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MATERIALS SCIENCE AND TECHNOLOGY DIVISION
LIGHT-WATER-REACTOR SAFETY
RESEARCH PROGRAM:

QUARTERLY PROGRESS REPORT

October-December 1983
EXECUTIVE SUMMARY
ENVIRONMENTALLY ASSISTED CRACKING IN ' TGHT-WATER REACTORSa

Current practice with regard to leak detection has been reviewed and
assessed for 74 operating plants, including both BWRs and PWRs. In practice,
most reactors presently rely on sump pump monitoring to detect leakage. In
most cases, the surveillance periods are too long to detect a l-gal/min leak
in one hour, as suggested by Regulatory Guide 1.45, but it appears that this
sensitivity could be achieved if monitoring procedures were modified. Al-
though current leak detection systems are adequate to ensure leak-before-
break behavior in the great majority of situations, the possibility of large
cracks producing only low leakage rates must be considered. The Duane Arnold
cracking inciuent shows that shortcomings in the existing leak detection
systems are not simply a matter of conjecture. However, simply tightening
the current leakage limits is not an adequate solution, since this might
produce an unacceptably high number of spurious shutdowns owing to the in-

ability of current leak detection systems to identify leak sources.

Acoustic leak detection data from two intergranular stress corrosion
cracks, two thermal fatigue cracks, and one mechanical fatigue crack have nrow
been acquired and analyzed. Additional tests have been carried out to help
assess the effectiveness of moisture-sensitive tape. The breadboard leak
detection system developed by GARD was brought to Argonne for preliminary

tests and some modifications have been made.

3RSR FIN Budget No. A2212; RSR Contact: J. Strosnider.
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Low-temperaiure aging of materials with controlled plastic strains and
specimens from weldments prepared with induction heating stress improvement,
heat sink welding, last pass heat sink welding, and corrosion resistant

cladding is continuing.

The effect of changing frequency and load ratio on crack growth rates in
sensitized stainless steels has been investigated. An attempt was made to
correlate the resulting data in terms of a crack-tip strain rate, but it was

not successful and other ajproaches will be investigated.

The effect of strain rate on transgranular cracking in Type 316NG stain-
less steel has been studied in constant extension rate (CERT) tests and cor-
related with a phenomenological model for stress corrosion cracking based on
an estimate of the crack-tip strain rate obtained by use of a J-integral
approach, a slip-dissolution model for crack advance, and a J-integral frac-
ture criterion. Good agreement between the predictions of the model and the

experimental results is observed.

The residual stresses on the inner surface and the axial throughwall
stresses in a minioverlay mockup weldment fabricated by Georgia Power have
been measured. The overlay was very successful in inducing compressive
residual stresses on the inner surface of the weldment. As expected, the
throughwall stresses are strongly compressive on the inner portion of the

wall and tensile on the outer portion of the wall.

Additional results have been obtained from CERT tests on a reference
heat of Type 304 stainless steel. The influence of the degree of sensiti-
zation on the SCC susceptibility has been evaluated in environments con-
taining 0.2 and 1.0 ppm dissolved oxygen with and without sulfate additions.
The intergranular and transgranular crack growth rates obtained from the CERT
tests have been correlated with the open circuit corrosion potential as well
as the dissolved oxygen concentration for a range of conductivities from
<0.2 to 70 uS/cm. Fracture mechanics crack growth rate tests are being
carried out to determine the effect of water chemistry transients on crack

growth rates.



I1. TRANSIENT FUEL RESPONSE AND FISSION PRODUCT RELEASED

The theoretical FASTGRASS-VFP model has been used in the interpretation
of fission gas, iodine, and cesium release from (1) irradiated high-burnup LWR
fuel in a flowing steam atrmosphere during high-temperature, in-cell heating
tests performed at Oak Ridge National Laboratory and (2) trace-irradiated LWR
fuel during severe-fuel-damage (SFD) tests performed in the PBF reactor in
Idaho. The results of the analyses demonstrate that intragranular fission
product behavior during both types of tests can be interpreted in terms of a
grain-growth/grain-boundary-sweeping mechanism that enhances the flow of
fission products from within the grains to the grain boundaries. In addition,
significant fission product release during the SFD tests depends on fuel
fracturing and/or other processes iritiated by a requench and on fuel lique-
faction initiated by clad melting. The FASTGRASS-VFP predictions, measured
release rates from the above tests, and previously published release rates are
compared and differences between fission product behavior in trace-irradiated

and in high-burnup fuel are highlighted.

bRsr FIN Budget No. A2016; RSR Contact: G. P. Marino.
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III. CLAD PROPERTIES FOR CODE VERIFILCATION®

Zircaloy fuel cladding is susceptible to local breach-type failures
during power traasients in LWRs because of stresses imposed by differential
thermal expansion of the fuel and cladding. In this program, the effect of
stress state, strain rate, and temperature on the deformation characteristics
of irradiated Zircaloy fuel cladding is being investigated to provide
mechanical-property information and a failure criterion for the cladding under
loading conditions conducive to pellet-cladding interaction (PCI). The
information will be used in the development of codes to analyze PCI in fuel
rods from power ramp experiments in test reactors, and tc evaluate the
susceptibility of extended-burnup fuel elements and new fuel element designs

in commercial reactors to PCI failures during power transients.

Fracture surfaces of several more H. B. Robinson spent-fuel cladding
tubes have been examined by SEM after failure at 325°C by expanding-mandrel
loading. Three specimens that contain pseudocleavage in large portions of the
fracture surfaces have been identified. The characteristics of the fracture
surface morphology are similar to those reported in the literature for fuel
rods that failed because of PCI.

Continued efforts in the TEM-HVEM examination of the brittle-type
PCI-like failure produced in Big Rock Point fuel cladding by internal gas
pressurization at 325°C resulted in direct observations of dark-field images
from Zr40 superlattice reflections. The dark-field morphology shows that the
phase forms primarily in association with dislocation substructures and cell
walls of the cold-worked material. Closer examination of the dark-field
images with a magnifying glass revealed discrete particles of the phase in
agglomerations. Individual dislocations decorated by the discrete particles
could be observed. There was also evidence that the phase forms to a limited
extent on grain boundaries of the partially recrystallized region of the

cladding material.

CRSR FIN Budget No. A2017; RSR Contact: H. H. Scott.
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IV. LONG-TERM EMBRITTLEMENT OF CAST DUPLEX STAINLESS STEELS IN LWR sysTEMs®

Metallographic evaluation of various cast materials is in progress to
characterize the chemical composition, ferrite content, hardness, and grain
structure. Data on hardness, ferrite content, and morphology are presented.
T -esults indicate some differences in hardness and ferrite content for
material from different locations of the castings. The ferrite content is
lower 2nd haidness is higher toward the inner surface of the various cast
pipes. Variations in the ferrite content of the static cast keesl blocks
depend on the Creq/Nieq ratio in the material; the ferrite content toward the
top of the casting is lower for material with - ratio below 1.13 and higher
when the ratio exceeds this value. Orientation of the material, i.e., axial,
circumferential, or radial direction of the casting, has little or no effect

on hardness or the ferrite content and morphology.

The ferrite morphology in the static cast keel blocks is different from
that in centrifugally cast pipes. For the same ferrite content, the islands
of ferrite in the keel blocks are smaller and have a finer dispersion than in
the pipe material. Th: ferrite morphology is characterized by a random
arrangement of an interrasced network of ferrite islands or fine needle-like

ferrite distributed in the austenite matrix.

Material for Charpy impact and 1-T compact tension specimens is being
aged at 450, 400, 350, 320, and 290°C. The aging times range from 100 to
50,000 h. Preliminary Charpy impact tests were performed on unaged material
to assess the influence of specimen location and orientation on impact
strength. Material from two centrifugally cast pipe sections and a static
cast pump casing ring was sent to Materials Engineering Associates for J-R

curve determination and tensile tests.

Microstructural evaluation has continued on the aged specimens of cast
duplex stainless steel obtained from George Fischer Co. of Switzerland.
Precipitate phases were not observed in any specimens aged for <10,000 h at
300, 350, or 400°C. An analysis of the aged material by neutron diffraction
in the ANL Intense Pulsed Neutron Source (IPNS) is being planned.

dnsr FIN Budget No. AZz243; RSR Contact: J. Muscara.
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I. ENVIRONMENTALLY ASSISTED CRACKING IN
LiGHT WATER REACTORS

Principal Investigators:
W. J. Shack, T. F. Kassner, D. $. 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 pla. , but also includes
the development of recommendations for plants under construction and future
piants. The scope includes the following: (1) development of the means tco
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
LWR sysiems. 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 tha. available resources permit.

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

(E) Evaluation of Environmental Corrective Actions; and (F) Mechanistic
Studies. These subtasks reflect major 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 eolutions to IGSCC problems in LWRs, both by direct experimenta-
tion (including full-scale welded pipe tests) and through the development

of a better basic understanding of the various phenomena.



Leak Detection and Nondestructive Evaluation (D. S. Kupperman,
T. N. Claytor, R. N. Lanham, and D. Prine%)

1 Introduction

a. Background

No currently available single leak-detection method combines

optimal leakage detection sensitivity, leak-locating ability, and leakage

measurement accuracy.1 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 are

not necessarily sensitive enough to meet code requirements.

Technology is available to improve leak detection capability
at specified sites by use of acoustic monitoring or moisture-sensitive tape.
However, cu.rent acoustic monitoring techniques provide no source discrimi-
nation (i.e., to distinguish between leaks from pipe cracks and valves) and
no flow-rate information (a small leak may saturate the system). Moisture-
sensitive tape does not provide quantitative leak-rate information and gives
no specific location information other than the location of the tape; moreover,

its usefulness with "soft" insulation needs to be demonstrated.

Since the issuance of NRC IE Bulletins 83-02 and 82-03 and the
training of ultrasonic inspection personnel, the probability of detecting
IGSCC under field conditions has increased. However, leak detection tech-
niques need 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.

Many cracks are missed during ultrasonic ISI and detected only
because of leakage, thereby raising doubts concerning the capability of

ultrasonic ISI to detect cracks. The present ultrasonic testing procedures

*CARD, Inc., Niles, Illinois.



for ferritic weldments (+SME Code Sections V and XI) do not appear to be
adequate for the detection and evaluation of IGSCC in austenitic stainless
steel (SS) piping. The detection of IGSCC before the cracks have grown large
enough to cause a leak, ai.d the detection, location, and sizing of leaks once
they occur, are very difficult technical goals to achieve. 1GSCC that can be
detected by conventional ultrasonic testing under laboratory conditions may

be missed during a field examination by even the most skilled operator.

b. Objectives

The program objectives for leak detection are to (a) develop a
facility for the quantitative evaluation of acoustic leak detection (ALD)
systems; (b) assess the effectiveness and reliability of ALD tochniques;

(c) evaluate a prototype ALD system; (d) establish the sercitivity, relia-
bility, and decision-making capability of a prototype system thr ugh labora-
tory testing; and (e) as¢ 's the effectiveness of field-impler r_able ALD
systems. The program will estab'ish whether meaningful quantituti e data on
leak rates and location can be obtained from acoustic ‘gnatures of leaks due
to IGSCC and fatigue cracks in low- and high-pre J4 2 lines, and whether

these can be distinguished from other types of leaks. It will also establish
calibration procedures for acoustic data acquisition and show whether advanced

signal processing can be employed to enhance the adequacy of ALD schemes.

The program objectives for ultrasonic nondestructive evaluation
are to (a) assess the adequacy of a multielement skew angle probe to dis-
tinguish IGSCC from geometrical reflectors, (b) assess methods for character-
izing cast SS microstructure to determine ISI reliability, and (c) evaluate

new ultrasonic inspection problems (e.g., weld overlays).

C. Review of Current Practice for Leak Detection

Regulatory Guide 1.45 suggests that at least three different
detection methods be employed in reactors to detec: leakage. Monitoring of
both sump-flow and airborne-particulate radioactivity is mandatory. A third
method can involve either monitoring of condensate flow rate from air coolers

or monitoring of airborne gaseous radioactivity. Although the current methods



used for leak detection reflect the state of the art, other techniques may be
developed and used. Regulatory Guide 1.45 also suggests that flow rates from
identified and unidentified sources be monitored separately to an accuracy of
1 gal/min,* and that indicators and alarms for leak detection be provided in

the main countrol room.

Since the recommensac.’ons of Regulator Cu’de 1.45 are not
mandatory, the technical specifications for 74 operating plants including
PWRe have been reviewed by the pre_ent autho s > de! :rmine the types of
leak detection methods employed, the range of 'mi ing conditions for oper-

ation, and the surveillance requirements for the leak detectio systems.

All plants use at least one of the two systems spe i’ .ed by
Regulatory Guide 1.45. All but eight use sump monitoring, and all but three
use particulate monitoring. Monitoring of condensate flow rate from drywell
air coolers and monitoring of atmospheric gaseous radioactivity are also used

in many plants.

The allowed limits on unidentified coolant leakage are shown
in Fig. 1.1 (ur»er panel). The limit for all PWRs is 1 gal/min, while the
li.st for most BWRs is 5 gpm. The limits on total leakage (Fig. 1.1, lower
panel) are generallv 10 gal/min for PWRe and 25 gal/min for BWRs. (Regulatory
Guide 1.45 does not specify leakage limits, but does suggest that the leakage
detection system should be able to detect a l-gal/min leak in 1 h.) In some
cases, limits on rates of increase in leakage are also stated in the plant
technical specifications. Two BWRs have a limit of 0.1 gal/min/h; four have
a limit of 0.5 gal/min/h.

Surveillance periods for BWRs and PWRs are indicated in
Fig. 1.2 (upper panel). Leakage is checked every 12 h in most PWRs, and every
4 or 24 h in most BWRs. One BWR specifies that a continuous monicor with
control room alarm shall be operational. The intervals between successive
system calibrations and checks are indicated in Fig. 1.2 (lower panel). For
BWRs, calibration is generally performed at 18-month intervals; functional

tests are performed every month.

*Conversior factor: 1 gal/min = 3800 cma/min.
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Generally speaking, reactors rely on sump pump monitoring to
establish the presence of leaks. Other methods appear to be less reliable or
less convenient. In most reactors the surveillance periods are too long to
detect a l-gpm leak in one hour, as suggested by Regulatory Guide 1.45, but
it appears that this sensitivity could be achieved if monitoring procedures
were modified. None of the systems provides any information on leak location,
and leaks must be located by visual examination after shutdown. Since cracks
may close when the reactor is shut down, reducing flow rates considerably, it

would be desirable to be able to locate cracks during plant operation.

The estimated sensitivity of leakage monitoring systems is oc-
casionally addressed in the technical specifications. For example, one
specification indicates that air particulate monitoring can, in principle,
detect a 0.013-gal/min leak in 20 min, that the sensitivity of gas radio-
activity monitoring is 2-10 ;1'/min, and that the sensitivity of condensate
flow monitoring ‘s 0.5-10 g.'/min., Continuous sump pump monitoring appears
capable of detecting a l-gal/min leak in 10-60 min.

The impact of Reactor Coolant Pressure Boundary leakage de-
tection systems on safety was evaluated for eight reactors as part of the
Integrated Plant Safety Assessment-Systematic Evaluation Program and described
in eight SEP reports (NUREG-0820 through -0827). 1In four of the eignt reactors
evaluated, a l1-gal/min leak could not be detected within 1 h; and four of the
eight reactors did not have three leakage monitoring systems, contrary to the
suggestions in Regulatory Guide 1.45. The fracture mechanics and leak rate
calculations in the SEP reports are consistent with other studies which
indicate that (1) current leak detection systems will detect throughwall
cracks 10-25 cm (4 to 10 in.) long in 12- to 28-in. piping within one day,
and (2) current leakage limits will necessitate plant action after such a
detection event. Since these cracks are much smaller than those required to
produce failure in tough reactor piping, improved leak detection systems may
offer little safety benefit for this particular class of flaws when crack
growth occurs by a relatively slow mechanism. However, the SEP reports state
that local leak detecticon systems may be necessary for some postulated break
locations where separation and/or restraint is not a practical way to mitigate

the effects of a high-energy pipe break.



Although current leak detection systems are adequate to ensure
a leak-before-break scenario in the great majority of situations, the possi-
bility of large cracks producing only low leakage rates must also be con-
sidered. This could arise becausz of corrosion plugging or fouling of
relatively slowly growing cracks or the relatively uniform growth of a long
crack before penetration. In such cases the time from a small leak to a
significant leak or rupture could be short, depending on crack geometry, pipe
loading, and transient loading (a seismic or water hammer event). Furthermore,
with existing techniques such as sump pump monitoring, no location infor-

mation regarding a leak is available.

The shortcomings in existing leak detection systems are not
simply a matter of conjecture. The Duane Arnold safe-end cracking incidents
and Indian Point Unit 2 fan cooler leakage indicate that the sensitivity and
reliability of current leak detection systems are clearly inadequate in some
cases. In the Duane Arnold case the plant was shut down on the judgment of
the operator when a leak rate of 3 gal/min was detected; however, this leakage
rate is below the required shutdown limit for almost all BWRs (see Fig. 1.1).
Examination of the leaking safe-end showed that cracking had occurred es-
sentially completely around the circumference. The crack was throughwall
over about 20% of the circumference and 50-75% throughwall in the non-leaking

{ Tea.

Simply tightening the current leakage limits is not an adequate
solution to these shortcomings, since this might produce an unacceptably high
number of spurious shutdowns owing to the inability of current leak detection

systems to identify leak sources.

One other safety-related aspect of improved leak detection
systems concerns radiation exposure of plant personnel. Improved systems
with leak location capability could reduce the exposure of personnel inside
the containment and could present an attractive alternative to augmented ISI.
Improved leak detection is consistent with the defense-in-depth philosophy of

the NRC and would lead to earlier detection of system degradation.



2, Technical Progress
a. {ggpar;son'qf Acog;:}qugag Da a from Different Crack Types

Acoustic leak detection data from two IGSCC specimens, two
thermal fatigue cracks (TFCs), and one mechanical fatigue crack (FC) have

now been acquired and analyzed. Figure 1.3 shows photographs of these cracks.

Fig. 1.3. Photographs of Cracks Used in Acoustic Leak Detection Experiments.



The crack widths and lengths at the pipe outer surfaces are indicated in

Table 1.1. Tigure 1.4 shows acoustic leak data from these five cracks.

These data are normalized to an AET-375 transducer on a waveguide with a
water temperature of 260°C (500°F) and pressure of 7.7 MPa (1100 psi). The
largest correction is for the mechanical fatigue crack FC #1. Corrections

for the other data are less than 6 dB. Transducer signals indicated in

Fig. 1.4 are for a 300-400 kHz bandwidth and represent the signal after
electronic noise levels are subtracted. The acoustic signals from the fatigue
cracks vary approximately as (flow rate)o’7, whereas the signals from the

0'37. Frequency analysis also indi-

IGSCC vary approximately as (flow rate)
cates less dependence of acoustic signal on frequency for the IGSCC specimens
than for the fatigue ctacks.2 An analysis of the frequency spectrum may
provide information on the source of acoustic leak signals. The excellent
matching of acoustic leak data in the 300-400 kHz range for the two IGSCC
specimens, despite their different geometries, suggests that it may be possible
to derive flow-rate information from the amplitude of the acoustic leak

signal in this frequency range.

TABLE 1.1. Outer-Surface Lengths and Widths of
Cracks Shown in Fig. 1.3.

Length, Width,
Crack cm Lm
IGSCC #1 0.23 90
IGSCC #2 1.10 60-80
TFC #1 2.64 75-100
TFC #2 1.24 40-100

FC #1 0.52 150-200
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Fig. 1.4. Acoustic Leak Data from the Cracks Shown in Fig. 1.3. Data are
normalized as described in text. Signal amplitudes are for a

300-400 kHz bandwidth after electronic background noise is
subtracted.

Detection of a 'eak requires that S_ =S, - T, = N, + PG > 0,
where Se = signal excess at detector output, S1 = source level (affected by

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

mission loss down pipe, Nl = background noise level, and PG = syitem gain

(all in dB). The acquisition of acoustic leak data, background noise esti-
mates (from Hatch and Watts Bar), and attenuation data allows a rough esti-
mation of the sensitivity of an ALD system under field conditions. Figure 1.5
shows predicted signal-to-noise ratios (in dB) vs distance along a 10-in.
Schedule 80 pipe for three flow rates and three lcvels of estimated acoustic
background noise. The highest level is estimated from the maximum acoustic
level obtained during the Watts Bar hot functional test when the reactor was
at operating temperature and pressure. The lowest level is obtained from an
indirect estimate of background noise from Hatch and the assumptions that

the reactor acoustic background level will vary by a factor of 10 in the



Fig. 1.5.
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plant and that the measurement at Watts Bar was an upper-limit value. The
striped area suggests possible enhancement of the accustic signal for a
0.1-gal/min flow rate in a situation where the leak plume strikes the reflec-
tive insulation. Results of laboratory experiments suggest that for flow
rates greater than 0.02 gal/min but less than 0.2 gal/min, signals could be
enhanced significantly, given the correct circumstances. The following

equation has been used to generate the curves of Fig. 1.5:

[7030’32] r {a.sn for D < 3 m

s =20 log10 B 5.6 + 1.7D for D > 3 n} + {6 if 0.01 <R f»O.l}, (1.1)

\
where S is the signal-to-noise ratio in dB, R is the flow rate in gal/min,

B is the acoustic background level in uV (4, 20, or 40), and D is the distance
from the leak in meters. Equation (1.1) assumes a signal loss of 4.5 dB for
the first 2 m, followed by a further loss of 1.7 dB/m. The acoustic signal

is assumed to vary as (flow rate)o'sz. A 6-dB signal enhancement is added

to the 0.1-gal/min curve to indicate how the presence of reflective insulation
could improve the signal-to-noise ratio. For low acoustic background levels,
a 1 gal/min leak would be detected at a distance of 11 m. With a high back-

ground level, this leak would be detected only at a distance of 1 m.

b. Processing of Acoustic Leak Data

(1) Hardware Accomplishments

Hardware debugging accomplishments for this quarter have
included the elimination of the 100-kHz background signal and the procurement
of non-switching power supplies for the CAMAC crate. The 100-kHz background
signal, first observed at Argonne National Laboratory on November 30, 1983,
and subsequently observed at GARD, appears to have been caused by faulty
electrical connections in the signal conditioner module. When the analog
signal path wiring was firmly secured and connections were resoldered, the

anomalous signal disappeared.
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New power supplies were purchased for the CAMAC crate to
replace the switching supplies originally provided by the vendor. These
samples have been tested and are being hardened for field transport.

