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Foreword 

 
Project Sustainable Energy (SUSEN) has been finalized its building period in 2017. 

A wide spectrum of experimental technologies covering research needs for the current and 

future nuclear and non-nuclear power generation started partially since 2014 to serve to 

internal teams and external, often international consortia and partners. Since 2015, when 

the project Research for SUSEN (R4S) was started, several unique research results were 

developed. As the technology variety grew, more opportunities for research have been 

taken by the CVR teams, often within the Horizon 2020 / EURATOM projects. They 

follow the pattern of the CVR strategy: to create knowledge which would be used in the 

securing the current operation of nuclear power stations and which would move forward 

development of Generation IV and fusion technologies. We should not forget to mention 

non-nuclear related research, for example in the area of hydrogen technologies. 

The Proceedings of the R4S conference you are opening are offering an insight into the 

research results in four principle areas of knowledge. Material degradation mechanisms for 

operating environments in a variety of heat transfer media and irradiation fields, are 

important for design and long-term operation of systems and components and they are 

contributing to development of new materials of high resistance towards operating 

conditions. The Calculation Fluid Dynamics (CFD) modelling of new media, e.g. 

supercritical carbon dioxide, allows to design this cutting edge, very efficient technologies. 

Fluorine pyrochemistry represents a unique approach to the separation of fissile elements 

from corium and it is one of very specific knowledge developed recently in UJV and CVR. 

The proceedings are devoted its important part to the results of studies in new NDT 

methods. New technology is introduced for example in the area of technological loops. 

The results presented in this Proceedings are to large extent initiating further works to 

understand mechanisms and rules of studied phenomena. The work is continuing, but 

already existing results and their achievement in an efficient collaboration with other 

laboratories are showing the progress of the research with the SUSEN technologies which 

is rather promising for development of sustainable power generation technologies. 

 

I would like to congratulate and thank to all authors for their work and I am very curious to 

see their results presented in the next years conferences. 

 

Martin Ruščák 

Managing Director 

Research Centre Řež 
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Abstract  

Zirconium-based nuclear fuel claddings act as a barrier against release of fuel particles into 

the coolant water during plant operation, handling and dry storage of the spent fuel rods. 

One part of CVR´s long-term investigation of Zr-claddings contributes to the 

characterization of materials behaviour under different conditions by means of standard as 

well as advanced methods of specimen preparation and microscopy investigation. 

Microstructure studies are currently focused on creep behaviour of non-irradiated Zr-

alloys. In the microstructure of Zr-1Nb cladding, which is the one of examined alloys, 

hydrides can be significantly studied by Light, Scanning as well as Transmission Electron 

Microscopy. Within these studies, no radial hydride distributions have been observed in 

specimens after subjection to internal pressure of 55 MPa at 530°C up to 30 hours 

exposure time. SEM particularly contributes to observe the hydrides in α-Zr phase matrix 

in detail. Characteristic micrographs of hydride orientation can be obtained by EBSD 

technique. The methodology for in-situ SEM-EBSD at mechanical testing are going to be 

developed. Wave Dispersive Spectroscopy method has been optimized for oxygen profile 

concentration measurements in order to refine the O-content due to the high affinity of Zr-

alloys to the oxygen. TEM studies on Zr-1Nb cover the hydride location as well as 

identification of secondary precipitates β-Nb and Laves phase Zr (Nb,Fe)2, interaction of 

dislocations, degree of recrystallization, with special focus on deformed/ballooned regions 

after creep. 

Introduction 

Zirconium alloys represent nuclear materials with good corrosion resistance, mechanical 

strength and relatively good resistance to radiation damage [1]. Mechanical testing of 

neutron transparent Zr-claddings, followed by microstructure studies, lead to a deep 

understanding of mechanisms responsible for material degradation caused by corrosion, 

hydrogen embrittlement, Delayed Hydride Cracking mechanism or radiation damage. 

Simulations of reactor conditions, including LOCA and dry storage, allow us to study the 
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behaviour of material from micro to nano-scale. Particularly the distribution of hydrides in 

Zr-based fuel claddings and its microstructural behaviour after mechanical testing at 

different conditions are objects of intensive research. Examination of non-irradiated 

materials will predominantly contribute to irradiated materials field of research, where the 

microscopy role is obvious. 

Light Optical Microscopy (LOM) brings the micro-information about the structure. It 

provides an information about localization of deformed regions after creep testing, oxide 

layer behaviour in load concentrated areas, grain size and hydride orientation and 

distribution. Scanning Electron Microscopy (SEM) is the unique technology to refine the 

grain size and observe the hydride localization using EBSD technique. The in-situ SEM-

EBSD during mechanical testing can give a knowledge about Delayed Hydride Cracking 

mechanism.  Observations of the initial hydride phase are possible thanks to the grain 

orientation. The methodology for in-situ SEM-EBSD testing of hydrogenated Zr-1Nb is 

going to be developed in CVŘ. SEM allows us to describe the Zr, Nb, O, Fe concentration 

profiles in Zr-based claddings from oxidic layer through oxidic-rich α-Zr(O) phase and (α 

+ β)-Zr regions into the centre of specimens presented with major β-Zr phase with the use 

of Wave Dispersive Spectroscopy (WDS). WDS data compared with nanoindentation 

hardness profiles [2] and other methods are helpful for calculation of Zr1Nb-O phase 

diagrams [3]. Nanoindentation with Scanning Probe Microscopy (SPM) can perform 

a hydride profiling owing to the stress between α-Zr and ZrH/ZrH2 phases. Transmission 

Electron Microscopy (TEM) examination allows to investigate the material in detail on 

electron transparent foils. Performed analyses can reveal the hydride re-orientation, 

interaction of dislocations, secondary precipitate particles and location of hydrides with 

grain boundaries owing to different deformed zones [1]. 

Creep tested specimens are the one of examined nuclear materials where the whole 

microscopy infrastructure is desirable to use for the complex material knowledge. The 

creep experiment described in following paragraphs was performed in a horizontal furnace 

in inert atmosphere at the temperature of 530 °C. The time of exposure was 30 hours at 

internal pressure of 55 MPa at 530 °C (corresponds to initial filling pressure of 4 MPa at 

room temperature, filled by argon gas).  

Experimental part 

Specimen preparation for LOM involved classic metallography procedure with mechanical 

preparation and chemical etching in the solution of 100 ml H2O, 4.5 ml HNO3 and 0.5 - 1 

ml HF. This solution was chosen to be able to inspect the hydride distribution and average 

length in the cladding material (Fig. 1, Detail 1). Macro-hydrides are particularly evaluated 

in circumferential (C) and longitudinal direction (L). The average length was 182 ± 8 µm 

in C-direction and 150 ± 1.2 µm in L-direction in mentioned experimental material [1]. 

SPM technique has been used during nanoindentation experiments for a first imaging of 

stress behaviour between α-Zr and ZrH/ZrH2 phases (Fig. 1, Detail 2). The limits of SPM 
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method due to the tip dimensions are obvious, therefore the hydride depth should be 

estimated by more precise methods as Atom Probe Microscopy. 

 

Fig. 1 Hydride distribution analysis in circumferential direction using Light Optical Microscopy and SPM 

imaging. 

 

For the SEM-EBSD method, the specimen preparation methodology has been optimized. 

EBSD results can bring the chemical contrast in ForeScattered Electrons (FSE imaging) 

followed by phase map and grain orientation in Euler angles owing to the hydrides and 

matrix relation (Fig. 2 a-c).  

 

 

 

 

 

   Oxide layer 

a) 

hydrides 

b) 

hydrides 

α-Zr 
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Fig. 2 SEM imaging of hydrides in α-Zr matrix. a) Chemical contrast - BSE imaging (hydrides - dark phase 

signed red), b) Phase map (hydrides - red phase), c) Grain orientation in Euler angles (hydrides marked by red 

grain boundaries). 

 

 

Transmission Kikuchi Diffraction (TKD or t-EBSD), can be performed directly on 

transparent foil prepared for TEM analysis (specimen preparation description in the 

following chapters), Fig. 3. The grain orientation with a degree of recrystallized grains can 

be evaluated together with the average grain size. Depending on specimen microstructure 

and grain size, the t-EBSD can be considered as an appropriate method for analyses of 

grains. 

 

 

 

Fig. 3 Transmission Kikuchi Diffraction on transparent TEM foils. a) TEM foil fixed in the SEM 

specimen holder imaged in Secondary Electrons. b) t-EBSD map on TEM foil. 

 

The role of SEM became important also in chemical analyses due to its ability of precise 

examination by Wave Dispersive Analysis (WDS), which has been optimized particularly 

for oxygen concentration (Fig. 4). Due to the high affinity of zirconium to the oxygen, the 

c) 

 

b) a) 

α-Zr 

hydrides 
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specimen preparation steps were speeded up and adjusted. After the preparation procedure 

ended by mechanical-chemical polishing (OPS), the specimen was promptly transported in 

the vacuum chamber directly into the SEM. The oxygen concentration was reduced from 

almost 9 wt. % to less than 6 wt. % during the transition from the pure oxide into the β-

phase. The distance among analytical points was 2 µm. The Nb-concentration was 

observable as the bright phase from BSE imaging.   

 

 

 

 

Fig. 4 WDS analysis. BSE image with O-concentration profile. 

 

Details in a microstructure, which are under the LOM and SEM resolution ability, were 

investigated by means of TEM. It has been found out during a preparation of 3 mm 

transparent foils from ballooned and reference regions, that the electro-polishing is more 

appropriate for Zr-alloys than advanced Ar-ion-polishing method. Specimen preparation 

strategy of TEM foils is shown in Fig. 5.  Specimens were acquired from ballooned as well 

as un-ballooned (reference) regions. The mechanical preparation was done with the final 

thickness of 50 - 60 μm. The foils were further electro-polished using the Fishione twin-jet 

electropolisher (Model 140) with an electrolyte (5% solution of HClO4 in C2H5OH) at - 

60 °C under the voltage ranged from 28 to 35 V [1]. 

 

 

 

Distance (µm) 

Nb 
α-Zr(O) β-Zr α-Zr(O) 

O (wt. %) 

Oxidic  

layer 
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Fig. 5 Specimen sectioning for TEM analysis from ballooned regions [1]. 

1: maximum ballooned region 

2: intermediate ballooned region 

3: un-ballooned (reference) region 

a – f: specimen-sectioning from all regions and TEM foil preparation in tangent 

direction 

 

TEM investigations can show a formation of dislocations captured in Bright Field 

kinematical conditions, which can be evaluated as a or c type. Secondary precipitate 

particles β-Nb and Laves phases Zr (Nb,Fe)2 as well as precipitation of hydrides can be 

observed. Current studies described the hydride phases with location particularly on the 

grain or subgrain boundaries. The type of hydrid phase can be determined by Electron 

Diffraction (ZrH or ZrH2). Creep deformation was associated with the grain boundary 

sliding [1], particularly identified in specimens with higher initial pressure than 4 MPa.  

 

  1            2                                                     
 3                                                     
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Fig. 6 TEM examination on Zr1Nb alloy in Bright Field conditions. a) Dislocation network and 

secondary precipitates Zr(NbFe)2 and β-Nb,  b) Dislocation network,  

c) Zr1Nb grains with dislocations and secondary precipitates, d) Hydrides in Zr1Nb 

microstructure. 

 

Conclusions 

Zr-based alloys, as one of nuclear materials under long term investigation in CVR, has 

been analyzed by means of Light Optical Microscopy and Electron Microscopy methods. 

Creep tested specimens were investigated in non-irradiated state to exclude the radiation-

induced damage contribution for investigation of the stress induced hydride reorientation 

and other microstructural details during the creep of cladding.  

▪ “Macro“- hydrides, investigated by LOM, were particularly evaluated in circumferential 

(C) and longitudinal (L) direction to describe the average length and distribution. The 

longer hydrides were observed in C-direction. 
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▪ SPM technique has been used during nanoindentation experiments for the first imaging of 

the stress behaviour between α-Zr and ZrH/ZrH2 phases. According to the nano-profiling, 

the hydrides have a measurable depth. 

▪ SEM has been used for hydride characterization in detail, the hydride location in relation 

to α-grains has been observed using EBSD technique. The methodology for in-situ EBSD 

mechanical testing is going to be developed on Zr-cladding tube to observe DHC 

mechanism and hydrogen diffusion. 

▪ Transmission Kikuchi diffraction (t-EBSD) on SEM of specimens prepared for TEM 

(transparent foils) turned out as an appropriate method for average grain size calculation or 

other quantitative evaluation like degree of grain recrystallization. 

▪ After high temperature oxidation of Zr-based alloys, the SEM-WDS helped to determine 

the oxygen concentration.  Together with other methods, as nanoindentation profiling, the 

phase diagrams of Zr1Nb-O can be created and refined. 

▪ TEM studies describe the hydride phases with location particularly on the grain or 

subgrain boundaries, they can be identified by Electron Diffraction as ZrH or ZrH2. Creep 

deformation was associated with the grain boundary sliding. Formation of dislocations can 

be evaluated as a or c type. Secondary precipitate particles β-Nb and Laves phases Zr 

(Nb,Fe)2 can be observed in the Zr1Nb microstructure. 
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Abstract 

The main aim of this study is to characterize the clinoptilolite, made by Zeocem a.s. 

company, and to determine the optimum reaction conditions for the removal of Cs from the 

cooling water of the primary cooling system of the pressurized water reactor. The 

clinoptilolite was characterized by BET surface analysis, also SEM images were taken and 

XRD and XRF analysis was performed. It was found out that the most effective working 

pH range was from 5 to 7. The clinoptilolite capacity towards Cs was determined by 

Langmuir model and corresponds to 0.710 meq/g. 

Introduction 

The nuclear industry is currently on the rise and there is a question about radioactive waste 

processing. Research on the disposal of radioactive waste, not only from the environment, 

takes place extensively all over the world. Specifically, this study deals with the removal of 

Cs from a boric acid solution which is used as a moderator and neutrons absorber in the 

cooling water of the primary circuit of a VVER nuclear power plant [1]. The caesium 

isotope is presumed to leak from the nuclear fuel into the reactor cooling medium due to 

the failure (through microscopic cracks) of the nuclear fuel rod cladding [2]. 

The removal of radioactive caesium is very important. In the case of its leakage into the 

environment, the caesium could get into the groundwater due to its high solubility in water 

and easy mobility. Due to the chemical similarity of caesium to potassium, caesium is very 

easily incorporated into the vivid body and it accumulates primarily in muscle tissues [3].  

There are several methods of caesium removal in the field of nuclear power engineering. 

One of them may be the evaporation of excess water, which is then condensed and returned 

into the circulation system or into the environment. Furthermore, precipitation with iron or 

aluminium salts is used [4]. Most commonly used methods are the membrane separations 

such as osmosis, reverse osmosis or electrodialysis [5] [6]. One of the methods for caesium 

removal is the ion exchange separation. This technique is the most efficient one and uses 

the sorbent either organically synthesized – the ion exchangers or inorganic sorbents such 

as activated carbon or zeolites that are studied in this work [7]. 
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Zeolites are hydrated aluminosilicate materials with a microstructure with an ion-exchange 

mechanism. Due to the substitution of quadruple silicon for trivalent aluminium, a negative 

charge is formed on the surface of the zeolite and the materials behave like cation 

exchangers. The free negative charge in the structure can bind Na+, K+, Mg2+ and Ca2+. 

These cation exchangers can capture cations in the aqueous medium and have a high 

selectivity for monovalent cations. Zeolites are also characterized by high mechanical and 

chemical stability and good resistance to radiation. For these reasons, their usage is very 

widespread in selective sorption. One of the advantages is the price of sorbents and its 

potential for reuse (by regeneration) [8] [9]. 

Experiments 

In this work, the natural zeolite, clinoptilolite supplied by Zeocem, a.s. with a grain size of 

0.5 1 mm was used. The zeolite was rinsed with ultrapure water prior to use and dried at 

105 ° C. The chemical composition was determined by XRF analysis, images by electron 

microscope were also taken, and BET surface analysis was performed. 

The simultaneous cooling water solution was prepared at a concentration of boron (p.a.) of 

1 g/l at various input concentrations of caesium which was added as caesium chloride 

(p.a.). All experiments were performed at laboratory temperature and with constant 

stirring. The aim of the tests was to determine the optimal pH range for sorption, where the 

input concentration of caesium was 20 mg/l. Moreover, another objective was to determine 

the single-layer absorption capacity by using Langmuir's absorption isotherm, where the 

input Cs concentrations were 20, 50, 500, 1000, 2500, 3000, 3500 a 4000 mg/l and these 

relations were used [10]:  

 










K

Kq
q m

e
1   (1) 

where, qe is the equilibrium content of sorbed substance in solid phase [mg/g], qt is the 

theoretical sorption capacity of solid phase [mg/g], K is the Langmuir’s adsorption 

coefficient [1/mg] and   is the equilibrium concentration of ion in liquid phase [mg/l]. 

Furthermore, the amount of caesium absorbed (qe) was calculated at the time t according to 

the relation [10]:  
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Where the qe is the equilibrium content of sorbed substance in solid phase [mg/g],V0 is the 

volume of liquid phase [l], c0 is the input concentration of ions in liquid phase [mg/l],   is 
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the equilibrium concentration of ions  in liquid phase [mg/l], m is the mass of solid phase 

[g]. 

The concentration of Cs was measured by atomic absorption spectrometry at a wavelength 

of 851.1 nm and by using a 0.2% K ionisation buffer. 

Resesults and discussion 

The results from the XRF analysis of clinoptilolite are summarized in Table 1, which 

shows the components in the form of oxides, which is typical for aluminosilicate 

chemistry. From the mineralogical point of view, it was found by XRD analysis that the 

zeolite contains, besides clinoptilolite, a small addition of illite. The images taken with an 

electron microscope (Figure 2 and Figure 3) show the particle size distribution and the 

detail of the sorbent surface. 

Table 1: Chemical composition of raw clinoptilolite 

Constituents SiO2 Al2O3 K2O CaO MgO Na2O Fe2O3 MnO TiO2 P2O5 BaO SrO2 ZrO2 

Average 

concentration [%] 
74,9 14,9 3,8 3,2 0,7 0,6 1,5 0,02 0,2 0,02 0,09 0,05 0,03 

 

 

Figure 1: XRD clinoptilolites, (red - clinoptilolites, orange – illites) 
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Figure 2: SEM with scale of 1 mm 

 

Figure 3: SEM with scale of 5 µm 

The shape of the BET isotherm (Figure 4) indicates a weak interaction between the gas 

and the sample, and the difference between adsorption and desorption curve suggests slit 

pores with microporous formation. The physical characteristics identified by this method 

are summarized in the Table 2.  

