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MATERIALS SCIENCE AND TECHNOLOGY DIVISION
LIGHT-WATER-REACTOR SAFETY

RESEARCH PROGRAM:

QUARTERLY PROGRESS REPORT

January-March 1983

ABSTRACT

This progress report summarizes the Argonne National Laboratory work
performed during January, February and March 1983 on water reactor 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.

NRC
Fin No. FIN Title

A20lb Transient Fuel Response and Fission Product Release
A2017 Clad Properties for Code Verification
A2212 Environmentally Assisted Cracking in Light Water Reactors
A2243 Long-Term Embrittlement of Cast Duplex Stainless Steels in LWR

Systems
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i
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1

EXECUTIVE SUMMARY

I. ENVIRONMENTALLY ASSISTED CRACKING IN LIGHT-WATER REACTORS"
.

4
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

4 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 ICSCC 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 Fatch-I 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 may4

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.

|

i I

|(' "RSR FIN Budget No. A2212; RSR Contact: J. Muscara.
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Additional constant-extension-rate (CERT) test facilities have been
completed. 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 to 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 ppa
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 paramater 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 on 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 anI

approach was unsuccessful in the case of the fracture mechanics tests.

This may reflect the inadeq'acy of the linear elastic fracture mechanicsu

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
intergranular 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 feedvater

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.

b
II. TRANSIENT PUEL RESPONSE AND FISSION PRODUCT RELEASE

The development of PARAGRASS-MOD 1 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 products, and in models for
the migration of fission products up the temperature gradient. PARAGRASS is
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). PARAGR/SS 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.

i

!

i

bRSR FIN Budget No. A2016; RSR Contact : G. P. Marino.
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c! III. CIAD 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 f rom power ramp experiments in test reactors, and to evaluate the
susceptibility of extended-burnup fuel elements and new fuel element designs
in commercial reactors 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

i 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-HVEH examination of H. B. Robinson fuel cladding, which exhibits

brittle-type PCI-like failures in stress-rupture experiments, confirmed the
j 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 (agr), 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 dislocation

:
substructures and irradiation-induced defects, which lead to the formation of

the Zr30 phase, an immobilization of dislocations, and minimal plastic

.

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

|

- .
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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-reactor service, the effective stress at the

inner surface 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.

dIV; IDNG-TERM EMBRITTLEMENT OF CAST DUPLEX STAINLESS STEELS IN IUR SYSTEMS

A program has been initiated to investigate the significance of in-
service embrittlement of cast duplex stainless steels under INR operating
conditions. The objectives of the 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 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 compositional and
metallurgical variables on the kinetics and degree of embrittlement.

Various experimental and commercial heats of ASIM A351 and A451 grade of

CF-S, -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. %. |
Material will be available for Charpy impact tests and microstructural studies I

over the entire range of compositions. A more restrictive set of compositions

will be chosen for JR curve testing.

! The initial effort is focused on microstructural studies on aged cast

stainless steels. Material from three heats of cast CF-8 and -8N 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.

i

;

i

i

|
,

|
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1. ENVIRONMENTALLY ASSISTED CRACKING IN
LIGHT WATER REACTORS j

Principal Investigators:
W. J. Shack, T. F. Kassner, D. S. Kupperman, T. N. Claytor,

J. Y. Park, P. S. Maiya, W. E. Ruther,
and F. A. Nichols

The objective of this program is to develop an independent capability
for prediction, detection, and control of intergranular stress corrosion

cracking (IGSCC) in light-water reactor (LWR) systems. The program is
primarily directed at IGSCC problems in existing plants, but also includes
the development of recommendations for plants under construction and future
plants. The scope includes the following: (1) development of the means to
evaluate acoustic leak detection systems objectively and quantitatively; (2)
evaluation of the influence of metallurgical variables, stress, and the

environment on IGSCC susceptibility, including the influence of plant oper-

ations on these variables; and (3) xamination of practical limits for these

variables to effectively control ICSCC in LWR systems. The initial experi-

mental work concentrates primarily on problems related to pipe cracking in
4

'

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 into 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

ICSCC in LWR systems, namely: leak and crack detection, the role of

materials susceptibility, the role of stress in crack 1nitiation and propa-
,

gation, and the role of the environment. The program seeks to evaluate
potential solutions to IGSCC problems in LWRs, both by direct experimenta-
tion (including full-scale welded pipe tests) and through the development
of a better basic understanding of the various phenomena.

