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ABSTRACT

This report is a compilation- of papers which were presented at the TAEA
Specialists' Meeting on Subcritical Crack Growth, held at the Fraunhofer-
Institute for Fracture Mechanics, Freiburg, FRG, May 13-15, 1981. These
papers describe the experimental procedures for and interpretation of
results of fatigue crack growth rate testing of pressure vessel and piping
steels in pressurized, high-temperature water.
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1. EXECUTIVE SUMMARY

This specilalists' meeting grew out of the work of the International Cyclic
Crack Growth Rate Group. The proceedings consist of contributions rep-
resenting the work of scientists and engineers from seven nations. The
topics center on fatigue crack growth of pressure vessel and piping steels
in light-water reactor environments. Several papers describe measurement
of growth rates for a variety of steels; others discuss fractographic
observations, postulate micromechanistic processes of subcritical crack
growth, and describe methods of applying these data sets to reactor-typical
geometries,

Since many laboratories have recently begun the development of the tech-
niques necessary for research in high-temperature, aqueous environments,
most of the projects deal with a specific material-environment-loading
description.,. Similarly, the micromechanistic descriptions which are postu-
lated, are usually based on a specific set of test results. For many of
the laboratories, these results were among the first generated with the test
facilities, and the data sets occasionally contain artifacts which reflect
experimental difficulties.

Several laboratories are rapidly advancing the state-of-the-art in the
areas of test practice, data interpretation, applications of data to
structural models, and micromechanistic model development. While the bulk
of the experimental programs address pressure vessel steels, research
results from piping steels and steam generator alloys 1s also presented.
Many of the basic observations of the effects of a single variable (load
ratio, waveform, material chemistry) seem to be in hand, and current
research seeks to investigate the combined effects of several variables
and to develop more complete micromechanistic models.






2, INTRODUCTION

Because of the complex testing systems and technological sophistication
which 18 required for pressurized high-temperature water fatigue crack
growth rate (FCGR) testing, the development of data for nuclear appli-
cations has been slowed relative to that for marine environments or other
near-ambient situations. The first published reports include work from
Westinghouse Nuclear Energy Systems (Refs, 1,2), Japan Atomic Energy
Research Institute (Refs. 3,4) and General Electric-Nuclear Energy Div-
ision (Ref, 5). Beginning in 1975, other laboratories began to provide
data addressing various aspects of environmentally-assisted fatigue . crack
growth in reactor-component materials.

By 1977, the interest level and the number of laboratories capable of
performing research 1in reactor-water environmnts had risen to the point
that it was possible to pool these technical resources to better address
the difficulties of testing, interpretation of data and application of
results:, Under the guidance of K. Lynn (NRC) and K. Stahlkopf (EPRI) and
with the organizational help of H. E. Watson of the Naval Research Labor-
atory an International Cyclic Crack Growth Rate (ICCGR) Group was formed.
Representatives from seven nations agreed to contribute their efforts to
the goals of the Group. From that start, the Group has grown to include
members from forty-one organizations, representing eleven nations. The
growth and vitality of the ICCGR Group has both fueled and drawn from the
concurrent growth and vitality of the world-wide research programs in
environmentally-assisted crack growth rate testing.

In addition to providing a forum for the discussion of recent results and
for the exchange of information on test techniques, the ICCGR Group in-
augurated specific projects aimed at standardizing test practices and data
processing techniques. Two round robin programs, one on data processing
and one on test conduct were carried out in the 1979-1981 time frame. The
results of the data processing program have ultimately led to revised guide-
lines for data acquistion, processing and plotting. The data from the
experimental round robin (Ref. 6) have led to a new awareness of certain
critical variables, especially environment and waveform.

By 1981, the intensity and productivity of these programs warranted a more
open forum than the semiannual meetings of the ICCGR Group would allow.
Under the sponsorship of the International Atomic Energy Agency this sympo-
sium was held at the Institut fur Werkstoffmechanik (IFW) in Freiburg, FRG.
About sixty attendees heard thirty-one contributions, interlaced with dis-
cussions and summaries. While most of the presentations were contributed
by personnel from ICCGR-member laboratories, papers were also contributed
by authors involved in other nuclear-component areas of interest, prin-
cipally in structural applications.



A large amount of crack growth data, spanning all types of pressure vessel
and piping steels as well as steam generator materials (Inconel and other
high alloy materials) was presented for the first time. Several papers
discussed models for crack growth based on the micromechanistic processes
of hydrogen assistance and anodic dissolution. Fractographic results were
presented in an attempt to definme crack growth mechanisms. A session on
data applications contained contributions describing the use of data for
design and in-service inspection procedures as well as some specialized
applications., It was clear that the state—-of-the-art had been successfully
presented to the attendees over the duration of this meeting.

Since this symposium was held, significant additional progress has been
made both within the ICCGR Group and by the individual member laboratories
working on their own programs. The overall data base has been significantly
expanded, and the influence of several critical variables has been explored
and more accurately assessed. Several programs have been initiated to
specifically address the micromechanistic crack tip chemistry and deforma-
tion processes. Many laboratories have established expertise in the use
of high-temperature reference electrodes and are able to measure the free
corrosion potential of the specimens under test. This quantity can suggest
whether hydrogen evolution is occurring (at low potentials) on the specimen
surface, or whether passivation, or oxidation 1is occurring (at higher
potentials)., Such information is invaluable support for model development.

The ICCGR has designed a second experimental round robin, this time using
a larger specimen (50 mm thick compact specimen) and a higher load ratio
(R = Q.7). Additionally, several laboratories are cooperating in other
kinds of specific exchange programs, involving testing or post-test exam-
ination of certain types of steels of a specific interest to two or three
laboratories. A description of the current status of the ICCGR Group
activities can be found in Reference 8.

The proceedings of this meeting were originally published in a very limited
edition and were issued mainly to participants and attendees. In response
to requests from researchers in this field, they are being reprinted to
achieve a more widespread distribution. The ICCGR Executive Committee
has tentatively planned a second specialists' meeting to be held in 1984.
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CORROSION FATIGUE CRACK GROWTH OF PRESSURE VESSEL
WELDS IN PWR ENVIRONMENT

W. H. Bamford, L. J. Ceschini, and D. M. Moon

Westinghouse Electric Corporation
Pittsburgh, PA, USA

ABSTRACT

The fatique crack growth rate behavior of several pressure vessel steel
welds in PWR environment will be discussed. The behavior will be compared
with associated heat-affected zone behavior, and with comparable base metal
results. The welds show different degrees of susceptibility to the environ-
mental influence, and this will be discussed in some detail, along with frac-
tographic observations on the tested specimens.






INTRODUCTION

During the past several years a program has been conducted to study the
corrosion fatigue characteristics of automatic submerged arc weldments used for
nuclear reactor pressure vessels. Three different fluxes were studied, repre-
senting the range of fluxes employed by United States manufacturers., These
are all produced by the Linde Division of Union Carbide Corporation and are
designated Linde 124, 0091 and 80.

The chemical composition of the welds and assoé¢iated heat-affected zones
studied is summarized in Table 1, Several heats of A533B class 1 plate and
A508 class 2 forging steel were also studied, and these added significantly
to the interpretation of the observed behaviors. The composition of these
heats was also included in Table 1 for reference.

A test matrix was constructed to study these welds, so that they could
be suitably compared under similar test conditions., As may be seen in Table 2,
two loading effects variables were investigated, The R/ratio (minimum stress/
maximum stress) is known to be the major factor influencing fatigue crack growth
rates of these materials in water environments. The second loading variable
investigated was the wave form, for which the sine wave was compared to a ramp/
reset condition. Both load forms resulted in a 17 mHZ frequency.

Results of the testing indicate that there are significant differences in
the corrosion fatigue crack growth rate behavior of the three types of welds
studied. These behavioral differences arise from metallurgical differences in
these welds, which can be separated from environmental and loading variables.
Although the explanation for all the observed behavior is not yet complete,
significant progress has been made in characterizing the corrosion fatigue
behavior of these welds.

The primary variables which were found to affect crack growth rates in
the simulated PWR environment were

¢ R ratio
e Loading wave form
e Sulfur content



Fatigue crack growth rates were increased with higher R ratio values and
with sinusoidal wave forms as opposed to ramp/reset loadings. It also appears
that the sulfur content of the steel or weld has a very strong influence on the
environmental susceptibility, with high sulfur resulting in more susceptiblity.
The R ratio affected all materials equally, while the latter two effects were

material dependent,

TEST PROCEDURES

The fatigue crack growth rate tests were conducted in a pressurized water
environment produced in autoclaves which were heated to the desired tempera-
ture with electrical heaters embedded in the chamber wall. Complete details
of the test chamber have been previously discussed.(]) Test conditions used in
the present study were primarily water at 288°C (550°F) and 14 Mpa (2000 1b/in2).
The pressurized water chemistry is maintained by a flowing system with carefully
monitored oxygen and thermal conductivity.

The tests were carried out using 2 in. thick (5.08 cm) precracked fatigue
specimens of the compact and WOL configurations which were sinusoidally stressed
under load control. Test autoclaves contained single specimens, and employed
1ndepehdent water systems, The specimens were machined from the center of the
weld, oriented as shown in Figure 1, with the crack propagating in the direc-
tion of welding. The heat-affected zone specimens were oriented similarly,
except that the plane of the specimen was set at a slight angle so that the
crack could follow the boundary of the weld.

Crack growth was monitored continuously with an externally mounted linear
variable differential transformer (LVDT) which reflects the face opening dis-
placement of the specimen. The LVDT reading was then converted to crack length
using a compliance method based on beach marks purposely produced on the speci-
men. The resulting crack length vs. cycles data was then converted to crack
growth rate data, using the incremental polynomial method recommended by ASTM,
This method has the dual advantages of being the least subjective method of
data processing, as well as producing a Targe amount of data, which aids in
establishing trends and making comparisons.
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As a result of exposure to the high temperature water the fracture sur-
faces were covered with a dense oxide obscuring any fractographic informa-
tion. An electrolytic cleaning technique involving scrubbing with cathodic
hydrogen was used to remove this oxide scale.

A1l of the fractographic examinations were conducted using a scanning
eletron microscope. Due to the obliterating action of the oxidation on the
fine fracture surface features, no advantage was found in using the higher
resolving power of the transmission electron microscope and replicating pro-
cedures. The finest striation spacing measured on the cleaned fracture
surface using the scanning electron microscope was 5.08 x 10'5 cm (2 x 10'5 in.).

To study the density and size distribution of the carbides in the weld
and base metal samples, an extraction replica technique was employed using
a 10% solution of bromine in methanol.

CRACK GROWTH RATES IN WELDS

Of the three fluxes studied, there is little to separate one from the
other in terms of general observations on quality, weldability or general
corrosion resistance., There are some differences in the chemical makeup
which can be seen from Table 1. The Linde 124 and Linde 80 flux are similar
in that they contain higher levels of silicon and manganeze than the Linde 0091
flux. This is true in general for these fluxes, and the approximate ranges of
content observed on a large number of heats are shown in terms of weight percent
below:

Mn Si
Linde 124 1.25 ~.1.35 0.4-- 0.5
80 1.25 - 1.35 0.4 - 0.5
0091 1.10 - 1.20 < 0.3

In the welds tested, the sulfur levels were considerably different, with
the Linde 0091 containing much less sulfur than the other two, This cannot
be said to be true in general, however, as opposed to the comments above on
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manganeze and silicon, The sulfur content of a given weld is a strong
function of the date of manufacture of the nuclear vessel, with sulfur
levels having dropped gradually with time, to the' point where today the
weight percentage is seldom as high as 0.010, regardless of the flux used.
A detailed review of available crack growth results is provided below for
each of the fluxes, followed by appropriate comparisons.

LINDE 124 FLUX

The first weld to be studied was a submerged arc weld of the type now
used for most reactor vessel welds. The results available to date are sum-
marized in Figures 2 and 3 for R ratio values of 0.2 and 0.7, and there is
a very clear R ratio effect, typical of that observed on all the materials
studied, Also shown in all figures are the ASME Section XI reference cur‘ves[z:|
for these steels in air and 1ight water reactor environments. The most striking
result of these tests in Figure 2 is that there is considerable scatter in the
results, with the crack gorwth rates showing small increases and decreases
along the overall advance of growth rate with applied AK. The growth rates
observed were in general somewhat less than for base metal specimens of the
same chemistry., The heat affected zone specimen in Figure 2 behaved very
similarly to the wélds, and there is no definite effect of the ramp-reset
loading form as compared to the sine wave. This lack of wave form effect is
in marked contrast to results for another weld, to be discussed later.

The results obtained for higher R ratio, and summarized in Figure 3 are
less well behaved. This was true in general for the high R tests of all the
materials. It was apparently very difficult for the crack growth acceleration
due to the environment to sustain itself. Only one of the four weld specimens
tested could produce a growth rate above 10'3 mm/cycle; all the others arrested,
as can be seen in the figure., The cracks failed to advance far enough to pro-
duce applied AK values greater than 20 MPa/m. In one case, a specimen was
tested for 7 months, amassing 166,000 cycles. (Typical test time was 40,000
cycles). Based on results from other tests, the fact that the single speci-
men which grew was tested under a ramp-reset loading is probably not signifi-
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cantly related to the choice of waveform., The heat-affected zone specimen
did show a more conventional behavior, typical of that of the A533 B plate
specimens tested at high R. Thus even though it was a heated-affected zone,
the fact that it was plate material was probably the governing factor.

LINDE 80 FLUX

These welds were also made by the submerged arc process, and were pri-
marily used 1n vessels made entirely of forgings. Test results are summarized
in Figures 4 and 5 for the welds, and in Figures 6 and 7 for the heat affected
zones. An effect not found in other materijals was exhijbited in these
welds: after the initial part of the test. the crack growth rate often de-
creased tremendously, producing in effect a deep "V" in the data plots. The
effect is particularly pronounced for the ramp-reset loading, but also was
produced in one sine wave specimen to a considerably smaller degree. At pre-
sent, these results cannot be effectively explained, but since the sinusoidal
wave form is more typical of actual reactor system loading conditions, these
results must be considered more typical for in service behavior prediction,
and the ramp reset results set aside for further study.

Considering the sinusoidal results, it is apparent that the same R ratio
effect is observed as for the other materials, and it is also worthy of note
that the crack growth at high R ratio does not show the arrest phenomenon ob-
served in the Linde 124 weld, even though the sulfur and other chemical con-
tent is reported to be nearly the same. The available results appear to be in
much better agreement in the high R case than the low R case (Fig. 5).

