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ABSTRACT 

The work is devoted to reactor materiology, as to the practical tool of nuclear reactor 
development. The work is illustrated with concrete examples from activity experience of the 
appropriate division of the Russian Research Centre «Kurchatov Institute» - Institute of 
Reactor Materials Research and Radiation Nanotechnologies. Besides the description of some 
modern potentials of the mentioned institute is given.  

1 INTRODUCTION 

Reactor materials research is the field of science that concerns the nuclear reactor 
materials at all their life stages: from the creation through exploitation to utilization. 
Detachment of Reactor materials research from the whole materials science is explained by 
unique working conditions of the reactor materials and therefore – special requirements for 
these materials. It is quite important for all reactor materials to be radiation-resistant, heat-
resistant, corrosion-resistant, reliable, perennial, manufacturable, reasonably priced. For some 
materials it is also necessary to be durable, plastic, with high thermal conductivity, with big or 
small neutron-absorption cross-section, compatible with each other etc. Thus, the main tasks 
of reactor materials research are to find such materials and to prove their high working 
capacity. In case of solving of these tasks, operation safety of nuclear power installations is 
improved, term of their service is prolonged, efficiency and competitiveness raises. Very 
many certain examples of the materials research problems with the purpose of nuclear 
reactors perfection can be found in the activity of Institute of Reactor Materials Research and 
Radiation Nanotechnologies in Russian Research Center “Kurchatov Institute”. 

2 REACTOR MATERIALS RESEARCH BY THE SPECIFIC EXAMPLES 

Russian Research Center “Kurchatov Institute” was founded in 1943. Its hot cell 
laboratory (now - Institute of Reactor Materials Research and Radiation Nanotechnologies) – 
was put into operation in 1952. Since that time RRC “Kurchatov Institute” examined a great 
number of reactor materials, including nuclear fuel, fuel rod’s cladding material, burnable 
poison and control rods materials, pressure vessels materials, etc. Below you can find 
description of only some reactor materials problems which were solved in RRC “Kurchatov 
Institute” and brief mention of some research methods which were used. 
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2.1  Choice of an optimum material for fuel rod cladding and technological channels 

Cladding of the fuel rods for nuclear power reactors works in severe conditions of high 
temperature, pressure from the outside and from within, corrosive action from the coolant 
outside and fission products from within, chemical and mechanical interaction with fuel, and 
certainly – under irradiation. Such conditions demand the cladding material to have the 
exclusive properties. And presence of exclusive properties obviously results in significant rise 
of material price. Only the choice of comparatively cheap zirconium alloys as the material of 
fuel rods cladding has made atomic energy economically competitive with traditional 
hydrocarbonic. More than 40 materials were experimentally studied in Kurchatov institute as 
the candidate for thermal reactors fuel rod cladding. Among them there are almost all 
zirconium alloys developed for nuclear power. Thus for various irradiation conditions it was 
made the complex research of change of physics-mechanical, thermal-physics properties and 
corrosion resistance. So, for example, studying of deformation stability of the cladding under 
loading in irradiation conditions of thermal reactors has shown the advantage of zirconium 
claddings before steel ones. And the cycle of works on radiation relaxation of elastic stresses 
in zirconium materials has allowed to find significant advantage of Zr-1%Nb alloy before, for 
example, Zircaloy in liability to corrosion iodic bursting. On the basis of experimental results 
an alloy Zr-1%Nb was chosen for cladding of VVER and RBMK reactors; and alloy Zr-
2,5%Nb - for technological channels of RBMK. These alloys are successfully used both to 
this day. And till now they show high serviceability and reliability in various operational and 
emergency conditions. 

2.2 Development of technology requirements to the fuel pellets of reactor VVER-440 

Since the beginning of 1960х years in research reactors of Kurchatov institute there 
were numerous experiments with studying of serviceability of the fuel rods for reactor VVER-
440 in various modes of normal and emergency operation (at various levels of linear power, 
power quenches, cyclic power changes). Post-irradiation examinations of materials have 
allowed to find out some radiating phenomena, forced to make changes to the technology of 
the fuel pellets manufacturing. So, in particular, it was revealed, that mechanical interaction of 
fuel and cladding results in lengthening of the last one. Operation at high linear power results 
leads to overgrowing of the central hole and to substantial temperature increase in the fuel 
rod. Rise in temperature results in the rapid release of the fission gases from fuel. The 
increased pressure of fission products under the cladding is the reason of cladding swelling. 
Besides modification of fuel manufacturing technology, occurred in 1972, has resulted in 
decrease of fuel density and its saturation by moisture that was the reason of occurrence and 
development of a plenty hydrides in the cladding and mass fuel rods failures. 
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       a)       b)           c) 

 
Figure 1: Structure of the VVER-440 fuel at the different linear power levels 

a) 300 W/cm; b) 400 W/cm; c) 500 W/cm. 
 
