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Abstract

Electron-microscopy and fractographic studies of the surveillance specimens from base and weld metals of VVER-
440/213 reactor pressure vessel (RPV) in the original state and after irradiations to different fast neutron fluences from
~5x 10 nm 2 (E> 0.5 MeV) up to over design values have been carried out. The maximum specimens irradiation
time was 84480 h. It is shown that there is an evolution in radiation-induced structural behavior with radiation dose
increase, which causes a change in relative contribution of the mechanisms responsible for radiation embrittlement
of RPV materials. Particularly, radiation coalescence of copper-enriched precipitates and extensive density increase
of dislocation loops was observed. Increase in dislocation loop density was shown to provide the dominant contribution
to radiation hardening at the late irradiation stages (after reaching double the design end-of-life neutron fluence of
~4 % 10?* n m™?). The fracture mechanism of the base metal at those stages was observed to change from transcrystal-

line to intercrystalline.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction

Rate and value of radiation embrittlement are known
to be determined by only structural changes in the steel
under irradiation. These changes depend on irradiation
conditions and chemical composition as well as on struc-
ture of the steel. For an adequate understanding of
different mechanisms contribution in radiation embrit-
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tlement of the steels irradiated to different fast neutron
fluences (for the design operation period and beyond),
the studies of the structural changes in the steels irradi-
ated to fast neutron fluence beyond design operation
period are necessary. Such studies allow more reliable
validation of RPV materials workability during opera-
tion and also an estimation of safe life prolongation.
The set of effects observed during radiation embrittle-
ment of RPV materials is stipulated, mainly, by joint
action of three mechanisms: the hardening of steel
under irradiation, the formation of intergranular impu-
rity segregation, and also the occurrence of impurity
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segregation to interface boundaries precipitates/matrix,
i.e. the occurrence of intragranular impurity segregation
[1-3]. It was shown [1] that at fast neutron fluence of
<10** n m~? (hereinafter fast neutron fluence is given
with E > 0.5 MeV) radiation embrittlement for VVER-
440/213 materials is originated mainly from two mecha-
nisms: the hardening (yield strength increase) caused by
the occurrence of radiation defects and radiation-
induced precipitates, and also by the occurrence of intra-
granular phosphorus segregation to interface boundaries
under irradiation. At such values of neutron fluence the
third mechanism of radiation embrittlement of RPV
steels — the occurrence of intergranular phosphorus seg-
regation — is responsible, as a rule, for an insignificant
part of radiation-induced shift of ductile-to-brittle tran-
sition (DBT) temperature, not more than ~10-20%, pre-
sumably [1,4].

With neutron fluence increase the relative contribu-
tion of different mechanisms to radiation embrittlement
could be considerably changed, because of matrix deple-
tion by the elements that form radiation-induced precip-
itates (that are a support for intragranular interface
segregation). The data showing multi-stage character
of radiation embrittlement for VVER-440 materials
proves it [5-7].

According to the above-mentioned considerations
the objective of the present work was a comparison of
structural and fractographic studies for VVER-440 pres-
sure vessel base and weld metals irradiated up to the flu-
ence of 8.66x10**nm™2 to obtain more adequate
understanding of the mechanisms that determine radia-
tion embrittlement of the steels at the stages beyond de-
sign operation period.

2. Materials and test methods

The base (15Kh2MFA) and the weld (Sv-10KhMFT)
metals (Table 1) of VVER-440 reactor pressure vessel
were studied.

The embrittlement of specimens after irradiation was
estimated by ductile-to-brittle transition temperature
shift and also by the decrease of the upper shelf energy
(USE) level on the temperature dependence curve for
impact tests.

The ductile to brittle transition temperature evalu-
ated according to [8,9] was accepted as ductile-to-brittle
transition temperature (DBTT). The evaluation tech-

nique of critical brittleness temperature is given in de-
tails in [10].

Broken halves of Charpy specimens were studied
using fractography. To preserve their fracture surfaces
they were selected and stored in vacuum immediately
after testing.

The fracture surfaces were studied using an X-ray
micro analyzer SXR-50 modified for radioactive exami-
nation (‘Cameca’ Co., France), and placed in a hot cell.
Fracture images were obtained using secondary elec-
trons at an accelerating voltage of 20 kV and a probe
current of 0.8 nA in the magnification range 50-3500.
The percentage of different fracture modes (ductile, brit-
tle intergranular, ductile intergranular, cleavage and
quasi-cleavage) in the total fracture surface after testing
at different temperatures was estimated by Glagolev’s
method [11]. The absolute error of measuring at confi-
dence level of 95% did not exceed 5%. The test temper-
atures for each material corresponded to: USE; DBTT
and lower shelf energy (LSE) on the impact bend energy
temperature dependence curve.

