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1. INTRODUCTION

Nuclear power is the second largest contributor to
electric power generation, comprising about 35% of the
domestic electricity generation in Korea. Since the Kori-1
nuclear power plant (NPP) began producing power as the
first commercial operation in 1978, 21 nuclear power
plants have begun operation, and five more are under
construction. Except for the four pressurized heavy water
reactors (CANDU) in Wolsong, the other NPPs are light
pressurized water reactors (LWRs). The electrical
generation capacities of these NPPs range from about
576 MWe to about 1400 MWe. The operation license of
Kori-1 was renewed, and continued operation began in
2008. Other units are being considered for extension of
their design lifetime and ensure the economic viability,
safety, and reliability of the plants. 

One of the key factors in determining the lifetime of
a nuclear power plant is the embrittlement of the ferritic
materials in the beltline region of the reactor pressure vessel
(RPV), which is caused by fast neutron irradiation during
operation [1]. For the assessment of the structural integrity

of the RPV steel, a surveillance test program is initiated
for the regulatory monitoring of LWRs. In the surveillance
program, the changes in the fracture toughness of irradiated
samples are periodically measured in order to ensure the
integrity of the RPV steels. The surveillance program has
been in operation for all NPPs in Korea since 1979.

A series of surveillance tests for the LWRs have been
performed by the Korea Atomic Energy Research Institute,
which also analyzed the results and published surveillance
reports [2]. Each set of surveillance data contained a
detailed description of the RPV steel composition, baseline
mechanical properties of the RPV steel, neutron irradiation
fluence data, and embrittlement evaluation results.
Collecting and analyzing the surveillance data could be
used in selecting improved RPV steels, modeling of the
irradiation embrittlement in ferritic steels, and research
on the life extension of a LWR.

In this work, we analyzed the surveillance test results
for Korean LWRs in order to derive an empirical
relationship between the embrittlement and strengthening
of irradiated RPV steels. The relationship between the
yield strength and transition temperature shift (TTS) was
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established from the surveillance data and compared to
results from US data. The relationship is frequently a good
measure of whether non-hardening embrittlement occurs,
and it can predict roughly a TTS behavior from evaluating
the yield strength change, which can be estimated from
various methods, including computer simulation. The
results of this study can be used in basic research on the
multiscale modeling of the irradiation hardening of RPV
steels in Korea.

2. BACKGROUND OF ANALYSIS

2.1 Irradiation Embrittlement and Strengthening 
The embrittlement of the RPV materials in the

surveillance test is evaluated using the Charpy V-notch
impact test [3,4] on the surveillance samples. This test
provides a transition temperature shift at 30 ft-lb (TTS)
and a change in the USE values (∆USE) between the
irradiated samples and baseline samples. These values
are used to determine the reference temperature for the
nil-ductility transition temperature (RTNDT) in a reactor
vessel material [2]. The Charpy impact test is an important
standard method for evaluating the irradiation embrittlement
of RPV materials from a practical viewpoint.

An attempt was made to correlate the TTS data with
a physical model of embrittlement, which would enhance
the reliability of the surveillance data. There has been
extensive research on modeling the TTS of neutron
irradiated samples [5-10]. However, one of the difficulties
in these attempts has been that the two parameters of the
TTS and ∆USE do not represent the physical properties
but are test-specific parameters. Hence, it is meaningful
to correlate the embrittlement data with the physical
properties of materials. 

It is known that the irradiation embrittlement of RPV
ferritic steels is linked to irradiation strengthening, that
is, an increase in yield strength. The relationships between
∆YS and changes in the Charpy test properties from the
US irradiated pressure vessel steel database were reported
by a previous investigation [11]. It is worth noting the
results in order to analyze the relationship in Korean
LWR materials.

2.2 Empirical Trends in US RPV Steels
Odette et al. reported an empirical trend between the

irradiation-induced changes in the yield strength (∆YS)
and transition temperature shifts for the base metals
(plate/forgings) and weld metals [11]. The data points in
Fig. 1 were from the Electric Power Research Institute
(EPRI) database in the US [12]. The yield strength results
were mainly obtained from static tests at room temperature,
with some results at an elevated temperature that were not
available at room temperature. The data trend was shown
as solid line in spite of some scatter. The TTS increased

in proportion to the increase in yield strength. The
proportional coefficient increased with ∆YS; it was about
0.5°C/MPa in the low ∆YS region and increased to more
than 0.8°C/MPa in the high ∆YS region. The average
coefficient was about 0.65°C/MPa. The uncertainty
bandwidth was reported as ±10°C and ±20 MPa, and most
of the data are located in the band, with some points
located outside the region in the plate data.

