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Abstract

Predicting the transition-temperature shift (TTS) induced by neutron irradiation in reactor pressure-vessel (RPV) steels is
important for the evaluation and extension of nuclear power-plant lifetimes. Current prediction models may fail to prop-
erly describe the embrittlement trend curves of Chinese domestic RPV steels with relatively low Cu content. Based on the
screened surveillance data of Chinese domestic and similar international RPV steels, we have developed a new fluence-
dependent model for predicting the irradiation-embrittlement trend. The fast neutron fluence (E> 1 MeV) exhibited the
highest correlation coefficient with the measured TTS data; thus, it is a crucial parameter in the prediction model. The
chemical composition has little relevance to the TTS residual calculated by the fluence-dependent model. The results show
that the newly developed model with a simple power-law functional form of the neutron fluence is suitable for predicting the

irradiation-embrittlement trend of Chinese domestic RPVs, regardless of the effect of the chemical composition.

Keywords Reactor pressure vessel steel - Transition temperature shift - Irradiation embrittlement - Embrittlement trend
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1 Introduction

A reactor pressure vessel (RPV) is a key component of a
nuclear power plant and serves as a shielding shell to pre-
vent the release of radiation from the reactor core. The
replacement of RPVs is unfeasible, considering their high
radioactivity and economic efficiency, and their integrity
thus determines the safety and lifetime of the reactor [1-6].
According to surveillance programs on the degradation of
RPVs, the practical service lifetime of light water reactors
(LWRs) is longer than their design lifetime [S]. This sug-
gests that further lifetime extensions to 60 or 80 years could
produce significant economic benefits [6]. However, the life-
time extension must be based on an accurate prediction of
the irradiation-embrittlement trend of the RPV.
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RPVs are usually made of ferrite steel, which has a body-
centered cubic structure with minor alloying elements such
as Cu, Mn, Ni, and Si; the typical types of RPV steels in
LWRs are SA-508III and 16 MNDS5 [7-9]. During reactor
operation, the mechanical degradation of RPV steels, which
results from neutron irradiation (E>1 MeV), is the main
threat to the integrity of the RPV [10-16]. With an increase
in the neutron fluence, the ductile-to-brittle transition tem-
perature of the RPV steel shifts to a higher temperature,
leading to a decrease in the fracture toughness. Such irradia-
tion embrittlement causes a low-stress rupture of the RPV,
which directly threatens the safe operation of the reactor.
Therefore, it is necessary to monitor and predict the irradia-
tion-embrittlement trends of RPVs to prevent abrupt failures.

Surveillance programs have been used to evaluate the
mechanical performance of RPVs under service conditions
in reactors [17]. According to the surveillance programs,
the irradiation temperatures and neutron fluences that RPV
steels can withstand can be directly derived. Charpy V-notch
tests were performed to measure the transition-temperature
shift (TTS) of specimens irradiated in a capsule located in
the RPV. Based on the measured TTS, particularly the TTS
of the Charpy impact energy at 41 J (AT,,y), the current
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embrittlement level of the RPV steels can be obtained. Fur-
thermore, the pressure—temperature (P-7) limit curve of the
RPV can be adjusted based on the Charpy impact energy
results to ensure its safe operation [18].

Because the regulatory experiments could not evalu-
ate the embrittlement tendency of RPVs, several irradia-
tion-embrittlement prediction models [19-27] have been
developed to obtain the embrittlement trend curves (ETC),
including US RG1.99 (Rev. 2) [21], ASTM E900-02 (Rev.
2007) [22], NUREG/CR-6551 [23], French RCC-M ZG3430
[24], Japanese JEAC4201 [25, 26], etc. These models plot
the transition-temperature shift (ARTypy) as a function of
the neutron fluence (unit: n/cm?, E> 1 MeV) and chemical
composition of RPV steels; thus, they can describe the TTS
induced by neutron irradiation. Some existing models (for
example, US RG1.99 Rev. 2 and French RCC-M ZG3430)
were established based on actual RPV surveillance data from
their own countries. In other words, the empirical relation-
ship among ARTypr, the neutron fluence, and the chemical
composition was derived by fitting the measured TTS data.

