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ABSTRACT 
The ASME Boiler and Pressure Vessel Code provides 

rules for the construction of nuclear power plant components. 
Figure 1-90 of Appendix I to Section III of the Code specifies fa
tigue design curves for structural materials. While effects of 
reactor coolant environments are not explicitly addressed by the 
design curves, test data suggest that the Code fatigue curves may 
not always be adequate in coolant environments. This paper re
ports the results of recent fatigue tests that examine the effects of 
steel type, strain rate, dissolved oxygen level, strain range, load
ing waveform, and surface morphology on the fatigue life of 
A106-Gr B carbon steel and A533-C-r B low-alloy steel in water. 

INTRODUCTION 
The ASME Boiler and Pressure Vessel Code Section III, 

Division 1, Subsection NB, includes rules for the construction of 
Class 1 components in nuclear power plants. It recognizes fa
tigue as a possible mode of failure in pressure vessel steels and 
piping materials. The current Code design curves, specified in 
Figure 1-90 of Appendix I to Section ID, are based primarily on 
strain-controlled fatigue tests of small polished specimens in air 
at room temperature (1). The Code design curves were obtained 
by decreasing the best-fit curves to the experimental data by a 
factor of 2 on stress or a factor of 20 on cycles, whichever was 
more conservative at each point. The factors were intended to ac
count for uncertainties in translating the experimental data of lab
oratory test specimens to actual reactor components. The factor 
of 20 on cycles is the product of three subfactors: 2 for scatter of 
data (minimum to mean), 2.5 for size effects, and 4 for surface 
finish, etc. (2). The effects of the coolant environment are not 
explicitly addressed in the Code design curves. However, recent 
fatigue strain vs. life (S-N) data from the United States (3-10) 
and Japan (11-13) illustrate potentially significant effects of the 

light water reactor (LWR) environment on the fatigue resistance 
of carbon and low-alloy steels. Specimen lives in simulated 
LWR environments can be much shorter than for the correspond
ing tests in air. These results raise the issue of whether the fa
tigue design curves in Section III are appropriate for the purposes 
intended and whether they adequately account for environmental 
effects on fatigue behavior. 

Several key variables that influence environmental effects 
can be identified from the available S-N data. The data indicate 
that water can have a significant effect on fatigue life only when 
all of the following four conditions are satisfied: sulfur content of 
the steel is >0.003 wt.%, temperature of the water is >150°C, 
concentration of dissolved oxygen (DO) in the water is 
>0.05 ppm, and applied strain rate is <l%/s. Although these are 
the minimum conditions that must be met to produce significant 
degradation in fatigue life, the actual dependence of fatigue life 
on these variables involves complex synergistic interactions. 
When any one of the four threshold conditions is not satisfied, 
e.g., at very low DO levels characteristic of pressurized water re
actors (PWRs) and boiling water reactors (BWRs) with hydro
gen-water chemistry or at temperatures <150°C, environmental 
effects on fatigue life are modest. Based on the existing fatigue 
S-N data, Argonne National Laboratory (ANL) has developed 
interim design fatigue curves that explicitly address environmen
tal effects on fatigue life of carbon and low-alloy steels (14). 

This paper presents the results from fatigue tests con
ducted on A106-GrB carbon steel and A533-GrB low-alloy 
steel under conditions where information is lacking in the existing 
S-N data base. The effects of various material and loading vari
ables, e.g., steel type, strain rate, DO, strain range, loading wave
form, and surface morphology, on fatigue life of carbon and low-
alloy steels have been evaluated. A statistical model for estimat-



Table I. Chemical composition (wt. %) offerrilic steels used for fatigue tests 

Material Source C P S Si Fe Cr Ni Mn Mo 
Al06-GrB a ANL 0.29 0.013 0.015 0.25 Bal 0.19 0.09 0.88 0.05 

Supplier 0.29 0.016 0.015 0.24 Bal - - 0.93 — 
A533-GrB b ANL 0.22 0.010 0.012 0.19 Bal 0.18 0.51 1.30 0.48 

Supplier 0.20 0.014 0.016 0.17 Bal 0.19 0.50 1.28 0.47 
a Schedule 140 pipe 508-mm O.D. fabricated by Cameron Iron Works, Heat J-7201. Actual heat treatment not known. 

Hot-pressed plate 162 mm thick from Midland reactor lower head. Austenitized at 871-899°C for 5.5 h and brine quenched, then tempered at 649-663°C for 5.5 h and brine 
quenched. The plate was machined to a final thickness of 127 mm. The I.D. surface was inlaid with 4.8-mm weld cladding and stress relieved at 607°C for 23.8 h. 

Table 2. Average room-temperature tensile properties of the 
ferritic steels 

Yield Ultimate Reduction 
Stress Stress Elongation in Area 
(MPa) (MPa) (%) (%) Material 

A106-GrB 301 572 23.5 44.0 
A533-GrB 431 602 27.8 66.6 

ing the effects of various material and loading conditions on fa
tigue life of ferritic steels is presented in a companion paper 
elsewhere in this proceedings. 

EXPERIMENTAL 
Low-cycle fatigue tests have been conducted on A106-

Gr B carbon steel and A533-Gr B low-alloy steel with MTS 
closed-loop electrohydraulic machines. The A533-Gr B material 
was obtained from the lower head of the Midland reactor vessel, 
which was scrapped before the plant was completed. The A106-
Gr B material was obtained from a 508-mm-diameter schedule 
140 pipe fabricated by the Cameron Iron Works, Houston, TX. 
The chemical compositions of the two materials are given in 
Table 1, and average room-temperature tensile properties pro
vided by the material suppliers are given in Table 2. 
Microstructures of the steels are shown in Fig. 1; carbon steel has 
a pearlitic structure, whereas the low-alloy steel consists of tem
pered bainite. Smooth cylindrical specimens with 9.5-mm di
ameter and 19-mm gage length were used for the fatigue tests. 
Specimen gage length was given a 1-u.m surface finish in the ax
ial direction to prevent circumferential scratches that might act as 
sites for crack initiation. 

