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Abstract The fatigue tests of Chinese RPV steel
(A508-3) were carried out under the simulated
primary coolant environment of AP1000 which is a
kind of 3rd generation nuclear power plant. The
effects of temperature, strain rate and dissolved
oxygen (DO) on fatigue life were analyzed. During
the fatigue test, the material exhibited a cyclic
hardening followed by cyclic softening behavior, with
no obvious cyclic stability region. In logarithmic
coordinates, the S—N curve showed a bilinear rela-
tionship. As the strain amplitude increased from 0.2 to
0.6%, the fatigue life approximately decreased from
10° to 3 x 10 The environmental correction factor
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(Fen), which is defined as the ratio of life in air at room
temperature to that in the primary coolant environ-
ment, decreases as the temperature decreases from 321
to 150 °C. The Fen also decreases as the DO decreases
from 0.6 to 0.03 ppm while it increases as the strain
rate decreases from 1 to 0.0004%/s. Compared with
the NUREG6909 model, the presented model is more
applicable for fatigue life prediction of Chinese A508-
3 steel.

Keywords Reactor pressure vessel steel - Primary
coolant environment - Low cycle fatigue - Corrosion
fatigue - Environmental fatigue correction factor

1 Introduction

The reactor pressure vessel (RPV) is the irreplaceable
key component of nuclear power plants (NPPs), which
must meet the requirements for Class 1 components
according to the ASME standards (Yang 2000; NRC
2007). The ASME Class 1 requirements contain
provisions, including fatigue design curves, for deter-
mining a component’s suitability for cyclic service
(S.I. 1992). The fatigue design curve is based on
strain-controlled tests performed on small polished
specimens at room temperature in air environment.
Thus, the curve does not address the impact of the
aggressive operation environment (NRC 2007), which
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comprises high temperature, high pressure, water
coolant, etc. In order to determine the acceptable fa-
tigue life of RPV with consideration of those aggres-
sive operation environments, many countries have
carried out fatigue tests of RPV material in simulated
primary coolant environments with different parame-
ters (JNES-SS-1005 2011; Chopra and Stevens 2018).
Some environmental factors, such as temperature
(Byung Ho Lee 1995), strain rate (Higuchi et al. 1298)
and dissolved oxygen (DO) (Chopra and Stevens
2018), were considered to be the key affection factor
that may cause reduction effects of fatigue life. The
reduction effects mechanism in simulated primary
coolant environment could be due to the synergistic
effect of environmentally-assisted cracking (EAC),
dynamic strain ageing (DSA) and degradation mech-
anisms like hydrogen embrittlement. These effects
may happen synchronously or compete with each
other (Chopra and Stevens 2018; Higuchi et al. 1997,
Que et al. 2019). Furthermore, factors such as multi-
axial loading, notching, and material micro-defects
can also have a significant impact on fatigue life (Liao
etal. 2019, 2020; Bao et al. 2020; Hu et al. 2020; Qian
et al. 2010, 2011; Zhong et al. 2020). Based on the
research result, the environmental fatigue correction
factor (Fen) model which is defined as the ratio of
fatigue life in air at room temperature to that in
primary coolant environment was developed, the
model is then can be used to estimate the effects of
primary coolant environments on the fatigue life of
RPV material. At present, many different Fen models
have been built according to respective situation such
as material, operation environment, test condition, etc.
(JNES-SS-1005 2011; Chopra and Stevens 2018;
Faidy 2012; Gao et al. 2021).

AP1000 NPP is one kind of 3rd generation NPPs
that was built in China (Zheng et al. 2016), the RPV
material of AP1000 is Chinese A508-3. In order to
assess the integrity of the RPV and determine its
lifetime in service reasonably, it is necessary to study
the fatigue model of Chinese AS508-3 steel in a
simulated primary coolant environment of AP1000.

The work aims to study the low cycle fatigue
behavior of Chinese A508-3 steel in the simulated
primary coolant environment of AP1000. Effects of
temperature, strain rate and DO on the fatigue life
were studied, and then the fatigue model was
established, the model of this paper was compared
with  NUREG6909 model (Chopra and Stevens
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2018) which is the model recommended by U.S.
Nuclear Regulatory Commission.

