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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the
United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness,
or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and opinions
of authors expressed herein do not necessarily state or reflect those
of the United States Government or any agency thereof.
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Abstract

Fatigue crack propagation tests of medium sulfur (0.007 to 0.011
wt%) ASTM AS508-Class 2 forgings were performed in deaerated
high purity, high temperature water. In general, these forgings did
not exhibit environmentally assisted cracking (EAC) in tests at
149°C (300°F) or at 260°C (500°F). Lowering the pH did not
raise the crack growth rates significantly. However, adding a
small amount of oxygenated water to the feedwater increased the
fatigue crack growth rates (FCGR) by a factor of about 4.
Automated analyses of the sulfide inclusions in polished sections
of the forgings supported a previously proposed relationship for
susceptibility to EAC.

Introduction

A series of FCGR tests in high purity, high temperature water
were performed on two forgings of ASTM AS508 Class 2 steel.
The objective of these tests was to determine if the forgings would
exhibit EAC. Conventional true corrosion fatigue crack growth
produces FCGR only about three times the rates expected in air.
EAC rates are usually 10 to 20 times the crack growth rates in air
(1-4). Most of these tests were conducted in a single water
condition under a variety of load ranges with sawtooth load cycling
waveforms. The forgings were tested in several locations to test
for possible effects of sulfur macrosegregation. After the baseline
behavior was established, one of the forgings was tested with
{heduced pH and also with increased dissolved oxygen content in
e water.

Experimental Procedures

The test materials were taken from Forging No. 125HS06VALl
("Forging A") and from Forging No. 124H510VA1 ("Forging B"),
which had the ladle analyses shown in the table below. Local
check analyses gave sulfur between 0.007 and 0.011%, which is
in the medium sulfur range (0.005 to 0.0125%) (1).

Compact tension specimens were machined to standard 2T
dimensions with the thickness, B, of 51 mm (5). Most of the
specimens were oriented for crack growth parallel to the major
tensile strain during forging, which is the "T-L" orientation in the
fracture toughness test standard (6). The exceptions were No.
CAS5-20 with an L-T orientation and No. CA5-21 with an L-S,
both of which came from Forging B.

In an effort to detect possible effects of macrosegregation (or
"ingot pattern” segregation) of sulfur, specimens were machined
from several different locations within Forging A.  First,
specimens were taken from cores (material removed to facilitate
subsequent fabrication) from two different positions about 10 ft
apart along the length of the forging. These cores correspond
roughly to the mid-height position of the original cast ingot and are
labelled Cores 6 and 9 in Table II. Second, specimens were taken
from the upper prolongation of the forging, whicn corresponds to
the top-height position of the original ingot, exclusive of any
shrinkage zone material removed prior to forging. Roughly
speaking, higher ingot positions are more likely to have higher
sulfur contents due to segregation. Finally, the specimens were
tracked for position with respect to thickness through the forging
wall. One of the forging surfaces, called the “inner" surface,
came from material that was close to the centerline of the original
ingot, while the "outer™ surface of the forging came from the
outside region of the original ingot. Segregation increases the
concentration of sulfur from the outside toward the ingot
centerline.

Specimens were also machined from several different locations
within Forging B as part of the effort to detect effects of
macrosegregation. Only one core (corresponding to the mid-height
of the original ingot) was available from this forging. Also,
specimens were taken from the upper and lower prolongations of
the forging. While the uptper prolongation again corresponds to
the top-height position of the ingot, the lower prolongation
corresponds to the bottom, where the sulfur contents should be
relatively low due to negative segregation.

Almost all of the tests were performed at the Alliance Rasearch
Center of the Babcock & Wilcox Company in Alliance, Ohio. The
autoclave was made of AISI Type 316 stainless steel and had a
0.076 m* (20 gallon) capacity. The water supply was operated as
a once-through refreshed system with a flow rate of 2.1 t0 2.6 E-7
m’sec” (0.20 to 0.25 gal/hour). High purity deaerated water was
prepared to the desired chemistry and stored in a stainless steel
reservoir with a cover gas of high purity (99.99%) hydrogen. The
nominal effluent water composition is given in Table II.

Once the specimen, displacement gage, corrosion potential coupon,
and other parts of the test system had been assembled, the
autoclave vessel was brought into position and sealed. The vessel
was then purged with pure nitrogen gas and held for several hours.

