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the guideline for crack length measurement by potential drop method (PDM), basic specifications of test
equipment and environmental precrack introduction, are specified in the appendices of the standard. This
paper presents an outline of the standard.

2. TERMS AND DEFINITIONS

The main terms and definitions used in this standard are indicated below as well as in JIS Z0103.

K = stress intensity factor (mode I)

E,, = corrosion potential

T = specified temperature measured at the position close to a specimen installed inside the pressure vessel
ft = circulating water flow (value of the pressure vessel capacity divided by the circulating flow per hour)
ap1ia = precrack length at the position of 1/4B

apya = precrack length at the position of 2/4B

agys = precrack length at the position of 3/48

ayo = average precrack length of apiu, apos and aps

ay0, = average of surface precrack lengths

ap = initial crack length (distance from loading point to fatigue precrack tip)

ap= final crack length (distance from loading point to final crack tip in test environment)

W = specimen width

b = specimen ligament (= W—a)

oy = yield stress at testing temperature

Onowt = flow stress at testing temperature (= ([oyr + our] / 2)

A, = average crack length ([SCC area / specimen thickness] or equal divided method)

A, = average crack length in crack engagement area (SCC area / engaged crack width)

C = maximum crack length

D = fatigue precrack length

[da/dt]q = provisional crack growth rate (interim crack growth rate calculated using the standard test
method described herein)

da/dt = [da/dl]q in a case where all validity criteria are met

B. = effective specimen thickness (= (B-By)'")

where B is the distance between the sides of the specimen and By is the distance between the roots of
the side groove notches. If no side groove is adopted, B, = B.

3. SCOPE OF THE STANDARD

This standard applies to austenitic steels and alloys (including weld metals, heat-affected zones, cold-
worked materials and precipitation-hardening steels and alloys), which are considered to be important for
SCC issues in light water reactor (LWR) primary coolant systems. Since local deformation of the crack
tip of irradiated materials differs from that of unirradiated materials and a smaller specimen is generally
used for irradiated materials, irradiated materials are excluded from the application of the standard.
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The standard provides a test method for determining SCC growth rate using compact tension (CT)
specimens in simulated light water reactor environmental conditions (primary water) in a nuclear power
plant.

4. PRINCIPLE OF TEST

Stress corrosion cracking is a phenomenon in which a crack initiates in an environment when stress is
applied to a material susceptible to SCC. Thus, SCC is influenced by three factors: material, stress and
environment. If SCC grows beyond a certain extent, subsequent crack growth behavior is considered to be
influenced by the stress field at the crack tip. Therefore, the SCC growth rate is related to the stress
intensity factor, K;, which is the parameter expressing stress distribution at the crack tip. SCC growth rate,
da/dt, is defined as the temporal differentiation of crack length. By applying a load to the specimen in an
environment and measuring the crack length (a) continuously using PDM, the crack growth raie (da/de) is
calculated in which K; can be determined from the crack length (a) and the applied load. The average Ki is
determined by the average of the stress intensity factors calculated from the crack length at the start point
for the evaluation and the final crack length (the crack length at the final point of the term for the
evaluation). This standard specifies the preparation of specimens, adjustment of testing environment,
method for applying load, and crack growth calculation method required to measure the crack growth rate
using the fracture mechanics specimen in the simulated water environment of light water reactors.

5. SPECIMEN FOR TEST
5.1 Specimen Position and Direction

The position and direction of the specimen from the test sample is shown in Figure 1, which is basically
determined from ISO 7539-6. Identification of the specimen position and direction is expressed using the
letters L, T, S, R and C, defined as follows. In this notation, the first and second letters indicate the
direction of the loading axis and crack growth, respectively.

(1) Plate material

L: long direction (final rolling direction, main forging direction)
T: width direction

S: thickness direction

(2) Round bar and hollow circular cylinder

L: axis direction

R: radial direction

C: circumferential direction

5.2 Specimen Geometry

The geometry of the specimen is the CT type as shown in Figure 2, which is similar to that of other
standards, e.g., 1SO 7539-6, ASTM E399, ASTM E647, and E1820. A narrow notch (2) can be formed at
the tip of the straight notch (1). The specimen thickness, B, shall be equal to or greater than 25.4x107° m.
However, it can be set to between 12.5x% 107 m and 25.4x107° m based on discussions. The specimen
width, W, shall be equal to or greater than two times the specimen thickness (B). Side grooves can be
prepared on both sides of the specimen. Taking into consideration existing related standards, e.g. ISO
7539-6, the depth of the side groove is 5% of the specimen thickness in general. This can be omitted
based on discussions.
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5.3 Size Requirement of Specimen

Following the existing fracture mechanics test standards using CT specimens, this standard prescribes the
size requirement of the specimen in terms of the size of the plastic zone and small-scale yielding.
Specimen thickness Be and ligament b shall satisfy the following formulas (1) and (2). The factor Shas
been derived by analyzing existing SCC growth data and the test conditions including specimen size,
stress intensity factor, etc. However, these formulas can be changed depending on the test objects based
on discussions. The technical basis of the specimen size requirement will be presented in another paper at
this conference [1].

Be > B (Ki/ayr)’ 6))
b> 4/n (Kyi/oyr) @)
where

Be: effective specimen thickness (m)
b: ligament (m)
Ki: stress intensity factor (MPVm)

B factor relating to specimen thickness. Normally, = 0.5. In the case of cold-worked materials, and
precipitation-hardening materials and alloys, #= 2.5 is appropriate.

oy1: yield stress at testing temperature (MPa)

onowr: flow stress at testing temperature (MPa)

However, in formula (2), when (ultimate tensile strength oy1)/(yield stress oyr) > 1.3 is satisfied, onowr
can be used instead of ayr.

5.4 Specimen Finish and Dimensional Measurement

The surface of the specimen is mechanically finished in order to remove the working layers and residual
stress, and the surface roughness is as shown in Figure 2. Prior to testing, the dimensions of the specimen
are measured and confirmed to be within the fabrication tolerance as shown in Figure 2.

5.5 Stress Intensity Factor K;

The stress intensity factor, K, is defined as follows, which is the same as that in ISO 7539-6 and ASTM
E399.

P (2+q)
KI _BEJW(I-QJM

(0.886+4.64a-13.32a* +14.72a - 5.60.") )

where

K;: stress intensity factor (MPavm)

P: load (MN)

a: /W, ais crack length (m), W is specimen width (m)
Be: effective specimen thickness (m)

Note: The accuracy of formula (3) is 0.5% and the effective range is 0.2 < & < 1.0. K; may be obtained
by methods other than formula (3) based on discussions.
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5.6 Precrack Introduction

A fatigue precrack is introduced at the tip of the machined notch of the specimen in the atmosphere as
well as the fracture toughness test and fatigue crack growth test, e.g. ASTM E813 and ASTM E647. The
conditions for introducing the precrack into the specimen have been determined as follows, taking into
consideration existing related standards and experimental data. The fatigue precrack shall not be less than
0.05B or 1.0x10™ m. The geometries of the notch and fatigue precrack should be within the required
envelope shown in Figure 3. The final maximum load during precracking shall not exceed the initial load
of the SCC growth test in the water environment, preferably less than 80%. The crack length (aos) after
precrack introduction is measured at both sides of the front and back faces of the specimen and recorded.
The loading condition during precracking is recorded for reference.

6. TEST EQUIPMENT

The test equipment consists of a high-temperature high-pressure water circulation system that can
simulate the water chemistry environment in light water reactors, and a pressure vessel (autoclave) with
the loading machine connected to the high-temperature high-pressure part. Figure 4 shows an example
schematic diagram of the test equipment. The test equipment includes a continuous measuring device for
the crack length of the specimen and a measuring device for the corrosion potential (the corrosion
potential may not be measured in the test in the simulated PWR environment). The basic specifications of
the test equipment simulating BWR and PWR water environments are shown in the appendix in the
standard.

7. TEST METHOD

7.1 Installation of Specimen, Terminals for Crack Length Measurement, and Electrodes
for Corrosion Potential Measurement

The specimen with the introduced precrack described earlier is set on the loading axis and the terminals
for crack length measurement by PDM are installed. The indicated value of the crack length means the
crack length obtained from the output of this method.

Two types of terminals are installed on the specimen; one is for supplying DC or AC current to the
specimen and the other is for measuring the electrical potential drop across the crack. The locations of the
terminals are set with reference to literatures (e.g. [2]). To prevent electric conduction between the
terminals except through the specimen, the specimen is sufficiently isolated from the fixtures.

In the simulated BWR environment test, a sample electrode and a reference electrode are installed close
to the CT specimen in the pressure vessel to measure the corrosion potential (Ecor) of the material tested.
The sample electrode is the CT specimen itself or a coupon specimen made of the same material as the
CT specimen. The sample electrode and the reference electrode are installed to face each other. In the
PWR simulated environment test, E.., is not measured in principle, but it is measured for any objects if
necessary.

7.2 Adjustment of Test Water Chemistry

By adjusting test water in the water chemistry controlled tank and circulating the test water at a high-
temperature and high-pressure condition through the pressure vessel containing the specimen, the water
chemistries at the inlet and the outlet of the pressure vessel are set as the target test conditions. The test
conditions are set to meet the test purposes. The simulated BWR environment includes normal water
chemistry (NWC) and hydrogen water chemistry (HWC). Typical water chemistry of the simulated BWR
environment test under NWC conditions is shown in Table 1 as an example. Typical water chemistry of
the simulated PWR environment test is shown in Table 2. Temperatures A, B and C for the PWR test
provide the temperature at the outlet of the pressure vessel, the outlet of the steam generator and the
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typical temperature acceleration condition, respectively. Environment I for the PWR test provides the
initial water chemistry condition considering the extension of the running cycle. Environment II for the
PWR test provides the typical average water chemistry.

In the case of the test in the water chemistry simulated BWR environment as shown in Table 1, test water
from the pressure vessel should go through the ion exchange resin to eliminate impurity ions. Then, the
test water is circulated from the water chemistry controlled tank to the pressure vessel. On the other hand,
in the simulated PWR environment, if the test water contains boric acid or lithium ion as shown in Table
2, the test water from the pressure vessel flows through the bypass line, not the ion exchange resin, to the
water chemistry controlled tank and is circulated to the pressure vessel.

When E,,, is measured during the test, measurement begins after the test water chemistry is adjusted to
the target condition. E.,, is monitored continuously by measuring the potential difference between the
sample electrode and the reference electrode using a high input impedance electrometer.

The measurement items during the test are shown in Table 3. There are differences in some of the
measured items for the BWR test and the PWR test due to the difference in water chemistry for the tests.

7.3 Introduction of Environmental Precrack

In the case of the SCC growth test using materials with low SCC susceptibility (e.g., low carbon stainless
steels), an intergranular SCC crack generally does not occur from the tip of a transgranular fatigue
precrack and/or an SCC crack front becomes uneven. Also, in the case of the SCC growth test using Ni
base weld metal, it is known that the crack front of the specimen has an uncracked ligament and takes on
an uneven form. This situation is considered to result in low-quality data. From this viewpoint, in the case
of a test using such materials, the environmental precrack introduction before the constant load test can be
adopted so that an intergranular SCC crack can easily occur from the tip of the fatigue precrack at the
beginning of the test. This process will shorten the incubation time and result in the uniform SCC crack
front. For this purpose, cyclic loading with the combination of a high stress ratio (R = min. stress/max.
stress) and a low frequency, constant loading with periodical unloading, etc., are used for the
environmental precrack introduction. In this standard, it is prescribed that a precrack may be introduced at
the front face of the fatigue precrack in the atmosphere by applying cyclic loading to the specimen in the
test environment.

Based on the results of literature survey concerning this issue, examples of recommended loading
conditions for environmental precracking introduction are indicated in this standard.

As for low carbon stainless steels, the loading condition of high R (e.g., 0.9) and low frequency (e.g.,
0.0001 Hz) was applied to intergranular precrack introduction for SCC crack growth test in a simulated
BWR environment [3], [4]. For nickel based alloy weld metal, the method for regular environmental
intergranular crack through the CT specimen thickness was investigated in a simulated BWR reactor
water environment [5]. The test was conducted under various cyclic loading conditions, the shape of the
crack, and the morphology of the extended crack in the environment were investigated. The test results
revealed that intergranular precrack on the fracture surface through the entire thickness of the specimen
could be obtained using gentle load cycling with R = 0.9 and /= 0.01-0.0001 Hz for the materials. Thus,
an intergranular precrack can be introduced in a test environment by using the adequate conditions
combined with the R ratio and frequency.

Andresen [6] proposed the guideline for a test method to obtain a high-quality SCC crack growth rate
from the viewpoint of intergranular precracking introduction. Several loading methods were applied for
environmental crack introduction at the initial stage of the test as follows: after changing R=10.5 — 0.6
— 0.7 in steps at f= 1 Hz, the frequency was decreased to 0.0001 Hz at R = 0.7 accompanied by periodic
unloading with a hold time prior to final constant loading [7]. It was pointed out that the transition from
transgranular morphology to intergranular morphology can be done by such loading mode at the initial
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stage and that the loading mode change and resulting crack growth behavior should be closely monitored
at this stage so that the appropriate load setting and change can be made in accordance with the crack
behavior [8].

Crack growth tests have also been carried out using Ni-based alloys in a simulated PWR reactor water
environment, and intergranular crack growth was observed under the loading conditions of T4 = 0.3 h,
R=0.5 or 0.7 [9] and [10]. Toloczko et al. applied several loading modes in steps at the initial stage of
the SCC growth test in order to introduce intergranular precrack to specimens {11], [12]. In these tests, the
strain rate at the crack tip gradually decreased by decreasing the frequency at R = 0.5 ~ 0.7 at the initial
stage. Then, the loading condition just before the start of the final constant K condition was set to /= 0.01
Hz, R = 0.5, and Tyaq = 2.5 h, for example.

Based on the above information, examples of the recommended loading conditions for the combinations
of material and environment where the introduction of environmental precrack is effective are shown in
Table 4.

7.4 Test Load

7.4.1 Basic Procedure

The setup of a test load for the duration of the crack growth test is based on the measured crack length
and the test load is calculated from formula (3) so that K at the crack tip becomes the target value. The
test load is basically constant during the crack growth test.

7.4.2 Optional Procedures
(1) Periodic unloading operation

Under the condition that the stress corrosion crack growth rate is significantly slow, constant loading with
periodic unloading operation can be applied during the test time in order to promote stable crack growth.
In this case, in order to set the unloading conditions, it is necessary to consider fatigue crack growth
because of cyclic loading during the loading and unloading operations. Therefore, the loading conditions
(stress ratio, time spent for loading and unloading) shall be adequately set so that the amount of fatigue
crack growth by cyclic operations of loading and unloading becomes negligibly small compared with the
amount of stress corrosion crack growth.

The loading condition shall be established so that the amount of crack growth by fatigue by periodic
unloading becomes 5% or less of the amount of stress corrosion crack growth. An example condition that
has displayed good performance is shown in Table 5. The periodic unloading operation may be adopted
based on discussions.

(2) Crack-tip activation operation

In a case where it is necessary to stop the SCC growth test, the crack-tip activation loading may be
performed after restarting the test, where appropriate. When the SCC growth test is performed under the
condition that continuous crack growth is difficult because of small test load, etc., crack growth may
become very slow or may stop. In addition, long-time discontinuation of a test or a change in conditions
during testing might influence the behavior of SCC growth. Therefore, in an SCC growth test, the
promotion of crack growth by crack-tip activation and the mitigation of effects of long-time
discontinuation and previous test conditions are possible by cyclic unloading of the test load, which is
referred to as crack-tip activation loading.

Crack growth in the term for crack-tip activation loading includes fatigue crack growth because in crack-
tip activation loading, cyclic unloading of the test load is performed. Therefore, the term for providing
crack-tip activation loading is not included in the term for measurement in the SCC growth test.
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An example of the loading conditions of crack-tip activation loading is shown in Table 6, where R is the
stress ratio (minimum load/test load in periodic unloading), Ty is the interval of periodic unloading
(duration of the test load), T is the time required for unloading from the test load to the minimum load,
and T; is the time required for loading from the minimum load to the test load.

