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ABSTRACT

This progress report summarizes work performed by the Argonne National
Laboratory and subcontractors at GARD Inc., Pacific Northwest Laboratory, and
E. F. Rybicki, Inc. on environmentally assisted cracking in light water
reactors during the twelve months from October 1982 to September 1983,
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ENVIRONMENTALLY ASSISTED CRACKING IN
LIGHT-WATER REACZORS:
ANNUAL REPORT

October 1982--September 1983

Executive Summary

Leaks and cracks in the heat-affected zones (HAZs) of weldments in
austenitic stainless steel piping and associated components in boiling water
reactors (BWRs) have been observed since the mid-~1960s. Cracking has con-
tinued to occur and indications have been found in all parts of the recircu-
lation system including the largest-diameter lines. Proposed remedies in-
clude (1) procedures primarily intended to produce a more favorable residual
stress state in the HAZ adjacent to welds, (2) replacement of the piping with
materials that are more resistant to stress corrosion cracking, and (3) modi-
fication of the reactor coolant environment to decrease the susceptibility to
cracking. In addition to evaluating these remedies it is also important to
understand the influence of key variables, such as residual stress, crack
growth rates, and the margin for leak-before-break (LBB) in flawed piping,

which may impart regulatory decisions on operating plants.

Finite element calculations of the stresses in 12- and 24-in.-dia pipes
that have undergone Induction-Heating-Stress-Improvement (IHSI) or weld
overlay procedures have been carried out for piping with flaws. For shallow
cracks these processes still produce compressive residual stress states on
the inner surface, and the stresses at the crack tips remain compressive
under design loads. Additional analyses are needed to determine the maximum
crack depths for which the processes are effective. The LBB margin for
piping with a part-through crack completely around the circumference and a
throughwall crack over a portion of the circumference has been assessed.
Even severely degraded piping is shown to have a significant LBB margin, al-
though the available margin decreases rapidly with increases in depth of che

part-through crack.

‘RSR FIN Budget No. A2212; RSR Contact: J. Muscara.



Most of the available data on crack growth rates for Type 304 stainless

steel have been obtained on furnace-sensitized materials in high-purity water
with 8 ppm dissolved oxygen under constant load. Crack growth tests are
currently in progress to investigate the effect of impurities, loading
history, and the degree of sensitization on crack growth rates in more
prototypic BWR environments. However, since crack growth tests are extremely
time consuming, only a limited number of these parameters can be examined,
and constant-extension-rate-tensile (CERT) tests are being carried out for a

much wider range of conditionms.

The CERT tests have shown a strong synergisiic interaction between the
dissolved oxygen and impurity concentrations of the water. For dissolved
oxygen concentrations between 0.1 and 8 ppm, even low levels of impurities
(viz., 0.1 ppm sulfate or chloride) markedly increase intergranular stress-
corrosion cracking (IGSCC) to the extent that the susceptibility is not a
strong function of the oxygen concentration over this range. Similarly,
impurities diminish variations in IGSCC susceptibility owing to the degree of
sensitization of the steel. Materials that are susceptible to cracking in
both high-purity and impurity environments show higher crack propagation

rates in the impurity environments (%2-3 times faster).

At the much lower dissolved oxygen levels (<50 ppb) that can be achieved
with hydrogen additions (v2 ppm) to the feedwater in BWRs, the susceptibility
to IGSCC decreases significantly. However, careful control of impurity
levels will also be required. Although our current results illustrate the
interaction between dissolved oxygen and impurity concentration, we are not
able at present to define tolerable levels for the impurities in low-oxygen

coolant environments.

The most widely used alternative piping material is Type 316 "Nuclear
Grade" stainless steel with controlled carbon and nitrogen levels.
Laboratory tests have demonstrated a high resistance of this steel to IGSCC
in pure water, but much less testing has been carried out in environments
with low levels of impurities typical of BWR recirculating loop water under
normal operation. Our results have confirmed the resistance of Type 316NG to

IGSFC in impurity environments for heat treatments associated with weld

vi



sensitization in Types 304 and 316 SS, However, transgranular cracking has
been observed in CERT tests i{n environments with chlorides and sulfates.
This may be an artifact of the high strains produced in these tests, but
preliminary information indicates that the cracks appear to initiate at
fairly low strains. Even in these cases the crack growth rates are about an
order of magnitude lower than the intergranular crack growth rates observed

in conventional Type 304 SS under the same conditions.

Laboratory testing of materials intended to have a 30-year lifetime
invariably requires accelerated testing. To extrapolate confidently from
these tests to in-reactor loading situations, a better understanding of the
effects of loading history on stress-corrosion cracking (SCC) susceptibility
and of the mechanisms actually involved in the cracking process is needed. A
model, which is based on an estimate of the crack-tip strain rate, has been
used to develop correlations between the measured parameters in the slow
strain rate test (i.e., the crack propagation rate, time to failure, maximum

stress, etc.,) and the nominal strain rate.

Tests have also been performed to examine IGSCC susceptibility under
pure torsion (mode III) and tensile loading (mode I). Relatively long
failure times (greater than a factor of 50) have been observed under constant
torsional loads compared to tensile loads at the same fraction of the
ultimate strength for sensitized Type 304 SS in 289°C water with 8 ppm
dissolved oxygen and 0.1 ppm sulfate as HZSOA' These very tentative results
suggest that atomic hydrogen from the corrosion process may play a role in
IGSCC of Type 304 SS in BWR-like environments.

Characterization of acoustic signals and leak rates from cracks produced
by mechanical and thermal fatigue and IGSCC has begun in the acoustic leak
detection (ALD) test facility. Data were obtained on two field-induced
intergranular cracks. The minimum leak rate that is detectable through
intergranular cracks at a distance of 0.5 m is 0.001 gal/min under laboratory
conditions for a frequency window of 200-400 kHz. A comparison of acoustic
spectra from two cracks at a leak rate of 0.005 gal/min revealed nearly
identical signals in this frequency range. These data suggest that

geometrical effects may be less significant at frequencies above 200 kHz.

vii



Cross=correlation techniques for locating leaks and distinguishing among leak

types were also demonstrated.

After ultrasonic testing revealed cracks in the recirculation header o
the Georgia Power Co. Hatch-1 BWR, an ALD system was installed. The leak
detection system at Hatci was reproduced and evaluated to determine the
sensitivity and dynamic range The results suggest that the background noise
in the range from 200 to 400 kHz at a recirculation header of a BWR operating

power is only a f deci 3 above the electronic noise. At
the system should be capable of detecting leaks of
Other background data have been acquired at the Watts Bar
Tennessee. 1 ANL waveguide system, including transducer
s installed (in cooperation with PNL) on an accumulator
were acquired on background noise from 50 to 400
test., Significant effort was expended to
tion system. Under a subcontract

iguration and then proposed a

f using ultrasonic wave scattering g erns to
'n intergranular cracks and geometric reflectors has been
reflectors (e.g., field- and graphite-wool-induced

s, weld roots, and slits) were examined. This work le! to

ication of a 7-element skew-angle probe for 28-in.-dia

sembled for ANL by Magnaflux Corp. This probe is now being

apabili

ty to distinguish cracks from geometrica
e evaluation (NDE) work with _-ast st:

data or he velocity and attenuation

cast stainless steel.




ENVIRONMENTALLY ASSISTED CRACKING IN
LIGHT-WATER REACTORS:
ANNUAL REPORT

October 1982--September 1983

by

W. J. Shack, T. F. Kassner, D. S. Kupperman, T. N. Claytor,
J. Y. Park, P. S. Maiya, W. E. Ruther, and F. A. Nichols
The objective of this program is to develop an independent capability

for prediction, detection, and control of intergranular stress corrosion
cracking (IGSCC) in light-water reactor (LWR) systems. The program is
primarily directed at IGSCC problems in existing plants, but also includes
the development of recommendations for plants under construction and future
plants. The scope includes the following: (1) development of the means to
evaluate acoustic leak detection systems objectively and quantitatively; (2)
evaluation of the influence of metallurgical variables, stress, and the
environment on IGSCC susceptibility, including the influence of plant oper-
ations on these variables; and (3) examination of practical limits for these
variables to effectively control IGSCC in LWR systems. The initial experi-
mental work concentrates primarily on problems related to pipe cracking in
BWR systems. However, ongoing research work on other environmentally
assisted cracking problems involving pressure vessels, nozzles, and turbines
will be monitored and assessed, and where unanswered technical questions are
identified, experimental programs to obtain the necessary information will

be developed to the extent that available resources permit.

The effort is divided into six subtasks: (A) Leak Detection and Non-
destructive Evaluation; (B) Analysis of Sensitization; (C) Crack Growth
Rate Studies; (P) Evaluation of Nonenvironmental Corrective Actions;

(E) Evaluation of Environmental Corrective Actions; and (F) Mechanistic
Studies. These subtasks reflect maior technical concerns associated with
IGSCC in LWR systems, namely: leak and crack detection, the role of
materials susceptibility, the role of stress in crack initiation and propa-
gation, and the role of the environment. The program seeks to evaluate
potential solutions to IGSCC problems in LWRs, by direct experimentation
(including full-scale welded pipe tests), by analysis of components from
operating reactors, and through the development of a better basic

understanding of the various phenomena.
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A. Leak Detaction and Nondestructive Evaluation (D. Kupperman,
T. N. Claytor, R. Groenwald* and R. N. Lanham)

1. Background

No currently avaiiable single leak-detection method combines optimal
leakage detection sensitivity, leak-locating capability, and leakage
measurement accuracy. For example, while quantitative leakage determination
is possible with condensate flow monitors, sump monitors, and primary
coolant inventory balance, these methods are not adequate for locating leaks

and may not have adequate sensitivity to meet code requirements.

Improved leak detection capability at specified sites is possible by
use of acoustic monitoring or moisture-sensitive tape technology. However,
current accustic monitoring has no source discrimination (i.e., pipe cracks
or valve lecks) and provides no flow rate information (a small leak may
saturate the system). Moisture-sensitive tape also does not provide
quantitative leak rate informetion and gives no specific location informa-
tion other than location of tape; moreover, its usefulness with the new
"soft blanket" insulation needs to be demonstrated. Leak detection tech-
niques require further improvement in the following areas: (1) identifying
leak sources through location information and leak characterization, so as
to eliminate false calls; (2) quantifying and monitoring leak rates; and
(3) minimizing the number of installed transducers in a "complete" system

through increased sensitivity.

Since the issuanc: of NRC IE bulletins 83-02 and 82-03 and the training
of ultrasonic inspection persornel, the probability of detecting IGSCC under
field conditions has increased. However, it appears that the increased
sensitivity of current inspections has resulted in considerable overcalling
by field inspectors. The detection of ICSCC and the discrimination of
intergranular cracks from geometric and metallurgical reflectors are
difficult technical goals. The ultrasonic inspection of cast stainless
steel using the current UT techniques applied in the field is another

difficult technical provlem to resoclve.

*GARD, Inc., Niles, Illinois.



" §8 Objectives

The objectives of this program for leak detection are a) develop a
facility to quantitatively evaluate acoustic leak detection systems,
b) assess the effectiveness and reliability of acoustic leak detection
techniques, c) develop a prototype acoustic leak detection system, d)
establish sensitivity, reliability, and decision-making capability of a
prototype system through laboratory testing, and e) assess the effectiveness
of a field-implementable acoustic leak detection system. The program will
establish whether meaningful quantitative data on leak rates and location
can be obtained from acoustic signatures of leaks due to cracks (IGSCC and
fatigue) in low- and high-pressure lines, and whether these can be distin-
guished from other types of leaks. It will also establish calibration
procedures for acoustic data acquisition and show whether advanced signal

pruecessing can be employed to enhance the adequacy of ALD schemes.

The program objectives for ultrasonic NDE are a) assess the
adequacy of a multielement skew angle probe to distinguish intergranular
cracks from geometrical reflectors, b) assess a field implementable method
for characterizing cast SS microstructure to determine in-service inspection
(ISI) reliability, and c) evaluate new ultrasonic inspection problems (i.e.,

weld overlays).

3. Technical Progress

a. Leak Detection

(1) Description of the Acoustic Leak Detection Facility

Figure 1 shows a photograph of the system, which consists
of ~30 feet (10 m) of 10-in. Schedule 80 piping in a "U" shape. Ome part of
the pipe run (left), used for testing radioactive pipe sections with field-
induced leaks (2 installed), is housed in an exhaust hood to prevent any
radioaciivity from entering the room during testing. Another part of the
pipe run (right) is used to test nonradioactive pipe sections containing
artificial leaks and laboratory-grown cracks (2 thermal fatigue, 3 fatigue

cracks).
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Detection of leak requires that Se = S1 - T1 - Nl + PG > 0 where

Se = gignal excess at detector output, S, = source level and is affected by

3

waveguide geometry, insulation, and circumferential position, T, = trans-

1

mission loss down the pipe, N, = background noise level and PC = system gain

1
(all terms are dB). Data on all terms of this relationship have now been

acquired and will be discussed in the following sections.

(2) Characteristics of Leaks from IGSCC

As a result of the high temperature (V“540°F; ~282°C) and
pressure (%1100 psi; 7.6 MPa) of water in BWR piping, leakage from inter-
granular cracks will involve two-phase flow. Both the characteristics of
the flow and the concomitant generation of acoustic signals are extremely
complex and difficult to model. Relatively simple two-phase flow models,
which appear at least qualitatively correct, have been developed by Henry1
and a computer program based on this model has been developed by Collier
et al.2 The model predicts that the flow rate increases as the temperature
of the fluid decreases. An increase in flow with decreasing temperature
was, in fact, observed experimentally for an intergranular crack.3

3,4 an increase in the acoustic

As discussed in previous reports,
signal generally occurs when the flow rate is increased at constant temper-
ature. However, this is not always the case.a For comparable conditioms,
data have been generated that show decreasing acoustic signal with in-
creasing flow rate at values of <0.01 gal/min. For constant flow rates, the
acoustic signal decreases with fluid temperature. Fortunately, the effect
is not severe near BWR operating temperatur2s. Figure 2 shows a curve for a

flow rate of ~0.005 gal/min.

The spectra of acoustic leak signals have also been measured
previously3 with a special broadband receiver with a conically shaped
piezoelectric element. The frequency response of this probe approaches that
of a capacitance transducer. The power spectrum obtained for a leak through
an intergranular crack at a flow rate of ~0.004 gal/min (15 cm3/m1n) falls
off by ~16-20 dB over the frequency range from 100 to 500 kHz. Beyond 500

kHz, very little if any acoustic signal was detected. These data are
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Fig. 2. Acoustic Signal vs Fluid Temperature for Constant Flow Rate.

consistent with the Skudrzyk and Haddle nodel.S which relates the acoustic
signal to turbulent flow in the crack and predicts a (frequency).3
dependence for the power spectrum (a 21-dB drop over the range from 100 to
500 kHz).

It is important to identify a suitable frequency "window" for a
field acoustic leak detection system. This can be accomplished by comparing
leak spectra with background noise data for reactors to determine a frequency
range with a favorable signal-to-noise ratio and observing how well acoustic
data correlate with flow rates. Data from the monitoring at the Watts Bar
reactor (see Section 6) and from the 11terature6 show that the backgrounc
roise i1s reduced significantly at frequencies above 200 kHz. Even flow from
a small intergranular crack (flow rate of ~0.004 gal/min or 15 cn3/nin)
pruduces a significant acoustic signal in the frequency range from 300 to
400 kHz; therefore, this may be the optimum window. In this frequency
range, the attenuation is only about 2 dB/m.



Factors that can affect the acoustic leak signal have been
discusaed3'7 and the results are reviewed in this report. The presence of
waveguides, pipe insulation, and electrical interference, and the relative
circumferential position of the transducer and leak site must be considered
when carrying out an analysis of acoustic leak signals. The most signifi-
cant effect is produced by insulation, which can cause an .ncrease in
acoustic signal; the magnitude of the increase appears to depend on the flow
rate of the leak. For a slit-type leak with a low flow rate (“0.02 gal/min
or 80 cm3/m1n). the addition of mirror insvlation has been shown to enhance
a signal by V5 to 15 dB in the frequency range from 200 to 500 kHz. For a
slit-type leak with a higher flow rate (0.2 gal/min or 900 cm3/min). the
signal increased by less than 3 dB when insulation was added. However, the
addition of insulation did not significantly enhance the signal from the

intergranular crack at a flow rate of <0.01 gal/min.

(3) Acoustic Signal vs Leak Rate Data

Three fatigue and two thermal fatigue cracks have been
welded into the pipe run. Tests have begun with these laboratory-grown
cracks. Originally, one of the leaks was very small (%0,001 gal/min)
despite the fact that the exit length is longer than the other field-induced
intergranular cracks studied, which had a flow rate of about 0.005 gal/min.
In order to increase the flow rate from the second crack, corrosion products
were removed from the crack with Dow Chemical DOWCON-1 solution. In addi-
tion, the surface was ground down about 4 mm (from top of weld crown) to
open the crack exit length from 4 to 10 mm. The length of the crack at the
inner surface is 13 mm. This crack does not show a uniform plume as do
other intergranular cracks for comparable leak rates. The very small leak
(0.001 gal/min) could barely be detected acoustically with a 375-kHz
receiver, at “200 mm from the source. Initially, the crack may have been
uncharacteristically tight since at that time the loading system was in-

adequate to stress the crack to typical reactor loads.

The crack was opened by loading the pipe to a level 50%
greater than previous attempts (now approaching A7 ksi). As a result, it is

now possible to reach flow rates above 0.01 gal/min. A comparison of



acoustic spectra of the two intergranular cracks for flow rates of

0.005 gal/min indicate virtually identical signals in the frequency range
200-400 kHz. Below 200 kHz, the difference in geometry becween the two
cracks apparently is reflected in 2 lower signal (V5 dB) for crack #2 (see
Fig. 3). These data suggest that geometrical effects may be less signifi-
cant at frequencies above 200 kHz and a correlation of leak rate with

acoustic signals may be more relisble at higher frequencies.
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Fig. 3. Acoustic Leak Signal versus Frequency for Two IGSCC
Leaks at the Same Fiow Rate.

Acoustic emission noise generated by the smaller of the two therm-
al fatigue cracks (TFCs) was measured with the NBS transducer and compared
to the noise generated by flow through an intergranular crack. The spectrum
level is shown in Fig. 4 for each crack type. The spectra are similar in
shape except that the noise level from the intergranular crack (at 400 kHz)
is 5 dB or 1.8 times the level produced by the TFC even though the flow
rate was only half of that of the TFC. This is consistent with previous
observations that intergranular cracks produce more noise (at equivalent
flow) than slits.
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An important consideration for leak detection is the dependence of
the acoustic emission signal on leak rate. This dependence may vary with
frequency and depends on the mechanism that produces the sound. To obtain
acoustic noise output as a function of leak rate ard frequency, thermal
fatigue crack #1 was stressed to 55,000 lbs and the leak signal measured in
three frequency bands, viz., 30-40, 100-150, and 300-400 kHz. The curves in
Fig. 5 reveal that the acoustic signals increase with flow rate and become
less dependent on flow at higher frequency, and the variance in the data de-
creases at high frequencies. The acoustic emission output voltage for the
three bands is given by the equations

v, * 8400 3 (30-40 KiHz), (1)
v = 2100 2 (100-150 kHz), (2)
v_ =63 §0-3 (300-400 kHz). (3)
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Fig. 5. Acoustic Signal vs Flow Rate for a Thermal
Fatigue Crack at 500°F. Three frequency
ranges are presented.