Table 1. Ladle Analyses for the Two Forgings

FORGING C Mn P S Si Ni Cr v Mo
A 0.22 0.60 0.008 0.013 026 0.70 0.38 0.0l 0.62
B 0.21 0.65 0008 0.012 027 0.71 0.36 <0.01 0.62

1 KAPL-4761



"

Table II. Tess Water Analysis

Oxygen 8 ppb

Hydrogen 28 std cc/kg H,O .
Chloride 13 ppb

Fluoride 10 ppb

Total Organic Carbon 340 ppb

Trace Metals <100 ppb each

pH (at room temperature) 10.2

Conductivity 45 uS/cm.

At that point, the vessel was filled with the prepared deaerated
water from the feedwater tank, pressurized and heated. Testing
began approximately 24 hours after the system reached the target
temperature.

Some tests were performed on Specimen CAS-U9 with oxygenated
water injected into the inlet side of the autoclave. The main
feadwater tank used a pure nitrogen cover gas for these tests,
rather than the hydrugen indicated in Table II. This system was
decougplcd from the autoclave for all other tests.

The corrosion potential was measured for each test for a 25 x 25
< 3 mm section machined from Forging A. This coupon was
located about ' inch from the notch tip of the specimen and was
monitored by an external AgCI/KCI reference electrode.

Loads were applied to the specimens through a computer-
controlled servohydraulic system. The load cell was mounted
outside the autoclave, and a displacement transducer was attached
directly to the specimen. Specimen compliance was used to
estimate the crack lengths and to control the tests to maintain
constant values of AK throughout the test. Several constant AK
tests were run on each specimen. Each test was continued for
about 0.5 mm crack extension. The loadings for each of the tests
are listed in Table III. A few of the tests (Specimens CAS-31,
CAS5-32, CAS-33, and TR-1 in Table III) were performed at the
Knolls Atomic Power Laboratory (KAPL). These specimens had
2T planar dimensions, but were only 25 mm thick. The water
chemistry was the same as in Table II. However, the water flow
was higit enough to exchange the same water volume in about one
day, rather than three.

Results

Table I lists the FCGR data for each of the tests. These results
are displayed in Figures 1 and 2 as FCGR vs. the range of applied
AK for the tests at 260°C and 149°C, respectively. In Figure 1
the results at 260°C are shown for both forgings at load ratios, R,
(= minimum load/maximum load) of 0.3 and 0.7. Also shown in
this figure are the best-fit curves for crack extension in mm/cycle
for a large database for low alloy steels in air (2):

‘%3 = 7.87-10"({%%__]_7‘) 2 (1

where AK is the applied stress intensity factor range in MPay/m.
None of the data points in Figure 1 fall below the corresponding
best-fit lines, indicating that the water environment did have some
effect. However, in no case did the FCGR fall more than a factor
of 3 above the lines.

The tests at 149°C were to check temperature sensitivity; the
results are plotted in Figure 2. One of these points fell below the
Equation | line, while all the other points were clearly above it.
Also, one result was a factor of about 7 times greater than the
Equation 1 value. The low data point appears to be the result of
loading sequence effects in the series of tests on Specimen
CAS5-01; Table I lists the tests in the order performed, i.e., the
order of the AK tests for CAS-01 was 58.3, 23.1, 33.0, and 42.9
Mpay/m. This sequence avoided applying the highest AK when
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Table ITI. FCGR Data Results for the Individual Tests

Specimen Number / Forging AK Load Rise FCGR Crack Tip Speeds
/ Location in Forging Range  Ratio Time mm/cycle Measured Baseline
Mpa/m sec mm/sec mm/sec

