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ABSTRACT

Fatigue crack growth rate tests, at a load ratio of 0.2, have been
conducted on steels of low, medium and high sulfur contents (0.004%,
0.013% and 0.025%) :in PWR water at both low and high flow rates.
Crack growth rates show no dependence on flow rate, but are strongly
dependent on sulfur content, with a large proportion of environmental
assistance for the highest sulfur contents. Tests of low and high
sulfur content steels at a load ratio of 0.7 show relatively little
environmental assistance in either case. The fractography of these
specimens shows the wusual brittle appearance for environmentally-
assiste! fatiogue crack growth. In addition, the opposing fracture
surfaces match perfectly, indicating that little or no dissolution of
the metal matrix has occurred, and there is very little plastic flow
associated with the fatigue cracking process. The X-ray photoelectron
emission examination of the fracture surface oxides shows that FeS and
FeSz coexist in the oxide layer, suggesting that the conditions within
the crack enclave involved near-neutral pH and cathodic potentials.

11l



CONTENTS

ABSTRACTQ.oo.o...'..o-....coa..o....oo.ooouo.oo..-o-ouooo....-o.

LIST OF FIGURESO....o..oo'oot...--c..oo-D'o-ooloo..oo-n...'lto-o
ACKNOVLEDGEMENT‘o..oo.o.o..cc...o..o".Uoontu-.oottooonco.uocoto

1. INTRODUCTION . s s sosvsvccssnsnanssctsnossssonsocssesansensses
2. REVIEW OF PUBLISHED RESULTS.ccccccecsccsscsscacsvsssssossss
3. EXPERIMENTAL PROCEDURES..ccccsccscsccccssccsssnssssscscssss
4. RESULTS AND DISCUSSION OF CRACK GROWTH RATE STUDIES........
5. FRACTOGRAPHIC OBSERVATIONS:useesssssssnsscscssssnssnsnnnsns
6. X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) OBSERVATIONS.s.vevss
7, CONCLUSIONS cocsscsvescoscscesssssscsnsncsnonssncosssnssssse

REFERENCESQ..ooo.nooio.oh.0.'.onocoo.alo.o.o-c...o.ooo.oloolooon

Page

iii

15
22
34
37

40



Flggre

10

11

12

13
14
15

16

17

18

19

20
21

22

LIST OF FIGURES

Page

"The orientation nomenclature used in this reportiseescees

Crack growth rates for steels of low sulfur content
and a load ratio of 0.2.'..‘."...'......Q.‘I..llll......

Crack growth rates for steels of medium sulfur
content and a load ratio of 0-2..oooooocooon-.oaooo.ooo-o

Crack growth rates for steels of low sulfur content,
andaload ratio of 0.7...'..l..'..l..‘....'l...l........

Crack growth rates for tests with triangular waveform....
Crack growth rates from different laboratories.eeseecessess
Crack growth rates from constant AK tesStS.ssssssceccccsse
Daisy chain showing water manifold.esssssccsceoscccccnnnes
Microstructures of the steels tested in this study.eeeess
Fracture surfaces of the fatigue specimens.cccesescssesss

Crack length vs. cyclic count for the low flow rate

test...QIOIO.looo...000.00.....o.l'oo.oooc0.0.0.0..00....

Crack length vs. cyclic count for the high flow rate

LeSLlavssscssssssscsssssessssnssssssssssssssssssssssnsosnsnse
Crack growth rates for low flow rate testicecscsvecsnanne
Crack growth rates for high flow rate testesesessesacsnss
Crack growth rates for low flow rate test at R = 0.7.....

Fan-shaped features and brittle striations in the
high sulfur steel..l'...l...‘l.Q.O....‘l.......l'.l.l....

Ductile and brittle features in the low sulfur steel..ss.

