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ABSTRACT: The ASME Boiler and Pressure Vessel Code provides rules for the construction of nuclear power plant components. Section of the Code specifies fatigue
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 reports the results of recent fatigue tests that examine the effects of steel type, strain rate, dissolved
oxygen level, strain range, loading waveform, and surface morphology on the fatigue life
of A106-Gr B carbon steel and A533-Gr B low-alloy steel in water.
1 INTRODUCTION
The ASME Boiler and Pressure Vessel Code provides rules for the construction of nuclear power plant components in the United States. Figure 1-90 of Appendix I to
Section I
Dof the Code specifies fatigue design curves for structural materials. However,
the Code design curves were based primarily on fatigue tests of small polished specimens in room-temperature air, and the effects of reactor coolant environments are not
explicitly addressed by the design curves. Recent data on fatigue strain vs. life (S-N) illustrate potentially significant effects of light water reactor (LWR) environments on fatigue resistance of carbon and low-alloy steels (1-10). Under certain conditions of loading and environment, fatigue lives in the test environments may be a factor of =lo0
shorter than those for the same tests in air. The magnitude of decrease in fatigue life depends on material and loading variables such as sulfur level in the steel, temperature,
loading strain rate, and concentration of dissolved oxygen (DO) in water. Based on ex-

isting S-N data, Argonne National Laboratory (ANL) has developed interim fatigue de-

sign curves that account for the effects of environment on fatigue life (1l). A statistical
model has also been developed for estimating the effects of various material and loading
conditions on fatigue life of ferritic steels; results of the statistical analysis were used to
estimate the probability of initiating fatigue cracking (12).
The S-N data on carbon and low-alloy steels in water, however, are somewhat limited
and do not cover the range of loading conditions found in actual reactor operation. For
example, the data do not extend over the range of strain rates normally encountered in
service. This paper presents experimental data under conditions where information is
lacking in the existing S-N data base. Low-cycle fatigue tests have been conducted on
A106-Gr B carbon steel and A533-Gr B low-alloy steel. The chemical compositions of
the two materials are given in Table 1. A detailed description of the test facility and test
procedure has been presented elsewhere (2). The influence of steel type, surface mor~~

~~

~~
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Table 1. Chemical composition (wt.%) of ferritic steels used for fatigue tests

Material
A106-GrBa

Source

P
S
Si
Fe
Cr
Ni
Mn
Mo
0.013
0.015 0.25
Bal
0.19 0.09 0.88 0.05
Supplier
0.016
0.015 0.24
Bal
0.93 A533-GrBb
ANL
0.010
0.012 0.19
Bal
0.18 0.51 1.30 0.48
Supplier
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.
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 649463°C for 5.5 h and brine quenched. The inner surface was inlaid with 4.8-mm
weld cladding and stress relieved at 607°C for 23.8 h.

ANL

C
0.29
0.29
0.22
0.20

phology, applied strain range, strain rate, DO, and loading waveform on fatigue life of
these steels is discussed.

