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Influence of radiation in the processes of hydrogen accumulation and zirconium oxidation as a result of 

heterogeneous processes in contact of zirconium and a Zr1%Nb alloy with water vapors is investigated. The 

contribution of radiation processes in these contacts on radiolysis and thermic radiolysis processes of water 

decomposition is revealed. It is established that radiation processes in contact of zirconium materials with water 

cause acceleration of molecular hydrogen accumulation processes, as a result of protective oxide film formation on a 

surface, and destructive oxidation. 
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INTRODUCTION 

Study of the physical and chemical processes 

proceeding in contact of metal constructional materials 

of nuclear reactors with water at simultaneous influence 

of temperature and radiation represents great interest 

when solving problems of materials science and safety 

of operation of nuclear power plants. Features of these 

processes are related to that they can come to the end on 

the one hand by corrosion of constructional materials, 

and on the other hand by the accumulation of explosive 

gas products in the environment [110, 12,15]. 

For identification of a safe operating mode and an 

assessment of consequences of accidents with damage 

of a core of nuclear reactors, it is represented great 

interest to establish regularities of molecular hydrogen 

accumulation at impact of radiation and temperature on 

the coolant in contact with construction metal materials 

in normal and accident operation mode [79, 14]. 

The analysis of literary materials shows that in the 

water-cooled nuclear reactors, a radiolysis processes in 

water at a liquid and steam state are considered as a 

source of molecular hydrogen. In these works, radiolytic 

processes of hydrogen accumulation in reactors were 

characterized by a yield of molecular hydrogen which is 

allocated at a homogeneous radiolysis of water, and 

influence of radiation and radiation-thermal processes in 

contact of constructional materials with water on 

processes of H2 accumulation wasn’t considered at all 

[6, 8].  

In this work a regularities of radiation, radiation-

thermal and thermal processes of molecular hydrogen 

accumulation in contact of nuclear grade zirconium and 

a Zr1%Nb alloy with water are studied. 

EXPERIMENTAL PART 

Samples subjected to preliminary radiative effects 

by gamma rays ( D  = 7.17 Gy/s) at various times 

(τ = 5…500 h), then dried up, weighed and transferred 

to special ampoules for test of radiation and catalytic 

activity in processes of radiolytic decomposition of 

water. 

Tests were carried out in static conditions in special 

quartz ampoules with the volume of 0.25…0.30 cm
3
. It 

was taken nuclear grade zirconium with purity of 99%, 

a zirconium alloy with 1% of Nb in the form of a thin 

tape and bidistilled water as objects of research. The 

calculation of contact surface area for samples was 

based on their geometrical sizes and was equal to 

34.6 g/cm
2
. For exception of a contribution of organic 

pollution on a surface to process of H2 accumulation, 

samples cleared previously by organic solvents – ethyl 

alcohol, acetone, and then washed out by the distilled 

water. Then samples dried up at a temperature of 

300…320 K in the environment of inert gas of argon. 

The dried-up samples were weighed with an accuracy of 

±510
-3

 g and transferred to quartz ampoules. Ampoules 

with samples were vacuumized to P ≈ 10
-3

 Pa, at first at 

T = 300 K and then at T = 673 K. The necessary amount 

of water was entered into an ampoule with samples by 

condensation of water vapors from the graduated 

volume of vacuum-absorbing device. Radiation and 

radiation-thermal processes in the ampoules with 

samples soldered by this way were carried out on an 

isotope source of γ-radiation 
60

Сo. Thermal and 

radiation-thermal processes were carried out in the 

range of T = 473…1073 K, and in this case the contact 

of water vapors with Zr takes place. Dosimetry of a 

source was carried out by chemical dosimeters –

ferrosulfate, cyclohexane and methane. Recalculation of 

a dose in the studied system was made by comparison of 

electronic density [13]. 

Gas products of processes were transferred to the 

special graduated volumes and analyzed by method of a 

gas chromatography (“Agilent-7890”). It was observed 

also O2 at radiolytic process at T = 300 K and mainly H2 

at thermic radiolysis as a part of gas products.  