Matching fatigue fracture surfaces for the high
sulfur steel specimenseccecesesssscsssssssssosssssssssnsan

Matching fatigue surfaces for the low sulfur steel

specimn...l.'...0..'..“.....l..‘.....l...I..l......l".
Circular area of brittle-like appearance..cssccesccscssss
Increased magnification view of Fig. 20.csescsvesscnsnces

Hydrogen cracking in the high sulfur steel.ccevescevesese

vii

10

12

13

16

18

19

20

21

23

24

26

27

28

29

30

31



LIST OF FIGURES

Figure Page
23 Increased magnification view of Fige 22.cevcvcsscasnscess 32
24 Hydrogen cracking ahead of the fatigue crack tipessseasss 33
25 Hydrogen cracking in tensile specimen.eeeceescescescesese 35
26 X-ray photoelectron spectra for the Fe2p3/2 electron

binding energy-.....lo'O..ool..c.‘....o...Qn.o.l......... 38

viii



ACKNOWLEDGEMENT

The authors would like to acknowledge the efforts of Robert E. Taylor,
MEA, for assistance in conducting this research effort. The XPS§
examination of the oxide was carried out by Dr. Martti Vulli, Dept. of
Physics, Technical University of Tampere, Finland. Appreciation is
alsec extended to Dr. Frank J. Loss, MEA, who provided program
management during the course of this research. The continuing support
of the NRC program manager, M. Vagins, is appreciated greatly.

ix



1. INTRODUCTION

Several variables influence fatigue crack growth rates of piping and
pressure vessel steels in light water reactor (LWR) environments.
Since the first research results became available in 1971 and the
present time, the identity and degree of influence of several of these
variables have been well quantified. On the other hand, several
variables have resisted accurate and convincing enumeration owing to
inconsistent results from different laboratories performing nominally
the same test, often with specimens from the same heat of steel. The
research described in this report was carried out in an attempt to
accurately define the role of sulfur chemistry and water flow rate on
the fatigue crack growth rates in PWR environments. The tests were
conducted wusing multiple-specimen "daisy chains” of steels with
differing sulfur contents, to allow the direct comparison ot crack
growth rates under conditions which were common to all the speci-
mens. The crack growth rate results are supported by fractographic
investigations, and examinations of the fatigue fracture surface
oxides using X-ray photoelectron spectroscopic (XPS) techniques.

2. REVIEW OF PUBLISHED RESULTS

The suggestion that sulfur content could have an effect on the fatigue
crack growth rates of pressure vessel steels in pressurized water
reactor (PWR) environments began to enter the literature about 1981
(Ref. 1). As the idea began to develop in more depth, the Inter-
national Cyclic Crack Growth Rate group endorsed research to address
this topic in particular, as a way to sort out some of the apparent
discrepancies in results between various laboratories. Several
research efforts sprang out of this interest. Examples of these
results and conclusions are described below. A composite table giving
the chemical compositions of the steels .ested at the various labora-
tories is given in Table 1, and the sulfur contents are given in the
legends of the appropriate graphs. The orientation designations are
given using the ASTM nomenclature (Ref. 2), which is illustrated in
Fig. 1.

The most comprehensive series of tests has been conducted by Bamford
(Refs. 3 to 5), who has completed a matrix of tests of steels with
various sulfur contents, using specimens of different orientations,
tested at load ratios (R) of 0.2 and 0.7, and a 17-mHz sinusoidal
waveform. Examples of these results are shown in Figs. 2 through 4.
These data sets, for a low sulfur steel, show an increase in growth
rates with an increase in load ratio, and little, if any, dependence
on specimen orientation. Figure 4, for a steel of higher sulfur
content, should be compared with Fig. 2, for the same load ratio.
This comparison shows a significant increase in growth rates, along
with a partitigning of the data for the different specimen orienta-
tions at the higher AK levels.

Parallel results have been obtained by Slama and coworkers (Ref. 1).
Figure 5 shows results for steels of two sulfur levels, tested under
PWR conditions at a load ratio of 0.2 and a 17-mHz triangular



Table 1

Chemical Compositions of Steels Described

in This Report

Reference Identification c Mn P S Si Mo Ni Cr Cu Al Co Sn v
6 63758.1 0.185 1.395 0.01 0.006 0.195 0.485 0.655 0.130 0.095 0.002
6 C8938 0.21 1.24 0.016 0.012 0.2 0.49 0.66 0.08 0.09 -—— 0.013 0.012 ——
3 ™ 0.21 1.38 0.008 0.004 0.21 0.56 0.67 -—— 0,08
- PN 0.21 1.33 0.012 0.016 0.22 0.53 0.5 -—— 0.13
This report IHT 0.19 1.280 0.009 0.013 0.250 0.550 0.610 0.040 0.100 0.004
::1: :e:on:t Q2 0.21 1.28 0.006 0.025 0.24 0.53 0.56 -—— 0.12
This report w7 0.23 1.40 0,005 0.004 0.25 0.57 0.70
7 0.025%s 0.23 1.33 0,011 0.025 0.23 0.48 0.66
7 0.006%s 0.185 1.395 0.01 0.006 0.195 0.485 0.655 0.130 0.095 0.002




