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A Study on Statistical Variability for Low Cycle Fatigue

Properties of Alloy 800H at High Temperature

Sae - Hee Oh

Department of Mechanical Design Engineering
The Graduate School
Pukyong National University

Abstract

Alloy 800H, an austentic Fe-Ni-Cr alloy with higher Ni and Cr contents
than conventional stainless steels, is one of the candidate materials for
key structural components such as control rod systems, hot gas duct, core
barrels, core supports, and a shut-down cooling systems for the very high
temperature reactor (VHTR) systems. The start-up and shut-down, and
power transmission of the reactors cause low cycle fatigue (LCF) and
creep—fatigue (C-F). The research results of many scholars have been
published in the literature on the characterization of low cycle fatigue and
creep—fatigue properties of Alloy 800H. However, most of their research
works are the deterministic study about the low cycle fatigue properties.
It is well known that a significant scatter of the cyclic stress—strain
responses was observed for a nuclear reactor material, steel pipe weld
metal.

The statistical nature of the data for low cycle fatigue properties of
Alloy 800H has not investigated in the past studies. Therefore, it is

valuable to investigate the statistical variability of the low cycle fatigue



properties of Alloy 800H at high temperature.

The purpose of this study is to investigate the statistical variability of
low cycle fatigue properties of Alloy 800H at a high temperature of 850C.
Specially, the variability associated with the low cycle fatigue properties
in a mid-life hysteresis loops for data and fatigue life are examined. In
this study, the strain—controlled constant amplitude low cycle fatigue tests
at a high temperature of 850C were performed on six identical specimens

of Alloy 800H in accordance with ASTM standards E606 at a strain rate

of 11073, All the low cycle fatigue tests are performed at constant total
strain range value of 0.6% with a cyclic strain ratio R of -1.

In this test conditions, the cyclic stress-response behavior showed
cyclic softening phenomenon. The stress amplitude at the mid-life follows
2-parameter Weibull distribution. The shape parameter was estimated the
value of 36. The plastic strain amplitude also follows 2-parameter Weibull
distribution. And, the shape parameter was estimated the value of 70.
Namely, the statistical variabilities for the stress amplitude and plastic
strain amplitude at the mid-life in Alloy 800H at a high temperature of
850C were known a little. However, the fatigue life have a larger scatter
than those of the stress amplitude and plastic strain amplitude. The
fatigue life also follows well 2-parameter Weibull distribution. And, the
shape parameter was estimated the value of 8.7.

Consequently, although the stress amplitude and plastic strain amplitude
have a variability, the repeatability have excellent. However, the fatigue

life have a significant scatter with the coefficient of variation Of 14%.
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Fig. 2-2 Concept of the local strain-life approach
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Fig. 2-9 Probability density function of 2—-parameter
Weibull distributio

Fig. 2-10 Failure rate function, A(t)
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Table 1 Chemical composition of Alloy 800H (wt. %) used in this work

Element C Ni Fe Si Mn
ASTM | min 0.05 30. 39.5 - -
Spec. | max 0.10 35. - 1.00 1.50
Alloy 800H 0.07 30.18 Bal 0.42 0.98

Element Ti Cr Al P Cu
ASTM | min 0.15 19.00 0.15 - -
Spec. | max 0.60 23.00 0.60 0.035 0.75
Alloy 800H 0.54 20.43 0.49 0.022 0.45

Fig. 3—1 Microstructure of Alloy 800H used in this work
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Table 2 Mechanical properties of Alloy 800H used in this work (RT)

Property Value (SI Units)
Ultimate Tensile Strength (UTS) 568.7 (MPa)
Yield Strength (YS) 246.4 (MPa)
Elastic Modulus (E) 218.0 (GPa)
Percent Elongation (El) 54 (%)

(Strain Rate : 5.5 x 10™/sec)
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Fig. 3-2 Shape and dimension of LCF testing specimen
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Table 3 Specifications of high—-temperature axial extensometer

