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ON FATIGUE CRACK GROWTH RATES 

FOR 304 STAINLESS STEEL IN 288'C WATER 
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Bechtel Bettis Inc. 

P. 0. Box 79 West Mifflin, PA 15122 

November 26,2001 

ABSTRACT 
Fatigue crack growth rate tests were performed on a 304 

stainless steel compact tension (CT) specimen in water with 40- 
60 cc/kg H2. Data in the literature for CT tests show minor 
environmental effects in hydrogenated water, but higher effects 
in oxygenated water. However, the PWR data presented by 
Bernard, et al (1979) were taken at low stress ratios (Fk0.05) 
and high stresr intensity levels (AK=l6-41 MPadm). The 
purpose of these tests is to explore the crack growth rate 
characteristics of 304 SS in hydrogenated water at higher R 
values (0.7 and 0.83) and lower AK values (11.0 and 7.7 
MPadm) Each set of R, AK conditions were tested at 
frequencies of 0.1, 0.01 and 0.001 Hz. The results show a 
pronounced effect on crack growth rates when compared to 
available literature data on air rates. 

EXPERIMENTAL PROCEDURE 
SPecimen 

The specimen for this test was cut from a 12.7cm 
diameter bar of 304 stainless steel. This material is the same as 
that used for the DEN specimens reported by Wire (2001). Due 
to the geometry of the bar stock, the specimen was machined to 
the dimensions of a 1.9T CT specimen with a width of 96.5 mm 
and a thickness of 24.1 mm (0.95-inch) (see Figure 1). This 
specimen configuration meets all of the geometrical 
requirements for use as a valid ASTM E 647 specimen. The CT 
notch orientation is radial (L-R orientation as illustrated in ASTM- 
E399) - see Figure 1. The specimen was precracked to a 
normalized crack length (M) of 0.31 at K,, = 23 MPadm (21 
ksidih) and R=0.05. 

Test Condition( 
Fatigue crack growth testing was performed using an 

autoclave with active load capabilities. The specimen was 
electrically isolated from the load train and an Ag-ASCI reference 
electrode was used to monitor electrochemical potential (ECP). 
During each test phase., the ECP between the reference Ag- 
AgCl electrode and the specimen was typically 725 to 735 mV. 

This indicates a reducing environment consistent with 
hydrogenated water. Test temperature was 288'C (550' F). 
Chemistry was controlled as follows: pH : 10.1 to 10.3; H2: 40 to 
60 cclkg at STP; 0 2  : <20 ppb . 

Fatigue cycling, using a triangular waveform, was 
conducted under load control with crack mouth opening 
displacement (CMOD) monitored with an LVDT. Compliance was 
used to correlate LVDT motion with crack extension. Due to the 
non-standard size of the 1.9T CT specimen, none of the 
compliance coefficients listed in ASTM E 647 for various LVDT 
attachment positions could be used. Instead, the coefficients 
were extrapolated using methods discussed by Saxena (1 978). 

Fatigue crack growth tests were run on the same specimen 
at three different frequencies - 0.1, 0.01 and 0.001 Hz - and R, 
AK combinations of 0.7, 11 .O MPadm and 0.83, 7.7 MPadm . 
AK was held relatively constant at each frequency by manually 
adjusting the load as the crack grew. 

Testing 
Three tensile specimens (from outside and center of bar) 

were tested at 288'C (550' F) to obtain the data necessary to 
calculate valid CT ligament lengths. The results are shown in 
Table 1. The flow stress ((UTS-YS)/2) of 285.9 MPa (41,500 psi) 
was used to calculate valid ligament lengths. This is allowed by 
ASTM E 647 for tests involving cyclic straining and results in 
longer valid ligament lengths. 

An initial value of 176 GPa for Young's Modulus (E) at 
288'C was obtained from the ASM Handbook (1974). At the 
start of testing, the value of Young's Modulus was adjusted until 
the compliance equation gave a result equal to the precrack. By 
this method, the value of E was set at 187 GPa. 

