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This study was aimed at investigating the chromium coating effect on the mechanical properties of Zr1Nb fuel 

claddings in the case of a tensile fracture in longitudinal and transverse directions at temperatures of 20 and 350 °С. 

Tests were carried out using the samples of a similar shape, namely, with an equal test portion length that is 

important for comparison of results. The obtained results have shown that at a test temperature of 20 °С the 

mechanical properties of initial samples are higher in the longitudinal direction than in the transverse direction. The 

ductility is slightly higher at T = 350 °С in the longitudinal direction, and σ0.2 and σв are practically equal. The 

preliminary deformation of ring samples increases their ductility from 23 to 34% independently on the test 

temperature. Deposition of the chromium coatings on the samples leads to the slight increase of mechanical 

properties in the transverse direction and decrease of σ0.2 with unchanged σв and δ% in the longitudinal direction at 

the room test temperature, and at 350 °С it practically do not change the properties of coated samples in both the 

directions except the ring sample ductility decrease. 

       

INTRODUCTION 
 

For Ukraine an urgent problem is to increase the 

operation life of existent WWER reactors and to provide 

the NPP safe operation. First of all it is to prevent 

possible hard loss-coolant accident effects. Fuel 

claddings from zirconium-based alloys, are a main 

cause of an explosive hydrogen concentration in such 

conditions due to the intense zirconium oxidation with a 

sharp temperature increase in the reactor [1]. The 

deposition of protective coatings having a high 

oxidation resistance onto the fuel elements is an 

expedient solution of this problem [2]. The results of 

experiments have shown that from a variety of 

protective coatings just chromium coatings possess 

desired properties (resistance to oxidation, corrosion 

and irradiation) [3–5]. Therefore, of special importance 

is to investigate the effect of chromium coatings on the 

mechanical properties of zirconium tubes at different 

test temperatures and to find out the causes of structural 

material degradation during the long reactor operation.  

Mechanical properties of fuel claddings made from 

zirconium-based alloys were studied in many research 

works all over the world [6–12]. Over a long period of 

time the efforts were undertaken to improve the main 

peculiarities of applied methods, state standards 

(GOST), specifications and other special instructions, 

e.g. ОI000.325-91 [6]. However, there is no authors’ 

common approach to the zirconium tube sample 

preparation and to the test procedures. 

The purpose of this study is to investigate the 

mechanical properties of Ukraine-produced Zr1Nb fuel 

claddings in the longitudinal and transverse directions at 

20 and 350 °С (storage and operation temperatures) in 

the initial state and after deposition of a nanostructured 

chromium coating. Investigations were carried out using 

the NSC KIPT experience gained when studying the 

strength properties of fuel claddings made from Zr-

based alloys.  

EXPERIMENTAL PROCEDURES 
 

Investigations of mechanical properties have been 

carried out on samples cut, by the electric-spark 

technique, from the fuel cladding tube made of Ukraine-

produced Zr1Nb alloy. The samples in the modified 

form [8] were tested in the longitudinal direction and 

the ring samples were tested in the transverse directions 

(Fig. 1).  
 

 

Fig. 1. Samples for mechanical tests: 

 1 – modified sample; 2 – ring sample  

and 3 – ring sample deformed to the point “M” 
 

In the second case the ring samples were also used 

after the preliminary deformation to the point “M” (the 

tensile test diagram Fig. 2), which is characterized by 

the onset of elastic deformation in the elongated loop, 

i.e. transformed ring sample. 

The preliminary pre-strain diagram is shown in 

Fig. 2. The purpose of such deforming was to exclude a 
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possible coating cracking at the beginning of the form 

changing.     

For correct comparison of the test results it is 

necessary to use all the samples with equal dimensions 

and similar shape of their test portion, namely, with the 

test portion length Lo = 8.0 mm and width bo = 2.8 mm 

(according to RMI-1-2001) [13].  

 
 

Fig. 2. Diagram of the preliminary deformation of the 

ring sample   

Fig. 3. Tensile stress-strain diagrams for Zr1Nb 

samples: modified sample and ring sample 

The tests were carried out on the tensile machine 

Instron 5581 with a strain rate of 1 mm/min. The tensile 

stress diagrams in Fig. 3 show typical stress-strain 

curves.    

Chromium coatings were formed using unfiltered 

cathodic arc evaporation (CAE) in a “Bulat” system, 

which is equipped with two Cr (99.9%) cathodes of 

60 mm diameter [14]. The deposition chromium coating 

was performed on planetary rotating holder at a 

substrate bias voltage of -50 V and a substrate 

temperature of ~ 400 °C. The coating thickness was ~ 5 

and 8 μm. 
 

EXPERIMENTAL RESULTS  

AND DISCUSSION 
 

The mechanical properties of initial samples and 

preliminary deformed samples with coating and without 

coating are represented for two test temperatures in 

Fig. 4. 