Parameter 632.53F-14 (SI Units)
Gage Length 12.00mm
Maximum Travel +2.40, -1.20 mm
Maximum Strain +20%, -10%
Typical Nonlinearity 0.1%
Maximum Nonlinearity 0.15%
Typical Hysteresis 0.07%
Contact Force Against Specimen 300 grams per rod
Maximum Operating Frequency 2Hz
Maximum Temperature 1,200C
Bridge Resistance 1,00082
Extensometer Weight 60g
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Table 4 Strain controlled LCF test conditions for Alloy 800H

LCF test parameter

Condition

Wave form

Triangular

Strain rate

1x10%/s (0.1%/s)

Environment

850°C

Test start direction

Tension

% drop in load

20% (stop)

Total Strain Range, TSR 0.6%
(Strain Amplitude) (+0.3%)
Strain ratio, R -1
No. of Specimen 6
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Schematic diagram of strain history for continuous

low cycle fatigue

Fig. 3-6 Example of the LCF specimen after testing
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Fig. 4-2 Strain control according to number of cycles
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Fig. 4-6 Cyclic stress-strain behavior of 0.6% TSR at 850 (cont)
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Fig. 4-7 Cyclic stress—strain hysteresis curves for specimen ID BM-5

Table 5 Strain controlled LCF test conditions and the results for Alloy

800H of constant total strain range of 0.6% at 850C

Strain Elastic  Plastic Stress ~ Fatigue Crack
. Rate Strain Strain Amp. Life Initiation
Specimen .
D Amp. Amp. Life
¢ Ne /2 Ne /2 Ag/2 N, N,
(/s) (%) (%) (%) (cycle)  (cycle)
BM-1 0.089 0.211 117.2 809 752
BM-2 0.095 0.205 116.5 958 833
BM-3 \ 0.093 0.207 108.7 949 892
107
BM-4 0.087 0.213 113.5 773 734
BM-5 0.095 0.205 110.0 1039 984
BM-6 0.090 0.210 113.0 710 653
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Table 6 Descriptive statistics for stress amplitude

N total Mean Sm‘}d@ Sum Min. Median Max.
Deviation
6 113.15 3.39102 678.9 108.7 113.25 117.2
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Fig. 4-9 Residual of stress amplitude at half-life

Table 7 The estimated Weibull parameters for stress amplitude

Weibull Distribution Shape Parameter, Scale Parameter, 7

Value 36.3 114.7

Table 8 Comparison of Weibull statistics and descriptive statistics

Statistic Mean Standard Deviation COV (%)
Weibull 112.81 3.92173 0.03476 (3.5%)
Descriptive 113.15 3.39102 0.02996 (3.0%)
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Fig. 4-10 Weibull plot of stress amplitude at half-life
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Table 10 The estimated Weibull parameters for stress amplitude

Weibull Distribution Shape Parameter, 3 Scale Parameter, 7

Value 30.0 0.0930

Table 11 Comparison of Weibull statistics and descriptive statistics

Statistic Mean Standard Deviation COV (%)
Weibull 0.0913 0.00382 0.04184 (4.2%)
Descriptive 0.0915 0.00333 0.03639 (3.6%)
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Table 12 Descriptive statistics for elastic strain amplitude in half-life

N total Mean Stal,ld{frd Sum Min. Median Max.
Deviation
6 0.2085 0.00333 1.251 0.205 0.2085 0.213
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Fig. 4-15 Residual of plastic strain amplitude at half-life
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Table 13 The estimated Weibull parameters for plastic strain amplitude

Weibull Distribution Shape Parameter, (3 Scale Parameter, 7

Value 70.0 0.210

Table 14 Comparison of Weibull statistics and descriptive statistics

Statistic Mean Standard Deviation COV (%)
Weibull 0.2083 0.00375 0.01798 (1.8%)
Descriptive 0.2085 0.00333 0.01597 (1.6%)
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Fig. 4-16 Weibull plot of plastic strain amplitude at half-life
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Table 15 The low cycle fatigue test results of Alloy 617 at 850C

Total plastic
Specimen  Strain rate strain strain N; Ny
ID (/s) range amp. (cycles) (cycles)
%0 (%)
416-3 0.1980 1620 1993
416-4 0.1504 1680 1939
1.0E-03 0.6
416-5 0.1616 1200 1475
416-8 0.1492 1480 1785
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Table 16 Descriptive statistics for plastic strain amplitude in half-life

N total Mean Standard Sum Min. Median Max.