The reversal effect noted above for the ramp-reset condition is even more
noticeable in the case of the heat-affected zones where test results are re-
ported in Figures 6 and 7. Again the sine loading results were typically the
same as those of other materials, although a reversal did occur in the high
R sine specimen, as shown in Figure 7.
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LINDE 0091 FLUX

This weld type has been used on a large number of reactor pressure vessels
made of plate material, as opposed to forgings. The welds Studied under the
test matrix were both very low in sulfur compared with the other two weld types
tested, as may be seen in Table 1. This low sulfur content is not a special
characteristic of the Linde 0091 flux; it is simply a coincidence that both of
these welds were low in sulfur.

The welds made with this flux both showed very little environmental en-
hancement when tested at low R ratio as shown in Figure 8. The crack growth
rate behavior was parallel with the ASME reference air line, and remained a
straight 1ine. On the other hand, a heat-affected zone specimen tested at
R = 0.2 showed a considerable amount of environmental sensitivity, but a look
at the chemistry of the adjoining plate in Table 1 shows that its sulfur con-
tent is very high, about 0.020 weight percent. Accordingly, the growth rates
observed for this heat-affected zone specimen are higher than any of the other
welds or heat affected zones, which all had lower sulfur contents.

There is a significant R ratio effect for the Linde 0091 welds, just as
for the other welds as shown in Figure 9. It is interesting to note that the
R ratio effect shows up even for a material which has no significant environ-
mental enhancement at low R ratio, and the amount of enhancement due to R ratio
increase is approximately equal to that which was observed on the other materials.
Thus, even though the magnitude of environmental enhancement in crack growth
{s apparently proportional to the sulfur content of the material, the R ratio
effect may be independent of this factor, providing the same relative increase
in crack growth rate irrespective of the sulfur content,

The effect of loading wave form has not been addressed adequately for
this material, because there is no single heat where both wave forms have been
used, Indications are that for these low sulfur welds the wave form is an im-
portant effect, perhaps even comparable with the magnitude of the R ratio enhance-
ment, as suggested by Figure 9.

COMPARISONS

It is clear from the above discussion that a great many comparisons of dif-
ferent welds tested under the same conditions are now possible. Some possibilities
can be developed from study of Table 2, and for this reason all the figures in

14



this paper have been drawn on a common scale. Two examples of comparisons
have been included here as Figures 10 and 11.

In Figure 10 it can be seen that the Linde 80 weld tested shows more en-
vironmental sensitivity at low R ratio than does the Linde 0091 weld. The next
figure .shows a similar conclusion for the Linde 124 weld. It is postulated that
these differences are due more to the weld chemistry than to any fundamental
differences in the flux types. Table 1 shows that the sulfur content of the
Linde 80 and Linde 124 welds is nearly the same, and over fifty percent higher
than that of the Linde 0091 weld "D".

The welds in general, show more scatter in the fatigue crack growth rate
data than base metal specimens, and of the welds studied the most scatter ap-
pears in the Linde 124 samples. This scatter manifests itself in waves or
"wiggles" in the portrayal of crack growth rate vs applied stress intensity
factor range AK. The most 1ikely explanation for this behavior is that there
are many microstructural variations in the fusion zone. This scatter appears
to decrease as the sulfur level decreases.

The trends observed with sulfur content are similar to those observed in
a number of heats of base metal, in that steels with sulfur content less than
0.010 weight percent are inherently less susceptible to environmental enhance-
ment.

FRACTOGRAPHY OF TESTED SPECIMENS

Fracture surface examination has been carried out on a considerable number
of the tested specimens., A detailed list is included as part of Table.2. Many
of the specimens so studied have been discussed in earlier reports [e.qg. 3]

‘but only occasionally have comparisons been made. This section will attempt

to provide a more comprehensive comparison of the materials tested and examined
to date, which include plate, forging, submerged arc welds using three different
flux types, and heat affected zones in both plate and forging materials.

Specimens were examined from nearly all the materials which have been

tested in this program, including base metals, welds and associated heat-
affected zones, The fracture surfaces indicate that corrosion fatigue crack

15



growth procedes by a number of different modes, some of which can operate
simultaneously in a single specimen. The dominant mode for a given material
appears to be most strongly dependent on the microstructure present, and is not
related directly to the crack growth rates observed macroscopically, or the
levels of environmental enhancement.

In forgings, regardless of R ratio, crack growth procedes by well-developed
ductile striatian formation. This remains the dominant mode of propagation
in the plate material as well, but striations are often less well-defined,
and are often accompanied by areas which show a cleavage-like appearance.
Considerable differences appeared in the welds studied, as discussed next.

LINDE 124 FLUX

The fracture surfaces of all specimens of this weld exhibit a predominace of
dimpled rupture, whether tested in air or in the PWR environment. The frac-
ture surface tested in air is the cleanest, and clearly shows the role being
played by the large carbide particles in the weld metal, serving as nuclea-

tion sites for dimpled rupture, A minor amount of ductile striation formation
can also be seen under close examination.

The fracture surface features of the specimens tested in water are con-
siderably obscured by oxidation, but at both R = 0.2 and R = 0.7 the surfaces
are very similar to the air specimen, with a preponderance of dimpled rupture.
This behavior is shown for both R ratios in Figure 12, where it can be seen

that the amount of dimples is enhanced at the higher R ratio.

LINDE 80 FLUX

The Linde 80 flux has been primarily used in welding forgings, while the
Linde 124 flux discussed above is primarily used for welding plates, and the
welds tested in this program are typical in this respect. In contrast to the
Linde 124 weld metal, the Linde 80 weld metal specimens are characterized more
by ductile striation formation than dimpled rupture, which may be related to
the relative ease of ductile striation formation in the forging as compared
to plates.

16



At the low R ratio and lTow to intermediate values of applied aK the frac-
ture surface has a rough texture, with occasional ductile striations discernable
on about half the surface. The density of carbide-nucleated dimples is very
low., At higher applied K, the incidence of secondary cracking and dimples in-
creases, along with a decrease in density of well defined ductile striations,
as seen jn Figure 13. At higher R ratio, again the density of carbide assisted
dimples is very low, with the dominant fractographic feature being ductile
striations as shown in the bottom portion of Figure 13.

LINDE 0091 FLUX

The Linde 0091 flux has been generally used to weld A533B plates together.
The fracture appearance of these specimens appears to be intermediate between
the predominantly dimpled structure of the Linde 124 weld and the ductile stria-
tions seen in the Linde 80 weld, The fracture surface at the low R - ratios
appears to be a mixture of carbide nucleated dimples interspaced throughout
with poorly defined ductile striations, as seen for example in Figure 14, At
higher R ratio (0,7) the structure has less well-defined striations and is
more dominated by dimples, as seen in the bottom portion of the figure.

HAZ

Heat-affected-zone specimens were examined from both a forging (C-3 HAZ)
and a plate (D-1HAZ). In both specimens the results were similar, and re-
sults are shown in Figure 15, At low magnification the familiar rumpled mark-
Tngs that characterize fatigue (region A in both figures) were the predominant
feature, but there were occasional regions exhibiting a more brittle appearance.
Noted previously only in the plate material, these areas have river markings
that 1ie nearly perpendicular to the direction of main crack propagation. At
higher magnification these brittlelike areas are generally devoid of any dis-
tinctive pattern which could indicate the mechanism responsible for their ap-
pearance, The area surrounding these regions does contain ductile fatigue
striations, however,
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SUMMARY AND CONCLUSIONS

Corrosion fatigue crack growth rate tests conducted over the past several
years in simulated PWR environments have enabled indentification of the major
loading variables which can affect the level of crack growth.rate. These are
R ratio and loading frequency. Recent studies of this body of data have un-
covered new material - related variables which can also have a significant
impact on the level of growth observed. The primary variable observed thus
far is the level of sulfur in the material. Results have shown a remarkable
increase in the environmental sensitivity with increasing sulfur level. This
variable appears to explain a number of previously observed results, and ap-
pears to be applicable to all pressure vessel steels welds and heat-affected
zones.

Among the welds and HAZ materials studies there are considerable dif-
ferences in behavior, but these are at present thought to be of secondary im-
portance to the R ratio and sulfur content.

The fractographic results further reflect the conclusion that there are
significant differences in the crack growth behavior from material to material.
Unlike the rather clearly defined trend in macroscopic crack growth results
which appears related to sulfur content, however, the fracture morphology ap-
pears to be more related to the basic microstructure of the material.

Studies to date have found no evidence in the fractography to suggest
that this sulfur effect is directly related to mechanical mechanisms such
as accelerated growth due to tearing at sulfide inclusions. In no case was
eyidence for such effects seen, although they had been previously noted by
Wilson [5] to influence the fatigue crack growth of A533B Class 1 steel in air.

In the tests conducted to date in PWR water, the only correlation between
high sulfur and fractographic features occurs in specimens D-1HAZ and C-3HAZ
which were both relatively high in sulfur and showed enhanced growth. The
brittle-appearing component is present in both specimens, although not present
n the weld or forging material, As noted previously, however, this component
was present in the plate material fracture surfaces, and may be associated more
with the bainitic/martensitic microstructure than with the sulfur effect.
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The fractography of the sample having the lowest sulfur and the least
enhancement in crack growth behavior at R = 0.2, D-1WLD, gives little indi-
cation of the reason for this unusual behavior. The fracture surface is
intermediate between the heavily dimpled structure of the Linde 124 weld,
and the striation-dominated appearance of the Linde 80 welds. Although
more microstructural characterization work needs to be done to explain this
variation in fractography among the weld specimens, the large amount of
dimpling and microcracks present in the Linde 124 weld metal is probably
related to the density and size of the large globular carbide particles
present, The microstructure of the Linde 124 weld contains a much higher
density of these particles than is present in the plate material.

Although studies of the mechanisms of corrosion fatigue are in their
infancy at present, and relatively few heats of weld and HAZ materials have
been characterijzed, it is clear that crack growth rates of these materials
in PWR water environments are not significantly different that those of the
base metals involved., Although the crack growth is less regular than that
of the base metals, the actual magnitude is overall slightly lower, which
reinforces conclusions reached by many earlier investigators of these materials
from air tests,
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TACLE 1

Materials Crhemistries

MATERIAL c Mn P S Si Ni Cr| Mo | Cu v Co
Linde 124 Weld "C" .08511,32 1.013 | .012 | .48 .91 | .14 1.49 1.05 | .005 -
Linde 124 Weld HAZ
"C" (adjoining plate .231.33 |.009 |.014 | .22 .58 -1.551].12 - -
plate)
Linde 80 Weld "C" .141.36 [.019 |.014 | .42 54 | .06 }.37|.18 - -
Linde 80 Weld "C"
HAZ adjoining forging| .23 .58 [.005 | .008 | .28 72 | .39 1.60 (.05 .03 .02
Linde 0091 Weld "D 141,06 }.012 | .008 | .20 - -1.48 |.15 - -
Linde 0091 Weld "D- .2511.37 |.010 | .020 { .27 .61 - }1.551}.13 - -
HAZ
“L83" .22 11,37 |.008 |.008 | .22 .66 | .15 1.54 |.18 - -
"2D","02GB" .22 1.45 |.011 | .019 | .22 .69 | .12 |.53 - - -
"04A" .23 11.29 |.010 |.018 | .24 .60 | .09 |.50 |.14 - -
A5338 C1 1 "THT" 191,28 |.009 |.013 | .25 .61 | .04 1.55].10 |.n05 -
"IN" 21 1,26 |[.012 | .026 | .25 .47 -1.47 | .19 - -
"TW" .21 n.38 |.008 | .004 | .21 .67 - 1.56 .08 - -
"W7" .23 1.40 |.005 | .004 | .25 .70 - 1.57 - - -
A508 C1 2 "R","R2",}
"R1" .191.64 |.010 |.009 | .23 | .69 | .42 |.60 | - -1 -
P o 191 .60 [.010 | .012 | .26 .70 | .33 | .56 - | .021{.008
"yg2" .20 .60 [.013 | .012 | .20 73 ] .35].56 - -
" 191 .69 [.007 | .009 | .31 .82 | .38 (.62 |.01 - -
+
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TABLE 2

TEST SPECIMENS COMPLETED

Test Conditions

R = 0.2 R=20.7
MATERIAL
One Cycle One Min-Ramp One Cycle One Min-Ramp
Per Minute No Hold Per Minute No Hold
SINE SINE
Linde 124 Weld *C-2 c-7 * C-1 Cc-8
(2TWOL) *C-3 C-9 C-6 c-10

Linde 124 Weld HAZ

(In A533B C1 1 Plate) o} C-24-HAZ-1 C-23-kAZ-1

(21CT)

Linde 80 Weld * C-3-WLD C-1-WLD C-4-WLD * C-¢-WLD

(27CT) C-6-WLD C-7-WLD

Linde 80 Weld HAZ

(In A508 C1 2 Forging) *C-3-HAZ * C-1-HAZ C-4-HAZ C-¢-HAZ

(21CT)

Linde 0091 Weld D-1-WLD * D-2-WLD

(27CT) * D-3-WLD

Linde 0091 Weld HAZ
(In A533B C1 1 Plate) *D-1-HAZ

(2TCT)

(*denotes specimens studied fractographically)

23




TABLE 3

MAKEUP WATER CHEMISTRY - PRESSURIZED WATER REACTOR

Electrical Conductivity

ph

Oxygen
Chloride
Fluoride

Total Solids
Carbon Dioxice
Particulates
Silica

L17 oH

Boric Acid

Hydrogen

24,

< 20u mhos/cm @ 25°C

5-9

< 0.10 ppm

< 0.15 ppm

< 0.15 ppm

< 0.5 ppm

< 2.0 ppm

Filtered to < 25 microns

< 0.2 ppm

1 x10°% molal Li (~ 0.68 ppm Li7)

Wriable (0 for ph = 9)
(~ 1500 ppm B for ph = §)

25 - 35 cc/Kg H20
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Figure 2. Results for Linde 124 Weld Tested in PWR Environment, R = 0.2
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Figure 3. Results for Linde 124 Weld Tested in PWR Environment, R = 0.7
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Figure 4. Results for Linde 80 Welds Tested at R = 0.2
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Figure 5. Results for Linde 80 Welds Tested at R = 0.7
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Figure 7. Results for Forging HAZ Tested at R = 0.7

31

da/dN (INCHES/CYCLE)



da/dN (mm/CYCLE)

17450-7

AK (ksi Vin.)

