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Abstract: Paper presents an overall analytical review of recent achievements in the field of development and improvement of 

technologies for producing structural materials with ultrafine-grained structure by severe plastic deformation. Main modern methods of 

obtaining ultrafine-grained structure by severe plastic deformation are described. Special attention to combined process “helical rolling - 

pressing” is devoted. 
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1. Introduction 
The creation of new structural materials with new unique 

properties remains one of the urgent problems of modern materials 

science. In practice, it is possible to improve the properties of 

already existing structural materials by grinding their structure to 

ultrafine-grained state. At the moment, there are several ways to 

obtain an ultra-fine structure and one of these methods is a method 

of severe plastic deformation (SPD), implemented in the entire 

volume of the deformable workpiece. 

The most well-known method for implementing SPD in ferrous 

and non-ferrous metals is equal-channel angular pressing [1]. This 

method ensures the production of ultrafine-grained structure in the 

metal during 6-10 pressing cycles. At the same time, in order to 

reduce the required number of pressing cycles, to produce a metal 

with a given grain size over the past decade, a number of dies of 

different modifications have been developed that ensure the 

implementation of this method of deformation.  But until now, this 

method has not found application in the real industrial sector 

because of the lack of deformation in this method, which consists in 

discreteness, i.e. inability to process products of relatively long 

length and the need for a large number of processing cycles. And it 

sets out the economic inexpediency of introduction of this method 

in production. 

 

2. Concept of combined processes 
For the solution of a problem of reception ultrafine-grained 

materials by methods of severe plastic deformation (SPD) in 

industrial conditions we had developed a number of the combined 

technologies of deformation allowing to receive rods of rectangular 

and round section from ferrous and non-ferrous metals with 

ultrafine-grained structure. These processes include the following 

combined processes: "rolling - ECA-pressing" [2-6] (Fig. 1, a), 

"helical rolling - ECA-pressing" [7] (Fig. 1, b). 

The essence of the proposed combined methods of deformation 

is as follows. Preheated to the temperature of the beginning of 

deformation (for some non-ferrous metals, an option is possible at 

room temperature), the workpiece is fed to the rolling rolls, which, 

due to the forces of contact friction, capture it in the gap of the 

rolls, and at the exit from it is pushed through the channels of an 

equal-channel step matrix. 

 

 
а)        b) 

1 - conical rolls; 2 - equal-channel step matrix; 3 - workpiece. 

Figure 1 – The scheme of the combined process 

 

In this case, the process of pressing in an equal-channel step 

matrix is realized by using the contact friction forces arising on the 

surface of the metal contact with rotating rolls. 

When implementing the combined process of "rolling - ECA-

pressing" after the workpiece is completely out of the matrix 

channels, it is captured by a second pair of rolls, which are also due 

to the contact friction forces capture the workpiece and fully pull it 

out of the matrix. When implementing the same combined process 

"helical rolling - ECA-pressing" after the workpiece is completely 

out of the gap of the rolls, the following billet is fed to them, which, 

passing through the rolls and once in the matrix, pushes the 

previously deformed billet from the matrix. 
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The combination of the rolling process (longitudinal and 

helical) and subsequent pressing in an equal-channel step matrix 

allows to realize a favorable scheme of the stress-strain state with 

the implementation of severe plastic deformation in the entire 

volume of the deformed metal, which creates good conditions for 

the formation of an ultrafine-grained structure. 

As a result of numerous laboratory experiments to study the 

effect of the proposed methods of deformation on the evolution of 

the microstructure of various structural materials (ferrous and non-

ferrous metals and alloys) and change their properties, it was proved 

that the combined processes "rolling - ECA-pressing" and "helical 

rolling - ECA-pressing " have undeniable advantages over 

conventional equal-channel angular pressing, both in terms of more 

intense grain crushing and higher mechanical characteristics of the 

deformable metal in one cycle of deformation, and in terms of the 

possibility of obtaining long blanks [8, 9]. 

During one of these studies, we have conducted an 

experiment on the deformation of workpieces with a diameter of 30 

mm and a length of 300 mm of alloy structure steel, grade 40X on 

the stand implementing a combined process of "helical rolling - 

ECA-pressing" (Fig. 2), which was assembled on the basis of the 

rolling mill 10-30, in order to study the influence of the proposed 

method of deformation on the evolution of the structure of the steel 

grade.  

