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Abstract

Surveillance specimens of 15Kh2MFA reactor pressure vessel (RPV) steel and Sv-10KhMFT weld metal were in-

vestigated using internal friction, electrical resistivity and M€oossbauer spectroscopy measurements in order to obtain

information on their irradiation embrittlement and recovery annealing mechanisms. Internal friction measurements

showed that carbon becomes trapped by irradiation-induced defects (fluence ¼ 4:1� 1019 n/cm2, E > 1 MeV, T ¼ 265

�C). During the recovery annealing (450 and 475 �C/1 h) carbon does not redissolve into the solid solution. Although

irradiation usually increases the electrical resistivity of the RPV steels, in this study irradiation decreased the electrical

resistivity of both the base and the weld metals. This can be due to a decrease in the dislocation density or precipitation

under irradiation. The annealing temperature range for recovery was 300–600 �C for the base and the weld metals

according to the electrical resistivity measurements. Some evidence of irradiation-induced carbide formation was

achieved by the M€oossbauer spectroscopy measurements. � 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Irradiation embrittlement is one of the major degra-

dation mechanisms of ferritic reactor pressure vessel

(RPV) steels [1–4]. It is caused by fast neutron (E > 1

MeV) collisions to the RPV wall creating defects and

defect clusters which restrict the movement of glide

dislocations. The point defects (interstitials and vacan-

cies) created in the displacement cascades during neu-

tron irradiation can recombine, become trapped by

impurity atoms, cluster and collapse to dislocation loops

(interstitial), coalesce, and form nano-voids or migrate

to defect sinks such as interfaces and dislocations. Ir-

radiation increases the diffusion rate by increasing the

vacancy concentration, which enhances precipitation

and/or clustering of the alloying elements. Recently,

attention has been paid, not only to Cu- and P-rich

precipitates, but also to carbides. On the macroscopic

level, neutron irradiation results in deterioration of me-

chanical properties and ductility of the ferritic RPV

steels, i.e., increase in the ductile-to-brittle transition

temperature and decrease in the upper self-impact en-

ergy as well as increase in the yield strength and decrease

in the strain hardening capacity [2–4].

Thermal annealing of embrittled RPV steels restores

their mechanical properties [1,3,4]. The phenomenon

is known as recovery annealing, but the microscopic

mechanisms of recovery have remained unclear. Un-

derstanding the micromechanisms concerning irradia-

tion embrittlement and recovery annealing (and also

reembrittlement due to irradiation) behaviour would

validate the experimentally determined annealing pa-

rameters (time and temperature) and considerably con-

tribute to the safety assessment of the recovery annealed

RPVs.

The base metal of the VVER-440 type reactors is

15Kh2MFA steel (Cr–Mo–V steel). The weld metal used
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in the circumferential submerged arc welds is Sv-

10KhMFT. The microstructure of the base metal result-

ing from the heat treatment during the manufacturing

process (austenization at 1000 �C with oil quenching,

followed by tempering at approximately 700 �C) consists
of tempered bainite with a rather complicated carbide

structure [5–7]. The carbide structure consists of MC,

M7C3 and M23C6 carbides. The carbide precipitation

begins at 450 �C as vanadium-rich carbides (MC). Si-

multaneously, or at somewhat higher temperatures

iron–chromium carbides (M3C) precipitate. These are

replaced by M7C3 carbides at higher temperatures.

M7C3 can alternatively be Fe2MoC. M23C6 (chromium-

rich) carbides are found at higher temperatures [7]. Ac-

cording to [7], dislocation densities of the order of

5� 1014 l/m2 can be expected in the base metal after the

performed heat treatment. The microstructure of the

weld metal resulting from the heat treatment (annealing

at 620–660 �C for �50 h) consists of chromium-rich

carbides on the grain boundaries and VC plates within

the grains [6].

The aim of this study was to test the suitability of

internal friction, electrical resistivity and M€oossbauer
spectroscopy measurements to investigate irradiation

embrittlement and recovery annealing mechanisms and

the irradiation-induced structures in the base and the

weld metals used in the VVER-440 type pressurized

water reactors.

