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ABSTRACT

This progress report summarizes the Argonne National Laboratory work
performed Juring January, February and March 1983 on water reactcr safety
problems. The research and development areas covered are Environmentally
Assisted Cracking in Light Water Reactors, Transient Fuel Response and
Fission Product Release, Clad Properties for Code Verification, and Long-
Term Embrittlement of Cast Duplex Stainless Steels in LWR Systems.
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MATERIALS SCIENCE AND TECHNOLOGY DIVISION
LIGHT-WATER-REACTOR SAFETY
RESEARCH PROGRAM:

QUARTERLY PROGRESS REPORT

January-March 1983
EXECUTIVE SUMMARY
I. ENVIRONMENTALLY ASSISTED CRACKING IN LIGHT-WATER REACTORSa

Six cracks, including two field-induced IGSCC specimens and two
thermal-fatigue cracks, have been installed in the acoustic leak detection
facility. The loading system has been modified so that the cracks can be
stresses at levels that are typical of the in-reactor case. As expected,
the IGSCC specimens produce stronger acoustic signals than the thermal-
fatigue cracks at equivalent flow rates. Despite significant differences
in crack geometry, the acoustic signals from the two IGSCC specimens are
virtually identical in the frequency range 200-400 kHz. Thus the quanti-
tative correlations between the acoustic signals and leak rate in the
300-400 kHz band are quite similar for the two cracks. The sensitivity of
the acoustic leak detection system installed on the recirculation header
sweepolet weld at Patch-1 has been examined. Because the background noise
in the 200-400 khz band is very low at this location, even small leaks
(0.002 gal/min) can be detected. However, the system has a very limited
dynamic range and would saturate at a 0.006-gal/min leak rate; also, it may
be susceptible to spurious alarms caused by benign leakage at relatively

large distances.

Samples of centrifugally cast stainless steel have been examined to
identify optimal ultrasonic testing conditions for these materials. Both
anisotropic and isotropic materials were considered. For the isotropic
materials, 0.5-MHz shear waves appear to provide the best combination of
penetration and sensitivity for manual inspection. For anisotropic

materials, 1-MHz longitudinal waves appear to be the best approach.

8RSR FIN Budget No. A2212; RSR Contact: J. Muscara.
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Additional constant-extension-rate (CERT) test facilities have been
compieted. In these systems, the specimens are electrically isolated to
permit use of the electric potential drop method for in-situ crack length
measurements. Weldments prepared with a variety of alternative fabrication
and residual stress improvement techniques, such as IHSI, HSW, LPHSW, and
CRC, are being subjected tc low-temperature long-term aging.

Transgranular stress corrosion cracking was observed in a Type 316NG
SS weldment subjected to CERT testing in an environment with 0.2 ppm
dissolved oxygen and 0.2 ppm chloride. Tests on the relative susceptibility
of Types 304, 316, and 316NG SS are continuing. In tests comparing the
effects of sulfuric acid and sodium sulfate additions, very small differ-
ences in susceptibility were observed; this suggests that solution pH is of
secondary importance compared to the presence of critical anions such as
sulfate. An analysis of the effects of strain rate in the CERT test has
been developed; it assumes that the stress corrosion crack growth rate is
dependent on the crack-tip strain rate and that the final mechanical failure
of the specimen can be determined in terms of the conventional elastic-
plastic fracture parcweter J. Good agreement is obtained between the
results of the analysis and test results over a fairly wide range of strain

rates.

The effect of frequency and load ratio cn stress corrosion crack
growth rates is being examined. Although, as noted previously, the CERT
tests correlated very well in terms of a crack-tip strain rate, such an
approach was unsuccessful in the case of the fracture mechanics tests.
This may reflect the inadequacy of the linear elastic fracture mechanics
expression for the crack-tip strain rate rather than any fundamental

problem with the approach.

Additional information has been obtained on the effect of dissolved
oxygen, hydrogen, and sulfate on the stress corrosion susceptibility of
sensitized Type 304 SS. As the dissolved oxygen level is decreased, the
intergranula: cracking susceptibility of the material decreases. The
critical level of dissolved oxygen is a function of the impurity level.

Dissolved hydrogen per se seems to have a minor effect on material
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behavior, and the beneficial effects of hydrogen additions to the feedwater
of a BWR are due to subsequent reduction of the dissolved oxygen concen-
tration in the coolant in the recirculation piping. Our results clearly
indicate that continuous additions of hydrogen will decrease IGSCC suscepti-
bility by a considerable margin provided impurities are also maintained at

very low levels.

II. TRANSIENT FUEL RESPONSE AND FISSION PRODUCT RELEASEb

The development of PARAGRASS-MOD | was completed this quarter. Also
completed was an interim model description and user's guide, which constitutes
the main part of the present report. PARAGRASS is an extremely efficient,
mechanistic computer code with the capability of modeling steady-state and
transient fission product behavior. The models of PARAGRASS are based on the
more detailed ones in FASTGRASS. As there are no significant differences in
the methodology of the two codes, PARAGRASS provides a comprehensive treatment
of fission product behavior. The major differences between PARAGRASS and
FASTGRASS are in the treatment of volatile fission produccs, and in models for
the migration of fission products up the temperature gradient. PARAGRASS 1is
ideally suited for incorporation into a whole-core accident analysis code
which has the capability of providing PARAGRASS with the relevant fuel
operating conditions (e.g., fuel temperatures). PARAGRASS includes a driver
which accepts fuel operating conditions; it can be directly interfaced with a
thermal-mechanical code with a minimum of difficulty by invoking an
appropriate update. PARAGRASS has undergone verification with available

steady-state and transient experimental data on fission gas behavior.

bRSR FIN Budget No. A2016; RSR Contact: G. P. Marino.
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II1. CLAD PROPERTIES FOR CODE VERIFICATION®

Zircaloy fuel cladding is susceptible to local breach-type failures
during power transients 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 to evaluate the
susceptibility of extended-burnup fuel elements and new fuel element designs

in commercial reacters to PCI failures during power transients.

SEM examination of the fracture surface morphologies of the irradiated
Big Rock Point (BWR) and H. B. Robinson (PWR) fuel cladding has been completed
in this reporting period. For cladding tube specimens that failed in a
brittle PCI-like manner, characteristic pseudocleavage-plus-fluting maps of
the fracture surfaces were constructed. Based on the fracture surface maps, a
parameter that defines the extent of cladding wall-thickness penetration by
pseudocleavage plus fluting has been tabulated.

TEM-HVEM examination of H. B. Robinson fuel cladding, which exhibits
brittle-type PCI-like failures in stress-rupture experiments, confirmed the
previously reported observation of copious amounts of Zr30 precipitates in the
vicinity of a failure site that is characterized by extensive pseudocleavage
plus fluting. Besides the two previously reported orientational relationships
between the a-Zr matrix (ay) and Zr30 phase (ajy), an additional orientation
has been identified. It is believed that the brittle-type PCI-like failures
of the Big Rock Point and H. B. Robinson fuel cladding produced during the gas
pressurization tests are associated with segregation of oxygen to dislocaticn
substructures and irradiation-induced defects, which lead to the formation of

the Zr40 phase, an immobilization of dislocationms, and minimal plastic

CRSR FIN Budget No. A2017; RSR Contact: H. H. Scott.



deformation in the material. The mechanism of oxygen segregation has been
discussed in association with strain aging and radiation-induced segregation

(RIS) phenomena reported in the literature.

Several specimens of high-burnup H. B. Robinson fuel cladding have been
fractured at 325°C by the expanding-mandrel technique. Under this loading
condition, as well as during in-rcactor service, the effective stress at the
inner sarface is several times greater than that at the outer surface.
Consequently, cracks should initiate on the inner surface and propagate toward
the outer surface. A preliminary examination of the fracture morphologies of
these specimens supports the prediction. Detailed examinations by SEM and TEM

will be reported later.

IV. LONG-TERM EMBRITTLEMENT OF CAST DUPLEX STAINLESS STEELS IN LR SYSTEMSd

A program has been initiated to investigate the significance of in-
service embrittlement of cast duplex stainless steels under LWR operating
conditiens. The objectives of the program are to (1) characterize and
correlate the microstructure of in-service reactor components znd 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 temperatures, (3) characterize the loss of fracture
toughness in terms of fracture mechanics parameters in order to provide the
data needed to assess the safety significance of embrittlement, and (4)
provide additional understanding of the effects of key compositionzl and

metallurgical variables on the kinetics and degree of embrittlement.
Various experimental and commercial heats of AST™ A351 and A451 grade of
CF-&, -8M, and -3 cast stainless steel were procured in different product

forms and section thicknesses. The composition of the experimental heats was

varied to provide different concentrations of nickel, chromium, carbon, and

dRSR FIN Budget No. A2243; RSR Contact: J. Muscara.
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nitrogen in the material and ferrite contents in the range of 3 to 30 vol. Z.
Material will be available for Charpy impact tests and microstructural studies
over the entire range of compositions. A more restrictive set of compositions

will be chosen for Jp curve testing.

The initial effort is focused on microstructural studies on aged cast
stainless steels. Material from three heats of cast CF-8 and -8M stainless
steel, aged for up to 70,000 h at 300, 350, and 400°C, was obtained from
George Fisher, Ltd. of Switzerland. Two single-phase ferritic alloys and a
cast duplex stainless steel were used to develop the technique for preparing
transmission electron microscope samples. Work on sample preparation has
reached a stage where foils from cast duplex material can be produced routinely
with a high success rate. Preliminary results indicate that aging of the
ferritic alloys and the duplex stainless steel at 475°C for 1000 h produced a
mottled structure representative of the a' phase. However, the a' precipitates

were not observed in cast stainless steel aged for 10,000 h at 400°C.
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I. ENVIRONMENTALLY ASSISTED CRACKING IN
LIGHT WATER REACTORS

Principal Investigators:
W. J. Shack, f. F. Kassner, D. S. Kupperman, T. N. Claytor,
J. Y. Park, P. S. Maiya, W. E. Ruther,
and F, A. Nichols

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

be developed to the extent that available recources permit.

The effort is divided inte six subtasks: (A) Leak Detection and Non-
destructive Evaluation; (B) Analysis of Sensitization; (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 solutions to IGSCC problems in LWRs, bo“h by direct experimenta-
tion (including full-scale welded pipe tests) and through the development

of a better basic understanding of the various phencmena.



A, Leak Detection and Nondestructive Evaluation (D. S. Kupperman, T. N.
Claytor, R. Groenwald,* and R. N. Lanham)

1. Introduction

a. Leak Detection

Early detection of leaks in nuclear reactors is necessary in
order to identify deteriorating or failed components and minimize the release
of radioactive materials., Before a nuclear power facility can be placed
into operation, the NRC requires that operational leak-detection systems
of various kinds be installed. Some allowance is made for leakage from
packing, shaft seals, etc., and the flow from these "identified leaks"
is monitored during plant operation. Thus, even with the system operating
normally, there may be some accumulation of water in the sumps, with a
concomitant increase in the level of radioactivity. However, it is
expected that these levels of radioactivity and leakage will be reasonably

constant with time.

No currently available single leak-detection method combines
optital leakage detection sensitivity, leak-locating ability, and leakage
measurement accuracy. For example, although quantitative leakage deter-
mination 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. Acoustic
methods represent the most promising area for improvement in leoak detection.
They have the best chance of success when specific welds are monitored, and
the least when a few probes are used to monitor many welds. However, the
ability to locate leaks and quantify leak rates using acoustic techniques is
not well established, especially since virtually no data are available on
acoustic signals from field-induced IGSCC.

*GARD, Inc., Niles, Illinois.



b. Nondestructive Evaluation

For safety-related as well as practical reasons, it is de-
sirable to detect any cracks in the primary and secondary coolant boundaries
of LWRs even before leakage occurs, and to fix them within a reasonable
length of time. This is in accord with the NRC "defense-in-depth" philosophy,
which requires the consideration of all possible efforts that might prevent
a nuclear accident. In recent years, numerous cracks have been discovered in
coolant systems of LWks. Although the main problems have been in BWR primary
coolant lines, cracking has cccurred in PWR feedwater piping and low-temper-
ature, low-pressure lines near the spent-fuel storage pooi. Unfortunately,
many of these cracks were missed during ultrasvnic ISI and detected only
because of leakage, thereby raising doubts concerning the capability of ultra-
sonic ISI to detect cracks. The present ultrasonic testing procedures for
ferritic weldments (ASME Code Sections V and XI) do not appear to be adequate
for the detection and evaluation of IGSCC in austenitic stainless steel (SS)
piping. Indeed, the detection of IGSCC before the cracks have grown large
enough to cause a leak, and the detection, location, and sizing of leaks once
they occur, are very difficult technical goals to achieve. 1IGSCC that can be
detected by conventional ultrasonic testing under laboratory conditions may be

missed during a field examination by even the most skillful operator.

& Objectives

The objectives of this subtask are to (1) develop an inde-
pendent capability to assess the effectiveness of current and proposed tech-
niques for acoustic leak detection (ALD) in reactor coolant systems, (2)
develop a strategy for hardware realization, and (3) examine potential im-
provements in ultrasonic methods for detection of IGSCC and inspection of cast
SS. The program will establish whether meaningful quantitative data on leak
rates and location can be obtained from acoustic signatures of leaks due to
cracks (IGSCC and fatigue) in low- and high-pressure lines, and whether these
can be distinguished from other types of leaks. It will also establish cali-
bration procedures for acoustic data acquisition and show whether advanced

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



2. Technical Progress

a. Leak Detection

(1) Acoustic Leak Data

The modification of the ALD test facility is continuing.
Two fatigue cracks and two thermal-fatigue craecks (TFCs), all laboratory-
grown, have now been welded into the pipe run, and tests have begun with these
cracks., A second field-induced crack, designated IGSCr #2, has also been
welded into the pipe run. In order to produce leakage through T5SCC #2, it
was first necessary to remove corrosion products from the crack with DOWCON~1
(Dow Chemical). In addition, the outer surface of the specimen was ground
down about 4 mm from the top of the weld crown to increase the exit length
of the crack from 4 to 10 mm (the inner-surface length was 13 mm). In spite
of these measures, a very low leak rate of 0,001 gai/min (3.8 cm3/m1n) was
observed in initial tests with ICSCC #2. (In contrast, IGSCC #1, with an
exit length of only 2 mm, had a leak rate of "0.005 gal/min or 19 cu3/m1n.)
This leakage could barely be detected acoustically with a 375-kHz receiver
720 cm from the source. However, at the time of these initial tests, the
loading system was inadequate to apply a stress typical of reactor operating
conditions to IGSCC #2. Improvements were subsequently made which allowed
loading of the pipe to nearly 70 ksi (480 MPa), a level 50% greater than pre-
viously attempted. As a result, the leak rate for IGSCC #2 was increased.
A comparison of acoustic spectra of the two IGSCC specimens for leak rates of
0.004 gal/min (15 cn3/m1n) indicates virtually identical signals in the
frequency range from 200 to 400 kHz (Fig. 1). Below 200 kHz, the signal is
5 dB lower for IGSCC #2, presumably because of differences in geometry.
These data suggest that geometrical effects may be less significant at fre-
quencies above 200 kHz. Therefore, relating leak rate to acoustic signals

may be more reliable at higher frequencies.

Acoustic emission noise generated by the smaller of the
two TFCs (designated TFC #1) was measured with the NBS transducer and com-
pared with the noise generated by ICSCC #1. The spectrum l:vels for the two

cracks are shown in Fig. 2. The spectra are similar in shape, but at 400 kHz,
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the noise level from IGSCC #1 is 5 dB or 1.77 times greater than the level
produced by TFC #1 even though the leak rate is twice as great for TFC .
This is consistent with previous observations that IGSCC leaks produce more
noise than slit leaks, at equivalent leak rates. The IGSCC exit opening is
2 mm long and 10-20 um wide, while that of the TFC is 26 mm x 100 um. Con-
sequently, for the same water flow rate, the steam exit velocity for the
IGSCC should be a factor of 86 higher than that of the TFC. It is generally
accepted1 that the high-frequency acoustic noise generated by flow through a
pipe increases as the third power of the fluid velocity. The present data
qualitatively support the dependence cf leak noise on leak rate, but owing
to the uncertainty of the gecmetry (crack width vs depth) of the IGSCC and TFC

specimens, a quantitative analysis is not possibie.

In Fig. 2, two distinct regions in the frequency spectra
are evident. There appears to be a transition at 80 kHz in both spectra from

a steeply falling f-l.SO dependence of noise level on frequency to a more

gradual dependence of f-1.30 at frequencies preater than 80 kHz. This type of
frequency spectrum was seen for almost all the leaks that were tested and
could be an identifying feature of the sound-producing mechanisms of the
leaks, or it could be due to the acoustic characteristics of the pipe. This
effect will be investigated to determine whether it is a characteristic of

the leaks themselves.

An important consideration for leak detection is the
dependence of the acoustic emission signal on leak rate. This dependence may
vary with frequency, depending on the mechanism that produces the sound. To
obtain data on acoustic noise output as a function of leak rate and frequency,
TFC #1 was stressed from O 1b to 55 klb (0 to 20,350 kg) and the leak signal
was measured in three frequency bands: 30-40, 100-150, and 300-400 kHz. The
data obtained (Fig. 3) show that the acoustic signals are correlated with
leak rate, but are less dependent on this rate in the highest frequency range
examined. Also, the variance in the data decreases at the higher frequencies.
The acoustic emission output voltages for the three regions are given by the

following expressions:



Fig. 3

The Dependence of Acoustic
Signal on Leak Rate for a
Thermal Fatigue Crack.

(o]
. | T
0.0l 0.02 004 006 008
FLOW (gal/min)
v=28.38 x 10 q*®®  (30-40 kHz), (1)
v=9.36x10° "%  (100-150 kHz), (2)
v=205x10" 0"  (300-400 kHz). (3)

In Eqs. (1-3), V is given in terms of spectrum level (V2/Hz) if Q is in gal/
min. The dependence on leak rate in the 300-4C0 kHz band is the same as that
found in a previous study.2 Because the acoustic output shows different de-
pendences on leak rate at different frequencies, more than one noise-
producing mechanism may be involved. At present, it is thought that almost
all of the noise from the IGSCC and TFC leaks is due to steam flow. The

NBS transducer was found to be sensitive to airborne noise; this could be the
cause of - ae of the signal enhancement at low frequencies. Further tests
with the NBS transducer are planned to determine whether the low-frequency

sensitivity is a _roblem.



Attenuation data have also been acquired for water-filled
pipes with electronically generated ultrasonic waves in the frequency range
from 200 to 400 kHz. The ANL results are consistent with data found in the
literature. Figure 4 shows the signal obtained as a function of distance
along the pipe run, and the variation in attenuation with azimuthal angle,
when a long section of the pipe (indicated in the figure) was filled with

water.

VARIATION WITH
ANGLE
0 . NEAR-FIELD
| [ T T T T T 7 048
ATTENUATION - 200-400 kHz
5 WATER-FILLED PIPE 4 om T
NEAR-FIELD 45 dB/m
g o FAR-FIELD 168 dB/m 1 ] 14
&
S 5b— A FAR-FIELD
& 0d8
=
-t
20— L — o075 707em o086
25 | WATER-FILLED - acl 007
W B S S A Y
0 2 4 3 8 ) 2
DISTANCE (m)

Fig. 4. Attenuation Data for 10-in. Schedule 80 Piping with Water-filled
Section. Diagrams at right show variation with azimuthal angle.

(2) Acoustic Backgrouad Noise

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



This system was reproduced and tested at ANL to establish
its sensitivity and dynamic range. Figure 5 shows a plot of digital readout
(proportional > rms signal output) vs gain setting for the instrument.

In order to approximate the HATCH-1 "B" conditions, ultrasonic waves were

kground noise. For

enerated electronically « e pipe run to simulate bac
similar to that used in the fi the resulting dotted curve agrees
ower HATCH-B hich was obtained during reactor operation
power, the HATCH-1 "B" readouts increased by
consistent with a model which assumes that the background
noise and thus increases as the cube of fluid velocity. [f one
he reactor power is proportional to fluid velocity

yportional to the acoustic noise level the data appear reasonable.
t »

The sensitivity of the system is demonstrated by the
increase in signal when a 0.002 gal/min IGSCC leak, at a dis-
added to the simulated background noise (dash-dot line in
e results suggest that at the recirculation header of a BWR at
acoustic background noise in the 200-400 kHz range is onlv a

lectronic noise.
T
94 % FULL

POWER
ig.

100 % FULL
POWER Digital Readout vs Gain
Setting of AET 204A

Acoustic Emission Sys-
tem. ANL laboratory
results are compared
with data from the
HATCH BWR monitoring
system, with waveguide
on header sweepolet.
AET 375 transducers
were used. l'he dark
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setting used in the
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he dynamic range of the system is illustrated in Fig. 6,
which shows a strip-chart recording (similar to rthose made at HATCH) of read-
out voltage vs time for leak rates of 0.002 to 0.006 gal/min. Under BWR
operating conditions, the ANL system is saturated by the signal from a
0.006~gal /min 1GSCC leak at a distance of 50 cm. A broadened dynamic range

would clearly be desirable.

240 600
TIME (s)

Dynamic Sensitivity and Range of HATCH System (200

lhis example indicates the level of ALD capability that
currently available. There is no source discrimination (a large valve le:
an register the same as A small IGSCC leak) and there s no flow rate infor-
mation. A more sophisticated system is clearly needed to (a) eliminate false
calls through improved leak location and characterization data, (b) quantify
leak rate through analysis of rms time domain structure and spectral data,
and (c¢) minimize the number of instailed transducers in a complete system

through reliable design and increased system sensitivity.

(3) Fileld-implementable Acoustic Waveguide System

Two waveguide systems have been comnleted. Both designs

a 250-mm-long, 3-mm-diam waveguide rod of Type 304 SS. An AET 375 acoustic

sion transducer is attached to the end of the waveguide rod with a spring

washer. One system (Fig. 7) is a “qui«k~\unnvtt” type; the waveguide is

passed through a plate which is strapped to the outside of the reflective




insulation and the rounded waveguide tip is pressed against the pipe surface
with a spring-loading device (10-1b lcad). Gold foil serves as the couplant.
In the other system (Fig. 8), the waveguide tip passes through the insulation
and is screwed through a plate that is strapped directly to the pipe outer
surface. Silicon grease is used as & couplant. The force applied to the
pipe at the waveguide tip is larger th~n with the spring-loaded system, but
not as reliably measured. The analysis of preliminary results indicates that
comparable acoustic signal levels can be reached with both designs. The

systems are similar in sensitivity to the PNL waveguide and probe (which uses

a magnet tc hold the waveguide down and is therefore not appropriate for SS

piping); an "6-dB signal is obtained at a distance of “1 m from a 0.005-gal/

: . .
min I1CaK,.

SPRING WASHER

Fig. 7
Schematic of "Quick-Connect"
Waveguide Attachment
System.
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Fig. 8

Schematic of
"Screw-In" Waveguide
Attachment System.

(4) Development of Breadboard-Type Leak Detector

(a) Coordination of Efforts with PNL. At the NRC's

request, a meeting was held with PNL personnel early in the current reporting
period to coordinate the current GARD/ANL and PNL efforts on this program.
The PNL program is directed at crack growth monitoring in nuclear piping.
The PNL system is further along in its development than the GARD/ANL leak
detector; a prototype of the PNL system is to be installed on the Watts Bar
reactor. Signal bandwidth and amplitude requirements of the two systems, as
well as overall system architecture, were discussed. Signal processing is
approached differently in the two systems because acoustic emissions from
leaks are continuous in nature, whereas burst- or event-type acoustic
emission is associated with crack propagation. The benefits of a combined
system, however, are significan*. An overall reduction in hardware (trans-
ducers and preamplifiers) coupled with a corresponding reduction in instal-
lation complexity would not only reduce the systea cost, bnt would be looked
upon favorably by the nuclear industry. Therefore, the needs of these two

systems will be reviewed from time to tiwve to assess whether changes have
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occurred that will make the use of common system elements more feasible than

it now appears.

PNL personnel plan to modify their system to allow
:ontinuous rms data to be taken. At present, there is an overlap in the fre-
quency windows chosen for leak detection and crack growth monitoring. It may

be possible to use the same transducer-waveguide system,

(b) Hardware. During the current reporting period, the
primary effort was directed to the hardware realization task. The system
configuration was first established. The breadboard system, as originally
proposed, is shown in Fig. 9. This version utilized a local microcomputer to
control data acquisition and to provide operator interfa~e; communication with
a minicomputer at GARD was to be accomplished via two modems and a dedicated
telephone line. All the data analysis routines would be resident in the
minicomputer and would be called remotely from the laboratory satellite sys-
tem. Similarly, the resultant analyses would be transmitted to the satellite
for display and stored in the minicomputer's archives. There might be some
latency related to data transmission time, but the on-line data analysis

principles would be adequately evaluated with such a breadboard system,

coltthe e B -
TRANSIENT
(ANALYSIS) DIGITIZER ——
TELEPHONE )
LINK
|
3y ACQUISITION
MODEM ™ - —*1 MODEM CONTROLLER
5800-BASED
\ / . /
AT GARD AT ANL

Fig. 9. Proposed Breadboar? for Acoustic Emission Leak Detection System.
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An alternative that was subsequently considered was
the use of a transportable minicomputer with an appropriate front end. This
avoids the need for telephone lines and modems and their associated costs
along with the efforts associated with establishing a remote inter-computer
interface. Currently available at GARD is a Motcrola M68000 which was ori-
ginally thought to be adequate for this application. Such a system would
certai: ly have sufficient computational power to meet the needs of this pro-
gram; however, software-generating capahility is currently limited to a
68000 assembler, which would greatly increase the efforts required to generate
the analysis software (i.e., FFT and correlation routines). Fortran could

not be made available, owing to licensing restrictions.