._ _ - -. - _, .- - _ _ _ _ _. - . ._- - . -
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A. -Leak Detection and Nondestructive Evaluation (D. S. Kupperman, T. N. ,

Claytor, R. Groenwald,A and R. N. Lanham) |

1. Introduction l

I

a. Leak Detection 1

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

optical 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 leak 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 ICSCC.

!

l
f

f
|

* GARD, Inc., Niles, Illinois.

|

|

|
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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 LWRs. Although the main problems have been in BWR primary

coolant lines, cracking has occurred in PWR feedwater piping and low-temper-

ature, low-pressure lines near the spent-fuel storage pool. Unfortunately,

many of these cracks were missed during ultrasonic 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. IGSCC that can be

detected by conventional ultrasonic testing under laboratory conditions may be
missed during a field examination by even the most skillful operator,

c. Objectives
i

The objectives of this subtask are to (1) develop an inde-

I 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 enhance the adequacy of ALD schemes.

|
|

l
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2. Technical Progress I

a. Leak Detection

(1) Acoustic Leak Data

The modification of the ALD test facility is continuing.

Two fatigue cracks and two thermal-fatigue cracks (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 TGSCC #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 %C.001 gal / min (3.8 cm / min) was
I observed in initial tests with IGSCC #2. (In contrast, IGSCC #1, with an

3exit length of only 2 mm, had a leak rate of %0.005 gal / min or 19 cm 7,gy,)
! This leakage could barely be detected acoustically with a 375-kHz receiver
i %20 cm from the source. However, at the time of these initial tests, the

loading system was inadequate to apply a stress typical of reactor operatingi

conditions to IGSCC #2. Improvements were subsequently made which allowe'd

loading of the pipe to nearly 70 kai (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 cm / min) 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 ICSCC #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-

i - pared with the noise generated by ICSCC #1. The spectrum levels for the 'two
i

cracks are shown in Fig. 2. The spectra are similar in shape, but at 400 kHz,
4

l

.
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Fig. 1. Comparison of the Acoustic Spectra of Two ICSCC Specimens Tested at
the Same Flow Rate, Temperature, and Pressure. Crack lengths at the
outer and inner surfaces are 2 and 19 mm, respectively, for IGSCC #1,
and 10 and 13 mm, respectively, for IGSCC #2.
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the noise level from ICSCC #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 #1.
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 pm wide, while that of the TFC is %26 nei x 100 pm. 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

accepted that the high-frequency acoustic noise generated by flow through a
pipe.increasec 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 geometry (crack width vs depth) of the IGSCC and TFC
specimens, a quantitative analysis is not possible.

;

In Fig. 2, two distinct regions in the frequency spectrai

are evident. There appears to be a transition at 80 kHz in both spectra from,

-1.50
a steeply falling f dependence of noise level on frequency to a more

~*gradual dependence of f at frequencies greater 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

j effect will be investigated to determine whether it is a characteristic of

} the leaks themselves.
1

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 0 lb 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

j following expressions:

|

I

|

_ . _ . __. _ _ _ . . -.- -
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V = 8.38 x 10 9 28 (30-40 kHz), (1)-5 1

q .16 (100-150 kHz), (2)-6 1
V = 9.36 x 10

Q .48 (300-400 kHz). (3)0V = 2.05 x 10-

In Eqs. (1-3), V is given in terms of spectrum level (V /Hz) if Q is in gal /
min. The dependence on leak rate in the 300-400 kHz band is the same as that
found in a previous study. 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 acae of the signal enhancement at low frequencies. Further tests

with the NBS transducer are planned to determine whether the low-frequency
sensitivity is a problem.
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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

NEAR-FIELD
Op

|
3

|
I

| I |
3

|
I O dB

ATTENUATION: 200-400 kHz

5 - WATER-FILLED PIPE - 0.35 162 cm 10
NEAR-FIELD 4.5 d8/m

E 10 -
FAR-FIELD l.68 d8/m 1.14

3
~

b
$ 15 -

_ FAR-FIELD

5 0da
C<

20 -
- 0 75 707 cm 0 86

0 0725 -- - WATER-FlLLED ,
_

| | 1 | | | t | 1 i
0 2 4 6 8 10 12

DISTANCE (m)

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

(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.