Other models, such as US RG1.99 (Rev. 3) [27], ASTM
E900-02, and NUREG/CR-6551, further considered the
irradiation-embrittlement mechanism of RPV steels when
fitting the data. These physics-based models considered the
effects of intrinsic defects and Cu/Ni/Mn/Si precipitates
on the irradiation embrittlement [28—30], thereby increas-
ing the prediction accuracy. The chemical compositions
of RPV steels were demonstrated to be key factors in the
available embrittlement prediction models, in which the Cu
content had a dominant influence on the ARTypy values.
This is because the precipitates in RPV steels are mainly Cu
rich, which hinders the dislocation motion and leads to the
embrittlement of the materials.

Moreover, RPV steels in international reactors have high
Cu content. As a result, the application of these embrittle-
ment prediction models is limited to RPV steels with chemi-
cal compositions very similar to those of the corresponding
US, French, and Japanese RPV types. For other types of
RPV steels, such as Chinese RPV steels with a relatively low
Cu content, the current models may fail to obtain an accu-
rate ETC. Recently, machine-learning (ML) models have
been employed to predict the ETCs of RPV steels [31-34].
However, the reliability of embrittlement predictions using
ML models relies largely on the employed algorithm and
training database. Whether an ML model can successfully
predict the ETC at neutron fluence ranges beyond the data-
base depends on the extrapolation ability of the algorithm.
Therefore, it is necessary to develop a new embrittlement
prediction model suitable for Chinese domestic RPV steels
with explicit application conditions.

In the present study, we collected surveillance data on
international and Chinese domestic RPV steels, including
fast neutron fluences, chemical compositions, and measured
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transition-temperature shifts. Then, using the main chemical
composition of Chinese domestic RPV steels as the criteria,
the embrittlement data were filtered and divided into training
and test sets to fit the new embrittlement prediction model.

Furthermore, we established different functions using
the neutron fluences and RPV chemical compositions as the
main variables to fit the collected TTS data. By compar-
ing the standard deviations obtained by these functions, we
discuss the effects of different features on the fitting quality
of the models. As a result, two unified models, i.e., a flu-
ence-dependent model and a fluence-and-chemical-depend-
ent model, were developed for predicting the irradiation-
embrittlement trend for Chinese domestic RPV steels. The
prediction accuracy of the two models was then assessed by
performing a deviation-band analysis and comparing them
with current foreign empirical models. Finally, we employed
the new fluence-dependent model to estimate the irradiation-
embrittlement trend of a Chinese 300-MW nuclear power
plant.

2 Irradiation-embrittlement data
2.1 Data collection

We first collected the available irradiation-embrittlement
data for Chinese domestic and international RPV steels
(e.g., the US, France, Germany, Japan, Korea, etc.). The
data included the neutron fluence (unit: n/cm?, E> 1 MeV),
transition-temperature shift, ART\pp, and chemical compo-
sitions of base and weld metals. There are 53 and 144 groups
of valid Chinese and international RPV steel embrittlement
data, respectively.

The main chemical compositions (Cu, Ni, and P) of the
collected international RPV materials are summarized in
Fig. 1. The Cu contents of these international RPV steels are
mainly in the range of 0.02-0.20 wt.%. Most RPV materials
have a relatively high Ni content (0.05-0.09 wt.%) and low
P content (0.005-0.015 wt.%). In addition to the chemical
composition, the neutron fluence directly affects the tran-
sition-temperature shift. These embrittlement data have
similar fast neutron (E>1 MeV) fluence ranges, which are
1.8x 10'7-6.4 x 10" n/cm? for the collected Chinese RPV
data and 3.2x10'8-7.4 x 10" n/cm? for the international
RPV surveillance data.

2.2 Data screening

To develop a prediction model suitable for Chinese domestic
RPV steels and those with similar chemical compositions, we
filtered the collected international RPV embrittlement data,
using the chemical compositions (mainly Cu, Ni, P, and Mn)
of Chinese domestic RPV steels as the criteria. Consequently,
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Fig.1 (Color online) Ranges of the Cu, Ni, and P content of the col-
lected international RPV materials. The Y-axis represents the amount
of data corresponding to a certain range of Cu/Ni/P content listed in
the X-axis

Table 1 Chemical compositions of screened international and Chi-
nese RPV base metals (unit: wt.%)

Cu Ni Mn P
International SA508-3 0.0403 0.7594 1.3554 0.0066
International 16MNDS5 0.0621 0.7096 1.3380 0.0070
Chinese RPV 0.0291 0.7340 1.3801 0.0048

285 groups of international embrittlement data for RPV base
metals were selected as the database to fit our prediction
model. The RPV material types in these data were mainly
16MNDS5, SA508-3, 20MnMoNi55 forging, and SA533-B1
plate. Considering the design standards of Chinese RPV mate-
rials, the data for the 20MnMoNi55 and SA533-B1 steels were
excluded.

