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According to the Research Agreement No. 9736 between the IAEA and the JAERI, we
commenced the test program for the IAEA Coordinated Research Program (CRP) on
“Assuring Structural Integrity of Reactor Pressure Vessels” at JAERI in September 1997. For
the program, we received one block of the IAEA reference material JRQ from the IAEA CRP
coordinator in June 1997. The test program has been conducted using the JRQ block and
additional materials (Steels A and B) from our own program having a similar object with the
CRP.

The CRP consists of two parts; a mandatory part and an optional part. For the
mandatory part of the JAERI program, instrumented Charpy impact tests and fracture
toughness tests using precracked Charpy-v (PCCv) specimens were performed. As the
optional part, neutron irradiation to specimens of JRQ was conducted at JMTR by using two
capsules. In this report, the results of the mandatory part and irradiated Charpy and PCCv
specimens of JRQ from capsule No.1 as well as those of Steel A and Steel B were described.

The following conclusions were drawn; 1) the data form Charpy impact and fracture
toughness tests of JRQ agreed well with the data in the CRP-3, 2) the scatter of fracture
toughness of JRQ is relatively large, i. €., the Weibull slope “b” is less than 3, 3) the reference

This report includes the test results obtained under the contract between JAERI and the Science and
Technology Agency of Japan under the auspices of the special account law for electric power
development promotion.
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temperature T, from PCCv is in good agreement with T, from 1T-Compact Tension (CT)
when the tests are performed at the recommended temperature or the data has no invalid data,
4) the reference temperature T, after neutron irradiation can be determined with six to eight
specimens at the recommended temperature and 5) the shift of the reference temperature T, is
almost equivalent to the shift of Charpy transition temperature, but affected by the treatment
of the highest data and testing temperature.

Further studies on the fracture toughness evaluation are necessary concerning the

treatment of outlier, temperature dependence after irradiation and multi-temperature analysis.

Keywords:
Reactor Pressure Vessel, Integrity, Surveillance, Irradiation Embrittlement, Fracture

Toughness, Charpy, Master Curve
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1. Introduction

In September 1996, the IAEA initiated a coordinated research program (CRP) on “Assuring
Structural Integrity of Reactor Pressure Vessels” with a collaboration of 24 organizations
from 20 different countries. This CRP is a fourth phase of the program related to irradiation
embrittlement of reactor pressure vessel (RPV) steels. The purpose of the CRP is 1) to
facilitate the international exchange of information and to provide practical guidance in the
field of monitoring RPV material behavior, and 2) to develop and assess a uniform procedure
of testing small size (Charpy type) specimens applicable to surveillance program with the aim
of obtaining fracture toughness data necessary for the assessment of RPV structural integrity.
The main objective of this CRP is to develop and validate a procedure for fracture toughness
testing with small specimens applicable to surveillance program.

The Japan Atomic Energy Research Institute (JAERI) took part in this IAEA CRP on
September 1997. For this CRP, the Research Agreement No. 9736 between the JAEA and the
JAERI was signed by both representatives.

The objective of the JAERI program for this CRP is to evaluate the fracture
toughness of some Japanese RPV steels before and after neutron irradiation using Charpy size
specimens. Investigation on the non-destructive measurements for the irradiation
embrittlement is also conducted.

The JAERI program consists of two parts: a mandatory part and an optional part. The
mandatory part includes mechanical property tests for unirradiated materials. The optional
part includes irradiation at JMTR, post-irradiation tests for mechanical properties such as
instrumented Charpy impact and fracture toughness, and an annealing study for embrittlement
recovery. Non-destructive measurements of irradiation embrittlement are also performed
before and after neutron irradiation.

This paper summarizes the overall program at JAERI and the results obtained from
the JAERI program in the framework of this CRP.

2. JAERI Program and Materials Used

Table 1 shows the overall program of JAERI for this phase of CRP. In addition to the
mandatory part of the CRP, several experiments, such as sub-size Charpy testing,
nondestructive measurements, were to be performed. However, the preparatory works for
those additional experiments were not fully performed within the limited time schedule of the
CRP. Those experiments will be performed in the near future.

IAEA reference material JRQ was used for both the mandatory part and the optional
part of the program. One block of JRQ plate (ID: 5JRQ43), which was distributed from the
program coordinator, is used for the program. In addition, two kinds of ASTM A533B-1

__.1_
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steels are used for both parts”. One is an irradiation sensitive steel, called Steel A", that
contains almost the same impurities as those in the JRQ. Another is a modern steel, called
Steel B', having very low copper and phosphorus contents. Table 2 shows the chemical
composition and tensile properties at room temperature of the materials used in this program.
The RTy,, values determined by drop weight tests are also listed in the table.

The sampling positions of specimens in the JRQ block are shown in Figure 1. Test
specimens were machined from six layers (three layers in each side) within the portion of 45-
85 mm from each surface of the block. Specimens of Steels A and B (both 200 mm thick)
were sampled from quarter thickness positions of the materials.

Table 1--Test matrix of JAERI program for the IAEA CRP-IV.

ltem Material | 56JRQ43 | Steel A | Steel B
Charpy Impact O O O
Mandatory part Tensile O O O
Fracture 0o 0O 0O
toughness | PCCV
Fracture
toughness cT O O
As-re.cfelved Sub-size Charpy (O) (O) (®)
condition NDE* (O) (O)
Microstructure (®)) (®) (@)
Optional Tensile O O O
part Charpy Impact O O O
Fracture toughness
Post-Irradiation | (pccy) 9 O O O
at JMTR Sub-size Charpy (O) ©)
NDE* ©) ©)
Microstructure (O) (O) (O)
(): planned

*NDE: Non-destructive evaluation

" The materials designated Steel A and Steel B were manufactured under the contract between the
JAERI and Science and Technology Agency of Japan.

_2_
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Table 2--Chemical compositions and mechanical properties at room temperature

of materials used in this study. (Wt.%)

Material C Si Mn P S Ni Cr Cu | Mo

JRQ 0.18 | 0.24 | 1.42 {0.017 | 0.004 0.84 0.12 | 0.14 | 0.51
Steel A 0.19 | 0.30 | 1.30 |0.015[{0.010| 0.68 | 0.17 | 0.16 | 0.53
Steel B 0.19 | 0.19 | 1.43 | 0.004 {0.001 | 0.65 | 0.13 | 0.04 | 0.50
Material o,s (MPa) Ous (MPa) Elongation (%) | RTyor (°C)

JRQ 488 623 229 -15
Steel A 469 612 26.4 -35
Steel B 462 597 24.9 -45

(Average of three specimens)
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Figure 1--Cutting scheme for test specimens from JRQ block. (5JRQ43)
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3. Test Procedure

3.1 Mandatory Part

3.1.1 Charpy Impact Test

An instrumented Charpy-V impact test machine is used. The capacity of the machine
is 300 J. The hammer tup has 2 mm radius according to the JIS standard® that is similar to the
ISO standard. The hammer speed at impact is ~5 m/s. The geometry and dimension of
specimen are shown in Figure 2(a). All Charpy V-notch specimens are machined to T-L
orientation. The instrumented load and deflection data are acquired through a high speed A/D
converter into a PC.

