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Abstract. Early the physical-and-mechanical model of integranular fracture has been developed that allows 
the prediction of creep-rupture properties of austenitic stainless steels at different neutron fluxes and 
temperatures. The model is based on the equations of void nucleation and growth on grain boundaries caused by 
inelastic deformation (creep and plastic strain) and diffusion of vacancies. Earlier the model has been verified 
when using available published data for austenitic stainless steels for 18Cr-9Ni and 18Cr-10Ni-Ti grades. The 
aim of the present work is further verification of the model for austenitic stainless steels under neutron 
irradiation. For this in-pile tests are carried out for gas-filled tubes at different temperatures (550 oС and 600 oС) 
in RBT-6 reactor with neutron flux equal to 51013 n/cm2s. Specimens are made from austenitic stainless steels 
for 18Cr-9Ni and 16Cr-11Ni-3Mo grades. The results calculated by the model are compared with the obtained 
experimental data, and their good agreement is shown.  
 
1. Introduction 

For estimation of the service life of structural components of high temperature fast reactors, 
material characteristics such as creep-rupture strength and ductility are used. Direct 
determination of data on creep-rupture strength and ductility over an extended period of time 
for different operating temperatures is connected with performance of prolonged and costly 
in-pile experiments. With a long design service life of a structure (for example, hundreds of 
thousands of hours) tests conducted on a time basis that meets the total design service life 
become practically impossible. Therefore in order to reduce time and financial expenditures 
creep-rupture strength is usually predicted by extrapolating the experimental results obtained 
on comparatively short-term tests (from several thousands to tens of thousands of hours). 

At present several empirical dependences have been proposed based on which creep-rupture 
strength has been predicted. The dependences proposed by Larson–Miller [1], Sherby–Dorn 
[2], Manson – Haferd [3], Zhurkov [4] and Trunin [5] have received wide acceptance. 
However the adequate use of the extrapolation dependences is limited by the narrow enough 
range of thermal-mechanical loading conditions. Besides, there are no approaches that permit 
predicting creep-rupture strength and ductility of materials subjected to neutron irradiation 
with different flux levels.  

In addition to the mentioned approaches there is the method of determining creep-rupture 
strength and ductility based on the kinetic equations of a material state that was first proposed 
by Kachanov [6] and developed in papers [7] and [8]: 

),,(fc  ; 

),,,( c  , 

where c is creep strain rate;  is stress; c is creep strain;  is a damage parameter;  is a 
neutron flux. 

In this case the attainment of a certain value (usually  =1) by a damage parameter   is 
taken as a criterion of fracture, the relation between   and the parameters of stress-strain 
state (SSS) (for example,  and c ) being of an empirical nature, which also does not permit 
using this approach over a wide temperature–mechanical loading range. 
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The alternative methods of predicting creep-rupture strength are the approaches based on the 
physical and mechanical models of damage accumulations in a material [9-16]. In particular, 
in [9] the dependences were proposed that describe the growth of voids on grain boundaries. 
The mechanism of void growth caused by diffusion processes and creep was studied in [10, 
11]. In [13, 14] the model was developed basing on description of the void nucleation and 
growth process in special cells that permitted modeling the fracture of a polycrystalline 
material on grain boundaries. In this model a polycrystalline grain and grain boundary are 
presented as different materials with special properties. In [15] the model of intercrystalline 
fracture under creep in conditions of triaxial stress state was proposed. Based on the presented 
model the investigation was carried out on the influence of stress triaxiality upon void growth 
determined under creep. 

The reported papers provide a more comprehensive understanding of the processes of damage 
accumulations on grain boundaries; however it is difficult to use these models for predicting 
creep-rupture strength. Firstly, to describe damage accumulation it is necessary to determine a 
large enough number of parameters that cannot be obtained from simple mechanical tests. 
Secondly, the criterion of fracture is defined in the form of the accepted a priori values of 
critical parameters. For example, the ratio of a void radius to the distance between two 
neighboring voids or attainment of a certain critical value by a void is often used as a critical 
parameter. 

In [16-18] the model was proposed of intercrystalline fracture under static and cyclic loading, 
the model being based on the equations of void nucleation and growth, as well as on the so-
called criterion of “microplastic collapse” or plastic instability of a unit cell. This criterion 
does not require introduction of any empirical parameters of fracture. 

In this paper the physical and mechanical model of intercrystalline fracture [16-18] was used 
to predict creep-rupture strength of materials. The model was modified as applied to the 
peculiarities of damage accumulations under neutron irradiation [19, 20]. In doing so it is 
accepted that the main mechanism of fracture is damage accumulation on grain boundaries by 
the mechanism of void nucleation and growth. Also the comparison of the experimental data 
of creep-rupture strength and prediction by the above model is made.  