An investigation of other available minicomputers
narrowed the field to three candidates, which are listed in Table I with
pertinent comparison points. They all have comparable hardware capabilities:
256 or 512 kilobytes of RAM and 20-33 megabytes of Winchester disk storage
with tape or floppy-disk backup. The Dual and AIM Technology systems utilize
the Motorola 68000 CPU, whereas the DEC system has the latest proprietary
LSI CPU, which probably has similar or greater capabilities. The Unix oper-
ating system used by AIM and Dual is more versatile and "user-friendly" than
DEC's RT-11. Both operating systems support the Fortran compilers needed for
this project. The greater flexibility of the Unix system, however, provides
for easier integration of Fortran-callable routines (not necessarily written
in Fortran), which will be helpful in controlling the data acquisition hard-
ware and handling the arrays of data thereby generated. The three Fortran
compilers/assemblers were comparable in cost. The DEC system offered an
optional Signal Technology package for data analysis at a cost of $6,000,
However, public-domain analysis programs are offered by IEEE and others at
minimal cost. The Q-bus employed by DEC restricts the user, to some degree,
to DEC-supplied hardware, whereas the Multibus and S-100 bus systems are well
supported by multiple sources of compatible hardware boards and interfaces.
AIM Technology, primarily a board supplier, provides a system which requires
customer integration and checkout. The others are supplied ready-to-go with a
minimum of inter-chassis cable connection. Although any of these three sys-
tems would meet the needs of this project, the attractive cost of the DEC

system is outweighed by its unavailability until midyear. The Dual system
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was selected because it provides slight advantages in cost and delivery time,
and a significant advantage in that customer effort is not required to inte-
grate the system. The system was Jdelivered in February 1983.

TABLE I. Comparison of Minicomputer Capabilities

Computer System

DEC Micro 11

AIM Technology

Dual 83/20

CPU DEC LSI-11 (latest Motorola 68000 Motorola 68000
version)

Operating RT-11 UNIX UNIX

System
Fortran $1,000 $1,200 $600
Software
Fee
External Q-Bus adapter Multibus adapter S-100 interface
Interface
RAM (kilo~- 256 512 512
bytes)

Mass Storage 20-megabyte 33~-megabyte 20-megabyte
Winchester; Winchester; Winchester;
l-megabyte floppy Y%-in. Mag. Tape 1-megabyte
diek floppy disk

Mainframe Bus DEC Q-Bus Multibus S-100 Bus

Approximate $10,000 $17,620 $13,300

Cost
Availability  July-Aug. 1983 30 Days ARO 15 Days A®RO
Customer None Customer None
Efforts Responsible for
Needed to System Inte-
Achieve gration &
System Checkout

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

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

package for the breadboard system.

(c) Software. The software development for this program
is divided into two primary tasks. The first is the evaluation of available
data analysis programs to determine their applicability. The available pro-
grams are typically in the public dorain and are published by IEEE and other
sources. The second task is the generation of required analysis routines that
are not currently available, along with the mainline programs needed for leak
detection. The mainline programs will utilize the analysis routines (both
those obtained from other sources and thos: generated here) as subroutines for
flaw detection, location, and characterization. The efforts on this task
began when the Dual 83/20 computer system was received. Initial efforts were
directed to the evaluation of programs that are currently available from IEEE.
Routines were extracted from five source program listings and were modified
for this application by (a) restructuring them into subroutine format, (b) re-

dimensioning real and complex arrays to fit the present application, and
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(c) manipulating the data arrays to attain compatibility with each author's
array format. The subroutines evaluated to date are described in Table II.
Included are FFT, correlation, digital filtering, and sample rate conversion
routines, all of which may be useful in this project. Also included are some

plotting routines which will be of interim value.

(5) Evaluation of Moisture-sensitive Tape

In order to help assess the adequacy of moisture-sensitive
tape for comparison with ALD systems, a facility is being assembled to provide
simulated leaks to a 2-m-long 304 SS pipe covered with reflective insulation.
The pipe will be heated from the inside and steam will be injected under the
insulation to simulate a leaking crack. The moisture-sensitive tape will be
placed over the insulation; a hole drilled in the insulation will provide a

pathway for moisture to reach the tape.

b. Nondestructive Evaluation

(1) Centrifugally Cast Stainless Steel

One major area of difficulty in the ultrasonic inspection
of stainless steel (SS) reactor components is the inspection of centrifugally
cast stainless steel (CCSS), which is used for piping in pressurized wate.
reactors but is difficult to inspect reliably because of its coarse grains.
CCSS samples were examined at frequencies as low as 0.5 MHz to identify opti-
mal ultrasonic testing conditions for this material. Both isotropic and
anisotropic samples were tested (the latter are transversely isotropic, owing

to the presence of long columnar grains).

Two types of CCSS samples have been evaluated. These
samples are both from cast Type 304 SS piping 27 in. (.69 m) in diam, but
they have different microstructures. Sample A has large grains (1-2 mm in
diam) without columnar structuvre; sample B has large columnar grains (tens of
millimeters long and a few millimeters wide). Experiments were performed to
determine the degree of texturing in these samples. If the anisotropic CCSS

resembled SS weld metal during ultrasonic inspection, then techniques
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Summary of Evaluated Software Routines

Main Subroutine

Description

FFT

FFT 842

CORR1

FDESIGN

Implements Jim Cooley's simple decimation-in-time
algorithm which computes Fourier coeffic: 'nts for
a complex input sequence.

Handles up to 8192 pts,
Requires 260 words of memory.
Performs a 1024-pt. FFT in 20 s.

L.R. Rubiner's "fast" FFT algorithm computes Fourier
coefficients for a complex input sequence. The
summed products required in the calculation are
computed iteratively using equations which extend the
performance of those used in the above Cooley-Tukey
algorithm,

Handles up to 8192 pts.
Requires "1400 words of memory.
Performs a 1024~pt. FFT in "8 s.

Uses classic biased-correlation estimator.

Uses most efficient approach in performing the
actual correlation; i.e., requires a sinrgle call to
a complex FFT routine, unlike approaches which re-
quire either two calls or a single call of twice the
length to a real FFT routine.

Does correlation by "sectioning," thus can accommo-
date any number of input data samples,

A finite impulse response (FIR) filter design program.

Obtains a finite-length impulse response by trun-
cating an inf.alie-duration impulse response, i.e.,
by windowing.

Allows selection of several window types (Rect.,
Hamming, ChebyChev).

Computes FIR samples for HP, LP, BP, or BS filter
types.

Handles maximum filter length of 1024.

Computes filter characteristics: passband ripple,
paseba:d cutoff, and stophand cutoff attenuation.
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TABLE II (continued)

Main Subroutine Description
FCONVERT Performs sampling-rate conversion (i.e., inter-

polation or decimation) of a sampled data sequence
by the ratio given by L/M.

User enters L and M values.
Requires FIR filter samples.

Accurate and efficient for ratios <10; higher
ratios are better left for programs incorporating
several "stages'" of conversion.

COPLT Correlation coefficient Table/Plot routine for
line printer.

MAGPR Fourier magnitude coefficient Table/Plot routine
for line printer.

developed for one material would also be applicable to the other. In addi-
tion, if the two specimens had different textures, they could be used to
determine whether the inspectability of CCSS is related to the degree of

anisotropy in the sample.

Angle beam testing in CCSS with columnar grains is often
carried out with 1-MHz longitudinal waves propagating at approximately 45° to
the long axis of the columnar grains, because a focusing effect occurs at this
propagation angle for longitudinal (but not shear) waves. For isotropic CCSS,
the problem reduces to one of increasing the ratio of wavelength to grain
size. A 65-mm-thick block of isotropic CCSS (grain size of 1-2 mm) containing
a 10-mm-deep EDM notch and a 6-mm-diam side-drilled hole was used to compare
the effectiveness of shear and longitudinal waves. The sample is shown in
Fig. 10. To match the 6-mm wavelength of 1-MHz longitudinal waves, a shear
wave frequency of 0.5 MHz was used. Figure 11 shows typical radio frequency
signals obtained from the side-drilled hole (upper traces) and notch (lower
iraces) with normal-incidence shear waves (left) from a Panametrics 1/2-MHz,

1-in.-diam transducer and normal-incidence longitudinal waves (right) from a
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(2) Intergranular Stress Corrosiom Cracking

Efforts are conti ..ug on the fabrication of a probe that
will rapidly distinguish IGSCC from geometrical reflectors by providing data
on skew angle vs amplitude. Magnaflux Corporation is under contract to
produce the multielement probe designed at ANL. Two more curves of amplitude
vs skew angle (Fig. 13) have been generated from graphite-wool-grown IGSCC
specimens in a 12-in. pipe section (sample M3) supplied by the EPR1 Non-
destructive Evaluation Center. These curves were generated by hand with a
2.25-MHz, 1/4-in., 45° shear beam. The curves are similar to those reported
earlier.3 All IGSCC specimens examined to date, including the present two,
have had FW3/4M values of >50°; all geometrical reflectors examined to date
have had FW3/4M values of <40°.

I ' I T I T ] I I

0 IGSCC M3-1 GW
40— 4 |GSCC M3-2GW

8 (deq)

Fig. 13. Amplitude vs Skew Angle for Two Graphite-Wool-Grown IGSCC Specimens
in 12-in.~-diam Pipe Section M3 (Supplied by EPRI Nondestructive
Evaluation Center).
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B. Analysis of Sensitizat.on (J. Y. Park)

1s 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 steels in LWR environments. Under normal
isothermal heat treatments, sensitization of austenitic stainless steels
such as Types 304 and 316 occurs in the temperature range of about 500 to
850°C. However, Type 304 SS may be sensitized at temperatures below this
range if carbide nuclei are present at grain boundaries. This low-
temperature sensitization (LTS) phenomenon in Type 304 SS has been demon-
strated in laboratory experiments in the temperature range from 350 to
500°C. Extrapolations of this behavior to plant operating temperatures
(288°C) yield estimated times ranging from 10 to 1000 years for significant
LTS to occur. These wide variations have been attributed to differences in
the amounts of strain, dislocation densities, and/or impurity element con-
tents 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 sensitization (DOS),
such as the electrochemical potentiokinetic reactivation (EPR) technique
or ASTM A262 Practices A through E. These tests have been developed and
qualified primarily on the basis of the 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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o Technical Progress

Additional EPR measurements have been performed on Type 304 SS
(Heat Nos. 10285, 30956, and 53319) specimens that were furnace heat
treated at 450-750°C for 0.17-1000 h, in order to examine general high-
temperature sensitization behavior. Time-temperature-EPR curves were
constructed from the EPR measurements for a range of 600-700°C and 2-40
C/cn2 (Fig. 14). The increase in EPR value due to aging is fastest for Heat
No. 10285. Although the carbon cencentration is the same (0.06%Z) for the
three heats, the concentrations ot the other alloy elements vary. Cihal6
has proposed a model for the effect of such variations on relative resis-
tance to intergranular corrosion, in which the relative resistance K is

calculated from the effective chromium and carbon concentrations as follows:

Cr(l)eff = Cr(%) + 1.7 Mo(%) (4)
C(X)eff = C(%) + 0.002[Ni(%) - 7.9] (5)
K = Cr(l)eff - 100 C(X)eff (6)

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

been discussed previously.5'6

Construction of two CERT test facilities has been completed.
The test facilities can perform simple-~tension or cyclic-loading CERT
tests, and specimens are electrically isolated to permit better control
of electrochemical tests and use of the electric potential drop method
for in-situ crack length measurements. Preliminary CERT tests were
performed for Type 304 0S (furnace heat-treated Heat No. 10285 and a
weldment of Heat No. 53319) in high-purity water with 3 ppm oxygen at

-1

sondnal strais vetes of 5 x 10~ and 2 % 1076 & , in order to examine
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Fig. 14. Time-Temperature-EPR Curves for Type 304 SS.

the correlation between DOS (EPR) and IGSCC susceptibility. The results are
summarized in Table III. Specimen 1 from Heat No. 10285, which was furnace
heat treated (700°C/10 min + 500°C/24 h, EPR = 1 C/cmz) and tested at

2 x 1078 s'l. did not show IGSCC (Fig. 15a). This is consistent with the
proposed threshold EPR value (2 C/cnz) for IGSCC.7 However, specimen 2 from
the same heat, which was furnace heat treated (700°C/10 min plus 450°C/257 h,
EPn = 1 C/cmz) and tested at 5 x 10"7 s-l. failed in a predominantly trans-
granular mode with a minor extent of intergranular separation (Fig. 15b).
Tuls result suggests that the threshold EPR value may depend on strain rate,
or that the current EPR method may underestimate sensitization produced by
low-temperature aging. Further investigation of these possibilities is
needed. Specimens 3 and 4, heat treated at higher temperatures (600-700°C),
achieved higher EPR values (10-12 C/cnz) and showed IGSCC. Weld specimen 5
from Heat No. 53319 (Fig. 15c) showed IGSCC failure at a uniform elongation
of 19%, and a postweld heat treatment of 500°C/24 h (Specimen 6, Fig. 15d)
further increased the IGSCC susceptibility, with failure observed at a

uniform elongation of 12%.



TABLE III. CERT Test Results for Type 304 SS in High-
Purity Water with 8 ppm Oxygen at 289°C

Uniform Strain o
Heat Heat EPR, Klc Rat .‘al!t:rrl'!'
P tiong., ‘_?, Mode"

p4 8

cimen : -
e No. lreatment C/cm

-€
10285 700°C/10 min + 32 x 10

500°C/24 h

700°C/10 min
450°C/257 h

600°C/30 h
700°C/0.5 h
Weld

Veld +
500°C/24 h

= transgranular, I = intergranular.

Fabrication of 4-in.-diameter Type 304 SS (Heat No. 53319) pipe

weldments with four different remedy treatments (IHSI, HSW, LPSW and CRC)
was completed. The specimens were subjected to ASTM A262-A (oxalic acid
etch) tests in the as-welded condition before low-temperature aging was
initiated. All the weldments were sensitized in the HAZ, where ditch
structures were evident (Fig. 16) These weldments may be close to the
maximum level of "GSCC susceptibility that can be induced by sensitization
per se; 1if this is the case, the effect of further LTS may not be fully

revealed. An alternative heat of Type 304 SS with a moderate carbon

concentration (0.05Z) is being considered for this study.




(c) (d)

Fig. 15. Fracture Surface of Type 304 SS CERT Specimens
(a) 1, (b) 2, (¢) 5, and (d) 6. Heat treatments
and test conditions are given in Table III.
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Fig. 16, ASTM A262~A Test Results for 4-in.-diam Type 304 SS

Pipe Weldments: (a) Conventional Weld, (b) IHSI,
(c) HSW, (d) LPHSW, and (e) CRC.
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& Crack Growth Rate Studies (J. Y. Park and W. J. Shack)

L 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 the 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
other reasons besides assessing the safety implications of flawed piping.
A better understanding would permit a more rational extrapolation 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 characcerize
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.

s Technical Progress

Crack growth rate tests have been continued for Type 304 SS (Heat
No. 10285) ITCT specimens in water with 8 ppm oxygen at 289°C and 8.3 MPa
(1200 psi). The specimens had been furnace heat treated for 700°C/10 min,
with a subsequent additional 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
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4 c/cn2 for SPC C-09, ~17, and ~11, respectively. CGrowth rates at maximum
stress intensities (Knnx) ranging from 30 to 34 HPa--g. load ratios (R) of
0.5, 0.94, and 1, and frequencies (f) of 0, 2 x 10-3. and 1 x 10-1 Hz have
been reported previously.8 The cyclic~loading tests have been performed
using sawtooth waveforms with an unloading time of 5 sec. The current
series of tests will establish (at a fixed K) the effect of R ratio and
frequency on the growth rate, and whether these effects can be understood in
terms of the crack-tip strain rate. A new set of crack growth rate tests
has been carried out at R = 0.5, 0.7, 0.8 and 0.94, £ = 1 x 10

2 x 10-3 Hz, and Kmax = 30-33 HPa-ng. The crack length was continuously

and

monitored by the compliance method, using an in-situ clip gage. Figure 17
shows crack length vs test time for three 1TCT specimens. Interruptions or
changes in the test conditions (R, f or K value) occurred at points I
through XII. Average crack propagation rates were obtained by least-squares
linear regression analysis for each test condition, and the results, along
with those reported previously.8 are summarized in Table IV. The calculated
crack propagation rates for specimens C-09 and C-17 do not include data ob-
tained beyond point IX, as the crack lengths for those specimens appeared to
decrease at later times (rig. 1/); this suggested that the clip gages had

begun to malfunction.

Ford9 has proposed that the crack growth rate is proportional

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

drgscc = A & - 7
As discussed in Section I.D below, this relation is consistent with data
obtained from CERT tests at different strain rates. Analysis of the
fracture mechanics crack growth tests requires an expression for the crack-
tip strain rate. Under constant applied loads, the crack-tip strain rate is
determined by the time-dependent plastic deformation, i.e., creep, near the
crack tip. For cyclic applied loads of sufficiently high frequency (and
sufficiently low R values), the strains are imposed by the external loading
mechanism. Estimates of the crack-tip strain rates in this case can be
obtained from LEFM. Scott and Trusvelllo have suggested a relation of the

form
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TABLE IV, Crack Propagation Rates in Type 304 SS Specimens
(Heat No. 10285) Sensitized to Two Different Levels
and Tested in 289°C Water with 8 ppm 0,

f, Hz R éT' s-l(a) K.‘x. HPB'Ik a, m/s
2
EPR = 4 C/cm
0 _, 1 - 33-34 1.2 x 10:;°
2 x 10_3 0.5 2.7 x 10~ 30-33 3.4 x 10_,
2 x 1073 0.8 4.1 x 10, 29-32 7.4 x 10710
2 x 10_3 0.6 1.7 x 10_, 32-33 6.6 x 10_ 0
2 x 10_3 0.7 9.3 x 10_; 30-31 3.4 x 10770
2 x 1073 0.7 9.3 x 10_, 32-33 5.9 x 1010
2 x 103 0.5 2.7 x 107, 30-31 8.9 x 10_,,
1 x 10, 0.94 1.8 x 10_, 30-31 3.1 x 10_)0
1x 10 0.94 1.8 x 10 31-32 1.9 x 10
EPR = 15 C/cn2
0 _, 1 T 32-33 2.2 x 1075
2 x 1073 0.5 2.7 x 10_, 30-32 2.8 x 1077,
2 x 107} 0.6 1.7 x 10_, 28-29 5.6 x 10710
1 x 10 0.94 1.8 x 10 10 2.1 x 10
%, =-1TIn[1-(1- R)2/2].
30rr— - T
T IT T T[T T
TYPE 30455 HT NO 0285
® SPC C7
® SPC CHI
3 L
..E, 2511 SPC C-09 o
x l
B
~
-
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TIME (n)

Fig. 17. Plots of Crack Length vs Time for Heat No. 10285 Specimens.
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¢, == 1/T1a (1 - (1 - B2, (®)
where T is the rise time for the tensile portion of the load cycle. Re-
lated expressions for crack-tip strains in fatigue have been proposed by
Ricell and others. Equation (8), since it neglects constant-load creep,
predicts tT = (0 for the constant-load case. 1t also predicts that the
crack-tip strain rate is independent of the value K and hence, together with
Eq. (7), predicts that the crack growth rate is independent of K. This
prediction is contradicted by many experimental observations. For a fixed
K, the dependence of the crack growth rate on f observed in the tests on
Heat 30956 in Subtask E (see below) is roughly consistent with Eqs. (7) and
(8). However, for the tests performed on Heat 10285 where both R and f are
varied, the data differ by an order of magnitude from predictions based on
Eqs. (7) and (8), as shown in Fig. 18. Tests are currently in progress to
explore additional R va'ues and frequencies, and alternative formulations

for the crack-tip strain rates are being explored.

8
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Fig. 18. Crack Propagation Rate vs Crack Tip Strain Rate for
Type 304 SS (Heat No. 10285).



D. Evaluation of Nonenvironmental Corrective Actions (P. S. Maiya and
W. J. Shack)

Introduction
The fundamental premises of the current efforts to prevent 1GSCC
in BWR piping are (1) that IGSCC involves a complex interaction among
susceptibility of a material to damaging conditions over time (sensitiza-
tion), the stresses acting on the material, and the nature of the environ-
ment, and (2) that suitable alteration or variation of these parameters
cen prevent IGSCC in materials of interest. Nonenvironmental corrective
actions involve mitigation of either the material's susceptibility to
sensitizing conditions or the state of stress on the inside surface of the
weldment. Such actions include the use of fabrication or treatment tech-
niques that improve the IGSCC resistance of susceptible materials (e.g.,
Type 304 SS) and the identification of alternative materials that are in-

herently more resistant te IGSCC.

The objective of the current work is an independent assessment
of the proposed remedies developed by the utilities and the vendors.
Additional testing and research will be done to eliman&v gaps in the
existing data base on alternative materials and fabrication methods, and
to develop a better understanding of the relation between the existing
laboratory resulte and satisfactory in-reactor operating performance.
Current efforts in this task include additional screening tests for
alternative materials, environmental pipe tests under alternate loading
conditions, and the study of stress redistribution near weldments to
determine the effect of in-service loading conditions on techniques for

reducing residual stress loads.
Technical Prthr
lqpurlrv and Strain Rate Effects
mpurity and ot — SLLELLS

CERT experiments to evaluate the relative SCC susceptibility

of Types 316NG, 304, and 316 SS in oxygenated water (0.2 ppm O,) containing




35

chloride or sulfate impurities are continuing. In oxygenated water
(0.2 ppm 02) with 0.2 ppm C1~ (added as acid), 316NG/308L weldments with an
additicnal LTS treatment (500°C/24 h) did not exhibit SCC at strain rates

¢ >2x10 &°); at a strain rate of 2 x 10”7 s}, the failure strain €

is 31.9%. However, a similar test at a slower strain rate of 4 x 10°° s 1
produced a lower € of 18.3%. A cursory examination of the fractured sur-
face by scanning electron microscopy indicated that fracture had occurred

partly in the base metal and partly in the weld. The fracture of the base
metal was ductile, but the weld metal showed transgranular SCC (TGSCC) in

addition to some ductile regions. While these observations are consistent
with the reduced cf. the TGSCC observed for this case in the weld metal is

rather unexpected and needs furtner study. A similar test at the same

strain rate (¢ = 4 x 10"8 s-l) in oxygenated water (0.2 ppm 02) with 0.1 ppm
2-
504 is currently in progress.

Studies concerning the effects of impurity environments on
the cracking susceptibility of conventional Types 304 and 316 SS are also
in progress. Specimens of Type 304 SS (Heat No. 53319) sensitized at
600°C/24 h (EPR = 24 C/cnz) did not become susceptible to IGSCC in oxygen-
ated water (0.2 ppm 0,) with 0.1 ppm €1~ (added as acid) at
€ =1x 10“6 s-l. However, when the impurity level was increased to 0.2 ppm
C1™, 1IGSCC occurred with an average crack velocity é.v = 4.9 x 10‘7 cm/s.
IGSCC also occurred in an environment containing 0.1 pom soz' (added as
H,50,) with & = 7.4 x 107 cm/s. Thus, at & = 1 x 10°% s 1, additions of

2

2
804

additions of identical concentrations of Cl1 , which give approximately the

" (as acid) to oxygenated water with 0.2 ppm 02 are more aggressive than

same conductivity. However, as reported earlier.lz €1” is more aggressive

than 802- in water with 8 ppm O Hence, the relative aggressiveness of the

4 2°
impurity species depends on the oxygen content of the water.

In contrast to the results obtained in Subtask C from crack growth
rate tests on fracture-mechanics-type specimens in high-purity
environments, the DOS in impurity environments appears to have a
significant effect on the crack growth rates in CERT tests. For example,

the average intergranular crack growth rate observed for the material
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sensitized at 600°C/24 h (EPR = 24 C/cnz) is approximately twice that
observed for the material sensitized at 600°C/2 h (EPR = 11 C/cnz) at the

same strain rate.

No significant difference in IGSCC susceptibility is observed when
soz’ is added as Nazsoa instead of as acid. §Ot example, a test in
oxygenated water (0.2 ppm 02) with 0.1 ppm 534- (added as Nazsoa) resulted
in an average crack growth rate of 5.9 x 10 ° cm/s for sensitized Type 304
$S compared with & " " 7.4 x 10_7 cm/s observed in the environment con-
taining 0.1 ppm soa' (added as acid). Hence the solution pH appears to be
of secondary importance compared to the concentration of critical anions
such as soZ'.

Despite the widespread recognition of the importance of the imposed ¢
in CERT tcst313-16. the majority of studies, especially on austenitic
SS/water systems, have been limited to one strain rate, typically of

-6 -1
vl x 10 " s

important in understanding IGSCC susceptibility as well as in providing a

. A better understanding of the effect of strain rate is

rational basis when extrapolating the laboratory results to those en~
countered under reactor operating conditions. An analysis of the effects of
strain rate in the CERT test has been carried out and used to deduce corre~-
lations between strain rate and other quantifiable IGSCC susceptibility
parameters (e.g., average crack growth rate a4 and time to failure tf). Good
agreement is obtained between the results of the analysis and CERT tests
over a fairly wide range of strain rates; thus, the analysis represents an
important step in developing a better understanding of the effect of loading
history on IGSCC susceptibility.