Finally, 126 groups of embrittlement data for international
RPV base metals were retained and divided into training (99)
and test (27) sets. Similarly, we screened out 46 groups of data
for international RPV weld metals as the training set and 44
groups as the test set. The training dataset was used for model
fitting and the test dataset was used to assess the fit quality of
the developed model.

In addition to international RPV embrittlement data, we
screened out 69 and 53 groups of ARTy\py data for Chinese
domestic RPV base and weld metals, respectively. The average
contents of the main chemical compositions (Cu, Ni, Mn, P, Si,
and C) of the screened international and Chinese RPV steels

are listed in Tables 1 and 2. It can be seen that the chemical
compositions of the screened international RPV steels are very
similar to those of Chinese RPV data. The only difference is
that Chinese RPV steels have a much lower Cu content. Nev-
ertheless, it is reliable to employ international RPV embrittle-
ment data to fit the new prediction model for Chinese domestic
RPV steels.

2.3 Data selection

The testing method and definition of neutron fluence and
ART\pr differ for different nuclear power plants. The neutron
fluence used as a parameter in the ETC is usually the aver-
age of the measured neutron-fluence values. Some Chinese
domestic power plants amend the neutron fluences of differ-
ent base-metal or weld-metal samples, which have different
locations in the irradiation surveillance capsule. The amended
neutron fluence values are then used to calculate the predictive
value of ARTy - Generally, the base- and weld-metal samples
are located on the positive and negative sides of the irradia-
tion surveillance capsule, respectively. The amended neutron-
fluence values are typically no greater than 20%.

To evaluate the effects of neutron fluence values on the
formula of the developed prediction model, we modified the
neutron fluence. In other words, the neutron fluence of the
base metal was multiplied by a coefficient of 1.2 and the neu-
tron fluence of the weld metal was multiplied by a coefficient
of 0.8. The ARTypy values were refitted using the modified
neutron fluences as input parameters. The difference in the cal-
culated ART\py values was less than 0.23 °C when using the
modified neutron fluences as variables in the model. Therefore,
considering the measurement uncertainty, the amendment of
the different measured neutron fluences can be disregarded in
the fitting process of the prediction model.

The ARTy\pr values are obtained from Charpy impact
experiments, which correspond to the temperature change
at certain Charpy impact energies or lateral expansions. The
determination of the ART\py values is different for differ-
ent standard regulations. In the Chinese RPV surveillance
program, one way to determine ARTypy is to choose the
larger value between the temperature shifts corresponding to
the impact energy of 56 J (ATs¢;) and the lateral expansion
of 0.89 mm (AT} gg ). Another method is to consider the
transition-temperature shift at the Charpy impact energy of
411 (AT, as ART\pr, following the ASTM E185 standard
regulation.

Table 2 Chemical compositions Cu Ni Mn p Si C

of screened international and

Chinese RPV weld metals (unit:  [nternational RPV 0.0325 0.6174 1.5928 0.0082 0.3592 0.0636
wt.%) Chinese RPV 0.0306 0.7474 1.5245 0.0071 0.3116 0.0762
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Some foreign nuclear power plants have also adopted
larger TTS values between ATggy and AT g, as ART\pr.
Based on the experimental data, we collected 121 groups
of irradiation surveillance data from Chinese pressurized
water reactors (PWRs) and calculated the corresponding
TTS values, i.e., ATy, ATsq, and AT g9 > based on the
experimental data. According to the results, the ATsq; and
AT,y values have a linear relationship, as follows:

ATsq; = 0.98 X ATy 5. (1)

The residual between AT,,; and ATss; shows a normal
distribution between —7 °C and 9 °C and the average value
lies in the range of —0.6—6 °C. This indicates that the AT,
and AT, values can be treated as the same.

We also examined the average difference between AT,
and ATsq; (AT, — ATsg)) as a function of the neutron flu-
ence, which varies by only 1 °C, and the correlation coef-
ficient between (AT,,;— ATs4;) and the neutron fluence is
0.046, which is far smaller than 1. This suggests that AT, ;
and ATsg; have almost the same relationship with the neu-
tron fluence.