RESULTS AND THEIR DISCUSSIONS 

For the purpose of identification of metal materials 

influence on water radiolysis the kinetics of 

accumulation of hydrogen at radiolytic decomposition 

of water in the presence of nuclear grade zirconium at 

296 K is investigated. Radiation-chemical yields of H2 

thus made 0.54 and 0.44 molec./100 eV. The observed 

gain of values of a radiation-chemical yield of 

molecular hydrogen at water radiolysis in the presence 

of metal materials in comparison with an yield of a pure 

water radiolysis, can be explained with a contribution of 

emitted electrons from metal at influence of γ-quanta, 

and creation of the additional active centers for water 

decomposition on a surface of metals. Gain of rates of a 

water radiolysis at superficial space of metal zirconium 



 

and a Zr1%Nb alloy makes ∆W = 3.4410
12

 and 

510
12

 molec./(cm
2
s), respectively. 

In operating conditions of nuclear reactors a metal 

constructional materials are exposed to simultaneous 

influence of temperature and radiation in contact with 

coolants. Therefore detection of regularities of radiation 

and thermal superficial processes of H2 formation in 

contact of water with metal materials represents great 

interest. 

The kinetics of accumulation of molecular hydrogen 

was for this purpose investigated at radiation-thermal 

and thermal processes in contact of Zr and Zr1%Nb 

alloy with water and on the basis of initial linear sites of 

experimental kinetic curves, the values of rates of these 

processes – WRT(H2) and WT(H2) respectively are 

defined. 

Rate of a radiation component WR(H2) of radiation-

thermal process of hydrogen accumulation, can be 

determined from a difference of rates of radiation-

thermal and thermal processes: 
 

WR(H2) = WRT(H2) - WT(H2). 
 

It was studied by a weight method the kinetics of 

formation of an oxide phase on a surface of the studied 

materials as a result of radiation-thermal and thermal 

processes in their contact with water (Fig. 1). 

Experimental results show that formation of an oxide 

film and accumulation of H2 as a result of these 

processes can be explained by the next equation: 

.
                 

(1) 

 
Fig. 1. Kinetics of oxidation of a Zr1%Nb alloy at 

radiation-thermal ( D  = 7.16 Gy/s): 

1 – T = 473 K, 3 – T = 873 K, 5 – T = 1073 K; 

 thermal processes: 2 – T = 873 K, 4 – T = 1073 K  

in contact with water (H2O = 5 mg/сm
3
) 

 

It is established that the contribution of thermal 

processes in accumulation of molecular hydrogen and 

process of metals oxidation in contact of the cleared 

surface of zirconium metal and a Zr1%Nb alloy with 

water, becomes notable with T = 473 K and increases 

with growth of temperature. At T ≥ 1073 K the radiation 

component of radiation-thermal process in comparison 

with thermal, becomes imperceptible –

 WT(H2) >> WR(H2). It is conditionally possible to 

allocate two areas [19] in kinetic curves of accumulation 

of molecular hydrogen and oxidation of zirconium 

materials at radiation-thermal processes (Fig. 2): 

І – the area corresponding to accumulation of H2 as 

a result of heterogeneous processes with formation of a 

protective oxide phase on a surface of zirconium 

materials;  

ІІ – area accumulation of H2 as a result of 

destructive oxidation of materials which happens at 

T > 873 K. 

The first area of oxidation of zirconium materials in 

contact with water comes to the end by formation of a 

black oxide film with deficiency of oxygen (ZrO1.95) 

[3, 9]. It protects zirconium from further oxidation. 

