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To obtain a reliable fracture toughness value for the cleavage fracture
initiation in the ductile-brittle transition range of RPV steels, the applicability
of precracked Charpy-v (PCCv) specimens was investigated. An approach based
on the weakest link theory and fractographic observation were applied to
analyze the specimen size effect and the scatter of fracture toughness values.
The materials used were four kinds of ASTM A533B class 1 steels that were
all manufactured by Japanese steel makers.

The specimen size effect on cleavage fracture toughness was seen between
PCCv and 1T-CT specimens. To obtain the equivalent data from PCCv speci-
mens to 1T-CT specimens, the size correction scheme based on the weakest
link theory was applied to the PCCv data. However, it was found that the
size effect was still remained to some extent. The fracture toughness transi-
tion curve was evaluated by means of the master curve approach which was

This report includes the test results carried out under the contract between JAERI and
Science and Technology Agency of Japan under the auspices of the special account law for
electric power development promotion.



JAERI—Research 97—(81

being proposed by the ASTM. The master curve determined by PCCv data
tended to overestimate the fracture toughness at the upper transition range
where PCCv data would be invalid. According to the master curve approach
using valid PCCv data sets, it was shown that the shift of the master curve
by irradiation was somewhat greater than the Charpy 41J shift.

Through fractographic observation, the ductile crack growth before a cleav-
age fracture was characterized and the initiation site of cleavage fracture was

determined.

Keywords: Pressure Vessel Steel, Fracture Toughness, Transition, Brittle Fracture,
Statistical Analysis, Size Effect, Lower Bound, Irradiation Embrittlement,

Transition Temperature Shift
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1. INTRODUCTION

Ferritic steel shows a ductile-to-brittle transition in fracture behavior at a relatively low
temperature. Since a reactor pressure vessel (RPV) is made from the ferritic steel, it may be
fractured in a brittle manner at lower temperature than the transition when a certain crack exists
in the vessel. The brittle fracture of an RPV must be prevented, because it may lead to a
catastrophic fracture of the vessel followed by severe accident. Therefore, the RPV is operated at
higher temperature than the ductile-to-brittle transition temperature. However, fast neutrons from
the reactor core during operation can cause the increase of the transition temperature, i.e., the
irradiation embrittlement of the vessel material. To assure the structural integrity of an RPV
throughout the operational life, the fracture toughness values after neutron irradiation are needed.
To do this, the design codes for the RPV require surveillance specimens such as Charpy impact
specimens be installed in the RPV to evaluate the degree of irradiation embrittlement. Charpy
impact tests in the surveillance tests is implemented mainly to evaluate the embrittiement of
RPV steels in terms of the shift of the transition temperature. Then the results obtained from the
surveillance tests according to the codes are used with empirical correlation between Charpy
impact properties and fracture toughness values."? Most of the codes assume that the degree of .
irradiation embrittlement obtained from Charpy impact tests are identical to that of fracture
toughness for the material concerned. Recent research, however, has indicated that the
correlation is not always conservative in predicting the degree of irradiation embrittlement in
terms of fracture toughness.®* Fracture mechanics methodology is, therefore, necessary for the
precise evaluation of irradiation embrittlement to assure the structural integrity of an RPV.

Regarding the issue mentioned above, a methodology to evaluate fracture toughness of
RPV steels has not been established completely, particularly in the transition range. As the
fracture toughness values of the RPV steel show a large scatter in the ductile-to-brittle transition
range, the fracture toughness can not be evaluated without some levels of uncertainty. This
means that a certain statistical approach is necessary for the evaluation of the fracture toughness.
Fracture toughness values from small size specimens, such as surveillance specimens, also show
large effects on specimen size. Although intensive research®® * has been conducted to establish
the statistical treatment and the evaluation method of size effects in the past, the methods need a
large number of specimens and/or relatively large size specimens. % The number and the size of
surveillance specimens are limited by the small volume of a surveillance capsule Therefore,
further research is desired to resolve the limitation and to establish an improved surveillance test
method that is applicable for the small number and the small sizes of specimens.

This paper describes the results of fracture toughness tests using four kinds of pressure
vessel steels including an IAEA reference material JRQ. Based on the results of the fracture
toughness tests using precracked Charpy specimens and standard size 1T-CT specimens, a
statistical analysis and a fractographic study were performed to evaluate the lower bound
toughness within the transition temperature range. An effect of specimen size on fracture
toughness value is investigated by using the equation proposed by Wallin"” based on the weakest

-1 —
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link theory.® The data scatter of the experimental data is also compared with the theory. The
master curve approach which was proposed by Wallin® and the ASTM“? is applied to estimate
the temperature dependence of cleavage fracture toughness. The results of post irradiation tests
for JRQ are also presented and compared with the results from the corresponding Charpy impact
tests. Fractographic observation is also performed to characterize the ductile crack growth before
cleavage fracture and the initiation site of cleavage fracture. A part of this report was performed
at JAERI in the framework of the [AEA Coordinated Research Program Phase-31'".

2. EXPERIMENTS

2.1 Materials

Materials used in this study were four kinds of pressure vessel steels of ASTM A533B
class 1. The one is designated JRQ, which was used as a correlation monitor material in the
IAEA CRP-3%?, The another material was chosen to have a large number of database for
cleavage fracture toughness from small size specimens to large ones. The material is designated
as JSPS A533B-1 which was used in the round robin study organized by The Japan Society for
Promoting of Science (JSPS)"™. The other materials were made as A533B-1 steels which were
called as Steel A and Steel B that corresponded to the old age RPV steel and the modern steel,
respectively. Chernical compositions of the materials are summarized in Table 1. Mechanical

properties at room temperature for the materials used are listed in Table 2.

2.2 Fracture Toughness Tests

We used four types of specimens, precracked Charpy (PCCv), 0.5T-DCT, 1T-CT and
4T-CT. In some cases the specimens were side-grooved by 10% on each side of the specimen
after precracking. For JSPS AS533B-1 steel, one of the authors performed fracture toughness tests
using PCCv specimens machined from halves of broken 2T-CT specimens at SCK/CEN.® The
notch orientation of the specimens is T-L direction for all specimens. All specimens were
machined from the approximately quarter thickness position of the material. Fracture toughness
tests were performed at mainly lower transition temperature range which a cleavage fracture was
occurred before the limit load of the specimen. Some specimens were tested at an upper shelf
temperature range to obtain J-R curves.

Testing and evaluation for fracture toughness were performed according to ASTM
standards"*'® and JSME method”. As a valid plane-strain fracture toughness, K¢, could not be
obtained by the specimens tested except for a few 4T-CT specimens of Steels A and B, the
following method was applied to obtain elastic-plastic fracture toughness. Fracture toughness
values at cleavage fracture, Jc, were calculated based on the area under load-displacement curve
up to the sudden load drop and the cleavage fracture load (see eq. 1}. Fracture toughness K.
values were then converted from I by the following equation (2). Elastic modulus E and

_ -
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link theory.® The data scatter of the experimental data is also compared with the theory. The
master curve approach which was proposed by Wallin® and the ASTM? is applied to estimate
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called as Steel A and Steel B that corresponded to the old age RPV steel and the modem steel,
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properties at room temperature for the materials used are listed in Table 2.

2.2 Fracture Toughness Tests

We used four types of specimens, precracked Charpy (PCCv), 0.5T-DCT, 1T-CT and
4T-CT. In some cases the specimens were side-grooved by 10% on each side of the specimen
after precracking. For JSPS AS33B-1 steel, one of the authors performed fracture toughness tests
using PCCv specimens machined from halves of broken 2T-CT specimens at SCK/CEN."® The
notch orientation of the specimens is T-L direction for all specimens. All specimens were
machined from the approximately quarter thickness position of the material. Fracture toughness
tests were performed at mainly lower transition temperature range which a cleavage fracture was
occurred before the limit load of the specimen. Some specimens were tested at an upper shelf
temperature range to obtain J-R curves.

Testing and evaluation for fracture toughness were performed according to ASTM
standards"*'® and JSME method'”. As a valid plane-strain fracture toughness, K,, could not be
obtained by the specimens tested except for a few 4T-CT specimens of Steels A and B, the
following method was applied to obtain elastic-plastic fracture toughness. Fracture toughness
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values were then converted from I by the following equation (2). Elastic modulus E and
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Poisson's ratio V were fixed to 206 GPa and 0.3 in this study, respectively.
K.’ . nA,
E' B.b,

Jo=T 4T, = M

where Kc: Stress intensity factor at the cleavage fracture,
77 =2+0.522*(ay/W) for compact specimens,
77 =2 for PCCv specimens,
A_: Plastic part of the area under load-displacement curve,

By: Net thickness, b,: Initial ligament (=W-a,),
Ay Initial crack length, W: Specimen width,
E’=E for ASTM, E’=E/(1- v?) for JISME.

K, =yEJ; @

In the ASTM draft method, 77 factor has been changed from 2.0 to 1.9 based on the 3-D
detailed analysis for PCCv specimen.® This makes the fracture toughness value lower by
maximum 5% in terms of J-integral. When some equations in the ASTM draft method are
applied to the data, the new 77 factor was used.