Similarly, we fitted the relationship between AT,,; and
ATy g9 mm» Which is also linearly dependent as shown in the
following equation:

TO.89mm =0.904 x T41J + 7.305. )

The mean value of AT g9 . 1S slightly higher than that
of AT,,;. If ART\py is calculated as the maximum value
between AT, ; and AT g9 mms 1t is only 2.93 °C higher than
the AT,y value. According to the above discussion, there
were no significant differences in the three values of AT},
ATs¢;, and AT, g9 - Therefore, we employed the measured
AT,y as ARTypr to fit the embrittlement prediction model.

3 Embrittlement prediction model
3.1 Model development

The transition-temperature shifts were demonstrated to be
related to features such as the neutron fluence, neutron flu-
ence rate, temperature, and RPV chemical composition.
These parameters contribute differently to the transition-
temperature shifts.

To obtain an appropriate weight for each parameter in
the embrittlement prediction model, we first calculated the
correlation coefficients of these parameters using the
measured ARTyr data. The correlation coefficient is cal-
culated based on the covariance and the standard deviation
between the variables, which is defined as Pry = M,

6,0,

where cov(x, y) is the covariance between variable x (e.g.,
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neutron fluence) and variable y (e.g., ARTypr). 6, and 6,
are the calculated standard deviations of variables x and y,
respectively.

The calculated correlation coefficients between the dif-
ferent parameters (neutron fluence, neutron fluence rate,
temperature, and chemical composition) and the measured
ARTy\py are shown in Fig. 2. It can be observed that the
fast neutron fluence has the largest correlation coefficient
with the measured ART\py which is greater than 0.5 for
both the RPV base and weld metals. This suggests that
the fast neutron fluence will have the greatest effect on
the transition-temperature shift compared to the other
parameters.

In addition to the fast neutron fluence, the Cu content is
a critical factor for ARTpr, With a correlation coefficient
larger than 0.3. The other chemical compositions, such as
Mn, Si, and P, had a weaker correlation with ART . The
neutron fluence rate and temperature also have little influ-
ence on the transition-temperature shift according to the
analysis of the correlation coefficients. Furthermore, these
parameters are not independent of each other. The correla-
tion coefficients between the fast neutron fluence and Cu
content were 0.332 and 0.413 for the base and weld metals,
respectively, but were still smaller than 0.5. This indicates
that overfitting should be avoided when these correlated
parameters are incorporated into a single fitting equation.

Because the fast neutron fluence was found to be the
only parameter that had a strong correlation (correlation
coefficient > 0.5) with ARTypy, we first fitted the meas-
ured ART\pr data using the fast neutron fluence as the
main variable, and then included the influence of different
chemical compositions of RPV steels.

0.7
Bl Base metal
0.5r B Weld metal
03r
' i 11 l
-0.1 I r
-0.3
) X O N &
<<\\>°°G Q\\@(\oa @® e e N e

@\0

Fig.2 (Color online) Correlation coefficients between different
parameters with the measured ART\pr data. The blue and magenta
bars represent the cases of RPV base and weld metals, respectively
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3.1.1 Fluence dependence

According to current regulatory models and the charac-
teristics of our collected surveillance embrittlement data,
the ART\pt values usually show a power-law relationship
between the fast neutron fluence (f) and energies larger
than 1 MeV. Thus, we employed four power functions to
fit the ARTpr data to the neutron fluence; they are defined
as fluence-dependent models. The equations for these four
functions are as follows:

ART\pr = a X fen’ 3)
ARTypr = a X f + boor' (@)
ARTypyp = a x frexioel) ®)
ART\pr = a X log,f +c. ©6)

Coefficients a, b, and ¢ and power exponent 7 are all fit-
ted parameters.

Figure 3 shows the predicted trends of ARTypy varying
with the fast neutron fluence using the above four equations.
The corresponding measured ARTr data for Chinese and
international RPV steels are shown as scatters in Fig. 3 for
comparison. Overall, the predicted embrittlement-trend
curves (ETCs) cover the measured ARTyr Scatters, indi-
cating the reasonable fitting accuracy of these functions. It
can be found that the ETCs given by Eq. (6) form the lower
bounds for both the base and weld metals, which means that
the ART\pt may be underestimated.

(a) Base metal

ARTy5r (C)

4 International RPV data
* Chinese RPV data
anf
. e gxfed
axfre

axlog,fec

-20 1 1 1 1 1
0 2 - 6 8 10 12

Fluence (10"°n/cm?)

The model of Eq. (4) yields the highest overall predicted
ARTypr values, indicating an overestimation tendency. The
ETCs predicted using Eqgs. (3, 4, 5) are similar and fall into
the intermediate region of the four ETCs. These two func-
tions performed better in fitting the measured ARTyp val-
ues than Egs. (4, 5, 6) did.