In result new technology requirements to fuel pellets of reactor VVER-440 were 

formulated and in 1977 the manufacturing techniques of pellets were essentially changed. 
Works have allowed to provide the minimal operational refuse of the fuel rods. 

2.3 Creation of the fuel rod VVER-1000 conception 

Creation of the concept of the fuel rod for a pressurized water reactor of new 
generation was a logic continuation of the works on design and technology optimization of 
the VVER-440 fuel. The analysis of huge experimental experience accumulated in Kurchatov 
institute and concerning to the properties of VVER-440 fuel rod materials, has forced to bring 
the following basic changes to a design of VVER-1000 fuel rod: 

- to increase the helium pressure under the cladding that has excluded a collapse of the 
cladding owing to creep under influence of external pressure from coolant, and also improves 
a heat transfer from fuel to the cladding; 

- to optimize geometrical parameters of the fuel core and the cladding (to increase 
diameter of the pellet’s hole, to reduce its diameter, to increase thickness of the cladding etc) 
that has provided fuel rod safety in reactor accident conditions; 

- to increase significantly the length of the fuel core and fuel rod as a whole, that has 
allowed to raise the power of a reactor. 

2.4 Prevention of vessels destruction for VVER reactors of the first generation 

Works on studying of pressure vessel’s steel embrittlement for VVER reactors of the 
first generation, carried out since the beginning of 1970s, have shown, that vessel’s steel loses 
its durability much faster than it was supposed in the project. So, the resource of a vessel is 
limited. This circumstance could be a reason to closing of all the atomic power station of 
similar type constructed by then (12 reactors). Then employees of Kurchatov institute offered 
a method of vessels serviceability restoration with the help of annealing. Appropriate 
technology developed in cooperation with project institutes has allowed to solve a problem. 
To present time restoration of 12 VVER-440 pressure vessels of the first generation is made 
in Russia, Bulgaria, Czechia, Finland. 
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Figure 2: Position of the annealing furnace in the pressure vessel of reactor VVER-440.  

2.5 Prolongation of reactor pressure vessels service life 

The problem of pressure vessel’s steel embrittlement in case of VVER-440 has forced to 
think about monitoring system for vessel condition during its operation. In result the norms of 
estimation of reactor vessel’s radiating resource were developed on the basis of experimental 
dependences of reactor steel properties on temperature and neutron fluence. Then the 
technology of material sampling and theirs recurring irradiation was introduced on the 
Russian atomic power stations, that has allowed to begin work on prolongation of vessels 
service life over the appointed term. For nowadays the licenses for prolongation of operation 
for 5 years over the appointed term are taken for 3d and 4th blocks of Novovoronej NPP, for 
1st and 2nd blocks of the Kola NPP. In the long term - prolongation of term of their service 
up to 15 and further - till 30 years. 

2.6 Prolongation of the graphite bricks service life graphite for RBMK and uranium 
-graphite reactors 

Created in Russian Research Center ‘Kurchatov institute’ database of experimentally 
obtained graphite properties, the developed calculation methods for stress-deformation 
condition of graphite blocks and the offered criteria for the estimation of serviceability of 
graphite bricks have allowed to develop in the beginning of 1990 a technique of service life 
prolongation over the appointed (project) term for the graphite bricks of RBMK and industrial 
uranium-graphite reactors. Now licenses for prolongation of service life for 5 years (in the 
long term – for 15 years) are taken for 1st and 2nd blocks of Leningrad NPP, 1st block of the 
Kursk NPP, and for reactors of the Siberian NPP. 
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Figure 3: Definition of critical neutron fluence for graphite degradation. 

