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Y @ A statistical analysis of data obtained during impact testing of sur-

veillance specimen of 15 WWER-440 RPVs operating in Russia,
Ukraine, Armenia, Hungary, the Czech Republic and Slovakia was
performed. The raw data used were selected from the IAEA Intera
national Database. As a result of the analysis, the influence of P and
Cu to T, increase was observed at a fluence up to 5 x 10* cm? (E >
0.5 MeV), more than double design end of life WWER-440 fluence
value. A proposal to increase the application range of normative det
pendences AT, (F) on reactor pressure vessel from 3 x 10* cm™ to
5 x 10 cm™ has been prepared to amend the regulatory and technical
documents regarding the adjustment of the residual life of WWER-440
RPVs. It will allow the WWER-440 RPV to be operated for 60-80 years
without annealing the base metal and in some cases without annealing the
irradiated welds.
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RELEVANCE OF EMBRITTLEMENT AS-
SESSMENT AT HIGH NEUTRON FLU-
ENCE

At present, the irradiation embrittlement assess-
ment of WWER-440 Reactor Pressure Vessel (RPV)
materials in Russia is carried out in accordance
with the regulatory guide (PNAE G-7-002-86) and
code (MT 1.2.1.15.0232-2014). Paragraph 4.5 (MT
1.2.1.15.0232-2014) indicates that this code is appli-
cable to justify the operation of the reactor vessel to
a maximum neutron fluence of 3.0 x 10* cm? (E>0.5
MeV). Such fluence value on the inner surface of
the WWER-440 RPV wall was established in the
70s, based on an analysis of the experimental data
available at that time on radiation embrittlement of
15Kh2MFA steel (the base metal of the WWER-440
RPV) and its weld metal made with IOKHNMT and
10KHNMTU welding wires (Amaev et al., 1993),
(Alekseenko et al., 1997). The following design val-
ues of the neutron fluence for the WWER-440 RPV
were established in the design of the reactor:

- 2.4 x 10* cm? for the base metal;

- 1.8 x 10* cm™ for weld metal.

Resistance to brittle fracture of materials of
WWER-440 RPV was justified before reaching the
above design values of neutron fluence. It should be
noted that in the 70s there was very limited informa-
tion on the radiation stability of steels irradiated at
270°C with fluences exceeding the mentioned design
values.

At present, the operational life of WWER-440
has significantly exceeded its design values (30-
40 years), and neutron fluences on the RPVs are
approaching the maximum value allowed by cur-
rent regulatory and technical documents, namely
3.0 x 10* cm™. For further safe operation of WWER-
440 in terms of providing resistance to brittle frac-
ture of the RPV materials, there are several options.

The irradiation embrittlement can be mitigated
by reducing the neutron fluence to the RPV wall by
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low-leakage fuel management and replacing the pe-
ripheral fuel assemblies by dummy assemblies.

A significant mitigation of the RPV steel radia-
tion embrittlement by thermal annealing (Kryukov
et al., 2012; Fedotova et al., 2018). Annealing of
WWER-440 RPV has been successfully implement-
ed since 1987. To date, more than 20 RPVs have
been annealed in Russia and abroad. However, there
is a probability of forming the grain boundary phos-
phorus segregations in metal at the high temperature

annealing.

In turn, the results of surveillance specimen tests
of the base metal and welds of WWER-440 RPV
steels with a low content of copper and phosphorus
show that the radiation embrittlement of steel at flu-
ences of ~ 3 x 10%° cm? is significantly lower than
the allowable values, and in this case, annealing is
not required (Kryukov et al., 2014; Margolin et al.,
2013).

In addition, the annealing of the irradiated base
metal, rather than the weld, increases the annealed
zone of the RPV several times, which leads to the
need to develop and manufacture a new annealing
device, as well as to carry out additional work to jus-
tify the strength of the equipment during annealing.