(2) Software Accomplishments

Software accomplishments for this quarter have included
the establishment of a precise test procedure for correlogram computation,
the writing of a new correlation subroutine, and the discovery and elimi-
nation of "bugs" in the operator interaction routines. The leak detector's
internal function generator was enhanced to include exponential enveloping
and linear frequency modulation capabilities. With the aid of the latter,
functions with characteristic correlogram patterns were generated and used as
data sets for testing the IEEE FFT-based correlation routines. Autocor-
relograms were computed as expected, but cross-correlograms rarely yielded
the expected results. However, FORTRAN programs computing the straight-
forward time domain solution for the same data set yielded the expected

results,

Because time domain computations written in FORTRAN take
s0 long to execute (5 minutes in our test case) and because the time expend-
iture in analyzing the IEEE correlator insufficiency was felt to be unpre-
dictable at best and prohibitive at worst, a time domain correlation routine
callable from a FORTRAN program was written in 68000 assembler language.
This routine has been tested and found to give excellent results. It also

executes in one-quarter of the time required by the IEEE FFT-based correlator.

Minor software "bugs' that were discovered and fixed
included the inability of the operator to specify display limits when selecting
a display of channel 2 data and inhibition of explicit plotting of exterma in
high-resolution graphic displays.
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(3) Improvement of Data Transfer

A serious bottleneck in the processing of ALD data is in
the transfer of the raw dats from the transient signal recorders in the CAMAC
crate to the host computer system. Currently, the communications link consists
of a Kinetic Systems Model 3989 RS-232 crate controller interfaced to our
Dual Systems 83/20 computer system through a Dual SIO/DMA Intelligent Four-
Port Serial 1/0 board.

The main problems we face are as follows: (1) the
serial I/0 board allows direct memory access (DMA) transfer on output only;
on input, the host CPU must transfer the data one byte at a time into primary
memory; and (2) since the host computer's operating system is a multiuser,
multitasking system, we are allotted only small "time slices" in which to
accomplish the transfer. Apparently, the duration of one such time slice is
not sufficient to allow the transfer of an entire block of data from the

transient signal recorders to the host computer.

These factors forced us to resort to a clumsy, nrogrammed
1/0 type of data transfer. The communications protocol implemented by the
CAMAC crate controller requires that to receive one raw datum (in the single-
byte transfer mode), we must send about 12 bytes to the controller and the..
sort the datum cut of approximately 23 bytes the controller sends back.

Thus, to get one datum, we must transfer roughly 35 bytes.

In our breadboaid system, we typically transfer a block
of 2 kilobytes after each data acquisition interval. Assuming that the
transfer rate is 9600 bits/s (or 960 bytes/s), and ignocing the overhead
involved in internal housekeeping that the host CPU must perform between each

single-byte transfer, this amounts to a transfer time of

(35 bytes/datum) (2048 data points)
(960 bytes/s)

= 75 s/2-kilobyte data block.
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The actual transfer time, if housekeeping is considered, is about 2 min. At
this point, the delay is an inconvenience. Eventually the system will transfer
up to 16 kilobytes per acquisition interval, and the resulting 16-min transfer

time would be intolerable.

To overcome these problems, we have decided to use a bit-
parallel rather than RS-232 byte serial interface. A parallel interf--e is,
with proper handshaking, inherently faster than a serial inter . - A brief
investigation of the commercially available systems for paralle: . erficing
of a CAMAC crate controller to an IEEE-696-standard backplane computer showed

these to be generally too expensive and too inflexible for our needs.

For this reason, we intend to add a parallel port to the
existing (serial interface) crate controller. The crate controller PROM
firmware will be partially rewritten to support parallel transfers. In
addition, we will design an I/0 channel controller for the host computer
system. This controller will have the ability to drive the host's buses on
both output and input operations. Since the controller will have complete
control of the host system's resources during CAMAC crate I/0 operations, the
interference from the host's operating system will be completely avoided.
Using the CAMAC block transfer protocol, we will be able to transfer an
entire block of data at one time, without concern for operating-system house-

keeping activities.

The following example indicates that the above approach
should provide a marked improvement in the data transfer rate. Table 1.2
shows execution times for a series of code segments executed by the CPU
in the crate controller during block data transfers to the S$S-100 parallel

interface card.
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TABLE 1.2. Execution Time for Transfer of Data from
Crate Controller to S-100 Interface

No. of Execution Time,
Machine us (using 5-uHz
Code Cycles clock) Comments
Test @ LDA CRATE_STATUS 13 2.6 Fetch status
AMI CMASK 7 1.4 Test bits
JM STOP 10 2.0 If sign * s
set, tin. <o
stop
JNZ TEST @ 10 2.0 If some other
bit is set,
data not
ready
LDA DATA YTE 13 2.6 Fetch byte
MOV B,A 5 1.0 Save
Test 1 LDA PORT_STATUS 13 2.6 Wait until
port is ready
ANI PMASK 7 1.4
JNZ TFST 1 10 2.0
MOV A,B 5 1.0 Then send byte
STA PORT_OUT 13 2.6
JMP TEST @ 10 2.0
STOP e
TOTAL 116 23.2 us

If none of the loops is executed more than once for each byte transferred
(i.e., if the data source on the CAMAC dataway always has a datum each time
its status is polled, and if the S-100 interface is always able to immediately
accept a datum from the crate controller), then the transfer rate should

be 1/23.2 x 10°° s, or about 43 kilobytes/s.
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The crate-controller code segment shown in Table 1.2 i.
for a polled status mode operation; i.e., the CPU examines the status byte of
the data source and fet:hes a datum whenever it is ready. The crate con-
troller actually operates in an interrupt-driven mode. A "first-in, first-out"
buffer of data from the CAMAC dataway is maiutained, and some additional
housekeeping must be performed to prevent buffer overflow. This housekeeping
will adversely affect the data transfer rate, but will not change its crder

of magnitude.

Additional efforts to speed up the data processing are
being applied in the area of special-purpose signal processing hardware.
As it now stands, the trans..r of acoustic leak data from the transient
signal recorder to S-100 RAM is the single most time-consuming operation in
the entire data reduction process. This situation will change appreciably
when we have modified the CAMAC crate controller-to-5-100 bus interface so
that data can be transferred in parallel rather than serially; a 50-to-1
improvement in transfer time is expected. At that point, the main cause of

delay will become the correlation algorithm itself.

We have implemented the time-domain correlation algorithm
in Motorola MC68000 assembly language; its execution time for processing 1-
kilobyte arrays is approximately 30 s. Because the MC68000 was designed to
be a general-purpose microprocessor, it is not particularly efficient in
carrying out digital signal processing (DSP) computations. For example, it
has no special instructions for performing a sum-of-products (or multiply-
accumulate) operation on an array of data, an operation that is fundamental

to many DSP procedures.

To get exceptional performance in a DSP system, one has
traditionally needed to use an array processor, designed with bipolar bit-
slice components. Bit-slice components are, essentially, the functional
units of a microprocessor [arithmetic logic unit (ALU), microprogram sequencer,
control store, etc.), separated into distinct packages. This segregation
allows the logic designer ro create a customized instruction set. Operations

that are computationally feasible only by means of multiple instruction
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sequences on a general-purpose machine can be implemented in single instruc-
tions on a bit-slice microprocessor. This great flexibility has its price:
Bit-slice machines are costly to develop and use, can be difficult to debug,

and consume more power than MOS microprocessors.

In the past few years, however, semiconductor manufacturers
have introduced single~-chip digital signal processors. These are less ex-
pensive and easier to use than the bit-slice machines, although they are,
for the most part, slower in execution oune notable exception is the Texas
Instruments TMS32010. This device features a 200-ns cycle time and can
execute most of its instructions in a single cycle. For example, a 16 x
16-bit signed integer multiplication can be performed in 200 ns. This enables
the TMS32010 to compute a 64-point discrete Fourier transform (DFT) in about
600 ms. (Compare the typical execution time of the equivalent operations in
an 8-MHz MC68N00: 10 ms for a multiplication and about 10 mm/s for the 64-
point DFT, with an efficient assembly language program.)

Other features of the TMS32010 include a modified Harvard
architecture (permitting overlap of instruction fetch and execution), a 32-
bit ALU/accumulator, a barrel shifter, and 288 bytes of on-chip read/write/
memory. The TMS32010 can address an additional 4096 bytes of external read/
write/memory and has eight 16-bit I/0 ports. At first glance, a 4096-word
memory seems miniscule, but because of the richness of the instruction set,

programs are typically compact.

Texas Instruments provid: = =r.ellent support for this
product. Currently, the company is markes’ n, .« rvaluation module (EVM),
which is a self-contained, single-~bo: o U r with a monitor, a text
editor, an assembler, a reverse assemt «¢r, ans @ software debugging tool, all
in ROM. The EVM has two RS-232 serial ports and an EPROM programmer for
creating firmware for a target system. The EVM can serve as a stand-alone
development system or may be interfaced to a host computer, such as our Dual
Systems 83/20. The host can provide sophisticated design tools whose imple-
mentation would not have been possible in the stand-alone system. Whether
used in a stand-alone or peripheral mode, the EVM has the capability of being
used as an in-circuit emulator when it ‘mes time to debug firmware for a

target system.



In summary, the TMS32010 appears to be a practical and
economical way to speed up our computation of the cross-correlation. Addi-
tionally, any digital preprocessing of the raw acoustic leak signal to com-
pensate for phase distortion introduced by the propagation medium, transducer
nonlinearities, etc. may be efficiently and flexibly programmed into a

IMS32010 subsystem.

Evaluation of Moisture-sensitive Tape

Additional tests have been carried out to help assess the
effectiveness of moisture-sensitive tape for leak detection. Tapes were
supplied by Techmark. Figure 1.6 shows a schematic representation of the
facility used for these tests. Leaks are simulated by feeding water through
a copper tube to the surface of a 10-in. Schedule 80 pi [he tapes are
located at three positions on the bottom o he pipe, which is tilted approxi-
mately 1° as indicated. The pipe is wrapped with either reflective insul-
ation or "soft" insulation (Nu-Kon). The "soft" insulation allows water
vapor to penetrate to 1its outer surface and severely limits the useful range
of the tape. Table 1.3 shows the response time of the pe under various
experimental conditions. With Nu-Kon in place and the t ipe placed directly
below the leak (test 1 a 0.05-gal/min leak could detected in abo

With the ipe n away (test 11), 1e leak could no be detected

However, when the 2ctive insulation was use ’ /) with the same
bination of leak tape positions : in test l, the leak was detected

ibout iU min. e relative positions of leak and tape on a slightly tilted
E F

pipe can have a icant effect on the response time,as indicated bv
data from tests 1-3. h case, the tape was
leak in about 60 min when it was 1 m downstream of

detect the leak even after 150 min from a location

L

As indicated in tests 5 and 7, however, larger leaks can be detected ups

over these relatively short distances. The analysis of these results suggests

i

that moisture-sensitive tape may be useful for the detection of leaks in

reactors. Under the right conditions, the tapes can detect leaks of the

order of 0.01 gal/min. The tapes, however, will be significantly mo

tive in systems that employ reflective insulation. Despite the sensitive




nature of the tapes, they do not provide any quantitative data other than
the location at which the system has been triggered. A large leak a long
distance from the tape could cause the same response as a small leak at a

short distance.

——LEAK SOURCE (1/8" 0D COPPER TUBE)

—RIGHT

STEAM CONTROL~ PLIT INSUL.COVER
NEEDLE VALVE o : PPt

| LEAK SENSOR .
e 7 (RIGHT SIDE
IS LOWER)

PIPE STAND

Ls

Schematic Representation of Facility

Used to Evaluate Moisture-
Sensitive Tape. The

leak source is placed at one of the
indicated positions along the

t
.~
top of the pipe; the leak sensor
the three corresponding positions alo
bottom. Conversion factor: 1 in. = 2.54

is placed at one of ng the

cm.




TABLE 1.3. Response of Moisture-sensitive Tape to Small Leaks

Flow Water Water Response

Tape . Leak a Type of . Rate,d Temperature, Pressare, Time,

Test Location Location™’ Insulation gal/min °F psi min
1 center center R 0.01 500 1000 3.8
2 right center R 0.01 500 1000 60.2
3 left center R 0.01 500 1000 >150.0
4 center right R 0.01 500 1000 >270.0
5 center right R 0.05 480 770 9.7
6 left right R 0.01 500 1000 >270.0
7 left right R 0.05 480 770 10.5
8 center left R 0.05 500 800 0.3
9 right left R 0.05 500 800 0.5
10 left left S 0.05 450 900 12.0
11 left right S 0.05 500 1000 >65.0

85ee Fig. 1.6.

bRight end of pipe was lower than left (1° tilt).

cR = reflective insulation; S = soft insulation (Nu-Kon).

3

dConveraion factors: 1 gal/min = 3800 cmzlmin; °C = (°F - 32)/1.8; 1 psi = 7 x 10° Pa.

12
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B. Analysis of Sensitization (J. Y. Park)

X Introduction

The microstructural changes resulting from thermal exposure, which
produce susceptibility to intergranular corrosion, are collectively known as
sensitization. It is one of the major causative factors in the IGSCC of
austenitic stainless stee’s 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 sensitization
(LTS) phenomenon in Type 304 SS has been demonstrated in laboratory experi-
ments 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 amounts of strain,
dislocation densities, and/or impurity element contents 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 adequately
assessed by conventional measures of the degree of semsitization (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 IGSCC 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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2 Technical Progress

Investigations of the effect of plastic strain on the sensiti-
zation behavior of Type 304 SS have been continued. Type 304 SS specimens
(Heat No. 10285) were heat treated at 1050°C for 0.5 h and at 700°C for 10
minutes in order to nucleate carbide precipitates, and were then plastically
deformed to produce & 5.3% strain. The deformed specimens were aged at
450-600°C, along with control specimens without deformation. The DOS was
measured by the EPR method after short-term aging. The results are summar-
ized in Table 1.4. Although the results are limited to short-term aging,
the specimens with plastic deformation do show larger EPR values than those
without deformation. The increase in EPR value due to Geformation is larger
for higher aging temperatures (600°C/24 h vs 500°C/100 h). Because of slow
sensitization kinetics, it will take longer aging times to see significant
effect at low temperatures. Experiments for different aging conditions,
amount of plastic strain, and heats of material are in progress. Additional
Type 304 SS specimens (Heat Nos. 10285 and 53319) were heat treated at
1050°C for 0.5 h and at 700°C for 10 minutes, and plastically deformed for
0, 2, 5, and 10Z. These specimens will be aged at 289, 315, 350 and 400°C.

Low-temperature aging of the specimens from 4-in.-diameter Type
304 SS (H:at No. 53319) pipe weldments with the IHSI, CRC, HSW, and LPHSW
treatments is continuing. Since the weldments were sensitized rather
severely during welding, as reported earlier,3 the effect of further LTS may
not be fully revealed. ASTM A262-E tests were performed on the HSW specimen
after low-temperature aging at 500°C/24 h. The beneficial effect of HSW
still remained; interjranular penetration in the HAZ was five times smaller
(0.03 cm or 0.01 in.) for HSW than that (0.13 cm or 0.05 in.) for conven-
tional or IHSI-treated weldments.

Scanning transmission electron microscopy (STEM) was performed
on Type 304 SS (Heat No. 10285). Specimens were furnace-sensitized at 650°C
for 4 h, and the EPR value was 11 C/cm2. STEM specimens were prepared by
jet electropolishing of a thin disk in an electrolyte of 30 v/o HNO3 plus
70 v/o methanol at 20 V dc, 24 nA/unz. and -15 to -20°C. Figure 1.7
shows a grain boundacy with carbide precipitates. A depleted chromium
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TABLE 1.4. Eftect of Plastic Strain on Sensitization
of Type 304 SS (Heat No. 10285)

EPR, c/c:m2
Aging Heat Treatmenta -
e=0 € =5.32
No aging 2 2
450°C/1000 h 4 4
500°C/100 h 4 5
500°C/240 h 5 6
550°C/24 h 6 8
600°C/24 h 16 20

aSpecimens were heat treated at 1050°C for 0.5 h and
at 700°C for 10 min prior to plastic strain, and then
aged.

Fig. 1.7. Scanning Transmission Electron Micrograph of
Type 304 SS Specimen.
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concentration of 15.7 wt % {commared to a bulk chiomium concentration of
18.3 wt %) was observed adjacent to the grain boundary. At about 0.15 um
from the grain boundary, the chromium concentration was 17.6 wt %, which is
close to the bulk value. At carbide precipitates, up to 39.6 wt Z chromium
was obtained. These concentrations are averages over the sampling volume,
obtained with a ZOO-Z-diameter electron beam at 100 kV. Further STEM
studies are planned for specimens sensitized by different thermomechanical
treatments, particularly LTS. The results from STEM and CERT, EPR, and ASTM
A262-E tests will be compared.

A specimen of Type 316NG SS (Heat No. P91576) was heat treated
at 700°C for 240 h, and a CERT test was performed in high-purity water with
8 ppm dissolved oxygen at 289°C at a nominal strain rate of 5 x 10-7 s_l.
The specimen failed in a predominantly ductile fracture mode with a uniform
elongation of 25% (Fig. 1.8). A few small areas of brittle transgranular
fracture at the surface of the specimen (maximum depth 0.3 mm and about
0.5% of tocal fracture surface area) were evident; however, intergranular
cracking was nov observed. Even after this severe heat treatment, the EPR
value of the specimen was 4 C/cmz. which is somewhat higher than the pro-
posed critical value (2 C/cmz) for IGSCC. The results confirm that the

nuclear grade material is very resistant to sensitization and to IGSCC in a

high-purity water environment. A duplicate test as well as tests at other

heat treatment conditions will be performed.

Fig. 1.8

Scanning Electron
Micrograph of Type
316NG CERT Speci-
men.
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C. Crack Growth Rate Studies (J. Y. Park and W. J. Shack)

A Introduction

The early instances of IGSCC in operating BWRs generally occurred
in small pipes, and the response to the detection of IGSCC was generally to
repair or replace the cracked piping immediately. It is now clear that for
reactors with standard Type 304 SS piping material, cracking can occur any-
where in the recirculation system, including the main recirculation line.
Because of th. severe economic consequences of long forced outages for re-
pair or replacement, the utilities will consider other approaches for deal-
ing with cracked pipe. The possibilities include continued operation and
monitoring for any subsequent growth for an indefinite period, continued
operation and monitoring until a repair can be scheduled to minimize outage,

and immediate repair and replacement.

Understanding crack growth behavior is, of course, important for
ciher reasons besides assessing the safety implications ~f flawed piping.
A beiter understanding would permit a more rational extrapo.ation of labora-
tory test results to the prediction of behavior in operating plants. Cur-
rent 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.

& Technical Progress

Crack growth rate tests have continued for Type 304 SS (Heat No.
10285) 1TCT specimens C-09, ~11, and ~17 in water with 8 ppm oxygen at 289°C
and 8.3 MPa (1200 psi). The current series of tests will establish (at a
fixed K) the effect of load ratio R and frequency f on the growth rate, and

whether these effects can be understood in terms of the crack-tip strain
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rate. The specimens had been furnace heat treated for 700°C/10 min, with a
subsequent additional treatment 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/c-2 for SPC
C-09, C-17, and C-11, respectively. Growth rates at maximum stress in-
tensities (K ) ranging from 28 to 38 HPa--k; R = 0.5-0.94 and 1; and
£=0,1x10°, 2 x 10
Sawtooth waveforms with an unloading time of 5 s were used for the cyclic-

,» and 1 x 1.0-1 Hz have been reported previously.‘

loading tests. The crack length was continuously monitored by the com-
pliance method with an in-situ clip gage. During the current reporting
period, additional tests were carried out at R = 0.95, f = 2 x 10> Hz, and
K-‘x = 35-39 HP‘-Ik. Figure 1.9 shows crack length vs test time for the
three specimens. Interruptions or changes in the test conditions (R, f, or
K value) occurred at times I through XXI., Average crack propaga:ion rates
were obtained by least-squares iinear regression analysis for each test
condition, and the results, along with those reported previously.a are
summarized in Table 1.5. For this heat of material and these sensitization
conditions, propagation rates are not accelerated by superposed vibrational
loads (R = 0.95) compared with the rates under constant load. In fact, the
rates decrease slightly. The crack lengths for specimens C-09 and C-17
appeared to decrease beyond interruption IX (Fig. 1.9); this suggested that
the clip gages had begun to malfunction. Therefore, average crack propaga-
tion rates were not calculated for specimen C-09, or for specimen C-17

beyond interruption IX.

