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Abstract. Austenitic stainless steel AISI 304, 316 and similar in composition, are used to
create many elements of the reactor core, such as fuel cladding of fast-neutron reactor. It is
known that during the operation, they became subject to such type of radiation damage, as the
vacancy swelling and radiation creep. In this paper, was analyzed the effect of alloying
elements, impurities and their complexes with radiation defects (RD) on the characteristics of
RD and radiation-enhanced diffusion (RED) Parameters of vacancy voids nucleation and
growth processes were also studied on the example of Cr18NilOT steel. Evaluation of the
temperature dependence of steady-state concentration of RD for materials with different
binding energy complexes "defect - impurity", the effective values of mutual recombination
rate RD for materials complexes, influence the formation of impurity complexes and volume
density of grain boundaries on the rate of growth of vacancy voids and radiation creep was
conducted. The possibility of varying the characteristics of the complex defect - impurity and
grain boundary size for the suppression of radiation creep and vacancy swelling was studied

1. Introduction

There exist a lot of ways of decreasing in the vacancy swelling and radiation creep of austenitic steels,
but physically all of them are reduced to a decrease in the alloy concentration of point radiation
defects (RD).

The first method consists in steel alloying of small amounts of alloying elements (AE) such as Ti,
Zr, Si, Mo, Nb, whose atoms form the impurity complexes with vacancies, which reduces the
concentration of free vacancies, and increases the radiation-enhanced diffusion (RED), promoting
rapid recombination of point defects[1]. The second method is based on increasing the volume density
of grain boundaries in the system (decreasing grain size) that give rise to a large amount of the
unsaturating sinks for vacancies and of interstitial atoms [2].

2. The calculation part

To assess the role of impurities in reducing the concentration in the RD, it is necessary to use the
model of radiation - enhanced diffusion in systems with impurities and the system of kinetic equations
annealing RD in steels alloy with impurities [3, 4]:
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Here Ky is the irradiation dose per second, K;, is the recombination constant of interstitial atoms
and vacancies, C; is the concentration of interstitial atoms, C, is the concentration of vacancies, C, -
concentration of impurity atoms, C;, C,; - the concentration of complexes "interstitial atom - impurity
atom" and complex "vacancy - impurity atom, respectively. K; and K, are the rate constants of
formation and decay of appropriate complexes, characterizing the recombination defect in the complex
(i+vl > I,v+il — 1). Description of radiation defects concentration depend on various

temperatures, and the sink density values, generation rate of defects at different stages of annealing are
given in [4, 5]. Annealing of radiation defects at high temperatures and substantial density of sinks is
the main phenomenon, realized at the analysis of the RED in metals.

In accordance with [3], process of defects annealing at a time { =7, = completes when

eff
0NV
defects are accumulated in the process of mutual recombination, where
eff B o
Kiv = WI[D; + ZCI(Dvexpk_T + Djexp k_T)] ~ WD;(1+ D;exp k_T) . 2

The next momentC, increases and C; decreases in proportion to the Jt and from the time point

=7,= there is an annealing steady state for which the solutions of the equations (5) with low

Vs TS

concentration of sinks are [3 - 5]:
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Solutions based on substantial concentration sinks are given later:
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We consider grain boundaries as RD sinks and volume density (grain boundary size) will be varied.
The volume density of grain boundaries meant by the ratio of the volume occupied by the grain
boundaries to the volume of grains themselves in a dedicated unit volume.

To estimate the effect of alloying elements on the concentration of RD, let us consider their energy
characteristics of the interaction with the RD. To do this for a large number of alloying elements and
impurities found in austenitic steels, let us analyze the impact of the binding energy in "AE atom -
vacancy" on the effective recombination coefficient RD, a decrease which should lead to a significant
reduction in free-migrating vacancies.

In addition to increasing Kif,ff, the role of the introduction of alloying elements is to bind a large
number of free-migrating vacancies in the complexes which gives to changing their diffusion
properties, prevents their accumulation in the pores and reduces the intensity of the climb of edge

dislocations, responsible for the acceleration of the radiation creep

(4)

Table 1. Values of the volume density of grain boundaries and grain size [7]

Volume density of grain

boundaries («) Grain size, d (mm) In figures 3, 5, 6
10" 750-10 1
10° 75010 2
10° 750-10 3
10" 750-10 4
10° 75010 5
10° 750-10 6

Later, we addusing vacancies concentration dependences on the binding energy in the complex
"vacancy - AE atom", temperature, irradiation dose, AE concentration. From figures 1 — 4 it can be
seen that the concentration of RD is significantly reduced with the increase in the binding energy of
the complex "vacancy - atom AE" and with increasing volume density of grain boundaries.