 

    
Figure 2 – The stand implementing the combined process of "helical rolling - ECA-pressing" 

at the time of the experiment and non-rolled butt-end 

 

For the experiment rods with a diameter of 30 mm and a length 

of 300 mm (4 pieces) were produced. The rods have heated up to 

800 ºC in a tube furnace Nabertherm R120/1000/13 with exposure 

of 30 minutes. Then, the samples were rolled for 2 passes on a 

rolling mill 10-30 up to a diameter of 22 mm. At the next stage, 

ECA-matrix was mounted at the mill and bars were deformed by 

combined method up to a diameter of 20 mm.  All 4 workpieces 

were rolled by this scheme, while the subsequent billet is pushed 

from the matrix to the previous one. Then, the matrix was 

disassembled, the butt-end was extracted, which was leveled in the 

rolls of the mill at another pass without compression, heated in the 

furnace to an initial temperature of 800 ºC and processed on a 

combined installation by the rear, untreated end. The pieces will 

then be warmed again, replaced installed on the mill matrix, a 

matrix with a smaller bore diameter and in the same way, cut bars 

up to a diameter of 18.5 and 17.0 mm. After each passage for 

conducting metallographic analysis the samples from longitudinal 

sections of the rod were cut.  

  

3. Results and discussion 
The samples were investigated using scanning electron 

microscope Quanta 200i 3D (FEI company, USA). Photos of typical 

types of microstructure in the center and on the periphery of the rod 

after screw rolling, and after the third pass on the combined stand 

"helical rolling - ECA-pressing" are shown in figure 3. 

 

а)  b)  
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c)  d)  

а, b – the periphery and the center of the rod after rolling to a diameter of 22 mm; 

c, d – the periphery and the center of the rod after three passes on the combined stand "helical rolling - ECA-pressing" 

Figure 3 – Microstructure of steel 40X (X10, 000) 

 

The microstructure of the peripheral zone has a predominantly 

equiaxed sub-ultrafine-grained nature with grain size about 1 µm. In 

the central zone there is a structural stripe in the form of elongated 

grains in the direction of rolling with a size of 5÷10 x 0.9÷1.5 µm 

and a chain of chromium carbide crystals (white phase). The 

microstructure obtained after rolling on a helical mill before 

entering the workpiece into the matrix is typical for this type of 

deformation and confirms the data presented in [10-11].  

The study of samples after three passes on the combined 

installation "helical rolling - ECA-pressing" (figure 3, c, d) showed 

a change in the striped texture of the central zone of the bar to a 

more equiaxed structure with the grain size of the order of 3-6 

microns. The peripheral portion of the workpiece retained the 

ultrafine-grained character. 

 A typical picture of the transition zone at a distance of 0.5 

radius from the center of the rod is shown in figure 4. The transition 

zone after the second pass still retains traces of the oriented 

"rolling" structure, although significantly altered. After the third 

pass, the transition zone has a fine-grained structure with grain size 

of the order of 1-1.5 microns. 

 

а)  b)  

Figure 4 - Microstructure of the transition zone at a distance of 0.5 radius 

from the center of the bar after the second pass (a) and third pass (b) 

 

According to the results of measurements of the grain size of 

steel 40X, it can be concluded that the high intensity of shear 

deformation characteristic of screw rolling and combined process 

"helical rolling - ECA-pressing", allows to largely grind grain. 

Moreover, the combined process, due to the greater non-

monotonicity of the plastic flow of the metal, grinds the grain to a 

greater extent, allowing to obtain grain with a minimum average 

size of up to 1 µm. At the same time, metallographic studies have 

shown the transformation of the oriented banded structure of the 

central zone into a more equiaxed structure with a predominance of 

large-angle intergranular boundaries.  

 

4. Conclusion 
Implementation and bringing to the industrial use of the 

proposed combined processes will allow to obtain a method of 

continuous extrusion of high-quality rod with rectangular and 

circular cross-section. The economic and energy efficiency of the 

proposed technology in comparison with the traditional technology 
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of equal-channel angular pressing is to reduce the number of 

deformation cycles required to obtain a uniform ultrafine-grained 

structure by almost 2 times and in a larger proportion of the material 

produced in one cycle of processing by ensuring the continuity of 

the process. Thus, at comparable quality, productivity, and hence 

efficiency of installations for realization of the offered combined 

processes will be not less than 2 times higher. At the same time, the 

necessary set of properties is formed in fewer passes, and the 

proposed installation have no restrictions on the length of the 

workpiece. This makes it possible to talk about the energy-saving 

advantages of the proposed technology and the prospects for its 

commercial application. 
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