Tests in water were conducted in a small autoclave with 
an annular volume of 12 mL. A schematic representation of the 
system is shown in Fig. 2. The once-through system consists of a 
132-L supply tank, Pulsafeeder™ pump, heat exchanger, pre-
heater, and the autoclave. Water is circulated at a rate of 
«i0 mL/min and a system pressure of 9 MPa. The autoclave is 
constructed of Type 316 SS and contains a titanium liner. The 
supply tank and most of the low-temperature piping are Type 304 
SS; titanium tubing is used in the heat exchanger and for connec
tions to the autoclave and the electrochemical potential (ECP) 
cell. The ECPs of platinum and an electrode constructed of the 
same material as the fatigue specimen were monitored during the 
test against an 0.1 M KCl/AgCl/Ag external reference electrode. 

100u.m 
I 1 

(a) 

100iim 
I 1 

(b) 
Figure 1. Microstructures of (a) A106-Gr B carbon steel and 

(b) A533-Gr B low-alloy steel 

An Orbisphere meter and CHEMetrics™ ampules were used to 
measure the DO concentrations in the supply and effluent water. 

The DO level in water is established by bubbling nitrogen 
containing 1—2% oxygen through deionized water in the supply 
tank. The deionized water is prepared by passing purified water 
through a set of filters that comprise a carbon filter, a Organex-Q 
filter, two ion exchangers, and an 0.2 u.m capsule filter. Water 
samples were taken periodically to measure pH, resistivity, and 
DO concentration. After the desired concentration of DO was 
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1. Cover gas supply tank 
2. Water supply tank 
3. Pulsafeeder high-pressure pump 
4. Check valve 
5. Heat exchanger 
6. Preheat exchanger 
7. Pipe autoclave 
8. Fatigue test specimen 
9. MTS hydraulic collet grips 

10. MTS load cell 
11. Displacement LVDT 
12. MTS hydraulic actuator 
13. ECPcell 
14. Platinum electrode 
15. Specimen electrode 
16. Reference electrode 
17. Mity Mite back-pressure regulator 
18. Orbisphere dissolved oxygen meter 
19. MTS electrohydraulic controls 

Figure 2. Schematic diagram of autoclave system for fatigue tests in water environment 

controlled between two locations outside the autoclave. Tests in 
air were performed under strain control with an axial extensome-
ter; specimen strain between the two locations used in the water 
tests was also recorded. Information from the air tests was used 
to determine the stroke required to maintain constant strain in 
the specimen gage length for tests in water; stroke the stroke is 
gradually increased during the test to account for cyclic hardening 
of the material and to maintain constant strain in the specimen 
gage section. The accuracy of the procedure was checked by 
conducting stroke-controlled tests in air and monitoring strain in 
the gage section of the specimen; the differences between esti
mated and measured strain range were ±2%. 

The loading strain that is actually applied to the specimen 
gage section (solid line) during a stroke-controlled tests with a 
sawtooth waveform (dashed line) is shown in Fig. 3. However, 
during the cycle the fraction of applied displacement that goes to 
the specimen gage section is not constant but varies with the load
ing strain. Consequently, the loading rate also varies during the 
fatigue cycle; it is lower than the applied strain rate at strain lev
els below the elastic limit and higher at larger strains. 

AIR ENVIRONMENT 
The fatigue results on A106-Gr B and A533-Gr B steels 

are summarized in Tables 3 and 4, respectively. Fatigue S-N 
curves for carbon and low-alloy steels in air are shown in Fig. 4. 
Fatigue life is defined as the number of cycles N25 for tensile 
stress to drop 25% from its peak value; this corresponds to a =3-
mm deep crack in the test specimen. Results from other investi-

Figure 3. Waveforms for the applied displacement (dashed 
line) and strain in the specimen gage section 
(solid line) during a stroke-controlled test 

achieved, the nitrogen/oxygen gas mixture was maintained on the 
supply tank at a 20-kPa overpressure. Simulated PWR water was 
formulated by dissolving boric acid and lithium hydroxide in 20 L 
of deionized water before adding the solution to the supply tank. 
The DO in deionized water was reduced to <10 ppb by bubbling 
nitrogen through the water. A vacuum was drawn on the tank 
cover gas to speed deoxygenation. After the DO was reduced to 
the desired level, a 20-kPa overpressure of hydrogen was main
tained to provide ~2 ppm dissolved hydrogen in the feedwater. 

All tests were conducted at 288°C with fully reversed ax
ial loading (i.e., strain ratio R = -1) and a triangular or sawtooth 
waveform. The strain rate for the triangular wave and fast-load
ing half of the sawtooth wave was 0.4%/s. Tests in water were 
performed under stroke control where the specimen strain was 



Table 3. Fatigue test results for A 106-Gr B carbon steel 

Dissolved Tensile Comp. Stress Strain Life 
Test Environ Oxygen PH Conductivity Rate Rate Range Range N25 