The test results presented here were on Type 316 SS sensitized at
600°C/24 h ‘n oxygenated water with 0.5 ppm C1 (added as acid) over a
3 to 2 x 10"7 s-l at 289°C. The descr’ption of €

effects on IGSCC susceptibility is equally applicable to impurity-free

range of ¢ from 1 x 10

environments and is expected to be valid for the range of water chemistries
encompassed by the Nuclear Regulatory Guide 1.56 limits. As discussed
previouoly.l7 IGSCC was observed for the material in the chloride environ-

ment at all strain rates used in the experiments. The estimated ‘av was
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found to decreace with a decrease in strain rate & from 1 x 10~ to 2 x 10~/
s-l. The results alsc suggested that the extent of cracking increased with
a decrease in &, Specifically, a least-squares fit of the data to the re-
lation a, = At (where ag is the maximum crack length at failure) yielded an
exponent n = 5 (see Fig. 19) and thus a, and tf for tests at different

strain rate are related by
a, = Atf (9)

where A is a constant, assumed to be a function of the microstructural state
of the material (for example, DOS) and the environment but independent of €.
Equation (9) is also found to be consistent with the relation be*-reen é

and the average crack-tip strain rate éT' which is obtained1 from

€ a
1 f f
éT o s 1n e in o (10)
f 0 o o

where to’ to and .o are the time, strain, and crack length at the initiation
of the crack. For Type 316 SS in the chloride environment, iav and tT are

related by12

0.5
dv = Al (11)

(where AT is a constant) for the initiation parameter a = 1 ym and

€ " 0.3%; the crack-tip strain rate exponent is sh§;n to be fairly
insensitive to the choice of initiation parameters. Equation (11) is
also consistent with a model proposed by Fo:dg'ls which assumes that the
current decay after film rupture follows parabolic kinetics. His assump-
tion is based on measurements of anodic current decay transients at freshly
created metal surfaces in passive steels in dilute solutions, which often

b

suggesting that the rate-controlling process step in the dissolution-

show a t* decay law., €fuch a law has been tentatively interpreted as
repassivation is the diffusion of aqueous ions away from the crack tip.
Rewriting Eq. (11) in incremental form in terms of the current crack propa-

gation rate and crack-tip strain rate rather than average values, we obtain
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0.5
a ¢\
‘-AT(:’?) (12)

where a and 4 are the crack length and velocity at time t., Equation (12)
is bascd on the definition of crack-tip strain rate in terms of the crack~
tip opening displacement and displacement rate and on the use of a J-
integral approach similar to that used, for example, by Mowbray.19 For
CERT tests, ¢/e¢ = 1/t and therefore

0.5
a 1
a -A,r(-.-+-t-) : (13)
thus, & is independent of ¢ and depends only on time. The exact analytical
solution of Eq. (13) is

a= A /6t, (14)

which is consistent with a diffusion-controlled crack propagation process;

defining & = ag and t = tf at failure, we obtain

ac . AT /6tf. (15)

Equation (15) is identical to Eq. (9) with A = V6 AT. Equation (9) is a

useful relation but is not sufficient to predict t_; in addition to a

f
description of crack growth, a final fracture criterion is required. A

possible fracture criterion is based on a J-integral! approach,

J = Cotn’lf(n)a (16a)

~ ce™1, (16b)

where Co = material paraometer, n = strain-hardening exponent, f(n) =

function of n, C & Cof(n). and failure occurs when J = Jc; J. Is a constant

C
which depends on the material, geometry, and possibly the environment, but



TYPE 316 SS,289°C
OXYGENATED WATER (8 ppm 97)
WITH 0-5 ppm C2™

ag=0-035 1,9

CRACK LENGTH AT FAILURE (cm)

|

' . - . - 1I

40 60 80 {00 120 140
FAILURE TIME (h)

Variation of Crack Length at Failure (a_.) with Time
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to Failure (t_) in Tests Conducted at Different
Strain Rates.

which is assumed to be independent of strain rate. (For a more detailed
discussion of the significance of J, see, for example, Ref. 19). The
validity of the fracture criterion represented by Eq. (16b) is illustrated
by a log-log plot uf 11 Vs E_ (Fig. 20), which, within the limits of
experimental scatter, yields a straight line. From the slope of this line,
the value of n is found to be about (.16, which is not an unreasonable value
for an austenitic SS at the strains of interest. Since n is fairly small,

Eq. (16b) can be simplified to

(17)

Equations (9) and (17) can be combined to derive the following correlations

between the IGSCC susceptibility parameters and the strain rate:
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Fig. 20. Log-Log Plot of Crack Length at Failure (af) Versus Strain at
Failure (t{).
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/3,=1/7 .
I 3g=83 (21)

. 1
P2 = N /AC
A ¢ A(I:,A )

The above correlations are observed to be in good agreement with the experi-
mental data. For example, log-log plots of é‘ > tf, Eer and ac vs £ yield
straight lines with slopes i(nat are in good agreement with the predicted
strain rate expouents, as shown in Figs. 21-24., These values are also con-

sistent with the limited experimental results reported in the litera-

20 ' : N
rurc.ls' N For example, Fordzo has observed the relatiouship . éo 3

for Type 304 SS in high- purity water containing 0.2 ppm O, and in water
with 0.01M NaZSOQ at a temperature of ~100°C. Also, from the publishedls

strain rate effects on uniform elongation for Type 304 SS (sensitized at
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600°C/24 h) tested in oxygenated water (8 ppm 0,) at 290°C, it can be shown
: - : 0.37 = .

that uniform strain is proportional to ¢ The potential usefulness of

Eqs. (18)-(21) can be demonstrated by using one or two sets of CERT results

obtained at higher strain rates to predict the IGSCC susceptibility without

resorting to a back-fit of the data. As can be seen in Tab ; he IGSCf
susceptibility at strain rates of 1 ~ ) 1 x ] ‘ an be

realistically predicted from the experimental data ob ed at higher strain

-5 =6 -1

rates (1 x 10 and 2 x 1f § ) and the agreement petwee he predicted

and experimental values is very satisfactory. These results are important,

onsidering that the strain rates encountered in a reactor enerally

{

slower than normally used in the laboratory and experiments at slower strain

rates are time-consuming and are often limited by experimen apat

Stress/Strain/Strain-Rate Relations for Sen
Materials

Stress relaxation experiments are be

mine the stress/strain/strain-rate
different material conditions (e.g., sensitized, so
strained). These constitutive relations are required to d
strain rates associated with different loading historie:

e, strain rate is one of the major parameters affecting
existing experimental facility permits stress/strain/st
ments at 28°C over a wide range of ¢ from ”Tﬁhé to 10

currently being made to modify the system to permit measurements at temper-

atures of up to 300°C. Analysis of data and the

relations remain the same over the temperature range ‘rom
1
A

A ‘

As discussed earlier, the state variable approach of Hart

|

modified version of the constitutive equations proposed b
TAﬂnk&ss were used to analyze the data obtained with initi

1. ' - . (where ”v = 255 MPa) for sensitized Type

Both sets of mstitutive relations described the stress relaxat
falrly well, but the state variable approach gave better agreemen
the significant differences between the two approaches

structure parameter; the state variable approach uses




TABLE V. Comparison of Predicted and Experimental CERT
Properti=s for Type 316 SS_in Oxygenated Water
(8 ppm 0,) with 0.5 ppm Cl

Strain Rate, s

6

1GSCC 1 x 107 4 x 1077
SdSCQPtibili:"\' - B — M ——

a
Parameter Exp Pr

0.22

1.21 x 10"’

68.4 6l.4

a . . g . -
Predictions based on experimental data at two higher strain rates (2 x 10 and 1 x
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o* and the creep law of Miller uses the non-elastic strain €, as the struc-
ture variable. This is simply illustrated as follows: Miller's method
(based on a creep law) predicts the non-elastic strain rate én as a function
of temperature T, applied stress o, and the current level of non-elastic

strain itself, i.e.,

tn = f(T)g(o, cn). (22)
On the other hand, the state variable approach describes

én = h(o, o%, a%) (23)

where a* is the friction rate parameter, which is temperature dependent.

In Eqs. (22) and (23), g and h are functions of the indicated variables.
Although o* is, conceptually, a better parameter for describing the loading-
history effects than €. it is not always easy to determine o* in practical
situations. Furthermore, th2 literature contains more extensive discussion
concerning the application of Miller's equation to determine ¢ from loading
histories of interest to BWR applications. Therefore, we propose to rewrite
Hart's equation in a form that contains the essential iugredients of
Miller's creep law in the following manner. Equation (23) can be rewritten

as
€ = h(o, € » &%) (24)

where o* has been replaced by cn.* If the temperature dependence is con-
tained in &* (for examplc, a* = ‘o exp(-AH/RT) where AH is an activation
energy whose physicai significance remains to be identified), the consti-
tutive Eq. (24) in essence contains the ingredients of Miller's equation.
Specifically, using the data obtained for Type 316 stainless steel at 28°C,

we have shown that the constitutive equation

M
0 - g%
¢ = At ( = ) (25)
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describes the data fairly well. Using the data previously discussed, it is

observed that o* and €, are related by a power law,
8
ok = 5(5“) ’ (26)

as shown in Fig. 25 with B = 714 MPa and 8 = 0.3. Thus, Eq. (25) becomes

M
g - B(e )
t e dr (D) |———] . (27)

in which M is shown to be equal to 14, 1If the strain rate effects on work
hardening can be ignored at temperatures ranging from 28 to 300°C, Eq. (27)
[which is interchangeable with Eq. (25)] represents a useful constitutive
equation for investigating the effects of loading history on IGSCC.
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I
1

0 = 741 €2% Mpo
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NON-ELASTIC STRAIN, €,

Fig. 25. Relationship between Hardness Parameter (o*) and
Non-elastic Strain (cn).
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E. Evaluation of Environmental Corrective Actions (W. E. Ruther,
W. K. Soppet, and T. F. Kassner)

1. Introduction

The objective of this subtask is to evaluate the potential effec-
tiveness of proposed actions to solve or mitigate the problem of IGSCC in BWR
piping and safe ends through modifications of the water chemistry. Although
the reactor coolant er-ironment has a profound influence on the performance
and reliability of nuclear power-plant components, the synergisti~ effects of
oxygen (produced by radiolytic decomposition of the water) and impurities
(e.g., H,80, from decomposition of ion exchange resin- during periodic intru-
sions into the primary system) on the IGSCC susceptibility and cyclic crack
growth properties of sensitized Type 304 SS have not been investigated ade-
quately. Also, it is not clear whether the potential benefits associated with
small additions of hydrogen to the coolant can be realized in the presence of
impurities within the normal operating limits on pH (5.6 to 8.6 at 25°C) and
specific conductance (<1.0 uS/cm at 25°C) of the reactor coolant water.

During this reporting period, additional results have been obtained
from CERT tests on a reference heat of Type 304 SS, with two levels of
sensitization, in 289°C water containing 0.5 and 2 ppm dissolved hydrogen,
0.03 to 0.2 ppm oxygen, and 0 to 10.0 ppm sulfate (as H,80,). The extent to
which the SCC susceptibility 1s reflected in the cyclic crack growth behavior
of the steel under low-frequency, moderate-stress-intensity, and high-R
loading is also being evaluated in high-purity water with 8 ppm oxygen, and in
water containing 0.1 ppm sulfate and 0.2 ppm oxygen at 289°C.

y 8 Technical Progress

a. Results of CERT Experiments on Sensitized Type 304 SS

Additional information has been obtained from CERT expeiiments
on the effect of dissolved oxygen, hydrogen, and suifate (as H,80,) on the SCC
susceptibility of sensitized Type 304 SS in 289°C water. The specimens were
sensitized to EPR values of 2 and 20 C/c-2 during heat treatments at 700°C for
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0.25 h plus 500°C for 24 h and 700°C for 12 h, respeciively. Most of the
results, which were not reported previously, were obtained in water containing
10 ppm sulfate (as HyS0,) and 0.03 and 0.2 ppm dissolved oxygen with C.5 ppm
hydrogen, and 0.0  » oxygen with 2.0 ppm hydrogen.

Results of CERT experiments on the steel with both levels of
sensitization in high-purity water at 289°C and a strain rate of 1 x 1076 ¢~1
are summarized in Table VI. As the dissolved oxygen concentration decreas.d
to <0.1 ppm, a transition in the fracture mode from ductile-plus-intergranular
to Juctile-plus-transgranular occurred for the moderately sensitized material
(EPR = 20 C/cnz). The transition occurred in the lightly sensitized steel

(EPR = 2 C/cm?) at a somewhat higher oxygen concentration (~0.3 ppm).

Results from the series of CERT experiments on the reference
heat of Type 304 SS in 289°C water containing 0.03 to 8.6 ppm oxygen and 0.01
to 10 ppm sulfate as H,S0, are given in Table VII. The influence of sulfate
concentration on the time to failure and maximum stress for lightly
(EPR = 2 C/cnz) and moderately (EPR = 20 C/cnz) sensitized steel in water
containing ~0.03, 0.2, and 8 ppm dissolved oxygen is shown in Figs. 26 and 27,
respectively. Even at the lowest dissolved oxygen concentrations (viz.,
0.03 ppm), the fracture mode was primarily intergranular for sulfate concen-
trations >0.1 ppm. For an oxygen concentration of ~0.2 ppm, the time to
failure increased as the sulfate concentration decreased for both levels of
sensitization of the material. This also occurred in the lightly sensitized
material at a higher oxygen concentration (viz., 8 ppm); however, the CERT
parameters of the moderately sensitized steel were not dependent on sulfate

concentrations in oxygenated water (Fig. 27).

The results in Table VIII and Figs. 28 and 29 confirm our
preliminary concluuionz3 that “0.5 ppm of dissolved hydrogen per se in the
feedwater has only a small beneficial effect on the CERT parameters (viz., the
time to failure and total elongation) at low dissolved oxygen concentrations
(<0.03 ppm) and almost no effect at an oxygen concentration of ~0.2 ppm for
sulfate concentrations between 0.0l and 1 ppm. The effect of increasing the
dissolved hydrogen concentration to I ppm on the SCC susceptibility of the
steel in 289°C water with 0.03 ppm oxygen and 1 and 10 ppm sulfate (as H;80,)



TABLE VI. Results et_?ltlfuu on Sensitized Type 304 SS Specimens® (Heat No. 30956) in High-Purity Water at 289°C and
E=1x107°g"

Feedwater Chemistry Failure Maximum Total Reduction
Test? EPR, Oxygen, Hydrogen, Cond., pH at Time, Stress, Elong., in Area,
No. C/en? ppm ppm uS/cm 25°c h MPa b 4 b4 Fracture Morphology®
1 2 7.3 0 0.3 6.3 117 472 36 34 0.63D, 0.371
71 2 0.87 0 0.08 6.3 69 393 25 37 0.40D, 0.6064
2 2 0.25 0 0.2 6.8 143 492 50 52 U.69D, 0.31T
31 2 0.13 0.5 0.2 6.4 103 490 37 61 0.360, 0.56T, 0.081
- 2 0.05 0 0.1 6.8 141 492 50 54 0.49D, 0.51T
45 2 0.06 0.5 0.1 6.1 120 512 42 41 0.76D, 0.24T
33 2 0.03 0.3 0.1 6.6 127 507 45 43 0.69D, 0.31T
9 20 8.0 0 0.2 6.1 62 346 23 24 0.12D, 0.881
70 20 0.92 0 0.07 6.4 84 447 30 34 0.71D, 0.291
8 20 0.20 0 0.2 6.8 119 512 42 45 0.32D, 0.68G
32 20 0.18 0.4 0.2 6.6 127 494 45 49 0.58D0, 0.35T, 0.071
74 20 0.08 2.0 0.1 6.3 129 520 46 44 0.73p, 0.27T
46 20 0.07 0.5 0.1 6.3 127 486 46 46 0.74D, 0.26T
24 20 0.03 7] 0.1 6.3 119 516 42 40 0.69D, 0.31T
34 20 0.03 0.1 0.1 6.5 122 494 43 42 0.69D, 0.31T

2Specimens were exposed to the enviromment for ~20 h at 289°C before s.raining.
or solution-annealed material in helium at 289°C and a strain rate of 2.6 x 10~® s'l. the maximum stress was 552 MPa. The
uniform and total elongations were 46.8 and 54.7%, respectively, and the reduction in area was 75%. The cerresponding values
for sensitized material (700°C for 12 h, EPR = 20 C/cm®) were 525 MPa; 43.1 and 51.5% for the uniform and total elongations,
respectively; and a reduction in area of 67%.

“Ductile (D), tramsgranular (T), granulated (G), intergranular (I), in terms of the fraction of the reduced cross-sectioual
area. Characterization of the fracture surface morphologies is in accordance with the illustrations and definitrions provided
in Alternate Allovs for BWR Pi lications: Sixth Semiannual Progress rt, April-September 1980, General Electric
Company Report NEDC-23750-8, pp. 5-70 to 5-81.
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TABLE VII. Results of CERT Tests on Type 304 S5 8 | . ) in | > ¥ Different Oxygen and Sulfate
(H,S0,) Concentrations at 289°C and S

Feedwater Chemistry Failure I Reduction

EPR, Yxygen, Sulfate,
C/ecm* pp® ppm uS/cm 25°¢ ) MPa Fracture Horphologyb

Cond., pH at Time, Stress, Elong., in Area,

80.0 4 ) 0.10D, 0.901
9.0 4.1 37 { 0.16D, 0.841
' 9 o 9 0.18D, 0.821

0.15D, 0.856G4
0.06D, 0.941
0.12D, 0.881
0.08D, 0.06G,, 0.861
0.29D, 0.71(T+G,)

0.18D,

0.25p, 0.751
0.43D, 0.57G
0.72D, 0.28T

0.13D, 0.871
0.22p, 0.781
0.08D, 0.921

0.21D, 0.791

0.36D, 0.64(1+T)
C.38D, 0.43T, 0.191
0.51D, 0.27T, 0.221

NN

).15D, 0.851
0.45D, 0.556G
0.43D, 0.57(G+T)

8Specimens were exposed to the environment for ) h at 289°C before straining.
Ductile (D), tramsgranular (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 §I:Prwa[e Alloys for BWR {ipﬁ Applications: , April-September 1980, General Electric
Company Report NEDC-23750-8, pp. 5-/0 to 5-8l.
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TABLE VIII. Results of CERT Tests on Sensitized Type 304 SS Sncinm'_zﬂui No. 30956) in Water with Different Oxygen, Hydrogen,
1 s

and Sulfate (H,50,) Concentrations at 289°C and & = | x 10
___ Feedwater Chemistry Failure Maximum Total Reduction

Test EPR, Cxygen, Hydrogen, Sulfate, Coad., pH at Time, Stress, Elong., in Area,

No. C/ca? ppm ppm ppm uS/cm 25°C h MPa 4 b 4 Fracture l.nholo.y‘
57 2 0.25 0.5 10.0 71.0 3.8 b4 364 23 27 0.21D, 0.7’63
39 2 0.20 0.5 1.0 8.0 4.8 45 291 16 i5 0.19D, C.811
35 2 0.18 0.6 0.1 0.8 5.8 74 413 26 27 0.49D, 0.511
41 2 0.20 0.5 0.01 0.2 6.1 81 493 29 29 0.58D, 0.421
47 2 0.07 0.5 0.1 2.9 5.8 133 500 48 48 0.57D, 0.43T
51 2 0.03 0.5 10.0 71.0 3.8 67 383 24 25 0.30D, 0.70G4
49 2 0.03 0.5 1.0 8.0 4.8 119 495 43 40 0.45D, 0.55G,
37 2 0.05 0.5 0.1 0.8 5.8 129 510 46 46 0.43D, 0.57T
59 2 0.03 0.5 0.1 0.8 5.8 118 504 43 48 0.63D, 0.37T
43 - 0.03 0.5 0.01 0.2 6.1 128 S14 45 46 0.67D, 0.33T7
58 20 0.23 0.5 10.0 71.0 3.8 66 349 24 23 0.34D, 0.66G4
40 20 0.20 0.5 1.0 8.0 4.8 51 261 18 o 0.25D, 0.651
36 20 0.20 0.5 0.1 0.9 5.8 80 425 38 38 0.46D, 0.32T, 0.221
52 20 0.03 0.5 10.0 69.0 3.8 72 356 26 27 0.28Dp, 0.721
50 20 0.03 0.5 1.0 8.0 4.8 115 502 42 34 0.70D, 0.30G,
38 20 0.05 0.5 0.1 0.8 5.8 124 499 44 44 0.68D, 0.327
44 20 0.02 0.5 0.01 0.2 6.1 125 513 44 45 0.70D, 0.30T

2Specimens were exposed to the environment for ~20 h at 289°C before straining.
Ppuctile (D), transgranular (T), granulated (G), intergranular (I), 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-September 1980, General Electric
Companv Report ﬁ-f s PP- to 5-81.
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is summarized in Table IX. The results show that a factor-of-four increase in
the dissolved hydrogen concentration, at a constant impurity level, had a
relatively small effect on the CERT parameters. The fracture mode, although
primarily intergranular, revealed a perceptible trend toward a more ductile
failure in terms of the fraction of the reduced cross-sectional area as the
hydrogen concentration increased from 0 to 2 ppm. As indicated in Tables VIII
and IX, a ductile-plus-transgranular failure mode was observed for sulfate
concentrations of 0.1 ppm at a dissolved oxygen concentration of ~0.03 ppm.
These results clearly indicate that contiuuous additions of hydrogen to the
feedwater of a BWR, which suppress the dissolved oxygen concentration of the
coolant entering the recirculation piping to a very low level, will decrease
the IGSCC susceptibility of the steel by a considerable margin provided

impurities are also maintained at very low levels.

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

Fracture-mechanics~type crack growth tests are in progress on
the same heat of material as in the CERT experiments. Three 1TCT specimens of
Type 304 SS in the solution-annealed and sensitized conditions (EPR = 0, 2,
and 20 C/cnz) were stressed in series at an R value of 0.95; K .  values
ranging from 28 to 72 HP-0-1/2 were used for the specimens with the highest
level of sensitization. The cyclic frequencies, based on the slow rising-load
periods (unloading occurred within ~1 s and was therefore neglected), were
8 x 10'2. 8 x 10'3. and 8 x 10™% Hz for different phases of the experiment in
289°C high-purity water with 8 ppm dissolved oxygen. The crack growth rate
data were reported in Table VIII of the previous report.za

The actual crack lengths in the specimens, measured after separation
of the uncracked ligament, were in excellent agreement with valuves determined
by compliance measurements during the test. As shown in Fig. 30, the crack
fronts were uniform across the specimen thickness. The compliance measure-
ments and the fractograph in Fig. 30c indicate that no crack growth occurred
in the solution-annealed (EPR = 0) specimen during the test. The greater
crack depth (Fig. 30a) and higher crack growth rate for the moderately
sensitized material are consistent with the relative IGSCC susceptibility of



TABLE IX. Effect of Hydrogen Concentration in the Feedwater on the SCC Susceptibility of Sensitized Type 304 SS in CERT Experi-
ments? at 289°C in Water with ~0.03 ppm Dissolved Oxygen and O, 1, and 10 ppm Sulfate as H,80,

Feedwater Chemist Failure Maximum Total Reduction
Test EPR, Oxygen, Hydrogen, Sulfate, 5&'. = pH at Time, Stress, Elong., in Area,

No. Clen® pPpm rpm ppm uS/cm 25°C h MPa 1 4 Fracture Morphology®
62 2 0.03 2.0 10.0 71.5 3.8 72 373 26 31 0.21D, 0.79G4
51 2 0.03 0.5 10.0 71.0 3.8 67 383 24 25 0.30D, 0.7“3
53 2 0.03 0 10.0 71.0 3.8 65 384 24 23 0.25p, 0.751
60 2 0.01 2.0 1.0 8.3 4.8 103 478 37 35 0.56D, 0.446,
49 2 0.03 0.5 1.0 8.0 4.8 119 495 43 40 0.45D, 0.556,
10 2 0.03 0 1.0 8.0 4.8 116 489 41 40 0.43D, 0.576G4
33 2 0.03 0.3 0 0.1 6.1 120 512 2 41 0.76D, 0,247
- 2 0.05 0 0 0.1 6.8 141 492 50 54 0.49D, 0.51T
63 20 0.03 2.0 10.0 71.5 3.8 79 388 29 22 0.24D, 0.761
52 20 0.03 0.5 10.0 69.0 3.8 72 356 26 27 0.28p, 0.721
54 20 0.02 0 10.0 71.0 3.8 74 353 27 23 0.15D, 0.851
61 20 0.02 2.0 1.0 8.3 4.8 121 510 . 42 0.68D, 0.326,
50 20 0.03 0.5 1.0 8.0 4.8 115 502 42 34 0.70p, 0.