, 100 2 4 6 8 10! 2 4 6 8
0% T T T TTTT] T T Ty
8 L
6 e
— — 2
4 -
— 104
ﬂ
2 |- ASME SECT XI - s
REFERENCE —
CURVE R<0.25 — 6
103 | — i
s &
L— —
6 |-
| — 2
4 a
- SUBMERGED ARC WELD 5
LINDE 0091 FLUX —{ 10
2 |- R=0.2 (2TCT) — 8
PWR ENVIRONMENT o
288°C
ONE CPM SINE o
104 | — 4
— ® D-1WLD
8 |- a D-3WLD _
6 — ONE MIN RAMP/RESET
N 0 Q342wW2 i
SUB ARC WELD HAZ
41— ONE CPM SINE
B @ D-1HAZ
— 106
N ] s
ASME REF. LAW— ]
AIR ENVIRONMENT — &
105 RN L1 1 11111,
100 2 4 6 8 101 2 4 6 8 102

AK (MPa ym)

Figure 8. Results for Linde 0091 Welds Tested at R = 0.2
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Figure 9. Results for Linde 0091 Welds Tested at R = 0.7
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Figure 10. Comparison of Crack Growth for Linde 80 and Linde 0091 Welds
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Figure 11. Comparison of Crack Growth in Linde 124 and Linde 0091 Welds
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Specimen C-2, R = 0.2 500X

Figure 12. Linde 124 Specimens Tested at One Cycle/Minute
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Specimen C-4WLD, R = 0.7

Figure 13. Linde 80 Weld Specimens Tested at One Cycle/Minute
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Specimen D-2 WLD Tested at R = 0.7

Figure 14. Linde 0091 Weld Specimens Tested at One Cycle/Minute
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C-3HAZ Tested at R = 0.2

Figure 15. Heat-Affected Zone Specimens Tested at R = 0.2, One Cycle/Minute
Region A Shows Typical Fatigue Features, Region B is a Brittle-
Appearing Component
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ABSTRACT

Fatigue crack growth experiments using a constant AK test technique were
conducted on three 50.8 mm thick compact fracture specimens of SA508-2 in a 288°¢
simulated PWR water environment. Alternating stress intensity factor (AK) values
were investigated in the range 16.5 to 44 MPa/m at sinusoidal loading frequencies
ranging from 10 to .017 Hz (1 cpm) and R ratios 0.03 to 0.72. For a given AK and
frequency, AK was held constant to within 1Z. A steady-state rate of crack
growth per cycle of stress (da/dN) was determined for each test condition. Over
a typical crack extension of 1.3 mm, the crack growth rate in many cases was a
constant. As many as l4 separate experiments were conducted on a single
specimen.

There was no influence of prior loading history or crack length on the
crack growth rate. It was found that the crack growth rate was controlled by the
AK, frequency, and R ratio of the test.

Large changes in the crack growth rate did not occur as the frequency of
loading was decreased from >1 Hz to .017 Hz (lcpm). As compared to high
frequency results (>l Hz) the crack growth rate increased slightly at 1 cpm for
AK > 22 MPaym and decreased slightly for AK < 22 MPa/m.

At 1 cpm the R ratio was observed to influence the crack growth rate;
however, the magnitude of this effect was not well-defined.

INTRODUCTION

In the nuclear industry, the ability to quantitatively predict the growth
of any flaw that has been introduced in a nuclear pressure vessel (either during
fabrication or service) is essential in the establishment of realistic design
criteria or meaningful in-service inspection programs. Since pressure vessels
are subjected to alternating stress transients during operation, fatigue and
environment-assisted fatigue are mechanisms of growth relevant to flaws in
nuclear pressure vessels.

Over the past ten years linear elastic fracture mechanics (LEFM) has been
used quite extensively to study the growth of flaws in nuclear pressure vessel
steels. However, at present, a realistic crack growth law does not exist which
will provide a good description of the relationship between the alternating
stress intensity factor (AK) and the crack growth per cycle of stress (da/dN).
Such a law should be applicable to either the pressurized water reactor
environment (PWR) or boiling water reactor environment (BWR) and should predict a
crack growth rate for realistic water chemistry conditions, neutron fluences, AK
levels, cyclic frequencies and stress intensity ratios (R = /K ) observed
. min max
in the nuclear industry.

The goal of the experimental work presented in this paper was to provide
fracture mechanics information on the fatigue crack growth properties of an
unirradiated nuclear pressure vessel steel (SA508-2) in a simulated PWR water
environment. Areas which were 1investigated include: the dependency of
steady~-state crack growth rates on prior loading history and the effect of cyclic
frequency, R ratio and crack extension on steady-state crack growth rates.
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This project was jointly sponsored by Babcock & Wilcox, a McDermott
Company and the Electric Power Research Institute.

PROCEDURE

A computer controlled 90,000 N MI'S servohydraulic system was used to test
50.8 mm thick compact fracture specimens of SA508-2 in a simulated PWR water
environment at % § C. Specimens were T@ghined according to ASTM E647-78
specifications. A software program (developed at B&W) was used to conduct
constant AK experiments. For a given AK, R ratio and crack length, the applied
load was automatically decreased after every .08 mm increment of crack extension
in order to hold AK constant. As the crack grew, the mean load and the change in
applied load would decrease while the specimen’s mean deflection and change of
deflection would increase. As many as 14 separate experiments were performed on
a single specimen.

Crack lengths were determined by a compliance method. During an
experiment, after a given number of cycles, load (P) and deflection (§) readings
were collected by a computer during a series of specimen unloadings from Pmax to
Pm n The compliance of the specimen was determined by the change in deflection
per change in load (AS/AP). A least squares linear analysis was performed on
approximately 80 (P,8) pairs to obtain a specimen compliance value. The
compliance was then correlated to a crack length value from results of an
analytical study of compliance and crack length in compact fracture specimens.
Typical crack length precisions of +.051 mm were obtained in a 288 C PWR water
environment. This high degree of precision was matched by an accuracy of >95% in
predicting the true crack length of the specimen for various AK conditions as
denoted by beachmarkings on the fracture surface.

(3)

Load was measured by a load cell external to the autoclave while the
deflection of the specimen was measured by a transducer located inside the
autoclave on top of the specimen. This transducer was designed and built at B&W
and consisted of a tapered beam on which two high temperature strain gauges were
mounted. A wire was used to connect the beam to the bottom half of the specimen.
The displacement gauge was calibrated in 288°C air over a linear range of 2.54 mm
with a maximum deviation from linearity of +.0025 mm. A high gain low-noise
amplifier was used to measure deflection readings through a voltage window about
a given mean deflection.

In addition to the test method described above, a technique, referred to
as "AK shedding", was developed to decrease AK exponentially from one level to
another(2§ the crack grew. A similar technique has been employed by Donald and
Schmidt to conduct computer controlled AK increasing experiments on compact
fracture specimens. A AK shed was used to decrease the size of the plastic zone
ahead of the crack tip when, for a given R ratio, it was desirable to go from a
high to a low AK level. During a ARK-shedding experiment, da/dN would decrease
continuously as the crack grew. The equation that describes AK-shedding is:
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AK

AKb exp (C (a-ao)) (eq. 1)

where

-]
]

initial crack length at beginning of K shed

a = Iinstantaneous crack length during the K shed

AK = initial alternating stress intensity factor at crack length a,
instantaneous alternating stress intensity factor at crack
length a

C = decay constant = (~0.12 (1/mm))

>
-~
[

In addition to a more efficient use of specimen crack length, (hence, more
experiments on a single specimen) this technique was useful in the study of AK
history effects. That is, for a single specimen, a AK level was repeated several
times at various crack lengths after many different load histories in the course
of the overall test matrix.

The material under
investigation was a
nuclear pressure vessel
material SA508-2. The
material chemistry,
mechanical properties
and heat treatment of

TABLE 1
PROPERTIES OF SA508-2 (HEAT 88B)

Material Chemistry (Weight %)

c Mn P s s N§ cr Mo Cu
this low carbon - low - — - - - - - = -
alloy steel similar to 0.22  0.64  0.007 0.012 0.28  0.63 0.3  0.58  0.022
22 NiMoCr37 stee%s?re
listed in Table 1 ® Mechanical Properties
Compact fracture Temp. Yield Stress Ultimate Tensile Elong. Reduction of
specimens (50.8 mm (%) 0.23 Offset (MPa) __ Stress (MPa) 1 Area, 3
thick) were machined
such that the crack 21 488 625 26.5 68.7
propagation direction 288 a1 612 25.0 68.0
was parallel to the
final forging direction Heat Treatment
(T-L as defined by ASTM
E399-74). A notch 60.5 866°C +5°C, (held for 4 hr.) Water Quench
mm in length was 677% +5%, (held for 6 hr.) Air Cooled
machined in each 607% +14°C, (held for 34 hr.) Furnace Cooled

specimen and a 0.33 mm
fatigue precrack was
generated in room
temperature air at a AK
of 16.5 MPa m.

An autoclave fabricated from 347 stainless steel was used for all
experiments. Operating temperatures were controlled to 28800'1 6 C while
pressures were in the range 13.8 MPa + 276 KPa. A once-through autoclave water
refreshed system was used in which deoxygenated water (0, <10 ppb) within the
specifications listed in Table 2 was pumped through a préheater and into the
autoclave at a flow rate of 2 liters/hr. The water was then cooled and
discarded. An on-line Beckman meter was used to continuously monitor the
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dissolved oxygen concentration. The start-up procedure for the autoclave
consisted of a nitrogen gas purge prior to filling with water of the desired
chemistry.

A lseating rate of TABLE 2

27°C/hr. was used until

the specimen and Water Chemistry specifications
autoclave reached 288°C.

Testing began within 24 Dissolved Oxygen < .01 ppm
hours after the autoclave Boric Acid 2000 - 8000 ppm
was filled. Each Lithium 0.2 - 2.0 ppm
specimen had pH _ 4.6 - 8.5
approximately an eight Conductivity < 20 wwhos/cm
hour soak at temperature Dissolved Hydrogen 15 - 50 std cc/kg H,0
and pressure before Chloride < .01 ppm

testing began. Fluoride < .01 ppm

To maintain a dissolved

hydrogen gas

content in the feed water, the 200 liter storage tank was continuously sprayed
through a hydrogen cover gas. In an operating nuclear power plant, the dissolved
hydrogen combines with oxygen in the presence of gamma radiation. In these
experiments there was no decrease in dissolved oxygen due to the presence of
hydrogen gas.

Periodically, effluent water chemistry was checked during the course of a
series of tests on a given specimen.

RESULTS

The fatigue crack growth rate data obtained for SA508-2 material is
presented in Tables 3A - 3C and Figures 1~ 9. A total of three test programs
were conducted in PWR water at 288 C. Each of these programs used a single
specimen for a given number of individual experiments. The variables which were
investigated in each of these experiments are presented in Tables 3A - 3C along
with the measured crack growth rates.

The objectives of the first two test programs were to determine if prior
loading history or crack length influenced the measured crack growth rate; and to
demonstrate that the constant AK procedure worked. For these reasons the crack
growth rate (for a particular value of applied AK and loading frequency) was
determined a number of times. The purpose of the third test program was to
investigate R ratio effects and the amount of crack extension necessary to
achieve a steady state crack growth rate.

First Test Program

_ In Test Program #1 (Spec. 2T03) it was not possible to conduct all the
experiments which were planned. For this reason the objective could not be met
to determine if a history effect existed. However, as shown in Table 3A, it was
demonstrated that constant AK tests could be performed. Figure 1 presents the
results of this test 1n the form of a plot of crack growth rate versus crack
length.
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TABLE 3A
FATIGUE CRACK GROWTH DATA FOR TEST PROGRAM #1
(288%C PR WATER ENVIRONMENT)

Test Exp. aK
Program Spec. No.  (MPa/H) R
1 2703 1 16.5 0.3
2 16.5
3 16.5
4 27.5
5 44.0

In the first experiment, the

16.5 MPaym at an R ratio of 0.3 for a loading frequency of 5 Hz.

Loading Crack
Frequency Extension (da/dN) overall
{Hz) (mm) (xlo'8 m/cycle)
5 5.2 3.37
017 0.4 1.20
5 0.8 5.40
017 0.7 27.6
017 0.3 61.4

crack propagated 5 mm at an applied XK of

Very little

variation in crack growth rate with crack length was observed.
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In the second experiment, the AK and R ratio were not changed but the

frequency was lowered to .017 Hz (1 cpm).
were encountered.
at 1 cpm.

Experimental difficulties, however,

This was the first attempt to conduct a constant AK experiment
Noise in the extensometer system, which had not interfered with crack

length measurements at high frequencies, made it difficult to measure the crack

length to a sufficient precision required to conduct the experiment.

It was

determined that the noise was due to rapid local temperature fluctuations of the

water in the autoclave near the specimen.
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the water cooling of the load rod seal assembly at the top of the autoclave.
Strain gauges mounted on the tapered beam of the displacement transducer were

extremely sensitive to this thermal fluctuation.

As a temporary fix to this

problem, it was found that data of sufficient precision could be obtained if the

seal cooling was interrupted periodically during the test.
completed, the problem was solved.

After the test was
An interesting result of this 1 cpm

experiment was that the crack growth rate was substantially slower than the crack

growth rate measured at 5 Hz in the first experiment.

It had been expected that

the environment would have a greater influence at the lower frequency and the
crack growth rate would, therefore, be greater than the rate measured at high

frequency.

The lower crack growth rate greatly increased the length of time

required to grow the crack a given distance. This experiment was conducted for

three weeks over a crack extension of 0.4 mm at a steady state crack growth rate.

Experiment 3 was conducted under the same conditions as Experiment 1.

The

crack growth rate was approximately equal to the rate observed in Experiment 1.
Experiments 4 and 5 were higher AK experiments at a test frequency of 1 cpm.
These AK values were chosen in an attempt to find a AK region where a sustained

environmental effect existed.

future high frequency experiments.

Second Test Program

These low frequency results would be compared to

The results of Test Program #2 (Spec. 2T05) are presented in Table 3B and

in a plot of crack growth rate versus crack length as shown in Figure 2.
test program a total of 14 experiments were conducted.

