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Abstract

Fatigue crack growth thresholds and da/dN-data at low AKi-values
(<10 MPaVm) have been determined for type 304 stainless steel,
nickel-base weld metal Alloy 182, nickel-base metal Alloy 600, and
low-alloy steel in air at ambient temperature and in high-temperature
water and steam. The stainless alloys have been tested in water with
0.2 ppm O2 at 288°C and the low-alloy steel in steam at 286°C. The
fatigue crack growth threshold was defined as the AKi-value that
give a crack growth rate of 10"7 mm per cycle. The measured fatigue
crack growth thresholds (at frequencies from 0.5 to 20 Hz) are quite
similar independent of the material and the environment.

A relatively inexpensive and time-saving method for measuring fa-
tigue crack growth thresholds, and fatigue crack growth rates at low
AKi-values, have been used in the tests. The method is a
decreasing test with constant KiMax.
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Abstract: Fatigue crack growth thresholds and da/dN-data at low AKi-values (<10
MPaVm) have been determined for type 304 stainless steel, nickel-base weld metal Alloy
182, nickel-base metal Alloy 600, and low-alloy steel in air at ambient temperature and in
high-temperature water and steam. The stainless alloys have been tested in water with 0.2
ppm O2 at 288°C and the low-alloy steel in steam at 286°C. The fatigue crack growth
threshold was defined as the AKi-value resulting in a crack growth rate of 10"7 mm per
cycle. The measured fatigue crack growth thresholds (at frequencies from 0.5 to 20 Hz)
are quite similar independent of the material and the environment.

A relatively inexpensive and time-saving method for measuring fatigue crack growth
thresholds, and fatigue crack growth rates at low AKi-values, has been used in the tests.
The method is a AKi-decreasing test with constant KiMax.
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Introduction

Crack growth due to vibrations and pressure variations in pipes and pressure vessels in
nuclear power plants can lead to downtime costs and safety risks. It is therefore of inter-
est to determine fatigue crack growth threshold (AKth) and fatigue crack growth rate
(da/dN) data in the threshold region for different material - environment systems. These
data are needed to estimate the remaining life of components, to determine the time be-
tween inspections, and for safety analysis.

Factors that can have an influence on the measured AKth for a specific material are the
environment, load frequency, load ratio (R = KiMm/KiMax), and rate of AKi-reduction in
the test [1-5].

Measuring crack growth rates in the "near threshold region" and determining fatigue
crack growth thresholds can be time consuming and thus expensive. To measure the
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crack growth on-line with a sensitive method during the test can reduce the time and
number of specimens needed to determine the threshold value. A number of test methods
have been proposed for determining fatigue crack growth thresholds. The most widely
used is the AKi-decreasing method, where AKi can be decreased step-wise at selected
crack lengths, or decreased in a continuous manner until crack arrest occurs. Other meth-
ods involve combinations of AKj-decreasing and AKi-increasing methods, where AKi is
increased or decreased according to a "test scheme" depending on the measured fatigue
crack growth rates [6-8].

This work deals with fatigue behavior in the "near threshold region" for relatively long
cracks in structural materials. Short cracks and crack initiation have not been addressed.
The objective of the work was to estimate fatigue thresholds values and fatigue crack
growth rates at low AKj for structural materials in light water reactor environments. On
the whole (except regarding the AKi reduction rate for some specimens) the recommen-
dations in the ASTM standard E647-95a have been followed.

Experimental Procedure

Material and Specimens

The materials used were type 304 stainless steel, nickel-base weld metal Alloy 182,
nickel-base metal Alloy 600, and low-alloy steel (LAS). Table 1 shows the chemical
composition of the materials, and Table 2 shows the mechanical properties.

Table 1 - Chemical Composition in Weight %

Material C Si Mn P S Cr Ni Mo N
Cu Al V Fe Ta Co Nb Ti

Type 304 SS

Alloy 182

Alloy 600

LAS

.044
.3

.04

.01
.072

.3
.16
.02

.50

.02

.46
—

.35
—

.46
.037

1.0
.07

7.24
—

.19
—

1.54
-

.025
bal.
.011
7.86

9.16
.012
bal.

.025
_

.004
.01

.003
—

.005
-

18.5
_

13.9
.02

14.65
.33
.03
-

10.5
—

68.3
1.70

74.94
—

.05

.03

.45
_

.44

-

.088

•

.006

Table 2 - Mechanical Properties at Room Temperature

Material

Type 304 SS
Alloy 182
Alloy 600

LAS

Rp0.2
(MPa)

296
376
248
368

(MPa)
595
641
683
545



The specimens were standard 25 mm wide compact tension (CT) specimens with a
Chevron notch and 2.5 mm side-grooves on each side. Figure 1 shows the geometry of
the CT-specimens. The crack plane orientation and heat treatment for the specimens are
listed in Table 3. After heat treatment the specimens were fatigue pre-cracked in air at
room temperature to a crack length of about 25 mm. The maximum Ki during the pre-
fatigue was lower than the maximum Ki in the following test.