1 20 0.05 0 1.0 8.0 4.8 104 492 37 27 0.45D, 0.5563
34 20 0.03 0.1 0 0.1 6.5 122 494 43 42 0.69D, 0.31T
24 20 0.03 0 0 0.1 6.3 119 516 42 40 0.69D, 0.31T

2Specimens were exposed to the environment for ~20 h at 289°C before straining.
Phuctile (D), transgranular (T), granulated (G), intergranular (I), 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: Sixtn Semiannual Progress Report, April-September 1980, General Electric
Company Report &-ﬁ’ﬁ, PP~ ?-;0 to 5-81.
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Fig. 30. Fracture Surfaces of Type 304 SS 1TCT Specimens (Heat 30956) from a
Cyclic Crack Growth Experiment under High-R (0.95) Loading in High-
Purity Water with 8 ppm Dissolved Oxygen at 289°C.
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the material in CERT experiments at 289°C in oxygenated high-purity water at a
strain rate of 1 x 107% ¢~1,

Another crack growth experiment in high-purity water with 8 ppm
dissolved oxygen is in progress to provide additional information on the
effect of frequency and Kpax o0 the crack growth rate at 289°C and an R value
of 0.95. Two ITCT specimens of the same heat of Type 304 SS were sensitized
to an EPR value of 20 C/cnz. fatigue precracked in air at 289°C (to minimize
the long period for crack initiation noted in the previous experiment), and
stressed in the environment at an initial K, , .  and frequency of 43 HPI‘I‘/Z
and 8 x 1072 Hz, respectively. The initial crack growth rates appear to be

somewhat lower than those from the previous experiment in this environment,

A crack growth experiment in an identical MTS-autoclave system is in
progress to investigate the effect of impurities, viz., H,80, from decomposi-
tion of ifon exchange resins, on the cyclic crack growth properties of the
steel at 289°C., Instrumented ITCT specimens with EPR values of 0, 2, and
20 C/cm? were fatigue precracked in air at 289°C to provide 3-mm-deep starter
cracks, and are being tested in water containing 0.2 ppm dissolved oxygen and
0.1 ppm sulfate (as H50,), which is within Nuclear Regulatory Guide 1.56
limits on pH and specific conductance for BWR operation at >1% power. The
initial results obtained under cyclic loading with a positive sawtooth
waveform, high R (0.95), K,  of 28 HP|°ll/2. and frequency of 8 x 102 Mz
indicate that the lightly sensitized specimen (EPR = 2 C/clz) exhibits the
highest crack growth rate in the impurity environment, which again is con~-
eistent with the relative susceptibility of the materials with the two levels
of sensitization in the CERT experiments. In contrast to the experiment in
289°C water with 8 ppm dissolved oxygen, the condition for steady-state crack
growth is closely related to our ability to maintain the dissolved oxygen
concentration in the water at “0.2 to 0.3 ppm. A somewhat higher oxygen level
in the feedwater is required to compensate for loss of oxygen due to corrosion
of the autoclave system at the low flow rate of “0.6 &/h. The dissolved
oxygen in the effluent stream is monitored and the partial pressure of oxygen
over the feedwater is adjusted to maintain the desired value in the experi-
ment. The crack growth rate results will be used 'n various analyses to
establish the optimum inspection levels and the useful service life of
components containing flaws of known dimensions.
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II. TRANSIENT FUEL FESPONSE AND FISSION PRODUCT RELEASE

Principal Investigator:
J. Rest

A. Introduction

A physically realistic description of fuel swelling and fission gas
release 18 needed to ald the prediction of the behavior of fuel rods and
fiseion gases undezr certain hypothetical IWR accident conditions. To satisfy
this need, a comprehensive computer-based model (the Steady-State and
Transient Gas-Release and Swelling Subroutine, or GRASS-SST) and its faster-
running versions ( FASTGRASS and PARAGRASS) are being developed at ANL. These
models are being incorporated into the Transient Fuel-Rod Malysis Program
( FRRAP-T) and the €-vere Core Accident Damage Analysis Program (SCDAP) being
developed by EG&G Idaho, Inc. at the Idaho National Engineering laboratory
(INEL), and into the FRAPCON code under development at PNL,

The analytical effort 1is supported by a data base and correlations
developed from characterization of irradiated LWR fuel and from out-of-reactor
transient heating tests of irradiated commercial and experimental IWR fuel
under a range of thermal conditions (performed at ANL and ORNL) and from the
results of the structural damage program at EG&G Idaho.

B. PARAGRASS, A Ouick-runni
Fission Product Release

Description and User's Guide (J. Rest and S. A. Zawadzki)

le Description of PARAGRASS

PARAGRASE is an extremely efficient, mechanistic computer code with
the capability of modeling steady-state and transient fission-product
behavior. The models of PARAGRASS are based on the more detalled ones in
PMMAIS.”'” As there are no significant differences in the methodologies
of the two codes, PARAGRASS is sufficient to provide a comprehensive treatment
of fission product behavior., The major dAifferences Letween PARAGRASS and
FASTGRASS are in the treatment of volatile fission products (VFPs) and in
models for the migration of fission products up the temperature gradient,
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PARAGRASS 1s ideally suited for incorporation into a whole-core accident
analysis code which has the capability of providing PARAGRASS with the
relovant fuel operating conditions (e.g., fuel temperatures)., PARAGRASS
includes a driver which accepts fuel operating conditions; it can be directly
interfaced with a thermal-mechanical code with a minimum of difficulty by
invoking an appropriate udpate. PARAGRASS has undergcqe verification with
evailable steady-state and transient experimental data on fission gas
behavior.

2. Mrz

a. Overview

PARAGRASS treats gas release from the fuel matrix to the plenum
and other free volumes (e.g., pellet-pellet interfaces) as a three-step
process: (1) release of gas from within the fuel grains to the grain faces,
(2) transport along the faces to grain edges, and () release along exten-
sively interconnected edge pores to the fue! exterfor. It models fission gas
present in the fuel either as single gas atoms or as gas bubbles. For simpli-
city, PARAGRASS models the evolution of an average-sized bubble (repre~
sentative of the entire size distribution that would occur in reality) for
each fuel region of interest (i.e., one for the lattice population, another
for the grain face population, and a third for the edge population), In
addition to the three-step gas release process described above, PARAGRASS has
the capablility of modeling "microcracking” or grain boundary separation, a
phenomenon that is driven by the overpressurization of fission gas bubbles
(residing on grain boundaiies) in a thermal transient., Microcracking has been
experimentally oburv«l”'z7 and is thought to enhance transient fission-gas
release by providing short-circuiting pathways along grain faces to grain
edges as well as to the fuel exterior. In addition, microcracking can
severely degrade the thermal conductivity of the nuclear fuel., The DiMelfi-
Deitrich grain boundary separation ndol" has been incorporated into
PARAGRASS .
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b. Sequernce of Events n _Gas Release

(1) Intragranular Phenomena

Fission-generated atoms of noble gas reside within grains
of nuclear fuel. These noble gas atoms, which are insoluble in the fuel
matrix, nucleate into bubbles in the lattice. At any instant, however,
reactor fuel will contain fission gas in bubbles as well as in the atomic
form. Re-solution of bubbles due to collision with energetic fission
fragments as well as fission-induced generation of gas atoms will ensure that
there is gas present in the atomic form. Any realistic filssion-gas model must
thus consider the transport of both gas atoms and bubbles. PARAGRASS has
models for bubble nucleation due to collisions of gas atoms and for bubble re-
solution, It considers the random (concentration-gradient driven) and biased
(temperature-gradient driven) migration of gas atoms and bubbles from the
lattice to the grain faces.

(2) Diffusive Flow

In modeling the behavior of fission gas in nuclear fuel,
it 19 necessary to calculate the loss of gas to the grain boundaries by
diffusion of single gas atoms and gas bubbles. To simplify the problem,
grains within the fuel are assumed to be spherical. If the only sink for gas
atoms is the boundary itself, the concentration of gas atoms, C.. within the
spherical grain satisfies the equation

ac

o %.., = (n.r’ ;.:-l) + K, (28a)

where D. is the gas atom diffusion coefficlent and l' the rate of generation
of gas atoms, In general, Eq. (28a) ts sclved with the boundary conditions

c.-Oat-OhtOtru'/!. (28b)
C.-Ont-d./lfortottlt.oh. (28¢)
ac

.Our-0!ort°ct¢t°0h. (284)
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where 4. is the grain diameter. An analogous equation describing the
intragranular diffusion of gas bubbles to the grain boundaries can also be
defined. Wowever, the problem of calculating the diffusive flow of gas atoms
and bubbles to a spherical boundary s not so straightforward {f real
Lrradiation histories are to be followed, with changing gas generation rates
and temperatures: In this case, no general analytical solution s possible.
Additional complications are provided by the processes of gas atom re-
solution, gas atom trapping by gas bubbles, gas bubble nucleation, and bubble
coalescence.,

The problem of calculating diffusive flow of fission gas
to the grain boundaries for the case of changing gas generation rates and
temperatures has previously been handled by obtaining the general solution of
Eq. (28a) as the sum of the solutions to two separate problems

Probles |

Equation 28a (s solved with the boundary conditions

c-o.ct-t.!u0¢rtd.lz. ( 28e)
c-Our-d./I!ut.ctct’oh. (281)
{S-Our-outt.tttcoom (28g)

to glve
" "’ " 2.2 29
C(r.t)--x(-l) ;.-'-’:‘ - l-ou(-bllwt/l ’ (29)

vhere a = d.ll.

The flux of gas atoms .co the grain boundary is glven by
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Prom Bge. (29) and (30), the gas-atom flux to the grain
boundaries for Problem | is

& -;l .!, Yy [n - oxp (-o..‘-’:/-’)] . ()

Probles 2

The equation
D
ac il 2
T :’ 13 & %g) (32a)
i solved with the boundary conditions
elr,e,) *Be,) ot t o for 06 ¢ 4.2, (32n)

where Hlo) {8 the average concentration within the grain at ¢t = ¢,

Clee,) =0 atre d./: for t <t &t +h, (32¢)
BECLE) w 0w v = 0 for £, € st b, (124)
to glve
"
Cle,p) = -'-'% J‘ 3-'-9— a sin(mnr/adr ou(-n'v’b.t/a ' (1)

From Bq. (30), the gas atom flux to the grain boundaries
for Problem 2 1»

J’--‘-:-’.a -!l np(-.’:‘l.tloz). ()

Phystically, Problem | describes the behavior of the gas
generated after the change of Lrradiation conditions, at t , and Problem 2
deals with the dehavior, after t ., of the gas gonerated prior to the change of
conditions, The general solution to Rq, (28a) for changing gas generation
rates and temparatures Is the sum of Bg, (31) and By, (W),




An efficieut, accurate numerical algorithm was used for
evaluating the infinite serics in Eqs. (31) and (34). Direct evaluation of
the infinite series was determined to be necessary after the results of
analyses indicated that the constraints on t imposed by the "usual” approxi-
mations to the infinite series were being violated for a significant range of

operating conditions.

The diffusive flow of fissicn gas bubbles to the grain
boundaries is also considered. For this case, if it is assumed that gas
bubbles are not being nucleated and are essentially non-interacting from

teog, ot =g, + h, then the solution for the flux of bubbles to the grain

boundary is given by Eq. (34), where Dg becomes the gas bubble diffusivity

and C is the average concentration of the average-sized gas bubbles within the
grain at t = to.

The coupling of Lthe diffusive flow problem to other
prc_esses affecting fission gas behavior (e.g., gas atom re-solution, gas atom
trapping by gas bubbles, and gas bubble nucleation and coalescence) is
accomplished 'y solving for the intragranular densities of gas atoms and
average-sized gas bubbles, by use of equations of the following form:

in
g & =g Y

dt 11

The meanings of the variables used in Eq. (35) are described in Tabie X.

TABLE X. Definition of Variables in Bg,. (

Density of intragranular Rate at which gas atoms are Rate at which gas atoms ar Rate at which gas atoms are
gas atoms lost owing to gas bubble lost owing to diffusive flow gained cwing to gas atom re
nuclestion to the grain boundaries and sclution and filssion of
diffusion into gas bubbl iranium nuclel

Density of intragranular Rate at which gas bubbles Rate at which gas bubbles Rate at which gas bubbles
gas bubbles are lost owing to bubble are lost owing to diffusive are galned owing ¢t bubble
coalescence {low to the grain boundaries nucleation and diffusion of
and gas atom re-solution gas atoms int bubbles




An analogous set of equations is used to characterize the
average-sized bubbles on the grain faces and along the grain edges. The full

set of coupled equations is solved incrementally as a function of time.

M. H. Wood and J. R. Hatthewszq have identified inaccu-
racies in the above approach for calculating the diffusive flow of gas atoms
to a spherical boundary, {.e., Eqs. (28a,e,f,g) and (32a~d). Furthermore, the
calculated -elease is heavily dependent on the number of time steps taken
during a given irradiation period and is always above the true release. The
inaccuracies found were identified with the assumption C(r,to) = E(tn\ (1.e.,
Eq. 32b) in the derivation of Eq. (34). The assumption that “he gas is
uniformly distributed throughout the grain at the beginning of each time step

results in an artificial surge of gas to the grain boundaries at that time.

Matthews and HoodBO have suggested an approach to solving
the problem of diffusive flow to a spherical boundary which uses an approxi-
mation describing the intragranular concentrations of the diffusing gas atoms
and bubbles in terms of quadratic functions in two concentric regions.

A variational principle is used to calculate the radial distribution of the
concentration. Note that this approach is in sharp contrast to the approach
described above, which assumes a uniform concentrat’on of the diffusing gas

forms within the grain.

The concentration of gas atoms in a spherical grain
described by Eq. (28a) is written as CZ(r) at a time t., After a small time
interval St the concencration becomes Cg(r). Uring the backward Euler

approximation, for small 6t, Eq. (28a) may be replaced by

1 d
:5 5 ' (36)

Euler's theorem may now be used to obtain a variational principle equivalent®

to Eq. (36):
1

d 2
2 g D dC
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which assumes that Dirichlet boundary conditions are o be applied. Matthews
and Wood showed that an approximate solution to the problem may now be
obtained by choosing a trial function that satisfies the boundary conditions
and minimizes the integral in Eq. (37) in terms of free parametsis in the
function. Many types of trial function could be chosen, but Matthews and Wood
claim that piece-wise functions are essier to handle than globai functions.
Guadratic functions are attractive as they allow an exact representation of
Eq. (28a) for long times. To meet their objectives of a realistic level of
accuracy with a minimum of computer storage and running time, Matthews and
Wood split the spherical grain into two concentric regions of approximately
equal volume. In each region, the gas concentration is represented by a
quadratic function. 1In the central region I (see Fig. 31), the concentration
function 1s constrained to have ng/dt =0 at r =0, In the outer region II,
the concentration function 1s constrained to a value of Cg = 0at r = dg/Z'
The two functions are also constrained to be continuous act the common boundary
of the two regions. This leaves three free¢ parameters. Matthews and Wood
choose these to be the concentrations C» Cz, and C4 given respectively by the
radius ratios Py = 0.4, Py = 0.8 and Py ™ 0.9 where p = 2r/d8. These positione
are the midpoint radius of region I, the boundary between the regions, and the
midpoint radius of region II, respectively. Thus, the trial functicns are as
follows :

c, = €,(0.64 - 02)/0.48 + Cz(pz- 0.16)/0.48 (region I); (38)

2

Gy = €,5(100%= 19 + 9) + C,10(18p - 1002~ 8) (region II). (39)

Fig. 31

Configuration of the Two-
Zone Model Used in Ref. 30.




Equations {(38) and (39) are substituted for C, in Eq. (37) and an extremum

g
found by differentiating with respect o Ci' C,, and Cq in turn. A set of

three linear equations 1is thus obtained:

/42 + q./6t)C. + ( 2 4 q./68)C
(,qlbg dg QZ/ t)Cl 'q3DR/dK q“/ - >

0

K . ((‘O + C
g5 ‘1927 M2

q,)/ 8¢,
2

2 i
(q3Dg/d» + qA/ﬁt)( 2

+ (q Dg/d + q7/6t)C2 + (q

| 6 8

2
/ + )C
Dg dg qq/ét, 3

\

V/ 8
3qq,¢ut,

0 0 (
K919 *+ (C1a, + Cpq, + C

2 2
/7
(qu)g/d‘Z + qg/ r)c2 + (qliDR/dR + qlz/ér_)c3

0 0 "
= ‘ /&
K 13 + (Cya9 * C3qy,)/0¢,

0 0 0
where Ll' CZ‘ C, are values of the concentrations at the evaluation points at

the start of the time increment. The various q coefficients are integrals

which when directly evaluated are, to 4 figures,

q 4.552, 4, 0.06935, q, -4,552,
q4 = 0.02167, qg 0.09102, qg 37.78,

q9 0.07614, qg -38.72, dq 0.008456,
qy0 = 0.01008, qyy = 87.04, ayp = 0.08656,
93 0.1083.

The set of Eqs. [40) can be directly solved to obtain the

concentrations Cl' CZ' and Cq:
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2
qng/dx +q

/5t, P, = qaogfdi + q,/8¢t,
q4

2 2

0 0
Kgq5 + (Clq2 + Czqa)/dt,

2

,
/dg” + / + q./68
Dg dg a, §t, F Dg/dg 4 §t,

9% s - 9g

0 0 0
Kgqlﬂ + <Clq4 + C2q7 + qug)/St,

2 Py
qllbg/dg + qu,dt, and

g . .0 i
Kodyq ¥ (Chag + Caq,,)/0t.

From Eqs. (30) and (39), the gas atom flux to the grain
boundaries 1is
D
J = &5 (-s0c, + 260C,". (42)
dg™ J
Equations (38-42) are coupled to Eq. (35) for the assess-
ment of fission gas behavior within the grains and for the determination of
the fission gas atom and gas bubble flux to the grain boundaries. For proper
coupling of the diffusive flow problem to the problems of determining the gas
atom densities and the gas bubble sizes and densities, information 1s required
on the average concentration of fission gas within the graians.

d30

Matthews and Woo determined that the best expression

for the aveirage concentration within the grains, Eg. is given by

C_ = 0.2876C, + 0.2176C, + 0.4216C,. (43)
g 1 2 3

At the end of the time increment, the concentiations C,, C,, C5 in Eq. (43)

are scaled by imposing the condition that the average concentration calculated

by use of Eq. (43) is equal to the average corcentration calculated by use of

Eq. (35), 1.e., that




The modified Cl' Cy, C5 then become the initial values of these concentrations

{1.0., C0 CO Cg) to be used for the next time increment, The diffusive flow

L
of fission gas bubbles 1is treated analogously to that for fission gas atoms,

but with Kg = 0 in Eq. (28a).

This method of coupling diffusive flow to other processes
affecting fission gas behavior (e.g., gas atom re-solution, gas atom trapping
by gas bubbles, bubble nucleation) is computationally efficient und has been

benchmarked against various analytical solutions.

The results of analyses performed with the theoretical

FASTGR ASS model11 demonstrate that the calculations are remarkably stable with

respect to time-step changes when the Matthews-Wood diffusive-flow model 1is
used. A maximuu deviation of ~2.5% obtained with the new diffusive-flow model
for time steps that differ by a factor of 500 is in sharp contrast to an ~80%
maximum deviation obtained by use of Eqs. (28a, e, f, g) and (29a-d). In
addition, as the time step is decreased, the new theoretical results approach
a constant limiting value much faster than the results obtained with the

previous theory.

As discussed above, the use of Eqs. (28a, e, f, g) and
(29a~-d) leads to calculated intragranular releases that are always higher than
the true releasc. In order to maintain reasonable agreement between theory

and experiment, the gas atom re-solution rate used in the theory was increased
12 -3
cm

from 2 x 1072 g~! (at a fission rate f = 4 x 10 s—l) to 8 x 107> g~1,
This value of gas atom re-solution rate is more consistent with the value that

32 & _-1

appears to be the most reliable experimental estimate, i.e., ~2.7 x 10 " 8

for f = 4 x 1012 cm—3s—l.

(3) Intergranular Phenomena at the Grain Faces

SEM examination of fuel samples subjected to direct
electrical heating (DEH) tests has revealed the development of sinuous

channels on grain faces after a saturation density of grain boundary fission
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gas has been reached. These channels link up and extend to grain-edge
tunnels, thus enhancing gas release along the faces to the edges. Channel
formation on the faces 1s a function of the areal coverage of the face by the
fission gas. A realistic approach for calculating grain-face saturation by
fission gas is to deal directly with the calculated fission-gas bubble
distributions. Previous analyle025'26 have been based on the swelling of
spherical bubbles. However, because experimentally, cos 6 = ng/ZY 0

(y = U0, surface energy, Ygb ™ grain boundary energy), it is more reasonable
to assume that the bubbles are lenticular-shaped pores, containing m gas atoms
and having radius or curvature p, which are joined in the plane of the
boundary with dihedral angles 20 = 100°., The fractional swelling due to these
bubbles is given by the expression

o = Gnp £(8)/3Y, (44)

where f(8) = 1 - 3/2 cos 6 + 1/2 cos’ 8,

1/2
3mKT
’ '(mww ' o

and Y is the number of bubbles on the grain face per unit volume. Equation
(29) was derived by assuming equilibrium and using the ideal gas law. The
projected areal coverage of the grain face by these bubbles per unit volume {is

given by
. 2
A = nipsin 8)° Y, (46)
For fixed values of m and Y, Fgs. (44-46) result in values of %! and A which
are ~0.86 smaller and ~1.74 larger, respectively, than those calculated

assuming spherical bubbles.

Grain face saturation (i.e., cthe initiation of gas channel

formation) occurs when

A> as™®, (47)
v



aa
where &
v

is the grain face area per unit volume and A* is the maximum areal
coverage per unit area of grain face. Equations (46) and (47) do not account
for local variations in the fuel microstructure. To include these effects in
the calculation of grain-face channel formation, it is assumed that the local
variations in fuel microstructure can be represented by the width oy of a
distribution of A such that the probability of enhanced gas release from the

grain faces to the grain edges due to fermation of grain face channels {s

given by

2 2
exp[-(x - A) /ZOhldx.

ac

X = AXS
v

The width oy of the distribution in Eq. (48) is a function of erratic
structural parameters that depend on the local fuel condition and hetero-

geneity, and can, in principle, be determined experimentally.

PARAGRASS treats the blased diffusion of gas atoms, as
well as grain boundary bubbles, along the faces to the edges. Also 1included
in PARACRASS is a model for grain boundary separation driven by fission gas
bubble overpressurization in a thermal transient. Thise model, described 1in
more detail in Section (d) below, predicts the mode of transient mechanical
response of the fuel (“"ductile” or "brittle”) and calculates the amount of
geparated grain boundary area per unit volume as well as the enhancement of
gas release due to the availebility of new pathways to the grain edges and the

fuel exterior.

(4) Intergranular Phenomena on the Crain Edges

Once gas bubbles reach the grain edges, they can link up
to form long-range interconnected tunnels that communicate with the fuel
exterior. Experimental evidence33 suggests that such tunnels stabilize under
normal operating conditions above a certain critical edge swelling. Below
this value, they sinter shut into isolated segments. The PARAGRASS approach
{s based on this evidence, with the difference that instead of having a
threshold value of edge swelling, the probability of grain edge inter-
connection is modeled as a statistical function about this critical (experi-

mentally determined) value of grain-edge swelling. The grain-edge-porosity




interlinkage fraction F is given by

1 ]"’ 2
= - - /2
3, exp[-(x Bvedge vaor) ZJE Jdx,
E x=Bv
crit

distribution width (a function of variations in structural
parameters that depend on local fuel conditions and homogeneity),
0.05 (the value of grain edge swelling at which long-range inter-
connection would take rlace if the fuel microstructure and gas
bubble morphology were homogenecus), and

0.0 for p > 927 theoretical density (TD)
(92 - p)/100 for p < 922 TD.

(5) PARAGRASS Model for Migration of Fission Products Up the
Temperature Gradient

Based on FASTGRASS analysis, it has been concluded that
the long-range migration of fission products up the temperature gradient
provides a minor contribution tu the overall behavior of the fission products
in LWR fuel under most conditions of interest. By eliminating these models in
PARAGRASS, it has been possible to decouple the calculation radially as well
as axially. This feature provides for faster execution times for cases where

more than one radial node is modeled.

Effect of Transient Heating on the Mobility of Fission Gas
Bubbles

Analyses with the GRASS-SST codejl"35 for steady-state

conditions, coupled with experimentally determined fission gas release during
DEH tests, indicated that large quantities of gas are trarsported out of the
U02 grains during transient heating. This release of fission gas from the
grains is much greater than can be explained by empirical steady-state diffu-
sivities measured under isothermal annealing conditions. Steady-state, in-
reactor calculations are complicated by the interplay of bubble diffusivities
and re-solution rate. The validity of using empirical steady-state
diffusivities with much lower values than those predicted by a surface-
diffusion mechanism is dependent on the validity of the re-solution parameter

used in the calculations. The value of the re-solution parameter used in the
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GRASS calculations ylelds a re-solution rate of ~5 x lO'S/a for a fission rate
of lG13 P/cu3.'l. This value is larger than that used in some models but
still somewhat less than experimentally deduced values. In addition, analyses
for transient-heating conditions indicate that GRASS-SST can account for the
rapid diffusion of fission gas out of the U0, grains during DEH tests if the
high-temperature bubble mobilities are enhanced as a result of an increased

rate of atom attachment to and detachment from the bubble surface.

The physical basis behind this approach is as follews., During
equilibriur conditions, the bubbles may be faceted, and the rate of motion of
a faceted bubble is determined by the frequency of nucleation of steps instead
of the time required for atoms to move from a step on one side of a bubble to
a step on the other side. (That is, the atom attachment and detachment rates
are slower than predicted by surface diffusion.) However, if the atom
attachment and detachment rates increase during transient conditions, higher
bubble diffusivities will result.

Since plastic deformation of U0, due to an overpressurized
bubble is expected to result in a high density of dislocations around the
bubble surface, the diffusivity of such a bubble would be expected to increase
rapidly. In effect, bubble diffusion would depend more on the time required
for atoms to move from a step on one side of a bubble to a step on the other

side (i.e., surface diffusion) than on the frequency of nucleation of steps.

