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1.

Introduction

Here are arranged in order the results of tests made on the fatigue
curves of cladding tube materials which form the foundation for
snalyzing fatigue of fuel cladding tubes for the experimental fast
breeder reactor "JYOYQ" being developed by the Power Reactor &

Nuclear Fuel Development Corporation.

In actual uses, the cladding tubes will be put in a high-temperature
atmosphere at a level of approx. 65000 and thermal stress will be
produced as a result of the difference between the outside tempera-
ture and the inside temperature of the tubes. The high temperature
and the thermal stress will be varied according as a breeder reactor
goes or stops, or as its load varies, and the cladding tubes are
thought to be put in a state of thermal fatigue.

For thermal fatigue under varying stress, strain and, in addition,
temperature, the conventional ASME vay of fatigue analysis treats
it as & low-cycle fatigue at a fixed temperature neglecting the
effect of the variation of temperature, but the past studies
included a case which reported that thermal fatigue strength at
temperature cycles of the upper Limit temperature Tmax and

the lowest limit temperature T, superposed vas lower than that

at a fixed temperature T=Tpgay,

In the present study, tests were made on the low-cycle fatigue
strength at a constant temperature (hereinafter referred to as
"high-temperature fatigue") and on the thermal fatigue strength
at temperature cycles superposed{hereinafter referred to as
"thermal fatigue") of cladding tube materials for the purpose
of obtaining reasonable fatigue curves through the research

of the relativity between the two types of the fatigue strength.

In the present study, portions of the fatigue test were assigned
to and taken over by the Department of Technology of Tokyo
University, Mitsubishi Atomic Power Industries Inc., and Kobe
Technical Institute and Naegasaki Technical Institute of



Mitsubishi Heavy Industries Ltd. and the tést material was manu~
factured by Kobe Steel Ltd. in accordance with the research program
laid out by the Corporation.

‘A1l the assigned institutes' tests and studies were completed and
their reports are filed already. The present report arranged those
results in order and discusses them focussed on the following two

points:

i) Significant differences among those test results presented by

the assigned research institutes.
ii) Mo obtain fatigue curves that are considered resonable.

The present report does not mention of safety factor for it should
desirably be established from a collective point of .iew, nor,
therefore, this report shows design fatigue curves. The data used
in this report are derived from the following sources; for further
information, see these sources.

1) High Temperature Fatigue lest of Fuel Cladding Tube Material
for Fast Breeder Reactor, November 1970. Mitsubishi Atomic

Power Industries Inec.

2) Study on Low-Cycle dfatigue Strength of Fuel Cladding Material
for Fast Breeder Reactor, May 10, 1971, Department of Technology,
Tokyo University.

Qutline of Testing lethod

The testing methods employed by the assigned research institutes

are as outlined beslow,

2.1 GSpecinmens

3US3%2 cold drawn hollow round bars (outside diameter: 18mm,
inside diameter: 10mm) were used as the specimens. Although the
dimensions of the specimen tubes are remarkably differed from
those of actual-size cladding tubes (outside diameter: 6.3mm,
inside diameter: 5.7mm) for convenience' sake, plesticizing

processing and heat treatment are given to the specimens so




2.2

2.3

2.4

that they have substantially the same mechanical properties and

microstructure as those of actual cladding tubes.

The chemical composition of the specimens are shown in Table 1
and their static mechanical properties at different temperatures
are shown in Table 2,

Assignments of Test and Test Conditions

Low-cycle fatigue test under a constant temperature and low-
cycle fatigue test under temperature cycles superposed were
performed at 5 different test temperature conditions respectively,
at 10 suech condifions altogether. The test temperature in the
high-temperature fatigue test was set at the uppermost limit
temperature of the thermal fatigue test, while the lowest limit
temperature in the thermal fatigue test was set at 25000. Other
tests performed ;nclude the low-cycle fatigue test at R.T. for
standard data, the thermal fatigue test at design temperature
conditions (Tpgyg=650°C, Tpin=370°C), and other tests conducted

by the 2 assigned research institutes at each test temperature
condition for the purpose of comparing the.obtained test results.
The test conditions as related to the assigned research institutes
are shown in Table 3.