2AIRENVIRONhENT
The fatigue data and best-fit S-N curves for A106-Gr B and A533-Gr B steels in air at
288°C are shown in Fig. 1. Fatigue life is defined as the number of cycles Nu 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 investigations (6,8) on similar steels with comparable
composition, in particular sulfur content, and the ASME mean-data curves for carbon
and low-alloy steels are also included in the figures.
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Figure 1. Total strain range vs. fatigue life data for A106-Gr B carbon steel and
A.533-Gr B low-alloy steel in air
The results indicate that the fatigue life of AlOffir B carbon steel is a factor of ~ 1 . 5
lower than that of A533-Gr B low-alloy steel. 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) on A 1 0 6 4 3 B steel, but are lower by a factor of =5 than those
obtained by Higuchi and Iida (8) on A333-Gr 6 steel in room-temperature (RT) air.
Furthermore, the data for A 1 0 f f i r B steel are below the ASME mean curve for carbon
steel at high strain ranges (by a factor of 3), but are above the mean curve at low strain
ranges. The results for A533-Gr B steel show good agreement with the ASME meandata curve for low-alloy steel and the Japanese data on A533-Gr B steel compiled in the
JNUFAD* data base for “Fatigue Strength of Nuclear Plant Component.”
These results are consistent with the existing fatigue S-N data for carbon and lowalloy steels. A rigorous statistical analysis (12) of the available data indicates that in an
air environment, the fatigue S-N curves for carbon and low-alloy steels are expressed as
*Private communication from M. Higuchi. Ishikawajima-Harima Heavy Industries Co.. Japan, to M. Prager of
Pressure Vessel Research Council, 1992.
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Figure 2.
Experimental and predicted fatigue lives
of carbon and low-tzlloy steels in air
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ln(N25) = 6.570 - 1.8711n(~a- 0.11) - 0.00133T
(lb) and

ln(N25) = 6.667 - 1.6871n(ea- 0.15) - 0.00133T7

respectively, where is the strain amplitude (%) and T is temperature ("C).The experimental values of fatigue life of A106-Gr B and A533-Gr B steels in air and those pre-

dicted from Eqs. l a and l b are shown in Fig. 2. The predicted fatigue lives show good
agreement with the experimental data.

3 ALLOY COMPOSITION
Carbon or low-alloy steel specimens develop similar surface oxide films either in air
or in oxygenated water environments. In general, the specimens tested in air show slight
discoloration, while' the specimens tested in oxygenated water develop a grayhlack 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 (FqO,) in
simulated pressurized water reactor (PWR) water but may also contain some hematite
(FqO,) after exposure to high-DO water. Crack propagation behavior is different for
the two steels. 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.
The cyclic-hardening behaviors of the two steels are also different but are consistent
with their microstructures. 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 structure, 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. Furthermore, the A106-Gr
B carbon steel exhibits dynamic 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. 3; cyclic stress corresponds to the value at half life. For water environment, only the tests that exhibit a marginal (=factor of 2) decrease in fatigue life, e.g.,
tests in simulated PWR environment or in high-DO water at high strain rates, are shown
in Fig. 3. As discussed in the next section, 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. The results for
A106-Gr B steel show excellent agreement with the data obtained by Terrell (6,7).
Total strain range Ast (%) can be expressed in terms of the cyclic stress range ( m a ) and
strain rate k (%/s) with the equation
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A q (x)= (hd1965) + ( A a / C o n s I ~ . ~
Const = 962

0.5
1.o
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Total Strain Range, AE, (%)

0.0

Total Strain Range, A q ("A)

- 30.3Log( f)

2.0

Figure 3. Cyclic stress-strain curve for AI 06-Gr B and A533-Gr B steels at 288 "C in
air and water environments
,

(2b) where

Act=-+(%)
A0
1965

1.14

,

C = 1080- 50.9Log(&).

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

(3b) where

Act=-+($)A 0
1965

9.09

,

D = 962 - 30.3Log( &).

4 SIMULATED PWR ENVIRONMENT

Figure 4 shows the fatigue S-N plots for A106-Gr B and A533-Gr B steels in simulated
PWR water containing <lo ppb DO, 1000 ppm boron, and 2 ppm lithium. Consistent
with the existing fatigue S-N data, the results indicate only a marginal effect of PWR
water on fatigue life. At strain ranges >OS%, fatigue lives of both steels in PWR water
are lower than those in air by a factor of less than 2; environment has no effect on fatigue
life at <OS% strain ranges. Furthermore, a decrease in the strain rate by three orders of
magnitude does not cause an additional decrease in fatigue life. The results for A 1 0 6
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.
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Figure 4. Strain range vs. fatigue life data for A106-Gr B and A533-Gr B steels in
simulated PWR water at 288°C
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Figure 5. Total strain range vs. fatigue life data for AI06-Gr B and A533-Gr B steels
in high-DO water at 288°C
,