62.5
Specimen identification

xx>xxxx

XX) XXXX

.2,5

R 0.25 or 0.6

(mm)

Figure 1 - Geometry of the CT-specimens.

Table 3 - Crack Plane Orientation and Heat Treatment for the CT-specimens

Material Orientation* Heat treatment
Type 304 SS

Alloy 182
Alloy 600

LAS

L-S

see Figure 2a
see Figure 2b

L-S

1050°C/20 min/oil quenched (oq)+
680°C/l h/oq + 500°C/24 h/air cooled

as welded
1050°C/30 min/oq + 600°C/24 h/air cooled

none
* Orientation according to ASTM Test Method for Plane-Strain Fracture Toughness of

Metallic Materials (E 399-90).



Welding direction
Alloy 600 \ Alloy 182

Not to
scale

25 mm wide
CT-specimen

Plate of Alloy 600 with groove
filled with Alloy 182 by welding

Hot-rolled bar of Alloy 600
100 mm in diameter

(a) (b)

Figure 2 - Orientation of the Alloy 182 and Alloy 600 Specimens.

The Alloy 182 material was welded according to nuclear practice using 0 4 mm weld
electrodes. The weld passes were oriented in such a way that the crack plane could be
oriented parallel with the weld dendrites.

Test Equipment and Test Environments

All tests were performed in a computer controlled servohydraulic materials testing
machine. In this equipment fracture mechanics specimens can be tested under constant
stress intensity or constant stress intensity factor range. The Kj and AKi levels can also be
changed automatically during a test.

The crack growth in the specimen was measured on-line during the tests using both
DC Potential Drop (DCPD) and compliance techniques. Current reversals and an experi-
mentally determined calibration curve for transforming the DCPD-signal to crack growth
were used. The compliance of the specimen was measured using a Linear Voltage Differ-
ential Transducer (LVDT) attached to the front face of the specimen. The specimens were
galvanically insulated from the autoclave system, grips, and loading pins.

Boiling water reactor environments - For the tests in simulated boiling water reactor
(BWR) environments the materials testing machine was equipped with an autoclave. The
autoclave system was a once-through flow system with a volume of 6.7 1 water with the
specimen mounted, and the flowrate through the autoclave was about 8 1/h. The tem-
perature was 288°C and the pressure 9 MPa. The conductivity at room temperature of the
inlet and the outlet water was monitored during the tests and the typical outlet conductiv-
ity was less than 0.25 ^S/cm. Air- or oxygen-saturated water was added to pure water to
reach a level of about 0.2 or 0.5 ppm oxygen in the outlet water. The corrosion potential
of the specimen was monitored during the test using a silver - silver chloride reference
electrode.



Secondary-side pressurized water reactor environment - The secondary-side pressur-
ized water reactor (PWR) environment was simulated using pure water with 50 ppb hy-
drazine. In this test the upper half of the autoclave contained water-saturated steam and
the lower half water. The temperature was 286°C and the pressure 7.1 to 7.2 MPa. A dif-
ferential pressure transmitter was used to control the amount of water flowing into the
autoclave to maintain a constant water level. The specimen was mounted in the steam
above the water level.

Air at room temperature - The tests in air at room temperature were performed in the
same or similar type of equipment as used for the tests in high-temperature water and
steam.

Test Procedure

Most of the tests were performed similarly: After the specimen had been pre-exposed
to the environment for about a week (either unloaded or with only a small load applied) a
fatigue load with constant AKi was applied. When the crack had propagated a certain
distance (usually 1 mm for the first "step" and for every following step the distance was
decreased by about 5 %), AKi was decreased while maintaining a constant KiMax; thus, the
R-value was increased. This procedure was automatically repeated until the fatigue crack
growth rate (da/dN) reached very low values (below 10 mm per cycle). The shedding of

was performed using the formula for the normalized K-gradient (C) according to
ASTM Test Method for Measurement of Fatigue Crack Growth Rates (E 647-95a), but
with AKi instead of Ki.