In this

As a result of a number

of experiments conducted under identical test conditions, the crack growth rate
was controlled by AK, R ratio and loading frequency independent of prior loading

history.

repeat various test conditions.
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TABLE 38
FATIGUE CRACK GROWTH DATA FOR TEST PROGRAM #2
(288°C PWR WATER ENVIRONMENT)

Crack

Test Exp. ax Frequency Extension (da/dN)

Program Spec. No. {MPaYm) R (Hz) {mm) (x10°% w/cycte)

2 2705 1 26.5 0.3 4 0.9 3.6
2 27.5 10 3.2 14.7
-3 27.5 017 1.2 27.5
4 44.0 4 1.5 55.6
5 44.0 017 0.4 141
6 27.5 4 1.2 10.8
7 27.5 017 0.4 20.4
8 27.5 2 1.2 14.3
9 16.9 4 0.9 3.52
10 16.9 017 0.8 2.46
11 27.5 4 0.6 14.5
12 27.5 017 0.8 22,2
13 44,0 4 1.0 61.0
14 44.0 .017 0.8 96.8

Figures 3 - 5 present typical plots of crack length versus cycles which
were obtained during these experiments. Although in a paper such as this, it is
not possible to present all of the crack length versus cycles information
obtained in these tests, References 2, 6, 7, and 8 contain this information for
all constant AK fatigue crack growth experiments.
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EXP. 7 - SECOND TEST PROGRAM — SPEC. 2TOS

Figure 3 is typical of most of the crack length versus cycles information
obtained in a constant AK experiment. There are a number of approaches which can
be used to determine the crack growth rate from this type of information. There
have been three different ones used to interpret the data presented in this
paper. The first is a linear regression analysis of all of the data from a
single experiment to determine a single average rate. The second 1s a number of
linear regression analyses over regions of the data that the investigator chooses
to examine. The third is an incremental linear regression analysis of the data
to determine average crack growth rates over intervals of test cycles.

The data points shown on Figures 1, 2, and 6 are the results of an
incremental technique to determine crack growth rates where the number of crack
length determinations in each increment varied from 10 to 100 depending on how
often the crack length was measured during the experiment. The dashed lines
(used to indicate overall crack growth rates) on these figures were determined by
one of the first two of the above methods of analysis. If the crack length
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versus cycles information showed no transients, then the overall crack growth
rate was taken as the rate determined by a linear regression analysis of all the
data. If significant transient behavior was observed, the overall crack growth
rate was determined by a linear regression analysis of all the data after the
transient.

The experiment shown in Figure 3 does not show a transient behavior and
the crack growth rate changed very little during the experiment. The incremental
analysis of this data, which is presented as Experiment 7 in Figure 2, shows that
there is some variation in the growth rate; however, the overall growth rate
represented by the dashed line is a good representation of the growth rate
observed during the experiment.
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The experiments which do not appear to exhibit a uniform crack growth rate
(such as Experiments 4, 5, and 14 shown in Figure 2) represent experiments where
either transient behavior was observed (Experiment 14) or, more than usual
scatter in crack length data was obtained (Experiments 4 and 5). Figures 4 and 5
present the a versus N data for Experiments 4 and 14, respectively. An
observation that can be made 1s that nonuniform crack growth rates seem to occur
at relatively high AK values where the crack grew rapidly. Under these
conditions, a fewer number of (a, N) palrs were obtained.

Third Test Program

The results from Test Program #3 (Spec. 2T06) are presented in Table 3C
and Figure 6. There were two objectives in this set of experiments. The first
objective was to demonstrate that a constant crack growth rate could be obtained
if the crack grew a long distance at a constant AK and a low loading frequency
(1 cpm). The second objective was to investigate R ratio effects. In the first
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e§per1ment, the crack propagated 4.8 mm at an applied AK of 31.5 MPa/ m for a
frequency of 0.017 Hz (1 cpm) and an R ratio of 0.162. As shown in Figure 6, the
crack growth rate obtained from this experiment was a constant.

TABLE 3C
FATIGUE CRACK GROWTH DATA FOR TEST PROGRAM #3
(288° PWR WATER ENVIRONMENT)

Crack

Test Exp. aK Frequency Extension {da/dN) overall
Program Spec. MNo.  (MPa/m) R {Hz) () (x10°8 m/cycre)
3 2706 1 31.5 .162 .017 4.8 35.5

2 31.5 .162 1.7 1.3 22.0

3 38.5 .4 1.7 1.5 42.1

4 38.5 .4 .017 2.1 86.4 60.8

5 31.5 .638 1.7 1.5 18.3

6 20.6 .72 1.7 2.6 8.92

7 20.6 72 017 1.0 11.8

8 20.6 4 5 5.6 §.82

9 20.6 .03 .017 1.4 12.0

10 20.6 .03 5 1.5 4.32

11 20.6 .03 .017 1.0 8.43
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Experiments 6, 7, 8, 9, 10 and 11 were all conducted with an applied AK of
20.6 MPa/m. The effect of three R ratios and two frequencies were investigated.
In previous experiments, it was necessary to change test conditions and reduce K
from one experiment to the next. The AK shedding procedure discussed earlier was
used. Ideally, for this set of experiments, the R ratio (hence, K_ ) was to be
reduced from one level to the mext and the AK was to be held const@nt. Since an
R ratio shedding procedure did not exist at the time of these experiments, the R
ratio was reduced to the next test condition and a transient in the crack growth
rate was observed until a steady state condition occurred after a sufficient
amount of crack extension. In order to save time, the first experiment after a
drop in R ratio was always a high loading frequency experiment (5 Hz). In Figure
6 experiments of this type are Experiments 8 and 10. In both of these
experiments, a transient occurred in the crack growth rate prior to a steady
state condition. Although transients were observed at the beginning of
Experiments 6 and 9, it was not clearly understood why they occurred.

Experiments 6, 8, and 10 show the effect on the crack growth rate of a
reduction in R ratio when the loading frequency is 5 Hz. The crack growth rate
decreased with each decrease in R ratio for a AK of 20.6 MPavm.

Experiments 7, 9 and 11 were conducted for the same range in R ratio with
a loading frequency of .017 Hz (1l cpm). Under these conditions, the crack growth
rate did not decrease with decreasing R ratio in the range ¢.72 to 0.4. However,
for R ratios in the range 0.4 to 0.03, a decrease in crack growth rate was
observed.

Figure 7 is a summary of all of the crack growth rate data obtained in all
PWR Experiments (Specs. 2T03, 2T05 and 2T06). These data are plotted in the
manner of crack growth rate versus alternating stress intensity factor AK. The
s0lid points in the figure represent results of experiments conducted at loading
frequencies of .017 Hz (1 cpm) while open points represent experiments conducted
at loading frequencies of 1.7 Hz or greater. At applied AK levels greater than
22 MPavm the crack growth rates obtained at low loading frequencies tend to be
faster than the crack growth rates obtained at high loading frequencies. At
applied AK levels of less than 22 MPavm crack growth rates at low loading
frequencies tend to be slower than crack growth rates obtained at high loading
frequencies. In order to more clearly quantify this effect, more experiments in
the lower XK regime must be performed at high and low loading frequencies over a
range of R ratios.

The Effect of R Ratio

In general, regardless of frequency, the crack growth rates obtained at
high R ratios are greater than or equal to the rates obtained at low R ratio. A

summary of all test results for all loading frequencies and R ratios 1s presented
in Figure 7.
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In order to eliminate the effe )of R ratio for all experiments, a AK
effective was computed using Walker’s equation:

n
Keff = Kmax (1 = R) (eq. 2)
Values of n were determined that best fit the equation for both high and

low frequency data. That 1is, a value of n was chosen such that the correlation
coefficient (r) ~ for a linear regression analysis of crack growth rate versus
Keff - was maximized. The results of these analyses are shown in Figure 8 (high
frequency data) and Figure 9 (low frequency data). The best fit for the high
frequency data was obtained with an n value of .92. The low frequency data had
an n value of .90.
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The best fit linear regression line was then determined for both sets of

data:
da -11 2.756
(£ > 1 Hz) i 1.430 X 10 Keff s, (r = .9808) (eq. 3)
da _ -13 3.747 -
(f = lepm) N 7.171 X 10 Keff , (r «9574) (eq. 4)
where da/dN = (change in crack length/cycle) = meters/cycle
K = MPaym

eff

Note EY8§ the low frequency line (Figure 9) 1s parallel to the ASME Sec
XI, air line and only slightly above it, while the high frequency line
(Figure 8) is closer to the Sec XI air line with a shallower slope. It must also
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be noted that the crack growth data that was used to generate equations (3) and
(4) was limited (especially in the lower AK regime of <22 MPaym). Future results
will be necessary to give a better statistical understanding of an appropriate
Keff to be used in the formulation of a crack growth law.
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The crack path of Specimen 2T03 (Figure 1) has been examined by optical
metallography, SEM and Auger’ spectroscopy. A transgranular crack path through
the bainitic/ferritic microstructure was observed with small amounts of secondary
crack branchings over a distance of several grain diameters. Aside from wider
spaced tearing striations (with increasing AK) there were no other
characteristics that distinguished one experiment from another. An Auger
analysis revealed a homogeneous distribution of elements on the fracture surface.

The atomic percentages of oxygen and iron were in the ratio of 1:1 with an
average value of 0.6 atomic percent sulphur.
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DISCUSSION OF RESULTS

The results of the tests conducted on the three specimens reported here
demonstrate the usefulness of the constant AK appproach to fatigue crack growth
testing. The results from the first two test programs demonstrate that (for a
PWR environment) the fracture mechanics parameter of alternating stress intensity
factor (AK) is the controlling stress variable in the experiment. It is
necessary for this result to be clearly defined before the constant AK approach
can be made useful to explore the significance of other variables, and, also,
before a fracture mechanics analysis procedure can be used to predict fatigue
crack growth in a fatigue life analysis.

There are three major advantages of thilsonstant AK method over the
conventional constant load amplitude approach to fatigue crack growth:

l. Steady-state conditions can be achieved. The early portion of the
crack length versus cycles data presented in Figure 5 is a good
example of a transient in the fatigue crack growth rate in a mildly
aggressive environment. After a short interval of crack extension, a
steady-state condition was attained. In the constant load amplitude
approach, steady state conditions for a given AK will never be reached
since AK is changing as crack length increases. Crack growth rates
may be strong%¥1?ependent on the initial alternating stress intensity
factor (AK,). The determination of a crack growth rate may be
misleading by a strong dependency of da/dn on AK

1
2. The effect of a single test variable or a combination of variables can
be easily investigated on a single specimen. An example of this is
the R ratio study conducted in Test Program #3 (Spec. 2T06) where the

influence of two loading frequencies and three R ratios were
investigated on a single specimen. R ratio and frequency effects were
generated and analyzed without specimen to specimen variability.

3. The laboratory time to conduct a set of experiments is greatly reduced
over the constant load amplitude approach. In order to determine
crack growth rates for three different R ratios and two loading
frequencies with the constant load amplitude approach, three to six
specimens would be tested over an autoclave time of many months.
Experiments 6 through 11 of Test 3 (Figure 6) required a total of six
autoclave weeks over a small crack extension in one specimen.

In general, the magnitude of the environmental effect observed during
these experiments was relatively small. As shown in Figure 7, little or no
effect of the environment was observed at loading frequencies greater than 1 Hz.

At a loading frequency of .017 Hz (1 cpm), the environment was obserYfg)to
influence the crack growth rate in a way different than reported elsewhere.
Investigators have reported that, for various conditions, an increase in the
crack growth rate (by as much as a factor of ten) was observed for a decrease in
loading frequency from greater than 1 Hz to less than 1 cpm for AK values greater
than 15 MPaym. This increase in crack growth rate was directly attributed to the
environment in that at low loading frequency, the environment has more time to
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interact at the crack tip to cause embrittlement. However, in this investigation
(as shown in Figure 7) the environment appears to only slightly enhance the rate

of crack growth at applied AK values greater than 22 MPavm and slightly decrease

crack growth rates at applied AK values less than 22 MPavm.

Bamford used Walker’s equation to incorporate R ratio effects into a
continuous function of AK effective. Fatigue crack growth rate information
obtained for pressure vessel steels in light water reactor environments over a
range of R ratio of 0 to 0.75 was used. Equations 5 and 6 are the results of
this analysis.

0.3 .
Keff - Kmax (1 - R) (eq. 5)
da _ -13 3.726
N 4.754 X 10 Keff (eq. 6)

where da = (change in crack length/cycle) = meters/cycle
dN

Koax? Ke = MPa/m

max $33

It is interesting to note that equation (6) would be identical to the ASME
XI air line where K = AR. However, equation (6) could not be applied to
Bamford’s crack grosgﬁ trends to realistically predict crack growth rates at very
high R ratios ( 0.95)213§o realistically account for R ratio, two statistical
models were developed » These statistical models have been approved by the
ASME Nuclear Pressure Vessel Code Commitee Section XI as a replacement for the
air and water flaw growth lines as specified in Reference (10).

The AK regime, described above, where an environmental effect at low
loading frequency appears to change from positive to negative, could, perhaps, be
identified in terms of a number of variables other than AK. Some of the
variables to be considered are: the crack tip opening displacement (CTOD); the
straln rate at the crack tip (¢); and the time rate of change of the stress
intensity factor (K).

Each of these variables varies with the applied AK over the range of crack
extension. In the experiments conducted thus far, critical values of and CTOD
were not investigated. All experiments were conducted with an applied load (P)
varying in the form of a sine wave where at any instant of time, t:
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K(t) = F(a) P(t) = F(a) [AP(sin(2rft)) + P]

R(E) - g = F(a) 4P (21f) cos (2nft) (eq. 7)
ot

(assume crack length does not change significantly for

a single half cycle: Kmin to Kmax)

where

mean load

P - P

lggﬁing ?%gquency

geometric factor for compact fracture specimens which is a
function of crack length, a, as specified in ASTM E399

~ Hh o
It

Thus, for each cycle of applied load, at a gilven crack length and test
frequency, the K for all experiments varied continuously from zero to a maximum
value of [F(a) AP (21f)]. No experiments were conducted where another type of
loading wave form would be used to conduct a K controlled experiment.

Unfortunately, the number of tests conducted to date are too limited to
allow for any definite conclusions to be reached as to the behavior of the
environmetal effect observed in this investigation. The results do, however,
serve to stimulate more questions and provide more information to aid in the
design of future experiments.

At the AK level investigated in Test Program #3, it appears that the
effect of R ratio on(fgg growth rate saturates at a value of R greater than or
equal to 0.4. Scott has obtained some limited data in seawater at R = 0.85
which indicates a saturation of the R ratlo effect for R greater than or equal to
0.75.

No change in crack growth rate was observed at an applied AK level of 20.6
MPay/m when the R ratio was changed from 0.72 to 0.4; however, a substantial drop
in crack growth rate did occur when the R ratio was lowered further to 0.03.