Specimens and Testing Apparatuses

The specimen and the testing apparatus used by each assigned
research institutes are shown in Table 4. The shapes of those
specimens were not necessarily same because of difference in

the testing apparatuses used.
Temperature and Strain Vaveform

i) TFrequency of Strain
The frequency of strain employed in each assigned research

institute is shown in Table 3,



3.

ii) Temperature Cycle
In the thermal fatigue test, Tokyo University employed a high-
temperature compression process where compressive strain is
loaded at the upper limit temperature, vhile Mitsubishi
(Nagasaki) employed a high-temperature tension process where
tensile strain is loaded at the upper limit temperature.
It is noted from the preliminary test made by Mitsubishi
(Nagasaki) using SUS 27, that thermal fatigue strength is
reduced in the high-temperature tension process more than in

the high-temperature compression process.

iii) Strain Waveform
In the high-temperature fatigue test, Mitsubishi (Kobe) used
a triangular waveform while Tokyo University used a trapezoid
vaveform having a holding time of 5 to 15 sec. In the thermal
fatigue test, both Mitsubishi (Nagasaki) and Tokyo University
used . trapezoid waveform having a holding time of 5 to 15

sec.

iv) Separation of Plastic Strain
Every assigned research institute measured the'range of
plastic strain from the recorded stress strain hysteresis

curves.

Test Results

The results of the high-temperature fatigue test and the thermal
fatigue test are shown in Tables 5 through 10. These tqsts were
performed under a complete by reversed tension-compression strain

and a total strain control.

The specimens showed a repetition strain softening tendency because
they were treated with an intensive cold work. All the figures of
the plastic strain range, elastic sitrain range and stress range in
these tables are representative values in the expression n = 1/2

me

Fatigue curves in the relations between the amplitudes of total
strain, elastiQ atrain and plastic strain, and life %o rupture
are shown in Fig. 1 through 6.
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Discussions on Test Results

4.1 Difference in Data among Different Assigned Research Institutes

i)

ii)

iii)

High-Temperature Fatigue

The following facts are pointed out from the Fig. 1 through
6. In the high-temperature fatigue test the fatigue curves
of Tokyo University and Mitsubishi (Kobe) in the relation
between the amplitude of total strain and life to rupture
are conforming with each other with no marked difference
between the data of the two institutes. However, in the
relations between the amplitude of elastic strain vs., life
to rupture and between the amplitude of plastic strain vs.
1ife to rupture, a significant difference is found between
them, that is, the data of Tokyo University indicate higher
amplitude of elastic strain and lover amplitude of plastic
strain than those of Mitsubishi (Kobe}.

Thermal PFatigue

Comparison between the data of Tokyo University and the
data of Mitsubishi (Nagasaki) in connection with the rela=-
tion between total strain amplitude and life to rupture
reveals that although significant difference is not seen
in the test temperature range of 500/25000, the data of
Tokyo University generally tend to show higher values than
those of Mitsubishi (Nagasaki) at the other temperatures.
This difference is especially remarkable at the temperatures
650/25000. For the relations between elastic strain
amplitude and life to rupture and between plasiic strain
amplitude and life to rupture, the elastic strain amplitude
in higher and the plastic strain amplitude is lower in the
data of Tokyo University than in those of Mitsubishi
(Nagasaki).

Rgpeated Stress Strain Jurves

Repeated stress strain curves in the relation between stress
range Sp and total strain range g tp are shown in Fig. 7
through 16. Usually, the comparison of this kind of figures



shows a noticeable deviation, but the data of Tokyo University
and Mitsubishi (Kobe) in the high—témperature fatigue test can
be said well conforming with each other except at 600°C and
700°¢. In the tests at 600°C and 700°C where the data of
Tokyo Univérsity show lower values, deviation is remarkable

indicative of difficulty of the tests.

In the thermal fatigue test, the data of Tokyo University show
Lower values at 500°¢/250°C, the data of Mitsubishi (Nagasaki)
show slightly lower values at 600°¢/250°C, 650°¢/250°C and
700°¢/250°C, and the two data are in good conformity at
650°¢/370°C.

The major differences in the above-mentioned test results are the
differences of elastic strain elements and plastic strain elements,
the difference in the thermal fatigue test results arranged by the
total strain amplitude, and the difference of repeated stress strain
curves. And the conceivable major causes of these differences are
the difference in the strain waveforms employed by Tokyo University
and Mitsubishi (Kohe) in the high-temperature fatigue test, and the
difference in the strain and temperature phases used by Tokyo
University and Mitsubishi (Nagasaki) (high-temperature compression
and high-femperafure tension) in the thermal fatigue test. In
particular, the different in the fatigue curves of total strain
amplitude vs. life to rupture shovm in the thermal fatigue test

may be attributable to the difference between the high-temperature

tension and the high-temperature compression.