At upper shelf temperature range, J,c values and J-R curves for the materials except for
the JSPS A533B-1 were obtained based on the JSME method. Ductile crack growth in a
specimen during a test was measured by unloading elastic compliance method. The major
difference in both methods is the range of valid data to determine a Ji¢ oz value. The ASTM
method utilizes the data between a 0.15 mm offset line and a 1.5 mm offset line, while the JSME
method uses the data up to ductile crack extension of 1.0 mm. In addition, the JSME method
recommends a blunting line for A533B-1 steel as follows:

J=40,*0a 3

This equation for a blunting line has been established based on the results from a
fractographic observation of stretch zone width.'? A Ji. e value is defined by the intersection
of the blunting line and J-R curve. The J¢ jsue value is then considered as an actual initiation of
ductile crack growth. Therefore, this equation was applied in this study to investigate a-ductile

crack extension before cleavage fracture in the transition region.

2.3 Irradiation

Specimens of JRQ were irradiated in Japan Materials Testing Reactor (JMTR, thermal
output SOMW). Two types of fracture toughness specimens, PCCv and 0.5T-DCT were
irradiated. Fast neutron fluence for the specimens was 1.9~2.5 x 10 n/em® (E>1 MeV). The
displacement per atom (dpa) for iron by the irradiation to 2 x 10 n/cm? (E>1 MeV) was about 3
x 10, Fast neutron flux was about 1.2 x 10” n/em’s (E>1 MeV). Temperature for the specimens
during irradiation was controlled in the range from 280 to 300 °C. The shifts of Charpy
transition temperatures and the hardening by neutron irradiation are summarized in Table 3",

Specimens of Steel A and Steel B are also being irradiated at JMTR. Sixteen PCCv

- 3 —
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specimens of the steels were encapsuled with ten Charpy-V specimens for the IMTR irradiation.

Post irradiation tests for those specimens have been planned in the near future.

3. RESULTS

All results of fracture toughness tests performed in the ductile-to-brittle transition’

range are tabulated in Appendix.

3.1 JRQ unirradiated

Figure 1 shows K, values of test specimens fractured by cleavage mode in the
transition range. At room temperature, cleavage fracture was not observed from any PCCv
specimens, but from all 0.5TDCT and 1TCT specimens. There was also one PCCv specimen
without cleavage fracture up to maximum load at -30 “C. Specimen size and geometry of these
specimens affected the upper limit of temperature indicating cleavage fracture by more than
50 °C. When PCCv and 1T-CT data are compared at -80 °C, it is seen that 1T-CT data are
situated within the scatter range of PCCv data. J value at 100 “C obtained from 1T-CT and
0.5T-DCT specimens by means of the JSME method is also indicated in the figure. Some data
points of PCCv and compact specimens tested at upper transition temperature exceeded the Jic

value.

3.2 JRQ irradiated

Figure 2 shows all cleavage fracture toughness data of irradiated JRQ specimens. Test
temperatures for five PCCv and six 0.5TDCT specimens, performed in the frame work of IAEA
CRP-3, were sparse from 0 to 100 °C. We tested additional irradiated PCCv specimens; twelve
specimens around 17 °C and ten at 35 °C so that a statistical analysis could be done.

3.3 JSPS A533B-1

Figure 3 shows fracture toughness values from PCCv specimens of JSPS A533B-1
steel with a large number of database of compact specimens from 0.5T to 4T."® The database
include —25, 0 and 25 °C data while PCCv were tested at 0 "C. Obviously PCCv data show

higher fracture toughness values than other compact specimen data. For this material, J value at

upper shelf temperature is not available.

3.4 Steel A

The cleavage fracture toughness data of Steel A are shown in Figure 4. The data
includes some valid K, data from 4T-CT. The K¢ data locates nearly the lowest bound of the
other data. The PCCv data show obviously higher K. values than K¢ of 1T-CT and K. of 4T-
CT data. The upper shelf fracture toughness, J,c, obtained by 1T-CT at 20 “C is indicated in the

— 4 —
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50 °C. When PCCv and 1T-CT data are compared at —-80 °C, it is seen that 1T-CT data are
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0.5T-DCT specimens by means of the JSME method is also indicated in the figure. Some data
points of PCCv and compact specimens tested at upper transition temperature exceeded the Jic

value,

3.2 JRQ} irradiated

Figure 2 shows all cleavage fracture toughness data of irradiated JRQ specimens. Test
temperatures for five PCCv and six 0.5TDCT specimens, performed in the frame work of IAEA
CRP-3, were sparse from 0 to 100 °C. We tested additional irradiated PCCv specimens; twelve
specimens around 17 °C and ten at 35 °C so that a statistical analysis could be done.

3.3 JSPS A533B-1

Figure 3 shows fracture toughness values from PCCyv specimens of JSPS A533B-1
steel with a large number of database of compact specimens from 0.5T to 4T."” The database
include —25, 0 and 25 °C data while PCCv were tested at 0 "C. Obviously PCCv data show

higher fracture toughness values than other compact specimen data. For this material, Jc value at

upper shelf temperature is not available.

3.4 Steel A

The cleavage fracture toughness data of Steel A are shown in Figure 4. The data
includes some valid K, data from 4T-CT. The K, data locates nearly the lowest bound of the
other data. The PCCv data show obviously higher K. values than K, of 1T-CT and K,; of 4T-
CT data. The upper shelf fracture toughness, Ji, obtained by 1T-CT at 20 °C is indicated in the
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figure. More than half of PCCv data at —50 °C exceeded the J . value.

3.5 Steel B

Figure 5 indicates the results of fracture toughness tests by specimens of Steel B. Some
valid K. data from 4T-CT are also shown in this figure. The K¢ lies nearly lowest bound of the
other data. Similarly to Steel A, PCCv data indicate higher toughness values than other CT data.
The upper shelf fracture toughness, J;, obtained from 1T-CT at 20 °C is indicated in the figure.
Several PCCv data at -80 “C exceeded the Ji- value.

4. DISCUSSION

4.1 Validity Limit for Cleavage Fracture Toughness Data

Cleavage fracture toughness values shown in Figures 1 to 5 were calculated by
equations (1) and (2) without any limitation. However, due to relatively large yielding size
compared to a specimen size, J-integral value at fracture can be invalid when it goes high. The
limitation on J-integral value is described in some standards depending on the application and

the related references. The major equations for the limitation of fracture toughness in some

standards are described below.

(a) ASTM E1737" on standard test method for J-integral characterization of fracture
toughness provides the following conditions to qualify Jo as J.:

J,c

[0 ¢
B,a,,b, 00" 4)
4a<02+Jy fao,, =2 (5)

where Aa is an amount of ductile crack growth.

This equation (4) is the same type as proposed by Anderson and Dodds"” on specimen
size requirements regarding a small scale yielding condition. When the specimen size satisfies
the equation, a yielding condition in the specimen is considered as small scale yielding.
Therefore J-integral value is valid for the fracture toughness of the material. For equation (5), the
ductile crack extension before cleavage fracture is restricted to stretch zone width plus 0.2 mm.

This limitation will be treated in section 4.5 with a fractographic study.

(b) Standard test method for fracture toughness within ductile brittle transition range by JSPS
129-committee;
J.o,

b, B<—L A
0 25 (6)

The equation (6) used in the JSPS method has the same coefficient as the validity
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figure. More than half of PCCv data at —50 “C exceeded the J ¢ value.

3.5 Steel B

Figure 5 indicates the results of fracture toughness tests by specimens of Steel B. Some
valid K. data from 4T-CT are also shown in this figure. The K¢ lies nearly lowest bound of the
other data. Similarly to Steel A, PCCv data indicate higher toughness values than other CT data.
The upper shelf fracture toughness, Jic, obtained from 1T-CT at 20 °C is indicated in the figure.
Several PCCv data at —80 °C exceeded the J,. value.

4. DISCUSSION

4.1 Validity Limit for Cleavage Fracture Toughness Data

Cleavage fracture toughness values shown in Figures 1 to 5 were calculated by
equations (1) and (2) without any limitation. However, due to relatively large yielding size
compared to a specimen size, J-integral value at fracture can be invalid when it goes high. The
limitation on J-integral value is described in some standards depending on the application and
the related references. The major equations for the limitation of fracture toughness in some

standards are described below.

(2) ASTM E1737""” on standard test method for J-integral characterization of fracture
toughness provides the following conditions to qualify Jo, as J.:

J .0

Cc™ Y
B,ay,b, < 200 (4)
da<02+J, jao,, a=2 (%)

where Aa is an amount of ductile crack growth.

This equation (4) is the same type as proposed by Anderson and Dodds"” on specimen
size requirements regarding a small scale yielding condition. When the specimen size satisfies
the equation, a yielding condition in the specimen is considered as small scale yielding.
Therefore J-integral value is valid for the fracture toughness of the material. For equation (5), the
ductile crack extension before cleavage fracture is restricted to stretch zone width plus 0.2 mm.

This limitation will be treated in section 4.5 with a fractographic study.

(b) Standard test method for fracture toughness within ductile brittle transition range by JSPS

129-committee;

25 (6):

The equation (6) used in the JSPS method has the same coefficient as the validity

_5¥



JAERI—-Research 97—081

criterion on the determination of a J;c in the ASTM E813. The JSPS method also uses the
equation (4) as a criterion of data correction in terms of specimen size requirements.

(c) ASTM draft test method for the determination of reference temperature for ferritic steels in

the transition range;

KJCAIimrl =‘VEbOO.yJ /30 . {7)

This equation can be expressed in a similar way to the previous equations (4) and (6).
J.o

C™ys

30 (7°)

b, <

Referring equations (4) to (7°), the limitation on J-integral value at cleavage fracture

can be expressed in the following form;
{h, or Blo,
M ®)

M=25, 30, or 200.