The initial index temperature at 41 J (T41J) in the
Charpy curve of a sample before irradiation may affect
the relationship between ∆YS and TTS after irradiation.
However, Odette et al. reported that no particular effect
of T41J on the proportional coefficient between ∆YS and
TTS was found in the EPRI database, whereas test reactors
data appeared to show a rather systematic trend of higher
values in the proportional coefficient with increasing
initial T41J, as well as with increasing ∆YS [11]. For the
data group with high initial transition temperatures (-5 to
-20°C), the proportional coefficient was ~0.65, about 50%
higher than the corresponding value (~0.43) for the data
group with low initial transition temperatures (-70 to -40°C)
[13-17].

The fractional decrease in USE (f = ∆USE/USE°)
was suggested to be correlated with the ∆YS. Odette et
al. reported that parameter f in the US data appears to
have a nonlinear relationship with ∆YS [11]. The f value
initially increased in proportion to ∆YS, and the slope
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Fig. 1. Plots of TTS Versus Static Yield Stress Change for (a)
Base Metal and (b) Weld Metal of US Data [11].
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increased with ∆YS. The additional incremental decreased
slowly with incremental increases in ∆YS. The relation is
given below: 

The shape of the Charpy energy versus temperature
curves can be fitted with the general tanh function [18]. 

where,
Cv = Charpy V-notch impact energy,
Tm = fitting parameter equal to temperature at the

inflection point of the fitted curve,
D = fitting parameter related to the slope of the

transition region,
LSE = lower shelf energy; 0 (Odette et al.) or 2.2

fttlbs (Korean Surveillance test),
USE = upper shelf energy. 

Allowing for curvature in the tanh function, Odette et al.
approximately estimated the transition regime temperature
interval (∆TT) between LSE and USE as 2D + 20°C [11].
The ∆TT from the US data was reported to have an
approximately constant temperature interval, not a linear
relationship with the irradiation fluence, and the average
value was about 120 ± 25°C, which had some scatter
because of the highly scattered Charpy data sets [11].

To plot the Charpy curve, it is necessary to determine
the four terms in the tanh model. However, LSE is fixed at

2.2 ft-lbs in the Koran surveillance test. Hence, we can
predict the Charpy curve of the irradiated samples by
determining the relationship between ∆YS and the three
variables, TTS, ∆USE, and D, which can be converted to
∆TT.

3. RESULTS AND DISCUSSION

3.1 Correlation between Yield Strength Change and
Transition Temperature Shift
In this work, the surveillance data of RPV steels were

divided into two categories: base metals (plate/forgings)
and weld metals. The basic information of the surveillance
tests are listed in Table 1.

First, the yield strength changes with neutron
irradiation fluence were investigated. The surveillance
data for a given neutron fluence include about 3 tensile
results for the irradiated samples tested in a temperature
range of -100 to 300°C. Hence, it was necessary to
determine the representative yield strength for a fluence
condition in order to compare yield strength changes
among samples. We used two representative values: the
average value of the YS (∆YSaver) regardless of the test
temperature, and the predicted value at room temperature
(∆YSrt) which was predicted at 23°C using the quadratic
function of the tensile test results at various temperatures.
When it was not appropriate to use the quadratic function,
the linear fitting was used to predict ∆YSrt. Fig. 2 shows
the ∆YS with the neutron fluence for the base metals and
weld metals. The triangles represent ∆YSrt, and the squares
represent ∆YSaver. In the case of the base metals, ∆YS

(1)

(2)

(3)

Kori-1

Kori-2

Kori-3

Kori-4

Yonggwang-1

Yonggwang-2

Yonggwang-3

Yonggwang-4

Ulchin-1

Ulchin-2

Ulchin-3

Ulchin-4

5

5

5

5

5

5

1

1

4

4

1

1

SA508 Grade 2 Class 1

SA533 Type B Class 1

SA533 Type B Class 1

SA533 Type B Class 1

SA533 Type B Class 1

SA533 Type B Class 1

SA508 Grade 3 Class 1

SA508 Grade 3 Class 1

SA508 Grade 3 Class 1

SA508 Grade 3 Class 1

SA508 Grade 3 Class 1

SA508 Grade 3 Class 1

Forging

Plate

Plate

Plate

Plate

Plate

Forging

Forging

Forging

Forging

Forging

Forging

Plant ID Surveillance Test Materials Product

Table 1. Surveillance Information for Korean LWRs



increased with neutron irradiation. Some samples showed
a decrease in the yield strength in a low fluence region,
which was probably a deviation of the test samples. In
contrast, the weld data did not show a clear correlation
between the neutron fluence and ∆YS. The variety of
preparation process conditions seems to have caused the
significant deviation in the weld data. 