 

  
a b 

Fig. 4. Test results of the ring samples: а – Т = 20 °С; b – Т = 350 °С 
 

  
a b 

Fig. 5. Test results of the modified samples: a – Т = 20 °С; b – Т = 350 °С 
 

At a test temperature T = 20 °С the tensile yield 

stress and the ultimate tensile strength of initial ring 

samples are σ0.2 = 270 МPа and σв = 355 МPа, 

respectively, and the specific elongation δ = 28%. 



 

Owing to the chromium coating σ0.2 is increased by 

8.5% and σв by 3.5% and δ is not changed. The 

preliminary deformation increases the initial sample 

ductility by 23% and that of the coated sample by 1/3. 

At a test temperature T = 350 °С the values of σ0.2 and 

σв of the initial samples are lower: σ0.2 = 190 МPа and 

σв = 235 МPа, and the ductility is not changed.  

The coating deposition cause decrease σв by 10% 

and the specific elongation by 19%. The preliminary 

deformation leads to the increase of δ by 23% for the 

initial sample and by 48% for the coated sample.  

The results of modified sample tests in the 

longitudinal direction are given in Fig. 5. At a test 

temperature of 20 °С the tensile yield stress of initial 

samples is σ0.2 = 320 МPа and after coating deposition it 

decreases by 15%, the ultimate tensile strength 

σв = 439 МPа is almost equal for all the samples, as 

well as, the specific elongation δ = 34%. At a test 

temperature Т = 350 °С the strength and ductility of the 

coated samples do not change: σ0.2 = 172 МPа, 

σв = 239 МPа and δ = 34 %. 

It may be noted that all the values of σ0.2, σв, and δ% 

in the longitudinal direction for the initial samples at 

20 °С are slightly higher than for the ring samples, and 

at 350 °С the increase is observed only for δ%.  

At the room temperature the coating deposition 

keeps the advantage of the tube mechanical 

characteristics in the longitudinal direction, without 

changing σв and δ% but with decreasing σ0.2. The tensile 

yield stress decrease by 15% at the room test 

temperature can be caused by the presence of 

insignificant defects on the tube wall face after electric-

arc cutting its part to make modified samples. It is well-

known [15] that even a slight change in the material 

surface undulation decreases its strength properties. In 

the stressed chromium coating at a test temperature of 

20 °С in the initial strain stage (to the yield stress) the 

crack nucleation can occur on the substrate defects that 

decreases the yield stress but does not change the 

ultimate strength. It would be more correct to perform 

the tensile tests using one-piece uncut tubes with a 

coating as the authors of [12] have done. 

The ring and deformed samples with coatings show 

at 20 °С an insignificant increase of all the values of 

mechanical properties in the transverse direction.  

The chromium coating deposition did not lead to 

appreciable changes in σ0.2, σв, and δ% values of the 

modified samples but  decreased significantly δ% in the 

initial ring samples the transverse direction at a test 

temperature of 350 °С. As is seen from Fig. 4 the 

preliminary deformation leads to the significant increase 

in the tensile ductility of both, coated and uncoated, ring 

samples compared to the initial one. When the results 

obtained are compared it is necessary to take into 

account the difference in the initial state of the fuel 

cladding material before and after the nanostructured 

chromium coating deposition. In the first case the strain 

and degradation processes over a long operation period 

go by the classic dislocation mechanisms, and in the 

second case the fuel cladding material, after the 

nanostructured coating deposition, presents a multilevel 

system in which the plastic flow and plastic collapse is 

developed at nano-, micro-, meso-, and macrolevels 

[16]. In a natural crystal the surface layer acts as a 

“pump” injecting dislocations into the loaded material 

and thus accelerating its damage. In the nanostructured 

surface layer a process occurs which slows down the 

deformation defect accumulation in the material and 

thus increases its durability [17].  

Experiments with the surface layer nanostructuring 

resulted in finding a new effect, namely, 

“checkerboard” stress distribution on the “coating-

crystalline substrate” interface in the loaded material 

[18]. On basis of this effect a new method of structural 

material hardening has been developed which provides 

improvement of all the mechanical characteristics. On 

the coating-substrate interface a “checkerboard” with a 

minimal check size should be formed. Thus it is 

possible to provide a quasi-uniform stress distribution 

and to prevent the occurrence of stress 

macroconcentrators which nucleate a neck, crack and 

material destruction [19].  

A joint consideration of the test results obtained for 

the ring and deformed samples with chromium coatings 

has shown that the application of the preliminary ring 

sample deformation before the coating deposition leads 

to the increase in the ductility (specific elongation δ%)  

from 23 to 34%. This can evidence on the fact that due 

to the deformation of the ring sample its coating is 

cracking in the part of initial deformation when the ring 

shape transforms into an “elongated loop” (see Fig. 2 to 

the point “M”), and the application of preliminary 

deformation can exclude such probability. This 

assumption is confirmed by the presence of high-

amplitude acoustic signals in the elastic strain region of 

Zr1Nb ring samples with TiN and ZrN coatings that has 

been observed in [10].  