5 WATER WITH HIGH DISSOLVED OXYGEN
5.I Strain Rate
The fatigue S-N plots for A106-Gr B and A533-Gr B steels in water containing
0.5-0.8 ppm DO are shown in Fig. 5. The results indicate significant reductions in fa-

tigue 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 significantly 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 highDO 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 behavior. For similar test conditions, the absolute values of fatigue life for A533-Gr B low-alloy steel are comparable
to those for A106-Gr B carbon steel. However, because life in air for A533-Gr B steel
is greater than that for A106-Gr B steel, the relative reduction in life for the low-alloy
steel is larger than that for carbon steel. This is particularly true at low strain range
(0.4%), where even at the high strain rate, fatigue life is a factor of =lo lower than in air.
These results are different than the Japanese data compiled in the JNuFAD data base,
which indicate that environmental effects on fatigue life are greater for carbon steel than
for low-alloy steel. However, most low-alloy steels that have been investigated in
JNUFAD are low-sulfur heats, e.g., <0.007 wt.%. It is likely that differences between
these two steels in JNUFAD data base are caused by the sulfur content of the steels and
that compositional or structural differences have only minor effects. The sulfur content
of ANL heats of A106-Gr B and A533-Gr B steel is comparable.
The results presented in Fig. 5 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 dunng the compressive- and tensileloading 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 waveform (Le., 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 (Le., 0.004%/s constant strain rate), show identical fatigue lives. However, two fatigue tests on A533-Gr B
steel at =OS% strain range and fast/slow waveform (shown as'inverted triangles in
Fig. 5) do show a somewhat larger decrease in fatigue life than for a fast/fast test, viz., a
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Figure 6. Relative fatigue life of several heats of carbon and low-alloy steels at
different levels of dissolved oxygen and strain rate
factor of 8 decrease in life for the fast/slow test, compared to a factor of 5 decrease for

the fastlfast test.

The relative fatigue lives of several heats of carbon and low-alloy steels are plotted as
a function of strain rate in Fig. 6. Relative fatigue life is the ratio of life in water to life
of that specific heat in air. The results indicate that in addition to the dependence on
strain rate, environmental effects on fatigue life of carbon and low-alloy steels may 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 =O.OOl%/s strain
rate.
The very-high-sulfur A 5 1 f f i r 70 carbon steel (0.033 wt.% sulfur) from the GE tests
at the Dresden 1 reactor (4)shows the most severe environmental degradation. For this
steel at a given strain rate, the reduction in fatigue life at 0.2 pprn DO is greater by a
factor of =2 than that for the A106-Gr B steel at 0.8 ppm DO and for the A333-Gr 6
steel at 0.2 pprn 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 discussed later, a hold period at
peak tensile stress also decreases fatigue life. In Fig. 6, the data points for this steel will
move to the left when the contributions of the hold periods are considered.
These results have been used to develop a statistical model (12) for estimating the effects of various material and loading conditions on fatigue life of ferritic steels. In oxygenated water environments, the fatigue S-N curves for carbon and low-alloy steels are
expressed as

*

ln(N25) = 6.186 - 1.8711n(~~0.11) + 0.554s T 0 E
(4b) and

h

***

ln(N25) = 5.518 - 1.6871n(~a- 0.15) + 0.554S*T*O*e*,

respectively, where S*, T*, 0*,and &* are transformed sulfur content S , temperature T,
DO, and strain rate C: respectively, defined as follows:

s*=s

(O<S<O.O15 wt.%)
(S20.015 wt.%)

T*=O

(T<150°C)
(T2150'C)

S* = 0.015

T* = T-150
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Figure 7. Experimental and predicted fatigue lives of carbon and low-alloy steels at
288 "Cin water containing XIS ppm dissolved oxygen
(5c)

