions of different size ex-

ists in solid solution [13, 14, 19, 20].

The tendency of reaching the most stable energy state 

by all phase transitions in the system is the main regularity. 

Depending on physical and chemical properties and material 

nature, the process of diffusion motion of atoms can occur 

via different mechanisms [22–24]. 

The aim of this research is examination of practical in-

fluence of thermal cycling on steel mechanical properties. 

Improvement of mechanical properties, in its turn, allows 

to improve the quality of finished steel products.

Solving the problem

Several experiments on thermal cycling of ShKh-15 

steel were carried out;  they cover 3 kinds of cycles for steel 

TC. As a result, the thermal cycling method for ShKh-15 

steel is suggested, providing achievement of high hardness 

and wear resistance of metal. A bearing roller was used as raw 

material; it was then forged in a strip with thickness 7 mm 

and width 32 mm. Then steel was cut in 9 samples, each with 

size 7 × 7 × 32 mm (Fig. 2). 

The muffle furnace with maximal heating temperature up 

to 1350 °С with electronic heat controller was used a heating 

furnace.

The following plan of the research was developed.

 • annealing of the samples;

 • determination of 3 rinds of cycles;

 • preparation of 3 samples for each heating cycle;

 • quenching of 3 samples with different number of cy-

clic heating iterations;

 • low-temperature tempering of samples;

 • hardness measurement for samples in two planes;

 • destruction of samples in the middle of their length;

 • qualitative assessment of internal grains size coar-

seness;

 • determination of relationships of variations of hard-

ness and coarseness of internal grains from number  

of iterations of cyclic temperature variation;

 • determination of the cycle, when maximal hardness 

and minimal steel internal grain size were achieved.

Thermal cycling parameters accepted for the research 

ShKh-15 steel has the critical point Ac3 = 900 °С and 

quenching temperature 840 °С. 3 kinds of TC cycles were 

examined. One of them has no relation to the critical point 

Ac3 and includes heating up to 840 °С with 1 min hold-

ing and consequent cooling to 800 °С with 1 min holding.  

Fig. 1. The main thermal cycling methods: a – TC with complete or partial phase recrystallization; b – TC in the field  

of variable mutual solubility of elements; c – TC within the temperature range of dispersion hardening

Fig. 2. Bearing roll and ShKh-15 steel samples
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The second cycle takes into account the critical point Ac3 

and includes heating up to 900 °С with 1 min holding and 

consequent cooling to 750 °С with 1 min holding. The third 

cycle also takes into account the critical point Ac3 and in-

cludes heating up to 960 °С with 1 min holding and conse-

quent cooling to 840 °С with 1 min holding. All 9 samples 

were subjected to annealing at the temperature 800 °С with  

2 hours holding and consequent cooling with the furnace to 

the temperature 20 °С. Engine oil heated to the tempera-

ture 60 °С was used as a cooling medium for all samples. 

All samples were subjected to quenching at the temperature  

840 °С. After quenching, they are subjected to low-tem-

perature annealing at the temperature 180 °С with 2 hours 

holding and consequent cooling with the furnace to the tem-

perature 20 °С.

To examine influence of the temperature boundaries of 

the cycle (including and not including the critical point Ac3) 

and number of cyclic iterations of heating and cooling on the 

final steel properties, the research accepts 3 kinds of of the 

temperature boundaries of the cycle and 3 variants of num-

bers of cyclic iterations of heating and cooling of samples. 

The required number of samples for conduction of experi-

ments was stipulated by the number of mutually connected 

variable parameters. 9 steel samples are required for investi-

gation for 3 variants of the temperature boundaries, on the 

condition of 3 variants of numbers of cyclic iterations of 

heating and cooling.

The first TC cycle was carried out with the samples  

No. 1–3. The samples No. 1, No. 2 and No. 3 were subjected 

to 2, 4 and 6 iterations of heating and cooling, respectively. 

The heating cycle is presented in the Fig. 3.

The second TC cycle was carried out with the samples 

No. 4–6. The samples No. 4, No. 5 and No. 6 were subjected 

to 2, 4 and 6 iterations of heating and cooling, respectively. 

The heating cycle is presented in the Fig. 4.

The third TC cycle was carried out with the samples 

No. 7–9. The samples No. 7, No. 8 and No. 9 were subjected 

to 2, 4 and 6 iterations of heating and cooling, respectively. 

The heating cycle is presented in the Fig. 5.

The muffle furnace with operating modes for conduc-

tion of the first heating cycle with the steel samples No. 1–3 

is shown in the Fig. 6. The temperature corresponds to the 

heating points of the first cycle 840 °С and 800 °С, which  

are maximally distant from each other. The temperature in 

the furnace is reflected on the monitor of thermal control-

ler with red figures, while preset heating temperature is dis-

played with green figures. 

The methods for samples examination

Visual assessment of coarseness of internal grains in 

ShKh-15 steel samples and quantitative assessment of sam-

ples hardness was conducted based on the results of different 

variants of thermal cycling. All samples were subjected to de-

struction in the central cross section by applying of external 

load, which exceeds the material tensile strength. Hardness 

measuring in the samples was carried out in two mutual per-

pendicular planes using stationary hardness meter HR-150A. 