Je <

For a PCCv specimen, the ligament size, by, is smaller than the specimen thickness, B.
Therefore, b, is considered below as a key parameter for discussion of data validity.

Figures 1 to 5 include the J-integral limitation lines on the J-integral value of PCCv
data for M=30 and 200. The J-limitation curves were calculated based upon the temperature
dependence on yield strength of each material. As shown in the figures, many PCCv data are
higher then the limitation. The latter case (M=200) is so much strict for the PCCv data that only
one data of JRQ satisfied the limitation. On the other hand, no 1T-CT data exceeded the
limitation. This means that PCCv specimens hardly satisfy the small scale yielding condition

unless we perform fracture toughness tests at lower temperature.
For the case M=30 stipulated in the ASTM draft, more than half of PCCv data satisfied

the J-limitation. The draft method requires at least six valid data on the J-limitation. In this study,
we could take some valid data sets at the low test temperature regarding the number of data.
However, when we need the temperature dependence of cleavage fracture toughness, the
limitation on J-integral would be too strict for the use of PCCv specimens. '

4.2 Specimen Size Effect on Cleavage Fracture Toughness

As is known well, a fracture toughness value from a small specimen can be higher than
that from a large specimen. One of the reasons is that the small specimen has insufficient length
in thickness to maintain a constraint of a crack tip by a certain level compared with a large size
specimen or a real heavy-section structure. The ligament size of specirnén is also an important
factor to utilize a J-integral value as a valid parameter for describing the fracture. In addition to
this, in the transition range, a statistical effect on cleavage fracture is apparent. This has been
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explained by the weakest link theory that is based on the local inhomogeneity in the material.
The theory treats the probability to find a particle that is located randomly in the material and
that leads to the fracture of the specimen. This section of the paper describes the effect of
specimen size and the effect of side-grooves (SG).

Figures 6 to 9 indicate cleavage fracture toughness values as a function of specimen
net thickness. Figure 6 compares PCCyv data tested with and without SG and 1T-CT data with SG
of unirradiated JRQ tested at —80 °C. The PCCv data without SG ranged most widely; the lowest
point is even lower than the lowest point of 1T-CT data. The effect of specimen size is not so
obvious in this case. ‘

Figure 7 shows PCCy, 0.5T-CT and 1T-CT data with and without SG, and 2T-CT and
4T-CT data with SG of JSPS A533B-1 steel tested at ¢ °C. For this material, the effect of
specimen size is apparent; PCCv data are higher than the other data from the other CT specimens.
The 1T-CT and larger specimens tested with SG seem to provide approximately the same
fracture toughness. This figure also shows the effect of SG. The highest data points of PCCv,
0.5T-CT and 1T-CT specimens without SG were higher than the highest of those specimens with
SG. The data of PCCv without SG, however, provided lower data points in average than those
with SG. Back to Figure 6, the average value of PCCv data without SG of JRQ was also slightly
lower than those with SG. The reason is not clear, at this moment, why the effect of SG in PCCv
specimen is different from larger CT specimens. A side-grooving is usually expected to make a
crack front straight and avoid the loss of constraint near the crack front. Therefore, the fracture
toughness value from a specimen with SG is expected to be lower than that of specimen without
SG. The effect of SG in PCCv should be considered carefully when any specimen size correction
is applied to the data.

Figures 8 and 9 indicate the specimen thickness dependence on cleavage fracture
toughness of steels A and B tested at ~80 °C and -110 °C, respectively. Clearly PCCv data are
higher than 1T-CT data for both steels. The lowest point of PCCv data of steel A is also higher
than 1T-CT and 4T-CT data, while the lowest data of PCCv of steel B is almost coincident with
that of 1T-CT and 4T-CT. In these cases, all PCCv specimens were machined to have SG. The
effect of specimen size on the lowest toughness data is not clear. It may be necessary to obtain

more PCCv data to compare the lowest data by means of the measured values.

4.3 Correction of Specimen Size Effect

To obtain a reliable fracture toughness value from a small size specimen, several
correction schemes have been proposed. Wallin® has proposed the following equation for

correcting specimen size applicable to pressure vessel steels;
KJ'C(y) = Kmin +(KJC(I)_Kmin )(Bz/By)”m (9)

where Kiq, ooy Kic for specimens of another thickness, B, ,

K. =20MPaJm
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m=4

Using this equation (9), K. values obtained from small specimens are usually adjusted
to 1T-CT size using B,=25 mm. This procedure has been discussed within the ASTM committee
to make a standard for fracture toughness evaluation in the transition range: The adjusted value
to 1T size is designated to K¢ (1. This is because the 1T-CT specimens are usually used as 2
standard size specimen. Then the database is the largest one to describe the temperature
dependence of cleavage fracture toughness that is mentioned afterwards. Figures 10 to 13
compare the raw data of PCCv, the size-adjusted data from PCCv to 1T size and the raw data of
1T-CT. The raw PCCv data were calculated according to the ASTM draft m'ethod..In addition,
the raw PCCv data that exceed the limitation of equation (7) are excluded in this cbmparison-

The equation (9) is based on the weakest link theory. The theory assumes that the
distribution of the fracture toughness values of a material can be described as a Weibull type
statistics. Using three parameters, K ..(=20), m(=4) and K, the fracture probability based on
Weibull statistics can be expressed by the following equation.

_(KJC_IT -Kmin ] _(KJC_]T "'20]”}
K, -20

K a~ K min
where Py Median ranking(= (i —0.3)/(N +0.4))
K,: Fitting parameter

m

P, =1-exp =1-exp

(10)

All data obtained by the same-type specimens at a certain temperature can be analyzed
by these equations (9) and (10). This equation (10) has also been incorporated into the ASTM
draft method to describe the statistics of cleavage fracture toughness. Taking natural logarithm of
equation (10) twice, we obtain

ln(ln 1 ]= m(in{K . ,; - 20)-1n(K, - 20)) (1)
i-P, -

This means that the plot of data on Weibull-type graph is expressed by a linear line
with a slope of m(=4). Figures 14 to 17 compare Weibull plots of PCCv data adjusted to 1T and
1T-CT data for all materials. PCCv adjusted data and 1T-CT data of unirradiated JRQ are in
good agreement, as shown in Figure 14. However, the slopes of both linear-fit data, indicated by
dotted Iines, were 2.3 and 2.5 for PCCv adjusted data and 1T-CT data, respectively, which were
much less than the theoretical value of four. Figure 15 shows the Weibull plots of PCCv data of
irradiated JRQ. The slopes by linear fitting were 2.7 and 3.1 for the data tested at 17 °C and
35 °C, respectively. The slopes were again smaller than the theoretical values. It is noted that the
data scatter of JRQ remains very large after neutron irradiation.

On the other hand, the slope of 1TCT data of JSPS A533B-1 steel tested at 0 °C, as
shown in Figure 16, showed a large value, more than eight, which meant that the scatter of the
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data was very small. PCCv and 2T-CT data were, however, agreed well although the slopes of
linear fits were different; 3.6 for PCCv and 6.5 for 2T-CT.

Figures 17 and 18 show Weibull plots of steels A and B. In these cases, 1T-CT data
were well fitted by means of a theoretical m value. PCCv adjusted data for both steels showed
the same tendency as PCCv of JRQ, that is, the linear fit slopes were smaller than theoretical
four. PCCv specimens of JRQ plotted in Figure 14 have no SG, while PCCv specimens of steels
A and B in Figures 17 and 18 have 20 % of SG. The deviation of the slope from a theoretical
value may not be the effect of SG for these materials. Material inhomogeneity itself may affect
the scatter of the data. From this point of view, only PCCv data of JSPS A533B-1 steel was
scattered theoretically because 1TCT data showed a surprising coherence. A fractographic study
may be helpful to know what is actually happened at the crack tip. The results of fractographic

observation will be mentioned later.

4.4 Temperature Dependence of Cleavage Fracture Toughness

The median value of the data can be obtained by K, from equation (10) and the
following equation as a fracture probability P=0.5.

Ko vromesy = (Ko—=20)ln@)]" +20 (12)

Using this median value, the temperature dependence of cleavage fracture toughness
within the transition range is expressed by the following equation.
K iromesy =30+70-exp{0.019-(T = T;)} (13)

This equation has been established by statistical analyses using a huge database
including unirradiated and irradiated RPV steels.”” This equation, which is called a master curve,
uniquely defines the cleavage fracture toughness transition curve. A reference temperature , T,

can be calculated by

T,=T-

o5 A0{(K e 17omesy ~30)/ 70§ (13"

Table 4 lists the T, values obtained from materials used in this study. The censoring
scheme described in the ASTM draft method was applied when the data set had any invalid data
on equation (7). Figure 19 shows the values of T, based on the ASTM draft method as a function
of specimen thickness. The values of T, from unirradiated JRQ and JSPS A533B-1 showed little
effect on specimen thickness, while those of steels A and B gave some size effect. The T, values
from PCCv data were 20 °C lower than those values from 1T-CT data for both steels A and B.
The deviation of 20 °C is larger than the deviation of 5~10 “C reported for some RP'V steels in
reference (21). The reason of the deviation is not clear for the moment. Specimen sampled
positions regarding the through-thickness inhomogeneity of the material were almost equal for
PCCv and 1T-CT for these materials. Additional tests and the fractographic investigation might

_97
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help to understand the reason.

