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Mechanical properties of materials including fracture toughness are extremely important for evaluating
the structural integrity of reactor pressure vessels (RPVs). In this report, the published data of mechanical
properties of nuclear RPVs steels, including neutron irradiated materials, acquired by the Japan Atomic
Energy Agency (JAEA), specifically tensile test data, Charpy impact test data, drop-weight test data, and
fracture toughness test data, are summarized. There are five types of RPVs steels with different toughness
levels equivalent to JIS SQV2A (ASTM A533B Class 1) containing impurities in the range corresponding
to the early fission reactor plants to the latest plants. Neutron irradiation test was conducted at Japan Material
Testing Reactor (JMTR). The data of the neutron fluence up to about 1 x 10%° n/cm? (E>1 MeV) at
290°C+5°C was evaluated. In addition to the base material of RPVs, the mechanical property data of the two
types of stainless overlay cladding materials used as the lining of the RPV are summarized. These mechanical
property data are summarized graphically for each material and listed also in tabular form to facilitate easy

utilization of data.

Keywords: Reactor Pressure Vessel Steel, Stainless Overlay Cladding, Neutron Irradiation, and Mechanical

Property
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1. Introduction

Since the reactor pressure vessels (RPV) are primary coolant boundary components, ensuring the
structural integrity of RPVs is extremely important. In the transition temperature region, the fracture
toughness of RPV steel depends on temperature, and fracture toughness decreases with decreasing
temperature.

Because high pressure and low temperature are superimposed in RPV at the operating transients, such as
startup/shutdown of nuclear reactor operations and pressurized thermal shock event, if there are defects such
as cracks on the inner surface of the RPV, they may penetrate the vessel. By subjected to neutron irradiation
from the core, the fracture toughness of RPV steel gradually decreases and the transition temperature is
shifted to high temperatures. Therefore, as reactor operation duration is prolonged, these property changes
can be seriously affected on the structural integrity of RPV. Thus, evaluating the fracture toughness of RPV
steel under the operation service is very important.

Recently, the Master Curve (MC) method has been developed to evaluate the temperature dependence of
fracture toughness by conducting a relatively small number (6~8 or more) of fracture toughness tests and
tensile tests! ! 1-2), In the MC method, the temperature dependence of the median value of fracture toughness
distribution of a 1-inch-thickness compact tension-type (1T-C(T)) specimen is provided by a single
exponential curve. This concept, developed by Wallin et al. '), accounts successfully for size effects on
fracture toughness by combining the weakest link size effect with micro-mechanical models of cleavage
fracture, and provides a means to calculate statistical confidence bounds on cleavage fracture toughness data.

In Japan Atomic Energy Agency (JAEA), many tests including irradiation tests related to fracture
toughness evaluation of RPV steels by the MC method have been performed, and their results were published.
The present report summarizes the published data of mechanical property for unifying relevant data
pertaining to fracture toughness evaluation of RPV steels, including the data acquired at the Japan Atomic
Energy Research Institute from 1994!-4 1-3-1-0) The materials are the RPV steels based on the JIS SQV 2 A
(ASTM A 533 B Class 1) standard. We focused on impurities in the steels that are thought to influence
irradiation embrittlement considerably and the chemical compositions adjusted the contents of phosphorus,
sulfur, and copper, as well as the toughness level. With the progress of manufacturing technology of reactor
pressure vessel, the content of copper, phosphorus and sulphur contents in RPV steel has been gradually
decreased. In the surveillance data of the base materials of the PWR plants in Japan, the phosphorus and the
copper contents are distributed in 0.014 to 0.003 % and 0.16 to 0.018 %, respectively'-.

In addition to the unirradiated material, we examined the materials that were subjected to high levels of
neutron irradiation (up to about 10?° n / cm? (E>1 MeV)) at the Japan Materials Testing Reactor (JMTR).
Fracture toughness data obtained from specimens of different dimensions were summarized. The specimen
sizes ranged from large compact tension-type (4T-C(T)) with a thickness of 100 mm to small compact
tension-type (Mini-C (T)) with a thickness of 4 mm that can be taken from a Charpy impact specimen. In
addition, the data of tensile tests, drop-weight tests, and Charpy impact tests were collected and analyzed as

mechanical properties related to fracture toughness evaluation. By contrast, stainless steel overlay cladding
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of about 5 mm in thickness was welded to the inner surface of the RPV, and the mechanical properties of the
cladding were considered in the structural integrity assessment!'-®). Therefore, mechanical property data of
the cladding were also described. These mechanical property data of each material are summarized and
presented in graphical and tabular formats.