2. Experimental methods

The test materials used were a 15Kh2MFA RPV steel

(base metal) and a Sv-10KhMFT submerged arc weld

metal. The test materials were studied in the unirradi-

ated and irradiated conditions. The chemical composi-

tions of the test materials are given in Table 1. For the

base metal, the heat treatment was austenization at 1000

�C (12 h) with an oil quench, followed by double tem-

pering: first at 700 �C (25 h) and second at 670 �C (40 h).

The submerged arc welds were heat treated for ap-

proximately 50 h at 620–660 �C. The test materials were

irradiated in the surveillance positions of the Loviisa

nuclear power plant up to a fluence of 4:1� 1019 n/cm2

(E > 1 MeV) at 265 �C.
Internal friction measurements were performed in an

inverted pendulum apparatus [8]. The samples were first

cut to a size of 0:8� 0:8� 27 mm3 and then etched to

their final size (0:6� 0:6� 27 mm3) using a hydrofluoric

acid and hydrogen peroxide solution (4% HFþ 96%

H2O2). The measurements were performed in 20 Pa

helium atmosphere in a frequency range of 0.5–0.6 Hz.

The strain amplitude and the heating rate during the

measurements were 3� 10�6 and 0.03 �C/s, respectively.
Internal friction was measured as a function of tem-

perature in the temperature range of �196 to 230 �C. A
saturating magnetic field was used during measurements

in order to eliminate the effects of the magnetic domain

wall movements on internal friction results.

Electrical resistivity was measured using an auto-

matic four point AC-resistivity bridge (AVS-100 by

Picowatt, Vantaa, Finland). Electrical resistivity was

measured at liquid helium (�269 �C) and liquid nitrogen

(�196 �C) temperatures and at room temperature (25

�C). The ‘zig-zag’ specimens were cut from 10� 10� 0:3
mm3 pieces. After cutting they were etched using a hy-

drofluoric acid and hydrogen peroxide solution (4%

HFþ 96% H2O2). The nominal cross-section area/

length ratio of the specimens was 8:6� 10�5 cm. Copper

leads were spot welded at the ends of the specimens. The

specimens were isocronally annealed in a tube furnace in

an argon atmosphere for 0.5 h in steps of 50 �C in the

temperature range of 250–650 �C. The argon atmo-

sphere was used to avoid decarburization and oxidation

during the annealing. Specific resistivity of the test ma-

terials was determined using the nominal cross-section

area/length ratio.

M€oossbauer measurements were performed in the

transmission geometry using a Halder spectrometer and

a NP-255 spectrometer where 57Co in a Cr matrix was

used as the source of gamma quanta. The specimens

were etched in a hydrofluoric acid and hydrogen per-

oxide solution (4% HFþ 96% H2O2) to their final

thickness of about 20 lm. The cross-section area of the

specimens was approximately 1 cm2.

Table 1

Chemical compositions of the test materials

Material Composition (wt%)

C Si Mn S P Cu Cr Ni Mo V Co

Base metal

(15Kh2MFA)

0.16 0.27 0.39 0.012 0.010 0.10 2.5 0.19 0.63 0.29 0.01

Weld metal

(Sv-10KhMFT)

0.04 0.62 1.05 0.022 0.019 0.22 1.6 0.16 0.46 0.21 0.02
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3. Results

3.1. Internal friction

Internal friction Snoek peak measurements were used

to observe changes in the free carbon content in the

matrix of 15Kh2MFA steel. The Snoek peak arises from

the transition of carbon atoms between neighbouring

interstitial sites and it is proportional to the carbon

content in a solid solution [9].