Based on Weibull statistics, tolerance bounds for the master curve can be drawn.
Assuming the Weibull slope m=4, the third parameter K ;;,=20 and an infinite sampling size, a
lower bound curve in the same form as equation (13) is defined. For example, 1% and 5% lower

tolerance bounds are the following:

K iroon = 23.5+245°exp{0.019(T—1T,)} (14)

Kc 1roosy =254 +37.8-exp{0.019-(T—T,)} (15)

In addition, a standard deviation on a reference temperature T, can be calculated by the
following:

e=18Z/JN (16)

where N is the total number of specimen used to determine the value of T, Z a
standard two-tail normal deviate. Figures 20 to 24 show master curves and 5% lower tolerance
bound curves determined by equations (13) to (16) using valid PCCv data sets together with a
margin adjusted lower bound curve. The master curve determined from PCCv data sets of
unirradiated JRQ, which showed a large scatter in Figure 14, tends to overestimate the fracture
toughness in the upper transition range as shown in Figure 20. Particularly 1T-CT and 0.5T-DCT
data tested at RT are much lower than 5% tolerance bound. In this case, a 19 lower bound curve
instead of 5% lower bound may be used to bound all data at the lowest points. The master curve
shown in Figure 21 agrees well temperature dependence of 1T to 4T specimens of JSPS A533B-
1 steel. Figure 21 indicates, however, that only a few data of 0.5T-CT lie under the 5% curve.
Figures 22 and 23 for steels A and B also indicate that the master curves at higher temperature
have a tendency to overestimate fracture toughness data. Although the lower bound curves again
overvalue a few data points, the temperature dependence of the curves is in good agreement with
the lowest points in the range tested.

Figure 24 shows the master curve and the lower tolerance bound for JRQ steel
irradiated to 2x10" n/em?® (E>1MeV). The T, value was determined by averaging values from
two PCCv data sets tested at 17°C and 35°C. The master curve again agrees well with the data.
The lower bound also covers well up to the 0.5T-DCT data at 100°C. However, before
irradiation, both PCCv and 1T-CT data of JRQ showed a large scatter and the lower bound curve
could be expressed by the 1% tolerance bound. Therefore, the lower bound curve after
irradiation should be the same tolerance bound curve of 1%. Figure 25 indicates the effect of
irradiation on cleavage fracture toughness adjusted to 25 mm together with the master curves and
1% tolerance bounds. The shift of T, by irradiation to JRQ was 108 “C. This shift is larger than
the Charpy shift listed in Table 3 by about 20 °C.

The equation (13) has a similar form to a K. curve in the ASME Sec. X1 to describe
the lower bound fracture toughness of RPV steels. The ASME K, lower bound curve is
expressed by the following: | '

K, =36.5+22.8-exp{0.036(T—RTp; )} 17)
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In this case, we need an RTy,, of the steel before and after irradiation to define the K¢
curve. The drop weight test can not be done after irradiation because the test requires relatively
large size specimens. Therefore, Charpy impact results are used instead of the results of drop
weight test to determine the irradiation effects. The adjusted RTy, value after neutron
irradiation is then calculated with the Charpy shift added to the initial RTpr. The K¢ curve after
irradiation is defined by an equation (17} using the adjusted value. This means that the
irradiation effect on Charpy property and fracture toughness should be the same. The Charpy
shift by irradiation for JRQ was less than the fracture toughness shift as mentioned above. The
comparison of those shifts may not always be the same, because the strain rate is different from
each other, and the specimen size effect and the scatter on fracture toughness can vary the shift
of fracture toughness. To obtain more reliable fracture toughness data for the RPV integrity
assessment, more detailed study using a larger database may be necessary.

The Japanese code on the method for the fracture toughness test and evaluation, JEAC
42062 also stipulates the lower bound toughness curve for the integrity assessment of RPV
during a PTS transient. The curve can be defined as the lowest envelope of all the fracture
toughness data points from the surveillance tests. The form of the curve is expressed by the

following:
K, =20.16+129.9-exp{0.0161-(T— 7, )} (18)

Applying equation (18) to the data of JRQ steel, we obtain the lower bound curves
before and after irradiation, and hence the shift of the lower bound curves. Figure 26 indicates
the JEAC curves before and after irradiation together with all test data. The lower bound curves
agreed well with the data up to upper transition range, leading to a conservative evaluation. The
shift of T,; value by irradiation was calculated as 80 “C. The shift according to the JEAC K¢
curve was less than the shift determined by the ASTM draft method. This may depend on the
statistical treatment of the data. If we had more data from irradiated specimens or less data from
unirradiated specimens, we might have got a larger shift by the JEAC method than Charpy shift.
It is noted that the statistical analysis to evaluate the lowest fracture toughness is necessary when

the number of data is insufficient regarding the data scatter.

4.5 Fractography for Measuring Stretch Zone Width and Ductile Crack Growth

The statistical analysis based on Weibull distribution showed that the data tends to be
linear in the Weibull plots. However, at higher temperature, as ductile crack growth is expected,
a fractographic study is necessary before Weibull analysis to account the crack growth. Then a
stretch zone width (SZW) and the amount of ductile crack growth ( Aa) were measured by
means of a scanning electron microscope (SEM).

Figure 27 shows the relation between Jc and fractographic measures (SZW and Aa)
for some selected specimens of steel A. All data except for one largest data point of Aa of
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PCCv were satisfied with equation (5). From the measures by the fractography and a reference
(23), it was assumed that a ductile crack initiated on a blunting line even if J-integral value had
not reached the J,c of the material yet. The blunting line used in this study was based on the
recommendation in the JSME J . test method, as mentioned before. The ductile crack initiation
point of a specimen was then defined as the point on the blunting line that corresponded to the
SZW of the specimen. As shown in Figure 27, the Jc-R curve before cleavage fracture for each
specimen was obtained by connecting the points of the initiation and the final fracture. The slope
of the Jc-R curve have a similar trend to that of J-R curve determined at fully ductile regime
(20°C). Figure 28 also shows the same type of results for the specimens of steel B. Therefore, the
ductile crack initiation toughnesé J. values can be defined as the initiation points on the blunting
line. It is noted, however, that the J, value should be less than J . value of the material because
the J. must saturate at the J,. The J,, values obtained can be converted to K;;, values using
equation (2). The Kj;, values may then be considered as the crack growth corrected fracture
toughness. Since the K, values are less than Jc values by the correction, the data scatter can also
be less than that of Jc. Therefore, the statistical analysts of K,;, values can be useful to determine
the lower bound toughness. For the moment, the data from a fractographic study is insufficient to
analyze the statistics.

The sites of cleavage fracture initiation were also observed by SEM. Cleavage
initiation sites in fracture surface tested at the lowest temperatures were not clear but tended to
be small in size and large numbers. On the other hand, at higher temperature, the sites were
clearly observed at some distance from the ductile crack front. These observations seem to be
similar to a two criteria model described by Landes et al.?, i.e., at relatively low temperature
region a fracture initiation is based on the critical damage accumulation, and at higher
temperature a fracture occurs according to the weakest link theory. Figure 29 shows relations of
Jc values and the distances, X, from ductile crack front to cleavage fracture initiation site. Figure
29 also indicates an estimated maximum stress region in front of a crack.” From the results
shown in the figure, it is seen that the initiation site in a PCCv specimen after a large
deformation tends to saturate at ~200 micron. This may be explained the loss of constraint at the
crack front of the PCCv specimen. The stress distribution at the crack front of a PCCv specimen
starts to go away from a theory such as the field of HRR singularity®-*” at a certain deformation
level. The use of J-integral is normally limited up to the deformation level. However, a
fractographic study can be useful for the understanding of a cleavage fracture, such as the
determination of a microscopic critical fracture stress at a cleavage initiation site. Further study

on this matter is necessary.

5. SUMMARY AND CONCLUSIONS

To establish the method to evaluate fracture toughness values in the transition region,
fracture toughness tests using PCCv to 4T-CT specimens were performed. Although post
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PCCv were satisfied with equation (5). From the measures by the fractography and a reference
(23), it was assumed that a ductile crack initiated on a blunting line even if J-integral value had
not reached the J . of the material yet. The blunting line used in this study was based on the
recommendation in the JSME J . test method, as mentioned before. The ductile crack initiation
point of a specimen was then defined as the point on the blunting line that corresponded to the
SZW of the specimen. As shown in Figure 27, the Jc-R curve before cleavage fracture for each
specimen was obtained by connecting the points of the initiation and the final fracture. The slope
of the Jc-R curve have a similar trend to that of J-R curve determined at fully ductile regime
(20°C). Figure 28 also shows the same type of results for the specimens of steel B. Therefore, the
ductile crack initiation toughness‘J «» values can be defined as the initiation points on the blunting
line. It is noted, however, that the J,_ value should be less than J ¢ value of the material because
the J, must saturate at the J,.. The J,, values obtained can be converted to K, values using
equation (2). The K,,, values may then be considered as the crack growth corrected fracture
toughness. Since the K;,, values are less than Jc values by the correction, the data scatter can also
be less than that of Jc. Therefore, the statistical analysis of K;,, values can be useful to determine
the lower bound toughness. For the moment, the data from a fractographic study is insufficient to
analyze the statistics.