A * , da ( 1 )

where a is the crack length and dAK/da is the slope of the AKi versus a curve. In step-
wise AKi-decreasing tests, as in this work, the next AKi is then calculated according to
following equation:

AK,=AKf -e(CAa) (2)

where Aa is the crack advance since the previous decrease of AKi.
The value of C was in most of the tests close to -0.1 mm"1, but in some exceptional

cases it was as low as -0.3 mm'1. The R-value was higher than 0.8 at the end of all tests.
The load waveform was triangular and the frequency was 20 Hz for testing in simu-

lated BWR environments. For the tests in simulated PWR environment the frequency was
in the range 0.5 to 20 Hz. The tests in air were performed with a frequency of 5 to 20 Hz
depending on the test equipment used. From an environmental influencing point of view,
the frequencies used were relatively high, thus any large effect of the environment on the
fatigue crack growth rates and threshold values was not expected.

After testing the specimen was cooled in liquid nitrogen, broken into two pieces, and
the fracture surfaces were examined in a scanning electron microscope. The true crack
lengths were measured on the fracture surface and the measured crack growth was cor-
rected. For every AKi-level the corresponding da/dN-value was estimated by fitting a
straight line to the data points (crack length versus number of cycles).



Results

The results from the different tests are compiled in Figures 3a-c, which show the fa-
tigue crack growth rate versus AKi for the different material - environment combinations.
Table 4 summarizes the estimated fatigue crack growth thresholds (AKth). The threshold
values were estimated by fitting a curve (third-order polynomial) to the data points and
calculate its intersection with the da/dN=10"7 mm per cycle line.

The fracture surfaces showed transgranular (transdendritic for Alloy 182) cracking.
They were quite similar for tests in the high-temperature environments and in air at room
temperature.

Table 4 - Measured Fatigue Crack Growth Thresholds

Material/
environment

Type 304 SS/air
Type 304 SS/BWR

Alloy 182/air
Alloy 182/BWR
Alloy 600/BWR

LAS/air

AK,h

(MPaVm)
4.7
4.2
5.0
4.9
5.4
4.3

"w

1=
B,
Z
1
T3

1E-4

1E-5

1E-6 •

1E-7,

1E-9

• Type 304 SS, BWR
o Type 304 SS, Air

ASME XI, 288 °C, R=0.8
ASME XI, 20 °C, R=0.8

10

(MPaVm)

Figure 3a - Fatigue Crack Growth Rate versus AKjfor Type 304 Stainless
Steel in Simulated BWR Environments and in Air.
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Figure 3b - Fatigue Crack Growth Rate versus AKifor Ni-base Alloy 182 and
Alloy 600 in Simulated BWR Environments and in Air.
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Figure 3c - Fatigue Crack Growth Rate versus AKifor LAS in a
Simulated PWR Environment and in Air.
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Discussion

Test Technique

The tests to estimate fatigue crack growth thresholds were performed with decreasing
AKi in order to avoid long initiation times until crack propagation starts and to be able to
perform the pre-cracking with a reasonably high AIQ. A constant C-value according to
Equation 1 was used for the step-wise shedding of AKi in order to use the specimens as
efficiently as possible (large span of AKi). To minimize problems with crack closure, a
constant KiMax (that is an increasing R-value) was maintained during the tests.

Keeping KiMax constant should make it possible to relax the demand on C being
greater than -0.08 mm"1 as stated in ASTM E 647. One possible disadvantage of using
constant KiMax is that changing the R-value may effect da/dN (especially at low AK[) and
the threshold value [1].

Hysteresis of the load can be a problem when performing tests in a pressurized auto-
clave with the load cell placed outside the autoclave at atmospheric pressure. If the force
on the pull rod from the pressure seal is not sufficiently small compared to the load am-
plitude on the specimen the hysteresis has to be compensated for. Another possible prob-
lem in fatigue testing at relatively high frequencies using servohydraulic machines is that
above a certain frequency (depending on actuator type, oil flow, weight of grips and the
specimen, or type and condition of the servo valve) the load amplitude decreases with
increasing frequency even if the demand signal is unchanged. In the tests reported here
the amplitude was automatically compensated for both the hysteresis and the frequency
effect to achieve the correct load amplitude on the specimen.

The present tests have shown that da/dN-data at low AKi and fatigue crack growth
thresholds can be determined in a reasonably inexpensive and time-saving way. A good
crack growth measurement technique, computer controlled test equipment, and software
for automatic control of AKi and R-value are needed.

Fractography

The fracture surfaces showed transgranular or transdendritic (Alloy 182) cracking. The
fact that the fracture surfaces from the tests in the high-temperature environments were
similar to those from the tests in air at room temperature is not surprising since the fre-
quencies used during the testing were relatively high. The environmental contribution to
the cracking usually decreases with increasing load frequency [3,5,9,10].