2.7 Substantiation of necessity and development of technology of technological 
channels replacement and graphite blocks geometry restoration for RBMK 
reactors  

The analytical and large-scale approach to studying the material properties enables not 
only to effectively correct arising problems but also to expect their occurrence. Striking 
example of that is the story of the problem with technological channels of RBMK reactors. 
Some test of the channels behaviour in reactor operating conditions and the subsequent 
mathematical modelling has shown that because of low creep resistance of zirconium and 
high plasticity of graphite under an irradiation, technological channels will not sustain 30 
years appointed by the project. According to the received results the technological gap 
between the graphite blocks column of the reflector and zirconium pipe of the channel should 
disappear in 15-18 years. Reference measurements which were carried out in the reactors next 
years, have completely confirmed the made forecast. As a result the following decision was 
accepted: to carry out the repair work with replacement of technological channels and 
restoration of the graphite bricks column in the reactor. This operation in RBMK reactors is 
now regular. It allows to provide safe operation of reactors during design service life. Besides 
on the basis of research results some changes were made in manufacturing techniques of 
zirconium channel pipes that has essentially increased their resource. 

3 NOWADAYS POTENTIALITIES OF IRMRNT RRC “KURCHATOV 
INSTITUTE” 

Institute of Reactor Materials Research and Radiation Nanotechnologies (IRMRNT) is 
the division of Russian Research Center “Kurchatov institute” which is responsible for all 
irradiation and post-irradiation activities. 
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3.1 Directions of activity  

The basic directions of IRMRNT activity for today are: 
-  studying of influence of various factors (neutron and gamma irradiation, irradiation with 

the charged particles, thermal processing, influence of a working/operation condition etc.) 
on structure and properties of materials, delimitation of applicability of various materials 
(nuclear fuel, steel of various types, graphite, zirconium, titanic alloys, beryllium etc.); 

-  finding out the thermal physics and mechanical physics properties of the irradiated 
materials, including spent nuclear fuel; 

-  development of research methods and technologies concerning the irradiated materials; 
-  development of essentially new approaches to creation of electronic devices using the 

radiating nano-technologies. 
Subject activity of IRMRNT is embodied in applied researches of materials and 

constructions concerning to a substantiation of design resource of working and projected 
nuclear power installations, and also prolongations of their service life. These are researches 
of: 
-   structure and properties of spent nuclear fuel; 
-   properties of zirconium fuel rod claddings and technological channels. 
-   physicomechanical properties of pressure vessel’s steel before and after irradiation; 
-   behaviour of reactor graphite constructions under irradiation; 
-   the changes occuring under irradiation in materials of burnable poison rods and control 

rods. 

3.2 Experimental potentialities 

IRMRNT experimental complex consists of a chain of materiology protective chambers 
(hot cells) and protective boxes (hot boxes), intended for work with the irradiated materials. 
Equipment installed in the cells and boxes allows to:  
-  investigate the irradiated materials and constructions by not-destructive methods 

(profilometery, gamma-scanning, eddy-current control); 
-  prepare the samples for research the structure of irradiated materials, their surfaces, for 

element analysis, for measurements of mechanical and thermal physics properties; 
-  investigate the structure of the irradiated materials (by means of optical and electronic 

microscopy, X-ray analysis and so on), their surface (Auger-spectroscopy, secondary - ion 
mass-spectrometry), make the element analysis (microrentgenoscopy analysis, optical 
ionic spectroscopy); 

-  determine mechanical (shock durability, destruction ductility, mechanical characteristics 
of a material at its static and dynamic loading, temperature of ductility-brittle transition) 
and thermal physics (heat capacity, thermal diffusivity, thermal conductivity, thermal 
expansion) properties of materials; 

-  anneal the irradiated samples; 
-  study gas release from the materials while heating in vacuum or in inert atmosphere;  
-  refabricate spent fuel rods, equipping them with the thermocouples, gauges of pressure 

displacement transducer.  
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Figure 4: Experimental equipment in the Institute of Reactor Materials Research and 
Radiation Nanotechnologies: 

upper left - instrumentated pendulum hammer RKP-300; 
upper centre - the head of installation ICT for non-destructive control of the fuel rods; 
upper right - components of installation for reinstrumentation of the fuel rods; 
below – components of the installations for irradiated samples thermal diffusivity. 
 
Besides IRMRNT has a potential of realization the capsule irradiation in reactor IR-8 

and post-irradiation storage of the irradiated samples in the specialized storehouse. 
There is also specially equipped container truck for transportation of radioactive 

materials from the everywhere nuclear power installation. Transportation is carried out in the 
certificated transport packing sets of the different types intended for transportation of various 
radioactive materials, including the fresh and spent nuclear fuel. 

One of the fresh examples of using the experimental complex of IRMRNT for the 
solving a problem of reactor materiology is the complex studying of Zr-U nuclear fuel 
properties.   