2. Physical and mechanical model 

It is apparent that a detailed describing of the model and presentation of the methods of 
determination of the model parameters and cannot be given in this paper for reasons of space. 
Previously, in [21] we described the model and some the approaches to determination of the 
model parameters. 

Criterion of Fracture 

During modeling we use the equations of continuum, which describing visco-plastic 
deformation of the unit cell [21] under thermal and mechanical loading. The mechanical 
properties of a cell are taken as identical to the mean mechanical properties of a 
polycrystalline material. A unit cell is taken to mean a regular fragment of a material volume 
of size uc equal to a grain diameter dg, the fragment incorporating grain boundaries. The 
critical state of a unit cell with voids, i.e. fracture of a cell, is determined as a microplastic 
collapse that may be written in the form [19] 
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where Feq is equivalent stress, ijijeq SS
2

3
F  ; Sij=Fij-Fmij; Fm=Fii/3; Fij is the tensor of 

stresses for which the conditions of material volume equilibrium are fulfilled;
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eq   is the equivalent plastic strain increment; 

p
ijd  is the tensor of plastic strain increment; ij is the Kronecker symbol; 3/dd p

ii
p
m  ; S  

is a relative void area, i.e. a void area per area unit of a deformed grain face  
The values deq, dS and pdæ  are caused by stress increment dFeq under instantaneous 

loading. 

Void Nucleation on Grain Boundaries  

The void nucleation rate int is defined by 
cp

int dæ

d
 , mainly controlled by the equivalent 

inelastic strain rate 
dt

dεcp
eqcp

eq   and temperature Т; it may be written in the following form 

[17] 
  )(T, max

cp
eq1int  ,    (2) 

where max is the maximum number of sites of void nucleation per area unit,  is the number 
of voids per area unit of an undeformed grain face.  

The function  T,cp
eq1   at fixed temperature has a maximum and decreases both with 

decreasing cp
eq  and with increasing cp

eq  [17]. Following form of equation of void nucleation 

rate can be proposed 
)()T(c maxint   ,    (3) 

where )T(c  is the material constant that is temperature dependent in the general case. 

The dependence of a void nucleation rate on fluence may be represented as  
 F

Yint2F , ,     (4) 

where F is the rate of void nucleation under neutron irradiation; F
Y  is yield strength under 

irradiation, it depends on neutron fluence F. 
Let us take equation (4) in the form 

intFF k  ,      (5) 

where Fk  is the coefficient accounting for acceleration of void nucleation due to neutron 

irradiation, 
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 ; 0
Y  is the yield strength at F=0; m is a material constant; 

F
Y  is an increment of yield strength due to irradiation. 

Then equation (5) may be rewritten in the form [21] 
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Growth of Voids 

According to [21] the void growth on grain boundaries caused by inelastic strain and diffusion 
of vacancies may be described by the following dependences  
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)TR2/Qexp(dd agb0FF  ; cp  is the rate of inelastic strain;  is an atomic volume; db is a 

diffusion thickness of a grain boundary; D0b is the coefficient of grain boundary diffusion; k is 
the Boltzmann constant; Tа is the absolute temperature; Ф – neutron flux; Ф0 = 1012 n/cm2c. 

Constitutive equations 

When defining constitutive equations we will use the following considerations [21] 
1. The stress-strain curve relating stress to instantaneous plastic strain is represented in the 

form  
pm

ppYeq )æ(a ,      (8) 

where ap, mp are material constants. 

2. The full rate of inelastic strain uc
ij of a unit cell equal 

g
cp
ijb
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where b
cp
ij )( is the rate of inelastic strain in the near boundary zone of a grain; g

cp
ij )(  is the 

rate of inelastic strain outside the near-boundary zone;  is the parameter depending on void 
sizes on a grain boundary. 

The equivalent inelastic strain rate of a unit cell may be represented in the form 
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where ca , nc, mc are material constants,   c
eqc dæ ; 0 = 100 MPа. 

3. The rate of inelastic deformation into the grain boundary  
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4. The rate of inelastic deformation into the grain 
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5. Under neutron irradiation creep rate may be described by the following dependence 
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where   is a material constant; Q is the activation energy of radiation creep. 

Determination of the model parameters 

It is seen from previous section that for practical implementation of the presented model it is 
necessary to determine a large enough number of parameters entering the equations of 
nucleation and growth and also the equations describing the material properties. These 
parameters were determined for steel 18Cr-9Ni (the Russian analog of steel 304) and for steel 
18Cr-10Ni-Ti (the Russian analog of steel 321) [21]. The average creep-rupture strength can 
be predicted on the basis of these parameters [21]. 