The sites of cleavage fracture initiation were also observed by SEM. Cleavage
initiation sites in fracture surface tested at the lowest temperatures were not clear but tended to
be small in size and large numbers. On the other hand, at higher temperature, the sites were
clearly observed at some distance from the ductile crack front. These observations seem to be
similar to a two criteria model described by Landes et al.®Y, i.e,, at relatively low temperature
region a fracture initiation is based on the critical damage accumulation, and at higher
temperature a fracture occurs according to the weakest link theory. Figure 29 shows relations of
Je values and the distances, X, from ductile crack front to cleavage fracture initiation site. Figure
29 also indicates an estimated maximum stress region in front of a crack.® From the results
shown in the figure, it is seen that the initiation site in 2 PCCv specimen after a large
deformation tends to saturate at ~200 micron. This may be explained the loss of constraint at the
crack front of the PCCv specimen. The stress distribution at the crack front of a PCCv specimen
starts to go away from a theory such as the field of HRR singularity®>*? at a certain deformation
level. The use of J-integral is normally limited up to the deformation level. However, a
fractographic study can be useful for the understanding of a cleavage fracture, such as the
determination of a microscopic critical fracture stress at a cleavage initiation site. Further study

on this matter is necessary.

5. SUMMARY AND CONCLUSIONS

To establish the method to evaluate fracture toughness values in the transition region,
fracture toughness tests using PCCv to 4T-CT specimens were performed. Although post
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irradiation tests have finished only for JRQ, the following conclusion were drawn from the tests

of four types of Japanese RPV steels and their analysis;

(1) The specimen size effect was seen between PCCv and 1T-CT data, particularly from steel A.

(2) The size effect adjustment for the median value based on the weakest link theory was not
enough to obtain an equivalent value from a PCCv specimen to a large specimen.

(3) The data scatters of some data sets for all materials were analyzed by a Weibull type
statistics. Experimantal values for the Weibull slope tend to be slightly less than the
theoretical value of four, in particular, for JRQ.

(4) The fracture toughness transition curve was evaluated by means of the master curve
approach. The master curve determined by PCCv data tends to go higher at the upper
transition range than 1T-CT data.

(5) According to the master curve, the shift of the curve by irradiation was evaluated to be
somewhat greater than the Charpy 41J shift.

(6) JEAC type lower bound toughness curves were also evaluated for JRQ data before and after
irradiation. The shift obtained by the JEAC curve method was less than the shift of the
master curve and even the Charpy shift.

(7) It was found through a fractographic study that a ductile crack growth preceding a cleavage
fracture was the same tendency as the upper shelf J-R curve, and could be corrected to
evaluate a conservative fracture toughness. The fractographic study also revealed that there
might be the difference in the stress distribution in front of a crack between PCCv and IT-

CT specimens.
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Table 1 Chemical compositions of materials used in this study.

JAERI—Research 97—081

(wt.%)
Material C Si Mn P S Ni Cu Mo
JRQ 0.18 | 0.24 | 1.42 [0.017[0.004| 0.84 | 0.12 | 0.14 | 0.51
JSPS A533B-1 | 0.24 | 0.41 | 1.52 [0.028 | 0.023 | 0.43 | 0.08 - 0.49
Steel A 0.19 | 0.30 | 1.30 [0.015]0.010} 0.68 | 0.17 | 0.16 } 0.53
Steel B 0.19 1 0.19 | 1.43 |0.004]|0.001]| 0.65 | 0.13 | 0.04 | 0.50

Table 2 Material properties at room temperature of materials used in this study.

Material o, (MPa) o4 (MPa) | Elongation (%) Note
JRQ 477 615 22.2
JSPS A533B-1 504 692 20.2 Ref. (13)
Steel A 469 612 26.4
Steel B 462 597 24.9

Table 3 Neutron irradiation effect on material properties of JRQ.

ltem Fast Neutron Irradiation Index Shift / Increase
Fluence Temperature

AT, 85 C
Charpy shift | ~2.3x10"n/cm? ~291 °C AT 89 °C
ATson 86 °C

Aoy, 117 MPa

Hardening | ~1.6x10'"n/cm? ~288 °C Aoy, 107 MPa
AElong. 2.7 %

~2.2x10" nfem? ~286 °C A Hv(98N) 41 VHN
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Table 4 Comparison of the values of T, determined according to the ASTM draft method.

Material JRQ unirradiated
Specimen|B(mm)| T¢(°C) | N | r | Temp. (°C) | SG(%)
PCCv 100 | -738 |16 14 -80 0
PCCv | 100 ' -660 8 8. -80 20
PCCv | 100 | -633 :16/9 80 | 0
1TCT 250 | 664 i 6|6 -80 20

Material JRQ irradiated
Specimen|B(mm)| T,(°C) | N| r | Temp.("C) . SG(%)
PCCv | 100 | 319 |12!11 17 0
PCCv 10.0 478 |10:10 35 0

Material JSPS A533B-1
Specimen|B{mm)| T,(°C) | N | r = Temp. (°C) |SG(%)
PCCv | 100 | —11 10| 7 0 0
PCCv | 100 | - 10| 4; 0 20
05TCT | 127 @ 18 16116 -25 20
Q5TCT | 127 19.1 f17 17: 0 20
05TCT | 127 68 66 0 0
05TCT | 127 | 7.1 12]11 25 20
1TCT 254 9.7 .18]18 -25 20
1TCT | 254 | 204 18|18 0 20
1TCT 254 77 |66 0 0
1TCT | 254 186 |12/12 25 v 20
2TCT | 508 | 54 66| 0 L 20
Material Steel A
Specimen|B(mm)’ To(°C) [ N| r | Temp. (°C) |SG(%)
"~ PCCv_| 100 | 866 10 7 80 20
1TCT 250 | -66.9 12:12 -80 20
17TCT | 250 | -66.9 . 12]12 -50 20
Material Steel B
Specimen|B{mm) T,°C}| N | r | Temp. (°C) 'SG(%)
PCCv | 100 |-113.0 |10| 8 -110 20
1TGT 250 |-102.4 |12(12: -110 20
1TCT 250 | -924 112[12 -80 P 20

B: Specimen thickness

N: Total number of data used
r: Number of valid data

G:

S5G: Side grooving
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Figure 1--Fracture toughness test results of unirradiated JRQ steel.
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Figure 2--Fracture toughness test results of irradiated JRQ steel.
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Test Temperature, °C
Figure 3--Fracture toughness test results of JSPS A533B-1 steel.
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Figure 4--Fracture toughness test results of Steel A.
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Figure 5--Fracture toughness test results of Steel B.
200
JRQ Unirradiated @ -80 °C [ @ PCCy with SG
 OPCCvw/o SG
150 F | @1TCTwithsG |
£ o e
O
a 100 I 8
= 8
v K ¢
$
s0r 8 e
O
0 ] 1 1 1
0 20 40 60 80 100

Specimen Net Thickness, mm

Figure 6--Fracture toughness values of unirradiated JRQ tested at —80 °C as a function of

specimen net thickness.
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Figure 7--Fracture toughness values of JSPS A533B-1 tested at 0 °C

et thickness.

as a function of specimen

100

300
Steel A at —80 °C OPCCv with SG
i o 1TCT with SG
. XATCT w/o SG
£
200 |
> o
o o)
S |8
Q2
¥_ 0]
:c% 100  ©
@] X
0 : : ' '
0 25 50 75 100 125

Specimen net thickness, mm

Figure 8--Fracture toughness values of Steel A tested at -80 °C as a function of specimen net

thickness.
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Figure 9--Fracture toughness values of Steel B tested at <110 °C  as a function of specimen net
thickness.
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Figure 10--Comparison of PCCv data with and without the adjustment to 1T size and 1T-CT data
of unirradiated JRQ at 80" °C. |
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Figure 11--Comparison of PCCv data with and without the adjustment to 1T size and 1T-CT data
of JSPS A533B-1at0 °C.
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Figure 12--Comparison of PCCv data with and without the adjustment to 1T size and 1T-CT data
of Steel A at —80 °C.
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Figure 13--Comparison of PCCv data with and without the adjustment to 1T size and 1T-CT data
of Steel B at -110 °C.
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Figure 14--Weibull plots of unirradiated JRQ data at —80 °C.
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Figure 15--Weibull plots of irradiated JRQ data at 17 and 35 °C.
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Figure 16--Weibull plots of JSPS A533B-1 data at ¢ °C.
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Figure 17--Weibull plots of Steel A data at -80 °C and -50 °C.
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Figure 18--Weibull plots of Steel B data at —110 and -80 °C.
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Figure 19 - - Comparison of reference temperature, Ty, according to the ASTM draft method as a

function of specimen gross thickness.
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Figure 20--Size adjusted data to 1T, the master curve and lower bound curves determined by
PCCv data of unirradiated JRQ steel.
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Figure 21--Size adjusted data to 1T, the master curve and tolerance bound curves determined by
PCCyv data of JSPS A533B-1 steel.
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Figure 22--Size adjusted data to 1T, the master curve and torelance bound curves determined by
PCCv data of Steel A.
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Figure 23--Size adjusted data to 1T, the master curve and tolerance bound curves determined by
PCCv data of Steel B.
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Figure 24--Size adjusted data to 1T, the master curve and tolerance bound curves determined by
PCCv data of irradiated JRQ steel.
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Figure 25--Effect of neutron irradiation on fracture toughness values adjusted to 1T and the

master curve.
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Figure 26--Lower bound curves according to the JEAC K curve for JRQ steel before and after

irradiation.
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Figure 27--J-integral value at cleavage fracture versus ductile crack extension obtained from

fractography of some specimens of Steel A.
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Figure 28--J-integral value at cleavage fracture versus ductile crack extension obtained from

fractography of some specimens of Steel B.
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Figure 29 --Distance from ductile crack front to cleavage initiation site as a function of J-

integral.
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APPENDIX

Table A-1 Fracture toughness test results of unirradiated JRQ.