In Eqs. (1-3), Vm is given in microvolts and F is in gal/min. Because the
variation of the acoustic output with flow rate depends on frequency, there
may be more than one distinct noise-producing mechanism. At present, it is
thought that almost all of the noise from the intergranular and trans-
granular cracks is due to steam flow. The NBS transducer is sensitive to
airborne noise and this could be the cause of some of the signal enhancement
at low frequencies. Further tests with the NBS transducer are planned to

determine if the low-frequency sensitivity is distorting the results.

Frr intergranular crack #1, the leakage rate varied by more than
an order of magnitude for loads in the range of 0 to 55,000 lbs applied to
the bottom of the 10-in. Schedule 80 pipe dir~ctly under the crack. The
results in Fig. 6 show that the acoustic output is not directly proportional
to leak rate but follows the deperndence given below (300-400 kHz):
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Fig. 6. Acoustic Leak Signal vs Flow Rate in Three Frequency Ranges
for Intergranular Crack #1 at 500°F.

v =40.3 F (0.001 < F < 0.01 gal/min), (%)

where V‘n is in microvolts and F is in gal/min and the transducer is located
Il m from the crack. Extrapolation of this result to 1 gal/min indicates
that 40 uV would be produced at 1 m. This should be compared to the 45 uVv
of background noise (maximum for 300-400 kHz) that was measured at Watts

Bar.

The acoustic noise output for 1ntergranula} crack #2 is shown in
Fig. 7. The acoustic output is plotted as a function of flow rate for three
frequency bands. The acoustic output in the 300-400 kHz band is given by

the equation

v =663 50 (0.001 < F < 0.01 gal/min). (5)
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Fig. 7. Acoustic Leak Signal vs Flow Rate in Three Frequency
Ranges for Intergranular Crack #2 at ~500°F.

The data correlation in the 300-400 kHz band is close to that
obtained from intergranular crack #1. Only in this frequency regime is the
acoustic leak noise comparable when extrapolated to 1 gal/min (within 4 dB
for both leaks). At 30-40 and 100-150 kHz, the differences are 24 and 18.3
dB, respectively. Therefore, high-frequency acoustic noise measurement may
offer a way to measure leak rate quantitatively (within limits) even from

different-size cracks.
The noise produced by the two intergranular cracks was also

characterized as a function of water pressure, which influences the leakage

rate. The results of a variable-pressure test (992-1830 psi) on crack #1 at

12



a constant temperature (494°F) and load (0 psi) are shown in Fig. 8, The
results are plotted as a function of flow and are similar to Figs. 6 and 7.
At 300-400 kHz the flow rate dependence of the acoustic signal is given by

v = 22.4 §0-21 (0.0001 < F < 0.001). (6)

This result (combined with data from Figs. 6 and 7) indicates that acoustic
output depends not only on flow rate but also on crack geometry. A
comparison of Fig. 4 with Figs. 2 and 3 shows that the geometry effect is
more important in the 30-40 kHz range than in the 300-400 kHz range.

- r SN A
IGSCC #!
494°F (257°C)
992-1830 psi
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Fig. 8. Acoustic Leak Signal vs Flow Rate in Three Frequency Ranges for
Intergranular Crack #1 at “500°F. Leak rate was varied by
increasing the system pressure.



Attenuation data have also been acquired for water-filled pipes

in the frequency range of 200-400 kHz. Figure 9 shows the signal versus
distance along the pipe run, which has a long section filled with water
(indicated in the figure). The present ANL results are consistent with
those in the literature.

VARIATION WITH
ANGLE
& NEAR-FIELD
T TT TTTTTTT 0d8
ATTENUATION  200-400 khz
5 WATER-FILLED PIPE — 03 10
NEAR-FIELD 45 d8/m
3 FAR-FIELD 168 d8/m 114
S -
2 5l od FAR-FIELD
: 0®
=
=
20}— l — o 086
- WATER-FILLED i oo
4y Ly 1
0 2 a 6 8 0 ”

DISTANCE (m)

Fig. 9. Acoustic Signal (Attenuation) vs Distance Along a 10-in.
Schedule 80 Pipe in the 200-400 kHz Frequency Range.

(4) Leak Location by Cross-Correlation Analysis

Cross~-correlation is being evaluated as a means of
achieving improved detection sensitivity for location of leaks even in the
presence of background noise. The cross-correlation for time T is defined
as

T

1
Rey(T) = 11':: 3 { x(t)y(t + t)de , (7)

where x(t) and y(t) are the input time domain signals over record length T.
Incoherent background noise (such as flow noise) will average to approxi-

mately zero as the inverse of the number of data records averaged.
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(5) Autocorrelation Analysis

More recently the propagation characteristics of leak-
associated acoustic emissions (LAAEs) were investigated with correlation-
processing techniques in an effort to establish a method for determining the
location of a leak after its presence has been detected. The principles
exploited are not unlike those employed in sonar, radar, and seismology for
time delay estimation. The signal-processing approaches taken, however, are
quite dissimilar. Radar and sonar applications, for example, typically
require processing techniques that have been optimized for detection of a
known signal that is buried in noise. The signal source, a transmitter,
provides useful a priori information in this case. Where the source of the
signal being processed is inaccessible, or unmeasurable as in the present
case, the processing techniques become more dependent on assumptions, anrd
therefore are more sensitive to processing errors. Signal sampling rate,
filtering, and record length were carefully considered in an effort to
minimize these errors. The results of our investigations of correlation-

processing techniques are summarized below.

The autocorrelation function proved to be a potentially
useful means of leak detection, as did its frequency-transform counterpart,
the power spectrum. Figure 10 compares autocorrelation functions for a leak
through an intergranular crack and a 2-mil (50-um) slit, and background
noise. Only the leak-related correlograms exhibit negative correlation
peaks. Figure 11 shows autocorrelation functions for the leak recorded at
increasing distances from the leak source (the numbered transducer positions
are defined in Fig. 9 of Ref. 3). The leak characteristics are evident even

at transducer position 8, approximately 6 m (18 ft) from the source.

The autocorrelation function was also useful as a tool
for identifying LAAE propagation characteristics, an important prelude to
cross~correlation analysis. The degree of symmetry of AE propagation in
opposite directions was investigated, as were the effects of joints and other
acoustic interfaces in the ANL test loop. Symmetrical transducer placements
were investigated first. Autocorrelation plots were generated for data
recorded with the same AET-375 transducer (3048) at two different sites,

15



(0) (b) (c)
0.05-mm 0.5~mm 08-mm
SLIT HOLE HOLE
100 =00 100
0
= LAG LAG
s | LAG
= (d) (e)
£ IGSCC ROOM
E BACKGROUND
ol NOISE
\J”
(%)
>
-

Fig. 10. Comparison of Autocorrelation Functions for Leaks through
an Intergranular Crack, a Z-mil (50-um) Slit, and Back-
ground Noise.

designated L and R, which were 1 m from the crack in opposite directions.
Figure 12a shows the resultiig autocorrelation functions. The data recorded
at L yielded a slightly broader function than did the data recorded at R.

For comparison, the experiment was repeated with a second AET-375 transducer,
3313 (Fig. 12b); the results proved to be reasonably independent of the
transducer used, suggesting that the difference in the two functions is an
artifact of the test facility, The only major difference in the transducer
sites was that position L was located near the end of the pipe. The pipe
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Fig. 11. Autocorrelation Punctions for a Leak through an Intergranular
Crack, Recorded at Increasing Distance from Source. Position
8 is 6 m away from source. Transducer positions are defined in
Fig. 9b of Ref. 3.

ends had previously been partially covered with sound-absorbent material to
minimize poteantial reflections which, if superimposed on the LAAEs, would
result in additional (albeit smaller) peaks. The autocorrelation functions

for the data recorded near the pipe ends indicate that the reflections have

not been mpletely eliminated.
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Fig. 12. (a) Autocorrelation Functions for a Leak through an Intergranular
Crack, Obtained with AET-375 (3048) Transducer at Pesition L
(1 m to left of leak) or Position R (1 m to right of leak).
(b) Results Obtained at Same Positions with a Different
Transducer.

(6) Acoustic Background Noise

2. Hatch Reactor

After ultrasonic testing revealed cracks in the
Georgia Power Co. HATCH-1 BWR recirculation header, an ALD system was
installed by Georgia Power and Nutech personnel. The transducer and
waveguide are similar to those being evaluated at ANL for leak detection.
Data from HATCH-1 can give an indication of background noise at the BWR
recirculation header sweepolet weld. The HATCH system uses an AET 204A
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miniature acoustic emission system and an AET AC375L sensor on a
1/2-in.-dia, 10-in.-long threaded stainless steel rod with a flat bottom.
The waveguide is threaded through a mounting plate to hold it in direct
contact with the pipe.

This system was reproduced and tested at ANL to
establish its sensitivity and dynamic range. Figure 13 shows a plor of
digital readout (proportional to the rms signal output) vs gain setting for
the instrument. In order to approxisate the HATCH-1 "B" conditions,
ultrasonic waves were electronically generated on the pipe run to simulate
background noise. For gains similar to that used in the field, the
resulting dotted curve agrees well with the lower HATCH-B curve, which was
obtained during reactor operation at 94% full power. At 100% full power,
the HATCH-1 "B" readouts increased by about 20%; this is consistent with a
model which assumes that the background noise is flow noise and thus
increases as the cube of fluid velocity. If one assumes that the reactor
power is proportional to fluid velocity and the rms signal is proportional

to the acoustic noise level, the data appear reasonable.

The sensitivity of the system is demonstrated by the
easily detected increase in signal when a 0.002 gal/min leak, at a distance
of 0.5 m, is added to the simulated background noise (dash-dot line in Fig.
13). These results suggest that at the recirculation header of a BWR at
full power, the acoustic background noise in the 200-400 kHz range is only a

few dB above the electronic noise.

The dynamic range of the system is illustrated in
Fig. 14, which shows a strip-chart recording (similar to those made at
HATCH) of readout voltage vs time for leak rates of 0.002 to 0.006 gal/min.
Under BWR operating conditions, the ANL system is saturated by the signal
from a 0.006-gal/min leak through an intergranular crack at a distance of

0.5 m. A broadened dynamic range would clearly be desirable.
This example indicates the level of ALD capability

that is currently available. There is no source discrimination (a large

valve leak can register the same as a small crack leak) and there is no flow
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rate information. A more sophisticated system is clearly needed to (a)

eliminate false calls through improved leak location and characterization
data, (b) quantify leak rate through analysis of rms time domain structure
and spectral data, and (c) minimize the number of installed transducers in a

complete system through reliable design and increased system sensitivity.

b. Field-implementable Acoustic Waveguide System

Two waveguide systems have been completed. Both
designs use a 250-mm-long, 3-mm-dia waveguide rod of Type 3C4 SS. An AET
375 acoustic emission transducer is attached to the end of the waveguide rod
with a spring washer. One system (Fig. 15) is a "quick-connect" type; the
waveguide passes through a plate, which is strapped to the outside of the
reflective insulation, and the round waveguide tip presses against the pipe
surface via a spring-loading device (10-1b load). Gold foil serves as the
couplant. In the other system, the waveguide tip passes through the
insulation and is screwed through a plate that is strapped directly to the
pipe outer surface. Silicon grease is used as a couplant. The force
applied to the pipe at the waveguide tip is larger than with the spring-
loaded system, but it cannot be measured as reliably. The analysis of
preliminary results indicates that comparable acoustic signal levels can be
reached with both designs. The systems are similar in sensitivity to the
PNL waveguide and probe (which uses a magnet to hold the waveguide down and
therefore is not appropriate for SS piping); an “6-dB signal is obtained at
a distance of *1 m from a 0.005-gal/min leak.

Cs Watts Bar

An acoustic emission transducer was mounted on the
accumulator safety injection pipe (Fig. 16) (on the cold leg of loop 2) of
the Watts Bar reactor No. 1. The transducer (AET 375 S/N 6002) was attached
to the uninsulated 10-in. stainless steel pipe with a 10-in. waveguide probe
assembly. An acoustic emission preamp with a gain of 40 dB was used to
amplify the signal from the transducer and drive a 50 Q cable. The cable
terminated in the control room where another amplifier and signal recording

equipment were located. Prior to installation, the transducer and waveguide
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Fig. 15. Schematic of "Quick=Connect" Waveguide Attachment System.

assembly was calibrated in the laboratory against the NBS standard
transducer. Results at five frequencies are shown in Table I. At 375 kHz
the NBS transducer and the AET 375 have almost the same sensitivity. This
is fortunate because it simplifies the comparison between the noise signals
measured in the laboratory with the NBS transducer and the signals measured
at Watts Bar with the AET 375.

After the transducer was installed at Watts Bar,
its sensitivity was determined by the pencil lead impulse test. The
transducer produced a signal that was 1.4 dB greater than that produced by
the identical test in the laboratory.

22



Transducer,

Acous~-

Pipe

F



Background noise was monitored before, during and

after a hot flow test. Before and after the test, the water temperature and
pressure were near ambient conditions (75-95°F at 30-75 psi); during the hot
flow test the water temperature and pressure reached reactor operating
conditions (557°F, 2235 psi). In general, the reactor noise level was
greatest with all four reactor coolant pumps on and with the water at low
temperature and pressure. Table Il contains a summary of the noise levels
measured at 200-400 kHz (primarily near 375 kHz) for various reactor

conditions.

Table II. Acoustic Noise Level in the 200-400 kHz Frequency Band

Water Water Noise Level
Reactor Temperature, Pressure, Transducer Output,

Pump Status °F psi uv Notes

All pumps 75 20 3.4 After

of f installation
All pumps 110 300 2.8 After

oirf installation
RCP-2 on 110 300 620 Hot flow test
All pumps on 350 400 390 Hot flow test
All pumps on 450 1200 83 Hot flow test
All pumps on 558 2235 92 Hot flow test
All pumps 95 74 38 After hot

off flow test

All pumps 94 29 32 After hot

of f flow test

As can be seen from Table 11, the background noise decreased with increasing
system pressure. This has been observed in other reactor background noise
tests and is probably related to decreased cavitation in the pumps. Still,
the noise at full operating power was 28 dB over the quiescent state. Since
the transducer was very close to the pump, the values for background noise

reported here are probably near the maximum values that will be found on the
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primary pipirg. They are also much higher than those present at the
recirculation header of the Hatch reactor.

(7) Development of Breadboard-Type Leak Detector

(a) Coordination of Efforts with PNL

A meeting was held with PNL personnel to cocrdinate
the current GARD/ANL and PNL efforts on this program. The PNL program is
directed at crack growth monitoring in nuclear piping. The PNL system is
further along in its development than the GARD/ANL leak detector; a

-prototype of the PNL system is to be installed on the Watts Bar reactor.
Signal bandwidth and amplitude requirements of the two systems, as well as
overall system architecture, were discussed. Signal processing is
approached differently in the two systems because acoustic emissions from
leaks are continuous in nature, whereas burst- or event-type acoustic
emission is associsted with crack propagation. The benefits of a combined
system, however, are significant. An overall reduction in hardware
(transducers and preamplifiers) coupled with a corresponding reduction in
installation complexity would reduce the system cost, and would be looked
upon favorably by the nuclear industry. Therefore, the needs of these two
systems will be reviewed from time to time to assess whether changes have
occurred that will make the use of common system elements more feasible thaa

it now appears.

PNL personnel plan to modify their system to allow
continuous rms data to be taken. At present, there is an overlap in the
frequency windows chosen for leak detection and crack growth monitoring. It
may “e possible to use the same transducer-waveguide system.

(b) Hardware

The system configuration for the breadboard system

has been established. The breadboard system, as originally proposed,
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utilized a local microcomputer to control data acquisition and to provide
operator interface; communication with a minicomputer at GARD was to be
accomplished via two modems and a dedicated telephone line. All he data
analysis routines would be resident in the minicomputer and would be called
remotely from the laboratory satellite system. Similarly, the resultant
analyses would be transmitted to the satellite for display and stored in the
minicomputer's archives. There might be some latency related to data
transmission time, but the on-line data analysis principles would be

adequately evaluated with such a breadboard system.

An alternative that was subsequently considered was
the use of a transportable minicomputer with an appropriate front end. This
avoids the need for telephone lines and modems and their associated costs
along with the efforts associated with establishing a remote inter-computer
interface. Currently available at GARD is a Motorola M68000 which was
originally thought to be adequate for this application. Such a system would
certainly have sufficient computational power to meet the needs of this
program; however, software-generating capability is currently limited to a
68000 assembler, which would greatly increase the efforts required to
generate the analysis software (i.e., FFT and correlation routines).

Fortran could not be made available, owing to licensing restrictions.

An investigation of other available minicomputers
narrowed the field to the three candidates listed in Table III. They all
have comparable hardware capabilities: 256 or 512 kilobytes of RAM and
20-33 megabytes of Winchester disk storage with tape or floppy-disk backup.
The Dual and AIM Technology systems utilize the Motorola 68000 CPU, whereas
the DEC system has the latest proprietary LSI CPU, which probably has
similar or greater capabilities. The Unix operating system used by AIM and
Dual is more versatile and "user-friendly" than DEC's RT-11. Both operating
systems support the Fortran compilers needed for this project. The greater
flexibility of the Unix system, however, provides for easier integration of
Fortran-callable routines (not necessarily written in Fortram), which will
be helpful in controlling the data acquisition hardware and handling the
arrays of data thereby generated. The three Fortran compilers/assemblers

were comparable in cost. The DEC system offered an optional Signal
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Table III.

Comparison of Minicomputer Capabilities

Computer Systems

DEC Micro II

AIM Technology

Dual 83/20

CPU

Operating
System

Fortran
Software
Fee

External
Interface

RAM
(kilobytes)

Mass Storage

Mainframe

Approximate
Cost

Availability

Customer
Efforts
Needed to
Achieve
System
Operation

DEC LSI-11 (latest
version)

RT-11

$1,000

Q-Bus adapter

256

20-megabyte
Winchester;
l-megabyte floppy
disk

DEC Q-Bus

$10,000

July-Aug. 1983

None

Motorola 68000

UNIX

$1,200

Multibus adapter

512

33-megabyte
Winchester;
}%-in. Mag. Tape

Multibus

$17,000

30 Days ARO

Customer
Responsible for
System Inte-~
gration &
Checkout

Motorola 68000

UNIX

$600

S=100 interface

512

20-megabyte

Winchester;
l-megabyte

floppy disk

§-100 Bus

$13,300

15 Days ARO

None

Technology package for data analysis at a cost of $6,000.