3. In-pile tests 

We carried out the creep–rupture tests for steels in initial condition and in-pile tests in 
Russian RBT-6 reactor. Tests were carried out for gas-filled tubes at the temperatures 550 oС 
and 600 oС. Gas-filled tubes were made of 18Cr-9Ni and 16Cr-11Ni-3Mo steels. Chemical 
compositions of these steels are given in Table 1. The drawing of gas-filled tubes is shown in 
Fig. 1. 

 
TABLE 1. CHEMICAL COMPOSITION OF 18Cr-9Ni AND 16Cr-11Ni-3Mo STEELS 

Steel C, % Mn, 
% 

Si, 
% 

S, % P, % Cr, 
% 

Ni, 
% 

Cu, 
% 

Mo, 
% 

Ti, 
% 

V, 
% 

N2, 
% 

18Cr-9Ni 0.09 1.47 0.43 0.006 0.011 18.00 9.01 0.03 0.01 0.01 0.02 0.02 
16Cr-
11Ni-3Mo 

0.08 1.32 0.70 0.003 0.011 16.15 10.98 0.03 2.26 0.01 0.01 0.01 

 

t с1,
2


8

5
-0

,1

R3

40
4


5,

5

 

FIG. 1. Drawing of the gas-filled tubes for in-pile tests ( tc  0.495 mm) 

For creating stress in the tube specimen inertial gas was injected into it at the room 
temperature. After heating the pressure in the tube specimen increases to a given value. 
Specimens were tested at two different temperatures. The first group of specimens were tested 
at 550oC; the second – 600 oC. Neutron flux in RBT-6 reactor was =5.0·1013 n·cm-2s-1 
(E>0.1 MeV). Each specimen is connected to recording device. The time to rupture is 
determined accurate to one minute due to changing of pressure in recording device. 
Temperature of specimens was sustained accurate to 2 % of a given value in reactor and ±1 

5,
6 
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Celsius degree in furnace. Time to rupture is measured accurate to 1 minute. Stresses in 
specimen are measured accurate to 2 %. 

In Figs. 2 and 3 experimental data on the creep-rupture strength for 18Cr-9Ni steel in initial 
and irradiated conditions are represented at 550 oC and 600 oC. In Figs. 4 and 5 experimental 
data on the creep-rupture strength for 16Cr-11Ni-3Mo steel in initial and irradiated conditions 
are represented at 550 oC and 600 oC. Also we were carried out creep-rupture test for steels in 
initial condition for uniaxial specimens, which were made of 18Cr-9Ni and 16Cr-11Ni-3Mo 
steels. Results of this test are presented in figs 2 and 4.  

4. Calculation 

In this section the calculation of the average dependences of creep-rupture strength is 
presented on the basis of the above model at various temperatures for steels 18Cr-9Ni and 
16Cr-11Ni-3Mo (the Russian analog of steel 316) in initial and irradiated conditions. The 
comparison of these dependences and experimental data is made.  

18Cr-9Ni steel 

Initial condition. The parameters entering in the equations of void nucleation and growth on 
grain boundaries differ a little for steels of the same class. Therefore these parameters were 
taken as the parameters for 18Cr-10Ni-Ti steel. The parameters entering into the equation of 
creep rate were obtained by processing the creep curves for 18Cr-9Ni steel that are presented 
in [22, 23] and are given in Table 2. 

The value of yield strength Y is taken as in [24], the constants ap and mp were calculated for 
different temperatures in accordance with [25] and are given in table 2. 

TABLE 2. VALUES OF TEMPERATURE DEPENDENT PARAMETERS FOR 18Cr-9Ni 
STEEL 

Ta, K Y, MPа ap, MPа mp, MPа ac,   h/МPа cn nc mc 

773 169 950 0.585 4.8210-13 13.5 -1.5 

823 155 638 0.585 2.4610-9 9.5 -0.7 

873 150 568 0.558 1.2010-7 8.2 -0.63 

Based on the physical and mechanical model and obtained parameters the calculation was 
performed of creep-rupture strength of steel 18Cr-9Ni in the initial condition at the 
temperatures 550 and 600 оС. These dependences at the temperatures 550 and 600оС, as well 
as the experimental data on steels 18Cr-9Ni are given in Fig. 2. It is seen from the figure that 
the physical and mechanical model provides adequate enough predictions. 

Irradiated condition. The dependences of creep-rupture strength were calculated for steel 
18Cr-9Ni with neutron flux Ф equal 51013 n/cm2s (E>0.1 MeV). These dependences, as well 
as the experimental data are presented in Fig. 3. It is seen from the figure that the physical and 
mechanical model provides adequate enough predictions. 