Fig. 1 A schematic showing the orientation nomenclature used in
this report. This is the standard nomenclature from
ASTM E 399.
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waveform. Concurrent research, also described in Reference 1, showed
that triangular waveforms yielded consistently lower growth rates than
sinusoidal waveforms, at least for steels of 0.009%Z and 0.013% sulfur
contents. However, these data sets show that increasing the sulfur
content to 0.018% results in growth rates which reside well outside
the ASME reference line for R < 0.25, in spite of the triangular wave-
form.

Concurrent research at the UKAEA-Harwell laboratory produced crack
growth rate results which were consistently lower than results at
other laboratories, and Scott aud Bamford engaged in a two-laboratory
intercomparison study (Ref. 6) to try to sort out the reason for the
discrepancy. Results of nominally identical tests of low (0.006%) and
medium (0.012%) sulfur steels at both laboratories yielded the results
shown in Fig. 6, with the UKAEA results (shaded symbols) a factor of
ten or more lower than the Westinghouse results. Additional tests at
Harwell, on steels of even higher sulfur contents, consistently
yielded results well below the ASME reference lines for the appro-
priate load ratio (Ref. 9). However, Scott has published results of
tests at considerably higher test frequencies and load ratios which
show higher growth rates and a “plateau"” or AK-independert range.
Scott has developed a strain-rate model which accounts for the
increase in growth rates with increasing load ratio and frequency.

Van Der Sluys (Ref. 7) has completed a unique test of a composite
specimen, composed of sections of steel of different sulfur contents,
electron beam welded together and formed into a specimen such that the
crack proceeded through the various sections. The results of constant
MK tests on this specimen are shown in Fig. 7. These results show
cleirly the influence of the sulfur content on crack growth rates, and
the dependence on test frequency, for the higher sulfur content
section, appears to show increasing growth rates with decreasing test
frequency. Growth rates at 10 mHz, the closest comparison to the
17-mHz frequency cited above, straddle the ASME water environment
reference line for the high sulfur steel, but are just above the air
environment reference line for the lower sulfur content section.

Against this background, MEA undertook a series of two multispecimen
tests, using steels of three different sulfur contents in each daisy
chain, and conducted one test in a low-flow rate environment, and the
other test in a high flow rate environment.

3. EXPERIMENTAL PROCEDURES

The MEA tests were carried out in a multispecimen autoclave capable of
testing four 2T-CT ([51-mm (2-in.) thick] specimens in a daisy chain.
Each specimen was instrumented with an LVDT* in order to measure the
crack mouth opening of the specimen. Crack mouth opening and load
readings were wused in an experimentally-determined formula to

* Linear Variable Differential Transformer
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calculate the crack lengths in the specimen while the tests were
underway. Data acquisition was cerried out by a computer-based, data
acquisition system which also monitored the cycle counts, system water
chemistry, and other system parameters. The operation of these
systems is described in earlier reports (Refs. 10 and 11).

The water pressurization and circulation system for these autoclaves
is a recirculating system, with the system change rate being about
two-to-three gallons per hour. Pressurized, high~temperature water
pumps are used to obtain the circulation rates within the autoclave.
The flow rates are established by throttle valves and measured by
calibrated flow meters. The flow rates used in these tests were
50 liters per hour and 1000 liters per hour. The autoclave volume is
about 140 liters. Water was directed towards the front faces of the
specimens, and into the notch by a manifold system shown in Fig. 8.

The water used in this autoclave system had the nominal PWR chemistry
which is specified in Table 2. Typical analyses of the water for
these and other constituents are shown in Table 3. The chloride
content s slightly above the specification, and is probably due to
leakage tiom the dissolved oxygen sensor. The sulfate and phosphate
contents «re not covered in che specification, but are felt to be
moderately high, but not to the point which would cause measureable
change in the fatigue crack growth results. Since the time of these
tests, an on-line water cleanup system has been installed on this
autoclave circulation loop.