Number ment3 (ppb) atRT (mS/cm) (%/s) (%/s) (MPa) (%) (Cycles) 
1498 Air — - - 0.4 0.4 1001.4 1.004 1,048 
1546 Air — - - 0.4 0.4 975.7 0.916 1,365 
1553 Air - — - 0.4 0.4 921.1 0.757 3,253 
1554 Air - — - 0.4 0.4 896.8 0.730 3,753 
1674b Air - - - 0.4 0.4 1003.6 0.764 6,275 
1686b Air - - - 0.4 0.4 1017.2 0.804 2,592 
1731 Air — — - 0.4 0.004 1005.5 0.758 3,485 
1615 Air — - - 0.04 0.4 959.8 0.755 3,873 
1609 Air — — - 0.004 0.4 1026.0 0.756 3,721 
1612 Air — — - 0.004 0.4 1008.2 0.779 3,424 
1673 Air _ — — 0.004 0.4 1003.6 0.759 6,275 
1548 Air — - — 0.4 0.4 831.9 0.545 10,632 
1543 Air - - - 0.4 0.4 818.2 0.502 14,525 
1619 Air — — - 0.4 0.4 741.7 0.401 37,142 
1636c Air - - - 0.4 0.4 749.6 0.402 34,829 
1621 Air — — — 0.01 0.4 787.1 0.403 38,128 
1638d Air - - - 0.4 0.4 800.0 0.436 26,728 
1550 Air _ — - 0.4 0.4 681.7 0.353 66,768 
1552 Air _ _ — 0.4 0.4 680.6 0.352 93,322 
1555 Air — — — 0.4 0.4 676.3 0.343 98,456 
1644 Air — — - 0.004 0.4 702.0 0.364 >94,657 
1738e DI 1 6.5 0.09 0.004 0.4 976.2 0.777 1,350 
1744e DI <1 6.5 0.08 0.4 0.4 760.5 0.414 19,860 
1547 PWR 8 6.7 23.26 0.4 0.4 1010.9 0.987 692 
1564 PWR 12 6.6 21.74 0.4 0.4 942.0 0.769 1,525 
1676 PWR 2 6.5 20.83 0.4 0.4 926.7 0.741 2,230 
1679 PWR 3 6.5 20.41 0.004 0.4 1005.8 0.763 2,141 
1681 PWR 1 6.5 20.00 0.0004 0.4 1015.7 0.764 2,672 
1549 PWR 8 6.7 25.64 0.4 0.4 827.0 0.533 9,396 
1560 PWR 12 6.6 23.73 0.4 0.4 701.3 0.363 35,190 
1556 PWR 8 6.6 22.73 0.4 0.4 710.9 0.360 38,632 
1632 Hi DO 800 5.8 0.11 0.4 0.4 913.3 0.740 2,077 
1705 Hi DO 650 5.9 0.15 0.4 0.4 947.9 0.767 1,756 
1680b Hi DO 700 6.0 0.08 0.4 0.4 999.6 0.818 1,007 
1690b Hi DO 700 6.0 0.08 0.4 0.4 1002.2 0.824 1,092 
1687f Hi DO 700 6.0 0.10 0.4 0.4 1020.0 0.809 840 
1693 Hi DO 650 6.0 0.10 0.04 0.4 920.0 0.737 1,125 
1614 Hi DO 400 5.9 0.11 0.004 0.4 930.4 0.786 303 
1682 Hi DO 700 6.0 0.09 0.004 0.4 921.1 0.746 469 
1623 Hi DO 800 5.9 0.08 0.004 0.004 943.8 0.792 338 
1616 Hi DO 800 5.8 0.08 0.0004 0.4 912.8 0.799 153 
1620 Hi D O 900 5.9 0.11 0.00004 0.004 943.1 0.794 161 
1706 Hi D O 600 5.9 0.07 0.4 0.4 825.2 0.528 7,858 
1634 Hi D O 800 5.8 0.16 0.4 0.4 733.2 0.400 19,318 
1637d Hi D O 900 5.9 0.11 0.4 0.4 788.3 0.470 16,622 
1624 Hi D O 800 5.9 0.10 0.004 0.4 775.7 0.456 2,276 
1639 Hi D O 800 5.9 0.09 0.004 0.4 751.6 0.418 2,951 
1643 Hi D O 800 6.0 0.11 0.004 0.4 698.5 0.363 >65,000 

a DI = Deionized water and PWR = simulated PWR water containing 2 ppra lithium and 1000 ppm boron. 
° Tested with 5-min hold period at peak tensile strain. 
c Specimen preoxidized at 288°C in water with 600 ppb DO for lOOh. 
d Prior to the test, specimen was fatigued for 570 cycles in 800 ppb DO water, 0.46% strain range, with sawtooth waveform. 
e Prior to being tested in low-DO water, specimen preoxidized at 288°C in water with 600 ppb DO for 30 h. 
' Tested with 30-min hold period at peak tensile strain. 



Table 4. Fatigue test results for A533-GrB low-alloy steel 

Dissolved Tensile Comp. Stress Strain Life 
Test Environ Oxygen pH Conductivity Rate Rate Range Range N25 

Number ment 3 (ppb) at RT (mS/cm) (%/s) (%/s) (MPa) (%) (Cycles) 