Pord5 has proposed that the crack growth rate is proportional to

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

Ae" (1.2)

rcscc = A&y -

As discussed in Section I.D below, thir relation is consistent with data
obtained from CERT tests at different strain rates. Analysis of the frac~
ture 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
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Fig. 1.9. Plots of Crack Length vs Time for Heat No. 10285 Specimens.

loading mechanism. Estimates of the crack-tip strain rates in this case can

be obtained from LEFM. Scott and Truswe116 have suggested a relation of the
form

tx=-1/T1n[1-Q1- R)%/21, (1.3)

where T is the rise time for the tensile portion of the load cycle. Related
expressions for crack-tip strains in fatigue have been proposed by Rice7 and
others. Equation (1.2), since it neglects constant-load creep, predicts

éT = (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.
(1.1), predicts that the crack growth rate is independent of K. This pre-
diction is contradicted by many experimental observations. Estimates of the
crack-tip strain rate obtained from Eq. (1.2) are included in Table 1.5 for
the tests on Heat No. 10285 where both R and f are varied. Figure 1.10

shows the crack-tip strain rate vs crack growth rate. As reported earlier,



5 HPC-Ik a, m/s

29
1@

(Heat No. 10285) Sensitized to Two Different Levels
CT. s

Crack Propagation Rates in Type 304 SS Specimens
and Tested in 289°C Water with 8 ppm 0,

TABLE 1.5.

o000 C SO o cocoCcOooOoo
DAOAORORDR RORORDRORDRORDROROND
CO0CO0OO0CO00O0O0O 0O OoCOoOOLOODOO
L B B e e R e I e R e I I e e

KoM oMM MMM XM MMM XK XX XX
2956966495‘4419750

o oo
— ——
! 11

33-34
36-37
37-38
31-32
30-31
30-33
32-33
30-31
32-33
31-32
34-36
29-32
30-31
30-31
31-32
35-36
36-37
38-39

TN NN NN TOOY
pe g . 9 % 8 0 5 8 8 B B 8 0
COO0O0CO0CO0COO0O0COO0O0OOD0O0O
Ll B B e B e I B R e I I I ]

Pl % 5 % 3 % % M XXM X XK XX
RN OMOOMN N - N NN

- LI T D U L R D Y .- . .

MANNSMOANO T T T NN N

EPR = 4 C/c-2

o T N NN
555677778899999

COO X ¥ M X % M X % % X X %X % % ¥
NN NN NI NS e NN N

32-33
30-32
28-29
30

EPR = 15 C/cn2

%, = - UTIn [1- (1 -R2/2).



10 llrllrrllltlHlIrl

L]
|

T
|

1
1

CRACK PROPAGATION RATE (m/s)

102~ : R -
, e *® -l
- ¢ o
TANT *.°
- - -
1 N o
IO"° L L1l 1 L1l L 111 L i 44
10-7 10-6 10-% 10-4 10-3

CRACK-TIP STRAIN RATE (s7) = = & tn [I-(I-R)%2]

Fig. 1.10. Crack Propagation Rate vs Crack-Tip Strain
Rate for Type 304 SS (Heat No. 10285).

no significant correlation can be established between the propagation rate
and the estimate of crack-tip strain rate. The correlation is being re-
examined with an alternative estimate of crack-tip strain rate based on LEFM
with an additional semi-empirical term for constant-load creep deformation
at the tip. The crack growth rate tests are continuing with R = 0.95,
f=2x 10-'3 Hz, and K-.‘ = 39 HPa-na for a longer crack length.

Electrical potential drop methods for crack length measurement
have been studied. The sensitivity and stability of the A.C. system was
im; oved. Room temperature tests show a sensitivity of 1.2 V/in. of crack
extension, a crack length uncertainty due to temperature changes of less
than 6.6 x 10~ cm/°C (2.6 x 10™ 1n./°C), and a stability of 2.5 x 107>
cm/day (21 x 10-3 in./day). The next tests will be fatigue crack growth
tests in high-purity water at 289°C to calibrate the ac potential system.
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D. Evaluation of Nonenvironmental Corrective Actions (P. S. Maiya and
W. J. Shack)

s Int:oduction

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 alternative materials that are inherently more resistant
to IGSCC.

The objective of the current work is an independent assessment of
the proposed remedies developed by the utilities and the vendors. Addi-
tional 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 alternative materials and
studies of the residual stress distributions associated with weld overlays.

2 Technical Progress

a. Impurity and Strain Rate Effects

CERT tests are continuing on Types 316NG (Heat No. P91576),
316 (Heat No. 0590019), and 304 SS (Heat No. 53319) in oxygenated water (0.2
and 8 ppm 0,) with or without Cl™ and 802- impurities. Specimens are tested
in the solution-annealed (1050°C/0.5 h) and solution-annealed and aged
(600-700°/2~24 h) conditions. The impurity levels in the initial studies

were chosen to be consistent with the operating limits under off-normal
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conditions; currently, the impurity levels are within the limits recommended
by Reg. Guide 1.56 for normal reactor operating conditions. The %ests were
5 and 10"8 l—l. SCC susceptibility has
been quantified in terms of CERT parameters such as average crack growth

conducted at strain rates between 10~

rate, time to failure, and maximum crack length.

As has been discussed in earlier rcportl.a’9

although
Type 316NG SS is extremely resistant to IGSCC, it can exhibit TGSCC sus-
ceptibility in water chemistries consistent with Reg. Guide 1.56 (e.g.,

0.2 ppm 02 + 0.1 ppm 802-). However, the average crack growth rate, a

av’

is lower than the intergranular crack growth rates observed in sensitized
Types 304 and 316 SS in the same environments.

The effect of oxygen on the relative SCC susceptibility of
Types 304, 316, and 316NG SS in water containing 0.1 ppm 803- for several
heat treatments and strain rates is shown in Table 1.6. Wheu the dissolved
oxygen level decreases from 8 to 0.2 ppm, ‘av (IGSCC) decreases by a factor
of 3 for Type 304 SS (EPR = 24 C/cnz) and by a factor of 2 for Type 316 SS
(EPR = 17 C/cnz). but ‘uv (TGSCC) for 316NG SS remains unaffected. These
results suggest that TGSCC in 316NG is less sensitive to dissolved oxygen
levels than IGSCC in conventional materials, at least over the range con-
sidered.

In tests at dissolved oxygen levels typical of BWRs
(~0.2 ppm) and at impurity levels consistent with current water chemistry
limits, the transgranular crack growth rates in Type 316NG SS are approx=-
imately a factor of 5 slower than the intergranular crack growth rates in
Type 304 SS and approximately a factor of 3 slower than those in Type 316 SS
when the data are compared at the same strain rate (the estimated &  for
Type 316 SS at 1 x 1070 6”1 18 4.3 x 10”7 £
magnitude difference in crack growth rates between Types 316NG and 316 SS
2 and 0.5 ppm C1™ 1s

significantly reduced in environments more characteristic of reactors.

cm/s8). Thus, the order-of-

observed in a more aggressive environment with 8 ppm 0
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TABLE 1.6. Effect of Oxygen on the Relative Susceptibility of
Types 304, 316, and 316NG SS Tested in 289°C Water
with 0.1 ppm SO, and 0.2 or 8 ppm O

4 2
a4 , cm/s
Material Heat Treatment? & o o
0.2 ppm 02 8 ppm 02
L -6 o o
Type 304 SA + 600°C/24 h 1.0 % 10 7.26 x 10 2.1 = 10_6
2.13 x 10
Type 316 SA + 650°C/24 h 2.0 x 10°  5.23x100) 1.0 x 107°
5.27 x 10
o -6 -7 "7
Type 316NG SA + 650°C/24 h 1.0 x 10 1.4 x 10 1.5 2 10

‘SA = golution annealed.

In a previous rcport.9 we discussed the development of a
phenomenological model for IGSCC susceptibility, which describes the effects
of the applied strain rate on IGSCC. In the strain-rate regime where the
susceptibility to IGSCC increases with a decrease in strain rate, the model
gives simple power-law correlations between ¢ and parameters such as iav and
tige to failure. The model is based on an estimate of the crack-tip strain
obtained by use of a J-integral approach, the slip-dissolution model of
Ford,lo and a J-integral fracture criterion. Since the slip-dissolution
model does not distinguish between IGSCC and TGSCC, the results observed for
Type 316NG SS should also be consistent with the model.

Since a detailed description of the model has been reported

9,11

previously, we outline only the essential ingredients and show the

comparison between the results of the analysis and CERT results on TGSCC in
T,pe 31ANG SS. For a fully plastic material containing a crack in a uniform

strain {ield, the crack-tip strain rate is given byg'l1

™ |
RS

’ (1.4)
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where € and € are the nominal strain and strain rate, respectively, and a
and & are the crack length and crack growth rate, respectively. Using the
slip~dissolution model proposed by Ford, one obtains the following relation-
ship between the crack growth rate and the crack-tip strain rate or the
nominal strain rate:

o.s

"‘*r(%*%) : (1.5)

where AT is a constant. The exact solution of Eq. (1.5) for CERT tests is

8 - AT/6T . (1’6)
Defining a = ag and ¢ = te at failure, Eq. (1.6) becomes
0.5
a, = Atf . (1.7)

The experimental results observed for Types 316 and 316NG SS are in good
agreement with Eq. (1.), as can be seen from Fig. 1.11, in which the time
to failure has been corrected for a small crack initiation time to (i.e.,
5 tf). Equation (1.7) is not in itself sufficient to determine tes an
additional fracture criterion is required. In the model, we assume that the
failure of the specimen occurs when the J-integral approaches the value Jc’
which c2n be related to £g and a, as follows:

n+l

Jc = th ag (1.8)

where JC depends on the material and geometry but is independent of &, C is

a material parameter related to plastic modulus, and €, is the strain at

f
failure (v étf). A log-log plot of a. as a function of € (Fig. 1.12)

yields a straight line (within the limits of experimental scatter) with a
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Fig. 1.11. Log-Log Plots of Crack Length at Failure (a.) vs Failure Time
(Corrected for Crack Initiation Time) in Tests Conducted at
Different Strain Rates.
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slope equal to -1.13. From this slope, the value of n is found to be about
0.13. (Higher values of power law exponent are usually quoted for stainless
steel. However, they are based on a description of the stress-strain
behavior over a wide range of strains; n ~ 0.13 is a fairly typical value at
large strains [near fracture] and is in good agreement with the value
determined from a true-stress/true-strain analysis of the data for large
strains.) Since n is small, Eq. (1.8) can be simplified to

Jc = C:faf a (1.9)
The data for Types 316NG and 316 SS in Fig. (1.12) can be combined since the
fracture-characterizing parameter Jc (or, more specifically, JC/C) is
approximately the same for the two materials, as can be seen from Table 1.7.
Since € ttf and 4 ~ af/tf. Eqs. (1.8) and (1.9) can be combined to derive
correlations between the SCC (both IGSCC and TGSCC) susceptibillcy
parameters and the strain rate, as follows:

e = (3 /a0)3 3 (1.10)
ag = A(JC/AC)1/3 13 3 (1.11)
te = (/40023 &2 | ang (1.12)
i, = atacra P 3 (1.13)

As for the case of IGSCC, good agreement is obtained between
the results of the analysis and CERT results on TGSCC for Type 316NG S8 over
a fairly wide range of strain rates. As shown in Figs. 1.13 and 1.14,
respectively, log-log plots of i.v and t; as a function of & yield straight
lines with slopes that are in good agreement with the strain rate exponents
predicted by Eqs. (1.13) and (1.12), respectively.
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TABLE 1.7. Values of J./C (cm) for Types 316 and 316NG SS
Tested at Different Strain Rates in 289°C Water
with 8 ppm 02 and 0.5 ppm Cl1

Ao o™ Type Type
’ 316 SS 316NG SS
1x 1070 0.0193 -
-6
2 x 10 0.0355 0.0193
0.0224
0.0195
1x 1078 0.0279 -
4 x 10”7 0.0241 0.0442
0.0257
2 x 1077 0.0332 -
1x 10" “ 0.0437
0.028 + 0.0072 0.029 + 0.012
a
(Jc/c)av'
10" TTTTT T TTTTI T
E I [ ALY B 2
~  TYPES 368 3I6NG SS (289°C) =
[ SA + 650°C/24h -
| 8ppm Oy + 0.5 ppm C2~ -
€*1.0% 00" | um
- pu—
-6 316 $S,16SCC

v - E Ogv* 2.25 x 1074 (€)93% e/~

§ b -

H P -

0 e o

- D 316 ss,T6SCC
107" b~ dgv* 2,13 %1078 (¢ P3 emss
- =
3”0-0" o AT R
3x10°8 107 10~ 10-%
STRAIN RATE (s™)
Fig. 1.13. Correlation between Average IGSCC or TGSCC Growth Rate

(i.v) and Strain Rate (¢).
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An average crack-tip strain rate, I&. can be defined as
follows:

1 f
IT = E—_-To' / l.rdt R (1.14)

9,11

Substituting from Eq. (1.4) and performing the integration, one obtains

| 4 a
TT -t—-{—t—- 1n-;£0 1n-.—f- . (1.15)
f 0 0 0

As shown in Fig. 1.15, the average crack growth rate is proportional to the
square root of the average crack-tip strain rate for both TGSCC and IGSCC.
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Additional experiments are being performed in
reactor-type environments over a wide range of strain rates to determine the
relative susceptibility to TGSCC of solution-annealed Types 304 and 316NG
§S. Also, experiments are being planned to delineate the role of impurities
insofar as TGSCC susceptibility is concerned, and additicnal heets of 316NG
§S are being tested to evaluate heat-to-heat variations in cracking
susceptibility.

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

Stress relaxation experiments are being performed to deter-
mine the stress/strain/etrain-rate relations of Types 304 and 316 SS for
different material conditions (¢ ,., svlution annealed, sensitized). These
constitutive equations are required in order to use laboratory results
obtained under idealized loading histories (CERT, pipe, constant load tests,
etc.) to predict behavior under the loading histories encountered under

reactor operating conditions. Measurements have been made on Type 316 §§

(Heat No. 0590019) and Type 304 SS (Heat No. 53319) at temperatures of 28 to
-10

289°C over a wide range of strain rates (10-‘ to 10 l-l) at different
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plastic strains (0.5-8.0%). Experiments on the materials in the as-
received, solution-annealed, and solution-annealed and sensitized conditions
at 600-650°C/24-50 h have been completed at 28°C, and plans are under way to
perform similar experiments on Type 304 SS at 289°C. The results of the
analysis for Type 316 SS showed that the constitutive lquationl? governing
the glide friction-controlled flow, namely,

M
g - g%
o "(T‘) (1.16)
or
1/M
L +(I“:) @)/ (1.17)

(where a4* is the glide friction rate parameter, o is the stress, o* is the
herdness, G is the shear modulus, and M and m are constants), described the
data obtained at non-elastic strains >1.0% fairly well over a wide range of
strain rates. The data obtained for ¢, * 1.5Z2 (where €, = initial non-
elastic strain prior to relaxation) can be fit by assuming that M is
approximately constant over a range of strains between 1.5 and 8.0%, while
permitting &% over the same range of strains to vary by more than an order

of magnitude. However, the assumption of a constant (GH/i*)I/" in Eq.

(1.17) describes the data equally wcll.ll

One of the assumptions in the use of Eq. (1.16) 1is the
constancy of the hardness parameter o* and the rate constant &* during the
relaxation process. As can be seen from Fig. 1.16, the change in strain
during a test is small when &, > 1,5%, but it can be when ., ¢ 1.02. 1In
addition, strain-aging effects in austenitic stainless steels can be signi-
ficant at low temperatures. Recently, the possibility of changing coeffi-
cients in Eq. (1.16) as a result of effects associated with strain aging has

been discussed by Hannula and L1.13

To cbtain better insight into the con-
stitutive equation, the stress relaxation data obtained for 316 SS at 28°C

at strains between 0,5-8% have been reexamined. Again, the best fit of the
data 1s obtained by assuming that M is approximately constant (M = 14 ¢ 0.7)

but that 4* {s not a constant.
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Fig. 1.16. Stress Relaxation Behavior at Low Strains.

To examine whether a* varies systematically with o* in dif-
ferent relaxation tests, M was held constant at 14, and the values of a&* and
o* were determined. The results are shown in Table 1.8. The value of a*
decreases systematically with an increase in o*, The relation between a*
and o* can be described by a power law, as can be seen from Fig. 1.17, and
the variations in the values of the coefficients can be interpreted in a
qualitative lnnnerl3 in terms of the dislocation density and mobility, both
of which are affected by non-elastic strains and strain aging effects in
these materials. The duta obtained at ¢ > 10”0 &~} for €, = 0.58% can be
described well by Eq. (1.16). However, there appears to be some anomaloue
behavior at & < 10"“ s-l (see Fig. 1.18). Attempts to force a fit of the
data at & < 1u'° resulted in a decrease in the value of a* from 6 x 1039 to
I x 1039 s-l. lhe difference in the relaxation behavior at é > 10-8 3-1 and
at ¢ < 10-' l-l cannot be attributed .o temperature variation and appears to

be a real effect,
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TABLE 1.8. Stress Relaxation Data for Solution-annealed and Aged
Type 316 SS Tested at 28°C

s, 940 ok, ‘:i
z MPa MPa 8
0.58-0.672 257 193 6.1 x 1057
1.77-1.84 284 224 5.6 x 10°7
2.91-2.99 313 249 1.6 x 1057
3.79-3.86 342 279 1.6 x 107
5.80-5.88 375 305 4.3 x 1078
7.38-7.46 408 334 1.5 x 10°8
.Data obtained for & < 10-8 are not considered (see
the text).
'000_ g 1 1 T 17171 ITI k | T ey
- TYPE 316 SS,28°C -
 SA + 650°C/50 h 3
[ e=o06-75% q
g - F .
» o o o
b \
i ()
100 ‘e AL lli 1 1 -
10 0% 10%0
a™ (s™)

Fig. 1.17. Correlation between Hardness (o*) and Glide Friction Rate
Parameter (4*) over a Wide Range of Non-Elastic Strains.
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Fig. 1.18. Change in Non-Elastic Strain vs Initial Non-Elastic
Strain for Different Stress Relaxation Runs.

c. Measurement of Residual Stresses Produced by Weld Overlays

Inner-surface and throughwall axial residual stresses have
been measured on the minioverlay mock-up supplied by Georgia Power and
NUTECH for analysis. The weldment was fabricated from 12-in. Schedule 100
pipe by use of overlay welding procedures identical with those used in the
repairs on the Hatch reactors. Different weld-prep geometries were used on
the two sides of the weld. One was a long, smooth geometry typical of that
used in Hatch 1, and the other was a short, angular geometry typical of that
used in Hatch 2., Measurements were made at seven axial locations on the
side with the long weld-prep geometry and six axial locations on the side
with the short weld-prep geometry. The axia. locations are indicated in
Fig. 1.19. The inner-surface stresses were examined at four azimuths, and
throughwall stresses were measured at one azimuth (45°). (Stresses were not
measured at all the intended locatinns, since several gauges were lost
during the strain relief process.) Miniature 60° strain-gauge rosettes
(Micro~Measurements EA-09-030YB-120) with an active length of 0.76 mm (30

mils) were used.
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Fig. 1.19. Axial Residual Stresses on the Inner Surface at Four
Azimuths of the Minioverlay Mock-Up Weldment.

After the complete weldment was instrumented, full-thickness
specimens 63 mm wide and 340 mm long were cut from the weldment at the four
azimuthal positions where the strain gauges were mounted. The stress
changes measured on the inner and outer surfaces during this process can be
used to calculate the net forces and moments acting on the specimens before
they were cut from the complete weldment. However, they are not accurate
measures of the actual stresses on the inner and outer surfaces, since
substantial self-equilibrating stresses remain in the full-thickness
specimens. To determine the actual stresses on the inner surface, a thin
slab (3 mm thick) was removed from the inner surface of each specimen by
electrical discharge machining. This provides almost complete stress relief

for the gauges on the inner surface.

To determine the throughwall distribution of stresses in the
weldment, thin layers of material were removed from the inner surface by
milling. The resultant strain relief measured by the gauges mounted on the
outer surface of the weldment was used to compute the throughwall stress
distribution. A detailed discussion of the experimental procedures and

analysis used was given in Ref. 14.