For the difference in thermal fatigue strength due to the high-
temperature compression process and the high-temperature tension
process, Mitsubishi (Nagasseki) made a supplementary test using

SUS 27 and the reswltant difference in the fatigue strength is
generally in accordance with the difference in the fatigue strength
of the present thermsl fatigue test made at 650/25000. Hence,

the difference in the data of Tokyo University and Mitsubishi
(Nagasaki) for fakigue strength as indicated under the relation
between total strain amplitude and life to rupture is thought



derived from the difference of the testing processes, the high-

temperature tension process.

Phe reason for the non-conformity of repeated stress strain
curves among the participant research institutes in the thermal
fatigue test cannot be well explained from the difference between
the high»témperature compression process and the high~temperature
tension process. In the said supplementary test, there no dif-
ference was found hetween the repeated'stress strain curves in
the high-temperature compression process and those in the high-

temperature tension process.

With respect to the question of different elastic strain elements
and plastic strain elements in different research institutes,
which is common to all the test results, one of the conceivable
causes ig the difference in the strain waveforms employed. In
other words, it is conjectured that owing to the difference of
strain rates in the loading and the unloading processes and to
the difference of strain holding times, the stress relaxation
was presumably made to differ during the maximum holding period,
and that the treatment might have been varied according to the
research institutes. However, considering that the variation
of the plastic strain arising from the streés relaxation during
such short period of 15 sec at the longest is only 5 to 10

per cent, it is difficult to believe that this alone fully
explaing the reason of the difference in question. Another
conceivable cause in the high-temperature fatigue test is that
heating was made in different methods: direct and indirect
electric heating methods. But in divect electric heating, the
strain increment‘even after compensated will be about 10% at
most which is thought weak enough to claim the major cause.

Thus, considerable difference comes out when the data of the
assigned research institutes are compared in detail. But
when attention is paid ondy to the fatigue curves of total
strain amplitﬁde v3. life, the comparison of the dafa of the
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research institutes reveals little difference which, if any, is
generally permissible. Therefore, the high-temperature fatigue
and the thermal fatigue strength evaluated by the amplitude of

total strain will be used in the following analytical discussions.

4.2 Comparison between High-Temperature Fatigue Strength and Thermal
Fatigue Strength

The high-temperature fatigue strength and the thermal fatigue
strength were compared based on the fatigue curves for total
strain amplitude vs. life. As a result, the following finding

were obtained.,

1} In the comparison between the high~temperature fatigue
strength at T=500°C and the thermal fatigue strength at
Thpax = 500°C and Tmin = 250°C, the high-temperature fatigue
was higher.

ii)} In the comparison bepween‘the high-temperature fatigue at
T _ 600°C and the thermal fatigue strength at Tmax _ 600°¢,
vhen the test temperature of the high~temperature fatigue
vas set at the uppermost limit temperature of the thermal
fatigue, the strength of the high-temperature fatigue was
higher.

g iii) VYhen the strength of the thermal fatigue was compared in

; two different temperature ranges of 650/25000 and 650/37000,
_ the strength was lower in the former range which was vider

i than the latter.

According to the above findings, a high-temperature fatigue
test in a temperature range 600°C and higher is likely to heing
about a forecasting of danger for the life of cladding tubes,
even if the test was pexformed at the uppermost limit tempera-

ture. On the other hand, the influence of the mean temperature

(Pp=0.5 (Tpax + Tmin) ) affecting the thermal fatigue strength
is smaller than the influence of a %emperature range, and
therefore use of the data of a thermallfatigue test made in a
somevhat high temperature range will enable to estimate the
life of safty side.
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6.

The above discussion are summarized in the ..-Ng curves in Fig.
17.

Design Patigue Curves

From the ta~Nf curves, fatigue curves of equivalent elastic stroas
amplitude (Se) vs. life (Hy) were drawn up. The values of the
longitudinal elastic coefficient used for the Se calculation are
the full line in Fig. 18, vhich is formed with smaller values for
safety purpose because values produced by Mitsubishi (Nagasaki) and
Kobe Steel from the present specimens are differed considerably.
For the thermal fatigue, values at the uppermost limit temperature

are used.

The obtained Se-Ny curves are shown in Pig. 19. These fatigue
curves for equivalent elastic stress amplitude vs. life are to
serve as a basis for further analysis of fatigue, and design
fetigue curves will be produced by multiplying them by a certain
proper safety factor.

Summary

The results of the high-temperature fatigue test and the thermal
fatigue test performed in the temperature range from R.T. up to
700°¢C using SUS 32 materials equivalent to the fuel cladding tube
materials for the FBR experiment reactor were arranged in order,
and the fatigue curves for equivalent elastic stress amplitude
(se) vs. life (N¢), vhich are to provide basis for preparation
of design fatigue curves, were drawn up. In order to produce
design fatligue Qurves from the said fatigué curves, the value of
a proper safety factor must be established.