1508 Air - — — 0.4 0.4 910.9 1.002 3,305 
1524 Air - — — 0.4 0.4 892.3 0.950 3,714 
1523 Air — — — 0.4 0.4 898.6 0.917 2,206 
1521 Air - - - 0.4 0.4 889.4 0.910 3,219 
1522 Air — - - 0.4 0.4 905.4 0.899 3,398 
1515 Air - - - 0.4 0.4 866.1 0.752 6,792 
1717 Air - - - 0.4 0.004 884.6 0.758 6,217 
1625 Air — - - 0.004 0.4 887.7 0.757 4,592 
1629b Air - - 0.4 0.4 782.9 0.503 31,243 
1590 Air - — — 0.4 0.004 821.1 0.503 24,471 
1576 Air - - - 0.004 0.4 805.8 0.503 28,129 
1505 Air - - - 0.4 0.4 767.6 0.501 31,200 
1525 Air — - —' 0.4 0.4 743.6 0.452 65,758 
1640 Air — — - 0.4 0.4 710.9 0.402 65,880 
1538 Air - - - 0.4 0.4 708.0 0.387 >1,000,000 
1517 Air — — - 0.4 0.4 692.5 0.353 2,053,295 
1659 Air — - - 0.004 0.4 656.2 0.343 >114,294 
1526 DI - - - 0.4 0.4 876.4 0.873 3,332 
1527 DI 6.0 — 0.4 0.4 752.8 0.493 10,292 
1528 DI 5 5.8 - 0.4 0.4 744.1 0.488 25,815 
1743c DI <1 6.5 0.08 0.4 0.4 712.6 0.386 84,700 
1530 PWR 3 6.9 41.67 0.4 0.4 885.5 0.894 1,355 
1545 PWR 8 6.9 22.73 0.4 0.4 889.7 0.886 3,273 
1533 PWR 4 6.9 45.45 0.004 0.4 916.0 0.774 3,416 
1529 PWR 3 6.9 45.45 0.4 0.4 743.4 0.484 31,676 
1605 PWR 9 6.5 23.81 0.4 0.004 785.2 0.460 >57,443 
1588 PWR 6 6.5 23.26 0.004 0.4 828.7 0.514 15,321 
1539 PWR 6 6.8 38.46 0.4 0.4 690.9 0.373 136,570 
1542 PWR 6 6.6 27.03 0.4 0.4 631.8 0.354 >1,154,892 
1645 Hi DO 800 6.1 0.07 0.4 . 0.4 831.1 0.721 2,736 
1626 Hi DO 900 5.9 0.13 0.004 0.4 910.1 0.788 247 
1715 Hi DO 600 5.9 0.08 0.004 0.4 904.1 0.813 381 
1711 Hi DO 630 5.8 0.31 0.4 0.4 772.1 0.542 5,850 
1707 Hi DO 650 5.9 0.08 0.4 0.004 803.0 0.488 3,942 
1709 Hi DO 650 5.9 0.11 0.4 0.004 805.1 0.501 3,510 
1627 Hi DO 800 5.9 0.10 0.004 0.4 826.8 0.534 769 
1641 Hi DO 800 5.9 0.09 0.4 0.4 693.0 0.385 17,367 
1665 Hi DO 800 6.1 0.08 0.004 0.4 717.0 0.376 3,455 
1666 Hi DO 750 6.1 0.09 0.0004 0.4 729.6 0.376 >7,380 
1647 Hi DO 800 6.1 0.09 0.4 0.4 688.0 0.380 26,165 
1660 Hi DO 750 6.1 0.11 0.004 0.4 689.6 0.360 >83,024 
1649 Hi DO 700 6.3 0.08 0.4 0.4 673.4 0.352 28,710 
1652 Hi DO 700 6.1 0.09 0.4 0.4 638.1 0.328 56,923 
1655 Hi DO 750 6.1 0.10 0.4 0.4 567.6 0.289 >1,673,954 
£ DI = Deionized water and PWR = simulated PWR water containing 2 ppm lithium and 1000 ppm boron. 
b Specimen preoxidized in water with 600 ppb DO for 100 h at 288°C. 
c Prior to being tested in low-DO water, specimen was ] preoxidized in water with 600 ppb DO for 30 h at 288 °C. 

gations (7,11) on similar steels with comparable composition, in 
particular sulfur content, and the ASME Section III mean-data 
curve (at room temperature) are also included in the figures. 

The results indicate that for both steels, strain rate has no 
effect on fatigue life in air. The data for A106-Gr B steel are in 
good agreement with results obtained by Terrell (6,7) on A106-

Gr B steel, but are lower by a factor of =5 than those obtained by 
Higuchi and Iida (11) on A333-Gr 6 steel. Also, the data for 
A106-Gr B steel are below the ASME mean curve for carbon 
steel at high strain ranges (by a factor of 3), but are above the 
ASME mean curve at low strain ranges. The combined data from 
the present study and those obtained by Terrell (6) for A106-
Gr B steel may be expressed by the relationship 
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Figure 4. Total strain range vs. fatigue life data for A106-Gr B 
carbon steel and A533-Gr B low-alloy steel in air 

Ae t = 0.230+ 33.66N 2 5 --0.51 (1) 

The results for A533-Gr B steel show good agreement 
with the ASME mean-data curve for low-alloy steel at room 
temperature and JNUFAD* data on A533-Gr B steel. The ANL 
data for A533-Gr B steel may be expressed by the relationship 

Ae t = 0 . 3 1 5 + 3 0 . 9 9 N 2 5 
-0.49 (2) 

These equations provide reference fatigue S-N behavior in air for 
the ANL heats of A106-Gr B and A533-Gr B steels. 

ALLOY COMPOSITION 
The cyclic-hardening behaviors of carbon and low-alloy 

steels are significantly different. Plots of cyclic stress range vs. 
fatigue cycles for A106-Gr B and A533-Gr B steels tested in air 

Private communication from M. Higuchi, Ishikawajima-Harima Heavy 
Industries Co., Japan, to M. Prager of the Pressure Vessel Research 
Council, 1992. 

at 288°C and total strain ranges of =0.75% and =0.35% are shown 
in Figs. 5 and 6, respectively. Cyclic strain-hardening of the 
steels is consistent with their microstnicture. The A106-Gr B 
steel, with a pearlitic structure and low yield stress, exhibits rapid 
hardening during the initial 100 cycles of fatigue life. The extent 
of hardening increases with applied strain range. In contrast, the 
A533-Gr B low-alloy steel consists of a tempered bainitic struc
ture, has a relatively high yield stress, and shows little or no initial 
hardening. At low strain ranges, the A533-Gr B steel shows 
cyclic softening during the initial 100 cycles of fatigue life 
(Fig. 6). Furthermore, the A106-<jr B carbon steel exhibits dy
namic strain aging. Consequently, cyclic stress of carbon steel 
increases significantly with decreasing strain rate. Because of its 
tempered bainitic structure, the low-alloy steel exhibits little or 
no dynamic strain aging. 