Completion of a protective oxide layer formation on a 

zirconium surface is shown in the form of saturation 

area in kinetic curves of oxidation. At a long time of 

contact with water, in conditions under the influence of 

radiation and temperature in an oxide film and in         

Zr-ZrO2 system, defective states and pores collect in a 

large number which lead to formation of destructive 

oxidation area of zirconium materials [18]. Comparison 

of kinetic curves of zirconium materials oxidation (see 

Fig. 1) and accumulation of molecular hydrogen in the 

contacting environment at radiation-thermal and thermal 

processes shows that radiation causes to increase of rate 

of protective oxidation process and accelerates starting 

of destructive oxidation of zirconium materials in 

contact with water. In kinetic curves of molecular 

hydrogen accumulation as a result of heterogeneous 

processes in contact of metal zirconium and a Zr1%Nb 

alloy with water vapors, temperature increases to 773 

and 1073 K respectively, after certain time recession is 

observed (see Fig. 1, curve 3). For the purpose of 

specification of the mechanism of the processes leading 

to reduction of an yield of molecular hydrogen the 

thermal desorption is investigated and the analysis of 

gases, stripped of the processed samples of metal 

zirconium and a Zr1%Nb alloy is carried out. It is 

established that in these conditions a certain part of the 

formed hydrogen collects in the form of hydride in a 

metal phase and its quantity increases with increase in 

temperature of process. At T ≥ 1073 K, both at thermal, 

and in radiation-thermal processes in contact of Zr and 

Zr1%Nb alloy with water the main part (more than 

90%) of the formed molecular hydrogen is in a form of 

hydride. Time of approach of recession area in kinetic 

curves decreases with growth of process temperature.  
 

 
Fig. 2. Kinetic curves of hydrogen accumulation as a 

result of heterogeneous processes in contact of Zr with 

water: 1 – thermal process in Zr + H2O system at 

T = 473 K; 2 – radiation-thermal process in Zr + H2O 

system at T = 473 K; 3 – radiation-thermal process in 

Zr + H2O system at T = 773 K; 4 – radiation-thermal 

process in Zr1%Nb + H2O system at T = 873 K 

m
g

/c
m

3
 

m
o
le

c
./

g
 



 

On the basis of initial area of kinetic curves a rates 

of molecular hydrogen accumulation are determined. 

Dependences of values of initial rate of H2 accumulation 

on temperature are given in Fig. 3. 

In dependence of rate of H2 accumulation on 

temperatures in both systems it is possible to allocate 

two areas: 

1. T ≤ 573…473 K, where accumulation of H2 

results from radiation-heterogeneous processes, with 

activation energy E = 7…8 kJ/mol; 

2. T ≥ 573 K, where formation of H2, results from 

radiation-thermal and thermal processes. 

Activation energy of radiation-thermal processes in 

the studied interval of temperatures in Zr1%Nb+H2O 

system makes Ea = 76 kJ/mol. Nature of temperature 

dependence of rate and value of activation energy in 

oxidation processes of metal and accumulation of H2 at 

radiation-thermal processes in contact of zirconium 

materials with water are identical. Activation energies 

of processes of catastrophic oxidation and the second 

area of radiation-thermal protective oxidation of 

zirconium materials are identical and equal to 

65 kJ/mol. 

 
 

 
Fig. 3. Temperature dependences of rates of thermal (1) and radiation-thermal (2) processes of hydrogen 

accumulation in contact of Zr (a) and a Zr1%Nb alloy (b) with water at 
2

35 /H O mg cm  , D  = 7.17 Gy/s 

 

Considering that in the studied interval of 

temperatures the rate of pure thermal decomposition is 

very small [24], observed high values of rates of 

radiation-thermal and thermal processes of H2 

generation in contact of Zr and Zr1%Nb alloy with 

water in this interval of temperatures, can be explained 

by interaction of water molecules with the active centers 

on a surface of metals formed under the influence of 

temperature and radiation. 

On the basis of the received experimental results of 

literary materials [11, 21, 24, 25, 27], it is possible to 

offer the following mechanism of water decomposition 

in contact with metal materials under the influence of 

temperature and radiation.  

Electrons of conductivity of metals, participating in 

the thermal movement, are capable to cross a surface 

and to create a near-surface layer (1…2 Å) of electronic 

clouds [16, 17]. An action of temperature and radiation 

can stimulate issue of electrons from metal. Thus the 

double electric layer – the charged condenser is created. 