However, public=-

domain analysis programs are offered by IEEE and others at minimal cost.

The Q-bus employed by DEC restricts the user, to some degree, to

DEC-supplied hardware, whereas the Multibus and $S-100 bus systems are well

supported by multiple scurces of compatible hardware boards and interfaces.

AIM Technology, primarily a board supplier, provides a system which requires
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customer integration and checkout. The others are supplied ready-to-go with

a minimum of inter-chassis cable connection. Although any of these three
systems would meet the needs of this project, the attractive cost of the DEC
system is outweighed by its unavailability until midyear. The Dual system
was selected because it provides slight advantages in cost and delivery
time, and a significant advantage in that customer effort is not required to

integrate the system.

An additional implementation change involved
purchasing an off-the-shelf transient digitizer in lieu of fabricating one.
The unit that was first considered was the LeCroy TR 8837, a two-channel
digitizer that could operate at sampling rates of up to 25 MHz in the
dual-channel mode (50-MHz single channel). It was programmable in terms of
sampling frequency and pretrigger mode and had an internal 16 K sample
memory. The TR 8837 has since been superseded by a single-channel unit.
This has a higher maximum sampling rate (32 MHz), and two or more units can
be slaved together in a multiple-channel mode. Interestingly, two of the
new units (TR 8837F) are lower in cost than the original dual-channel TR
8837.

All of the LeCroy units are designed for operation
in CAMAC enclosures. The use of a crate, crate controller, and $-100
interface will be required. The digitizer and its supporting hardware can
be more than adequately covered by the original estimated costs of materials
and labor to develop a custom two-channel digitizer. A nine-slot minicrate
is proposed, which will provide ample space for all the above-mentioned
hardware along with the necessary signal-conditioning hardware (filters,
preamps, etc.) to interface transducers with the digitizers. This will

result in a neat, workable package for the breadboard system.
(¢) Software
The software development for this program is
divided into two primary tasks. The first is the evaluation of available

data analysis programs to determine their applicability. The available
programs are typically in the public domain and are published by IEEE and
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other sources. The second task is the generation of required analysis
routines that are not currently available, along with the mainline programs
needed for leak detection. The mainline programs will utilize the analysis
routines (both those obtained from other sources and those generated here)
as subroutines for flaw detection, location, and characterization. The
efforts on this task began when the Dual 83/20 computer system was received.
Initial efforts were directed to the evaluation of programs that are
currently available from IEEE. Routines were extracted from five source
program listings and were modified for this application by (a) restructuring
them into subroutine format, (b) redimensioning real and complex arrays to
fit the present application, and (c) manipulating the data arrays to attain
compatibility with each author's array format. The subroutines evaluated to
date are described in Table IV. Included are FFT, correlation, digital
filtering, and sample rate conversion routines, all of which may be useful

in this project. Also included are some plotting routines which will be of
interim value.

Table IV. Summary of Software Routines for Acoustic
Signal Analysis

Subroutine Description

FFT Implements simple decimation-in-time
algorithm which computes Fourier
coefficients for a complex input
sequence.

CORR Uses classic biased correlation
estimator and is the most efficient
approach in performing the actual
correlation.

FDESIGN A finite Impulse response (FIR) filter
design program.

FCONVERT Performs sampling rate conversion
(i.e., interpolation or decimation) of
a sampled data sequence.
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(8) Calibration Procedures

Three calibration procedures are being considered for
checking transducer-waveguide systems after field installation. They are
the pencil-lead-brezking method, the gas jet method, and electronic pulsing.
The first two of these techniques were examined during the current reporting
period. In the lead-breaking technique, the lead (0.5-mm dia) of a Pentel
mechanical pencil is extended 5 mm beyond the end of the pencil body and is
broken by pressing the pencil lead against the pipe at an angle of 30° to
the pipe. (If this technique is demonstrated to be useful, fixtures will be
fabricated to standardize the procedure.) The breaking of the lead was
detected by an AET-375 transducer mounted on a waveguide at a distance of
0.2 m from the pipe surface. Excellent reproducibility of the captured
acoustic transient signal was evident from four successive breaks in which
the digitized and stored transient pulses were compared. This technique

may be useful as a convenient and rapid way to check the ALD system after
installation. The method would not be applicable, however, to remote
in-situ calibration. This could be carried out by the gas jet technique

or by electronic pulsing.

In current work on the gas jet technique, a jet of
nitrogen gas from the 1.5-mm-dia exit hole of a Swagelok fitting was
directed normal to the pipe surface from a distance of 6 mm. An rms signal
(50 kHz to 1 MHz) with a magnitude 4 times that of electronic background was
detected at a distance of 1 m. The broadband 1IQI-501 transducer was
employed to obtain information on frequency spectra. The acoustic spectrum
from the gas jet shows greater frequency dependence than does the spectrum
from a leak through an intergranular crack. Relatively more signal at lower
frequencies is present in the gas jet spectrum. Furthermore, most of the
detected gas-jet acoustic signal is in the form of surface waves; this is
not the case for crack leaks. It haes also been determined that the acoustic
signal is relatively insensitive to the exact height of the gas jet above
the surface for heights of about 10 mm. This calibration technique has the
advantage of providing a reproducible, continuous acoustic signal that is
somewhat representative of an actual leak. This technique appears to be

well suited to remote calibration. i(ts chief disadvantages are the
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inconvenience associated with setting up the system and problems associated

with the presence of insulation.

The sending of electronic pulses to a calibrating
transducer is also under investigation as a technique for remote
calibration. In this technique an electronic signal is used to pulse a
transducer (on a2 waveguide) which then generates an acoustic signal in the
pipe. In this technique the transducers used to generate the calibration
signal woula not be used for receiving acoustic leak signals. A method
would have to be established for distinguishing anomalous behavior of
receivers from ancmalous behavior of pulsers. The electronic pulsing
technique offers a relatively simple procedure for continuous in-situ
monitoring of an ALD system. The disadvantage is the need for additional
transducers on the pipe and possible problems with coupling the waveguides

of the transmitting transducers to the pipe.

The data now acquired in this program allow us to make
some estimates of the sensitivity of an acoustic leak detection system in a
field environment. Figure 17 shows the acoustic signal intensity (in a
300-400 kHz window) versus distance along a 10-in. schedule 80 pipe for
0.01, 0.1 and 2 gal/min flow rates. The acoustic signal versus flow rate
data at values >0.01 gal/min were determined from an extrapolation of low-
flow data from two intergranular cracks. The shading represents the
difrerence in extrapoclation from the two sets of curves. The lower curve

was obtained by assuming a (flow)o'32

dependence for the acoustic signal,
which is consistent with Battelle Columbus data on graphite-wool-grown I1GSCC
in 12-in. pipes. The BCL data show a (flow)o‘28 dependence over four orders
of magnitude in flow rate (private communication, Collier of BCL). Also
shown are upper and lower estimates for background noise data. The upper
line was derived from the Watts Bar hot functional test. The lower level is
a combination of inferred background noise from the Hatch installation and
data from KWU (Fischer, private communication) indicating a factor of 10
variation in background noise for the PWR they monitored. As can be seen at
a distance of 3 m (10 feet), leaks as small as 0.01 gal/min could be de-
tected in areas of low background noise, whereas leaks on the order of

2 gal/min may be detectable in areas with very high background noise. Leaks

as small as 0.1 gal/min may be detectable at the source even with very high
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Fig. 17. Acoustic Leak Signal Intensity versus Distance Along a
10=in. Schedule 80 Pipe for Various Flow Rates. The
shading representc uncertainties in extrapolating data
from low to high flow rates,

acoustic background levels. Acoustic data were taken 1 m from the leak.
Beyond that an attenuation of 2 dB/m for the 300-400 kHz bandwidth and an
insertion loss of 5 dB for the first meter between the leak and sensor were

assumed.

(9) Moisture-sensitive Tape

A system to test the sensitivity of moisture-sensitive
tape was constructed in the laboratory. It consists of a 10-in. Schedule 80
pipe section, 1 m in length, heated to 500°F and covered with reflective
insulation. A small (1/4-in.-dia) hole was drilled in the insulation (as
per installation instructiors fer the moisture-sensitive tape) sc water
could drop onto the tape. The sensor was mounted on the bottom of the pipe
ar 1 the steam leak was positioned on the top of the pipe directly over the

tape for the initial tests. Steam was introduced between the pipe and the
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insulation with a 1/8~in.-dia copper tube. Physically, the leak was 0.3 m
away from the tape.

This configuration for the tape and the leak is similar
to what one would use in a plant to monitor welds for leakage. According to
the supplier, 3 to 4 inches of tape on a stainless carrier strap would be
placed under each weld to be monitored, with a tube to direct the water to
the tape. Up to 700 welds can be monitored with presently available

systems.

Two types of moisture-sensitive tapes were supplied with
the instrumentation. Sensor A is an improved sensor tape that is less sus-
ceptible to false alarms caused by external sources of water. Sensor B is
an older type of tape which is more sensitive to water. At a temperature of
470°F and a 0.05 gal/min flow of water/steam throvgh the leak, sensor B re-
sponded to the leak within 8.6 minutes. Sensor A, under nearly identical
conditions (440°F, 0.05 gal/min) responded after 28.5 minutes. Sensor B
took about 5 minutes to return to normal resistance when dried with a heat
gun after the test. Sensor A did not dry out completely after 20 minutes
with the heat gun. The sensor will probably have to be baked in an oven at

200°F for several hours to return the resistance to the as-received condition.

(10) Summary - Acoustic Leak Detection

Acoustic characteristics of leaking IGSCC were
established as well as the effect of waveguide geometry and insulation on
leak detection. Cross correlation techniques were demonstrated for locating
leaking IGSCC and distinguishing leak type. A frequency range (200-400 kHz)
for optimizing signal-to-noise ratio for leak detection was established. A
waveguide/transducer system for field use was assessed and tested under lab-
oratory conditions as well as during a hot functional test. The HATCH BWR
acoustic leak detection system was simulated to obtain an estimate of back-
ground noise and the sensitivity of the HATCH system. Background data was
obtained during a Watts Bar (PWR) hot functional test. The minimum detect-
able leak rate for laboratory conditions was established and estimated for
field conditions (0.01 to 2 gal/min, depending on background noise).

Calibration procedures for AE monitoring have been evaluated. A moisture-
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sensitive tape system was acquired and evaluation was initiated. The

breadboard acoustic leak de:cction system (GARD) is nearly complete.

b. Ultrasonic Nondestructive Evaluation

(1) Objectives

Tlis task involves examining the possibility of using
ultrasonic wave scattering patterns to discriminate between IGSCC and
geometrical reflectors. The potential use of nontraditional methods to
improve flaw detection in centrifugally cast stainless steel (CCSS) and weld
metal and to investigate special NDE problems, such as inspection of weld

overlay, will be explored.

(2) Distinguishing IGSCC from Geometrical Reflectors

Because intergranular cracks have an irregular and
generally branched character, they may produce a broader scatter:ing pattern
than a geometrical reflector. The dependence of echo amplitude on the angle
of incidence to the reflector surface could then be used to help distinguish
cracks from geometrical reflectors. Whether this idea could be useful under

field conditions needs to be established.

Seven cracks and four geometrical reflectors in Type 304 SS
pipe specimens were examined with 2,25-MHz, 45° shear waves in a pulse-echo
mode. The amplitude was plotted against the skew angle 6 by peaking the
signal for each 8., The change in signal with & was sharper for the
geometrical reflectors than for the cracks. This difference was quantified
by measuring the "full width at 3/4 maximum signal" (FW3/4M) for the curves.
Table V describes the specimens and gives the results. For the cracks, the
FW3/4M values ranged from 50° to 70°; for the geometrical reflectors, the
values ranged from 26° to 38°. These results represent only a limited
number of samples, and only sparse data have been acquired from
metallurgical reflectors, but the approach appears promising at this time.
If the type of information discussed here can be acquired in the field
(perhaps by a multielement probe), the chance of distinguishing cracks from

geometrical reflectors may be improved under some circumstances.
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Table V. FW3/4M Values Obtained?® for Cracks and Geometrical
Reflectors in Type 304 SS Pipe Specimens

Reilector FW3/4M (deg)

Geometrical Reflectors

End of pipe 38
2-mm~-deep EDM notch 34
Weld root in 12-in. pipe 26
Weld root in 20-in. pipe 30
16scC
Graphite-wool-grown axéal 60,70,64,64

cracks in 12-in. pipe

Graphite-wool-grown cigcumfcrential 51,50
cracks in 12-in. pipe

Field-induced circumferentia? 70
crack in 10-in. pipe

a2.25-!1!:, 45° shear waves in pulse-echo mode.

bProvided by EPRI's Nondestructive Evaluation Center.

As a result of tuis effort a probe has been designed that can
be used with a multiscanner to provide the data needed for I1GSCC
discrimination. The problems associated with designing such a multielement
probe are 1) the need for uniform coupling of many wedges and 2) the need
for a small enough probe size to avoid interferenc2 with the weld crown., A
7-crystal probe was found to be suitable for use on large (28-in.-dia)
pipes. The design of the "multiple element skew angle" (MESA) probe is
indicated in Fig. 18,

The initial design, aimed toward inspection of 28-in.
(0.7-m)-dia pipes, uses seven interlocking miniature 45°-angle shear-wave
probes in a rubber "frame" (which provides enough flexibiiicy to ensure
uniform coupling with the pipe surface), with a multiscanner and individual

gain control for each channel. The gain for each element can be adjusted to
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Fig. 18, Schematic Representation of Multielement Skew Angle
(MESA) Probe for Discriminating Cracks from Geometric
Reflectors.

compensate for the degree of reduction in amplitude with skew angle that
characterizes geometrical reflectors. After the gain of the pulser-receiver
is adjusted to the calibrated level, IGSCC can in principle be identified by
the presence of above-~threshold echo signals for the transducers positioned
at large skew angles; the signals generated at large skew angles by a

geometrical reflector will fall below the threshold.
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A "MESA" probe has been fabricated by Magnaflux. This probe
has seven elements, each approximately 3/16-in. wide, and operates at 2,25
MHz. The probe is currently being evaluated under laboratory conditions,
with field-induced cracks in large-diameter pipes from the Nine-Mile Point
Nuclear Reactor.

(3) NDE of Centrifugally Cast Stainless Steel

Cast stainless steel (CSS), because of its coarse grain
structure, presents a major difficulty in the ultrascnic inspection of
reactor components such as piping in pressurized water reactors. CS§S
samples were examined at frequencies as low as 0.5 MHz to identify optimal
ultrasonic testing conditions for this material. Both isotropic and
anisotropic samples were tested (the lLatter are transversely isotropic,

owing to the presence of long colummnar grains).

Two types of CCSS samples have been evaluated. The samples
are both from cast Type 304 SS piping (v27-in. dia), but they have different
microstructures. Sample A has equiaxed 1 to 2-mm-dia grains and Sample B
has large columnar grains ({10 mm long and 2 mm wide). Experiments were
performed to determine the degree of texturing in these samples., If the
anisotropic CCSS resembled SS weld metal during ultrasonic inspection, then
techniques developed for one material would also be applicable to the other.
In addition, if the two specimens had different textures, they could be used
to determine whether the inspectability of CSS is related to the degree of
anisotropy in the sample.

Angle beam testing in CCSS with columnar grains often !s
carried out with 1-MHz longitudinal waves that propagate at approximately
45° to the long axis of the columnar grains because a focusing effect occurs
at this propagation angle for longitudinal (but not shear) waves. Also,
grain boundary scattering is less than for shear waves at the same wave
length. For stress corrosion cracks in isotropic stainless steel, the
problem reduces to one of increasing the ratic of wavelength to grain size.
A 65-mm~thick block of isotropic CS8S (grain size of 1-2 mm) containing a
10-mm~deep EDM notch and a 6-mm~dia side-drilled hole was used to compare
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(4) Ultrasonic Examination of a Manifold End Cap Containing an
1GScC

Cracks near the manifold end cap weld in the HATCH-2, Georgia
Power Co. reactor, were detected by ultrasonic in-service inspection (ISI)
techniques. A section of the end cap, including the weld and part of the
connecting pipe, was sent to Argonne National Laboratory for ultrasonic
examination. Destructive analysis was carried out and correlated with the
ultrasonic daia.

The pipe was examined with a Sonic Mark I pulser-receiver,
KB-Aerotech dual 1.5-MHz, 45° shear-wave probe, and Ultragel couplant., The
ultrasonic echo amplitude data as a function of the circumferential position
of the transducer are presented in Fig. 22. Echo amplitudes are larger on
the cap side of the weld. For both sides the variation in signal amplitude
is about 10 dB. The indications reported by the field inspection team are
also shown. Cracks were reported on both sides of the weld. Destructive
analysis showed a crack on the cap side only, between positions 12 and 16 as
indicated. Although tiis region had the largest echo signal in the
inspection at ANL, the signal was only a few dB larger than other signals
from geometrical reflectors on the cap side. Signals on both sides of the
weld were generally greater than 102 DAC (with a 1/8-in.-dia side-drilled
hole as a reference reflector). At positions 4 and 12, two separate signals
were detected but with different transit times, This could be an indication
of a crack, with one signal produced by the weld geometry (root) and the
other by the crack. However, the destructive analysis showed that no cracks
vere present at position 4. In this case, both UT signals were from
geometrical reflectors; one from the weld root, the other from lack of

fusion.

Considerable overcalling of cracks is evident in this
example. The overcalling appears to be due to the presence of an undercut
on the cap side of the weld and a weld root oriented in such a way that UT
signals on the pipe side reflected from the root were relatively strong.
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Fig. 22. Comparison of ANL and HATCH Ultrasonic Data from
End Cap Weld and Indication of Reglon of
Cracking Established by Destructive Examination,

It is generally believed that the depth of intergranular
cracks cannot be estimated from the amplitude of the ultrasonic echo signal
because of the extreme tightness of the crack, presence of corrosion
products between crack surfaces, branching of the crack, and the irregular
crack faces. The amplitude of the echo signal was compared with the crack
depth from destructive analysis. As expected, no correlation between crack

depth and echo amplitude was evident,
A commonly used technique for depth sizing is the probe

motion technique (also called dynamic echo or amplitude drop). With this

technique the echo amplitude is plotted versus transducer position as the
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transducer is moved across the defect. The size (depth) of the reflector is

considered to be the distance the transducer moves between the points 20 dB
(or 6 dB) down from the maximum signal amplitude. This technique can pro=-
vide useful data for reflectors with surfaces normal to the ultrasonic beam,
for very rough surfaces, or for irregular geometries. For pipes with access
limited to the outside surface, and with angle beam waves, attempts to
measure the depths of intergranular cracks have been unsuccessful. The
depths of shallow cracks are overestimated whereas deep cracks are under~-
sized. The data in Fig. 23 are consistent with previous results, 1i.e., the
20~dB drop results using a 1/4-in, 2.25-MHz, 45° shear-wave are independent

of depth. Furthermore, the same result is seen when a geometrical reflector

2.25 Wz
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Fig. 23. Comparison of Ultrasonic Crack Depth Estimated by
Probe Motion Technique and Actual Depth Established
by Destructive Examination. Two geometrical re-
flectors are shown for comparison (one is a pipe end).
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or the end of the pipe is examined. The same conclusion can be drawn from
the 6-dB point data; that is, no correlation was found between the commonly
used probe motion technique for sizing the depth of IGSCC and the actual
crack depth.