The cyclic stress vs. strain curves for A106-Gr B and 
A533-Gr B steels at 288°C are shown in Fig. 7; cyclic stress cor
responds to the value at half life. For water environments, only 
the tests that exhibit a marginal (=factor of 2) decrease in fatigue 
life, e.g., tests in simulated PWR environments or in high-DO 
water at high strain rates, are shown in Fig. 7. Because of de-
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Figure 5. Effect of strain rate on cyclic strain-hardening 
behavior of A106-Gr B and A533-Gr B steels in air at 
288°C and =0.75% strain range 
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Figure 7. Cyclic stress-strain curve for A106-Gr B andA533-
Gr B steels at 288°C in air and water environments 

creased fatigue life of the tests in high-DO water and slow strain 
rates, the specimens fail before the onset of dynamic strain aging 
and, for these tests, cyclic stresses at half life are significantly 
lower than that for the other tests (fatigue data in water are 
presented in next sections). The results for A106-Gr B steel 
show excellent agreement with the data obtained by Terrell (6,7). 
The total strain range Aet ( % ) can be expressed in terms of the 
cyclic stress range (MPa) with the equation 

Aa f^o-f'74 

A e + = r r = r + | — I (3a) 
1965 [,C J 

where the constant C depends on applied strain rate £ (%/s) and 
is expressed as 

C = 1080-50.9Log(e). (3b) 

The best-fit stress vs. strain curve for A533-Gr B steel can be 
represented with the equation 

>.9.09 
(4a) Ao-Ae+ = 1 1965 {£. 

where the constant D is expressed as 

D = 962-30.3Log(e). (4b) 
Crack propagation behavior is also different for the carbon 

and low-alloy steels. Micrographs of fatigue cracks along longi
tudinal sections of the A106-GrB and A533-GrB steel speci
mens are shown in Fig. 8. In the carbon steel, fatigue cracks 
propagate preferentially along the soft ferrite grains. The low-
alloy steel exhibits a typical straight fatigue crack propagating 
normal to the stress axis. 

Figure 8. Micrograplis of fatigue cracks along longitudinal 
section of AI06-GrBandA533-GrBspecimen 



Carbon or low-alloy steel specimens develop similar sur
face oxide films either in air or in oxygenated water environ
ments. In general, the specimens tested in air show slight discol
oration, while the specimens tested in oxygenated water develop a 
gray/black corrosion scale and are covered with surface deposits. 
X-ray diffraction analysis of the surfaces indicated that for both 
steels, the corrosion scale is primarily magnetite (Fe3C>4) in sim
ulated PWR water but may also contain some hematite (F^C^) 
after exposure to high-DO water. 

SIMULATED PWR ENVIRONMENT 
Figure 9 shows the fatigue S-N plots for A106-Gr B and 

A533-Gr B steels in simulated PWR water containing <10 ppb 
DO, 1000 ppm boron, and 2 ppm lithium. The results indicate a 
marginal effect of PWR water on fatigue life at high strain ranges. 
At strain ranges >0.5%, fatigue lives of both steels in PWR water 
are lower than those in air by a factor of less than 2. Furthermore, 
a decrease in the strain rate by three orders of magnitude does not 
cause an additional decrease in fatigue life. The results for 
A106-Gr B steel are consistent with the data obtained by Terrell 
(7) in simulated PWR water where little or no effect of strain rate 
or environment on fatigue life was observed. The results are also 
consistent with the data of Iida et al. (12) and Prater and 
Coffin (15,16), in which the effects of environment were minimal 
at DO levels of <100 ppb. 

WATER WITH HIGH DISSOLVED OXYGEN 

Strain Rate 
The total strain range vs. fatigue life plots for A106-Gr B 

and A533-Gr B steels in water containing 0.5-0.8 ppm DO are 
shown in Fig. 10. The results indicate significant reductions in 
fatigue life and a strong dependence on strain rate. Although the 
microstructures and cyclic-hardening behaviors of the A106-
Gr B carbon steel and A533-Gr B low-alloy steel are signifi
cantly different, there is little or no difference in environmental 
degradation of fatigue life of these steels. For both steels, fatigue 
life decreases rapidly with decreasing strain rate. Compared with 
tests in air, fatigue life of A106-Gr B steel in high-DO water is 
lower by factors of 2, 4, 10, and 18 at strain rates of 0.4, 0.04, 
0.004, and 0.0004%/s, respectively. A further decrease in strain 
rate to 0.00004%/s does not cause additional decrease in fatigue 
life. The relative reduction in fatigue life is about the same 
whether the total strain range is 0.75 or 0.4%. 

The low-alloy A533-Gr B steel shows an identical behav
ior. For similar test conditions, the absolute values of fatigue life 
for A533-GrB low-alloy steel are comparable to those for 
A106-Gr B carbon steel. However, because life in air for A533-
GrB steel is greater than that for A106-GrB steel, the relative 
reduction in life for the low-alloy steel is larger than that for car
bon steel. This is particularly true at low strain range (0.4%), 
where even at the high strain rate, fatigue life is a factor of =10 
lower than in air. These results are different than the Japanese 
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Figure 9. Srain range vs. fatigue life data for A106-Gr B and 
A533-Gr B steels in simulated PWR water at 288°C 

data compiled in the JNUFAD data base for "Fatigue Strength of 
Nuclear Plant Component," which indicate that environmental ef
fects on fatigue life are greater for carbon than for low-alloy 
steel. However, most low-alloy steels that have been investi
gated in JNUFAD are low-sulfur heats, e.g., <0.007 wt.%. It is 
likely that differences between these two steels are caused by the 
sulfur content of the steels and that compositional or structural 
differences have only minor effects. The effects of various load
ing variables on fatigue life of ferritic steels in high-DO water are 
discussed below. 