TP ID. [Temp. | W B BN al Koe-ss | Kuia | Kaar {Specimen| Note
°C m | mm mm mm | MPavm | MPawm | #Pavm

QZBR | 80 |10.0 |10.0 | 10.0 | 5.49 | 88.4 | 83.8 | 70.7 | PCCV | No SG
Q28R | 80 |10.0 [10.0 | 10.0 | 5.59 [158.0 |147.1 |t21.1 | PCCV | No $G
Q29R | =80 110.0 [10.0 | 10.0 [5.55 |[121.5 |113.9 [ 94.6 | PCCV | No 8G
Q30R | —80 [10.0 |10.0 | 10.0 | 5.52 [110.4 [103.8 | 86.6 | POCCY | No SG
G31R | —80 [10.0 [10.0 | 10.0 [5.25 [122.9 [115.2 | 95.7 | PCCV | No SG
Q32R | -80 [10.0 [10.0 | 10.0 | 536 | 422 | 41.8 | 37.4 | PGGV | No SG
Q33R | —80 [10.0 [10.0 [10.0 [5.23 |109.7 [103.0 | 86.0 | PCCV_[No 5G
Q35R | -80 [10.0 {10.0 | 10.0 |5.32 |114.6 [107.8 | 89.8 | PCCY | No SG
G36R | -80 [10.0 [10.0 | 10.0 | 5.31 | 854 }B8I.t |68.6 | PCGY | No 5G
037R | 80 [10.0 [10.0 | 10.0 | 525 | 59.6 | 57.8 | 50.0 | PCGY [ No SG
Q38R | -80 [10.0 [10.0 | 10.0 | 5.22 |115.1 [108.0 | 90.0 | PCCV [No SG
Q46R | —80 [10.0 [10.0 | 10.0 | 5.18 |146.1 [¥36.4 [112.6 | PGCV | No SG
Q50R | -80 |10.0 [10.0 | 10.0 | 517 |133.5 [124.9 |103.4 | PCGV | No SG
@52R | —80 [10.0 [10.0 | 10.0 | 5.01 | 69.2 [66.3 | 56.9 | PCCV | No SG
053R | -80 |10.0 [10.0 | 10.0 | 5.08 | 57.9 | 56.5 | 49.0 | PCCV | No SG
Q548 | ~80 |10.0 [10.0 | 10.0 | 5.16 | 66.2 | 64.1 | 55 1 PCCV_ | No SG
Q73R | -80 |10.0 |10.0 | 8.0 [5.58 | 91.0 |86.2 |72.6 | PCGV [20% SG
G74R | -80 [10.0 [10.0 | 8.0 |5 64 |136.1 [127.3 [105.3 | PCCV [20% SG
Q75R | ~80 [10.0 [10.0 | 80 |[5.61 | 98.6 | 93.0 | 78.1 PCCY__| 20% SG
Q76R | —80 |10.0 [10.0 | 8.0 [5.78 {128.1 {119.9 | 99.4 [ PCCY [20% SG
Q77R | -80 ]10.0 {10.0 | 8.0 |5.54 |129.6 |121.3 [100.6 | PCGV [20% SG
G78R | —80 |10.0 {10.0 | 8.0 [560 | 94.8 | 89.7 | 754 | PCCV |20% SG
QBOR | <80 [10.0 |10.0 | 8.0 | 564 | 984 | 929 | 780 | PCOV |20% SG
RGZ | =80 [10.0 [10.0 1 7.9 [560 [907 | 860 {725 | PCCV [20% SG
G40R | 50 [10.0 [10.0 {10.0 |5 16 | 83.3 | 79.2 | 67.1 PCCY__| No SG
G41R | =50 |10.0 [10.0 [ 10.0 } 527 [88.3 |174.9 [143.2 | PCCV | No SG
G42R | —50 |10.0 [10.0 | 10.0 [ 5.31 [115.5 | 108.3 | 90.2 | PCCV [ No S6
044R | =50 [10.6 |10.0 [ 10.0 1513 |164.7 {153.3 [126.0 [ PCCV | No SG
Q45R | =50 [10.0 [10.0 | 10.0 | 529 [107.7 |101.3 [ B4.6 | PCCV [ No SG
049R | =50 |10.0 |10.0 | 10.0 [ 516 [184.3 [171.2 [140.2 | PCCV | No SG
G51R | -50 |10.0 |10.0 | 10.0 | 511 |128.3 [120.0 [ 995 | PCCV | No SG
Q55R | -50 [10.0 [10.0 [ 10.0 | 518 [150.1 | 140.0 [115.4 | PCCV [ No SG
56R | =50 [10.0 10,0 [ 10.0 [ 5.06 |180.0 [167.3 [137.1_} PCCV_| No SG
057R | =50 [10.0 [10.0 | 10.0 | 5.12 [100.1 | 941 | 79.0 | PCCV_[ No SG
Q61R | =50 [10.0 [10.0 | 10.0 [5.42 | 58.4 | 56.7 | 492 | PCGV_[No SG
Q62R | —50 [10.0 [10.0 | 10.0 | 514 [221.3 [205.1 [167.2 | PCCV [ No SG
065k | <50 [10.0 [10.0 [ 10.0 | 5.22 |136.5 | 127.4 [105.4 | PCCV_[ No SG
G67R | =50 [10.0 [10.0 | 10.0 |5 70 [146.7 |136.8 [112.9 | PCCV [ No SG
068R | 50 [10.0 [10.0 | 10.0 | 593 |182.4 [169.3 [138.8 | PCCV_[ No SG
069R | =50 [10.0 [10.0 | 10.0 | 5.69 [223.8 |207.3 |168.9 | POCV [ No SG
039R | —30 [10.0 [10.0 [ 10.0 | 5. 28 |a2+7 |263+ [&464 | PCCV [ No SG
058R | -30 [10.0 [10.0 | 10.0 | 518 |131.5 [122.8 [101.8 | PCCV [ No SG
G60R | —30 [10.0 [10.0 | 10.0 [ 5. 10 [155.8 |145.0 [119.4 | PCCV | No SG
063R | =30 |10.0 [10.0 | 10.0 | 5.19 [229.7 [212.7 |173.2 | PCCV_ [ No SG
Q64R | =30 [10.0 [10.0 | 10.0 | 525 [161.9 | 150.6 [123.8 | PCCV [ No SG
G70R | =30 {10.0 [10.0 [10.0 | 555 [117.8 [110.3 [ 91.8 | PCCV [ No SG
G72R | =30 110.0 |10.0 | 10.0 | 567 |182.3 §169.3 [138.7 | PCCV [ No SG
RQ4 | -80 |50.0 125.0 [ 20.1 |25.64 | 53.1 §50.2 {502 | {iTCT [20% SG
RQ10 | <80 [50.0 125.0 | 19.9 |25.63 | 64.6_| 61.6 | 61.6 [ ITCT |20% SG
RQ6 | -80 |50.0 |25.0 [ 20.0 |25 67 | 69.3 | 65.5 | 65.5 | 1TCT [20% SG
RQ3 | -80 |50.0 [25.0 | 20.0 |25 42 [ 80.8 | /6.3 | 76.3 | 1TCT [20% $G
RG2 | -80 [50.0 [25.0 | 20.2 2559 [ 85.1 | 80.4 |80.5 | 1TCT §20% SG
RO9 | -80 [50.0 [25.0 | 19.9 |25 57 [127.9 |122.0 [t21.8 [ 1TCT [20% SG
RQ5 | -50 |50.0 [25.0 | 20.1 [25.58 | (44.0 | 136.1 {136.2 | 1TCT [20% SG
RQ7 | <50 |50.0 |25.0 | 20.0 [25.47 | 706.3 [100.4 [100.4 | 1TCT |20% SG
RG8 | =50 [50.0 250 | 20.1 {2531 |153.3 |144.8 |145.0 | 1TCT [20% SG
O1CT | 24 |50.0 |25.0 | 20.0 [28.37 258.0 |246.1 |246.1 | 1TCT [20% SG
U20T | 24 |50.0 [25.0 | 200 |28.56 |250.0 |238.4 [238.4 | 17CT |20% SG
RG1 | 27 [50.0 |25.0 | 200 |25.22 |163.9 | 154.8 [154.8 | 1TCT [20% SG
031 | 20 [25.0 [12.5 [10.0 |15.18 |272.0 |259.9 [221.8 | Q. STDCT |20% SG
032 | 20 |25.0 [12.5 [10.0 |14.88 | 260.0 |248.2 [211.§ |0 5TDCT |20% SG
033 | 20 [25.0 [12.5 [10.0 |15 11 | 165.0 |157.2 | 135.4 | 0. STDCT |20% SG
027 | -75 [10.0 [10.0 | 10.0 |5 71 | 66.9 | 63.9 [56.9 | PCCv | No SG
@22 | —50 110.0 [10.0 [ 10.0 | 5.75 |259.7 [247.8 [211.4 | PCCv |[No SG
028 | —40 ]10.0 [10.0 [10.0 | 571 |161.0 |153.6_{132.3 | PCCv | No 5G
025 | =25 [10.0 [10.0 [ 10.0 | 5.87 |207.6 | 198.0 [169.6 | PCCv [No SG

—_ 33-7

——: No cleavage fracture
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Table A-2 Fracture toughness test results of irradiated JRQ.