It is interesting to note that although some crack growth rate experiments
were conducted at fairly high R ratio (0.72) the crack growth rates (regardless
of freq?fgsy) are more than ten times slower than the rates measured by
Bamford for a AK value of 20.6 MPay/m.

Although the test results are too limited at this time to draw many
conclusions, this R ratio effect appears to warrant further investigation.
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CONCLUSTONS

The following conclusions can be reached based on the experimental results
reported in this paper:

1.

2.

3.

4.

5.

The constant AK technique is a meaningful and useful approach to
conduct fatigue crack growth experiments in an aggressive
environmert.

For the material and environmental conditions investigated, the crack
growth rate was controlled by the applied AK, R ratio and loading
frequency. Crack growth rates were not influenced by prior loading

history or crack length.

Although small, there i3 a gignificant environmental effect when the
loading frequency is low (1 cpm). No influence of the environment
was observed at frequencies greater than 1 Hz.

As compared to the results of tests done at high frequency (> 1 Hz)
the environmental effect on crack growth rates at 1 cpm moved from an
enhancement 1n the rate for AK >22 MPaym to a reduction in the rate

at a AK <22 MPavm.

At a test frequency of 1 cpm the R ratio was observed to influence
crack growth rates. However, the magnitude of this effect was not
well-defined by these tests.
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CYCLIC CRACK GROWTH IN HIGH-TEMPERATURE
WATER--RESULTS OF AN INTERNATIONAL TESTING ROUND ROBIN

by

Robin L. Jones*

Abstract

The results are reported of a testing round robin performed under the
auspices of the International Cyclic Crack Growth Group. [ourteen
members of the Group participated in the round robin, in which measure-
ments of cyclic crack growth rate were made on nominally identical
compact tension specimens of SA533B pressure vessel steel immersed in
high purity water at 561K. The plots of crack growth per cycle versus
stress intensity factor range obtained by the participants were in
acceptable agreement for specimens tested at a frequency of 1 Hz but
differed by up to an order of magnitude (in terms of crack growth rate)
for tests at 0.017 Hz. Possible sources of interlaboratory scatter

are discussed and it is suggested that the observed variations in the
environmental contribution to crack growth arise because of inadvertent
differences between the chemical environments to which the specimens
were exposed during testing. Plans for a second testing program

are reviewed.

*Program Manager, Nuclear Plant Materials, Electric Power Research
Institute, 3412 Hillview Avenue, P. 0. Box 10412, Palo Alto, CA
94303, USA
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INTRODUCTION

If a fatigue crack forms in a reactor pressure vessel (RPV) and is
detected by in-service inspection, Section XI, Appendix A of the ASME
Boiler and Pressure Vessel Code gives a procedure for estimating the
remaining useful service 1ife. The procedure combines a fatigue crack
growth analysis with a failure margin analysis to determine whether or
not repair of the crack is necessary to assure an adequate margin
against vessel failure for the remainder of its planned service life.
When it first appeared in the Code in 1972, the fatigue crack growth
analysis was based on using the relation

g%= ¢ (ak)" | (1)

to calculate the crack growth rate %% associated with a transient
that generates a stress intensity range AK at the crack tip. Values
of the constants C and n.were given in Appendix A for both subsurface
flaws (inert environment) and internal surface flaws (reactor water
environment). The values given in the Code were intended to ensure
that upper bound estimates of crack growth were obtained.

Research since 1972 has confirmed that the use of equation (1) is
appropriate for subsurface flaws and can also be used for surface
flaws at cyclic frequencies > 1Hz. However, equation (1) is not a
good representation of the cyclic crack growth behavior observed in
water-environment tests at reactor operating temperatures at lower
frequencies (< 0.1Hz) and many data are now available that transgress
the original Appendix A "upper bound" re]ationship;_ Accordingly, a
revised analysis procedure for surface flaws was introduced in the
1980 Addenda to the Code. The new procedure provides two different
sets of constants for surface flaws at lTow and high values of AK
together with a method of including the effect of R ratio (K /K . )
within. the range 0.25 < R < 0,65,
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The data on which the current version of Appendix A are based were mostly
generated in simulated PWR coolant at a frequency of 0.017Hz, AK levels
of 10 to 60 MPa - m% and R values of 0.2 to 0.7. In contrast, reactor
transients feature AK levels well below 10 MPa - m%, R values ranging
from > 0.95 to < 0, and wide spectra of cyclic frequency and environ-
ment. Recognizing that accurate prediction of in-reactor crack growth
would require an extensive program to generate additional test data

and to develop a detailed understanding of the mechanisms leading to
accelerated cracking in reactor water so that those data could be
extrapolated to the service case, EPRI, in conjunction with the U.S. NRC
organized the International Cooperative Group on Cyclic Crack Growth
Rate Testing and Evaluation (the ICCGR Group).

The goal of the ICCGR Group, which was formally chartered in November
1978, is to coordinate work on cyclic flaw growth in RPV steels
undertaken in Western Europe, North America and Japan to maximize the
value of the data generated and minimize unnecessary duplication of
effort. EPRI, which is in possession of large quantities of well
characterized steel, undertook to provide test specimens for the use
of the Group in collaborative test programs.

Prior to beginning any experiments, sixteen members of the Group parti-
cipated in an interlaboratory comparison of methods for calculating
crack growth rates from raw corrosion fatigue data (1). Three sets of
crack Tength versus cycles data were distributed to the sixteen parti-
cipants who were asked to use their own procedures to deduce plots of
da/dN versus AK., The initial compilation of the results of this exer-
cise showed unacceptable scatter. However, satisfactory explanations
for the scatter were found and it was concluded that data reduction
from experimental observations was not a major problem, although sub-
stantial differences were noted in the degree of curve smoothing
favored by different members of the Group. Following the satisfactory
conclusion of the data reduction exercise, the Group embarked on the
testing round robin reported in the present paper as a final preparation
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for a meaningful, interlaboratory collaborative research effort. The
fourteen test laboratories 1listed in Table 1 agreed to participate in
the round robin.

EXPERIMENTAL DETAILS

Materials and Test Specimen

The material selected for use in the test program was an SA533B Class 1
plate 0.203m thick manufactured in the U.S. by Lukens Steel. A sub-
stantial quantity of this plate, whichis referred to as Heat H in

the Nuclear Pressure Vessel Steel Data Base (2), was available to EPRI
and detailed characterization information had been generated in the
course of previous programs. Table 2 presents a summary of the fabrica-
tion history, composition and mechanical properties of the plate:
additional details can be found in reference 2.

Slabs centered on the quarter thickness and three quarter thickness
planes were cut from the plate and standard ASTM compact tension
specimens 25.4mm thick were machined from the slabs in the T-L orien-
tation (3). The specimens were precracked in dry air to an a/W of
0.3 at a final AK level of ~15MPa - mi/2 with R ~0. Initially, two
specimens were shdipped to each participant together with detailed data
sheets for reporting the results of each test. Each specimen was given
a number which could be used to identify that specimens' original
location in the plate. Specimens were selected at random for shipment
to the participants.

Test Method

The participants were asked to test one of their specimens in accordance
with the conditions given in Table 3 and to hold their second specimen
pending analysis of the results of the first series of tests. Because
of the varying capabilities of the participants autoclave systems, the
test specification given in Table 3 is quite loose. Features of note
include:
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e No specification for the dissolved oxygen content of the
water or the method of achieVing a "Tow" level

e No test startup procedure

o No limitations on water flow rate or refreshment of the
autoclave environment

e No requirement to electrically isolate the specimen from the
autoclave or to make electrochemical potential measurements

e No criteria for aborting an unsccessful test or for terminating
a successful one

e No indication of how to measure load, or crack Tength.

It was hoped that the results of the tests would provide an indication
of the desirability of including such features in the test specifica-
tiops for future collaborative efforts of the Group.

RESULTS AND DISCUSSION

Seven of the participants were able to complete their first tests
quickly. The da/dN versus aK plots reported. by these participants are
shown in Figure 1. (There are nine sets of data shown because two

of the participants each had two autoclave systems available for ICCGR
work.) Also shown are the ASME Section XI Appendix A reference curves
for subsurface flaws and surface flaws (R < 0.25). Two types of da/dN
versus AK curves are apparent in Figure 1: some specimens show linear
behavior approximately parallel to the subsurface flaw reference curve
but displaced to slightly faster growth rates; the remaining specimens
show convex upward behavior with maximum rates close to the surface
flaw reference curve. There is considerable scatter in the results

from the different laboratories--typically a factor of about five in
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terms of crack growth rate but as much as an order of madnitude at some
values of AK. Interestingly, the two organizations that tested two
specimens in different autoclaves were able to duplicate their own
results to within a factor of 1es§ than two.

The data shown in Figure 1 were reviewed by the Gkoup at a meeting in
August 1979 and it was decided that the degree of interlaboratory
variability was unacceptably Targe and that an attempt should be made
to identify the source of the scatter. Three separate efforts were
mounted, focussed on material variability, differences in the mechanical
aspects of the tests, and differences in the environmental aspects of
the tests. Differences in data reduction methods were not considered,
based on the successful result of the previous interlaboratory compari-
son (1).

Material Variability

It was thought that variations in the composition and/or microstructure
of the plate might be a contributor to the scatter of the test data.
Accordingly an attempt was made to correlate the behavior of specimens
in the crack growth tests with their location in the plate. No con-
sistent pattern emerged--specimens from adjacent positions in the plate
sometimes showed similar behavior in the crack growth experiments and
sometimes showed widely different behavior. This suggests that material
variability was not a major source of the observed scatter, a conclusion
that is consistent with the small between-specimens scatter observed by
the two organizations who tested two specimens.

A further effort in this area, involving post-test metallography and
fractography, is reported elsewhere in this meeting (4).

‘Test Method Variability - Mechanical Aspects

A review of the data sheets for the specimens included in Figure 1
revealed several differences in the mechanical aspects of the tests
of potential importance including:
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e Differences in methods of measuring load and crack length
e Out-of-specification tests, such as

-- constant AK used instead of constant load range
-- triangle waveform instead of sine wave
-- additional precracking to a/W of 0.5 prior to testing

A questionnaire was circulated to all participants asking for details
of their load and crack Tength measuring methods. The responses to
this questionnaire revealed many different approaches but no obvious
sources of interlaboratory variability.

To provide a further check on the importance of differences in crack
length and load measurement methods, several additional tests were
performed. Three organizations performed tests in 561K air at a
frequency of 0.0167 Hz and obtained data consistent with the subsur-
face flaw reference curve, as shown in Figure 2. Eight organizations
conducted tests at a frequency of about 1 Hz in 561K water and again
observed behavior consistent with the subsurface flaw reference curve,
as shown in Figure 3. The lack of significant interlaboratory scatter
in Figures 2 and 3 suggests rather strongly that differences in methods
of measuring load and crack length are not important sources of inter-
laboratory variability.

The importance of waveform was investigated to a limited extent. Two
organizations conducted tests at 0.0167 Hz with a triangular waveform

in 561K water and obtained the data plotted with triangular and circular
symbols in Figure 4. Then one of the organizations repeated its test
with a sinusoidal waveform and obtained the data plotted with square
symbols. This result indicates that loading waveform is an important
part of the test specifciation for Tow frequency tests in high tempera-
ture water.
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Additional constant AK tests were also conducted to explore their
comparability with constant load range tests. An important observation
is illustrated in Figure 5 which shows the initial portion of the a
versus N behavior seen in a test at a constant aK of 33 MPa m%. " The
test frequency was 0.0167 Hz, the temperature was 561K, R was 0.2,

and the dissolved oxygen content was 10 to 30 ppb. Even though the
mechanical driving force was constant throughout, the crack growth rate
increased by a factor of five during the first 3000 cycles. This
behavior, which clearly corresponds to the initial rapid rise in crack
growth rate observed in some of the constant load data in Figure 1,
indicates that there is at least one variable of importance not covered
at all in the Table 3 test specification. Possibilities include a
progressive change of crack tip pH during the first few days of the
test or hydrogen changing of the specimen. The mechanistic aspects

of environmental cracking are covered by several other papers at this
meeting, but irrespective of the mechanism, the behavior illustrated

in Figure 5 suggests that it will be difficult to compare the result

of a constant AK experiment conducted in one laboratory with the result
of a constant load range experiment conducted in another.

Test Method Variability - Environmental Aspects

A review of the environmental aspects of the test methods used to
generate the data plotted in Figure 1 was conducted and supplemented
by a questionnaire to all participants. Differences of potential
importance found included

o A variety of methods of obtaining and maintaining high
purity water and of controlling the dissolved oxygen content
leading to

-- oxygen contents ranging from near zero to>100 ppb

-- differences of pH and dissolved hydrogen content
and probable differences of other dissolved species
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o Differences of startup procedure resulting in the specimens
being exposed to widely different environments prior to
beginning cycling and following any test interruptions

e Large differences of water flow rate through the autoclave
system

e Probable differences of corrosion potential due to the
specimens being either electrically coupled to different
autoclave materials or electrically isolated.

Analysis did not reveal any systematic correlation with the Figure 1
test results but it was concluded that much tighter specification

of environmental factors would be desirable in future test programs.
The effect of dissolved oxygen content was investigated further,
because of literature data (5) showing a substantial variation of
corrosion potential with dissolved oxygen concentration in the ppb
range at a temperature of ~560K. Four laboratories performed tests
at a frequency of 0.0167 Hz in 561K water containing oxygen concen-
trations of < 10 ppb, ~200 ppb, and ~8 ppm. No substantial effect of
oxygen was observed. Two of the data sets are shown in Figures 6 and
7. Note that one organizationobserved the linear type of da/dN
versus AK behavior (Figure 6) while the other observed the convex
upward behavior (Figure 7) irrespective of dissolved oxygen content.
Thus it appears possible to conclude that dissolved oxygen content

is not a major contributor to the interlaboratory variability shown in
Figure 1.

Present Status and Future Plans

At the present time (April 1981), 12 of the 14 round robin participants
have completed at least one test in accordance with the Table 3
specification, and the other two hope to complete their first tests
shortly. From among the completed tests it is possible to select a
group for which most of the potential sources of interlaboratory
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variability noted above are either absent or nearly absent. Figure 8
presents the data obtained by six organizations on seven specimens,

all of which were tested without significant interruptions in slowly
flowing 561K water containing < 100 ppb oxygen, using a 0.0167 Hz sinu-
soidal waveform giving a constant load range and with the specimen elec-
trically coupled to the autoclave. The agreement is fairly good and
indicates that interlaboratory variability can probably be held within
acceptable 1imits through the use of tightly specified test procedures.