A. Tests at 260°C (Nos. CA5-31, TR-1, CA5-32, and CAS-33 at 243°C):

CA5-02 / Forging B 44.0 0.3 51 6.58 E-4 1.29 E-5 9.30E-6
Upper Prolongation 33.0 0.3 51 3.40 E4 6.67E-6 3.84E-6
CA5-04 / Forging B 22.0 0.3 51 1.33 E-4 2.61E-6 1.10E-6
Core 58.3 0.3 51 1.85 E-3 363E5 221ES
33.0 0.3 51 4.42 E-4 8.66 E-6 3.84 E-6
CA5-06 / Forging B 14.3 0.7 102 7.59 E-5 7.44 E-7  2.47 E-7
Lower Prolongation 22.0 0.7 51 1.81 E-4 356 E-6 1.86E-6
CAS-08 / Forging A 22.0 0.3 51 1.16 E-4 221 E-6 1.10E-6
Upper Prolongation 58.3 0.3 51 1.23 E-3 241 E-5 2.21E-S
33.0 0.3 51 2.56 E4 S.03E-6 3.84E-6
42.9 0.3 51 7.43 E-4 146 E-5 8 S0E-6
CA5-19 / Forging A 14.3 0.7 102 4.11 E-5 4.03E-7 247E-7
Core 9 22.0 0.7 102 1.58 E4 1.55E-6 9.29 E-7
CAS5-20 / Forging B 14.3 0.7 102 6.20 E-5 6.08E-7 247E-7
Core, LT Orientation 22.0 0.7 102 1.82 E4 1.78 E-6  9.29 E-7
CAS-21 / Forging B 14.3 0.7 102 6.48 E-5 6.35 E-7 2.47E-7
Core, LS Orientation 22.0 0.7 102 1.91 E4 1.88E-6 9.29 E-7
CAS-31 / Forging A 22.0 0.3 51 8.1 E-5 1.6 E-6 1.1 E-6
Core 6
TR-1/ Forging B 22.0 0.3 51 9.6 E-5 1.9 E-6 1.1 E-6
Upper Prolongation
CAS-32 / Forging B 22.0 0.3 51 1.2 E4 2.4 E-6 1.1 E-6
Upper Prolongation
CAS-33 / Forging B 44.0 0.3 51 6.9 E-4 1.3 E-5 9.3E-6
Upper Prolongation
B. Tests at 149°C:
CA5-01 / Forging B 58.3 0.3 30 3.78 E-3 126 E4 3.75E-5
Upper Prolongation 23.1 0.3 30 6.10 E-5 2.03E-6 2.19E-6
33.0 0.3 30 8.18 E4 2.73E-5 6.54 E-6
42.9 0.3 30 1.78 E-3 5.93E-5 1.46E-5
CAS5-03 / Forging B 253 0.7 51 4.65 E4 9.11 E-6 285E-6
Core 22.0 0.7 51 4.04 E4 792 E-6 1.86E-6
22.0 0.7 300 1.54 E-4 5.15E-7 3.16 E-7
22.0 0.7 100 1.30 E~4 1.30 E-6 9.47E-7
CAS5-05 / Forging B 14.3 0.7 102 3.91 E-S 3.83E-7 247E-7
Lower Prolongation 22.0 0.7 51 1.44 E4 2.81E6 1.86E-6
CA5-07 / Forging A 14.3 0.7 102 4,55 E-5 445 E-7 247E-7
Upper Prolongation 22.0 0.7 51 2.10 E4 430E-6 1.86E-6
22.0 0.7 102 1.45 E-4 1.43E-6 9.29 E-
CAS5-09 / Forging A / Core 6
pH = 10.2: 22.0 0.7 102 1.28 E4 1.25E-6 9.29 E-7
pH = 9.5: 22.0 0.7 102 2.00 E4 196 E-6  9.29 E-7
pH = 8.9: 22.0 0.7 102 2.30 E+4 225E-6 9.29E-7
pH = 10.2: 22.0 0.7 102 5.46 E4 535E-6 9.29E-7

(with oxygenated water)
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the remaining ligament of the specimen was at its smallest. The
load shedding to get from a AK of 58.3 down to 23.1 was
performed with a normalized K gradient of:

C = (I/K)e(dKsda) = -0.2 mm’  (2)

which violates the recommended lower limit of -0.8 mm™ (5).

Care was taken in all subsequent tests to stay above the limit for
all load-shedding steps.

The data point at the greatest distance above the baseline in Figure
2 resulted from the test of Specimen CAS5-09 with oxygenated
water. Several different tests were performed on this specimen,
as outlined in Table III. The first test established its baseline
FCGR for AK = 22 Mpa/m with the standard water conditions.
Then the pH was lowered; first to pH = 9.5 and then to 8.9. The
FCGR were progressively higher, Table III; but the increments
were 100 small to be considered significani.