7.5 Crack Growth Test

After the water chemistry is stabilized, the test load is applied to the specimen. Measurement of the crack
length using PDM is started simultaneously with loading, and the behavior of the acquired data is
monitored. In accordance with the planned test procedures and the situation after starting the test, the test
shall be conducted as follows:

(a) If an environmental precrack is introduced, the required cyclic load is applied after the water

chemistry is stabilized. Measurement of the crack length is started simultaneously with applying the load.
After the indicated value of the crack length shows the target value, which is set by the concerned persons,
the test load is applied to the specimen.

(b) When the water chemistry for introduction of the environmental precrack differs from that for the
SCC growth testing, the required test load is applied to the specimen after the water chemistry is adjusted.

(c) When the indicated value of the crack length shows no significant increase for the duration of the SCC
growth testing, crack-tip activation loading as described in Section 7.4 may be performed by cyclic
loading, as needed.

(d) When the water chemistry is changed during the SCC growth testing, after adjusting the water
chemistry, crack-tip activation loading as described in Section 7.4 may be performed, where appropriate.

(€) When the test load is changed during the SCC growth testing, it can be changed only in the case of an
increased load. After changing the test load, crack-tip activation loading as described in Section 7.4 may
be performed, where appropriate.

(f) When the water chemistry or the test load is changed during the SCC growth testing, the SCC crack
growth rate is evaluated in the period when the conditions of the water chemistry and the test load are
kept constant.

The test is completed after the increase in the indicated value of the crack length measured continuously
during testing is judged to satisfy the average crack length specified in Section 8.4. However, even if the
indicated value cannot be judged to satisfy the increase in average crack length, the completion time of
the test can be determined based on discussions.

8. EVALUATION METHOD OF TEST RESULTS

After the test, the CT specimen is forced to fracture by fatigue in the atmosphere. The fatigue precrack
and the SCC growth surface developed in the high-temperature and high-pressure water environment are
determined by observing the crack tip at an identifiable magnification with an optical microscope and/or
scanning electron microscope (SEM). The crack geometry, the area of growth region and the maximum
growth length are recorded. The typical SCC growth surface of the crack growth region in the high-
temperature and high-pressure water environment is observed with SEM, and is recorded. The test results
are evaluated as follows.

8.1 Crack Length Measurement and Evaluation

The average crack lengths 4, (average crack length), 4, (average crack length in crack engagement area),
C (maximum crack length), and D (precrack length) are determined from the SCC growth surface of the
specimen. The methods for determining the crack lengths are shown in Figure 5 as an example. Then, the

102



17" Intcrnational Conference on Environmental Degradation of Materials in Nuclear Power Systems — Water Reactors
August 9-12, 2015, Ottawa, Ontario, Canada

precrack lengths at the positions of 1/4B, 2/4B and 3/4B from the surface are measured and expressed as
Gg1ie> Apos, and appa, respectively.

The following check is performed for the precrack, which is similar to that of a Japanese test standard for
elastic-plastic fracture toughness [13].

» Difference of each of d,i4, @y and apys is less than 0.1 ag.
* apos is greater than 0.9 apo.

where

ay: average precrack length of api1a, apzs and agya

a5 average of surface precrack lengths

In order to establish a crack length versus test time curve, the initial crack length (ao) and final crack
length (ay) are calculated by the following equations.

a, = D + (distance from loading point to machined notch)

ar= D + A, + (distance from loading point to machined notch)

8.2 Crack Growth Rate Determination

The crack lengths measured at the starting point and at the end of the test by PDM are corrected so as to
meet the initial crack length (ao) and final crack length (ag) calculated in Section 8.1, respectively. Based
on the results, a figure showing the relationship between the crack length and the test time is prepared.
When the crack length measured with PDM increases linearly with time in the evaluation period and
shows a change beyond the fluctuation of PDM defined in the standard, the provisional crack growth rate
[da/df]q is calculated. Examples of the conceptual figures for the method of estimating the provisional
crack growth rate from the crack length versus test time curve are prepared as reference in the standard.
However, the crack lengths in obtaining the provisional crack growth rate are determined based on
discussions.

8.3 K Determination

The stress intensity factor K; at the time of testing is determined from the crack length and the setting Joad
by the method described in Section 5.5. The stress intensity factor is calculated by averaging the stress
intensity factors calculated from the crack length at the start point and the final crack length at the final
point of the term for evaluation.

8.4 Validity Criteria of Crack Growth Rate

The criteria for valid crack growth rate have been discussed in terms of crack shape and length, and are
defined as follows in the standard. In a case where all the criteria are satisfied, [da/dt]q = da/dt.

a) Crack engagement (ratio of SCC to the specimen thickness) is 50% or more.

b) Ratio (C/4,) of the maximum crack length C to the average crack length 4, is three or less.
¢) Average crack length 4, is 0.2x107% m or more.

d) The requirement for the precrack length given in Section 8.1 is satisfied.

e) Ligament b satisfies the requirements given in Section 5.3.

As for item c), the average crack length (4, > 0.2x 107 m) has been set from the idea that more than one
grain is necessary for intergranular crack growth. The average crack length 4, includes precrack growth
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area. More details of the technical basis for the criteria are described in an explanatory document in the
standard.

9. OTHERITEMS

The standard also includes several other items as appendices, such as the basic specifications of the test
equipment, the procedures for determining the crack growth rate from a schematic diagram of crack
length vs. time curve, guideline for crack length measurement by PDM, and so on, in the text.

The standard is accompanied by an explanatory document describing the background and technical basis,
etc. Also included are several other items, such as the methods for measuring the water chemistry, method
for measuring E.,;, the use of CDCB (contoured double cantilever beam) specimens for the SCC growth
test, and so on.

CONCLUSIONS

The nuclear subcommittee of the JSCE has developed a standard of the test method for measuring SCC
growth rate in high-temperature water that simulates the primary water environment of light water
reactors (BWR and PWR). In the course of developing the standard, some items have been prescribed
based on the test data analysis with technical discussion while related standards and guidelines have been
referenced and accepted. Basic items such as test equipment, test procedures and evaluation method are
specified in the appendices. Also, the standard is accompanied by an explanatory document describing the
background and technical basis, etc. The standard is going to be published in the near future. This
standard will be revised based on technological progress and improved knowledge.

This standard has been developed by the JSCE subcommittee for the SCC growth test method. The
subcommittee consisted of experts from industry and academia as follows: Chubu Electric Power Co.,
Hitachi Ltd., Institute of Nuclear Safety System Inc., Kansai Electric Power Co., Japan Atomic Energy
Agency, Japan Atomic Power Co., Mitsubishi Heavy Industries Ltd., Nippon Nuclear Fuel Development,
Nippon Steel and Sumitomo Metal Corp., Nuclear Regulation Authority, Tokyo Electric Power Co.,
Toshiba Corp., and Tohoku University.
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Table 1 Water chemistry for simulated BWR environment test (typical example)

Analysis items Controlled values for water chemistry

Temperature 288+3°C
Conductivity (inlet) <0.01 mS/m (at 25°C)
Conductivity (outlet) <0.02 mS/m (at 25°C)
Dissolved oxygen concentration 200 to >8000 ppb

Corrosion potential 0.15+0.05 V vs. SHE

o
Sulfate ion (SO4 ) concentration <5 ppb

Chloride ion (C]_) concentration <5 ppb

Table 2 Water chemistry for simulated PWR environment test (typical example)

Analysis items

Controlled values for water chemistry

Temperature A 325+3°C
Temperature Temperature B 290+3°C
Temperature C 360+3°C
Environment I 3.5+0.3 mS/m (at 25°C)
Conductivity -
Environment II 2.15+0.3 mS/m (at 25°C)
Environment I 6.25+0.15 (at 25°C)
pH
Environment II 7+0.15 (at 25°C)
Boric acid concentration Environment I 1800+180 ppm (as B)
(As H;BO; is added) Environment 1T 500450 ppm (as B)
Lithium ion concentration Environment [ e il
(As LiOH is added) Environment I 2+0.2 ppm
Dissolved oxygen concentration <5ppb

Dissolved hydrogen concentration

30+5 cm’-STP/kg-H,0 *

Sulfate ion (SO4r) concentration <50 ppb
Fluoride ion (F) concentration <50 ppb
Chloride ion (Cl_) concentration <50 ppb

106

* om’-STP/kg* H,O = 0.0893 ppm
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Table 3 Measurement items in test

Measured items Simulated BWR condition | Simulated PWR condition
Conductivity (inlet) o 0
Conductivity (outlet) o A
DO concentration (inlet) o A
DO concentration (outlet) o A
DH concentration (inlet) A
Note 1)
DH concentration (outlet) A
Specified temperature o o
E o Note 1)
Boric acid concentration = A
Lithium acid concentration == A
-
Sulfate ion (SO, ) concentration 8] A
Chloride ion (Cl_) concentration a A
Fluoride ion (F ) concentration Note 1) A
pH Note 1) A
o: continuously measured items
A: items measured at the beginning of the test
0: items measured one or more times during the test
Note 1) Measured, if needed
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Table 4 Examples of conditions of environmental precrack introduction

Loading condition

Test environment

Material

- Maximum load: test load

Stainless steel

- Load waveform is triangular wave

- Stress ratio (R) = 0.9 Simulated BWR
- Frequency = 0.0001 Hz environment
- Load waveform is triangular wave
- Maximum load: test load . Stainless steel
- Stepwise load mode change Slm.ulated BWR [ Nj-based alloy base
Step 1: Frequency =0.1 Hz, R=0.3 — 0.5 — 0.7 environment metal or weld metal
Step 2: R= 0.7, Frequency = 0.01 Hz — 0.001 Hz
Step 3: Frequency =0.01 Hz, R=0.7, i Ni-based alloy
Maximum load hold time = 9000 s Slm-ulated PtWR base metal or weld metal
- Load waveform is triangular wave S
- Maximum load: test load Ni-based alloy
-R=09 Simulated BWR | base metal or weld metal
- Frequency = 0.01 —0.0001 Hz environment
- Load waveform is triangular wave
- Maximum load: test load Ni-based alloy
-R=050r0.7 Simulated PWR | base metal or weld metal
- Maximum load hold time =0.3 h environment

Table 5 Example of periodic unloading condition

Item Condition
R 0.7 or more
Hold 9000 (s)
Fall About 10 (s)
s 150 (s)

Table 6 Example of crack-tip activation loading condition

Item Condition
R 0.7 or more
Hold 9000 (s)
gt 500 (s)
= 500 (s)

Duration 100 (h)
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S|
N

.1~
(a) Basic fracture plane identification: (b) Preparation positions of specimen from
rectangular section plate material (non-basic)
i ®

(c) Preparation positions of specimen (d) Preparation positions of specimen
from round bar material from hollow circular cylinder material

Figure 1 Specimen position and direction
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Note: 1) ag> 0.45W
2) Radius of notch tip is less than 0.25 mm
Figure 2 Geometry of CT specimen
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B
% g Machined Slit Machined Slit
EJ—‘ =
3 i —_
oy 1 e
0.1 W (max) ag0.1 W Fatigue Pre-crack .
- —-:; » Required e Required Fatigue Pre-crack
o envelope envelope
(1) Required envelope ~ (2) Example of acceptable notch  (3) Example of unacceptable notch

Figure 3 Required envelope for fatigue p

* : Not essential in PWR
=¥ : Not essential in BWR

Bypass line

recrack and notch

P : Pressure meter

T : Thermocouple

CE : Electrical conductivity meter
DO : Dissolved oxygen analyzer
DH : Dissclved hydrogen analyzer
pH : pH meter

jm——————
s Ton Sampling water intake
exchange for analysis (outlet)
resin
Crack growth test
equipment

_\aive 4 (Pressure vessel
Water | Mg AT with loe\fling
chemistry o mechanism)

controlled tank s
1 [
'4| Crack length
i measuring
~ I device
r‘ Metering ] : !
pump _f :;' | Corrosion
Sampling water intake Tz £ L potential *
for analysis (inlet) High Z ) measuring
pressure »> Preheater : device
pump I_( :: i

% Bold line means high pressure part.
¥Dashed line means electrical instrumentation cable.

Figure 4 Schematic diagram of test equipment

SCC growth area {Sgec=LS;)

+ Average crack lengthd, © Ssce~ by
 Average crack length

in crack engagement area 4, ° Sgec T d¢
- Fatigue pre-crack length D © S, =+ b,

SCC
arowth region

A

Maximum crack length €

-------

Crack width(2.=25;)

)

at

Fatigue pre-crack growth area (Sg,)

Fatigue pre-crack in the

mosphere D

Figure 5 Method for obtaining crack lengths on the specimen fracture surface [Area method]
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article info abstract

Article history: The rates of SOC growth were measured under simulated PWR primary water conditions (500 ppm
Received 12 dily 2011 B+2 ppm Li +30 em®/kg-HyO STP DHp) using cold worked 316SS and 804SS, The direct current potential
Accepted 6 March 2012 drop method was applied to measure the crack grow th rates for 53 specimens. Dependence of the major

Availzblelonline}IGiMarch 2018 engineering factors, such as yield strength, temperature and stress intensity was systematically exam-

ined. The rates of crack growth were proportional to the 2.9 power of yield strength, and directly propor-
tional to the apparent yield strength, The estimated apparent activation energy was 84 kJmol. No
significant differences in the SOC growth rates and behaviors were identified between 31685 and
304S8. Based on the measured results, an empirical equation for crack growth rate was proposed for engi-
neering applications, Although there were deviations, 92.8%of the measured crack growth rates did not
exceed twice the value calculated by the empirical equation,

© 2012 HAsevier BV. All rights reserved.

1. Introduction

Stress corrosion cracking (SO0 is an important degradation
issue, especially for keeping reliability of pressurized water reac-
tors (PWRs). In nickel-based alloys such as Alloy 600 and their
weld metals, SOC has been reported since the 1980s in steam gen-
erator tubing, and since the 1990s in the nozzles of pressure ves-
sels and steam generators [1,2]. In comparison with nickel-based
alloys, SCC incidence of austenitic stainless steels has not been
reported except in some particular cases such as for irradiated
materials [3) or in oxygenated environments [4]. However, in re-
cent years, limited examples of SOC were reported in high strain
hardened areas or in heat affected zones of stainless steels in
PWR primary systems [5,6].

Studies have been done on the SCCbehaviors of austenitic stain-
less steels in simulated environments of light water reactors [ 7-201.
(bld work (CW) significantly enhanced SCC growth in both BWRs
and PWRs. One explanation for the acceleration was reported as
due to the reduced plastic zone size at a given stress intensity which
produced steeper strain gradicnts at the crack tip [21-24). A similar
effect of CW on SCOC growth was observed in various alloys and
environments [24]. Furthermore, formation of vacancies and defox-
mation structures in materials might have some role in the acceler
ation effect from CW [25]. Arioka et al. [25] reported that the
diffusion of vacancies at the grain boundary might be an important
process because some similarities were observed between inter-
granular (IG) creep and SCCin high temperature water. In addition,

* Corresponding author, Tel: +81 770 32 3650,
T mail address' terachi takumi@ad kepco co.jp (T. Terachi)

0022-8115/$ - see front matter ® 2012 Esevier BV. All rights reserved,
http://dx doi 0xg/10.1016/j jnucm at,2012,03.013
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nickel enrichment was observed ahead of the crack tips at the grain
boundary which suggested that grain boundary diftusion did occur
before crack advancement. Alternatively, Iozano-Perez et al. [26]
pointed out that the length of the localized oxidation region at
deformation bands increased with decreasing chromium content
in the alloy. Since the deformation bands were formed by CW, the
oxidation at crack tips seemed to have some role in the SOCgrowth
process.

Rolling direction of CW also affected the crack growth rate
(OGR). Using 316 stainless steel (31659, Arioka et al. [27] found
that much faster OGRs were observed in the T-Lorientation than
in the T-8 orientation; a schematic drawing showing definitions
of the orientations is given in Fig. 1. Moshier and Brown [20]
reported that OGRs were 10 times more rapid in the S-Toricntation
compared to the T-Torientation of Alloy 600. The effect of the CW
orientation is not well clarified, except that S-I, S-T and T-L
orientations provide aggressive cracking compare to T-S and I-S
orientations [20,27,28]. In considering an actual component with
elbow structures, for example, while the bending mcthod is not
simple rolling, the crack direction for penetration might corre-
spond to T-Sor I-Sorientations. In the present paper, T-Sorienta-
tion specimens were used to estimate CGRs for 316SS and 3045S
specimens.