(5d)

o*=o

O* = DO
O* = 0.5

i*=o
i*= In( 6 )
i* = ln(O.001)

(D0<0.05 ppm)
(0.05 ppmlD050.5 ppm)
(D0>0.5 ppm)

(i>l%/s)

(0.0011 &l%/S)

(i<O.OOl%/s)

The experimental values of fatigue life of A106-Gr B and A533-Gr B steels in high-DO
water and those predicted from Eqs. 4a and 4b are shown in Fig. 7. The predicted fatigue lives show good agreement with the experimental results.
5.2 Strain Range
The fatigue data in high-DO water indicate that a minimum 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%;fatigue tests on
A106-Gr B and A533-Gr B steels at ~ 0 . 3 6 %strain 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. 5). Furthermore, the fatigue S-N curves for A106-Gr B steel in air
and water environments cross over at low strain ranges, Le., 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. 5 because of the difference in strain rate for the tests in air
and water environments. 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.
TENSILE HOLD PERIOD
Tests were also conducted with a 5- or 30-min hold at peak tensile strain. The results
indicate that a tensile-hold period decreases fatigue life in high-DO water but not in air.
A 5-min hold 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. 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
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mode. In the strain-control test, 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. 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.
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 (13-18).
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 dissolution for a given oxide rupture rate; or (b) the dissolved sulfide 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 nucleation. For example, corrosion
pits or cavities produced by dissolution of MnS inclusions can act as sites for nucleation
of fatigue cracks (19,20). A detailed metallographic examination, including measuring
the cracking frequency, of the test specimens was conducted to investigate the role of
surface micropitting on fatigue crack nucleation. The results have been presented elsewhere (21). All specimens tested in water showed surface micropitting. However, metallographic examination of the specimens indicates that an oxygenated-water environment has no effect on the nucleation of cracks. There is no indication that fatigue cracks
nucleated at any of the surface micropits. Irrespective of environment, 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 =lo.
The contributions of environment to crack nucleation were further evaluated by conducting additional exploratory tests. Figure 8 shows the fatigue life of A 1 0 f f i r 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 ( 4 0 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 unoxidized specimens; life would be expected to decreaseifsurface
10.0 ........... . ....... ....
.............
t:~~~~~!~l.S~~~~:::::::::::::::::::5~rain rates
1.'.

-288%

-0.&08

d
c

2
.-c
F?
G

L

1

.'..L

1

........S 0.004 W s F: 0.4 Yds:
....'...............
..............1<................
>.............................
PPrn DO-..'..-.-.....
..........
:
o . FIF:......I ..............

-............. ::..............
:..............-....
\
:
i

. .

-.............;.....1.......i
1.0

2 8 8 0Air;
~ .....

1 01

..

..

S/Fin<lOppbW
1
.,,,,,I

to2

103

Preoxidized.
men FIT in air----

.............
....

..........

0.1

WF...... ..............

'

j

.*1111l

lol

.............. :..............

........I . .
105

Cycles to Failure, N25

.

106

Figure 8.
Environmental effects on nucleation of
fatigue crack. Preoxidized specimens
were exposed at 288 "Cfor 30-1 00 h in
water with 0.6-0.8 ppm DO.

. * t u

107

Effects of material and loading variables on fatigue life of carbon and low-alloy steels
Chopra and Shack
8

micropits facilitate crack nucleation. Similar behavior was observed 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 ( ~ 2 5 %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 observed. These results suggest that the reduction in fatigue life in high-DO water is primarily due to environmental
effects on fatigue crack growth. Environment appears to have little or no effect on crack
nucleation.

