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1. Introduction 

 

Nuclear power, including fission and fusion energy, is more and more important in the 

overall energy system of the world. Currently, the electricity supply of fission reactors 

actually becomes indispensable, while the feasibility of fusion reactors is still on the 

struggling road. The service conditions in nuclear reactor are rigorous for structural 

materials, which should be able to endure high temperature, intense radiation, and 

mechanical stress. The performance of structural materials in such an extreme 

environment must guarantee reliable and efficient operation of reactor. Thereof, 

mechanical property is a critical issue for the development and application of structural 

materials. For this purpose, understanding the correlation between the microstructure 

and strength of structural materials is essentially necessary. 

 

In this dissertation, two typical structural materials, Zr and V-5Cr-5Ti, are studied. 

Zirconium alloys are widely used as fuel cladding in commercial fission reactors[1]. 

Vanadium alloys are regarded as promising structural materials for self-cooled lithium 

blanket in fusion reactors[2]. The common roles of both materials are containing nuclear 

fuels and products, and meanwhile transferring released energy of nuclear reactions to 

the coolant. The high-resolution X-ray diffraction experiments and the CMWP 

procedure are applied to investigate the microstructural information of deformed Zr and 

V-5Cr-5Ti. 

 

2. Methodologies 

 

The cold-rolled zirconium specimens were tensile-deformed along the rolling and the 

transverse directions. High resolution X-ray line profile analysis was used to determine 

the prevailing active slip-systems in the specimens with different textures. The 

reflections in the X-ray diffraction patterns were separated into two groups. One group 

corresponds to the major and the other group to the random texture component, 

respectively. The dislocation densities, the subgrain size and the prevailing active slip-

systems were evaluated by using the CMWP procedure[3]. These microstructure 

parameters were evaluated separately in the two groups of reflections corresponding to 

the two different texture components. The differences between the RD and TD stress-

strain curves are discussed in terms of the differences of the microstructure evolution. 



 

The microstructure and the strength of high pressure torsion processed V-5Cr-5Ti alloy 

were investigated by X-ray line profile analysis and microhardness testing. High 

pressure torsion has been applied at 4 and 8 GPa with 0.25, 0.5, 1, 2, 4 and 8 rotations. 

The X-ray beam of the high angular resolution diffractometer, dedicated for line profile 

analysis, has a footprint of about 200 m1.5 mm on the specimen. The diffraction 

patterns have been measured in the center, at half radius and close to the edge of the 

specimens. This technique has provided a large number of data of the microstructure 

and hardness as a function of strain up to about   300. The dislocation density and the 

crystallite size determined by X-ray line broadening are correlated and discussed in 

terms of the strength of the alloy using the Taylor equation. 

 

3. Scientific results 

 

In this study, the microstructure and mechanical behaviors of tensile deformed Zr and 

HPT processed V-5Cr-5Ti alloy were investigated. The most important findings 

obtained from the research are summarized as follows[4,5]. 

 

(a) The mechanical response was obtained to be remarkably different in RD and TD 

samples of cold rolled Zr. It is observed that the hardening rate and plasticity are 

larger in the RD than in the TD samples. At the same time, the texture of the RD 

samples remained unchanged, while in the TD samples the prismatic poles were 

gradually aligning along the loading direction during tensile deformation. 

 

(b) The dislocation densities and slip-system types were determined in different texture 

components of cold rolled Zr. An algorithm was developed to identify and sort out 

the diffraction peaks in diffraction patterns corresponding to the same texture 

components. Diffraction peaks pertinent to the same texture component, sorted out 

from diffraction patterns measured by changing the specimen orientations relative 

to the incident beam, were merged into single whole texture-specific diffraction 

patterns. These patterns were evaluated using the CMWP procedure to obtain 

texture specific microstructure parameters for textured specimens. 

 

(c) The dislocation densities prevailing in the RD samples increased monotonously 



with strain, and the fractions of slip-systems in the major and random texture 

components developed in a complementary manner. The well-balanced activity 

between the major and random texture components results in the good plasticity of 

the RD samples. 

 

(d) During the texture evolution of the TD samples, the <a>-type slip-system dominates 

the deformation in nearly plane strain. Once the new type of texture appeared 

significantly, the samples show necking and more <c+a>-type dislocations 

accumulate in the major texture component, apparently to accommodate the 

deformation. 

 

(e) The evolution of the dislocation density and grain size along with work hardening 

has been determined in the V-5Cr-5Ti alloy. High resolution X-ray diffraction and 

line profile analysis has been used to determine the dislocation density and subgrain 

size during large deformations applied by the method of HPT and two different 

pressures. TEM micrographs have been used to determine the grain size and size 

distribution. Heating experiments were applied to determine the thermal stability of 

the microstructure of the alloy. 

 

(f) We found that work hardening proceeds up to about   50 where it saturates at a 

level of about   1220 (40) MPa. The dislocation density was obtained to increase 

up to about   75 where it saturated at a level of about   82 (8)1014 m-2. The 

subgrain size decreases to about dx  31 (2) nm at about   15 and saturates at 

higher values. 

 

(g) The heating experiments have revealed that the dislocation density remains fairly 

stable up to about 800 C. Diffraction peak shape and dislocation arrangement or 

dipole character analysis has shown that up to about 800 C the dislocation line 

density stays constant while the dipole character becomes stronger revealing the 

onset of recovery process where the dislocation dipoles become narrower, however, 

are annealed either at a higher temperature or during longer holding times than 30 

min. Our study has shown that large plastic deformation of the V-5Cr-5Ti alloy 

produces a strongly strained microstructure and substantial work hardening 

revealing a relatively good temperature stability up to about 800 C. 
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