The findings in this operation are as summarized below.

i) Difference was not found ameng the high-temperature fatigue
strengths obtained by all the assigned research institutes
in case that such strengths were evaluated by the fatigue
curves for total strain amplitude vs. life.



ii)

ii)

Significent difference was found among the thermal fatigue
strengths obtained by such research institutes even vhen such
strengths were evaluated by the €ga-Nf curves.  The difference
ig considered to be derived from the different testing methods,
i.e., 8 high-temperature compression method and a high-tempera-

ture tension method.

A considerable amount of difference was found in the fatigue
curves for elastic strain va. life and for plastic strain vs.
life produced by such research institutes, and the cause of
such difference could not be elucidated by the present data
produced, 'Then, the &gp-Np curves were chosen as most reliable
for the purpose of the present analysis, and the analysis
operation was conducted, based on them.
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Table 1.

Chemical composition

(From mill sheet)

c Si Mn P S Ni Cr Co Mo N
0.06 11.0 16.0 2.00
Spec. ~0.08 <0.7% «£2.00 <0.03 50.03__14'0 ~18.0 <0.10 ~3.00 <0.035

Check 0.061

0456

1.51

0.026 0,012 12.11 16.14 0.030 2.45 0.020

Table 2. Mechanical Properties

0.2% Varia~ Grain
Data Test Tensile Proof  BElonga- tion Young's size Hardness
temp, strength stress tion in modulus HRC
from diam ASTM
(%) (kg/om®) (kefum?) (B) () (efm?) T
Spec. =60 >40 >25 >6
ﬁig? 76.3 67.8  3%6.0 7.5 24 ~26.4
cheet  ETT 0 75.8  66.7  34.0 7.5 23.224.7
75.0 63.0 27.8 26.9 18.3 x 107
BT wp3 63.7 29.0  28.4 18.5 x 107
ﬁi:i:‘ 64.1 55.6  13.0  17.2 17.1 x 103
(Naga- °9°  64.5 54.2  12.0 15.9 16.9 x 103
saki)
61.8 51.1 18.0  18.3 15.9 x 109
300 46 55.6  15.6  18.6 17.7 x 107
R.T. 20.5 x 103
Kobe 600 15.6 x 107
?ﬁ;fl 650 14.9 x 103
700 14.4 x 10°

- 11 =




Table 3. Test Cemperature condition assigned to research institutes

Assigned research institute

Teat Temp.
Oq Tokyo Mitsubighi Mitsubishi
university (Kobe) (Nagasaki)
R.T. 1.2 = 5¢pm 2 - 3cpm
500 1.2 = S¢pnm 2 - 3epm
Constant
600 1.2 - 5cpm 2 -~ Jepm
Temperature
650 1.2 = S5epm 2 = 3cpm
700 1.2 - Scpm 2 = 3cpm
500/250 1.2cpm 0.6 - 0.85cpm
600/250 1l.2cpm 0.6 = 0.85epm
Thexrnpal
650/250  1.2cpm 0.6 - 0.85cpm
Cycle
700/250  1.2cpm 0.6 - 0,85cpm
650/370 1.2¢cpm 0.6 - 0,85¢cpnm

-12 =




i
'-l
W

!

Pable 4.

Specifications of eesting apparatus used in each research institute

Tokyo University

Type of apparatus

Load capacity

Maximum displacement

Load detection

Strain detection

Heating method

Maximum heating
temperature

Control method

Specimen

0il pressure servo type
thermal fatigue tester

Static t 15 ton,
Dynamic £ 10 ton

Statie * 50 mm,
Dynamic £ 2.5 mm

Differential transformer

Differential transformer

Direct electric heating

~ 1000%

_adhesive detector

Hitsubishi Kobe Mitsubishi Nagasmki
0il pressure low-cycle O0il presstre thermal fatigue
fatigue tester tester
+ 10 ton X 10 ton
* 20 mm
Strain gauge type Strain gauge type
load c¢ell load eell

Strain gauge type non- Differential transformer

Heating in eleciric

ir ectric 13
furnace Direct electric heating

~800°¢ ~ 800°¢

On-of{ confrol by an
indicator having limit
switch

Solenoid valve -~ on-off
control




Table 5. Test results {R.T.)