For the tests in simulated BWR environments a transition from fatigue cracking to
stress corrosion cracking (SCC) in the end of the tests, when the R-value was high
enough, could be anticipated (see Figure 4). This should be manifested by an increasing
amount of intergranular cracking on the fracture surfaces. However, the anticipated tran-
sition in crack mode at the end of the tests did not appear in any of the tests. The reason
may be that the tests were interrupted before any initiation of intergranular cracking
could be observed.
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Figure 4 - Schematic Diagram of the Change in Kj during a Typical Test.

Threshold Values and da/dN

A threshold value was found for all material - environment combinations in this work
except for LAS in simulated secondary-side PWR environment. The threshold values fall
within the rather narrow range of 4.2 to 5.4 MPaVm. Comparing type 304 stainless steel
and Ni-base alloys in air at room temperature and in the simulated BWR environments
(Figures 3a-b) shows that stainless steel in the simulated BWR environments has the
highest da/dN-values and the lowest fatigue crack growth threshold, and that Alloy 600
has the lowest da/dN-values and the highest threshold.

In Figures 3a through 3c reference lines according to the American Society of Me-
chanical Engineers (ASME) Boiler and Pressure Vessel Code, Section XI, are also
shown. The data for the stainless alloys are compared with the reference curve for aus-
tenitic stainless steel in air (Article C-3000, Fig. C-3210-1) and the LAS data is compared
with the reference curves for carbon and low-alloy ferritic steel in air (Article A-4000,
Fig. A-4300-1) and in water environments (Article A-4000, Fig. A-4300-2). The fatigue
crack growth rates according to ASME are slightly higher than the data points from the
present study for all materials except for stainless steel in the simulated BWR environ-
ment, where the data points fall on both sides of the ASME line. Since the ASME guide-
lines do not use any threshold values they are very conservative at low AKi-levels near
and below AKth-

The reason for not being able to measure a fatigue crack growth threshold for LAS in
simulated secondary-side PWR environment was that the crack stopped long before the
crack growth rate was lowered to 10"7 mm per cycle. The lowest AKi where crack growth
was observed was higher than 6 MPaVm and da/dN was then higher than 10"6 mm per
cycle. When comparing with the results from tests in air of the same material it was obvi-
ous that the effective AKi on the specimen for some reason was lower than the measured

i. The reason for the smaller effective AKi is not known, however, it is probably not



malfunction of the specimen or the test equipment, since this phenomenon was not ob-
served when testing in air at room temperature using the same specimen and test equip-
ment. A range of phenomena can cause crack arrest at nominally "high" AKi-values, such
as, an overly high rate of AKi-reduction, surface roughness induced crack closure, crack
closure due to corrosion products on the crack surfaces, and test interruptions [2].

An important question is whether a true threshold or merely an apparent threshold has
been measured. Therefore, a recommended procedure after testing with decreasing AKi is
to increase AKi again to check the validity of the measurements [2], In the tests reported
here an increase in AKi was not done due to lack of time. However, since the R-values
were rather high (>0.8) in the end of the tests, and AKth usually decreases with increasing
R-value [1,4,7,8,11], the threshold values measured in the tests should be conservative in
most cases with relatively high (higher than about 1 Hz) load frequencies or in non-
aggressive environments.

Even if the obtained threshold and da/dN-values are conservative as to the R-value,
they are probably not conservative with respect to the frequency. The tests were all per-
formed at relatively high frequencies considering any environmental influence. Fatigue
crack growth rates in water environments usually increase with decreasing frequency due
to the larger environmental contribution to the cracking at lower frequencies [3,5,9,10].

Conclusions

A relatively inexpensive and time-saving method to measure da/dN-data at low AKj-
levels and determine fatigue crack growth thresholds in light water reactor environments
at frequencies in the order of 20 Hz has been demonstrated. The method is based on a
AKi-decreasing test with constant KiMax (on the whole following the recommendations in
the ASTM standard E647-95a). A further improvement of the method would be to incor-
porate a AKi-increasing test in the end, when a threshold value has been reached, to check
the validity of the measurements.

The method has been applied on type 304 stainless steel, nickel-base weld metal Alloy
182, and nickel-base metal Alloy 600 in a simulated BWR environments, and on a low-
alloy steel in a simulated secondary side PWR environment, and also in air at ambient
temperature. A threshold value was found for all material - environment combinations
except for the low-alloy steel in the simulated secondary-side PWR environment. All
threshold values fall within the rather narrow range of 4.2 to 5.4 MPaVm.

The measured fatigue crack growth rates fall below or on the ASME XI reference
lines.
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