Transmission electron microscopy (TEM) studies
were carried out using an electron microscope TEM-
SCAN-200CX (‘Jeol’, Japan) at an accelerating voltage
of 200 kV. The density of radiation defects and precipi-
tates were estimated with a foil thickness measured using
a convergent beam electron diffraction method [12],
which provides an accuracy with errors less than 5%.
The specimens for TEM-studies were cut out from the
broken halves of Charpy specimens. Further prepara-
tion of specimens included electropolishing using a
‘Struers’ installation (Austria) at a temperature of —60
to —70 °C just before placing them in the microscope.
The electrolyte composition for electropolishing was
10% HC104 +90% methanol.

3. Results

The investigated materials were exposed to neutron
radiation in the surveillance channels of VVER-440/
213 reactor pressure vessel at 270 °C and to thermal age-
ing at 290 °C. The results of mechanical tests for the
materials studied are presented in Figs. 1-4.

As can be seen from Figs. 1 and 2, irradiation caused
essential increase in yield strength and in critical brittle-
ness temperature of the steel. The dose dependencies in
Figs. 1 and 2 have a well defined multi-stage character.

Table 1

Chemical composition of the materials studied (wt%o)

Material Grade C Si Mn Cr S P Cu Mo v
Base metal 15Kh2MFA 0.16 0.23 0.41 2.63 0.010 0.010 0.09 0.66 0.28

Weld metal Sv-10KhMFT 0.05 0.29 0.87

1.53 0.005 0.010 0.03 0.48 0.48




E.A. Kuleshova et al. | Journal of Nuclear Materials 342 (2005) 77-89 79

1400

T T T T 0
0 2 4 6 8 10

Fluence, 10° nm- (E>0.5MeV)

Fig. 1. Ductile-to-brittle transition temperature and yield
strength of the base metal as a function of fast neutron fluence
in comparison with the standard reference dependence specified
for evaluation of radiation embrittlement for VVER-440 base
metal (AT = 18F'7) [8].

C

S
« 100+
w

AT,
® < T,
212 Y

T 0
0 2 4 6 8 10

Fluence, 10* n-m™ (E>0.5MeV)

Fig. 2. Ductile-to-brittle transition temperature and yield
strength of the weld metal as a function of fast neutron fluence
in comparison with the standard reference dependence specified
for evaluation of metal radiation embrittlement for VVER-440
weld metal (AT = 800(P + 0.07Cu)F?) [8].

At fluences above (1-1.3) x 10** n m~2 the character of
yield strength dose dependence has no formal correla-
tion with transition temperature shift in the range of flu-
ences, where yield strength decrease and DBTT growth
(especially for weld metal) are observed. However, this
important fact for understanding of the phenomenon
nature needs additional explanation involving extra ex-
perimental data.

A comparison of the data given in Figs. 1 and 2 and
the thermal ageing data given in Figs. 3 and 4 for the
materials studied showed that changes in critical brittle-
ness temperature and in yield strength caused by irradi-
ation are much higher than the corresponding changes
caused by thermal ageing. It should be noted that for
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Fig. 3. Ductile-to-brittle transition temperature and yield
strength of the base metal at thermal ageing at 290 °C.
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Fig. 4. Ductile-to-brittle transition temperature and yield
strength of the weld metal at thermal ageing at 290 °C.

base metal there is an explicit overageing stage in a flu-
ence range of ~(2—4) x 10** n m~? (Fig. 3).

The results of fractographic studies of Charpy speci-
mens from base metal in the initial condition, after irra-
diation at 270 °C to fluence 8.66 x 10 n m™> and after
thermal ageing at 290 °C during 3520 days (84480 h that
corresponds to irradiation time of the specimens to the
fluence 8.66x 10**nm~>) are presented in Table 2.
The results obtained allow a formulation of the follow-
ing regularity concerning mode of fracture structure.

The quantitative processing of the fractographic re-
sults shows that the normalized values of absorbed
energy — A/A,s (A — value of absorbed energy at partic-
ular temperature, 4,5 — upper shelf energy) correlate to
the fraction of zones with ductile fracture mode in the
total fracture surface under all the conditions and tem-
peratures of impact tests.

In the initial condition there is small brittle intergran-
ular fraction in the fractures of the specimens from base
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Table 2

The results of fractographic studies of Charpy specimens of base and weld metals

Material Condition, Fluence, Specimen Ty, Absorbed Fraction of structural components in the fracture, %
24 -2 o
10" n m™, DBTT number C energy, J Ductile Quasi- Cleavage Brittle Ductile
cleavage intergranular intergranular
Base Unirradiated, 1 —-60 10 - 95 Traces 5 -
metal DBTT = -52°C 2 —40 51 30 55 5 10 -
3 100 187 100 - -
Thermal aging at 290 °C 4 —100 4 - 90 5 5 -
during 84480 h, 5 —40 13 5 70 5 20 -
DBTT = -31 °C, 6 —40 41 20 60 5 15 -
Aoy, =26 MPa 7 -20 70 35 50 5 10 -
Irradiated, 8 200 52 45 Traces - 50 5
Fluence = 8.66, 9 220 39 30 - - 65 5
DBTT =198 °C, 10 220 93 95 - - - 5
AG()_Z =467 MPa
Weld Unirradiated, 11 =20 13 5 90 5 - -
metal DBTT =8°C 12 0 27 15 80 5 - -
13 20 63 40 50 10 - -
14 100 129 100 - - - -
Irradiated, 15 75 4 10 75 15 - -
Fluence = 8.98, 16 175 42 55 25 10 - 10
DBTT =182 °C, 17 220 63 90 - - - 10

Acy» = 441 MPa

metal tested in the temperature range from LSE level to
DBT region. Probably, the presence of the given struc-
tural component in the fracture is caused by low cooling
rate from the tempering temperature, which makes
kinetically possible the formation of phosphorus inter-
granular segregation during heat treatment of steel (at
cooling after tempering).