We calculated the standard deviation (S,) obtained from
the training ARTy\py datasets using the four functions, which
were calculated by \/s_ = Z“‘,l(fx’l_x)z, where X is the mean
value of ARTypr and 7 is the total amount of data. The cal-
culated S, values are listed in Table 3. Only a small differ-
ence appeared between the S, values of these four functions,
which was within 0.5 °C. Notwithstanding, Egs. (3, 4, 5)
yielded the same S values for both the base and weld metals,
which were also the lowest among the four models
(S4=10.73 °C for the base metal and S4=11.08 °C for the
weld metal).

In the above discussion, the four models were separately
fitted for the RPV base and weld metals. In other words,
the fitting coefficients of one function are different for the
base and weld metals. Therefore, two independent functional

Table 3 Standard deviations (S;) obtained by the four established flu-
ence-dependent functions

Models 84 (C)
Base metal Weld metal

ax f"(Eq.3) 10.76 11.13
axf+b(Eq.4) 10.79 11.34
a x frexlogh) (Bq, 5) 10.73 11.13
a xlog,f + c (Eq. 6) 11.22 11.69
(b) Weld metal
3)

8

z
[Ty
14
<

je”.: T
0F % axf’
. e @xf4+D
— g 0050
axlog,f+c
.20 1 1 1 1 1
(] 2 4 6 8 10 12

fluence (10"°n/cm?)

Fig.3 (Color online) Embrittlement trend curves predicted by four different functions for (a) the base metal and (b) the weld metal. The meas-
ured ARTypr data for Chinese and international RPV steels are denoted by blue circles and red triangles, respectively
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relationships were obtained between the RPV base and weld
metals. Current embrittlement prediction models, such as the
US. RG1.99 (Rev. 2) and French FIS/FIM, adopt the power-
ful form of Eq. (3) to describe the relationship between the
transition-temperature shift and neutron fluence. The fitting
results also suggest that Egs. (3, 4, 5) yield the lowest stand-
ard deviation. In addition, Eq. (3) is simpler than Eq. (5).
Therefore, considering the convenience of employing the
model to predict ETC in a surveillance program, we chose
Eq. (3) to fit the collected ARTypy data and derived the final
fluence-dependent embrittlement prediction models for RPV
base and weld metals, i.e.,

ARTypr = 15311 x (f x 10719 for base metal
ARTypr = 16.637 x (f x 10719)*°"? for weld metal

3.1.2 Chemical-composition dependence

On the basis of the established fluence-dependent embrittle-
ment-prediction model (Eq. 7), the influences of RPV chem-
ical compositions were further included in the model. To
obtain appropriate weighting coefficients for each chemical
composition, the correlation coefficients between the chemi-
cal composition and residual of ART\pt calculated using
Eq. (7) were analyzed, as shown in Fig. 4(a). The chemical
compositions that have a relatively larger relevance to the
ARTypr residual are mainly Cu, Ni, the combined CuNi
term, P, Cr, and C. This indicates that these elements may

Fig.4 (Color online) (a) Cor-

(a)

have greater impacts on the fitting results of ARTp, based
on the fluence-dependent model.

The Cr content has the largest correlation coefficient with
the ART\py residual, which is —0.234 for the base metal. The
Cu content remains an important factor in the transition-
temperature shift of the RPV base metal, and the correlation
coefficients between Cu and CuNi and the ARTpy residual
are approximately 0.171 and 0.160, respectively. For the
weld metal, the Ni content has the largest correlation coef-
ficient with the ARTypy residual (-0.275), while the P and
C content also have small effects on the ARTyr to a certain
extent.

Moreover, the relevance of different chemical compo-
sitions was analyzed to avoid overfitting. For example, as
shown by the correlation matrices in Figs. 5b, c, the chemi-
cal compositions strongly interrelate with each other. In par-
ticular, the correlation coefficients between P and Cu, P and
CuNi, and Mn and Mo are all greater than 0.5. This implies
that if one chemical composition is implanted into the model
as a parameter, other elements with large correlation coef-
ficients (> 0.5) with this element should be avoided.