The PARAGRASS model for the diffusion of overpressurized
fission-gas bubbles is characterized by the equation

10

D = 8:1266 x 10 exp[(-108,000)/RT] (50)
i 2,09 + 1.9la1 ’
(678&.74:1)
where Dy = diffusivity of a bubble of radius Ty,
R = gas constant,
T = absolute temperature, and
°1(“1.£.l) = degree-of-one equilibrium in the lattice surrounding a bubble

of radius Ty
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The larger @, becomes, the farther the system departs from an equilibrium

configuration. The expression used for a; 1s given by

B

a, = 1,0 -exp(-X!

v
{ /11) :

In Eq. (51),

y ?yrlrl
‘i ¥ Tavat/ac] * (52)

time required for a bubble w~ith radius ry to develop ar excess
pressure sufficient to generate an equivalent stress equal to the

yleld stress o, of the surrounding matrix,

y
TI temperature at the beginning of the time interval,
Y surface tension, and

dT/dt heating rate.

The bubble relaxation time r? in Eq. (51) is given by
r2
i

rf(t) o
¢ D
vV

cs is the fractional equilibrium vacancy concentration, given by
o f
C = exp(-E /kT),
v v
and Dv is the vacancy diffusion coefficient, given by

D =" exp(-Em/kT) "
v v v

where E: and E: are the vacancy formation and migration energies,

respectively, and Dg is a pre-exponential factor.

When ay * 0, Eq. (50) approaches the expression25 for bubble

diffusivities based on isothermal measurements. When ai + 1, Eq. (50)

approaches the expression for bubble diffusivities based on the theory of

surface diffusion. For intermediate values of ui,

those values given by the empirical expression (as a lower limit) and those

Eq. (50) lies between
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obtained from the theory of surface diffusion (as an upper limit). Equation
(50) 18 unique in the sense that it relates the bubble diffusivities to the
fuel yleld stress, heating rate, and vacancy mobility, as well as to fuel

temperature and bubble radius.

d. PARAGRASS Model for Determining Ductile/Brittle Fuel Response

The ability to determine whether microcracking will occur
during a given thermal transient 18 an important element in the prediction of
fuel temperatures and fission gas release. In principle, a "classical”
mechanical treatment, involving the high-temperature stress/strain relation-
ships of U0,, could be ured to study microcracking. However, this apprcach is
very complex, and would require knowledge of the mechanical properties of UO,,
including strain rate effects, at high temperatures. Data in this ares are

sparse, and are almost nonexistent for temperatures in excess of 2400 K.

As a first approach to modeling ductile/brittle behavior of
oxide fuels, the DiMelfi-Deitrich mode125'2® has been used in the PARAGRASS
code, This model estimates the growth rate of a grain boundary bubble under
the driving force of internal pressurization. The volume growth rates due to
crack propagation and to diffusional processes are compared to determine the
dominant mode of volume swelling. Knowledge of the mechanical properties of
UO2 is not required.

The underlying structure of the model can be summarized as
follows: A fission gas bubble on a grain boundary can be viewed as a crack
nucleus. It can be shown that such a crack will propagate unstably if the
internal bubble pressure exceeds that required for bubble equilibrium, i.e.,
if

p>— -0, (56)

where p = internal bubble pressure,

Y " fuel-gas surface energy,

bubble radius of curvature, and

0 = tensile stress normal to the boundary.



Furthermore, if a bubble, initially at equlibrium, is subjected
to translent heatirg, the internal pressure will increase above the equi-
1ibrium value. Under these conditions, crack propagation will occur unless
diffusional growth of the bubble occurs rapidly enough to maintain equilibrium

conditions.

During most thermal transients, the initial mode of bubble
growth will be crack propagation. The "crack-like"” bubble may be able to
retcin its equilibrium shape by diffusional transport of material along the
grain boundary. Hcowever, if the heating rate is sufficiently high, repres-
surization can take place. Thus, the competition between diffusional growth
and crack growth determines whether bubbles tend to remain isolated or rapidly

become part of an interconnected network of microcracks.

In the DiMelfi-Deitrich analysis, an attempt is made to predict
the dominant mode of bubble growth by comparing the rates of veclume swelling
due to crack propagation and diffusional growth. In practice, this is done by
comparing the instantaneous value of the grain boundary diffusion coefficient,

Dy, with the minimum value needed to maintain the equilibrium bubble volume,

Dmin. (The calculation of D:in is discussed in detail in Ref. 28.)

2
If Dy < Dmin , cracking dominates, and this behavior is termed "brittle”.

If D1 > bzin’ diffusional growth or "ductile" behavior dominates.

The minimum diffusion coefficient D:in is given by

min _ m(kT)2 kAA
g Y, 4HLQ(Ap) °

wD

grain boundary width,

average number of atoms per bubble arriving at the grain boundary,
Boltzmann's constant,

surface energy of uo,,

average bubble spacing in the grain boundary,

instantaneous heating rate,

temperature,

geometric factor,

bubble length,
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Q0 = molecular volume of 002, and
Ap = pressure in excess of that for an equilibrium grain-boundary
bubble.

In deriving Eq. (57), the ideal gas law and zero normal stresses on the grain
boundary were assumed. (A conditional equation for D:in can be derived for

the case of nonzero normal stresses on the grain boundary, e.g., see Ref. 28,)

The PARAGRASS code provides the gas-bubble input to Eq. (57)
as a function of time (i.e., A, L, m, Ap). We have some reservations about
the quantitative aspects of DiMelfi-Deitrich analysis but use it here as an
interim model since it does seem to address che real physical phenomena of

importance.

3. PARAGRASS Model for Volatile F{ssion Product Release

a. FASTGRASS Models for VFP Release

As the noble gases play a major role in establishing the
interconnection of escape routes from the interior to the exterior of the
fuel, a realistic description of VFP release must a priori include a realistic
description of fission gas release and swelling. The steady-state and
transient gas release and swelling subroutine, FASTGRASS, has been mdified26
to include a mechanistic description of VFP behavior (I, Cs, CsI, CsoMoO,,
COZUO,.). Phenomena modeled are the chemical reactions between the VFPs, VFP
migration through the fuel, and VFP interaction with the noble gases.
Calculations performed with FASTGRASS for the release of I, Cs, and CsI from
IWR fuel during steady-state and severe-core-accident conditions are described
in Ref. 26.

b. PARAGRASS Models for VFP Release

PARAGRASS contains a simple model of VFP release. This model
is based on the more detailed VFP models contained in FASTGRASS. Sensitivity
studies were carried out with the more elaborate FASTGRASS code, and estimates
made regording the correlation between the behavior of VFPs and noble gases.
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For the purposes of PARAGRASS, the release of Csl and I were
assumed to be summed together to yield an effective iodine release rate.
PARAGRASS thus predicts releases of Cs and I. It is further assumed that the
VFPs follow the pathways created by the noble gases to the fuel exterior.
Hence, it is not unreasonable to expect correlation between noble gas release
(which is calculated in great detail in PARAGRASS) and VFP release. The
present PARAGRASS model for the release of I and Cs (irrespective of chemical
form) assumes that the fractional release of the volatile species is the same
as for the noble gases. The molar releases of the I and Cs are determined by
incorporation of the effective I and Cs fission product yields. At present,
this model is intended to be primarily qualitative. As more experience is
gathered with the full-scale FASTGRASS-VFP analysis, the model will be
refined.

4., PARAGRASS /0 Description

a. Organization of COMMON

Labeled COMMON consists of the following blocks:

/GRAS/ Contains all variably dimensioned arrays that depend on
the values of MK, the number of radial rings, and MJ, the

number of axial sections.

/ IPNT/ Contains pointers to the latter arrays.

/PROG/ Contains constants that can be varied on data input.
/PARG/ Contains computed and input constants.

/ INDX/ Contains integer constants and variables.

/WRKSPC/ Contains scratch memory that may be overwritten upon exit

from the routine.

b. General Description of Routines

The PARAGRASS package consists of the following five routines:

FaC Defines MK, the maximum number of radial rings, and MJ,
the maximum number of axial sections to be used in a
particular run; then calls DFDIM and GDRIVE.



DFDIM

GDRIVE
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Computes the pointers for the arrays in /GRAS/, then

checks that sufficient memory has been allocated to this
block.

Serves as driver routine; reads in and prints the input
data, defines various arrays from these data, and calls
ZRDWR and GRASF. A flow chart for GDRIVE is ehown in

Fig. 32, and a description of the driver input is given

in Table XI.

ZRDWR Takes action as follows, depending on th: value of
IRSTAR, an argument in the calling list:

IRSTAR < 0O Write restart dump cn unit NTAP.
IRSTAR = 0 Initialize COMMON/GRAS/, /PROG/. Read in

card set #3 to make changes in /PROG/ (the
variables in /PROG/ are listed in Table
XII). Compute program constants in
COMMON/P ARG/, /INDX/.

IRSTAR = 1| Read in restart dump from unit NTAP,
IRSTAR » 2 Read in card set #3 to make changes in

/PROG/. Compute program constaats in
COMMON/P ARG/, /INDX/.

GRASF Serves as the main control program for the package and
performs the basic model calculations (internal time

steps, fuel swelling, gas release, etc.). The following
input must be provided to GRASF:

For each annular region (K,J)

RS

TS

TK
PRSO
POROS
GRSIZ
VIM
TGR

TFP
ALP

Inner radius of region (cm)
Temperature at RS (°C or K)

Average temperature in region (K)
Hydrostatic pressure in region (psi)
Fractional porosity in region

Grain diameter in region (cm)
Volume of region

Temperature gradient

Flux depression/area

Fraction of grain boundary area per unit volume
separated by microcracks

.Notcx GDRIVE reads in IRSTAR; if IRSTAR is greater than zerc, then the code
first calls ZRDWR with IRSTAR=1, then calls it a second time with IRSTAR=2,
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For each axial section (J)

POW Linear power (kW/ft)

Remaining parameters

DELT Time ‘ncrement (s)

ITRAN Flag specifying either steady-state or
transient mode

NPRINT Print control

MCRK  Microcracking flag

NOPT  Grain growth/grain boundary sweeping flag

NCRK Flag to signal user input of ALP

For each value of (K,J), GRASF first calculates the bubble
radii by use of Harrison's extrapolated equation of state. It then computes
the bubble diffusion coefficients, migration velocities, coalescence
probabilities, gas-atom re-solition rates, and the Aiffusion rates of fission
gas from the grain lattice to the grain faces, and from the grain faces to the
grain edges. It also calculates the maximum size for bubbles pinned to
structural defects. Further, GRASF calculates the coefficients YB(I) and
YC(I) from the equation for the bubble-size density, Y(I), as a function of
time. The remainder of the routine consists of a modified version of ANL-
D2525-DDFSUB, a routine that solves the set of regular, linear, first-order
differential equations for the bubble size distribution by Neville's method of
extrapolation with polynomials.
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i
| READ 8 PRINT CARD # | TITLE,IRSTAR

CALL ZRDWR (1),i.e.,READ IN RESTART
DUMP FROM UNIT I5;SET IRSTAR = 2

=
et |

READ 8 PRINT CARD #2
GRS, FL ,NF,KF,MF,NOPT, Ji,J2,MCRK, I14
CALL ZROWR (IRSTAR) (READ & PRINT CARD SET #3)

READ 8 PRINT CARD #4
DELT,NPRINT,IREAD, IP, IRSTAR, ITRAN KFLX NOPT

CALL ZROWR (IRSTAR) ,i.e.,
WRITE RESTART DUMP ON

UNIT 1€
PRINT SUM.'ARY FROM | YES
UNIT 14 PRINT 7
STOP

Fig. 32. GDRIVE Flow Chart. (a) Begin Through Step B; (b) Step B Through
Step C; (c) Step C to End.



REINITIALIZE SOME QUANTITIES

YES ~IREAD

UO?
NO

Y8 .07
NO

READ 8 PRINT CARD SETS #15 THROUGH #17

YES < TPow=0 7
NO

READ 8 PRINT CARD SET #18

READ 8 PRINT CARD SETS #5 THROUGH #8
IF KFLX >0, READ 8 PRINT CARD SET #9
READ 8 PRINT CARD SET #10

NO IREAD

:2?
YES ¢

—©

INCREMENT POW (J),TS (K,J),TK (K,J)

IF TEMPERATURE LIES OUTSIDE SPECIFIED RANGE ,SET FLAG

READ 8 PRINT CARD SETS #i| THROUGH #14
DEFINE VLM (K,J)

i

DEFINE TFP (K,J)

_é)

(b)

Fig. 32. (Contd.)

TSOPD=TSO + DELT. DEFINE TGR (K,J). SET PRINT FLAG.
CALL GRASF

|

DECIDE WHICH OF 3 PLACES TO GO TO

O

(c)

£8
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TABLE XI. Description of Driver Input

Variable
Card No. Name Format Description
1 ITLE (1944, ITLE (1-19) is a descriptive title
2X,12)
1 IRSTAR IRSTAR = 0 for normal execution
IRSTARR = 1 for problem restart from an
external file
2 GRS (2E10.4, Initial amount of gas in fuel cladding
4110,415)
2 FL Fuel rod length (cm)
2 NF Total number of axial sections
2 KF Total number of radial rings
2 IVPF Unused
2 NOPT NOPT = O0: No grain growth/grain
boundary sweeping
NOPT = ]1: Integral grain growth law
NOPT = 2: Differertial grain growth
law
2 J1 Calculation is done for axial fuel
2 J2 sections Jl through J2
2 MCRK 0: Invoke microcracking mode
1: Do not invoke microcracking
mode
2 I14 Unused
3 | (15,E15.5, This card provides the capability of
2X,2A4) modifying any member in labeled
3 PROG( I) COMMON/PROG/PROG(74). Last card of
3 LABEL this set must have I = blank or zero
4 DELT (E10.4. Time step (s). If = 0, go to card #l
6110,215)
4 NPRINT Printout option

NPRINT = 1: No printout
NPRINT > 1: Full printout
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TABLE XI {Contd.)
Variable
Card No. Name Format Description
4 IRE AD IREAD = G: No change in fuel
properties and operating
conditions for this time
step
IREAD = ]1: Fuel operating conditions
to be updated for this
time step
IREAD = 2: Fuel properties and
operating conditions to be
updated for this time step
4 Ir IP = 0: Do not input card sets 15-18
IP = 1: Input card sets 15-18
IP = 2: Input card sets 15-18, print
card sets 16-18
4 IRSTAR IRSTAR = 0: Do nothing
IRSTAR < 0: Write restart dump on
unit 16, stop
IRSTAR > 2: Read card set #3,
redefine constants.
4 ITRAN ITRAN = 0: Steady-state mode
ITRAN = 1: Transient mode
4 KFLX Radial flux depression flag
KFIX = 0: All FDP(K,J) = 1;
do not include card #9
KFLX = 1: Include card set #9 to
define (FDP(K,1),K =
1,KF). Code will internally
set FDP(K,J) = FDP(K,l1), J =
2, NF
KFIX = 2: Include card set #9 to
define J sets of (FDP(K,J),K
= 1,KF)
4 NCRK NCRK = 0: Do not read in card set #4A

NCRK #

0: Read in card set #4A
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TABLE XI (Contd.)

Variable
Card No. Name Format Description
4 NOPT NOPT = 0: No grain growth/grain
boundary sweeping
NOPT = 1: Iitegral grain growth
law
NOPT = 2, 3: Differential grain
growth laws
4A ALP(K,J) (8E10.4) Fraction of grain boundary area per

If IREAD = 0 go to card #15

5A-55

6A-6R

7A-7J

8A-8R

9A-9N

10

TS(K,J)

TK(K,J)

POW(J)

PRSO(K,J)

FDP(K,J)

PLENP

(8E10.4)

(8E10.4)

(8E10.4)

(8E10.4)

(8E10.4)

(E10.4)

If IREAD =2 go to card #15

I11A-11R

12A-128

13A-13R

14 A-14R

RH(K,J)

RS(K,J)

POROS(K,J)

GRSIZ(K,J)

(8E10.4)

(8E10.4)

(8E10.4)

(8E10.4)

If IP = 0 go to card #4

unit volume separated by microcracks

Temperatures at boundaries of regions
(K,J) (°C or K)

Average temperatures of regions (K,J)

(K)
Linear power in axial sections (kW/ft)

Average hydrostatic pressure in
regions (K,J) (psi)

See KFIX on card #4

Plenum pressure (psi)

Ametase fuel density in region (X,J)
(g/cm”) (not used in PARAGRASS, leave
blank)

Radius of the boundary of region (K,J)
(em)

Average fractional porosity in region
(K,J)

Average grain diameter in region (K,J)
(cm)
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TABLE XI (Contd.)

Variable
Card No. Name Format Description
15 TMAX (3E10.4, For TP = 1,2 the code will
TDMIN 4110) execute until total time >
TDMAX or the minimum fuel
TDMAX temperature X (K,J) < TDMIN
If IP = 0 go to card #4
15 IPRINT If NPRINT = JPRINT,
JPRINT printout for every IPRINT
IWRITE time step will be provided
with NPRINT = IWRITE
IPOW IPOW = O0: Do not read in POW (J).
IPOW = 1: Read in POW(J)
16 ™(K,J) (8E10.4) Temperatures TS(K,J) incremented by
TD(K,J) during DELT
17 DPOW(J) (8E10.4) Power incremented by DPOW(J) during
DELT

If IPOW = 0 go to card #4

18 POW(J) (8E10.4) Linear power in axial section J
(kw/ft)

Repeat sequence starting with card #4.
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TABLE XII. Dictionary of Varifables in COMMON/PROG/
Variable

Index Name Description

1-9 A(1-9) Parameters in the calculation of the 002 yvield
strength

10 AADC Pre-exponential factor for gas atom diffusion
coefficient (cnzla)

11 AADC2 Activation energy for gas atom diffusion (cal)

12 ACON Parameter which relates grain boundary area per
unit volume to the equivalent grain diameter

13 ASTAR Fraction of areal coverage of grain face by bubbles
required for channel formation

14 ATMVOL Volume associated with one molecule of fuel

15 AVN Avogadro's number

16~21 BADC1-6 Coefficients in the semi-empirical/
phenomenological expression for intragranular
bubble diffusivities

22 BOLTZ Boltzmann's constant

23 BVCRIT Critical value of grain-edge swelling required for
long-range tunnel interlinkage

24 CALCA Proportionality constant between theoretical and
actual grain boundary separation rate

25 CPOW Converts linear power from kW/ft to W/ cm

26 CRT Relative error permitted in the integration

27 CR1 Convergence criterion in bubble radius computation

28 DELHV

Unused
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TABLE XII (Contd.)

2

Variable

Index Name Description

29 Dvo Pre-exponential factor in expression for lattice or
grain-boundary vacancy diffusivity

30 DZERO Pre-exponential factor in the expression for
surface diffusion of UU2

31 EV Equal to the sum of migration and formation
energies for vacancy diffusion

32 FAWGE Average number of grain faces per grain

33-36 FGPF(1-4) FGPF(1-3) are the number of noble gas atoms, iodine
atoms and cesium atoms, respectively, produced per
fission event., FGPF(4) is unused.

37 N Probability that two atems which collide stick
together to form a bubble nucleus

38 FPWS Factor which determines the number of
fissions/cm*s from the power in W/s

39-41 GBADC1-3 Coefficients in the semi-empirical/
phenomenological expression for intergranular
bubble diffusivities

42 GBR Multiplies RESCON to obtain effective irradiation-
induced re-solution of gas atoms from grain
boundary bubbles

43-44 G1-G2 Coefficients in the expression for U0, surface
energy

45 PDSC Converts hydrostatic stress from tn."2 to dynes/cm

46 PTPL Value of fabricated porosity above which this

47 PZERO

porosity contributes to PRF(K)

Unused
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TABLE XII (Contd.)

Variable

Index Name Description

48 0s Activation energy for surface diffusion (ergs/mole)

49 QSSTAR Heat of transport for surface diffusion

50 QSURF Activation energy (cal) for surface diffusion

51 REDIS Average distance traveled by an atom ejected from a
grain boundary bubble

52 RESCON Re~-solution constant

53 RG Gas constant

54 RN Constant which defines the geometric progression of
bubble size ranges

55 SBCF Width of distribution of grain-face channel
formation probability

56 SIG Unused

57 SIGPI Width of distribution of grain edge porosity

58 THETA Twice THETA is the dihedral equilibrium angle that
a gas bubble makes with the grain boundary

59 WMI Unused

60 WM2 Unused

61 XDL(1) Control on time-step size as defined in the driver

62 XDL(2) Control on time-step size as defined in the driver

63 XK Parameter in the expression for the driving force
on a bubble in a temperature gradient

64 XKP Ratio of the thermal conductivity of a pore to the

thermal conductivity of fuel
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TABLE XII (Contd.)

Variable
Index Name Description
65 XK1 Parameter in grain growth model
66 XK2 Parameter in grain growth model
67 XK3 Parameter in grain growth model
68 XRMPP Power ramping criterion (kW/ft)
69 XRMPT Temperature ramping criterion (K/s)

€ Intglutlon of PARAGRASS into a Muel Behavior Code i COMMON
Blocks

The essence of integrating PARAGRASS into an existing Riel
Behavior Code (F8C) lies in removing the dummy FBC and the driver and
supplying PARAGRASS with those quantities that the driver would normally
provide. The following steps must be followed to integrate PARAGRASS into an
FBC:

l. Remove dummy FBC, GDRIVE,

2. A time of initialization in FBC, place a call ZRDWR(0) to
initialize PARACRASS.

. At time of run from restart in FBC, place a CALL ZRDWR(1)
to rez. restart dump, and, {f desired, a CALL ZRDWR(2) to
make modifications in COMMON/PROG/.

4, Before entering the time-step loop, define any PARAGRASS
quantities that remain fixed during that loop.

S. In the time-step loop, define PARAGRASS input parameters,
and place a CALL GRASF to invoke gas release package.

6. At time of exit from FBC, provide facility to write a
restart dump by a CALL ZRDWR(~1).
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COMMON has been organized to facilitate code integration.

Typically, block /WRKSPC/ is removed and its contents transferred to existing
scratch memory that can be overwritten upon exit from subroutine GRASF,

d. Output Description

A sample PARAGRASS computer output 1is provided in Flg. 33, The
parts of the output that appear between asterisks originate in the driver
routine GDRIVE. When PARAGRASS is integrated into an FBC, GDRIVE {is
removed. Hence, these parts of the output will not appear in the PARAGRASS
output from an integrated version of the code. Further, the output shown here
is for fuel with one axial section (J=1) and one radial eection (K=1),

Section A of the output illustrated in Fig. 33 prints the
information in cards #1 - #3 as read in by GDRIVE, When GDRIVE {s removed on
integration of PARAGRASS into an FBC, this section will not appear.

Section B reproduces input as read in by GDRIVE in card.
#4-17. This section of the output will also not appear when GDRIVE is
removed .

Section C of the output should be understood in three stages.
Stage C, refers to output quantities that are specific to a particular radial
section and a particular axial section (here, K = | and J = 1), Stage 62
refers to quantities that are averaged over all the radial sections for a
particular axial section (J = | in the sample shown). Stage 03 refers to
output variables that are averaged for the whole fuel pin. The output
variables are defined as follows:

Stage C,

J Axial section

K Radial section

RS (K, J), RS (K + 1, J) Radii of the two boundaries of

region (K,J) (em)
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Fig. 33. Sample PARAGRASS Output. See text for details.




i;age C, (Contﬂ;l

TS (K,J), TS (K+1,J)

POROS

DELT
VOLUME

PRFOLD

SAVG
RAD

BDSURF

BVSURF

Temperatures of the two boundaries
of region (K,J) (K)

Average fractional porosity in
region (K,J)

Time step (s)

Volume of the region (K,J) (cm3)

Pore interlinkage probability
fraction during the previous time
step

Average temperature in region
(K,J) (K)

Temperature gradient in region
(K,J) (K/cm)

Heating rate in region (K,J) (K/s)

Fission rate per unit volume 1in
region (K,J)

Fission gas _generation rate
(atoms/s/cm”)

Grain size (cm)

Fission-enhanced diffusion
coefficient (cm“/s)

Average number of gas atoms/bubble
Bubble radii (cm)

Diffusion coefficient for bubble
movement based on surface

diffusion (cm“/s)

Bubble velocity based on surface
diffusion (cm/s)




Stage C, (Contd.)

BDLTCE

BDArOM

BV ATOM

TA

HNXT

LTCE

FACE, EDGE

FLUX, PBKGBY

G8S

RPIN

BVKG

PRSG

GSGEN

95

Intragranular diffusion
coefficient of atoms and bubbles
used in the

calculations (cm/s)

Seni-enplrical/phenomenolggical
diffusion coefficient (cm“/s)

Bubble velocity based on BDATOM
(em/8)

Time for which integration has
been completed (s)

Current time increment (s)

Suggested value of time increment

(s)

Upper limit on the value of an
integration step (s)

Gas atom and §as bubble density in
lattice (1/cm”)

Gas bubble density on the grain
faces_and edges, respectively
(1/cm)

Rates of fis-ion gas migration
from within the U0, fuel to the
grain boundaries

Rate of intergranular gas release
due to grain boundary sweeping
mechanism

Fraccion of retained intragranular
fission gas that resides in
bubbles

Total strain due to gas bubbles

Amount of retained gas 1in region
(K,J) (moles)

PRSO(K,J) or PLENP, whichever is
greater

Amount of gas generated (moles)



Stage C, (Contd.)