The data summarized in this research report will be useful to the structural integrity assessments of RPVs

and evaluation of irradiation embrittlement of RPV steels. Material test data are listed in Table 1.
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2. Fabrication of material used

Five types of ASTM AS533B Class 1 steel (Steel A, Steel B, JRQ, Steel L and JSPS) plates of thickness
about 200 mm were fabricated according to JIS SQV 2 A and ASME SA533/SA533M (except Cu, P, and S
contents) V. Here, JRQ is the International Atomic Energy Agency (IAEA) “reference” material used in
several IAEA coordinated research programs®?. JRQ is used for many IAEA projects dealing with the study
of the behavior of RPV steels under neutron irradiation, which began in 1983. The use of JRQ material has
since then been internationally recognized and explored by a number of Member States. JSPS is the material
used in the round robin study organized by The Japan Society for Promoting of Science (JSPS) 2. This
material was deliberately embrittled by increasing the concentration of Sulphur and Phosphorous in order to

obtain a very low Upper Shelf Energy (USE = 70 J) in the unirradiated condition.

The heat treatment for these steels were carried out according to the standard. As an example, the heat
treatment conditions of Steel A, Steel B, JRQ and Steel L are shown in Table 2.

Two types of weld overlay cladding materials were fabricated by means of submerged-arc welding (SAW
CL) and electroslag welding (ESW CL) of base metals with stainless steel plates, respectively 4. The
thickness of the both cladding was about 5 mm and heat treatment was carried out for 7 hours at 615 °C +
20 °C after welding. The dimensions of the base metal used for welding are 850 mm x 550 mm x 200 mm
thickness.

Table 3 shows the chemical compositions of the materials taken from the 1/4 thickness position of the

plates and cladding materials.

Table 2 Heat treatment of Steel A, Steel B, JRQ and Steel L

Material ID Quenching Tempering Stress relief
860 to 893 °C, 650 to 660 °C — 6 h, 610 to 623 °C — 42 h,
Steel A ] )
Water quenched Air cooled Cooling rate <-35°C/h
Steel B 860 to 893 °C, 650 to 660 °C — 6 h, 610 to 623 °C — 42 h,
tee
Water quenched Air cooled Cooling rate <-35°C/h
880 °C, 665 °C — 12 h,
JRQ ) 620°C—-40h
Water quenched Air cooled
900 °C, 660 °C -5 h, 600°C—-25h
Steel L
Water quenched Air cooled Cooling rate < -50 °C/h
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3. Tensile test

3.1 Test procedure

Tensile tests, in which two types of test specimens were examined, were conducted in the temperature
range from -200 °C to 290 °C. The test temperature was measured with a K type thermocouple in contact
with the specimen. The tensile test was carried out using Shimadzu or Instron's universal testing machine.
In the tests, the crosshead speed was 0.1~0.5 mm/min at the constant. Schematic images of the specimens
are shown in Fig. 3.1-1. Note that the SS - 3 type specimens tend to exhibit yield stress and tensile strength
as high as several % and elongation as low as several %, as compared with round bar type specimens. The

series of specimens were taken in the T direction from the 1/4 thickness position of the steel plate.

3.2 Results

Tensile tests were conducted using unirradiated materials (Steel A, Steel B, JRQ, Steel L, JSPS, SAW CL
and ESW CL) and irradiated materials (Steel A, Steel B, Steel L, SAW CL and ESW CL). The stress-
crosshead displacement curves obtained at the temperature examined are shown in Fig. 3.2-1, and the
corresponding tensile test results (yield strength (oy), ultimate strength (o), uniform elongation, fracture
elongation, total elongation, and reduction of area) are summarized in Table A of Appendix. Figure 3.2-1
and Figure 3.2-2 shows the stress-crosshead displacement curves and the temperature dependence of tensile
properties, respectively. Here, the graph of JRQ is a reprint of the one of IAEA report .

The oy measured (oy(meas.)) in the present study was compared to the calculated temperature dependence
of oy (Oy(alyT)), and the comparison result is shown in Fig. 3.2-3. The oy(al)T) Was calculated using the
following equation given in the Japan Welding Engineering Society Standards (WES1108-1195). This
equation is also recommended as yield stress evaluation method of the Japanese Electric Association

Code“Test Method for Determination of Reference Temperature, T,, of Ferritic Steels,” (JEAC 4216-2015).