Table 2: Physical characteristics 

Specific 

surface 

[m2/g] 

Specific 

volume 

[cm3/g] 

Pores 

radius 

[nm] 

34,72 0,1198 1,923 
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Figure 4: BET isotherm: dependence of specific volume on relative pressure (p/p0). Red curve – adsorption, 

Blue curve – desorption 

 

Equilibrium batch experiments 

Determination of optimal pH 

The pH value is a very important parameter; it can influence either the properties of the 

sorbent and the composition of the solution. The influence of all the studied values (3-4; 4-

5; 5-6; 6-7) is shown in Figure 5 and Figure 6. We can monitor the decreasing efficiency 

of the sorption with decreasing pH. The alkaline pH range was not selected for monitoring 

because of the clinoptilolite disintegration. On the basis of these results, an input pH value 

of 5 to 7 was chosen for the following experiments, which did not change significantly 

throughout the experiment. 
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Figure 5: Change of pH during the time of 

sorption 

 

Figure 6: Change of Cs concentration during 

the time of sorption by different pH values 

 

Langmuir isotherm 

Using the mathematical and graphical adsorption Langmuir model (Figure 7), the 

maximum capacity of clinoptilolite was evaluated. One gram of clinoptilolite is able to 

recover 94.3 mg/l of caesium corresponding to 0.710 meq / g. 

 

Figure 7: Evaluation of Lagmuir isotherm 

Conclusions 

The main objective of this work was to assess the suitability of the use of clinoptilolite as 

a sorbent for the capture of caesium in the primary circuit of the pressurized nuclear 

reactor. The supplied sorbent consists mainly of clinoptilolite and illite admixtures. The 

structural characteristics confirmed the presence of micropores and slits. Optimum 

reaction conditions are in the neutral to slightly acidic area, at pH values of 5-7. The 

adsorption capacity of sorbent was determined by the Langmuir isotherm and the value is 

94.3 mg/l, which equals to 0.710 meq/g. 
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Abstract  

Centrum výzkumu Řež (CVR) is involved in research and development of a purification 

technique of the liquid lithium-lead eutectic alloy (Pb-16Li) based on use of a cold trap. 

The first activities linked to this field are dated from 2003. For the cold trap development, 

the experimental loop Meliloo is used. This paper describes latest development and 

testing of air cooled cold trap. Design of the apparatus was supported with computational 

simulations to achieve homogenous temperature field. The cold trap was fabricated, 

instrumented with thermocouples and tested. A series of CFD simulations to evaluate 

velocity and temperature field of the PbLi liquid metal inside the cold trap was performed 

for different operational conditions. The results of these studies were subsequently 

compared with the experimental data and the suitability of the used computational code 

was evaluated. The work was also focused on purification efficiency and study of 

dissolved particles.  

Keywords: CFD, Cold Trap, liquid metal, Pb-16Li purification 

Introduction 

Heavy liquid metal (HLM) non-isothermal circuits are subject of mass transfer corrosion. 

The dissolved construction materials are transported from the hot to the cold part of the 

circuit. The tritium breeder, Pb-16Li alloy, combines solvent properties of the liquid lead 

and oxygen affinity of the alkali metal. Keeping the breeder unsaturated by corrosion 

products is possible way how to reduce the risk of formation of corrosion products 

deposits on cold surfaces or in strong magnetic fields. This approach of the breeder 

purification was experimentally tested in the Meliloo loop at Centrum výzkumu Řež. The 

HLM is cooled to the lowest temperature in the circuit in the device called Cold Trap. In 

this device, HLM becomes supersaturated by dissolved impurities and these precipitates 

are separated from the flow. This experimental work focuses on the development and 

testing of the Cold Trap concept for the European Hellium Cooled Lithium Lead Test 

Blanket Module (EU HCLL TBM). 

mailto:Otakar.Frybort@cvrez.cz
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Cold Trap development and design 

The feasibility of Cold Trap filled with steel wire mesh was tested in ferritic loop Meliloo 

1. Trap design was based on Cold Trap used in phase V of TRITEX loop operation in 

FZK [1]. The liquid alloy passes from the top to the bottom as shown on Fig. 1. The filler 

was placed between two perforated plates to avoid the transport of its pieces into the 

circuit. However, this configuration caused decrease of the flow during long term 

operation due to the pressure drop build-up. The testing ended with plugged trap after 

3600hr, most probably by the accumulation of Li oxides at top, as shown on Fig.1.  

 

  

 

Fig. 1 A wire mesh Cold Trap consists of thermocouples 1, Eurofer 97 trap body 2, level sensor 3 and filler 

4. Crosscut of plugged trap with Li weight fractions in frozen Pb-16Li alloy indicating Li accumulation at 

top. 

To avoid plugging, a new approach without filler was developed [2]. In this concept, the 

alloy flow is slowed and cooled directly in the Cold Trap body where inner volume is 

divided with internal baffles to redirect the flow, as shown on Fig. 4. Two coolant options 

were considered, the boiling water providing homogenous temperature field and air 

cooling circuit. The air cooling was chosen mainly for simple implementation and for 

safety to avoid the water-alloy interaction in case of leakage. The main disadvantage of 

air coolant option is non-uniform temperature profile inside trap, as shown on Fig. 2. 

Therefore further thermal-hydraulic studies with various Pb-16Li flowrates were 

performed to optimize the design to obtain more homogenous temperature distribution. 

Objective of simulations was to have a 250 °C at the trap outlet while minimum internal 

temperature should stay above 235 °C to avoid freezing. 

The experimental trap is scaled down version of Cold Trap for HCLL TBM and was 

fabricated from the AISI 304 stainless steel with aluminum cooling fins on the outer 

surface the body to enhance the heat transfer area. Trap was instrumented with 17 

thermocouples to measure the internal temperature field. 
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Fig. 2 Simulated temperature field for different coolant options, showing the worst, a high flowrate, case 

where the 0.74kg/s of Pb-16Li enters at 300°C and leaves at 250°C. The trap on the left is cooled by water 

boiling at 250°C, trap on the right with 0.2kg/s of 25°C air. The cooling by boiling provides a very uniform 

temperature across the volume, while air cooling leads non-uniform temperature distribution with local cold 

spots down to 235°C. 

 

Experiments 

Two sets of experiments were conducted. The thermal-hydraulic experiments were 

focused on validation of the design and benchmarking of the thermal-hydraulic 

computational code, and the objective of purification experiments was to determine the 

composition and geometry of the precipitated particles and location where deposits are 

formed. Both type of experiments were conducted on the non-isothermal loop with forced 

circulation called Meliloo 2. The loop was filled with 87.6 kg of fresh Pb-16Li alloy that 

was prepared from the lead of purity 99.98 (up to 150 wppm Bi) by VÚK Čisté Kovy, 

s.r.o. 

Experimental loop Meliloo 2 

The loop consists of the impeller pump, permanent magnet flowmeter, heaters, filling 

tank and cold trap with the air cooling circuit. The loop was fabricated from AISI 304 

stainless steel and the pump was made from ferritic steels. The liquid metal free surface 

was protected by pure Argon 6.0.  

Table 1. Used structural materials 

wetted surface  material 

     [m2]    

pump       0.18  T91, Eurofer 97, CSN 17 021 

cold trap     0.947  AISI 304 

piping      0.324  AISI 304 
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Thermal-hydraulic experiments 

The CFD analysis of the Cold Trap was performed for support of the design process and 

for benchmarking of the thermal-hydraulic code. 

 

Fig. 3 Meliloo 2 loop in the Cold Trap testing configuration 

The computational model was based on the real Cold Trap geometry[3]. For the 

numerical simulations, the part of the airflow channel and the Cold Trap body were 

included. Due to the CT symmetry, one half of the model was calculated. The mass-flow 

inlet and pressure outlet boundary conditions were located according to Fig. 4 (right). The 

adiabatic boundary conditions were applied on the top and the bottom faces as well as on 

the outer wall of the airflow channel. The computational grid was created using Gambit 

software and ANSYS Fluent 15.0 was used as the numerical solver. The unsteady 

simulations were performed, considering SIMPLE velocity-pressure coupling and the 

RANS k-omega turbulence model. 

 

Fig. 4 Positions of the thermocouples (left) and the flow path of the cooling air and the liquid metal in the 

Cold Trap computational model (right). 
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The CFD simulations were performed in the wide range of the inlet temperature values 

(300 - 500°C) and mass flow rates (0.1 – 1 kg/s). The temperature values obtained from 

the CFD study were compared with the experimentally measured data in the positions of 

the installed thermocouples. This comparison is shown in Fig. 5. 

Horizontal axes represent the positions of the thermocouples. On the vertical axis, values 

of the temperatures from experiment and from the numerical calculations are depicted. 

 

 

 

 

 

Fig. 5 Comparison of calculated and experimentally measured temperatures for mass flow rates of 0.42 

kg/s (above) and 0.29 kg/s (bottom) 

 

It can be seen that the values of the temperatures obtained from the CFD analyses are in 

good agreement with the experimental data. The average differences between an 

experimental data and numerical results were about 6°C. The maximum difference was 

19°C at the thermocouple position number 9 (Fig. 3) which could be caused by the effect 

described in the following section.   

 

The CFD model of the Cold Trap represents a thermal-hydraulic system with the mixed 

(natural and forced) convection in the HLM domain and forced convection in the air 

domain. In some test cases, the freezing temperature was reached in specific positions of 

the experimental vessel. This fact could cause the highest difference between the measured and 

calculated data because of different values of the thermal conductivity between the liquid 

and solid metal phase (the solidification module was not included in the computational 

model). The velocity field was not affected by this phenomenon because the frozen 

structure occurred in the relatively small part of the experimental vessel. 
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Fig. 6 The flow field and the temperature distribution provided by computational model for experimentally 

measured boundary conditions. 

 

The next part of the study was focused on influence of the HLM mass flow rate on the 

velocity field and the temperature distribution. This effect is shown in through the path 

lines of the velocity vectors which are colored in terms of temperature. The mass flow 

rate has a significant effect on the flow field in the specific part of the Cold Trap domain. 

For the lower mass flow rates (up to 0.2 kg/s), the flow was formed into horizontal layers 

in the top part of the Cold Trap vessel. In these layers, the complex flow distribution with 

buoyancy effect occurred. This effect of the horizontal layers is important and positive 

for deposition and sedimentation of dissolved particles. Probability of the particles 

capture is increased due to the enhanced horizontal movement. Opposite situation arises 

in the case of the higher mass flow rates. Due to higher velocities, the streamlines 

becomes straighter and shorter. Therefore the time the particles spend in the CT volume 

is shorter and the probability of their capture decreases.    

Purification experiments 

To determine the initial composition of the Pb-16Li, the alloy sample was taken from 

running loop to obtain well homogenized representative specimen. The loop was running 

at 350 °C with 0.42kg/s flow rate and specimen 001 (see Tab. 2) was taken after 132hr 

from filling, therefore no significant corrosion contamination was expected. The samples 

were dissolved in a mixture of acetic acid, hydrogen peroxide, water (1:1:1) and analyzed 

for Li, Fe, Cr, Ni, Mn and Bi content by ICP OES (inductively coupled plasma optical 

emission spectrometer) OPTIMA 2000. Alloy had higher content of Li than eutectic 

composition and Cr was bellow detection limit in all analyzed samples, therefore is not 

presented further in this paper. 
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Table 2. Chemical analyses of Pb-16Li samples from loop 

specimen 

Li Fe Cr Ni Mn Bi 

[mg/g] [μg/g] [μg/g] [μg/g] [μg/g] [μg/g] 

001 7,28 13,2 ≤ 1,5 7,48 2,43 17,4 

007 6,67 58,5 ≤ 1,5 7,60 2,21 7,82 

 

After the thermal-hydraulic testing, the Meliloo loop was operated at elevated parameters 

(0.64 kg/s, 495 °C in pump and 440°C in trap) to release corrosion products, see 

specimen 007, Tab 2. Then the first purification experiment was done with aim to study 

the concentrations of corrosion products as function of decreasing temperature at low 

flow speed 0.1 kg/s. The Pb16-Li alloy was sampled as temperature at the Cold Trap 

outlet was gradually decreased. Analyses of specimens 200 – 204 doesn’t reveal any clear 

trend. Fe showed high variability with a mean concentration of 9±4 wppm regardless the 

temperature. Only Mn concentration decreased from 3.7 to 1.1 wppm in range 350–

250°C, that is an order of magnitude below its solubility[3]. Second experiment was 

performed with a focus on particle behavior. During this experiment, the temperature 

difference between the Cold Trap inlet and outlet was kept constant and flow velocity 

was decreased to 0.4, 0.2, 0.16, 0.1 kg/s respectively. If there are the corrosion products 

present as a mobile particles than a concentration drop would be observed as flow goes 

down. Instead a concentration of Fe dropped to detection limit and except the Mn there is 

again no clear trend, see specimen 300 – 304 in Tab. 3. Then the trap was kept at low 

temperatures to check if there is influence of time, specimens 305-308. 
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Table 3. Chemical analyses of Pb-16Li samples from loop 

no. 

flow  Ttrap  Li Fe Ni Mn Bi 

[kg/s] 

 

[°C] [mg/g] [μg/g] [μg/g] [μg/g] [μg/g] 

200 0.1 345 7,58 7,68 7,44 3,72 5,13 

201 0.1 293 6,71 11,23 9,04 3,32 7,81 

202 0.1 281 7,34 12,98 6,87 3,36 5,91 

203 0.1 259 7,05 10,16 7,02 1,85 4,72 

203a 0.1 259 6,76 10,37 5,85 1,32 5,14 

204 0.1 257 6,87 8,64 9,52 1,11 4,19 

 
       300 0.4 378 6,92 1,01 7,10 2,08 2,53 

301 0.4 312 7,11 5,43 6,33 2,79 2,50 

302 0.2 309 7,13 ≤ 0,5 6,17 1,90 1,87 

303 0.16 311 6,76 0,73 6,77 1,99 1,95 

304 0.1 303 6,90 ≤ 0,5 6,34 1,94 1,88 

305 0.1 259 6,98 ≤ 0,5 4,96 1,20 1,26 

306 0.1 250 6,98 ≤ 0,5 4,85 1,09 1,43 

307 0.1 260 6,76 0,77 6,06 1,51 1,92 

308 0.16 262 6,78 ≤ 0,5 5,53 1,05 1,05 

 

After the experiments the Cold Trap was sectioned to search for deposits. On the Pb-16Li 

side of the permanently cooled wall of the Cold Trap body, there were found a large flat 

crystals of lead, visually similar to eutectic structure with relatively large particles 

consisting of Fe-Cr-Mn-Ni, with composition very close to the 304 stainless steel, see 

Fig. 7 

Fig. 7. There were also found a large areas of the wall covered with fine grains of the Mn-

Ni intermetallic compound and the large Mn-Ni-Sn crystals, see Fig. 8. The Fe-Cr 

particles were rare and were found attached to the uncooled internal baffles, having 

rounded shape, 2-5µm in size. There were also found amorphous Bi oxide particles of an 

approximate size of 5µm. The walls and the baffles were also covered with 1-2 µm 

particles consisting of 80 wt.% of oxygen and being black in the back scattering electron 

image. Since such compound cannot exist, these are with high probability Li oxides, but 

unfortunately Li is not visible for used BSE detector.  
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Discussion  

The lack of Fe corrosion products in circulating alloy at elevated temperatures was 

surprising since amount of the Fe released into the Pb-16Li alloy during the entire loop 

operation was estimated to 20.4 g using corrosion equations for stainless [5], ferritic 

steels [6] and loop operating parameters 

 

Fig. 7 Large Fe-Cr-Mn-Ni particle found on cool wall surface of Cold Trap. 

 

Fig. 8 Deposits of Ni-Mn and Ni-Mn-Sn intermetallic phases. Sn was found in a large particles only. 

 

If the all corroded iron had dissolved homogenously, the Fe concentration in the loop 

would have been higher than 200 wppm. The measured Fe concentration in the first 
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experiment was around 9 wppm and SEM analyses of loop pipes for Fe deposits or Fe 

particles in bulk alloy were unsuccessful, therefore it can be assumed that Fe accumulated 

in the trap. The fact, that Fe concentration was independent on temperature and during 

second experiment dropped below detection limit raises concerns about suitability ICP 

OES instrument for Fe analyses in Pb-16Li matrix. Later was found experimentally that 

high Pb content in analyzed solution interferes with Fe signal and therefore different 

analytic method is being developed. 

For example in ferritic loop TRITEX the dissolved Fe was estimated to 6±3wppm, and 

deposits in the cold traps contained 80-90% Fe, with note that the Fe analyses were 

highly scattered [1]. Deposits from austenitic (316L) semi-stagnant module CELIMENE 

3 consisted of 57 wt.% Fe, and in loop ALCESTE 1 of 84 wt.% Fe. In martensitic devices 

the 75-84wt.% of Fe was found[7]. The Pb-16Li alloy in all long term operating loops 

contains circulating large Fe-Cr particles [8] that we were unable to generate or find in 

our one year long experiment.  

In austenitic Meliloo 2 loop a SEM analysis showed a typical selective leaching of the Ni 

from the AISI 304 steel leaving a ferritic layer on all internal loop surfaces. Another 

possible explanation of the low amount of Fe in trap deposits is that Fe remained in 

ferritic layer and wasn’t released to circulating alloy. Then the main deposits in the Cold 

Trap would be formed from leached Ni forming with Mn a Mn-Ni particles which have a 

lower solubility than the pure elements as was shown by Barker [4]. Mn is minor alloying 

element in used steels, but most of Mn come from the pump that was used for 

experiments where Mn was involved in past. Remaining parts of loop were new. 

Interesting was the presence of the Sn in the large crystals only. Sn is common impurity 

element in Pb. The 99.98 grade Pb used for fabricating Pb-16Li alloy usually contains 

10wppm of Sn along with other impurities like 100wppm Bi, 90wppm Cu, 30wppm Ag, 

20wpm Pt, 20wppm In and some ppm o Sb, Tl, Au. 

Bi was expected to be dissolved in Pb-16Li alloy but was found in trap in form of 

particles and therefore there is a hope that can be separated with properly designed cold 

trap. 

Conclusion 

The series of the CFD calculations was performed to support the design process and to 

benchmark the computational code Fluent 15.0 against the experimental data. It was 

found that the values of the temperatures obtained from the CFD analyses are in 

relatively good agreement with the experimental data. The average difference between 

the experimental data and the numerical results was lower than 2% so the used 

computational code was found suitable for the relevant applications. 