Hucidating the temperature dependence on SOC is of great
importance not only for a mechanistic viewpoint, but also for the
prediction of OGRs of each system at operating power plants. The
reported activation energies of SOC in CW stainless steels under
PWR conditions range from 56 kImol to 107 kImol [25,29,30].
Several factors including chemical reaction, diffusion at a grain
boundary and mechanical properties have some potential to
change the apparent activation energy of cracking [31]. If the
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TFig. 1. Schematic of rolling ori jon in relati
(D and short transverse (S directions,

1 (D), thick

surface reaction at a metal-water interface controls the thermal
activation process, activation energy will be atfected by the water
chemistry conditions. From this perspective, obtaining systematic
(GRBs is important to get accurate activation energies and elucidate
the SOC mechanism.

The objective of this study is to quantify systematically the rate
of SOC growth of CW 316SSand 304SSin PWR primary water con-
ditions. The influences of yield strength, temperature dependence
and stress intensity factors were examined using 53 0.5T compact
tension (CI) specimens.

2. Experimental
2.1. Materials

Specimens of 316SS and 304SS were used to determine the
(OGRs of SCCin hydrogenated high temperature water. The elemen-
tal components and material propertics are listed in Tables 1 and 2,
respectively. The materials were solution-treated at 1060-1080 °C
for 10 min then water quenched. Tb examine the influence of CW,
materials were cold-rolled in one dimension to produce 5% 10%
15%and 20% reductions in thickness at room temperature (RD.

The yield strengths of specimens at the test temperature were
required to confirm the validity of the SCC test, and they were esti-
mated from the measured data at RT'and 320 “C using the trend of
reported temperature dependence as shown in Hg. 2 [32]. The esti-
mated values are listed in Table 3.

2.2. Specimen preparation

Specimen morphology was as shown in Fg. 3. The CT specimens
were extracted from the CW plate. Prior to the OGR measurement,
each specimen was pre-cracked in air by fatigue stress by applying
a symmetrical triangle wave equal to or less than 10 Hz. The stress
intensity factor of pre-cracking was controlled so that it did not
exceed 80%of the stress intensity factor of the initial OGR measure-
ment. However due to the difficulty of pre-cracking under quite a
small stress condition, the minimum stress intensity factor for

Table 1
Compositions of alloys (mass%.

o} S Mn P 8 Ni Cr Mo

3168S 0047 045 142 0024 0001 11 1645 207
3048S 004 031 159 0081 0.001 9.21 1834 037

Heat treatment: 3165S, 1080 °C 3045S 1060 °C, water quenched,

Table 2
Mechanical properties of alloys.

Coldwork (% Yield strength Tensile strength ~ Hongation  HV
(Wmm?) (320°0 (Nmm? (320°0) (% (820°0 (1 kg)

31685

5 248 458 36 184
10 345 495 29 219
15 495 565 16 254
20 572 607 10 270
3048S

5 270 434 38 205
10 365 466 32 214
15 436 503 24 243
20 498 564 16 267

316 (20%CW)
=316 ps%cw“

304 (20%CW)
*-304 (15%CW)

= 304 {10%CW;
316 (10%CW)

Yield strength (MPa)

o+ 304 (5%CW)
316 (5%CW)

200 FE .1 > .
p
7‘%‘? § %316 and 316H[32)
100 ﬁf‘ 0316 (5%HCW)

© 316 (10%CW)

y = -BABE-07% + 1,44E-03%’ - 1.20x + 5.03E+02

© 316 (15%CW)

) ® 316 (20%CW)
0304 (5%CW)

250 500 750 1000 5304 (10%CW)
Temperature (K) ©304 (15%CW)

=304 (20%CW)

Fig. 2. Yield strength as a function of temperature [32], Prediction curves for CW
alloys are roughly parallel to the reference data

pre-cracking was fixed to 10 MPa,/m. Target length of a pre-crack
was set to 2-2.5 mm and actual length was assessed after the SOC
test.

2.3. Crack growth rate measurements

All OGR measurements were carried out using water circulation
type autoclaves. An example of the SCC test facility set-up is shown
in Hg. 4. Specimens were immersed in simulated PWR primary
water that contained 500 ppm boron as boric acid, 2 ppm lithium
as TiOH and 30 cm® SIPkg-H,O of dissolved hydrogen (DH).
Dissolved oxygen in the water was continuously monitored at
the inlet of the autoclave and controlled not to exceed 5 ppb.
(CR trends of most specimens were monitored by the direct cur-
rent potential drop method (PDM) described in ASIM standard
TB47-11[33]. Applied reversing direct current was 0.8-5 A and
potential drop signals were detected by a high precision nano-volt-
meter. Hectric noise was reduced by analog and digital filtering,
and noise possibly derived from temperature fluctuation of the
water (less than +1 °C) was eliminated by a smoothing technique.
(alculated OGR resolution from PDM signal was roughly 10-
501 m. RT which would also affect the entire monitoring system
was maintained 25 +2 °C

Example OGR measurement results are shown in Fig. 5. A
trapezoidal wave loading with R=0.7, x =0.017 s™' was applied
every 4 h for 10-20 days to initiate crack growth through a grain

120
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‘Table 3
Estimated yield strength at high temperature (N/mm?),
Temperature (°C) 31658 3048S
5%UW 10%CW 15%CW 20%CW 5%CW 10%CW 15%CW 20%CW
250 268 389 513 587 285 396 453 506
270 264 388 509 583 281 391 449 502
280 262 383 507 581 279 389 447 500
290 260 382 506 580 278 388 446 499
300 259 380 504 578 276 386 444 497
310 257 379 502 576 275 385 443 496
320 256 317 501 575 273 383 441 494
330 254 376 500 874 272 382 440 493
340 253 374 498 572 270 380 438 491
350 252 373 497 571 269 379 437 190
360 251 372 496 570 268 378 436 489
{(mm) Teapuo zoiilal ki
< 31.2 14— - -
12.5 3 25 . aztont bad W= KN T w=r
%} !\ Ll W=d 4KN T IN’a S ;—1;:11 INPaSm
1 Gl m
2-96.4 E
S
ettt 4 EDM notch %0
2
Faugue I?‘lllﬁ('.k_ F\é & 105710 mms i
4= =—-—==-1% OE 04
02 IR0 *mm/s
i S 0g 20 a0 60 ¥
Testtime {(days)

Fig. 3. Example of compact tension specimen morphology.
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Fg. 4, Fxample of SOC test equipment set-up,

boundary. After the trapezoidal wave loading, the stress condition
was kept constant to measure the OGR data. Several OGRdata were
obtained from a specimen by changing the test conditions such as
applied stress, as shown in Hg. 5, or the temperature condition.
After the test, the specimens were fractured by fatigue stress in
air, and the crack length was measured using a scanning electron
microscope (SEM). The PDM signals for the OGR were corrected
by means of the average crack length that was measured by SEM
fracture surface observation, However, on account of the difficulty
for maintaining electrical insulation in high temperature water, the
PDM technique was not applied for tests above 330 °C. This is be-
cause the present systcm used polytetrafluoroethylene for insula-

121

Fig. 5. Potential drop measurement of 316SS (20%CW, T-§ Specimen No. 2P
under simulated PWR primary water conditions,

= —F =
it AT

a) Optical micmgraph image (c) Cross section showing SCC

g, 6, Bxample of fracture surface and cross-sectional observation of 316SS

(20%CW, T-§ Specimen No: S6C21), tested under simulated PWR primary water
conditions (500 ppm B+2ppm Li+ DH,: 30 cm®-STP/kg H.0O, 320 °O),

tion. In the case of no PDM signal, trapezoidal wave loading was
not applied as a starter due as it was not possible to eliminate
the effect of fatigue loading.

3. Results
3.1. Crack growth rate measurements

Tig. 6 shows an example of a [racture surface and a cross-
sectional observation of a tested 31GSS (20%CW) specimen
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Fig. 7. Crack growth rate measurement of 316SS (20%CW, T-S Specimen No. G316A8) and 304SS (20%CW, T-S Specimen No. G304F: 9) under simulated PWR primary water

conditions,
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(b) SEM image in low magnification

L. ok \

(¢c) SEM image in high magnification

Tig. 8. Fracture surface of 3168S (20%CW, T-§ Specimen No. (G316A8), tested under simulated PWR primary water conditions for 6650 h (500 ppm B+2ppm i + DH:

30 em®-STP/kg Hp0, 270-320 °0),

revealing that the SOCpropagated through the grain boundary. The
cross-sectional image showed the crack deviated in two directions,
approximately 60° from normal cracking. This kind of splitting was
reported on T-Sorientation CW specimens [27]. Even though the
mechanism is not clear, the important crack orientation for operat-
ing plants is propagation in the wall thickness direction; therefore
in the paper, the crack length was defined as the measured length

observed from the loading direction using an SEM image. Theoret-
ically branching also affects the calculation of stress intensity fac-
tor, because the stress to open the crack mouth decreases and
shear stress increases [34]. However it is difficult to determine
the branched angle for the entire thickness especially in specimens
with short cracks, so from a practical vicwpoint, apparent stress
intensity factor was calculated using the ASTM E399-09 [35] code
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(b) SEM image in Jow magnifcation

(c) SEM image in high magnification

g, 9. Fracture surface of 804SS (20%CW, T-S Specimen No. G304E9), tested under simulated PWR primary water conditions for 6650 h (500 ppm B+ 2 ppm Ii + DHy!

30 em®-SIPkeg HeO, 270-320 °C).

Table 41
SCC growth ratee of 316SS (5-10%CW, -8
Specimen no Cold work (% Temperature Test time Apparent streas Average crack Average crack
0 (days) intensity factor length increment growth rate

(MPa,/m) (mm) (mm/s)

S6BA 5 290 31 341 002 63E 09

5 300 55 340 0.02 42E09

5 320 42 26.1 0.02 55E09

5 320 36 33.9 0.05 1.5E08

GCS6Cs C 5 320 182 31.9 0.27 1.7E-08
S6C10A 10 320 26 20.3 <0.01 <5.0E 09
10 320 32 279 0.05 1.8E08

10 320 28 346 0.11 44E08
S6C10B 10 290 60 302 <0,01 <5.0K-08
10 270 35 302 <0.01 <5.0E 09

10 310 25 302 0.02 9.6E 09

S6C10D 10 300 71 308 0.04 5.8E09
$6C10C 10 290 71 30.0 <0.01 <5.0E 09
S6C10K 10 290 27 26.1 0.01 <5.0 09

10 290 15 402 0,03 2.3E 08

10 320 47 25.8 0.15 3.6B08
S6C10-2 10 320 56 280 <0.01 <5.0E 09
10 310 83 229 <0.01 <5,0E-09
10 290 49 280 <0.01 <5,0E-09
10 270 17 280 <0.01 <5,0E09
10 300 98 280 <0.01 <5,0E-09

GS6C10-4 10 320 41 282 0,166 47E08
G316-10-TS 1 10 360 20 309 <0.01 <5.0E 09
G316-10-TS:2 10 340 34 317 <0.01 <5,0E 09

G316-10-TS 3 10 330 61 317 0.07 1.3E08

for non-branched cracks. The apparent stress intensity factors in
this paper were the averaged values during crack propagation.
(rack propagation curves of 316SS (20%CW) and 304SS
(20%4CW) below 320 °C are shown in Hg. 7. Initially a trapezoidal
wave load was applied for IG cracking, and then it was switched
to a constant load for a SCC test. The crack growth rates of 316585
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(20%CW) and 304 (20%CW) at 320 °C were estimated from the
PDM trend as 1.2 x 107 mm/s and 1.1 x 10”7 mm/s, respectively.
While similar OGRs were obtained at 320 °C slower OGRs in 316SS
(209%CW) were observed at 310 °C. During the test at 290 °C and
270 °G similar OCGRs trend were observed in both steel types, and
they decreased with decreasing temperature conditions. When
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Table 5
SCC growth rates of 31688 (16%CW, T-9).
Specimen no. Cold Temperature Test time Apparent stress Average crack Average crack
work “Q (days) intensity factor length increment growth rate
(C7) (MPay/m) (mm) (mm/s)
S6C15A 15 320 26 208 0.10 4,4E08
15 320 32 29.1 0.19 6.9E08
15 320 28 36.9 0.28 1.2E07
S6C15B 15 270 35 3038 0.02 6,1E-09
i5 290 60 307 0.07 1.3E08
15 310 25 30.4 0.04 1.7E08
S6C1L5C 15 290 71 300 001 <5.0E 09
S6CL5D 15 300 71 30.1 021 34E08
S6CL6E 15 290 15 25.7 0.02 1.4E08
15 290 27 25,7 0.04 1.6E08
15 290 15 397 0.07 5,0E08
16 320 47 253 0.18 4,5E08
S6C15-4 15 320 27 85 <0,01 <5.0E 09
15 290 84 13.0 0,04 5,6B09
15 320 84 13.0 003 4,1E09
S6C15-5 15 290 56 135 0.10 20808
15 290 21 178 0.04 22K 08
15 290 63 17.9 0,01 <b,0E-09
15 290 48 218 0.01 <5.0E-09
15 290 50 21.9 0.09 2.0E08
16 290 35 261 <0.01 <5.0E-09
G316 15-TS'1 15 360 30 317 <001 <5,0E 09
G816-15-TS-2 15 340 34 31.6 <0.01 <5,0E-09
G316-15-TS-5 15 330 61 309 011 2.1E08
G316-16-TS-3 15 250 409 30.1 0.08 2.3E09
Table 6
SOC growth rates of 3168S (20%CW, T-S.
Specimen no, Cold work Temperature Test time Apparent stress Average crack Average crack
(¢4 (e (days) intensity factor length increment growth rate
(MPay/m) (mm) (mm/s)
S6C2E 20 250 75 384 <0.01 <5.0E 09
20 270 32 408 0.06 1.7E08
S6C20D 20 290 27 26.6 0.12 5.0E08
20 290 15 26.9 0.09 7.1E08
20 290 15 42.2 0.24 1,8E07
20 300 71 30.1 0.83 1,4B07
20 320 47 25.8 0.39 9.6E08
S6C2E 20 290 30 38.6 0.10 3.8E08
20 290 22 40.2 0.07 3.4B08
20 320 17 39.3 0.20 14E07
S6C2D 20 320 61 296 0.55 1.1E07
S6C2F 20 320 30 216 0.17 6,608
20 320 38 811 0.35 1.1E07
20 320 26 41.7 0.37 1.7E07
(G316A8 20 320 bb 324 0.57 1.2E07
20 310 33 34.4 0.11 40808
20 290 66 349 0.21 3.7E08
20 270 32 35.1 0.05 18E08
20 300 91 352 <0.01 <5.0E 09
S6C20-1 20 290 83 13.6 0.04 56E09
20 320 84 13.5 <0.01 <5.0E09
S6C20-2 20 290 56 144 0.09 1.9E08
20 290 63 193 0.21 3.8E-08
20 290 21 206 0,03 15E08
20 290 48 240 021 5.1E08
20 290 50 25,7 0.29 6.8E08
20 290 35 29,7 0.28 9,1E08
G(S6C20-K 20 360 30 325 0.52 2,0E07
GCS8(020-L 20 340 34 329 0.79 2.7E07
G(S6C20-M 20 340 30 329 0.88 34E07
GCSsC20-N 20 350 30 32.9 0.86 3.3E07
GCS6C20-0 20 360 30 321 0.36 14E07
G316-20-TS'1 20 250 409 31.7 0.28 7.9E09
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Table 7
SOC growth rates of 30488 (5-15%CW, T-9).
Specimen no. Cold work Temperature Test time Apparent stress Average crack Average crack
(% [{e] (days) intensity factor length increment growth rate
(MPay/m) (mm) (mm/s)
G304B1 ] 290 72 208 <0,01 <5.0E 09
b 290 58 25.8 <0.01 <5.0E-09
& 290 58 31.2 016 3.3E08
G304B 2 ] 320 182 30.9 0.07 4.6E09
G304C 1 10 310 68 30 0,10 1,7E08
10 320 38 311 0.08 2.9E-08
10 290 34 314 0,08 29E08
10 270 29 31.6 <0.01 <5 009
10 280 51 316 0.04 10E08
10 300 64 31.6 <0.01 <5.0E 09
G304-10-1 10 340 8 30 <0.01 <5,0E-09
G304C 2 10 290 72 20.1 <0,01 <5.0E 09
10 290 58 25.1 0.07 1.4E08
10 290 58 30,6 0.19 3.8E08
G304D-1 15 320 33 31.5 0.22 77E08
15 290 34 32,1 0,08 2.9E08
15 270 29 322 <0.01 <5.0E-09
15 280 51 32.6 0.01 <5,0E 09
15 300 64 32.7 0.03 6.1E09
15 310 68 33 0.14 2.4E-08
G304D-2 15 290 72 163 <0,01 <5,0E 09
15 290 58 19 0.09 1.8E08
16 290 58 23.1 0.30 6.0E08
G304-15-2 15 340 6 34.2 0.60 9.2E08
G804-15-TS-3 15 330 61 31.8 0.13 2.40E-08
G304-15-1 15 250 409 30.1 0.10 2.8E09
Table 8
S0C growth rates of 304S8S (20%CW, T-9,
Specimen no. Cold work (% Temperature Test lime A it stress A ge crack Average crack
(0 (days) intensity factor length increment growth rate
(MPay/m) (mm) (mm/s)
304E 3 20 290 36 278 013 4.3E-08
20 290 50 13.8 0.08 1.8E08
20 290 63 185 0.13 24E08
20 290 48 229 0.13 3.1E08
20 290 50 23.6 0.17 4,1E08
20 290 21 18.8 0.05 2.7E-08
G304E-1 20 320 33 305 0.25 87808
20 290 34 31 0.06 1.9E-08
20 280 51 311 0.02 5.1E09
20 280 64 81.2 0.04 6.5E-09
20 300 32 3138 0.01 <5.0E-09
20 310 19 314 0.05 2.9E-08
20 310 17 316 0.05 3.3E08
G304E 5 20 290 84 14 001 <5.0F-09
20 320 27 9.17 <001 <5 0B 09
20 320 84 14 003 3.7TE09
G304E 9 20 320 55 311 0.54 1L1E07
20 310 33 318 0.30 1.0E07
20 290 66 329 0.22 3.8E08
20 270 32 333 0.05 1.6E08
20 300 91 33.4 045 5.7E-08
G304-20-4 20 340 76 32.8 098 15807
G304 20-2 20 250 409 292 035 9.9E 09