One can also note the constant exponential growth of RD recombination with an increase E,;.
Graphs of the complexes RD concentration, as well Kﬁf T dependences on the AE concentration are
given at work [1].

Figures 5 and 6 shows that the increase in the volume density of grain boundaries significantly
reduces the concentration of free-migratory vacancies in the system and, as a consequence, reduced
the rate of growth of vacancy voids and radiation-accelerated creep. The constructed model confirms
proven the linear dependence of these effects on the concentration of the RD system.

Also, a significant role to reduce these rates of increase in the binding energy is played in "AE
atom - vacancy", as represented in figures 7 and 8. It can be seen that the increase of the binding
energy not only reduces the rate of growth of pores and creep but displaces their highest values at
higher temperatures.
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Figure 1. The vacancies concentration
dependence in the binding energy of impurity
complexes in austenitic steels. Temperature - 973
K. The rate of generation of RD: K, = 10° dpa/c,
« = 10", AE concentration - 0.4 at. %.
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Figure 2. Temperature dependence of vacancies
concentration. : AE — Ti, x = 103, 1 — without
alloying; Ko = 10% 2 -C, =0.01 at. %, K, =
10% 3-C, =03at.% Ky=10%4-C,=0.3
at. %, K,=10%5-C,=03at. %, K,=10";

6 —C,=0.5at. % , K, = 10°%; 7 concentration
of equilibrium vacancies.

The results obtained in this work, are in good agreement with the results of [8] and also take into
account not reviewed in [6] the effect of temperature variation of the shear modulus, which is
important to accurately determine the binding energy of the complex "vacancy - atom AE".

Consider the effect of the grain boundaries volume density on the vacancies concentration and
complex "vacancy - atom AE" and the impact of the binding energy upon the recombination constant

RD- K.
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Figure 3. The vacancies concentration dependence Figure 4. The constant recombination

on the temperature in austenitic steels for various dependence of radiation defects on the binding
bulk density of grain boundaries (table 2). AE - Ti, energy in austenitic steels. T = 973, K, = 10°
0.4 at. % , Ko=10° dpa /s. dpa/s, k = 107,

We will consider the effect of the binding energy in the complex "AE atom - vacancy" and the
grain boundaries volume density at the rate of vacancy pores growth and radiation creep speed. Let us
estimate the values based on expressions (5) and (6), respectively [8]:
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where Z; and Z, are preference factors, Q is the atomic volume, L is the bulk density of dislocations, r,
is the initial radius of the growing pores. The values of L, Z;, Z,, r,, are taken from work [8]:
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Figure 5. Curves are given different grain Figure 6. Curves are given for different grain

boundaries bulk density (table 1). AE - 0.4 at. %
Ti. Ko = 10° dpa /s. Dependence of vacancy pore
growth rate in the austenitic steel pores on
temperature.
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Figure 7. Dependence of vacancy pore growth
rate in the austenitic steel pores on pore radius.
T = 800 K. The concentrations of the alloying
elements are equal to 0.4%. Ky = 10°® dpa/s. k=
10°. 1 — alloying of P; 2 — alloying of S; 3 —
alloying of Nb; 4 - alloying of Ti.
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3. Conclusion

boundaries bulk density (table 1). AE - 0.4 at.
% Ti. Ko = 10° dpa /s. The velocity of the
austenitic steel radiation creep on temperature.
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Figure 8. The velocity of the austenitic steel
radiation creep on temperature. The

concentrations of the alloying elements are
equal to 0.4%. K, = 10° dpa/s. k = 10°. 1 —
alloying of P; 2 —alloying of S; 3 — alloying of
Nb; 4 — alloying of Ti.

The paper analyzed the possibility of suppressing the vacancy swelling and radiation-accelerated creep
of austenitic steels through the introduction of alloying elements and varying the volume density of
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grain boundaries. It also analyzes the possibilities of varying the parameters of the alloying elements
to reduce the concentration RD in the system.

It has been shown that there is an exponential decrease in concentration RD [1], by increasing the
binding energy of the impurity complex and by increasing the concentration of the alloying element in
the system. The influence of the radiation defects concentration and share grain boundaries on the
vacancy rate of swelling and radiation creep is analyzed.

The dependences of the radiation creep rate and vacancy swelling rate for the various parameters of
the alloying element and temperature have been given. The obtained dependences are in good
agreement with the results of work [8]. It is shown that there is a significant decrease in these speeds
by increasing the binding energy of the impurity in the complex and in the decrease in the average
volume of grain.
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