Irradiation clearly affects the Snoek peak height,

which was observed in the preliminary test measure-

ments performed with a 0.18 wt% carbon containing

structural steel (Fig. 1). Internal friction results for

15Kh2MFA steel are shown in Fig. 2. A small peak

appeared in the unirradiated state at 57 �C. According

to the location of the peak it is related with Snoek re-

laxation. The peak is assumed to be only due to carbon

atoms because all nitrogen should be in nitrides after the

heat treatment of the base metal. In addition to this, the

nitrogen Snoek peak appears at lower temperatures

than the carbon Snoek peak [9]. The internal friction

peak disappeared after irradiation of the base metal to

a fluence of 4:1� 1019 n/cm2, E > 1 MeV. After post-

irradiation heat treatments at recovery annealing tem-

peratures of 450 and 475 �C for 1 h, the Snoek peak did

not reappear. No changes in the internal friction spectra

were observed at temperatures below 0 �C and between

120 and 230 �C, which was the maximum operating

temperature of the apparatus used. Different internal

friction background values in Fig. 2 are due to the

specimen mounting and they have no effect on the re-

sults. Internal friction was not measured for the weld

metal because of the relatively small Snoek peak in the

base metal.

3.2. Electrical resistivity

The results of the electrical resistivity measurements

at liquid helium temperature (�269 �C) after annealing
at different temperatures are presented in Fig. 3. Sur-

prisingly, in both the base and the weld metals the re-

sistivity was lower in the irradiated (4:1� 1019 n/cm2,

E > 1 MeV) than in the unirradiated state. After ther-

mal annealing the resistivity increased in all specimens.

The increase was greatest in the irradiated weld metal

starting at 300 �C. The main increase was observed be-

tween 400–550 �C after which it saturated at about 600

�C. The shapes of the resistivity curves were not changed

when the measurements were performed at liquid

nitrogen temperature (�196 �C), but a uniform increase

of the specific resistivity was approximately 1.5 lX cm.

A similar change was not observed in the room tem-

perature measurements due to an increasing effect of

phonons.

The higher electrical resistivity values of the weld

metals as compared with those of the base metals result

from a larger number of defects in the crystal lattice and

a larger alloying element content (e.g. Si, Mn, S and Cu)

in the weld metal.

3.3. M€oossbauer spectroscopy

Typical M€oossbauer spectra of 15Kh2MFA RPV steel

are presented in Fig. 4. The spectrum of the unirradiated

base metal can be decomposed into six components with

hyperfine parameters (Table 2). Components 2 and 3,

Fig. 1. Decrease in the internal friction peak height as a func-

tion of neutron fluence for 0.18 wt% structural steel. Heat

treatment before irradiation: normalization 915 �C/1 h, air

cooling, tempering 150 �C/5 h, sample size: 0:7� 0:7� 45 mm3,

strain amplitude: 3� 10�6, heating rate: 1.2 �C/min.

Fig. 2. Results of the internal friction measurements for

15Kh2MFA steel. Sample size: 0:6� 0:6� 27 mm3, strain am-

plitude: 3� 10�6 and heating rate: 2 �C/min. Studied samples:

unirradiated, irradiated (4:1� 1019 n/cm2 at 265 �C, E > 1

MeV), irradiated and annealed (450 �C/1 h, Ar) and irradiated

and annealed (475 �C/1 h, Ar).
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with their relatively large intensities, are rather clearly

resolved in the outer side lines of the spectrum. How-

ever, components 4, 5 and 6 are not clearly resolved

(Fig. 4). The relative intensities of components 4, 5 and 6

are approximately 1–2%, exceeding slightly the experi-

mental error (0.5%).

The hyperfine structure of the spectrum of the irra-

diated base metal (Fig. 5) is similar to that of the unir-

radiated base metal. However, component 4 disappeared

while components 5 and 6 remained in the spectrum.

The hyperfine field (H) of component 5 and the quad-

Fig. 3. Electrical resistivity change in liquid helium (�269 �C)
as a function of annealing temperature for unirradiated and

irradiated 15Kh2MFA base metal and Sv-10KhMFT weld

metal. Irradiation: 4:1� 1019 n/cm2 at 265 �C, E > 1 MeV.

Fig. 4. M€oossbauer spectrum of unirradiated 15Kh2MFA base

metal. Fig. 5. M€oossbauer spectrum of irradiated 15Kh2MFA base

metal, irradiation: 4:1� 1019 n/cm2 at 265 �C, E > 1 MeV.