I1f an ultrasonic echo from the tip of the crack can be seen,
then the depth can be estimated by time-of-flight or satellite pulse
methods. Signals from the crack tip would be seen on the CRT screen ahead
of the signal from the base (corner) of the crack. With proper calibration
procedures, this time difference can be related to crack depth., However, no
crack=tip echo signals could be detected from this crack and no size
estimates could be made. ;

The conclusions of this study are:
1. Although one region of the end cap contained IGSCC, the
cracks were not present where field inspectica teams had indicated (found by

UT) because of the presence of geometrical reflectors.

2. Sizing of the intergranular cracks by commonly used probe
motion techniques was not successful.

3. Crack~tip echoes were not detectable with conventional
ultrasonic testing equipment and thus time-of-flight (satellite pulse)

techniques for sizing were not successful,

(5) Summary - Ultrasonic NDE

Ultrasonic scattering data from IGSCC and geometrical re-
flectors have been acquired (the intergranular cracks yield an echo ampli~
tude versus skew angle curve which 1s not as sharp as that for geometrical
reflectors). The assembly of a multielement skew angle probe for IGSCC
identification in 28-in., pipes was completed and the probe i{s under eval-
wation. Velocity of sound and attenuation data have been acquired in
isotropic and anisotropic cast 85, The results show that a lower degree of
anisotropy does not reduce attenuation in large-grain material since the
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main factor in attenuation is the magnitude of ultrasonic wavelength rela-
tive to grain size. Large artificial flaws (e.g., 10-mm-deep notch at 40-mm
path) could not be detected in isotropic CCSS (1 to 2-mm-dia grains) using

longitudinal or shear waves down to 1 MHz frequency, but could be found with
0.5~MHz shear waves.
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B. Analysis of Sensitization (J. Y. Park)

1. ‘ntroduction

The microstructural changes resulting from thermal exposure, which
produce susceptibility to intergranular corrosion (IGC), are collectively
known as sensitization. It is one of the major causative factors in the IGSCC
of austenitic stainless steels in LWR environments. Under normal isothermal
heat treatments, sensitization of austenitic stainless steels such as Types
304 and 316 occurs in the temperature range of about 500 to 850°C. However,
Type 304 SS may be sensitized at temperatures below this range if carbide
nuclei are present at grain boundaries. This low-temperature seasitization
(LTS) phenomenon in Type 304 SS has been demonstrated in laboratory
experiments in the temperature range from 350 to 500°C. Extrapolations of
this behavior to plant operating temperatures (288°C) yield estimated times
ranging from 10 to 1000 years for significant LTS to occur. These wide
variations have been attributed to differences in the amount of strain,
dislocation density, and/or impurity element concentration of the materials,
but with the current level of understanding, the susceptibility to LTS of

arbitrary heats of material cannot be assessed.

It is also not clear that the susceptibility to IGSCC produced by
long, relatively low-temperature thermal aging can be adequatcly assessed .y
conventional measures of the degree of sensitization (DOS), such as the
electrochemical potentiokinetic reactivation (EPR) technique or ASTM A262
Practices A through E. These tests have been developed and qualified
primarily on the basis of the IGC susceptibility produced by high-temperature

furnace sensitization or welding.

The objectives of this subtask are to establish the importance of
LTS of materials under long-term reactor operating conditions, and to evaluate
the effect of thermomechanical history on the correlation of IGSCC
susceptibility with tests such as the EPR technique and ASTM A262 Practices A
through E.
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s Summary of Results

The sensitization behavior of several heats of material was in-
vestigated under relatively short-term, high-temperature aging conditions.
Iso-EPR curves were constructed for three heats of Type 304 SS in terms of
aging time and temperature. Investigation of the effect of plastic deforma-
tion on LTS was initiated and a plastic strain of 5.3% was noted to have
significantly increased EPR values of furnace sensitized Type 304 SS. CERT
tests have been carried out for furnace or weld sensitized Type 304 SS in
order *o examine the correlation between EPR values and IGSCC susceptibility.
A Type 304 SS specimen that was aged at 450°C for 1000 h had an EPR value of
2 C/cm2 (a previously suggested critical value when sensitization was produced
by relatively short-time high-temperature treatments), but showed IGSCC in a
CERT test at 288°C in 8 ppm oxygenated water. Low-temperature aging of 4-in.-
dia. pipe weldments treated with the IHSI, HSW, LPHSW and CRC remedies are
continuing at 288, 315, 350, and 400°C. A Type 304 SS 22-in. end-cap-to-pipe
weldment from the Hatch-2 reactor was examined. Typical intergranular cracks

were found in the HAZ of the weldment.

2. Technical Progress

EPR measurements have been performed on Type 304 SS (Heat No. 10285,
30956, and 53319) specimens that were furnace heat treated at 450-750°C for
0.17-1000 h, in order to examine general high-temperature sensitization be-
havior. Time-temperature-EPR curves were constructed from the EPR measure-
ments for temperatures of 600-700°C and times of 0.1-100 h (Fig. 24). The
increase in EPR value due to aging is fastest for Heat No. 10285. Although
*he carbon concentration is the same (0.06 w/o) for the three heats, the
concentrations of other alloy elements vary. Ciha18 has proposed a model for
the effect of such variations on relative resistance to intergranular corro-
sion, in which the relative resistance K is calculated from the effective

chromium and carbon concentrations as follows:

Cr(z)eff = Cr(%) + 1.7 Mo(%) (8)
C(Z)eff = C(Z) + 0.002[Ni(%) - 7.9] (9)
K = Cr(l)eff - 100 C(z)eff - (10)
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Fig. 24.

The K valuer calculated for Heats 10285, 30956, and 53319 are 12.9, 13.7, and
12.4, respectively. The ranking of the relative resistance to intergranular
corrosion is consistent with the EPR measurements. However, one cannot state
conclusively that the minor differences in Cr, Ni, and Mo concentration
accourt for all of the observed heat-to-heat variations in sensitization
behavior. Faster LTS kinetics have been reported for mill-arnealed Type 304
S§S compared to solution-treated material, and the role of grain-boundary
impurity segregation and other metallurgical features has been discussed

previously.9'10

The EPR values were compared with the ASTM A262-A and -E test
results for Types 304, 304NG, and 316NG SS specimens.
The results are summarized in Table VI.

The same specimen was
used for t'.e three different tests.
Specimens with low EPR values (<4 C/cmz) exhibited light surface attack by the
ASTM A262-E test.
ranking the material according to susceptibility; e.g., for Type 304 SS (Heat
No. 10285), the specimen (700°C/10 min + 450°C/257 h) with the highest EPR

value (15 C/cmz) showed less intergranular penetration than another specimen

There are some discrepancies among the methods in terms of



Table VI. DOES OF Stainless Steels as Measured by EPR and ASTM A262 Methods

Etch Intergranular
Alloy a EPR, Structure Penetration
Type Heat No. Heat Treatment c,c_z (ASTM Depth, sm
A262-A) (AST™ A262-E)
304 10285 SHT + 700°C/10 win 3 Step/Dual Light Surface Etch
SHT + 600°C/24 b 9 Dual >1.2
700°C/10 min + S00°C/45 b 8 Dual/Ditch >0.8
700°C/10 min + 452°C/120 & L] Ditch 0.6
700°C/10 min + 450°C/257 b 15 0.7
30955 SHT + 600°C/24 » 9 1.3
700*C/10 min + 450°C/256 h 10 >1.1
650°C/4 b 8 0.6
{00°C/48 b 9 >1.6
53319 SHT « 700°C/10 win + 500°C/238 h 11 Dual 0.03
\J 600°C/4 b 11 0.3
304NG 97770 SHT + 650°C/24 & 22 ‘ Light Surface Etch
700°C/10 min + 500°C/146 h 7 Step/Dual No attack
I16NG P91576 SHT + 700°C/146 h 2 Dual Light Surface Etch
650°C/530 h 4 v

*SHT: Prior solution heat treatment (1050°C/0.5 h).

(SHT + 600°C/24 h) with a lower EPR value (9 C/cnz). It is generally agreed
that the ASTM A262-E test is sensitive to grain-boundary chromium depletion.
The EPR test is also found to be sensitive to chromium depletion rather than
chromium carbide precipitation; a Type 304 SS specimen (Heat No. 10285) was
sensitized to an EPR value of 34 C/cm2 by a 750°C/24 h treatment, but subse-
quent healing of grain boundary chromium depletion by a prolonged aging for
240 h at the same temperature substantially decreased the EPR value to

4 C/cmz. Further work is needed for a better understanding of the correlation

between the results by different DOS test methods.

The effect of plastic deformation on sensitization behavior of Type
304 SS is being investigated. Specimens (Heat No. 10285) were heat treated at
1050°C for 0.5 h and then at 700°C for 10 minutes. After these heat
treatments the specimens were plastically deformed for 0-10% strain, and then
aged at various time-temperature conditions. The results from the specimens
with 5.3% plastic strain aged at 500-600°C are summarized in Table VII. The
plastic deformation enhanced the EPR value significantly. It is believed that

plastic deformation increases sensitization kinetics by introducing short-
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Table VII. Effect of Plastic Strain on Sensitization

2
Heat Treatment® EPR (C/cm”)

- 0 = Sl

‘¢ (%) ep 3 (%)
500°C/100 h 3 5
550°C/24 h 6 8
600°C/24 h 16 21

.Specimens were heat treated (1050°C/0.5 h + 70C°C/10 min)
prior to plastic strain.

circuit paths for diffusion in materials and also possibly by increasing the
number of carbide nucleation sites. Studies are continuing for different

aging conditions, plastic strains, and heats of material.

The effect of thermomechanical history on the correlation of IGSCC
susceptibility with various DOS measurements is also being investigated.
IGSCC propagation rates have been measured for an LTS-treated Type 304 SS
(Heat No. 10285) 1TCT specimen in water with 8 ppm dissolved oxygen, at 289°C
and 8.3 MPa. The results are presented in Section C. The data suggest that
although crack growth rate may depend strongly on DOS at very low levels, it
is only weakly dependent on DOS at the higher levels characteristic of weld
and furnace sensitization in high-carbon material. CERT tests have also been
carried out in a high-purity water environment with 8 ppm dissolved oxygen at
a nominal strain rate of 2 x 10"6 s-l. For Heat No. 10285, an LTS treatment
of 500°C/24 h resulted in an EPR value of 1 C/cm2 and did not produce IGSCC in
the CERT test, but an LTS treatment at lower temperature for a longer time,
450°C/1000 h, resulted in an EPR value of 2 C/cm2 and produced IGSCC
susceptibility (IG failure with 17%Z uniform elongation). CERT tests and DOS
measurements are also being performed for LTS treatments at the other

time-temperature conditions.

Low-temperature aging at 288, 315, 350 and 400°C of specimens from
4-in.~-diameter Type 304 SS (Heat No. 53319) pipe weldments with four different
remedy treatments (IHSI, HSW, LPHSW and CRC) is continuing. The specimens
were examined by the ASTM A262-A test in the as-welded condition before aging.
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All the weldments were sensitized in the HAZ, where ditch structures were
evident (Fig. 25). These weldments may be close to the maximum level of IGSCC
susceptibility that can be induced by sensitization per se; if this is the
case, the effect of further LTS may not be fully revealed. An alternative
heat of Type 304 SS with a moderate carbon concentration (0.05%) is being
considered. A Type 304 SS 4-in.-dia. piping (Heat No. 82103) with

0.05 w/o carbon had been examined as a possible alternative heat of material.
EPR values were measured after solution heat treatment (1050°C/1 h) and aging
at 550-750°C for 0.08-24 h. The solution heat treatment caused extensive and
uneven grain growth, and the subsequent aging resulted in rapid sensitization,
and hence this heat was not chosen for further investigation. A field-failed
Type 304 SS 22-in. pipe manifold weldment from Hatch-2 BWR was examined.
Typical intergranular cracks were found in the HAZ of the weldment. The EPR
values in the HAZ where cracks were found varied from 22 to 29 C/cmz‘ A

separate report is being prepared on this investigation.ll
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Ce Crack Growth Rate Studies (J. Y. Park and W. J. Shack)

3 Introduction

The early instances of IGSCC in operating BWRs generally occurred in
small pipes, and the respouse to the detection of IGSCC was iu repair or
replace the cracked piping immediately. It is now clear that for reactors
with standard Type 304 SS piping material, cracking can occur anywhere in the
recirculation system, including the main recirculation line. Because of the
severe economic consequences of long forced outages for repair or replacement,
the utilities have considered other approaches for dealing with cracked pipe.
The possibilities include continued operation and monitoring for any
subsequent growth for an indefinite period, continued operation and monitoring
until 2 repair can be scheduled to minimize outage, and immediate repair or

replacement.

Understanding crack growth behavior is, of course, important for

other reasons besides assessing the safety implications of flawed piping. A
better understanding would permit a more rational extrapolation of laboratory
test results to the prediction of behavior in operating plants. Current work
on the measurement of crack growth rates seeks to characterize these rates in
terms of the linear-elastic-fracture-mechanics (LEFM) stress intensity as well
as the level of sensitization and the amount of oxygen present in the coolant.
The work in this subtask is aimed at a systematic evaluation of the validity
of the use of LEFM to predict IGSCC growth. The capability of data obtained
under one type of loading history to predict crack growth under a different
loading history will be investigated. The effect of flaw geometry on crack

propagation rates will also be considered.

2 Summary of Results

Stress corrosion crack growth rates were measured in furnace
sensitized Type 304 stainless steel in deionized water with 8 ppm dissolved
oxygen at 289°C and 8.3 MPa. The degree of sensitization (DOS) varied from
4-15 C/cm2 as measured by the EPR method. The influence of load ratio and
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frequency was investigated over the range R = 0.5-0.94 and f = 1 x 10"3 -

b

1'% 10-1 Hz, with maximum stress intensities K"x = 28-38 MPa a°. Under these

10 to 6 x 10-9 m/s. Crack

growth rate increased at low R values. No significant correlation could be

conditions, crack growth rates varied from 1 x 107

established between the growth rates and crack-tip strain rates estimated by a
linear fracture mechanics approach. The data also suggest that aithough crack
growth rate may strongly depend on DOS at very low levels, it is only weakly
dependent on DOS at the higher levels most characteristic of weld and furnace

sensitization in high-carbon material.

3. Technical Progress

Crack growth rate tasts have been continued for Type 304 SS (Heat
No. 10285) 1TCT specimens in high-purity deionized water with 8 ppm dissolved
oxygen at 289°C and 8.3 MPa (1200 psi). The specimens had been furnace heat
treated for 700°C/10 min, with a subsequent additional treatments of 450°C/146 h,
450°C/250 h or 500°C/24 h. The EPR values of companion test coupons were 8,
15 and 4 C/cm2 for specimen numbers C-09, -17, and -11, respectively. Growth
rates at maximum stress intensities (Kmax) ranging from 19-34 MPa m%, load
racios (R) of 0.5, 0.94 and 1, and frequencies (f) of 0, 2 x 10.3

1> 10"1 Hz have been reported previously.12 The cyclic-loading tests have

and

been performed using a sawtooth waveform with an unloading time of 5 s. The
current series of tests established (at a fixed K) the effect of R ratio and
frequency on the growth rate. The tests were carried out at R = 0.5, 0.6,
0.7, 0.79, 0.8 and 0.94, f = 0, 1 x 10'-3 and 2 x 10-3 Hz and the results were
analyzed in terms of crack-tip strain rates. The crack length was con-
tinuously monitored by the compliance method, using in-situ clip gages.

Figure 26 shows crack length versus test time for three 1TCT specimens.
Interruption or changes in the test conditions (R, f or K value) occurred at
points (1) through (21). Average crack propagation rates were obtained by
least-squares linear regression analysis for each test condition, and the
results, along with those reported previously,l2 are summarized in Table VIII.
The calculated crack propagation rates for specimens C-09 and C-17 do not
include data obtained beyond the interruption (9), since the crack lengths for
those specimens appeared to decrease at later times (Fig. 26); this suggested

that the clip gage= had begun to malfunction.
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Fig. 26. Plots of Crack Length vs Time for Heat No. 10285 Specimens.

Table VI1I. Crack Propagation Rates in Type 304 SS Specimens (Heat No.
10285) Sensitized to Two Levels and Tested in 289°C Water

with 8 ppm 02
F(Hz) R ¢ (s-l)a K___(MPa mk) a(m/s)
3 max
2
EPR = 4 C/cm
0 1 - 33-34 1.2 x 1071
0 1 - 36-37 2.9 x 10770
g 1 E A 37-38 4.5 x 10710
1x 1073 0.5 1.4 x 107 31-32 2.6 x 1000
2 x 1073 6.5 2.7 x 107, 30-31 8.9 x 107
2 x 1073 0.5 2.7 x 107 30-33 3.4 x 1005
2 x 107 0.6 1.7 x 1074 32-33 6.6 x 1010
2 x 1073 0.7 9.3 x 107, 30-31 3.4 x 10770
2 x 1073 0.7 9.3 x 107 32-33 5.9 x 10770
2 x 1073 0.79 4.5 x 1073 31-32 5.5 x 1070
2 x 1073 0.79 4.5 x 1075 34-36 5.4 x 1000
2 x 1003 0.8 4.1 x 100 29-32 7.4 x 10710
2 x 1073 0.8 4.1x 107 30-31 4.4 x 10770
1 x 107 0.9 1.8 x 1074 30-31 3.1 3 W
1x 10 0.94 1.8x1 31-32 1.9 x 10
EPR = 15 C/cm’
5 1 s o 32-33 2.2 x 1072°
2 x 1073 0.5 2.7 x 107, 30-32 2.8 x 107
2 x 1073 0.6 1.7 x 107 28-29 5.6 x 1077,
1x 10 0.9 1.8 x 10 30 2.1 x 10

%, = -1/T In[1 - (1 - B?/2].
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Ford13

the square root of the crack-tip strain rate, i.e.,

has proposed that the crack growth rate is proportional to

. il
dgoc ® AET L (11)

where iSCC is crack growth rate, éT is crack-tip strain rate, and A and n
(+0.5) are constants. As discussed in Section D chis relation appears to be

consistent with data obtained from CERT tests at different extension rates.