The relative fatigue lives of several heats of carbon and 
low-alloy steels are plotted as a function of strain rate in Fig. 11. 
Relative fatigue life is the ratio of life in water to life of that spe
cific heat in air. The results indicate that in addition to the de
pendence on strain rate, environmental effects on fatigue life of 
carbon and low-alloy steels also depend on DO level in water and 
sulfur content in the steel. Fatigue life of these steels in high-DO 
water decreases with decreasing strain rates and increasing levels 
of DO and sulfur. The effect of strain rate on fatigue life appears 
to saturate at =0.001%/s strain rate. 
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Figure 10. Total strain range vs. fatigue life data for A106-Gr B 
and A533-Gr B steels in high-DO water at 288"C 

The very-high-sulfur A516-Gr70 carbon steel (0.033 
wt.% sulfur) from the GE tests at the Dresden 1 reactor (3) shows 
the most severe environmental degradation. For this steel at a 
given strain rate, the reduction in fatigue life at 0.2 ppm DO is 
greater by a factor of ~2 than that for the A106-GrB steel at 
0.8 ppm DO and for the A333-Gr 6 steel at 0.2 ppm DO. It is 
unclear whether this difference is due to the extremely high sulfur 
level in this heat or to the loading waveform used in the Dresden 
tests. These tests were conducted with a trapezoidal waveform 
instead of the sawtooth and triangular waveforms used in the 
ANL and Japanese studies. The trapezoidal waveform consists of 
hold periods at peak tensile and compressive strains. As dis
cussed later, a hold period at peak tensile stress also decreases fa
tigue life. In Fig. 11, the data points for this steel will move to 
the left when the contributions of the hold periods are considered. 

The results presented in Fig. 10 also indicate that a slow 
strain rate applied during the tensile-loading cycle (slow/fast test) 
is more effective in environmentally assisted reduction in fatigue 
life than when applied during the compressive-loading cycle 

(fast/slow test), and that slow strain rate applied during the com
pressive- and tensile-loading cycles (slow/slow test) does not 
cause further decrease in fatigue life. Two fatigue tests on A106-
Gr B steel at a strain range of =0.75%, one with a slow/fast wave
form (i.e., 0.004 and 0.4%/s strain rates, respectively, during the 
tensile and compressive half of the loading cycle) and the other 
with a slow/slow waveform (i.e., 0.004%/s constant strain rate), 
show identical fatigue lives. However, two fatigue tests on 
A533-Gr B steel at =0.5% strain range and fast/slow waveform 
(shown as inverted triangles in Fig. 10) do show a somewhat 
larger decrease in fatigue life than for a fast/fast test, namely, a 
factor of 8 decrease in life for the fast/slow test compared, to a 
factor of 5 decrease for the fast/fast test. 

Strain Range 
The fatigue data in high-DO water indicate that a mini

mum strain is required for environmentally assisted decrease in 
fatigue life. This threshold value of strain range for the ANL 
heats of carbon and low-alloy steels appears to be at =0.36%; fa
tigue tests on A106-Gr B and A533-Gr B steels at =0.36% strain 
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Figure 11. Relative fatigue life of several heats of carbon and 
low-alloy steels at different levels of dissolved 
oxygen and strain rate 
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at peak tensile strain. Hysteresis loops are for the tests in air. 

range, 0.6-0.8 ppm DO, and 0.004%/s tensile strain rate did not 
produce failure even after 65,000 and 83,000 cycles, respectively 
(Fig. 10). Furthermore, the fatigue S-N curves for A106-Gr B 
steel in air and water environments cross over at low strain 
ranges, i.e., fatigue life in water is longer than that in air. This 
apparently different fatigue S-N behavior is probably not due to 
the water environment. It is most likely caused by dynamic strain 
aging of carbon steels and is observed in Fig. 10 because of the 
difference in strain rate for the tests in air and water environ
ments. The S-N curve in air is based on tests at 0.4%/s strain 
rate, while the curve in water represents fatigue tests at a slower 
strain rate of 0.004%/s. For a specific strain range, fatigue tests 
in water at slower strain rate show greater dynamic strain aging, 
higher cyclic stress, lower plastic strain range, and longer life. 

Fatigue life in a 30-min-hold test was 840 cycles. These tests 
were conducted in stroke-control mode and are somewhat 
different than the conventional hold-time test in strain-control 
mode. In the strain-control test, the total strain in the sample is 
held constant during the hold period. However, a portion of the 
elastic strain is converted to plastic strain because of stress 
relaxation. In a stroke-control test, there is an additional plastic 
strain in the sample due to relaxation of elastic strain from the 
load train (Fig. 12). Consequently, these are not true constant-
strain-hold periods but include significant strain during the hold 
period; the measured plastic strains during the hold period were 
=0.028% from relaxation of the gage and 0.05-0.06% from 
relaxation of the load train. These conditions result in strain rates 
of 0.005-0.02%/s during the hold period. 

Tensile Hold Period 
Tests were also conducted with a 5- or 30-min hold at 

peak tensile strain. Loading waveforms, hysteresis loops, and 
fatigue lives for the tests (Fig. 12) indicate that a tensile-hold 
period decreases fatigue life in high-DO water but not in air. A 
5-min hold period is sufficient to reduce fatigue life; a longer 
hold period results in only slightly decreased life. Two 5-min-
hold tests at 288°C and =0.8% strain range in oxygenated water 
with 0.7 ppm DO gave fatigue lives of 1,007 and 1,092 cycles. 

Surface Morphology 
The fatigue crack growth behavior of ferritic steels in 

high-temperature oxygenated water and the effects of sulfur 
content and loading rate are well known (17-24). Dissolution of 
MnS inclusions changes the water chemistry near the crack tip, 
making it more aggressive. This results in enhanced crack 
growth rates because either (a) the dissolved sulfides decrease the 
repassivation rate, which increases the amount of metal dissolu
tion for a given oxide rupture rate; or (b) the dissolved sulfide 
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micropits facilitate crack nucleation. Similar behavior was ob
served for preoxidized A533-Gr B specimens. 