We note that the calculated correlation coefficients between
different chemical compositions and the ARTypy residual were
all lower than 0.3. This means that the RPV chemical composi-
tions may not have a significant effect on the fitting ART\p
values of the fluence-dependent model. On the other hand,
most of the collected datasets contained information on Cu,
P, Ni, and Mn, but lacked other elements. Therefore, we chose
Cu, P, Ni, Mn, and C as the key parameters to conduct the new
ARTypr fitting procedure by incorporating both the neutron

relation coefficients between
different chemical composi- Cu
tions and the predicted ART
residual. (b) and (c)correlation
coefficients between different
chemical compositions for the
RPV base and weld metals, Mn
respectively
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Fig.5 (Color online) Distribution of scatterplots of the ARTypr predicted by the fluence-and-chemical-dependent model vs. the measured

ARTypr for (a) the RPV base metal and (b) the RPV weld metal

fluence and different chemical compositions (Cu, P, Ni, Mn,
C, and CuNiz) into one function. Moreover, we constructed
different forms of equations with different combinations of
RPV chemical compositions, based on the fluence-dependent
model.

We found that the changes in the predicted ARTypyy values
were all less than 1 °C using these equations, regardless of
the combination forms of the chemical compositions. Among
these functions, Eq. (8) yielded the lowest S, values for the
predicted ARTypy, which were 10.23 °C for the base metal
and 10.48 °C for the weld metal.

{ ART\pr =(@+bXxXCu+cXP+dxNi+exMn) X f" for base metal

to certain types of RPV steels that have chemical compositions
similar to those in our collected datasets.

3.2 Model assessment

According to the above discussions, we have developed
two models, i.e., the fluence-dependent models and the
fluence-and-chemical-dependent models (Eq. 7 and Eq. 8,
respectively). These models have the same functional
forms, but different fitting coefficients for the RPV base
and weld metals.

®)

ART\pr =(@+bXNi+cXP+dxC+exCu+ gxMn) X f" for weld metal

It should be noted that the models considering the effects
of both the neutron fluence and RPV chemical compositions
on the transition-temperature shift have lower standard devia-
tions than the fluence-dependent models (Eq. 7); however, the
differences are less than~0.8 °C. The results suggest that the
fluence-dependent model may be sufficiently accurate to pre-
dict the ETC of RPV steels.

By contrast, the fluence-and-chemical-dependent model uses
RPV chemical compositions as the main parameters; thus, the
predicted ART\pr Will be disturbed by the RPV material types.
Therefore, the fluence-and-chemical-dependent model is limited

ARTypr = A X B % (0.029 + 1.236Cu + 16.932P — 0.555Ni + 0.230Mn) X (f x 10719)0-504
A = 1.067(base metal), A = 1.010(weld metal)

Taking the fluence-dependent models (Eq. 7) as
an example, the fitting coefficients are a=15.311 and
n=0.525 for the base metal and a=16.637 and n=0.512
for the weld metal. It can be seen that the fitting coeffi-
cients for the RPV base and weld metals are very similar
to each other, especially the power exponent n of the neu-
tron fluence. Thus, we attempted to use a unified equation
to fit the measured ARTypy data for RPV steels without
discriminating base and weld metals. The developed uni-
fied fluence-and-chemical-dependent prediction model is
given as follows:

®

B =-0.855(T —292°C) +29.238

@ Springer



204 Page8of11

Q.-B.Chuetal.

where Cu, P, Ni, and Mn are the mass fractions of the
elements. Coefficient A is 1.067 for the base metal and 1.010
for the weld metal, which are almost the same. Coefficient
B reflects the effect of the temperature on the transition-
temperature shift, where T represents the inlet temperature
of the RPV.

The fluence-dependent model can also have a uniform
form for both RPV base and weld metals, which is

19,0.521
)

{ ARTypr = AX 15919 X (f x 10~ (10)

A = 0.967(base metal), A = 1.037(weld metal)#

where coefficient A is 0.967 for the base metal and 1.037 for
the weld metal. The power exponent of the neutron fluence is
0.521 for both the base and weld metals. The S, values of the
predicted ARTyr by the unified fluence-dependent model
(Eq. 10) are 10.73 °C for the base metal and 10.48 °C for
the weld metal. The S, values given by the unified fluence-
and-chemical-dependent model (Eq. 9) are 10.23 °C for the
base metal and 11.08 °C for the weld metal, which are very
close to those derived by Eq. 10.