16Cr-11Ni-3Mo steel 

Initial condition. The parameters entering into the equation of a creep rate were obtained by 
processing the creep curves of steels 16Cr-11Ni-3Mo that are presented in [22, 23] and are 
given in Table 3. The value of yield strength Y is taken as in [24], the constants ap and mp 
were calculated for different temperatures in accordance with [25] and are given in Table 3. 
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FIG. 2. Creep-rupture strength of 18Cr-9Ni steel in initial condition at temperatures Т=550оС (а) and 
Т=600оС (b): () – calculation by the model; () – experimental data of gaz-tube specimen;   

() – experimental data of uniaxial specimens; (Х) – experimental data of uniaxial specimens [26]; 
() – experimental data of uniaxial specimens [27]. 
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FIG. 3. Creep-rupture strength of 18Cr-9Ni steel in irradiated condition (Ф=5∙1013 n/cm2s    
(E>0.1 MeV)) at temperatures Т=550оС (а) and Т=600оС (b): () – calculation by the model;     

(●) – experimental data,  - specimen didn’t rupture. 
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FIG. 4. Creep-rupture strength of 16Cr-11Ni-3Mo steel in initial condition at temperatures Т=550оС 

(а) and Т=600оС (b): () – calculation by the model; () – experimental data of gaz-tube 
specimen; () – experimental data of uniaxial specimens; () – experimental data of uniaxial 

specimens [27];  - specimen didn’t rupture 
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FIG. 5. Creep-rupture strength of 16Cr-11Ni-3Mo steel in irradiated condition (Ф=5∙1013 n/cm2s 

(E>0.1 MeV)) at temperature Т=550оС: () – calculation by the model; (●) – experimental data, 
 - specimen didn’t rupture. 

TABLE 3. VALUES OF TEMPERATURE DEPENDENT PARAMETERS  FOR     
16Cr-9Ni-3Mo STEEL 

Ta, K Y, MPа ap, MPа mp, MPа ac,   h/МPа cn  nc mc 

773 168 1045 0.585 7.344510-14 13.8 -1.5 

823 165 702 0.585 1.343310-11 12.5 -1.1018 

873 160 625 0.558 1.198410-8 11.2 -0.6484 

Based on the physical and mechanical model and obtained parameters the calculation was 
performed of creep-rupture strength of steel 16Cr-11Ni-3Mo in the initial condition at the 
temperatures 550 and 600 oC. These dependences at the temperatures 550 and 600 oC, as well 
as the experimental data on steels 16Cr-11Ni-3Mo are given in Fig. 4. It is seen from the 
figure that the physical and mechanical model provides adequate enough predictions. 

Irradiated condition. The dependences of creep-rupture strength were calculated for steel 
16Cr-11Ni-3Mo with neutron flux Ф equal 51013 n/cm2s (E>0.1 MeV). These dependences, 
as well as the experimental data are presented in Fig. 5.  

Also the dependences of creep-rupture strength were calculated for steels 16Cr-11Ni-3Mo 
and 18Cr-9Ni with different values of neutron fluxes Ф that varied through a range between 
21012 and 11014 n/cm2s (E>0.1 MeV). These dependences are presented in Fig. 6. From this 
figure it is seen strong influence of flux level on creep-rupture strength. 

 

5. Conclusions 

1. In-pile tests for gas-filled tubes were carried out at various temperatures (550 oС and 
600 oС) in RBT-6 reactor with neutron flux equal to 51013 n/cm2s for austenitic stainless 
steels of 18Cr-9Ni and 16Cr-11Ni-3Mo grades. Moreover creep-rupture tests for gas-filled 
tubes and uniaxial specimens were carried out for above steels in initial condition. 
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FIG. 6. Dependence of creep-rupture strength on time to rupture at Т=600оС for different neutron flux 
levels (a – 18 Cr-9 Ni steel, b – 16 Cr-11 Ni- 3 Mo steel): 1 – initial condition; 2 – Ф=21012 n/cm2s;  

3 – Ф=51012 n/cm2s; 4 – Ф=11013 n/cm2s; 5 – Ф=21013 n/cm2s; 6 – Ф=51013 n/cm2s; 
7 – Ф=11014 n/cm2s (E>0.1 MeV). 

2. The calculation of creep-rupture strength are made at temperatures 550 and 600 oС on the 
basis of the physical-mechanical model integranular fracture for 18Cr-9Ni and 16Cr-11Ni-
3Mo steels in initial and irradiated conditions. The calculated dependences and experimental 
data for gas-tubes specimens (reactor RBT-6) made are compared. It is shown good 
agreement between the experimental data and the calculated dependences of creep-rupture 
strength.  

3. The predictions of creep-rupture strength are carried out at temperature 600 oС for 18Cr-
9Ni and 16Cr-11Ni-3Mo steels for different neutron fluxes over a range from 21012   to 
11014 n/cm2s (E>0.1 MeV). 
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