the temperature was increased from 270 °Cto 300 °C the OGR of
304SS (20%CW) was increased, although retardation of the OGR
(<5 x 102 mm/s) was observed in 316SS (20%CW)., According to
Ozawa et al. [36], similar retardations of crack propagation in Alloy
600 have been confirmed by OGR measurements using CI'
specimens.
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The fracture surface of the 316SS (20%CW), as shown in Hg. 8a,
indicated that unfractured metallic segments remained in the SOC
area. The existence of the metallic segments meant that the SCC
susceptibility was not homogeneous. If the unfractured segments
resisted the crack mouth opening, the crack growth could be ar-
rested. From this consideration, it should be noted that even if
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the signal noise ratio is high cnough and the test conditions are
well controlled, reliability of OGRs in certain alloys is difficult to
obtain. From this aspect, systematic investigations are required
to elucidate the cracking phenomenon,

Hgs. 8 and 9 show the fracture surfaces of 316SS (20%CW) and
3048SS (20%CW) specimens; they exhibited similar surface mor-
phologies. Typical IG facets were observed at the SOC area, and
granular corrosion products, up to 21 m in size, were scattered
on the surfaces. Previously, it was reported that the corrosion prod-
ucts consisted of spinel type iron-rich oxide [15]. No obvious dif-
ferences were observed between 316SS and 304SS.

In order to obtain systematic data, 83 crack growth tests were
conducted using 38 specimens of 316SS with CW from 5%to 20%
as shown in Tables 3-5. The influences of CW, test temperature
and applied stress on OGR were examined. Since the CGRof 31655
under simulated PWRconditions is slower than that under the oxy-
genated condition, average OGR measurement times of 53 days
were needed to improve the data accuracy. In many cases a longer
test time (maximum: 409 days) was used, while 22 tests were eval-
uated as below the detection limit or had no crack initiation. When
the PDM is applied to monitor crack growth, theoretically the
detection limit depends on the signal to noise ratio. However,
(OGR data for less than 10 1 m crack length were regarded as being
for an invalid length to eliminate the unknown error. It should be
noted that several tests did not apply the PDM due to unavailability
of the facility; in those cases, periodical loading was not performed
as a starter for crack initiation. The purpose of periodical loading is
to induce the transition from the transgranular (TG) fatigue pre-
crack to the IGcrack. This could affect reproducibility of SOCgrowth
rates especially in low susceptibility specimens by reducing the ef-
feet of crack initiation period. The required crack length for less
scatter of OGR measurements and the detection limit under high
temperature conditions are discussed later.

In the same way, 49 OCRs of 304SS with 5-20%CW wcere mea-
sured using 16 specimens, and 12 OGRs were evaluated as below
the measurable limit or no cracking was observed as listed in
Tables 6-8. Since relatively low temperature tests were performed
on 304SS, average test time for each OGR measurement was about
69 days. The total number of suitable OGRs was 98, excluding the
35 data omitted because they were below the detection limit.

4. Discussion
4.1. Influence of cold work

Hg. 10 illustrates the influence of CW on the OGRin 316SSspec-
imens exposed to simulated PWR primary water conditions. Since
jtis difficult to measure the CW ratio of an actual component, Vick-
crs hardness was used instead to describe the effect of CW. The
acceleration effect on OGRs by CW clearly appeared for both
320°C and 300 °C conditions. According to Tsubota et al. [37],
the critical hardness for initiation of SCC for 316L stainless steel
under simulated BWR conditions was HV=300. On the other hand,
the cracks propagated even for HV = 184 with 316SS (5%CW). This
discrepancy indicates that the critical hardness for initiation is
higher than that for propagation as OGR under BWR conditions is
generally faster than that under PWR conditions.

A comparable enhancement effect on yield strength for 316L
304, 304L and 347L stainless steels is well documented [8,12,13,
29,38]. Comparing the absolute value of CGRs is difficult by reason
of different test conditions and materials, but the tendency for an
increase in OGR by cold working was consistent with the reported
data as shown in Hg. 11.

In addition, the enhancement effect by high yield strength has
been reported not only for stainless steel, but also nickel-based
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Fg. 10. Hfect of hardness on crack growth rate of CW 3816SS tested under
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Hg. 11, Bfect of yield strength on the crack growth rate of 316 and 316L under
various simulated PWR primary water conditions [12,18,29,38]. (Specimen Nos':
S6C5A, SBCL0A, S6CLOE GS6C10-4, S6C16A, S6C16E S6C20D, S6C2F G316A8,
(304B-2, G304C 1, G304D-1, G304E 1, G304E 9)

alloys which have been used as nuclear reactor component mate-
rials. Speidel and Magdowski [39] measured the OGRs of Alloy
600 by a double cantilever beam (DCB) test and found the OGRs
could be expressed using the yield strength to the third power.
Fg. 12 compares 31653 304SS and Alloy 600 as a function of yield
strength. While the test methods were different, the figure indi-
cated that similar yield strength dependency was observed be-
tween stainless steels and nickel-based alloy.

The corrosion phenomenon of these alloys does not correspond
to the OGRs [40], therefore the effect of yield strength might not
correlate to corrosion factors. The proposed role of high yield
strength has been described by Andrescn et al. [41] and Shoji
et al. [12]: the plastic zone size at a crack tip becomes smaller in
high yield strength alloys to provide a higher strain gradient.

The theoretical yield strength dependence is not clear, but
empirically it can be described as the following equation (Hg. 12).

OGRocr? (a=2-3) (1)
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4.2, Influence of stress intensity factor

The crack growth rate is generally induced by the applied stress
which the results from this study exhibit clearly as shown in Hgs.
13 and 14. The apparent K(K,) dependence on OGR often is empir
ically described by the following rclation:

OCRx K (b= 0.6 —3.2) 2

where b is a constant that describes the K, dependence. Fig. 13
shows the K, dependence on 316SSindicated that 20%CW alloy pro-
vided a lower b value in comparison with 18%CW. However, it
should be noted that this varying of trends was not obvious, if the
data from K, =13 MPay/m were not there, there would be much
slower OGRs with a fair amount of scatter due to difficulty of mea-
surement. The OGRs of 316SS and 304SS obtained at 290 °C were
slower and had more scatter as shown in Hg. 14. The statistical K,
dependence is discussed later, the obtained b for 316SS and 304SS
ranged from 0.6 to 3.2.

The effect of K, on OGRs has been evaluated for various alloys
and water chemistry conditions as shown in Fig. 15. The accelera-
tion effect by CW and temperature was recognized for several
alloys, highest OGRs were observed for Alloy 600 with 31.9%CW
in the S-T orientation. While OGRs were strongly influenced by
the materials and test environment, comparable K dependences
were observed in Alloy 600, 316SS and 304SS. This indicated that
the influence of stress intensity on SOC was similar between nick-
el-based alloy and stainless steels under these conditions.

Regarding the threshold for the crack propagation, Scott [42]
proposed that the threshold of Alloy 600 was 9 MPa,/m at
350 °C. The lowest K, value of the present study was 13 MPay/m
for 316SS (15%CW). The existence of a threshold could not be elu-
cidated because the data tended to be scattered for low CGR tests.

4.3. Influence of temperature on CGR

The temperature dependences of several cold-worked 316SS
and 304SS specimens are shown in Hgs. 16 and 17 respectively.
The tests were performed under a constant load with an apparent
stress intensity factor between 26 and 35 MPa,/m. Arrhenius type
temperature dependences were observed from 250 °C to 320 °C
but they disappeared above 330 °Cin 15%CW and 10%CW 316SS
specimens.
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Tig. 12, Fffect of yield strength on the crack growth rates of 316SS, 304SS and Alloy
600 [39]. (Specimen Nos: S6C5A, S6CLOA, S6CI0E, GS6C10-4, S6CL5A, S6CI5E
S6C20D, S6C2F, G816A8, G304B-2, G304C- 1, G304D- 1, G304E: 1, G304E:9)
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and 304SS (20%CW) at 290 °C. (Specimen Nos.: S6C20D, S6C2E, G316A8, S6C20-1,
$6C20-2, 304E3, G304E9)

Because the PDM could not be applied above 330 °G true OGRs
in high temperature were not elucidated, but the results implied
that the OGRs were inhibited at higher temperature particular in
lower percent CW alloys. One of the explanations for the suppres-
sion effect is decreasing the corrusion rates of stainless steels in
simulated PWR primary water conditions [43]. The reason for the
suppression effect above 330 °C was not clear, but a surface elec-
tro-chemical reaction seemed to be the rate limiting process for
the corrosion of specimens and SCC

The estimated apparent activation energies, which were ob-
tained using the least squares method, were 75 kJmol, 81 kJmol
and 145 kFmol in 316SS with 20%CW, 15%CW and 10%CW, respec-
tively, as shown in Fig. 16. On the other hand, the respective appar
ent activation energics of 304SS (20%CW) and 304SS (15%CW)
were calculated as 91 kJmol and 90 kJmol. Estimated apparent
activation energies always include OGR measurement errors, but
the trend of apparent activation energy decrcases with increasing
percent of CW has been reported by Rebak et al. [19], Moshier
and Brown [20], and (assagne and Gelpi [44] in Alloy 600. In addi-
tion, according to Shoji et al. [12], no consistent effect of tempera-
ture on crack growth rate was obtained for higher percent CW 304L
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simulated PR y water conditions. (Speci Nos.: S6C20D, S6C2F, G316A8,
$6020-2, GCSEC20-K GCSBCR0-I, GCSBC20-M, GCSBC20-N, GCS8C20-0, G316 20
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Data from total crack length less than 0.01 mm,

and 3161, which had yield strength of 750-1000 MPa. On the con-
trary, Speidel and Magdowsld [39] reported no significant influ-
ence of CW on the temperature dependence in experiments
using double cantilever beam specimens. All these data implied
that mechanical properties have some potential to change the acti-
vation energy but it is difficult to determine the accurate activation
energy.

Hg. 18 shows the temperature dependence on OGRs of cold
worked stainless steels and Alloy 600 as reported from several
sources [17,29,30,38,45,46). Reported apparent activation energies
in CW stainless steels were around 60 kJmol, while slightly higher
values ranging from 75 to 145 kJmol were obtained in this study.
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Reciprocal of temperature (1/KX)

Fg 17. Temperature dependence on crack growth rate of cold worked 304SSunder
simulated PWR primary water conditions. (Specimen Nos: G304D-1, G304-15-2,
(G304-15-TS-3, G304-15-1, 304E- 3, G304E 1, G304E9, G304-20-4, G304-20-2)
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Fig, 18. ‘lemperature dependence on crack growth rate of cold worked stainless
steels and Alloy 600 under simulated PWR primary water and deaerated water
conditions [17,29,30,38,45,46],

On the other hand, slightly higher apparent activation energies
were reported for Alloy 600 ranging from 80 to 168 kJmol.

Ariokaet al. [25] reported a similar temperature dependence for
(GRin IG creep OGRs of 316SS. The UGRs of SCCwere over 10 times
higher, and a comparable thermal activation process might influ-
ence the crack growth.

4.4, Bmpirical formula for OGR calculation

This paper presents the influences of CW, stress intensity factor
and temperature on the OGR of 316SS and 304SS. Fach of the fac-
tors was precisely assumed as described above, but variability of
data complicates the accurate prediction of OGRs. For instance
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the coefficient for yield strength (a) varies from 2 to 3 (Ey. (1)), the
coefficient for apparent K(b) ranges from 0.6 to 3.2 (Ey. (2)) and
activation energy varies from 75 to 145 kJmol. If the mechanism
is fully understood and accuracy of OGR measurement is enough,
it might be possible to use each obtained parameter. However,
OGRs of CW stainless steels under PWR conditions tend to be scat-
tered and the role of each parameter has not been clarified, then
statistical data treatment presents a feasible way to evaluate the
OGRs.

In the study, the empirical formula was cstablished from the
obtained correlations as described in F. (3). Factors for yield
strength, apparent stress intensity factor and temperatures were
calculated by multivariable analysis using all OGRs obtained in
the study except for those evaluated for a crack length less than
0.01 mm:

% =9.5x 107" x 2% x K x exp it 3)
where da/dt is crack growth rate (mm/s), r, is yield strength at test
temperature, K, is apparent stress intensity factor, Ris gas constant
(8.314 kJmol K) and T'is absolute test temperature. SCC test results
indicated the existence of a peak temperature, and the applicability
range of the formula was between 250 °C and 320 °C. It should be
noted that the base OGRs were for T-S orientation and cracking
was branched, so technically, an absolute value for precise OGRs
in operating power plants is not predictable.

Hg. 19 compares the calculated OGRs, which were derived from
the empirical formula, and the measured OGRs; the data seemed to
scatter in some extent. There are many reasons for variability of
each measurement, for example crack arrest by an uncracked seg-
ment or specific material structures, and actual OGRs have some
irregularities. In addition, PDM measurements of such low OGRs
have some errors from electric noise, insulation of wires, etc. The
empirical formula of Hg. 19 includes these irregularities and mea-
surement errors from 98 CGRs. Theoretically, each factor might
influence it mutually, then establishing the precise equation re-
quires further fundamental studies.

Fven though the precise OGR is not predictable, similar param-
eter dependences were observed between 316SS and 304SS Both
steel types were used with the same empirical formula and no
obvious differences were observed. The results indicated that OGRs
of 316SS and 304SS could be estimated using the same empirical
formula.

Regarding the maintenance of operating power plants, the accu-
racy and margin of the safety ratio is important. Fig. 20 shows the

10 i da § -B4x10°
Z£=95%x10 “xo 2 xK'Oxexp #
dt : /
’E? 100 b
B oo/
o=
8 ) ()
e 10 .0 ] =
8 .
e >5e
% 8l 3‘ ot
© 10 P
0% o e 31688
o 30458
10" = i
10" 10® 107 10" 10"
Measured CGR (mnvs)
Fg. 19. Com of OGRs d and calculated by the empirical formula.
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frequency of distribution of measured/calculated OGR ratio; 92.8%
of the measured (OGRs did not exceed twice the calculated OGRs.

