
STUDY OF STRUCTURE FORMATION AND HARDENING IN CARBON 
STEELS DURING HPT AT TEMPERATURES BELOW RECRYSTALLIZATION 

 
ИССЛЕДОВАНИЕ ОСОБЕННОСТЕЙ СТРУКТУРООБРАЗОВАНИЯ И УПРОЧНЕНИЯ  В 

УГЛЕРОДИСТЫХ СТАЛЯХ ПРИ ИПДК В ОБЛАСТИ ДОРЕКРИСТАЛЛИЗАЦИОННЫХ ТЕМПЕРАТУР 
 

Dr.Sci. Raab G.1, Dr.Sci. Aleshin G.1, Kodirov I.1. Raab A.1 
 

1Ufa State Aviation Technical University, Institute of Physics of Advanced Materials, Ufa, Russia 
 

E-mail: giraab@mail.ru, galioshin@mail.ru, ilyas-kodirov@mail.ru, agraab@mail.ru 
 
Abstract: The impact of the parameters of thermomechanical treatment on the structural changes and micro-hardness of low- and 

medium carbon steels under a high hydrostatic pressure at high pressure torsion (HPT) is investigated. It is established that for HPT the 
deformation temperature has a decisive impact on the efficiency of refinement and hardening. This is caused by the effect of dynamic strain 
ageing (DSA) at 250 and 400оС during HPT. At the same time the level of accumulated strain in the sample intensifies the refinement under 
the effect of dynamic strain ageing (DSA). It should be noted that an increase of the carbon content to 0.2 % and 0.45% in steel leads to an 
increase in the temperature of dynamic strain ageing (DSA) to 400оС. It is stated that HPT under the effect of dynamic strain ageing (DSA) 
results in the formation of a gradient structure in the samples after five rotations of the anvil (емах=6.26) at a hydrostatic pressure of 6 GPa. 
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1. Introduction 
 
High pressure torsion is widely used to increase the properties 

of metal materials [1-4]. Generally, this is cold treatment with the 
high level of accumulated strain. However, the strength of materials 
increases 2-3 times due to the formation of a grain structure of the 
ultrafine and/or nanostructured range [4-8]. During the cold 
treatment by HPT the hardening of the samples subjected to 5 
rotations of the anvil емах = 3.45 as a rule levels, this is especially 
typical of pure metals [2, 4].  HPT processing of the alloys with the 
solution supersaturated with alloying elements (thermal-hardened) 
generally leads to the formation of new stable phases as 
nanoparticles located both in the bodies and boundaries of ultrafine 
and nano grains. Consequently, this contributes to more effective 
hardening of the samples after deformation [7, 8].   

Recently the attention of researches has been focused on the 
effect of dynamic strain ageing (DSA), its full occurrence depends 
on the temperature of deformation. The temperature range of 
occurrence of this effect is usually 200-400оС, and it is located in 
the range below the recrystallization temperatures. The effect of 
DSA also impacts the intensity of dispersion of the structure and the 
degree of its defects (hardening) [8, 9]. Of particular interest in that 
connection is the study of the features of structure formation and 
hardening of commercial steels depending on the temperature and 
the carbon content under the critical conditions relevant to HPT, i.e. 
a high hydrostatic pressure of 6 GPa and ultrahigh accumulated 
strain of емах=6.26. Besides, the DSA effect is observed in steels 
during traditional plastic deformation [9 –12]. 

 

2. Material and procedures of experiments 
 
 This paper investigates the impact of the carbon content in 

steels on the formation of a gradient structure under severe plastic 
deformation of steels 10, 20 and 45 with standard chemical 
composition [13].  

 The initial samples for the investigation are discs with a 
diameter of 10 and 20 mm, thickness of 0.5 mm. The steel samples 
are subjected to HPT under 6 GPa at temperatures of 20, 250 and 
400оС. Figure 1 shows the scheme of the HPT process [8, 9].  

The strain degree is determined by the equation [2, 3]  
( )hr⋅= ϑε ln ,  (1) 

where ϑ  – the angle of torsion (radian), r and h – the radius and 
thickness of disc, correspondingly.  

 

 

 
Fig. 1 Scheme of the deformation node for high pressure torsion  

 
After the deformation the microhardness of these samples is 

determined by their diameter, and the structure of the central and 
peripheral parts is investigated by light and scanning electron 
microscopes.  

 

3. Results of experiments and their discussion 
 
Figure 2 shows the results of the investigations of 

microhardness of the steels after HPT at the chosen temperatures for 
the three chosen steel grades. Figure 3 demonstrates the 
microstructure of steel 10 after HPT at a temperature of 20оС. 
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a) 

  
b) 

  
c) 

Fig.2 Plots of microhardness distribution in the samples where a) Steel 
10 after deformation at  20оС(1), 250оС(2), 400оС(3); b) Steel 20 after 
deformation at  20оС(1) and 400оС(2); c) Steel 45 after deformation at 

20оС(1) and 400оС(2). 
 