45

For both weld prep geometries, the overlay was very success-
ful in inducing compressive residual stresses on the inner surface of the
weldment, as shown in Figs. 1.19 and 1.20. The measured results are in
general agreement with the finite element predictions supplied by NUTECH;
the residual stresses show a general decrease with distance from the weld
fusion line, with the compressive residual stresses reaching a peak at the
end of the overlay. However, the measured residual stresses on the inner
surface are significantly more compressive than those predicted by the
calculations. The finite-element calculations also show some very rapid
oscillations near the weld fusion line. The experimental results do show
more scatter near the fusion line, which is consistent with this prediction,

but it is difficult to resolve stress gradients on this scale.
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Fig. 1.20. Circumferential Residual Stresses on the Inner Surface at
Four Azimuths of the Minioverlay Mock-~Up Weldment,

In Figs. 1.21-1.29, the throughwall residual stresses are
plotted in terms of a nondimensional depth. For gauge positions 1l-4, the
depth is nondimensionalized with respect to the total thickness, l.e., wall
plus overlay; at gauge position 6, there is no overlay, and the depths are
nondimensionalized with respect to the wall thickness. As expected, the
stresses are strongly compressive on the inner portion of the wall! and
tensile on the outer portion. For reasons that are not completely clear,
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the data for the outer half of the wall on the side of the pipe with the
short weld-prep geometry are unreliable. Readings from the gauges oscil-
lated widely; it may be that the protective coating on the gauges on that
side of the weld failed. Therefcre, Figs. 1.26-1.29 show only the data for
the inner half of the wall. Again, the trends are roughly similar to the
finite-element results except that the stresses start out more compressive
on the inner surface. The experimental results also show some curvature
near the inner and outer surfaces that is not apparent in the finite-element

results.

These results should not be interpreted to mean that the
overlay will be effective for cracks roughly halfway through the wall and
ineffective for deeper cracks. As indicated by the finite-element results
reported in Ref. 15, the presence of a crack strongly perturbs the stresses
produced by the overlay process. These results do confirm the analytical
predictions of strongly compressive stress fields produced on the inner
surface by the overlay, but other types of tests are needed to verify the

predicted stress fields at crack tips.

N e
40 60
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Fig. 1.21. Throughwall Axial Residual Stress at Gauge Position 1
on the Long Weld-Prep Geometry Side of the Minioverlay
Mock~Up Weldment.
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Fig. 1.23. Throughwall Axial Residual Stress at Gauge Position 3 on the

Long Weld-Prep Geometry Side of the Minioverlay Mock-Up Weld-
ment.
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Fig. 1.24. Throughwall Axial Residual Stress at Gauge Position 4 on the
Long Weld-Prep Geometry Side of the Minioverlay Mock-Up Weld-
mnt -
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Fig. 1.25. Throughwall Axial Residual Stress at Gauge Position 6 on the
Long Weld-Prep Geometry Side of the Minioverlay Mock-Up Weld-
ment.
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Fig. 1.28. Throughwall Axial Residual Stress at Gauge Position 3 on the
Short Weld-Prep Geometry Side of \“e Minioverlay Mock-Up
Weldment.
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Fig. 1.29. Throughwall Axial Residual Stress at Gauge Position 4 on the
Short Weld-Prep Geometry Side of the Minioverlay Mock-Up

Weldment.
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E. Evaluation of Environmental Corrective Actions (W. E. Ruther, W. K.
Soppet, and T. F. Kassner)

1. Introduction

The potential effectiveness of proposed actions to solve or mitigate
the problem of IGSCC in BWR piping and safe ends through modifications of the
water chemistry is being evaluated. 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., H,S80, from decomposition of
ion exchange resins during periodic intrusions into the primary system) on the
IGSCC susceptibility and crack growth properties of sensitized Type 304 SS
have not been investigated adequately. 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 of pH (5.6 to 8.6 at 25°C) and specific conductance (<1 uS/cm at 25°C)

of the reactor coolant water.

During this reporting period, additional results have been obtained
from constant-extension-rate-tensile (CERT) tests on a reference heat of Type
304 SS. The influence of the degree of sensitization of the material on the
SCC susceptibility has been evaluated over a wider range in 289°C water
containing 0.2 and 1.0 ppm dissolved oxygen without and with 0.1 ppm sulfate
as H,80,. This information supplements results reported previously"’.18
pertaining to the influence of water quality on the SCC behavior of this heat
of material in the lightly (EPR = 2 C/cm?) and moderately (EPR = 20 C/em?)
sensitized conditions. Information on the rate of intergranular and trans-
granular crack propagation obtained from the CERT specimens was correlated
with the open-circuit corrcsion potential of Type 304 SS, which was determined
in each experiment, as well as the dissolved oxygen concentration of the
feedwater for several conductivity values ir the range of £0.2 to 70 uS/cm.
The influence of water chemistry transients that involve the dissolved oxygen
and sulfate concentration of the feedwater on the crack growth behavior of the
steel under low-frequency, moderate-stress—intensity, and high-load-ratio (R)

loading also is being evaluated at 289°C.
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2, Influence of the Degree of Sensitization on the SCC Sulccgtibilttz
of Type 304 SS in Simulated BWR-Quality Water

The influence of dissolved oxygen, hydrogen, and sulfate (as 82806)
on the SCC susceptibility of Type 304 SS sensitized to EPR values of 2 and
20 C/cn2 has been investigated in considerable detail at 289°C and a strain
rate of 1 x 10"6 a'l. Depending on the dissolved oxygen and sulfate corcen-
tration of the feedwater, the SCC susceptibility in terms of the time to
failure and fracture morphology of the specimens differed considerably. To
obtain better perspective on the role of the environment and the degree of
sensitization on the SCC behavior of the steel, a series of CERT experiments
was performed in 289°C water containing 0.2 and 1.0 ppm dissolved oxygen
without and with 0.1 ppm sulfate as H,50,. The specimens were solution
annealed for 0.5 h at 1050°C and water quenched (EPR = 0 C/c.z) and then heat
treated for 0.25, 0.67, 2, 12, and 24 h at 700°C to produce EPR values of 3,
8, 14, 20, and 30 C/cnz. respectively. Specimens that received an LTS heat
treatment at 500°C for 24 h after an initial treatment at 700°C for 0.25 h had
an EPR value of 2 C/em? based on numerous measurementsa. The relationehip
between the degree cf sensitization in terms of the reactivation charge (EPR
value) determined by the EPR techniquelg’zo and the heat treatment time at
700°C is shown in Fig. 1.30 for heat number 30956.

Results of CERT experiments on specimens with different heat
treatments corresponding to EPR values between 0 and 30 C/cn2 are given in
Table 1.9 and are plotted in Figs. 1.31 and 1.32 for dissolved oxygen concen=
trations in the feedwater of 0.2 and 1.0 ppm, respectively. The curves in
Fig. 1.31 indicate the highest degree of IGSCC susceptibility at a sensitiza-
tion of ~8 C/c-2 and a decrease in susceptibility for higher levels of sen-
sitization in both the high-purity water and water with 0.1 ppm sulfate at a
dissolved oxygen concentration of 0.2 ppm. In the impurity environment, the
specimen with the LTS heat treatment exhibited maximum IGSCC susceptibility,
whereas the fracture mode was transgranular in high-purity water. For a
dissolved oxygen concentration of 1 ppm, the curves in Fig. 1.32 indicate that
the degree of sensitization has a relatively small effect on the degree of
IGSCC susceptibility over the range of EPR values between ~2 and 30 C/cnz.
The premise that higher levels of sensitization are indicative of greater
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Fig. 1.30. Degree of Seusitization of Type 304 SS from Reactivation
Charge Measurements by the Electrochemical Potentiokinetic
Reactivation (EPR) Technique as a Function of Heat Treatment

Time at 700°C.



TABLE 1.9. niluence of the Degree of Sensitization (EPR Value) on the SCC Susceptibility of
Type 304 SS Specimens® (Heat No. 30956) in 289°C Water Containing 0.2 and 1.0 ppm
Dissolved Oxygen with and without 0.1 ppm Sulfate (as stoa)

Feedwater Chemistry Failure Maxisum Total Keduction
Tes:! :n.z Oxygen, Sulfate, Cond., pH at Time, Stress, Elong., in Area,
No . C/em ppm ppm uS/cm 25°C h MPa z z Fracture Morphology®
73 30 0.96 0 0.12 6.24 85 468 3 33 0.55D, 0.4564
70 20 0.92 0 0.07 6.41 84 447 30 3% 0.71D, 0.291
86 8 0.95 0 0.16 6.20 78 396 28 47 0.33D, 0.671
77 3 0.87 0 0.11 6.25 91 463 33 49 0.46D, .54G4
7 2 0.87 0 0.0 3 6.29 69 393 25 27 0.40D, 0.60G3
90 29 0.99 0 0.11 6.14 71 400 26 42 0.42D, 0.58G3
72 0 0.91 0 0.10 6.24 144 518 s2 53 0.58D, 0.42T
80 30 0.99 0.1 0.89 5.77 60 354 21 27 0.21D, 0.791
81 20 1.07 0.1 0.90 5.73 50 319 18 20 0.30D, 0.701
82 8 1.04 0.1 0.89 5.76 39 266 14 16 0.230, 0.771
78 3 0.94 0.1 0.88 5.71 62 n 22 25 0.35D, 0.65G4
79 24 0.98 0.1 0.88 5.72 50 325 18 29 0.18D, 0.8263
89 0 1.07 0.1 .89 5.71 133 521 48 56 0.79D, 0.21T
75 30 0.18% 0 0.10 6.26 143 516 51 62 0.81D, 0.19T
8 20 0.20 0 0.20 6.80 119 512 42 A5 0.32D, 0.68G,
87 - 6.23 0 0.09 6.20 100 411 36 46 0.42D, 0.5864
76 3 0.19 0 0.14 6.35 158 525 57 76 1.00D
2 24 0.25 0 0.20 6.80C 143 492 50 52 0.69D, 0.31T
83 30 0.23 0.1 0.90 5.73 65 389 23 31 0.46D, 0.541
13 20 0.22 0.1 0.90 5.80 78 439 27 37 0.38D, 0.43T, 0.191
85 8 0.26 0.1 0.90 5.75 49 325 18 21 0.31b, 0.691
84 3 0.26 0.1 0.90 5.73 68 419 25 26 0.38D, 0.626
17 0.18 0.1 0.90 5.80 49 315 18 10 0.08D, 0.06G5, 0.861
88 0 0.26 0.1 0.89 5.78 152 517 55 67 1.00D

3gpecimens were exposed to the environment for ~20 h at 289°C before straining at a rate of 1 x 107¢ ¢71,

"Spcctunl were solution annealed for 0.5 h at 1050°C and water quenched (EPR = 0 C/cm?) and then heat treated at 700°C for
0.25, 0.67, 2, 12, and 24 h to produce EPR values of 3, 8, 14, 20, and 30 C/cm®, respectively.

Ductile (D), transgranular (T), granulated (G), intergranular (1), in terms of the fraction of the reduced cross-sectional
area. Characterization of the fracture surface morphologies is in accordance with the illustrations and definitions provided
in Alternate Alloys for BWR Pi lications: Sixth Semiannual Progress Report, April-Seprember 198U, General Electric

‘Spcctulu received a low-temperature-sensitization (LTS) heat treatment at 500°C for 24 h after an initial treatment at
700°C for 0.25 h. ’

€peedwater contained 2.0 ppm dissolved hydrogen.

%S
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susceptibility to IGSCC is not valid based on these results. The deleterious
effect of 0.1 ppm sulfate on 1GSCC of sensitized Type 304 SS is evident in
both figures, however. The solution-annealed material (EPR = 0 C/cmz) failed
in an entirely ductile manner in high-purity water with 0.2 ppm oxygen and
exhibited a ductile plus transgranular failure mode in the other environments.

3. Correlation of Crack Growth Data from CERT Experiments on Sensitized
Type 304 55 at 289°C with Dissolved Oxygen Concentration and
Conductivity of the Feedwater

The rate of intergranular or transgranular crack growth of the sen-
sitized Type 304 SS h2s been evaluated from CERT experiments in 289°C water
with different concentrations of dissolved oxygen, hydrogen, and sulfate as
Hy)S0,. The maximum depth of stress corrosion crack propagation on the
fracture surface of each of the CERT specimens was determined from enlarged
photomicrographs of known magnification. This information was used with time
increments from the onset of yield to the time of maximum load on the load
versus time curve to obtain a crack growth rate. A schematic of a typical
load-time curve and a fracture surface that illustrates the clear demarkation
between the intergranular (dark) and the ductile (light) failure regions on
the surface is shown in Fig. 1.33. The crack growth rate in these experiments
was obtained by dividing the maximum radial depth of SCC penetration from the
outer surface of the specimen by the time interval denoted by t. in the
figure. The strain or time at which stress corrosion cracks initiate in a
CERT test depends on the environment (i.e., the sulfate and dissolved oxygen
concentrations) as well as on the tenperature.zl At 288°C, the strain to
initiation was between ~5.5 and 2.5% for sensitized Type 304 SS specinens21
in water with 0.2 ppm dissolved oxygen and conductivities between (.l and
55 uS/cm at a strain rate of ~3 x 10~/ 1, Also, it is probable that the
onset of ductile failure in the central region of the specimen in our exper=
iments occurs at a time prior to the point of maximum load based on the
decrease in the amplitude and the eventual disappearance of the serrations
on the load-time curve as the point of maximum load is approached. Thus, the
actual stress corrosion crack growth rates may be somewhat higher than the
values reported in Tables 1.10 to 1.13 with information on the degree ot
sensitizat.on of the material, feedwater chemistry, fracture mode, and the

electrochemical potentials of Type 304 SS and platinum electrodes at 289°C.



Crack Growth Rates Obtained from CERT Experiments on Sensitized Type 304 SS

. a /1 . NnQ e \ y o y . ¢ "4 "4
Specimens® (Heat No. 30956) in 289°C Water (<0.2 uS/cm) with Different Dissolved
Cxygen and Hydrogen Concentrations

reedwater Lhemistry

Hydreogen sulfate, pH | Typ - . . " Fracture
ppm P i S/¢ it mV (St ) Morphology

x
x
x
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8Specimens exposed the en ; r { h 289°C before straining

D 3
Heat treatment that orrespond to the degree f sengitization determined by ctrochemical potentiokin

reactivatior EPR »c hn ye (reactivatio hange values ca” are as tollows: 7QO%( plus S00°C/24 h, EPR =

4 «295 h, EFR - Prg ) .6 h, EPR = 8 C/cmf 7 ( C/12 h, EPR = 2 C/cm*; and 700°C/24 h, EPR = 30 C/cm“.

SCC growth rates are based on measuremen > > the longest crack in an enlarged micrograph of the fracture surface

and the time period from the onset I yle t o nt of maximum load on the tensile curve.
9pucttle (D), transgranular (T), granulated (G), and intergranular (1) characterization of the . ture surface morphologies
in accordance with the illustrations and definitions provided in Alternate Alloys for BWK Applicsa ions: sixth Seamiannual
Progress Report, April-September 1980, General Electric Company Report NEDC-23750-8, pp. 5-70 to 5-8l.




TABLE 1.11. Crack Growth Rates Obtained from CERT Experiments on Sensitized Type 304 SS
Specimens® (Heat No. 30956) in 289°C Water (~0.9 uS/cm) with 0.1 ppm Sulfate as
H,S0, and Different Dissolved Oxygen and Hydrogen Concentrations

. Feedwater Chemistry Potentials o e
Run m.’ Uxygen, Hydrogen, Sulfate, pH at Cond., pe S, v SCC Growth kate, F -acture
No. Clem? ppm ppm ppm 25°C uS/cm mV(SHE) aV(SHE) mme b~} mes™! ¥..phology?
22 1 7.0 0 0.1 5.80  0.90 185 290 1.4 x 1070 3.9 x 1078 1
79 0.98 0 5.72 0.8 145 1 6.4 x 1072 1.8 x 1078 Gy
16 0.18 0 5.80  0.90 15 -85 1.2 x 1072 3.3 x 1079 1
17 0.18 0 5.80  0.90 19 -10 8.3 x 1072 2,7 x 307 1
35 0.18 0.6 5.80  0.80 -480 -470 3.7x107% 1.1 x 1078 1
25 0.08 0 5.80  0.80 %72 -272 - - Gy
47 0.07 0.5 5.80  0.90 -485 -500 1.3 x 1072 3.6 x 1070 T
37 0.05 0.5 5.80  0.80 -490 -520 1.5 x 107¢ 4.2 x 107 T
20 0.03 0 5.80  0.80 -265 -395 7.8 x 1073 2.2 x 107 T
59 { 0.03 0.5 { 5.80  0.80 -535 -525 1.2 x 107% 3.3 x 107 T
68 €0.005® 2.0 8.40  1.10 -£73 -575 5.9 x 1070 1.6 x 107 T
78 3 0.94 0 0.1 5.71  0.88 148 248 3.8 x 1072 1.1 x 1078 Gy
84 3 0.26 0 0.1 5.73  0.90 97 190 2.6 x 072 7.2 x 107 Gy
82 8 1.04 0 0.1 5.76  0.89 151 245 9.3 x 1072 2,6 x 1078 1
85 8 0.26 0 0.1 5.7  0.90 95 196 7.3x 1072 2,0 x 1078 1
23 20 7.0 0 0.1 5.80  0.90 175 274 7.6 x 107% 2.1 x 1078 1
81 1.07 0 5.73  0.90 150 243 5. x 1072 1.5 x 1078 1
13 0.22 0 5.80 .90 -66 -239 2.8 x 107% 7.8 x 107 1
14 0.20 ¢ 5.30  0.80 20 2 2.3 x 1072 6.4 x 109 1
36 0.20 0.5 5.80  0.90 -130 ~368 2.3 x 107% 6.4 x 107 1
26 0.08 0 5.80  0.80 -132 ~312 2.8 x 1072 7.8 x 1079 1
38 0.05 0.5 5.80  0.80 -520 - 1.2 x 1072 3.3 x 107 T
15 0.03 0 5.80  0.90 -250 -410 1.5 x 1072 4.2 x 1079 G,
69 <0.005% 2.0 8.50 1.0 -586 -582 5.7 x 107 1.6 x 109 T
80 30 0.99 0 0.1 5.7 0.89 13y 229 5.6 x 1072 1.6 x 1078 1
83 30 0.23 0 0.1 5.7 0.90 83 82 4.6 x 1072 1.3 x 1078 1

8Specimens were exposed to the environment for ~20 h at 289°C before straining at a tate of 1 x 1070 g~1,

blh.t treatment conditions that correspond to the degree of un!n!.utlon determined by the electrochemical potentiokinetic 2
reactivation (EPR) technique (reactivation change vuluo!. C/em®) are as follows: 7QU°C/U.25 h plus 500°C/24 h, mz- 2 C/cm*;
700°C/0.25 h, EPR = 3 C/cm®; 700°C/0.67 h, EPR = 8 C/cm 3 700°C/12 h, EPR = 20 C/cm®; and 700°C/24 h, EPR = 30 C/cm*,

€SCC growth rates are based on measurement of depth of the longest crack in an enlarged micrograph of the fracture surface
and the tise period from the onset of yield t- the point of maximum load on the tensile curve.

‘Truqunulu (T}, granulated (G), and intergranular (1) characterization of the fracture surface morphologies
in accordance with the illustrations and definitions provided in Alternate Alloys for BWR lications: Sixth Semiannual
Progress Report, April-September 1980, General Electric Company Report lR-!!?!lFl. PP 52;5 to 5-B1.

‘Iydrulun added to rthe feedwater to reduce the dissolved oxygen concentration to <0.005 ppm.

6S



TABLE 1.12. Crack Gro:th Rates Obtained from CERT Experiments on Sensitized Type 304 SS
Specimens® (Heat No. 30956) in 289°C Water (~8 uS/cm) with 1.0 ppm Sulfate as
H,50, and Different Dissolved Oxygen and Hydrogen Concentrations

b Feedwater Chemistr Potentials c
Run LPR,) Uxygen, Hydrogen, Sulfate, pH at Cond., Type 304 S8,  Pt, SCC Growth Rate, Fracture

No. C/ecm ppm ppm ppm 25°C uS/cm mV (SHE) oV (SHE) P wes™) Morphology®
28 8.6 0 1.0 4.80 9.0 180 250 9.4 x 1072 2.6 x 1078 1
19 0.20 0 4.80 9.0 -75 -75 1.2 x 107! 3.3 x 1078 1
39 0.20 0.5 4.80 8.0 - -360 9.6 x 107¢ 2.7 x 1078 1
10 0.03 0 4.70 8.0 -205 -450 1.5 x 1072 4.2 x 1077 Gy
49 0.03 0.5 4.80 8.0 -450 -470 1.8 x 107 5.0 x 107 G,
60 0.01 2.0 4.80 8.3 -496 -515% 1.4 x 1072 3.9 x 1077 G,
67 \ <0.005® 2.0 8.9 4.4 -572 -606 8.0 x 1073 2.2 x 1077 T
27 20 7.0 0 1.0 4.80 9.0 - - 4.6 x 1072 1.3 x 107 1
21 0.21 0 4.80 9.0 100 198 5.0 x 107% 1.4 x 1079 1
40 0.20 0.5 4.80 8.0 =50 -340 5.7 x 107% 1.6 x 107 1
11 0.0% 0 4.70 8.0 - -420 1.0 x 107% 2.8 x 1079 Gy
50 0.03 0.5 4.80 8.0 -450 =475 1.2x107% 3.3x107 6
61 0.02 2.0 4.80 8.3 -516 -518 1.1 x 1002 3.1 x 107 G,
66 ) <0.005% 2.0 ‘ 8.9 P -584 -624 1.5 x 1072 4.2 x 1079 T

8Specimens were expcsed to the environment for ~20 h at 289°C before straining at a rate of 1 x 107 ¢71,

bucn treatment conditions that correspond to the degree of un!ntuuou determined by the electrochemical potentiokinetic
reactivation (EPK) technique Snlcuvcuon change values, C/cm“) are as follows: 700°C/0.25 h plus 500°C/24 h, EPR = 2 CIcnz;
and 700°C/12 h, EPR = 20 C/cm®.