4 STUDYING OF ZR-U NUCLEAR FUEL PROPERTIES 

One of the tasks solved by the Institute of Reactor Materials Research and Radiation 
Nanotechnologies RRC «Kurchatov institute» recently, is studying of the zirconium-uranium 
nuclear fuel properties; fuel which used in small and medium sized reactors. The following 
properties of Zr-U fuel were investigated in IRMRNT for the last years: changes of the 
microstructure by irradiation (by methods of optical and electronic microscopy); behaviour at 
post-radiation heating; the threshold temperature of gas porosity formation; behaviour of the 
Zr-U fuel rods in reactivity-increase-accident (RIA) condition etc. The received results 
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determine applicability limits for the specified fuel and testify its reliability and high 
serviceability in these limits. 

 

 
a)       b) 

Figure 5: Microstructure of Zr-40wt%U alloy: 
a) in initial condition; b) irradiated up to fission products accumulation of 0.4 g/cc. 

 
Just recently the values of thermal physics properties of Zr-U fuel were obtained for 

different levels of uranium burnup in the temperature range from room up to 1000 оС. 
Measurements were made with the help of a complex for irradiated materials thermal physics 
properties research. The complex is created on a base of thermal impulse installation, a 
differential calorimeter, precision immersion weights and the equipment for final preparation 
and loading of samples. The complex allows to measure temperature dependences for 
following thermal physics parameters: thermal diffusivity factor, isobaric heat capacity factor 
and thermal conductivity factor.  

The value of thermal conductivity factor turns out by separate measurements of density, 
specific heat capacity and thermal diffusivity factors of a sample. The density is received with 
the help of hydrostatic weighing (immersing) with a relative error of 0.2%. Measurement of a 
specific heat capacity is carried out by differential scanning calorimetery with a relative error 
of 3%. The thermal diffusivity factor is measured by the laser flash method, based on pulse 
Parker’s method, with a relative error of 5%. Thus, the relative mistake of thermal 
conductivity measurement should be approximately 8%. The measurement technique includes 
the manufacturing of pellet microsamples for each measurement; realization of measurements 
during continuous heating; correction of the received experimental data taking into account 
the form changes of a sample while heating and synthesis of the received values of thermal 
diffusivity, heat capacity and density for getting the integrated dependence of thermal 
conductivity.  

In result the curves of dependences between thermal physics properties (thermal 
diffusivity, heat capacity, thermal conductivity) of the irradiated Zr-U fuel and temperature 
were taken for various uranium burnup levels. The results obtained though show essential 
reduction of thermal conductivity with increase of the burnup level, nevertheless do not 
foretell problems for all cases of design operation conditions. 
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Figure 6: Zr-40wt%U microsamples thermal conductivity  

for different levels of uranium burnup 

5 CONCLUSION 

Efficiency of reactor materials research as a tool of nuclear reactors perfection is 
determined by intension of this field of science: studying of the processes occurring in nuclear 
reactors materials under irradiation and influence of these processes on operational properties 
of materials. 

Development of fundamental aspects of reactor materiology and their application in 
practice is the basic kind of activity of the Institute of Reactor Materials Research and 
Radiation Nanotechnologies in Russian Research Center «Kurchatov institute». 

For half-centuries of institute existence very many works were made here: 
investigations of serviceability of fuel rods, materials and constructions of active cores for 
practically all nuclear power installations developed and maintained in Russia and constructed 
abroad with the Russian participation. Principles of forecasting of materials and reactor 
constructions behaviour in irradiation conditions are also developed here for the substantiation 
of their reliability and a resource 

Now the Institute of Reactor Materials Research and Radiation Nanotechnologies has 
the modern experimental complex of the test and research equipment for studying properties 
of spent nuclear fuel and the irradiated constructional materials. In a combination to the saved 
up experience it allows to solve practically all tasks existing on today in the field of reactor 
and general materiology. 

One of such task is studying of zirconium-uranium nuclear fuel properties. The 
following properties of Zr-U fuel were investigated in IRMRNT for the last years: changes of 
the microstructure by irradiation; behaviour at post-radiation heating; the threshold 
temperature of gas porosity formation; behaviour of the Zr-U fuel rods in reactivity-increase-
accident (RIA) condition; thermal physics properties for different burnup levels of uranium 
etc. Results of thermal physics properties measurements for the irradiated zirconium-uranium 
fuel in the temperature range of 20÷1000 оС prove reliability of the fuel in a working 
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temperature interval, simultaneously showing essential reduction of thermal conductivity with 
increase of the uranium burnup level.  
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