Irradiation of steel causes essential changes in the
fracture structure of impact-test specimens at compara-
ble test temperatures. Thus, in specimen fractures tested
in the range of temperatures corresponded to USE, in
addition to the zones with ductile dimple fracture mode
there are the zones with ductile intergranular fracture
mode (Fig. 5). Their percentage in the total fracture sur-
face reaches 5-10%. The presence of ductile intergranu-
lar component indicates the progress of segregation
processes in the steel under irradiation and the occur-
rence of precipitates with phosphorus segregation on
their interface boundaries in locations of former austen-
ite grains. It was shown earlier [1,2] that ductile inter-
granular fracture mode, which realizes in the case,
when grain boundaries are decorated with precipitates
with phosphorus segregation on them, that decrease
cohesive strength of these boundaries, is an indirect con-
firmation of segregation presence on radiation-induced
precipitates located on the former austenite grain bound-

Fig. 5. The region of ductile intergranular fracture mode in the
irradiated specimen from the base metal.

aries. In this case the surface of ductile fracture, that
envelopes interface boundaries of segregation, follows
grain boundaries of the material. As it was shown in
[13,14], similar phosphorus segregation is observed on
copper-enriched clusters, carbides (carbonitrides) and
dislocations. In the general case similar precipitation
could present on the grain boundaries in the initial state
and/or occur as a result of irradiation or heat treatment.
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The fact of the occurrence of the zones with ductile inter-
granular fracture mode in the fractures indicates that
atomic decohesion of interface of precipitates that deco-
rate grain boundaries can be at lower stress level, than
ductile cleavage.

At decreasing of test temperature down to the values
close to DBTT a marked drop is observed of the per-
centage of ductile and ductile intergranular fracture
mode in the total fracture surface of the irradiated spec-
imens. Simultaneously, in the base metal specimens, the
occurrence of significant quantity of the zones with brit-
tle intergranular fracture mode is observed (Fig. 2).
Their fraction in the total fracture surface reaches
65%. A comparison of the results of earlier fracto-
graphic studies for a wide spectrum of VVER-440 steels
with different phosphorus content (up to 0.04%) irradi-
ated to fast neutron fluence of ~10** n m~2 indicates
that neutron fluence growth up to ~10*> n m~ increases
fraction of brittle intergranular fracture mode in 2.5-3
times in the specimens from base metal.

Attention is drawn to the fact that there is no brittle
intergranular mode in the fractures of the irradiated
specimens from weld metal. It should be noted that
influence of phosphorus content on the fraction of brit-
tle intergranular component is of complex character.
Thus, in VVER-440 base metal specimens, where phos-
phorus content is, as a rule, significantly less, than in
VVER-440 weld metal, after irradiation there are zones
with brittle intergranular fracture mode in Charpy spec-
imens [15]. At the same time the similar type of fracture
was never seen in Charpy specimens of VVER-440 weld
metal. Presumably it is caused by differences in micro-
structure of these materials. According to the data
[15], it might be pointed out that there is a possible rea-
son for higher tendency of Charpy specimens from irra-
diated VVER-440 base metal to exhibit brittle
intergranular fracture in comparison with similar Char-
py specimens from irradiated VVER-440 weld metals.
As metallographic examination has shown, the micro-
structure of the base metal is homogeneous and consists
of tempered bainite [15]. Compared to base metal, the
grains of VVER-440 weld metal consist of tempered bai-
nite and in locations of former high angle austenite grain
boundaries there are also grains of excess alpha-ferrite
without carbide segregation where intergranular fracture
of impact-test specimens occurred mainly [15]. Alloying
of steels with Mo and Mn results in a marked drop of
phosphorus solubility in alpha-ferrite [16] and, accord-
ingly, causes decreasing of phosphorus segregation on
high angle boundaries of the weld (practically lack of
phosphorus segregation on high angle boundaries of
austenite grains was demonstrated with the use of 3D
Atom-Probe in the works [13,14]). At the same time at
impact testing of Charpy specimens made from base
and weld metals of VVER-1000 with identical homoge-
neous tempered bainite structure on section of former

austenite grains, the occurrence of brittle intergranular
fracture in Charpy specimens is of equal probability [15].

Fractographic studies of the specimens from base
metal subjected to heat treatment (at 290 °C) without
irradiation have revealed the brittle intergranular com-
ponent in the fracture, however, fraction of this compo-
nent is much less than in the fractures of irradiated
specimens and does not exceed 25 %.