€SCC growth rates are based on measurement of depth of the longest crack in an enlarged micrograph of the fracture surface
and the time period from the onset of yield to the point of maximum load on the tensile curve.

dfnuuunular (T), granulated (G), and intergranular (1) characterization of the fracture surface morphologies
in accordance with the illustrations and definitions provided in Alternate Allo;l for BWR ssuutim: Sixth Semiannual
Progress Report, April-Sept.muber 1980, General Electric Company Report = v PP» to .

®Hydrazine added to the feedwater to reduce the dissolved oxygen concentration to <0.005 ppm.

09



TABLE 1.13. Crack Growth Rates Obtained from CERT Experiments on Sensitized Type 304 SS
Specimens® (Heat No. 30956) in 289°C Water (~70uS/cm) with 10 ppm Sulfate as
H,80, and Different Dissolved Oxygen and Hydrogen Concentrations

Feedwater Chemistr

Potentials

Run !.Pl.b Oxygen, Hydrogen, ifate, pH at Cond., pe SS, Pr, SCC Growth Kate,® Fracture
No. C/cm? ppm ppm ppm 25°C uS/em mV(ShE) mV(SHE) mme b~} mes”! Morphology?
30 8.0 0 10,0 3.8 80.0 230 325 7.5 x 107¢ 2.1 x 1078 1

57 0.25 0.5 71.0 -375 ~325 4.8 x W4 1.3 x 1078 Gy
56 0.21 0 71.0 -70 -110 7.7 x 107% 2.1 x 1078 [

53 0.03 0 71.0 -405 -365 4.0 x 107% 1.1 x 1078 1

51 0.03 0.5 71.0 - - 3.0 x 1074 8.4 x 1070 Gy

62 0.03 2.0 71.5 -419 =416 5.7 x 1072 1.6 x 1078 63
04 <U.005¢ 2.0 4.3 26.0 -512 -556 1.6 x 1072 4.5 x 10~ [P

29 20 8.0 0 10.0 3.8 80.0 222 306 6.2 x 107¢ 1.7 x 1078 1

58 0.23 0.5 71.0 -387 -370 3.7 x 107¢ 1.0 x 1078 Gy

55 0.20 0 71.0 -360 =320 5.5 x 107¢ 1.5 x 1078 1

63 0.03 2. 71.5 -424 -423 4.8 x 107¢ 1.3 x 1078 1

52 0.03 0.5 69.0 -410 -415 3.8 x107% 1. x 1078 1

54 0.03 0 71.0 -410 -365 5.6 x 107¢ 1.6 x 1078 1

65 \J <.005¢ 2.0 4.4 26.0 -468 -534 3.2 x 1074 8.9 x 107 1

ASpecimens were exposed to the environment for ~20 h at 289°C before straining at a rate of 1 x 10°% !,

"ﬂcnt treatment conditions that correspond to the degree of )en,ltlutlon determined by the electrochemical potentiokinetis
reactivation (EPR) technique Sreactlvatlon change values, C/cm®) are as follows: 700°C/0.25 h plus 500°C/24 h, EPR = 2 C/c-zz
and 700°C/12 h, EPR = 20 C/cm®.

€SCC growth rates are based on measurement of depth of the longest crack in an enlarged micrograph of the fracture surface
and the time period from the onset of yield to the point of maximum load on the tensile curve.

dcnmlnud (G) and intergranular (1) characterization of the fracture surface morphologies i1 accordance with the illustrations

and definitions provided in Alternate Allo-z-s for BWR 322111:.:100-: Sixth Semiannual Progress Report, April-September 1980,
General Electric Company Report NEDC-2 8, pp. to 1.

®Hydrazine added to the feedwater to reduce the dissolved oxygen concentration to <0.005 ppm.

19
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SCHEMATIC LOAD VERSUS TIME CURVE
FOR CERT EXPERIMENTS IN FRACTURE SURFACE
HIGH-TEMPERATURE WATER
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Fig. 1.33. Information from the Load versus Time Curve and the Fracture
Surface of CERT Specimens to Determine the SCC Growth Rate.

20

The dependence of the crack growthh rate on the dissolved oxygen
concentration of the water is shown in Fig. 1.34 for conductivity values
of <0.2, 0.9, 8, and 70 uS/cm. Conductivity values of <0.2 uS/em in
Table 1.10 correspond to high-purity water, and the higher values in
Tables 1.11 to 1.13 were obtained by H,S0, additions to the feedwater for
sulfate concentrations of 0.1, 1, and 10 ppm, respectively. The crack growth
rates exhibit a sigmoidal dependence on the dissolved oxygen concentration in
the logarithmic plots for conductivity values of <8 uS/cm [Fig. 1.34(a)-(c)],
in which the rates are relatively independent of oxygen concentration above
~0.2 ppm and below ~0.06 ppm, with an abrupt transition from the higher to
lower values as the oxygen concentration decreases over the intermediate
range. At conductivity values of <0.2 and ~0.9 uS/cm, the mode of crack
growth was intergranular (closed symbols) at dissolved oxygen concentrations
20.1 ppm and transgranular (open symbols) at lower oxygen concentrations,
whereas at 8 uS/cm (1.0 ppm sulfate as H,S0,) intergranular crack growth

occurred over the entire range of oxygen concentrations (i.e., ~0.01 to
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8 ppm). For a feedwater conductivity of ~70 uS/cm (10 ppm sulfate), the rate
of intergranular crack growth was relatively independent of the oxygen concen-

tration over this range.

The results in Fig. 1.34(a) and (b) indicate that SCC propagation
rates in sensitized Type 304 SS (EPR = 2 to 30 C/cmz) will decrease by factors
of ~3 and 5 for conductivity values of <0.2 and 0.9 uS/(m, respectively, if
the dissolved oxygen concentration of the water decreases from ~0.3 to
0.02 ppm. The higher oxygen level corresponds to normal BWR operation, and
the lower value is indicative of continuous hydrogen addition to the feedwater
of a BWR, which suppresses radiolysis of water in the reactor core.22 Conduc~-
tivity values between ~0.2 and 0.9 uS/cm encompass the range of recirculation
loop water during normal BWR operation23’2“ with different types of reactor-
water-cleanup systems (viz., deep-bed bead or precoat powdered resin), the
maximum percent of feedwater flow through the cleanup system (~1 to 13%), the
cation-to-anion volume ratio (deep bed), and water chemistry control proce-
dures (i.e., actual vessel flow rates, operation of more than one loop,

backwash regeneration frequency, or resin disposal rather than regeneration).

The actual improvement in the crack growth rate of sensitized
Type 304 SS that can b2 realized by decreasing the oxygen and sulfate con-
centrations of the water to very low levels is likely to be much greater than
the factor of 3 to 5 obtained from the CERT results. A crack growth
experiment at 289°C on ITCT specimens of the same heat of steel with similar
levels of sensitization (EPR = 2 and 20 C/cnz) indicated that for stress
intensity values of ~28-30 MPa-ul/Z, the rate of intergranular crack propa-
gation in the material ceased when the dissolved oxygen concertration of high-
purity water decreased from 0.2 to 0.02 ppm (see Sec. E.6). Additional ex-
periments on fracture-mechanics type specimens will further quantify the

effect of water chemistry on SCC crack propagation in the steel.

4. Correlation of Crack Growth Data from CERT Experiments on Sensitized
Type 304 SS with Open-Circuit Corrosion Potential of the Steel at
289°C and the Conductivity of the Feedwater

During the CERT experiments, the electrochemical potentials of
Type 304 SS and a platinum electrode were monitored as a function of time.



The potential measurements were made at 289°C relative to an external

0.]M KC1/AgCl/Ag reference elec[rodvzj and the values were converted to the

standard hydrogen electrode at 259°E.2h Typical potential-versus-time curves
are shown in Fig. 1.35 for different environments. Osiuce a iaige change in
the potentials was observed in low-oxygen environments after heating the
autoclave to 289°C, straining of the specimens was initiated after ~20 h in
all the experiments to allow the corrosion and redox potentials to approach
the steady-state values reported in Tables 1.10 to 1.13. In early experi-
ments, the platinum electrode was not incorporated into the autoclave system.
Missing entries in the tables are also due to rather infrequent failure of the

high-temperature reference electroue and shorting of the electrodes after

installation.

The crack growth rate data at 289°C are plotted in Fig. 1.36 as a
function of *he open-circuit corrosion potential of Type 304 SS at 289°C
determined in each experiment for feedwater conductivity values of SH.Z,
0.9, 8, and 70 yS/cm. These values correspond to high-purity water and water
with 0.1, 1, and 10 ppm sulfate as HJSUQ, respectively. For conductivity
values of <8 uS/cm, the crack growth rates increase gradually as the corrosion
potential increases over the range of =500 mV(SHE) to ~0 mV(SHE), and then
increase more rapidly with potential to a value of ~200 mV(SHE). At a con-

ductivity of ~70 uS/cm (10 ppm sulfate as H)SUQ), the intergranular crack

growth rate was virtually independent of the corrosion potential over the
range =425 to +225 mV(SHE). "Best-fit" curves in Fig. 1.37 for the depen-
dence of the crack growth rates on the corrosion potential at the four con-
ductivity levels show that for corrosion potentials below ~100 mV(SHE),

the crack growth rate increases with conductivity. However, for potentials
greater than ~100 mV(SHE), the highest crack growth rates occurred at inter-
mediate conductivity values, viz., ~0.9 and 8 uS/cm. This could be attrib-
uted, in part, to the rather high general corrosion rate of the specimens in
the 70-uS/cem water, in contrast to more selective corrosion of the chromium-
depleted grain boundary region under the less aggressive water-chemistry
conditions. Higher corrosion of the facets and edges of the grains was
evident in scanning electron micrographs of CERT specimens that were st rained
to failure in water containing >1 ppm dissclved oxygen and 210 ppm sulfate as

H,50, .
2 4
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289°C Water Containing Dissolved Oxygen, Hydrogen, and Sulfate.
Straining of the CERT specimen was initiated after ~20 h when the
potentials approached the steady-state values.
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(£0.2 pS/cm) and in Water Containing 0.1, 1, and 10 ppm Sulfate
as H,S0, (~0.9, 8, and 70 uS/cm, respectively). Crack growth
rate data were obtaineg fff‘ CERT experiments + 289°C and a

strain rate of 1 x 10 -

The crack growth rates in Figs. 1.34 and 1.36 (a)-(c) show 2 clear
dependence on the dissolved oxygen concentration of the feedwater and the bulk
open-circuit corrosion potential of the steel in the different environments.
Since the level of sensitization of the steel and the water chemistry are
within the range of interest for BWR piping systems, the present results
provide useful insight into the effect of the simulated BWR environments on
SCC susceptibility of the steel. For example, the "best-fit" curves in
Fig. 1.37 reveal that the crack growth rate of sensitized Type 304 SS under
exemplary BWR-water quality conditions [<0.2 uS/cm conductivity, ~0.2 ppm
dissolved oxygen, and a corrosion potential of 50 mV(SHE) for stainless steel
at 289°C| is only slightly greater than that associated with alternative
hydrogen-water chemistry conditions with less than optimal impurity control

for sulfur species [viz., ~0.9 uS/cm conductivity and a corrosion potential of
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=350 mV(SHE) at 289°C]. Furthermere, a crack growth rate of 2 x 10”2 mmeh™)
from Fig. 1.37 is achieved both under optimal BWR-water quality conditions, as
noted above, and in water coutaining 1 ppm sulfate at a low dissolved oxygen
concentration [~8 uS/cm conductivity, pH = 4.8, and a corrosion potential of
=350 -V?SHE) at 289°C]. This observation is in agreement with crack-growth-
rate reaultSZl from several CERT experiments on welded Type 304 SS specimens
that had undergone a low-temperature sensitization heat treatment before
straining at a rate of ~3 x 10~/ s~} {n high-purity water and in water with
0.04 ppm oxygen, 0.125 ppm Hy, and H,50, at a conductivity of 10 uS/cm. If,
however, the pH of the reactor coolant water is outside the range from 5.6 to
8.6 for a period of 72 h, the reactor would be required to shut down under
present BWR-water quality limits in Regulatory Guide 1.56.

Comparisons between the material behavior under laboratory and
reactor operating conditions are facilitated when both the corrosion potential
of the steel at the operating temperature and the chemistry of the water in
the recirculation loop of a BWR are known (i.e., the concentration of various
ionic species, pH, dissolved oxygen concentration, and conductivity). This

type of information is now being obtained for a number of operating BWRs.

From a mechanistic viewpoint, it is well known that the solution
chenistty27°29 and the electrochemical conditions 0 38 at the tip of a pit, a
crevice, or an advancing stress corrosion crack can be quite differeut from
those of the bulk solution. Various models have been developed to calculate
the electrode potential and the concentration of ionic species within a stress
corrosion crack.30'38 In general, these models predict that the potential at
the crack tip is more negative than that at the mouth of the crack for anodic
applied potentials, although the potential drop is small near the free corro-
sion potential of the steel. Also, the concentration of dissolved oxygen
decreases markedly at the crack tip,28 whereas the concentrations of metal
cations and the hydrogen ion increase relative to the bulk solution. Thus,
the dependence of the crack growth rates on the bulk solution chemistry and
open-circuit corrosion potential depicted in Figs. 1.34 and 1.36, respec-
tively, may not be entirely characteristic of the dependence based on crack
tip values. This does not present a problem in the interpretation or applica-

bility of our results since the CERT experiments were not performed in
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concentrated solutions or under external applied potentials to accelerate
I1GSCC. Therefore, detailed analytical models for the crack growth process
based on the stress intensity and various electrochemical parameters that are
controlled by the environment as well as the composition and structure of the
material at the crack path (e.g., the sensitized grain boundary) are not
necessary to extrapolate the present results to the dilute BWR service envi-
ronment. However, the relationehip between the mechanical loading inherent
in the CERT test and actual reactor loading conditions does require further

consideration.

S Relationship between the Corrosion Potential of Type 304 SS at 289°C
and the Dissolved Oxygen Concentration of the Water with Different
Sulfate Concentrations

The relationship between the open-circuit corrosion potential of
Type 304 SS and the dissolved oxygen in the feedwater for different sulfate
concentrations or conductivity values can be obtained from the results in
Tables 1.10 to 1.13. The steady-state corrosion potentials determined during
the CERT experiments are plotted in Fig. 1.38 as a function of dissolved
oxygen concentrations for high-purity water (<0.2 uS/cm) and for conductivity
values of ~0.9, 8, and 70 uS/ecm. The curves at each conductivity value
exhibit the characteristic sigmoidal shape that has been reported by several

1n'.etltigatots.39""1

The dashed line in each figure at low oxygen concentra-
tions denotes the minimum potential for the hydrogen evolution reaction

(2H+ + 2e = Hy) at the different pH values for a dissolved hydrogen
concentraticn of 2 ppm. The potential values were obtained from the

expression

2o =

Epggec(SHE) = =0.1113+pH g0, = 0.0557 log — , (1.17)

where C: is the solubility of hydrogen in the water at 289°C (viz., 7.55 pl:m)l‘2
and Cy is the concentration of hydrogen in the feedwater (2.0 ppm). The pHygges
values for high-purity water and water containing 0.1, 1, and 10 ppm sulfate

as H,80, are 5.63, 5.49, 4.95, and 4.00, respectively, based on information on
the dissociation of vatet43 and the second dissociation ccwstant of sulfuric

lcld““ at high temperature.
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It is evident from these results that the corrosion potential of the
steel was very close to the potential for the cathodic reduction of hydrogen
lons for dissolved oxygen concentrations of €0.03 ppm. These potentials are
associated with transgranular stress corrosion cracking in the sensitized
steel in high-purity water (0.2 uS/cm) and in water with ~0.1 ppm sulfate as
Hy50, (~0.9 uS/cm). The corrosion potentials in Fig. 1.38 corresponding to a
dissolved oxygen concentration of 8 ppm are ~225 mV below the redox potential

+ . . " :
for the reaction 0, + 4H" + 4e 2H,0 at 289°C from the expression

L “

C
n 0
+ 0.0278 log — ,
(8]
(

(

where C: ls the solubility of oxygen in the water at 289°C (viz., 113 ppm)
and C, is the dissolved oxygen concentration in the feedwater. The relative
position of the "best-fit" pH versus potential curves in Fig. 1.39(a) at high
and low dissolved oxygen concentrations are consistent with the dependence of
the limiting redox potentials on pH at 289°C. These curves provide a ratio-
nale for the envelope of the corrosion potential versus dissolved oxygen data
in Fig. 1.39(b) for the CERT experiments in 289°C water with different concen-

trations of oxygen, hydrogen, and sulfate as H.HU“.

Crack Growth Results on Type 304 SS in Simulated BWR-Quality Water
at 289°C

o further investigate the effects of dissolved oxygen and impur-
ities, viz., H:SU“ from decomposition of ion exchange resins, on the crack
growth properties of Type 304 SS, tests are in progress on fracture-mechanics
type specimens of the same heat of steel as in the CERT experiments. Three

ITCT specimens of the material in the solution-annealed and sensitized con-

>
ditions (EPP = 0, 2, and 20 C/cm*) were connected in series and stressed at

an R value of 0.95 under a positive sawtooth waveform at a frequency of

8 x 1072 Hz. The loading in the initial phases of the experiment established
the influence of Kmax over the range of ~30 to 50 MP4°ml’: on the steady-state
crack growth rates in water with 0.2 ppm dissolved oxygen and 0.1 ppm sulfate
as H:S“*.lb

At this point in the test (~1600 h), sulfate was not added to the
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feedwater (high-purity water with 0.2 ppm oxygen), and measurements of the
crack length in the three specimens were made over a period of ~1200 h. After
this time interval, 0.1 ppm sulfate again was added to the feedwater with
U.2 ppm dissolved oxygen, and crack growth in the specimens was determined

over a period of ~370 h.

The results of the crack length measurements as a function of time
are shown in Fig. 1.40 for the water chemistry transient in which sulfate was
not present in the environment during a 1200-h time interval. The stress
intensity values for the lightly sensitized specimen (EPR = 2 C/cm®) are noted
on the figure at different times in the experiment. These values, along with
similar information for the other specimens, are given in Table 1.14. The
crack growth rates for the time periods in which sulfate was and was not
present in the 0.2-ppm oxygen environment are noted in the table for each
specimen. It is clear from Fig. 1.40 and Table 1.14 that removal of sulfate
had virtually no effect on crack growth ia the solution-annealed (EPR = 0) and
moderately sensitized (EPR = 20 C/cm)) specimens. The crack growth rate of
the lightly sensitized specimen decreased by a factor of ~4 over a ~600-h
period after sulfate was removed from the feedwater; however, the rate
increased to the initial value over the next 600 h in the high-purity water
environment. A further increase in the crack growth rate occurred at ~7300 h
when sulfate was added to the feedwater. Since the actual crack length in the
PR = 2 Usvmj specimen was between ~9 and 13 mm during the transient water-

chemistry experiment, the stress intensity factor increased from ~49 Lo

1 /D o
63 MPaem’ » which has some effect on the growth rate over the duration of the

test. Under constant water chemistry (0,2 ppm oxygen and O.1 ppm sulfate),
the dependence of the crack growth rate on maximum stress intensity is given

16 . -1 -10 ,. 4.0 .
by the relation CGR (mm*h ") = 4 x 10 (K_..) . For example, an

max

increase in the stress intensity factor from 53 to 59 MPa-ml”‘ during the time
period when no sulfate was present in the water would account for a factor of
l.5 increase in the crack growth rate from the beginning to the end of this
period. The crack growth rate during the last half of this period was a
factor of three higher than that during the initial phase with no sulfate in

the feedwater. [f we assume that the initial decrease in the crack growth

rate was due to the change in crack tip chemistry associated with the removal
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Fig. 1.40. Crack Length versus Time for 1TCT Specimens of Solutiop-

annealed (EPR = 0) and Sensitized (EPR = 2 and 20 C/cm®)
Type 304 SS in 289°C Water Containing 0.2 ppm Dissolved
Oxygen and 0.1 ppm Sulfate as H,80,, Except for an Inter-
mediate Period with High-Purity Water. The loading condi-
tions for the positive sawtooth waveform with a slow loading
time (12 8) and a rapid unloading (1 s) are as follows:
stress ratio R = 0.951 Erequency =8 x 107° Hz, and

Kpax = 49 to 63 MPa*m / for the specimen with the largest
crack.