Analysis of fracture mechanics crack growth tests requires an
expression for the crack-tip strain rate. Under constant applied loads, the
crack-tip strain rate is determined by the time-dependent plastic deformation,
i.e., creep, near the crack tip. For cyclic applied loads of sufficiently
high frequency (and sufficiently low R values), the strains are imposed by the
external loading mechanism. Estimates of the crack-tip strain rates in this
case can be obtained from LEFM. Scott and Truswellla have suggested a

relation of the form
3 2
¢ = T-ln[l - (1-R)"/2], (12)

where T is the rise time for the tensile portion of the load cycle. (Related
15
and

others.) Equation (12), since it neglects constant-load creep, predicts éT =

expressions for crack-tip strains in fatigue have been proposed by Rice

0 for the constant load case. It also predicts that the crack-tip strain rate
is independent of the value K and hence, together with Eq. (11), predicts that
the crack growth rate is independent of K. This prediction is contradicted by
many experimental observations, but the use of Eq. (12) to analyze the effect
of R and T at fixed K was explored. Estimates of the crack-tip strain rate
from Eq. (12) are included in Table VIII for the tests on Heat 10285 where
both R and f are varied. Figure 27 shows the crack-tip strain rate versus
crack growth rate. No significant correlation can be established. Tests are
currently in progress for additional R values and frequencies, and alternative

formulations for the crack-tip strain rate are being explored.
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Fig. 27. Crack Propagation Rate vs Crack Tip Strain Rate for

Type 304 SS (Heat No. 10285).
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D. Evaluation of Nonenvironmental Corrective Actions (P. S. Maiva and
W. J. Shack

v o Introduction

The fundamental premise of the current efforts to prevent IGSCC in
BWR piping is that IGSCC involves a complex interaction among material
susceptibility (sensitization), the stresses acting on the material, and the
environment; and that suitable alteration or variation of these parameters can
produce immunity to IGSCC. Nonenvironmental corrective actions seek to
mitigate either the material susceptibility or the state of stress on the
inside surface of the weldment. They include techniques for improving the
margin against IGSCC of a susceptible material like Type 304 SS and the
identification of alternate materials that are inherently more resistant to
IGSCC.

The objective of the current vrork is an independent assessment of
the proposed remedies developed by the utilities and the vendors. Additional
testing and research has been carried out to eliminate gaps in the existing
data base on alternative materials and fabrication and to develop a better
understanding of the relation between the existing laboratory results and
satisfactory in-reactor operating performance. Current efforts in this task
include additional screening tests for alternate materials, a study of stress
redistribution near flawed weldments with IHSI and weld overlays to determine
the effect of in-service loading conditions on residual stress distribution in
the piping, and analyses of the remaining lifetime of cracked pipe to develop
a margin for leak before break (LBB).

s Summary of Results

The relative susceptibility of Types 316NG, 316 and 304 SS to SCC in
environments with impurity additions at levels similar to those specified in
Regulatory Guide 1.56 limits has been investigated. CERT experiments were
8 -1

-

performed over a range of strain rates, ¢, between 10-5 and 4 x 10~ at

289°C in oxygenated water containing chloride and sulfate impurities, which

58



were added as acids. These tests have shown that Type 316NC SS is extremely
resistant to IGSCC under the heat treatment and environmental conditions where
the conventional Types 316 and 304 SS suffer significant degradation as a
result of IGSCC. However, Type 316NG SS does show susceptibility to
transgranular SCC (TGSCC) in impurity environments, which could be of interest
under transient or even under normal BWR water-chemistry conditions. In high
) * 0.5 ppm C17) susceptibility to TGSCC

occurs at a higher strain rate (¢ » 2 x 10"6 s-l) but in the normal

oxygen environments (e.g., 8 ppm O

environments, based on limited experimental results, TGSCC susceptibility

P < A

occurs when the strain rate is lowered in the test from 10
However, the average transgranular crack growth rates are roughly one order of
magnitude lower than the average intergranular crack growth rates observed in

Type 316 SS under identical heat treatment and environmental conditions.

Based on CERT test data and consistent with the results reported
under Subtask E, it also appears that for impurity levels within the
Regulatory Guide 1.56 limits, intergranular crack growth rates in sensitized
austenitic stainless steels can be 3-4 times higher than those obtained for

the same materials in high-purity water under the same loading conditions.

2
4 ’
C17) and not with cations such as Na+. B (and hence not with the pH per se).

This enhanced susceptibility is associated with specific anions (e.g., SO

The cracking susceptibility of the materials generally increases with the
degree of sensitization (as quantified by EPR techniques) in impurity
environments, although this is reflected to a lesser degree in the failure

times than in the average crack growth rates determined in CERT tests.

The extent of cracking was found to be a significant function of
strain rate (i.e., it increases as ¢ decreases). A model based on mechanistic
considerations which describes the effect of strain rate on IGSCC
susceptibility has been developed and correlations between the strain rate
(nominal) and quantifiable IGSCC susceptibility parameters (e.g., average
crack grewth rate and time to failure) have been derived. These relationships
are in good agreement with the experimental results of this and other studies.
The model appears applicable to a wide range of water chemistries that are of
interest in BWRs. It permits determination of IGSCC susceptibility at the

slower strain rates based on limited results obtained at the higher strain
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rates., Thus the model provides a basis for extrapolating the laboratory
results obtained at higher strain rates to the slow strain rate regime

(51078
In addition, it is shown that the average crack-tip strain rate in CERT

s-l) characteristic of loading conditions on piping in operating BWRs.

experiments can be estimated by use of a J-integral approach. The
experimental data suggest average crack growth rate is proportional to the
square root of the estimated average crack tip strain rate. This result is
consistent with that deduced from a mechanistic model, and the crack tip
strain rate approach as well as the analysis of strain rate effects represent
an important step in developing a better understanding of the effect of
loading history on IGSCC susceptibility.

Stress relaxation experiments were performed on Types 316 and 304 SS
to investigate stress/strain/strain-rate behavior at 28-289°C and hence to
develop a better understanding of the effect of loading history on IGSCC.
Experiments at low temperature have been completed and the data can be
described by constitutive equations developed by Hart16 over a wide range of

strain rates from 10."-10-10 s-l. For materials in the as-received, solution-
annealed and sensitized conditions, it is found that the strain rates produced

for an imposed stress depend on the material condition.

Numerous calculations have been performed to demonstrate the
effectiveness of residual stress improvement techniques such as IHSI and weld
overlays, however, most of the results pertain to uncracked weldments. Finite
element calculations have been carried out in this program, under a sub-
contract to E. F. Rybicki, Ine., to quantify the range of crack sizes and
applied loads for which the IHSI and weld overlay remedies may be effective in
mitigating IGSCC in flawed piping. In the case of IHSI, calculations of
residual stress were performed for 24-in. and 12-in. Schedule 80 weldments
with preexisting flaws of ~8 and 47X throughwall, respectively. For the
24-in. pipe with the 8% throughwall crack, high tensile stresses (310 MPa)
were present ahead of the crack tip, whereas with IHSI, the stresses were
quite low (35 MPa) for an applied stress of 100 MPa. In the case of the
12-in. pipe with a ~40%Z throughwall flaw, the crack tip was contained in a
compressive stress field under typical applied loads, however, for highly

stressed joints the crack tip would be subject to tensile stresses.

60



The calculations for weld overlays were performed for 12-in.
Schedule 80 pipe weldments with preexisting circumferential cracks of ~20%
throughwall on each side of the weld and for a “60% throughwall crack located
at the weld centerline. The results show that the stresses ahead of the crack
tip for the 60% throughwall crack were compressive at an applied load of ~60
MPa, which is typical for reacter piping of this size, and tensile at a load
of ~100 MPa. The complex pattern of crack opening displacements is indicative
of the intense deformation at the crack tip produced by the weld overlay
process. The calculations suggest that the overlay is effective in producing
a favorable compressive residual stress state at the crack tip even for deep,
360 degree cracks. However, the present calculations are not adequate to
define the range of crack depths or applied loads for which the weld overlay
or IHSI can be expected to be effective in mitigating the propagation of IGSCC
in reactor piping.

If IGSCC growth is not arrested by a favorable residual stress
distribution, failure of the piping could occur by continued growth of a
stress corrosion crack. Thus, it is important to assess the remaining
lifetime of cracked pipe to prevent incidents that involve a significant loss
of coolant during reactor operations. In this regard, a meaningful
leak-before-break (LBB) margin requires that detectable leakage occur from a
cracked pipe before it experiences rapid crack growth and final failure due to
mechanical and pressure loads. Evaluation of this margin involves an analysis
of the failure behavior of a pipe for a given crack geometry, crack opening
area, and water/steam flow through the crack opening. An analysis of the cime
from the onset of a specified leakage rate (i.e., 5 gpm) to structural failure
has been performed for 10~ and 24-in. pipe in terms of the fractional depth of
a 360° crack and the length of the throughwall portion of this crack for
several applied loads. The results indicate that the length of the through-
wall crack needed to obtain detectable leakage is not very dependent on pipe
diameter, whereas the size of the crack to produce collapse is proportional
to the pipe diameter. Consequently, the LBB margin increases with pipe
size and decreases for high applied loads. Based on conservative estimates
of crack growth rates and the residual stress distributio. in the piping,
the times from the onset of leakage (5 gpm) to failure were estimated for

several crack geometries. For simple throughwall flaws the times range
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from two months for the 10-in., pipe to three to four months for the 24-in.
pipe. The time periods for pipes with compound cracks (i.e., a 360°
part-through crack in addition to the throughwall crack) were relatively long
for most crack geometries (viz., +10 days). The LBB margin was violated only
in the case of very deep, very long part-through cracks. However, since the
leakage rate is high through long cracks (230% of the circumference) at
typical applied loads, although LBB would still be valid, the leakage rate

would exceed the make-up water capacity of most BWRs and necessitate use of
the high-pressure emergency core cooling system.

3. Technical Progress

@ Relative Susceptibility of Types 316NG, 316, and 304 SS in
Impurity Environments

CERT tests were performed on Types 316NG (Heat No. P91576), 316

(Heat No. 0590019), and 304 (Heat No. 53319) stainless steels in oxygenated
O

4
impurities. The chemical composition of the materials has been reported

water (with 0.2 and 8 ppm dissolved oxygen) with or without C1™ and SO

previously.17 Specimens were tested in the solution annealed (1050°C/0.5 h),
solution annealed and aged conditions (600-700°C/2-24 h), and in the as-welded
condition with a subsequent heat treatment (500°C/24 h). The impurity
additions in the initial studies were chosen to be consistent with the
operating limits under off-normal conditions although the main focus of our
effort is on studies under water chemistry conditions consistent with the Reg.
Guide 1.56 limits. The impurities were added as hydrochloric and sulfuric
acids. The characterization of water chemistry in terms of pH and
conductivity has been reported greviously.lz The tests were conducted at

to 4 x 10

impurity environments to establish the synergistic effects of microstructural

different strain rates (¢ = 10~ s-l) for the materials in

state of the material, environment and strain rate in a quantitative manner.
The SCC susceptibility was characterized in terms of macroscopic parameters
such as time to failure (tf), strain at failure (cf ~vEx tf). uniform
elongation, reduction in area, and maximum stress which follow from the tests.
In addition the fracture surfaces were examined by scanning electron
microscopy (SEM) to determine the fracture mode (e.g., IGSCC, TGSCC or
ductile). When SCC occurred, the maximum crack length (af. intergranular or
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transgranular) was measured and used to estimate the average crack velocity,
which is a sensitive parameter (compared to either tf or af) for expressing
the severity of SCC. In making this estimate it was assumed that the crack
length at initiation, ao. is small compared to ac and crack initiation in the
environment occurs at relatively low strains compared tou total strain, so that
the time to attain this strain (crack initiation time) is small compared to Ce
and can be ignored. The assumption of a small crack length at initiation (ﬂ°
<< af) very eariy in life (to << tf) is based on some preliminary interrupted
CERT tests on Type 316 SS. This assumption is consistent with that used by

19,20 although some exceptions have been found.z1

other investigators
It has been shown previouslyl8 that Type 316NG SS is extremely
resistant to IGSCC even after fairly severe heat treatments (e.g., SA +
650°/24 h) and aggressive environmental conditions (oxygenated water with 8
ppm O2 containing chloride/or sulfate impurities at levels >0.2 ppm). However
TGSCC has been observed in Type 316NC stainless steel. Most of the available
data are in environments somewhat outside of the normal BWR water chemistry
limits. However, more recent tests have produced TGSCC in environments much

closer to or within the Reg. Guide 1.56 limits, i.e., in water containing
B
=X § "
s ) on weldments with a treatment of

0.2 ppm dissolved oxygen and 0.2 ppm C1~ or 0.1 ppm SO These include

tests at a low strain rate (4 x 10.8

500°C/24 h.

In the second test TGSCC occurred at locations farther from the
heat affected zone. (Fracture occurred at a distance of ~13 mm from the
weld-metal interface.) This test was interrupted after V500 h, which
corresponds to an accumulated strain of about 7.0%. Examination of the gauge
section showed the presence of a surface crack (TG) of ~115 um in length.

This observation suggests that the TG crack initiation may occur at reasonably
small strains and is not simply an artifact produced by the very high strains
produced in a CERT test. TGSCC also occurred in the same environment at a
higher strain rate of 1 x 10-7 s-l. Because this test had about 3
interruptions as a result of malfunction of the feedwater pump, the experiment
is being repeated. The average crack growth rates determined from these two
tests suggest that the transgranular crack growth rate in the nuclear grade

material in a normal BWR-type environment is approximately an order of
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magnitude lower than the intergranular crack velocity in the conventional Type
316 SS as shown in Fig. 28. Alcthough the data are obtained at different
strain rates, the limited experimental results (indicated by symbols) are
consistent with the predictions of a model (to be discussed later), which
relates the crack growth rate to the strain rate and provides some basis for
the comparison of the data. A similar relationship between éav versus ¢ for
Types 316, and 316NG SS was observed in tests in oxygenated water (8 ppm
dissolved 02) with 0.5 ppm C1~ under identical heat treatment conditioms.
Comparison of the data shown in Figs. 28 and 29 ~hows that the average crack
growth rates in the aggressive environment are approximately 5 times the crack
growth rates determined in environments consistent with the Reg. GCuide 1.56
limits.
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Fig. 28. Relative SCC Susceptibility of Types 316NG and 316 SS as a
Function of Strain Rate in a Normal BWR-type Environment.
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Fig. 29. Relative SCC Susceptibility of Types 316NG and 316 SS as a
Function of Strain Rate in an Off-normal BWR-type Environ=-
ments.

Examination of other properties such as uniform elongation,
reduction in area, and maximum stress (ouax) also provides some valuable
information on SCC. For example, Fig. 30 shows that for 316 SS, Ve
decreases with a decrease in strain rate in the SCC regions. Although at
present the data are insufficient to draw any firm conclusion, these results
suggest that the maximum stress may become independent of strain rate in the
slow-strain-rate regime (¢ n 10.8 s_l). This possibility is more clearly
illustrated in Fig. 31, which shows a normalized plot of Omax (SCC)/onax (no
SCC) versus £; - (SCC) represents the maximum stress in the strain rate
regime where IGSCC occurs and e (no SCC)-;a E:e maximum stress observed for
solution-annealed Type 316 SS at ¢ = 2 x 10 = s [cnx (SCC) = 491 MPa). The
latter stress is expected to be independent of ¢ at 289°C. The data shown in
Fig. 31 s*rongly suggest that - (SCC) becomes constant and independent of
strain rate at slower strain rates (e.g., & V 10" ")), This constant stress
may be related to the "threshold stress" required in a constant-load test to
propagate an intergranular crack in Type 316 SS in the chloride-containing

environment .
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Properties related to ductility, such as uniform elongation and
reduction in area, also decrease with ¢ in a manner that is consistent with
the variation of . with ¢ (see Fig. 32). For Type BE?NG:Ithe tests show
that Onax Starts decreasing at a strain rate of »2 x 10 ° s =~ (see Figs. 30
and 31). These results suggest that tests on the nuclear-grade material must
be performed at slower strain rates .than those typically used to study IGSCC
of conventional stainless steels. Further testing will emphasize slower
strain rates and impurity environments consistent with the long-term operating
limits in BWRs.

Although the average crack growth rate decreases with a decrease in
strain rate, the extent of cracking, in particular the maximum crack length
increases with a decrease in strain rate, i.e., cracking susceptibility
increases with a decrease in strain rate. Since cracking in a reactor occurs
at strain rates which are two or more orders of magnitude lower than those
used in the laboratory, it is extremely important to understand the effect of
strain rate on SCC susceptibility. We have developed a model relating ¢
(nominal) and IGSCC parameters. The model is consistent with a diffusion-
controlled crack-growth behavior and a fracture criterion based on a
J-integral approach.

22,23

Based on a slip dissolution model, Ford has proposed that

0.5
&= age)’, 13)

where AT is a constant that is dependent on parameters which control the
passivation rate, such as degree of sensitization and oxygen and impurity
contents of the aqueous environment. Ford's model assumes that the strain
rate determines the rate of oxide film rupture, and that the current decay
following film rupture (which is a measure of the metal dissolution) follows
parabolic kinetics. The latter assumpticn is based on measurements of anodic
current decay transients at freshly created metal surfaces in passive steels
in dilute solutions, which often show a t!s
tentatively interpreted as suggesting that the rate-controlling step in the

decay law. Such a law has been

dissolution~repassivation process is the diffusion of ions from the crack

tip. (Repassivation is assumed to occur between successive ruptures of the
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Fig. 32. Effect of Strain Rate on Uniform Elongaticn in Type 316 SS.

protective oxide, except possibly at high strain rates.) In order to relate
the crack growth behavior to more macroscopic parsmeters and to determine
whether the CERT results obtained in this study are consi~ _at with Ford's
model, a model for computing crack-tip strain rate éT in CERT tests is
required. This was done by defining éT in terms of the crack-tip opening
displacement & and expressing § in terms of th. J-integral using an analysis
similar to that used by Howbrayza

J = aca = Bo 6, (14)

f

where a and B are constants, € is the strain, a is the crack length, and O is

the flow stress. The crack-tip strain rate is given by

8 3 [¢e. @&
‘r'z'i'(e*a) (%)
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combining Eqs. (13) and (14) we obtain

0.5
98 4
"%(:’E) - (16)

where a and 4 are the crack length and crack velocity at any time t. For CERT

tests,

é 1
therefore,

0.5

5 a _ 1

=k (: X :) : -y
The exact analytical solution of Eq. (18) is

as= A,r-ﬁ : (19)

which suggests a diffusion-controlled crack propagation process. If we define

a=ag and t = te at failure, Eq. (19) becomes

ap = AEE, = a0, (20)

where AT- /6 A. An example of the good agreement between Eq. (20) and
experimental results obtained for Type 316 SS in a chloride environment is
illustrated in Fig. 33. In Eq. (20) AT is a constant independent of & but is
assumed to be a function of the microstructural state of the material (for
example, degree of sensitization) and the environment. It is important to
point out that we have not obtained evidence in this study concerning crack
growth behavior prior to failure.