Crack growth rate data were gathered using an automated 
electronic system (Telestar 11s). For the 0.1 Hz test, 1000 data 
points were gathered every 30 minutes. For the 0.01 and 0.001 
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Hz tests, the data acquisition rate was decreased to every 3 
hours and 12 hours, respectivety, and the number of data points 
gathered at each interval was decreased to 500. This was done 
to keep the data volume at a manageable level. 

RESULTS AND DISCUSSION 
Destructive Evaluation 

Fatigue testing was performed using six different sets of 
loading conditions. The specimen was then fatigued apart and 
the surfaces exposed. Figure 2 shows one of these surfaces at 
approximately 2X. The pre-crack, six wide crack bands and five 
narrow bands may be seen on this photo. The narrow bands are 
beach marks introduced during testing so that the transition from 
test to test may be seen. The beach marks were made at R= 0.3 
(first band) or Rm0.5 (last four bands) , rise time = 1.67 seconds 
and a maximum load the same as the test bands (41 to 48 kN) 
or slightly lower. Delta K levels during beach marking were in 
the range of 17 to 25 MPadm. Although the beach marking 
conditions were more severe than the test conditions, evidence 
of crack growth retardation during the test phases was monitored 
and action taken as discussed below (see discussion on dddN 
calculation). 

The crack band widths were measured as follows: nineteen 
measurements were made across each band at equally spaced 
intervals. The resultant numbers were averaged to obtain the 
average length for each crack. These values and the crack 
lengths indicated by the LVDT during test are compared in Table 
2. 

It is seen that crack extension increments based on LVDT 
measurements agree reasonably well with destructive 
examination (DE) measurements. For five of the six crack 
measurements, LVDT inferred crack extension values were 
within 12% of DE values; for the sixth increment, the LVDT 
measurement underestimated crack extension by 26%. The 
LVDT inferred crack length measurements were corrected to 
actual DE measurements using a linear correction method, per 
ASTM E 647. 

Calculation of dddN 
Aa verses number of cycles (N) curves were generated from 

the ASTM E 647 compliance equation. Data were plotted every 
0.254 mm (0.010 in) or 0.508 mm (0.02 in) of crack extension 
depending on crack length, and dddN was determined from the 
slope of the Aa verses N curve, at 0.5 mm (0.020 in) increments, 
for each crack. These data are summarized in Table 3. 

The Aa verses N curves were monitored for slope changes 
indicative of crack growth retardation. Possible retardation was 
seen in one test phase, only. To maintain nearly constant Kmax 
levels throughout the test, load levels were decreased by 2% to 
9% at the beginning of two phases. Although these load 
reductions are small, a slope change was seen in the Aa vs. N 
curve for at least one of these phases. 

Due to the potential for crack growth retardation from load 
shedding, the first 51-56 mm (20-22 mils) of crack growth for the 
b0.7, f=0.01 Hz, AK=l 1 .O MPadm test and the first 25-33 mm 
(10-13 mils) of crack growth for the R=0.7, f=0.001 Hz, AK41.0 

MPadm test were neglected and the remaining data points 
were used to establish a growth rate. 

Evaluation 
The corrected dddN values for each crack are listed in 

Table 3, as are the dddt values obtained by dividing each dddN 
value by the rise time. For comparison, the air rates determined 
by James and Jones (1 985) are tabulated also. 

Figure 3 presents a plot of rise time versus da/dN, showing, 
clearly, that the hydrogenated water environment affects the 
crack growth rate of 304 stainless steel. The Bernard (1979) 
data, included on this plot, show a similar effect, but the 
magnitude is apparently smaller. Slower rise times allow more 
time for the environment to act on the crack growth mechanism, 
resulting in more growth per cycle. 

Figure 4 shows a plot of the air rates at 288OC (55OOF) as 
determined by James and Jones (1985) versus the rates 
determined in hydrogenated water at 288'C (55OOF) from this 
test. Superimposed on this Figure are the data presented by 
Bernard et al (1979) taken in PWR water at 320'C (608OF), low 
R value (0.05) and high AK values (16 to 41 MPadm) The 
Bernard data show a slight to modest crack growth rate 
acceleration compared to the air rate at a rise time of 7.5 sec 
and a larger effect at a rise time of 450 sec. These rise times 
are close to two of the rise times used in this test (i. e., 5 and 
500 sec) and the temperature, at 32'C higher for the Bernard 
data, should tend to accelerate crack growth. However, the data 
from this test show more acceleration than the Bernard data - up 
to 20 times the air rate as determined by James and Jones 
(1985). The main reason for this difference appears to be the 
higher R values- 0.7 and 0.83 for this test versus 0.05 for the 
Bernard data combined with the lower stress intensity (AK) used 
for this test (7.7-1 1 .O vs. 16.0-41 .O MPadm). 