TP 1D.| Temp. W B BN a0 K jc-g8 Kyers | Ksemia_i7 | Fluence |Specimen{ Note
°C pm | mm | mm mn | MPavm | WPavm | MPavm | n/cm’

Q25R {16.5 |10.0 |10.0 [10.0 {5.39 | §0.0 49.6 43.5 1.8E+19| PCCv No SG
Q20R | 17.9 110.0 |10.0 |10.0 |5 00 | 60.4 59.0 51.0 1.8E+19| PCCv No SG

Q6R [17.4 (10.0 }10.0 |10.0 |5.16 | 78.6 76. 6 65.0 2.6E+19| PCCv No SG

B4R [18.0 [10.0 [10.0 |10.0 [5. 11 77.8 75.5 64.2 1. 8E+19| PGCCv No SG

Q5R | 14.9 10.0 |10.0 }10.Q [5.15 | 89.2 95.0 79.7 2.3E+19] PCCv No SG
G13R [ 17.7 [10.0 [10.0 §10.0 |5.24 [ 110.2 [ 105.1 87.7 2.6E+19| PCCv No $SG
Q24R { 16.8 410.0 |10.0 [10.0 15.35 | 110.0 | 104.7 87.4 1.6E+19] PCCv No SG
GI9R [ 15.7 {10.0 {10.0 [10.0 |15.38 | 112.2 | 106.9 89.1 2 4E+19] PCOv No SG
Q2R [ 15,2 |10.0 [10.0 110.0 |5.01 | 109.4 1103. 8 86.7 1.9E+19| PCCv No SG

Q3R 116.4 |10.0 |10.0 |10.0 |5. 11 [ 113.5 {108. 1 90.0 1.7E+19| PCCv Ne SG
QI12R {16.6 |10.0 [10.0 [10.0 |5.24 | 115.2 | 109.7 91.3 2.3E+19] PCCv No SG
QUIR [17.1 §{10.0 {10.0 |10.0 }5.32 | 146.5 ] 138.4 {114 2 |2 2E+19[ PCCv No §G
Q18R | 34.5 (10.0 |10.0 |10.0 [5.36 | 59.3 58.5 50. 6 2. 2E+18| PGCv No SG
Q15R {34.5 [10.0 )10.0 |10.0 {5.29 | 79.4 77.1 65.4 |2 2E+19| PCCv No SG
QO8R { 34.5 [10.0 {10.0 y10.0 |5.26 | 80.0 77.8 66.0 |2 2E+19| PCCv No 5G
Q14R [ 34.5 |10.0 |10.0 |10.0 |5.26 | 88.4 85.3 71.9 2.0E+19| PCCv No SG
QIR | 34.5 [10.0 [10.0 |10.0 |5.33 | 92.8 89. 1 75.0 2.0E+19| PCCv No $G
QI10R | 34.5 [10.0 |10.0 |10.0 [5.32 | 99.1 94.9 79.5 2.0E+19| PCCv No SG
Q02R | 34.5 |10.0 |10.0 |10.0 {5.34 | 109.5 | 104.3 87.0 2. 2E+19| PCCv No SG
Q21R 134.5 [10.0 [10.0 |10.0 [5.36 | 134.8 | 127.5 | 105.5 | 2. OE+19] PCCv No SG
QOBR [ 34.5 [10.0 (10.0 |10.0 [5.32 | 137.4 | 130.0 | 107.5 | 2. QOE+19] PCCv No SG
Q23R [ 34.5 [10.0 |10.0 |10.0 [5.35 | 143.0 | 135.0 |} 111.5 |2 1E+19]| PCCv No SG
TP ID.| Temp. W B BN a0 Kic-as Kie-1a | Kjemrz 17 | Fluence | Specimen Note
°C mm mm mm mm MPavm | MPavm | MPavm n/cm’

G8 Q 10.0 [10.0 [10.0 15.39 | 102. 9 98.2 85.7 2.3E+19] PCCv  |No SG,Ref(11)
Q9 25 10.0 |10.0 |10.0 |5.57 | 164.3 | 156.7 | 134.8 | 2.0E+19] PCCv |No SG, Ref(11)
Q10 50 10.0 {10.0 {10.0 15 57 | 175.8 167. 7 144 1 2. 3E+19 PCCv  |No SG,Ref(11)
Q14 60 10.0 [10.0 |10.0 |5.54 | 125.6 | 119.8 | 103.9 | 2.3E+18| PCOv |No SG,Ref({11)
*1R 75 10.0 |10.0 |10.0 |5.45 | 262.2 | 250.1 213.4 |2 0E+19| PCCv {No SG. Ref(11)
Q1 20 25 0 |12.5 {10.0 N13.68 | 87.4 87.4 80.0 2. 3E+19| 0. 5TDCT po% SG,Ref (11)
(018 20 25.0 j12.5 |]10.0 j13.56 | 50.4 50. 4 47.0 2.4E+19| 0. 5TDCT po% 56, Ref (11
G19 20 25.0 t12.5 |10.0 {13.53 | 92.1 92.1 84. 1 2. JE+19{ 0. 5TDCT pO% SG, Ref (11
Q3 100 [25.0 [12.5 [10.0 |13.68 | 291.2 | 277.8 | 249.3 |2 4E+19| 0. 5TDCT Po% SG, Ref (31
Q6 100 125.0 [12.5 |10.0 |13.62 { 230.1 219.5 }197.5 {2 5E+19] 0. 5TDCT P0% SG, Ref (11
Q17 | 100 [25.0 |12.5 }j10.1 |13.73 |1 170.6 | 162.8 | 147.0 |2 5E+19] 0. 5TDCT P0% $G, Ref (11
Q21 20 125.0 [12.5 |t0.0 [13.67 | 63.7 63.7 28.9 4. 6E+19 ] Q. 5TDCT pO% SG, Ref (11
Q22 20 [25.0 [12.5 [10.0 [13.50 | 55.2 55.2 51.3 4 5E+19| 0. 5TDCT p0% SG, Ref (11
Q23 | 100 |24.9 {12.5 (10.0 [13.71 | 98.9 98.9 90. 2 4 5E+19 | 0. 5TDCT po% SG, Ref (11
Q24 | 100 |25.0 |12.5 [10.0 {13.58 | 85. 4 85 4 78.2 4, 9E+19 | 0. 5TDCT po% SG, Ref (11
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Table A-3  Fracture toughness test results of steel A.