It is possible that both the high DO and slow strain rate 
are needed to influence crack nucleation. This possibility was 
checked by first testing a specimen in high-DO water at 0.4% 
strain range and 0.004%/s strain rate for 570 cycles (=25% of the 
life at these loading conditions) and then testing in either air or 
high-DO water at 0.4%/s strain rate. Fatigue life of these tests 
should be reduced if crack nucleation contributes in any way to 
environmental effects. Once again, no reduction in life is ob
served. These results suggest that the reduction in fatigue life in 
high-DO water is primarily due to environmental effects on fa
tigue crack propagation. Environment appears to have little or no 
effect on crack nucleation. 

Cycles to Failure, N 2 5 

Figure 13. Environmental effects on nucleation of fatigue crack 
Preoxidized specimens were exposed at 288°C for 
30-100 h in water with 0.6-0.8ppm DO. 

poisons the recombination of H atoms liberated by corrosion, 
which enhances H uptake by the steel at the crack tip. 

The water environment may also enhance crack nucle
ation. For example, corrosion pits or cavities produced by disso
lution of MnS inclusions can act as sites for nucleation of fatigue 
cracks (25,26). A detailed metallographic examination, including 
measuring the cracking frequency, of the test specimens was con
ducted to investigate the role of surface micropitting on fatigue 
crack nucleation. The results have been presented elsewhere 
(27). All specimens tested in water showed surface micropitting. 
These pits form either by corrosion of the material in oxygenated 
water or by selective dissolution of MnS or other inclusions. 
However, metallographic examination of the specimens indicates 
that an oxygenated-water environment has no effect on the nu
cleation of cracks. There is no indication that fatigue cracks nu
cleated at any of the surface micropits. Irrespective of environ
ment, cracks in carbon and low-alloy steels nucleate either along 
slip bands, carbide particles, or at the ferrite/pearlite phase 
boundaries. The results also show that environment has no effect 
on the frequency of cracks. For similar loading conditions, the 
number of cracks in the specimens tested in air and high-DO 
water are identical, although fatigue life in water is lower by a 
factor of=10. 

The contributions of environment to crack nucleation 
were further evaluated by conducting additional exploratory tests. 
Figure 13 shows the fatigue life of A106-Gr B steel in air (dashed 
line) and in high-DO water at 0.4 and 0.004%/s strain rates 
(circle and diamond symbols, respectively). Fatigue tests were 
conducted on specimens that were preexposed at 288°C for 30-
100 h in water with 0.6-0.8 ppm DO and then tested either in air 
or low-DO water (<10 ppb DO). At 0.4% strain range, nearly 
half the fatigue life may be spent in crack nucleation. Fatigue 
lives of the preoxidized specimens are identical to those of unoxi-
dized specimens; life would be expected to decrease if surface 

Loading Waveform 
Several exploratory tests were conducted on A106-Gr B 

and A533-Gr B steels in which a slow strain rate is applied dur
ing only a portion of the tensile-loading cycle to check whether 
each portion of the tensile cycle is equally effective in decreasing 
fatigue life in high-DO water. The results are presented in 
Table 5. The loading waveforms and corresponding fatigue lives 
for the tests on A106-Gr B steel at =0.75% strain range are sum
marized in Fig. 14. The change in fatigue life of A106-Gr B steel 
with fraction of loading strain at slow strain rate is shown in 
Fig. 15. Results are shown for slow portions applied near to peak 
tensile strain (open symbols) or near to peak compressive strain 
(closed symbols). In stroke-controlled tests, the fraction of load
ing strain that is actually applied to the specimen gage section is 
not constant but varies during the cycle. Consequently, for wave
forms D and H, although 0.5 of the applied displacement is at a 
slow rate, the fractions of strain at slow rate in the specimen gage 
section are 0.334 and 0.666, respectively. The fraction of loading 
strain that is actually at slow rate for the various waveforms is 
shown in Fig. 14. 

At 288°C and a strain range of =0.75%, the average fa
tigue life of A106-Gr B steel in air is =4000 cycles. Relative to 
air, me fatigue lives in simulated PWR water at all strain rates or 
in high-DO water at high strain rates (i.e., fast/fast tests) are 
lower by =50%. If each portion of the tensile-loading cycle was 
equally effective in reducing fatigue life, the life should decrease 
linearly from A to C along the chain-dot line in Fig. 15 and a 
slow strain rate near peak compressive strain (waveforms D, E, or 
F) should be as equally damaging as a slow strain rate near peak 
tensile strain (waveforms H, I, or J). The results show that a slow 
strain rate near peak compressive strain causes no reduction in 
fatigue life. 

As was discussed above in the section on "Strain Range," 
a minimum amount of strain is required for environmentally as
sisted decrease in fatigue life. This threshold strain may vary 
with material and loading conditions such as steel type, tempera
ture, DO, strain ratio, mean stress, etc. For the present study the 
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Figure 14. Fatigue life of A106-Gr B carbon steel at 288°C and 0.75% strain range in air and water environments under different 
loading waveforms 

threshold strain range for A106-GrB carbon steel is =0.36%. 
Consequently, a slow strain rate applied during the portion of 
loading cycle that is below the threshold strain should have no ef
fect on fatigue life. This behavior is consistent with the slip-dis
solution model for crack propagation (28); the applied strain must 
exceed a threshold value to rupture the passive surface film in or
der for environmental effects to occur. (Note that this need not 
imply that the observed threshold strain is the actual film rupture 
strain. The film rupture occurs at the crack tip and is controlled 
by the crack tip strain. The threshold strain measured in smooth-
specimen tests is a surrogate that in essence controls the crack tip 

strain, but no numerical equality between the two need be im
plied). If each portion of the loading cycle above the threshold 
strain is equally damaging, the decrease in fatigue life should 
follow line ABC when slow rate is applied near peak tensile 
strain and line ADC when it is applied near peak compressive 
strain. The results are in agreement with this behavior, i.e., a 
slow strain rate applied during each portion of the loading cycle 
above the threshold strain is equally effective in decreasing fa
tigue life. Additional tests with 3/4-cycle or 7/8-cycle slow 
strain rates and on other heats of ferritic steels are in progress to 
validate these results. 