TABLE 1.14. Crack Growth Results for Type 304 SS Specimens® at 289°C during an Expetineutb in Which
0.1 ppm Sulfate Was Removed from and Reintroduced to the Feedwater Containing 0.2 ppm
Jissolved Oxygen

Water Chemistry Specimen #7 (EPR = 0 C/c.z) cimen #9 (EPR = 2 C/t:.2 2&1-: #8 (EPR = 20 clgz)
Crack Growth Crac Crac! Growth
Time, Oxygen,® Sulfate, Cond., Length, ‘inx kate, Length, 1/2 kate, Length, '\ul " Kate,

h ppm ppm uS/cm mm MPa-m'/? — om MPa-m'/ mme h £ Mras=!/ wme b
5404 0.21 0.1 0.88 4.55 38.9 - -3 8.92 48.7 - 3 5.66 41.2 -
0096 0.21 0.1 0.92 6.10 42.1 2.2 x 10 10,52 53.2 2.3 x 107 6.05 “2.0 5.6 x 10-‘
6221 0.25 0 0.11 6.32 42.6 - 10.64 53.6 - - 5.94 41.8 - ;‘
6527 0.26 0 0.12 7.14 b4 2.7 x 1073 10.82 5.2 5.9 x 10 6.17 42.1 7.5 x 1074
6672 0.21 0 0.17 7.642 45.1 - 10.97 54.6 - 3 6.07 42.1 -

7345 0.25 0 0.25 8.69 48.2 1.9 x 1073 12.22 58.7 1.9 x 107 5.99 41.9 ~0
7397 0.25 0.1 0.91 8.81 48.2 o 12.37 58.7 - 6.05 41.9 -
7590 0.25 0.1 1.04 9.30 49.8 2.5 x 10 13.46 63.4 5.6 x 1073 6.12 42.2 3.6 x 107¢

'Co-pact tonciou specimens (1TCT) from Heat No. 30956 were soluticn ana,.lcd at 1050°C for 0.5 h (EPR = 0), sensitized at 700°C for 12 b
(EPR = 20 cm“), and 700°C for 0.25 h plus 500°C for 24 h (EPR = 2 C/cm

Brhe load ratio and frequency of the positive sawtooth waveform were 0.95 and 8 x 1072 Hz, respectively.

CEffluent dissolved oxygen concentration based on thallium column conductometric measurements. Feedwater oxygen conceutration was
approximately a factur of two higher to compensate for oxygen depletion caused by corros.on of the autoclave system.
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of sulfate from the bulk water, it is possible that sulfate or perhaps other
sulfur species slowly desorbed from the oxide on the walls of the crack,
migrated to the crack tip zone, and subsequently influenced the crack growth

process.

Qualitatively, the effect of sulfate in the crack growth experiment
under cyclic loading is consistent with crack growth information from CERT
tests on the EPR = 2 and 20 C/c-2 specimens in water containing ~0.2 ppm
dissolved oxygen without and with 0.1 ppm sulfate (''ables 1.10 and 1.11,
respectively). Based on a limited number of CERT tests, 0.l ppm sulfate
causes a relatively minor increase (~40%Z) in the crack growth rate of the
moderately sensitized material and a factor of ~5 increase in the growth rate
of the lightly sensitized steel. Also, the crack growth rate of the latter
material is somewhat greater than that of the moderately sensitized steel
auring CER1 tests in the dilute sulfate environment (e.g., ~4.4 x 10'2 versus
2.5 x 1072 mmeh~) . respectively, from the results in Table 1.11).

Figures 1.41-1.43 show the fracture surfaces, the SCC fracture
morphology, and the nature of the crack near the crack tip region for speci-
mens with different levels of sensitization (EPR = 0, 2, and 20 C/cnz. respec-
tively). The LITCT specimens were sectioned vertically, and half of each
specimen was split in the plane of the crack at liquid nitrogen temperature to
reveal the SCC fracture surface at low magnification (center micrograph in
each figure). The corrosion product film was removed from the fracture
surface by the APAC processa5'46 [{.e.,
in a gently boiling alkaline permanganate solution (20% NaOH, 3% KMnO,), hot

rinse, and then 2 h in a 20% dibasic ammonium citrate solution] to reveal the

by exposure of the specimens for 2 h

morphology of the underlying metal. The intact portion of the specimen that
encompassed the crack was polished and etched to corroborate the mode of crack
propagation and also to determine if macrobranching of the crack had occurred
during the test. Reasonable agreement was obtained between the final crack
lengths from compliance measurements and values based on the area of SCC
growth in micrographs of the fracture surface (Table . .15).
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Fig. 1.41. Fracture Surface and SCC Fracture Morphology of Solution—annealed
ITCT Specimen No. 7 of Type 304 SS after a Crack Growth Experiment
in 289°C Water with 0.2 ppm Dissolved Oxygen and 0.1 ppm Sulfate.
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1.42.

Fracture Surface and SCC Fracture Morphology of Lightly Sensitized
ITCT Specimen Neo. 9 of Type 304 SS after a Crack Growth Experiment
in 289°C Water with 0.2 ppm Dissolved Oxygen and 0.1 ppm Sulfate.
The wide crack opening relative to the other specimens resulted
from a hizher stress intensity at the end of the tests.
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Fig. 1.43. Fracture Surface and SCC Fracture Morphology of Moderately Sensi-
tized 1TCT Specimen No. 8 of Type 304 SS after a Crack Growth
Experiment in 289°C Water with 0.2 ppm Dissolved Oxygen and
0.1 ppm Sulfate.



1.15. Comparison of Crack Length from Compliance
Measurements with Values Based on the Area
of SCC Growth in the Fracture Surface

Final Crack Length Crack Length by
Specimen Number by Compliance, mm SCC Area, mm

The fracture surface morphology and the crack path in Fig. 1.4l both
indicate that ‘« mode of crack propagation was transgranular in the solution
annealed material (EPR = 0). The micrographs in Figs. 1.42 and 1.43 for the
lightly and moderately sensitized specimens reveal intergranular cracking.

The intergranular nature of the crack is more evident in the lightly sensi-
tized material (Fig. 1.42), which, as mentioned previously, exhibits a high
{

degree of IGSCC susceptibility in CERT experiments in 289°C water with 0.2 ppm

dissolved oxygen and O.1 ppm sulfate.

Macrobranching of the cracks was not observed;, however, some curva-
ture of the crack front is evident in the three specimens. The thumbnail-type
of crack front in the solution-annealed specimen (Fig. 1.41) is typical of the

that has been observed during fatigue crack growth of austen-
itic stainless steels in dir‘? and for carbon steels (SA 333-Gr6 and SA 508-2)
in similated HWR'K and PWR*? environments at 288°C. In the case of the sen-
sitized specimens (Figs. 1.42 and 1.43), crack advance was more rapid at the
side surface of the specimens under the high-R, low-AK loading. This type
of behavior has been reported for sensitized Type 304 SS in high-purity
\--n«!vr"“"l and in water with the same dissolved oxygen and sulfate concen-
trations as in our experiment under similar loading conditions at Z“ﬂCV.Jl

Accelerated intergranular crack advance at the side region of compact tension

specimens has been rationalized on the basis diffusion dominated crack

6 : . :
rrnuth‘ where the diffusion path for ions or away from the crack tip is

shortest near the edge of the specimen.
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The effect of dissolved oxygen concentration of high-purity water on
the crack growth properiies of Type 304 SS was evaluated in a similar experi~-
ment at 289°C in which three 1TCT specimens (EPR = 0, 2, and 20 C/cm?) were
connected in series and stressed at an R value of 0.95 and a frequency of
8 x 1072 Hz under a positive sawtooth waveform. As in the previous experi-
ment, the specimens were fatigue precracked in air at 289°C to facilitate the
initiation of stress corrosion cracks during exposure to the high-temperature

wacer environment.

The crack length as a function of time is shown in Fig. 1.44 for the
three specimens in which the dissolved oxygen concentration of the water was
decreased from 0.2 to 0.02 ppm at ~960 h and then returned to the initial cen-
centration at ~1600 h. The curves clearly indicate that crack growth in the

4 ‘“ ‘“ '-!"’:
o 29 30
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g );’&l( ] a 2
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Fig. 1.44, Crack Length versus Time for 1TCT Specimens of Solution-annealed
(EPR = 0) and Sensitized (EPR = 2 and 20 C/cm®) Type 304 55 in
289°C Water Containing 0.2 ppm Dissolved Oxygen, with an Inter-
mediate Period in Which the Oxygen Concentration Was Decreased to
0.02 ppm. The loading conditions for the positive sawtooth
waveform with a slow loading time (12 s) and rapid unloading (1 s)
are as follows: stress rr’io R = 0.95, frequency = 8 x 107“ Hz,
and K .. = 29 to 32 MPa*m for the specimen with the largesc crack.

T o
0 500 1000



three specimens virtually ceased over the ~600-F me interval at the low
dissolved oxygen concentration The crack lengths, stress intensity values,
and crack growth rates from the time periods at the different dissolved oxyg~n
concentrations in the water during the transient are gives n Table 1.16.
Crack growth in the three specimens resumed at approximately the initial rates
after the dissolved oxvgen concentration was increased to the 0.2 ppm value.
In this experiment, the material in tne lightly and moderately sensitized
conditions exhibited similar behavior during the transient. This is con-
sistent with the results of the CERT experiments in high-purity water {ir

Table 1.10, which indicate that the intergranular crack propagation rates of

specimens sensitized to ZPR values of 2 and 20 C/cm”® are similar in water with

0.2 ppm dissolved oxygen (e.g., ~1.2 x 107“ and 1.8 x 10 mmeh™ ") he rate

of transgranular crack propagation at a dissolved oxygen concentration of

)

)

.02 ppm is the same (~]1 X 10" mmeh™') for both levels sensitization of

the material. In summary, the CERT experiments in Table 0 indicate that

the crack propagation rate is not strongly dependen e degres ) sensi-

tization of the steel n either environment and tha 1lthough the mode

crack propagation is intergranular at he higher ox: oncentration

transgranular at the lowe ncentration, the cra« ;rowth rates are o

same magnitude. h e CERT experiments conduct ; iv 1issolved

oxygen concentration e feedwater provide nly limited info ion on the
behavior of steel under transient water

growth experiments on fracture-mech

necessary intformati ; however,

quite long. A comparisor

CERT tests at a strain

fracture mechanics specimen

, and a load ratio of

1 lowing. For the lightly sensitized materi

growth rates obtained from the CERT tests in water

«1 ppm sulfate as H,50, are factors f ~10 and 100 rhe in the
& ‘
corresponding values determined the experimen : cy {c loading at
' /9

km“ JO MPa*m"’'“, R = and ¢ quency of { ! A more

detailed analysis h growth re 8 y loading modes will

be made on the basis of the

length, which may influence water chemistry




TABLE 1.16. Crack Growth Results for Type 304 SS Specimens® during an Experi.cntb in Which the
Dissolved Oxygen Concentration of the Feedwater Was Decreased from 0.2 to 0.02 ppm
and Then Returned to the Initial Value

’ 2 ' ; 2
Water Chemistry Specimen #22 (EPR = 0 C/cw®) !Ei-n #20 (EPR = 2 C/uzﬁ 'ﬁu #21 (EVR = 20 C/cm*)
Crack Growth Crac Growt ack Growth

Time, mm.c Cond., Length, 'inxx ‘2 hul Length, ‘ux' 2 kate, Length, 1 nu‘

h ppm uS/cm am MPa-m'’ mmeh an Wracm'/ mmen ) S wa-nl/? b )
218 0.16 0.10 0.81 26.9 - . Le 28.0 - 2.08 28.7 &
960 0.23 0.11 1.07 27.3 3.5 x 10 2.54 29.3 1.2 x 107 2.8 29.9 1.1 x w™?
1037 <0.02 0.10 1.07 7. - 2.46 29.3 - 2.84 29.9 -

1637 <0.02 0.09 1.09 27.3 ~0 2.46 29.3 ~0 2.79 29.8 ~0

1807 0.26 0.10 1.24 27.5 - . wm 30.0 - 3.28 30.5 -
2304 0.32 0.16 1.57 28.0 6.6 x 10 3.10 30.3 1.6 x 107% 3.7 31.3 1.0 x 1073
2382 0.21 0.13 1.60 28.0 - 3.15 30.3 - 3.7 31.3 -
2856 0.25 0.14 1.88 26.4 5.9 x 107%  3.86 31.5 45x107 w1 31.9 4.4 x 107

%Compact tension -mtn’. (1TCT) from heat 30956 were solution annealed at 1050°C for 0.5 h (EPR = 0), sensitized at 700°C
for 12 b (EPK = 20 C/ca®), and 700°C for 0.25 h plus 500°C for 24 h (EPR = 2 C/ j

PThe load ratio and frequency of the positive sawto ' waveform were .95 and 8 x 10™2 Hz, respectively.

CEffluent dissolved oxygen concentration based on thallium column conductometric measurements. Feedwater oxygen concentration
at the 0.2 ppm level was approximately a factor of ~3 higher to compensate for oxygen depletion caused by corrosion of the
autoclave system.

‘Ann.t sxack TOWth rates over the 1049-h nr’o‘ with 0.2 ppm dissolved oxygen in the feedwater were 9.0 x 10™% and
7.9 x 107" mash™", for the EPR = 2 and 20 C/ca’ material, respectively.

(8
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I1. TRANSIENT FUEL RESPONSE AND FISSION PRODUCT RELEASE

Principal Investigator:
J. Rest

A, Description of FASTGRASS-VFP Theory

FASTGRASS-VFP!™3 1s a mechanistic computer model for predicting the
behavior of fission gas and volatile fission products (VFPs) in solid UO,=-
based fuels during steady-state and transient conditions. The model accounts
for the effects of a number of processes on both the distribution of fission
products within the fuel and the amount teleased. These processes include
fission product generation; gas bubble nucleation and re-solution; bubble
migration and coalescence; interactior between I, Cs, Csl, and fission gas
bubbles; chemical reaction between I, Cs, and fuel; channel formation on grain
faces; interlinked porosity on grain edges; and microcracking. The present
version of the theory models the fission gases Xe and Kr; the volatiles I and
Cs; and the major VFP reaction products, Csl, cuznooa. and Cs,U0,. Including
the latter two reaction products can alter the Cs and Csl release predictions
by up to 10%.2 Fission products released from the fuel are assumed to reach
the pellet surface by successively migrating from the grain interiors to grain
faces and then to the grain edges, with subsequent transport through a network

of interconnected tunnels and as-fabricated porosity.

The approach to modeling VFP chemistry in FASTGRASS-VFP is to assume
that the kinetics of the relevant reactions occur fast enough for a quasi
equilibrium to be maintained. The following reactions are considered to

dominate I and Cs release characteristics:

Cg + 1 —=+ Cl; 2Cs + U0, + 0, ===+ Cs,U0,; and 2Cs + Mo + 20, ===
C8 )Mo0,, .

The model for the VFP chemistry is based on the analysis of Tam et al.,

“; the values used for

5

which employs the laws of mass balance and mass action
partial pressure of oxygen are calculated from the model of Blackburn® for

stoichiometric UOZ.O‘
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FASTGRASS-VFP has recently been used in the interpretation of fission
gas, iodine, and cesium release from (1) irradiated high-burnup LWR fuel in
a fl wing steam atmosphere during high-temperature, in-cell heating tests
performed at Oak Ridge National Laboratory (ORNL) and (2) trace-irradiated LWR
fuel during severe-fuel-damage (SFD) tests performed in the PBF Reactor in
Idaho. The results of the analyses demonstrate that intragranular fission
product behavior during both types of tests can be interpreted in terms of
a grain-growth/grain-boundary-sweeping mechanism that enhances the flow of
fission products from within the grains to the grain boundaries. Basically,
the model assumes that small intragranular bubbles (consisting, in general, of
Xe, Kr, I, Gs, and Csl), and gaseous and VFP atoms in the path of a growing
grain, are swept up by grain boundary adhesive forces. Such grain boundary
sweeping provides another mechanism for the collection of fission products at

grain faces and edges.

At temperatures of about 1900 K,6 atomic mobilities in U0, result in an
enhanced migration of atoms from the convex to the concave side of a curved
boundary. The atoms move toward the concave side of the boundary because in
that location, they are surrounded by a somewhat larger number of neighboring
atoms and thereby exhibit a lower effective energy state. The net result of
this atomic motion is shrinkage of small grains with predominantly convex

surfaces and growth of larger grains with concave surfaces.

Speight and Greenwood7 have proposed a grain growth theory which includes
the sweeping of entrapped microbubbles by the front of an advancing grain
boundary. The basic postulate of their theory is that small bubbles exert a
minimal drag force on an advancing grain surface and thus are swept along with
the moving boundary, while large bubbles detach from the advancing surface
because of their higher drag. To assess the efficiency of bubble sweeping,
they compared the magnitude of the force exerted by the bubble on the
boundary, i.e.,

Fb = "Rbogb sin 2¢ , (2.1)

with the sdhesive effects of the interfacial surface tensions, i.e.,



94

:z—oul!'lz
gb R, gbh

b (2.2)

where .b = bubble radius, lc = radius of curvature of the grain, .ib =

characteristic distance of bubble spaciug, o_, = grain boundary surface

gb
tension, and ¢ = angle of cortact between the bubble and the boundary.

Because of the complex nature of the phenomena involved in experiments
simulating severe accidents (oxidation, as well as liquefaction and/or
melting, of the fuel; and oxidation and melting of the cladding), a simpler
approach to describing grain-growth/grain-boundary-sweeping than that
described above was initially incorporated into the FASTGRASS-VFP theory.
Since atoms are removed from lattice positions in the crystal structure of the
grain, the grain growth process is thermally .ctivated, and varies according

to an Arrhenius~-type relation®:

ni - o: + A exp (-Q/RT)t (2.3)

where A = a proportionality constant (cnzlo), D, = grain size at time
t (em), D, = initial grain size (cm), Q = activation energy (cal), R = gas
constant (1.987 cal/mole K), T = temperature (K), and t = time (s).

Fuel stoichiometry can have a pronounced effect on atomic mobilities in
U0, fuel and thus on grain growth kinetics. D-tas on the diffusivity of 133Xa
in U0y, as a function of fuel stoichiometric condition show that increased
levels of oxygen in solution in U0, lead to observed increases in the diffus-
ivity of ‘33x= and 85Kt. For example, a change from UOZ.O to UOZ.IZ can
increase the diffusivity of l33Xe by more than two orders of magnitude. Thus,
the stoichiometry of the oxide can have a significant impact on atomic mobil-
ity and grain growth characteristics. Indeed, for the highly oxidizing envi-
ronment of fuel exposed to steam flow at elevated temperatures, U0, can be
expected to become hyperstoichiometric during the course of a severe-core-

damage accident.

To account for such oxidation effects, two grain-growth models are
employed in the present version of FASTGRASS-VFP.
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Stoichiometric U0y g (Nominal Grain Growth):

db

t
" k/Dt (2.4)

where k = 1.46 x 1074 exp (=-32100/T), c-Z/l.

nggrltoichio-ntric UOth SEnhnnccd Grain Growth!:

db

t
x* l(/l)t (2.5)

where k = 3.5 x 10 exp (-22150/T), cm?/s.

The grain growth laws shown in Eqs. 2.4 and 2.5 have been expressed in
differential form rather than the integral form of Eq. 2.3. The grain growth
law for stoichiometric fuel is based upon the findings of Malen et al.? For
hyperstoichiometric (oxidized) fuel, the activarion energy is decreased pro-
portionately to the difference in activation energy between U0, and U0y,
reported by Turnbull, !¢ The preexponential factor in Eq. 2.5 was determined
by the requirement that the integrated intragranular fission gas release as
calculated by FASTGRASS~VFP must be consistent with measured total (end-of=-
test) release values for SFD-ST. Equation 2.4 is assumed to be operative at
all temperatures, whereas Eq. 2.5 is invoked, whea appropriate, for

temperatures exceeding 1900 K.

dC
As the boundary moves, the rate —afh at which fission products are swept
up by the moving boundary is proportional to the rate of change of the volume
of the grain; 1.e., from Eqs. 2.4 and 2.5,

. 2
dC b : neCIDt th ) uekCIDt 5.8
dt 2 dt 2At . *

where C; is the intragranular concentration of the fission product, At is the
time increment over which k can be assumed to remain approximately constant,
and e is a factor that describes the grain boundary sweeping efficiency. The
factor e includes the effects of bubble pulloff, as described by Eqs. 2.1 and
2.2, and atomic vibrational and minimum energy effects. The value of e is
assumed to be unity for the fission gases, I, and Csl (in bubbles), and 0.6
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for atomic Cs. The lower value of e for Cs is cousistent with the high
chemical affinity of Cs for U0y, other fission products, and metallic
inclusions. Equation 2.6 is one term in the overall equation for dCI/dt
(e.g., see Ref. 3).

B. Fission Product Behavior in Hi‘h-lurnup Fuel Durin‘VORNL In-Cell
Hc.;ig‘ Tests

Figures 2.1 and 2.2 show FASTGRASS-VFP predictions of fission gas and Cs
release for ORNL tests HI-1 and HI-3!! and compare them with the corresponding
measured quantities. Tests HI-]l and HI-3 were conducted for 30 min at 1673 K
and 20 min at 2273 % 50 K, respectively, within a flowing steam environment.
The fuel specimens were 20-cm-long sections of H. B. Robinson fuel rod irradi-
ated to 28,000 MWd/MTU. In order to assess correctly the state of the fuel
prior to the test, a thermally and mechanically coupled model consisting of
FASTGRASS~VFP and the LIFE-LWR fuel behavior code was used for the in-reactor
irradiation period.3 The total gas released during the irradiation was about
0.2%.

