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Abstract 

An overview of the prospects for the development of nuclear technologies and the conclusion of the relevant 

requirements for advanced structural materials, their classification and features were described. In order to 

obtain a bar with a modified radiation-resistant outer layer, an experiment on radial-shear rolling of the Zr-1% 

Nb alloy in conditions favorable for the UFG structure formation was conducted. In the process of radial-shear 

rolling of round bars along the route 37 mm → 20 mm in diameters with a total deformation 

of  ≈ 70 %, a microstructure of submicron size was obtained. The nature of the microstructure is equiaxed 

with mainly high-angle boundaries and large crystallographic misorientation of the grains that is the most 

promising from the point of view of radiation resistance. 
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1. INTRODUCTION 

Zirconium is the most popular material in the nuclear power industry. Alloys based on it are used for the 

production of the most important part of nuclear reactors - for the material of shells (nuclear fuel cladding tubes) 

and plugs (end plug) of fuel elements of thermal neutron reactors (PWR, WWER). These tubes contain tablets 

of nuclear fuel and separate it from the inner space of the reactor. Therefore, their properties are subject to 

exceptional requirements [1]. 

The main concept of creating a new generation of nuclear reactors is to increase their safety level, increase 

their service life and power [1-3]. The development of nuclear technology is associated with a gradual increase 

in operating temperatures and pressures in the reactor core [2]. Also, the problem of creating small nuclear 

reactors with particularly long-term autonomous operation for stable energy supply in extreme conditions 

without maintenance is relevant [4]. At the same time, the main problem with increasing power and durability, 

and, consequently, with safety, is the degradation of structural materials under prolonged exposure to ionizing 

radiation in an aggressive environment and high temperatures [5]. 

The main aim of this work is an experimental investigation of radial-shear rolling process of Zr-1% Nb alloy for 

possible obtaining of ultrafine-grained structure. 

2.  FEATURES OF ULTRAFINE-GRAINED AND NANOSTRUCTURED MATERIALS AND METHODS 

OF THEIR PRODUCTION 

One of the ways to increase the level of mechanical properties and radiation resistance is the use of ultrafine-

grained (UFG) and nanostructured materials (NS) [6]. All industrially used metal materials have a coarse-

grained structure with a grain size of about 20-80 microns or more. The UFG state, with a grain size of less 

than 1000 nm, significantly changes the mechanical and physical properties of the material. The strength 
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increases several times while maintaining a sufficiently high level of plasticity, which is very beneficial for 

structural materials. These materials, their properties and features of production are described in detail in the 

works of R.Z. Valiev, T. Langdon, and others [6-9]. 

Such materials, due to the small grain size, contain a large number of grain boundaries in the structure, which 

play a decisive role in the formation of their physical and mechanical properties. Ideas about non-equilibrium 

grain boundaries are based on studies of the interaction of lattice dislocations and grain boundaries, in the 

result of which the introduced grain-boundary dislocations (GBD) are formed. They form the special state of 

grain boundaries that allows to obtain increased physical and mechanical properties of materials. Such 

structures are characterized by a high level of strength and a sufficient level of plastic characteristics 

immediately after production. Thus, the nature and state of the grain boundaries have a decisive influence on 

the properties of the material. 

The physical mechanism for increasing radiation resistance also consists in the fact that UFG and 

nanostructured metals have a much larger number of grains per unit volume, and therefore a relatively large 

proportion of intergranular boundaries in the volume of the body. In the case of a radiation defect, due to the 

proximity of grain boundaries, the defect quickly reaches the grain boundaries that serve as the surface of the 

drain and disappears. In particular, a decrease in the proportion of amorphization, radiation hardening and 

swelling was recorded for nanostructured alloys obtained by equal-channel angular pressing [10,11] – the most 

common method for obtaining UFG structures. The study of radiation resistance of this class of materials is 

most actively conducted in the nuclear centers of the United States [12], France [13], Japan [14] and other 

countries [15,16]. 

Obtaining the UFG and nanostructured state is possible either by sintering ultrafine powders, or by severe 

plastic deformation method (SPD). The use of SPD eliminates the presence of residual porosity characteristic 

of sintering powders, but has more stringent requirements for the process conditions: 1) achievement of high 

degrees of deformation for grain grinding (ε > 6-8); 2) formation of high hydrostatic pressure preventing sample 

destruction and annihilation of crystal lattice defects (1 GPA and higher); 3) deformation at temperatures of 

about 0.4 of the melting point and below to exclude the phase transition α→α+β [17] (for zirconium); 4) ensuring 

turbulence and non-monotonicity of the deformation, contributing to the formation of high-angle intergranular 

boundaries. 