The mechanical properties of chromium coated fuel 

claddings, depending on the operating time, i.e. their 

integrity in the range of load stresses below the tensile 

yield stress, can be studied using the internal friction 

procedure as the most sensitive method for 

consideration of physical processes at the atomic bond 

level and minimum stress-strain levels.  
 

CONCLUSIONS 
 

For the first time the effect of protective chromium 

coatings on the mechanical properties of Ukraine-

produced Zr1Nb fuel claddings in the longitudinal and 

transverse directions has been investigated. The tests 

were carried out on the samples having equal 

dimensions and similar shape of their test portion at 

temperatures of 20 and 350 °С.  

The experimental results obtained for the initial 

samples have shown that at a test temperature of 20 °С 

the values of σ0.2, σв, and δ% in the longitudinal 

direction are significantly higher than in the transverse 

direction, and at 350 °С only the specific elongation δ% 

is higher.  

The coating deposition at the room test temperature 

leads to the insignificant increase of all the mechanical 

properties in the transverse direction and does not 

change σв and δ% but decreases σ0,2 in the longitudinal 

direction.  

At a test temperature Т = 350 °С the coatings 

practically has no effect on the mechanical properties 



 

along the fuel cladding but decrease significantly the 

ductility δ% of initial ring samples.  

The preliminary deformation of ring samples 

increases their ductility from 23 to 34% independently 

on the test temperature.  

The present results indicate that the deposition of 

vacuum-arc chromium coatings of 5…8 µm thick is an 

effective method of Zr1Nb fuel cladding hardening.  
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ВЛИЯНИЕ ХРОМОВОГО ПОКРЫТИЯ НА МЕХАНИЧЕСКИЕ СВОЙСТВА ОБОЛОЧЕК 

ТВЭЛОВ ИЗ СПЛАВА Zr1Nb В ПРОДОЛЬНОМ И ПОПЕРЕЧНОМ НАПРАВЛЕНИЯХ 

В.А. Белоус, В.Н. Воеводин, С.В. Гоженкo, Е.А. Крайнюк, А.С. Куприн, В.Д. Овчаренко,  

В.И. Савченко, С.В. Шрамченко 

Исследовано влияние хромового покрытия на механические свойства оболочек твэлов из сплава Zr1Nb 

при разрыве в продольном и поперечном направлениях при 20 и 350 °С. Испытания проводились на 

образцах подобной формы, а именно, с одинаковой протяженностью рабочей части, что существенно при 

сравнении результатов. Показано, что при температуре испытаний 20 °С механические свойства исходных 

образцов в продольном направлении выше, чем в поперечном. Пластичность незначительно выше при 

Т = 350 °С в продольном направлении, а σ0,2 и σв практически одинаковые. Осаждение хромового покрытия 

на образцы приводит к некоторому росту механических свойств в поперечном и снижению σ0,2 при 

неизменности σв, δ% в продольном направлениях при комнатной температуре разрыва, а при 350 °С 

практически не изменяет свойства в обоих направлениях. 

 

 

ВПЛИВ ХРОМОВОГО ПОКРИТТЯ НА МЕХАНІЧНІ ВЛАСТИВОСТІ ОБОЛОНОК 

ТВЕЛІВ ІЗ СПЛАВУ Zr1Nb У ПОДОВЖНЬОМУ ТА ПОПЕРЕЧНОМУ НАПРЯМКАХ 

В.А. Білоус, В.М. Воєводін, С.В. Гоженко, Є.О. Крайнюк, О.С. Купрін, В.Д. Овчаренко,  

В.І. Савченко, С.В. Шрамченко 

Досліджено вплив хромового покриття на механічні властивості оболонок твелів із сплаву Zr1Nb при 

розриві в подовжньому та поперечному напрямках при 20 і 350 °С. Випробування проводилися на зразках 

подібної форми, а саме, з однаковою довжиною робочої частини, що суттєво при порівнянні результатів. 

Показано, що при температурі випробувань 20 °С механічні властивості вихідних зразків у подовжньому 

напрямку вищі, ніж у поперечному. Пластичність незначно вища при Т = 350 °С у подовжньому напрямку, а 

σ0,2 і σв практично однакові. Осадження хромового покриття на зразки призводить до певного зростання 

механічних властивостей в поперечному і зниження σ0,2 при незмінності σв, δ% у подовжньому напрямках 

при кімнатній температурі розриву, а при 350 °С практично не змінює властивості в обох напрямках. 
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