The Cold Trap decreased amount of the corrosion products in the circuit. The best 

response to the trap operational temperature showed Mn forming a low soluble 
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intermetallic compounds with austenitizing element Ni and lead impurity Sn, for other 

elements the results are less clear. FeCr particles are supposed to be the main corrosion 

products in the real low activation ferric steel circuit. It was found in trap as minor 

deposit but wasn’t confirmed in circulating alloy. Main reason was lack of Fe source in 

austenitic loop. Therefore, there is a need to continue in this studies in purely ferritic loop 

since the TBM circuit is supposed to be Ni free and therefore no interaction of Mn with 

abundant Ni can be expected. This experiment also showed that chemistry of elements in 

Pb-16Li matrix is complex and knowing solubility of particular element in alloy is not 

enough to characterize the processes in trap therefore a further study is needed. Trap with 

high probability captures Li in form of oxides that are deposited on all steel surfaces. Bi 

formed oxide particles. 
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Abstract  

Molten Salt Oxidation (MSO) is a technology of flameless oxidation in molten salts 

materials to reduce the volume of hazardous solid and liquid waste. It is an alternative to 

conventional combustion. Halogens and other substances (e.g., sulfides) are converted to 

acid gases and are captured in salt form (e.g., NaCl, Na2SO4). The technology allows 

processing of loose materials, semi-liquid suspensions or liquids over a wide range of 

viscosity. Combustible waste is fed through the dosing system into the reactor together 

with an oxidizing agent (air or oxygen). The oxidation process is deliberately taking place 

under the salt melt and heavy metals and radionuclides are captured within. 

This paper discusses the effect of MSO technology on construction materials of the MSO 

reactor vessel. MSO's operating conditions expose the construction materials to a highly 

corrosive effect: high temperature, corrosive alkaline melt components, and oxidation 

media. Experiments with selected materials were carried out in the laboratories of the 

Research Center Rez. The result was used to design a suitable building material for the 

reaction vessel MSO technology. 

Introductions 

The history of MSO begins in the 1950s at Rockwell International Laboratories where the 

flameless combustion process was used during the gasification process. The intention was 

the sorption of dangerous gaseous products in the salt melt, especially acid gases and 

persistent organic pollutants. The high efficiency of the sorption of dangerous gaseous 

products was further studied at the laboratories in the MSO Laboratories at the Energy 

Laboratory ETEC, the Lawrence Livermore National Laboratory LLNL and the Oak 

Ridge National Laboratory ORNL. It has been shown that the oxidation of substances 

below the surface of molten salts is a perspective method for the treatment of hazardous 

or radioactive waste [1]. 

Process description 

MSO is a thermal process designed for disposal of organic waste.  Waste that contains 

organic carbon is fed with combustion air to the reaction vessel below the surface of the 

salt melt, which has a temperature in the range 800-950 °C. The melt is usually Na2CO3, 

K2CO3, Li2CO3, borates or other alkali metal salts or their eutectic mixtures [2], [3]. 
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At these temperatures, organic compounds are catalytically oxidized to inorganic 

products such as CO, CO2, H2O, N2, etc. After oxidation, neutralization of acid gases 

including halides and sulfur components takes place. The molten salt has several 

functions. In the first case, it serves as a dispersing medium for the treated waste and for 

the combustion air. The presence of molten salt also accelerates the oxidation reaction. 

Furthermore, the melt promotes a complete chemical reaction due to the direct contact of 

reactants and a stable heat transfer device that resists thermal shock. Molten salts keep 

soot and combustion products and capture most of the ash, radionuclides, and other non-

combustible waste. The gaseous products are removed from the upper part of the reactor 

to the flue gas cleaning system. The flue gas must be free of coarse impurities, including 

salt and water vapor. Halogens and heteroatoms such as sulfur are converted to acid gases 

which react with the melt to form NaCl or Na2SO4. They accumulate in the molten salt. 

One of the important factors for salt selection is the melting point of the molten salts. It is 

desirable that the melting point is as low as possible for maintaining the thermal stability 

at high temperatures. Lower salt temperature causes less corrosion impact on reactor 

vessels. One way to reduce the melting point is a combination of more salt called eutectic 

mixture. These eutectic mixtures have a much lower temperature than individual salt 

components. The cations and anions of the can participate in electrochemical processes 

associated with the corrosion of metals. The anions have the highest corrosive impact of 

chlorides because they could accelerate uniform corrosion and also cause slit corrosion, 

spot corrosion and corrosion cracking of stainless steels. The aggressiveness of bromides 

is comparable to chlorides. Iodides are less aggressive. Fluorides do not cause uneven 

forms of corrosion but accelerate uniform corrosion of stainless steels. Sulfide solutions 

cause cracking of unalloyed steels. 

Austenitic chromium nickel super-alloys of type Hastelloy N, Inconel 713 or pure nickel 

are the most resistant. In nitrates, uniform corrosion is very small, but corrosion cracking 

of unalloyed and low-alloy steels may occur at elevated temperatures. Using the 

carbonate melt is limited to carbon steel, only chromium-nickel steels are resistant. 

Hydrogen carbonates can cause corrosion cracking of carbon steels at elevated 

temperatures. Cations such as Fe3+ increase the oxidation ability of the environment and 

negatively affect, for example, stainless steels in the presence of chlorides [4]. 

High temperature corrosion of metals in the salt melt 

In the case of high temperature corrosion of metals is usually distinguished the stage of 

the initial stage and the stage of active corrosion. During the initial stage, an oxide layer 

with stable diffusion properties is formed on the surface of the corroding material. If the 

layer has good protective properties and it tightly contacts the surface of the material, the 

corrosion proceeds only by diffusion of reactants through protective layer and corrosion 

takes place in diffusion mode. If the metal oxide layer does not arise on the surface, 

corrosion takes place in the kinetic model and its growth is limited only by the speed of 

chemical reactions. In addition to the previous metal corrosion regimes, there is also a 

transition regime where metal corrosion influences kinetic and diffusion factors. Metals 
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in contact with the salt melt interact with them and are subjected to corrosive destruction. 

In most cases, molten salts are second-order conductors, ie they have ionic conductivity 

and their interaction with metals proceeds according to the electrochemical mechanism. 

Increasing the temperature of the molten salt increases its aggressiveness, accelerates the 

corrosion of materials and reduces the carbon content. 

Molten salts have the character of a viscous mass which effectively removes the oxide 

layer from the metal surface. Corrosion occurs mainly by oxidation, followed by 

dissolution of the metal oxides in the melt. Oxygen and water vapor greatly accelerate 

corrosion in molten salt. The rate of corrosion is also very dependent on the temperature 

and viscosity of the salt [5]. Corrosion of the metal in the salt melts takes place by 

electrochemical mechanism solvation of anions and subsequent assimilation of electrons 

depolarizer. As depolarizer may be melt dissolved oxygen, water from raw melt, ions 

capable of reduction in the melt (K+, Ca2+, Fe3+) and other substances capable of 

assimilation of electrons at the surface corroding the metal melt [6]. 

Evaluation of corrosion effect 

Evaluation of corrosion damage of metals: 

 Weight loss assessment - the sample in an aggressive environment is subjected to 

corrosion and loses some of its weight. 

 Appearance changes - degradation of the surface due to the formation of the oxide 

layer 

 Changes in mechanical properties - loss of tensile strength of metal will be evident if 

the original cross section of the sample (measured before being immersed in an 

aggressive environment) is reduced. Changes in tensile strength can also result from 

compositional changes, e.g. selective corrosion. Reduction in tensile strength and 

elongation are the result of localized defects, such as cracking or intergranular 

corrosion 

 Changes in electrical properties - the dependence between the corrosion potential and 

the current passing through the metal surface and its time change is used. 

 Metallographic evaluation - Selective corrosion, exfoliation, cracking or 

intercrystalline corrosion can be detected using a microscope after a suitably 

prepared cut 
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Experimental 

The Inconel 713 and ASTM 316Ti alloys were used as experimental materials. Due to the 

production reasons, samples of Inconel 713 in the form of a cylinder, and samples of the 

alloy ASTM 316Ti are cubes. It can be assumed that the difference in the shape of the 

samples does not distort the results because one of the most important factors is the 

stressed area to obtain corrosion speed. 

Inconel 713 

Type of austenitic alloy with high nickel and chromium content suitable for use at high 

temperatures. On the surface of the alloy is formed a thin layer of oxide during the 

thermal stresses in an oxidizing environment, which protects the rest of the metal against 

further corrosion. Inconel retains its strength in a wide temperature range and is suitable 

for usage in highly alkaline environments. The composition of the alloy is shown in Table 

1. The melting point is 1350 °C. 

Table 1. Structure Inconel 713 

element Ni Cr Al Mo Nb Ti Co C 

weight (%) 77,11 11,40 5,63 3,35 1,60 0,82 0,06 0,11 

 

ASTM 316Ti 

As a reference material, conventional 316Ti stainless steel was used. The ASTM 316 

alloys are more resistant to total, point and slot corrosion than the conventional 

chromium-nickel austenitic stainless steel. They also have higher creep resistance and 

tensile strength at elevated temperature. High carbon alloys 316 are susceptible to 

sensitization and the formation of boundary grains of chromium carbides at temperatures 

of 425-815 °C. This may lead to intergranular corrosion. Resistance to sensitization is 

achieved in alloys 316Ti. Titanium stabilizes the structure of the alloy against the 

precipitation of chromium carbides. This stabilization is achieved by heat treatment, 

during which titanium reacts with carbon, thereby producing titanium carbides, which 

substantially reduce susceptibility to sensitization. The alloy thus can be thermally 

stressed by a longer period, while maintaining the corrosion resistance. The melting point 

is 1400 ° C. The composition is shown in Table 2. 

Table 2. Structure 316Ti 

element Ni Cr Al Mo Nb Ti Co C 

weight  

(%) 

77,11 11,40 5,63 3,35 1,60 0,82 0,06 0,11 
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Corrosive environment 

For the flameless combustion experiment, a borate complex mixture was used as the salt 

melt. The composition of the melt is shown in Table 3. The melting point of the mixture 

is around 900 °C. 

Table 3. Composition of the mixture 

substance H3BO3 NaCl Na2CO3 NaNO3 Na2SO3 (COONa)2 NaNO2 KNO2 NaOH 

weight 

(%) 

33,63 1,68 21,21 12,35 2,31 2,53 1,42 10,46 14,41 

 

Experimental progress 

Metal samples have been placed separately in the corundum crucibles. A molten borate 

complex mixture was prepared in the crucibles. The experiment was conducted in the 

melting chamber Classic at the temperature of 900 °C. Corrosion tests with a different 

length of exposure were performed to determine corrosion loss over time. For the 

experiment with Inconel 713 were chosen the period of 24h, 48h and 96h. The 

temperature was constant at atmospheric pressure during the test. At the end of the 

experiment, individual samples from the crucibles were removed and subsequently 

stripped of salt residues from the surface of the metals. Because the salt is soluble in 

water, the samples were immersed in water for 24 hours. For the 316Ti reference 

material, the samples were extracted at 1, 2, 4, 8 and 16 hours. 

Results 

Weight loss 

From the measured values, the graphs of the weight loss versus time and the corrosion 

rate over time were developed for both materials. Weight loss for ASTM 316Ti was 

several times higher than for Iconel 713. For example, after about 16 hours of exposure, 

the weight loss of ASTM 316Ti was 14 times higher. 

From Figure 1, it can be seen that the corrosion rate of Inconel 713 material decreases 

significantly over time. The CR dependence on time of ASTM 316 Ti in Figure 2 is more 

complicated. It can be assumed that the corrosion is initially slow and has all-surface 

character. Gradually, the nature of corrosion appears to change, so CR is much higher 

than the corresponding values for Inconel 713 alloy (similar to weight loss). 
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Fig. 1. Corrosion character Inconel 713 

 

Fig. 2. Corrosion character 316Ti 
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Surface changes 

The surface of the test samples after corrosion was documented using the Olympus BX51 

microscope. The surface of a sample of Inconel 713 before the corrosion test has a 

rougher character. Surface formations are evenly distributed and are not dislocation 

oriented (e.g., after the surface treatment). After 24 hours in the salt melt, fine surface 

corrosion occurs without any macroscopic changes in morphology. After 48 hours we can 

observe the first deeper corrosion effects. After 96 hours, a large number of deep 

corrosive defects occur in "cluster" (deeply etched surface areas). 

On the surface of a sample material ASTM 316Ti, just before the corrosion experiments, 

were observed parallel tracks after the surface treatment. After one hour of exposure in 

the melt, the traces of machining were removed. After two hours of exposure, the first 

deeper corrosion defects can be observed. With increasing length of exposure (4-8 hours), 

is increased the number of corrosion defects. On the sample surface can be observed 

preferentially etched lines that may be associated with grain boundaries of the material. 

After sixteen hours of exposure, the surface of the sample is deeply corroded. 

Metallographic assessment 

The graph was constructed from the image analysis of the measured data and it shows the 

thickness of oxide layer at the time of exposure in the melt borate mixture. Inconel 713 

samples showed a stronger oxidation layer with a 24, 48 and 96-hour exposure time. At 

the same time, the total weight of the samples decreased, resulting in selective corrosion. 

Figure 3 shows that the rate of oxidation decreases over time. 
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Fig 3. The dependence of the thickness of the oxide layer d on the exposure time of the Inconel 713 

material in the melt 

After the first hour of 316Ti exposure in the melt, the corrosion has a uniform character. 

Gradually, however, it becomes uneven with an intercrystalline character. After sixteen 

hours of exposure was observed even very deep and sharply bounded corrosion defect 

with a depth of about 140 microns. Due to the unevenness of the corrosion, ASTM 316Ti 

did not measure the dependence of the thickness of the oxide layer on the exposure time 

in the melt of the borate mixture. 

Conclusions 

The measured corrosion rate for Inconel 713 is relatively low. In particular, this material 

is attacked mostly by selective corrosion and its oxide layer is stable. This material is thus 

more suitable for construction of the MSO reactor. The measured corrosion rate for 

ASTM 316Ti material is very high. This material is attacked uneven by intergranular 

corrosion, the oxide layer is not stable and disappears. Container made from Inconel 713 

with the thickness of 5 cm should hold about 35,000 working hours using borate mixture. 

With 12 hour operating time, the reactor should last 8 years of use. ASTM 316Ti is not 

suitable for the construction of the MSO reactor but can be used to produce pipes that are 

not in contact with the salt melt. In future research, it is advisable to measure the 

corrosion rate of other materials that have not yet been tested in the borate salts, e.g. 

Hastelloy and Haynes alloys, and protective layer alloys. It is also necessary to determine 

the most aggressive component of the melt and consider its exclusion from the salt 
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composition. Upon further material study, it is also suitable to perform spectroscopy of 

corrosion products. 
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Abstract 

The effect of gamma radiation on concrete is still not clear to the technical or scientific 

public. This paper presents the results of accelerated gamma irradiation experiment on 

small concrete samples in normal conditions, i.e. laboratory temperature, humidity and air 

pressure. The experiment was complemented with testing of samples under loss of 

coolant accident (LOCA). Comparison of radiation damaged and reference samples is 

made. 

Introduction 

Structural members made of concrete constitute an essential part of the containment 

construction, since next to its very good load bearing capacity, thermal resistance and 

stability, they at the same time provide an effective shielding protecting the environment 

from radiation. However, the most exposed parts situated around the pressure vessel, 

called biological shielding concrete, suffer from the radiation damage. The effects of 

radiation on concrete structure and properties are still not thoroughly known and thus it is 

needed to conduct as much experiments as possible by both technical and economical 

means. Based on literature review, it is believed that neutron radiation 

affectpredominantly crystalline phases, i.e. aggregate, while gamma rays have impact 

rather on the hydrated phases of concrete, i.e. cement paste [1]. Therefore, it is 

convenient to conduct gamma irradiation experiments on samples of cement paste, or 

mortars containing fine aggregate to study the potential damage of the interfacial 

transition zone between the grain of aggregate and the surrounding paste, as it is the 

weakest part of any concrete composite. The paper presents the results of gamma 

irradiation experiment complemented with LOCA test held on mortars with commonly 

used siliceous fine aggregate. The aim of the experiment was to investigate the changes in 

mechanical properties and microstructure of the composite. 

Experimental description 

Samples of mortars with dimensions 40x40x160 mm were manufactured by standard 

procedure ČSN EN 206-1 [4]. Smaller pieces of dimensions 20x20x40 or 0.1x20x40 mm 

were prepared for microscopic analyses. The used binder component was Portland mixed 

cement CEM II 42,5 R and common siliceous fine aggregate (grain size range 0-4 mm) 

was selected as filler. The samples were left in laboratory conditions for setting and 
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hardening and afterwards placed in gamma radiation cell with a gamma source of 172 

TBq (60Co) (Figure 1). The rate of irradiation was 0.5 to 4.5 kGy per hour and the 

temperature within the cell is held at 24±3°C. Samples were irradiated for 21 days, then 

they were tested by non-destructive measurements and afterwards were put into the cell 

for another 27 days of irradiation. The overall exposition dose was from 1.6 to 1.8 106 

Gy (1.6 to 1.8 108 rad). After the end of irradiation, the samples were tested both non-

destructively and destructively. 

Part of samples were also subjected to LOCA test, which stands for Loss of Coolant 

Accident, a Severe Accident to which all concrete structures in nuclear power plants has 

to be designed. In such case, the concrete is exposed to rapid rise of temperature and 

pressure creating gradients within its mass and causes damage of its internal structure. 

The experiment simulated rise of temperature and pressure up to 25°C and 10 bars 

respectively in a few minutes by a steam pre-heated in a steam generator. Moreover, post-

LOCA test was also conducted, which is a complex of processes happening immediately 

after LOCA accident. This was simulated by a three-days slow cooling of concrete 

samples by a shower of boric acid. The samples were afterwards tested destructively and 

compared with data obtained on irradiated samples without LOCA. 

 

Non-destructive testing included ultrasonic and resonance methods to determine the 

dynamic modulus of elasticity Ec [MPa] according to the Czech standards [2,5]. 

Destructive tests were three-point bending test to assess the flexural strength fct [MPa] 

and conventional loading procedure to asses compressive strength fc [MPa] following the 

standards [3]. 

Microscopic techniques, namely scanning electron microscopy (SEM) and light optical 

microscopy (LOM), were used for chemical analysis and mineralogical phase 

determination.  
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Figure 1. Samples of the first batch introduced 

in the irradiation cell with the cobalt 60Co 

source of 172 TBq 

Figure 2. Distribution of the distances from the 
60Co source i.e. from the centre of axes x, y, z 

and corresponding gamma radiation dose 

 

Figure 3. Location of samples inside 

the pressure vessel 

Figure 4. Record of expected and measured temperatures 

and pressures inside the pressure vessel during LOCA test 

 

Results 

Data obtained from non-destructive measurements did not show any major changes in 

modulus of elasticity neither after 21 days of irradiation, neither after the end of the 

irradiation experiment. The change of resonance frequency obtained from the impact-

echo measurement was just by few Hertz after both stages of irradiation (see Figure 3). 

Similarly, results of ultrasonic measurement showed decrease of the calculated dynamic 

modulus of elasticity within 5% after the end of the irradiation experiment.  
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Figure 5. Records of resonance method impact-echo. Lower peak-frequency is caused by lowered E-

modulus. 

 

Analyses using microscope techniques proved our hypotheses that no alternation of 

phase and chemical composition occurs during irradiation to such doses, as reached in the 

experiment. However, as shown in Figures 4 and 5, visible widening of the micro-cracks 

present in the microstructure of concrete occurs, or moreover there is rise of new ones, 

especially in the interfacial zone between the cement paste and aggregate. The cracking 

might be caused by the effect of heating due to gamma irradiation or by hydrogen release 

as the results of water radiolysis [6].  