Specimens were prepared from plate pieces which were provided to MEA
by Westinghouse (CQ2) and Electric Power Research Institute (IHT).
The W7 plate and W8B weld were from MEA stock. The identification and
chemical composition for these steels is given in Table l. The micro-
structures of the steels are shown in Fig. 9. The CQ2 steel may have
a smal! amount of tempered martensite mixed in with the predominately
bainitic matrix. The other steels are bainitic. The orientation of
all specimens was T-L, using the standard ASTM designations.

Table 2 Water Chemistry Specifications

Boron (as boric acid) 1000 ppm
Lithium (as lithium hydroxide) 1 ppm
Chloride ions < 0.15 ppm
Fluoride ions < 0.10 ppm
Dissolved oxygen s 1 fpb
Dissolved hydrogen (saturation) 30 to 50 em”/kg water

All other metallic or ionic species should be at about trace levels.
Some iron, both in solid and soluble form is the inevitable result of
a corroding specimen.




Fig. 8 Photograph of the daisy chain of specimens, showing part
of the manifold system to direct the flow toward the
mouth of each specimen.
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Table 3 Results of MEA Water Analyses

After Mixed with After
Deionization B & Li Autoclaving

(All in ppb, except as noted)

Boron 0 995 ppm 1092 ppm
Lithium 0 0.95 ppm 1.3 ppm
Fluoride <10 ~10 45
Chloride <10 o 150
Sulfate 2 15 110
Phosphate 8 12 180

These tests were carried out using constant load amplitude cycling, at
a test frequency of 17 mHz and a load ratio (R) of 0.2. In accord
with the test practice of earlier ICCGR round robins (Ref. 12), the
initial AK was 27.5 MPa/m (25 ksi/in.). The specimens were installed
in the load train, placed in the autoclave which was filled with
water, and brought to ~ 90°C for 12 to 14 hours to degas the water.
The system was then pressurized and brought to 288°C (550°F). The
cycling was initiated within 24 hours after the temperature was
stabilized. In a departure from the usual MEA practice, but in agree-
ment with the ICCGR methodology, the initial phase of this test was at
17 mHz.

The conduct of multiple specimen tests is somewhat different from the
conduct of single specimen tests. In both cases, it is important to
create a beachmark to accurately define the final crack length for
each specimen tested. In the case of single-specimen tests, this is
normally done by terminating the test, removing the specimen from the
autoclave, chilling and fracturing the specimen. In the case of
multiple-specimen tests, crack extension proceeds at different rates
in different specimens, and thus the desired terminal crack length on
individual specimens will be reached at different cyclic counts. In
this case, when the first of the specimens reaches the final crack
length, the loads (minimum and maximum) on the daisy chain of speci-
mens are reduced to 50% of their original values, and the test
frequency is increased to | Hz. Cycling is continued with these new
parameters, until the specimen(s) with the longest crack lengths
either break completely, or undergo significant crack extension.
Crack extension on specimens with shorter cracks is generally very
small or nonexistent. The test parameters are then returned to their
original values, and the test continues on specimens remaining in the
daisy chain.

At the conclusion of the series of tests, the autoclave is cooled and
opened, the specimens removed and broken open, and the initial and
final crack lengths, and any significant beachmarks in between are
measured using micrometer-mounted optical microscopes. These
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directly-measured crack lengths are used as input to a post-test
correction procedure described in an earlier report (Ref. 13). This
correction procedure not only takes into account changes in crack
front morphology due to tunneling, but also corrects for any instru-
mentation errors which may have developed during these somewhat
lengthy tests. Normally, deviations from compliance-calculated and
optically-measured crack lengths are less than 1.5%. Macrophotographs
of the specimens from the two multispecimen tests are shown in
Fig. 10.

The crack length (a) vs. cyclic count (N) plots for the two daisy
chains of specimens involved in this study are shown in Figs. 1l
and 12. As can be seen, the CQ2 and IHT specimens reached their final
crack lengths after about 30000 cycles, at which time the loads were
reduced and the frequency increased. In both tests, the two specimens
either broke, or the cracks were extended, and the tests were resumed
with the original test parameters. Additional test phases proceeded
in much the same manner, until the last specimen had broken, and the
autoclave was cooled and opened. It is important to note that this
multiphase approach to fatigue crack growth testing does not appear to
produce transient behavior in the crack growth rates. As seen in both
Figs. 1l and 12 for the code W/ specimen, following each phase of
reduced 1lvad and 1-Hz beachmarking, crack extension resumes
immediately upon resumption of cycling at test loads. As shown below,
crack growth rates recommence at their former values and increase
smoothly from there.