Negative face of the condenser is the electronic cloud, 

and positive – surface layer of metal ions. Theoretical 

calculation [16], and also experimental results [20] 

show that fields in these systems reach 10
8
…10

9
 V/cm 

and have essential impact on superficial processes. 

Calculation shows [20] that H2O molecule, in adsorbed 

state on a surface of metals (Al, Cu), dissociates like 

H2O → H
+
 + OH

-
 at a field tension 1.310

7
 V/cm. 

Positively loaded Me
+
 ions formed on a surface of 

metals serve as the center of adsorption of a water 

molecule with formation of the molecular complex  

Me
+
-OH2. Binding energy between an ion and a 

molecule of water, extent of transfer of electronic 

density from a water molecule on Me
+
 ion depends from 

the electron-acceptor properties and radius of an ion 

[16]. 

Products of dissociation of water are divided under 

the influence of electric field on a surface layer of 

metal. At this condition the H
+
 ion, being in direct 

contact with an electronic cloud of a near-surface layer, 

can be neutralized: 

H
+
 + e

-
  H.                                    (2) 

The superficial positively loaded skeleton interacts 

both with OH
–
 ions, and water molecules: 

Me
+
 + OH

-
  Me–OH;       (3) 

2Me – OH  Me – O – Me + H2O;             (4) 

Zr
+
 + H2O  ZrO

-
 + H2.       (5) 

Superficial oxygen holes formed by (5), can migrate 

in volume as a result of interaction with volume atoms 

of metals. Influence of density of water vapors and 

power of γ-irradiation on processes of H2 accumulation 

in contact of Zr1%Nb alloy with water is investigated at 

873 K. 

Dependences of rates of radiation-thermal, thermal 

and radiation processes of hydrogen accumulation on 

water density are given in Fig. 4. 

Schematically radiation-thermal processes of 

decomposition of water in contact with metal surfaces, 

it is possible to present as follows. As a result of 

radiation-thermal processes on a surface the active 

centers are formed (S*). 

,
 

 (6) 

a b 



 

 

Fig. 4. Dependences of rates of hydrogen accumulation 

at thermal (1), radiation (2), and radiation-thermal (3) 

processes of water decomposition in contact with 

Zr1%Nb alloy from density of water vapors (H2O)  

at 873 K, D  = 7.21 Gy/s 
 

On the formed active centers there is an adsorption 

of molecules of water with formation of complexes; 

some of them dissociate further with formation of H2 

(2)(5):                  
S* + H2Os → (S*-H2O),

                               
(7)

 

 
                        2 (S*-H2O) → 2S-OH +H2.

                            
(8)

 

    
 

If to imagine that at the time of adsorption and 

disintegration of a water molecule on surfaces of metal-

oxide systems, comes the stationary mode in the process 

of generation of the active centers (6), then taking into 

account (7) and (8) for the rate of processes of H2 

formation, we will receive expression: 

OH

OHs

q
b

bK
HW

2

2

1
)( 2








 .  (9) 

Here )( 2HW s

q
– rate of H2 formation (molec./(cm

2
s); 

b – constant of the adsorptive balance on a surface; 

OH 2
  – density of water vapors. 

Apparently from experimental curves at 

2

31mg/cmH O   the dependence has linear character 

OH

s

i bKHW
2

)( 2   that testifies that 1
2
 OHb   

and at 3
2
OH  we get 1

2
 OHb   and the rate of 

process doesn't depend on density of vapors. 

Influence of power of radiation is studied at the 

fixed values of the parameters –

 T = 873 K,
2

35 mg/cmH O  . At each value of radiation 

power the hydrogen accumulation kinetics is studied 

(Fig. 5,a) and on the basis of initial linear sites of curves 

a values of rates of processes are defined. In Fig. 5, the 

dependence  DfW s

i
  is presented. Apparently from 

dependence, in the field of values D  = 4…10 Gy/s the 

curve seeks for saturation. 