Grain-boundary phosphorus segregation, changing
local material properties, does not result in yield
strength increase, obviously. However, influence of phos-
phorus on radiation embrittlement is not only the for-
mation of grain-boundary segregation. It was shown in
several publications [1,17] that in many cases phospho-
rus contribution in radiant embrittlement can be stipu-
lated mostly by hardening mechanism. It can be
connected with phosphorus segregation to intragranular
precipitates of the second phase — on precipitate/matrix
interface.

The modeling of radiation-induced phosphorus seg-
regation at rounded precipitates was carried out in the
work [18]. It was shown that in irradiation conditions
of VVER-440 pressure vessel steels such segregation oc-
curs at irradiation to fluence of ~10?* n m~2, at that the
density of phosphorus on precipitate boundaries reaches
several percents. Also the occurrence of ductile inter-
granular component in Charpy specimen fractures after
irradiation is an indirect confirmation of the fact that
under irradiation phosphorus segregation occurs on
the interface boundaries of precipitate/matrix. Another
mechanism of hardening caused by phosphorus can be
its influence on concentration of interstitial loops [19].
Some experimental data [20-22] confirms that growth
of phosphorus content in the steel causes irradiation
hardening.

The results of electron-microscopy studies of the
specimens from base and weld metals in the initial con-
dition and after irradiation to different neutron fluences
up to 8.66 x 10** n m~2 are given in Table 3.

The results obtained allow a formulation of the fol-
lowing features of radiation-induced microstructural
behavior for base and weld metals of VVER-440 under
irradiation up to the neutron fluence of 8.66x
10** n m~2 (E > 0.5 MeV) that is for beyond design oper-
ation period (Fig. 6).

As the irradiation dose increases radiation defects be-
come prevailing radiation-induced microstructural com-
ponents in base and weld metals (Table 3). The radiation
defects in the steels are seen as ‘black dots’ and disloca-
tion loops with ‘zero’ contrast line (Fig. 7). Analysis of
the dark-field images obtained using different effective
reflection vectors shows, that all visible defects are dislo-
cation loops. The density of radiation defects in studied
base metal irradiated to the over design fluence is (50—
60) x 10'° cm™>, and their density in weld metal is (60—
70) x 10" cm 3.
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Table 3

The results of electron-microscopy studies of base and weld metals in initial condition and after irradiation to different neutron fluences

No. Condition Nloopsa <d> loops» Ndiska <d>disk7 Nroundcd: <d>roundcda
10 cm™3 nm 10" cm™3 HM 10" cm ™3 nm

Base metal (Cu = 0.09%)

1 Unirradiated - — 0.1-0.15 25 - -

2 Irradiated, F=53x 10 nm™? 6-8 46 45 20 100-150 2-3

2 Irradiated, F= 1.3 % 10** n m~2 30-40 8-9 3-4 23 40-50 3-4

4 Irradiated, F = 8.66 x 10** n m~> 50-60 9-10 0.3-0.5 15 10-20 5-6

Weld metal (Cu = 0.03%)

1 Unirradiated - - 0.2-0.3 30 - -

2 Irradiated, F= 5% 10> n m™2 0.9-1.0 45 2-3 11.5 500-700 2-3

2 Irradiated, F=1.3x10** nm™> 30-40 7-8 10-15 25 30-40 3-4

4 Irradiated, F = 8.66 x 10** n m~2 60-70 10-11 8-10 18-20 10-15 4-5

Fig. 6. The region of brittle intergranular fracture mode in the
irradiated specimen from the weld metal.

Fig. 7. Radiation defects in the irradiated (fluence of
8.66 x 10%* n m~2) base metal (x100000).

Under irradiation there is occurrence of new popula-
tion of disk-shaped precipitates (Fig. 8) (disk-shaped
precipitates are M;(C,N); carbonitrides enriched by

Fig. 8. Disk-shaped precipitates in the irradiated (fluence of
8.66 x 10** n m~?) base metal (x100).

vanadium [13,14]). As base metal is under irradiation
the density of these precipitates decreases a little, and
irradiation of weld metal causes some increase of their
density and decrease of the mean size.

Irradiation of RPV steels results also in occurrence of
rounded precipitates of 2-6 nm (Fig. 9) in them. These
precipitates are distributed homogeneously inside grain
body of the metal. At early stages of irradiation their
density increases sharply, and as irradiation rises the
density drops progressively (Table 3). The data [13,14]
shows that these precipitates are copper-enriched precip-
itates, and there is an assumption in the work [23] that
their formation is of cascade nature.

A comparison of the results of electron microscopy
studies of the given irradiated steels (see Table 3) and
the results for RPV obtained earlier [2], the following
features connected with neutron fluence increase up to
the over design values are noted:

¢ Increase in the density of radiation defects by more
than 50 times and growth of their size by 2 times.

e Decrease in the density of copper-enriched precipi-
tates by about 50 times and growth of their size by
2 times.
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Fig. 9. Copper-enriched precipitates in the irradiated (fluence
of 8.66 x 10°* n m~2) base metal (x100000).