Based on this satisfactory result, the Group is at present formulating

a plan for a collaborative series of tests at high R. The specifica-
tion for these tests will incorporate the lessons learned in the
present round robin test program and will include much tighter controls,
particularly of environmental variables, than those used for the tests
performed here. It is also planned to make electrochemical potential
measurements during at least some of the tests to check that the

test specification is effective in ensuring that the tests are performed
under comparable conditions.

CONCLUSIONS

The results of this testing round robin indicate that the test systems
and methods used by different organizations to generate cyclic crack
growth data for RPV steels in high temperature water differ in many
respects and'that these differences can lead to wide variations in the
data generated by different laboratories (Figure 1). Most of the
important differences appear to have to do with environmental aspects
of the tests in that the participating organizations obtained consistent
data when the test conditions were such that the environmental con-
tribution to crack growth was small (see Figures 2 and 3). Somewhat
surprisingly, the dissolved oxygen content of the water was not found
to be important (Figures 6 and 7). Tight specification of other
environmental variables such as the water chemistry control methods
and water flow rate through the autoclave will probably yield data of
acceptable consistency (Figure 8) and should be adopted in future
collaborative test programs,
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Table 1

PARTICIPANTS IN THE FIRST TESTING ROUND ROBIN

OF THE ICCGR

Organization

Babcock Power

Babcock and Wilcox

Central Electricity Generating Board
Creusot-Loire

CISE

General Electric

Japan Atomic Energy Res. Inst.
Kraftwerk Union

Naval Research Laboratory
Rol11s-Royce Associates

Studsvik

TRC

UK Atomic Energy Authority (Harwell)
UK Atomic Energy Authority (Springfields)
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Country

UK
us
UK
France
Italy
us
Japan
Germany
us
UK
France
Sweden
UK
UK



Table 2

TEST MATERIAL

Fabricatjon History:

e Austenitized at 1172 + 14K for 28.8ks
e Water quenched
o Tempered at 944K and air cooled

® Stress relieved at 839K for 7.2ks and at 894 + 14K for 180ks

Chemistry (wt%)

C Mn P S Si Ni Cr Mo v Cu

0.19 1.28 0.009 0.013 0.25 0.61 0.04 0.55 0.004 0.10

Mechanical Properties (560K)

Yield Tensile Uniform Total Reduc¢tion
Stress Strentth Elongation Elongation of Area
386 MPa 569 MPa 12.3% 23.5% 57.9%

Impact Properties

NDTT RTNDT Cv Uppeér Shelf

250K 255K 136 J
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Table 3

CONDITIONS FOR ICCGR ROUND ROBIN TESTS

Starting aK 27.5 MPa m?

R 0.2

Frequency 0.0167 Hz

Wave shape sine

Temperature 561K

Pressure 8.3 MPa

Control mode load

Water chemistry high purity water
C1 <0.1 ppm
F <0.1 ppm
conductivity <1.0 umho/cm
pH (room temperature) 7.0 |
0 Tow as practicable
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FATIGUE CRACK GROWTH RATES OF IRRADIATED PRESSURE

VESSEL STEELS IN SIMULATED NUCLEAR COOLANT ENVIRONMENT

W. H. Cullen
ENSA, Inc.
Buffalo, N.Y., and Washington, D.C.
and

H. E. Watson, R. A. Taylor, F. J. Loss, and H. A. Spencer
Naval Research Laboratory
Washington, DC, USA

ABSTRACT

Fatigue crack growth rates, in a simulated pressurized water reactor
primary loop environment, are presented for A508-2, A533-B steels and
submerged arc weld metal (Linde 0091 flux) in both the irradiated and
unirradiated conditions. The initial results, for specific experimental
conditions, constant load amplitude waveforms, and load ratio = 0.2,
indicate that irradiation does not enhance fatigue crack growth rates more
than the enhancement due to the environment alone. Fractographie
examination of the fatigue fracture surfaces showed that the crack propa-
gated by a ductile striation formation mechanism. This article outlines the
experimental techniques involved in this testing and deseribes the results
and their possible significance with respect to the existing safety analysis
codes.

INTRODUCTION

Fatigue crack growth rate testing of reactor pressure vessel (RPV) and
piping steels, in reactor-typical environments has progressed to the point at
which several pertinent variables have been and, continue to be, investi-
gated. Among these are waveform and frequency, temperature, material
and environmental chemistry and others [1]. For the determination of flaw
growth rates for reactor-beltline locations, a potentially important variable
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is the amount of radiation damage in the steel. Admittedly, while the
detrimental effect of irradiation on fracture properties of RPV steels is
well-known, no significant effects of irradiation on fatigue crack growth
rates in an air environment have been determined [2]. Nonetheless, testing
in an aqueous environment often provides an embrittling effect, or environ-
mental assistance to the fatigue crack growth rates, and the combined
effects of irradiation, environment, temperature and fatigue have never
been determined.

Fatigue crack growth rates of irradiated and companion unirradiated
A533 Grade B, A508 Class 2 and submerged arc weld metal (Linde 0091 flux),
in a high-temperature, pressurized, reactor-grade water environment are
presented in this article. Tests were conducted for two frequencies (1 Hz, 17
mHz sinusoidal waveforms) and load and environment conditions which
attempted to model start-up/shutdown transients in a pressurized-water
reactor.

MATERIALS AND TEST CONDITIONS

Compact fracture or wedge opening loaded specimens (IT- or 2T-CT,
or 2T-WOL, as defined in ASTM 647-78 [3]) were machined from reactor-
typical materials. Chemical analysis and mechanical property studies at
room temperature on these materials in the pre-irradiated conditon pro-
duced the results shown in Table 1. Other irradiation data are found in Ref.
4, but the intent was to provide total irradiation dose and temperature
conditions which would simulate end-of-life properties at quarter-thickness
of the wall of a pressurized water reactor.

Details of the test procedure, including autoclave description, crack-
measurement teclmiques and data acquisition and processing are found in
Refs. 4-6. In order to accurately simulate the pressurized water reactor
coolant environment, the water in the test systems was carefully monitored
and regulated to yield the specifications shown in Table 2. Water was
deoxygenated by continuously bubbling hydrogen gas through the contents of
the system's feedwater tanks.

RESULTS

Data for A533-B steel in both the irradiated and unirradiated condition
is shown in Figs. la and b. Although the materials (codes L83 and HT) are
from different heats, and the initial AK for the HT-material tests is
somewhat higher, the trend of the results is very similar. The 1 Hz tests
produce results residing on or near the ASME air default line [7] over the
higher portion of the AK range which was tested. The 17 mHz results show a
substantial increase in growth rate over the 1 Hz results, but since the
inerease is about the same for both irradiated and unirradiated material, it
appears to be a function of the environment and cyclic period, rather than
irradiation. Irradiated specimen L83-1 was tested over a AK range which
began with a value sufficiently low that the classical-three-region behavior
of corrosion fatigue crack-growth rates can be seen [8]. The first stage,
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called Region 1 growth, or start-up, occurs at the lowest values of the AK
range, with crack growth rates rising to a plateau, or Region II growth,
characterized by somewhat more AK-independent growth rates.then for
Regions I or IIl. Lastly, for the higher AK values, Region IIl, the growth
resumes a strong /K-dependence.

The reader should note that Region I growth behavior should not be
construed as an indication of "threshold", or lower limit behavior of these
fatigue crack growth rates. The location of Region I for these data sets is
simply a function of the initial value of AK chosen for these tests; true
threshold studies on these materials have only been conducted for air
environments, with the results detailed in Ref. [4]. The onset of Region II,
the value of the growth rates throughout Region II, and the transition of
Region II into Region I growth behavior are established by the test
frequency. In this particular case, the 17 mHz test was terminated before
the onset of Region III growth had been established. This test was and, in
fact, all tests were deliberately terminated well before fracture of the
ligament remaining in the specimen(s) so that a final crack length, as
inferred from the LVDT displacement gage could be optically confirmed
from the specimen(s) fatigue fracture surface.

Figure 2 presents the results of an effort to separate, if present, the
effect of irradiation time at temperature from the effects of irradiation
damage itself. Specimen L83-19 was conditioned at 288 C for 1225 hr whieh,
combined with residence time in the autoclave prior to and during the test,
~losely approximates the time for irradiations of the other L83 specimens
described above. Specimen L83-18 was tested-in the as-received condition.
Results of 1 Hz tests in reactor-grade water environment of all three
specimens (L83-1, -18, -19) are shown in Fig. 2, allowing the coneclusion that
the response of the material to fatigue is essentially unaltered by irradiation
or by an equivalent time at temperature for these materials as evaluated in
this study.

A similar set of tests was conducted on A508-2 material, code QT71.
These results are shown in Fig. 3. As for A533-B, there is an easily
observable increase in growth rates for the 17 mHz waveform as opposed to
the 1 Hz waveform, but this increase is nearly identical to the increase
shown in Figs. la and b and as before, is due to the influence of the
environment during the longer period waveform. Since the test on Q71 was
carried out to a longer final erack length, and hence higher AK value than
L83-6, the onset and extent of Stage II growth is clearly described in this
case. Note that the increase in growth rates between the 1 Hz and 17 mHz
results is about a factor of twenty, while the increase in eyclic period is
about sixty. The relationship is not, therefore, one-to-one, and in faect, if
irradiation has little or no effect, we can expect, on the basis of unirradi-
ated results [5,9] that the 17 mHz waveform affords a saturation or
maximization of the environmental effect, for PWR environments, and thus,
the 17 mHz results of Figs. 1 and 3 represent upper limits of fatigue crack
growth for the R = 0.2 constant-load-amplitude condition. The comparison
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of 1 Hz test results for irradiated and unirradiated, but time-and-tempera-
ture-conditioned specimens, also shown in Fig. 3 indicates that the irradi-
ated results are somewhat lower than the unirradiated results, although the
difference is not clearly greater than the commonly accepted scatter band
(a factor of about two) for similar, intralaboratory fatigue crack growth
rate tests.

A second heat of A508-2, code V82 material, showed behavior similar
to that of code Q71 material. The results of 17 mHz, sinusoidal waveform
tests, shown in Fig. 4, indicate that while this heat of steel appears to be
slightly more environmentally susceptible, testing in either the irradiated or
unirradiated condition produced nearly identical data.

The fatigue crack growth rate results on irradiated and unirradiated
Mn-Mo weld metal, deposited with Linde 0091 flux, shown in Fig. 5, resemble
the results described for A533-B and A508-2 and yield a similar conelusion.
The 1 Hz results, for both irradiated and unirradiated materials are nearly
the same, and reside near the ASME air default line. The 17 mHz results
appear to show growth rates lower than the 1 Hz tests at low values of AK,
but that is likely to be part of the "start-up" character of these tests [10].
The 17 mHz growth rates do crossover and reside above the 1 Hz growth
rates over most of the AK range examined in this test. The overall growth
rate, at 17 mHz, of this weld metal is slightly lower than many of the plate
and forging materials deseribed in this report, a fact which is at variance
with data relative to sulfur contents of unirradiated pressure vessel steels.

DISCUSSION

The overall results derived from this study, that irradiation does not
enhance crack growth rates for simulated reactor coolant environment, is
parallel to the earlier results for tests in high and low temperature air
environments [2]. In those instances of irradiated specimen results for
which the growth rates are depressed (A508, code Q71, 1 Hz tests), this may
be due to the increased yield strength of the irradiated specimens. In those
cases for which the irradiated results are slightly higher than for compar-
able tests of similar materials (17 mHz tests - all cases), the increase may
be due to a small synergistic effect of the environmental influence on the
radiation damaged steel, however, the variability is well within a seatter
band defined by previous growth rate evaluations for these materials. In the
case of the A508-2 forging, code V82, which seems to be slightly more
environmentally susceptible than the code Q71 material, irradiation did not
provide any further detrimental effects. It is important to note that for the
specific sets of conditions studied (1 Hz and 17 mHz sinusoidal waveform, R
= 0.2, PWR conditions) none of the present results exceed the existing ASME
default lines for aqueous environment fatigue crack growth. It is important
to note that these are only a few of the many material, environmental and
mechanical test variables which are of importance within an overall study of
the effects of irradiation and environment on fatigue crack growth in RPV
steels. Other tests to determine the effect of load ratio (R), other
materials, especially other welds and heat-affected zones, and transient
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conditions involving load, temperature and water chemistry should be
conducted and should yield a more complete interpretation of fatigue crack
growth.

FRACTOGRAPHY OF IRRADIATED SPECIMENS

The irradiated specimens were examined in an SEM located in a hot
cell [11], using cutting and cleaning procedures [12] similar to those
described for unirradiated specimens. For the specimens tested at 1 Hz,
fatigue crack propagation occurred almost exclusively by a ductile striation
mechanism, as is typical in these steels for tests in whieh the environmental
effect is not a factor. For the 17 mHz tests, as shown on the A533-B fatigue
fracture surface in Fig. 6a, fatigue erack propagation at lower values of AK
(27 MPaYm) occurs by a ductile striation formation mechanism, while at
higher values of AK (Fig. 6b) there is little striation formation, and the
rather rough fracture surface indicates that the mierostructure and grain
morphology heavily influence the crack path. In this sample, relatively
little secondary cracking was observed.

Irradiated A508-2 fatigue fracture surfaces, as shown in Figs. 7Ta and
b, are not as dominated by ductile striations, but their formation persists
over the entire AK range. Extensive secondary cracking is also seen, and as
in A533-B, the rough surface indicates that the microstructure strongly
influences the crack propagation path.

While there will be continued examination of these and other fracture
surfaces, it appears that irradiation of these steels does not noticeably
affect the fatigue fracture surface morphology. There appears to be no
suggestion of any new fatigue mechanism which might be the result of a
material/irradiation/environment interaction. This observation suggests
that the essential coincidence of fatigue erack growth rate data for either
irradiated or unirradiated, but otherwise comparable steels, is due to the
fact that the mechanism for environmentally-assisted fatigue crack growth
is essentially unaffected by irradiation.

SUMMARY AND CONCLUSIONS

Postirradiation fatigue crack growth rate tests, in a simulated pres-
surized water reactor coolant environment, have demonstrated that irradi-
ation does not further increase the growth rates for A508-2 and A533-B
steels, or submerged-arc weld metal (Linde 0091 flux), beyond those in-
creases which are due to the environment itself. The reader should note
that the results presented here are limited in the scope of the external
variables which have been treated, and that to be more complete, other
waveforms, temperatures, load ratios and water chemistries should be
incorporated into a larger test matrix. However, for simulated pressurized
water reactor conditions, and constant-load amplitude tests, R = 0.2, the
effects of irradiation do not provide any significant changes to the expected
fatigue erack growth rates. In particular:
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(a) For tests with a1l Hz sinusoidal waveform, tests of irradiated and
unirradiated but temperature-conditioned specimens showed that irradiation
had no discernable effect (A533-B and the weld metal) or may tend to
slightly decrease the fatigue crack growth rates (A508-2).