Plastie Elastic No. of
Test  pots Str?%guda strain strain Strg:s cycles to
t%ggj from alpL amplitude amplitude Y278 rupture
T ta(%) pa (%) ea(?) R(kg/mn?) Ny(cycles)

1.024 0.692 0.332 117.8 547
Tokyo 0.75 0.39 0.36 113.0 1048
Univ. 0.50 0.257 0.243 102.6 1628
' 0.412 0.136 0.276 90.0 30%4

0.34 0.07 0.27 96.2 8756

R.T.

%.00 Buckled

1.82 . 1.53 0.29 127.0 128

1.50 0.92 0.38 - 269
Mi tgu-

1.06 0.75 0.31 115.5 565
hishi

0.67 0.42 0.25 109.0 1348
(Kobe)

0.47 0.27 0.20 97.5 2947

0.39 0.19 0.20 99.3 2644

0.40 0.21 0.19 94.0 5487

0.3%4 0.139 0.201 90.8 8412

- 14 -




Table 6. Test results (500°C, 500/250°C ),
Test Data | Strain i't‘;’gr:f Es[tc:f:tiiﬁ ‘?‘;r;‘es: No.of cycles
Py [ from | SEPtGs | amptude | omelitude | o o) e Geyeles)
1.036 0.664 0.372 105, 1 106
0.508 0.204 0.304 90.9 486
0.436 0.15 0.286 86.4 | 091
Tokyo [ 0.34 0.08 0.26 88.2 2 359
univ. 0.285 0.05 0.235 81.0 | 3022
0.248 0.027 0.22 1 74.0 4 143
500 0.226 0.0t 0.216 50.5 | 19017
1,78 .46 0.32 115.8 13
1.56 .28 0.28 —_ 6
0.92 0.72 0.2C 100.5 103
itew 0.77 0.48 0.29 — 127
~bishi | ©0.67 0.40 0.27 93.0 4372
(Kobe}| (.64 0.33 0.31 100.0 245
0.53 0.26 0.27 — 492
0,39 0.119 0.27]1 89.0 | 552
0.32 0077 0.243 87.5 2 533
0.27 0044 | 0.226 85.0 6 670
1.008 0.70 0.208 114.0 100
0.93 0.598 0.332 110. 2 123
oo [T 0.8l 0424 | 0.386 | 110.0 239
0.595 0185 | 0.4 102. 2 698
500,250 0.48 Q.16 0.32 98.7 694
1.5 1135 | 0.365 130. 6 33
N 0.765 | 0.335 119. 8 K
Mitsu | .85 0.525 0.325 117, 1 197
neme | 0.7 0385 | 0.315 | 113.0 243
~saki) | 0.6 0315 0.285 103.0 565
| 0.5 0215 | 0.285 01,7 | 180
0.4 0.155 | 0.245 88.2 | 2453
0.3 0.07 0.23 82.8 5790

- 15 -




Table 7. Test results {(600°C , 600/250°C).

Test Data Strain ':ifzfl'g E't“rs;:g Stress | No.of cycles
temp trom emplitude | emplijude | emplitude range to rupture
T {°C) Eta (%) Epa (%) Eea (%) | Grika/mnf) | Nf (cycles)
1.046 0.789 0.257 72.7 65

0.62 0.33 0.29 73.7 195

Tokyo | 0.42 0.20 0.22 65,0 290

Univ. | 0,33 0.1 64 0.166 59, | 619

0.285 0.055 0.23 52, | 2 274

0.204 0.035 0.169 45,0 4 086

.74 | 50 0.24 87.7 14

600 1.58 1.2 | 0.37 96. 2 25
0.92 0.74 0.18 97.5 92

| 0.67 0.42 0.25 78.5 260

M | 0.43 0.26 0.17 715 566

(Kobe) | 0.38 0.155 0.225 79.0 865

0.30 0.08 0.22 69.2 | 774

0.26 0.069 0.191 76.0 | 248

0.26 0.08 0.18 e 3026

0.21 0.054 0.156 64.0 6 245

1.23 0.86 0.37 121.96 4 |

0.835 0.491 0344 107.4 133

Jole o7 0.38 0.33 103.2 18 |

0.52 1 0.24 0,281 94. 4 333

500 0.38 0.094 0.286 86.8 920
7250 1.5 1175 0.325 N 17
] 0.78 0.33 108. 4 47

0.85 0.545 0.305 103.0 98

Mitu | 0.7 0.42 0.28 94.9 109

(Naga | 0.5 0.215 0.285 96.5 305

-saki) | 0.4 0.15 0.25 85. 6 480

0.3 0.105 0.195 66. 4 1 010

0.22 0.07 0.15 50.2 2520
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Table. 8. Test results ({650° C , 650/250°C).