Figure 6. SEM micrograph of the concrete before (left) and after irradiation (right). Presence of micro-

cracks between aggregate and cement paste after irradiation 

 

Data obtained from destructive tests are summarized in Tables 1 and 2.  More 

pronounced changes were recorded in the case of flexural strength (Table 1).  It can be 

seen that after the irradiation experiment the flexural strength decreased to 73 ± 9 % of 

the initial strength and after LOCA test even to 37 ± 9 %. In the means of compressive 

strength only minor changes were recorded (Table 2). The residual value of compressive 

strength after irradiation was 94 ± 7 %. The change after LOCA test was due to the 

temperature and pressure shock more significant –the decrease to 82 ± 2 % of the 

reference values was recorded.  
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Table 1: Data obtained from flexural strength test in the reference state, after irradiation and after LOCA 

h 

[mm] 
b 

[mm] 
sample 

Max force 

Fmax[kN] 
Strength 

ft[MPa] 
mean S.D. Compared samples 

40.1 39.7 A3 3.16 7.4 

7.11 0.62 
reference samples (before 

irradiation) 
40.0 40.4 B3 3.30 7.7 

40.1 40.2 C3 2.69 6.2 

40.0 40.0 A1 2.00 4.7 

5.13 0.33 samples after irradiation 40.0 39.6 B1 2.31 5.5 

40.0 39.4 C1 2.21 5.3 

40.0 39.8 A2 1.12 2.6 

2.58 0.08 
samples after irradiation and 

LOCA 
40.1 39.9 B2 1.13 2.6 

40.0 39.8 C2 1.05 2.5 

Ratio to the strength of the reference samples 
 

100 % - samples before irradiation 

73% 9% samples after irradiation 

37% 9% 
samples after irradiation and 

LOCA 
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Table 2: Data obtained from compressive strength test in the reference state, after irradiation and LOCA t 

 

h 

[mm] 
b 

[mm] 
sample 

Max force Fmax 

[kN] 
Strength 

fc[MPa] 
mean S.D. Compared samples 

40.1 39.7 A3 70.95 66.53 43.2 

42.89 0.83 
reference samples 

(before irradiation) 
40.0 40.4 B3 69.81 71.52 43.7 

40.1 40.2 C3 66.23 68.40 41.8 

40.0 40.0 A1 59.39 56.19 36.1 

40.13 2.95 samples after irradiation 40.0 39.6 B1 65.24 65.02 41.1 

40.0 39.4 C1 68.36 67.65 43.2 

40.0 39.8 A2 61.39 53.92 36.2 

35.26 1.39 
samples after irradiation 

and LOCA 
40.1 39.9 B2 52.49 54.05 33.3 

40.0 39.8 C2 62.41 53.12 36.3 

Ratio to the strength of the reference samples 

100 % - 
samples before 

irradiation 

94% 7% samples after irradiation 

82% 2% 
samples after irradiation 

and LOCA 

 

 

Conclusions 

The strongest effect of the gamma irradiation seems to be: 

1. The decrement of the tensile strength by 30 % (Figures 6 and 7) due to the micro-

cracks. 

2. Occurrence of micro-cracks (Figure 3) which should be forced by hydrogen produced  

by water radiolysis. Hydrogen production was studied in paper [6]. 

3. The values of E-moduli changed -1 to -5 % after the mid-term irradiation (0.8 

to1.2106 Gy) and stayed nearly the same after another 27 days in gamma cell (1.6 to 

1.8106 Gy). 

The further effect of LOCA test can be summarized as: 

1. The damage was caused predominantly by the temperature and pressure shock.  

2. Decrease of tensile strength was very significant - up to 37 ± 9 % of the initial values, 

while the drop of compressive strength was lesser - to 82 ± 2 %.  
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Abstract 

Tests in Centrum vyzkumu Rez (CVR) were focused on fatigue crack growth (FCG) in 

heavy liquid metal, particularly in Lead Bismuth Eutectic (LBE) at temperature 300 °C. 

Tests were performed on T91(feritic-martensitic steel) and 316L (austenitic steel) in air 

and LBE with oxygen amount from 10-5 to 10-11 wt%. Surfaces of fracture areas were 

observed and characteristics of the FCG speed were compared. 

Introduction 

Both ferritic-martensitic steel T91 and austenitic stainless steel 316L (1.4970) are the 

candidate materials for Gen-IV reactors and they are considered for the construction in 

MYRRHA reactor [1, 2]. An extensive work has been conducted to investigate the Liquid 

Metal Embrittlement (LME) under the wide variety of LBE conditions. Within interest to 

lead alloys-cooled technologies it is necessary to study mechanical properties of 

constructive materials in lead containing environment at elevated temperatures.   

Experimental 

Tests in Centrum vyzkumu Rez (CVR) were carried out in the CALLISTO cell, a vessel 

containing PbBi (LBE) built on a Zwick/Roell Electromechanical Creep Testing machine, 

Kappa 50DS. CALLISTO is based on the 2-vessel concepts, where the first container is for 

the preparation of the liquid metal (rough oxygen dosing). The liquid is then transferred to 

the second preheated tank, containing holders and specimens.  

Tab. 1: Chemical composition of T91 and 316L steels 

 C Mn P S Si Cu Ni Cr Mo Al Nb V Ti N 

T91 0
.1

 

0
.3

9
 

0
.0

2
 

0
.0

0
0
5
 

0
.2

2
 

0
.0

8
 

0
.1

2
 

8
.9

 

0
.8

9
 

0
.0

1
 

0
.0

8
 

0
.2

0
 

0
.0

0
4
 

0
.0

5
 

316L 

0
.0

1
5
 

1
.8

 

0
.0

3
 

0
.0

0
3
 

0
.6

4
 

- 

1
0
.3

 

1
6
.7

 

2
.1

 

- - -  

0
.0

3
 

 

Investigation of fatigue crack propagation was performed on steels T91 and 316L. The 

chemical compositions of tested steel is summarized in Tab. 1. The tests were performed 

on C(T) specimens with length W=25 mm and thickness B=6.25 mm in LT direction 

(longitudinal load and transversal crack growth). The specimens were pre-cracked in air 
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environment to initial crack ca. 12.5 mm from load line (notch included) and tested under 

cyclic loading with constant load ratio R=0.1 with frequency 0.25 Hz in air and LBE 

environment. Oxygen amount was regulated via feedback of the Bi/Bi2O3 oximeters [3] in 

the range 10-5 to 10-11 wt% using gas dosing of Ar and Ar+H2 mixture. 

It must be taken into account that CALLISTO cells were not equipped with extensometer. 

Therefore the crack open displacement (COD) was evaluated from the testing machine 

crosshead displacement. A numerical correction was done to achieve more precise result of 

COD. The correction factor takes into account the constant from the machine stiffness and 

the known initial stiffness of specific specimens. The universal tensile testing machine 

Z250 (Zwick/Roell), with a laser extensometer, was used to measure the initial specimen 

stiffness at 300°C.  

Results 

Materials T91 (specimen designation CT-T) and 316L (specimen designation CT-L) were 

tested for Fatigue Crack Growth Tests on C(T) specimens at 300 °C in air and LBE with 

various oxygen amount. The fracture surface was observed and characteristics of the FCG 

speed were compared. Parameters and FCG results are summarized in Tab. 2, Fig. 1 and 2. 

 

Fig. 1: Fatigue crack growth of T91 steel at 300 °C comparing air and LBE environment. 
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Tab. 2: Parameters and results of Fatigue Crack Growth of T91 and 316 steels. 

Designation a0 Pmax R-ratio Temperature environment FCG:  

 
mm kN - °C (co in wt%) C1 C2 

CT-T7 12.14 4.0 0.1 300 air 3.25∙10-15 3.53 

CT-T4 12.14 3.5 0.1 300 LBE (7∙10-6) 3.00∙10-14 3.26 

CT-T5 12.55 3.5 0.1 300 LBE (4∙10-11) 4.00∙10-12 2.89 

CT-T6 12.28 2.75 0.1 300 LBE (2∙10-11) 6.13∙10-12 2.86 

CT-T9 12.37 3.5 0.1 300 LBE (4∙10-7) 1.76∙10-13 3.34 

CT-L2 13.26 2.5 0.1 300 LBE (5∙10-11) 5.47∙10-9 2.10 

CT-L3 12.94 2.25 0.1 300 LBE (10-6) 1.40∙10-8 1.44 

CT-L4 12.38 2.25 0.1 300 LBE (10-7) 2.50∙10-9 1.91 

CT-L5 12.49 2.25 0.1 300 LBE (2∙10-5) 1.92∙10-8 1.42 

CT-L6 12.55 2.25 0.1 300 LBE (2∙10-5) 8.88∙10-9 1.53 

CT-L7 12.35 2.25 0.1 300 LBE (4∙10-8) 9.56∙10-11 2.45 

CT-L8 12.47 2.25 0.1 300 air 5.92∙10-9 1.59 

 

The parameters in the Tab. 2 are initial crack length a0, load maximum during cycling Pmax, 

coefficient of cycle’s asymmetry R, temperature T and test environment with regulated 

oxygen amount. The results in Tab. 2 are presented as material coefficients C1 and C2 in 

Paris law, which shows the FCG speed as a function of the change of the stress intensity 

factor K.  

 

Fig. 2: FCG of 316L stainless steel at 300 °C comparing air and LBE environment. 
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Fig. 3 – 6 show fracture areas from T91 FCG test specimens at 300 °C in distance ca. 1 

mm from the precrack line. Specimen CT-T7 was tested in air. The fracture area (Fig. 3) 

shows transgranular crack growth path with ductile striation morphology during the fatigue 

loading. Specimen CT-T4 was tested in the LBE with high concentration of oxygen. The 

fracture area (Fig. 4) shows also transgranular fracture with striation morphology which is 

similar to specimen tested in the air environment. Similar behavior is also in crack growth 

speed shown in Fig. 1. Specimen CT-T9 was tested in the LBE with 4∙10-7 wt% 

concentration of oxygen. The fracture area (Fig. 5) did not show striations, but more 

irregular fracture surface consisting of cleavage-like facets locally following intergranular 

planes. The crack growth speed (Fig. 1) shows high increase. Specimen CT-T6 was tested 

in in the LBE with low oxygen amount (2∙10-11 wt%). The fracture area (Fig. 6) shows 

character of fracture similar to specimen CT-T9. The crack growth speed (Fig. 1) is the 

same as for the sample CT-T9.  

The T91 results from FCG in LBE shows negligible changes in crack growth speed at 

oxygen amount near saturated state in comparison with air. However, the crack growth 

speed increases when the oxygen content is reduced to 4∙10-7 wt%. The speed is more than 

10-times higher than in air. The speed is then similar with decreasing oxygen amount and 

no significant changes were observed following further reduction of the oxygen content.  

  

Fig. 3: Sample CT-T7– steel T91, 300 °C, air: (a) fracture area, (b) detail 

a) b) 
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Fig. 4: CT-T4– steel T91, 300 °C, PbBi, co=7∙10-6 wt%: (a) fracture area, (b) detail 

 

  

Fig. 5: Sample CT-T9 – steel T91, 300 °C, PbBi, co=4∙10-7 wt%: (a) fracture area, (b) detail. 

a) b) 

a) b) 
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Fig. 6: Sample CT-T6 – steel T91, 300 °C, PbBi, co=2∙10-11 wt% : (a) fracture area, (b) detail. 

 

Fig. 7-10 show fracture areas of 316L FCG test specimens at 300 °C in a distance ca. 1 mm 

from the pre-crack line. The specimen CT-L8 was tested in air. The fracture area (Fig. 7) 

shows transgranular fracture with striation morphology during the fatigue loading similar 

to steel T91, but with more significant striations. This observation correspond to about 

1000x higher FGC of the steel in comparison to T91. Specimen CT-L3 was tested in the 

LBE with high concentration of oxygen. The fracture area (Fig. 8) shows also 

transgranular fracture with striation morphology which is similar to the specimen tested in 

the air environment, although it was observed an increase in roughness. Similar behavior to 

air environment is also in crack growth speed shown in Fig. 2. Specimen CT-L7 was tested 

in LBE with 4∙10-8 wt% concentration of oxygen. The fracture area (Fig. 9) shows high 

ratio of intergranular fracture. The crack growth speed (Fig. 2) shows a slight increase. 

Specimen CT-L2 was tested in LBE with low oxygen amount (5∙10-11 wt%). The fracture 

area (Fig. 10) shows also a higher ratio of intergranular fracture. The crack growth speed 

(Fig. 2) is also higher than in previous cases.  

 

a) b) 
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Fig. 7: Sample: CT-L8 – steel 316L, 300 °C, air: (a) fracture area, (b) detail. 

 

  

Fig. 8: Sample CT-L3 – steel 316L, 300 °C, PbBi, co=10-6 wt%: (a) fracture area, (b) detail. 

 

a) b) 

a) b) 
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Fig. 9: Sample CT-L7 – steel 316L, 300 °C, PbBi, co=4∙10-8 wt%: (a) fracture area, (b) detail. 

  

Fig. 10: Sample CT-L2 – steel 316L, 300 °C, PbBi, co=5∙10-11 wt%: (a) fracture area, (b) detail. 

 

Discussion 

Both T91 and 316L steel results from FCG in LBE shows negligible changes in crack 

growth speed with an oxygen content near the saturated state. However, the crack growth 

speed increases slightly when the oxygen concentration changes from 10-6 to∙10-7 wt%. It 

must be verified if the change is caused by dissolving of alloying elements or by different 

the reason. Contrary to T91 steel, the steel 316L shows increasing FCG speed with 

additional oxygen amount decreasing. T91 steel shows no additional increase until 10-11 

wt%, but 316L steel shows another increase around 10-11 wt%. However, more results in 

low oxygen LBE have to be done to verify general validity of the behavior.  

a) b) 

a) b) 
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Conclusions 

A significant influence of the oxygen amount was observed during the fatigue crack 

growth on T91 at 300 °C. Fatigue Crack Growth speed is higher for T91 comparing to 

316L. Both materials show FCG speed deterioration in LBE environment with lowering 

oxygen amount, though T91 showed faster changes with more significant step. Each 

material showed same behavior in certain intervals of the oxygen amount in LBE. 
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Abstract 

The development of instrumentation for a contaminant migration is the objective of this 

contribution. Newly used method – 3D scanning using Hexagon Romer Arm was 

implemented to characterize the morphology of an examined fractured block with a 

crevice. The block was instrumented by tubing and the crevice was sealed using a silicone. 

Flow-ways were investigated by the comparison of fluid weights on outlet.  

Introduction 

A contaminant migration in a fractured rock is important for analysing an anthropological 

impact on nature and a possible groundwater contamination. Any groundwater 

contamination must be avoided. In situ experiments are complicated, often conducted in 

mines [1], [2], and there is no possibility to determine and control all conditions during 

tests. More precise data can be collected in laboratory experiments such as sorption 

experiments. Sorption column or batch experiments developed for studying rock [3] 

properties exploit instruments that can be used for studying contaminant migration 

experiments in fractured rocks. The sorption experiments are often conducted in a small 

scale. The big disadvantage of column experiments lies in a column construction because 

there is undesirable interaction between a column wall and a rock sample. This interaction 

distorts the results. Alternatively, it is possible to perform large-scale (block) experiments. 

There are several scientific groups focused on migration experiments. K. Develi [4] 

constructed a rough model made of mirror-image transparent upper and opaque lower 

walls reproduced from original single fractures. The transparent upper part help to analyse 

flowways in a fractured system. Ju et al [5] constructed fracture models with various 

fractal roughness using a PMMA material. Sing et al [6] performed column experiments 

with a single rough walled fracture at different pressure. There are some laboratory 

experiments conducted at a block-scale performed by Hölttä et al [7] and Vandergraaf at al 
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[8]. Every tested granite sample is unique and its specificity is based on the location of a 

granite sample as granites from different location have various composition. Physical and 

chemical properties must be measured for every location separately to be able to compare 

and evaluate results.  

Experimental setup description 

Referred sample - granite block, acquired from a quarry Panská Dubenka located in Czech 

Republic, is part of the same bedrock that can be potentially used for a deep geological 

repository. In preparation for splitting the block, a channel was cut around the block. The 

channel serves as a guideline for a fracture. Initial dimensions of the block sample before 

splitting were 40 x 40 x 25 cm. Dimensions of one part after splitting were 40 x 20 x 

25 cm.  

Material and methods 

HLPC pump LCP5020 (INGOS s.r.o.), sanitary silicone (SOUDAL), Tubing, PTFE, 1/16'' 

(Chromservis), tubing PEEK, 1/16'' (Chromservis), Hexagon Romer Arm (Hexagon MI). 

Abrasion evaluation 

The surface of both faces of the crevice were scanned by Hexagon Romer Arm with the 

resolution of 50 m to get information about roughness and morphology. Both sides of the 

crevice were scanned repetitively after every block assembling to determine the impact of 

an abrasion during this action. The whole block was scanned again after assembling to 

determine distance between both parts. 

Flow-ways determination 

To determine preferable flow-ways, several tubing were connected to the fracture. The 

tube connections (PTFE or PEEK) are equivalent and could serve either as an input or 

output (depending on each experimental set-up). Every block site contains three tubes that 

were spread evenly. Tubes and the crevice were then sealed using a sanitary silicone. The 

tubing material and the sealing material were chosen accordingly to the need of chemical 

stability. The outer diameter of tubing was 1,6 mm and inner 0,75 mm. The length of all 

tubes was 1 m. To determine the pressure drop of the measured system, a tee part was 

added between the block and a pump. The height of a water column in the perpendicularly 

tube correlate with the pressure drop. The scheme of apparatus is shown in Fig. 1 left. The 

whole system had been washed with deionised water for 30 minutes before experiments 

started. It was used the constant flow rate of 10 ml/min for 30 minutes. Output tubes were 

lifted 25 cm over the crevice level to eliminate air bubbles in the crevice. The pump was 

connected at the position of 1B. Position 4B was accidentally plugged probably due to the 

leak of a silicone material during the sealing procedure. 
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Figure 4 - Left: an apparatus scheme, right: the photography of the apparatus prepared for a migration 

experiment 

 

Results 

3D scan and abrasion evaluation 

The 3D scan of the block face is shown in Fig. 2A. There is a distinct smoot rim around the 

edge of the block – the part of the guide channel. Fig. 2B shows the actual surface 

roughness as a height map based on the scan of assembled block. The scale ranges from 0 

to 4 mm. Average width of the crevice (distance between the block’s faces) is 0,75 mm. 

The distance is higher on the right site of the picture and lower (to the zero) at right site. 

This result indicates that it is hard to assemble both parts of the rock together to obtain an 

evenly distributed distance. A green spot with a red centre highlights a place where one 

part got damaged during manipulation.  