2 Experiment procedure

The test material in this paper is a kind of Chinese
RPV material named A508-3 steel, which was cut
from a RPV forging piece. The main chemical
compositions of material satisfied with Chinese
National Standard requirements GB15443 (Zheng
et al. 2016; Standard 1995), as shown in Table 1.
The simulation post welding heat-treatment was
performed on the material after cutting from the
forging piece, to simulate the real state of the in-
service RPV steel. The process of the simulation post
welding heat-treatment, which determine the final
metallographic structure, is as follows: heating up the
material from 300 to 610/620 °C with the heating rate
of 55 °C/h, keep the temperature for 30 h, cool it to
300 °C by 55 °C/h, and then cooled in air. The
microstructure is bainite (as shown in Fig. 1) with a
hardness of 157 Hv.

Fatigue tests were carried out on the Bairoe
corrosion fatigue test machine, which is composed
of two parts: mechanical test unit and high pressure
loop (as shown in Fig. 2). The mechanical test unit
consists of a control cabinet, servo motor and the
machine frame; the high pressure loop consists of a
hydrochemical control circuit, autoclave, the LVDT
displacement measurement system and some other
components.

The test environment is the simulated AP1000
primary coolant environment. The detailed environ-
ment parameters are shown in Table 2. The test
temperature is 25-321 °C, the pressure is 15.5 MPa,
the water medium is deionized water solution with
2.2 ppm LiOH and 1200 ppm H3;BO3, pH is 6-7 at
room temperature, DO is 0.01 to 8 ppm, and the
conductivity is 20-35 pS/cm. The other fatigue
parameters are determined after referring to ASTM
E606 standard, as follows: triangular waveform, the
strain ratio is — 1, the strain rate is 0.004—0.4%!/s. The
fatigue life (NVg) is defined as the number of cycles for
tensile stress to drop 25% from its peak value (ISO
2003; Lin 2008).

Fatigue specimens are in a cylindrical shape. The
detailed dimension is shown in Fig. 3, specimen
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Table 1 Chemical

- Element C Si Mn P S Cu Co As
composition of A508-3
steel in wt% Content 0.19 0.17 1.41 0.003 0.002 0.03 0.006 0.003
Element Sn Sb Cr Ni Mo \'% Al B
Content <«0.002 0.0007 0.12 0.74 0.48 0.002 0.016 0.0003

Fig. 1 The metallograph of A508-3 steel observed by SEM

dimension is determined according to ASTM E606
standard (ASTM 2005), with the gauge length of
19 mm and the diameter of 6.35 mm. To measure the
strain of fatigue specimen, two collars were set at both
ends of gauge length of fatigue specimen, and then
strain can be calculated by displacement value of
collars which were measured by linear variable
differential transformer (LVDT). The stress measur-
ing device is shown in Fig. 4.

Fig. 2 Corrosion fatigue
system with high-
temperature and high-
pressure environments
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clamp

Specimen

Collar clamp

Strain
transmit rod

3 Results

Figure 5 shows the stress—strain hysteresis loop at half
lifetime (50% Ny) when the strain amplitude range is
0.2-0.6% at the strain rate of 0.04%/s in the simulated
primary coolant environment of AP1000. It is seen that
the hysteresis loop is in spindle shape, with good
symmetry; the width of the hysteresis loop increased
with the strain amplitude increase, which indicated
that the proportion of plastic strain amplitude
increases with the increase of strain amplitude.
Figure 6 shows the relationship between cycles and
peak stress of Chinese A508-3 of the strain amplitude
from 0.2 to 0.6%. It can be seen that the initial peak
stress increases by 40.2% as the strain amplitude
increased from 0.2 to 0.6%, while fatigue life decrease
as the strain amplitude increased. For the specimens
with large strain amplitude (above 0.25%), as the
number of cycles increased, the peak stress increased
rapidly at the initial stage and then started to decrease
after more than 10 cycles. The increase of the peak
stress is more than 10% during the initial stage. In
addition, it is seen that during the fatigue process,
cyclic hardening, cyclic softening and fatigue insta-
bility occurred. While for the specimens with small