Fig. 3 shows the plot between the ∆YS and TTS,
including all of the LWR data in Korea. There are some
negative points, which mean that ∆YS or TTS decreased
after neutron irradiation. We assumed the relationship
between the ∆YS and TTS as a linear function through
the origin (y = A·x) for simplicity. The proportional
coefficient (A) and the coefficient of determination (R2)
were calculated using Microsoft Excel 2003. Note that
the coefficient of determination in regression through the
origin was not equal to the square of the correlation
coefficient. The detailed description of R2 through the origin
is described elsewhere [19]. As shown in Fig. 3(a), the
proportional coefficient of ∆YS with TTS was 0.49, and
the coefficient of determination, R2, was 0.81 in the case
of ∆YSrt. For ∆YSaver, the proportional coefficient and R2

were 0.48 and 0.86, respectively. The proportional
coefficients were similar, whereas the R2 of ∆YSaver was

slightly higher than that of ∆YSrt. When R2 was greater
than 0.85, the linearity was thought to be good in this work.
Fig. 3(b) shows the data for the welds, and the trend was
rather different. The points with large ∆YS over 100 MPa
originated from the Kori-1 unit, which had a higher ∆YS
and TTS because of the higher Cu content of about 0.22
wt% in Linde 80. We determined the proportional
coefficients from the ∆YSrt and ∆YSaver for the data, which
were 0.58 and 0.68, respectively. The proportional
coefficient difference was caused by the value difference
between ∆YSrt and ∆YSaver in the Kori-1 unit. This was due
to the limited number of test results at test temperatures.
Note that the exceptional point with negative ∆YS and very
high TTS originated from the first surveillance result of
Kori-1. The data point might result from the preparation
procedure of the specimen or specific irradiation conditions,
but that was not confirmed. The negative data point reduced
R2 of the ∆YSrt and ∆YSaver drastically.

Fig. 4 shows the plot between the ∆YS and TTS,
excluding the Kori-1 unit data. The proportional coefficients
of the base metals were 0.52 and 0.49 for ∆YSrt and ∆YSaver,
respectively. R2 increased up to 0.89 in both cases. In the
case of welds, the exclusion of the Kori-1 unit data
decreased the proportional coefficients in Fig. 4(b). The
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Fig. 2. Changes in Yield Strength with Neutron Irradiation: (a)
Base Metal and (b) Weld Metal of Korean Surveillance Data.

Fig. 3. Plots of ∆YS Versus TTS: (a) Base Metal and (b) Weld
Metal. Kori-1 Data Points are Included. 



R2 value was 0.76 in both cases of ∆YSrt and ∆YSaver, which
exhibited a bad linearity. The surveillance data from the
weld metals showed a weak correlation of the neutron
fluence with ∆YS (Fig. 2(b)) as well as TTS, which caused
the bad linearity between TTS and ∆YS.

The Korean RPV materials can be divided into 3 groups:
SA508 grade 2 type 1 (SA508G2), SA533 type B class 1
(SA533B), and SA508 grade 3 type 1 (SA508G3). Using
these specifications, we compared the correlation and
found an empirical relationship for each material. Fig. 5
shows the scatter plots of the base RPV materials. There
are a few data points in SA508G2 which was used in
Kori-1 (Fig. 5(a)). The five data points at the bottom are
from L-T direction specimens, and the other data points
data points are from T-L direction specimens. Because
the two series of the data were collected together in a base
material, R2 appeared to be very low. SA533B was used as
the RPV material in Kori-2, Kori-3, Kori-4, Yonggwang-
1, and Yonggwang-2. These LWRs have finished the final
surveillance programs, and there are abundant data points
compared to other materials. The proportional coefficients
calculated from ∆YSrt and ∆YSaver were 0.53 and 0.48, which
are very similar to the values from the US data. The R2

value was up to about 0.90 in both cases, which shows a

good linearity. The proportional coefficients of SA508G3
in ∆YSrt and ∆YSaver were 0.48 and 0.55 respectively. The
negative values of ∆YSaver in a low fluence condition
affected the proportional coefficient. The values of R2

calculated from ∆YSrt or ∆YSaver were 0.86 or 0.87,
respectively, which shows a good linearity between ∆YS
and TTS. We applied a similar analysis to welds; however,
we observed a bad linearity with low R2 in the all
specifications. Further analysis on the weld data is required.
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Fig. 4. Plots of ∆YS Versus TTS: (a) Base Metal and (b) Weld
Metal. Kori-1 Data are Excluded. 

Fig. 5. Plots of ∆YS Versus TTS by Base Metal: (a)
SA508G2, (b) SA533B, and (c) SA508G3. 
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Fig. 6 shows the scatter plots of the weld materials, and
Table 2 summarizes all of the values from the analysis.

To compare the Korean surveillance data to the US
data, Fig. 1 and Fig. 3 are superimposed on Fig. 7. The
data points for the base metals are located within the small
region of low ∆YS and TTS. Although some points are
located outside the uncertainty line of US data, the trend
of the Korean data is similar to that of the US data. In the
case of welds, most of the data points from the Korean
LWRs had low ∆YS and TTS values, except for Kori-1
data points with the high content of Cu in the weld metals.
The Korean data is mainly located inside the uncertainty
lines of US data, and the trend is thought to be similar.