4. RESULTS AND DISCUSSION OF CRACK GROWTH RATE STUDIES

Fatigue crack growth rate vs. applied AK plots are shown in Figs. 13
and l4 for the low and high flow rate tests. There is virtually no
difference in crack growth rates for either the low, medium or high
sulfur content steels in either flow rate case. The steels with the
two highest sulfur contents (codes IHT and CQ2) have roughly the same
growth rates, while the low sulfur steel (code W/) exhibits substan-
tially lower crack growth rates. The results for the remaining
specimen in Fig. 13 (code W8B) which had 0.011% sulfur, reside some-
where in between the results for steels of lower and high sulfur
contents, although this submerged-arc weld has a considerably
different microstructure than the A 533-B plate specimens. These
latter results are shown for completeness rather than because they

lend support to the correlation between sulfur content and crack
growth rates.

The fact that the results for the code W/ steel show little environ-
mentally-induced acceleration eases the concern over whether the
100 to 200 ppb levels of sulfates, chlorides and other contaminents in
the water have any effect on crack growth rates. A recent study by
Van Der Sluys (Ref. 7) has shown that addition of 135 ppb chloride to
an autoclave environment did not change crack growth rates. Scott has
shown that addition of 1000 ppb sulfate ion as sulfuric acid does
result in significant increases in crack growth rates. In spite of
this observation, MEA is taking steps to install a water clean-up loop

in its various autoclave systems.
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The observations from the two multispecimen tests are straight-
forward. For a load ratio of 0.2 and a PWR environment, crack growth
rates increase monotonically with sulfur content of the steels, while
flow rate, over the range investigated, has no measureable effect.
These results support the previous work on the effect of sulfur
content, but are in contrast with the UKAEA results (Ref. 6), which
show lower growth rates for steels covering the same range of sulfur
contents. It is possible that the ultralow contaminent level in the
autoclave water at the UKAEA test facility may have something to do
with the lack of environmental assistance in the high sulfur content
steels. This is tantamount to suggesting that it is some kind of
twofold interaction of contaminents in the bulk water, together with
sulfite/sulfate ion production within the crack tip enciave from
solvating manganese sulfide inclusions which provides the conditions
leading to the increase in crack growth rates.

Two other tests were conducted ar a load ratio of 0.7 to determine if
the sulfur contents of the code W/ and CQ2 steels (0.004% and 0.025%,
respectively) provided the same relative levels of environmentally-
assisted fatigue crack growth rates as at the lower load ratio. These
tests were conducted in slowly flowing water, using constant amplitude
loading, and the multispecimen test techniques described above. The
fatigue crack growth rate vs. applied AK plots for these two tests are
shown in Figs. 15a and 15b. These results show that there is
virtually no difference in growth rates between the two steels, and
that there is relatively little environmental assistance when compared
to results published by Bamford (Refs. 3 to 5 and Fig. 4). Further-
more, in the case of the CQ2 specimen, fatigue crack growth rates
during the l-Hz phases of the test generally exceeded those growth
rates during the 17-mHz phases. The test of the code W/ specimen
involved such short crack extensions at the l-Hz test frequency that
growth rates cannot be accurately computed and a similar conclusion
cannot be posed. This result is in general agreement with an earlier
finding by Scott (Ref. 9), which indicated that in order to maximize
the environmental-assistance component of fatigue crack growth in PWR
environments, highecr test frequencies were required at the higher load
ratios. In the Scott research, test frequencies of | and 5 Hz at
R ~0.9, 0,5 to S Hz at R=0.,8, and | to 20 Hz at R = 0.7 were
required to produce a “plateau” in the growth rates, over which Scott
postulated the corrosion process controlled the growth rates.

5. FRACTOGRAPHIC OBSERVATIONS

The specimens of the lowest and highest sulfur content steels
(codes W/ and CQ2) from the R = 0.2 tests were examined to determine
the fractographic features which characterized the environmentally-
assisted fatigue crack morphology. As expected, when the environmen-
tal assistance was significant (in the CQ2 tests), the fatigue
fracture surfaces are covered with brittle-appearing features, fan-
shaped facets and extended areas covered with brittle striations, as
shown in Figs. lba and 16b. When the environmental assistance is low
(as in the W7 tests), there is a mix of ductile- and brittle-striation
formation, and overall, a much greater percentage of ductile appearing
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