5. (bnclusions

The crack growth rates of 316SS and 304SS under simulated
PWR primary water conditions have been summarized to develop
an empirical formula providing better engineering applications.
Fifty-three cold worked compact tension specimens were em-
ployed to clarify the influences of yield strength, temperature
dependence and stress intensity factors:

(1) The influences of each parameter for 316S8S and 304SS were
similar, so the same empirical formula for crack growth rates
could be applied. The estimated apparent activation energy
was 84 kJmol and it was calculated from all the obtained
crack growth rates. On the other hand, crack retardation
was clearly observed above 330 °C in lower cold worked
stainless steel specimens, therefore the applicability range
of calculated activation energy was vegarded as between
250 °C and 320 °C.

(ii) The crack growth rates increased with increasing yield
strength for 5%and 20%cold worked 316SSand 3045S spec-
imens. These rates were proportional to the 2.9 power of
yield strength at test temperature.

(iii) The crack growth rates increased with increasing apparent
stress intensity in the region between 13 MPay/m and
40 MPa,/m, and these rates were proportional to the appar-
ent yield strength.

(iv) Cracking of T-S orientation specimens propagated through
the grain boundary, and then branched off in two directions.

References

[1] W, Bam{ord, J Hall, A review of alloy 600 cracking on operating nuclear plants
including alloy 82 and 182 weld behavior, in: Proc. of IOONE12, ASME 2004,

[2] D.W. Alley, A regulatory analysis and perspective regarding degradation of
materials in light watcr reactors, in: Proe. of Corrosion 2011, Paper no. 11198,
NACE, 2011,

[3] G.S Was, PL Andresen, Corrosion 63 (1) (2007 19

[4] IM. Boursier, S. Gallet, Y, Rouillon, et al, Stress corrosion cracking of austenitic
stainless steels in PWR primary water: an update of metallurgical
investigations performed on France withdrawn componcnts, in: Proe, Int
Symp. Rontevraud 5, September 23-27, 2002



70 T, Terachi et al / burnal of Nuclear Materials 426 (2012) 59-70

[5]1 T. Couvant, P. Moulart, L. Legras, et al,, PWSCC of austenitic stainless steels of
heaters of pressurizers, in: Proc. Int. Symp Fontevraud, 6, 2006.

[6] Nuclear Industry Safety Agency (NISA), Cracks on the Inner Surface of the
Welds at Primary Water Inlet and Outlet Nozzle to Steam Generators, NISA,
February 5, 2008,

[7] N. Totsuka, Z. Szklarska-Smialowska, Corrosion 44 (1988) 124.

[8] PL Andresen, TM, Angeliu, W.R Catlin, et al, Fffect of deformation on SCC of
unsensitized stainless steel, in: Proc, of Corrosion 2000, Paper no. 203, NACE,
2000.

[9] PIL Andresen, LM. Young, W.R Catlin, et al, Stress corrosion crack growth rate
behavior of various grades of cold-worked stainless ateel in high temperature
water, in: Proc. of Corrosion 2002, Paper no. 2511, NACE 2002.

[10] K Arioka, Effect of temperature, hydrogen und boric acid concentration on
IGSCC ptibility of led 316 stainless steel, in' Proc, Int, Symp.
Fontevraud 5, September 23-27, 2002,

[11]) K Arioka, T Yamada, T. Takumi, Influence of boric acid, hydrogen
concentration and grain boundary carbide on IGSCC behaviors of SUS 316
under PWRprimary water, in: Proc, 11th Int, Conf. Environmental Degradation
of Materials in Nuclear Fower Systems-Water Reactors, Stevenson, August 10~
14, 2003.

[12] T Shoji, G. Li, I Kwon, S Matsushima, ct al, Quantification of yield strength
effects on IGSCC of austenitic stainless steels in high temperature water, in:
Proc. 11th Int, Conf Fnvironmental Degradation of Materials in Nuclear Fower
Systems- Water Reactors, Stevenson, August 10-14, 2003,

[13) ML Qastano Marin, M S. Garcia Redondo, G.D, Velasco, et al, Crack growth rate

of hard inless steels in BWR and PWR environments, in
Proc. 11th Int, Conf. Favi tal Degradation of Materials in Nucl l"bwer
Sy Water Reactors, St , August 10-14, 2003,

[14) E Vaillant, T (‘nuvsnt JM. Boumer, et al, Stress corrosion cracking of cold-
worked inless steels in lab y primary PWRenvironment, in
Proe. PVP2004, San Diego, CA, daly 25-29, 2004.

[15] T. Terachi, K Fujii, K Arioka, J Nucl, Sci, Technol. 42 (2) (2005) 226.

[16] T. Couvant, L. Legras, F. Vaillant, Ffect of strain- hardening on stress
cracking of AISI 304L stainless steel in PWR primary environment at 360, in
Proc, 12th Int. Conf. Environmental Degradation of Materials in Nuclear FPower
Systems- Water Reactors, Salt Lake Gty, UT, August 14-18, 2005.

[17] C Guerre, O. Raquet, E Herms, et al, SOC growth bebavior of austenitic
stamless steels in PWR primary water conditions, in: Proc. 12th Int. Conf.

tal Dk dation of Materials in Nucl Power Sy Water
Reactors, Salt Take City, UT, August 14-18, 2005.

[18] K Arioka, T. Yamada, T. Terachi, RW. Stachle, Corrosion 62 (1) (2006) 74.

[19] RR Rebak, Z Xia, Z.S Smialowska, Corrosion 51 (9) (1995) 689,

[20] W.C. Moshier, CM. Brown, Corrosion 56 (8) (2000) 307-320,

{21] Y.C Gao, KC Hwang, Plastic-plastic ficlds in steady crack growth in a strain-
hardening material, in: Proc. 5 th Int, Conf. on Fracture, Cannes, France, vol. 2,
(1981) p. 669.

{22] LM. Young, P.L. Andresen, TM Angellu, Crack tip strain rate: estimates based
on continuum theory and experi in! Proc, of Corrosion
2001, Paper no,1131, NACE 2001.

[23] T Shoji, T Yamamoto, K Watanabe, et al, “3 DFEM simulation of EAC crack
growth based on the deformation/oxidation mechanism, in: Proc, 11th Int
Conf. Favi al Degradation of Materials in Nuclear Power Systems-
Water Reactors, Stevenson, August 10-14, 2003,

[24] PL Andresen, MM. Morra, W.R Catlin, Effect of yield strength, corrosion
potential, composition and stress intensity factor in SCC of stainless steels, in
Proc. of Corrosion 2004, Paper no. 4678, NACE, 2004,

[25] K Aricka, T. Yamada, T. Terachi, et al., Corrosion 63 (12) (2007) 1114

[26] S Lozano-Perez, T Yamada, T Terachi, et al,, Acta Mater, 57 (18) (2009) 5361.

[27] K Arioka, T. Yamada, T. Terachi, et al, Corrosion 62 (7) (2006) 568.

[28] D.I Gooch, Mater. Sci, kng, 91 (1987) 45.

[29] D. Gomez- Briceno, M. Sol Garcia, J Tapena, SCCbeh of iti inl
steels in high temperature water effect of cold work, water chemistry and t.ype
of materials, in: Proc. 14th Int. Conf. Envi tal Dy ion of Materi
in Nuclear Power Sy Water React Virginia Beach, VA, August 23-27,
2009.

[301 G Guerre, . Raquet, & Herms, et al, SOC crack growth rate of cold-worked
austenitic stainless steels in pwr primary water conditions, in: Proc. 13th Int.
Conf. Envi tal T dation of Materials in Nuclear Tower Systems-
Water Reactors, Whistler, Canada, August 19-23, 2007.

[31] Z, In, Y. Takeda, T Shoji, J Nucl Mater. 383 (2008) 92,

[32] Bpan Stainless Steel A iation, Stainless Steels Handbook, Nikkan Kogyo
Shimbun, Itd., Jpan, 384, 1995 (in chpanese).

[33]1 ASTM E 647-11, Standard Test Method for Measurement of Fuligue Crack
Growth Rates. American Society for Tbstmg and Materials, 2009.

[34] E Richey, D.S. Moxton, Infl of sp size on the SOC growth rate of Ni-
alloys exposed to high t water, in' Proc. of Corrosion 2006, Paper
no, 6513, NACE 2006,

[35]1 ASTM E399-09, Standard Test Method for Plane-strain Fracture Toughness of
Metallic Materials, American Society for Testing and Materials, 2011,

[36]1 M. Ozawa, Y. Yamamoto, K Nakata, et al, Istablish t of experimental
conditions for the SCCgrowth rate test of alloy 600 and Ni base weld metal in
lugh temperature oxygenated water, in’ Proc, 12th Int. Conf Environmental

dation of M. in Nuclear Fower Syst Water Re Salt Lake
ocy, UT, August 14-18, 2005.
[37]1 M. Tsubota, Y. Kanazawa, H Inoue, The effect of cold work on the SCC
plibility of ink steels, in: Proc. 7th Int. Conf
Eavi tal Degradation of Materials in Nuclcar Power Sy Water
Reactors, 1995, p, 519,

1381 PL Andresen, M M. Morra, I Nucl. Mater. 383 (2008) 97.

[39] M.O. Speidel, R Magdowski, Stress corrosion cracking of stabilized austenitic
stamless steels in various types of nuclear power plants, in: Proe. Sth Int. Conf.

] Degradation of M in Nuclear Power Sy Water
Reactors, Newport Beach, CA, August 1-5, 1999,

[40] T Terachi, T. Yamada, K Arioka, S. Iozano- Perez, Role of corrosion in TPSCC of
Fe- and Ni- based alloys, in: Proc. of the Int. Symp, on Research for Light Water
Reactors, 2007, p. 215.

[41] PL Andresen, LM Young, PW. Bmigh, RM, Horn, Stress corrosion crack
growth rate behavior of Ni alloys 182 and 600 in high temperature w ater, in:
Proe. of Corrosion 2002, Paper no 2510, NACE, 2002,

[42] P. Scott, An analysis of primary water stress corrosion cracking in PWR steam
generators, in: Proc, of the Specialists Meeting on Operating Fxperience with

Steam G Brusse] i 1991,
[43] T. Terachi, T. Miyamoto, T. Yamada, K Anoka Mechamshc study of IPSOC of
stainless steels, Temperature d d in hyd: ted water,

in' Proc, of Nuclear Plant (}nemlstry Conf,, Quebec City, Canada, October 3-7,
2010,

[44] ‘I Cassagne, A. Gelpi, Crack growth rate measurements on alloy 600 steam
generator turning in primary and hydrogenated AVT water, in* Proc. 6th Int
Conl. Environmental Degradation of Materials in Nuclear Fower Systems-
Water Reactors, San Diego, CA, August 1-5, 1993,

[45] Y. Shen, P.G. Shewmon, Corrosion 47 (9) (1991) 712.

[46] R Bandy, D.C. Rooyen, Corrosion 40 (1984) 425,

130



4. KB CREMER O RR)

2B D [FRORERE LV, SRIOMESRA S VA 74 VEEEEROBETRIE, A
—Z2FF A FRAT v VABOBIEVSEI ON, FRIEHBN TR St fe K ol b
B (@@ [ERRTMMIScCEBERLLND,

BANTSCCIT HWWTIk, 2EEICERMR O L B 0 #Ek BB (BE) | SAEKFETLZ L0
5. MINTSCCORAEE - LEROEMECHEIE | BRI REZRET D,

BB, BMABRKROBTICIBVTL, 77 v MEEICHEOH D RMOIRE - HESTE
WORN., KEREZERINIEEREISRE L, BE. BBORE 70— &S X

s= =

2179,

(1) HROEET 71—

75 MERICHEO D REOEE « ETHERON, ARiRaL ERS N DEERE
gl U, K 4.1 ISR TRE 7 v —% AV CHEEUERT Ok B OB R R ORE Z 1T

27,

131



75 v MBI B b D REOIE - BERHERON, ARIRA % ZR & 2 EE
- P52 MEIEIZ 225 5 % RCS,CVCS,MSS,FWS,CCWS
<24 FEERFRH - SIS RHRS,CSS

G
F—ATFA FFHAT VA YES
T, BRI WINLEA A LT
| | l
NO
[m55]
e It I S8
[ |
NO
)
16 OIS HEEEER L TOBM? [YES_j
NO
[=Z5ER]
TR e SR —
* QAR LT
SN B2 A
NO
YES
v v
T IST #HEIC ‘
AR X SRS A

K 4.1 ENERANERE 7 0 —
WHRIT BB MR L, FEMIC AR E IS D,

132




133




(2) XG{EF
(1) IR LERET o — I EI3& Ml L& @8 & TRICRT,

# 4.1 BIRIRAHAER
EBIE:S
16
3

(3) BINERRER
(2) 1T/ LIz RS R ERTICOWT, BAREER L, FERERNEN &%
B Lz, (IRf+-6 SH)

Ut

134



135




136




137




138




139




140




141




142



143



144







146




| #ft-6

BN AR SR

AT 4.1 FEMARKERE 7 0 —) ([CESE B TRRERRRITRE S L7 iRk
19 G HOWT, BtHIIRRED 1 BIERE & F UB S HIRERE & £ L /iR &
T

(DBINERRO XS

B R AT BERT
IMELFAT VA TA FwW-4
Ar—7) ©

SW-5

MERB/AT VAT SW-20
Ar—7F) @

Fw-21

FWwW-22

SW-23

FwW-24

MMELBZAT VA TA ¥ SW-5
DOr—7) ©

IMEBRRAT VAT A SW-2
DO r—7) @

FW-3

FW-4

SW-5

FW-6

1/2
147



HRF Xt G T TEERE
MELRAT VA TA SW-10

Fw-11

FW-28

MELRKS L7 A~ FW-3

SW-4

SW-19

(2 BN RO T
EBMAR TR, WThOBER CHLEERERIIRD bk olz, ARERLTEE 3 F

w95,

BAT R E g el S R s BT
MERAT LA T4 (A—7) @O FW-4 i O

SW-5 O

MEBAT VALY AA—T) @ SW-20
FW-21
FW-22
SW-23
FW-24
MEBRATLALTA DA—7) @ SW-5
MEBATLALTAY DA—T) @ SW-2
FW-3
FW-4
SW-5
FW-6
NESRATLATA SW-10
FW-11
FW-28
MEEER LR T A v FW-3
SW-4
SW-19

e P e P R PR B B E

Llk
2/2
148



wAr—10/4)

* m E R ERXH ()

(1) HmEOHE

mERS|IFIY| B OB 4 WoE o0 X R @R W oE @
’ POMR100ALL L ¢ R Fiv-4
B9.11 | B-J i - (H2-23911007)
MEBAS VA TFA Y (AV—7)

. & I, f
MmEFE WmEEBA %gg "R w T R i &
x —_—

i% W(gﬂmﬁ £ H B |-
7
Y o HE o WRr—1(4/4) W 7RI,

149



Wit —1(2/4)
¥ B oE MR E R E ()

(2) WaEicsk BEEA A & A 3]
Bh B B A
BEEE| 2T OB A B AaE o x # & oA E P
o T
E100ALLE - B e
B9.11 B~J [: kg (H2-3911007)
MEBAZ VA TFAL Yy (ANV—T)

B e

b M - TRER 3% B % B A it &

15
#
=

i @*ﬁﬁ AW R
i

e @ W A WA —1(4/4) W FRAR

NHERRIA B ok L REANVEAE, TR Mz Tyv) L&Y 5,

150



BEREERE (UT)

M

WA MESEAT VA T4 (A—T)

R EE FY-4 (H2-3911007)