Figure 2C highlights the differences between the same parts of the block after 6 times of 

assembling. The scale ranged from -2,0 mm to -0,1 mm. Most of the ablation is bellow -

0,3 mm, but there is a place where more than 1,4 mm of material was removed. The higher 

density of a material removal is on the right site where is the lower distance between block 

parts. The abrasion after one assembling is low and morphological changes can be 

neglected. 
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D  

Figure 5 - A: the 3D scan of the block; B a height map -distance between block parts; C: differences caused 

by abrasion 

Flow-ways determination 

Typical result of the experiment is shown in Table. 1. Side 1 and 4 exhibit a lower relative 

output collected than side 2 and 3, that is probably caused by the fact that both sides are 

reduced by one collection tube. The position 1B at the side 1 is feed input and the position 

4B is clogged. Position 1A shows a lower output flow than the rest of the outputs. That 

could be caused by the partially clogged entrance of the tube by a particle washed out form 

the rock. It was also found out, that the contribution to the pressure drop by tubing is much 
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higher than is by the crevice. Generally, there is no strong dependence of the special 

distribution on the crevice morphology, probably due to low flow velocity. 

Table 4 -  Flow measurement through the granite block 

  

Water 
mass [g] 

Water mass  
sum per one side [g] 

Percentage 
of total 

output mass 
[%] 

Total output 
mass 

[g] 

Measured 
pressure 

1A 10,1 

41,8 14,7 

285,3 28,4 KPa 

1B Feed 

1C 31,7 

2A 27,5 

87,6 30,7 2B 29,5 

2C 30,6 

3A 31,5 

95,3 33,4 3B 31,3 

3C 32,5 

4A 29,9 

60,5 21,2 4B 0,0 

4C 30,6 

 

Conclusion 

The surface scanning of the block faces with Hexagon Romer Arm gives outstanding 

results that enables a perfect morphological description. It is a perfect tool for the precise 

determination of a crevice’s width in its full volume. The opportunity to compare the 

structure of the crevice before and after an experiment is also very useful. Although it is 

possible to describe flow paths using tubing with small diameter, the pressure drop of tubes 

is higher than the fracture. This fact rules out the measurement of pressure drop along the 

crevice. 

Future work will be focused on instrumentation with lower pressure drop of used tubing 

(wither inner diameter) and concertation experiments. Instead of a pure demineralized 

water a solution will be used and a contaminant migration will be observed.  
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Abstract 

The iron oxide scale (magnetite) grows on the inside and outside tube surfaces. Their 

presence on the inside surface of the boiler steam tubes is a serious problem. The scales act 

as a thermal insulator on the water side and reducing the heat transfer through the tube 

wall. The tube wall is chronic overheated and it can accelerate metallurgical failure. 

Ultrasonic pulse/echo thickness measurement techniques are used for internal oxide scale 

measurement. This measurement is performed by ultrasonic technique using high 

frequency (20MHz) broadband probe with single-element transducers and shear waves. 

Thickness of the inner scale is calculated from distance between relevant echoes, i.e. 

proper reflections from the metal-oxide interface and the oxide-air interface. Measured 

thicknesses are in range from 20 mm up to millimeters. Correct setting of ultrasonic device 

in a laboratory was verified during in-site measurement and by destructive check of the 

scale thickness by metallography. 

Background 

The very high temperatures found inside steam boilers (in excess of 800 degrees Celsius) 

can cause the formation of a specific type of hard, brittle iron oxide called magnetite on the 

inside and outside surfaces of steel boiler tubing. At very high temperatures, water vapor 

will react with the iron in the steel to form magnetite and hydrogen according to the 

formula: 

3 Fe + 4 H20 = Fe3O4 + 4 H2 

The speed of this reaction increases with temperature. Oxygen atoms will diffuse inward 

through the magnetite layer, and iron atoms will diffuse outward, so the scale continues to 

grow even after the tube surface is completely covered. Magnetite scale acts as thermal 

insulation on the pipe, since the thermal conductivity of scale is only about 5% that of 

steel. When heat can no longer transfer efficiently from the flame through the tube into the 

steam inside, the tube wall will heat up to temperatures beyond the intended operating 

range. Long term exposure to overly high temperatures, combined with the very high 

pressure inside the tube, leads to intergranular micro-cracking in the metal and to creep 

deformation (a slow swelling or bulging of the metal), which in turn eventually leads to 

tube failure by bursting. A secondary issue is oxide exfoliation, in which pieces of oxide 
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scale break off (usually due to thermal stresses during boiler startup or shutdown). These 

hard pieces will be carried by the steam flow into the turbine, where over time they will 

cause erosion damage. 

The growth of magnetite scale and the associated metal damage are primary limiting 

factors with respect to boiler tube service life. The process begins slowly and then 

accelerates, for as the scale grows thicker the tube wall becomes hotter, and that in turn 

increases the rate of both scale growth and metal damage (see fig. 1). Studies in the power 

generation industry have indicated that the effect of scale is relatively insignificant up to 

thicknesses of approximately 0.3 mm, but that beyond that thickness the negative effects of 

scale increase rapidly [2]. Periodic measurement of scale thickness allows a plant operator 

to estimate remaining tube service life and replace tubes that are approaching the failure 

point. 

 

Fig. 1: Damaged boiler tube 

 

Principle of measurement 

Principle is very similar to thickness gage measurement. Ultrasonic beam is transmitting 

from transducer and goes to the basic material of the pipe. When beam reaches to the 

interface between basic material and oxide layer part after it the signal is reflected back to 

transducer, see Fig. 2, sound path 1 and rest of the beam goes to the oxide layer. All the 

rest signal is reflected from the backwall of the oxide layer and goes back to transducer, 

see Fig. 2, sound path 2. Obviously some signal is repeatedly reflected from interface and 

goes back to oxide layer. Thickness of the oxide layer is the difference between backwall 

and interface sound path (2-1) 

Preparation of external surface of the tube by grinding is also very important for 

performing a successful inspection. 
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Fig. 2: Principle of measurement 

 

Ultrasonic equipment 

We used portable ultrasonic flaw meter Epoch 600 from Olympus Company. For the 

highest resolution is necessary to use high frequency broadband probe transmitting shear 

waves. We used highly damped 20 MHz probe. For coupling normal incidence shear 

waves extremely high viscosity couplant medium should be used. 

   

Fig. 3: Ultrasonic equipment and couplant used for oxide layer measurement 

Testing in laboratory 

Firstly we tested whole methodology [1] on test pieces in laboratory. These test pieces 

where cut in boilers from different fossil power plants in Czech Republic. It means that 

oxide layers on inner surface of these tubes where created after many years in service. One 

of the most important output from laboratory testing is that minimum detectable 

thickness of oxide layer is 0,2 mm with equipment which was using for testing. Part of 

results is shown in table 1. Results from specimen 1/6-1 are shown in figure 4. Material of 

all these specimens is heat resisting steel 15128.5 (14MoV63). 
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Tab. 1: Comparison of results obtained in LOM analysis and by ultrasonic testing 

Specimen 

identification 

Results 

LOM [µm] 

Results 

Ultrasonic [mm] 

Difference 

[µm] 

1/1-1 176 <0,2 N/A 

1/2-1 173 <0,2 N/A 

1/3-1 200 0,21 +10 

1/4-1 230 0,27 +40 

1/5-1 233 0,23 -3 

1/6-1 507 0,5 -7 

1/6-2 499 0,54 +41 

2/1-1 398 0,42 +22 

2/2-1 268 0,26 -8 

 

LOM – light optical microscopy 

 

Fig. 4: Comparison of LOM (left) and ultrasonic measurement (right) 

Measurement on site 

On the basis of laboratory testing Inspection procedure was created. This Inspection 

procedure were tested during outages of power plants when tubes of heaters and super 

heaters were tested. First measurement were performed at heating plant Trmice in 2015. 

There were measured two tubes. On the first tube were detected thickness of oxide layer 

0,72 – 0,74 mm and on the second tube oxide layer was 0,31 – 0,32 mm. These were 

analyzed on the optical microscope. Result for the first tube was: “On the inner surface is 

continuous compact gray layer of magnetite and possibly other oxides of iron with a 

thickness about 0,70 mm.” and for the second tube was “Inner surface is continuously 

covered by 0,4 mm compact layer of magnetite and other oxides of iron.” 
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Next inspection was performed also on Trmice heating plant in 2016. Totally 80 tubes was 

measured inside a boiler. Two tubes were cut for analysis after inspection. Results from 

this LOM analysis compared with ultrasonic measurement are shown on figures 5 and 6. 

 

 

 

Fig. 5: Comparison of the first tube 

 



74 

 

 

Fig. 6: Comparison of the second tube 

We also performed other measurement at power plants in 2017, but there were not 

performed LOM analysis on tubes which we measured so we have no data for comparison.  

Conclusions 

Results obtained in laboratory testing shown that this method could quite accurately 

measures thickness of an oxide layer on inner surface of the tubes of heaters and super 

heaters in the fossil power plants boilers. This methodology which was developed in CVR 

was also successfully tested during measurement on site. On the basis of these results, this 

type of measurement will be implemented in an operator „Controlled Aging Plan“. 

Periodic measurement of scale thickness allows a plant operator to estimate remaining tube 

service life and replace tubes that are approaching the failure point. The final part of this 

development is qualification of this methodology which will be performed at the beginning 

of the year 2018. 
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Abstract  

Within development of the Generation IV reactors, heavy liquid metals (HLM) are 

considered as one of the possible coolants because of their suitable thermal-hydraulic and 

neutronic properties. Utilization of computational models allow to predict thermal-

hydraulic behavior of the HLM cooling circuits and their components. Specifically, 

modeling of natural convection and freezing of HLM is essential for safety analyses of the 

HLM cooled reactors. Such a model, intended for both the steady-state and transient 

simulation of lead natural convection and freezing in vessel-type geometries, was 

developed at Research centre Rez using CFD code ANSYS FLUENT 17.0; the main 

features, limitations and challenges occurred during its development along with the first 

results obtained will be described in this paper. 

Introduction 

This work is focused on development and description of a CFD model, which is capable to 

solve the natural convection and freezing of the heavy liquid metals (HLM), which is 

essential for safety analyses of the HLM cooled reactors. The model was defined at 

Research centre Rez (CVR) using software ANSYS, its geometry is based on an 

experimental stand for freezing tests, which will be operated at CVR within H2020 

SESAME project. Preparation and preliminary testing of the model along with the first 

results will be described in this article.  In terms of thermal-hydraulic, the primary (lead) 

part of the experimental facility as well as the computational model were designed in order 

to get closer to a scale-down of the MYRRHA reactor. 

The primary part of the SESAME experimental stand [1] consists of a cylindrical 

experimental vessel (EV) with internal diameter of 300 mm, where the lead circulation and 

freezing will be studied. Four electric heaters with total heating power of 8 kW located in 

the center of the vessel are used to represent the fuel assemblies. A steel obstacle surrounds 

the heaters to ensure natural convection. The heat is removed by an air cooling system; the 

air is forced by a radial fan providing mass-flow rates up to 0.5 kg/s and located below the 

EV. The external surface of the EV which is exposed to the cooling air is equipped with 

ribs for improvement of the heat transfer area. Totally 21 thermocouples probes with 109 

measuring points for online measurement of the temperature and frozen structure are 

mailto:Tomas.Melichar@cvrez.cz


Nuclear Technologies for the 21st Century, 13th September 2017 

 

77 

located in the EV. Among that, shape of the frozen structure can be extruded using a 3D 

scan after the experimental run and opening of the EV. The air mass-flow rate is measured 

by a Wilson grid above the EV. 

Modelling strategy 

The following features are demanded of the computational model: 

 Solution of the heat transfer, natural convection and freezing in the lead 

 Solution of the heat conduction in the EV and the heaters 

 Accurate modelling of the heat removal system 

 Ability to solve both the steady-state and transient cases 

 Sufficient accuracy and reasonable computational time. 

Apparently, as well as the lead, the air cooling has to be considered in the computational 

model. Due to very different properties and physical phenomena solved in the two fluid 

domains, one of the most essential problems was to implement both the fluids into one 

computational model. For this reason, various modelling strategies (shown in Figure 8) 

were proposed and explored; (1) coupling of 1D and CFD model, (2) coupling of two CFD 

models and (3) implementation of the both fluid in the one CFD model. 

 

 

 

Figure 8: Modelling strategies 

 The first approach (Figure 8 - left) is based on application of a convective boundary 

condition on the external surface of the EV. The heat transfer coefficient (HTC) of the air 

can be obtained from an appropriate correlation and the air bulk temperature can be 
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determined using the energy balance equation. This approach is the most appropriate in 

terms of computational time, however its accuracy has been considered unacceptable. The 

temperature field in the lead is very sensitive on the air cooling and no correlation can 

ensure sufficient accuracy for the HTC assessment for the air channel geometry. Moreover, 

possible non-uniformity of the convective heat transfer on the ribbed surface cannot be 

predicted. 

The second approach (Figure 8 - middle) deals with possibility of coupling of two separate 

CFD models, which allows different solvers settings of the two fluid domains. This 

approach considers data transfer between the models and therefore preparation of a user 

defined interface; the most appropriate way seems to be transferring of the heat flux on the 

external surface of the EV. The interface was prepared using user defined functions (UDF) 

and programming language SCHEME [2], both are implemented in ANSYS FLUENT 

17.0. This option was found able to deal with the two fluids, however the computational 

time increased by the data transferring is high and so unsuitable for the transient analyses. 

Another limitation is the need of use of two licenses for the solvers. 

The last proposed option (Figure 8 - right) is based on implementation of both the fluids 

into one CFD model. This approach was selected due to expectation of the highest 

accuracy and acceptable computational time. However, due to unavailability of use of 

different models of turbulence within one CFD model, it was needed to tune the 

computational mesh and the solver settings properly in order to ensure solution of all the 

physical phenomena occurred in the fluids and to obtain a stable and convergent solution. 

Computational model 

The computational geometry (Figure 9) consists of two fluid 

domains (lead and air). In addition, four solid domains are 

considered; (1) the EV, (2) steel internal obstacle, (3) cover gas 

layer over the lead level which is considered as a solid for 

simplification and (4) electric heaters. The whole structure of 

the heaters is modelled (including a metal heating part, ceramic 

insulator and steel cover) as shown in Figure 10 right. The 

heaters in the facility are equipped with thermocouples so the 

temperature development in the heaters can be benchmarked 

too. One quarter of the EV was considered thanks to symmetry.  

A hexahedral computational mesh was used for all the domains 

and is shown in Figure 10. Conformal mesh between the 

domains was found necessary due to disturbances occurred 

during a transient simulation when interfaces were used. In the 

lead domain, high quality structured mesh was needed to avoid 

divergence. Unstructured hexa or polyhedral grids were found 

incompatible for this application. Mesh sensitivity study was 

performed with different number of cells and it was found that 
Figure 9: Computational 

geometry 
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approx. 4.8 million cells give grid independent results (1.6 M in the lead domain, 2.2 M air 

and 1 M solid bodies). The need of the fine mesh in the air domain is given by high 

sensitivity of the lead temperatures on the modelling of convection on the external surface 

of the EV. 

 

Figure 10: Computational mesh 

Different settings of the numerical solver and model of turbulence were tested in order to 

obtain a suitable configuration leading to the convergent and stable solution. Due to 

presence of the two fluids, k-epsilon RNG [3] model of turbulence was selected. Turbulent 

Prandtl number is resolved numerically (unlike other RANS models where it is assumed as 

constant) in this model which allows to handle the differences in convective heat transfer 

between the lead and air domains. The turbulent Prandtl number is expected significantly 

lower for HLM than for the air [4]. The option of “enhanced wall treatment” was used to 

avoid wall functions in the boundary layer. The unsteady calculations can be run with 

relatively high time steps (1 s), which compensates the large mesh in terms of 

computational time. However, the time steps should be decreased at some parts of the 

simulation (especially when the frozen front is reaching the obstacle and the number of 

mesh elements on the flow area is low) to avoid solver failures. 
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Results 

At this stage, both the steady and transient simulations were performed. Results of these 

simulations will be used for the model validation. The results of the steady-state 

calculations will also support the experimental phase of the SESAME stand. In Figure 11 

left, the temperature and velocity fields represent the state with the fully liquid lead. The 

considered boundary conditions (3 kW heating power, 0.156 kg/s air mass flow rate) can 

be used as a default setting for the experimental campaign. In Figure 11 middle and right, 

the contours of the temperature and velocity in the partially frozen vessel along with 

appropriate boundary conditions are depicted. It is obvious that relatively low change of 

the air mass flow rate causes significant difference in the lead temperatures and the frozen 

structure respectively.  

 

Figure 11: Steady-state results 

 

Results of the transient simulations are depicted in Figure 12. The transient starts from the 

steady state corresponding to Figure 11 left. Then the air mass flow rate was increased to 

0.5 kg/s to enhance the heat removal. Progress of the frozen front was then investigated. In 

Figure 12 can be seen that the freezing process is relatively long – approx. 70 % of the lead 

is frozen after 40 minutes of the transient. 
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Figure 12: Transient results 

 

Conclusion 

CFD model for simulations of the liquid metal flow and freezing was developed and is 

capable to be used for both the steady-state and transient simulations. In the following 

stage, the model will be validated on the experimental data obtained from the SESAME 

stand. Moreover, another CFD model is being developed independently by the project 

partners so the results will be compared also with the model created in a different way and 

the diversity will be evaluated. The main findings from the development phase of the CFD 

model are following: 

 High quality structured and conformal mesh is needed to avoid the solver failures during 

the calculations. 

 K-epsilon RNG model of turbulence can be a good choice for model with different fluids 

since the turbulent Prandtl number is being resolved numerically. 

 Extensive tuning of the solver settings (relaxation factors and time steps) is needed during 

the freezing process, especially when the frozen front is reaching the obstacle. 

 The air cooling has to be modelled with high precision because its high influence on the 

lead temperature field. Particular attention has to be focused also on the air channel 
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during collection of the experimental data to evaluate accuracy of modelling of the air 

cooling. 
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Abstract  

In the nuclear safety, the multiple barriers is one of the most important principle. Act as the 

first barrier, the integrity of the cladding is a crucial issue in the related research. 

Concerning the mechanical properties, it has difficulty in obtaining the mechanical 

property along the hoop direction due to the geometry of fuel cladding. In the present 

study, the Ring Compression Test has been adopted. The method avoids numerous 

drawbacks and limitations of traditional testing approach, the simpler experimental setting 

and easier analysis can therefore be introduced. Candidate material in the study is Titanium 

stabilized 1.4970 ’15-15Ti’ stainless steel owing to its outstanding radiation resistance 

ability. 

24 % and 46 % cold-worked materials were compressed at room temperature, 300oC, 

500oC and 700oC, respectively. Further mathematical analysis and data processing were 

developed to properly interpret the load-deflection curves. The results show that there were 

two types of behavior of load-deflection curves, load of the 46 % cold-worked materials 

tested at 300oC and 500oC declined after reaching certain displacement which were in 

contrast to all the others test conditions. On the other hand, 46 % cold-worked materials 

generally demonstrated higher collapse load among all the test temperatures except those 

were tested at 700oC. These results might relate to the microstructure differences caused by 

the different amounts of cold-worked in the materials. 