An alternative way to annealing the entire irra-
diated part of the RPV is to justify required radia-
tion stability of RPV steels, primarily the base metal,
irradiated with neutron fluences exceeding 3 x 10%
cm™,

For this, first of all, it is necessary to analyze the
experimental data on the radiation embrittlement of
RPV steels with a low content of copper and phos-
phorus irradiated with fluences higher than 3.0x10%
cm2. The most representative to achieve this goal are
the surveillance specimen test results. In the frame-
work of this work, a statistical analysis of the data
obtained during impact testing of surveillance speci-
men of 15 WWER-440 RPVs operating in Russia,
Ukraine, Armenia, Hungary, the Czech Republic and
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Slovakia was performed. The raw data used for the
analysis were extracted from the IAEA International
Database of RPV materials (Gillemot, 1995).

(115)

The surveillance test results analyzed in this

work were splitted into 4 groups, which are listed

in Table 1.

Table (1) : Ranking of WWER-440 RPV surveillance test results based on the content of phosphorus and

copper.

Group of steels Phosphorus content, % Cupper content, %
,» Clean “ P<0.012 Cu<0.07

,, Almost clean® 0.017>P>0.012 0.14>Cu>0.07
,» Dirty* 0.036 > P >0.028 Cu>0.13

,» Highly dirty* P>0.036 Cu>0.13

Experimental data analysis

As indicated above, the aim of this work is to
develop proposal for updating the regulatory and
technical documentation (PNAE G-7-002-86), (MT
1.2.1.15.0232-2014) to assess the residual life of
WWER-440 RPVs based on increasing the allow-
able neutron fluence affecting the reactor pressure
vessel during operation. To do this, it is needed to
set the target value of the fluence, relative to which
the degree of radiation embrittlement of the metal is
estimated. Based on the design fluence of 2.4 x 10%
cm? given above for the base metal corresponding
to 40 years of operation of WWER-440, the target
fluence value is defined as 5 x 10* ¢cm™. The indi-
cated value approximately corresponds to the maxi-
mum fluence on the inner surface of the WWER-440
RPV just opposite the center of the core with full fuel
loading over 80 years of operation.

In connection with the foregoing, an assessment
was made of the radiation embrittlement of RPV
steels under irradiation up to 5 x 10?° cm?,

Figure 1 shows the dependences of AT, on flu-
ence obtained from surveillance specimens irradi-
ated up to a fluence of 5 x 10* cm? for the groups of
materials listed in Table 1. It should be noted that the

plots of the T, shifts presented in Figure 1 versus the
fluence are determined by the least square method
and characterize the average changes in the Tk as a

result of irradiation.
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Fig. (1): Irradiation embrittlement of WWER-440 RPV
surveillance specimens at high neutron fluence.

From Figure 1 it follows that for “dirty” and
“very dirty” steels the AT, is 170°C and higher at a
fluence of ~ 3 x 10?° cm™. Then for these two groups
of steels the evaluation of AT _at higher fluences is

not of practical importance.

As for the “clean” and “almost clean” steels, a
more detailed statistical analysis of the experimental
data was performed, the results of which are present-
ed in Figures 2-3.
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Fig. (2): Irradiation embrittlement of WWER-440 RPV
“clean” steels at high neutron fluence (average increase,
upper limit of 95% confidence interval.
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Fig. (3): Irradiation embrittlement of WWER-440 RPV
“almost clean” steels at high neutron fluence (average
increase, upper limit of 95% confidence interval.

The average increase in ATk under irradiation
for “clean” steels, presented in Figure 2, are de-
scribed by the dependence:

F
1DZD

)DJE'}'ZB

AT, =39,707- ( "

and the data shown in Figure 3 related to “almost
clean” materials are described by the dependence:

F
1DZD

06042

AT, = 52,184 () o
In order to determine the 95% confidence in-
terval, the upper limit of which is shown in Figures
2-3, the standard deviations o are calculated, which
at a fluence of 5 x 10%* ¢m? are 7.4 and 11.4°C for

“clean” and “almost clean” steels, respectively.
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Taking into account that the upper limit of the
95% confidence interval is higher than the average
AT _value by 20, the increase in T, because of ir-
radiation of WWER-440 RPV steels with fluences
up to 5 x 10?° cm? with a probability of 95% will

not exceed:

— 132°C for “clean” (P <0.012 %, Cu <0.07 %)
steels,

— 161°C for “almost clean” (0.012 %< P <0.017
%, 0.07 %= Cu <0.14 %) steels.