Control Water quality detection

Autoclave

cabin & control panel

Cooling
machine

Controller Servo-motor Water loop
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Table 2 Environment parameters of fatigue test

Parameters Primary coolant of AP1000 (Gao et al. 2021) Test

Temperature 280-321 (°C) 25 ~ 321 (°C)

Pressure 15.5 (MPa) 15.5 (MPa)

DO 5 ~ 100 (ppb) 0.01 ~ 8 (ppm)

pH control agent 2.2 (ppm) LiOH + 1200 (ppm) H3;BO; 2.2 (ppm) LiOH + 1200 (ppm) H3;BO;
Conductivity 20-35 (uS/cm) 20-35 (uS/cm)

pH 5-7 6-7
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Fig. 3 Fatigue specimen dimension
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Fig. 5 The stress—strain hysteresis loop at half Ny in the
simulated primary coolant environment of AP1000
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Fig. 6 Relationship between cycles and peak stress of Chinese
A508-3 in the simulated primary coolant environment of
AP1000

strain amplitude (below 0.25%), the peak stress was
stable as the cyclic number increased, the change of
the peak stress is less than 10% during the fatigue
process, and very slight cyclic hardening or softening
was observed. Figure 7 shows the relationship
between fatigue life and strain amplitude of Chinese
AS508-3 under primary coolant environment, and it can
be seen that the fatigue life decrease from about 10° to

3 x 10?, with the strain amplitude increased from 0.2
t0 0.6%.
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Fig.7 Relationship between fatigue life and strain amplitude of
Chinese A508-3 in the simulated AP1000 primary coolant
environment

4 Discussion

As mentioned above, the effect of the primary coolant
environment on fatigue life can be expressed by the
environmental fatigue correction factor Fen, which is
defined as the ratio of the lifetime in air at room
temperature to the life in the primary coolant envi-
ronment. Therefore, in order to predict the fatigue life
in the primary coolant environment, not only the
fatigue model for room temperature in air condition
but also the expression for Fen need to be developed.

4.1 Fatigue life model in air environment

The commonly used fatigue life model is Mason-
Coffin model according to the test standards. How-
ever, for the sake of engineering application, the
Langer model is implemented in the NUREG6909 as
the fatigue life model. Therefore, the Langer model is
also used to fit the fatigue life model of Chinese A508-
3 steel in air environment, the fitted data is tested in the
earlier work (Liu et al. 2014), and the fitted model is as
follows:

In(Ny) = 6.255 — 1.620 x In(g, — 0.132). (1)

where Ny is fatigue life, ¢, is strain amplitude. Figure 8
shows the fatigue data and life model of Chinese
A508-3 in air environment. It can be seen that the
present model of Chinese A508-3 is about the sa-
me as NUREG6909 model, but overall it is slightly
lower than NUREG6909. Figure 9 shows the
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Fig. 8 Fatigue data and life model of Chinese A508-3 in air
environment
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Fig. 9 Comparison of test data and model prediction data of
Chinese A508-3 steel in air environment

comparison of test data and model prediction data of
Chinese A508-3 steel in air environment. The model
prediction data of this paper shows good agreement
with the test data and the ratio of prediction data to the
test data is within 3. As for comparison, the model
prediction data of NUREG6909 is slightly over than
the model of this paper. Most of the prediction data is
larger than the test data, showing that the prediction is
not as accurate as the presented model of this paper.

4.2 Fen and fatigue model in primary coolant
environment

Fatigue model in primary coolant environment needs
to be established based on Fen and fatigue model in air

@ Springer

environment. Fen is usually established based on the
effect of different affection factors. Substantial
researches confirmed that (JNES-SS-1005 2011; Cho-
pra and Stevens 2018), there are a lot of factors that
may affect Fen, i.e. strain rate, temperature, strain rate,
DO, S content of the material, load waveform and rate
of flow, etc. Among these factors, temperature, strain
rate, DO and S content are key factors that should be
considered in Fen calculation. As S content of Chinese
AS508-3 is a fixed value, so the only temperature, strain
rate, DO need to be considered in this paper.