Similar conditions can be obtained by such methods as high-pressure torsion, equal-channel angular pressing, 

screw extrusion, all-round forging, and some others.  

The most popular methods that implement these conditions are equal channel angular pressing in 6-8 cycles 

or more (ECAP) [11] and high pressure torsion (HPT), as the evolution of the Bridgman anvil [1,7-8,18-20]. 

These methods make it possible to obtain ultrafine grain for a number of materials (there are many times 

confirmed protocols for various materials) and, judging by the ratio of publications, they are most in demand 

for scientific research. These methods are the main ones in more than 90 % of publications on UFG materials 

and in all publications on radiation resistance research. However, when convenient for laboratory use, both 

methods have two major drawbacks: a limitation in the size of the resulting samples and extremely low 

production technology, which practically exclude their industrial use. These disadvantages can be eliminated 

by using a radial-shear rolling method, which also allows to obtain a UFG state, but already in long round bars 

with some features of the structure distribution [18-20]. The development of this method will make it possible 

to take a step towards the industrial application of products made of radiation-resistant UFG materials. In 

radial-shear rolling, a stress state scheme close to all-round compression with large shear deformations is 

implemented in the deformation zone. The scheme of radial-shear rolling and features of metal flow is shown 

in Figure 1. The main feature of radial-shear rolling is non-monotonicity and turbulence of deformation, as well 

as differences in the plastic flow and structure of different zones of the workpiece due to the trajectory-speed 

characteristics of the process [19]. Due to these features of the metal flow, the most intense shear deformations 
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are localized in the zone of intersection of the metal sliding lines – the circular cross-section zone characteristic 

of the three-roll scheme, which is confirmed by the model. In the outer layer, each small trajectory-oriented 

element is subjected to compression deformation along the radius of the workpiece, compression deformation 

in the direction of flow (along the helical trajectory), and, accordingly, stretching deformation across the helical 

trajectory. 

 

Figure 1 Scheme of radial-shear rolling and features of metal flow in the axial, intermediate and peripheral 

zones of the workpiece 

At the same time, it is important that there is a constant gradient of velocities and flow directions along the 

radius, which also adds additional shear elements to the overall complex picture of the stress-strain state. 

Elements of the metal structure subjected to an expanding flow with a two-way precipitation (along the 

trajectory and along the radius) take the form of isotropic isolated particles of high dispersion [19]. 

The speed of particles in the axial fiber and its length, as well as in longitudinal rolling, increases in proportion 

to the extraction coefficient. The cross section of the central current flow tubes decreases. The metal structure 

processing acts as a type of longitudinal rolling in calibers with multi-sided compression or pressing. Elements 

of the structural structure are stretched and thinned with the formation of a characteristic structural band 

frequency. These features are described and illustrated in detail in the works of S.P. Galkin [19]. Recently, a 

significant change in the structure of conventional steels [20], stainless steels [21-23], aluminum-based alloys 

[24-25] and magnesium [26] has been successfully obtained by radial-shear rolling. 

3.  RADIAL-SHEAR ROLLING OF ZR-1%NB ALLOY BARS 

Based on the works listed above, NUST MISIS has created designs for radial-shear rolling mills that implement 

severe plastic deformation of a solid round bar. Among them, the RSP 14-40 mill installed at Częstochowa 

University of Technology. The appearance of the mill is shown in Figure 2. This mill was chosen for conducting 

experiments to study the effect of cross-screw rolling on the microstructure of zirconium, because the mill is 

characterized by a wide range, high rigidity of the cage and ease of operation. Previously, using a similar type 

of mill, an ultrafine structure with equiaxed grains of 300-700 nm on samples of 08X18N10T austenitic stainless 

steel was obtained, which is also widely used in nuclear power engineering [21-23]. For conformity assessment 

implemented by the mill scheme of stress-strain state relative to the above parameters optimal for the formation 

of the UFG structure is necessary to conduct a computer modeling process in a mill of RSP 14-40. 