Specimens are set in the temperature control bath for 10 minutes before testing. The
media in the bath are an alcohol for a low temperature test and a silicon oil for a high
temperature test. An automated specimen transfer system is used to keep the testing
conditions for all specimens equal and to minimize the temperature change of specimen
during transferring. The average time to impact the specimen after the removal from the
temperature control bath is ~3.5 seconds.

3.1.2 Fracture Toughness Test

Static fracture toughness tests under three point bending using precracked Charpy-V
(PCCv) specimens are performed using a 100 kN mechanical-servo type testing machine.
Specimen preparation and testing are conducted according to the ASTM standard®* . The
geometry and dimension of PCCv specimen are shown in Figure 2(b). All PCCv specimens
for fracture toughness tests are machined to T-L orientation. All specimens are side-grooved
by 10 % on each side of the specimen after precracking. A calibrated load cell and a clip
gauge are used for measuring applied load and load point displacement, respectively. The
unloading elastic compliance method was not applied.

Prior to testing, the temperature of a test specimen and the fixture inside a testing
chamber was kept at the target temperature for 20 minutes. Cold nitrogen gas is injected into
the chamber for low temperature testing. The temperature distribution around the specimen is
measured by three calibrated thermocouples. A thermocouple is attached on the upper fixture.
The others are buried in the dummy specimens and located close to the test specimen. The
temperature of all thermocouples and hence the test specimen is then controlled at the target

temperature within a variation of 1°C during testing.

3.1.3 Tensile Test
Static tensile tests are performed using a 10 kN universal testing machine or a 100
kN mechanical-servo type testing machine. The geometry and dimension of the specimen are
shown in Figure 2(c). Tensile specimens are machined to have a T-direction. Test
— 6 —
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temperatures are chosen corresponding to the temperature for fracture toughness testing.

3.2 Optional Part

The following tests were planned to perform in the framework of this CRP. Irradiation at
JMTR and post-irradiation tests were completed. However, some tests were delayed by the
preparatory work for the instrumentations and/or the equipment. Those tests will be
petformed in the near future.

3.2.1 Sub-size Charpy Impact Test

Sub-size Charpy impact testing will be performed using one-third size specimens
shown in Figure 2 (d). The testing machine is under development at this moment. Therefore,
the sub-size Charpy impact tests will be done in 2000-2001.

3.2.2 Non-destructive Measurement
As a reference property for non-destructive measurements of irradiation
embrittlement, some kinds of physical properties will be measured; such as magnetic® and

ultra-sonic properties®.

3.2.3 Iiradiation at JMTR and Post-irradiation Test

To study an irradiation effect on each mechanical property mentioned in 3.1, test
specimens of JRQ are irradiated in Japan Materials Testing Reactor” (JMTR, thermal output
50 MW) at Oarai Research Establishment of JAERI. The condition and specimens for
irradiation is described in sections 6.1 and 6.2.

The post-irradiation tests will be done mainly in the Research Hot Laboratory of
Tokai Research Establishment at JAERI. Tensile, instrumented Charpy impact and static
fracture toughness tests are performed in the hot cell. The test procedures for the post-
irradiation tests are the same as those for unirradiated specimens.

3.2.4 Annealing Study

To study the recovery of irradiation effects on mechanical properties, some kinds of
annealing treatments will be applied to the irradiated specimens. After annealing, hardness,

tensile, sub-size Charpy impact and fracture toughness tests will be performed.
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4. Time Schedule

In June 1997, we received the JRQ block, designated as SJRQ43, from the IAEA CRP
coordinator. After machining of specimens, unirradiated specimens were tested for the
mandatory part of the program. The efforts for the optional part were also initiated. Two
capsules were manufactured for JMTR irradiation. The capsule No.1 was irradiated from June
to July 1998. The post-irradiation tests for the specimens irradiated in the capsule No.1 have
been performed since November 1998. The capsule No.2 was irradiated from November 1998
to March 1999 at JMTR. Post irradiation tests for the specimens in the capsule No.2 was
started in November 1999. The time schedule and the milestones of the JAERI program are
shown in Table 3.

Table 3--Time schedule and milestones of the JAERI program.

Item 94 1997 1998 1999

Material Receipt A

Specimen Preparation o—

Reference Testing ' ® >

Irradiation No.1 o>~
(JMTR) No.2 N O—TP

Post-Irradiation No.1 o— ~
Testing No.2 o——

\

Annealing Study

\

g
Other Optional l
Tests

Reporting o> *—>

Meeting ® ® ®

Irradiation No.1: ~2.5x10'"° n/cm? (E>1MeV)
Irradiation No.2: ~11x10'® n/cm? (E>1MeV)
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5. Results from Mandatory Part

5.1 Instrumented Charpy Impact Test

Eighteen specimens of JRQ were tested in the range from —80°C to 120°C. Test results are
listed in Attachment. Charpy transition curve was obtained by fitting the data to the following
hyperbolic tangent equation;

Cv= us. [1 + tanh {MH (1)
2 C

where Cv: Absorbed energy, Lateral expansion or Shear area,
US: Mean value at upper shelf range for each Charpy property,
C, T, Fitting constants.

Figure 3 shows Charpy test results for JRQ as well as the Charpy indexing
temperatures obtained from equation (1). The transition temperatures at 28 J and 41 J of
absorbed energy are -37°C and -25°C, respectively. Figure 3 also includes Charpy test results
obtained from the previous CRP-3 efforts at JAERI. Although the specimens in CRP-3 tests
were machined from a different position of the block, both data sets are agreed very well.

Figure 4 shows Charpy test results for Steel A. The figure includes JAERI data as
well as original data obtained from specimens machined at the top and bottom portions by the
steel fabricator. There can be seen no difference in the data, which means the homogeneity of
the material. The transition temperatures at 28 J and 41 J of absorbed energy are -54°C and -
42°C, respectively.