69



06 T T T T T L
TYPE 316 SS,289°C
~ 0-5p OXYGENATED WATER (8 ppm 0p) T
€ WITH 05 ppm CR™
¥
S5 0-4r 1
&
—
< 0-3r B
&
§ 05+ 0-035 1,09
= 0-2 ¢
B
a
o
0l h
0 i L i 1 1

0 20 40 60 80 100 120 140
FAILURE TIME (h)

Fig. 33. Variation of Crack Length at Failure (a_) with Time to
Failure (tf) in Tests Conducted at Different Strain
Rates,

Equation (20) is a useful relation, but is not sufficient to
determine tfz an additional fracture criterion is required. A possible
fracture criterion is that the failure of the specimen occurs when the

J-integral (see Ref. 24) approaches the value Jc' given by

n+l
Jc = Cocf f(n)af (21)
or
n+l
~ Ccf £

where Jc is a constant that depends on the material and geometry but is
assumed to be independent of strain rate; Co = material parameter; n =
strain-hardening exponent at large strains (near fracture); f(n) = function of
n, cf = strain at failure (v ttf); and C » Cof(n). A log-log plot of a,

versus €. (Fig. 34), can be fit reasonably well (the correlation coefficient
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of the least-squares fit of the data is 0.82), by a straight line with a slope
equal to ~-1.16. From this slope, the value of n is found to be 0.16, which is
in good agreement with the value determined from a true-stress/true-strain
analysis of the data for large strains (e > 9.0Z). (The value of n = 0.16 is
low compared to typical handbook valuea25 of n = 0.4-0.5, which are
descriptions of stress-strain behavior over a wide range of strains. However,
n in Eq. (21) (and in Fig. 34), represents the value at large strains near
fracture. Since n is small, Eq. (21) can be simplified to
Jc = thnf . (22)

Equations (20) and (22) can be combined to derive correlations

between the various IGSCC susceptibility parameters and the strain rate as

follows:
3, = Aacss /313, (23)
- /a0y /323, (24)
‘" (Jc/Ac)z”c”’. and (25)
ag = AU/A0) /37113, (26)
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Good agreement is obtained between the results of the analysis and
CERT test data over a fairly wide range of strain rates. For example,

consider the correlation of ¢ with éav' acs and t The log-log plots of éav

vs &, ag vs ¢, and te vs ¢ yield straight lines vith slopes that are in
satisfactory agreement with the strain rate exponents described by Egqs. (23),
(26), and (24), respectively (see Figs. 35-37). Figure 38 shows a log-log
plot of time to failure versus strain rate for Types 316 and 304 SS
(sensitized) in three different environments. The measured slopes (2-0.7) are

in good agreement with that predicted by the model (see Eq. 24).

The limited experimental results reported in the literature also

appear to be consistent with the present work. For example, Ford22 has

reported that éav = éo°35 for Type 304 stainless steel in high-purity water

containing 0.2 ppm 0; and in water with 0.1M Na;S0, at a temperature of
~100°C. Also, from publishedz6 strain rate effects on uniform elongation for
Type 304 stainless steel (sensitized at 600°C/24 h) tested in oxygenated water

(8 ppm O, at 290°C), it can be shown that uniform strain = é0’37.

2
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Fig. 35. Log-log Plot of Average Intergranular Crack Growth Rate
(i‘v) versus Strain Rate (¢).
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The analysis of the effect of strain rate on IGSCC susceptibility
embodied in Eqs. (23-26) thus appears to be applicable - a range of water
chemistries that are of interest in BWRs. Furthermorc, the good agreement
between the predicted and the experimental results suggests that the approach
provides a rational basis for extrapolating the results to the much slower

8

strain rates (¢ 2 107 s-l) characteristic of operating BWRs.

Finally, it should be pointed out that the use of the J-integral to

characterize fr re is difficult to rigorously justify a i tor the
large plastic deformations that occur in the CERT test. 4 +v. , the results
shown in Fig. 34, the value of the strain-hardening ex ¢, . ermined from

the fract re criterion, and the good agreement between e predici.ed and

experimental results all indicate that it is a reasonable approximation.

The J-integral approach also appears to be promising in defining a
crack-tip strain rate in CERT tests. Although the (nominal) strain rate is an
appropriate parameter for characterizing CERT tests, correlation of éav with

the crack-tip strain rate CT is more fundamental both from a mechanistic

74



viewpoint and from the viewpoint of understanding the effects of different
types of loadings encountered in service on IGSCC susceptibility. Integration
of Eq. (15) yields an expression for the average crack-tip strain rate E},

€ a
E& ok - 1 - 1n Ei + In ;£ , (27)
f 0 o o

where to' co. and ‘o are the time, strain, and crack length at the initiation
of the cruck, respectively, and the subscript f refers to values at failure.

22,23

Following Ford, we can write

= 0.5
éav b, AT(eT) . (28)

which is similar tc Eq. (13) deduced from the slip-dissolution model. A
comparison of log-log plots of éav versus 3} for different choices of crack
initiation parameters shows that the average crack growth rate is proportional
to the square root of the average crack-tip strain rate (see Fig. 39), which
is consistent with Eq. (28). For example, for .- 1 ym and e 0.3%, we
obtain &4 = A (% )P cm/s with A = 1.91 x 10—“ and p = 0.51. Furthermore, as
indicated in Fig. 38 the results are fairly insensitive to the choice of crack
initiation parameters a, and €, In each case, the correlation coefficient
for the least-squares fit of the data to the power law is 0.99. It can also

be shownz7 that E& x é2/3; over the range of strain rates used, E& v 50-150 €.

b. Stress/Strain/Strain-rate Relations for Sensitized Materials

The current mechanistic understanding of IGSCC suggests that in
order to relate performance under laboratory loading histories (CERT tests,
pipe tests, constant load tests, etc.) to the loading histories encountered
under reactor operating conditions, it is necessary to be able to relate the
strain rates produced by the different loading histories. Thus, a more
detailed understanding of the stress/strain/strain-rate behavior for different
thermomechanical states of Type 304 and 216 SS is needed. Stress relaxation
experiments were carried out on Type 316 SS (Heat 0590019) and Type 304 SS
(Heat 53319) to investigate the stress/strain rate behavior at temperatures

between 28 and 289°C over a wide range of strain rates from Nlo-“-lo-lo s-l.
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Experiments on the materials in the as-received, solution annealed, and
solution annealed and sensitized (600-650°C/24-50 h) conditions have been
completed at 28°C and plans are underway to modify the system to obtu.in

capability for measurements up to 300°C.

The stress relaxation data obtained at low temperatures (<350°C
for stainless steels) can be described well by the state variable approach of
Hart,16 and the form of constitutive relations should not change significantly
in the temperature range from 28-300°C. We will employ the stress relaxation
data obtained from furnace-sensitized (1050°C/0.5 h + 650°C/50 h) specimens.
This heat treatment is expected to produce an EPR value of >20 C/cmz. The
appropriate constitutive equation for describing the stress relaxation
behavior at low temperatures involves only the glide friction element and is

given by16
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¢ = an (of/c)" (29)

or

UL (Gn/”)lln (é)lm

. (30)
where ¢ is the nonelastic strain rate, 4* is the glide friction rate
parameter, o is the scress, o* is the hardness, By w8 - o*, G is the shear
modulus, and M is the material constant. As shown in Fig. 40, the data
obtained from the load relaxation test at 28°C for the solution-annealed and
aged Type 316 SS with initial stress equal to 1.1 oy (where oy is the yield
stress of the material in the as-received condition) can be described fairly
well by Eq. (30). The curve exhibits the concave-upward shape that is
characteristic of low temperatures (i.e., less than half the melting
temperature). It is found that the stress/strain-rate data obtained with
initial stresses higher than 1.1 oy (i.e., 1.2 ay. 3.3 oy, 1.4 oy, and 1.5 oy)
can also be described by Eqs. (2°) or (30). Correlation of all the data to
the constitutive Eq. (30) showed that values of o* for various initial

1/ varied

~cresses varied significantly, as expected. The coefficient (Gulé*)
and 1/M was approxima%ely constant. The data were then reanalyzed using an
average value of 117.8 for ((:M/é*)l/M (G 15 in MPa, a* is in s-l) and an
average value of 0.0715 for 1/M. The effect of the initial stress was taken
into account through a single parameter, o*. As can be seen in Fig. 41, the
stress relaxation plots (ln o vs 1n €) yielded very good descriptions of the
data for the initial stresses 1.1 ay 0 w1978, 1.2 oy (e = 2,91%2), 1.3 oy
(e = 3.79%), 1.4 oy (e = 5.8%), and 1.5 oy (e = 7.38%), where € is the
nonelastic strain corresponding to the initial stress at the start of
relaxation. The values of the hardness parameter o* determined by using

average values of (GM/F:"‘)I/M and 1/M are shown in Table IX.

16,28 is the

One of the unique properties of Hart's models
stress/strain-rate scaling of hardness curves generated at all levels of
hardness. The existence of this scaling behavior has been tested for the
present data. It was found that any curve plotted as In ¢ vs 1ln € could be
translated (without rotation) so that it would coincide (with very good

precision) with the overlapping segment of any other hardness curve. Thus
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Experimental Load Relaxation Data (Circles) for Type 316 SS
with Initial Stress = 1,1 0 , and Fit (Solid Curve) Ob-
tained by the Application of Hart's State Variable Approach.

o* (see Eq. 30) Obtained
28°C in Stress Relaxation
1050°C/0.5 h

Non-elastic

Strain, %

o%,
MPa

1.77-1.85
2.91-2.99
3.79-3.86
5.80-5.87

7.38.7067

221
249
279
309

341

= 255 MPa.
y

78




there exists a master hardness curve which could be used to generate all the
observed curves by rigid translation of the master curve in a single
direction, The direction of the translation is determined by a line
connecting points that correspond tc the same slope on different hardness
curves. In other words, the intersections of the translation line with the

stress relaxation curves belonging to different hardness levels satisfy the

\
§ In o § In o § In o
- - ’ (31)
(6 lné)OI* (6 1né)02* (6 lné)oi*

where 01* is the hardness parameter of the ith curve. The slope of the

translation line is equal to the strain rate exponent 1/M of Eq. (30). The

relationship

translation line so determined, shown in Fig. 41, has a slope of 0.0715. The
validity of the scaling law is demonstrated in Fig. 42, which is produced by
translating all the curves in Fig. 41 along the indicated straight line onto
the lowest curve (the lowest curve correspords to the curve obtained with an
initial stress of 1.1 oy). The validity of such a scaling law has been
demonstrated previously by Yamada and Li.za This scaling behavior suggests
that the curves in Fig. 41 belong to a one-parameter family of curves with

hardness as the paramet>ar.

Somewhat mor: accurate values for a* and o* can be determined
1M (1/M = 0.0715), shown in Fig. 43. This
relation, as suggested by Eq. (30), is nearly linear. A least-squares fit
yields o* = 221 MPa and (G'/a%) /™ = 117,

from a master plot of o versus ¢

Further experiments on the material at differen. temperatures
and subjected to different thermomechanical treatments (e.g., cold work and
heat treatments, IHSI) will furnish information on the amount of stress
relaxation that can result in materials with different susceptibilities to
SCC. Furthermore, the approach provides a phenomenological basis to determine
the plastic strain rates produced by applying the same load to specimens with

different hardness parameters.
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The data can also be described fairly well by a slightly

modified version of the constitutive equations proposed by Hillerzg although

the state variable approach of Hart16 gave better agreement. One of the
significant differences between the two approaches lies in the choice of the
structure parameter, the state variable approach uses hardness parameter o*
and the creep-law of Miller uses the non-elastic strain €, as the structure
variable. This is simply illustrated as follows: the Miller's method (based

on a creep law) predicts the non-elastic strain rate ¢ as a function of |

in
temperature T, the applied stress ¢ and the current level of non-elastic

strain itself, i.e.

tn = f(T) glo, em) : (32)

On the other hand, the state variable approach describes

¢ =ho, o,, &) , (33)
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where i* is the friction rate parameter which is temperature dependent.
Although, conceptually o, is a better parameter for describing the loading
history effects than €0t it is not always easy to determine o, in many
practical situations. Furthermore there exists more extensive discussions
concerning the application of Miller's equation to determine ¢ from loading
histories of interest to BWR applications. Therefore, we propose to rewrite
Hart's equation in a form that contains the essential ingredients of Miller's

creep law in the following manner. Equation (33) can be rewritten as
én = h(o, €_, a,) (34)

where o, has been replaced by €nr If the temperature dependence is contained
in &, (i.e., for example, a, = ég exp(-AH/RT) where AH is an activation energy
whose physical significance remains to be identified), Eq. (34) in essence
contains the ingredients of Miller's equation. Specifically, using the data
obtained for Type 316 stainless steel at 28°C, we have shown that the
following constitutive equation

¢ -0
e-a,( G*) (35)

describes the data fairly weil. It is observed tnat o* and €, are related by

a power law
s, = B(e )" (36)
* n

as shown in Fig. 44 with B = 714 MPa and B8 = 0.3, Thus Eq. (35) becomes

M
8
g - B(cn)

¢ o (D) || (37)

in which M is shown to be equal to 14, 1If the strain rate effects on work
hardening can be ignored at temperatures between 28 and 300°C, Eq. (37) (NOTE:
Eqs. (35) and (37) are interchangeable) represents a useful constitutive

equation for investigating the loading history effects on IGSCC.
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€. Finite Element Analyses of Flawed Weldments with IHSI and Weld
Overlays

Residual stress improvement remedies such as IHSI and weld
overlay techniques have been proposed as both long- and short-term remedies.
Research work on the effectiveness of IHSI on unflawed weldments has been

31,32 Huch more limited information

carried out in both the U.S. and Japan.
is available on the effectiveness of IHSI on flawed weldments, especially on
flawed weldments subject to applied loads. 1. the pipe testing program
weldments with initial defects did not show any significant benefit of the
IHSI process even for relatively shallow (<10% throughwall) precracks.31
This has been attributed to the relatively high loads in the pipe test, and
it is argued that with actual plant loads a significant benefit is likely for
the shallow cracks that might escape detection.32 Similarly, a number of
calculations have been carried out to demonstrate the effectiveness of the
weld overlay procedure in producing compressive residual stresses in the heat
affected zone, but most of these calculations have been done for uncracked

33

weldments. Finite elements calculations have been carried out under
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subcontract to E. F. Rybicki, Inc. to try to quantify the range of crack
sizes and applied loads for which the IHSI and the weld overlay technique may
be effective.

In the case of IHSI, calculations were performed for a 24-in.
Schedule 80 weldment with preexisting flaws 8% throughwall, which is
representative of a flaw that has a low probability of detection during an
in-service inspection, and for a 12-in. Schedule 80 weldment with preexisting
flaws “40% throughwall. The model assumes axisymmetry and symmetry across
the weld centerline. At a distance of 5.4 mm (0.25 in.) from the centerline
of the weld, the finite element grid was refined to permit a crack to be
introduced (actually two cracks due to the assumed symmetry across the weld
ceaterline). Double nodes were used along the intended path of the crack to
permit crack growth simulation. Before the crack is present, the nodes are
coupled. To simulate crack growth, the nodes are uncoupled one pair at a

time.

The first steps in the calculacion model the butt welding
process. This weld consists of seven weld layers, and the welding parameters
are summarized in Table X. The weld metal and the pipe are modeled as an
elastic-plastic material with temperature dependent mechanical properties. A
more detailed description of the modeling of the welding process is given in
Ref. 34.

The next stage of the calculation involves growing the crack.
This was done in a step-wise fashion by releasing the double nodes along the
crack plane, and then checking the stress state ahead of the crack. The
crack was allowed to grow until the crack tip encounters a compressive,

crack-plane-normal (axial) stress.

The stress state ahead of the crack was examined as a function
of applied load both for the case without IHSI and with IHSI. The IHEI
process was again modeled in terms of a temperature dependent elastic-plastic
material. The temperature profile in the pipe during IHSI was obtained using
a lumped circuit parameter model of coil and pipe to determine the heat

generation profile, and then using a standard finite element program to find
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Tabie X. Welding Parameters for the Simulated Seven Layer

Girth Weld

Layer Current, Voltage, :;:::f ?::t7§:;TE Interpofs
hpe VYoits in/min Btu/s g T

1 130 9 2 0.83 70

2 180 9 3 1.15 100

3 90 24 3 1.54 150

4 115 26 4 2.13 150

5 115 26 4 2.13 250

6 115 26 4 2.13 250

7 95 23 4 1.56 250

®Thermal cond ctivity = 0,00026 Btu/in-s-°F, volume heat capacity =

the resulting temperature distributions. These distributions were then used
as input to the elastic-plastic analysis. A detailed description of the
modeling process is given in Ref. 35.

For the pipe with the “8% throughwall crack the distributions
of stress ahead of rhe crack tip under an applied stress of 103 MPa (15 ksi)
in weldments with end without THSI are shown in Fig. 45. Without IHSI, high
tensile stresses (310 MPa (45 ksi)] are present ahead of the crack tip; with
IHSI, the stresses ahead of the crack tip under this rather high applied load
are not compressive, but they are quite low [v35 MPa (5 ksi)]. The crack
opening displacements and the stresses ahead of the crack tip after IHSI for
the 12-in. Schedule 80 weldment with a “40% throughwall flaw with applied
lnads correspondir ; to internal pressure [v41 MPa (6 ksi)), 52 MPa (9 ksi),
and 103 MPa (15 ksi) are shown in Fig. 46. Even for this rather deep crack
the crack tip is contained in a compressive stress field under typical
applied loads, although it would be subject to tensile stresses at highly
stressed joints,
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Fig. 46.
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The calculations for the weld overlays were carried out for

12-in. Schedule 80 pipe weldments. An axisymmetric finite element model with
additional symmetry across the weld centerline was again used. Two cases
were considered., In the first case the weld was assumed to have a
preexisting circumferential crack on each side of the weld. The cracks are
4.3 mm from the weld centerline and 3.5 mm deep (20% throughwall). Both the
girth weld and the overlay were simulated, although it appears that the
stresses due to the overlay completely uominate the original residual
stresses due to the initial welding process. The assumption of symmetry
across the weld centerline implies that the overlay is deposited
symmetrically about the weld centerline. This is not the case, but it is
felt that the additional idealization does not greatly distort the results.
In the second case a single crack, 10.5 am deep (60% throughwall), was
assumed, but to maintain symmetry the crack was located at the weld
centerline. This is, of course, unlikely to occur for metallurgical reasons,
but the idealization should not greatly affect the stress state at the crack
tip.