4.3 Effect of temperature

The effect of temperature on Fen of RPV is shown in
Fig. 10. It can be seen that the logarithm of Fen
increases linearly as the temperature increases when
the temperature is above 150 °C, and then the effect of
temperature on Fen is not significantly below 150 °C.
The trend of Chinese A508-3 is similar to other RPV
materials (Chopra and Stevens 2018). According to
the data of this paper, the relationship between
temperature and Fen can be fitted as below:

In(Fen) = 0.198 + 0.004 x T. (2)

where Fen is the environmental fatigue correct factor,
T is the temperature in °C.

4.4 Effect of strain rate

Figure 11 shows the effect of strain rate on Fen of
AS508-3 steel. As reported in NUREG6909, the effects

-
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Fig. 10 Effect of temperature on Fen of Chinese A508-3 steel
in primary coolant environment
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Fig. 11 Effect of strain rate on Fen of different RPV steels in
primary coolant environment

of strain rate on fatigue life for the RPV steel would be
saturated when the strain rate is below a certain value,
and the saturated values were comparable among
different RPV steels, such as A333-6, A533-B, A508-
3, etc. (Chopra and Stevens 2018). For the sake of
studying the saturated value of strain rate, the refer-
ence data of NUREG6909 that test below 0.004%
were also included in the figure. It can be seen that the
Fen increases logarithmically with strain rate
decreases when the strain rate is above 0.0004%/s,
and then the Fen is a constraint as the strain rate
decreases to below 0.0004%/s. The effect of strain rate
on Fen of Chinese A508-3 steel is similar to other RPV
materials (JNES-SS-1005 2011; Chopra and Stevens
2018). The relationship between strain rate and Fen for
Chinese A508-3 steel can be fitted as below:

In(Fen) = 0.445 — 0.43 x In(é). (3)

where & is the strain rate in %/s.
4.5 Effect of DO

Figure 12 shows the effect of DO on Fen of A508-3
steel. It is seen that the Fen decreases logarithmically
with decreasing DO in the range of 0.03 ppm to
0.6 ppm, and then the Fen does not change signifi-
cantly beyond this range. The effect of DO on Fen of
Chinese A508-3 steel is similar to other RPV materials
(JNES-SS-1005 2011; Chopra and Stevens 2018). The
relationship between temperature and Fen for Chinese
A508-3 steel can be fitted as below:

£=0.6%, £=0.04%/s, 321°C °

10 |- .

Fen

0.01 0.1 1 10
DO [ppm]

Fig. 12 Effect of DO on Fen of Chinese A508-3 steel in
primary coolant environment
In(Fen) = 2.72 4 0.62 x In(DO). (4)

where DO is the dissolved oxygen in ppm.

4.6 Fatigue design curve considering the effect
of primary coolant environment

According to the discussion of research results (Cho-
pra and Stevens 2018), the Fen of Chinese A508-3 can
be express as below:

ln(Fen) =A+BX Xt X Xs X XDO (5)

where, A and B are coefficients that can be calculated
out according to the test data,

X1, X¢ and Xpg are transformed temperature, strain
rate, and DO level, respectively, defined as:

Xr =0 (T < 150°C)

Xy = (T — 150) (T > 150°C)

X, = In(e) (6>0.0004%s™")

X, = In(0.0004) (6<0.0004%s")

Xpo = In(20) (DO > 0.6 ppm)

Xpo = In(DO/0.03) (0.03 ppm <DO < 0.6 ppm)
Xpo =0 (DO <0.03 ppm)

(6)

According to the test data, the Fen of Chinese
A508-3 can be fitted as below:

In(Fen) = 0.3143 — 0.00117 x X1 x X, x Xpo. (7)

Further, by combining the fatigue life model in air
environment and Fen, the fatigue life of Chinese
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A508-3 in primary coolant environment can be
obtained as below:

In(Ny) = 5.911 — 1.620 x In(e, — 0.132) + 0.00117
X XT X Xs X XDO~

(8)

Figure 13 shows the comparison of test data and
model prediction data of Chinese A508-3 steel in the
primary coolant environment. The model prediction
data of this paper shows good agreement with the test
data and the ratio of prediction data to the test data is
within 3. As for comparison, the prediction data of the
NUREG6909 model are slightly larger than the model
of this paper, indicating that the model of this paper is
more accurate in lifetime prediction for Chinese
A508-3 steel.