LTCEFR

GOUTK

FACE FR

EDGE FR

GKOUT

Fraction of retained gas that
resides in the lattice

Average fuel temperature (K)

Fractional gas-bubble strain due
to bubbles trapped in the lattice

Rate of gas migration from grain
faces to edges due to grain face
channel formation

Fractional coverage of grain
boundary sarea per unit volume by
microcracks

Amount of fission gas retaired
(mo les )

Fracticn of retained gas that
resides on the faces

Previous value of TKi (R)

Fractional gas-bubble strain owing
to bubbles trapped on grain faces

Number of gas atoms released owing
to increased edge-tunnel
interconnection

Separated grain Ynuudary area per

unit volume (cm™

)

Fractional gas release from
gection (J,K)

Fraction of retained gas that
resides on the edges

Total gas release from section
(J,K) during present time step

Fractional gas-bubble strain due
to bubbles trapped on grain edges

Probability of gas channel inter-
linkage




Stage C, (Contd.)

BET AB

Scage C2

RGuL, RGGF, RGGE

Intragranular bubble
nonequilibrium parameter

Axial section

Average swelling strain in axial
section J

Amount of total generated gas that
is retained in the fuel (moles)

Amount of gas released from axial
section J (moles)

Fraction of total gas generated
that is retained in the fuel
lattice, on the faces, and on the
edges, respectively, for axial
section J

Fractional gas release from axial
section J

Total fractional gas release
Total retained gas (moles)

Gas released during time step
(moles)

Total amount of gas re’eased
(moles)

Total gas generated (moles)

Error defined as
[GGT - (FGR + RETG)]/(GGT)

Amount of total generated iodine
that is retained in the fuel
(moles)




Stage C, (Contd.)

RETC Amount of total generated cesium
that 1s retained in the fuel
(moles)

Released iodine (moles)

Released cesium (moles)

If there are several radial and axial sections, the average
output variable values for each radial section in every axial section appear
in Stage C, of the output, followed by average values for each axial section
in Stage C2' and finally the values pertaining to the whole fuel pin in Stage
Cqe

5. Sample Problem and Results

Results from a sample problem are provided in Figs. 34 and 35 to
enable the user to acquire a feel for PARAGRASS execution. The fuel is
divided into one axial section and one radial section. The {irradiation
history for the sample problem is as follows: 1 cm of a U0, fuel rod with an

outside radius of 0.25329 cm and an inside radius of 0.17825 cm is irradiated

at a fission rate of ~lﬂl3 fissions/cmj/s and a constant temperature of 1750 K

to a maximum burnup of 3 at. % (~30,000 MWd/MT). The results of the steady-
state irradiation are shown in Fig. 34. The steady-state irradiation 1s
followed by a transient temperature ramp of 1 K/s to a maximum temperature of
3123 K. The results of the transient simulation are shown in Fig. 35. A
summary printout, provided by logical unit 14, appears at the end of the run
(Fig. 35). The parameters have been defined previously. The printout gives
the title first, followed by sets of output for each time that output was
requested. Each set of output consists of all axial results followed by rod

total results.

It should be noted that the time-step size (DELT) read in by the
driver (GDRIVE) in the second card #4 (and printed out in the section between
asterisks) does not necessarily coincide with the time step actually used

(appearing after J = 1, K= 1), This cutting of the time-step size has been
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done by subroutine GRASF, which has certain internal criteria for time step
selection.

According to the results at the end of this simulation (steady-state
+ transient), the fractional release of noble gas ( FGRT) is 65.7%. In this
version of PARAGRASS, the fractional release of iodine and cesium is assumed
to be the same as for the noble gases, and is not printed out separately.
The actual molar releases of all three species (OUTG, OUTI, and OUTC) are also
printed. Iodine and cesium molar releases (OUTI and OUTC) are scaled to

reflect the effective fission product yield fractions of these species.

The grain boundary separation in units of grain boundary area per
unit volume of fuel is ACAEN = 1106.9 cnzlcnj, and the fraction of grain
boundary area per unit volume separated by microcracks is ALPHA = 0,233,
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EERREER R B RN R RN R AR R G RN RR RN R RN RN AT R RN NI RS R RSN T RN AR I RN RN TR R RN RN SRR SRR RARER

DELY= 3.0176D+04 NPP.. T,IREAD,IP,IRSTAR, ITRAN,KFLX, ,NOPT= 1 0 1 0 0 0 0

THMAX, TDMIN,TOMAX= 6.7876D+07 2.00000+02 3.1230D+03 IPRINT, JPRINT,INRITE ,IPOM= 444
_TDIK,J])= 0.0 9.8
DPONL J )= ¢.0

L R L L AR L EERARP AR AR AR AN A AR AR R AN A A RARB AR I AR RS A AT AREA AR RN RN RN

N nnunaunnnasnnensd GRASS OQUTPUT Sessmasamin s smenssnes

TIME= 0.1430352400+08

AXIAL SECTION= 1 RADIAL SECTION= 1

RS(K,J)= 1.782550D-01 RS(K+1,J1=_2.03 L_TIS(K,d)= _ 1.5145200+03 TSiK+1.J)=1.5145200+03 POROS = _ 7.4750000-02
DELT = 3.0176000+0% VOLUME = 1.01% -01 PRFOLD = 5.3397990-01

TXI= 1.7500000+03 T6RAD= 0.0 ) . TFAV= 9.99800+12 6SIN= 3.0994D+12 GRD= 1.00000-03 DCIE= 1.99960-17

LATTICE SIZE CLASSES
SAVG RAD BVSURF BOLTCE BOATOM BVATOM
1.00000D0+00 2.403720-03 3.645830-08 0. 8.915%40-16 2.915840-16 0.0
2.462350+02_ 1.665000-07 583720-11 3.779850-12 _3.779850-17_ 0.0
FACE SIZE Ciass
1.768470+06 6.744764D-06 5.88134D-18
1.99786C -05
EDGE SIZE CLASS
2.317310+06 7.632010-06 3.587410-18 0.0
2.300000-05

TAU= 3.0176000+06 M= 1.5088000+06 HNXT=  2.263200D¢04 HH= 2 2632000+04

DISTRIBUTIONS FOLLOW (MUMBER CMw»3)
REGION 1 LTCE 2.21410+19 1.2964D+16 FACE 1.50820+12 EDGE 2.98120+12

FLUXiI)= 1.72500+12 8.53310+07 0.0 0.0 PBKGBY(I)= 0.0

J K RPIN BVXJ PoK PRS

1 1 1.762855D-01  7.2020550-02  6.1460060-06 1.0000000+03
GSGEN= 7 .4B52356D-06 LTCEFR=7 . 31476°830-01 TXI= 1.75000000+03 BVSL= 6547431D-03 EGRE= 5071102D-07 ALPHA= 0.0
GOUTK= 1 34022290-06 FACEFR=7.34159223-02 TKIO= 1.75000000+03 BVSF= 1.76955620-02 EPRF= 7.0362434D-03 ACAEN= 3.0
FGRK= 1.7902494C-01 EDCEFR=1.8981417D-01 GXOUT= 3.60577080-09 BVSE ,26702440-02 PRF= 5.3447462D0-01 BETAR= 0.0

AXIAL TOTALS J =1

BVS= 7.20205500~02 RGJ= . 14600600-C6 GSRJ= 7.20867000-09 RGGL= 0486902D-01 RG6F= 6.02726250-02 RGGE= 1.55832530-01

FGRJ=  1.73024%40-01

ROD TOTALS
FERT= 1.73024940-01

RETI= 2 1733.’&)20—07 . 731226450-0€ OUT]= 2556297008 QUIC= . 13645000-07

snuasanEsensnanunsen END OF BRASS QUTPUT FOR THIS TIME STEP sssssssnsnnussnnssss

Fig. 34 (cont,)

14600600-06 GTOUT= 7.2086700D-09 GRFT= 1.34022290-06 66T= 7.4862356D-06 ERR=  8.86202400-07
19"



HRREHARRR AN RA RN NEN CRASS DUTPUT w0000 000005 00300 0 0000

TIME= 0.2770156800+08

T ====-= AXIAL SECTION= 1 RADIA. SECTION= 1

RS(K,J)= 1.7825500-01 RS(K+1,J)= 2.5328900-01 TS(K,J)= 1.5145200+03 TS(K+1,J)=1.5145200+03 POROS =  7.4750000-02
DELY = 3.0176000+06 VOLUME = 1.0172630-01 PRFOLD = 7.682017D-01

TKI= 1.7500000+03 TGRAD= 0.0 DTOT= 0.0 TFPV= 9.99800+12 GSIN= 3.0994D+12 GRO= 1.00000-03 DCIE= 1.9996D-17
_LAILIQL%VE‘_MS&

RLD BOSURF BVSURF BOLTCE BDATOM BVATOM

1.00000D+00 2.40372D-08 3.645880-02 0.0 8.91584D-16 8.91584D-16 0.0
3.995320402 1.994630-07 7.689380-12 0.0 2.590570-17 2.590570-17 0.0
FACE

. ). 74474D-06 5.8813¢D-18 0.0

1.937860-05
EDGE SIZE CLASS

__2.31731D+06 7 ﬁ%o%gss_;_ssnu_g 0.0

TAU=  3.0176000+04 K= 1.5088000+0% WNXT= 2.2632000+04 HH= 2.2632000+04%

" DISTRIBUTIONS FOLLOW (NUMBER/CM*»3)
REGION 1 LTCE 3.10110+19 2.8464D+16 FACE 1.5337D+12 EDGE 4.0763D+12

FLUX(I)= 2.07200+12 7.9297D+07 0.0 0.0 _PexeBY(I)= 0.0 0.0 = 6BS= 0.0

J K RPIN BVKJ RGK PRSG
1 1 2.633886D-01 9.2538320-02 9.2060220-06  1.0000000+03

" GSGEN= 1.55935590-05 LTCEFR=7.77513550-01 TKI=  1.75000000+03 BVSL= 2.75022500-03 EGRE= 7.81728710-07 ALPHA= 0.0
= 5.29260930-06 FACEFR=4.91905850-02 TKIO= 1.75000000+03 BVSF= 1.77596650-02 EPRF= 3.90604940-08 ACAEN= 0.0
FGRK= 3.65041310-01 EDGEFR=1.73295860-01 GKOUT= 5.064400290-09 BVSE= 7.20284270-02 PRF=  7.68338310-01 BETAB= 0.0

TAIACTOTALS U =1

BVS=  9.2538317D-02 REJ=  9.20602210-06 GSRJ= 1.00870090-08 RGGL= %.73687520-01 R6GF= 3.1233897D-02 RGGE= 1.1003539D-01
FGRJ= 3.65041310-01

FGRT= 3.65041310-01 R6T=  9.2060221D-06 GTOUT= 1.00870090-08 GRFT= 5.29260930-06 66T=  1.44986590-35 ERR=  1.8846826D-06
RETI= 3.26666270-07 RETC= 5.58896230-06 OUII= 1.87802270-07 OUTC= 3.21312610-06

EnuuRun i nmnnnnannnn END OF GRASS QUTPUT FOR THIS TIME STEP 0505656560000 50 06 06 365606 506 36 306

Fig. 34 (cont,)
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wunnnnnnnnnnnennns GRASS OQUTPUT 55000 a0 s 00 0 0 0 o 5 0

TIME= . +

------ AXIAL SECTION= 1 RADIAL SECTION= 1

RS(K,J)= 1.7825500-01 RS(K+1,J)= 2.5328900-01 TS(K,J)= 1.5145200+03 TS(K+1,J)=1.5145209+03 PORCE =  7.4750000-02
DELT = 3.0176000+C4 VOLUME = 1.0172630-C1 PRFOLD = 8.397830D-01

TTYRYE Y.7500000+03 YeRAD= 0.0 et 0.0 TFPV= 9.99800+12 65IN= 3.09940+12 GRD= 1.00000-03 DCIE= 1.9996D-17
LATTICE SIZE CLASSES
SAVG

RAD BDSUR. BOLTCE BDAYM BVATOM
s . . - -08 Tr 8.915340-16 8.91
5.07346D+02 2.182790-07 5. .361530-12 0.0 2.145400-17 2. 145600 17 0 0

FACE SIZE CLASS

1.748470+06 6.74474D-06 5.28134D-18 0.0
1.597850-05

EDGE SIZE CtAS :
2.317310+06 7.632010-06 3.587410-18 0.0
2.300000-05

TAU= 3.017600D+04 H= 1.5028900+04 HNXT= 2.2632000+04 He= 2.2632000+04

%01

DISTRIBUTIONS FOLLOW (NUMBER/CMwe3) L P s
GION T LYCE 3.64930+'9 3.50310+18 FACE 1.53870+12 EDGE &.51750+12

FLUX(I)= 2.2817D+12 7.59170+07 0.0 0.0 PBKGBY(I)= 0.0 0.0 68s= 0.0

J°R RPIN BT ~ RGK PRSG o
1 1 3.2755430-01 1.0125560-01 1.1385920-05 1.000000D+03

GSGEN= 2.15110820-05 LYCEFR=8.04830510-01 TKI=  1.75000000+03 BvSL= 3.54908490-03 EGRE= 8.60864710-07 ALPHA= 0.0

~—BOUTR=1.01250790-05 FACEFR=3.9%456650-02 TK10=1.75090000+0F BVSF=  1.77940000-02 EPRF=  6.09326370-08 ACAEN= 0.0
FGRK= 4.70691270-01 EDGEFR=1.5525982D-01 GKOUT= 6.5754876D-09 BvSé= 7.9312504D-02 PRF=  8.39930290-01 BETAB= 0.0

AXIAL TOTALS J = 1
FGRJ=  4.7069127D-01
ROD TOTALS

C13859200-05 GSRJ= 1.1524152D-08 R66L= 4.26032450-01 RGGF= 2. D-02 RGGE= 8. -

FGRT= &.70891770-01 RET= 1. 138%920D-05 GTOUT= 1.15041580-08 GRFT= 1.0125079D-05 66T= 2.15110820-05 ERR=  3.8820539D-06

RETI= 4.04019480-07 RETC= 6.912%059D-06 QUTI= 3.5927698D-07 QUTC= 6.1469025D-06

= SudRE i nnknnnnnnn® END OF ORASS DUTPUT FOR THIS TIME STED wasmmmmmmmm s wsnsns

Fig. 34 (cont,)



sunrnsnninpnsnnntt GRASS DUTPUT Sussnsns® snusunm cnnee

TYIME:=

AXIAL SECTION= 1 RADIAL SECTION= 1
2 ~'”?;3 01

2630-01

T.7825500-07 RSTK+7T, 7]
3.0176000+%4 VOLUME =

000D+03 TGRAD= 0.0

0.5449785600+08

»J1=1.5145200+03 POROS

15145200503 TR 1
42980-01
3.0994D+12 GRD= 1

9980D+12 GSIN= 0000D-03 DCIE=

7.%750000-02

1.99960-17

LATTICE SIZE
SAVG
1.000000+00
5.87954D+02

FACE SIZE CLASS
1.748470+06 6.
1.9%786

EDGE SIZE TLASS

2.317310+06 7.632010-0
2.303030-0

CLASSES
RAD
2.40372D-C8
358530-07

. VD

645820
225650 -
744764D-06 88134D-18
0-05

6 .587410-18 0
5

TAU=  3.UT7600050% W= 1.5088000+0% FRXT
MUMBER/CMws3)

DISTRIBUTIONS FOLLOW E
98390+ 16

REGION 1 LTCE 4.33990+19 3

i
1)z 2.42770+12

7.3343D0+07 0.0

RGK
1.307352D-05

RPIN
87568E0-07

»
v

1
l

.30745150-05
.9376037C-06

AR P Ra Rt r e nnenn END

BVATOM

4.74610+12

PEXGBY(I)= 0.0

. 15827 100-07
.2%62113D-38
.70532350-01

7500000D0+0 S 39798670-03 EGRE=
75000000+03 BVSF= 78162760-02 EPRF=
53506 13D- : . 38522400-02 PRF=

23987930 7733686D-01 RGGF= .5926974D-02 RGGE=

0-08 GRFT= .85235050-05 ERR=

-07 CUTC=

54488130-05 GGT=
37852430-06

OQUTPUT FOR THIS TIME STEP 5000505000 050 05 500 00 000056 0 36 50 0

ALPHA=
ACAEN=
BETAE=

0.0
0.0
0.0

6.51130520-02

6.2135262D-06




ummmu-bm R E RSt L e sl

TIME= 0.6789€00000+08

=====-- AXIAL SECTION= 1 RADIAL SECTION= 1

RSIK,J)= 1.7825500-01 RS(K+1,J)= 2.532890D-01 TS(K,J)= 1.5145200+03 TS(K+1,J)=1.514520D0+03 POROS =  7.475000D0-02
TTDELY ¥ 3.0T/6000%04 VOLUME = 1.07172630-07 FRFOLD = 8.8759930-07

TXI= 1.7500000+03 TGRAD= 0.0 DTOT= 0.0 TFPV= 9.99800+12 GSIN= 3.09940+12 GRD= 1.00000-03 DCIE= 1.99960-17
~—LATTICE 3IZE CUASSES
SAVG RAD POSURF BVSURF BOLTCE BDATOM BVATOM

1.000000+00 2.40372D-0% 3.645380-08 0.0 8.91584D-16 8.91584D-16 0.0
_’;.sm:mz 2.399500-07 3.671610-12 0.0 1.760050-17 1.760050-17 0.0

ACESIZE CLASS

1.76867D+06 6.744750-06 5.881340-18 0.0

1.997860-05

—Wm

3 2.300000-05 )

TAU= 3.017600D+0% W= 1.5083000+04 HNXT= 2.263200D+04 HN= 2.2632000+04

DISTRIBUTIONS FOLLOW (NUMBER/CMw»3)
REGION 1 LTCE 4.3142D+19 4.35230+16 FACE 1.54000+12 EDGE 4.83992D+12

901

“FON(TIE 25 We 12 7- 12180407 U0 0.0 PEKGBY(T)= 0.0 0.0 G8s= 0.0
Jx RPIN BVKJ RGK PRSG
1 1 3.9632710-01 1.0925720-01  1.4436550-05  1.0000000+03

6SGEN= 3.55359280-05 LTCE! : ,.3595064D-01 TKI=  1.75000000+03 BVSL= 5.02844190-03 EGRE= 9.5648699D-07 ALPHA: 0.0
GOUTK= 2.10990800-05 FACE!, 5.1496086D-02 TKIO= 1.75000000+03 BVSF= 1.78320260-02 EPRF= 4.75217280-08 ACAEN: 0.0
FERK= 5.93739390-01 EDGEFR=1.32553280-01 GXOUT= 7.19652460-09 BVSE= 8.63967720-02 PRF= _8.87579990-01 BETAB= 0.0

AXIAL TOTALS J =1

BVS=  1.03257240-01 RGJ=  1.4436547D-05 GSRJ= 1.30199700-08 RGGL= 3.39606730-01 R6GF= 1.27953520-02 RGGE= 5.38500520-02
FBRJ= 5.33739350-01

ROD TOTALS

FGRT= 5.93739390-01 RGT=  1.64365470-05 GTOUT= 1.30199700-08 6RFT= 2.10990800-05 66T=  3.55359280-05 ERR=  8.47815000-06
RETI= 5.1227525D-07 RETC= 8.76456380-06 OUTI= 7.48677050-07 OUTC= 1.28091340-05

annana i nnannnnnnnnn END OF GRASS OQUTPUT FOR THIS TIME STEP 500 s 005050300 5 5 0 06 3 00 3 0 00

Fig. 34 (cont.)



ssscen “ - o wns nenmean
DELT= 1.00000-01 NPRINT, IREAD,IP, IRSTAR, ITRAN,KFLX,NOPT= 1 0 1 1 1 L

TR TOMING TOVER= " Y. 00S00+07  2.00000+02 3.72300+0% IPRINT,JPRINY, IKRITE, IPONE 2748 T ¥
TOIK, )= : 'wm-as 1.00000-01
DPOML J )=

BB

* GRASS OUTPUT nnw
TRANSIENT TIME= 0.2745000000+03

----- AXIAL SECTION= 1 RADIAL SECTION= 1

RS(K,2)=  1.7825500-01 RS(Ke1,J)= 2.5328500-01 TS(K,J)= 1.7891200+03 TS(K+1,J)=1.7891200+03 POROS =  7.4750000-02
DELY = 1.0000G20-0% VOLLME = 1.0172630-01 PRFOLD = 9.0618560-01

TTRIE 20298000905 TUADE U0 DYOTE T.00UUDSUD TFRVE 9.59B00+TZ GSING 3.0994D+12 ERD= 1.00000-03 BCIE: TO999ED-TY
LATTICE SIZE CLASSES
SAVG RAD BUSURF BVSURF BOLTCE BOATOM BVATOM
T T.00000C+00  2.S02830-08 2 NARSED-0S WU 3.T0B670-%% 3.T0SEMD-1% DD
1.66787D+C4 5.386380-07 1.052090-12 0.0 3.298110-16 3.298110-15 0.0

FACE SIZE CLASS
1.768470+06 7.37984D-06 2.779470-16 0.0
T 2m

o5 —
EDGE SIZE CLASS
2.317310+06 B8.396740-06 1.658490-16 0.0

2.600950-05

101

Tau=  1.0000000-01 W= 1.0C00000-01 WNXT= 1.5000000-01 HN= 2,2632000+04

DISTRIBUTIONS FULLOW (MUMBER/CM »3)
TRESION Y LYCE S.TI7W0SYY 1 3035045 FACE 2. TIS00W0S  EDGE 348240412 B L

FLUX(I)= 8.4754D+13 5.53080+07 0.0 0.0 PEKGBY(I)= 0.0 0.¢ 68s= 0.0

TY FPTR B TTRBK “PRSE il
1 1 4.293770-01  9.7161620-02  1.3421870-05  1.0000000+03
GSBEN= 3.55160720-05 LTCEFR=3.9904315D-01 TKI=  2.02460300+03 BVSL= 867086830 03 EGRE= -01 1

T BOUTKE 2 2T1IBS50-05 FACEFR=4.859 1816D-06 TR10= 2.02450000+03 BVSF= 3.54578430-06 £PRF= % i ACAEN= i e;i;gols
FORK=  6.22294410-01 EDGEFR=1.00947185-01 GKOUT= 1.24296230-12 BVSE= 8. 84672010-02 PRF=  9.00152660-01 BETAB= 1.62548660-1 1

AXIAL 7CTALS  J = 1

TBVEE TV 7RIETSD-0Z RIS TUWZIR720-05 GSRUE V. 2429%230-12 Re6L=  3.39587900-0" RGGF=  1.75975950-06 RGGE:  S.81274600-00
FGRJ= 6.22294410-01
ROD TOTALS

FERYS 6 222955 T0-0T RET: T V.3G2WE720-05 GTOUTE Y.2R254230-12 GAFT:  2.211M8990-05 667=  3.55%0720-05 ERR=  8.67807870-06
RETI= 4 .76270680-07 REiC= 8.14855810-06 OUTI= 7.86526730-07 OUTC= 1.34252770-05

SELretunsuennenanans END OF GRASS OUTPUT FOR THIS TINE STEP o

Fig. 35. Execution of the Transient Portion of a Sample Problem with PARAGRASS.
See text for details.