Table 2

Fitting results of the M€oossbauer spectra

Sample C H

(kOe)

IS

(mm/s)

EQ

(mm/s)

Area

(%)

Base metal,

unirradiated

1 337.9 0.003 �0.006 56.4

2 308.9 �0.008 �0.009 31.8

3 280.4 �0.019 �0.012 7.1

4 245.5 �0.100 �0.060 1.7

5 133.3 0.081 0.078 1.7

6 – 0.072 0.350 1.3

Base metal,

irradiated

1 338.4 �0.003 �0.002 54.0

2 308.9 �0.013 �0.009 37.6

3 272.7 �0.022 �0.013 4.0

5 131.6 0.091 �0.078 3.4

6 0.084 0.243 1.0

Weld metal,

unirradiated

1 337.0 0.004 �0.006 51.1

2 309.9 0.001 �0.015 45.3

3 273.2 0.020 �0.012 1.6

5 129.6 0.097 �0.086 1.5

6 – 0.083 0.348 0.5

Weld metal,

irradiated

1 337.2 �0.001 �0.003 52.0

2 309.6 0.002 �0.004 43.2

3 273.2 �0.024 �0.013 1.8

5 125.4 0.103 �0.087 2.3

6 – 0.091 0.246 0.7

C¼ component, H¼hyperfine magnetic field, IS¼ isomeric

shift, EQ ¼ quadrupole splitting, area¼ relative intensity of the

different components.
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rupole splitting (EQ) of component 6 are clearly de-

creased. There are small changes in the integral inten-

sities of the components: the intensities of components 2

and 5 are increased and the intensities of components 1

and 3 are decreased. The intensity of component 6 was

not changed.

The hyperfine structure of the spectrum of the unir-

radiated weld metal consists of five components (Fig. 6).

They correspond to components 1, 2, 3, 5 and 6 in the

spectrum of the base metal, respectively (Fig. 4). Unlike

components 1 and 2, the hyperfine magnetic field of

components 3 and 5 became distinguishable when com-

pared to the corresponding parameters of the base metal

spectrum (Table 2). The integral intensity of component

2 was increased, which is consistent with the difference

in the composition between the base and weld metals.

After irradiation, the hyperfine parameters of the

spectrum of the weld metal were changed for compo-

nents 5 and 6 (Fig. 7).

4. Discussion

4.1. Unirradiated state

The M€oossbauer spectrum of the unirradiated base

metal consists of six components (Fig. 4). According to

the M€oossbauer results of the substitutional iron alloys

[10] and the Fe–C martensite [11], component 1 with its

hyperfine field value (H1 � 337:9 kOe) is attributed to

iron atoms with no alloying elements as their nearest

neighbours. Components 2 and 3 correspond to iron

atoms with one and two alloying elements (C, Cr, Mo,

V, Mn, Cu) as their nearest neighbours, respectively.

Such components exist also in the M€oossbauer spectra of

the RPV steels studied in [12].

The slightly larger H value of component 1 as com-

pared with the corresponding parameter of pure iron

(333 kOe) was also noted in [12]. It can be consistent

with the tendency to increase the hyperfine magnetic

field at the nuclei of iron atoms due to alloying elements

in the third and further coordination spheres [10]. The

higher H value of component 1 can also be associated

with the effect of Ni, the content of which is larger in the

RPV steel studied here than in the steel studied in [12].

Component 4 with the hyperfine field, H4 � 245:5
kOe, can be related to iron atoms in carbon clusters in

the solid solution. Here clusters mean atomic distribu-

tions where the nearest interstitial sites in the vicinity of

iron atoms are occupied by more than two atoms. TheH

value of component 4 is less than the corresponding

parameter in the spectrum of the binary Fe–C alloy [11],

and it is obviously associated with the effect of alloying

elements such as Cr, Mn, V and Cu on the magnetic

hyperfine interaction. It means that unlike the carbon

clusters in Fe–C martensite, the clusters in the RPV steel

may contain these alloying elements.