The advantage of the above two models is that they have
an explicit scope of application, namely, they can be applied
to predict the transition-temperature shift of RPV steels irra-
diated in neutron-fluence ranges of 1.0x10'"=1.11x 10%°
n/cm? and temperature ranges of 280-296 °C. The

Table 4 Chemical compositions of RPV steels suitable for applica-
tion in the new model

Cu (%) P (%) Ni (%) Mn (%)
Base metal <0.08 <0.01% 0.40~0.85 1.15~1.60
Weld metal <0.08 <0.012 <0.012 <2.10
(a) Base metal
60
50
40
3
> 30
8
3 20
[}
[}
= 10
0 straight line y=x
1 standard deviation boundary|
2 standard deviation boundary
-10 | » data measured (international)
data measured (China)
-20

20 0 20 40 60
Predicted (°C)

fluence-and-chemical-dependent model can be applicable
to RPV steels with the main chemical compositions (Cu, P,
Ni, and Mn) listed in Table 4.

Next, we assessed the fitting quality of these two models
by plotting the measured ARTpy as a function of the pre-
dicted ARTypr, as shown in Figs. 5, 6 for the fluence-and-
chemical-dependent and fluence-dependent models, respec-
tively. The measured ARTyyr values were derived from the
screened training dataset, which included Chinese and inter-
national RPV embrittlement data. The predicted ART\pr
values were calculated using Egs. (9) and (10), respectively.
The differences between the predicted and measured Chi-
nese ARTypy are indicated by the triangles and multiple
signs in Figs. 5, 6, respectively. The differences between the
predicted and measured international ARTynp are indicated
by the diamonds and circles in Figs. 5, 6, respectively.

It can be seen that most of the data points fall in the vicin-
ity of the 45° line, which indicates that the predicted ARTypr
equals the measured ART - In other words, the predicted
ARTypt showed a good overall consistency with the meas-
ured ARTypr data. Moreover, the majority of data were
distributed within the one-fold standard-deviation bound-
ary, the corresponding confidence of which was 68.3%, and
almost all the data are within the 95.4% confidence interval.

The deviation-band analyses suggest that our newly
developed model has a high accuracy in predicting the irra-
diation-embrittlement trend for Chinese and similar inter-
national RPV steels. Furthermore, the deviation bands of
the fluence-and-chemical-dependent and fluence-dependent
models are very similar to each other, demonstrating again
that the RPV chemical composition has little influence on
predicting the transition-temperature shifts.

To evaluate the performance of our developed model
compared to current embrittlement-prediction models, such

(b) Weld metal
60
50
.
.
40
—~
O
S
§ 30
= .
a 20 . a
©
@ P
= 10 7
L
0 -~ straight line y=x
1 standard deviation boundary
10 ——— 2 standard deviation boundary
« datameasured (international)
data measured (China)
-20
-20 0 20 40 60

Predicted (°C)

Fig.6 (Color online) Distribution of scatterplots of the ARy predicted by the fluence-dependent model vs. the measured ARTypy for (a) the

RPYV base metal and (b) the RPV weld metal
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as RG1.99 Rev. 2 and RSE-M2000 and 2010, we employed
three foreign models to calculate the transition-temperature
shifts based on our collected ARTypy dataset. The stand-
ard deviations obtained using our new models and the other
three empirical models are listed in Table 5.

The new fluence-and-chemical-dependent and fluence-
dependent models produced the lowest S, values for both
the RPV base and weld metals. This suggests that the newly
developed models have higher prediction accuracy than the
current US and French prediction models. More importantly,
the two new models were suitable for evaluating the embrit-
tlement trends of Chinese domestic RPV steels. We believe
that the newly developed fluence-dependent model may have
more general application because it avoids the influence of
different RPV chemical compositions on the transition-tem-
perature shifts.

3.3 Model application

In this section, we employed the established fluence-
dependent model to predict the embrittlement trend and the
mechanical-property degradation for a Chinese 300-MW
nuclear power plant. The embrittlement trend curve esti-
mated by the fluence-dependent model is shown by the red
line in Fig. 7; the surveillance data are indicated by black
squares for comparison. The available surveillance data fall
within the one-fold standard deviation boundary of the cal-
culated ETC. In particular, in the low-flux neutron fluence
range (<1.0x 10" n/cm?), the estimated ETC is consist-
ent with the measured ARTyyr data. Therefore, the newly
developed fluence-dependent model can be used to predict
the irradiation-embrittlement trend for Chinese RPV steels
with reasonable reliability.