PEVE— IRIRARIE g AR (ZETE &%M%)I Ser. 57462~05019 KON3. 4-4B
100 | | | PR ©2.4
80 80 DACLO0% 80 | 1/2T—>0
X 60
=
o % [5:5
o 61. 0dB
20 16 DAC20% 16 =i v o— A
0 B 12 SUS316TP-S
Vi T (W)
6 (21.5) DR — A 25 | 13.5
BRI U T R & BT B A IR E R T 2%, mn
PR — IRIBAIE daR (458F {RALF Ser. 56921-57572 KON3. 4-4B
. o P
100 v isus;42.7 IR 92.4
/
80
8 VI N
\ DAC100% 2/85
X 60 \j
F
= v i e 6/83
Q 10 —
30 | paczow \ 31. 0dB 10784
~ . T2
20 \ff' ____—-,-..--*1\ vo— A
| 7
R =~ 73 = 14788 SUS316TP-S
2785 5785 1078 14785 (W)
@ e U (e . |< 13.5 |
VA= 100mm e
PEME— IR Edh AR (4588 AT Ser. 56921-9908 KON3. 4-4B
100 \ lsus:42,3 HiX : 2.4
5 \‘ao
K| DACL00% 2/85
X 60 P80
; :_4\8 \\ i i 6/8S
o % N \\31 43. 0dB s
1
\\ 16 DAC20% /
= -
. T BB 14/85 SUS316TP-S
zés)s ?/s§ x(o/s)s 1(4ra;s (W) T
28, 49 70 A
TNAr—N 100mm

151




BEHERGHRE (UT) i

HAHRR MERA T VA T4 (AN—T) VR B P-4 (H2-3911007)
==
EEE — IR A IE thit (4508  EEALT) Ser. 676580 KON3. 4-48
100 SUS:42. 7° BUR : P24

V

80
80 \/n/\cmo%\\ 5/
R 60 \
; 3 & P 6/85
42 "3
0 = \34 39. 5dB
N\ Daczox | 10/85
20 N 16 k
R ) — j—\
b N7 . 14/8S
~ % SUS316TP-S
0
| 13.5 |

|
ViR &85 10785 14785 (w)
@ @8 48 (©5)
ZN A= 100mm

BEME— IR IR HHIE AR

100

80

(W)
/ TV A= )u mm

B — SRR A 1E dh R

100
80
X 60
> i
40
O —
-
/'
2 B o= A
]
P iz b3
0 )

/ TNART— mm

152



PWRRERNCYRI Y- cTOEERORMY (¢—-7) —CcTXHOEWEROE 08 * *x &

s WS \ \ ovz o+n§ ~ W ozl 8 09 012 et e+ pee| O 3
s LT o¥2 ?ooﬁ ~ o+°o§ g8 P 012 et o+ 00 | O o
AT oz % PO % oet |zt Joer e | O) 6
* T \ \ 0v2 o - " e | % 8¢ 022 a2 o 0 O g
iR E 24 \ 09¢ " T 43 0g 088 92 v+ 0b2 ) e
* R \ 0o¢ o 3 ¥ % o1z | @ [ Joee O |9
I \ 09¢ T 29 9 0707 g1 |oz+ 092 O s
o R \ 0ot I 9 8¢ 012 el |st+ 081 O v
ok 098 B % I¢ ze o1z | e1 |err L2t O ¢
ok IR \ 09¢ > 62 0 012 et lote Lo i
s YR 09¢ T ce 9 012 e fer 0 O |
= m () RAFsLBE )| (Ww) FATENCEE (W) R FFA2BE (unury BT B ®%)yova | )1¥d | (mwm () X (i) X | lig3e-L | MiYST
” %0010Va %020Va s L B 4 — A A 45
(gH) 5% e EH AT 2 g & fiy e T
(L00T16E-2H) P-Nd - SEEH (L—AUV) AV &P ALLTHUW FA ) LVTHES S

(BHRYAREALA—L F LAV —ETH) B -1 4 —LEHBER

153



B ¥ NI 4|
. 0+ 0+ )
§REE \ ovz - g oy 0°6¢ i ez wse| O 2t
2 (wwy FFsLBE | (W) BAENEE (o) RFBE| () BT Gova | CHLD | (uym | (WA (ouy 3¢ | ngeaL | wdeT
o %00TOVd %0Z0Va o B s — A o8 4B
(g8 sv 4 WwAre AN g & ¥
¥ 27

(LOOTT6E-CH) P-Ad  2BUES

(L—VV) AV LN LLBHM TV eNWEEE

BROAEA—L VLA —E0) e -2 4 —LEHRRH

154



W UEINT AN .ammwwwmbmw%mw CWHBENTAECE .cmm MMMMMWW
® fo PR L WRBE A/ 8 0P8~ 0CT *fu o ) R L OBl AR QVT~ 08T
oF Vg 023 4! |t 44 0°1¢ €1 ,0€¢€
¥2 82 081 1T 114 0S 0°0g (A 00¢€
Ve (24 022 €l 8¢ ov 0°12 £1 RoWAY
4 14 002 g1 12 0¢ 061 gt 0772
— — o = — — e — €2 414 0702 €1 018
—_— — — — — — — — 62 0¢ 0°1¢ €1 08T
— e — — — — = = 44 14 012 el 06T
1€ 9€ 0°81 1T 14 92 012 ! 031
0¢ 0€ 022 e1 14 9z 0'1% V1 .06
92 82 0°02 el 52 92 0°12 el .09
¥e ¥a 0°cc g1 52 92 0°1¢ €1 .08
14 92 0°12 I |14 ez 0°02 4! o0
®) ) () () 9] ) () () %) ®) () (o) %) %) (uur) (w) BHX
ova | L¥o m X ovda | LYo M A o2vVda | L¥D M A ova | 130 m A
— = T Y SR — = R R R
( sz ) W sl ( & & )M T
(B8 Sv EEEM (LO0TIBE-CH) PN SR EFH (L—=UV) AV L ALLEHIW T2 eOQABEIH

(BROAEA—L VLAV —FM) A —% g —~LEHRERH

155




WG T— 4 v— b e @B-—AVTr—Varowy)

RUERABUTIA 8 IERRT LA FAY (An—F)
MR FY-4(H2-3911007)
200 200
100 100
[ & ! o
50 [ o o ® 1o 5 (O @ ®
% ,\‘lf'*—' A'\-—"'""/‘\..-—"'/ \ %g T ‘F"A\"A- - e "" )
) -t
=1 =)
B 5 P = ° - . ( alnnse st iped 0 e > =
0 90 180 270 360 0 90 180 270 360
AR 120° ~240° (LKL 12 RIS AL,
Wik 45° B eo-cse MG 46° O]
200 200
100 100
T 50 T 50
5 5
= =
0° 90° 180° 270° 360 0° 90° 180° 270° 360°
— e b 120" ~240° [toc A ED 2 PTG T
s e :.-:t"" 4 o TR e ‘_‘tm 4] 13_ ¥ -] o
200 ,/ 200 ,/
/] /
74
pd /|
P4 //
// /‘/
100 pa 100 /’/
b 5
) )%
50 % 50 v
S B g
[= / a
0° 90 180° 270° 360 0° 90° 180° 270° 360°

S

166



CEETEEE WY EY I ME A BT -A K

(sr=c) g3 (5 &) WeT

081
0'p1

167

_ RGN T

w T (£—AV) ZAFEVALLRHM %AV LOWHERSE
[ARRYE

HIJ O /. E A~ -4 ¥ £AF



‘B B2 N ZOAUMOEFEEOT—A X

() QIR 8 2 T

I
% .mmua—".m
(=] o
¥
_ 9z=1 @v
(Z00TT6e-2M v-Ad SBEHY
w Ty (L—AV) AFLFALELREHM FA )y L 0WWERN

/T

BN OAEA—Z FLAF

158



BT ERE WHY BN M RHEA FHHT A ok

(siznez) il & B MRT

0°¢l

T (I00TT6ECR) v-Ad S REEH

Ty (L—AV) AV ELPALZZHN %V LQWBKER
/1 e

B O0OAEA -4 T LA )

159



EWD S RUYFOHROYEREOT—A * X

(srr=) ff¥RL g &) MU

€l

(Z00LT6E-cH) v-Rd ST

W T (L—AV) ZFEFALLEHM AV L00BERS
/1 8

BN o A E A -y b L)

160



CLMRHIEAC YR RE T OYHROBIEY (£—A) —cxXEHQEEEEOE 08 0 & S

B ¥ N
* — o TR \ 0z o+ o I oar | gpT 0°sT 0 siv 012 | () g
* — o T EUT \ 0z1 o e & oo | ® il 031 0 s- ws1| O y ©
M 0zt o o o+oo§ ¥6 06 0°8e iz |- oz| O g
o JE \ 0zt o+°$~. i gk B $OT 061 1 e+ 1z| O z
s S5 R \ 0zt e U ¥ o5t |zt |- 81| O 1
B a () Q@ g (o) fRlEstegy () 3B (urwry E R ste B ®ova | (MU (an) A% (CPN (wu) X | pued | npasT
& %00I0Vd %020Vd ®od B o4 — A q V48
T W 5 FeHn = e 5 & wwT
(LOOTTEE-ZH) P-Ad & SGHE (L—AUV) AV LN L BFTHI HA Y L0WWE S

(BROANEA—L VLAV —EW) B -2 & ~LEBHRH




\ \ \ \ L0EE
\\ \ i/ 7
,00¢
L / /
i AR
L€ 29 0°S1 0 (474 29 08I 21 \ \ 0V 2
9¢ 8S 091 0 4% 9 081 el \ \ 0172
09 96 091 o; (A4 174 061 g1 J / 081
g¢ 431 061 4] L2 8¢ 061 ol \ \ 081
ra7 0L 0°G1 0 6% 437 061 11 \ \ 0321
/ /
/ / -09
/ /
/ / :
(%) ) (ww) (u) ) %) (umr) () (%) %) () () ) %) (o) (wor) EX
o2vVa LYD M A ova LAO M A vad LAD M A va 1LIAD M A
—C MDY Sie 2R3 — = TR YR TEa
( WA ) 1 4 ( RN T
(B H) (il Sv HE5H (LOOTT6E—cH) p-d & BHEBH S (£—UV) AVLINLLBETN %)L WBysm

(BEOAEA—g b LAV —EW) A —~2 s —LEHRMER

162



BB R T AL g IERAT LA TALr (AN—T)
- Fi-4(H2-3911007) (/NEHERDS
200 //,/” 200
L
/]
¥
P
100 id 100
) (2)
L~ %
50 = 50 O
% / Eﬁ) o o
< <
o} (=
0 90° 180° 270° 360° 0 90° 180° 270° 360"
— R
Wb 45° L oeamee . Fm 45°
200 ,/// 200
//
1//
P4
100 A 100 ®
// G h
/ K :".|
50 v 50 il C R
B 4 B "
<X <t
[} a
0° %0° 180° 270° 360" 0 90 180° 270° 360°
S L% (R
kbl = — 450 ki S ne MRS 2 — 45 T
200 ’,/” 200 ’,/’
// P /
/! /|
A A
// //
e
100 / 100 A
// ."/
) 4
50 / 50 /
<J i g
[== / (=)
0° g0° 180° 270° 360° 0° 90° 180° 270° 360°
—e LAH
srmemn * PG

BHEEGT 2= bhe BE-AF4r—Yarovy7)

163



LR IMRY WRYEIMERWHA RHT—A %

(A=) -%.%,u_.. (5 &) T

T Gel

164

L00T16E-cH) P—Ad SBiess

Tk (£—AV) AFEFPALLRIW Y LNTBERSE
/1 B

BHOAE AL FLAF

—



"HH2 HRNFOAROFRIEFOT—A - K

(kA=) e & &) ¥y

091

{Z00TTBe-ZH) v-Ad S-St

un : Tifg L=V ZFLFPALLREN %2y LNTRESS
/1M

BN O AEA - F L)

166



CUQE AR OBH - - -

(k=) kL g &) mMwT

§'el

_ T (Z0OTIeScH) v—hd -LEEES

wa : Ti)eg (L—AV) AV L FALLRAON %7k eNWIGELN
AR

BT T8 A -4 VY L£A)

166



AT —1(1/4)

oW EBR ELER (S )

(1) MmEOHE

HEBS| 7T K B 4 BB 0o N R & P moAE M O
ST
CHR100ALA L : Dt SW-5
B9.11 | B-J B (H2-3911007)
MEZEA T VA TA Y (AN—)

BE Y ® mEEAA %fx 8 Bt A %
=
T A — 1 (4/4) T FEIE

167



At 1 (2/4)
kB EREL K ()

(2) WREFLe BREEA AR F A F
B BB A
WEES( 7Y B B 4 B oE o % & f§ Fr i O v I 1
- MEUME100ASA L ¢ AR SH-5
B9. 11 B-J [k (H2-3911007)
MEBATVALFA4 > (AV—7)

R BBk H % R A i %
2

%

?E i lmenrmRs

H

H H Ak — 1 (4/4) 1RO

=
S

e
WEERIE B ok LR N 2VEAIT. TR M Ty L3Rl 5.

168



:FESI“

BEREEHRE (UT)

ouji

Lk

MRAEWE NERA T VA T4 (AV—7)

YaRERE B SW-5(H2-3911007)

PR — IRIEAIE B (i %r‘iﬁﬁ): Ser. 57462-05181 KONS. 4-4B
e
100 | | | BR: 2.4
T 1/2T —>0
%0 80 DAC100% 80
X 60
=
v bri2 B
O 0 52. 0dB
20 16 DACIOY 16— P — &
5 ii% = SUS316TP-S
1721 T (W)
) @1.5) a5 13.5
BRI L ISR S8 B T ORI T A oty i
PR — RAZHH E M (4508 mwﬁ Ser. 56921-04624 KON3. 4-4B
0 ° o Lrndiy
100 ISUS!¢12. 3 'Hﬁ/\ . (I)Za 4
\%/
80 L4
\ DAC100% 2/85
R 60 \\
= . .
O Ojp=x \3“ 36. 5dB
DAC20% —1- o 10/8S
20 R : B B /
g
~ B R 14/85 SUS316TP-S
2785 €85 10785 1785 (W)
() @) ue (66) ‘ 13.5
Z VA= 100mm
PENE— IRIF HHIE bR (458 &%MHL)] I Ser. 56921-04627 KON3. 4-4B
: % L7 2.
60 \ lsus.41.s BAAR 4
{80 7O
& i~ 2/88
. DAC100%
T
R 60 ‘\58
& 48 N o = 6/85
a4 1 \,\ & 52
O 10 LN Tt 33 40. 0dB
i N 10/85
‘-\ ]
2 N o+ BE B
| , % ® 14/85 SUS316TP-5
T m W v 1.5
8 4 i
TZNVAT—) 100mm

|

169



BEWEGHRE (UT) R

PR MERR LA FA 2 (AL—T)

BTGB SW-5(H2-3911007)

170

PENfE— RIEH E AR (4588 &Eﬂdﬁ&)l Iber. 697618 KON3. 4-4B
SUS:42. 7 PR @24
100 |
A |
o) ‘ DAC100% 2/8S
R 60 \
» _ 6/85
(a4 T 42 X % Ji:5
O 0= 36
N\ DAC20% b 40. 0dB 10/88
™ T 23
20 N \1‘]6] N : v
| B R’ 14/88 SUS316TP-S
7785 e85 10/85  [/Es (W)
© (28) (16) (66) 13. 5
T NVAT—) 100mm
PEME—IRIBHAIE AR SR (6082 J%ﬁﬂa%i | Ser. 56922-03404 KON3. 4-4B
100 SUS: 56. 2° , B - 02.4
\ | 90 I
40 W \\
\DACLOO% 2/88
X 60 \\ -
[ 50 50 R
o 10 - DAC20% 47. 0dB
N . 10/8S
20 N 16| 18
\——'—'—""."‘--,_____\_H 10 E — A
% R’ 14/88 SUS316TP-S
2/88 5785 10785 14785 (W)
12) (&7 (55) (83) 13.5
ZNAT—/)  100mm
BRI — fRIB 4 Edhit
100
80
X 60
5% b
v i
© 40 >
L
20 = - A
)
1 B b}
g = (W)
TWVART— ) mm