Iest Data Straln Z';::;‘LC Ei"i:g Stress No.of cycles
| T [rom | R | omeitus | SRS | gy oyt | tepces
1,028 0.744 0.284 72.4 58
0.59 0. 388 0.202 68.8 |76

Tokyo 0.408 0.224 0.i184 54,1 360
unv. | 0.366 | o0.184 | o0.202 53, 7 559

0.24 0.063 0.\77 48,9 | 526

0.21 0.05 016 46. 3 | 856

0.18 0.028 0.152 48.5 6 038

650 .90 |73 0.7 76.5 21

| 44 116 0.28 76.5 72

1,00 .77 0.23 75. 1 94

0.67 0.53 Q.14 5.0 220

ﬁﬂazgl 0.50 0.36 0. 14 62.6 435

(kobe) 0,38 0.165 0215 66.5 749

0.24 0. 098 o.142 50,0 4 035

0.24 0.087 0.153 — 2 129

0.24 0.070 0.17 — 2330

0.21 0.051 0.159 48.9 Il 300

1 .055 0.725 0.33 105.0 56

0.778 0.49¢6 0.282 79.5 137

B‘:\';gf’ 0.60 0.34 0.24 77.2 251

0.401 0.154 Q.24 7 80.3 430

0.30 0.072 0.22 8 70.4 | 167

1.5 1.205 0.295 Q8.1 | 2

650/250 | .1 0.83 Q.27 88.3 32

0.85 0.60 0.25 82.6 66

Mitsu_ 0.7 0.47 0.23 76.4 95
el O N e =
-soki)| 0.5 0.285 | 0215 71.0 249

0.4 0.20 0.20 66.7 442

0.3 0.125 Q.175 57.8 745

0.22 0.07 0.15 42.8 | 793

-17 -




Table 9. Test resulfs (700°C 700s250Q°C),
Tt oote | S| Twen | Sitein | St oot ook
T (°C) from Eta (%) e&%'tfoff) gegt(«'f/o) Gr (kg/mnf) | Nf (cycles)
0. 60 0.48 0.12 42. | 130
0. 40 0.248 | 0.152 | 42.8 166
rokyo |0:395 | 0.20 0.195 | 44.6 424
univ. |_0.325 | 0.155 | 0.17 42.2 786
0.295 | 0.169 | 0.126 | 429 | 35 |
0.18 0.055 | 0.125 | 485 6 060
2.00 . 80 0.20 67.0 B
.45 .28 0.17 61.2 40
700 0.98 0.82 0.16 — 165
| 0.68 0.48 0.20 54,8 165
Misa [ 0.50 0.26 0.24 55.0 288
(kobe) [ 0.39 0.192 | 0.198 | 54.5 746
0.30 0.125 | 0.175 | 56.5 | 253
0.25 0.134 | 0.116 | 47.0 1 920
0.2 | 0.087 | 0.123 | 43 6 176
0.20 0.088 | 0.112 | 44.5 2 989
0.17 0.049 | 0.12] — 9 38|
.03 0.735 | 0.295 | 95.5 64
0.712 | 0423 | 0.299 | 796 183
3‘:‘:‘:’? 0.495 | 0.232 | 0.263 | 785 333
0.40 0.17 0.23 70.4 487
0.265 | 0.08 0.185 | 57.7 | 778
e .25 0.25 80.2 5
700 .l — — - —
7250 - N 0.86 0.24 77.5 46
bihi | 0.85 0.615 | 0.235 | 758 75
(Naga 0.7 0.475 0.225 72.1 128
sakil 908 0.29 0.21 67.3 273
0.4 0.19 0.21 68. 1 488
0.3 0.125] 0.175 | 56.9 917
0. 22 0.06 0.16 51.8 2 245

- 18 -




Table 10. Test results (650/370°C),

Test Strain Plastic Elastic Stress No. of cycles
T (°¢) | from Eta (%) Ep% (%) Es?u (o) 6rkg/mnf)| NF (cycles)
1.0 Q0.615 0.385 90.3 85

Tokyo 0.8 0.463 0.337 83.2 |16 |

Univ. 0.6 0.332 0.268 76. 1 266

’ 0.4 0. 128 0.272 ©65.3 36 |
0.305 0.083 0.222 0.7 [ 170

1.3 .03 Q.27 84.0 32

659370 1.0 0.725 0.275 86.7 62
_ 0.85 0.555 0.295 92.1 82

M 0.6 036 0.24 74.8 156

(—Ns?:li?} 0.5 0.26 0.24 75.4 258

0.4 0.195 0.205 65 O 502

0.3 0.10 0.20 62.8 | 080

0.22 0.075 0.145 45.6 2 040

- 19 -




-Oa_

5.0

High- temp. fatigue

(R.T.)
\ Tokyo Mitsubishi
Univ. {Kobe)
N Eta O |
.
Eea © &
gpa —@— —B

o
)

Strain emplitude, %

0.05

0.02

102 5 x102 103 5x 103 104

Number of cycles rupture, Nf
Fig.l. S/N diagram.