Eramnmanntanenannd® GRASS QUTPUT #5600 0005555005 50005000 0

TRANSYENT TIME= 0.5452000000+03

- &XTAL SECTION= 1 RADIAL SECTION= 1

TRSIK, TS T TU72I5EL0-0T RSINS 1,70 2. 5320900-07 151K, J)=  2.0637200+03 18K+ 1,71=2.0637200+03 PCR0S =  7.47500%0-02
DELT = 1.0600C0D-01 VOLUME = 1.0172630-C1 PRFOLD = 9.06836850-01

WKI= 2 2970209403 T5R40= 0.0 DTOT= 1.00000+00 TFPV= $.99800+12 6SIN= 3.0994D+12 GRD= 1.00000-03 DCIE= 1.99960-17
LATTIZE SI2€ CLASSES
SAVE 240 BCSITF BVSURF BOLTCE BDATOM BVATOM
1.609030+20 2.41514D-08 5.996370-05 0.0 4.640410-13 &.640410-13 0.0

T 252636000 T.27578D-06 9.355%0-12 0.0 T 3.673630-15 3.673650-15 0.0
FACE SIZE CLASS

1.748470+06 &.028180-06 4.7670¢D-15 0.0
2.545540-05
TEDBE SIZE TUASS e Tt
2.317310+C6  9.134310-06 2.93056D-15 6.0
2.936510-05

TYAUS T T.OROIGIT-0T R= T.JUCUOMU-UY RUXT= T.ETO00OD-DY RH= T 2.263200D+0% - o

DISTRIEUTICHS FOLLCW (HUMBER/CMw=3)
_REGION 1 LYCE 7.73330+18 2.51590+15 FACE 6.80290+08 EDSE 2.4506D+12

FLUX(I)= 2.36490+16 8.602ED+03 0.0 0.0 FBKGBY(I1)= 0.0 0.0

68s= 0.0
J K RPIN BVvJ R3K PRSG

yo 40~ v B -85 .UC +03
GSGEN= 3.5536216D-05 LTCEFR=9.2602C€20-01 TKI= 2 29920000+03 BVSL= 1.941568%0-02 EGRE= 2.2508324D-01 ALPHA= 2. 25083260 01
GOUTK= 2.25172300-05 FACEFR=1.54278280-05 TKIO= 2.2951000D+03 BVSF=_ 1.6292065D-05 EPRF= _ 1.0439040D-04 ACAEN= 1.0%
TFSRK=  6.33645975-01 EIGEFR=7.395637550-62 GkoUT= 1.4155938D-11 BVSE= 8.9922702D-02 PRF=  9.0836945D-01 BETAB= 1. 63365110 01

AXIAL TOTALS J =1

ByS=  1.09354520-01 RSJ=  1.3018534D-05 6SRJ=  1.41599580-11 REGL= 3.3924360D-01 RGEF= 5.65191610-06 ROGE= 2.70962930-02
TFeR)= 8.3384E570-01
ROD TOTALS

FGRT= 6.33645970-91 R6T=  1.30185340-05 6T0UT= 1.41595580-11 GRF‘I;_?_ZSWSBOD-CS G66T=___3.5536216D-05 ERR= _ 8.47822020-06
TRETI= 4. 51958650-07 RETC= 7.906343320-06 OUTI= 7.9%003810-07 OUTC= 1.36702290-05

Wnwndiuwnsnnunsnnx i END OF GRASS OUTPUT FOR THIS TIME STEP 3 s s s

Fig. 35 (cont.)
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BERRRRREN SR Enn N ORASS DUTPUT 5000000005000 50 20 o5 00

TRANSIENT TIME= 0.8238000000+03

====== AXIAL SECTION= 1 RADIJAL SECTION= 1

RS(K,J)= 1.7825500-91 mxol.n_:_z_sszaooa-n mxl;yg_z_mszuooes _TS(K+1,J)=2.3383200+03 POROS = _ 7.4750000-02
DELY = T.0DOOUUD-U1 VOLUWE = 1.0172620-01 PRFOLD = 9.1833080-01
TKI= 2.573800D+03 TGRAD= 0.0 GTOT= 1.0000D0+00 TFPV= 9.9980D+12 6SIN= 3.0994D+12 GRD= 1.00000-03 DCIE= 1.9996D-17
“UFTTICE ST2¢ CLASSES
SAVG RAD BOSURF BVSURF BOLTCE BOATOM BvVATOM
1.000000+00 2.423133-08 7.326100-04 0.0 3.89075D-12 3.8%0750-12 0.0
8.801280+05 6.526570-06  1.402%4D-13 J.0 $.35164D-15 6.39164D-15 0.0
1.748470+06 &.78359%0-06 4.276%4D-14 0.0
2.8€7480-05

IR S s 5 2
4.50401D-05

Tau=  1.0000000-01 W= 1.0000000-01 HNXT=  1.5000000-01 HH=  2.2632000+04

DISTRIBUTIONS FOLLOW (NUMBER/CM<»3)
REGION 1 LTCE 9.72110+16 8.08950+13 FACE 1.6%48D+08 EDGE 6.91930+11

TFIIXTYNE 23127073 4 BT000+07 0.0 00 T PBKGBY(IN= 0.0 2.0 68s= 0.0
J K RPIN BVKJ RGK PRSG
T 1 5.9863770-01  1.260205D-01  1.2554570-05  1.0000000+03
6SGEN= 3.55363590-05 LICEFR=9.5984297D-01 TkI=  2.57380000+03 BVSL= 9.42134600-02 EGRE= 2.2736806D-01 ALPHA= 2.27368060-01
GOUTK= 2.2981493D-05 FACEFR=3.86835150-06 TKIO= 2.57370000+03 BVSF= 5.63135980-06 EPRF= 0.0 ACAEN= 1.07772460+03
FGRK= 6.

46703630-01 EDGEFR=4.01531620-02 GKOUT= 1.01401830-12 BVSE= 9.18015170-02 PRF=__ 9.18319580-01 BETAB= 4.20270220-01

&XIAL TOTALS J = 1

8VvS=  1.86020610-01 RGJ=  1.2554566D-05 6SRJ= 1.0140183D-12 RGGL= 3.39100900-01 RGGF= 1.3666419D-06 RGGE= 1.41856260-02
EGRJ= 6.46703630-31

ROD TOTALS

FGRT= § 46703630-01 RGT=  1.255456€0-05 GTOUT= 1.01401830-12 GRFT= 2.29814930-05 66T=  3.5536359D-05 ERR=  8.47815220-06
RETI= $.45495270-07 RETC= 7.62201910-06 OUTI= 8.15472320-07 CUTC= 1,39519900-05

REEnurnawnns wennin® END OF GRASS OQUTPUT FOR THIS TIME STEP 8505005000056 06 508 506 63 00

Fig. 35 (cont.,)
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BEREREEEERR A N nd GRASS OUTPUT %m0 s 650 0000 50 000 3 0

TRANSIENT TIME= 0.109340000D0+04

—=-=-- AXIAL SECTION= 1 RADIAL SECTION= 1

RSIK,J)= 1.7825500-01 nsum.m 2.5328900-01 TS(K,J )= 2.6129200+03 TS(K+1,J)=2.6129200+03 POROS =  7.4750000-02

DELT = 1.0000000-01 VOLUME 1.0172630-01 FRFOLD = 9.2331470-01

TKI= 2.8424000+03 TGRAD= 0.0 DTOT= 1.0000D+00 TFPV= 9.9980D+12 GSIN= 3.0994D+12 GRD= 1.0000D-03 DCIE= 1.9996D-17
_umms__

RAD BOSURF BVSURF BOLTCE BDATOM BVATOM

1. m 2.433580-08 5.567050-03 0.9 2.164950-11 2.1649%50-11 0.0

3.973610+06 1.333150-05 6.088820D-14 0.0 1.23104D-14 1.23104D-14 0.0

F Il ~
s 576950c-05 1.2055%0-14 0.0

s 953600-05

_i.*!!t“_g%- 5__L_Z!L‘% 0.¢ all”

TeU= 1.000000D-01 W= 1.000000D-01 HMXT= 1.5000000-01 HH= 2.2632000+04
T DISTRIBUTIONS FOLLOW (MUMEBER/CMw»»3)

REGION 1 LTCE 1.43850+16 1.79420+13 FACE 7.17110+07 EDGE 3.45550+11
_FLUXiI)=  1.61550+13 2.05310+07 0.0 2.0 PBKGBY(I)= 0.6 0.0 GRs= 0.8

J K RPIN BVKJ R6K PRSG
1 1 9.997984D-01 2.7287550-01  1.236242D-05  1.0000000+03

“BSGEN= 3.55385030-05 LTCEFR=9.74477550-01 TKI=  2.8%240000+03 BvSL= 1.80105300-01 ECRE=
GOUTK= 2.3173726D-05 FACEFR=5.78046500-06 T«IO= 2.84830000+03 BVSF= 2.19743360-05 EPRF=
FGRK= 6.52112180-01 EDGEFR=2.55165550-02 GKOUT= 1.300€4050-10 BVSE= 9.27485190-02 PRF=

2.29%415000-01 ALPHA= 2.29415000-01
4.0743516D-03 ACAEN= 1.08742710+03
9.23345920-01 BETAB= 6.50255960-01

1
BVS= 2.72875890-01 RG6J=  1.23624150-05 GSRJ= 1.30064050-10 RGGEL= 3.39000650-01 RGGF=
FGRJ= 6.52112180-01

2.01090580-06 RGGE=

8.87668600-03

FERT= 6.52112180-01 RET=  1.2362415D-05 6TOUT= 1.30064C5D-10 GRFT= 2.3173786D-05 66T=
RETI= 4.38577040-07 RETC= 7.50536540-06 OUTI= 8.22295650-07 OUTC= 1.40687310-05

3.5536503D0-05 ERR=

8.47810790-06

Enaunrnnnnninnnnnne END OF GRASS DUTPUT FOR THIS TIME STEP w0 shms s s s n s an

Fig. 35 (cont.,)
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TRANSIENT TIME= 0.1373000000+04

—zzo==z ANIAL SECTIONs 1 RADIAL SECTIONs 1 _

RSIK, Jis  1.7825500-01 RSIK+1,J1= 2 S322905-01 TSIk, J)= 2 8875200403 TSiK+1,J)=2.8375200+02 POROS =  7.4750000-02
DELT = 1.0000000-01 VCLUME = 1.0172630-01 PRFOLD = 9.2918530-01

T WKIs 3.7230000+03 TcmAD= 0.0 DTDT= 1.0000D+08 TFFVs 99980012 GSIN- 3.0994D+12 GRD- 1.00000-03 DCIEe 1.99960-17
T ____BVSIRF____ BOLTCE ____ BDATOM _ __ BVATLA
‘—uﬁ!-"'z'o“ﬁn- 8.0 8.508120-11 8.908180-11 0.0

1.0% 2.079110-05 5.60170-1% 0.0 1.963520-1¢  1.943520-14 0.0

FACE -u cLaS3

JWMLL__

€DSE SIZE CLASS

1.031000+07 2.090760-05 5.477710-1% 0.0
—— PR l -

TAUs  1.0000000-01 W=  1.000C000-01 WNXT=  1.5000000-01 WH=  2.2632000+06
“E !"m'vu' !."m"lm’ gu 1‘.0&1 +12 FACE 4.6127D+07 GOGE 9.00530+10

FLXIT)®  1.4992D+13 1.26630+07 0.8 0.0 PEKGBY(I)= 0.0 0.0 68ss 0.0

Jx RPIN L RaK PRSG
T 1 9.999¢680-01 3.5818620-01  1.2198430-05  1.0000C00+03

. _LICEFR=9 87 JXI= __3.12300000+03 BVSL= 2.64073800-0) EGRE=
BOUTK = FACEFR=8. mm 3. 12290000403 avsF= 7.0398504D-05 Emwf= 0.0 ACAEN= 1.10620870+03
FGRK: §.56728860-01 EDGEFR=1.28570810-02 GKOUT= 2. 2024853012 BVSE=  9.40420340-02 FRF=  9.29141380-01 BETAB= 7.16129770-01

—AKIAL TOTMLS _ 4s 1 e —
BVS:  3.58156230-01 RGUs  1.2198404D-05 GSRJx  2.24248930-12 AG6L= 3.38846400-01 RGGF: 2.91030280-06 RGGEs 4.41335570-03
FGRJ=  6.5672086D-01
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III. CLAD PROPERTIES FOR CODE VERIFICATION

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

A. Introduction

The Zircaloy cladding of light-water-cooled reactor fuel rods is suscep-
tible to local breach-type failures, commonly known as pellet-cladding inter-
action (PCI) failures, during power transients after the fuel has achieved
high burnup. As a result of the high burnup, the gap between the U0, 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
radiaticn-induced defects (RID), mechanical constraints imposed by pellet-
cladding friction, compositional changes (e.g., oxygen and hydrogen uptake
associated with in-service corrosion), and geometrical changes due tc creep-
down and bowing. It is possible that synergistic 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 stress corrosion
cracking (SCC, associated with volatile fission products such as I) and liquid
metal embrittlement (IME, associated with elements such as Cd) mechanisms have
been well established for local breach-type failures of irradiated and unirra-
diated Zircaloy cladding under out-of-reactor simulation conditions, conclu-
sive evidence of these processes is not yet available for in-reactor PCI
failures. Consequently, to provide a better understanding of the PCI phenome-
non, a mechanistic study of deformation and fracture behavior of actual power-

reactor fuel cladding, discharged after a high burnup, is in progrces.

In this program, the effect of temperature, strain rate, and stress
localization on the deformation and fracture characteristics of Zircaloy
spent-fuel cladding is investigated by means of internal gas-pressurization-
loading mandrel-loading experiments in the ebsence of simulated fission
product species. The deiormed and fractured spent-fuel cladding specimens are
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then examined by optical microscopy, SEM, TEM, and HVEM. The data on micro-
structure and fracture properties will be used to develop a failure criterion
for the cladding under PCI-type loading conditions. The information will be
incorporated 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 failures would result in a sig-
nificant decrease in radiation exposure of plant personnel due to background
and airborne radioactivity as well as in an extension of core life in terms of

allowable off-gas radioactivity.

B. Chacteristics of Brittle-Type Fracture of High-Burnup Fuel Cladding Under
Internal Gas-Pressurization Locding_(u. M. Chung and F. L. Yaggee)

L Introduction

Characteristics of PCI-like brittle-type fractures of Big Rock Point
fuel cladding (Zircaloy-2) produced from internal gas-pressurization tests at
325°C have been reported previoucly.36 A brittle-~type PCI-like failure was
usually characterized by small diametral strain at failure, negligible wall
thinning, pinhole or tight-crack morphology of the failure site, numerocus
branching cracks extending partly through the wall near the through-wall
crack, and pseudocleavage-plus-fluting features in the fracture surface. In
some of the Big Rock Point cladding specimens, pseudocleavage-plus-fluting
features were observed over about 95% of the wall thickness. H. B, Robinson
cladding specimens, tested at 292-325°C under gas pressurization loading
described in an earlier report.37 have been evaluated during this period to
identify brittle-type fractures.

y 18 SEM Examination of H. B. Robinson Claddina

Fracture surfaces of several Big Rock Point and H. B. Robinson
cladding tubes that failed under internal gas-pressurization loading at 292 or
325°C were scanned by SEM, and the size of the fracture area characterized by
the pseudocleavage-plus-fluting feature was determined. The specimen charac-
teristics and test results are summarized in Table XIII. Typical SEM fracto-
graphs are shown in Fig. 36 for the 217C4B specimen described in Ref. 37.



TABLE XIII. Summary of Stress Rupture Test Results for Spent Zircaloy Fuel Cladding

Failure Average

Fuel F Tt-c:;z Test Failure Diametral Diametral
Specimen Burnup, 1 [ Temp., Hoop Stress Time, Strain, Strain_ Rate,
Number Reactor Material MWd/kg U (E > 0.1 MeV) °C MPa ksl h 2 o} 5y
165AC10  Big Rock Point® Zircaloy-2 22.4 3.3 325 384 55.6 1.0 1.1 3.0 x 107 0.95
165AE4A 3.3 325 344 49.8 25.1 0.8 9.0 x 1077 0
165AE48 3.3 325 337 48.8  207.6 0.4 5.4 x 1079 0.78
165W-21 4.0 325 514 74.5 7.9 1.0 3.5 x 1077 e
217a2¢ H. B. Robinson® Zircaloy—4 27.7 4.4 292 552  80.1  113.2 11.7 3.0 x 1077 0
217828 292 545  79.0  108.2 2.5 6.0 x 1078 -
217848 292 498  72.3  218.5 1.4 2.0 x 1078 0.14
217¢28 325 469  68.5  236.7 2.4 3.0 x 1078 0.17
217c4B 325 315 45.8  311.6 - - 0.40
217A48 325 315 45.8  294.2 - - 0.12

Svaximum fraction of wall thickness exhibiting pseudocleavage-plus-fluting features in the fracture surface (see text).
Box1de layer thickness: 0.5~10 um on inner surface and 50-7" um on outer surface.
€oxide layer thickness: 0.5-7 um on inmer surface and 20-3" im on outer surface.

%11



Figure 36(A) shows the outer-surface crack morphology of the specimen, which
indicates that the cracks initiated on the outer surface and propagated toward
the inner surface. In the overall fracture surface map shown in Fig. 36(B),
the areas bounded by the dark lines correspond to the pseudocleavage-plus-
fluting feature, which is shown at (igher magnifications in Figs. 36(C) and
(F). Figures 36 (D) and (H) show ductile-fracture surface morphologies that
were observed outside the bounded area. The fracture surface morphology of
the transitional area [Area 4 of Fig. 36(E)] between the ductile (Area 5) and
the psuedocleavage-plus-fluting (Area 3) regions is shown at high magnifica-

tion in Fig. 36(G).

Fig. 36. SEM Fractographs of H. B. Robinson Reactor Cladding Specimen 217C4B
(see Table XIII) after Fracture by Internal Gas Pressurization,
(A) Outer-surface morphology; (B) overall fracture surface morphol=-
ogy showing pseudocleavage-plus=fluting areas bounded by dark lines
near the outer surface; (C) higher magnification of Spot 1 of (B);
(D) higher magnification of Spot 2 of (B); (E) higher magnification
of Area L of (B); (F), (G), and (H) higher magnifications of Areas

3 4 and 5 of (E) respectively.
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From the fracture surface maps similar co that of Fig. 36(B), the
maximum penetration of the pseudocleavage-plus=fluting feature was determined
for each specimen in terms of fractional wall thickness. For example, in
Fig. 36(B), the maximum penetration corresponds to about 40% of the wall
thickness. The fractional penetrations determined in this way, designated FU
parameters, are listed in Table XIII. Figure 37 shows an example of a Big
Rock Point cladding fracture surface which corresponds to an Fp parameter of
about 0.61l. A similar fracture surface of an H. B. Robinson cladding tube

shown in Fig. 38 corresponds to an F_ parameter of about 0.17. Failed

P

Fig. 37, Fracture Surface Morphology of Big Rock Point Reactor Cladding
Specimen 165AE4B after Fracture by Internal Gas Pressurization.
Pseudocleavage plus fluting is visible over ~“60% of the distance
from the outer to the inner surface.



PSEUNX LEAVAGE

Fig. 38. Fracture Surface Morphology of H. B. Robinson Reactor Cladding
Specimen 217C2B after Fracture by Interna! Gas Pressurization.
Pseudocleavage 1is visible over ~17%Z of the distance from the outer
to the inner surface.

specimens with large F_ parameters were also associated with small diametral
l’«

strains, usually less than about .y and with negligible wall thinning in the

failure region.

|8 Crack Initiat ion and Propagation
In all the specimens with non-zero F_, values (Table XIII), the

l)
through-wall cracks propagated from the outer to the inner surface of the
cladding tube. Under internal gas-pressurizatic loading of the cladding
tubes, the effective stress at the inner surface is slightly greater than that

at the outer surface, if.e., by ~l%X for the Big Rock Point cladding and +~0.3’

for the H. B. Robinson cladding. However it the outer surface, additional

»
hoop stress is exerted on the metal as a result of the volume expansion
assocliated with formation of the oxide layer (see Table XIII for oxide laver
\ . . : iN
thicknesses). According to the measurement reported by Bradhurst and Heuer,
the order of magnitude of the intrinsic hoop stress is the same as that of the

applied hoop stress listed in Table XIII; therefore, it is expected that the

actual effective hoop stress is higher at the outer surface than at the inner
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325°C as in the earlier experiments. The abrasion mark on the outer surface
is visible in Fig. 40(A), which also shows a pinhole-type through-wall crac:
(circled). Figures 40(B) and (C) show the site of this crack at successively
higher magnifications. The micrograph of Fig. 40(C) clearly indicates a
ductile fracture near the outer surface. However, the morphologies of the
inner surface opposite the outer-surface crack, shown in Figs. 40(D) and (E),
reveal numerous brittle cracks parallel to the axial direction. The fracture
surface morphology, partially revealed in Fig. 40(E) near the inner surface,
is clearly brittle-type. Therefore, it is evident that the crack in this case
initiated at the inner surface and propagated toward the outer surface. The
observation described in association with Fig. 40 provides evidence of the
effect of the oxide layer =n crack initiation and propagation under simple
gas-pressurization loading conditions. The observation is consistent with the

fnference discuesed in association with Fig. 39.

If similar tests were performed wi*h icdine added to the internal
pressurizing gas, it is likely that the cracks would be nucleated on the inner
surface and propagate roward the curer surface by an SCC process. However, if
the outer-surface oxide layer were sufficiently thick, partial cracks might be
nucleated on the ouvter surface in association with the oxide layer even in the
presence of iodine. In fact, such partial cracks can be observed in micro-
graphs (Figs. 4-5, 4-6, and 4-7 of Ref. 39) of Quad City reactor spent-fuel
cladding, which was fractured under conditicns similar to those iu the present

investigation but with iodine added to the inner-surface atmosphere.

C. TEM-HVEM Analysis of Zr30 Precipitates (H. M. Chung)

| P Introduction

The morphology and orientation of the Zr40 phase observed in asso-
ciation with the brittie-type, FCI-like failures of the Big Rock Pcint and
H. B. Robinson spent fuel cladding has been reported previously.%"l"""“l
Further results of TEM-HVEM analyses, reported below, provide a better under-
standing of the precipitation characteristics of the Zr,0 ohase. Some orien-

tations that differ from the previously reported onesl‘o’l‘l are described. The



“ou
SURFACE

'!.;_
I
i

-

Fig. 40. SEM Micrographs of Maine Yankee Reactor Cladding Tube 217K2G after
Removal of Oxide Layer from Part of the Outer Surface and Fracture
by Internal Gas Pressurization (A) Outer surface, with a pinhole
failure site (circled) at the center of the region from which the
oxide layer was removed: (B) higher magnification of the circled
area of (A); (C) higher magnification of the circled area of (B),
showing ductile fraccure surface near the outer surface of the tube;
(D) crack morphology of the inner surface, showing initiation of
numerous partial cracks; and (E) higher magnification of (D).
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Fig. 40. (Contd.)

observed correlation between the Zr30 precipitates and brittle-type PCI-like
failure is then discussed on the basis of oxygen segregation phenomena asso-

ciated with strain aging and radiation-induced segregation (RIS).

2. Diffraction Analysis

a. (0001)Zr30 /1 (1010)0, [lZlO]Zr30 // IOOOl]a Orientation
The diffraction patterns containing reflections from a-Zr
(aI phase) and Zr40 (aII-phase) and indexed in Figs. 41 and 42 are similar
to that of Fig. 14 of Ref. 41. Both patterns reveal an orientation
[lr0012r30 /1 11213] , (1121),. o // (0iI1)  which is equivalent tc
(0001) g, // (10T0),, [T2T01 5 o // [0001],.4! The diffraction analysis
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Fig. 41. A Selected Area Diffraction Pattern from Big Rock Point Reactor
Cladding Specimen 165AG10 Showing Zone Axes (1Z13], // [1T00],, o
and Planes (OlTl) // (1121) r,0° Subscripts a, s, and x 3
denote, tespectlvely, reflectians from a-Zr, Zr40 precipitate,
and x-hydride.

shown in Fig. 43(C) reveals Zr30 superlattice reflections of (56rl)2r 0

and (SBIT)Zrao and the (T7 28 IT 9], zone axis of the a-Zr matrix. Nunerous
double diffraction spots arising from the Zr30 reflections are visible in the
selected area diffraction pattern of Tig. 43(C). The orientation revealed in
Fig. 43(C) is also equivalent to (0001)Zr30 /1 (10T0) ,, [IZTOZt3O // {0001] 4.
In Figs. 43(D) and (E), dark-field images of the double diffraction of
(SUIT)ZrBO are shown. Zr40 precipitates decorating short dislocations are
visible near the arrow of Fig. 43(D). The precipitates on the dislocations
could be observed most clearly by examining the original negative (photo-
graphed at about 30,000X) with a magnifying glass (~10X).

be (TN o // (01T, (110015, o // [1213], Orientation

The diffraction pattern indexed in Fig. 44 shows zones of a-Zr
ard Zry0 identical to those of Figs. &1 and 42, ti.e., [1Z13], and [1T002r30.
However, in this orientation, the Zr40 pattern is rotated 60° counterclockwise
with respect to the [TZT?]Q zone axis of the a-Zr. Thus, the orientation can
be denoted by (llZT)Zr3o /] (OITl)a, [lT00)2r3° /1 [1213) o+ Another
selected-area diffraction pattern that reveals an identical orientation is



Fig. 42.

A Selected Area Diffraction Pattern from Big Rock Point Reactor
Cladding Specimen 165AG1l0 Showing an Orientation of a-Zr and Zr,0
Phases Similar to that of Fig. 41. Subscripts a, s, and x denote,
respectively, reflections from a-Zr, Zr40 precipitate, and x-hydride.



Fig. 43. 1-MeV HVEM Micrographs of a Thin Foil
Specimen Obtained from a Region Adjacent to the
Failure Site of Big Rock Point Reactor Cladding
Specimen 165AG10. (A) Bright-field image of an
area; (B) higher magnification of the center of
(C) indexed selected area [circied area of (B)]

diffraction pattern; (D) dark-field image of the

double difiraction of (SF]Tﬁqr 0 showing Zr30

phase distribution; and (E) Eiéher magnification
of (D). Subscripts a and s and the letter (D) in

(C) denote, respectiveiy, reflection from a-Zr,
Zr40 precipitate, and double diffractions.
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Fig. 43. (Contd.)
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Fig. 44, A Selected Area Diffraction Pattern from a Big Rock
Point Reactor Cladding Specimen Showing Zone Axes
713 1T00 ; , s (01T1) ff €1YZY) -
Ll‘ g (1T erlu and Planes ( ? 1), ( 17T)/r30
Subscripts a and s-“denote, respectively, reflec-

tions from a-Zr and Zr;“ precipitates.
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shown in Fig. 45{(C). In the bright-field image of Fig. 45(B), parallel moiré
patterns were produced as a result of the strong superposed reflections of
(01T1), and (1121)2r30' The measured moiré fringe spacing is about 43.8 A,
and agrees well with the calculated value of 44.64 A. The spacing can be

calculated from the equation

0

er a
TR 1 e T (s®

d d
1171 01T

where the interplanar spacings of (lf71)2r30 and (OlTl)a are given by,

respectively,

Zr 30

= 2,475 A and d% _ = 2.461 A, (59)
1171 01T1

The bright-field images of Figs. 45(A) and (B) clearly show the
morphologies of the Zr30 phase observed in association with dislocation sub-
structures. Similar morphology can also be observed in the bright- and dark-
field images of Fig. 46, which were obtained from near the fracture site of
Big Rock Point cladding specimen 165AE4B. In the dark-field images shown in
Figs. 46(D) and (E), the morphology of the Zr,0 phese, which resembles small
particles approximately 100-200 A in size, can also be observed. The
particle-like morphology of the Zr30 precipitates strongly indicates that the
oxygen atoms were segregated at the irradiation-induced defects of the spent-

fuel cladding material.