Deviation

4 0.1648  0.02283  0.6592 0.1492 0.1560  0.1980

ReliaSoft's Weibull++ 6.0 - www.Weibull.com
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Fig. 4-17 Weibull plot of plastic strain amplitude at half-life for Alloy 617
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Table 17 The estimated Weibull parameters for stress amplitude

Weibull Distribution Shape Parameter, Scale Parameter, 7

Value 9.0 0.1726

Table 18 Comparison of Weibull statistics and descriptive statistics

Statistic Mean Standard Deviation COV (%)
Weibull 0.1634 0.02172 0.13293 (13.3%)
Descriptive 0.1648 0.02283 0.13853 (13.8%)
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Fig. 4-19 Variations of the fatigue life (O: this experiment, Il: Rao experiment)

Table 19 Descriptive statistics for low cycle fatigue life

N total Mean Stal} 0 Sum Min. Median Max.
Deviation

6 872.8 127.6 5237 710 878.5 1039

Table 20 Descriptive statistics for the Rao’s experimental results

N total Mean Stal}da.rd Sum Min. Median Max.
Deviation
4 1180 222.0 4720 977 1160 1423
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Table 21 Goodness of-fit for the various probability distributions

Anderson-Darli
Probability Distribution nderson-Darling

Value
2-parameter Weibull distribution 2.217
3-parameter Weibull distribution 2.231
Normal distribution 2.237
Log-normal distribution 2.237
Exponential distribution 3.618
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Table 22 The estimated Weibull parameters for low cycle fatigue life

Weibull Distribution Shape Parameter, Scale Parameter, 7

Value 8.7 924
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Fig. 4-20 2-parameter Weibull plot of low cycle fatigue life
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Table 23 Comparison of Weibull statistics and descriptive statistics

Statistic Mean Standard Deviation COV (%)
Weibull 873.64 119.84 0.13717 (13.7%)
Descriptive 872.83 127.55 0.14613 (14.6%)
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Fig. 4-21 Failure rate function
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_67_



@3 oA Alloy 800HO] W F 2 o BA4 W5 e 3
ohS 7] 918te], o M o] Fig. 4-19¢] K. B. S. Rao 5“¢] Alloy 800H2]
50C €% oA HPE £ 4 x 10°02 F=83 47]9)
A Abol2 F =A@l B3 vz £ HlolE s #-83ke] Weibull 8141 &
a3t eltt. Fig. 4-23& Raod] 92 1% do]EE Weibull &40 &5
EG Aotk 19 o ANe A2 wpet 13 HAoln], 34
ETxo gty gh& Table 249 YeE AT =, Raod] A @l tigh
= fre) g4 sebelE g 712 dehdor, B3 A deluEel pe
126328 YEtyth & Ao 92 sl o gk Weibull 314 o] 3}e}w e ¢}
Rao®] = W s ety ghs vlargk A& Table 250 WERUSL
t}. Table 25914 & 4 <ol Raod & sebvel7r 712 # 239 87
Bl i b kS Ul ol Rao®l HlolEl 7t O W AFs} At
E AL vty Alloy 800HS] AAlelZ I|& FHdE Brs 5742 A

Aol EAFS & Adv £ HE IEHE 7 Raos] HolEZE At

off
e
rlo
!
r o
o0

)
ot

i)

Table 24 The estimated Weibull parameters for Rao’s fatigue data

Weibull Distribution Shape Parameter, (3 Scale Parameter, 7

Value 7.1 1263
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Table 25 Comparison of the parameters for Rao’s data and this work

Weibull Distribution Shape Parameter, (3 Scale Parameter, 7
Rao’s data 7.1 1263
This work 8.7 924

ReliaSoft's Weibull++ 6.0 - www.Weibull.com

Probability - Weibull
99.00

| Weibull
Data 1
e
90.00 W2 MLE - SRM MED

# F=4/S=0

50.00 /

- ]
2 10.00
Keo)
8
[0}
£ /
> |
5.00
Seon Jin Kim
PKNU
100 2021-07-12 12:55
100.00 1000.00 10000.00

Time, (t)

B=7.0703, n=1263.1929

Fig. 4-23 Weibull plot of Rao’s fatigue life data
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