Figure 14 shows the relationship between fatigue
life and strain amplitude of RPV steel in different
environments. It can be seen that the fatigue life in the
primary coolant environment of Chinese A508-3 is
overall less than that in air environment, which
indicates obvious Environmental Assist Cracking
effect exists in the primary coolant environment.
Moreover, compared with the NUREG6909 model,
the model developed in this paper shows better
agreement with the fatigue data of Chinese A508-3
steel, indicating that the presented model is more
applicable for fatigue life prediction.

Figure 15 shows the quantitation of fatigue life
prediction results. A statistical parameter 7Y is defined
as
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Fig. 13 Comparison of test data and model prediction data of
Chinese A508-3 steel in primary coolant environment
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Ty = 10F, 9)

with

_ 1 Nt ;

E=-> log (—f>, (10)
i3 Npi

where n is the total number of the compared results,
N;; and N,,; denote the experimental and predicted
fatigue life. Ty illustrates the comparison of the mean
value of experimental and predicted fatigue life. Ty =
1 denotes zero difference between experimental mean
value and model predictions. Ty > 1 means the
predicted fatigue life is conservative, and Tny<1
means the predictions are non-conservative.
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Compared to the NUREG6909 model, the predicted
values of the model presented in this paper are more
conservative in both air and coolant environments.

Probability-based P—S—N analysis is used to
describe the dispersion of the life model. Probabilistic
fatigue studies are important for the engineering
application of experimental data. Qian and Lei
(2019) provided a comprehensive review of existing
models for uncertainty analysis. Fatigue failure is a
random event for a solid of volume (V) subjected to a
cyclic load (S) for a particular number of loading
cycles (N). This means that the cumulative probability
(P) of fatigue failure is influenced by the cyclic load
(S), the number of loading cycles (), and the
specimen size (V). As a result, the cumulative
probability (P) of a solid’s fatigue failure as a function
of cyclic load (S), number of loading cycles (), and
volume (V) can be expressed as follows: P = F(S, N,
V).

On the one hand, experimental data collected in a
variety of environments, at various strain ratios and
temperatures, aids in understanding the fundamental
effects of fatigue life. These experimental data, on the
other hand, can be utilized to anticipate and extend the
life of nuclear power facilities. It is feasible to
anticipate the lifetime, which is part of the fatigue
design curve, using the S—N curve. Furthermore, a
probabilistic model of the S—-N curve provides a
lifetime forecast confidence level.

5 Conclusions

In the present work, fatigue tests of Chinese A508-3
were carried out in the simulated primary coolant
environment. Effects of temperature, strain rate, and
DO on the fatigue lifetime were experimentally
investigated. The present fatigue model with the
environmental correction factor Fen was proposed
and compared to the NUREG6909 model. The con-
clusions are as below:

(1) During the fatigue tests in the primary coolant,
the Chinese AS508-3 steel exhibited a cyclic
hardening followed by cyclic softening behav-
ior without an obvious cyclic stability region.
The fatigue lifetime approximately decreased
from 10° to 3 x 102, as the strain amplitude
increased from 0.2 to 0.6%.

(2) The environmental correction factor Fen is a
function of the temperature, strain rate, and
dissolved oxygen (DO). Fen decreases as the
temperature decreases from 321 to 150 °C, and
it decreases as the DO decreases from 0.6 to
0.03 ppm, while it increases as the strain rate
decreases from 1 to 0.0004%/s.

(3) The model proposed in the study is more
accurate than the NUREG6909 model in fatigue
life prediction of Chinese A508-3 steel.
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