Components 5 and 6 (relative intensities 1.7% and

1.3%, respectively) belong to some precipitates con-

taining iron and other alloying elements. Taking into

account the parameter values of the hyperfine structure

of the spectra of the alloyed carbide in the steel [13] and

the values for isolated carbides in steels [14,15], it is

possible to consider such precipitates as carbides (per-

haps cementite) containing other substitutional atoms,

which can be formed during the heat treatment of the

base metal.

Hyperfine field of component 5 is smaller than that of

cementite (208 kOe) in [16]. This may be the result of

enrichment of the cementite by alloying elements [13].

Fig. 6. M€oossbauer spectrum of unirradiated Sv-10KhMFT

weld metal.

Fig. 7. M€oossbauer spectrum of irradiated Sv-10KhMFT weld

metal, irradiation: 4:1� 1019 n/cm2 at 265 �C, E > 1 MeV.
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As shown in [13,14,17], Mn and Cr reduce the hyperfine

magnetic field at the nuclei of iron atoms, and at certain

contents of Mn and Cr, hyperfine magnetic structure

vanishes. Since the magnetic state of the cementite de-

pends on concentration [13,14,17], and since the special

iron carbides with Cr, Mo, W and V contribute to the

M€oossbauer spectrum as a singlet or a doublet [15],

component 6 in the spectrum of the base metal is related

to a paramagnetic carbide enriched by the alloying ele-

ments. More accurate interpretation of this component

is rather difficult due to its insufficient resolution.

The line widths (full width at half maximum) of the

carbide components 5 and 6 (C1;6 � 0:572 mm/s for

component 5 and C1;2 � 0:552 mm/s for component 6)

are larger than those of component 1 (C1;6 � 0:373 mm/

s) related to iron atoms in the ferrite, which means an

inhomogeneous distribution of alloying elements and an

existence of iron atoms with different atomic surround-

ings in the carbide or the existence of other types of

carbides.

The distribution of the alloying elements is not sig-

nificantly different in the unirradiated weld metal which

is evident from the hyperfine structure of the M€oossbauer
spectrum (Fig. 6). The disappearance of the cluster

component 4 in the resonant spectrum is consistent with

the small amount of carbon in the weld metal (0.04 wt%)

as compared with that of the base metal (0.16 wt%).

Moreover, the larger contents of Si, Mn and Cu, as well

as the smaller Cr content in the weld metal than in the

base metal cause changes in the short-range ordering in

the substitutional system. That is exhibited by the in-

crease of the relative amount of iron atoms with one

alloying element in the first coordination sphere (Fig. 5,

Table 2, component 2) and the decrease of the fraction

of the iron atoms with two or more substitutional atoms

as their nearest neighbours (Fig. 5, Table 2, component

3). The fraction of the precipitates was not significantly

changed, which is evident from the integral intensity of

the carbide components 5 and 6.

Thus, according to the M€oossbauer measurements, in

spite of the insufficient resolution of the components 4–6

in the spectra (Fig. 4) and independent of their inter-

pretation, the atomic distribution in the unirradiated

base metal (after tempering at 700 �C) and in the weld

metal is not homogeneous and it is characterized by the

existence of impurities, clusters and carbides.

Atomic redistribution during annealing of the unir-

radiated base and weld metals was examined by electrical

resistivity, which is sensitive to the structural changes of

steels and redistribution of impurity atoms. The slightly

visible increase in the resistivity after heating at tem-

peratures above 350–400 �C indicates an increase of

electron scattering centers (Fig. 3), which can be caused

by release of the impurity atoms from the quenching-

and welding-induced defects and their redistribution in

the solid solution. This result is not in agreement with

the discussion of the study in [5] where the authors in-

terpreted a slight permanent increase of the average

positron lifetimes in 15Kh2MFA steels as a result of

coarsening of larger vanadium carbides at the expense of

smaller precipitates. However, in the case of only a

change in the size of the precipitates, the resistivity

should not be increased.