Figure 5 shows Charpy test results for Steel B. The figure also includes JAERI data
as well as the original data by the steel fabricator. The data shows higher upper shelf energy
and lower transition temperature than JRQ and Steel A, which means a good quality of the
material. However, the difference between the original and JAERI data is seen slightly in the
transition regime. Based on JAERI data, the transition temperatures at 28 J and 41 J of
absorbed energy are -68°C and -61°C, respectively.

All the indexing transition temperatures for three materials are listed in Table 4.

Load-time signals of instrumented Charpy impact tests for JRQ and Steel A are
shown in Figure 6. Based on the signals, characteristic loads of Pgy, Pm, Piu and Pa are
defined according to ASTM E636. The characteristic loads as a function of temperature, i.e.,
Charpy load diagrams, for JRQ, Steel A and Steel B are shown in Figure 7. The data of crack
arrest load, Pa for JRQ are fitted to an exponential equation according to the reference (8).
The temperature at 4 kN of Pa is calculated to be 39°C.
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5.2 Fracture Toughness Test

Based on Charpy impact test results, the test temperature for fracture toughness evaluation
was determined to be —80°C for JRQ. This temperature is very close to the recommended
temperature by ASTM E1921, and the same as the main test temperature performed during
and after the CRP-3 efforts at JAERI®'?. The fracture toughness tests for PCCv specimens of
Steel A were performed at -100°C and -80°C. The testing temperature of -100°C corresponds
to the recommended temperature by ASTM E1921. The tests for PCCv of Steel B were
performed at -130°C and -110°C, since the recommended temperature was -118°C. For both
Steels A and B, 1TCT and 4TCT specimens were tested in the transition temperature range to
see the effect of specimen size.

The validity of fracture toughness data is evaluated by the following equation related
to the specimen size requirement according to ASTM E1921.

Eb,o
K < _O_y_s_ 2
where E: Young’s modulus

b,: initial ligament size

o, yield strength at the test temperature

Every K, datum that does not satisfy this equation is considered as invalid and
should be used in a censoring procedure.

All eight PCCv specimens of JRQ were fractured by a cleavage mode at -80°C. All
K,. data were valid based on the equation (2). The results are shown in Figure 8(a) and listed
in Attachment. Test results obtained from previous phase of CRP are also shown in the figure.
In order to determine the reference temperature T, according to ASTM E1921, the size
adjustment scheme and the maximum likelihood method were applied to the data. The master
curve and the tolerance bounds determined based on PCCv data were indicated in Figure §(b).
The T, determined from this study was -66°C, while previous T, based on PCCv data in the
previous CRP was -65°C. These data were coincided completely. In addition, fracture
toughness tests by 1TCT specimens were performed using another JRQ block for the previous
CRP. Results are also shown in Figure 8 and data are listed in Attachment. The T, determined
from 1TCT data was -66°C. This result is again the same as PCCv results.

Test results of ten PCCv specimens of Steel A are shown in Figure 9 and listed in
Attachment. All K, data at -100°C are valid according to the equation (2). The analysis of
these results provided a reference temperature T, of -70°C. The T, temperature obtained at -
100°C is in good agreement with the mean T, (-67°C) calculated from the 1TCT results tested
at -80°C and -50°C. Seventeen PCCv specimens of Steel A were also tested at -80°C and
broken by cleavage mode. Five K data out of seventeen were invalid according to equation

11—
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(2). Therefore, the censoring scheme was applied to the data. The T, calculated from the
PCCv data at -80°C was -82°C with data censoring, which was 15°C lower than that from
1TCT.

Ten PCCv specimens of Steel B were tested at -130°C and broken by cleavage mode.
Results are listed in Attachment and shown in Figure 10. All data were valid per equation (2).
The reference temperature T, calculated from PCCv data was -84°C. On the other hand, the
mean T, from 1TCT specimens tested at -110°C and -80°C was -97°C. Therefore, slightly
conservative T, was determined from PCCv specimens. However, in this case the test
temperature is 46°C lower than the T, temperature. This means that the median K, value is
quite low (=59 MPavm), and that the test temperature is close to the lower-shelf temperature
range. This gives us an increase in uncertainty to determine the T,. Since ten specimens were
tested, the number of data was satisfied with the requirement in E1921. It seems, nevertheless,
that the test temperature was too low to determine T,. The PCCv test results at -110°C are
also shown in Figure 10(b). Three K. values out of twelve were invalid in this case. Therefore,
the censoring scheme was applied to the data. The T, calculated from these data at -110°C
was -111°C which was 14°C lower than the T, from 1TCT. However, if we take the average
of T, temperatures obtained at -110°C and -130°C (average T,=-98°C) it is almost the same as
the T, from 1TCT. Further analysis on the multi-temperature data would be necessary.

All the reference temperatures T, from PCCyv data as well as T, from 1TCT data for
three materials are listed in Table 4. When PCCv was tested at the ASTM recommended
temperature, T, temperatures between PCCv and 1TCT are in good agreement. On the other
hand, when PCCv were tested at higher temperature, the differences in T, temperatures
between PCCv and 1TCT became significant, 15°C for Steels A and 14°C for Steel B. These
are slightly large compared to the data in the reference (11), which reports the 10°C difference
between PCCv and 1TCT. The reason for the difference in T, may be due to the higher test
temperature for PCCv specimens than the recommendation where some invalid data were
obtained and a data censoring was applied.

With regard to the data scatter, the JRQ data showed more variation than Steel A
data. As shown in Figures 8 and 9, the lower bound data of JRQ correspond to 1% tolerance
bound, while those of Steel A correspond to the 5% tolerance bound. The number of data are
approximately the same (60~70). The lowest datum from PCCv of JRQ could be an outlier
according to the ASTM standard, because the data point is less than the 2% lower bound
confidence limit. Another outlier was found in the previous data set of JRQ obtained from
CRP-3 tests at JAERI. The inhomogeneity of JRQ is also found in the reference (12). The
lowest datum was anyway included in this analysis.

To see the scatter and the size effect of fracture toughness data, size-adjusted K.
data of JRQ, Steel A and Steel B are shown in Figure 11. The vertical axis is a cumulative
fracture probability calculated by the median ranking method. According to the ASTM
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standard, K_;, was set to 20, and the scale parameter “b” for Weibull distribution was fitted by
a least square method. A theoretical value of “b” is four based on the weakest link theory.
However, the results of JRQ provided relatively small “b”, indicating the larger scatter. The
“b” value of PCCv data of Steel B at —110°C was also very low. In the latter case, the data
number may not be sufficient and some data are invalid. However, the “b” value at -130°C
agrees the theoretical value. In addition, the Weibull slopes of both PCCv and 1TCT of Steel
A are approximately four. The difference in the Weibull slope from the theoretical value may
affect the determination of lower bound toughness. Therefore, more data are necessary to
quantify the scatter of fracture toughness and to establish the method for the lower bound
toughness estimation. The treatment of the inhomogeneous material having a large data

scatter should be an issue for further study on the master curve approach.