Introduction 

Mechanical properties of cladding materials are vital factors in the aspect of nuclear safety. 

However, the geometry of the fuel cladding is usually a thin-walled tube, which makes it 

hard to obtain the mechanical properties in the hoop direction. To date, most of the 

traditional tensile tests only provide the mechanical properties in longitudinal direction and 

mailto:flycat0120@gmail.com
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otherwise have the size confinement [1]. To get rid of this requirement, T. M. Link et al [2] 

have developed the ring tension test to determine the mechanical properties in the hoop 

direction. The sample is designed with reduced section part and two D-blocks are set inside 

the ring sample. Thus the tensile force is applied along the hoop direction and the 

elongation only occurs on the reduced section, which means the extensometer can be 

utilized. However, the complex friction modes are involved in this methodology and more 

complicated procedures are needed for sample preparation. In fact, these two drawbacks 

are inevitably introduced in the tensile test. The friction coefficients and gaps between the 

sample and load devices have strong influence in the results. Also, multi-step machining of 

sample preparation may cause critical problems in performing the irradiated material test 

such as producing irradiated wastes and requiring more specially-designed apparatus.  

Regarding the easier and simpler methodology in the future mechanical properties, 

especially for cladding materials embrittlement experiment in the hot cell, Ring 

Compression Test (RCT), in which a tubular sample is compressed between two rigid flat 

under displacement control, has been proposed. By means of the RCT, it is no need to 

consider the friction between testing devices and samples. Besides this, the sample 

preparation would be more concise, as mentioned previously, this is important for 

preparing the irradiated samples. In this report, the mechanical properties in hoop direction 

of the MYRRHA candidate cladding material, ‘15-15Ti’ stabilized austenitic stainless steel 

(ASS) is investigated by performing the RCT in room temperature, 300oC, 500oC and 

700oC. 

Materials and Methods 

Based on the better radiation resistance and the reliability proved in past sodium-cooled 

fast reactors programs, 1.4970 ‘15-15Ti’ stabilized ASS has been considered as a proper 

choice of cladding material in the latest report released by SCK·CEN [3][4]. Therefore, 

24 % cold work tubular samples were provided by SCK·CEN for RCT of this study, and 

the composition is shown in Table 1. In order to obtain the mechanical properties of the 

material, RCTs were performed with 1mm/min load-line displacement rate by the testing 

machine Z250, and repeated four times in each testing temperature (room temperature, 

300, 500, and 700℃) to obtain the average result. 

Table1. Chemical composition of ‘15-15 Ti’ stabilized ASS 

Component,% 

C Si Mn Cr Mo Ni Ti B P 

0.096 0.57 1.86 15.06 1.21 15.05 0.44 0.0031 0.013 

S Co N V Ta Cu Ca Fe  

<0.001 0.02 0.011 0.034 <0.02 <0.05 <0.03 bal  

 

Figure 1 shows typical load-displacement curve and the macroscopic structure of the 

sample recorded during the RCT. After initial elastic deformation, the sample underwent 
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plastic deformation and started to deform as two circular arcs with the forming of hinges 

until the contact between the upper and lower hinges. As the first step to estimate the 

targeted properties, the collapse force , at which large plastic deformation occurred, can 

be obtained directly from the curve by the intersection of the lines extended from elastic 

and plastic region as shown in Figure 2. Then, based on the theoretical models of plastic 

theory and basic mechanical theories, some previous works [5][6] have shown that the  

collapse stress of the sample can be calculated by the following correlation; 

 

 

 
 

Figure 1. Stages of sample in RCT  Figure 2. Approach of obtaining collapse force 

 

Where the outer radius (R) is 6.54-6.56 mm, the wall thickness (t) is 0.45 mm, and the 

length (L) is 6.7-6.9 mm for the sample of this study. Note that α equals 0.866 in this work 

because the length is not less than one diameter, which means that the sample was assumed 

to be in a plane strain state during compression process. After estimating the collapse stress 

, the tensile strength can also be defined with linear correlation through the following 

coefficients; 

 

 

To compare the results from different laboratories, ENEA set the 20 mm long tubes of 

24%CW material under room temperature as the calibration point, which states 

. 

 

Results and Discussion 

 
  (1) 

 
(2) 
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It is obvious that at all temperatures, load-displacement curve can be approximately 

divided into three stages, namely linearly-elastic region, work-hardening deformation 

region and the last rapid crushing region. In the beginning, whole tube sample was in the 

elastic condition, load increased with the increasing displacement in this region. Then it 

entered the elbow part which is also known as the start of plastic deformation region. After 

passing the elbow part, the load kept increasing due to the effect of work hardening within 

the materials until the whole sample was completely crushed. Some signal processing 

skills, such as first-differential and signal-smoothing, were introduced to assess the 

analysis of defining the linearly-elastic region and plastic deformation region more easily. 

Note that only the flat part of the work-hardening deformation region was regarded as the 

plastic deformation region in our analysis, while any part that behaved a huge change of 

trend or even decline of the load was dismissed in the following data processing and the 

calculation, since there must be certain variation of the materials microstructure during 

large amount displacement. This approach can also be applied on any other kinds of 

behavior of load-displacement curves since it was conservatively designed. The tensile 

strength, Rm, which could be obtained by converting the collapse load with Eq. (1), are 

shown in Table2, and load-displacement curves obtained from the RCT are also shown 

Figure 3. Basically, the higher the testing temperature, the lower the tensile strength was 

obtained. On the other hand, each test condition was conducted four times to estimate the 

reproducibility of RCT. Further detail comparison of each test condition can be found in 

Figure 4 and it is clearly acceptable with all the test conditions demonstrated less than 5 % 

difference.  

Table2. Rm at different test temperatures 

Test Conditions RT 300oC 500oC 700oC 

Rm (MPa) 759 676 629 455 
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Figure 3. Load-displacement curves of RCT at 

various temperatures 

Figure 4. Average strength at various temperatures 

 

Conclusions 

Based on the preliminary results, Ring Compression Test can easily be operated and set, 

which also makes the test of mechanical properties in hoop direction of tube-shape 

materials more convenient. In this study, 24% cold work tubular smaples were tested and 

showed that tensile strength decreases with the increasing temperature.  
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Abstract 

Highly stressed components of energy blocks cause very costly accidents and require long 

unplanned shutdowns of power plants. These components need to be monitored regularly. 

3D scanning is a quick and accurate method for determining their current status. 3D 

models obtained by scanning are then used to evaluate the degradation rate and to predict 

residual service life of components. This can prevent accidents, define the scope of 

necessary repairs and increase component efficiency. 

Keywords: 3D scanning, corrosion pitting, creep evaluation, geometry evaluation, reverse 

engineering 

Introduction 

NDT laboratory of the Research Centre Řež is equipped with a 3D laser scanning device to 

check the manufacturing precision with manufacturing documentation, to monitor surface 

treatment, wear, surface imperfections and to create reverse models. The lab features 

Steinbichler T-Scan CS laser scanner, Hexagon Romer Arm laser scanner, Mentor Visual 

IQ borescope and a replica set to monitor inaccessible locations. 3D scanning can be 

combined with other bulk methods. 

Corrosion pitting monitoring 

In the framework of cooperation between ÚJV Group a.s. and ČEZ a.s. a methodology for 

the monitoring of corrosion pits on low-pressure turbines has been developed, including 

the measurement procedure and evaluation [1]. The purpose is to obtain information about 

the state of the low-pressure turbine blades in service, allowing to predict what part of 

steam turbine is to be replaced to minimize undesirable financial losses due to the accident. 

mailto:Jan.Patera@cvrez.cz
mailto:Pavel.Zahradka@cvrez.cz
mailto:Jan.Matejicek@cvrez.cz
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An analysis of technologies capable of pitting monitoring have been carried out and 3D 

laser scanners are used for this application. 3D laser scanners have sufficient point-to-point 

distance, accuracy and small working distance, which allows scanning mounted blades in 

situ. Due to geometry restrictions in situ, where the area of interest is partially covered by 

an adjacent blade, the scanners with measuring arms are used. 

Тhe corrosion pitting monitoring was applied e.g. for Počerady and Dětmarovice power 

plants [2],[3]. During the measurement, the critical area of all 122 blades was scanned on 

both sides. The results revealed pitting corrosion in the area of the trailing edge and in the 

critical area, corrosion pitting of up to 150 μm was found [3]. 

Figure 1: Scanning progress of turbine blades 
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Figure 2: Distribution of corrosion pitting on bladed rotor – Počerady power plant 

 

 

Figure 3: Found corrosion pits with a depth of up to 90 μm 
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Figure 4: Comparison of a photography (left) and corrosion pitting found by 3D scanning (right) 

 

Creep assessment of steam piping 

Geometry changes during operation are measured to assess the creep of steam pipelines, to 

assess possible locally creeped locations, including all deviations from the assumed 

original shape. The main benefit of this method takes effect in the repeated measurement 

of the same steam line over several years, when it is possible to compare the individual 

measurements with time in operation. Monitoring of deformations over time makes it 

possible to predict their further development [4]. 

The steam pipeline from Trmice power plant has been cut into 3 pieces that were combined 

after scanning. Based on the scanned data and nominal values given on the pipeline, a 
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reference reverse model was created. By comparing the reference model with the steam 

piping scan, deviations exceeding 10 mm were found [5]. 

 

Figure 5: Middle section of the steam pipe 

 

 

Figure 6: Areas of elbow deformation: view from outside (top) and inside (bottom) 
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Geometry assessment of hydropower blades 

Geometry measurements of hydropower blades are mainly used to determine the status 

after repairs or after a certain period in operation. This procedure allows monitoring and 

evaluation of the influence of the change of the turbine impellers geometry on the 

development of fatigue cracks. It also allows the evaluation of the risks of fatigue damage 

to the impellers providing a prerequisite for increasing the reliability of hydropower plants 

[6],[7]. 

In Dlouhé stráně hydropower plant, the geometry of each blade is different. Information 

obtained from comparing blades with different degree of damage was used for their repair 

which increases the efficiency of the turbine. Measurement included two measurements, 

before and after repair [7]. 

 

Figure 7: Scanning progress of hydropower blades 
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Figure 8: Comparison of geometry of well and poorly functioning hydropower blades 

Creating reverse models 

Reverse engineering is mainly used for components exhibiting significant signs of wear, 

from which no manufacturing documentation is available. The aim of this task is to create 

a 3D model for drawing documentation or to produce a replica. 

An example of reverse engineering is the creation of a mold model for casting a polymer-

concrete mix. The scanned mold was divided into individual functional parts, according to 

which the individual parts were subsequently modeled [8]. 
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Figure 9: Scanning progress of mold for casting a polymer-concrete mix 

 

 

 

Figure 10: Complete reverse model from scanned data 
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Conclusion 

Highly stressed components of power plants can be monitored using 3D scanning, which is 

a quick and accurate method for determining their current status. This method has been 

developed for geometric measurements, i.e. to evaluate the degradation rate and to predict 

residual service life of components, for which it is also primarily intended. However, the 

3D scanning can be also used for measuring much smaller dimensions of corrosion pitting. 

A whole methodology for the monitoring of corrosion pits on low-pressure turbines has 

been developed, including the measurement procedure and technical justification. 
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Abstract  

The article describes the technology of melting using an induction furnace with a cold 

crucible. In the first part a brief introduction to the technology is indicated. The second part 

deals with the description of the induction furnace with the cold crucible, its geometry and 

explaining its functions. Its applications are discussed very briefly. The next part focuses 

on the Cold Crucible Laboratory (CCL) in Research Centre Rez (CVR) and its 

experimental equipment. Some possibilities for the further use of the described technology 

for research are outlined in the conclusion. 

Introduction 

The induction skull melting is a technology offering a lot of possibilities of using for 

melting different materials. It is useful for melting the electrically conductive materials as 

well as non-conductive materials (oxides, glass, etc.). Of course it is not a universal device. 

Prior to the design of a new device it has to be absolutely clear what materials are going to 

be melted in it. From metallic materials TiAl alloys are worth mentioning. The technology 

of the cold crucible is widely used for their melting and material research [1]. Using the 

induction furnace with the cold crucible (IFCC) for melting the electrically non-conductive 

materials is also possible: for a vitrification of radioactive waste or for a simulation of a 

severe nuclear accident with core melting. But there are also many non-nuclear 

applications, for example melting oxides of metals with a high melting point [2]. For 

melting electrically non-conductive materials a starting phase of the melting process enters 

the melting. There is several way to start the melting process. The method for starting of 

melting process which is used in CCL in CVR is based on exothermic reaction.  Starting 

material (for instance metallic zirconium) is added to the electrically non-conductive 

charge material. The additional material starts to burn due to the alternating 

electromagnetic field in a surroundings containing oxygen and it leads to the melting of the 

electrically non-conductive material around. Thus the electrical conductivity of the 

required melted material is increased and the material can be melted. The melting of 

electrically non-conductive materials is not possible without the starting phase of the 

melting process. The advantage of induction melting in cold crucible is achieving high 

temperatures of melted material and obtaining highly pure melted product. The next 

indisputable advantage of this technology is the possibility to perform the melting process 

in a melting chamber which contains a different atmosphere or a vacuum. Therefore it is 

possible to melt also highly reactive materials inside. 
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Description of Induction Furnace with Cold Crucible 

Generally, there are two arrangements used for skull melting technology. The first of them 

is an inductor-crucible. The second one is a segmented cold crucible. Physical principle of 

the both types is the same however they have a different design. The following text will be 

devoted to the induction furnace with the segmented cold crucible. 

In the Fig. 1 a basic geometrical arrangement of the induction furnace with the segmented 

cold crucible is shown. The “1” marked part is a three-turn inductor. Time-varying electric 

current flows through the inductor during the melting.  The frequency of the electric 

current depends on the application. The inductor is water-cooled. The red part marked by 

“2” indicates the charge material or the melt, it can be both electrically conductive and 

non-conductive as it was already mentioned in the introduction. The “3” marked part 

represents the segments and the bottom of the cold crucible. The bottom and the segments 

are intensively water-cooled. It results in a fact that the temperature in the contact point 

between the segments and the workpiece lies around 100 °C. Therefore the material is not 

melted here. A protective layer is formed here and it prevents the melt from contacting the 

crucible wall. This protective layer is called a skull. It comes the situation that the material 

is melted in itself, so the high purity of the product can be achieved. The segments and the 

bottom are made of copper. 
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Fig. 1: Geometrical arrangement of the induction furnace with the cold crucible. 

A photograph of the real IFCC equipment developed and used in Research Centre Rez is 

presented in the Fig. 2.  

The skull melting technology is ideal for simulations of severe nuclear accidents with core 

melting because it is possible to achieve the temperature up to 3 000 °C. Corium melting 

point is lower than this value. Corium melting can be achieved and its behavior and 

material properties can be studied here, which can be useful for preventing or minimizing 

the damage during severe nuclear accidents with core melting in a real reactor [3]. It 

should be pointed out that unlike the real accident with core melting, where the 

temperature increases with the nuclear fission reaction, the physical principle in the IFCC 

is completely different. In this case the temperature rises with the Joule losses caused by an 

interaction of electromagnetic fields and matter. Therefore this is a safe way of creating a 

phenomenon which is interesting and it is very important to study it with regard to the 

safety of nuclear reactors. 

Simulations of severe nuclear accidents are only one of many melting in the induction 

furnace with cold crucible applications. Glass melting for both classical glass melting and 

glass melting in the process of vitrification is another possible use of the furnace [4]. The 

technology is also applicable to the study of a crystal growth [5], the melting of oxides and 

other materials with a high melting point.  
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The aforementioned applications were dealing with the melting of materials with a low 

electrical conductivity. For the melting of metallic materials it is appropriate to mention the 

melting of titanium alloys, for example TiAl [6]. The melting in the cold crucible is 

suitable for these applications because the melting point of titanium is higher than 1600 °C. 

This temperature can be achieved by using this technology. The main advantage of using 

this technology for melting titanium alloys is the purity of the melting product. The melt is 

not contaminated by impurities. 

Cold Crucible Laboratory in Research Centre Rez 

The Cold Crucible Laboratory in Research Centre Rez is equipped with two induction 

systems with cold crucible, data acquisition system, high frequency generator FRQ-60 with 

accessories, pyrometer and infrared camera for contactless measurement of temperature, 

powerful equipment for mathematical modelling of physical processes and tools for 

scanning of electrical parameters – oscilloscopes and precise LRC meter. 

Two IFCC installations used in the Research Centre Rez are shown in the Fig. 2 and their 

parameters are given in the Tab.1. Both of installations have working chamber connected 

to air-condition system and contain the moving devices that allow to change position of the 

cold crucible relative to the inductor. This possibility is valuable for controlling of 

crystallization. 

Tab. 1: Parameters of induction systems IS-160, IS-240 and FRQ-60. 

Parameter IS-160 IS-240 FRQ-60 

Active power 160 kW 240 kW 0-40 kW 

Frequency 1.5-2.0 MHz 1.1-1.3 MHz 3-40 kHz 

Max. mass of the melted  

material 

30 kg 50 kg - 

Atmosphere Inert, vacuum, air Inert, vacuum, air Inert, air 

Kind of melted material Oxides,  

oxides-metals systems 

Oxides, glass,  

oxides-metals systems 

Metals 

Moving speed of the cold  

crucible 

0-90 mm/min 0-90 mm/min - 

Pressure of vacuum 1·10-7 bar 1·10-7 bar - 
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Fig. 2: The overall view of the laboratory. The induction furnace with cold crucible with output power up to 

160 kW is located on the left-hand side of picture and 240 kW installation is depicted on the right-hand side 

of picture. 

The view into the working chamber of the IS-160 is shown in the Fig. 3. There are 

depicted equipment used for experiments like pyrometer, video camera and oxygen sensor. 

Fig. 3: The view into the working chamber of the IS-160. 1 - pyrometer, 2 – video camera,  

3 – oxygen sensor, 4 – vacuum system, 5 – cold crucible, 6 – moving device 

 

240 kW 

160 kW 
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In the Fig. 4 a photographs of the experiment progress with molten corium in the IFCC is 

shown. In the left-hand side, there is shown sampling during experiment and the right-hand 

side photograph shows the top view of molten corium. 

 

 

 

 

 

 

Fig. 4: Sampling of molten corium and top view of molten corium. 

Conclusions 

The article was intended to provide basic information about the technology using the 

IFCC, possibilities of its use for research and industrial applications.  The intention was 

also to bring a brief introduction of the Cold Crucible Rez in Research Centre Rez. 

Opportunities for the further research in this area are immense, so it is possible to say that 

the technology is promising. There is a wide range of unsolved tasks in this field, for 

example the determination of the material properties of the skull, determination of the 

temperature dependence of certain material properties of materials with a high melting 

point, optimization of crystal growth and many others. 
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[1] MÜHLBAUER, A. History of induction heating and melting. Essen: Vulkan, c2008. 