3. Superlattice Reflections of Zr,0 Phase

The (581T) and (56T1) superlattice reflections of the Zr,0 phase,
shown in Fig. 43(C), are characteristic of this phase. Similar superlattice
reflections, produced from scattering by ordered oxygen atoms, have bSeen

reported el.aewhere.l'l The HVEM micrograph shown in Fig. 47(C) also contains
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Fig. 45. TEM Micrographs of a Thin Foil Specimen
Obtained fror Big Rock Point Reactor Cladding Tube
165AE4A. (A) Bright-field image of an area; (B)
higher magnification of a selected area of (A)
showing moiré fringes and dislocations; and (C)
indexed diffraction pattern of (B) showing strong
reflections of (()lTl)cx and (ll?l).,r o+ Subscripts
a and s in (C) denote, respectiverv?’reflections
from a-Zr and Zr40 precipitates.



Fig. 46. TEM Micrographs of a Thin Foil Specimen
Obtained from Big Rock Point Reactor Cladding Tube
165AE4B. (A) Bright-field morphology of an area;
(B) higher magnification of a selected area of (A);
indexed diffraction pattern of (B), showing
zone axes fiji%]l f |o'ﬂ1]r 0’ (D) dark-field
image of (1121), 0" showing Jm;allqmrtivh-—like-

i
morphology of the-Zr phase and a dense aezglomera-

]
‘\
tion at the center; and (E) higher magnification of

the agglomeration of (D), showing dislocation sub-

’
structures in association with the I’_rgu precipitates.
Subscripts a and s in (C) denote, respectively,

.flections from a-Zr and Zr,0 precipitates.
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]-MeV HVEM Micrographs of a Thin Foil
from a Region Adjacent to the Failure
the Big Rock Point Reactor Cladding Tube
(A) Bright-field image of an area con~
dark precipitates; (B) higher magnification
jexed diffraction pattern of the

»a of (B) showing two different

Z1 o precipitates (denoted by

rectangles around the diffraction
axes are | .'; i1 :‘.i ’ ;‘__“L‘T.". "
G Zr,0°

. Subscripts a and s and let fer D

respectively, : setions from

precipitates and  « ! diffraction.




Discussion

The commcn observation of the 7x30 phase in associaticn with
dislocation substructures and cell walls indicates that the phase was formed
through segregation of oxygen atoms (present in the cladding either as an
intrinsic alloying element or as extrinsic corrosion-product impurities) near
the dislocation substructure. In some cases, an individual dislocation
decorated by a secon! phase could be observed in high-magnification dark-field
contrast. The reciprocal lattice points, from which the dark-field images
[e.g., Fig. 43(D)] of the second phase were formed, were consistent with the
Zr;” structures, which indicates that the individual dislocations were
decorated by the Zr,0 phase. The morphology of the Zr,0 phase observed in
association with dislocations [i.e., Figs. 45(B) and 46(E)] is consistent with
the model of strain aging which 1Is attributed to migration of oxygen atoms and
interaction with dislocations.az-qa In this regard, one would expect to be

able to identify the Zr,0 phase irom a similar TEM-HVEM analysis of unirra-
v P

diated Zr-0 alloys that were strain aged at about 320°C. Veevers and

Snowden”” reported bright-field T°M images from such specimens, similar to

what was observed in this iuvestigation and subsequently identified as a Zr,0
phase. However, an analysis of corresponding diffraction patterns from the
images was not reported in their study. The morphology of the Zr,0 phase,
observed in association with dislocation substructures, and the lack of slip
dislocations indicate that the brittle-~type failures observed in the present
investigation were produced essentially as a result of segregation of the
oxygen atoms, which subsequently led to formation of an ordered phase between

Zr and oxygen, immobilization of dislocations, and minimal plastic deformation.

However, transmission elertron micrographs obtained for test speci-

Y, 42 .4 45
mens of unirradiated Zr alloys subjected to strain aging 2,44,4

indicate that
it 1s unlikely that all the dislocations could be immob!lized and prevented
from breaking out of the cellular substructures of stress-relieved material by
the mechanism of oxygen segregation alone. Accordingly, some dislocations
should be operable, and ductile iracture would be expected in such specimens.
However, in similar specimens containing high-density irradiation-induced

damage, breakout and glide of dislocations may be more difficult because the

defects may act as an extra barrier. Such a situation would be more conducive




to brittle-type fracture if the irradiation-induced defects were of suffi-
ciently high density. Another possibility is a hitherto unknown synergistic
effect involving the oxygen interstitials and irradiation-induced defects in
the spent-fuel cladding. The small-particle-like morphology of the Zr,0
precipitates, discussed in association with Fig. 46, indicates a segregation
and enrichment of oxygen at the irradiation-induced defects and subsequent
formation of Zr3ﬂ particles. The irradiation-induced formation of the Zr;ﬁ
phase is similar to segregation of oxygen interstitials to irradiation-induced
defects reported in association with the radiation—-anneal hardening phenomenon

. 47 +48-=50 , .
of Nb“ﬁ'*' nd 48-3 . Once oxygen atoms are segregated to the defects and

Zrln precipitates are f{crmed, the irradiation-induced defects will be
strengthened as barriers to slip dislocations, and coasequently, plastic

deformation will be less likely.

During irradiation of the Zircaloy cladding in a reactor, vacancies
as well as interstitials are produced in cascades. This in turn produces
local vacancy and interstitial concentration gradients on a microscopic scale
in the materials. Consequently, local mass transport can occur on a micro-
scopic scale via vacancy as well as interstitial fluxes in the material.
Although no changes occur on a macroscopic scale, local material components
(i.e., ratio of solute to matrix atoms) can be altered. Preferential exchange
of some substitutional alloying element with vacancies can occur, and this
leads to a preferential flow of the element in the direction opposite that
vacancy flow. Strong binding between a solute atom ard vacancies causes a
“dragging” of the solute element in the direction of the vacancy flow. The

flow of interstitials produced by irradiation can also induce solute segre-

za(inn.jl Because of their smaller atomic weight, undersized solute atoms

(such as oxygen in Zircaloy) are likely to be knocked out of their positions
by fast neutrons more easily than the matrix atoms. Subsequently, the
undersized solute atcoms are accommodated more readily in interstitial sites
than ate oversized or matrix atoms. Hence, the fraction of undersized solute
atoms among irradiation-produced interstitials will be greater than average In
the overall material. This will cause the ratio of undersized solute atoms
(e.g., 0) to matrix atoms (e.g., Zr) comprising the interstitial flux to
exceed the ratio of the average concentration; this results in enrichment of

&1
)
the undersized solute atoms near the point defect sinks. ! On the contrary,
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oversized solute atoms will be preferentially accommodated in substitutional
sites and will, therefore, rend to be depleted from defect sinks by vacancy
flow. The competing transport of any given solute atoms via the interstitial
flux to the defect sink and via the vacancy flux away from the sink has been
treated by Wiedersich et al1,%? They showed that the enrichment of solute
atoms occurs at the sinks when the preferential transport of the solute atoms
via interstitial flux outweighs that via vacancy flux. Maximum enrichment
occurs when the solute atoms (e.g., oxygen in a-phase Zircaloy) diffuse
exclusively via an interstitial mechanism. Oxygen diffusion in a-Zr has been
critically reviewed recently by Ritchie and Atrens,53 and for 290-650°C, the
diffusion is attributed to rate-controlling jumps of oxygen interstitials to
nearest-neighbor interstitial sites on the basal plane; i.e., the oxygen
diffuses vi: an interstitial mechanism. Therefore, according to the model of
Wiedersich et al..sz
irradiation-induced defect sinks in Zircaloy fuel cladding. This prediction

segregation of oxygen is predicted to cccur to

is in agreement with the TEM-HVEM observation reported in this investigation.
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IV. LONG-TERM EMBRITTLEMENT OF CAST DUPLEX STAINLESS STEELS IN LWR SYSTEMS

Principal Investigators:
0. K. Chopra, G. Ayrault, and W. J. Shack

A. Introduction

Cast duplex stainless steels are used extensively in the nuclear industry
to fabricate pump casings, valve bodies, and piping in LWRs. The ferrite
phase in the duplex austenitic-ferritic structure increases the tensile
strength and improves the weldability, stress corrosion resistance, and
soundness of castings of these steels. However, the precipitation of addi-
tional phases withia the ferrite phise of the cact stainless steels leads to
variability in properties, increased susceptibility to o-phase embrittlement
at high temperatures, and degradation of mechanical properties at low
temperatures owing to a phenomenon known as "475°C embrittlement” which is

associated with the temperature of maximum embrittlement.

At temperatures below 500°C, embrittlement of the duplex stainless steels
is attributed to the precipitation of an a' phase in the iron-rich a matrix.
Recent investigations of the aging behavior of CF-8 and -8M cast duplex

stainless steels show substantial reductions in room temperature impact

strength after 10,000 to 70,000 h at temperatures as low as 300°C.5a_56 The

ferrite content of the cast structure has a pronounced influence on the
embrittlement behavior. For example, at the operating temperature of LWRs,
i.e., 316°C, the impact energy of cast structures will decrease below 40 J
(~30 ft-1b) after ~19 yr of service for structures containing about 14%
ferrite and after only 3 yr of service for those containing 40Z ferrite.

In the temperature range of 300 to 400°C, the datasa

yield an activation
energy of 24,000 cal/mole, a value that is much lower than expected for a
mechanism controlled by solute bulk diffusion. These results suggest that the
precipitation process may be controlled by another mechanism, e.g., spinodal
decomposition, or that processes other than a' precipitatior contribute to
embrittlement. The available information on the microstructure of aged, cast

duplex SS 1s not sufficient for correlating the microstructure with the

mechanical properties or for determining the mechanism of low-temperature
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embrittlement. Changes in composition of cast duplex 5SS also influence the
aging behavior and add to the uncertainty of piedicting the long-term

embrittiement behavior.

The objectives of this program are to (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 to predict

the toughness of component materials after long-term aging at reactor opera-
ting temperatures, (3) characterize the loss of fracture toughness in terms of
fracture mechanics parameters in order to provide the data needed to assess
the safety significance of embrittlerent, and (4) provide additional under-
standing of the effects of key compositional and metallurgical variables on

the kinetics and degree of embrittlement.

B. Technical Progress

1, Material Procuremert

Nineteen different heats of stainless steel cast material, ASTM
A-35]1 grades CF-8, -8M, and -3, have been obtained in the form of keel blocks
from ESCO Corporation. The chemical compositions of the various heats are
given in Table XIV. The composition of the heats was varied to provide
different concentrations of nickel, chromium, carbon, and nitrogen in the
material and ferrite contents in the range of 3 to 30%Z. Sections from five
different centrifugally cas. pipes (grades CR-8 and 8M), a pump impeller, and
a pump casing (grade CF-b) were also procured. The commercial castings
provide a range of chemical composition, microstructure, and ferrite content,
as well as cast shapes and sizes. The OD and wall thickness of the cast pipes
range from 0.6 to 0.9 m and 38.1 to 76.2 mm, respectively. Detailed drawings
and a schedule for cutting the pieces of cast components and the keel blocks
are being prepared to obtain blanks for Charpy impact and compact-tension

specimens.

It is expected rhat this range of materials will encompass vir-
tually all those materials encountered in reactor service. The testing will

emphasize materials obtained from actual reactor components. The nineteen




TABLE XIV. Chemical Compositions of the Experimertal Heats of Cast Stainless Steel?

Ferrite
Heat Composition, wt % Content,
Number Grade ! S Mo Cr Ni - 4

61953 CF-8 0.70 1.28 19.62 8.86 0.045 0.07
61958 0.66 .21 19.56 10.37 0.040 0.05
61957 0.69 1.24 18.45 8.94 0.041 0.06
61959 0.63 1.14 20.35 8.95 0.040 0.907
61961 0.70 1.20 20.54 8.59 0.060 0.06
61960 0.71 1.01 21.02 8.07 0.050 0.07
61956 0.60 1.16 19.33 8.93 0.031 0.06
61954 0.58 1.08 19.42 8.91 0.073 0.065

o
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19.41 9.13 0.030 0.06
19.39 11.22 0.030 0.05
18.38 11.35 0.03 0.07
20.95 9.39 0.060 0.6
20.87 9.01 0.030 0.05

62047 0.7 0.60
61963 0.69 0.75
61962 0.84 0.64
619€5 0.66 0.63
61964 0.70 0.71
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61952 : 0.63 1.04 0.31 19.51 9.07 0.049 0.021
61949 0.66 1.11 0.29 19.32 10.10 0.064 0.022
61950 0.67 1.26 0.28 17.83 8.84 0.064 0.019
61951 0.66 1.06 0.28 20.36 8.69 0.048 0.023
61947 0.65 1.23 0.45 19.67 10.04 0.027 0.018
61948 0.67 1.21 0.26 19.42 9.90 0.071 0.016

o
O N & L
I

) N W B

o
.

8Keel blocks, approximately 203 mm long x 127 tall with the third dimension tapered from

63 mm to 36 mm.
Calculated from composition with Hull's equivalent factor.




experimental heats will be used as needed to ensure that the relevant range of
variables is, in fact, covered, or in cases where careful control of one
variable (e.g., composition) is needed to investigate the effect of another
variable (e.g., temperature and time of aging). 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
H ) F

material for JR curve testing for all compositions. A more restricted set of

compositions will be chosen for these tests, e.g., compositions corresponding
to heats 61953, 60, 54, 47, 65, and 51. The material for these tests will be
obtaited from ~2000-1b laboratory heats in the form of 76-mm~thick slabs. The
large experimental heats will be used to fabricate 2T compact-tension
specimens for Jp curve testing and Charpy impact specimens for evaluating the

ductile~to~brittle transition temperature (DBTT).

Facilities for conducting long-term aging of cast material for
Charpy impact and compact-tension specimens are being assembled. Preliminary
tests were carried out to determine the temperature gradient in the furnaces
and the accuracy of temperaturc control. The furnaces were lined with steel
shells to increase the furnace heat capacity and to increase the size of the
uniform-temperature zone. The cast material will be aged at 450, 400, 350

320, and 290°C for up to 50,000 h.

Microstructural Evaluation

The initial experimental effort is focused on microstructural
studies on cast duplex stainless steels aged at low temperatures for long
times. Twenty fractured Charpy impact bars from three heats of aged cast
duplex stainless steel (grades CF-8 and CF-8M) were obtained from George
Fisher, Ltd. of Switzerland. The material was used earlier to study the long-
term aging behavior of cast stainless steeis.”® The specimens from CF-8 cast
stainless steel (heats 278 and 280) were aged for 3000, 10,000, and 70,000 h
at 300, 350 and 400°C, while the specimens from CF-8M stainless stcel (heat

o

286) were aged for 1000 and 10,000 h at 400°C.

Two ferritic alloys, heats 26~1S and 29-4-2, and a cast duplex

stainless steel (heat B) were used to develop the technique for preparing




transmission electron microscope (TEM) samples from the cast materials. The
ferritic alloys were supplied by Allegheny Ludlum Steel Corp., and have been

used in a study of the "475°C embrittlement” phenomenon at temperatures

between 371 and 593°C.® The chemical compositions of the various steels used

for metallographic examination are given in Table XV. Material from the two
ferritic alloys and cast stainless steel (heat B) was aged for 100 and 1000 h

at 400 and 475°C for TEM inspection.

TABLE XV. Chemical Compositions sed for Microstructu

Designation

. : e COmposition, wt . Ferrite
Heat Grade o -

r Ni P 3 L 4 Calc.®

Ferritic Steel

8calculated from composition with hulls equivalent
Dheats obtained from George Fisher, Ltd.

3. fample Preparation

Work on sample preparation techniques has reached a stage where I'EM
foils from cast duplex stainless steels and the ferritic alloys can be
produced routinely with a high success rate (>90%). Samples are prepared from
bulk material by first cutting 0.75-mm wafers with an I[somet low-speed saw,
and then grinding and mechanically polishing the wafers to 0.,25-mm thickness.
TPM disks 3 mm in diameter are punched from the wafer. The disks are then
sequentially electropolished from both gsides with a South Bay Technology model

550 single-je: polisher until perforation of the disks occurs.

Jet polishing is the only problematic step. Both the austenite and
ferrite phases in A351 cast duplex stainless steels were found to polish well
under a broad range of conditions. i.e., in a variety of electrolytes with
different polishing potentials, temperatures, and electrolyte flow rates.

However, it was found that matrix/inclusion interfaces in both the austenite




and ferrite phases were attacked preferentially under almost all polishing
conditions. This often caused inclusions to fall out, leaving iarge holes

(5 to 50 mm) with no surrounding sample area thin enough for TEM inspection.
Thus, a major consideration in optimizing the polishing conditions was
reduction of the preferential attack to as low a level as possible. The other
major consideration was adjustment of the relative rate of attack on the
austenite and ferrite phases. Uniform attack on both phases was rare. The
more rapidly attacked phase is penetrated first and predominates in thin
areas. Since low-temperature embrittlement is known to be caused by the
ferrite phase, the polishing conditions were optimized so that most thin areas

were in the ferrite phase.

An important factor in this optimization was the choice of polishing
solution. Three polishing solutions that have proved especially successful

for TEM sample preparation were tried: (1) 10% perchloric acid in acetic acid,

(2) 20% sulfuric acid in methanol, and (3) a 17% perchloric acid, 19% ethanol,

butyl cellosolve, 37% water solution.

The perchloric/acetic acid polish (solution 1) consistently attacked
the ferrite phase more strongly than the austenite and often produced a good
ferrite thin area. However, preferential attack at inclusions was strong
under most conditions and premature foil penetration at inclusion sites was
common. Low polishing potentials (~20 V) coupled with low electrolyte flow
rates significantly reduced the preferential attack and yielded an acceptable
success rate. Additions of varying amounts of butyl cellosolve and glycerol
to the perchloric/acetic acid solution did not improve the results. All

polishing with perchloric/acetic acid solutions was done at room temperature.

The sulfuric acid/methanol polish (solution 2) was also tried with
varying amounts of butyl cellosolve and ethyleve glycol, and with variations
in the sulfuric acid concentration; these alterations did not prove helpful.
Under most conditions, these solutions attacked the austenite phase more
readily than the ferrite phase ani usually produced an austenite thin area.
Attack on the inclusion/matrix interphase was less severe than for the
perchloric/acetic acid solutions. The relative degree of attack on the
austenite and ferrite phases could be equalized and finally reversed at low

polishing potentials (between 10 and 20 V) and low electrolyte flow rates.
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These conditions, however, often produced fine pitting of the ferrite.
Optimum polishing conditions with the sulfuric acid/methanol solutions were

achieved at temperatures between =30 and -70°C, but polishing was very slow at
F P s

the low voltages employed. The solution had to pve changed often to maintain

good results.

Solution 3, described by Solomon and vainemn,g'R produced the best

results with a high rate of success (>90%Z). This solution preferentially
attacked the ferrite phase at polishing potentials between 20 and 30 V and
produced TEM samples with good ferrite thin areas. Polishing temperatures

were maintained in the range of =20 to =30°C.

Microstructure of Aged Cast Duplex Stalnlvsshﬁtogi_

Aging of the cast duplex stainless steel, heat B, at 475°C for
1000 h produced two types of precipitates in the ferrite phase - a general
precipitate that is distributed uniformly in the ferrite phase and another
type that is found only on the dislocations. The general precipitate had a
mottled or “"orange peel” appearance in bright-field images, as shown in
Fig. 48(A), but produced no detectable changes in diffraction patteru. This
precipitate is believed to be the a' phase. The TEM images generally confirm

7 ¢ 0
the presence of the a' phase in ferrite alloys? »39,6

56, 58

and duplex stainless
steels. However, the contrast mechanism for imaging a' is not well
established. Stereo microscopy on the features shown in Fig. 48(A) revealed a
great deal of contrast near the sample surface. This contrast most likely
arises from thickness variation produced by differential thinning of the a'

phase and the ferrite matrix during sample preparati(m.sh’M

The stereo pairs
also show contrast from the sample interior. This is generally assumed to
result from strain contrast due to a'-a lattice mismatch, but this has not

been clearly demonstrated in any study of a' precipitation.

The precipitates observed on dislocations in the cast stainless
steels produced distinct diffraction spots well away from the matrix reflec-
tions, and this shows that the precipitates are not a'. These precipitates
were easily imaged in a dark field, as shown in Fig. 48(B). The diffraction

pattern for the precipitates is shown in Fig. 49. Although there appears to




Fig. 48. Ferrite in A351 CF-8A Cast Duplex Stainless Steel Aged for 1000 h at
Ty '

475°C. (A) Bright-field image showing mottled background due to a',

and precipitates on dislocations; (B) dark-field image showing
precipitates on dislocations.

Fig. 49
Diffraction Pattern at (Oll) Orienta-
tion in Ferrite Phase of A351 CF-fA
Cast Duplex Stainless Steel Aged for
1000 h at 475°C. The complex pattern
of weak spots is due to precipitates
that tormed on dislocations.




be only one orientation variant (i.e., all diffraction spots produce images
all the precipitates), the diffraction pattern is complex and the phase has
not been identified. Positive identification of the phase would probably

require extraction of the precipitates from the matrix.

TEM work on the aged cast stainless steel specimens obtained from
I

George Fisher, Ltd. was initiated with the CF-8 specimen that was aged at

400°C for 10,000 The most striking feature was of precipitates that formed

at the dislocations, shown in Fig. 50. These precipitates were not observed

in the “"control” specimens aged at 300°C for 3000 h. The precipitates
produced diffraction spots well away from the matrix reflections, indicating

that the precipitates are not a'. However, the diffraction patterns were

Fig. 50. Ferrite in A35]1 CF-8 Cast Duplex Stainless Steel Aged
at 400°C. (A) Bright-field image; (B) dark-field image showing
precipitates on dislocations.




145

quite different from the ones observed earlier in the duplex stainless steel
aged for 1000 h at 475°C. Figure 50 also shows a mottled structure of very
fine texture in the bright-field image. This is probably due to a surface
etching artifact unrelated to a' precipitation. A similar structure was also
observed in the "control” specimen aged at 300°C for 3000 h, where a'

precipitation is unlikely to occur.

o I8 Microstructure of Aged Ferritic Alloys

The microstructural observations for the aged ferritic alloys were
essentially identical to those reported by Nichol et 31.57 Figure 51 shows
the bright-field images of 29Cr-4Mo-2Ni and 26Cr-1Mo steels aged at 475°C for
1000 h. Both steels exhibit a mottled structure usually attributed to a'
formation. The 29Cr-4Mo-2Ni steel also showed platelet precipitates on {100}
planes. A comparison of 29Cr-4Mo-2Ni specimens aged at 475°C and 400°C

(Fig. 52) s’ ows that platelets form at both temperatures in this alloy; the

Fig. 51. Ferritic Steels Aged for 1000 h at 475°C.
(A) 29Cr-4Mo-2Ni; (B) 26Cr-1Mo.



52. 29Cr-4Mo-2Ni Aged for 1000 h at 400 and 475°C
(A) 475°C (bright field); (B) 475°C (dark fie
(C) 400°C (bright field); (D) 400°C (dark fie




platelets formed at 400°C are smaller and higher in number density than those
formed at 475°C. The platelet precipitates in 29Cr-4Mo-2Ni steel produced
strong strain-field images in bright-field micrographs [Figs. 52(A) and
52(C)]. The platelets caused streaking of the ferrite diffraction spots, and
the streaks were used to form the dark-field images presented in Figs. 52(B)
and 52(D). Similar platelet precipitates were reported in 21Cr-0.02C-0.02N
alloy aged at 475°C,%2 22Cr-0.04N alloys aged at 500°C,®3 and 26Cr-5Ni-1Mo
steel aged at SOO°C.OA Since the latter is close to the composition of the
ferrite phase in CF-8M cast duplex stainless steel, the formation of platelet
precipitates is anticipated in aged duplex stainless steels.

57

Y 4
Most investigators »62,64 have interpreted the platelets as a

precipitates. However, Hendry et al.%3 have rejected this notion, noting that
the 2' precipitates have a very small lattice misfit with the a matrix (~0.5%)
and should not form as platelets; they interpreted the platelets as chromium-
nitrogen G. P. zones. The present results for 29Cr-4Mo-2Ni steel aged at
400°C also suggest that the platelets are not a'. Dark-field micrographs
showed that the platelets were typically <5 nm in diameter and {2 nm thick
after 1000 h at 400°C. Image contrast calculations performed for the Cu-Co

system, where lattice mismatch is three times larger than in the a-a' system,

show that spherical Co inclusions in Cu should not be visible until they are

at least 5 nm in diameter.65 Thus, it is highly unlikely that precipitates as

small as those in Fig. 52(D) could produce the strong strain contrast visible
in Fig. 52(C) if they were a'. Unfortunately, the streaked diffraction
patterns provide little information for identification of the platelets.
Furthermore, there is no evidence suggesting that these platelets are related
to the precipitates formed on dislocations in the duplex stainlees steels.

The platelets in the ferritic steels are regarded as a third "non-a'" precipi-

tate which is likely to form during long-term aging of cast stainless steel.
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