Table 4--Comparison of indexing temperatures in the transition range of materials

before neutron irradiation. unit: °C
Ths Tais Tess To pcev | (average) TO_ITCT

-66

JRQ -37 -25 -6 -65 -66*
-65*
-70

Steel A -54 -42 -23 -76 -67
-82
-84

Steel B -68 -61 -50 11 -98 -97

*: The other block for CRP-3 was used for the specimen.
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Figure 7—Charpy load diagrams for materials used.

Test Temperature, °C

(c) Steel B

25
|JRQ Unirradiated |
20 } ‘a’ o
o
P N g 8 < 8
g 15 p
© O 0 0
S o a
>
a ¢ Pm
5 10
£ O Pgy
O A Pu [e)
5 i O Pa o]
— Pa_ﬁt o) o TF84kN=39°C
o L G 1 2
-100 -50 0 50 100 150
Test Temperature, °C
(a) JRQ.
25
[Steel A Unirradiated]
20 p
o ©8¢ A o
Z < O A o o
g 15 | 0 g 6
8 o
= B o
£10 | [o:Pm
5 O: Pgy 8
A:Pu
5T |o:Pa
(o}
(o}
O L Il 2
-100 -50 0 50 100
Test Temperature, °C
(b) Steel A
25
[Steel B Unirradiated |
20 p 8 o o
= ¢ B.° . o o
= (W] oo A <o
-g‘ 15 b a a
Q
A m]
> & .
510 F [o:Pm
L
(@) O: Pgy
A:Pu
ST 0:Pa 0
0 A L ’ e
-100 -50 0 50 100



JAERI-Research 2000-022

300

JRQ, JAERI Data >
No size-adjustment 0
3 DB
(@]
£ 200 } °
IK ] o
[N L 8 On
=
3 (@]
3]
¥ 100 } g ©
o @: PCCv (CRP-4)
o) O: PCCv (CRP-3)
O: 1TCT (CRP-3)
0 Iy g’ 'y A a5
-100 -50 0 50
Test Temperature, °C
(2) K¢ values according to ASTM E1921.
300
JRQ 95% Upper| | Master curve by 5% Lower
bound PCCv (CRP-4) bound
X @: PCCv (CRP-4)
O: PCCv (CRP-3)
O: CT&DCT
£ 200 F Data adjusted to 1T size
'S 1% Lower
& bound
= - i
- 7 ’U
g - .
S4npn L B 7 ATTETTRSSTmmm e m o w = « Kc Validity Limit
v 100 " c
- - for PCCv
— -
--—"®
O a e 'S
-100 -50 0 50

Test Temperature, °C

(b) Size adjusted K. values and master curve

Figure 8—Fracture toughness test results for JRQ.
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6. Optional Part

6.1 Reactor and Capsule for Neutron Irradiation

Irradiation for JRQ specimens was performed using two capsules at JMTR. The irradiation
capsule contains electric heaters, thermocouples and fluence monitors as well as some kinds
of test specimens. The capsules were irradiated at the irradiation hole in the second Beryllium
reflector region of the JMTR core. Figure 12 shows the geometry of irradiation capsules.
Figure 13 shows the core configuration of JMTR and the irradiation positions for the capsule
Nos. 1 and 2.

The target values of fast neutron fluence are 2.5x10" n/cm’ (E>1MeV) for the
capsule No.1 and 9x10" n/cm*® (E>1MeV) for the capsule No.2. The neutron flux is
approximately 1.3x10" n/cm’s (E>1MeV) for both capsules. The fast and thermal neutron
fluences at each specimen position are evaluated by the activity measurements of several
fluence monitors in the capsule and the calculation based on the effective cross section of
reaction. The fluence monitors are pure Fe and Al-Co for fast and thermal neutrons,
respectively. The temperature of specimens in the capsules during irradiation was controlled
at 290°C by several electric heaters.

Figure 14 shows temperature histories measured by thermocouples (TC) in the
capsule No. 1 during neutron irradiation at JMTR. The TC No. 1 indicated about 300°C
because it was located in SS308 specimens for another purpose. The readout from TC No.10
was very low temperature due to its wrong position. The other TCs showed 281°C to 292°C.

Irradiation for specimens of Steel A and Steel B was also performed at JMTR in the
other project!". The target neutron fluence was 10x10" n/cm* (E>1MeV) for specimens of
both steels. The design and the other conditions of capsules for both steels are the same as
those for JRQ.

Neutron fluence value and dpa for each specimen is calculated based on the activity
measurements of fluence monitors and a series of calculation. The average values of fast
neutron fluence for each material are about 2.5x10", 13x10" and 11x10" n/cm? for JRQ,
Steel A and Steel B, respectively.

6.2 Specimen

Test specimens encapsulated were tensile bar, Charpy-V impact, pre-cracked Charpy, sub-
size Charpy and round bar for non-destructive measurement. Charpy-V and precracked
Charpy specimens were arranged to the same neutron flux positions in the capsule. Figure 12

indicates the positions of specimens in the capsule.
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6.3 Results of Post-irradiation Tests

6.3.1 Charpy Impact Test

Figure 15 shows Charpy impact test results together with tanh-fitted transition curves
before and after irradiation. Test results of irradiated specimens for each material are listed in
Attachment. Transition temperatures at 28J, 41J and 68J (T, T,,, and Tgg,) for each material
are also indicated in the figure. The T, temperatures are 43, 101 and 2°C for JRQ, Steel A
and Steel B, respectively. The shifts of Charpy 41J transition temperature are 80, 155 and
71°C for JRQ, Steel A and Steel B, respectively.

6.3.2 Fracture Toughness Test

Based on the results of Charpy impact tests for irradiated specimens, a test
temperature for irradiated precracked Charpy specimens was selected. The recommended
temperature for precracked Charpy specimens in ASTM E1921 is 50°C lower than T,,.
Therefore, we selected 0°C, 50°C and -50°C as the primary test temperatures for irradiated
PCCv specimens of JRQ, Steel A and Steel B, respectively.

Figure 16 shows the effect of irradiation on the fracture toughness of three materials.
Based on the E1921, the T, value after irradiation was determined by the data sets at a single
test temperature. The T, values for JRQ, Steel A and Steel B are 9°C, 72°C and -25°C,
respectively. Master curves before and after irradiation were also indicated in the figure
together with 5% and 95% tolerance bounds. The shifts of T, are 76°C, 148°C and 73°C, for
JRQ, Steel A and Steel B, respectively. When the T, shifts are compared with the Charpy Ty,
shifts, those are almost equivalent.