4.2. Irradiated state

Atomic distribution was changed in the base metal

due to irradiation (4:1� 1019 n/cm2, E > 1 MeV, 265

�C). As it follows from the changes of the integral in-

tensity of the M€oossbauer spectrum components (Table

2) the absence of component 4 in the resonance spectra

(Fig. 5) means that carbon clusters disappeared and

transformed perhaps to alloyed cementite or special

carbides. The decrease in the intensity of the component

3, which relates to iron atoms with carbon atoms or

alloying elements in the first coordination sphere, and

the increase of the fraction of the carbide component 5

confirms such description of atomic redistribution in the

solid solution under irradiation, and also an increase in

the amount of carbides.

The disappearance of the internal friction peak in the

irradiated state (Fig. 2) is due to the trapping of carbon

atoms in the irradiation-induced defects [18–20]. They

are probably not vacancies, because of the irradiation

temperature (265 �C), where vacancies are able to move

freely and therefore to anneal out, e.g. by recombination

with interstitials or by diffusion to sinks such as grain

boundaries. Thus, there will be a balance between the

production and the annealing of the vacancies during

irradiation according to [5], where carbide formation

was supposed to take place in the same type of RPV steel

due to irradiation. This can also be the reason for the

disappearance of the Snoek peak [21]. The other possible

trapping defects can be irradiation-induced defects:

interstitials, dislocations or vacancy clusters created in

collision cascades.

The decrease in the relative area of the component 3

can be partially associated with the transition of carbon

atoms from their interstitial sites due to capture by ir-

radiation-induced defects and partially with the forma-

tion of carbides [12,15,19,22]. It could not be identified,

if such alloying elements as Cr, Mn, Cu, etc. took part in

the redistribution process in the base metal, from the

results mentioned above due to the weak resolution of

the spectral components and the close values of the

parameters of hyperfine structure.

Neutron irradiation normally increases electrical

resistivity due to the formation of point defects, i.e.

vacancies and interstitials. The observed decrease in

electrical resistivity (Fig. 3) can be due to the decrease in

the dislocation density under irradiation and/or irradi-

ation-induced precipitation. The decrease in the dislo-
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cation density has been observed in TEM investigations

of 15Kh2MFA steel where 1:2� 1023 n/m2 (E > 1 MeV)

neutron dose decreased the dislocation density by an

order of 1–2� 1014 l/m2 [6]. The other main reason for

the resistivity decrease may be irradiation-induced pre-

cipitates such as Cu- and P-rich precipitates. Brauer et al.

[5] have proposed irradiation-induced M23C6-type car-

bide formation in a 15Kh2MFA steel, with an expected

radius in the range of 0.63–4.5 nm. Also changes in the

short-range atomic ordering due to irradiation can cause

decrease of electrical resistivity during irradiation [23].

One reason for the decrease in the electrical resistivity

can be the reduction of the scattering centers, such as

interstitial atoms or other defects due to the irradiation

as a result of the irradiation temperature (265 �C). On

the contrary, in the case of ‘freezing’ of the vacancies

after irradiation the resistivity should be increased.

The increase in electrical resistivity, occurring in the

irradiated specimens at temperatures above 350 �C, may

be due to release of impurities that were trapped in the

irradiation-induced vacancy clusters. Also small coher-

ent precipitates may have been formed. The irradiation-

induced changes in the specific electrical resistivity

values are not absolute because the irradiated and the

unirradiated specimens were not the same. Also the re-

sults may have been affected by the inhomogeneity of the

specimens, although the specimens were cut next to each

other.

The formation of voids and microcavities in RPV

steels during high-temperature irradiation was not con-

firmed in the positron annihilation or small angle X-ray

scattering studies [24,25]. Moreover, since the Snoek

peak did not reappear after annealing at 450 and 475 �C
(1 h) (Fig. 2), carbon atoms were not released from their

trapping sites during the recovery annealing, which

would be possible if carbon atoms were captured by

defects such as vacancy clusters, because the annealing

temperature of microcavities is below 350 �C [25]. The

constant value of the resistivity during annealing up to

the temperature of 400 �C (Fig. 3) confirms the above

interpretation of the behaviour of carbon atoms and

defect structure.