4. Discussion

The results obtained show that at the late stages of
RPV steels irradiation beyond the design operation per-
iod the following structural changes were observed:

1. Occurrence of many radiation defects — dislocation
loops.

2. At early stages of irradiation the radiation-induced
precipitates dominate, their density being increasing
with radiation dose and then decreases; the radiation
defects dominate at late stages of irradiation.

3. Fracture mechanism of the base metal at the late irra-
diation stages was observed to change from trans-
crystalline to intercrystalline.

First of all, it should be noted the very high (up to
65%) fraction of brittle intergranular component in the
fractures of the irradiated base metal. The steel studied
is rather pure with regard to impurity elements and,
particularly, phosphorus content is 0.011%. Earlier,
at studying RPV steels of VVER-440, when fast neu-
tron fluence did not exceed the design fluence
(<10** n m~2), it was shown that fraction of brittle inter-
granular fracture mode, as a rule, was not more than
10-20%.

It is known that in steels with body centered cubic
lattice the occurrence of zones with brittle intergranular
fracture mode in the fractures is stipulated, as a rule, by
the formation of intergranular impurity segregation
(principally phosphorus). The occurrence of intergranu-
lar phosphorus segregation is observed in RPV steels at
irradiation temperature (~270-290 °C), which is much
lower than typical temperatures (400-550 °C) for the
steel temper brittleness [24]. However, practically in all
experimental studies concerning temper brittleness the

thermal aging times did not exceed 10000-20000 h
[24]. As it is known in the steels there is practically no
affinity of phosphorus for grain boundaries (i.e. it equals
0) at the temperatures higher than 600-650 °C and the
affinity increases with temperature decrease (Fig. 10).
Nickel alloying of the steel clear causes the non-mono-
tonic increase of phosphorus affinity for the grain
boundaries in the steels as temperature decreases (Fig.
10). At rather low temperatures the formation of inter-
granular phosphorus segregation is controlled only by
kinetic factor (Fig. 11), therefore at the given tempering
time the level of intergranular phosphorus density in the
beginning increases with tempering temperature de-
crease, then has a maximum and further decreases [24].
Hence, prolongation of heat treatment (by more than
an order of values as compared to the basic experimental
data file obtained for temper brittleness) can change
considerably a character of temperature dependences
concerning evolution of intergranular phosphorus segre-
gation especially at low temperatures.

According to the above-mentioned, fractographic
studies of the base metal specimens from the thermal
set subjected to isothermal ageing (3520 effective days
at 290 °C) without irradiation were carried out. These
studies allowed to separate the contribution of radiation
component in occurrence of intergranular segregation
from temper brittleness effect at the working tem-
peratures of ~270-290 °C and equivalent time — about
100000 h. A comparison of the fractions with brittle
intergranular fracture mode in the specimens from the
thermal set and irradiated base metal (see Table 2)
shows that in the specimens irradiated the fraction is
by three times less than in the specimens of the thermal
set.

It was shown [25] that thermal ageing of Cr—Ni-Mo
steel at ~275 °C for 60000 h causes increase in the den-
sity of intergranular phosphorus in 10 times less, than
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Fig. 10. Equilibrium phosphorus concentration as a function of
ageing temperature.
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Fig. 11. The dependence of the grain boundary phosphorus
segregation kinetics on aging temperature for the steel with 0%
Ni and 0.01% P.

after irradiation to fast neutron fluence of 6.2 x
102 nm™2

As noted above, the essential contribution of brittle
intergranular mode in the specimens fractures after irra-
diation, connected with phosphorus segregation on the
grain boundaries, is detected only in the base metal,
and is not observed in the weld metal, that is caused
by essential microstructural differences of these mate-
rials. Therefore, for the base metal it is important to
estimate accumulation of phosphorus on the grain
boundaries under irradiation and its possible contribu-
tion to radiation embrittlement. The kinetics of phos-
phorus accumulation on the grain boundaries, taking
into account radiation-accelerated diffusion of phospho-
rus by vacancy and interstitial mechanisms and radia-
tion-induced segregation to the grain boundaries, was
studied in [26,27]. The results for RPV inner wall and
the surveillance specimens studied in the present work
are presented in Fig. 12. It is seen that at a temperature
of 270 °C irradiation accelerates phosphorus enrichment

GB
C,, at.%

0 I
0.0 0.2 04 0.6 0.8 1.0

Fluence, dpa

Fig. 12. Calculation for phosphorus accumulation on the grain
boundaries of base metal (0.01% P) in the inner RPV wall
(K=3x10"""dpa/s) and in the surveillance specimens
(K=2.8x10"° dpals) at 270 °C.

of the grain boundaries. At identical irradiation doses
phosphorus enrichment of the grain boundaries in the
surveillance specimens is lower, than on the inner sur-
face of the pressure vessel.