However, the highest datum of Steel A after irradiation was significantly higher than
the other data although that datum was still valid. When the highest datum is excepted from
the data set, the T, moves to higher temperature by about 30°C, as shown in Figure 16 (b) by
dotted lines. After the exception of the highest point, the rest of data were fitted well in the
tolerance bounds of 5% and 95%. Although this exception is not a standard practice, it may be
considered as the treatment of an outlier and leads to a conservative estimation.

For the rest of irradiated PCCv specimens, higher test temperature was selected to
see the temperature dependence. For JRQ, the secondary temperature of 25°C was chosen.
Results are shown in Figure 16(a). All six data are valid. The T, temperature from this set of
tests is 38°C according to ASTM E1921. The shift of T, temperature due to neutron
irradiation is 104°C. For these specimens, it must be noted that the average neutron fluence is
2.9x10" n/cm?, which was ~20% higher than those for the first set of PCCv specimens and
Charpy impact specimens. The 20% difference in fast neutron fluence, however, results in
only less than 10% difference in Charpy transition temperature shift according to the
prediction formula®®'?. Since the measured Charpy shift was 80°C, the T, shift of 104°C
from the second set is much higher than the Charpy shift for the equivalent irradiation

— o4 —
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condition. For the multi-temperature test results, further analysis is necessary, such as the T,
determination method, the shape change of master curve.
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7.  Summary and Conclusions

According to the Research Agreement No. 9736 between the IAEA and the JAERI, we have
performed the test program for the IAEA CRP-1V on “Assuring Structural Integrity of
Reactor Pressure Vessels” at JAERI. JAERI received the IAEA reference material JRQ from
the IAEA CRP coordinator in June 1997. The test program has been conducted using the JRQ
block and additional materials from our own program.

For a mandatory part of the program, instrumented Charpy impact tests and fracture
toughness tests using precracked Charpy specimens were performed and reported here.
As an optional part, neutron irradiation to specimens of JRQ was conducted at JMTR. Post-
irradiation tests were performed at Research Hot Laboratory of JAERL In this report, the
results of irradiated Charpy and PCCv specimens of JRQ from capsule No.1 as well as those
of Steel A and Steel B were described. Additional tests for irradiated specimens and other
optional tests will be performed in the near future. Conclusions obtained up to now are as
follows.
(1) the data form Charpy impact and fracture toughness tests of JRQ agreed well with the data
in the CRP-3,
(2) the scatter of fracture toughness of JRQ is relatively large, i. €., the Weibull slope “b” is
less than 3,
(3) the reference temperature T, from PCCv is in good agreement with T, from 1TCT when
the tests are performed at the recommended temperature or the data has no invalid data,
(4) the T, after neutron irradiation was determined by testing six to eight specimens at the
recommended temperature,
(5) the relation between the shifts of T, and Charpy transition temperature was almost
equivalent but significantly affected by the treatment of highest datum and testing temperature,
and
(6) further studies on the fracture toughness evaluation are necessary; such as the treatment of

outlier, temperature dependence after irradiation, multi-temperature analysis and so on.
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NOTCH IMPACT TESTING

ORGANIZATION Japan Atomic Energy Research Institute
MATERIAL TYPE AS533B class 1 plate
MATERIAL ID. 5JRQ 43

SPECIMENS ORIENTATION (ASTM)

T-L

SPECIMENS DEPTH [mm)]

1xx, 6xx: 52 mm,

3xx, 4xx: 78 mm

2xx, 5xx: 65 mm

TESTING STANDARD: ASTM /1SO ISO
SPECIMENS SIZE [mm] 10x 10 x 55
SPECIMENS TESTING ABSORBED LATERAL SHEAR
ID. TEMPERATURE ENERGY, KCV EXPANSION FRACTURE

(] ] [mm] [%]

Q112 -80 5.2 0.023 0

Q212 -60 8.3 0.059 0

Q172 -40 13.1 0.060 0

Q142 -40 29.5 0.279 5

Q441 -20 20.2 0.142 5

Q431 -20 25.1 0.254 5
Q572 -10 84.8 1.376 20
Q542 -10 92.8 1.190 25

Q272 -5 29.3 0.389 5
Q242 -5 125 1.890 55
Q421 11.5 78.7 1.267 20
Q411 11.6 103.5 1.434 30
Q512 40 138.6 2.063 50
Q312 40 147.3 2.005 80
Q451 60 162.2 2.210 90
Q342 100 179.4 2.431 100
Q461 100 201.4 2.577 100
Q372 120 199.8 2.395 100

KCV=A+B.tgh[(T-T,)/C]

A B C T,

96.8 96.8 52.9 10.3
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NOTCH IMPACT TESTING
ORGANIZATION Japan Atomic Energy Research Institute
MATERIAL TYPE A533B class 1 plate
MATERIAL ID. Steel A
SPECIMENS ORIENTATION (ASTM) T-L
SPECIMENS DEPTH [mm] 57
TESTING STANDARD: ASTM / ISO ISO
SPECIMENS SIZE [mm] 10x 10x 55
SPECIMENS TESTING ABSORBED LATERAL SHEAR
ID. TEMPERATURE ENERGY, KCV EXPANSION FRACTURE
[C] ] [mm] [%]
AV13 -100 6.9 0.010 0
AV14 -80 15.9 0.067 0
AV15 -80 6.5 0.036 0
AV32 -60 19.2 0.129 5
AV18 -60 28.2 0.202 5
AV33 -50 29.3 0.284 5
AV34 -50 40.3 0.456 10
AV16 -40 40.3 0.715 10
AV17 -40 42.7 0.708 10
AV1l1 -20 74.9 1.233 25
AV12 -20 70.9 1.220 25
AV20 11.3 118.4 1.657 80
AV19 11.4 104.4 1.677 65
AV35 40 148.4 2.248 100
AV36 40 152.2 2.193 100
AV37 60 151.6 2.187 100
KCV=A+Betgh[(T-T,)/C]
A B C T,
75.4 75.4 47.1 -18.8
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NOTCH IMPACT TESTING