In a practical surveillance program, the irradiation-
induced degradation of the mechanical properties of RPVs
during operation is usually evaluated using two temperature
indicators: the adjusted reference temperature (ART) and the
pressure—thermal—shock reference temperature (R7prg). The

Table 5 Standard deviations (unit: °C) obtained by different embrit-
tlement prediction models

Models 84 (C)
Base metal Weld metal

“fluence & chemical depend- 10.23 11.08

ent” model (Eq. 9)
“fluence dependent” model 10.73 10.48

(Eq. 10)
RG1.99 Rev.2 12.07 12.84
RSE-M2000 12.77 12.45
RSE-M2010 11.91 11.80

80

Model Prediction

°F m Surveillance Data of 300MW NPP

50 F

é »—/’/’/’/’\Sd
sl

2F

RTNDT(OC)
]

Neutron fluence E>1MeV (1019n/cm2)

Fig. 7 Embrittlement-trend curve (red line) predicted by the new flu-
ence-dependent model for the Chinese 300-MW nuclear power plant.
The black squares represent the surveillance ARTypy data

ART is defined as the sum of the initial RTyp before irra-
diation, the irradiation-induced transition-temperature shift
ARTypr, and the standard deviations, which are calculated

as 2 S(Z10 + Sﬁ - Here, Sy and S, represent the standard

deviations of the measured initial RTypr and the shifted
ARTypyr, respectively.

The ART values increase with increasing neutron fluence,
indicating that the RPV is at risk of a brittle fracture when its
service temperature exceeds the ART. Therefore, according
to standard regulation NRC-RG1.99 (Rev. 2), the ART at
the one-quarter wall thickness of the RPV cylinder should
not be higher than 93 °C to avoid a sudden failure. On the
other hand, the pressure—thermal-shock temperature will
also cause the RPV to fracture; thus, the RTprg should not
exceed 132 °C to avoid a sudden RPV failure.

Assuming that the lifetime of RPVs in Chinese nuclear
power plants could be extended to 60 years, we calculated
the ART at the one-quarter wall thickness of the RPV cyl-
inder and the RTprg using the newly developed fluence-
dependent model to evaluate the embrittlement level of
RPVs. The calculation results are listed in Table 6. The cal-
culated ART and RTppg of RPV steels in the Chinese 300-
MW nuclear power plant are 53 °C and 62 °C, respectively.

Table 6 Service temperature limits (unit: °C) for the safe operation of
an RPV at the end of a 60-year lifecycle

Predicted Regulation limit Margin
ART 53 93 40
RTppg 62 132 70
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In the standard regulation NRC-RG1.99 (Rev. 2), the ser-
vice temperature limits of RPVs at the end of 60 years of
operation are ART=93 °C and RTppg=132 °C. We found
that the predicted ART and RTppg values using the new flu-
ence-dependent model were 40 °C and 70 °C lower than the
temperature limits, respectively. This means that there are
still service temperature margins of 40 °C (ART) and 70 °C
(RTprg) for the safe operation of RPVs prior to a brittle frac-
ture failure. Based on the prediction results, the Chinese
300-MW nuclear power plant has no tendency to fracture
within 60 years of operation. Therefore, the design lifetime
of the Chinese 300-MW reactor can be extended from 30
to 60 years.

4 Conclusion

We developed a new embrittlement-prediction model for
RPV steels in Chinese domestic nuclear power plants. The
models were fitted based on the collected irradiation-surveil-
lance data of Chinese domestic and international RPV steels,
which have similar chemical compositions and are irradiated
at similar fast neutron fluence ranges (E> 1 MeV).

The newly developed prediction model had a simple form
as a power-law function of the fast neutron fluence. The fit-
ting quality of the newly developed fluence-dependent model
was only slightly improved when RPV chemical composi-
tions were introduced as the main parameters in the model.
The standard deviations given by the newly developed flu-
ence-dependent model were 10.73 °C and 10.48 °C for RPV
base and weld metals, respectively, which were lower than
current foreign empirical prediction models.

The analysis results showed that the newly developed
fluence-dependent model had relatively high accuracy when
predicting the irradiation-embrittlement trend of Chinese
domestic RPV steels, which were irradiated to a neutron
fluence of 1.0x 10'7-1.11x 10*° n/cm? (E> 1 MeV) and
temperature of 280-296 °C. Based on the new fluence-
dependent model, the adjusted reference temperature and
the pressure—thermal—shock reference temperature limits of
RPVs in the Chinese 300-MW nuclear power plant at the
end of 60 years of operation were 53 °C and 62 °C, indicat-
ing that the RPVs will have no tendency to fracture within
the 60-year operating period.
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