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Analysis VVER operating conditions with the oxide and nitride fuel with 
FR shows similarities НДС cladding: 
 "Incompressibility" of fuel at the stage FCMI  the cladding follows the 

swelling fuel in warp speed  10-6 h-1 
 Gassing from fuel at the end of the campaign ( 10 at.% ) does not exceed 

(15-25)% of the formed GPD   
 
The development of the cladding material has a twofold direction:  
“tolerant” fuel for VVER and the BREST type nitride fuel rod for FR  
(burnout 6 at.% And 14 at%, respectively) 
 

To ensure the efficiency of the fuel rod at the ultra-deep burn-up is 
required: 
 Ensuring long-term strength in the upper hot part of the fuel (pressure GPD) 

and ensuring creep deformation in the middle of a fuel rod (maximum rate of 
fuel swelling) 

 Corrosion resistance in the coolant 
 Structural phase stability in the stressed state with overheating 

 
The specification of requirements for the fuel cladding of the FR with nitride fuel 

is given in the next slide. 
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Criteria for the performance of BR nitride fuel elements - requirements for 
claddings properties 
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 𝑆 𝐹𝜏𝐹𝑆𝑀𝐼 < 휀𝐿𝑖𝑚 

2δ

𝐷
(𝑃𝐻𝑒 + 𝑃𝐹𝐺𝑃

𝑀𝑎𝑥 − 𝑃𝐸𝑥𝑡
𝑀𝑖𝑛) < 𝜎5∙104

650  

For cladding 𝐷~10 мм and shell thickness δ ~ 0,5 мм , 𝑅- fuel / rod gap ~0,15 мм 

(6 - year company, 𝑞𝑙
𝑀𝑎𝑥~ 48 𝑘𝑊/𝑚, 𝐵𝑀𝑎𝑥~14 𝑎𝑡.%)  

 

▪ Ultimate creep deformation of the cladding 휀𝐿𝑖𝑚  > 5 % 

▪ Optimal swelling of the cladding at the end of the campaign 𝑆 = (5 − 6) % 

▪ Long durability of fuel cladding 𝜎5∙104
650° > 20 𝑀𝑃𝑎 

▪ Maximum corrosion damage to the cladding on both sides, in the amount of  < 100 𝜇𝑚  

▪ The structural and phase stability of the fuel cladding under overheating in the stressed state to 

~ 720℃ 
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Disadvantages of fuel rod cladding material for the FR "BREST" 

 
Steel 

Ultimate creep 
deformation 

Alignment swelling 
fuel / cladding 

Long-term 
strength 

Corrosion in 
Pb 

The stability of 
the SPS 

AS YES NO YES NO YES 

FMS YES NO YES YES NO 

         Disadvantages  
 

 AS  – the swelling is greater than that of the SNUP fuel 
          – the presence of Ni  low resistance in Pb 
FMS – swelling is lower than that of SNUP fuel 
           – SPS instability (transition to structural and phase 
"superplasticity") 
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SPS instability ЭП-823 
[MEPhI, 2014] 
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Steel cladding FR throughout the campaign will be in terms of diffusion creep: 
elements of dislocation creep - the middle of the fuel rod(100 МПа, 550 оС)  

diffusion creep - the top of the fuel rod ( 20 МПа, 650 оС)  
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휀 = 휀 𝐷𝑖𝑠𝑙  +  휀 𝐷𝑖𝑓𝑓 

Creep 12%Cr-steel 
[Ghoniem 2013] 

In general, the creep of the 
cladding FR is determined by: 



With the coarsening of the structure, the diffusion creep resistance (heat 
resistance) increases, and the “dislocation” strength decreases 
 
The obvious fact is that single-phase solid solutions with a large grain have the best 
resistance to diffusion creep. 
 