ORGANIZATION Japan Atomic Energy Research Institute
MATERIAL TYPE AS533B class 1 plate
MATERIAL ID. Steel B
SPECIMENS ORIENTATION (ASTM) T-L
SPECIMENS DEPTH [mm] 57
TESTING STANDARD: ASTM / ISO 1SO
SPECIMENS SIZE [mm] 10 x 10 x 55
SPECIMENS TESTING ABSORBED LATERAL SHEAR
ID. TEMPERATURE | ENERGY, KCV EXPANSION FRACTURE
[C] [J] [mm] [%]
BV13 -100 8.0 0.027 0
BV14 -100 5.6 0.016 0
BV15 -80 11.2 0.022 0
BV16 -80 10.6 0.040 0
BV36 -70 25.7 0.233 5
BV37 -70 34.2 0.224 5
BV32 -60 59.9 0.697 10
BV33 -60 23.4 0.152 5
BV34 -50 52.5 0.623 15
BV35 -50 75.2 0.985 20
BV17 -40 97.9 1.343 30
BV18 -40 114.9 1.778 40
BV11 -20 153.0 2.059 70
BV12 -20 159.0 2.165 75
BV20 11.4 220.9 2.625 100
BV19 11.6 198.8 2421 100
BV38 40 202.5 2.437 100
BV39 60 205.6 2.568 100
KCV=A+B-tgh[(T-T,)/C]
A B C T,
103.5 103.5 30.7 -39.3

— 34
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STATIC FRACTURE TOUGHNESS TESTING

ORGANIZATION Japan Atomic Energy Research Institute
MATERIAL TYPE AS533B class 1 Plate

MATERIAL ID. 5 JRQ 43 |

SPECIMEN ORIENTATION (ASTM) |T-L

SPECIMENS DEPTH [mm]

1xx, 6xx: 52 mm,  2xXx, 5xx: 65 mm

3xx, 4xx: 78 mm

TESTING STANDARD ASTM E813, E1921
TESTING RATE (Crosshead Speed) 0.2 mm/min
SPECIMENS SIZE [mm] Precracked Charpy

THICKNESS [mm] / WIDTH [mm)] /

10 mm/ 10 mm

SIDE GROOVE [%] 20% (10 % each side)
SPECIMENS TESTING CRACK Aa [mm] K¢ Kic Kic it
D, TEMPERATURE | SIZE [mm] [MPa.m®’] | [MPa.m*’] | [MPa.m"’]
[ (E1921)
Q241 -80 5.06 - - 39.9 35.8
Q511 -80 4.97 - - 72.6 61.8
Q211 -80 4.93 - - 99.0 82.8
Q171 -80 4.95 - - 110.0 91.5
Q271 -80 5.07 - - 115.7 96.1
Q141 -80 4.96 - - 120.3 99.7
Q111 -80 5.01 - - 125.6 104.0
Q541 -80 4.90 - - 92.6 77.7
T8y [°Cl T, [°C]
-36.7 -65.8

Kic=A+Be*exp(C.T)

B
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STATIC FRACTURE TOUGHNESS TESTING

ORGANIZATION Japan Atomic Energy Research Institute

MATERIAL TYPE AS533B class 1 Plate

MATERIAL ID. JRQ for CRP-3

SPECIMEN ORIENTATION (ASTM) |T-L

SPECIMENS DEPTH [mm)] 63 mm

TESTING STANDARD ASTM E813, E1921

TESTING RATE (Crosshead Speed) 0.5 mm/min

SPECIMENS SIZE [mm] IT-CT

THICKNESS [mm] / WIDTH [mm] /|25 mm /50 mm

SIDE GROOVE [%] 20% (10 % each side)

SPECIMENS TESTING CRACK Aa [mm] Kic Kc K 17

ID. TEMPERATURE | SIZE [mm)] [MPa.m®’] | [MPa.m*’] | [MPa.m"’)
[ (E1921)
JA-RQ4 -80 25.635 - - 50.2
JA-RQI10 -80 25.628 - - 61.6
JA-RQ6 -80 25.673 - - 65.5
JA-RQ3 -80 25418 - - 76.3
JA-RQ2 -80 25.59 - - 80.5
JA-RQ9 -80 25.565 - - 121.8
JA-RQS -50 25.582 - - 136.2
JA-RQ7 -50 25.474 - - 100.4
JA-RQS8 -50 25.313 145.0
Ty, [°C] T, [°C]
-36.7 -66.4
Kic=A+Beexp(C.T)
A B C
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STATIC FRACTURE TOUGHNESS TESTING

ORGANIZATION Japan Atomic Energy Research Institute

MATERIAL TYPE AS533B class 1 Plate

MATERIAL ID. Steel A

SPECIMEN ORIENTATION (ASTM) | T-L

SPECIMENS DEPTH [mm] 57 mm

TESTING STANDARD ASTM E813, E1921

TESTING RATE(Crosshead Speed) 0.2 mm/min

SPECIMENS SIZE [mm] Precracked Charpy

THICKNESS [mm] / WIDTH [mm] /{10 mm /10 mm (Span: 40 mm)

SIDE GROOVE [%] 20% (10 % each side)

SPECIMEN TESTING CRACK Aa Kic K Kic it
ID. TEMPERATURE | SIZE [mm] [mm] [MPa.m®’] | [MPa.m®’] | [MPa.m"’]
(el (E1921)

AP347 -100 5.114 - - 57.9 50.1
AP354 -100 5.047 - - 66.7 57.2
AP350 -100 4.984 - - 72.7 61.9
AP349 -100 5.152 - - 75.6 64.3
AP352 -100 5.054 - - 76.2 64.7
AP348 -100 4.977 - - 82.4 69.7
AP346 -100 5.330 - - 86.5 72.9
AP353 -100 4.998 - - 91.9 77.2
AP351 -100 5.089 - - 104.9 87.5
AP355 -100 5.019 - - 107.5 89.6
AP115 -80 5.094 - - 78.3 66.4
AP356 -80 4.956 - - 78.5 66.5
AP30 -80 5.017 - - 85.0 71.7
AP122 -80 5.116 - - 96.6 81.0
AP123 -80 5.097 - - 99.5 83.3
AP38 -80 5.071 - - 103.5 86.4
AP315 -80 5.000 - - 110.8 92.3
AP360 -80 4.977 - - 111.9 93.1
AP124 -80 5.183 - - 112.0 93.2
AP323 -80 5.016 - - 113.3 94.2
AP316 -80 5.068 - - 118.8 98.7
AP121 -80 5.082 - - 122.6 101.7
AP307 -80 5.039 - - 125.3 103.8
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AP119 -80 5.210 - - 127.7 105.7
AP357 -80 5.158 - - 139.6 115.1
AP114 -80 5.149 - - 139.6 115.1
AP301 -80 5.126 - - 145.3 119.7
AP358 -80 5.159 - - 148.1 121.9
AP120 -80 5.253 - - 156.9 128.9
AP359 -80 5.011 - - 173.1 141.8
AP125 -80 5.132 - - 174.7 143.0
AP116 -80 5.143 - - 202.3 165.0