(b) For tests with a 17 mHz sinusoidal waveform, the results showed
the expected, waveform-dependent increase over the 1 Hz results, but the
observed growth rates did not exceed the current ASME Section XI water-
environment default line. The irradiated specimen results did not differ
significantly from results for unirradiated specimens of similar steels from
different heats.

(c) In comparing the results of the different materials, there is little
to distinguish them apart, indicating that, at least for conditions of this
study, the ASME code will not have to be reformulated with qualifications
for the different mateirials which are in use.

(d) The fractographic examination of the fatigue fracture surfaces
of A508-2 and A533-B specimens shows only ductile striation formation and
other basically ductile tearing morphologies. There was no clear suggestion
of any environmentally or irradiation-embrittled regions, or of any detri-
mental, synergistic relationship of the high-temperature, aqueous environ-
ment with the irradiation damaged steel.
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FIGURE CAPTIONS

Fig. la, b. Fatigue erack growth rates vs applied cyclic stress intensity
factor for (a) irradiated and (b) unirradiated A533-B steel in high-tempera-
ture, pressurized reactor-grade water. Comparison of these two graphs
shows the parallel behavior of the irradiated and unirradiated specimens.
Since the unirradiated tests began at a rather high iinitial value of AK, the
three-stage behavior, seen clearly in irradiated specimen L83-l, does not
manifest itself.

Fig. 2. Fatigue crack growth rates vs applied cyeclic stress intensity
factor for as-received, unirradiated but conditioned at reactor time and
tempoerature, and irradiated at A533-B steel in high-temperature, pres-
surized reactor-grade water. These three overlapping data sets indicate
that irradiation under conditions of this initial study has an essentially
insignificant effect on fatigue crack growth rate.

Fig. 3. Fatigue crack growth rates vs applied cyclic stress intensity
factor for irradiated and unirradiated, but reactor time- and temperature-
conditioned, A508-2 steel, code Q71. These results are very similar to those
for A533-B shown in Figs. 1 and 2. In this case, the irradiated specimen
tested at 1 Hz shows a slight, but meassurable decrease in crack growth
rates.

Fig. 4. Fatigue crack growth rates vs applied cyclic stress intensity
factor for irradiated and unirradiated, as received A508-2 steel, code V82,
in high-temperature, pressurized reactor-grade water. There is no observ-
able effect of irradiation, although the degree of environmental assistance
is slightly greater than for the code Q71 material shown in Fig. 3.

Fig. 5. Fatigue crack growth rates vs applied cyclic stress intensity
factor for irradiated and unirradiated, but reactor time- and temperature-
conditioned, submerged-arc weld metal, Linde 0091 flux. These results are
quite similar to those for the mill products A533-B and A508-2.

Fig. 6. Fatigue fracture surface of A533-B steel from a 17 mHz test at
(a) 28 MPa/m (25 ksivin.), and (b) v39 MPa/m ("85 ksi+n.). The
morphology is basically composed of striations and ductile rupture in both
cases.

Fig. 7. Fatigue fracture surfaces of A508-2 steel from a 17 mHz test at
(a) 28 MPaym (v25 ksi vin.), and (b) 60 MPavm (V55 ksi vin.). As in Fig. 6,
ductile rupture, influenced by the specimen texture and grain morphology,
and some striation formation, are apparent.
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TABLE 1 - Material Chemistry, Heat Treatment and Mechanical Properties

Material C Mn P S Si Ni Cr Mo Cu \Y
A533-B-1 .22 1.37 .008 .008 .22 .66 A5 .54 .18 .02
(L83)

A508-2 19 .69 007 .009 3l .82 .38 .62 0 A3
(Q7D)

A508-2 .20 .60 013 012 .20 13 .35 .56 - -
(v82)

Submerged- .08 1.49 047 017 .60 .58 .03 .39 .24 .01
Arc Weld

(Q93)

Primary Heat Treatment

A533-B Class 1 Normalized at 870-950 C (1600-1750 F) for 4 hours, air cooled;
(HSST-01) austenitized at 820-900°C (1500-1650 F) for 4 hours, guenched
in agitated water; tempered at 660 + 14°C (1225 +25°F
for 4 hours, furnace cooled).

A508 Class 2 ~ Stress relief annealed at 605°C (112-°F) for 20 hours, furnace cooled.
Submerged-Arc Weld

A508 Class 2 Austemtlzed 840°C (1550°C) for 9 hours; water quenched; tempered
(Forging) 650 C (1210°F) for 12 hours, air cooled; stress relief annealed 660°C

(1225°F) for 20 hours, furnace cooled 30 C/hr max (55°F /hr max).
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TABLE 1 -Material Chemistry, Heat Treatment and Mechanical Properties (Continued)

0.2% Offset Ultimate Reduction .
Material Direction Yield Strength Tensile Strength In Area Elongation
MPa (ksi) MPa (ksi) % %
A533-B-1 TL 477 (68.5) 620 (90.0)* - 19
(L83)
A508-2 TL 538 (78.0) 680 (98.6) - -
(Q71)
LT 555 (80.5) 692 (100.4) - -
A508-2 TL 475 (68.9) 636 (92.2) 59.5 24.9
(v82)
Submerged-Arc 469 (68.1) 579 (84.0)
Weld

(Q93)




TABLE 2 - Water Chemistry Specificationsﬁl

Boron (as borie acid) 1000 ppm
Lithium (as lithium hydroxide) 1 ppm
Chloride ions .15 ppm
Fluoride ions .10 ppm
Dissolved oxygen 1 ppb
Dissolved hydrogen (saturation) 30-50 ce/kg water

BAll 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.
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Fig. 2. Fatigue crack growth rates vs applied cyclic stress intensity
factor for as-received, unirradiated but conditioned at reactor time and
tempoerature, and irradiated at A533-B steel in high-temperature, pres-
surized reactor-grade water. These three overlapping data sets indicate
that irradiation under conditions of this initial study has an essentially
insignificant effect on fatigue crack growth rate.
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factor for irradiated and unirradiated, but reactor time- and temperature-
conditioned, A508-2 steel, code Q71. These results are very similar to those

for A533-B shown in Figs.

1 and 2. In this case, the irradiated specimen

tested at 1 Hz shows a slight, but meassurable decrease in crack growth

rates.
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Fig. 4. Fatigue crack growth rates vs applied cyeclic stress intensity
factor for irradiated and unirradiated, as received A508-2 steel, code V82,
in high-temperature, pressurized reactor-grade water. There is no observ-
able effect of irradiation, although the degree of environmental assistance
is slightly greater than for the code Q71 material shown in Fig. 3.
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Fatigue crack growth rates vs applied cyclic stress intensity

factor for irradiated and unirradiated, but reactor time- and temperature-
conditioned, submerged-arc weld metal, Linde 0091 flux. These results are
quite similar to those for the mill produets A533-B and A508-2.
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Fig. 6. Fatigue fracture surface of- A533-B steel from a 17 mHz test at
(a) 28 MPaym (n25 ksiv/im), and (b) 39 MPavm (35 ksi/in.). The
morphology is basically composed of straations and ductile rupture in both
cases.
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Fig. 7. Fatigue fracture surfaces of A508-2 steel from a 17 mHz test at
(a) 28 MPa/mi (a5 ksi vin.), and (b) 60 MPavm (v55 ksi /n.). As in Fig. 6,
ductile rupture, influenced by the specimen texture and grain morphology,
and some striation formation, are apparent.
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ABSTRACT

Test results which define the influence of waveform, temperature,
load ratio and environment on fatigue crack growth rates of reactor
pressure vessel steels in simulated reactor primary coolant environments are
illustrated and described. The results of two test matrices are included.
The first, called the preliminary test matrix was aimed at the determination
of crack growth rates for a single material, A508-2, but for a wide variety
of waveforms and temperatures. The second, or main matrix for unirradi-
ated materials, was aimed at determining growth rates for a variety of
reactor pressure vessel steel plates, forgings and submerged-are welds, but
for two waveforms and two load ratio selections. The results, and their
significance for design and in-service inspection related safety analyses, are
described in this article. The trends observed in the available data and the
areas in need of additional research are identified.

109



INTRODUCTION

To assure continued safe operation of nuclear reactors used for power
generation by the publice utilities, a comprehensive and industrious program
of inspection and monitoring is carried out. If a flaw indication is found, the
reactor owner may proceed in one of two ways: the flaw may be repaired,
usually through a weld repair technique, or a fracture mechanies analyses
may be carried out resulting in computation of future inspection intervals
during which the flaw indication will be carefully monitored to determine
whether extension of the flaw has occurred. In addition to knowledge of the
stress levels in the neighborhood of the flaw, the fatigue erack growth rates
for the material in question must also be known or determined. These
fatigue crack growth rates should take into account not only the product
form, but also the environment, waveform, temperature and irradiation
levels which pertain to the vicinity of the flaw. If satisfactory growth rates
are not available, the Appendix A of Section XI of the Boiler and Pressure
Vessel Code (1) details a set of default rules, providing crack growth rates
which may be used in lieu of actual crack growth rates for the material and
conditions which actually pertain.

Typically the transients which occur during operation of a power
reactor are the result of brief, temporary shutdowns prompted by an
indication of an equipment problem, or more simply, pressure adjustments
which are made in response to power demands. Start-ups and shut-downs
also account for a few hundred loading cycles in a reactor lifetime. These
cycles have periods ranging from a few seconds to several minutes and
waveshapes that are basically triangular or sinusoidal. The loads which are
realized in the vicinity of a flaw are generally a combination of dead-weight
loads of the reactor, its internals and the water, the water pressure, torques
and vibrations due to pumping equipment, residual stresses near welds and
some stresses induced by thermal gradients. The reactor coolant environ-
ment is relatively well-characterized in a pressurized water reactor (PWR)
but the lack of buffering solutes and varying dissolved oxygen content of
boiling water reactor (BWR) coo.ants make the latter environment more
difficult to typify.

From 1976 through 1978, the Naval Research Laboratory, together with
Westinghouse Corporation, carried out a cooperative test plan, sponsored by
the Nuclear Regulatory Commission, and termed the "preliminary test
matrix." A follow-on program, the "main test matrix" was conducted in 1979
and 1980. The object of the first program was to determine the influence of
waveform, temperature, and load ratio on a single pressure vessel steel -
A508, Class 2. Then, utilizing the two most illustrative, reactor-typical,
waveform conditions, as determined by the preliminary matrix, the main
test matrix was directed at determination of fatigue crack growth rates for
a wide variety of reactor pressure vessel steels, welds and heat-affected
zones (HAZ). Testing of a limited variety of irradiated steels is also within
the scope of the main test matrix.
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APPROACH

The approach to this research, as embodied in the concept of the
preliminary test matrix, was to determine fatigue erack growth rates for a
variety of test waveforms consisting of ramp and hold components of
varying lengths. As examples, one second, and one, five and thirty minute
ramp times were combined with one, three, thirty and sixty minute hold
times. To avoid ‘confusing results, tests were conducted from start to finish
with a single waveform selection, composed of one ramp time component
and one hold time component from the above list. As adjuncts to the set of
preliminary matrix tests, other waveforms were selected for additional
tests, with the rationale for these choices explained in the following section.

In order to provide the most germane data, the testing is conducted
using simulated pressurized water reactor primary loop coolant. Crack
growth rates are determined in autoclaves, or small pressure vessels using
the water chemistry given in Table 1. The environment is monitored very
carefully, with continuous on-line sampling of dissolved oxygen contents,
specific conductance, and pH. Batch samples for more complete elemental
analysis by classical wet chemistry methods are taken once each week, or
more often, depending on test schedules and progress. Temperature is held
constant to within two centigrade degrees, and the water circulates to
prevent stagnation.

Table 1 - Typical pressurized water reactor coolant chemistrya

Boron (as boric acid) 1000 ppm
Lithium (as lithium hydroxide) 1 ppm
Dissolved oxygen 1 ppb.
Dissolved hydrogen 30-50 cc/kg (H20)
Chloride 0.10 ppm
Fluorine 0.10 ppm

8 Al other elements should be held to trace levels; a small amount of
iron, both solid and soluble, will be detected, and is the inevitable
result of corroding specimens.

Tests were conducted at both 93°C (200°F) at essentially atmospheric
pressure, and 288 °c (550 F) with constant amplitude loads at a load ratio
of 0.1 to 0.2. Each specimen was instrumented with a displacement gage,
which measured erack mouth opening (8). Since the ratio of § to load (P) is
proportional to the crack length, this provided a method to determine the
latter without visual observation. The empirical relationship derived for
this purpose accounted for gage position, temperature, and specimen geo-
metry. Over the three-year duration of this test series, steadlly improved
methods of data acquisition were employed, culmlnatmg in a fully-auto-
mated computer-controlled data acquisition and processing system. The
details of autoclave hardware, specimen instrumentation and data acquisi-
tion methods may be found in Refs. 2-4.
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A508-Class 2 forging steel was selected as the one material to be
investigated in this test matrix. Specimens were cut from the nozzle drop-
outs by first removing about 40 mm of the outer surfaces, including the
inside cladding, and blanking out specimens from the remaining material.
All specimens were oriented so that the tensile stress at the crack tip was
parallel to the hoop stress direction of the drop-out.

The samples were either 25.4 mm thick (IT) compact specimens, or
50.8 mm thick (2T) WOL specimens. In the case of the compacts, the
machined notch extended to an a/W of 0.25 and these were precracked to an
a/W of 0.30. The WOL specimens had a machined notch 25.4 mm (a/W =
0.19) and were precracked an additional 6 to 50 mm (0.3 to 2 in.) depending
on the initial A K level desired. The maximum stress intensity applied
during precracking was less than or equal to the initial stress-intensity
levels for the test. All precracking was performed at room temperature in
an air environment. During the latter phases of testing, additional pre-
cracking in the test environment was performed. This was done in an
attempt to promote environmental equilibrium at the crack tip before
initiating the actual test.

RESULTS

In the following presentation of the data, the first four figures are
paired, for certain similar, or identical, characteristics of the wavefom,
with the lower temperature results on the left, and the higher temperature
results on the right. There appear to be three factors which strongly
influence the crack growth rates of A508-2 in the reactor-grade water
environment: ramp time, hold time, and temperature. An interrelationship
among the three determines the particular crack growth rate; it is impos-
sible to isolate the effects of one variable without fixing the other two.