LOADING WAVEFORM

Several exploratory tests were conducted on A106-Gr B and A533-Gr B steels in which

a slow strain rate is applied during 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 loading waveforms and corresponding fatigue lives for the tests on
A l O f f i r B steel at ~ 0 . 7 5 %strain range are summarized in Fig. 9. The change in fatigue life of A106-Gr B steel with fraction of loading strain at slow strain rate is shown
in Fig. 10. 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 loading strain that is actually applied to the specimen gage section is
not constant but varies during the cycle. Consequently, for waveforms 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 given in Fig. 9.
At 288OC and a strain range of ~0.7596,the average fatigue life of A106-Gr B steel in
air is 4 0 0 0 cycles. Relative to air, the fatigue lives in simulated PWR water at all strain
rates or in high-DO water at high strain rates (i.e., fastlfast tests) are lower by ~ 5 0 % .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. 10 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 assisted decrease in fatigue life. This threshold strain
may vary with material and loading conditions such as steel type, temperature, DO,
strain ratio, mean stress, etc. For the present study, the threshold strain range for A 1 0 6
Gr B 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 effect on fatigue life.
This behavior is consistent with the slipdissolution model for crack propagation (22);
the applied strain must exceed a threshold value to rupture the passive surface film in order 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 smoothspecimen tests is a surrogate that in essence controls the crack tip strain, but no numerical equality between the two need be impIied). 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, Le.,
a slow strain rate applied during each portion of the loading cycle above the threshold
strain is equally effective in decreasing fatigue life.

Effects of material and loading variables on fatigue life of carbon and low-alloy steels
Chopra and Shack
9

D
I ~racllon stram at slow rate: om

H

A i r : -

Air:

I F r a c hof s m m a1slow rate:0.-

01

Air:
3,253; 3,753
PWR: 2,230; 1,525
Hi DO: 2,077; 1,756

B

E

I

Air:

3,721; 3,424;

6,275

4,087

-

Hi DO: 1,649; 2,080

C

F

I FEC~~Wof suain at silow raw 0.~34

slOw’slOw

-

Air:

Air:

Air:
4,105
PWR: %DO: 2,093

PWR: -

HiDO: 338

I

5,261

PWR: HiDO: 545

G

Fractlonolsbalna:slowrate:O.167

PWR:

PWR: 2,141
Hi DO: 303; 469

I

PWR: HiDO: 1,935

FrachdmainatWrate:0.319

Air:
5,240
PWR: HiDO: 1,306

I

I

Franxn 01 sbain at slow rate: 0.347

Air:
5,139
PWR: HiDO: 615;553

J

I

FracmolsDaina:sbw 018: 0.170

Air:

4,122

=DO:

888

PWR: -

Figure 9. Fatigue life of A106-Gr B carbon steel at 288°C and 0.75% strain range in
air and water environments under diflerent loading waveforms

C

0

0.2

0.4

0.6

0.8

Fraction of Strain at Slow
Strain Rate

Figure IO.
Fatigue life of A106-Gr B steel tested in
air and water with loading waveforms
where slow strain rate is applied during
afraction of the tensile cycle.

1

Effects of material and loading variables on fatigue life of carbon and low-alloy steels
Chopra and Shack
10

CONCLUSIONS
Fatigue behavior of A106-Gr B carbon steel and A533-Gi B low-alloy steel has been
investigated in air and water environments. 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 behavior 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 A 1 0 6
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, fatigue life is independent of strain rate; a three-order-of-magnitude 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., 0.50.8 ppm DO. In high-DO water, the effects of various loading and environmental parameters on fatigue life of carbon and low-alloy steels are summarized below.
0) 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 =O.OOl%ls.
(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 investigated.
(iii) A slow strain rate applied during the tensile-loading cycle is more effective in
environmentally assisted reduction in fatigue life than applied during the
compressive-loading cycle.
The results also indicate that a slow strain rate applied during each portion of the
tensile-loading cycle above the minimum threshold strain is equally effective in
decreasing fatigue life.
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.
The results indicate that the reduction in fatigue life in high-DO water is primarily
due to environmental effects on fatigue crack growth. 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
ferritelpearlite phase boundaries.
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