Fig. 3. The first heating cycle

Fig. 4. The second heating cycle

Fig. 5. The third heating cycle

Fig. 6. Muffle furnace and its operating modes for the first 
kind of TC cycle



Heat Treatment and Metal Science CIS Iron and Steel Review — Vol. 27 (2024), pp. 60–65

63

Visual assessment of coarseness of internal grains  
in the steel samples

To provide visual assessment of coarseness of internal 

structure of the samples, splitting of each steel sample was 

carried out. Fracture of the samples was conducted across the 

middle cross section of the sample, with the same external 

force effect (shearing) using electromechanical guillotine. 

Fracture was observed in the middle cross section of the sam-

ple. Unfortunately, the technical possibility to determine the 

size of steel internal structure was unavailable, so only visual 

assessment was realized. 

Fracture surfaces of ShKh-15 steel samples No. 1–3  

are presented in the Fig. 7.

Fig. 7. Fracture surfaces of ShKh-15 steel samples No. 1–3 

Fig. 8. Fracture surfaces of ShKh-15 steel samples No. 4–6

It can be seen in the Fig. 7 that each sample has different 

fracture. From the first view, grain structure for the samples 

No. 2 and No. 3 is similar. Grain coarseness of the sample 

No. 1 is seen apparently, it is maximal in comparison with 

grain size of other samples.

Fracture surfaces of ShKh15 steel samples No. 4–6 are 

presented in the Fig. 8.

It is difficult to assess the steel internal grain coarseness 

depending on increase of number of cyclic temperature 

measurement iterations within the framework of the second 

TC cycle, based on the Fig. 8. It should be mentioned that 

fractures of the samples presented in the Fig. 8 are not equal 

visually, they differ apparently from each other.

Fracture surfaces of ShKh15 steel samples No. 7–9 are 

presented in the Fig. 9.

Fig. 9. Fracture surfaces of ShKh-15 steel samples No. 7–9

It can be seen in the Fig. 9 that fracture of the samples be-

comes more homogenous with increase of number of cycles. 

The grain structure of the sample No. 7 is evidently more 

porous in comparison with two other samples. 

Hardness measurement of the samples using  
stationary hardness meter HR-150А

Hardness of the samples was measured in two mutu-

ally perpendicular planes using stationary hardness meter 

HR-150А. The measurements were carried out in GRC 

units, using diamond tip for a hardness meter. The results 

are presented in the Table. 

Dependence between hardness variation of steel samples 

and number of iterations of temperature cyclic variation for 

three kinds of TC cycles is presented in the Fig. 10. 

Growth of hardness of the samples can be seen on the  

Fig. 10, depending on increase of number of cyclic iterations. 

For the second and third kinds of TC cycles, hardness 

variation looks like linear relationship. Maximal hardness 

was achieved in the third kind of TC cycle with six iterations.

Fig. 10. Dependence between hardness variation of steel 
samples and number of iterations of temperature cyclic 
variation

Possible areas of thermal cycling application

Fine concentrates, natural porous ores, wastes of differ-

ent production facilities are usually not valid for consequent 

direct processing of use and are required in agglomeration. 

Briquetting is considered as one of agglomeration methods, 
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and roller presses are among the most widely distributed 

equipment for briquetting [25–29]. 

Extrusion units, having several advantages in comparison 

with roller presses can be also used for briquetting. But ex-

truders can be efficiently used only in operation with rather 

soft and non-abrasive materials. When operating with hard 

abrasive materials (steel chips and sawdust, hard abrasive 

mineral resources etc.), rather quick wear is observed, mainly  

for a forming head of extruder as well as screw conveyer and 

internal shell surface [30–36]. 

Improvement of mechanical properties, such as hardness 

and wear resistance of forming heads, screw conveyer and in-

ternal shell surface of extruders, is one of the possible areas of 

thermal cycling application, what increases their service life. 

Conclusion

Based on the results of conducted experiments and analy-

sis of the obtained data, it was established that use of thermal 

cycling provides essential effect on steel properties. The final 

result depends on correct choice of TC cycle. The cycle with 

deviation by 60 °С above and below the critical point Ac3 for 

ShKh-15 steel was recognized as the best fron the researched 

cycles. 

Taking into account the results of hardness measurement 

for the samples, it was revealed that the first kind of ther-

mal cycling was characterized by the minimal steel hardness 

value; moreover, the sample No. 1 had maximal grain size 

and minimal hardness in relation to all other samples. 

Maximal hardness value was noted for the sample No. 9, 

which was processed via the third kind of thermal cycling 

with deviation by 60 °С above and below the critical point 

Ac3 = 900 °С. This TC kind allows to obtain steel with most 

high hardness in comparison with other researched cycles. 

Use of thermal cycling provides obtaining more homog-

enous distribution in internal steel structure, uniform size 

of material grains, as well as decreasing of internal stresses 

inside metal. 

Thus, steel thermal cycling allows to rise its mechanical 

properties, in particular hardness and wear resistance, what 

improve in its turn quality of finished products manufactured 

from this steel. 
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