Oy(cal)(T) = Oy(RT)EXP {[481.4 — 66.51n(0y(RT))] [ﬁ — %]} (3-1)

Here, oyrr) is the oy value at room temperature (in MPa), T is temperature (in K).
In Fig. 3.2-3, the evaluation results of the material JRQ using literature data > of oy(meas.) are plotted
as well. From Fig. 3.2-3, oy(cal.) is almost equal to oy(meas.) at temperatures above 0 °C, whereas oy(cal.)

is smaller than oy(meas.) at temperatures below 0 °C.
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Fig. 3.1-1 Schematic images of tensile test specimens
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4. Charpy impact test

4.1 Test procedure

The Charpy impact test was performed using the 300-J Charpy impact testing machine with an
International Organization for Standardization (ISO)-type hammer tup in the temperature range of -130 °C
to 290 °C. The hammer speed at impact was ~5 m/s. The main specifications of the Charpy impact testing
machine and schematic image of the test specimen are summarized and shown, respectively, in Table 4.1-1
and Fig. 4.1-1. All Charpy V-notch specimens were machined along the T-L orientation from the 1/4
thickness position of the steel plate.

The specimens were set in a temperature control bath for 15 min before testing. The media in the bath
were alcohol for the low-temperature test and silicon oil for the high-temperature one. An automated
specimen transfer system was used to maintain identical testing conditions for all specimens and to minimize
the change in specimen temperature during transfer. The average time to impact of the specimens after

removal from the temperature control bath was ~3.5 s.

4.2 Results

Charpy impact tests were conducted using all unirradiated materials, and the irradiated materials except
JSPS. Charpy transition curves obtained in this study are shown in Fig. 4.2-1. As it can be seen in the figure,
the materials exhibit ductile-brittle transition behavior with decreasing temperature because of the
dominance of d-ferrite phase. With neutron irradiation, a decrease in the upper-shelf energy (USE) and an
increase in the Charpy 41 J temperature (T415) were observed. The results of the Charpy impact test are

summarized in Table B of Appendix.

716,
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Table 4.1-1 Main specifications of 300J-Charpy impact testing machine

Hammer mass (kg) 26.6
Hammer edge r =2mm (ISO type)
Centroid distance from rotation axis (m) 0.634
Gravitational acceleration (m/s?) 9.8
Swing-up angle (degree) 144.5
Center of impact from rotation axis (m) 0.750
Capacity (J) 300
Blowing speed (m/s) 5.17
Resolution of impact force 12 bit
Sampling frequency 1 MHz
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Fig. 4.1-1 Schematic image of Charpy impact test specimen
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Fig. 4.2-1 Charpy transition curves (1/4)
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Fig. 4.2-1 Charpy transition curves (2/4)
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Fig. 4.2-1 Charpy transition curves (3/4)
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5. Drop-weight test

5.1 Test procedure

The drop-weight test was performed using drop-weight tester in accordance with the ASTM standerd for
conducting drop-weight test to determine nil-ductility transition temperature of ferritic steels (ASTM E 208).
P-3-type drop-weight test specimens shown in Fig. 5.1-1 with a single-pass crackstarter weld bead were used
in this test. The nil-ductility transition temperature (Tnpr) is defined in ASTM E 208 to be the highest
temperature at which a specimen breaks, provided two tests at a temperature 5°C higher show no-break

performance.

5.2 Results
Drop-weight tests were conducted using unirradiated Steels A and B. The series of specimens were taken
in the T direction from the 1/4 thickness position of the steel plate. The results of the drop-weight tests and

the obtained Tnpr are shown in Table 5.2-1.

Table 5.2-1 Drop-weight test data

Temperature

(°C) -55 -50 -45 -40 -35 -30 25
Material ID °O)

*
TnpT

No Break | No Break
Steel A Break Break -35
No Break | No Break

No Break
Steel B Break Break -45
No Break

* As a result of the Charpy impact test at Txpr + 33 °C, all three specimens absorbed energy of 68 J or
more and underwent lateral expansion of 0.9 mm or more. That is, Tnpt can be considered the reference
temperature for nil-ductility transition (RTnpr).
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Fig. 5.1-1 Schematic image of drop-weight test specimen
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6. Fracture toughness test

6.1 Master Curve method

Changes in the fracture toughness of RPV steels were evaluated from the initial fracture toughness and
shifts in the Charpy energy transition curve due to neutron irradiation. To evaluate the structural integrity of
RPVs, a lower-bound curve that enveloped the fracture toughness data was used. However, the lower-bound
curve depended on the amount of data and scatter.

The MC method!-""!-?) is expected to be useful for direct evaluation of fracture toughness. This method
allows for theoretical expression of the confidence limit considering the inherent statistical characteristics
of fracture toughness. In the MC method, the relationship between temperature and median fracture

toughness (Kjcmed)) 0of a 1-inch-thick specimen is given as follows:
Kic(med) = 30 + 70exp[0.019(T — To)], MPavm,  (6-1)

where
T: temperature (°C),

To: reference temperature (°C).