As mentioned above, in VVER-440 RPV steels at
rather small radiation doses the matrix hardening is con-
nected, mainly, with the formation of copper-enriched
precipitates, not dislocation loops, and it is possible to
describe it sufficiently by the existing standard reference
dependence specified in the Russian Guide [8]. As fol-
lows from the calculations made (Fig. 12), the phospho-
rus accumulation on the grain boundaries of base metal
forms rather slowly. Therefore, the mechanism of inter-
granular embrittlement connected with this accumula-
tion could be revealed and considered at rather high
radiation doses.

The model of embrittlement similar to the one used
in the works [26,28] was developed in [27], and it consid-
ers both mechanisms mentioned. The first mechanism
connected with the matrix hardening causes yield
strength o, increase and a DBTT shift AT}, the second
one connected with phosphorus segregation and lower-
ing of intergranular cohesion causes decrease of inter-
granular fracture stress op and AT, connected with it.
If both mechanisms operate, in assumption of additivity
the total DBTT shift AT = AT} + AT, [27,28]. As can be
concluded from [29] the assumption of additivity can be
considered as very rough since matrix hardening and de-
crease of grain boundary cohesion due to phosphorus
segregation are synergistic phenomenon.

Under irradiation the value of oy increases, and og
decreases. Since some critical dose F., of < 0., where
a. 18 a stress of ductile intergranular fracture. After that
the mechanism of intergranular embrittlement contrib-
utes into AT, and this contribution increases with flu-
ence growth. As experimental studies of reversible
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temper brittleness for low alloyed steels [3,24] shows
(conditions of thermal ageing), a DBTT shift AT, con-
nected with phosphorus segregation on the grain bound-
aries, is proportional to Ao which one in turn is
proportional to ACS® that is a change of phosphorus
density on the grain boundaries.

Neglecting the synergistic effect of the matrix harden-
ing, that is usually considered to be responsible for radi-
ation embrittlement, and decrease of grain boundary
cohesion due to phosphorus segregation and taking into
account the standard reference dependence specified in
the Russian Guide [8] it can be suggested the following
equation for radiation-induced DBTT shift:

ATy = ApF'P + 8 - Ap(CSB(F) — CSB(F)), 1)

where Fj is the threshold fluence for phosphorus segre-
gation effect: 0=0 when F<F, and 0=1 when
F > F,. The dependence C53(F) is calculated by model-
ing of phosphorus accumulation on the grain bound-
aries, the value of F, is considered as adjusted
parameter.

The results of the calculation by the model suggested
together with experimental data are presented in Fig. 13.
The dose is given in displacement per atom (dpa) on the
basis of 10**nm™2 (E> 0.5 MeV) = 0.1 dpa, and as Fy
the fluence of 2x 10** nm~2 (E > 0.5 MeV) is chosen.
The proportionality coefficient 4p is chosen as 7 (°C/
at.%P) that agrees with the experimental data [28] for
dependence AT,(C5®) in thermal ageing conditions.
The coefficient o that equals ratio between phosphorus
density on the grain boundaries before irradiation to
its content in the matrix and it takes into account possi-
ble phosphorus adsorption on the grain boundaries dur-
ing preliminary heat treatment.

It is seen that the model dependence (1) suggested de-
scribes satisfactorily the data at high radiation doses. It
should be noted that this dependence also describes the
data obtained on the surveillance specimens from base
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Fig. 13. Comparison of calculated DBTT dependence on
damage dose for the base metal with the experimental data.

metals of other NPP: Armenia Unit 2 and Rovno Unit
2 reactors [27]. As regard to the weld metal, phosphorus
accumulation on the grain boundaries in it occurs much
less. Therefore, in weld metal at high neutron fluences
there is only intragranular embrittlement connected with
the formation of intragranular solute segregation and
matrix hardening by interstitial loops.

TEM studies of the specimens irradiated to neutron
fluence of 8.66 x 10** n m~2 have demonstrated consid-
erable increase in the density growth of dislocation loops
as compared to the steels studied earlier irradiated to de-
sign end-of-life neutron fluence (see Table 3). High den-
sity of formed radiation defects causes high radiation
hardening of the matrix (essential yield strength in-
crease: Agy, =442 MPa is observed, see Table 2), that,
in its turn, at other conditions being equal promotes
change in strength balance between grain body/grain
boundaries to the grain body. At impact testing it makes
more preferable not transcrystalline fracture, but inter-
granular fracture of the specimens [29,30]. Therefore,
increase of intergranular fraction in the fractures of
the specimens irradiated to high neutron fluence hap-
pens due to synergetic interaction of grain body hard-
ening and radiation-induced intergranular phosphorus
segregation.

Recovery annealing of RPV steels irradiated at the
temperatures of <475°C (i.e. at the temperature of
recovery annealing that is used for safe life prolongation
of the nuclear reactor pressure vessels) do not result in
complete recovery of the radiation-induced structural
changes [2]. This annealing causes nearly total disap-
pearance of radiation defects, considerable but not com-
plete density recovery of radiation-induced precipitates
and intragranular phosphorus segregation. They do
not cause decrease a level of intergranular phosphorus
segregation and even can promote its increase. However,
essential recovery of yield strength (matrix hardening
decrease) as a result of recovery annealing at constant
intergranular segregation level can lead to grain body
fracture as more preferable.