The accumulation of surveillance data through the
scheduled surveillance programs in Korean LWRs will
increase the accuracy of the correlation. However, it should
be pointed out that international cooperation in data
collection is needed for a more precise evaluation of the
correlation between ∆YS and TTS.

3.2 Change in Upper Shelf Energy and TTS Curve
Shape with Yield Strength Change
It has been reported that the fractional decrease in USE

due to irradiation is related to ∆YS [11]. We checked the
relationship between ∆YS and a fractional decrease in
USE using the Korean surveillance data. The ∆YSrt was
used for the representative value. Fig. 8(a) shows a plot
of the base metals and weld metals between ∆YSrt and a
fractional decrease in USE. There are many negative data
points, and a significant scatter can be seen in the plot. It
seems that the correlation is a non-linear function. In order
to make a comparison with the US results, the data are
superimposed on the US results in Fig. 8(b). The trend of
positive data points is roughly similar in spite of some
scatter. It is suggested that we may use the US formula to
predict the fractional decrease in USE alternatively. 

To observe the variation of the Charpy curve shape,
we checked the transition regime temperature interval (∆TT)
between LSE and USE in the Korean surveillance data.
Fig. 9 shows a histogram of ∆TT in the base and weld data.
The average value was 105 ± 18°C, and the values for the
base and weld were 109 ± 18°C and 97 ± 17°C, respectively.
The average ∆TT was less than the US result, 120 ± 25°C
[11], which means that the Charpy curves for Korean NPPs
increase rather sharply from LSE to USE.

The yield strength change was closely related to the
Charpy curve: TTS and the fractional decrease in USE, and
∆TT can be used to predict the Charpy curve of irradiated
specimens using the measured values of ∆YS and the
baseline test data including tensile test and Charpy test
for an unirradiated specimen. It should be noted that
these empirical relationships might be changed with the
accumulation of additional surveillance data.

There is ongoing work to predict the embrittlement of
an RPV using the multiscale modeling approach, which
includes investigations of defect accumulation, microstructure
evolution, and the corresponding mechanical properties
such as yield strength change [20]. By using the analyzed
relationship between the yield strength change and related
Charpy results, it is possible to predict the embrittlement
of RPV materials. Further work including multiscale
modeling will be taken into account in the future.

4. SUMMARY

The relevance of the Charpy-V notch impact test
results and tensile strengths of Korean RPV steels in
surveillance tests were analyzed systematically. The yield

Fig. 6. Plots of ∆YS Versus TTS by Weld Metal: (a)
SA508G2, (b) SA533B, and (c) SA508G3.
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All data

Kori-1 excluded

SA508G2

SA533B

SA508G3

68

58

10

44

14

0.49

0.52

0.30

0.53

0.48

0.81

0.90

0.31

0.91

0.86

0.48

0.49

0.43

0.48

0.55

0.86

0.89

0.61

0.90

0.87

Base metal Number of data
∆YSrt

Proportional Coefficient R2 R2Proportional Coefficient

∆YSaver

Table 2. Correlation Parameters between ∆YS and TTS under Various Conditions

All data

Kori-1 excluded

SA508G2

SA533B

SA508G3

39

34

5

22

12

0.58

0.54

0.60

0.51

0.61

0.74

0.76

0.74

0.78

0.75

0.68

0.58

0.77

0.54

0.71

0.77

0.76

0.79

0.81

0.71

Base metal Number of data
∆YSrt

Proportional Coefficient R2 R2Proportional Coefficient

∆YSaver

Fig. 7. Plots of ∆YS Versus TTS: (a) Base Metal and (b) Weld
Metal. The Korean Surveillance Data Plot is Superimposed on

the US Data Plot [11].

Fig. 8. Plots of ∆YS Versus Fractional Decrease in USE: (a)
Korean Surveillance Result and (b) US Result [11], which is

Superimposed on Korean Surveillance Result.  



strength change caused by irradiation showed a linear
relationship with a transition temperature shift change in
base metals (plate/forgings). The proportional coefficient
was about 0.5°C/MPa. The base metals indicated an
apparent trend, but the weld metals did not show a clear
relation between ∆YS and TTS. The upper shelf energy
decrease ratio was non-linearly proportional to ∆YS, and
the data lay roughly along the trend curve of the US results.
The transition regime temperature interval, ∆TT, was
observed to have an average value of about 105 ± 18°C,
which is less than the US value. A comparison of the data
with the US results showed that the overall tendencies
were similar, indicating the importance of sharing data
and joint research with foreign countries. 
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Fig. 9. Distribution of Transition Regime Temperature Interval
(∆TT) for Korean Surveillance Data. 