5 x10%




-"[8—

Strain emplitude , %

80

o
W

High-tem&fuﬁgue Thermal fatigue
(500°C) (300/250°C)

Tokyo Mitsubishi Tokyo Mitsubishi
Univ. (Nagasaki)

Univ. (Kobe)

tta O 0 <& AN
fea @ 3] < AN
gpa & -B- —¢— —A-

001

0.05

0.02

™~
~

M,

5x10

102

5x102

Number of cycles to

Fig. 2.

ok

S/N

5x103 0% 5 %104
rupture, Nf

diagram .

©




_88.-.

Strain amplitude, %

5.0
High-temp, fatigue Thermal fatigue
{600°C) (600 /250°C)
Tokyo Mitsubishi Tokyo Mitsubishj
Univ.  (Kobe) Univ. (Nagasaki}
~ &t O m} < A
L I AN, fea © 1] v a
L0 mA\o Epa —@— |- S --A— ]
@A\@\
S
- &\
0.5
0.1
0.05
0.02
%20 Sx10 102 5x102 103 5x103 109 5 5 104

Number of cycles 1o rupture, Nf

Fig. 3. S/N diagram.



_ga_

amplitude, %

Strain

50

0.02

High-temp fatigue Thermal fatigue

(650°cC) (650/250°C)

Tokyo Mitsubishi Tokyo Mitsubishi
Univ. (Kobe} Unlv. (Nagasaki)

tEta O ] < A

fea © | A
Epa “'@_ —"@—" "—@— ""&"_ ]

10 5 x 10 102 5x 10 103 5x10% 104 5xt04
Number of cycles . rupture, Nf
Fig. 4, S/N  diagram .




Strain amplitude, %

5.0

0.5

0.05

0.02

High-temp fatigue
(700°C}

Tokyo Mitsubishi
Univ. (Kobe)

Thermal fatigue
700/250°C

Tokyo Mitsubishi
univ. {Nagasaki}

Eta O | <> FaN
Eea © & < A
fpa —@ E- e~ k-
~
& e
\ @\
N ~
~
|
5x102 103 5x103 104 5 x10%

Number of cycles to rupture, Nf

Fig. 5. S/N diagram.




1
[AV]
A

1)

%

emplitude ,

Strain

5.0

Thermal fatigue
(650 /370°C)
Tokyo Mitsubishj
Univ. {Nagasaki)
\ ETO <> A
Eea e
\A\ N
N q Epe @ A .
(0 - A O
\‘
-
05
O |
0.05
Q.02
o) 5 %10 102 5x 102 103 5 x 10°

Number of cycles to rupture, Nf

Fig. 6.

S/N diagram .




i HITTR

140

130 R.T

120 /

g
£
S
=2
v
1 . /A
f(\j-?\ g‘ 110 o
. S /
& A
£ 100 o—A
» ﬁ O Mitsubishi {Kobe)
O A Tokyo Univ.
90 —A
80
0 | 2 3 4

Tota! strain range Etr (%)

Fig. 7. Stress range vs. tctal stroin range (RT.).



"'Z.E"

sr (KG/mm?)

range

Stress

120

/Of"
110 //
A
100 /O/O’
O
90 a
A 500° ¢
A
80
70
O Mitsubishi (Kobe)
A Tokyo Univ,
50
50
0 f 2 3
Total strain range ER (%)
Fig, 8. Stress range vs. total strain range (500°C),




100
: o —
L O
E
.
o
.
= 80 5
W O A
i Gg’s O a A
& o 70 9
1
2 g A
= 00°C
i 6
w &0 AN
O Mitsubishi (Kobe)
A Tokyo Univ.
50 i a
A
40
0 | 2 3 4
Total sirain range EtR (%)

Fig.9. Stress range vs. total strain range (600°C).



.-..62-..

sr ("Ymm?)

range

Stress

100

S0

80

70

60

50

40

O
/QE"
AN
© O
O
850°C
QO Mitsubishi (Kobe)
AD A Tokyo Univ.
294
FA
/
| 2 3
Tota! strain EtR (%)

Fig. 10. Stress range vs. total strain range (700°C).