- _ _ _ _
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This system was reproduced and tested at ANL to establish

its sensitivity and dynamic range. Figure 5 shows a plot of digital readout

I (proportional to the rms signal output) vs gain setting for the instrument.

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

generate,d electronically on the pipe run to simulate background noise. For

gains similar to that used in the field, the resulting dotted curve agrees

well with the lower HATCH-B curve, which was obtained during reactor operation
at 94% full power. At 100% full power, the HATCH-1 "B" readouts increased by

about 20%; this is consistent with a model which assumes that the background
noise is flow noise and thus increases as the cube of fluid velocity. If one

assumes that the reactor power is proportional to fluid velocity and the rms

signal is proportional to the acoustic noise level, the data appear reasonable.

The sensitivity of the system is demonstrated by the

easily detected increase in signal when a 0.002 gal / min IGSCC leak, at a dis-
tance of 50 cm, is added to the simulated background noise (dash-dot line in

Fig. 5). These results suggest that at the recirculation header of a BWR at

full power, the acoustic background noise in the 200-400 kHz range is only a
few dB above the electronic noise,

l |
MAXIMUM 00TPUT

HATCH "B"
,

. -- ANL *

" " ANL + NOISE 94 % FULL
--- ANL + NOISE + 0.002- f POWER

gol/ min LEAK AT 50-cm | Fig. 5
DlSTANCE 100 % Full.

POWER Digital Readout vs Gain
2 I - Setting of AET 204A

'

i

f } Acoustic Emission Sys-H

h [ / tem. ANL laboratory
@ , f results are compared

with data from theg j
t- HATCH BWR monitoring

[5
[/ _ on header sweepolet.

system, with waveguide
I; _

/ AET 375 transducers
/ were used. The dark

, y circle represents the

j setting used in the
/ field.

,

-

| | | | |
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The dynamic range of the system is illustrated in Fig. 6,
which shows a strip-chart recording (similar to those made at ilATCH) 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 ICSCC leak at a distance of 50 cm. A broadened dynamic range

would clearly be desirable.

o
:525'F d |

~ ~f~
N El{ f I l.k ~
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,
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"g 3 o I
.

'

'oo
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,

0 120 240 360 480 600

TlWE (s)

Fig. 6. Dynamic Sensitivity and Range of IIATCil System (200-400 k!Iz) .

This example indicates the level of ALD capability that

is currently available. There is na source discrimination (a large valve leak

can register the same as a small IGSCC leak) and there is 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 installed transducers in a complete system

through reliable design and increased system sensitivity.

(3) Field-implementable Acoustic Waveguide System
.

Two waveguide systems have been completed. Both designs

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

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

washer. One system (Fig. 7) is a " quick-connect" type; the waveguide is
passed through a plate which is strapped to the outside of the reflective

._. . . . _ _
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insulation.. and the rounded waveguide tip is pressed against the pipe surface
with a spring-loading device (10-lb icad) . 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 a couplant. The force applied to the
pipe at the waveguide tip is larger than 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 to hold the waveguide down and is therefore not appropriate for SS
piping); an %6-dB signal is obtained at a distance of N1 m from a 0.005-gal /
min leak.

*
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(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

7
'

approached differently in the two systems because acoustic einissions 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 significant. An overall reduction in hardware (trans-
ducers and preamplifiers) coupled with a corresponding reduction in instal-
lation complexity would not only reduce the system cost, but would be looked
upon favorably by the nuclear industry. Therefore, the needs of these two
systems will be reviewed from time to tive to assess whether changes have
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occurred that will make the use of common system elements more feasible than
it now apper.rs.