Fractographic studies have shown that fraction of
ductile intergranular fracture mode in the fractures of
base metal specimens irradiated is 5%, and in the frac-
tures of weld metal specimens it is 10% (see Table 2).
It should be noted that fraction of ductile intergranular
fracture mode in the specimen fractures of any steel does
not depend directly on the level of phosphorus segrega-
tion on the interface of the corresponding precipitates.
The fraction is estimated, mainly, by surface share of
grain boundaries that are decorated by these precipitates
in the total grain boundary surface. Observations with
the use of TEM method show that precipitate decora-
tion of the boundaries occurs extremely irregular. This
fact makes principle difference between ductile inter-
granular fracture and brittle intergranular fracture. Nev-
ertheless, small fraction of ductile intergranular fracture
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mode in the irradiated steel studied as compared to
analogue fraction in RPV steels studied earlier (up to
15% in the steels irradiated to lower neutron fluence
<10*nm™2 [2]), probably together with low copper
content, is stipulated by total decrease in the density of
radiation-induced precipitates, that are support for
intragranular interface segregation.

As follows from TEM data (Table 3), the density of
radiation-induced copper-enriched precipitates in the
RPYV steels irradiated to over design fluences more than
in 50 times lower than at early radiation stages. Such
behavior of the copper-enriched precipitate density can
be caused as by re-dissolution of copper-enriched precip-
itates due to dispersions by the fast neutrons (originated
from atom cascade collisions) of atoms forming precip-
itates into the matrix as by radiation-induced coales-
cence (diffusion re-dissolution) at relatively high
radiation doses. The observed peculiarities of this pro-
cess can be connected with complicated composition of
the segregation and their evolution under irradiation.

The dependences of density for interstitial loops,
rounded and disk-shaped precipitates and their sizes
on fast neutron fluence are presented in Figs. 14 and
15. Here there are presented also predictions of the coa-
lescence theory (diffusive re-dissolution) for copper-en-
riched (rounded) precipitates according to which time
dependences of density and size have the following form:
N~ 174, dpy ~ £12. Tt is seen that the theory predic-
tions agree satisfactorily with the experimental data for
base metal and disagree in a case of weld metal. It
should be noted, that in the classic coalescence theory
it is supposed that volume of precipitates are constant.
As follows from Table 3, this condition is satisfied for
rounded precipitates in base metal. At the same time,
as estimations show, in a case of weld metal there is
essential volume decreasing for these precipitates in an
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Fig. 14. The density of rounded (Vy), disk-shaped (N4) precip-
itates and dislocation loops (V) as a function of fast neutron
fluence together with prediction of the coalescence theory for
rounded precipitates (Ntp,) for base and weld metals.
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Fig. 15. Average size of rounded (d;), disk-shaped (dy) precip-
itates and dislocation loops (d}) as a function of fast neutron
fluence together with prediction of the coalescence theory for
rounded precipitates (dry,) for base and weld metals.

interval of fluences of 5.3 x 10*~1.3 x 10** n m 2, after

this dose the volume remains constant.! Another
assumption of the coalescence theory is stability of diffu-
sion constant and it also can be not satisfied under irra-
diation, as the constant of radiation-accelerated copper
diffusion depends essentially on the density of point de-
fects. This density is determined by re-combination coef-
ficient and by sinks density, which varies with neutron
fluence increase. As estimations show, at the fluences
of >102 nm™2 this density can exceed essentially (by
an order) the general dislocation density in RPV materi-
als (~10'"" cm™2).

Typical for radiation-induced structural changes in
both base and weld metals after irradiation up to the
over design fluence of ~10*° nm™2 is domination of
radiation defects — dislocation loops as compared to
other radiation-induced structural components (disk-
shaped and copper-enriched precipitates, see Table 3).

In the work [1] the different mechanisms and their rel-
ative contribution to radiation embrittlement (i.e. DBTT
shift estimated at impact tests) of RPV steels were stud-
ied carefully. There was shown that radiation embrittle-
ment is stipulated, first of all, by the formation of
intragranular phosphorus segregation and in lesser
degree by complex of effects, which is accepted to name
shortly as radiation hardening. The contribution of
intergranular phosphorus segregation in radiation
embrittlement of RPV steels was evaluated as not more
than 10-20%.

! 1t also can be stipulated by the fact that in weld metal there
are a lot of ultrafine precipitates, which cannot be detected by
TEM studies because their sizes are out of the method
resolution.
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The complex structural and fractographic studies al-
low more clear understanding of indicated above mech-
anisms effect, that, as a whole, results in radiation
embrittlement of RPV steels at late stages of irradiation.