Radial-shear rolling of blanks made of Zr-1% NB alloy was carried out at the RSP 14-40 mill at Częstochowa 

University of Technology. The heating temperature was set at 530 °C based on known studies of the plasticity 

of this alloy under similar conditions [27]. The initial bar with a diameter of 37 mm was heated in a preheated 

muffle furnace for 40 minutes. To control the temperature mode, an infrared thermal imaging camera was 

used, aimed at the deformation zone. When exposed to compression of 3 mm rolls, due to the spring of the 

cage, on the first pass, the final diameter was a millimeter larger than the exposed, so some passes were 

rolled 2 times. Rolling was carried out at the maximum mechanical and technological conditions of the mill, 
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and there were several cases of jamming of the rolls. The rod was quickly removed, placed in the furnace for 

heating to the initial temperature, which was recorded by a thermal imager, and the rolling was continued in 

steps of 1.5-3 mm until the diameter of 20 mm was reached. This diameter is the technological limit for large 

rolls installed in the mill. Rolling to smaller diameters requires transshipment and replacement of rolls and 

cassettes, which takes time. Therefore, rolling to smaller diameters from a single heating is not possible. These 

results are intermediate. A short-term increase in temperature from 50 to 150 °C was recorded as a result of 

the thermal effect of plastic deformation, which, with small absolute compressions, indicates the occurrence of 

intense shear deformations. The rolled rod was cooled in air, from it, from the central part, a sample was taken 

in the form of two segments (10 mm and 30 mm long) to study changes in the microstructure and properties. 

The remainder was divided into 3 equal parts to further determine the conditions (heat treatment mode, rolling 

temperature) of radial-shear rolling in a size of 14-15 mm in diameter. The samples cut from the rolled bar are 

shown in Figure 2 (on the right). 

 

Figure 2 RSP 14-40 radial-shear rolling mill and samples cut from the rolled bar for microstructure study 

To study the microstructure using a transmission electron microscope (TEM), a 10 mm long sample was cut 

from the central part. Then it was cut in half and several consecutive longitudinal thin (0.3 mm) sections of the 

axial region were taken, as shown in Figure 2. Some of the samples were used for testing the sample 

preparation modes. The cut was carried out on a high-precision cutting machine Brilliant-220 (ATM, Germany) 

with a water-cooled abrasive wheel at a speed of 500 rpm and a feed of 15 m/s. Samples for transmission 

microscopy were produced in 2 stages at the TenuPol-5 facility (Struers, Denmark) in the same A3 electrolyte 

(600 ml Methanol, 360 ml Butylcellosolve, 60 ml Perchloric Acid). At the first stage, TEM-object blanks with a 

diameter of 3 mm were etched from a solid plate with a thickness of 0.3 mm; at the second stage, these blanks 

were thinned to form a hole at a voltage of 20 V. In both cases, the region for analysis was the area of 

longitudinal section at a distance of 2-3 mm from the edge of the bar. The resulting images are shown in 

Figure 3. 

    

Figure 3 Microstructure of Zr-1% Nb alloy after radial-shear rolling 
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The microstructure was studied using a transmission electron microscope JEM-1400Plus (JEOL, Japan) at an 

accelerating voltage of 120 kV and an increase of x20000. The resulting images show equiaxially dislocated 

small grains of submicron size (approximately 500-900 nm). Electron diffraction obtained from these areas 

also confirmed the absence of a oriented texture. This type of structure is the most optimal for achieving the 

stated high properties and for further processing by SPD methods in the nanostructured region. 

4.  CONCLUSION 

In the process of radial-shear rolling of bars along the route 37 mm → 20 mm with a total deformation of 

ε ≈ 70 %, an equiaxed microstructure of submicron size was obtained. The nature of the microstructure is 

equiaxed with mainly high-angle boundaries and large crystallographic misorientation of the grains. The 

resulting microstructure is in good agreement with the research data [6-7, 18-20, 24-26]. The paper notes the 

applicability of radial-shear rolling in the deformation of bars made of a Zr-1% Nb zirconium-based alloy to 

obtain a UFG structure. It is advisable to consider the application of the radial-shear rolling process mainly 

towards the end of the technological cycle of manufacturing products. Mini radial-shear rolling mills can be 

used in research work on zirconium alloys as an effective means of warm (0.2-0.4 of the melting point) plastic 

deformation. In this case, the value of one-time compression is recommended to assign no more than 15 % 

when rolling bars from the Zr-1% Nb alloy at the RSP 14-40 mill. The structure obtained in the course of this 

work will be studied at the DC-60 heavy ion accelerator to conduct a comparative analysis of the behavior of 

the metal with UFG and other structures. Rolled bars with a diameter of 20 mm will be used as semi-finished 

products for the production of nanostructured zirconium in bars with a diameter of 14-15 mm. 
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