The steichiometric grain growth law (Eq. 2.4) was used for both test
simulations: This resuited in predictions of no grain growth for HI-l and a
26-45% increase in grain size for HI-3. These grain growth predictions are
consistent with microscopic observations. Figure 2.3 shows scanning e’ectron
micrographs of H. B. Robinson fuel specimens before and after test HI-3; the
grain size before transient heating was approximately 4.2 ym, wherese post-
test examination indicates an ~50% increase in grain size. More detailed

microscopic results are presented in Ref. 12.

Very little fission gas and Cs release occurred during HI-1 (Fig. 2.1).
Two curves for predicted Cs release are shown in Fig. 2.1b; these correspond
to two different values of Cs diffusivity. The relatively high release
predictions were based on the Cs diffusivities reported by HatzkélB, while the
low release predictions were based on the assumption that the diffusivities
are the same for Cs as for Xe (Dy, is based on the data of Cornellla). The
Cs diffusivities used in earlier studies!*? (based on the work of Oi and
Takagi, as discussed in Refs. | and 2) result in Cs release predictions for



97

003 - v - - v . v —
xxx DATA ooy (a)
—— FASTGRASS - VFP "
= -. E
s 002} 1
&
8
2
£ oo}
% 20 a0 80 80 oo
TIME (min)
BT e e ——
L 000 DATA (b)
——— FASTGRASS - VFP 4
CASE =2
004+ 3
a 003’ R
5 case
g 002t |:oc.-o,,.-z.mo"m[%?’<
&
- 2 .
I 2 %'.“.o-. “[.%]?
00t d
..‘.“.DOO.. 1
0...... r
o — - CASE | |
0 80 80 00 120 140
TIME (min)
Fig. 2.1. FASTGRASS-VFP Predictions of (a) Fission Gas

and (b) Cesium Release During ORNL Test HI-1,
Compared with Measured Values. In (b), predic~
tions are given for two values of the cesium

diffusion coefficient.



98

'o v v - i v ——— v v
® DATA (a)
E FASTGRASS - vFP :
o8p 4
- -
2 O6f 2323K -
' . - .
s E 2273k !
= 2223 K
g 0.4 4
“w
S
. 1
0.2 4

2273 K (NO GRAIN GROWTH)

\
S T 4
(4] A . = & 4 & & J
40 60 80 100
TIME {min)
10 v . — v - v
| e DaATA (b)
FASTGRASS - VFP 1
os} g
g O6}F 4
&
.: L ] -
g 04} 2273K
& 2223 K
- R
2273 K (NO GRAIN GROWTH)
02 } )
2 -
o & " A . . - "
0 20 40 60 80 100

TIME (mmn)

Fig. 2.2. FASTGRASS-VFP Predictions of (a) Fission Gas
and (b) Cesium Release During ORNL Test HI-3,
Compared with Measured Values.



99

MS0-218063

Untested; 5000X 5000X

Fig. 2.3. Scanning Electron Micrographs of H. B. Robinson Fuel
(left) Before and (right) After ORNL Test HI-3.

test HI-1 which are a factor of ~3 larger than those obtained with the
diffusivities reported by Matzke. As the effects of chemical trapping are
included in the FASTGRASS-VFP calculations (i.e., Csl, Cs )Mo0,, and Cs U0,
reaction products), and as the relatively low HI-l test temperatures preclude
any appreciable graian growth, the predicted Dig dependence of fission product
releaze during the test should be physically realistic. The results shown in
Fig. 2.1b suggest that equating DCs with DXe is the most reasonable assump=

tion. Consequently, this value of DCs is used in all subsequent calculations.

In order to reflect the reported experimental uncertainty in temperature
for test HI-3, each part of Fig. 2.2 includes three predicted curves, which
correspond to test temperatures of 2273 £ 50 K. Also shown in Fig. 2.2 are
the predictions of the theory in the absence of grain growth. On the basis of
the good agreement between theory and data for fission gas and Cs release when
a grain-growth/grain-boundary-sweeping mechanism is operative (Fig. 2.2), and
the agreement between predicted and observed end-of~test grain size, it is

concluded that grain boundary sweeping of fission products is a key mechanism
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for moving fission products from within the grains to the grain boundaries
under HI-3 test conditions.

This position is further supported by the agreement between the
FASTGRAS> -VFP results for fission gas and Cs release and the data for test
HI1-4'! shown in Fig. 2.4. The fuel specimen for test HI~4 consisted of a
20.3-cm~long fuel segment from a rod which had been irradiated in the Peach
Bottom=2 reactor to about 10,100 MWd/MTU. Again, FAsTGRASS-VFP/LIFE-LWR was
used to simulate the irradiation period prior to the transient test. About 9%
fission gas release occurred from this rod during the irradiation. Test HI-4
consisted of 20 min at a temperature of 2073 # 50 K in a flowing steam—~helium
atmosphere. With the stoichiometric grain growth law (Eq. 2.4), and assuming
an initial grain size of 6 um, the theory predicts an ~10% increase in grain
size. Again, this grain growth prediction is consistent with microscopic

obsetvntiona.lz

it should be noted that whereas partial oxidation of the cladding was
observed after tests HI-3 and HI-4 , no visual evidence of appreciable fuel
oxidation was detected.'? This result is consistent with the use of the
stoichiometric grain growth law within FASTGRASS-VFP for HI-1, HI-3, and HI-4

test conditions.

Figure 2.5 shows FASTGRASS-VFP predictions of fission gas and Cs release
for test HI=2.!1 The HI-2 test specimen was similar to those used in tests
HI-1 and HI-3. Test HI-2 was conducted for 20 min at about 1973 K in flowing
steam. Metallographic exaninationll’lz of the tested fuel specimen revealed
extensive fractures in the cladding, essentially complete oxidation to Zr02,
and evidence of fuel-cladding interaction. Thus, it seems likely that fuel
oxidation did occur during test HI=2, in contrast to tests HI-1, MI-3, and
HI-4, Each part of Fig 2.5 shows predicted curves obtained with both the
stoichiometric ("nominal”, grain growth law of Eq. 2.4 and the hyperstoichi-
ometric (“"enhanced") grain growth law of Eq. 2.5. Although FASTGRASS~VFP
tends to overpredict fission gas and Cs release when the hypersioichiometric
grain growth law is invoked, the agreement is better than thar obtained with
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the stoichiometric law. Thus, both the experimental results available to date
and the FASTGRASS~VFP analysis (Fig. 2.5) indicate that the U0, diffusivities
were enhanced to some extent during test HI-2 owing to UOZ oxidation to U°2+x‘

C. Fission Product Behavior in Trace-irradiated Fuel During SFD Tests in the
PBF Reactor

The SFD-ST cxperinentls consisted of a 32-rod bundle of PWR-type fuel
rods, 0.91 m long and enclosed in an insulated shroud. The bundle was sub~-
jected to a slow heatup (~2 h) in an oxygen=-rich environment to about 1400 K
in the lower part of the fuel bundle and about 1800 K in the upper portion of
the bundle and then rapid heatup (~10 min) to 2400 K, followed by a rapid
quench and coolant reflood. Considerable cladding oxidation and melting, fuel
liquefaction, and fuel fragmentation occurred. The SFD 1-l te.tls also
consisted of a 32-rod bundle, but the temperature transient consisted of a
rapid heatup (~30 min) in a steam-starved environment to 2400 K followed by a
slow ccoldown (~20 min) without a rapid quench. The effective burnup levels
for SFD-ST and SFD l-l1 are 88.9 and 79.1 MWd/MTU, respectively.

In Fig. 2.6, the measured fission gas release rates for SFD-ST are
compared with the release rates predicted by FASTGRASS-VFP on the basis of
both the stoichiometric (nominal) and hyperstoichiometric (enhanced) grain
growth correlations. The enhanced grain growth law, which is assumed to be
activated at fuel temperatures >1900 K, gives rise to a release rate curve
that simulates the ST data quite well, whereac the nominal correlation gives
release rates that are approximately an order of magnitude below the data at
fuel temperatures >1900 K. Such differences in predicted release character-
istics due to grain-growth/grain-boundary-sweeping effects are further illus-
trated in Fig. 2.7, which shows intragranular fission gas retention during
SFD-ST as predicted by FASTGRASS-VFP. If nominal grain growth occurs, the
majority of the fission gas is predicted to remain entrapped within the grain
interior, with a total fracticnal retention of greater than 80% even as fuel
temperatures approach 2400 K. However, if the grain growth is enhanced owing
to fuel oxidation, a much larger fraction of the intragranular gas is swept to
grain boundaries, with only 202 retention within grains at fuel temperatures
of ~2400 K. Such predictions clearly {llustrate the important influence of
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the grain-growth/sweeping process on the morphology and attendant release
behavior of gaseous and volatile fission products. Since the steam flow
conditions of the SFD-ST scoping test produced an oxidizing environment, the
enhanced grain growtn law appears appropriate for this analysis. The analysis
is also consistent with the fuel-oxidation-enhanced grain growth noted in the

PBF-SFD scoping test,ls

where both tgog precipitates and a substantial

increase in grain size were noted upon post-test fuel examination.

In Table 2.1, FASTGRASS-VFP predictions for fission product release
during SFD-ST are compared with the measured values The calculations shown
in Table 2.1 were made by assuming that the requench provided the appropriate
mechanisms (e.g., fuel fracturing) for the release of the majority of the
fission products predicted to be on the grain boundaries. {(FASTGRASS~VFP does
not currently contain a model for requench-induced processes, e.g., grain

boundary fracturing.)

TABLE 2.1. FASTGRASS-VFP Predictions of Fission Product
Release During the SFD-ST Test, Compared
with the Measured Values

Fraction Released
FASTGRASS~VFP Collection Tank
Fission Product Calculation Measurement

The agreement between the theory and the data shown in Table 2.1 is very
good. The theory predicts that in the absence of a requench (and fuel lique-
faction), very little fission product release would have occurred during
SFD-ST. The reason for this result is that owing to the low concentrations of
fission gas in this trace-irradiated, low-burnup fuel, very little intercon~-
nection of fission gas bubbles is predicted to occur on the grain faces and

along the grain edges. This is in contrast to the ORNL transient tests on
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high-busnup fuel described earlier. The relatively high concentration of
fission gas in the high-burnup fuel enables a high degree of bubble inter-

connection to occur, with subsequent venting of the retained fission products.

In Fig. 2.8, the measured fission gas release rates for the SFD 1-1 test
are compared with the release rates predicted by FASTGRASS-VFP for two values
of the maximum fuel temperature. The FASTGRASS-VFP predictions are based on
the stoichiometric (nominal) grain growth law for fuel temperatures <1500 K
and the hyperstoichiometric (enhanced) grain growtu correlation for tempera=
tures >1900 K. The predicted release rates are seen to increase dramatically
upon the initiation of grain-growth-induced sweeping of entrapped intra-
granular bubbles to grain boundaries. Without such grain-growth-induced
sweeping, little gas release is predicted for such low-burnup fuel. It is of
particular interest to note that the hyperstoichiometric grain growth law for
equiaxed grain growth simulates the test data rather well. Such calculations
clearly illustrate the point that for low-buruup fuel, the majority of the
fission products remain trapped within the grain interior until elevated tem~

peratures cause sweeping of fission products to grain surfaces and open pores.
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Fig. 2.8. FASTGRASS-VFP Predictions of Fission Gas Release Rates for the
SFD 1-1 Experiment, Compared with the Measured Values and
Those Obtained from NUREG-0772.
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Although the initial release characteristics are modeled fairly well by
FASTGRASS~VFP, the total fractional release for the SFD l-i test is under-
predicted by an order of magnitude (i.e., 2% total predicted release versus
=20% measured release for the test). This is attributed to the fact that
during grain growth, the fission gases are predicted to be swept to grain
boundaries, where the majority of such gas is trapped. Owing co the absence
of quench-induced grain separation in the SFD 1-] test, and the fact that
FASTGRASS~VFP does not currently model the gas release that accompanies fuel
liquefactionl6. the model predicts gas accumulation at grain surfaces. In
actuality the following morphology sequence, leading to fission product
release for the SFD l-l test, appears probable: (1) initial high gas reten-
tion within individual grains due to entrapment of gaseous fission products as
individual atoms or intragranular microbubbles, with negligible gas release;
(2) grain-growth-induced intragranular microbubble sweeping to grain bound-
aries at temperatures above ~1900 K, with gas accumulation at grain boundaries
and initiation of slow gas release; and (3) destruction of the grain boundary
structure by fuel liquefaction (not currently modeled in FASTGRASS-VFP), with

attendant rapid gas release.

This suggested sequence of events is supported by the FASTGRASS-VFP
prediction of retained intragranular gas at the hottest fuel node in test
SFD 1~1 (T-ax = 2260 K) in the absence of fuel liquefaction, shown in
Fig. 2.9. Again, the predictions are based on the stoichiometric (nominal)
grain growth law for temperatures <1900 K and the hyperstoichiometric
(enhanced) grain growth law for temperatures >1900 K. For the situation of
fuel-oxidation-enhanced grain growth, a large fraction of the intragranular
gas is swept to grain boundaries, with only ~25% retention within grains at

fuel temperatures of ~2200 K.

Figures 2.6 and 2.8 also shown fission gas release rates as a function of
fuel temperature for the SFD-ST and SFD l-l1 tests, respectively, as calculated
from the temperature correlations given in NUREG-0772.17 As indicated
earlier, the FASTGRASS-VFP-predicted and measured release rates agree quite
well; however, these rates are about 4 orders of magnitude lower than the
predicted rates based upon the NUREG-0772 temperature correlations. This
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discrepancy is due, in part, to the fission product morphology characteristics
of the trace-irradiated fuel employed in the SFD-ST and SFD l-l1 tests. The
NUREG-0772 correlations were developed primarily from release experience for
medium= to high-burnup fuel under relatively isothermal test conditions; in
contrast, the SFD-ST and SFD l-1 tests were non-isothermal, and the fuel used
in these tests was essentially fresh (except for the development of a small
inventory of fission products at an effective burnup level of approximately
0.0089 atom—-percent). FASTGRASS-VFP analyses indicate that for trace-
irradiated fuel, the vast majority of both fission gases and volatiles (I and
Cs) are still retained within the interior of individual grains either as
individual atoms or as newly nucleated intragranular microbubbles. FASTGRASS~
VFP calculations indicate that such morphology will exist until grain growth
causes the sweeping of intragranular microbubbles to grain boundaries. Since
grain growth normally requires fuel temperatures in excess of 1900 K, signifi-
cant release during the heatup phase of these PBF/S¢D tests is precluded.

Only when temperatures above 1900 K cause destruction of the grain boundary
structure (by eutectic fuel melting and/or quench induced processes such as
grain boundary fracturing) is significant release predicted for such low-

burnup fuel.
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D. Conclusions

The results of the FASTGRASS-VFP analysis indicate that for the SFD-ST
and SFD i-l tests, the sequence of events leading to fission product release
appears to be as follows: (1) initial high fission product retention within
individual grains due to entrapment of fission products as individual atoms or
intragranular microbubbles, with negligible release; (2) grain-growth-induced
intragranular atomic and microbubble sweeping to grain boundaries at tempera-
tures in excess of 1900 K, with attendant bubble growth and gas accumulation
at the grain boundaries and initiation of slow gas and VFP release; (3)
destruction of the grain boundary structure via fuel liquefaction and/or
quench-induced processes (e.g., grain-boundary fracturing), with attendant

rapid intergranular gas release.

FASTGRASS-VFP theory correctly predicts the fission product behavior of
high=burnup fuel during the ORNL high-temperature heating tests. The results
of the analysis indicate that a grain-growth/grain-boundary-sweeping mechanism
is responsible for the relatively large intragranular fission product release
predicted to occur during the majority of these tests. FASTGRASS-VFP-predicted
grain sizes for tests HI-1, HI-3, and HI-4 are in reasonable agreement with
grain growth observations made on the tested fuel. The measured grain growth
for the high-burnup fuel used in these ORNL high-temperature heating tests is
substantially less than the observed grain growth for the PBF tests on trace-
irradiated fuel. This result is consistent with the predictions of the
Speight-Greenwood theory for grain-growth/grain-boundar: ~sweeping in that the
accumulation of fission products on the grain boundaries of high~burnup fuel
retards grain boundary movement. (The Speight-Greenwood theory has been
incorporated into the FASTGRASS-VFP Theory. Results of this combined theory
will be presented elsewhere.)

The results of FASTGRASS-VFP analyses indicate the inappropriateness of
extrapolating the NUREG-0772 correlations, which are based primarily upon
medium- to high=burnup data, to determine release characteristics for the
trace-irradiated fuel employed in the PBF tests. This is because at extremely
low burnup, there does not exist a sufficient inventory of fission gases to

precipitate the development of a network of interconnected porosity necessary
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for gas release from the fuel interior to the pellet surface. Only upon

initiation of enhinced grain growth at elevated temperatures (21900 K), and

destruction of the grain boundary structure by liquefaction and/or quench-

induced processes, would significant release be expected for these low-burnup

conditions.
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III. CLAD PROPERTIES FOR CODE VERIFICATION

Principal Investigators:
H. M. Chung, F. L. Yaggee, and T. F. Kassner

- The Zircaloy cladding of fuel rods in light-water-cooled reactors is
susceptible to local breach-type failures, commonly known as pellet-cladding
interaction (PCI) failures, during power transients after the fuel has
achieved sufficiently high burnup. As a result of the high burnup, the gap
between the UO, fuel pellets and the cladding is closed and highly localized
stress is believed to be imposed on the cladding by differential thermal
expansion of the cracked fuel and cladding during power transients. In
addition to the localized stress, a high-burnup fuel cladding is also
characterized by high-density radiation-induced defects (RID),.nechanical
constraints imposed by pellet-cladding friction, compositional changes (e.g.,
oxygen and hydrogen uptake associated with in-service corrosion), and geo-
metrical changes due to creep~down and bowing. It is possible that syner-
gistic effects involving more than one of the above factors influence the
deformation and fracture of the in-reactor fuel cladding, e.g., strain aging
associated with impurity or alloying elements, irradiation- or stress-induced
segregation of the elements and subsequent formation of nonequilibrium
phases. Although mechanisms of stress-corrosion-cracking (SCC) associated
with volatile fission products such as I and liquid-metal-embrittlement (LME)
associated with an element such as Cd have been well established for local
treach-type failures of irradiated and unirradiated Zircaloy cladding undrr
out-of-reactor simulation conditions, conclusive evidence of these processes
is not yet available for in-reacter PCl failures. Consequently, to provide a
better understanding of the PCI phenomenon, we have undertaken a mechanistic
study of the deformation and fracture behavior of actual power-reactor fuel

cladding discharged after a high burnup.

In this program, the effect of temperature, strain rate, and stress
localization on the deformation and fracture characteristics of Zircaloy
cladding from spent-fuel rods is being investigated by means of internal
gas-pressurization and mandrel-loading experiments in the absence of simulated

fission product species. The deformed and fractured specimens of spent-fuel
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cladding are then being examined by optical microscopy, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and high voltage
electron microscopy (HVEM). The results of microstructural and fracture-
property investigations will be used to develop a failure criterion for the
cladding under PCI-type loading conditions. The information will be incor-
porated into fuel performance codes, which can be used to evaluate the
susceptibility of extended-burnup fuel elements in commercial reactors to PCI
failures during power transients in later cycles, and to evaluate cladding
performance and reliability in new fuel-element designs. An optimization of
power ramp procedures to minimize cladding faiiures would result in a signif-
icant decrease in radiation exposure of plant personnel due to background and
airborne radioactivity as well as an extension of core life in terms of

allowable off-gas radioactivity.

A, SEM Examination of H. B. Robinson Cladding after Fracture by Expanding-
Mandrel Loading (H. M. Chung)

l. Introduction

Preliminary test results of H. B. Robinson spent-fuel cladding by
expanding-mandrel loading at 292 and 325°C have been reported previously.l'2
Brittle-type failure was not observed in specimens fractured at 292°C. How-
ever, from examinations of four spe. 2ens fractured at 325°C, three specimens
revealed the brittle-type pseudocleavage feature in the fracture surfaces.
One specimen failed in a ductile manner. The results of the fracture surface

examinations are summarized in Table 3.1.

& Ductile Failure

Results of the SEM examination of the 217A2E cladding specimen after
fracture at 292°C have been reported previously.l The fracture surface showed
a ductile fracture morphology. A similar ductile failure was observed for
specimen 217B2D, which fractured after 237.8 h under expanding-mandrel loading
at 325°C. Crack morphologies near the inner and outer surfaces of the speci-

men are shown in Figs. 3.1 and 3.2, respectively. An indentation produced by
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TABLE 3.1. Summary of Fracture Surface Morphologies Produced in
H. B. Robinson Spent=Fuel Claddinga by Expanding-
Mandrel Loading

Time at Strain Rate Maximus Time under
Transient During Transient
Specisen Temg ., Loading,
Numbe 4

Creep Mode
at Max. load
'

i

:

Crack Morphologies of the Inner Surface of Specimen 217B2D after
Fracture at 325°C under Expanding-Mandrel Loading. (A) Crack
parallel to axial direction located at the edge of the expanding
ring; (B) higher magnification of the crack.
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Fig. 3.2. Crack Morphologies of the Outer Surface of Specimen 217B2D after
Fracture at 325°C under Expanding-Mandrel Loading. (A) Single
pinhole crack located at the axial position of maximum diametral
expansion; (B) higher magnification of (A) showing axial and
circumferential cracks in the surface oxide layer.

the single ring used in the mandrel-expansion test is visible in Fig. 3.1(A).
It appears that the crack initiated at the region where the edge of the

expanding split ring deformed the inner surface of the cladding.