Note: Yield Strength: 586 MPa (—100°C), 550 MPa (-80°C)
T, from 1TCT: -66.9°C

T [°Cl Togaec Cl | Togaec €l
-53.6 -82.3 -69.6
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STATIC FRACTURE TOUGHNESS TESTING

ORGANIZATION Japan Atomic Energy Research Institute
MATERIAL TYPE A533B class 1 Plate
MATERIAL ID. Steel B
SPECIMEN ORIENTATION (ASTM) | T-L
SPECIMENS DEPTH [mm] 57 mm
TESTING STANDARD ASTM E813, E1921
TESTING RATE(Crosshead Speed) 0.2 mm/min
SPECIMENS SIZE [mm] Precracked Charpy
THICKNESS [mm] / WIDTH [mm] /{10 mm /10 mm (Span: 40 mm)
SIDE GROOVE [%] 20% (10 % each side)
SPECIMEN TESTING CRACK Aa Kic Kic Kic it
ID. TEMPERATURE | SIZE [mm] [mm] [MPa.m®’] | [MPa.m®’] | [MPa.m’?]
[ (E1921)
BP30 -130 4.980 - - 72.8 62.0
BP417 -130 5.036 - - 61.5 53.0
BP418 -130 4.868 - - 84.2 71.1
BP419 -130 4.848 - - 74.0 62.9
BP420 -130 4.799 - - 47.5 41.9
BP421 -130 4.847 - - 59.5 514
BP422 -130 4.974 - - 76.5 64.9
BP423 -130 4.809 - - 83.5 70.5
BP424 -130 4.874 - - 74.0 62.9
BP425 -130 4.846 - - 75.0 63.7
BP119 -110 5.007 - - 63.2 54.4
BP29 -110 5.071 - - 73.2 62.3
BP124 -110 5.116 - - 92.7 77.9
BP120 -110 5.145 - - 93.1 78.2
BP127 -110 5.232 - - 94.2 79.1
BP123 -110 5.130 - - 119.9 99.5
BP121 -110 5.177 - - 122.6 101.6
BP39 -110 4.959 - - 134.2 110.8
BP126 -110 5.069 - - 140.8 116.1
BP117 -110 5.082 - - 149.4 122.9
BP118 -110 5.250 - - 152.0 125.0
BP115 -110 5.302 - - 228.3 185.7

Note: Yield Strength = 675 MPa (-130°C), 620 MPa (-110°C)




T, from 1TCT: -97.4°C

JAERI-Research 2000-022

Tos: [°Cl

TQ@_-130°C [°C]

Tagaioc [°C

-68.6

-84.2

-111.0
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NOTCH IMPACT TESTING

ORGANIZATION Japan Atomic Energy Research Institute
MATERIAL TYPE A533B class 1 plate
MATERIAL ID. 5JRQ43 Irradiated at JMTR
SPECIMENS ORIENTATION (ASTM) T-L
SPECIMENS DEPTH [mm] Ixx, 6xx: 52 mm,  2xx, 5xx: 65 mm
3xx, 4xx: 78 mm
TESTING STANDARD: ASTM / ISO ISO
SPECIMENS SIZE [mm] 10 x 10 x 55
SPECIMEN FLUENCE | IRRADIATION TESTING ABSORBED LATERAL SHEAR
. (E>1MeV) | TEMPERATURE | TEMPERATURE | ENERGY, KCV | EXPANSION | FRACTURE
: [n/em’) [€] [€] J] [mm] [%]
Q522 2.06E+19 292 -20 6.7 0.214 0
Q122 2.00E+19 291 19.6 12.7 0.276 7
Q222 2.51E+19 290 40 8.0 0.220 9
Q352 2.37E+19 287 40 7.3 0.260 10
Q552 2.41E+19 292 50 51.0 0.898 26
Q582 1.98E+19 288 50 43.7 0.797 25
Q152 2.35E+19 291 60 57.4 1.013 27
Q282 2.43E+19 291 80 79.5 1.283 45
Q382 2.78E+19 287 100 76.6 1.501 56
Q182 2.26E+19 288 140 131.2 2.052 100
Q252 2.65E+19 288 160 140.6 2.146 100
Q322 2.84E+19 291 160 116.8 1.857 100
KCV=A+Betgh{(T-T,)/C]
A B C T,
64.8 64.8 48.5 73.8
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NOTCH IMPACT TESTING

ORGANIZATION Japan Atomic Energy Research Institute

MATERIAL TYPE AS533B class 1 plate

MATERIAL ID. Steel A Irradiated at JMTR

SPECIMENS ORIENTATION (ASTM) T-L

SPECIMENS DEPTH [mm] 57

TESTING STANDARD: ASTM / ISO ISO

SPECIMENS SIZE [mm] 10 x 10 x 55

SPECIMEN FLUENCE | IRRADIATION TESTING ABSORBED LATERAL SHEAR

D. (E>1MeV) | TEMPERATURE | TEMPERATURE | ENERGY, KCV | EXPANSION | FRACTURE
[n/cm’] [€] (€] ] [mm] [%]
AV22 1.12E+20 289 50 14.0 0.195 7
AV29 1.43E+20 285 70 18.1 0.494 11
AV26 1.27E+20 289 90 16.0 0.419 22
AV28 1.22E+20 285 110 32.0 0.584 24
AV27 1.49E+20 289 120 34.8 0.656 37
AV23 1.32E+20 289 125 64.2 1.213 71
AV24 1.22E+20 284 130 69.7 1.426 82
AV3l 1.31E+20 290 150 77.3 1.445 82
AV30 1.11E+20 290 180 82.1 1.468 100
AV25 1.43E+20 284 180 90.1 1.711 100
KCV=A+Betgh[(T-T,)/C]
A B C T,
43.0 43.0 35.8 114.4
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NOTCH IMPACT TESTING