TP 1D Temp. W B BN al KJC-BQ KJC_I3 KJCJT Spemmen
°C mm mm mm mm | MPay m| MPas/ m | MPa,/ m
AP115 | -80 [10.01[10.01 {7.97 15.09 | 81.3 78.3 | 66.4 PCCv
AP122 | -80 [10.01]10.01 {8.00 {5.12 | 101.5 96.6 | 81.0 PCCv
AP123 | -80 [10.01[10.02 {7.99 |5.1C | 104.7 99.5 | B83.3 PCCv
AP124 | -80 [10.01}{10.01 [8.04 |5.18 | 118.2 t12.0 1 93.2 PCCv
AP121 | -80 [10.02{10.07 [8.09 |5,08 | 130.C 122.6 | 101.7 PCCv
APT19 | -80 [10.01110.01 [8.02 |5.21 | 135.2 t27.7 | 105.7 PCCy
AP114 | -80 [10.02{10.02 [8.06 [5.15 | 148.2 139.6 | 115.1 PCCv
AP120 | -80 [10.0%1[10.01 [7.98 [5.25 [ 166.8 156.9 | 128.9 PCCv
AP125 | -80 [10.01110.01 [8.01 [5.13 | 186.1 174.7 | 143.0 PCCv
AP116 | -80 f10.01(10.01 {8.02 [5.14 | 215.8 202,3 | 165.0 PCCv
AP104 | -50 110.01[10.01 18.01 [5.24 | 110.4 i04.4 | B7.2 PCCv
AP112 | -50 110.0110.01 |8.03 5.20 | 156.3 146.9 | 120.9 PCCv
 AP113 | -50 110.01[10.01 {8.04 5.28 | 168.5 1568.1 | 129.9 PCCv
AP103 | -50 |10.01(10.02 {8.10 |5.11 | 205.9 192.7 | 157.4 PCCv
AP111 | -50 |10.01[10.01 |7.96 [5.23 | 211.0 197.6 | 161.3 PCCv
AP110 | —-50 |10.01[10.01 [B8.04 |[5.15 | 215.6 201.8 | 164.7 PCCv
AP108 | -50 [10.02/10.02 |8.03 [5.11 | 241.3 225.5 | 183.5 PCCv
AP107 | -50 |10.02[10.02 [7.98 [5.38 | 266.8 249.2 1 202.4 PCCv
AP106 | -50 [10.02[10.02 [8.05 ;5.16 | 301.4 281.0 | 221.7 PCCv
AP109 | -50 [10.01]10.01 [8.00 15.23 | 308.3 288.4 | 233.5 PCCv
TP ID Temp.| W B BN a0 Kc Kic1s |opecimen
°C mm | mm mm | mm | MPay m| MPaJ m
AK103 | —80 [50.04 [25.02 [20.02 [29.64 | 64.3 £4.2 1TCT
| AK? ~-B0 [49.99 125.00 |20.00 [28.58 | 70.1 69.9 17CT
AKB -80 |50.01 [25.00 |20.01 [28.67 | 72.9 12.6 17€T
AK4 -g0 |50.00 |24.99 [20.04 |28.73 | 73.8 713.5 1TCT
AK1 —80 |50.00 [25.00 {19.99 [28.55 | 80.0 79.6 17CT
__AKS -80 |[50.00 |25.00 {20.01 {28.77 | 85.6 85.2 1TCT
" AK105 | -80 |50.C0 [25.02 |20.00 129.08 87.8 87.5 11CT
AK104 | -80 [50.C2 [25.00 [20.02 {29.30 | 94.9 94.4 17CT
 AK101 | -80 [50.02 |25.02 20.00 [29.24 | 97.5 97.0 1TCT
AK10Z2 | —80 |[50.02 [25.02 {20.00 {29.05 | 99.9 99.3 17CT
AK3 —80 |50.00 [24.99 [20.03 |28.55 | 103.1 102.2 17CT
AK106 | —80 |50.02 [25.00 [20.02 |29.32 | 110.4 109.6 17CT
AK107 | -50 {50.CZ [25.02 [20.0Z [29.21 | 89.0 88.5 13CT
AK109 | —50 150.04 [25.02 [20.00 [25.54 | 107.1 106.3 13CT
AK9 -50 149.99 [25.00 [19.99 |28.58 | 112.5 111.0 17CT
AK111 | =50 ]50.02 [25.00 [20.02 [25.06 | 117.2 116.C 17CT
[ AK110 | -50 [50.00 |25.02 [20.02 28.22 | 121.5 120.3 1TCT
AK112 | -50 |50.02 {25.00 [20.02 [29.37 | 13Z.4 130.6 1TCT
AK108 | -50 [50.04 |25.02 [20.02 {29.01 | 135.0 133.2 17CT
AKT1 “50 46,99 [25.00 {20.01 [28.54 | 141.0 138.4 1TCT
AKT -50 {50.00 [25.00 |20.01 |29.10 | 145.8 142.8 17CT
AK12 -50 [50.00 |25.00 |20.05 |78.46 | 150.7 147.4 17CT
AKB 250 [50.01 [24.99 [20.02 |28.71 | 158.2 154.5 17CT
AK10 -50 [50.00 {25.00 [20.03 |28.64 | 175.7 170.9 1TCT
AK14 ~30 149.97 {24.99 [20.00 |28.83 | 141.5 138.7 1TCT
AK15 -30 49.98 [25.00 [19.98 {28.90 | 157.8 153.9 17CT
AK13 ~30 |49.98 125.00 [20.00 |29.03 | 166.3 162.2 17CT
TP ID Temp.| W B al Ka Ko v |Validityj Specimen
C mm | mm mm  |MPay m|{MPay m| for K
[ AK1 | -80 [ 2003 106.2 | 101.2 | 758 | 99.1 O 4TCT
AK2 -50 | 2004 | 1066 101.4 | 1028 137.5 X 4TCT
AK3 | -50 [ 2005} 1056 100.0 | 967 | 1284 O 4TCT
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Table A-4  Fracture toughness test results of steel B.

P 1D Temp. | W B BN a0 [ Kias [ K | Kicir |opecimen
°C mn mm mm mm | MPa/m| MPay/ m |MPa/m
BP139 [ -110 [ 10.01[10.02 | 8.04 [5.01 84.7 63.2 | 54.4 | PCCv
BP124 | -110 | 10.02]10.01 18.05 ;5.12 | 97.0 92.71 771.9 ] PCCv
BP120 | -110 | 10.0110.01 |7.99 |5.14 | 97.6 93.11 78.2 | PCLy
BP127 | -110 [ 10.02[10.01 }8.,03 |5.23 | 98.9 94.21.-79.1 PCCv
BP123 | -110 110.02)10.02 [ 8.03 [5.13 | 126.5 118.9 ] 99.5 | PCCv
BP121 | -110 ;1 10.01110.02 [8.05 |5.18 [ 129.6 | 122.6 I 101.6 | PCCv
| BP126 | -110 | 10.01[10.01 |8.04 [5.07 | $49.3 ] 140.8 | 116.1 PCCv
BP137 | 110 [ 10.01]10.02 | 8.03 5.08 | 158.6 | 149.4 [ 122.9 | PCCv
BP118 | ~116 | 10.02 [10.01 | 8.02 |5.25 | 161.5 152.0 | 125.0 PCCy
BP115 | -110 [ 10.0210.02 [8.03 |5.30 | 243.8 228.3 | 185.7 PCCv
BP108 | -80 [10.01]10.01 |8.03 }5.31 | 135.1 127.5 ] 105.5 } PCCv
BP102 | -80 | 10.01[9.98 [8.08 |5.13 | 165.0 | 155.1 | 127.4 | PCCv
BP104 | -80 ]10.0Z[10.01 [B.05 |5.01 | 194.3 | 182.4 | 143.1 | PCCv
BP103 | -80 110.02(9.99 |8.08 |5.15 | 200.4 | 187.8 1 153.4 | PCCv
BP112 | -80 110.02{10.02 |8.03 |5.07 { 203.4 190.7 | 155.8 PCCv
BP114 | -B0 [10.02110.02 [8.05 |5.01 | 218.9 204.2 | 166.6 PCCv
| BP113 | -80 |10.01[10.01 18.06 [5.01 | 252.0 235.7 [ 191.6 PCCy
BP111 | -80 |10.02[10.02 [7.98 [5.19 | 263.0 | 245.8 | 199.7 | PCCv
BPt09 | -80 110.01]10.02 |8.00 |5.27 | 269.7 252.0 | 204.6 PCCv
BP101 -80 | 10.02{10.02 ]8.03 |5.12 | 296.0 276.6 | 224.2 PCCv
TP ID Temp.| W B BN a0 Koe Kic1a |opecimen
C mm mm mm mm | MPay m | MPay/ m
BKS -110 |50.02 [25.00 {19.99 |28.89 | 6t.4 65.2 1TCT
BK10% | -110 [50.02 [25.04 {20.00 |29.12 | 71.2 | 71.1 17CT
BK3 -110 {50.02 {25.00 (19.99 (28,67 | 71.3 71.0 1TCT
BK104 | =110 150.02 (25.02 [20.02 |26.17 | 78.3 | 78.1 17CT
BK106 | —110 |50.02 §25.02 [20.00 |23.73 | 79.9 79.6 1TCT
BK103 | -110 [50.00 }25.02 |{20.02 [28.96 | 87.% B7.6 17CT
__BK6 | -110 [50.61 [25.00 |20.0C [28.63 | 98.5 97.7 1TCT
| BKk102 [ -110 |50.00 |[25.04 [20.02 [28.98 | 99.8 93.3 17CT
BK2 | -110 [50.00 j24.99 [19.69 |29.38 | 105.5 | 104.3 1TCT
BK10% | -110 [50.02 [25.02 [20.02 j28.31°| 108.7 | 108.0 17T
BK4 -110 [50.04 |25.00 |20.00 [29.27 | 111.8 110.5 17CT
BK1 -110 |50.03 [25.00 [20.03 [28.79 | 122.0 120.8 17CT
BK112 | -BO |50.02 |25.02 |20.00 [29.06 | 12.4 12.3 17CT
BX11 -80 [50.01 125.00 |20.00 128.81 | 88.9 88.4 17T
BK111 | -80 [50.07 [25.02 |20.0C [29.22 | 94.7 94.2 1T¢T
BK1G | -8C [50.01 {25.00 {20.0%1 |29.22 | 106.6 | 105.4 17CT
BK110 | -80 |50.00 {25,02 [20.00 [29.35 ) 124.2 | 122.8 1TCT
77777 BK12 | -80 [50.00 |25.00 [20.00 {28.54 | 125.4 | 124.6 | 1TCT
BKB -80 |50.02 [24.99 {20.00 }28.74 | 135.2 | 132.8 1TCT
BK109 | -80 |[50.00 [25.02 j20.02 [29.48 | 135.7 | 134.1 1TCT
BK107 | -80 [50.02 [25.02 j20.02 |29.08 | 136.9 | 135.2 1TCT
BK108 | ~-B80 [50.02 {25.04 |20.02 |29.40 | 138.7 | 136.9 [ 17CT
BK7 -80 [50.02 |25.00 [20.02 [28.88 | 139.C 136.4 17CT
BK3 -80 {50.00 [25.00 [20.04 [28.43 | 162.5 | 158.6 17CT
BK13 | -60 {50.00 ]25.00 [20.05 |28.80 | 124.7 122.8 1TCT
| BKi5 | -60 |50.02 }25.00 |20.01 |28.8G | 161.2 | 157.4 1TeT
BK14 | -60 [50.02 !125.00 [20.03 [29.19 | 218.1 211.0 17CT
TP ID Temp.| W B al Kg Kgir [Validity| Specimen
C mm | mm mm |MPay m|MPay m| for K
BK1 | =110 | 2004 | 1064 101.5 | 559 71.0 O ATCT
BK2 | -80 | 200.2 | 1089} 1015 696 | 905 O | 41CT
BK3 -80 | 2002 1070 | 101.3 | 10286 137.2 @] ATCT




