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Abstract
Systematic differences in the radiation embrittlement kinetics of steels irradiated with
different ﬂuxes requires a clear understanding and assessment of the mechanisms
responsible for the ﬂux effect. This paper presents results of research of hardening
mechanism contribution to ﬂux effect of VVER-1000 reactor pressure vessel (RPV)
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welds. Transmission electron microscopy (TEM) and atom probe tomography (APT)
investigations were carried out. Studies of hardening phases of RPV-steel (VVER-1000)
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after accelerated irradiation allowed to estimate the contribution of the hardening
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mechanism to ﬂux effect.
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1. Introduction

terms of the Creative Commons
Attribution License, which

Radiation embrittlement of reactor pressure vessel (RPV) steels (increase of critical

permits unrestricted use and

brittleness temperature T𝐾 ) is due to the action of hardening mechanism (radiation-

redistribution provided that the
original author and source are

induced changes in the phase composition of material) and the non-hardening one

credited.

(formation of grain boundary and intergranular segregations). The most reliable pre-
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dictions of the mechanical properties degradation of RPV material are based on the

under the responsibility of the

surveillance specimens (SS) studies that are under long term exposure to operational
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factors typical to RPV operating conditions [1-5].

Committee.

The ﬂuence accumulation rate (ﬂux) for the SS is the closest one to the irradiation
conditions of the RPV inner wall (leading factor of 0.5-3.0). However, an anticipatory
prediction of materials radiation embrittlement degree requires an accelerated irradiation of specimens in research reactors to ﬂuence values close and beyond the designed
ones. The leading factor of irradiation in research reactors in comparison with the RPV
inner wall irradiation in the core area can reach ∼ 30-200 times.
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It has been shown previously [6] that RPV weld metal (WM) with high nickel content
have a slightly lower density and size of precipitates under accelerated irradiation. The
lower radiation embrittlement rate of WM was observed for the studied fast neutron
ﬂuences and ﬂuxes ranges [7]. Flux effect was not observed for base metal (BM) [8].
More accurate assessment of the hardening mechanism contribution to ﬂux effect
observed in VVER-1000 weld metal with high nickel content under accelerated irradiation requires detailed comparative investigations using transmission electron
microscopy (TEM) and atom probe tomography (APT). It is possible by carrying out
a comparative analysis of SS and temperature set of SS subsequently accelerated
irradiated in a research reactor IR-8 to the SS weld metal ﬂuence.

2. Materials and methods
Assessment of the hardening mechanism contribution to ﬂux effect of VVER-1000 RPV
weld metal was carried out on example high nickel content samples (1,73 wt% Ni).
The radiation set of SS as well as the temperature set of SS subsequently accelerated
irradiated in a research reactor IR-8 to the radiation set ﬂuence were used.
The chemical composition of the material is presented in Table 1. Irradiation parameters of the samples are presented in Table 2.
Table 1: Chemical composition of the studied VVER-1000 RPV weld metal (in wt. %).
Material

The elemental composition, mass.%

Sv-10KhGNMAA

C

Ni

P

Cu

S

Mn

Si

Cr

Mo

V

0.07

1.73

0.008

0.03

0.012

0.98

0.30

1.72

0.63

0.02

Table 2: The investigated states of the VVER-1000 weld metal studied samples [6, 8].
State

Fluence (F),
1022 m−2

Flux, 1014
m−2 s−1

Time, 103 h

Irradiation within SS 3

45.4

12.5

125

3d temperature set +
accelerated irradiation in
IR-8

45.5

118

125 (thermal aging)
0.8 (accelerated
irradiation)

The density and size of radiation-induced elements responsible for radiation hardening were determined by TEM (radiation defects − dislocation loops) and APT (Ni
reached precipitates). TEM investigations were performed using Titan 80-300 (FEI,
USA). APT investigations were performed using LEAP-4000 HR (Cameca, France).
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3. Results
Table 3 presents the results of comparative TEM and APT analysis (density, size and
the average composition of the radiation-induced structural elements) of WM samples
which were irradiated within SS as well as accelerated irradiated in research reactor IR8 (temperature set + accelerated irradiation). Figure 1 presents darkﬁeld TEM-images
of dislocation loops in the investigated samples. Figure 2 presents 3D APT-maps of the
alloying elements in the investigated samples.

100 nm
a – irradiation within SS

b – temperature set + accelerated irradiation

Figure 1: Darkﬁeld TEM-images of dislocation loops in the investigated samples.

Table 3: The density, size and averaged composition of radiation-induced structural elements in VVER1000 RPV WM irradiated with different ﬂuxes.
State

Fluence (F), 1022
m−2 / Flux (φ),
1014 m−2 s−1

Dislocation loops
(TEM)

Precipitates (APT)

Number Size, nm Number Average Composition, at. %
density,
density, diameter1 ,
1021 m−3
1023 m−3
nm
Ni

Mn

Si

3𝑟𝑑 radiation set
of SS

45,4/12,5

3,5±0,5

4±1

5,7±0,4

3,1±0,2

30

13

12

3𝑟𝑑 temperature
set of SS +
accelerated
irradiation in IR-8

45,5/118

3,5±0,5

4±1

4,6±0,5

2,2±0,2

24

13

9

1
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– average diameter was estimated by recalculating the gyration radius to the Guinier radius [9].
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a – irradiation within SS

b – temperature set + accelerated irradiation

Figure 2: 3D APT-maps of the alloying elements in the investigated samples.