The dependencies of DBTT shift and yield strength
on radiation dose increase for the studied base and weld
metals of VVER-440 are shown in Figs. 1 and 2. Com-
parison of TEM-studies results and these dependencies
shows that there is a correlation between radiation-in-
duced structural changes and character of yield strength
increase in the steel. Increase of Ao at first stages of irra-
diation (up to (3-4)x10®nm~?) is stipulated by
marked growth of radiation-induced precipitate density
that prevails over density growth of radiation defects.
At further increase of radiation dose the density of pre-
cipitates decreases, and the density of radiation defects is
not yet great enough, that causes slowing-down of Ao
growth and even its lowering. At late stages of irradia-
tion to fluences close for design and beyond design oper-
ation period, the marked growth of yield strength,
mainly, is stipulated by formation of many radiation de-
fects — dislocation loops. There is a change of the mech-
anism that controls radiation hardening of the material.
Such behavior of yield strength fits theoretical concept.

According to the existing theory for hardening (see,
for example, discussion in [26]), the contribution of this
defect type into the yield strength increase Ac can be
presented as the following:

Ao = o;MGbV/Nd, (2)

where G is shear modulus, b is Burgers vector, M is Tay-
lor factor, N and d are density and size of the given de-
fect type, and o is corresponding to them hardening
coefficient.

It should be noted that the value of o; was evaluated
only for rather large defects [26]. It is not known for
ultra small defects with sizes less than TEM resolution
limits, though in [26] there was noted a tendency for o;
value to decrease with d decreasing. In the work
[31] there was made a comparison of Ag experimental
values after irradiation of several austenitic steels in
ORR at the temperatures 60-400°C up to 7dpa
with calculated by Eq. (2) values using electron-micros-
copy data concerning densities and sizes of different
lattice defects. In this work the satisfactory agree-
ment of Ag calculated and experimental values for the
temperatures of ~300 °C was obtained. At the tempera-
ture of ~400 °C, the calculated value of Ag is smaller, as
compared to experimental. According to [31] it is con-
nected with possible neglect of the contribution of invis-
ible defects, or with influence of radiation-induced
segregation of alloy components to the defects on the
value of «;.

For ultrafine defects of a lattice observed in RPV
steels such as precipitates and loops the precise values
of hardening coefficients are not known. Maximum pos-

sible contribution to the hardening of rounded and disk
precipitates, and also contribution of dislocation loops
to radiation hardening of base and weld metals together
with experimental data from Table 2 are shown in Fig.
16. The contributions were evaluated using data of
Table 3 by Eq. (2) when maximum of hardening coeffi-
cients is assumed to be: o;M = 1 (see [26]). Using data
of Fig. 16 it is possible to conclude that ultrafine cop-
per-enriched precipitates are, apparently, weak harden-
ing barriers (¢;M < 1). At the same time the coefficient
of hardening by dislocation loops grows with their size
growth, so that at maximum neutron fluence their con-
tribution can define completely the yield strength in-
crease measured.

The differences observed in dose dependences of yield
strength and DBTT shift (see Figs. 1 and 2) can be
attributed to other mechanisms of radiation embrittle-
ment, i.e. by the formation and evolution of intragranu-
lar and intergranular phosphorus segregation.
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Fig. 16. Comparison of predicted by Eq. (2) maximal contri-
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precipitates, interstitial loops (¢j), summarized contribution
(6sum)> and also predicted maximal hardening (Ao ,ax) With the
experimentally observed values (Ao) for base metal (a) weld
metal (b).
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Hence, the resulting effect of DBT temperature shift
is stipulated by synergetic effect of the radiation harden-
ing mechanisms and impurity segregation on the inter-
face and the grain boundaries. At that acceleration of
radiation embrittlement at late stages of irradiation
(the values of fast neutron fluence more than
~4 % 10** n m~?) is stipulated by intensive increase in
the dislocation loops density at continuous growth of
phosphorus segregation level on the interface and the
grain boundaries.

5. Conclusion

Comparative results, obtained in this work, of com-
plex structural studies for VVER-440 base and weld
metals before and after irradiation up to the fast neutron
fluences for beyond design operation period
(8.66 x 10** n m~2) allow one to make the following con-
clusions about structural features and the mechanisms
responsible for radiation hardening and embrittlement:

1. Irradiation causes a complex of structural changes:
the formation of radiation defects, phase changes
with the occurrence of two types of ultrafine precipi-
tates, the formation of intragranular and intergranu-
lar impurity segregation.

2. At early stages of irradiation the radiation-induced
precipitates dominate, at first their density increases
with radiation dose, and then decreases; the radiation
defects dominate at late stages of irradiation.

3. As reaching the design values of fast neutron fluence
(~4 % 10** n m™?) there is change in relative contri-
bution of the mechanisms controlling radiation
hardening and embrittlement of the RPV steel.
Increase in dislocation loops density was shown to
provide the dominant contribution to radiation
hardening at the late irradiation stages (after reach-
ing the double design and-of-life neutron fluence of
~4x10* nm~?). Fracture mechanism of the base
metal at those stages was observed to change from
transcrystalline to intercrystalline.
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