Figure 1 shows test results for waveforms with a one second ramp time
component, coupled with substantially longer hold times. At either tem-
perature, this produced essentially identical data, located on, or very near
the ASME air default line, which is included (together with the 1972 water
default line) on all the plots in this article. For these short ramp time
components, during which the environment has an insufficient opportunity to
attack the crack tip enclave, there appears to be no environmental
assistance.

Figure 2 shows test results for waveforms with longer ramp times
(from one to thirty minutes), coupled with one to three minute hold times.
In this case, the lower temperature results reside midway between the
ASME air and water default lines, which represent a substantial increase
over the results shown in Fig. la. However, for the higher temperature, the
test results, as in Fig. lb, reside on or near the ASME air default line. Thus,
a substantial ramp time component, together with a low temperature,
produces environmentally assisted crack growth rates.

To determine whether the hold time component was influencing the
results, tests involving only ramp components were conducted, and the
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results are shown in Figs. 3 and 4. The ramp time only tests at low
temperature produced environmentally accelerated data, shown in Fig. 3 for
a 60 sec ramp time, while the high temperature results remain located near
the air default line, showing no environmental assistance. Figure 4 shows
results of a similar test, but with a 22 sec. ramp time component. Even
with the shorter ramp time, the results are similar -- higher growth rates
for the lower temperature, and no clear cut environmental assistance for
the higher temperature test. For both of these cases (Figs. 3 and 4), it
should be noted that the results are nearly identical to those of Fig. 2, for
the respective temperatures, indicating that the presence or absence of a
hold time component does not affect the degree of environmental assist-
ance.

About midway through the series of tests represented by the data in
the previous four figures, it was realized that a 17 mHz sinusoidal waveform,
together with a high temperature (288°C) produced crack growth rates
which were significantly higher than any of the ramp/hold or ramp/reset
combinations which had been tested at the 288 °c temperature. Figure 5
shows results of one test which bears out this fact. Attempts were made to
reproduce this data using a ramp/hold combination (22 sec ramp, 4 sec hold)
which is the trapezoidal approximation to the posmve slope of a sinusoidal
waveform. The results of two tests (both shown in Fig, 5) fail to reside as
high as the 17 mHz sinewave test. Consideration of similar tests conducted
at other facilities (5) indicates that sinusoidal waveforms with periods
ranging from 0.2 to 2 minutes may all produce crack growth rates which
reside midway between the ASME air and water default lines. In short, for
288°C temperatures, there are no ramp only, or ramp/hold waveforms which
yield environmentally-assisted fatigue crack growth rates, but a substantial
range of sinusofdal waveforms do result in enhanced growth rates. The
environmental mechanism which produces this result is not understood at
the present time. It is possible that the constantly varying ramp rate
resulting from the sinusoidal waveform may alter the potentio-kinetic
processes at the crack tip in a way that is substantially different from that
for fixed ramp rate waveform. Another speculation is that the decreasing
load portion of the sinusoidal waveform, or the dwell time around the
minimum load may enhance the environmental assistance.

During the initial phases of this research, when test systems were
being implemented and improved, and outages and other failures were
frequent, common test practice was to choose an initial value of applied
cyclic stress intensity such that relatively easily measureable crack exten-
sions would occur over rather short times. Typieally, for R = 0.2 and
waveforms of about 60 sec periods, a AK value of 25 MPa /m was selected.
While the research carried out under this proviso produced the desired
amount of scoping data on various materials (5) and enabled the understand-
ing of the temperature and waveform effects described above, the measure-
ment of fatigue crack growth rates for lower stress intensity factor ranges
(10-25 MPa ym for R = 0.2) has not been carried out. Now that the
reliability of test and data acquisition systems has substantially improved,
recent research has extended our understanding of fatigue crack growth
rates into the lower AK ranges.

113



On the basis of these recent tests, it is becoming evident that fatigue
crack growth rates for these reactor pressure vessel materials, at least for
sinusoidal waveforms and low load ratios, follow the conventional three-
region behavior which has been amply discussed in the classical presentation
of stress-corrosion cracking (6) and corrosion-fatigue crack growth (7). This
is shown schematically in Fig 6a, which has been adapted, in a simplified
way, to these results. In terms of K, the exact onset of the transition from
Region I to Region II behavior is generally a function of the material and the
environment. In terms of crack growth rate, the level of Region II is
primarily a function of test frequency, all other things being equal. The
reader should note that Region I growth behavior should not be construed as
an indication of "threshold," or lower limit behavior of these fatigue erack
growth rates. The location of Region I for these data sets is simply a
function of the initial value of K chosen for these tests; true threshold
studies on these materials have only been conducted for air environments,
with the results detailed in Ref. 7. The onset of Region II, the value of the
growth rates throughout Region II, and the transition of Region II into
Region III are established by the test frequency.

In illustration of this conclusion, fatigue crack growth rates for A508-
2 steel are shown in Fig. 6b, together with the trend lines shown in the
accompanying figure. At the present time, this data describes the limits of
the research completed on the extension of data into the lower 2K regime.
While this set of trend lines adequately describes the behavior of this
material, there remain some aspects of this deseription for which additional
research would be helpful. The exact position of the trend lines for lower
values of AK, especially for longer period waveforms, is not well estab-
lished. At the Naval Research Laboratory, efforts are now underway to
measure fatigue crack growth rates of 17 mHz (or comparable frequency)
waveforms on tests for which the initial stress intensity factor was about 15
MPa vm. Similar efforts, in constantA K tests, withd K = 16.5 MPa Vm, are
underway at Babcock and Wilcox Research Laboratories, Alliance, Ohio.
The data resulting from the above two efforts should assist in a more
complete definition of the actual trends.

At the time this contribution was written, testing of the main matrix
program was essentially complete, and the results were essentially as
expected. Figure 7 shows two shaded regions, for R"“ 0.7 and RV 0.2,
which for the most part, encompass the data generated for the respective
conditions. Also shown are the new surface flaw default lines as contained
in the 1980 edition of the ASME Code. Much of the justification for the
bilinear shape and positioning of these lines may be found in a reference by
Bamford (8). Briefly, a regression method was employed to determine a 95
percent confidence level on upper limits for fatigue crack growth rates for
two sets of load ratio conditions, R 2 0.2 and R = 0.7. At the present
time, this choice of code default lines seems to represent a conservative

estimate of the upper bound of the available data.
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It seems likely, however, that the rather high growth rates described
by these default lines, especially for lower AK values, may lead to calcula-
tions of unrealistically short inspection intervals, or reactor lifetimes. In
these cases, many utilities may chose, as the code indicates they may, to
determine crack growth rates for the particular product form equivalent to
that in which the suspected flaw resides. In some cases, the data may be
available; in other cases, it may have to be generated —either case may
prove to be an alternative less expensive than a costly repair job, or a nearly
continuous inservice inspection procedure.

_ An incorporation of the Section XI computational methodology in
Section III of the ASME Code (9) is also under consideration by the code
writing committees of the ASME. This makes the selection of and rules for
application of default crack growth rate laws even more critical, since flaws
which are disecovered during the construction phase of a reactor pressure
vessel will face an entire reactor lifetime of applied stress cycles, irradi-
ation and environmental attack.

With this preliminary matrix data as a background, a main test matrix
was subsequently configured. The object of the main test matrix was to
determine crack growth rates under simulated pressurized water reactor
conditions for a wide variety of reactor pressure vessel steels, submerged
arc welds, and the associated heat-affected zones, but for a limited
selection of two waveforms and two load ratios. A 60 sec ramp/reset and 17
mHz sinusoidal waveform were selected as being both reactor-typical, and
from the preliminary matrix results, should provide a valuable indication of
the range of crack growth rate behavior for reactor-typical materials and
test conditions. At this same time, a smaller, but otherwise similar, matrix
was constructed to define a series of tests of irradiated materials. '

There are several conelusions drawn from this main matrix data, which
is presented in its entirety in Ref. 10. These conclusions are detailed in the
reference, but are summarized below:

(a) There are no significant categorical differences in fatigue crack
growth rates between any of the RPV materials tested, which included
submerged-arc welds deposited with three different fluxes (Linde 80, Linde
124, Linde 0091), heat-affected zones associated with each of the above,
A508-2 forging steel and A533B plate steel.

(b) The 1980 version of the Section XI default lines is a generally
conservative estimate to all of these various materials, even though the
equations for the lines were derived only for A508 and A533 data.

(e) There are three strong, external influences on the data:
() Load ratio effect - for a given value of AK, decreasing the
load ratio, R, increases the crack growth rate. This effect has been well-

documented for many alloy-environment systems and this evidence confirms
that pressure vessel steels behave similarly.
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(2) Waveform effect - while changes in crack growth rate are
known to stem from changes in the waveform, RPV steels in the reactor-
typical environment have a rather unique dependence on waveform, as
outlined in a preceeding section of this paper.

(3) Effect of sulfur content - while a significant collection of
data only exists for several heats of A533B, it appears that increasing sulfur
content leads to higher corrosion fatigue crack growth rates. Crack growth
rates for steels with .014 to .021 percent sulfur were grouped distinetly
above growth rates for steels with lower (.008 to .012 percent ) sulfur
contents.

CONCLUSIONS
Based on the above data, the following conelusions have been drawn.

L For lower temperatures (93°C, 200°F) and low load ratios, (R =
0.1, 0.2), waveforms containing a ramp time component of greater than one
second duration yield crack growth rates residing midway between the 1972
versions of the air and water environment default lines, or just under the
1980 version of the low load ratio (R < 0.25) surface flaw default line.

2. For high temperature and low load ratios, all ramp and hold
waveforms tested produced crack growth rates residing on or near the
subsurface flaw (air environment) default line. Additionally, all low
temperature and low load ratio tests with a one second ramp time fell on or
near the air default line. This places all such data significantly below the
ASME default line, and where such waveforms pertain, use of the default
line growth rate formula, rather than the actual data, will produce overly
conservative computations of reactor lifetime or require inspection inervals.
However, for high temperatures and low load ratios, 17 mHz sinusoidal
waveforms produce significantly higher crack growth rates, residing about
midway between the 1972 ASME air and water default lines.

3. For higher load ratios, there is more variance in the available
data (5) and a general conclusion is not possible. There are apparently some
product forms and compositions for which crack growth rates are substan-
tially lower than the default line for high load ratio controlled growth rate.

4. When tested over aAK range which begins with a sufficiently
low value (15 MPa vm for R = 0.2) and which extends over a sufficiently
large range (15 to MPaym or more) the classical three-region behavior of
corrosion fatigue crack growth rates can be described.

CONSIDERATIONS FOR FUTURE RESEARCH
The above results were developed for a pressurized water reactor
environment. Boiling water reactor (BWR) environments are most notably

different in that during normal operation, the coolant contains 200 to 300
ppb dissolved oxygen, as opposed to the negligibly small (<1 ppb) level in a
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PWR. Consideration of the available data relevant to BWR environments
(1,12) indicates that the data points fall in the same two zones as the PWR-
type data (Fig. 6), however, the trends of the data, as functions of waveform
and temperature, are not as clearly established as in the above description
for A508-2 in a PWR environment.

Fatigue crack growth rate research for reactor safety use is far from
a completed task, for there are many areas which have not been explored, or
in whieh only slight progress has been made. A look at the data in this
report, or in review papers (5,13) shows that th_e}'e is ng data in the near-
threshold, or very low growth rate regime (10" to 10 ° m/eyecle). It is in
this area that flaw extension will require millions of eyecles in order to
produce measurable extensions. Thermal cycling and pump vibrations do,
however, provide alternating stresses at frequencies high enough to result in
millions of eycles. Thus, it is important to gain a better understanding of
this topic. The current ASME default rules do not provide a threshold, or
lower stress-intensity factor limit, below which fatigue crack growth will
not occur. Thus, in calculations using the code default lines, any flaw will
grow, regardless of its size or the stress level, if the requisite number of
cycles are fed into the calculations.

Another important consideration in the application of this data is that
reactor-typical waveforms involve cycles of a variety of amplitudes and
periods, while the available crack growth data pertains only to constant
amplitude, constant frequency testing. Futhermore, there is no indication
of any predictive method which adequately enables computation of variable
amplitude crack growth rates from constant amplitude test results. Vari-
able amplitude testing of these materials in simulated nuclear coolant
environments is in its infant states (14).

Another closely related topic, which must be more thoroughly investi-
gated, is stress-corrosion cracking (SCC), both as a mechanism by itself and
in tandem with fatigue cycling involving hold times. Recent evidence
indicates that these materials, formerly believed to be resistant to SCC, do
show signs of cracking, albeit at rather high levels of applied stress-
intensity factor (10,15).
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FIGURE CAPTIONS

Fig. 1. Fatigue crack growth rate data vs applied cyclic stress-intensity
factor for all the tests with a very short (1 sec) rise time. In this and the
following figures, the lower temperature test results are on the left. Both
these temperatures yield growth rates close to the ASME Section XI air
default line.

Fig. 2. Fatigue crack growth rate data vs applied cyelic stress-intensity
factor for all tests with both significant ramp times and hold times (1 min or.
greater for each). In the left-hand data sets, the effect of the increase in
crack growth rates due to the lower temperature is clearly seen.

Fig. 3. Fatigue crack growth rate data vs applied cyelic stress-intensity
factor for tests with a one minute ramp, but no hold time. As in Fig. 2, the
lower temperature tests resulted in the higher fatigue crack growth rates.

Fig. 4. Fatigue crack growth rate data vs applied cyclic stress intensity
for tests with a 22 second ramp and no hold time. The results are very
similar to those shown in Fig. 3.

Fig. 5. Fatigue crack growth rate data vs applied cyclic stress-intensity
factor for a test with a 17 mHz sinusoidal waveform. Also shown are the
results of two tests with a 22 second ramp, 4 second hold time, which is the
trapezoidal equivalent of the positive slope of a sinusoidal waveform.

Fig. 6. Ilustration of the three-region behavior of fatigue crack growth
rates in the reactor-typical environments (a) the trend lines for 1 Hz and 17
mHz data in 288°C reactor-grade water, and for baseline, air environment
data (b) actual fatigue crack growth data superposed on the trend lines of

(a).

Fig. 7. A summary plot of the available data for fatigue crack growth
rate tests in high-temperature, pressurized, reactor-grade water, for both
high ( 9.7) and low ( 0.1-0.2) load ratios. The 1980 versions of the ASME
air and water default lines are also shown.
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