Table 5. Results of exploratory fatigue test in which a slow strain rate is applied only during a portion of the tensile-loading cycle 

Dissolved Conducti Fraction of Stress Strain Life 
Test Number Environ- Oxygen (ppb) pH vity (mS/cm) Wave strain at slow Range Range (%) N25 

ment atRT form3 rate (MPa) (Cycles) 
A106-Gr B carbon steel 
1667 Air - - — H 0.50 999.2 0.758 5,261 
1668 Air - - - I 0.25 998.5 0.758 5,139 
1695 Air - - - G 0.25 993.4 0.756 5,240 
1722 Air - - - E 0.25 955.8 0.758 4,087 
1734 Air - - - J 0.125 970.0 0.757 4,122 
1737 Air - - - F 0.125 963.7 0.757 4,105 
1677 Hi DO 800 6.0 0.11 H 0.666 926.5 0.762 545 
1678 Hi DO 700 5.9 0.14 I 0.347 944.4 0.780 615 
1703 Hi DO 650 5.9 0.13 I 0.347 942.4 0.760 553 
1698 Hi DO 600 6.1 0.08 G 0.319 909.1 0.756 1,306 
1692 Hi DO 700 6.0 0.10 lb 0.347 936.4 0.764 261 
1684 Hi DO 700 6.0 0.09 D 0.334 964.0 0.762 1,935 
1728 Hi DO 700 5.9 0.07 E 0.167 969.3 0.740 1,649 
1732 Hi DO 600 5.9 0.08 E 0.167 954.5 0.734 2,080 
1741 Hi DO 600 6.0 0.09 J 0.170 896.8 0.785 888 
1742 Hi DO 520 6.0 0.09 F 0.084 948.0 0.783 2,093 
A533-Gr B low-alloy steel 
1708 Air - — - H 0.50 898.2 0.754 5,355 
1710 Air — — - I 0.25 885.6 0.753 3,630 
1713 Hi DO 670 5.9 0.07 H 0.666 890.8 0.761 426 
1714 Hi DO 570 5.9 0.08 I 0.347 886.1 0.748 578 

a The various waveforms are shown in Fig. 14. 
* A slow strain rate of 0.0004%/s was used for this test 
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Figure 15. Fatigue life of A106-Gr B steel tested in air and 

water with loading waveforms where slow strain rate 
is applied during a fraction of the tensile cycle. 

CONCLUSIONS 
Fatigue behavior of A106-GrB carbon steel and A533-

Gr B low-alloy steel has been investigated in air and water envi
ronments. The results confirm the significant reduction in fatigue 
life in high-DO water and strong dependence on strain rate. The 
results show that although the structure and cyclic-hardening be
havior of carbon and low-alloy steels are distinctly different, 
there is little or no difference in susceptibility to environmental 
degradation of fatigue life of these steels, when sulfur levels are 
comparable. The A106-Gr B carbon steel exhibits pronounced 
dynamic strain-aging, whereas strain-aging effects are modest in 
the A533-Gr B low-alloy steel. 

For both steels, the results indicate only a marginal effect 
of simulated PWR environment on fatigue life, e.g., fatigue life is 
lower by less than a factor of 2 than that in air. Furthermore, fa
tigue life is independent of strain rate; a three-order-of-magni-
tude decrease in strain rate does not cause an additional decrease 
in life. 

Environmental effects on fatigue life are significant at 
high DO levels, e.g., 0.5-0.8 ppm DO. For high-DO water, the 
effects of various loading and environmental parameters on 
fatigue life of carbon and low-alloy steels are summarized below. 



(i) The fatigue life of carbon and low-alloy steels decreases 
rapidly with decreasing strain rate. For both steels, the effect 
of strain rate saturates at =0.001%/s. Compared with tests in 
air, fatigue life of A106-GrB steel in high-DO water is 
lower by factors of 2, 4, 10, and 18 at strain rates of 0.4, 
0.04,0.004, and 0.0004%/s, respectively. A further decrease 
in strain rate by one order of magnitude does not cause addi
tional decrease in fatigue life. 

(ii) A minimum strain is required for environmentally assisted 
decrease in fatigue life. For the loading conditions used in 
the present study, this threshold strain range appears to be 
=0.36% for the heats of carbon and low-alloy steels investi
gated. 

(iii) A slow strain rate applied during the tensile-loading cycle is 
more effective in environmentally assisted reduction in fa
tigue life than when applied during the compressive-Ioading 
cycle. Also, a slow strain rate applied during both the com
pressive- and the tensile-loading cycles does not cause fur
ther decrease in fatigue life. 

(iv) The results also indicate that a slow strain rate applied during 
each portion of the tensile-loading cycle above the threshold 
strain is equally effective in decreasing fatigue life. 

(v) A hold period at peak tensile strain decreases fatigue life in 
high-DO water but not in air. A 5-min hold is sufficient to 
reduce fatigue life. 

(vi) A detailed metallographic examination of the test specimens 
and exploratory tests indicate that the reduction in fatigue 
life in high-DO water is primarily due to environmental ef
fects on fatigue crack propagation. Environment appears to 
have little or no effect on crack nucleation. Although all 
specimens tested in water show surface micropitting, there is 
no indication that these micropits enhance crack nucleation. 
Irrespective of environment, cracks in carbon and low-alloy 
steels nucleate either along slip bands, carbide particles, or at 
the ferrite/pearlite phase boundaries. 
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