During applications of IHSI and the weld overlay process the
calculated crack opening displacements at the crack tip are small (<0.2 mm
(<8 mils)] for the cracks considered. Stainless steel crack tip opening
displacements of this magnitude will not produce crack extension, and hence,
these calculations indicate that unless the cracks are very deep initially,

they are unlikely to extend during the application of the remedies.

The axial residual stresses on the inner surface and the
stresses on the crack plane ahead of the crack after weld overlay of the
12-in, pipe with a 20% throughwall crack are shown in Fig. 47. The stresses
on the crack plane and the crack opening displacements for the 60%
throughwall flaw are shown in Fig. 48 for an applied axial stress of 62 MPa
(9 ksi). The complex pattern of the crack opening displacement indicates the
intense deformation at the crack tip produced by the weld overlay. At this
applied load, which is typical for actual reactor piping of this size, the
stresses ahead of the crack are still compressive. The corresponding
displacements and stresses for an applied stress of 103 MPa (15 ksi) are
shown in Fig. 49. The crack tip is now in a tensile stress field, and the

crack is completely open.
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Fig. 49.
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These calculations suggest that the weld overlay is effective

in producing a favorable (compressive) residual stress state at the crack tip
even for deep, 360° cracks. Similarly the calculations for IHSI indicate
that for realistic stress levels the process produces favorable residual
stresses even for weldments wit! significant cracking. These limited
calculations cannot completely define the range of crack depths and applied
loads for which these remedies can be expected to be effective, and
additional calculations are planned to compare the results of the finite
element calculations presented here with the results of the somewhat simpier
analyses typically used in the design and assessment of weldments that have

been treated by IHSI or weld overlay.

d. Margin for Leak-Before-Break of Flawed Piping

Analyses of the remaining lifetime of cracked pipe are subject
to significant degrees of uncertainty. If worst case assumptions are made
for the initial crack sizes, crack growth rates, and residual stress
distributions, the predicted behavior (rapid, throughwall growth of small
aspect ratio cracks) is not consistent with tield experience or laboratory
studies on large diameter piping. If "typical" values are used for the crack
growth rates and residual stresses, the predicted behavior appears much more
consistent with field experience. However, the residual stress pattern in a
given weldment cannot be determined nondestructively, and the crack growth
rate of a particular heat of material cannot a priori be shown to be
"typical"™., Even the conservative assumptions on residual stress and crack
growth rate used by NRR in assessing the remaining lifetime may be
unconservative in a particular case. However, further assurance that neither
the cracks that were detected and repaired nor the cra~ks that were not
detected are likely to cause a serious loss of coolant during reactor
operation can be obtained by demonstration of a significant margin for
leak-before-break (LBB).

The irherent toughness of Type 304 stainless steel generally
leads to LBB behavior and few, if any, sudden, catastrophic failures have
been associated with its use not only in the nuclear industry but also in a

wide variety of other industries. However, IGSCCs in large diameter
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weldments are characterized by large aspect ratios, and the possibility that
cracking will occur 360° around the circumference before a throughwall crack
develops must be considered.

Unless IGSCC growth is arrested by a favorable residual stress
distribution, failure of the piping system could occur by continued growth of
the crack by stress corrosion without the necessity for postulating loads on
the piping beyond the normal operating and upset loads. A meaningful
LBB margin requires that detectable leakage occur from a cracked pipe before
the pipe experiences rapid crack growth and final failure due to mechanical

loading leading to a large loss of coolant.

The determination of this margin requires an analysis of the
failure behavior of the pipe for a particular crack geometry, and calculation
of the crack opening area and flow through the crack. In the results
presented here the failure of the cracked pipe is assumed to be adequately
described by a net section stress approach similar to that used in IH33660.36
Most welds in BWR piping systems are probably tough enough for this
assumption to be valid. The calculation of the leak rate through the crack
is also subject to considerable uncertainty. The crack opening area has been
estimated on the basis of elastic solutions for a throughwall crack in an
infinite plate with an approximate correction for plasticity effects based on
the Dugdale -odel.37 More complete elastic-plastic solutions for the crack

20
opening area suggest that this solution is conservative.””

The flow of steam-water mixtures through tight cracks is a
complex function of crack geometry, crack surface roughness, and temperature
and pressure. Limited experimental measurements of the fluid flux through

IGSCC and simulated cracks have been carried out.:’w'l'0

Comparisons of this
data with the flow predicted by the homogeneous critical flow model developed
by Honryl indicate that the actual flux is from 1 to 0.1 of the corresponding
frictionless flux predicted by the Henry model. Although models which
attempt to account for the frictional losses have been dcvelopccl."l the
limited data base and the uncertainty about the internal crack geometry,
corrosion product deposition, and roughness make it difficult to predict

accurately the flow through an IGSCC,
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This uncertainty has surprisingly little effect on the

assessment of the LBB margin in piping. Figure 50 shows a typical case for a
10-in., pipe. It is assumed that the crack can grow completely around the
pipe circumference before a throughwall crack occurs. The collapse curve in
Fig. 50 assumes that the net section stress at failure equals 3 S.. The
observed variations in flux are used to estimate upper and lower bounds on
the crack sizes necessary to obtain a 5 gal/min leak rate. Based on crack
size there is a significant margin unless the circumferential crack is quite
deep. Because of the steep nature of the collapse curve for deep
circumferential cracks, the size of the crack that can be postulated before
violation of LBB is not very dependent on the value chosen for the fluid
flux. The corresponding case for a 24-in. pipe is shown in Fig. 51. The
size of the crack needed to obtain detectable leakage is only very weakly
dependent on pipe diameter, while the size of the crack needed to produce
collapse is roughly proportional to pipe diameter. Hence the margin for LBB
generally increases with pipe size. As Figs. 52 and 53 show, however, the

LBB margins are smaller at highly stressed joints.

Estimates of the time from the onset of unallowable leakage to
structure failure depend strongly on the mechanism of crack growth and the
corresponding crack growth rate assumptions. In most cases, much of the
remaining crack growth will occur by stress corrosion. Figure 54 summarizes
the available data on IGSCC growth rates in BWR-type environments; i.e., both
data from fracture mechanics tests under controlled load, and from slow-
strain-rate tests in which the load is varied to maintain a constant the
nominal strain rate. It is unlikely that the strain rates commonly used in
slow strain tests can be maintained under reactor loading conditions, and
therefore an upper bound for in-reactor loading based on growth rates in
these tests should be very conservative. The crack growth curve selected in
Fig. 54 bounds all available fracture mechanics data (the plateau rate is ten
times the highest reported rate in a constant load fracture mechanics test),

and the plateau rate is typical of slow strain rate tests.
Using this crack growth rate curve and the usual linear elastic-

fracture-mechanics approach, the time from the onset of leakage to failure

can be estimated for different crack geometries. For simple throughwall
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Fig. 52.
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Fig. 53.
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flaws conservative estimates of the times range from two months for the
10-in. pipe to three months for the 24~in. pipe. Even for the case of the
compound crack with a complete circumferential part-through crack inm addition
to the throughwall crack, the time is relatively long for most crack
geometries. Figure 50 shows the bounding envelope of crack geometries for
which there is at least ten days before the onset of unallowable leakage and
failure. Leak-before-break in this sense is violated only in the case of
very deep, very long part-through cracks. However, it should also be noted
that leakage from cracks which are not large enough to cause collapse can be
very large. For a 24-in. pipe, the leak rate through a 22-in.-long crack
(v30% of the circumference) under typical applied stresses is ~100 gpm, which
is close to the make-up capacity of most BWRs. Hence, while LBB is still
valid in many cases for cracks greater than 30% of circumference, the

resulting leakage could require use of the high-pressure emergency core

cooling system.




E. Evaluvation of Environmental Corrective Actions
« E. Ruther, W. K. Soppet, « F. Kassner)

1. Introduction

The objective of this subtask is to evaluate the potential effec~
tiveness of proposed actions to solve or mitigate the problem of IGSCC in BWR
piping and safe ends thorugh modifications of the water chemistry. Although
the reactor coolant environment has a profound influence on the performance
and reliability of nuclear power-plant components, the synergistic effects of
oxygen (produced by radiolytic decomposition of the water) and impurities
(e.g., uzso“ from decomposition of ion exchange resins during periodic intru-
sions into the primary system) on the IGSCC susceptibility and cyclic crack
growth properties of sensitized Type 304 SS have not been investigated ade-
quately. Also, it is not clear whether the potential benefits associated with
small additions of hydrogen to the coolant can be realized in the presence of
impurities within the normal operating limits on pH (5.6 to 8.6 at 25°C) and
specific conductance (<1 uS/cm at 25°C) of the reactor coolant water.

2. Summary of Results

During this reporting period, additional results have been obtained
from constant-extension~rate~tensile (CERT) tests on a reference heat of Type
304 88, with two levels of sensitization, in 289°C water with a range of
dissolved oxygen and sulfate concentrations. The effect of 0.5 and 2.0 ppm
dissolved hydrogen on the SCC susceptibility of lightly (EPR =~ 2 C/cnz) and
moderately (EPR = 20 C/cnz) sensitized steel was also evaluated and the CERT
parameters (viz., the time to failure and fracture morphology) were correlated
with the sulfate concentration, feeduvater conductivity, and electrochemical
potential of Type 304 SS and platinum electrodes in the high-temperature

environment .

The influence of pH at high temperature on the IGSCC susceptibility
of the steel in the lightly sensitized condition was determined in very dilute
uzao‘-nnzso‘ solutions containing 0.2 ppm dissolved oxygen at a strain rate of
1 x 107® s~!, The tnfluence of several other cations, in conjunction with
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0.1 ppm sulfate, on IGSCC of the steel at 289°C was also investigated at this

oxygen concentration and strain rate.

Several crack growth experiments were performed on fracture-
mechanics type specimens of the steel in high-purity water and in water
containing 0.1 ppm sulfate as H,S0, at 289°C with cyclic loading at a low
frequency, moderate stress intensity, and high load ratio (R).

From the standpoint of delineating the influence of high-temperature
water on IGSCC susceptibility of Type 304 SS, the corrosion potential of the
steel is primarily a function of the dissolved oxygen concentration, whereas
the conductivity is directly related to the concentration of ionic species in
the water. The region of corrosion potential and conductivity that yields
immunity to IGSCC of sensitized (EPR = 2 and 20 C/cnz) Type 304 SS was
determined from CERT experiments at 289°C in water with a range of dissolved
oxygen, hydrogen, and sulfate concentraticas. The results show that the steel
is (1) susceptible to IGSCC in very pure water (<0.l1 uS/cm) at corrosion
potentials >50 mV(SHE), and (2) the conductivity of reactor coolant water
would have to be maintained to €0.2 uS/cm to achieve immunity to IGSCC at a
corrosion potential of =350 mV(SHE), 1.e., a value that was measured durinyg
hydrogen addition to the feedwater of the Dresden-2 BWR to suppress the

dissolved oxygen concentration of the recirculation loop water.

CEKT experiments in which the dissolved oxygen and hydrogen concen-
trations were varied over the range ~0.005 to 0.2 and O to 2.0 ppm, respec-
tively, indicate that dissolved hydrogen per se in the water has only a small
beneficial effect on IGSCC susceptibility at low dissolved oxygen concentra-
tions (<0.03 ppm) and virtually no effect at an oxygen concentration of

~0.2 ppm for sulfate concentrations between ~0.l and ] ppm.

With regard to the relative effects ot pH and sulfate concentration
on 1GSCC susceptibility of the sensitized steel in 289°C water containing
0.2 ppm dissolved oxygen, the CERT experiments reveal that the sulfate con-
centration in the range 0.01 to 100 ppm is a major factor in IGSCC in contrast
to pi at 25 or 289°C of the stoa-uazsoa at a given sulfate concentration.

Also, other cations typical of corrosion product species, in conjunction with
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0.1 ppm sulfate, do not produce significant differences in the IGSCC behavior
of the steel in water containing 0.2 ppm dissolved oxygen as determined in
CERT experiments at 289°C. Based on limited data and other factors that
complicate direct comparisons, it is unlikely that differences in the extent
of intergranular cracking in reactor coolant circuits can be attributed to
certain cations that may be present in the water of one system and not in

arother.

3. Technical Prq‘;ecs

a. Influence of Dissolved Oxygen, Hydrogen, and Sulfate
(as HyS04) on IGSCC of Sensitized Type 304 SS at 2B9°C

There appears to be a strong synergistic effect of dissolved
oxygen (produced by radiolytic decomposition ci the water in the reactor) and
impurities (e.g., sulfate and chlorides, which may be present from decomposi-
tion of ion exchange resins and condenser leakage, respectively) on IGSCC
susceptibility of Type 304 S8S. (Both sulfates and chlorides have been
examined; for a given concentration, sulfate additions appear to be somewhat
more detrimental; also, under current water chemistry specifications, chloride
levels are closely monitored, but no explicit measurement of sulfate levels is
norwaily made.) The influence of dissolved oxygen and sulfate (as Hy80,)
concentrations on the time to failure in CERT tests of lightly and moderately
sensitized Type 304 SS (Heat 30956) in 289°C water is shown in Fig. 55. A
sulfate concentration of 0.1 ppm, which is within the normal operating limits
for conductivity (<1.0 uS/cm at 25°C) and pH (5.6 to 8.6 at 25°C) of reactor
coolant water, produces a large increase in IGSCC susceptibility (i.e., a sig-
nificant decrease in the time to failure) of Type 304 SS for dissolved oxygen

concentrations >0.1 ppm.

The results shown in Fig. 55 suggest that the influence of
impurities decreases rapidly as the oxygen level decreases below ~0.08 ppm.
Additional results shown in Fig. 56 indicate that at low dissolved oyxgen con-
centrations, viz., ~0.03 and 0.005 ppm (upper curve of each panel), which are
representative of an aiternative BWR water chemistry produced by adding
~1.5 ppm hydrogen to the feedwater, sulfuric acid additions that produce a
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conductivity of <1 uS/cm have a small effect on IGSCC susceptibility (as
measured by time to failure). However, for the normal dissolved oxygen
concentrations of ~0.2 ppm (lower curve of each panel), addition of sulfuric
acid produces 2 marked decrease in the time to failure even with a dissolved-

hydrogen level of ~0.5 ppm.

In the reactor core and recirculation system, the dissolved
oxygen and hydrogen are coupled through radiolysis of the water in the core,
whereas in the laboratory the concentration of each species can be altered
independently. The results shown in Fig. 56 indicate that hydrogen itself has
a relatively minor effect on the SCC susceptibility in comparison to the

dissolved oxygen concentration.

During the CERT experiments, the electrochemical potentials of
Type 304 SS and a platinum electrode were monitored and recorded as a function
of time. The measurements of electrochemical potential were made at 289°C
relative to an external 0.IM KC1/AgCl/Ag reference electrode and the values
were converted to the standard hydrogen electrode at 289°C. The results,
shown in Figs. 55 and 56, can be restated in terms of the electrochemical
potential and the conductivity. Although it is usually assumed that the
corrosion potential of the stainless steel in a BWR is primarily a function of
the dissolved oxygen concentration, other oxidizing species could be present
in the reactor coolant, and the corrosion potential is perhaps a more general
characterization of the environment than the dissolved-oxygen concentration.
Conductivity is a direct measure of the concentration of ionic impurities in
the water. The regime of corrosion potential and conductivity in which Type
304 SS is immune to IGSCC at 289°C, based upon the CERT results for a strain
rate of 1 x 1076 s'l. is shown in Fig. 57. At both levels of eensitization,
Type 304 SS is susceptible to IGSCC at 289°C at corrosion potentials
250 mV(SHE), even in very pure water (0.1 uS/cm). However, for corrosion
potentials between 50 mV and =500 mV(SHE), water purity has a strong influence
on 1GSCC susceptibility, e.g., at a corrosion potential of =350 mV(SHE), the
conductivity must be <0.2 uS/cm to achieve immunity to IGSCC. A corrosion
potential of =350 mV(SHE) was obtained for Type 304 SS in the Dresden-2
reactor during a period when hydrogen was added to the feedwater to suppress

the oxygen concentration of the water in the recirculation loop to <20 ppb.42
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Other ltudiec‘3 suggest an even greater role of impurities at low oxygen
levels. It is important to note that the results in Fig. 57 are based on one
impurity (sulfate) and one strain rate (1 x 107® s~!). Additional testing at
lower strain rates will be performed to confirm our resvits on the effect of
sulfates at low dissolved-oxygen concentrations (potentials). The influence
of other impurities must also be investigated before we can realistically
specify the impurity levels (which may depend on the nature of the impurity)
at which additions of hydrogen will significantly reduce susceptibility to
IGSCC.

b. Effect of pH at 289°C on IGSCC Susceptibility of Type 304 SS in
Dilute HyS504-NapSO4 Solutions

In the previous CERT experiments to investigate the influence
of impurities on IGSCC of sensitized Type 304 SS, sulfate was added to the
feedwater in the form of H,50, since this is the major productaa from the
thermal degradation of cation exchange resins that are used in reactor-water-
cleanup demineralizer systems. From the standpoint of understanding the
influence of water chemistry on IGSCC, the relative contributions of the pH
and the concentration of specific anions (e.g., sulfate) in the water on crack
propagation has not been established. Technical specification limits, utility
administrative goals, and the U.S. NRC Regulatory Guide 1.56 pertaining to the
maintenance of water purity in BWRs are formulated in terms of the conduc-
tivity, pH, and concentration of specific ions (viz., Cl7) to minimize corro-
sion of reactor components, including the Zircaloy fuel cladding. Water
chemistry is also a significant factor in the deposition of activated cerro-
sion products which contribute to radiation buildup in the heat transport

system outside of the reactor vessel.

The envelope for pH and conductivity of recirculation loop
water for normal operation and for off-normal water chemistry, not to exceed a
period of 72 h for any single incident, is shown in Fig. 58 for H,80,, Na,S0,,
and NaOH impurity species. Typically, BWRs operate with at slightly acidic pH
(~6.0-7.0 at 25°C) with conductivities in the range of 0.15 to 0.8 LS/cm.
Water chemistry experience regarding the frequency and magnitude of reactor
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water transients from resin intrusions, condenser tube leakage, and unavail-
/

ability of the reactor water cleanup system in U.S. BWRs has been reviewed.HS

lhis survey confirms that resin intrusions into the reactor coolant are not an

uncommon occurrence.