ISBN 3802729463. 

[2] NACKE, B., BEHRENS, T., KUDRYASH, M., JAKOVICS, A. SKULL MELTING 

TECHNOLOGY FOR OXIDES AND GLASSES. In Proceedings of THE 15th RIGA AND 

6th PAMIR CONFERENCE ON FUNDAMENTAL AND APPLIED MHD. Riga (Latvia), 

2005, p. 241-244. 



104 

 

[3] UDALOV, Yu., POZNYAK, I., ŠRANK, J., SÁZAVSKÝ, P., KISELOVÁ, M., 

STREJC, M., VOTAVA, P. Modifications in the Structure of Oxide Corium Melt and 

Phase Formation During Its Crystallization Caused by Interaction With Sacrificial 

Concretes of Core Catcher. In Proceedings of the 22nd International Conference on 

Nuclear Engineering. Prague (Czech Republic), 2014, p. 1-7. 

[4] LEMONNIER, V., LABE, V., LEDOUX, A., NONNET, H., GODON, N. 

Methodology of Qualification of CCIM Vitrification Process Applied to the High Level 

Liquid Waste from Reprocessed Oxide Fuels - 12438. In WM2012 Conference. Phoenix 

(USA, AZ), 2012, p. 1 – 11. 

[5] UDALOV, Yu., GRISHCHENKO, D.V., PETROV, Yu., POZNYAK, I., 

PECHENKOV, YU. Monotectic Crystallization of Melts in the ZrO2-Al2O3 System. 

Glass Physics and Chemistry, 2006, vol. 32, no. 4, p. 479-485. 

[6] UMBRASHKO, A., BAAKE, E., JAKOVICS, A. Melt Flow and Skull Formation 

Modelling Possibilities for TiAl Melting Process in Induction Furnace with Cold Crucible. 

In Proceedings of the International Scientific Colloquium Modelling for Electromagnetic 

Processing. Hannover (Germany), 2008, p. 331-336. 



Nuclear Technologies for the 21st Century, 13th September 2017 

 

105 

Analysis of a Coating for Heavy Liquid Metal Applications 

Jana Prehradná, Lucie Rozumová, Fosca Di Gabriele, Michal Chocholoušek, Václav 

Dostál 

Centrum Vyzkumu Řež, Hlavní 130, Husinec-Řež, Česká Republika 

Jana.Prehradna@cvrez.cz 

 

Abstract 

This paper deals with the behavior of ferritic-martensitic steel T91 samples covered with 

an AlTiN black coating, which is mainly used for high temperature applications (> 800 ° 

C) because of its resistance to oxidation. The coating was applied by use of a combination 

of High Power Impulse Magnetron Sputtering (HiPIMS) and Direct Current Magnetron 

Sputtering (DCMS). Samples were subjected to a tensile test in a static tank CALLISTO. 

The environment was liquid PbBi eutectic at a temperature of 550° C. Two types of 

samples, with a notch in the middle and without a notch, were tested. After exposure, the 

samples were subjected to morphological and chemical analyzes on SEM and EDX. 

Although the coating cracked over the entire length of the sample, high adhesion of the 

layer was demonstrated, the coating was delaminated locally only in the notch. 

Introduction 

One of the six selected nuclear concepts for Generation IV is a heavy liquid metal cooled 

reactor. One of the choices of coolants is nowadays the most widely studied liquid eutectic 

of lead and bismuth (LBE). These reactors are safer compared to pressurized water 

reactors, particularly because of the absence of pressure. From a thermo-hydraulic point of 

view, this coolant excels mostly with its high thermal conductivity, which improves the 

cooling process of the core. On the other hand, this coolant is very problematic in terms of 

corrosion effects on structural materials [1]. Therefore, the research focused on coatings 

resistant against corrosion is absolutely essential for the development of this type of 

reactor.  

AlTiN coating appears to be one of the perspective coatings due to its good mechanical 

and thermal-chemical properties [2]. As a construction material, after many years of 

experience, ferric-martensitic steel T91 is among the candidate materials, mainly because 

of its excellent irradiation resistance and low content of Nickel, which has high solubility 

in LBE [4]. Another studied coating is FeCrAlY modified by pulsed electron beams, which 

similarly exhibits the formation of a protective oxide layer, which henceforward protects 

the material against subsequent corrosion process [5]. An interesting solution also appears 

to be a ceramic coating of Al2O3, which is substantially insoluble in lead and therefore 
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compatible with thermodynamic conditions, especially with the temperature and the 

content of added oxygen [6]. 

The aim of this study was to create a protective layer of AlTiN that will protect basic 

material T91 against the effects of corrosion. Beside the assessment of its corrosion 

resistance, it is of high importance also to take into account the simultaneous effect of 

mechanical loading. For this reason, experiments were carried out with tensile specimens 

loaded in LBE. 

Experimental 

Material  

The T91 (X10CrMoVNb9-1) is a ferritic-martensitic steel. It has high content of chromium 

(9%), which offers better corrosion and oxidation resistance, molybdenum (1%) and other 

elements supporting its oxidation properties, such a silicon, vanadium, niobium, 

manganese, etc. It has excellent elevated-temperature strength and creep behavior up to 

580 °C – 600 °C. Compared to austenitic steels, T91 has higher heat transfer and lower 

thermal expansion coefficients. Due to these properties T91 is mainly used for high 

temperature applications in super-heater and re-heater tubes, steam pipes, etc. [3] 

Tab. 1 Composition of steel T91 (wt. %) (Fe in balance) 

 
C Cr Mo Mn Si Ni V Cu Nb P Al Ti S N 

 
0.102 8.895 0.889 0.401 0.235 0.121 0.202 0.080 0.079 0.019 0.010 0.004 0.0007 0.048 

 

 
Fig. 1 Microstructure of the ferritic –martensitic steel T91 

Coating 

AlTiN (more than 50 % of Al) is a black coating normally used for abrasive and high 

temperature applications (>800 °C). AlTiN coating provides exceptional oxidation 

resistance and extreme hardness. Increased operational temperature range is due to the 

formation of a protective aluminum-oxide layer at the surface.  
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The coating is mostly deposited by physical vapor deposition (PVD). PVD is vacuum 

deposition method suitable for the creating thin films and coatings.  [2] 

In this work, TiAlN coatings were deposited on T91 tensile specimens using a combination 

of reactive HiPIMS (High Power Impulse Magnetron Sputtering) and pulsed-DCMS 

(Direct Current Magnetron Sputtering technologies) in Research Centre CNR in Italy 

(Centro Nazionale Ricerca). The thickness of the layer was 7 µm.  

Samples were manufactured by EDM according to the standard drawing (Fig.2). Two types 

of samples were made (Fig.2) – with the difference of a half-millimeter deep 

V notch (I04 – without notch, I03 with a notch).  

 
Fig. 2 Drawing of the sample 

 

Mechanical testing 

Tensile tests were carried out in PbBi, at 550 °C, in the CALLISTO cell. CALLISTO is a 

tank containing liquid PbBi built on a Zwick/Roell Electromechanical Creep Testing 

machine, Kappa 50DS. CALLISTO is based on the 2-tank concepts, where the first tank is 

for the preparation of the liquid metal (oxygen dosing). The liquid is then transferred to the 

second tank, containing holders and specimens. 
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Fig. 3 Static tank Callisto 

 

Tab. 2 Conditions of tensile test 

Sample Specification 
Temperature 

[°C] 
Speed 

S0  

[mm2] 

L0 

[mm] 
CO2 % wt 

I03 

T91 coated 

AlTiN, with 

notch 

550 
0,12mm/min =  

(10-4s-1) 
10,1 20 10-8 

I04 
T91 coated 

AlTiN 
550 

0,12mm/min = 

 (10-4s-1) 
12,57 20 10-8 

 

Sample evaluation 

After exposure, the samples were cleaned in a solution H2O2, CH3COOH and CH3CH2OH, 

in a ratio 1:1:1, in order to remove residuals of LBE from the surface. Samples were 

subjected to surface analysis by use of a Scanning electron microscope (LYRA 3, 

TESCAN). Subsequently, samples were embedded in the acrylic resin and prepared for 

SEM analysis following by energy dispersion X-ray spectrometer (EDS).  The integrity of 

the AlTiN layer and its adhesion were examined. Tensile testing was evaluated for both 

samples.  

Result 

Mechanical testing  

The tensile strength of the sample I04 was measures Rm= 548 MPa (6892 N/12,57 mm2), in 

case – sample with notch I03, the tensile strength Rm= 659 MPa (6656 N/10,1 mm2). This 

confirmed the fact, that even such a small notch has small influence on tensile strength. 

The yield strength is not possible to measure because of the notch. The record of the test 

can be seen in the graph below.   
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Fig. 4 Tensile test 

 

Evaluation of sample I03 – with notch 

The surface layer showed cracks in regular rhomboidal shapes throughout the sample 

surface (Fig. 5a). There was also a general increase in roughness of the entire layer. On the 

sample I03, inside the notch, the coating is completely cracked (Fig. 5b). Cracks in the 

notch are present due to the stress concentration during the tensile text and also due to 

increased surface roughness (from the original machined surface). Already after the 

coating application in the notch, the adhesion of the layer was not ideal, because the notch 

was cut by conventional technology.  However, the AlTiN surface layer, despite cracks on 

a flat surface, showed very good adhesion. 

        
Fig. 5 a) Cracked surface in the smooth part of the specimen; b) General view of the notch, with cracks and 

residual PbBi c) Detail of cracks in the notch 

On the cross-section of the sample, it is obvious, that the layer cracked, but it did not 

detached from the flat surface (Fig. 6). This demonstrates sufficient adhesion of the surface 

layer on the base material T91.  

 ---------  I04 

                I03 

 

a b c 
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Fig. 6 Coating AlTiN on the substrate T91 

Chemical analysis performed by EDS and spot analysis proved the presence of oxides as 

Al2O3 and Fe3O4 on the surface (Fig. 7, Tab.3). Al2O3 oxide was formed on the coating. 

This confirmed the fact that the AlTiN coating did not have any corrosion problem in the 

LBE mixture. So, it is possible to say that the coating is an effective barrier against 

corrosion. Fe3O4 was created on the surface of the steel substrate and was formed by 

reaction from the base material in the areas where AlTiN spalled off leaving the steel 

unprotected. 

 

 

            Fig. 7 Oxides Al2O3 a Fe3O4 

 

Evaluation of sample I04 – without notch 

The AlTiN surface layer on the sample without notch behaved very similarly to the sample 

I03. It cracked all over its surface in regular shapes (rhomboidal), and it was not 

delaminated (Fig. 8a). In the middle of the sample, the layer was cracked more than at the 

edges of the sample. This happened due to an increased stress concentration during the 

tensile test when yield strength was exceeded and the necking started forming. 

Sample 
Spectrum 5 

At% 
Spectrum 7 

At% 

O 50.8 67.3 

Fe 46.4 - 

N - 14.9 

Al - 10.2 

Tab. 3 EDS analysis 
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Fig. 8 a) General view of the specimen surface with cracks homogeneously distributed; b) General view of the 

cross-section; c) Detail of cracks in the coating and the underneath damage. 

  

Also in this case the coating showed good adhesion to the substrate and even after cracking 

there was no delamination. Moreover, the cracking occurred only in the coating and not in 

the substrate. However, in this specimen it was particularly evident that when the layer 

cracked, LBE immediately reacted with substrate and the process of corrosion started (Fig. 

8b and c).  

This is in fact the main limitation on the use of these kind of „hard“ coatings, that even if 

they have excellent corrosion resistance and adhesion to the substrate, cracking of the 

coating implies the immediate contact of the steel with the LBE. The direct contact 

between the T91 and the LBE at 550C, with 10-8 oxygen induce a very fast reaction which 

is driving the Fe and Cr out into the liquid metal and make space for the LBE to penetrate 

quickly into the steel. 

Such kind of coatings, with a marked mismatch of mechanical properties compared to the 

substrate, have the limitation of being limited on the amount of load that they can 

withstand. However, in this work their performance was tested in very aggressive 

condition (materials for reactor applications are not designed to work up to the UTS point) 

and more work should be done at lower loads for longer time exposure, in order to assess 

conditions closer to the operating parameters. 

Conclusion 

 We can say that the method used for application of the AlTiN coating was chosen 

correctly. 

 A part the location of the notch, where the surface roughness was increased due to the 

manufacturing of the notch, the coating showed a high level of adhesion.  

 In combination with the structural material (ferritic-martensitic steel T91), the coating has 

not only good adhesion but also high hardness, corrosion resistance and, above all, 

chemical stability in contact with liquid metals.  

 This is a good basis for ensuring that fragments of the coating do not get into the flow of 

the coolant, because the coating does not delaminate.  

a b c 
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 The coating on its surface created a thin protective layer of Al2O3, which is welcomed as 

a demonstration of successful interaction between environment and coating under 

extreme conditions.  

 Only the based material corroded in the place of coating cracks during the contact with 

the PbBi eutectic.  
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Abstract 

Compatibility of structural materials with coolants, in conditions relevant to power plant 

operation, is a field of research of primary importance to nuclear safety. The current work 

describes the behaviour of T91 steels, under such conditions. Three-point-bend specimens 

were pre-stressed up to yield strength and subsequently exposed to lead-bismuth eutectic 

(LBE) in static conditions for 2000 hours. The aim was to identify the susceptibility to 

crack initiation in the selected experimental conditions. Post-test examination by means of 

SEM equipped with EDX demonstrated the formation of oxide scales without any trace of 

crack initiation. 

Introduction 

Evaluation of the compatibility of steels with heavy liquid metals under an applied elastic 

stress is of major interest for the safe and reliable development of future Gen IV nuclear 

reactors. In particular, in the case of Heavy Liquid Metals, HLM, based concepts, the 

oxidation/dissolution of materials as well as their sensitivity to Liquid Metal 

Embrittlement, LME, under the simultaneous effect of liquid metals and stresses are areas 

of active research in a large community. LME is a historical name for a special case of 

Environmentally Assisted Cracking (EAC). Large amounts of published laboratory data 

indicate the sensitivity of 9Cr RAFM steels to LME in HLM [1-3].  

However, in all the previous works, mechanical testing is usually carried out in extremely 

aggressive conditions (high loads, above the elastic domain of the material) and in time 

periods limited to the experiment (contact with HLM for a few hours). In this study, focus 

was placed on loading levels in the elastic domain of the material and the loading level was 

maintained up to 2000 h, in order to be able to observe the long-term effect of the 

environment on the loaded material. The selected steel was the Ferritic/Martensitic steel 

T91, as it is known its high susceptibility to LME. 

Experimental 

The material used in this study was the ferritic-martensitic steel T91, (Grade 91 Class 

2/S50460) of nominal composition (wt. %) Fe-8.9Cr-0.9Mo-0.4Mn-0.2Si-0.2V produced 

by Industeel, Arcelor Mittal group.  
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Specimens from the T91 steel were fabricated using electrical discharged machining 

(EDM). The surface was ground to 600 grit finish. Flat smooth specimens of dimensions 

14.9x3x1 mm3 were designed to fit the holders. The specimens were cleaned by acetone in 

an ultrasonic bath, then mounted into holders and pre-loaded (Fig. 1). Six specimens were 

loaded to the Yield Strength (YS). The load was applied by tightening the holder screw at 

room temperature, the respective elastic deflection was calculated according to the 

ISO7539-2: 1989. 

 

Figure 1 - Schematic drawing (left) and picture of the specimens in the holder (right). 

Pre-loaded specimens were inserted in the LBE at 350 °C for 2000 hours exposure in a 

static tank. The concentration of dissolved oxygen in the liquid PbBi was changed by 

dosing of gases. The content was monitored by using oxygen sensors (Bi/Bi2O3); the 

measured concentration was oscillating in the range of 10-7-10-5 wt. %. This amount should 

be sufficient to develop oxides on the steel. 

After exposure, the specimens were observed and analysed using an SEM (Scanning 

Electron Microscope) system LYRA3 GMU (TESCAN).  

Results and Discussion 

After 2000 h exposure to PbBi eutectic at 350 °C, the T91 developed an oxide that 

prevented both dissolution and crack initiation. The applied experimental conditions were 

not sufficient to crack the oxide layer. Observation of the surface of the specimens did not 

reveal any cracking (Figure 2). On the surface after exposure there are still visible the lines 

from the original surface, ground to 600 grit finish. The oxide grew homogeneously and 

was not affected by the loading. 

Observations of the cross section revealed a double-layer structure, typical of the T91 steel. 

Elemental analyses by a qualitative EDS line scan highlighted the enrichment of the 

internal oxidation zone in Cr and the outer layer in Fe. The oxide was up to 1.5m thick 

(Figure 3.a) in the compression zone, while it was slightly thicker, above 2m, in the area 

under tension (Fig. 3.b). This oxide prevented the direct contact with the liquid metal, 

necessary condition for LME cracking. Also from the cross sections no cracks were 

observed along all the specimen length.  
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Further investigation of the oxide layer is ongoing [4] however the pre-conditions for 

cracking of the materials were not reached in this experimental campaign. This will be the 

subject of future studies if there will be the need for modification of the initial parameters 

and assess the threshold vales for cracking initiation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 – SEM images (SE vs BSE mode) of the a) original surface after grinding and b) the ground surface 

after 2000h exposure at 350°C in static PbBi. 
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 Figure 3 – SEM images of cross section of the steel T91 after 2000h exposure at 350°C in static PbBi. a) 

oxide layer in the side under compression and b) in the side under tension. 

Conclusions 

In this study, the ferritic/martensitic steel T91 was exposed in static PbBi for 2000h at 

350°C, after imposing a level of loading up to the YS. The simultaneous effect of loading 

and long-term exposure in PbBi was observed.  

 Protective oxide layers developed on the surfaces of specimens prevented wetting.  

 Oxides were not damaged during the long-term exposure in PbBi. 

 Crack initiation was not observed in any of the 6 specimens.  

 Oxygen in the liquid metal and the level of load up to the YS, was not sufficient for 

LME crack initiation. 
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Abstract  

The energy vector hydrogen can replace fossil fuels in many applications. This reduces the 

dependency of Europe on fossil fuel imports and helps to decarbonize the energy system. 

A necessary prerequisite for decarbonisation is hydrogen production without emitting 

green-house-gases. At CVR hydrogen production via high-temperature water electrolysis 

SOEC in co-generation is experimentally investigated. At the high-temperature electrolysis 

HTE loop co-generation with different high-temperature processes are investigated at 

close-to-reality conditions. Verification of degradation processes and definition of open 

questions regarding real-world co-generation operation are presented in this contribution.  