The analysis of the microhardness distribution along the 

diameter section of the samples shows that the minimum values of 
the hardness are obtained after cold treatment of the steels (20оС). 
However, the lower values HV in comparison with the periphery 
are observed in the center of the steel 10 samples, but the 
microhardness values are roughly the same along the whole 
diameter of the samples of steel 20 and steel 45. 

 The microstructural studies are conducted to determine 
the causes of the observed features of the microhardness change of 
the sample after HPT. Figure 3 shows the images of the 
microstructure of steel 10 in the initial state and after HPT. The 
plates of cementite in the grains of perlite in the initial state are 
located mainly parallel with each other. After HPT the plates of 
cementite are divided into pieces which are randomly located 
towards each other in the most grains of perlite. This demonstrates 
the development of dislocation sliding and occurrence of rotary 
modes of deformation in the grains of perlite. Such action of rotary 
modes of deformation were also observed in [8], which described 
equal channel angular pressing of steel 10.  

 

  
a) 

    
b) 

  
c) 

Fig. 3 Microstructure of steel 10: а – initial state, b, c – 5 HPT 
rotations at 20оС, b – centre of samples, c – periphery.  

Scanning electron microscope  
 
In the periphery of the samples, where the strongest structure 

refinement occurs, perlite and ferrite grains are highly elongated 
along slip bands (Figure 3c). A substructure with relatively 
equiaxed cells forms in these ferrite and perlite grains during HPT, 
which corresponds to the previously obtained data on other 
materials [3].  

A decrease in the microhardness values in the steel 10 samples 
deformed at 400оС in comparison with the HV values obtained after 
HPT at 250оС indicates that the effect of DSA becomes weaker at a 
temperature of 400оС for low carbon steel 10 due to activation of 
diffusion processes. An increase of the carbon content in the steel to 
0.2% and 0.45% leads to an increase in the temperature the DSA 
effect to 400оС (Figure 2).  

Figure 4 shows the microstructure of steel 45 after 5 rotations (ε 
≈ 3.45) of HPT. The structure refinement is ~ 300–400 nm in the 
center, and in the periphery of samples it is ~ 100-200 nm especially 
at increased temperatures (Figure 4). Consequently, the 
microhardness values in the periphery of the samples after HPT at 
400оС exceed more than two times (to 6.5 GPa) the values of HV in 
the centre of the samples (~ 3 GPa). The similar change in the 
microstructure and microhardness is observed in steel 20 under 
HPT.  
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a) 

 
b) 

 
c) 

Fig. 4 Microstructure of the samples of steel 45: а – initial state; b, c – 
after 5 HPT rotations (ε ≈ 3.45) at 400оС; b – center of the sample, c – 

periphery of the sample. Light electron microscope 
 

 Consequently, the cell size reduction from the center to the 
periphery of the samples and a considerable increase in the 
microhardness demonstrate the formation of the gradient structure 
and properties of the steel samples subjected to HPT under DSA. 
Similar behavior under HPT are observed in [14, 15]. 

Nowadays the study of regularities of formation of gradient 
structures is an urgent trend in modern material science [16-20], and 
this investigation contributes to it. 

 

4. Conclusions 
1. The features of formation of the gradient structure at high 

pressure torsion of steel 10, steel 20 and steel 45 have been 
investigated, when the effect of dynamic strain aging occurs. The 
deformation mechanisms in different parts of the samples of the 
steels during HPT have been analyzed.  

2. The temperature range of 250 – 400оС of the DSA effect 
exhibition during high pressure torsion of the studied steels has 
been determined. The relation between activation of the DSA effect 
and the structure state has been demonstrated.  

3. The structural changes of the steels under HPT and, 
consequently, the formation of the gradient structure in the steels 
have been investigated in the temperature range of the DSA effect. 
It is shown that under HPT the most effective refinement of the 
structure (cell sizes dcell. decrease to 0.1-0.2 µm) is in the periphery 
of the samples in comparison with the center (dcell. > 0.3 µm) that is 
characterized as a gradient structure. 

4. As a result of the DSA effect, in the process of severe plastic 
deformation, additional refinement of the structure of the alloys 
and, consequently, a more significant increase in the yield stress and 
microhardness takes place in comparison with the samples 
deformed at room temperature. The increase in the lattice friction 
stress due to the interaction of atoms atmospheres of impurities with 
mobile dislocations leads to the additional increase in the density of 
dislocations in ferrite and perlite grains.   
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