The effect of pH on IGSCC of sensitized (EPR = 2 Cxcml) Type

304 55 (Heat 30956) nhas been evaluated in a series of CERT tests in which the
sulfate was held fixed at several concentrations between 0.01 and 100 pPpm
while the pH was varied by changing the proportions of sulfuric acid and
sodium sulfate in the solution. CERT tests were also performed in solutions
in which the pH at 289°C was fixed at several values between 4.27 and 6.35
(3.65 is neutral pH at 289°C) by adjusting the molar ratios of H,S0, and
\J:\U% for total sulfate concentrations up to 100 ppm. These conditions
encompass the range of pH and conductivity values between the stuQ and NaJSUQ
curves depicted in Fig. 58. The rationale for concentrations of H,S0, ard

Nd.NU“ for the specific experiments is based on the plot of pH at 289°C a¢ a




function of the sulfate concentration in Fig. 59 for different molar ratios of
the constituents. The feedwater chemistries for CERT experiments in which the
total sulfate concentration was maintained at 0.01, 0.1, 1.0, 10.0, and

100 ppm are given in Tabie XI along with the measured pH and conductivity
values at 25°C. Similar information for tests to determine the influence of
sulfate concentration for pH values of ~4.3, 5.3, 5.5, 5.6, and 6.3 at 289°C
are given in Table XII1. The calculated pH values at 289°C are based on the
concentrations of H,50, and Na,S0, along with information on the dissociation

2 - l 7
of watvr*b and the second dissociation constant of sulfuric acid”

at high
temperature. Our results of high-temperature pH measurements of dilute H,50,,
NaOH, and H,S0,/Na,S0, solutions at 289°C by means of a solid-electrolyte

48 ...,
sensor ° indicate that the agreement between the measured and calculated

values was quite guud.“y Figure 60 illustrates the thcoretical response of

the sensor along with measured potential values for different H,50, and NaOH

s

concentrations in the feedwater for two experiments.

The IGSCC results in Table XI show that the CERT parameters are
not strongly dependent on the pH of the solution, particularly for sulfate
concentrations >1.0 ppm. At lower total sulfate concentrations (viz., 0,01
and O.1 ppm), the less acidic solutions tend to be more detrimental in terms
of the time to failure, maximum stress, etc., as well as the amount of inter-
granular fracture and the morphology of the fracture surface. For example, at
total sulfate concentrations of 1, 10, ai ! 100 ppm, the fracture surfaces of
specimens in Na,50, solutions were completely intergranular, whereas in H,50,
solutions a granulated fracture morphology with river patterns on some of the
grain faces \05 in Table XI) was observed. At total sulfate concentrations of
0.0l and 0.1 ppm, the intergranular nature of the fracture surface was less
severe, as evidenced by more river patterns (V:), for CERT specimens in water
containiug H:>“u.

The results in Table XII corroborate the premise that the
sulfate concentration at a fixed pH at 289°C is the major factor in IGSCC
susceptibility, particularly for near neutral pH values of ~5.3, 5.5, and 5.6

at 289°C and for total sulfate concentrations below ~10
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The dependence of the time to fai'ure on pH at 25 and 289°C
is shown in Fig. 61 for several sulfate concentrations between 0.0l and
100 ppm. Because of accelerated corrosion of the high-temperature regions
the stainless steel system, it was not possible to maintain the effluent
dissolved oxygen concentration of the water at ~0.2 ppm with high sulfuric
acid concentrations (220 ppm) in the feedwater, even when the inlet oxygen
concentration was increased to ~1-2 ppm. Electrochemical potential values
below =300 mV(SHE) as well as measurements of the effluent dissolved oxygen
concentration by a conductometric thallium column technique and Chemetric
colorimetric analyses confirmed that the dissolved oxygen in the water was, in
{act, very low (<0.01 ppm). Since IGSCC susceptibility is dependent on
dissolved oxygen as well as the impurity concentration (Fig. 55), the results
in Fig. 6) are based on data in Table XI in which the effluent dissolved

yxygen values were between ~0.Z2 and 0.4 ppm.

The relationship between the time to failure of the CERT speci-
mens at 289°C and the conductivity of the feedvater is shown in Fig. 62 for
experiments with different total sulfate concenirations and molar ratios of
H‘Aww and N“;Suu' This figure depicts the strong influence of impurity con-
entration on IGSCC for conductivity values between ~0.1l and 1 uS/cm. No
further decrease in the time to failure occurs at higher conductivity values.

At values >1 uS/em (sulfate concentrations >0.1 ppm), the resulcs in Fig. 61

and Table XI also reveal no significant variations in the time to failure at

fixed sulfate concentrations with different molar ratios of H.bUw and Nn»SUg.

In summary, this series of CERT experiments indicates that the
bulk pH per se has a minimal effect on IGSCC susceptibility of sensitized Type
304 SS at 289°C relative to the sulfate concentration in water containing

0.2 ppm dissolved oxygen. Thus, of the several processes that alone or in
combination are thought to facilitate breakdown of the passive film or impede
repassivation of the crack tip (viz., differential aeration, migration of
sulfate., and local acidification), it appears that the pH of the bulk water in
itself is not an important factor in the intergranular cracking process.

Also. an increase in the anion (i.e., sulfate) concentration of the bulk water

above ~0.1 ppm, which could increase the chemical driving force for sulfate
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migration to the crack tip, does not accelerate the intergranular cracking
process at a dissolved oxygen concentration of ~0.2 ppm. This is not the case
at lower dissolved oxygen concentrations (<0.03 ppm) wherc the susceptibility
increases as the conductivity of the water increases over the range ~1.0 to

80 “5,¢m“9 (sulfate concentrations between ~0.l1 and 10 ppm), as shown in

Fig. 56.

Parenthetically, if a quantitative comparison is made of the

. " . " 9-51
CERT data in very dilute H,SUQ solutions,” -

including the information in
rigs. 55=57, with the data in Tables XI and XII, and Figs. 58 and 59, the
following anomaly must be considered. Although the heat of material (30956),
level of sensitization, specimen geometry, and experimental procedures were
identical in both sets of experiments, the former tests were performed in an
Instron testing machine in contrast to a more compliant system with a worm
gear Jactuator, gear veducer, and variable speed motor loading mechanism that

was used in the A-series of experiments (Tables XI and XI1). The strain rate

of the specimens in the two systems was also identical (viz., 1 x 107° s-l)




based on measured extension rates of the specimens during the CERT tests.
However, the failure times and total strain values for specimens tested in the
more compliant loading system were ~20% larger for the same degree of sensi-
tization of the material, water chemistry, flow rate, and temperature. This

difference is reflected in the time to failure data for the lightly sensitized

)
material (EPR = 2 C/cm“) in water containing 0.2 ppm dissolved oxygen with

different H,50, additions in Fig. 56 and the results in Fig. 62.

Influence of Dissolved Cations with O.1 ppm Sulfate on IGSCC of
Lightly Sensitized (EPR = 2 C/cm“) Type 304 SS at 289°C in
Water with 0.2 ppm Dissolved Oxygen

In addition to dissolved oxygen (produced by radiolytic decom-
position of the water) and corrosion products, other impurity species can
enter the reactor coolant water through a number of sources (e.g., condensate
and reactor-water-cleanup demineralizers, condensate storage tank, the sup-
pression pool and reactor heat removal system, etc.). Hydrogen and sodium are
common cations in conjunction with sulfate and chloride from the decomposition
't exhaustion of ion exchange resins and condenser leakage. Corrosion product
species from the condenser, feedwater train, and other components can also
enter the reactor coolant water. The influence of several dissolved cations
in conjunction with 0.1 ppm sulfate on the IGSCC susceptibility of the lightly
sensitized steel was evaluated at 289°C in water containing ~0.2 ppm dissolved
oxygen. The results in Table XIIIl and Fig. 63 reveal that the various metal
cations, typical of corrosion product species, and NH“' at concentrations in
excess of those measured in reactor coolant circuits do not produce signifi-
cant differences in the IGSCC behavior of the steel as determined in the CERT
experiments. Based on this limited information and other factors that compli-
cate direct comparisons, it is unlikely that differences in the extent of
intergranular cracking in reactor coolant circuits can be attributed to certain

cations that may be present in the water of one system and not in another.
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289°C Water with 0.2 ppm Dissolved Oxygen.

d. Crack Growth Rate Results on Type 304 SS

Fracture mechanics type crack growth tests are in progress on
the same heat of material as in the CERT experiments. Three 1TCT specimens of
ype 304 SS in the solution annealed and sensitized conditions (EPR = '
and 20 C‘cm:) were connected in series and stressed at an R value of 0.95 and
an initial Kmax of 28 MPa-ml/z under a positive sawtooth waveform. In the
initial experiment, stress corrosion cracks in the sensitized specimens ini-
tiated in the test environment (8 ppm dissolved oxygen) after a relatively
short time (~100 h). Since considerably longer time periods were encountered
at a lcver dissolved oxyger concentration, subsequent specimens were fatigue
precracked in air at 289°C to provide 3-mm-deep starter cracks before testing
in water at this temperature. Crack growth was determined from compliance
measurements made periodically on each specimen with MTS clip gauges. The

measured total crack lengths at the end of test were in good agreement with

the values obtained from the clip gauges.




Crack growth rates in moderately sensitized material

)
(EPR = 20 C/cm®) in 289°C water with 8 ppm dissolved oxygen at low flow rate

are given in Table XIV. The dependence of the crack growth rate on the stress
intensity factor is shown in Fig. 64. The crack growth rate data are based

on measurements of crack length versus time for intervals of ~300 to 2000 h,
depending on the magnitude of the stress intensity. These results provide
baseline information for comparison with subsequent experiments under dif-

ferent water chemistry conditions.

Table XIV. Crack Growth Rate Results on Sensitized (EPR = 20 C/cmz)
Type 304 SS in High-purity Water w'th 8 ppm Dissolved
Oxygen at 289°C and an R Value of 0.95

Loading k G I
Specimen? Time, Frequency,” Kmax Crack Crowth Rate

II\

No. s 4 MPa.m"'*“ MmeS mme+h"

1

1260
6.8
1.1
1.2

4Compact tension specimens (1TCT) from Heat 30956 were solution
annealed at 1050°C for 0.5 h and sensitized at 700°C for 12 h.

bkrvquvnuv of the positive sawtooth waveform is based primarily on the
loading time, since the load decrease occurs within ~1 s.

lo further investigate the effect of impurities, viz., HJS('Q
from decomposition of ion exchange resins, on the crack growth properties of
the steel at 289°C, similar experiments are in progress in an identical
MTS/autoclave system. Typical results for the crack length versus time for

specimens with EPR values of 0, 2, and 20 C/cm® in 289°C water with 0.2 ppm

dissolved oxygen and 0.1 ppm sulfate as H,50, are shown in Fig. 65. Loading
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Fig. 65. Crack Length versus Time for 1TCT Specimens of Solution Annealed
(EPR = 0) and Sensitized (EPR = 2 and 20 C/cm“) Type 304 SS in 289°C
Water Comtaining 0.2 ppm Dissolved Oxygen and 0.1 ppm Sulfate as
H,S0 The loading conditions for the positive sawtooth waveform
with & slow loading time (12 s) and rapid unlgading (1 s) are as
!ullnwg; stress ratio R = (0,95, Kmdx = 28.m"’“, and frequency =
8 x 10 * Hz.




conditions for the initial phase of the experiment depicted in this figure

) oy |
were K ., R, and frequency equal to ~28 MPa'ml", 0.95, and 8 x 10 “ Hz,

respectively, for the positive sawtooth waveform. Crack growth data obtained
in a similar manner at higher Kns values are given in Table XV and Fig. 66.

The most consistent crack growth occurred in the lightly sensitized specimen

)
(EPR = 2 C/em“). Crack growth initiated in the solution annealed specimen at

. . /9
a K value of ~34 MPa°ml"

— and the growth rate is somewhat larger than for

the lightly sensitized specimer at a given Kmax value. The crack growth rate

for the moderately sensitized specimen (EPR = 20 C/cm“) decreased as the
apparent Kmax increased early in the test (Table XV), which suggests that
multiple cracks had formed in the specimen. This will be determined from

metallographic evaluation of the specimen.

During a latter stage of the experiment, sulfate was not added
to the feedwater to explore the effect of improved water chemistry (high-
purity water with 0.2 ppm dissolved oxygen) on the crack growth rate of the
material with three heat treatment conditions. The results in Table XV
indicate that the crack growth rates in the solution annealed and lightly
sensitized specimens decreased slightly, and that crack growth ceased in the
moderately sensitized specimen. Upon the addition of sulfate to the feedwater
in the last phase of the experiment, the crack growth rates in the impurity
environment increased commensurate with the stress intensity values for each

specimen.,

Additional crack growth experiments will be performed under
transient water chemistry conditions to determine the effect of impurity and
dissclved oxygen concentrations on crack growth rates in sensitized Type
304 SS. [ransients involving the dissolved oxygen concentration will simulate

full oxygen suppression of the recirculation loop water (e.g., 10-20 ppb)

achieved by hydrogen addiitlons to the feedwater of a BWR.




Crack Growth Rate Results on Type 304 SS in 289°C Water with
U.2 ppm Dissolved Oxygen and 0.1 ppm Sulfate as H,S0, at an
R Value of 0.95

b Crack CGrowth Rate

: i K
Specimen®  EPR, Frequency, max, : l
No. C/em® Hz MPa*m"/ € m*s ° mm * h

a : ¢ 3 M\ c .
Lompact tension specimens (1TCT) from Heat 30956 were solution
annealed at 1030°C for 0.5 h (EPR = 0), se¢ tized at 700°C for 12 h

(EPR = 20 C/em®), and 700°C for 0.25 h pl )"C tor 24 h (EPR = 2 C/cm*).
I )

»
0 : 2 .
Frequency of the positive sawtooth waveform is based primarily on the
loading time of 12 s, since the load decrease occurs within ~1 s.
“Sulfate was not added to the feedwater during this phase of the experi-

ment, i.e., high-purity water with 0.2 ppm dissolved oxygen.
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Fig. 66. Effect of Stress Intensity Factor on the Crack Growth Rate of Type
304 SS in 289°C Water with 0.2 ppm Dissolved Oxygen and 0.1 ppm
Sulfate as H,50,. Steady-state crack growth rates were obtained at
a frequency and load ratio of 8 x 10 © Hz and 0.95, respectively,
for a positive sawtooth waveform.




F. Mechanistic Studies (W. E. Ruther, F. A, Nichols, and T. F. Kassprer)

l. Introduction

The most likely mechanism for SCC of Type 304 SS in LWR systems
involves the film rupture concept.52 Plastic (creep) deformation of the alloy
causes a buildup of displacements in surface layers, which, in turn, causes
rupture of the inherently protective but relatively brittle film formed by
chemical reaction between the alloy and the high~temperature water. Rupture
of the film exposes a fresh, unprotected metallic surface at the crack tip.
Subsequently, a new protective film forms on the newly exposed surface, but 1if
metallic dissolution also occurs, the two processes compets with one another.
SCC data from many different alloy/environment systems support this model.
However, at least one modification of this concept needs to be considered,
i.e., the assumption that incremental crack growth is due not to dissolution
but to hydrogen embrittlement (HE). The potential/pH conditions in the

within the crack can differ greatly from the bulk water such that
hydrogen production and adsorption by the alloy at the crack tip can occur.
Dissolution, though it may not significantly advance the crack, is necessary
to keep the crack tip sharp enough for hydrogen to cause brittle crack
advance. The sharp notch elevates the local stresses and couples the two
concepts of the crack advance mechanism. However, the role of HE for signif-

icant crack advance in ductile-alloy/aqueous systems (e.g., Type 304 SS in

BWR-quality water) has not been established.

The occurrence of HE, bv any presently known process, requires the
presence of hydrostatic siress near the crack Lip.‘)‘3 This suggests that
experiments involving Mode I (tensile) and Mode III (shear) loading can be
used to better define the actual mechanism of crack advance. If HE is the
mecbanism, theory predicts no SCC for Mode III, which produces zero hydro-

stati~ stress. Such compirative studies have been performed with high-
55,56

strength steel”® and titanium alloys

where the absence of SCC in Mode
strorily supports HE as the operative mode of crack advance. Such studies
have not yet been performed for Type 304 SS or ferritic pressure vessel steels
in aqueous environments; therefore, the primary experimental effort in this

subtask is focused on this type of testing in simulated BWR environments.




Technical Progress

A schematic of the loading system for the Mode I and Mode II1 SCC
experiments on sensitized Type 304 SS in simulated BWR-quality water is shown
‘n Fig. 67. Water is supplied to the 1l.5-f autoclave system via a regener-
ative heat exchanger and a small preheater at the autoclave inlet of the once-
through water system. The oxygen concentration of the feedwater is estab~
lished by bubbling an appropriate oxygen/nitrogen gas mixture through
deoxygenated/deionized water (conductance ~0.1 uS/cm) contained in a 120 £
stainless st2el tank. Sulfuric acid is added to the feedwater prior to

sparging with the gas mixture to ensure adequate mixing. A flow rate of

“0.6 L/h at a pressure of 8.3 MPa is maintained in the autoclave.

SCC experiments under Mode I and Mode 111 loading are being

performed at 289°C on notched specimens (Heat 30956) sensitized to an EPR

value of 2 C/er®., This material exhibits a high susceptibility to IGSCC in
oxygenated water containing 0.l ppm sulfate as H,50, (Subtask E). Constant
strain-rate tests were conducted in air at 289°C to determine the maximum

m m

tensile, Op s and torsional, Og » strengths of the notched specimens. The

values are 654 and 577 MPa, respectively, and the corresponding yield stresses

re 340 and 202 MPa, where (o = 0,52 ¢,.™ and (o 0.35 o

)
Ly t 8Y ]

Inftial results of SCC tests in 289°C water containing 8 ppm
dissolved oxygen and O.1l ppm sulfate as H:SH¢ are shown in Table XVI. Inter-
granular failure occurred under tensile loads at the higher stress levels;
however, no failures were produced under torsion loading. Subsequently, the
torsion specimens were fractured at liquid nitrogen temperature and an
examination revealed no crack initiation during exposures up to ~800 h in the
high-temperature environment. These results clearly indicate that crack
initiation is more difficult under torsion load; however, the role of loading
rode on crack propagation cannot be determinred from the present results.
Additional experiments under torsional loads will be performed on fatigue
precracked specimens to overcome the problem of ( crack initiation. The
fatigue precrack will also facilitate development of the crack=tip chemistry

1

that may be necessary for propagation ot stress corrosion crack.
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Stress vs Time to Failure Results from Constant
lensile and Torsion Load Experimentg on Sensitized
I'ype 304 SS Specimens (EPR = 2 C/cm“) in 289°C
Water with 8 ppm Dissolved Oxygen and U.l ppm
Sulfate as H:S()4

Maximum Fractional Failure
Test Loading Stress, Stress Time,
No. Mode MPa g/o™

Fracture
Morphology

TE~1 Tension 2 Intergranular
TE=6 425 ) 65 ) ‘

TE~2 ) ‘ {

TE=5 0.55

TE=4 Intergranular
TE~3 ‘ 0.40 >216% .

TO=2 lorsion ). 90 >7 942

TO=1 lorsion 462 ). 8 4798

4Failure did not occur: test was terminated at the indicated
time.
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