T, is defined as the temperature at 100 MPaVm and is determined by at least six fracture toughness data
points.
In the MC method, the fracture toughness value obtained from a small-sized specimen is adjusted to Kjc

value equivalent to a 1-inch-thick specimen (Kjc(iteq)) by the following equation:

ch(lTeq) = Kmin + (K.lcfx - Kmin)(Bx / BIT)1/4, (6'2)

where
Kie x: Ky for specimens of thickness By,
Kmin: 20 MPa\m,
By: Thickness of specimen,

Bit : Thickness of 1 inch thick specimen (=25.4mm).

Owing to the limited number of surveillance fracture toughness specimens in the surveillance capsule of
Japanese early nuclear power plants, it was difficult to obtain sufficient data using the MC method in
conjunction with the surveillance program for RPV steels. Therefore, many efforts have been made to create

4-mm-thick miniature compact tension (Mini-C (T)) specimens from broken surveillance Charpy specimens.
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6.2 Test procedure

The fracture toughness tests using Mini-C (T), pre-cracked Charpy-V (PCCv), 0.4T-C (T), 1T-C (T) and
4T-C (T) specimens were performed using a 100 kN mechanical-servo type testing machine. Specimen
preparation and testing were conducted according to the ASTM standard '-1-¢>"D and according to studies in
the literature >, Due to the difference in the test period, fracture toughness tests using Mini-C (T)
specimens and other (PCCv, 0.4T-C(T) , 1T-C(T)) specimens were conducted according to ASTM E 1921-
12 and ASTM E 1921-97, Respectively. Schematic images of the test specimens are shown in Fig. 6.2-1.
The specimens were machined along the T-L orientation from the 1/4 thickness position of the steel plate.
All specimens were side-grooved by 10% on each side after fatigue precracking. For the fatigue precracking,
the maximum applied stress intensity factor was 20 MPaVm in the first precracking step and 15 MPavVm in
the final step. A calibrated load cell and a clip gauge were used for measuring the applied load and load point
displacement, respectively.

Before testing, the temperature of the test specimen and the fixture inside the testing chamber were
maintained at the target temperature for 20 min. Cold nitrogen gas was injected into the chamber for low-
temperature testing. The temperature distribution around the specimen was measured using calibrated
thermocouples. One thermocouple was attached to the upper fixture. The other thermocouples were buried
in the dummy specimens and located close to the test specimen. The temperatures of all thermocouples and,
hence, that of the test specimen were then controlled to the target temperature within a variation of 1°C

during testing.

6.3 Results

Fracture toughness tests were conducted using unirradiated materials (Steel A, Steel B, JRQ, Steel L and
JSPS) and irradiated materials (Steel A, Steel B and JRQ). The Ky and Kye(11eq) values obtained in the test
are summarized in Table C of Appendix. The full cleavage fracture surface of all tested specimens was
observed. Invalid Kj. data exceeding Kjcaimiyy were omitted based on the Kjcimiry value according to ASTM
E1921. The Kyc(11eq) values are plotted against the test temperature in Fig. 6.3-1 along with the MC. The T,
values were determined mainly by using the multi-temperature method according to ASTM E1921, and
results are summarized in Table 6.3-1. The T, values of JRQ are within the range of scatter of the IAEA
round-robin test results®3-D,

The T, values of all the specimens of the materials are shown in Fig. 6.3-2. The error bars in this figure
represent the standard deviation (o) in the estimation of T,, which incorporates sample size and experimental

uncertainties and is given by following equation;

6= (B/r + (Gexp)?) (6-3)

where

B: the sample size uncertainty factor determined based on 1T-equivalent Kjc(med) ,
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r: the total number of valid K;. data points,

Gexp : the contribution of experimental uncertainties.

The T, values determined using the Mini-C (T) specimens as well as the 0.4T-C (T) specimens showed
good agreement overall with those determined using the 1T-C (T) specimens. In case of the PCCv specimens,
all T, values were lower than those determined using the 1T-C (T) specimens. In this regard, a study ¢3-"
reported that the T, of bending-type specimens is approximately 8 °C lower than that of the CT-type

specimens, probably because of the difference in constraint near the crack tip.

With regard to evaluation of the fracture toughness of RPV steels based on the MC method, the 5% lower-
bound of the MC was adopted as new fracture toughness curve for pressurerized thermal shock (PTS)
evaluation in Japanese electric association codes®3-?) revised recent year. Yoshimoto et al. ¢3-3) proposed Ta1;-

based lower-bound curves of Kje(