Example: Effect of SPS on the long-term strength of FM steel 

Перлит-Сорбит  
(1-2) мкм 
 
Отпущенный 
мартенсит  0,4 мкм 

[Maruyama 2003] 
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Search for candidate compositions was carried out in the single-phase area: 
• Maximum creep deformation and best durability 

• The best corrosion resistance 
• Lack of structural and phase "superplasticity" 



Comparison of the creep rate of ferritic and ferritic-martensitic steels 
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Field of study of ferritic steels (Fe-Cr-Al-Si) 

studies ferritic steels 
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Model alloys Fe-Cr-Al-Si 

Ingot 

•Preparation of the raw materials 

•Melting and casting in an arc furnace 
with a non-consumable electrode 

Tape 

•Forging the resulting ingot (in the air) 

•Vacuum Furnace Annealing 

•Hot and cold rolling 

Sample 

•Ribbon cutting 

•Surface grinding 

Model Alloy Fabrication 

Tests in still air: 

• time – 60 h; 

• temperature – 800 оС. 

Tests in water: 

• time – 300 h; 

• temperature – 350 оС; 

• pressure – 16 MPa. 

Tests in steam: 

• time – 72 h; 

• temperature – 400 оС; 

• pressure – 18 MPa. 

Tests in superheated steam : 

• time – 4 h; 

• temperature – 1100 оС; 

• pressure – 0,1 MPa. 

 



Selection of alloys: rapid test - oxidation in air at 800, 60 h 
(more than 30 alloys were investigated) 
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Resistance of Fehral 
confirmed 

Single phase area with high 
durability are defined: 

  so-called Steel 5/5 
Fe+5Cr+5(Al,Si)  



Corrosion of fehrales, silchromes and steel 5/5 in water and steam 
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Сталь 5/5 

сильхромы 

фехрали 

Corrosion of  steel in steam  400 оС, 18 MPa  
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Corrosion in superheated water and steam 

Water 360 оС, 16 MPa Steam 1100 оС, 0,1 MPa 

It is confirmed that single-phase steel has a high 
corrosion resistance 



12 

Mechanical properties 

Yield Comparison 

As applied to the WWER, based on the yield strength of the E-110 and Steel 5/5, the shell 
thickness can be reduced to 0.2 mm. 
Strengthening (if required) is possible with additional doping. 
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Thermal stability (recrystallization) 

Recrystallization Study: 
• Baseline - 80% C.D. 
• Annealing time at each temperature 2 hours 
• The temperature of the onset of secondary recrystallization >700 °С 

Авторы выражают благодарность Осинцеву А.В за помощь в проведении исследований. 
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Thermal stability (recrystallization) 

Х.Д.80% 450 °С, 1000ч 

650 °С, 1000ч 

Авторы выражают благодарность Джумаеву П.С.  за помощь в проведении исследований. 
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Thermal stability (ductility) 

For all the compositions were  not observed  thermal aging and embrittlement! 
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Технологически-эксплуатационные свойства 
Время,  

обработка 

№ 

300 ч., 

холоднодеформи

рованные 

300 ч., 

отожжённые 

41/1 

41 

42 

43 

 
Испытания на коррозионное 
растрескивание под напряжением. 
Насыщенный раствор MgCl2, 413 К, 
0,1 МПа >100 ч; 

Проведены тесты на свариваемость (ручная аргонно-дуговая сварка пластин 50х50х1) 
Полное удлинение  сварных образцов ~3%. 



16 

Conclusion 
 

Discovered "island" steel compositions  𝐹𝑒 + 4…6 %𝐶𝑟 + 4…6 %𝐴𝑙, 𝑆𝑖.  It 
is single-phase in the range from operating temperature to melting temperature 
and combining high oxidation resistance (logarithmic kinetics) with a high level 
of mechanical properties (𝜎0.2 > 200 𝑀𝑃𝑎 and 𝛿 = 30 − 40 % at 650 ℃) – 
so-called  Steel 5/5. 
 
Steels 5/5 can become the basis for the development of materials for fuel 
claddings of promising fast neutron reactors (BREST type), as well as thermal 
neutron reactors (such as VVER 3+ and SUPER-VVER). 
 
Exploratory research phase is completed. 
 
The absence of embrittlement of experimental alloys during thermal aging is 
shown. 