4. Results and discussion
Since there is no change in the density and sizes of VVER-1000 materials strengthening phases (carbides mainly) [6, 10] decisive contribution to the hardening is due to
formation dislocation loops and radiation-induced precipitates. It is possible to assess
the yield strength change due to formation of radiation-induced structural elements
using the Orowan equation [11]:
Δ𝜎0,2 = 𝛼 ⋅ 𝑀 ⋅ 𝐺 ⋅ 𝑏 ⋅ √𝜌 ⋅ 𝑑

(1)

where M is the Taylor factor, G is the Young modulus and b is the Burgers vector
module; 𝜌 and d are experimentally determined density of defects and its average
size respectively. The strength of the barrier is expressed by the constant α.
Considering the contribution of different types of structural elements in the radiation
hardening additive, we get the following relation:
Δ𝜎 0,2 = Δ𝜎 prec + Δ𝜎 loops

(2)

SS
For the specimens after acceleration irradiation (Δ𝜎 accel
0,2 ) and SS (Δ𝜎 0,2 ) the following

ratio of the yield stress shifts can be obtained:
Δ𝜎 accel
0,2
Δ𝜎 SS
0,2
DOI 10.18502/kms.v4i1.2192

=

accel
Δ𝜎 accel
prec + Δ𝜎 loops
SS
Δ𝜎 SS
prec + Δ𝜎 loops

(3)
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acc
where Δ𝜎 acc
prec ,Δ𝜎 loops – yield strength shift contribution due to the formation of

radiation-induced precipitates and dislocation loops for the accelerated irradiation;
SS
Δ𝜎 SS
prec , Δ𝜎 loops – yield strength shift contribution due to the formation of radiation-

induced precipitates and dislocation loops for the irradiation within SS;
Since the dislocation loops densities for accelerated irradiation and irradiation within
SS are the same (as shown in Table 3) Δ𝜎 SS
= Δ𝜎 acc
= Δ𝜎 loops , the expression (3)
loops
loops
takes form:
Δ𝜎 acc
0,2
Δ𝜎 SS
0,2

=

Δ𝜎 acc
prec + Δ𝜎 loops
Δ𝜎 SS
prec + Δ𝜎 loops

=

acc
Δ𝜎 acc
prec /Δ𝜎 loops + 1 Δ𝜎 0,2
SS
Δ𝜎 SS
prec /Δ𝜎 loops + 1 Δ𝜎 0,2

(4)
=

Δ𝜎 acc
prec + Δ𝜎 loops
Δ𝜎 SS
prec + Δ𝜎 loops

=

Δ𝜎 acc
prec /Δ𝜎 loops

+1

Δ𝜎 SS
prec /Δ𝜎 loops + 1

Substituting (1) into (4) we obtain:
Δ𝜎 acc
0,2
Δ𝜎 SS
0,2

acc

=

acc
𝛼prec ⋅ √𝜌acc
prec ⋅ dprec /𝛼 loops ⋅ √𝜌loops ⋅ dloops + 1 Δ𝜎
0,2
SS

Δ𝜎 0,2
𝛼prec ⋅ √𝜌SS
prec ⋅ dprec /𝛼 loops ⋅ √𝜌loops ⋅ dloops + 1
SS

(5)
=

𝛼prec ⋅

acc
√𝜌prec

⋅

acc
dprec /𝛼 loops

⋅ √𝜌loops ⋅ dloops + 1

SS

𝛼prec ⋅ √𝜌SS
prec ⋅ dprec /𝛼 loops ⋅ √𝜌loops ⋅ dloops + 1
Take into account that according to [11] 𝛼loops = 0,33 and 𝛼prec = 0,08 we obtain:
acc
Δ𝜎 SS
0,2 = 1,22 ⋅ Δ𝜎 0,2

(6)

This result demonstrates that the hardening mechanism contribution to the ﬂux
effect is not crucial and conﬁrms the previous NRC «Kurchatov Institute» works in
which it was shown [2] that decisive inﬂuence of second radiation embrittlement
mechanism on the ﬂux effect – the formation of grain boundary segregations.

5. Conclusion
Studies of hardening phases of RPV-steel (VVER-1000) after accelerated irradiation
carried out by TEM and APT using Orowan ratio allowed to estimate the contribution
of the hardening mechanism to ﬂux effect.
As a result, it was found that smaller size and density of the radiation-induced
precipitates can not explain the decrease of radiation embrittlement rate in the case
of accelerated irradiation compared with irradiation within SS.
DOI 10.18502/kms.v4i1.2192
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This is a proof of decisive inﬂuence of second radiation embrittlement mechanism
on the ﬂux effect – the formation of grain boundary segregations.
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