RSO YRR RE - rTORBROBNY (4—A) —cTIYHOMSEEOE 08 x £H
* 92 09€ = 18 g 0702 €1 gi- 51| O 1
* (R EEE \ 09¢ [ 9y 0g 002 1 6+ 09 O 01
xlF3E | 2 v e muoom 09€ == ¥l 0zt 012 a - 0t | O 6
e EI S \ ove G = o o | T 0 0°p¢ 5z 0z+ 008 O |s
* R ovz B P o U o 012 el |oz+ L0ee (e
* 12068 \ \ 052 0 . R oz | % 0 022 g1 T+ 008 O o
< IR GE 0¥z TR e o0z | et |- o0¢ €3 [ls
* SRR ove ?noﬁ ~ 0 o | % 19 002 21 LT+ 02 QO |+
* LM ove P R ¢ R ov 06T I I+ .06 Cake
s« SRR \ 0%z 4 e . oz | % o7 o6t | @1 |8+ 00 Oz
* \ 0%z o+oo§ ~ o oz | © oL 0702 el fe- .0 BLY
= = (ww) a8l | (uo) EEELEE  (uW) RFAUFE) () BATELEE (B)OVE | LI | (ym | (A (o) X |32 | eeT
T %0010Va %0zZ0ovda g W B 4 — A RPN+
(55 S¥ HEHH LYo [ifyus Nifele- o My 2T

(L00TT68—CH) S-hS  &dgst

(WRDPAEA—L VL

AV —5W) B~ 4 LEHRER

(L—AUV) AV LyALeBEHW FAVeQWUBEEHE

171



CLERMEAGYRIRYW—cTOFBROBEY (4 —A) —coXHOMTHREOE 08 % FI

g ¥ RN
Ry \ 09g > 7 0¢ 078 ¥z e g8 {I{) 61
% JEERIE 09¢ & F a4 34 0°02 4! 7o+ 8L Q 81
K S 09¢ T 8¥ 28 00z 21 o 0| O L1
< SRR 09€ S 15 ze 012 et o= Q0| O o1
£ IR \ \ 00€ g 3T v 8 061 et o= ozl O st
* R % 09¢ B ¥ 8y 05 0°13 ral g+ 0I3 O I
* R 09€ T ve se 012 e1 - oz O £1
* 09¢ B % 6% o€ 0°12 13 LI+ 081 O (4
e (uo) R xFoeBE| (W) FETBAAEE  |(Uw) RFCEE] (W) EATHEE] (%)ova | (QIW | (@um | A (ui) X [ R | [¥eT
%0010Vvd %020Va o 8 ¢ — A A V653
(8 s  HEHH Lhye [ AT fpueT
(LOOTTBE-CH) S-S & Tt (L—AUV) AV EVALCETN FAYNWEEILE

(BROAEA—L & LA ) —BB) B —4 4 —LGURAD

172




“fo B R L OH A T Ove~ 021 *Jo R Y OH AT 0V~ 021
57 432 0°1¢ 21 ¥ 9% 0°1% €1 .0€8
2z €2 002 3 4 74 0°12 ¥l 00¢€
9z 62 061 el v qz 002 1 0.3
92 82 0°02 el 8z 9% 013 21 0¥ 3
82 0¢ 002 g1 = — e — = — — — |.013
82 74 0°1% g1 —_ st =— — = s o — |.081
L3 8% 0°1% €1 oo - — e e — e — |.081
47 8% 002 4 0g A 002 zl .02 1
12 22 0°02 a1 28 8¢ 06l a1 06
(4 9z 002 Al 62 0t 012 (4! .09
98 06 0°12 Al o 0 002 1 .08
92 82 002 at L8 LE 0°22 €1 20
(%) *) (un) () ® ®) () (ory %) %) (unr) () ) (%) (wur) () SHX
ova | LYo M A ova | Ly¥o M A ova | 190 M A ova | L¥O M A
— = TR SRR — o =Y i F 3
( Ly ) B L ( AT ) 1 T
(53 Sh FEHH (LOOTT6E-2H) S-AS & RESHH (L—AUV) AV L pNLLeBHM Ty LNTWWHE ST

(BROAREA—L VLAV —FW) 9 —% £ LG E T

173



BEFRIRGT— ¥ v — b e @E-A VT4 r—varvovy?)

AFVAGTAy (A—T)

200
100
-
®
=
(o]
0° 90° 180° 270° 360
120 ~240° 13 A RO 2 IR R,
g 45° BN oo
200
100
Tso
=2
[
-
[am}
0° 90° 180° 270° 360°
120" ~240 1R VKR O AR BT
PR E e o — 48° B s
200 ’/
/|
.
pd
e
e //
100 P
//
V
50 P
8 /
-t
=
0 90° 180° 270° 360

BB SW-5(2-3911007)

200
g}
*
100 (4
e Amm
AR pe 2 1
so 7 VN Ll @l @@-L<_3
35 I W :"' P -"4 .1 “ == 0.1
3
0° 90° 180 270° 360
—e LA
R 184 7|
200
100
T50
g
=
0’ 90° 180° 270° 350°
—_—
cew Tith H Mt o— 45° Tl
200 '/
/|
=
/]
//
A
/
100 .
//
V
50 V4
=R
2
(=
o° 90° 180° 270° 360°
ik

171



(L bye) 3ed

*C LTI EEYN BT RHEZHHEA CBHT-A %

0°el

w3 e

/1 ¢ B

(r ) WPZET

J00T165—CH) GRS -S-8eas)

(£—YV) AV PALCREN FA )V eNWBERW

BN OO A E A -4 F LAY

176



(Lye) WL

"R B FNROHROTEEOT—A * X

(A=) LT

__/\/__
gel

I00TI6E-¢H) G-4S SR

uw ;T
/1 e

L=V AV ZVALLETN Ay QB ERS

BN G A EA~L FZLAF

176



(£ sy BPRRL

LB NBRE ERYBY A ZWHA TEHT A %

(acx) MUT

__./\,_
0°¢gl

T (ZO0TI6E—CH)G-RS AEFEEY

T

SR

L=V AV ErALEcRAal %l e EEE

BENOAEA -~ ¥V L)

177



(L Fre) ERL

RO HRPFZOAROFEIROT—A ¥

(ster=) [l 28T

0°gel

o s Ty
/1 ey

(=) AV L PALCZTM %AV L£00BERW

B O A E A — 4 F LK

178



SR FHACYRIAY—CTOWEROBMEY (4—A) —cTYXHOMYEEOE 08 % )
H ¥ i
g ozl u ™ 4 oat | %@ zs 0°9¢ 81 g+ 081 i1 I
s R oe1 e o oar | ® 8L 00z | 1 |- oz Ol
* I \ 021 o T o o | o8 002 no |- 0 O e
* 3% 021 o+oo§ ~ o ozt | B8 g¢ 0°1% Al 9+ 08T O 2
* RS 081 o o o oz | & 9% 022 21 91+ 031 O I
(o) REBf | (WOEATHAEE () RFLEE| () BITETEY (B)oVa | (B)L¥D | (mwym | ()X | (W)X |2l | f2RT
kB %0010Vda %020VvVd oL B £ — A o b
(B8R (L) v FHYEH NG fig 32 L M T (i3
(LOOTT6E-2H) S-#S &S (L—VV) AV &yALLEHW FAVLeOHBERR

S

(BUROAEA—L L)y —8H) o -2 4~ LEYHHER

179



(BROAEA—L b LA Vy—EM) 9 -~ 4 —LEHHNER

LR A
CWHEINT AW 00 LEHIPIMEI S
\ \ | 0€8
7 =<
/ / i .00¢€
[
\ \ L0L3
\ \ 67 g9 0702 21 NoR A
\ \ 9z 1 0°0Z 11 L0172
) ) ¥ 0g 012 1 LO8T
\ \ 72 9% 032 71 ,0G 1
\ \ o€ 0¥ 0°0Z 1 03T
/ /
‘\ .09
{ /
\ \ \ 08
/ / .0
o) %) () (wury (%) ) (ww) (uur) ) ®) (u) () % ) () (wm) X
bva | 19D M A va | LAD M A ovVa | Liao Mm A ovda | 130 M A
/ — = TR N i — o B EYE i 3
( Lrsr )W A ( Wwarz= ) Y T
(B8 (FTeHEY) .ov H 95 (LODTT16E-ZH) S-NS S RS (L—VV) AV &b A LLEHN By eNVHEYE S

180



BEBEGT—5v—bhe @BE—AF15—vavDzy?)

RSB IRT A 4 TR T VAT A (AN—T)

SH-— -391 /I 3]
200 200 P
//
/1
=
pd
7
Ve
100 100 .
SN //
i /
P
50 (l)@ AWA 50 7
] a
0 90° 180° 270° 360° 0° 90° 180° 270° 360
e {20
IS 45° LM e R 45" R
200 200 £
//
1
//
7
’/'
100 100 "
—
]
50 50 v
2 g L
= s 7
0° 90° 180° 270° 360° 0o 90° 180° 270° 360"
—— LR
fEkflfEt= = — 45° LR veeeeee FH Wibfatie 20— 46" T
200 ;./ - 200 ,/
/1 /|
e 4
/| pd
A A
A A
100 /// 100 &
T 4 T //
50 e 50 7
g L g
= =
0° 90° 180° 270° 360° o’ g0° 180° 270° 360°
— LS
#emmmea  FiElfl

181



(L)) WAL

CAET SN CESYNENREZFBA BET—A %

(skarc) T

0°¢l

w7
/1 8

T{Z00TI6E-—CH)G-AS L-BunEst

(Z—AV) AV EFALLERN F7 ) eNWBESHE

WO e =8 P&

o

182



(£ ye) TR L

el

W TR
[/1 ¢ 5

"HEMLBRNFOHUROTEEOT —A X

() BT

_ RTINS 4 B%EY

(L=AIV) AV ELFPALLRHNM %y eQuBERE

BHOAEA-L FZ£AF

183



CLMBPANCYRIRE ~cTORFEROREY (4—2) —coYHOHYEROE 08~ x B

B ¥ 47
e 9- P 8- 0+ O s . _

*fE | 2 o6 o | o ot o | @ 091 072 et - 28 | O 1
- (ne) R 2Pa8g | () EHARaeBE () DB (o) FITBE Wova | (I | (mwym COPS (i) X | fppad.L | 3T
C %0010Vd %030Va % x &% ¢ — A o 48

(8F) 09 HE Lhye {2 LS e
(LOOTTBE-ZH)S-HS & | (L—AUV) AV EIALLRHUM T2 &OHBES,

CBRODAEA—L V¥ L)) o 4 g~ LEHMMER

e L0010t S G

184



Bt it
S ENTIAY Y 082 LBHTIMESE

/ W / 7 [oce

\ \ \\ \\ 00¢€

\\ 2 \ \ 0L73

/ 4 i /

\ \ \\ / 08T

/ v d \

/ / i 7

/ /

6L 0el 0°€C BI \ \ .0 €

Sb 0L 0°Fe 81 \ \ o0

e (%) (unur () %) ) (low) () %) (%) (wury ) (%) 1)) (utur) () RUKDD ¢
ovd L¥D M A ovda LAD M A va | L¥O M A Va | LdO M A
— = T EYH SR 3 / — = T YK q e
( Lrkye )M Bl ( W ) W I
(8R) .09 3 FHH (LOOTTEE-2H) S-4S & FHlfafid (L—UV) AV LA Le@HW DAy LQWBREE

(BROAEA—L LA V—EP) A —42 4 —LEHARMER

185




BEWIREGTF —F r— e (BE-—AVFayr—vavhey)

G RER T A s MEBRT VAT A (AN—T)

V%
200 _,/ 200
pd
‘f
i
/
’/'
/L/ o
1
100 A 100 | &
N // ."l'
e~ i
50 7 50 |
aR aR
2 2
a [}
0 90° 180° 270° 360" o° 90° 180° 270" 360°
———r  LiZl{
L3 60° L Ciaes 25 L3 60°
%
200 ,/ 200
pd
L7
A
//'
re
//
100 // 100
1
)
50 v 50
85 B
-ty «t
=) a
90° 180° 270° 360° 0° 90° 180° 270" 360°
— hify
Bl it = — 60° i St HkBERo o — 607 Ty
200 ,/ 200 £
/] pa
v
/1
//
/"/ //
100 /i 100
// f/
) v
50 / 50 /
: g OF
= s |7
90° 180° 270° 360° 0° 90° 180° 270" 360
[3:3]
beene . TRt

186



(£ sy MPMEL

‘e e ITTHBE WRYN BN REFHEA HHT A " *

() T

_._/\,_
0°¢r

(Z00TT6E-CcM GRS S8

w7
VAR

TZ—AV) AFVCIALLETM FAVeRUBEZLNH

B IO A E A — 4 F L)k

187



W —101/4)

* oW OB R ERHEH ()

(1) REOHE

HEHES| A7) H & 4 mE o N B @ W& @ R
OB ) s
B100ALL E 1 FEIAES -
B9.11 | B-J i i (H2~3911015)
MERATVATA > (DA—~TF)

- B YE (e m iy -
W& FE hEFH A e fE R I = | ii§ %
3 (-

B | ® A B |H-N
#*
W OE R WA -1 (4/9) IRk

188



Wl —1(2/4)
F o EREZLE (/)

(2) IRALECaER REEAH F A B
B % E A
FEBEAFIY B | 4 wmoE o X L E P WA & A
/ FEUMEI00ALA L ¢ JERES SW-5
B9.11 | B-J RE ' (H2-3911015)
MEBRTSLLFA (DAV—T)

m| B EH B BRI BB A A fii %
#
3@ e Fif
G EEE S 3
T
2
EEN bt —1(4/4) IB0HR

MIERAIE E I xt UREA R WEA . MR flic Tv) LBk 5.

189



ARG MEBRAT LA T4 (DA—F)

HEREERE (UT)

i

314

VAREIREE S SW-5(H2-3911016)

FEpE—{RIBAHIE AR (TR RALT Ser. 57462-72410 KON3. 4-4B
100 J | | HETC : B2.4
— 1/2T ——>0
80 80 DAC100% 80 I
R 60
=
o~ 1% B
QL 40 51. 5dB
& 16 DAG20% B Bo— A
; [ s biz) SUS316TP-S
/2T ( T ) (w)
()] 21. 5.
TR —) 26mm | 2
FEME— SRR IE A (450 {EARF) Ser. 56921-57574 KON3. 4-4B
, . JeEAs
100 ]SUS;42~7 1% D24
el
5 \/ DAC100% S
p 2/8$
R 00 \
=
¥ \\ R Wi 6/8S
O 40| 36
20 | Dceox : 2 10/85
! 21
20 \1.5"7_-4\\ . Bo—
~ % 12 14/88 SUS316TP-S
2785 6/85 10785 11785 (W)
) (28) (16) (66) | 13.5
TR — 100mm
BRI — IR AB AN IE bR (450 %%ﬁd:%)' | Ser. 56921-8833 KON3. 4-4B
100 SUS:42. 3 RRov: @2.4
V]
8
5 |
g “\ DACL00% 2/88
R 60 ™60
&= 48 N - 6/8S
N 40 -_\ h Y » EE
(&)
DAC20% N\ 3 il 10/85
1
o e e - s
T ———
| \Iﬁ S 14/8s SUS316TP-S
T w i " 1.5
0, 4 .
ZIR— 0 100nm )I

190



BEREERE (UT) ek
BAGER MEBRAT LA T4 (DA—TF) Vaheom a2 SW-5(H2-3911015)
PRHE— IRIR A IE B BR (4508 %ﬁfim—?] | Ser. 676581 KON3. 4-4B
100 \ tSUS:flz. 7 B 02.4
80 —
80 / \ DAC100%
2/88
X 60 \
oy = 5/85
v a2 v s E
O 0= Y 3 39. 5dB
DAC20% | _ 10/88
\\ | 22
& \1—6 \ 7 £ — A
<3 % 2 14/88 SUS316TP-S
0 [
2(/85 ?/s;:. I?J‘B)S 1(4/8)5 (W)
46 65
? N TR = 100mm 139 >I
PEpE — IRIEAHIE R (6OBE  BEfF) Ser. 678038 KON3. 4-4B
568" HEoR s 2.4
100 sus'. 56. 8 VN
L DAC100%.._ 92 |
sol LT [ 52
80 = 2/88
R 60 £
E LY - 6/8S
P N vaczos 2 -
©) &l C 46. 5dB
N | 10/85
16 18
20 : 16 % =
% B 14/88 SUS316TP-S
2/88 6/85 10/85 14/85 (W)
12 (32) (56} (78) 13. 5
TNAr— 100mm
BRI — IRIRA I AR
100
80
E" 60
o # K
O 4 |~
|
20 —
E - A
//
% £
0 = (W)
TR —I mm