For the final test on Specimen CAS-09, the pH was brought back
to 10.2, and trials of the system for oxygen addition were
performed. As a first attempt, oxygen was introduced with all
other conditions maintained, i.e., hydrogen was used as the cover
gas in the feedwater tank. The system was operated for about 12
days before oxygenated water was pumped into the autoclave. The
oxygen content of the water rose to more than 300 ppb about 2
days later. Adjustments in the oxygen level were atiempted by
changing the inlet pump setting, and the oxygen level started to
fall. Eventually, the oxygen analyses fell below 10 ppb, in spite
of repeated increases in the inlet flow rate of oxygenated water.
Apparently, the hydrogen cover gas pressure was sufficient to
scavenge all of the oxygen being introduced. The fact that this did
not occur for several days after the introduction of the oxygen can
be attributed to catalysis effects.

At this point, the cover gas for the main feedwater tank was
switched to nitrogen, and all other conditions were kept the same.
At first, the same behavior of the effluent oxygen content seemed
to occur. However, small changes of the inflow rate of
oxygenated water produced substantial changes in effluent oxygen.
The effluent oxygen tracked closely with the corrosion potential.
When the initial surge of effluent oxygen subsided, a steady level
of about 15 ppb appeared to have been established for about two
days.

Then, load %\;cling for the FCGR test began; Figure 3 shows the
variation of the effluent oxygen content, the effluent flow rate, the
autoclave corrosion potential, and the specimen crack length as a
function of load cycles during the test. The oxygen content of the
effluent water varied from approximately 15 to 290 ppb with the
corrosion potential tracking closely. Yet, the fatigue crack grew
at a remarkably steady rate.

Discussion

Time-based plots are used here as a convenient way to assess the
effects of variations in the frequency and waveform of the load
cycles in water environments (1). The crack tip speed measured
during the test in the water environment, 4,, is calculated by
dividing the measured crack growth rate in mm/cycle by the rise
time per cycle in seconds:

4 = da (3)
dN v 1,
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Figure 3. FCGR Test of No. CA5-09 in Cxygenated Water.

These crack tip speeds are compared with baseline speeds. &,, for
tests in air (2). The baseline crack tip speeds are calculated from
a best-fit curve through a large database of fatiguc crack growth
rates for low alloy steels in air at 288°C divided by the rise time:

=7.87¢ 10% _AK |7 (4)
4 5 "&—Tﬁ.ss-

where 4, is in mm/sec and AK is in Mpav/m.
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If there is no effect of the environment, then a plot of the 4 data
against &, should result in a clustering of the points about the line
4, = 4,. Note that the time-based plot also normalizes the data for
the effect of load ratio, R,.that is, all the data should fit the same
line, regardiess of the load ratio. In faci, even low alloy steels
with sulfur contents < 0.005% tend to produce crack tip speeds
that lie somewhat abeve this line (1).

Figure 4 is a time-based plot of the fatigue crack growth rates
from the present tests at 243 and 260°C. None of the data fell
- below the air baseline; rather, all the points except one lie between
the baseline and the parallel line &, = 3 ¢ &, which is identified
in Figure 4. This line is shown to provide a gage for comparison
of the present results with earlier studies. It is clear that these data
do not show the large increases in FCGR observed by Van Des
Sluys, et al. (9. Their data for 0.021% sulfur steel exhibited 4
levels that were greater than 4, by an order of magritude or more.

Note also that the four tests performed ai KAPL (Specimens TR-1,
CAS5-32, CAS-33, and CAS5-31) produced growth rates that fall
among the results obtained at the B&W facility.
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Figure 5. Time-based FCGR Data for 149°C.

The plot of time-based rates in Figure 5 shows that the tests at
145°C tended to yield higher growth rates than at 260°C. Six of
the 149°C tests yielded growth rates above the &, = 394, line. As
shown in Figure 6, the corrosion potential for the tests at 149°C
(approximately -635 mv) averaged somewhat higher than at 260°C
(approximately -690 mv). This prompted the decision to test for
the effects of lowered pH and of elevated oxygen at 149°C under
the assumption that the higher corrosion potential would increase
the chances of encountering EAC. The high oxygen test of
specimen CA5-09 did produce a growth rate above the 4, = 34,
line, but the tests at lower pH did not. AtpH = 10.2, 4, = 9 E-7
mm/cycle. The tests at pH = 9.5 and 8.9 at the same baseline tip
speed produced FCGR higher by factors of 1.6 and 1.8,
respectively, than the growth rate at pH 10.2, well below the
increases normally associated with EAC (> >3X).

The addition of a small amount of oxygenated water to the
feedwater in the last test of Specimen CA5-09 at 149°C produced
erratic corrosion potentials, ranging from -0.247 to +0.039 volis.
Throughout this period, the FCGR remained steady at 4, = 5.35
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Data for the Present Tests. The
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Tests at 260C.