It is possible to explain the observed area of 

saturation in    DfHW 2
dependence, with approach 

of balance between processes of generation and 

recombination death of the active centers on a surface of 

metals. On the basis of comparison of kinetic curves of 

H2 accumulation at radiation-thermal processes at 

various capacities, it is possible to make the conclusion 

that balance between processes of generation and death 

of the active centers on a surface of zirconium materials, 

is mobile and with increase of D , the balance (6) 

comes at small times of contact. 

 
 

Fig. 5. Influence of power of γ-radiation dose on processes of hydrogen accumulation at radiation-thermal 

processes of decomposition of water in contact with Zr1%Nb alloy at T = 873 K 
2

3

H O 5 mg / cm  : 

a  kinetic curves of hydrogen accumulation in І area: 1 – thermal, 2 – radiation-thermal at D  = 0.13 Gy/s, 

3 – D  = 2.19 Gy/s, 4 – D  = 3.47 Gy/s, 5 – D  = 7.17 Gy/s; b  dependence    DfHW 2

 

Influence of radiation power and temperature on 

processes of H2 accumulation as a result of destructive 

oxidation of the studied materials is investigated. It is 

established that in zirconium metal, the area of 

destructive oxidation under identical conditions comes 

at smaller values of time of contact, than in Zr1%Nb 

alloy that testifies to passivity of an alloy to radiation-

thermal processes of corrosion in comparison with pure 

zirconium. Time of approach of destructive oxidation 

area as a result of radiation-thermal processes in contact 

of these materials with water decreases with increase of 

temperature; the transitional area completely disappears 
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at T ≥ 723 K in Zr + H2O-system, and at T ≥ 1073 K in 

Zr1%Nb + H2O-system. 

On the basis of the received regularities of radiation-

thermal processes of H2 accumulation in contact of 

metal materials with water, it is possible to define 

concentration of molecular hydrogen in the coolant in 

actual practice of work of nuclear reactors. On the basis 

of values of radiation component rates in radiation-

thermal processes (9), conditional value of a yield of 

molecular hydrogen per the energy absorbed by water in 

Zr + H2O-system is calculated. Taking into account that 

the power of a dose of - and γ-radiation in aqueous 

reactors, usually makes 125 W/kg [2729], the rate of 

H2 formation in 1 kg of the coolant is calculated as a 

result of radiation-thermal processes in contact with Zr 

metal (Tabl. 1). 

Table 1 

Quantity of the formed H2 in 1 kg of the coolant as a result of radiation chemical processes in contact  

of zirconium with water 

 

As shown from the table, molecular hydrogen in 

amount of mH2 ≈ 0.40 g/hour is formed at temperature 

conditions of work of nuclear reactors (T ≤ 573 K) in 

1 kg of the coolant as a result of radiation and thermal 

processes in contact of zirconium with water. In 

accident mode the amount of hydrogen formed as a 

result of radiation and thermal processes in contact of 

zirconium with water in 1 kg of the coolant, exceeds 

mH
2
 ≈ 40 g/hour. 

Values of rates of thermal processes of oxidation, in 

comparison with the rate of radiation-thermal processes 

become insignificant for Zr at T ≥ 473 K and for 

Zr1%Nb alloy at T ≥ 573 K, and they within the 

accuracy of definition can be neglected. 

The effect of radiation in the first area of oxidation 

of Zr and Zr1%Nb alloy in contact with water decreases 

with growth of temperature and becomes imperceptible 

at T ≥ 873 and T ≥ 1073 K respectively. 

The effect of radiation in radiation-thermal 

processes depends on the power of radiation [2931]. 

For the purpose of detection of regularities of power of 

radiation influence on radiation-thermal processes of 

oxidation of an Zr1%Nb alloy in the first area, the 

kinetics of corrosion of an Zr1%Nb alloy is investigated 

at T = 873 K and various capacities of γ-radiation power 

D  = 0.14…7.16 W/kg. 

In Tabl. 2 values of rate of zirconium oxidation in 

initial area of kinetic curves and values of effect of 

radiation at corrosion of the Zr1%Nb alloy 

[22, 23, 26, 28] are given. 