ORGANIZATION Japan Atomic Energy Research Institute

MATERIAL TYPE AS533B class 1 plate

MATERIAL ID. Steel B Irradiated at JMTR

SPECIMENS ORIENTATION (ASTM) T-L

SPECIMENS DEPTH [mm] 57

TESTING STANDARD: ASTM / ISO ISO

SPECIMENS SIZE [mm] 10 x 10x 55

FLUENCE | IRRADIATION TESTING ABSORBED LATERAL SHEAR
SPECIMEN
D, (E>1MeV) | TEMPERATURE | TEMPERATURE | ENERGY, KCV | EXPANSION | FRACTURE
[C] (€] ] [mm] [%]
BV23 1.07E+20 289 -40 5.3 0.091 2
BV26 1.30E+20 290 -20 25.9 0.431 7
BV25 1.11E+20 290 0 22.9 0.437 18
BV28 1.24E+20 290 10 16.0 0.347 14
BV22 1.17E+20 290 15 48.7 0.825 31
BV21 9.94E+19 290 28.2 108.9 1.590 54
BV27 1.06E+20 290 50 116.2 1.779 67
BV30 1.13E+20 283 70 152.3 2.195 84
BV24 1.26E+20 289 100 163.2 2.285 100
BV29 9.61E+19 283 120 168.7 2.342 100
KCV=A+Betgh[(T-T,)/C]
A B C T,
83.0 83.0 33.2 28.6
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STATIC FRACTURE TOUGHNESS TESTING

ORGANIZATION Japan Atomic Energy Research Institute
MATERIAL TYPE AS533B class 1 Plate
MATERIAL ID. SJRQ43 Irradiated at JMTR

SPECIMEN ORIENTATION (ASTM)

T-L

SPECIMENS DEPTH [mm)] 1xx, 6xx: 52 mm,  2xx, 5xx: 65 mm
3xx, 4xx: 78 mm

TESTING STANDARD ASTM E813, E1921

TESTING RATE(Crosshead Speed) 0.2 mm/min

SPECIMENS SIZE [mm] Precracked Charpy

THICKNESS [mm] / WIDTH [mm] /{10 mm/10mm (Span: 40 mm)

SIDE GROOVE [%] 20% (10 % each side)

SPECIME | FLUENCE | IRRADIATION TESTING CRACK Aa K,c K

N (E>1MeV) | TEMPERATURE | TEMPERATURE SIZE [mmm] (E192 10?5 [MPJaC._]n:OS]
ID. [n/cm?] [C] [ [mm)] [MPa.m™]

Q581 [ 2.12E+19 288 0 5.174 - 56.4 49.0
Q471 | 2.70E+19 290 0 4.874 - 100.5 84.1
Q521 | 2.21E+19 292 0 5.077 - 101.5 84.8
Q181 [2.43E+19 288 0 5.028 - 102.3 85.5
Q281 | 2.60E+19 291 0 5.112 - 115.2 95.7
Q351 [ 2.55E+19 287 0 5.090 - 126.4 104.7
Q121 | 2.15E+19 291 0 5.139 - 140.2 115.6
Q151 | 2.52E+19 291 24.2 5.030 - 132.8 109.7
Q251 | 2.84E+19 288 25 5.022 - 38.8 35.0
Q321 | 3.05E+19 291 25 5.010 - 101.2 84.6
Q381 [ 2.98E+19 287 25 4.964 - 124.6 103.2
Q481 | 3.16E+19 290 23 4.970 - 78.5 66.5
Q551 [ 2.59E+19 292 25 5.046 - 69.1 59.1

Note: Yield Strength = 648 MPa at 0°C, 612 MPa at 25°C

T28] [OC']

Tooc [°Cl

Toasc [°Cl

42.5

8.8

38
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STATIC FRACTURE TOUGHNESS TESTING

ORGANIZATION Japan Atomic Energy Research Institute

MATERIAL TYPE AS533B class 1 Plate

MATERIAL ID. Steel A Irradiated at JMTR

SPECIMEN ORIENTATION (ASTM) T-L

SPECIMENS DEPTH [mm] 57 mm

TESTING STANDARD ASTM E813, E1921

TESTING RATE(Crosshead Speed) 0.2 mm/min

SPECIMENS SIZE [mm] Precracked Charpy

THICKNESS [mm] / WIDTH [mm] /|10 mm /10 mm (Span: 40 mm)

SIDE GROOVE [%] 20% (10 % each side)

SPECIME | FLUENCE | IRRADIATION TESTING CRACK Aa Kic K.

N (E>1MeV) |TEMPERATUR | TEMPERATURE | SIZE [mm] (E19210?5 [MPa.m®|
ID. [n/cm?] E [C] [C] [mm] [MPa.m™]

AP27 1.27E+20 285 50 5.206 - 52.1 45.5
AP29 | 1.26E+20 285 50 5.125 - 57.4 49.7
AP34 1.21E+20 285 50 5.046 - 60.2 52.0
AP35 1.43E+20 285 50 5.072 - 62.5 53.8
AP37 1.30E+20 290 50 5.020 - 68.5 58.6
AP24 1.32E+20 289 50 5.114 - 71.7 61.1
AP25 1.21E+20 284 50 5.091 - 90.9 76.3
AP22 1.16E+20 290 50 5.121 - 143.8 118.4

Note: Yield Strength at 50°C = 684.5 MPa

TZ&I

[°C]

T, [°C]

101.4

71.6 (95.6)*

*: T, except for AP22
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STATIC FRACTURE TOUGHNESS TESTING

ORGANIZATION Japan Atomic Energy Research Institute

MATERIAL TYPE A533B class 1 Plate

MATERIAL ID. Steel B Irradiated at JMTR

SPECIMEN ORIENTATION (ASTM) T-L

SPECIMENS DEPTH [mm] 57 mm

TESTING STANDARD ASTM E813, E1921

TESTING RATE(Crosshead Speed) 0.2 mm/min

SPECIMENS SIZE [mm] Precracked Charpy

THICKNESS [mm] / WIDTH [mm] /{10 mm /10 mm (Span: 40 mm)

SIDE GROOVE [%] 20% (10 % each side)

SPECIME | FLUENCE | IRRADIATION TESTING CRACK Aa K K

N (E>1MeV) |TEMPERATUR | TEMPERATURE | SIZE (mm] (E1921(25 [MP’;—‘HIO_S]
ID. [n/cm?] E[C] (€] [mm] [MPa.m™]

BP33 1.12E+20 290 -50 5.040 - 44.8 39.7
BP27 | 1.11E+20 284 -50 4.964 - 55.2 48.0
BP31 1.12E+20 284 -50 4.910 - 61.9 53.3
BP26 | 1.28E+20 289 -50 5.096 - 92.8 77.9
BP35 1.07E+20 290 -50 5.102 - 94.6 79.3
BP24 | 1.18E+20 290 -50 5.063 - 108.7 90.5
BP21 1.04E+20 290 -50 5.037 - 112.2 93.3

Note: Yield Strength at -50°C = ~650 MPa

Tosr [°Cl T, [°C]
2.2 -25.0
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