E-6 mm/sec, an increase by a factor of 4.3 over the &, at pH 10.2.
This growth rate was a factor of 5.8 greater than the baseline air
growth rate. This was still lower than the factor of 10 to 20
suggested as the definition of EAC in the introduction to this
paper. Other workers have shown that corrosion potential has a
controliing infivence on the fatigue crack growth rates in high
temperature water testing (4,7). Indeed, the results in Reference
4 seem to suggest that once the potential exceeds about -250 mv,
EAC occurs, which would be consistent with the results for
Specimen CAS-09.

The corrosion potential data recorded throughout these tests is
plotted against the associated oxygen analyses in Figure 6. The
average corrosion potentials for the B&W tests at 149°C ranged
from -0.665 to -0.623 v, while those at 260°C produced -0.702 to
-0.672 v. The shape of the curve follows that published for Type
304 stainless steel (8).
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The fracture surfaces of all of the tested specimens had smooth
thumbnail shapes. Although the fatigue cracks encountered
occasional sulfides, no shape instabilities in the thumbnail crack
fronts were observed. This fact, together with the lack of any
fatigue crack growth rates that were close to an order of magnitude
greater than the baseline air FCGR, suggests that no EAC has
occurred in these tests.

The general absence of any large increases in growth rates for any
of the specimens from either forging indicates that either
macrosegregation has had no effect or that the extent of
macrosegregation is small. Since the range of the sulfur analyses
made on sections removed from the test specimens was 0.007 to
0.014 weight percent sulfur, it appears that only limited
macrosegregation existed in these two forgings.

Specimens CA5-04, CAS-20, and CAS-21 provide comparisons of
different crack orientations from the same core from Forging B.
Again, no accelerated growth occurred; so, orientation appears to
have no effect for medium sulfur steel.

Quantitative analyses of the inclusions present in metallographic
sections parallel to and roughly 1 mm below the crack planes were
made on most of the test specimens on an electron microprobe
operated through a particle recognition computer program. At the
same time, sulfur compositions were obtained on sections cut near
the fatigue precracks. The data indicate that these steels were
relatively clean, as shown in Figure 7 by comparison with earlier
data (9). For the present data, the points in this plot represent
area fractions of sulfide inclusions counted over surface areas of
roughly 10 mm?. These counts are plotted against the local sulfur
analyses for each of the FCGR test specimens. In the original
publication of this figure, ladle sulfur analyses were used (9). The
data suggest that some rough relationship exists between the area
fraction of sulfide inclusion present in a steel and its susceptibility
to EAC; perhaps the conclusion would be that materials with
sulfide inclusion area fractions greater than 0.00050 will exhibit
EAC in high purity water. The present data suggest that the line
shouid be drawn at an area fraction of 0.00060, although one of
the results from Forging B lies just above that level. It may be
geaspnable to average that point with the rest of the data for this
orging.

In summary, these two medium sulfur forgings did not exhibit
environmentally assisted cracking over a rather broad range of
frequencies and AK values in tests in high purity water at 149°C
(300°F) and at 260°C (500°F). EAC behavior was not induced
through changes in location within the forgings or in orientation of
the test specimens. Also, changes in the pH from about 10.2 to
9.0 and increases in the oxygen content of the water did not induce
EAC, although the latter did increase the fatigue crack growth
rates by a factor of about 4. The lack of instabilities in the shapes
of the fatigue crack fronts and of cleavage facets in the crack
surfaces indicate that classic EAC did not occur in any of these
tests, even when oxygen was added to the water. This behavior
is consistent with the low inclusion content of the steel,

n ion

1. Two medium sulfur ASTM A508-Class 2 steel forgings did not
exhibit the large increases in FCGR associated with
environmentally assisted cracking (EAC) in fatigue tests at 149°C
or at 260°C in high purity water.

2. Reducing the pH from 10.2 to0 8.9, did not change the crack
growth rates significantly.

3. The addition of oxygenated water to the feedwater drove the
corrosion potential above -250 mv and increased the fatigue crack
growth rates by a factor of about 4.

4. No instabilities in the shapes of the crack fronts were observed,
a characteristic commonly associated with EAC behavior.

5. Area fraction measurements of inclusions near the crack planes
supported a previously proposed relationship between the area
fraction of sulfide inclusion present in a steel and its susceptibility
to EAC.
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