Significant deformation in the circumferential and axial directions
can be deduced from the morphology of the deformed and cracked surface oxide
layer in Fig. 3.2(A) and (B). Deformation in the axial direction appears to
be most pronounced in regions immediately above and below the ring, which was
used to produce stress localization. However, with the present mandrel-
loading apparatus, tight contact (and hence friction) between the expanding-
mandrel and cladding inner surface is lost during deformation. As a result,
the cladding tube was free to contract in the axial direction. If the tube
was constrained in the axial direction (as in the case of a PCI situation),

the circumferential expansion (i.e., ~6%) would have been significantly

smaller.
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Examination of the fracture surface of the 217B2D specimen did not
show clear evidence of pseudocleavage features. Characteristic fracture
surface morphologies observed near the inner surface and in the middle of the
tube wall are shown in Fig. 3.3(A) and (B). respectively. The morphology near
the outer surface at higher magnification [i.e., the circled area of
Fig. 3.2(B)] is shown in Fig. 3.3(C). The morphologies depicted in Fig. 3.3
are similar to those of specimen 217A2E! and indicate that the 217B2D tube

failed in a ductile manner.

3. Brittle-type Failures

Results of a preliminary SEM examination of tube 217A4C, deformed

and fracturad at 325°C at a relatively slow strain rate and at a smaller creep

load (see Table 3.1), have been reported prvv;ously.l Additional results for

the specimen are shown in Figs. 3.4 and 3.5. The crverall fracture surface
near the expanding ring (i.e., at the axial position of maximum ridging) is
chown in Fig. 3.4(A), and a strip in the figure is magnified in Fig. 3.4(B).
A similar fracture surface away from the expanding ring (i.e., away from the
ridge) is shown in Fig. 3.5. The morphologies in Figs. 3.4(B) and 3.5 at high
magnification reveal pseudocleavage over a large portion of the fracture
surface. However, many "steps” parallel to the axial direction and almost
perpendicular to the pseudocleavage plane can be observed, particularly in
Fig. 3.5. The morphology of the "steps” was invariably ductile in nature.
lThe overall fracture surface morphology is similar to that of the fracture
surface reported by Rosenbaum et AA.‘ for a fuel rod which failed during
gservice in the Dresden II1 reactor (e.g., see Figs. 3.2-17 of Ref. 3). The
"steps” of the fracture surface parallel to the axial direction indicate some
form of plastic deformation in the axia! direction. If the specimen had been
constrained in the axial direction, the plastic deformation associated with

the "steps” would have been minimal.




Fracture Surface Morphologies of the 217B2D Specimen.
(A) Near the inner surface; (B) middle of cladding wall;
(€) near the outer surface. The specimen failed in a
ductile manner.
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Fig. 3.4
Fracture Surface Morphologies of
Specimen 217A4C after Brittle-type
Fracture at 325°C uncer Expanding-
Mandrel Loading. (A) Overall
fracture surface; (B) higher mag-
nification of the area denotcd by
the strip in (A) showing pseudc-
cleavage.

-

OUTER SURFACE
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[

OUTER SURFACE

">

Fig. 3.5. Fracture Surface Morphology Similar to Fig. 3.4(B)
away from the Expanding Ring.

Fracture surface morphologies with pseudocleavage features similar
to those in Figs. 3.4 and 3.5 are shown in Figs. 3.6 and 3.7 for another tube
(217A4E) which fractured after 223.8 h at 325°C. The region of pseudocleavage
extends from the inner toward the outer surface of the tube up to ~30%Z of the
wall thickness. Beyond ~30%Z, only ductile morphology is observed. A com-
posite fracture surface of tube 217A4F similar to Figs. 3.4-3.7 is shown in
Fig. 3.8. The 217A4F specimen was also fractured at 325°C under similar
strain-rate and loading conditiors. In the case of Fig. 3.8(B), the fracture
region near the inner surface was accidentally compressed and damaged during
preparation of the SEM specimen. As a result, an artifact morphology is

evident in that portion (bounded by dark lines) of Fig. 3.8(B).
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INNER SURFACE

Fig. 3.6
Fracture Surface Morphologies of Specimen
217A4E after Fracture at 325°C under
Expanding-Mandrel Loading. (A) Overall
fracture surface near the expanding ring;
(B) higher magnification of the strip in
(A) showing pseudocleavage extending up to
~30% of wall thickness from the inner surface.

0Z1



121

_ OUTER SURFACE

Fig. 3.7. Frecture Surface Morphologies Similar to Fig. 3.6 but away from
the Expanding Ring. (A) Overall view of the fracture surface;
higher magrifications of the bounded areas B and C are shown
in (B) and (C), respectively.



Fig. 3.7. (Contd.)



INNER SURFACE

Fig. 3.8
Fracture Surface Morphologies of Specimen
217A4F after Fracture at 325°C under
Expanding-Mandrel Loading. (A) Overall
view; (B) higher magnification of the
strip in (A) showing pseudocleavage mixed
with a damaged artifact surface morphology.

€71
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B. TEM Examination of Zr30 Phase Distribution (H. M. Chung)

1, Introduction

Electron-diffraction characteristics of the Zr;0 phase, observed
in association with brittle-type failures produced in Big Kock Point and
H. B. Robinson spent-fuel cladding, were shown to be identical to those of
the a-phase Zircaloy except for the presence of superlattice reflections.“
Therefore, an analysis of the dark-field images obtained from the superlattice
reflections is the best method to determine the morphology and distribution of

the phase. The dark-field images are discussed in the present report.

2. Dark-field Morphology of the Zr30 Phase

The selected area diffraction (SAD) pattern in Fig. 3.9 from Big
Rock Point cladding specimen 165AE4B contains Zr30 superlattice reflections
of (1'105)Zr30 and (0T16)2t3o. The SAD pattern of Fig. 3.9(E) was obtained
from the circled area in the oright-field image of Fig. 3.9(A). Figure 3.9(C)
and (D) show the dark-field images produced from the superlattice reflections
of (T105)2r30 and (0T16)Zr30, respectively.

A closer examination of the dark-field morphology with a magnifying
glass revealed discrete precipitates of ellipsoidal shape (size <100 A). The
aggregate precipitate virtually forms a continuous phase as shown in the
figures. MNumerous dislocations decorated by the precipitates were observed
near the regions of dense precipitation. The precipitates also form on grain
boundaries as denoted by arrows in Fig. 3.9(C) and (D). Grain boundary
segregation would be more pronounced if the as-fabricated cladding was fully
recrystallized. Similar dark-field morphologies from superlattice reflections
of (2132)Zr3o and (4234)2r30 (obtained from a different region of the same
thin-foil specimen) are shown in Fig. 3.10. Again, dislocations decorated by
the Zr,0 phase can be observed in Fig. 3.10(C) and (D). The dark-field
morphologies in Figs. 3.9 and 3.10 reveal that the Zr;0 phase forms primarily
in association with dislocation substructures, and to a lesser extent, on

grain boundaries.
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Fig. 3.9. TEM Micrographs of Big Rock Point Cladding Specimen 165AE4B That Failed in a Brittle-type
Manner at 325°C under Internal Gas-Pressurization Loading. (A) Bright-field image; (B) dark-
field images of (ITI)_ of artifact surface hydride; (C) (T105)_ of the Zr,0 phase; (D)
U)Tlh‘)% of the Zr 0 pf\asc. (E) indexed SAD pattern of the circled area of (A). Subscripte
x, 8, X, and D used in (E) refer to a-Zr matrix, Zr,0, surtace x—hydride, and double diffrac-
tion, respectively. Arrows in (C) and (D) denote the location of the Zr ;0 phase on the grain
boundaries.
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Fig.

3.10.

TEM Micrographs Similar to Fig. 3.9. (A) Bright-field; (B) dark-field images of Zr30 phase
(4264) ; (C) (2132)8; (D) (3031)5; (E) indexed SAD pattern of the circled area of (A).
The labeling notations ire the same as in Fig. 3.9.
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(4264
3.250 - |0'5c .

(E)

Fig. 3.10. (Contd.)
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IV. LONG-TERM EMBRITTLEMENT OF CAST DUPLEX STAINLESS STEELS IN LWR SYSTEMS

Principal iavestigators:
0. K. Chopra and G. Ayrault

A program is being conducted to investijate the significance of in-
service embrittlement of cast duplex stainless steels under light water
reactor (LWR) operating conditions, and to evaluate possible remedies to the
embrittlement problem for existing and future plants. The existing data on
embrittlement of duplex stainless steels and single-phase ferritic steels were
reviewed to determine the critical parameters that control the embrittlement
phenomenon and to establish the test matrices for microstructural studies and
mechanical property measurements.l'2 The scope of the program includes the
following: (1) characterize and correlate the microstructure of in-service
reactor components and laboratory-aged material with loss of fracture
toughness and identify the mechanism of embrittlement, (2) determine the
validity of laboratory-induced embrittlement data for predicting the toughness
of component materials after long-term aging at reactor operating tempera-
tures, (3) characterize the loss of fracture toughness in terms of fracture
mechanics parameters to provide the data needed to assess the safety signifi-
cance of embrittlement, and (4) provide additional understanding of the
effects of key compositional and metallurgical variables on the kinetics and

degree of embrittlement.

Nineteen experimental and six commercial heats of CF-3, -8, and -8M
grades of cast stainless steel (ASTM Specification A351 and A451) were
procured in different product forms and section thicknesses. The composition
of the experimental heats was varied to provide different concentrations of
nickel, chromium, carbor, and nitrogen in the material and ferrite contents in
the range of 3 to 30 vol %X. The outer diameter and wall thickness of the cast
pipes range from 0.6 to 0.9 m and 38.1 to 76.2 mm, respectively. Material
will be available for Charpy impact tests and microstructural studies over the

entire range of compositions. However, it is prohibitively expensive to

procure and age material of all compositions for JR curve testing. Six large

experimental heats, in the form of 76~mmthick slabs, were obtained for these
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tests. The test matrices for the microstructural studies and mechanical

property measuraments were presented in an earlier report.2

The kinetics and fracture toughness data generated in this program and
from other sources will provide the technical basis to assess the in-service
embrittlement of cast stainless steels under LWR operating conditions.
Estimates of the degree of embrittlement wi'l be compare’ with data obtained
from examination of material from actual reactor service. Data pertaining to
the effects of compositional and metallurgical variables on the embrittlement
phenomenon will help to evaluate the possible remedies for existing and future
plants.

A. “echnical Progress

Characterization of the various cast materials is in progress to
determine the chemical composition, ferriie content, har -ess, and grain
structure. Metallographic evaluation of the morpholczy and distribution of
the ferrite structure and measurements of the ferrite content and hardness of
the material from 19 heats of cast ke:1 blocks and six reactor compounents has
been completed. A ferrite scope was used to measure the ferrite content of
the castings. The instrument was calibrated with several weld-metal standards
(ferrite numbers between 2.4 and 28.1) obtained from the British Welding
Institute. The cast materials were examined in the three orientations, i.e.,
axial, circumferential, and radial planes, as well as different locationms,
namely, material near the center and the inner and outer surfaces of the
pipes, and top (Row 6) and bottom (Row 3) regions of the keel blocks. Orien-
tation of the material had little or no effect on either hardness or ferrite
content and morphology. Some differences in hardness and ferrite content were
observed for material from differeat locations of the castings. The chemical
composition, hardness, and ferrite content of the various heats of cast
stainless steel are given in Table 4.1. The hardness and ferrite content

values represent the average for the three orientations.
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TABLE 4.1. Chemical Composition, Hardness, and Ferrite Coatent
of the Various Heats of Cast Stainless Steel

Ferrite >
Composition,® wt % Hardness, Content,
deat  Grade Mn Si Mo Cr Ni N [ Location Rg 2
Cast Keel Blocks
58 CF-8 0.66 1.21 0.29 19.56 10.37 0.040 0.050 Row 3 76.0 3.6
Row 6 78.2 2.1
57 0.69 1.24 0.28 18.45 8.94 0.041 0.060 Row 3 80.1 S.1
Row 6 80.3 2.8
54 0.58 1.08 0.31 19.42 8.91 0.073 0.065 Row 3 82.6 1.2
Row 6 83.9 2.3
33 0.76 1.28 0.35 19.62 8.86 0.045 0.070 Row 3 82.6 9.5
Row 6 83.6 7.8
56 0.60 1.16 0.30 19.33 8.93 0.031 0.060 Row 3 81.9 11.9
Row 6 83.1 8.2
59 0.63 1.14 0.26 20.35 8.95 0.080 0.070 Row 3 83.5 14.2
Row 6 82.8 12.7
61 0.70 1.20 0.27 20.54 8.59 0.060 0.060 Rox 3 85.1 13.0
Row 6 85.5 13.1
60 1 0.71 1.01 0.26 21.02 8.07 0.050 0.070 Row 3 86.2 20.4
Row 6 87.2 21.7
50 CF-3 0.67 1.26 0.28 17.63 8.84 0.064 0.019 Row 3 79.6 5.0
Row 6 80.6 3.7
49 0.66 1.11 0.29 19.32 10.10 0.064 0.022 Row 3 76.1 8.0
Row 6 77.2 6.3
48 0.67 1.21 0.26 19.42 9.90 0.071 0.016 Row 3 77.6 8.9
Row 6 78.6 8.5
47 0.65 1.23 0.45 19.67 10.04 0.027 0.018 Row 3 79.0 16.5
Row 6 80.3 16.2
52 0.63 1.04 0.31 19.51 9.07 0.049 0.021 Row 3 8l.4 0.3
Row 6 81.8 16.7
51 ' 0.66 1.06 0.28 20.36 8.69 0.048 0.023 Row 3 83.7 18.0
Row 6 83.9 18.0
62 CF-8M 0.84 0.64 2.46 18.38 11.35 0.030 0.070 Row 3 /8.2 6.3
Row 6 78.0 2.6
63 0.69 0.75 2.52 19.39 11.22 0.030 0.050 Row 3 81.0 10.9
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Typical microstructures for the various experimental heats and reactor

components are shown in Figs. 4.1-4.8. The ferrite morphology in the statir

cast keel blocks is different from that in the centrifugally cast pipes. For

the same ferrite content, the islands of ferrite in the keel blocks are
smaller and have a finer dispersion than in the pipe material. In general,
the ferrite morpholegy is globular for ferrite contents of <5%, lacy fov
ferrite contents between 5 and 20%, and acicular for material with larger
amounts of ferrite. The lacy form of ferrite is characterized by an inter-
laced network of ferrite islands, whereas the acicular morphology represents
fine needle-like ferrite distributed in the austenite matrix. All morpholo-

gies have a random arrangement within the casting.
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Microstructures Along the Three Orientations of Static Cast Keel
Blocks of CF-8 Stainless Steel. (a) and (b) Top section (Row 6)
and (c) bottom section (Row 3) of the casting.
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Fig. 4.1. (Contd.)
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Fig. 4.2. Microstructures Along the Three Orientations of Static Cast Keel
Blocks of CF-3 Stainless Steel. (a) and (b) Top section (Row 6)
and (c) bottom section (Row 3) of the casting.
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Fig. 4.3. Microstructures Along the Three Orientations of Static “ast Keel
Blocks of CF-8M Stainless 5teel. (a) and (b) Top region (Row 6)
and (c) bottom region (Row 3) of the casting.
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Fig. 4.4, Microstructures Along the Three Orientations of the Static~Cast
Pump-Casing Ring of CF-8 Stainless Steel.
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Fig. 4.5. Microstructures Along the Three Orientations of the Centrifugally
Cast Pipe of CF-8 Stainless Steel.
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Fig. 4.6, Microstructures Along the Three Orientations the Centrifugally
Cast Pipe of CF-3 Stainless Steel. (a) Heat P3 and (b) heat P2.
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Fig. 4.8. Microstructures Along the Three Orientations of the Centrifugally
Cast Pipe of CF-8M Stainless Steel.
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Table 4.1 indicates that the ferrite content is lower and hardness is
slightly higher toward the inner surface of the various cast pipes. This
condition appears to be related to the nickel content in the material, i.e.,
the concentration of nickel is higher near the inner surface. Differences in
hardness and ferrite content are also observed for material from different
locations of the static cast keel blocks. Hardness is always higher toward
the top of the keel blocks. However, variations in the ferrite content depend
on the Creq/Nieq ratio in the material; the ferrite content toward the top of
the casting is lower for material with Creq/Nieq <1.13 and higher for material
with Creq/Nieq >1.13. Characterization of the grain structure, chemical
composition, and microhardness of the ferrite and austenite phases of the
materials is in progress. The information will be used to define the composi-
tional and metallurgical conditions that lead to significant embrittlement of

the cast duplex stainless steels.

Charpy impact specimen blanks were prepared from keel blocks of the
experimental heats and material from the six reactor components. Blanks for
the 1-T compact tension specimens were obtained from sections of two cen-
trifugally cast pipes, a static-cast pump-casing ring, and the impeller. The
specimens are being aged at 450, 400, 350, 320, and 290°C in muffle furnaces
lined with a steel shell to increase the heat capacity of the furnace and to
improve the size of the uniform temperature zone. The temperature of the
specimens is maintained within £2°C. The aging times range from 100 to
50,000 h.

Preliminary Charpy impact tests were performed on unaged specimens of the
cast material to assess the influence of specimen location and orientation on
impact strength. A Dynatup Model 8000A drop-weight impact machine with an
instrumented tup and data readout system was used for the tests. The instru-
mented tup and data readout system were calibrated by means of standard
V-notch specimens fabricated from 6061-T6 aluminum and 4340 steel. Aluminum
specimens were used to adjust the load limit of the readout instrumentation
and the linearity of the calibration was established from results obtained on
the 4340 steel specimens. Charpy V-notch specimens (ASTM Specification E-23)

were fabricated from cast material from the top and bottom sections of the
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keel block. The V-notch was machined in the L-T or L-V orientation.* The
specimen location or the orientation of the V-notch had little or no effect on

the results. The average va'ue for the various specimens was 258 t 20 J.

Specimen blanks from two pipe sections (heats Pl and P2) and the pump-
casing ring (heat Cl) were sent to Materials Engineering Associates (MEA) for
J=R curve and tensile tests on the unaged material. Tests will be conducted
at room temperature and at 290°C. The orientation of the notch is either L-C
or C-L (L-longitudinal and C-circumferential direction of the pipe). The test
matrix is given in Table 4.2.

Microstructural evaluation of the aged specimens obtained from George
Fischer Co. of Switzerland has continued. The effort was focused on
inspection of the specimens from heats 278 (15% ferrite) and 280 (40X ferrite)
that were aged for 3000 and 10,000 h at 300 and 350°C. The MyqCe-like
precipitates were not observed in any of the specimens. Microstructural
observations for the different specimens of cast CF-8 stainless steel are
given in Table 4.3. The results do uot correlate well with the Charpy impact
data. Precipitate phases were evident only in specimens that were aged for
long times, i.e., 10,000 h at 400°C and 70,000 h at 300, 350, and 400°C.
However, for heat 280, a substantial reduction in impact energy (from 250 to
150 J) occurred after 3000 h at 350°C and 10,000 h at 300°C. Furthermore, the
impact energy for specimens aged for 3000 h at 400°C is comparable to that in
specimens aged for 70,000 h at 300°C. Precipitates were found in the latter
specimens but not in those aged for 3000 h at 400°C. 1t is probable that the
precipitate phases are too small to be resolved, yet significant with regard
to embrittlement. A correlation of the degradation of mechanical properties
with microstructural changes requires a quantitative determination of the
precipitates over a substantial volume of the material. An analysis of the
aged material by neutron diffraction in the ANL Intense Pulsed Neutron Source
(IPNS) is being planned.

*L is longitudinal, T is transverse, and V is vertical direction. The first
letter designates the direction normal to the crack plane and the second
letter the expected direction of crack propagation.
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TABLE 4.2. Test Matrix for J-R Curve Determination and Tensile
Properties of CF-3 and CF-8 Cast Stainless Steels
(Heats P1, P2, and Cl)

J-R Curve Tensile Test
Test Notch Number Specimen Number
Temp.? Orientation of Tests Orientation of Tests
RT L-C 2 L 2
290°C L-C 2 L 2
RT C-L 1 C 2
290°C Cc-L - C 2

38T = room temperature.

TABLE 4.3. Precipitate Phases® Identified in Thermally
Aged Specimens of CF-8 Cast Stainless Steel
Obtained from George Fischer Co.

Temp., °C Heat 280 Heat 278
Time, h 300 350 400 300 350 400

70,000 X M “ v X M
10,000 - - X - - -
3,000 - - - - - -

= My4C -like precipitate.
x = Prec?pltate on dislocations not similar to H23C6.

B. References for Chapter IV

l. 0. K. Chopra et al., in Materials Science and Technology Division Light-
Water-Reactor Safety Research Program: rterly Progress Report,
October-December 1982, NUREG/CR-29/0 Vol. IV, ANL-82-41 Vol. IV
(November 1983), pp. 99-110.

2. 0. K. Chopra and G. Ayrault, Long-Term Embrittlement of Cast Duplex
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