Figure 5 shows a plot of AK versus dddN for the data from this 
test and the Bernard data. Air curves as determined by James 
and Jones (1985) at R values of 0.7 and 0 are included for 
comparison. The Bernard data show slightly higher dddN rates 
than the air curve at R=O. The data from this test -at all three 
frequencies- show higher dddN rates than either the air rates or 
the Bernard data. As with the dddt results, this difference is 
attributed to the lower R value and higher AK levels of the 
Bernard data. The higher R values and lower stress intensity of 
this test appear to cause a large acceleration in crack growth 
rates in the water environment. 

SUMMARY AND CONCLUSION 

steel compact tension (CT) specimen in hydrogenated water. The 
Six crack growth rate tests were performed on a 304 stainless 
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tests were run with procedures valid to the requirements of ASTM E 
647. 

The results indicate that environment (hydrogenated water 
at 288’C (550’F )), in combination with high R values and fatigue 
cycles at low stress intensity levels, accelerates the crack growth 
rate of 304 stainless steel up to 20 times the rate in air as 
established by James and Jones(l985). 
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Specimen Test Temp Ultimate 0.2% YS % % Area 
OC ( M W  (MPa) Elongation Reduction 

Average Yield = 155.0 MPa 
Average Ultimate = 41 6.9 MPa 
Flow Stress = 285.9 MPa 

T1 -C2 
T2-C2 
T1 C 

Table 1 - Tensile Properties of 304SS Bar 

288 420.1 5 155.92 52.1 84.2 
288 41 4.09 157.02 47.0 86.4 
288 41 4.98 152.13 48.2 83.1 

Layout for Compact Tension Specimen 
Cut from 12.7 cm Dlam. 304 Stainless 
Steel Bar 

Figure 1 - Compact Tension Specimen Dimensions and 
Orientation with Respect to the Bar 

L 
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Crack No. Rise Time AK R Crack Extension 
Sec 

MPa d m  
LVDT I Measured* 
mm mm 

1 5 11.0 0.7 2.97 2.69 
2 50 11.0 0.7 1.45 1.65 
3 500 11.0 0.7 1.02 1.37 
4 5 7.7 0.83 0.97 1.04 
5 50 7.7 0.83 2.1 8 2.13 
6 500 7.7 0.83 1.68 1.60 

Ratio: 
LVDT to 

Measured 

1.10 
0.88 
0.74 
0.93 
1.02 
1.05 

Table 2 - Comparison of Actual Crack Lengths to LVDT Measured Crack Lengths During Test 

*Average of 19 measurements for each crack 

Frequency Rise Time dddN - dddt - Water dddt - Air AK R 
Hz Sec Water mdsec  mdsec 

mmlCycle James and MPa d m  

Table 3 - Crack Growth Rates (Corrected to Actual Measurements) Hydrogenated Water 
Compared to Air at 288' C 
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Figure 2 - Crack Interface Surface of the Compact Tension Specimen showing the 
Pre-Crack and Six Crack Extensions (Approx. 2X) 
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Figure 3 - Effect of Rise Time on dddN 
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R, Delta K: 0.7, 
10.98 

w R, Delta K: 0.83, 
7.69 

A Bernard, Rise=7.5 
Sec; R,Delta K: 

X Bernard, Rise=450 
0.05,16-41 

Sec; R,Delta K 0.05 
22-31 

1.00E-08 1.00E-07 1.00E-06 1.00E-05 1.00E-04 
daldt - Air at 288 C (mm/sec) 

Figure 4 - The Effect of a Low Oxygen Water Environment on dddt at 288' C 
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Figure 5 - The Effect of Environment on dddN at 288OC 