191



PR CYFZRE - cTOFERQEMY (£—3) —cTYHOMSTEREOE ,0¢€ @ & FH
= T YR 0¥z G i = 9% o | % s€ 0°g1 0 8+ 0¥C i
*— TG 0v2 - o o oz | & 29 0at 1 6+ 06 O |or
¥ — = TR EOYE R 74 or 021 = 1 072 a4 95 061 0 LT- 06 O 6
% = THDENT \ % . o™ = . 8 0751 0 g+ € O s
* —c TG ERH \ d o o o oz | 78 19 00T I o0 O L
CIE2) ove o = o o | €8 0°L€ A (T Qe
Y vez N Tl 3,”@” gb L 0712 p1 Pr 088 Ols
o 5 ¥2z or o™ SM@N i€ b€ 012 P 9+ 008 O v
¢ SR ERE \ \\ veR " oa1 SM@N s 86 00z | T |or L0z C) |«
SR ¥22 N P EHSN ¥S 29 081 e1 - oz BAK:
* S v2z o o~ 2,“2& ge 1€ 061 p1 1+ .06 (111
Ly |mewes| evEwse [eoewes| comwes | 00 | GWo | Gon | Goa | eox e e
%0010Vda %020vd g% L B £ — A A Va5
: (=) 5 k=4 TiE Lrse fip2e oL Htdq e 5 (X7
x|«r_.mﬁ (S10116€-TH) S-4S & EHEEY! (L—1QA) AV EINLLEEHNW F ) LOHWE R

(BROAEA—L VLA ) —EH) B —4 &~ LEHTAH

192



LM ZMERC YRR G o OFBRORNY (£ —A) —coYXHONYHE0E ,0€ ' x £

e g1 Eﬁoom ~ & oo | £ 7 0-0¢ st | 0| O 2

25 \ g1 “ o8~ o oz | B 62 018 ¥l zir 02| O 12

bk \ s1 - e mrooa gp 6¥ 0703 e1 or- .o | (O 02

S 3 2z Tooa ~ et il 89 002 e e wost| (O 61

IR 21 TDOE ~ :.”oﬁ L o 002 v e | O 81

GR3E 4 :Mom ~ o6 Il = sz 00z et o+ w06 | () L1

B 4 o g = v % | % 12 0702 = 06 | O ol

Ik \ 8 or.% ~ @ 0 | oz 00z i o0 | O 51 &

A \ ot . - 2.08 Le 62 002 P - 0 | O v

S 3 e b = :”o £ o o | o [s- 08 | O g1

$¢—= TR EYH \ \ ove . Ml 6¢ o5t | o g ,00¢ Ol
E B (o) RFLE| () ETEE (W) RFEH] WEBEE | ()OVD | (W0 | om | )& | (X |l | e
%0010vVd %080VAd #ow % o4 — A N

(5H) Sp A5 Lhye figyue =L AT a3
(STOTI6E-2H)S-AS &R uHH (L£—AQA) AV & yrNLEBHW TRy LOFBESE

(BHEOAEA—LV LA ) —BM) o -2 45— LEHMER




=5
B %
— = TN \ 6 NTn .~ s | % 2 01 0 e | O 2
— TN bl - = % o | o 0°st 0 o1- e | O 1g
—EEHDER 21 2”8_ ~ P 29 0°s 0 er oot | (O o
— =TS EYH \ 6 & e :;ooﬁ gg &% 0°91 T e- w2z | ) 62
TR L B P :.co o | 2 0°91 I - o6 | O 8z
W ERE \ 9 EHB ~ 0 | & 9% ost | o ore 09 | O L2
— = THDEEEH 8 Toom ~ ¥ 0 | & 9 0°g1 0 - 0 | O o
— = THIE R 61 . ol S.oom s L8 0°g1 0 s w8 | O sz
S E {6 09¢ B 29 58 ose | w |en o] O 24
o e \ ve B n = NT,.%M zv ¥ oz | n | 0| O £
e m (uwy 2 psiogf | () TR () R ERE) () T (%)OVQ | (W)U | (wym (uy A ) X e | T
N %00T10OVQ %030Vvd # & 8 4 — A A V4B
A_p (8E) S Y BR L fifj oL AT e
Lﬁ GTOTT6E-ZM SAS & B! () AFLIALCRENG FA Y COTBER
il (BROREA—L K LAV — &) ®N -4 4~ LYBHIH

%
ST -
3.4

194



WL EINT YISO ,ommo MMMMMMM SR AT YAE T 08 wMM%M%MW CHARATYAS TR 08 w\ WMMM%MW
*lu L F)HR UL DB AT EL 068~ 021 *fu YRR OBl T E 0PG~ 031
14 1€ 091 T 1£3 rAY 012 €1 LO0E¢E
6¢ 9¢ 091 1 74 8% 061 gl ,00¢€
¥2 62 091 I 62 2e 061 et 022
€2 62 0°GI 0 L0732
— — — — — — — — 41,012
— — — — — — — — |.081
— — e s - o — — |.0ST
92 £ 0°¢gl 0 ¢4 24 022 1 021
12 92 091 1 92 8¢ 0°02 b1 |.06
73 8% 0°g1 1 14 LT 0°0% Pl .09
£ €5 091 I e 43 0°12 4! .08
9% 95 091 1 12 (44 0°12 el -0
%) (%) (unw) (o) ®) ®) () (ua) ® ) () (uny ) *) (o) () EITX
ovVa | LYO M A ovVa | LYo M A ova | L¥o M A ova | L¥o M A
— = T ENH g 3T —= TR ERT AR
( Lyye )R A ( waxr ) M Es
(F1) .57 FHHEH (STOTT6E-ZH) S-4S & REFN (£—v Q) RV L INLELFHY  F ) cNWHERN

(BROAEA—L VLA V—2W) 9 -2 5 — LEYHER

195




BFKEGT—Fv—rc @E-AVFAr—varn=y?)

ETRER T A % MERR LA T4 (DIM—F)

\/-5(12-3011
200 200
100 100
60 o oXCh @ 50
< <<
[==1 (=)
0° 90° 180° 270° 360° 0° 90° 180° 270° 360
1207 ~240° [X L sERE DY DRI R AT, — L
HEHH 4 i e Fiti 46° Tt
200 200
100 160
[Rozowe !
s et 9 1
i 2 CA:" A (i lia / 2
= 2
(o=} o=
0° 90’ 180° 270° 360° 0° 90° 180° 270° 360"
120" ~240" tE= /L RRYO T MR TR, —
R REG = — 45° B0 m—— + TN ksl = — 45°
200 ,/ 200 ,/
4 /1
= 4
/] /]
A A
// //
—
100 / 100 A
¥ //’
)d )%
50 / 50 /
o) 8
< <<
[~ (=
0° 90° 180° 270" 360° o’ 90° 180° 270° 360°
L B 302401
eseem=me FER

196



(£ ye) h¥RL

‘CLETMREE SEEYNEIN MHERHEA CRHHAT A %

(=) 3T

091

u : g
IERYE:"

T (GIOTI6CCHI GRS Sissad

L£—AQ) ZF LA LRI T2V LOUBEZR

B O A E A — 4 F LA

197



(L y) %L

M B 2R OHROTEROT—A T X

Gl x) [T

- -
gzl

T (STOTI6S—GHIG-RS &raidsst

ww va
I/ NE

L—Qq) AV EFALCEHM FA )V £NEWEZNE

BN AE A —gfgF L£AF

198



(L)) 2L

531

uw * TyE
(VAR

CQUCE TAYENROEW - - -

(deex) 3T

— (CTOTTBE-2H) G-1S  SJUBEY

(L= A) AV FALLRE

FAV LNWBESE

B RO A E AL — & F £ A

g

199



‘CLBTRRE HHYNDINREIFHA BHT A ®

(L) L (srAc=) IET

-
921

@2

{CT0TT6E-cH) S-hs &8ssl

uw : Tl (Z—=AQ) AV LFALLEIN %1 ) L0WEEIRNE
(ARt

BN OO AE &£ — 4V LA)

200



(£ >r) 3L

—\/—
gzl

"R R H O AR OGEIEOT A 1 X

(srx) [iffeT

(G101 SR

nw ;T
T/1 ¢ 5

(L—0Qq) AV EFALCRAW FAV LOWBEEN

BN O AE A - 4L VL)

-~

201



(£ Fsr)y YL

A
<gel

CGUCHE RAVFNROCER - - -
(skarT) WMT

“REY

ut 3 T
I/1 5 Do

(£—A} AFEFALLRTM T ) o0WWERN

B IO A B A4 FV LA

202



hl
203

AP ECYHEZRYW oo OREROREWY (£—A) ~cxXHORMEEMEOE ,0€ " * &4
B < E R

*—c TWIENE | 2 & oz | o e el o 2Lt 0°91 ) - 0% O s
e — = TR YR \ 0zt o i o ‘sanil] % gr1 091 1 & .12 O |s
e — = TR \ 0zt o i ” o | @ 701 0°st T 91— 081 €]
s = THDHEYH \\\\\\\\\\ 0zt ?bx)‘faﬁ % otr 0°s1 T 2+ 021 O e
BEE | 8 oﬁwowd ~ wdwowﬂ 031 o+.ov~ ~ o+ooN~ 811 o1t 079 AN [ S CAks

* 9 3 \ ozt d o o+°§ 19 89 00z | |- om O
< Y2 NS 021 o+oo§ ~ | ™ 28 o0z | T |- o1 L) te
o B SK \ 0z1 . - o o | 6¢ 01z | et |o- o8 5 [F
< I 0zl ?,oovm ~ ?ooﬂ 62 I 0761 AR [ P 4 O |1

) DR | (WEEEE W SHCE|  (WEWEE | MoV | LD | tmm | @A | emx |med | e

= %0010Va %030Vda & B 4 — A A V453
(BE) (ZH45 1) 57 HERG LIy fifpue-L WA 2=

(STOTT6E-ZH) S-NS & FEfry

(BROAEA—L VLA —EW) | —7 4 —LEHHERE

(Z—Q) AL yALECRT

B2V LV BT



\ \ L gl Y
7 7 =
\ \ 008
i /
\ \ 19 801 091 1 ¥e € 002 €l Nol A
\ \ I8 0g1 091 T e 4 008 (41 012C
\\ \\ 6% 8. 091 1 9¢ Gg 002 21 081
\ \ 6¥ 28 0 'Sl 0 724 ras 0°02 Z1 0G 1
\ \ 16 28 091 I 12 82 0°0% &1 0021
/ /
\ .09
£ /
7 !

l i
\ \ .0
(%) %) () (uar) %) ) (umn) ) o) %) (o) () %) %) (u) (o) BHX
va 1L¥0 M A Yva LAD M A o2vVa JLUYD M A ovda LAD M A

— = WL EGH / MR — = TR WY T
( Lyve ) W 4 ( W ) W T

(R (L) ov He 5

(STOTT6E-CH) S-AS S REEH

BRONEA—L VLAV —8W) A —4 4 ~LEUHRE

(L—1A) AL b ALETFHW FA b LOWEESE

204



AT RSEUT A v IMERAT VAT (DA—T)
= o 4
200 200 ,/
//
//
A
P4
100 100 /‘/
)4
T “la T %
5 oL@ /\LA % .
aé ~ -~V aé /
= =] //
90° 180° 270 360° 0° a0° 180° 270° 360°
—_—
i 45° O —- (40 45°
200 200 ,/
//
/|
1//
G w4
100 (OM 100 r
olot-A b4
A : / 1/
) NN 50 v
B 8l ~
=T L,
= o
0° 90 180° 270° 360° 0’ 90° 180° 270° 360°
— L#ER
i RERe o — 45° LG rasne o Pl it = — 45° T
200 ,/ 200 ,/
/| /|
A A
A A
X A
100 & 100 A
// t"/
) )
50 / 50 /
a2 %:1
Q
= s |7
0° 90° 180° 270" 360° 0° 90° 180° 270° 360°
— %W
rema- . i

HEMRGF—2— ¢ @PF~AvTFAor—VvarOwy7)

20b



(Lhs) H38L

‘LRI WY BEYMHEZRIBA BHT A *

(srT) T

R

;T
/1 N8

T(CT0TI6e—CH) 58S LBEgy

(E—AQ) AV L FALLRHA F7r cDHBEZSE

B IO 4L E A — 4 V£ A

¥

206



(L bye) i3l

G2l

m Tl
/1 e

"R B RNFOHROTEFEQT—A - K

(serT) BT

SREEY

(£—AQA) AV EFALLTHE %A ) LQWHEZE

BN OAEA—- 4L F LA

i

207



(L b)) M3

—\—
§°21

QU YRR - - -

(searT) 3T

_ A e L

uw > 7y
[FARR

(=AY AFLFALLRFH FA YV LOWBEIR

BROAEA-4 F LA

g

208



LLRFFH YRR RE - TOFEEORIEY (£—A) —crYHOMEEROL 08 %

[l
@

B ¥ 473
. 0+ _ 0+ .
* — = T DB YR 08 - gzl 4 0L 0791 0 6+ 012 iz
o £ 0+ . 0 3 n
* IR \ 0e . o | 9 08z 81 8- .02 O 1
. " () P Ao B (uw) GATHsLeBE [ () 2 Ao 8E (uny) HA s BE (%) ova (%) I¥D (unuy (uuy X (rw) X | gl | e
- %0012Vd %020Vvd W o B 4 — A A ress
(EH) (Lil¥Egr) ,09 % L Fye [y L WwArT (1125

(GTOTIBE-2H) G-HS & BWH

(L= A) AV L)y LLEFHY

FAV LQWBEGM

(BROANEA—L VLAV —F0H) o 44— LEHBEHR

209



0€EE

.00¢€

027

24!

0°8t

13

8P

0°¢e

81

0¥ 2

\ X4

69

0°9%

114

44

0°v¢

81

O0L%

006

/

2

.08

~

4

.08

o0

(&) (%) (A
va | L¥D M

()
A

%) ®) (unm) () %
vda | LAO M A ova

(%)

RIR-RS

(o)
'y

(1)
A

(%)
ova

%)

()

L¥MD M

()

—c TG

g

— o I EARH

R30I

WX

( LYy

) W

4

(

senras

) W

T

(&) (FukiE) .00 HY 5

(STOTT6E-CH) G-AS SR

(L—wd) AV L LT

BEOAEA—L VY LA )y—8HH) A —2 & —LEHHEH

TV LOWBWESH

210



BERRGT -y -t e @PF-A2T 1 r—varvDvyl)

B AKRUT L MEBRAT VLS54 (D7)

R SW-5 (112-3911015) CINVRUEEfH-F-)

200 200 /,/
//
e
A
P
—
100 100 //
P
[ ! ya
ED Q) %0 |7
5 == <
- -
(=) [
90° 180° 270° 360° 0° 90° 180° 270° 360
—— L
60° benaan . M i 60" T
A
200 200 /,/
//
//
P
o
100 100 ]
{2) )
~ /
50 / ] 50 /
5 g L
P g5 |
0° 90° 180° 270° 360° 0° 90° 180° 270° 360°
s |20
R ERT o — 60° e Somsaa Fikbt HRBEE= o — 60° T
Z
200 /] 200 |
pd //
A %
5 5 ¥
// ///
100 A 100 4
// W
) 1
50 L~ 50 L~
g 8
g |7 s |7
0° 90° 180° 270° 360° 0° g0° 180" 270° 360°

211



(£ o) gL

‘CEBTNRAE EHYNAYHHEZRHEA TBHT A *

(e =) BT

—A—
0 e

T(GIOTIBE-CH) -1  -SBileEsy

T
I/T: M E

(L—AQA) AFVEFAZLRIN HA VOB ELN

BTN O A E A — 4 F £ A

%

212



(£ y) WML

_/\;_
0'¢l

CQUCKE AN TR OB - - -

(earx) MeT

HREEA

o - Tl
VAR

L) AV EVALLRDW %AV cWBERE

BH Iy . E A -4 F LA

213