The irradiation-induced dislocation loops created in

the collision cascades during high-temperature irradia-

tion can be most probable traps for carbon atoms due to

the strong interaction between carbon atoms and dislo-

cations. Binding energy between a dislocation and a

carbon atom in iron is 0.75–0.85 eV [26]. On the other

hand, the increase in the integral intensity of component

5 in the M€oossbauer spectrum (Table 2) supports the

assumption that the disappearance of the Snoek peak in

Fig. 2 is due to the binding of carbon atoms in carbides

during irradiation.

M€oossbauer spectroscopy results reveal that there is

no significant change in the atomic distribution in the

solid solution of the irradiated weld metal as compared

with that in the unirradiated state (Figs. 6 and 7). The

small increase in the integral intensity of components 5

and 6 confirms the tendency to carbide formation during

neutron irradiation. Diffusion of the alloying elements

to cementite also takes place because the value of the

hyperfine magnetic field was decreased.

It was not possible to point out that the increase in

the electrical resistivity of the irradiated specimens

during annealing in the temperature range of 400–500

�C is connected to the release of impurity atoms from

the defects, or partial dissolution of the precipitates

because the internal friction results do not confirm the

reappearance of carbon atoms in the solid solution

during the annealing in that temperature range.

The temperature range of recovery lies in the temper

embrittlement temperature range (375–575 �C), where
P, Si and Sb tend to segregate to grain boundaries and

thus increase the ductile-to-brittle transition tempera-

ture. Temper embrittlement occurs most rapidly around

450–475 �C, which is the planned recovery annealing

temperature range for the VVER-440 pressure vessel

steels. Therefore, temper embrittlement should not be

ignored while predicting the recovery annealing behav-

iour, although this steel has molybdenum as an alloying

element, which is known to reduce the susceptibility to

temper embrittlement phenomenon.

5. Conclusions

The following conclusions can be drawn from the

measurements:

(1) Atomic distribution is not homogeneous in the base

(15Kh2MFA steel) and weld metals (Sv-10KhMFT)

studied.

(2) Neutron irradiation causes atomic redistribution in

the base and weld metals. The matrix is depleted

of interstitial atoms, probably due to the strong in-

teraction between irradiation-induced dislocations

and carbides. This is accompanied by a decrease in

the electrical resistivity.

(3) Annealing of the unirradiated or irradiated base or

weld metals does not change the electrical resistivity

at temperatures below 400 �C. The increase in the

electrical resistivity at temperatures above 400 �C
may be caused by a release of impurity atoms from

irradiation-induced defects or partial dissolution of

irradiation-induced precipitates.

(4) The small amount of carbon in the base metal ma-

trix and the matrix inhomogeneity make it difficult

to study 15Kh2MFA steel using internal friction

Snoek peak measurements. Also the very compli-

cated carbide structure makes the interpretation of

the results difficult. Thus, in future measurements

of interactions between irradiation-induced defects
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and interstitial atoms, i.e. carbon, nitrogen and oxy-

gen, well-characterized model alloys should be used.

(5) The electrical resistivity measurements proved to be

a sensitive method to measure recovery annealing

temperature ranges. Both the base and the weld me-

tal started to recover at temperatures above 350 �C.
The main recovery took place in the temperature

range of 400–550 �C. The interpretation of the elec-

trical resistivity changes is difficult due to numerous

factors. Thus, to understand the irradiation embrit-

tlement and recovery annealing mechanisms, electri-

cal resistivity measurements should be complemented

by ATEM investigations.

(6) M€oossbauer spectroscopy is an effective tool to study

atomic environments of the iron isotope probe at-

oms. According to the measurements, there is some

evidence of carbide precipitation under irradiation.

The internal friction and the electrical resistivity

measurements support this assumption. Because

the interpretation of the M€oossbauer spectra is diffi-

cult in complex steels, the carbide types or their

composition could not be identified. In the future,

more simple model alloys should be used to study

these phenomena in RPV steels by using M€oossbauer
spectroscopy.
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