It should be noted that according to the clas-
sification used in this paper, the base metal of all
WWER-440 RPVs is classified as “pure” and “al-

most pure” materials.

Since, according to (PNAE G-7-002-86), the
T, of the base metal in the unirradiated state T, =
0°C, and in practice below minus 30-40°C, then the
absolute value Tk of “clean” base metal after irradia-
tion with a fluence of ~ 5 x 10% ¢m? will not exceed
132°C. Calculation results for resistance to brittle
fracture of RPV using this T, value indicates that
the WWER-440 RPV can be used for up to 80 years
without annealing the base metal.

As for the welds, the T, of which, as a rule, is
higher than the base metal, for each specific RPV, it
is necessary to calculate the resistance to brittle frac-
ture of the weld metal based on the specific values of
the fluence and the content of copper and phospho-
rus in the steel.

As mentioned above, at present, the WWER-440
RPV integrity assessment is carried out in accordance
with (PNAE G-7-002-86), (MT 1.2.1.15.0232-
2014). In paragraph 4.5 (MT 1.2.1.15.0232-2014) it
is indicated that fracture toughness evaluation meth-
od is applicable to justify the operation of the pres-
sure vessel to a maximum neutron fluence of 3 x 10%
cm. Based on the statistical analysis of surveillance
test results performed in this work, it is recommend-
ed to expand the range of application of the code
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(MT 1.2.1.15.0232-2014) to a maximum fluence of

5x 10*° cm™.

Increasing the maximum fluence to 5 x 10%° cm™
will allow to operate the WWER-440 RPVs up to
60-80 years without annealing the base metal, and in
some cases without annealing the irradiated welds.

The dependence of the yield strength increase
(ARp,, ) versus neutron fluence for several surveil-
lance sets of base metal and weld with low P and Cu
contents in the fluence range from 0.5 to 15 x 10%
cm? (E>0.5 MeV) is presented in Fig. 4.
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Fig. (4): Dependence of yield strength increase versus
neutron fluence (o — base metal, ® — weld).

/ °
[}
100 .

0 30 60 90 120 150 180 210 240 270
AT,, °C

Fig. (5): Correlation of Tk shift and yield strength increase
for steels with low P and Cu contents (o — base metal, ® —
weld).

The linear relationship between ATk and AR,
indicates that radiation hardening remains the domi-
nant radiation embrittlement mechanism at high
neutron fluences. The relative contribution of non-

hardening mechanism does not change up to fluence
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5 x 10% ¢cm™ at least for “clean” and “almost clean”
steels.

CONCLUSION AND PROPOSAL

A statistical analysis of surveillance data from
the International Database of RPV materials on the
assessment of irradiation embrittlement of WWER-
440 RPV steel irradiated at high neutron fluences
was done.

As aresult of the analysis, the influence of P and
Cu to T, increase was observed at a fluence up to 5
x 10?° cm? (E> 0.5 MeV), more than double design
end of life WWER-440 fluence value.

Based on these results, a proposal has been pre-
pared to amend the regulatory and technical docu-
ments regarding the adjustment of the residual life
of WWER-440 RPVs, namely, it is proposed to
increase the application range of normative depen-
dences AT, (F) on reactor pressure vessel from 3 x
10 cm™ to 5 x 10 cm™.

Increasing the maximum fluence to 5 x 10 cm?
will allow the WWER-440 RPV with relatively low
impurity contents (P0.017% and Cu0.14%) to be
operated for 60-80 years without annealing the base
metal, and in some cases without annealing the ir-
radiated welds.
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