Introduction 

Hydrogen is an energy vector, which can be used instead of fossil fuels for many different 

applications, for combustion processes as well as in electrical equipment. It therefore 

reduces dependency of fossil fuel imports. The use of hydrogen for mobility, energy self-

sufficient systems, remote and emergency power supply and mainly energy storage has the 

potential to significantly support decarbonisation of the European energy system. This 

objective supports also CVR, which represents the Czech Republic in European Energy 

Research Alliance EERA since 2010. Furthermore CVR is member of the Technological 

Platform “Sustainable Energy for the Czech Republic” and the “Czech Hydrogen 

Technology Platform”. 

Within the European infrastructure project SUSEN new facilities were set-up at CVR to 

hereby increase the innovative potential in research and development of the Czech 

Republic. The field of hydrogen technologies was added to the portfolio of CVR. Facilities 

for high-temperature electrolysis SOEC allow the investigation of hydrogen production in 

co-generation with other high-temperature processes. The high-temperature electrolysis 

(HTE) loop at CVR is designed to allow a broad spectrum of parameters of the electrolysis 

and fuel cell operations as well as for the simulation of the co-generation processes. In this 

contribution the HTE loop and “operation” are described. 
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Background on high-temperature electrolysis SOEC 

In the water electrolysis process, electricity is passed through water and splits it into 

oxygen and hydrogen. The main advantage of high-temperature water electrolysis over 

other electrolysis technologies that the energy demand for water splitting can be partly 

provided in from of heat and electricity demand is therefore reduced, see fig. 1.  This heat 

could be waste heat from another high-temperature processes. The total energy 

requirement is slightly increasing with temperature, but the electrical energy input is 

falling down rapidly. Electrical energy could be reduced up to 30 % [1]. Heat energy is 

cheaper than electrical energy which makes the process very cost-effective.  

 

 

Figure 1: Dependence of required energy on temperature during electrolysis of water [2] 

HTE co-generation facility at CVR 

A visualization of the experimental facility for investigation in hydrogen production by 

high-temperature water electrolysis in co-generation with other high-temperature process 

at CVR is shown in figure 2. The focus of testing lays on examination of degradation 

behaviour of all active and construction materials.  

The main component to simulate different co-generation processes is a water steam/gas 

heat exchanger, which heats up the water steam for the SOEC. Different parameters of the 

gas in the heat exchanger correspond to different co-generation processes. Figure 3 is a 

schematic sketch of the system. The electrolysis stack has a power of approx. 1 kW. The 

gas side of the heat exchanger is designed to enable simulation of co-generation with a 

high-temperature gas reactor (HTGR), i.e. helium at 900°C and 7 MPa.  

 

Loop design and parameters 
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• Modularity to be able to test different operation parameters regarding the co-

generation process as well as different electrolysers 

• Heat recuperation from exhaust gases to reach maximum efficiency of the overall 

process  

• Long-term operation in the range of thousands of hours 

• Stack operation in oven and hot box up to 800°C 

• Electrolysis and fuel cell operation for approx. 1 kW 

• Fuel cell operation with different fuels  

• Gas analysis by gas chromatography 

• Impedance spectroscopy 

 

Figure 2: Visualization of the HTE loop in CVR 
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Figure 3: Scheme of HTE experimental loop 

Helium replacement by air 

The experimental loop was designed for investigation of the connection of high-

temperature electrolysis with HTGR nuclear reactor, where helium at 900 °C and 7MPa is 

the coolant. From this heat carries heat has to be transferred to produce water vapour. 

In order to reduce operational costs of the experimental facility the replacement of 

pressurized helium by air at ambient pressure was investigated. To maintain heat-exchange 

properties it is necessary to reach equality of Nusselt numbers for both gasses. 

By thorough calculation it was determined that equality of Nusselt numbers is reached for 

atmospheric air at temperature of 1160 °C.  

 

Identified processes for HTE co-generation 

Innovative processes 

Connection of nuclear reactor with high-temperature electrolysis 

The generation IV of nuclear reactor is designed to operate at high temperature up to 

900°C and pressure 7 MPa. Connecting HTE with this reactors would lead to hydrogen 

production relatively low costs and with efficiency comparable to the steam reforming 

without greenhouse gas emissions. However, this reactor type so far is not available. 

Possible configuration is showed in fig. 4. 
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Figure 4: Possible connection of high-temperature electrolysis with nuclear reactor IV. generation [3] 

High-temperature electrolysis connected with solar energy 

In concentrating solar power plants heat is produced by mirrors, which are focused on the 

top of tower, where an evaporator is placed. Usually the heat is used to produce electricity 

using a turbine, but it could be also used for high-temperature electrolysis. Concentrating 

solar plants should be built in the desert, where it should be the most effective, but 

problems with water supply and hydrogen delivery to customers can be expected. Possible 

connection of concentrated solar plant with HTE is showed in figure 5.  

Figure 5: Scheme of high-temperature electrolysis connected with concentrating solar power plant [4] 

 

High-temperature electrolysis connected with conventional technologies 

The combination of high-temperature electrolysis with nuclear or solar energy is a 

technological interesting idea, but these technologies are not yet available (nuclear reactor) 

or need to be operated on places very distant from the area of energy consumption. 
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Therefore it seems reasonable to investigate co-generation of high-temperature electrolysis 

with available technologies. 

Possible processes were chosen according to the following criteria: waste heat at 

temperature significantly higher than 150°C, standard process, multiple installation in 

European states, price of operation, reactants. 

Possible eligible processes are:  

• Industrial processes with waste heat. This would lead to a significantly improvement of 

process efficiency and in some cases to also fuel savings. 

• Biomass or domestic waste incineration. Outlet temperature of steam is approx. 550°C. 

• Geothermal sources, e.g. in Iceland of approx. 230°C, in depth of 4 – 5 km up to 600°C 

[5]. In central Europe the temperature is about 200°C in a depth of 3 km. 

• In power station based on coal, natural gas or nuclear energy steam temperature before 

turbine inlet reaches approx. 600°C. In case of electricity surplus this steam could be 

used for hydrogen production instead of electricity production. 

Conclusion 

The HTE loop, commissioned at CVR thanks to the European infrastructure project 

SUSEN was planned for hydrogen production in co-generation with generation IV. 

reactors, e.g. high-temperature gas-cooled reactor HTGR. Very fast it became clear that the 

concept of co-generation does have a great potential for co-generation with conventional 

processes, too. First experiments showed clearly that the theoretical investigations of 

SOEC systems in co-generation operation are not sufficient to turn this model into 

application. E.g. the maximum temperature difference over the stack is a critical number, 

which needs to be needs to available and predictable for the determination of different 

business cases. The control of degradation by switching from electrolysis to fuel cell mode 

is very important for lifetime prediction, but frequency of changes and the period of the 

single phases is not known. 

Further results will be also presented at the conference “Hydrogen Days 2018” [6] in 

Prague, organised by the Czech Hydrogen Technology Platform HYTEP [7]. 
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Abstract 

The fuel cycle of Molten Salt Reactor system is based on fluoride pyrochemical 

technologies, which can be applied both for the preparation of fresh thorium – uranium 

fuel of MSR and for the on-line reprocessing of its fuel circuit. Within the Research for 

SUSEN (R4S) project, the increased laboratory preparation of MSR liquid fuel based on 

uranium and thorium tetrafluoride in FLIBE salt was verified and the studies of 

electrochemical separation technology from molten fluoride salts was performed. The 

subsequent experimental activities are planned to be carried out in the newly built alpha 

hot cell, which is now instrumented for the work with actinides. 

Introduction 

Molten Salt Reactor (MSR) is classified to be a non-classical nuclear reactor type, which 

exhibits some very specific features coming out from the use of liquid fuel circulating in 

the MSR primary circuit. MSR is the only Generation IV reactor system which can be 

effectively operated as a breeder within the thorium – uranium fuel cycle (232Th – 233U) 

with the breeding factor significantly higher than one. This ability results from the unique 

possibility of liquid fuel on-line reprocessing which enables extraction of uranium 233U or 

its precursor protactinium 233Pa before the undesirable formation of 234Pa and conversion to 

uranium 234U. The use of thorium fuel brings also the minimized production of long-lived 

radioactive waste.  

The recent activities of the Research Centre Řež realized also within the SUSEN (R4S) 

project in the area of the thorium – uranium (232Th – 233U) fuel cycle technology devoted to 

the MSR system have been focused both to the experimental verification of the fresh 

thorium fuel processing and to development of the on-line reprocessing techniques, mainly 

to the electrochemical separation of uranium, thorium and fission product elements. These 

technologies are generally pyrochemical and fluoride based as the Molten Salt Reactor 

system utilize fluoride molten salt as the fuel and cooling medium. The simplified scheme 

of MSR system is drafted in Fig. 1. 
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Fig. 1: Simplified scheme of MSR system (Courtesy of Generation Four international Forum) 

Experiments 

Experimental fresh MSR fuel processing was verified in ÚJV Řež in higher laboratory 

conditions. Typical MSR liquid fuel consists from the 7LiF – BeF2 carrier (acronym 

FLIBE) in which uranium tetrafluoride UF4 and thorium tetrafluoride ThF4 are dissolved. 

UF4 and ThF4 can be prepared by the hydrofluorination of uranium and thorium dioxides. 

Processing of both tetrafluorides was verified in the typical amounts of several hundred 

grams of the product per batch. It was verified that the highest purity of UF4 (lower amount 

of residual oxygen) can be reached if the uranium dioxide is freshly prepared from 

ammonium diuranate according to the reactions 

 

O.H2UFHF4UO

OH2UO32HOU

OH15OU614NH 2NOU)(NH 9

242

22283

283327224







 

 

Calcination of uranium diuranate and reduction of U3O|8| were done at 600 °C, subsequent 

hydrofluorination by anhydrous hydrogen fluoride proceeded at 400 °C. 

Laboratory production of the ThF4 was performed at the temperature range from 250 to 

550 °C by the reaction  

ThO2 + 4 HF  ThF4 + 2 H2O. 

The final experimental fresh MSR fuels were prepared by melting of FLIBE salt with 

uranium and thorium tetrafluorides. [1] 
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Fig. 2: Laboratory prepared uranium and thorium tetrafluorides 

 

Conclusions 

Research Centre Řež supported also the electrochemical studies focused on the 

development of MSR on-line reprocessing technology realized by the experts from ÚJV 

Řež. The main objective of experimental activities in the area of R&D on electrochemical 

separation technology was to draft out the separation possibilities of the selected actinides 

(uranium, thorium) and fission products (lanthanides) in selected fluoride melt carriers. 

Cyclic Voltammetry method was used for studying the basic electrochemical properties. 

Here the electrochemical potentials were evaluated for uranium, thorium and selected 

fission products in individual carrier molten fluoride salts. [2] The further program devoted 

to the electrochemical study of protactinium and transuranium elements will be realized in 

newly built alpha hot cell. 

Finally the pyrochemical activities within the SUSEN (R4S) project were devoted also to 

the support of a research team of reactor physicists in the program devoted to the 

investigation of FLIBE (7LiF-BeF2) salt neutronics realized at LR-0 reactor [3] and to the 

material studies of the MSR technology. Here the activities were aimed to handling with 

FLIBE salt, filling the special instrumented capsules by hot liquid FLIBE for further 

instrumentation at LR-0 reactor and to the building of molten fluoride salt loop for the 

structural material tests in the fluoride salt medium. Experimental out-of-pile FLIBE loop 

with forced circulation was realized within the SUSEN (R4S) project and the loop program 

and structural material tests and tests of special graphite flange seals were opened.   
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Fig. 3: Experimental molten salt loop filled by FLIBE salt 

 

The SUSEN (R4S) project significantly contributed to the current progress in the 

development of pyrochemical technologies devoted to the MSR fuel cycle and the 

Research Centre Řež reached the position among leading R&D institutions in this field. 
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Abstract 

Supercritical carbon dioxide (sCO2) conversion thermal cycles are very perspective and a 

research in this field became very attractive worldwide. During more than sixty years of 

supercritical carbon dioxide (sCO2) power cycles research there were designed several 

cycle layouts by different authors. In the development of the sCO2 power conversion 

cycles, a Research Centre Rez (CVR) has designed a sCO2 experimental loop which was 

constructed within the framework of the SUSEN (Sustainable Energy) R&D project. This 

paper presents basic design of the loop together with deployment in various research 

project. Design parameters of the sCO2 loop are defined by 550 °C, 25 MPa, 0.35 kg/s and 

maximum heating power is 110 kW.  

Introduction 

CVR is researching highly efficient conversion cycles (thermal-to-electric power) using 

sCO2 as a working fluid, particularly closed Brayton cycle with various modifications. 

CVR for this purpose built a unique sCO2 experimental facility which enables to study key 

aspects of the cycle (heat transfer, erosion, corrosion etc.) with wide range of parameters: 

temperature up to 550°C, pressure up to 30 MPa and mass flow rate up to 0.4 kg/s. The 

sCO2 loop is flexible, easy to modify and suitable for testing key components of the cycle 

(performance of a compressor, turbine, valves, HX etc.). 

sCO2 test facility in CVR 

Figure 1 shows the piping and installation diagram (P&ID diagram) of the loop. It 

consists of a low temperature regenerative heat exchanger (LTR) and high temperature 

regenerative heat exchanger (HTR), a main piston pump (MP) and 4 electric heaters of the 

total maximum power of 110 kW. The size of heat exchangers are 20 m for HTR and 60 m 

for LTR. They are designed as a counter-flow tube-type. At the outlet of the MP the flow is 

split into two flows. The first one goes to the LTR and the second one to the electrical stain 

less steel (SS) heater H3 with 20 kW. In front of HTR the flows are connected and behind 

HTR two parallel SS electric heaters H1/1 and H1/2 with 30 kW each are situated followed 

by one Inconel electrical heater H2 with 30 kW. Behind the heaters a test section TS (DN 

50) is situated where test samples can be tested under temperature up to 550°C, pressure up 

to 30 MPa and mass flow rate up to 0.4 kg/s. The samples can be pieces of turbine or 

compressor blades, pipes, valves etc. Behind TS there is reduction valve RV which is used 
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to represent a turbine expansion and it is intended to reduce the pressure from 25 to 12.5 

MPa. 

The loop is cooled by coolers CH1 and CH2. The cooler CH1 is cooled by water and the 

cooler CH2 uses as the main cooling medium oil (Marlotherm®SH), because of the high 

temperatures to prevent thermal stresses in the component. Further, the loop is equipped 

with pressure relief and pressure filling system. 

 

 

Figure 1 – Schema of the sCO2 loop with sCO2-HeRo sink HX 

The main operating parameters of the primary circuit are shown in Table 1. 

Table 1 – The main operating parameters of the sCO2 primary loop 

Name Value unit 

Maximum operation pressure 25 [MPa] 

Maximum pressure in Primary loop 30 [MPa] 

Maximum operation temperature 550 [°C] 

Maximum temperature in HTR 450 [°C] 

Maximum temperature in LTR 300 [°C] 

Nominal mass flow 0.35 [kg/s] 

Total heating power 110 [kW] 
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Utilization of the sCO2 loop 

The sCO2 loop is involved in various research projects for testing of materials and 

equipment of the Brayton conversion cycle (turbine, compressor and heat exchangers), 

collecting of the experimental thermal-hydraulic data (heat transfer coefficients) and 

computational codes validation. Within the biggest EU Research and Innovation 

programme Horizon 2020, CVR is involved in: 

1) sCO2-HeRo project (The “supercritical CO2 heat removal system”) - 2015 – 2018 

This project aims to develop a system for safe, reliable and efficient long term removal of 

residual heat from nuclear fuel without the requirement of external power source. This is 

excellent emergency back-up system which can cope with station black-out accidents like 

the one occurred in 2011 in Fukushima. This system transfer the decay heat from the 

reactor core through a self-propellant, self-sustaining simple Brayton cycle including 

compressor, heat exchanger (steam-sCO2), turbine and sink heat exchanger to the ambient 

air. CVR elaborated a conceptual design of the sink HX (finned-tube HX with axial fan), 

order it from a German company Guenter, implemented in the sCO2 loop in CVR and test 

it for various parameters (supercritical and subcritical pressures (7 - 10) MPa including 

transition of pseudocritical region (27 - 36) °C. The turbine and compressor (product of 

Duisburg/Essen University) with power of roughly 10 kWe is being tested in order to 

create performance maps. 

2) sCO2-Flex project (sCO2 cycle for flexible and sustainable support to electricity 

system) – 2018 - 2020 

The sCO2-Flex will develop and optimize the design of a 25 MWe sCO2 Brayton cycle and 

its main components (boiler, HX, turbomachinery, instrumentation and control strategies). 

The planned Brayton cycle, using sCO2 as a working medium, will be able to increase the 

operational flexibility (fast respond to the electricity grid demand fluctuations) and the 

efficiency of existing and future coal and lignite power plants. This becomes now even 

more important with a rapidly growing share of renewable which requires fast start-ups 

and shut-downs. The sCO2 loop in CVR will be used for corrosion research, testing of 

equipment (micro heat exchangers), collecting of the experimental thermal-hydraulic data 

(heat transfer coefficients) and computational codes validation. 

Computatinal analyses 

The numerical model of the sCO2 loop has been created in a Modelica simulation language 

(object-oriented, equation based) with Dymola environment using ClaRa (Clasius-

Rankine) library and played a key role in the design phase and performance optimization. 

The Modelica library ClaRa enables the investigation of the transient behaviour of power 

cycles and processes. The sCO2 loop thermal hydraulic model will also play a significant 

role in the future for possible modification of the sCO2 loop. 
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Conclusions 

The research in the supercritical sCO2 grows rapidly. The utilization could be find both in 

the nuclear and non-nuclear power industry. The sCO2 conversion cycles are currently 

investigated for the safety system applications in the light water reactors within sCO2 heat 

removal system projects (sCO2-HeRo) financially supported by the European research and 

training programme 2015 – 2018 under grant agreement No 662116. CVR is involved this 

project and support mainly the experimental part including performance map testing of a 

turbine, compressor and sink HX using sCO2 loop. Within another three years European 

project sCO2-Flex starting 2018, a design of 25 MWe sCO2 Brayton cycle shall be develop 

and optimize to present flexibility of such a source of electrical energy. 
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Nuclear energy represents today the first source of electric energy in Europe, providing 

more than one quarter of it, through the generation of reliable, economically competitive, 

clean and environmentally friendly source. Applications of nuclear technology however 

are not limited to energy production: radioisotopes used in medicine and radiation based 

diagnostics save the life of tens of millions of patients worldwide every year. Ionizing 

radiations have also important applications in the many industrial fields, like thickness 

measurements, elemental nondestructive tests, forensics, relics dating, quality assurance, 

environmental monitoring and many more. 
Centrum výzkumu Řež organized an international conference about the development of 

nuclear technology to which the stakeholders from the European institutions, research 

institutes, governmental bodies, safety authorities, industries and universities participated, 

exchanging their points of view and experiences in this field. 

These proceedings enclose the technical and scientific work done by the CVŘ scientists 

during the last year in the field of nuclear materials science, radiation engineering, nuclear 

chemistry, Gen IV systems development, nuclear waste research, industrial components 

diagnostics and energy efficiency technologies. 

 