_Og..

SR (%9/mm2)

range

Stress

90

80

70

60

50

40

30

700°C

MO
O
o © O
//’
O Mitsubishi (Kobe)
Ap ﬁ A A Tokyo Univ.
I 2
Total sirain range ETR'(%)

Fig. II.

Stress range vs. total strain range (700°C),




SR {(M/mm?2)

range

Stress

130 O—

120 -
= O

.

A
/

o R
100 £
A
500°C /7 250°¢
S0
/ O Mitsubishi (Nagasaki)
O A Tokyo Univ,
/
80 /
70
0 t 2 3
Total strain range EtR (%)
Fig. 12. Stress range vs. total Strain range (500/250°C).



TR ST 1 L i 0 S

130

i20

110 e ——
—-"‘"'-O

sp (Kd/mm2)
>
o&

100 e
O /
H fay @)
;
by " /
1 8’ 20
2
% 600 /250°C
[73)
(72}
e
Py 80
QO Mitsubishi {Nagasaki)
A Tokyo Univ.
70 ﬁ
&0
0 i 2 3 4

Total strain range EtR (%)

Fig. 13. Stress range vs. total strain range (600/250°C).



1
AN
N

i

(kg/mm2)

SR

range

Stress

HO

100

S0

80

70

60

50

10

A A
/A/o
A //o
Q
1/ 650 / 250°C
O O Mifsubishi (Nagasaki)
/ A Tokyo Uniw
l 2 3
Total strain range EtR (%)
Fig. 14. Stress range vs. total strain range (650/250°C).




Sr (%9/mm2)

_ﬁgu
range

Stress

100

A
a0
o
/
70 FAN ra
o /0

60 700/ 250°C

AC/)’ O Mitsubishi (Nogasaki)

/ A Tokyo Univ

O
50 /’
40

0 2 3 4

Total strain range Etr (%)

Fig.15. Stress range vs, total strain range (700/250°C}.



...gg..

sr (%3/mm?2)

range

Stress

100

S0

80

70

60

50

40

o—"
O
o’/
/K
/0/3
Q
FAN 650/370°C
O Mitsubishi {Nogasaki)
A Tokyo Univ.
O
i
i 2 3

Fig.16. Stress

Total strain range &iR (%)

range vs. total

strain range {(650/370°C).




_9(}_‘_

strain empliture , £ta%

Total

50

o

)
U

0.05

: High Thermal
7| temperature fatigue
' tes) test
R.T -o-
500°c o 5S500/25Q°c @
0\\3 ~ 600°C b 600/250°C =
~ ~ 650°C & @G50/250°C A
700°C ¢ 700/25C°C ¢
650/370%¢ ¥
hO\
*@j —=RT
o —~500°C/250°C
AT T —0=500°C
e~ . 600°C
M 650°C
! N 600/250°C
650/250C Lg50/370° ¢ 700/250°C
}
5x 10 102 5 xi02 103 5x10° 10% 5x10%

Number of cycles to rupture, Nf
Fig. 17. £ta Nf diagram.

10°



kg/mm2

(04

E

Young's modulus

2. |
Kobe Steel Ltd.
® @
e MHI (Test material)
2.0@ 4 M HI
0 A ASME (AIS13186)
"“'\.,\ O Morishima
1.9 FATR <0 ® Kobe Steel Ltd, (Test materia
~
/A
@ \\
b ~
. 8 \ el %
' N
\\
1.7 - %
o\ \
N
\\\O
VAN
.6 .\
X
®
FAY
l.5 @__g
O
®
!
|.4
A\
.3
] 100 200 200 400 500 c00 700

Temperature (°C)

Fig.18. Young's modulus of SUS32 at high temperature.

- 3 -

)



R

el
Jragigr]

P iVZl % AT

A NA L AL il

\\ \w i m——‘_
\\\\\\\t\\ I 4 .:_.:
v AN NI

d
e
——
———]
—

Mt M
\\
e
)

/|

i,
/

j
4

°C

.

500 /250°C
600/250°C
700/250°C
650 /370

\

NN
N

\

N850 /250°C/

N\
\
AN

N

N

AWAY

o
@)
')

ANEE\Dx ) 9%

(&) O
O in

apnindwo ssals

- 38 -

2

olspie®  jua|painbg

5x10%

104

5x103

103

5x10%
Number of cycles to rupture, Nf

102

SxI10

Fig. 19. Se~Nf diagram.