Apparently from the table the effect of radiation in 

the process of corrosion of the Zr1%Nb alloy in contact 

with water is observed only in a certain area of values of 

power of radiation and reaches 100% at the power of   

γ-radiation D  ≥ 3.48 W/kg: 

R T 0
0

T

W -W
R= 100 ,

W
 , 

where WR – the rate of radiation-thermal; WT – the rate 

of thermal processes of oxidation of the Zr1%Nb alloys. 

Table 2 

Influence of power of γ-radiation on process of radiation-thermal corrosion of Zr1%Nb alloy in contact with water 

at T = 873 K, 
2

35 mg/cmH O   

Power of radiation, 

W/kg 

Wcorr·10
4
, 

mgcm
-2
s

-1 R 
Power of radiation, 

W/kg 

Wcorr·10
4
, 

mgcm
-2
s

-1 R 

0 5 0 3.48 10 100 

0.14 5.9 0 7.16 10 100 

2.19 7.3 46    
 

CONCLUSIONS 

Apparently from the given results, radiation and 

radiation-thermal processes in contact of zirconium 

materials with water lead to acceleration of process of 

molecular hydrogen formation and oxidation of metal, 

as in the field of protective oxide layer formation on a 

surface, and in the field of destructive oxidation of these 

materials in contact with water vapors which happens at 

T > 873 K. Action of radiation causes also acceleration 

of approach of destructive oxidation of zirconium 

materials in contact with water. 

The found effect of radiation in the process of 

hydrogen accumulation and oxidation of metals in 

contact of zirconium materials with water vapors at 

various temperatures can be used in the field of 

radiation materials science and at specification of the 

scenario of accidents in nuclear reactors. 

Considering that in both cases an interaction of the 

coolant with materials of the heat allocating elements 

happens in the conditions of splitting of nuclear 

Т, К 
2

3

H Oρ ,mg/cm  D , W/kg 
-1 -1

2W(H ), g kg h   

300 1·10
3 

125 

0.05 

473 5 0.05 

573 5 0.39 

773 5 39.21 

923 5 54.13 



 

materials, the contribution of radiation processes as a 

result of a fragmental radiolysis of water will be more, 

than in processes of γ-radiolysis. Thus, in actual practice 

of accidents the rate of destruction of constructional 

materials and accumulation of hydrogen will be more, 

than in the model experiments observed by us. 
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ЗАКОНОМЕРНОСТИ РАДИАЦИОННО-ГЕТЕРОГЕННЫХ ПРОЦЕССОВ  

В КОНТАКТЕ Zr И СПЛАВА Zr1%Nb С ВОДОЙ 

Т.Н. Агаев, И.А. Фарадж-заде, А.Г. Алиев, К.Т. Эюбов, С.М. Алиев 

Исследовано влияние радиации в процессе накопления водорода и окисления циркония в результате 

гетерогенных процессов в контакте циркония и сплава Zr1%Nb с водой. Выявлен вклад радиационных 

процессов в этих контактах на радиолизные и терморадиолизные процессы разложения воды. Установлено, 

что радиационные процессы в контакте циркониевых материалов с водой вызывают ускорение процессов 

накопления Н2 как в результате образования защитной оксидной пленки на поверхности, так и 

разрушительного окисления.  

 

 

ЗАКОНОМІРНОСТІ РАДІАЦІЙНО-ГЕТЕРОГЕННИХ ПРОЦЕСІВ 

У КОНТАКТІ Zr І СПЛАВУ Zr1%Nb З ВОДОЮ 

Т.Н. Агаєв, І.А. Фарадж-заде, А.Г. Алієв, К.Т. Еюбов, С.М. Алієв 

Досліджено вплив радіації в процесі накопичення водню і окислення цирконію в результаті гетерогенних 

процесів у контакті цирконію і сплаву Zr1%Nb з водою. Виявлено внесок радіаційних процесів у цих 

контактах на радіолізні та терморадіолізні процеси розкладання води. Встановлено, що радіаційні процеси в 

контакті цирконієвих матеріалів з водою викликають прискорення процесів накопичення Н2 як внаслідок 

утворення захисної оксидної плівки на поверхні, так і руйнівного окислення. 