PNL personnel plan to modify their system to allow

continuous rms data to be taken. At present, there is an overlap in the fre-

quency windows chosen for leak d'etection 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 interface; communication with

a minicomputer at CARD 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.

s
MINI 2-CHANNEL *

COMPUTER TRANSIENT -FROM
TRANSDUCERS(ANALYSIS) OlGITIZER -

/
TELEPHONEa, n
LINK

U u

33 ACQUISITION
' "MODEM (( MODEM = = CONTROLLER

86800-BASED)

o

I|

CRT
TERMINAL

Y '

\ / \ /
AT GARD AT ANL

i Fig. 9. Proposed Breadboard 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. Currcntly available at GARD is a Materola M68000 which was ori-

ginally thought to be adequate for this application. Such a system would

certainly have sufficient computational power to meet the needs of this pro-

gram; however, software-generating capability is currently limited to a

68000 assembler, which would greatly increase the efforts required to generate
the analysis software (i.e., FFT and correlation routines). Fortran could

not be made available, owing to licensing restrictions.

An investigation of other available minicomputers

narrowed the field to 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-ll. 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,

I 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 delivered in February 1983.

TABLE I. Comparison of Minicomputer Capabilities

Computer System

DEC Micro II AIM Technology Dual 83/20

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

Operating RT-ll 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;
1-megabyte floppy h-in. Mag. Tape 1-megabyte
disk floppy disk

Mainframe Bus DEC Q-Bus Multibus S-100 Bus

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

Availability July-Aug. 1983 30 Days ARO 15 Days ARO

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-chsnnel 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. Th1s 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 minierate is proposed,
which will provide ample space for all the above-mentioned hardware along with
the necessary 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.

l

.

(c) Software. The software development for this program
- is divided into two primary tasks. The first is the evaluation of available

I data analysis programs to determine their applicability. The available pro-
grams are typically in the public docain and are published by IEEE and other

The second task is the generation of required analysis routines thatsources.

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 thosa 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
i

- - - - - - - -- .- --.
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l

(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 watei

reactors but is difficult to inapect 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. (40.69 m) in diam, but
4

they have different microstructures. Sample A has large grains (1-2 mm in

diam) without columnar structure; 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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TABLE II. Summary of Evaluated Sof tware Routines

Main Subroutine Description

1

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

Handles up to 8192 pts.

Requires %260 words of memory.

Performs a 1024-pt. FFT in 420 s.

FFT 842 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.
t

Requires N1400 words of memory.>

| Performs a 1024-pt. FFT in %8 s.
|
|

CORR 1 Uses classic biased-correlation estimator.

| Uses most efficient approach in performing the

( actual correlation; i.e., requires a single 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.

FDESIGN .A finite impulse response (FIR) filter design program.
Obtains a finite-length impulse response by trun-
cating an infinite-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,
pasabar.d cutoff, and stopband cutoff attenuation.

|
.

, _ g - _ - , . ._ +- _- _ _ _ _ _ _ __
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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; higher4

ratios are better left for programs incorporatinge

several " stages" of conversion.

'

COPLT ~ Correlation coefficient Table / Plot routine for
line printer.

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

.

I 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'

detennine whether .the inspectability of CCSS is related to the degree of
'

anisotropy in the sample.

i

Angle beam testing in CCSS with columnar grains is often

f. 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,

i 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) contain'ing
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

i: 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
traces) with normal-incidence shear waves (lef t) from a Panametrics 1/2-MHz,
1-in.-diam transducer and normal-incidence longitudinal waves (right) from a

-
4

f

:
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Panametrics 1-MHz, 1/2-in.-diam transducer; tl.e transducers were placed on the

" slope" of the sample to generate the equivalent of 45 -angle beams. The

results indicate that for comparable wavelengths, shear and longitudinal waves
generate comparable signals for a side-drilled hole. However, for the notch,
the reflection generated by the 0.5-MHz shear waves is much stronger than that
for the 1-MHz longitudinal waves. The loss of signal for the longitudinal
waves is the result of mode conversion at the notch. These results, although

limited, suggest that angle beam testing at 0.5 MHz may be the choice for
inspecting isotropic CCSS with grain sizes in the range of 1-2 mm. The sensi-

tivity for these lower frequency shear waves is, of course, lower because of
the long wavelengths; therefore, only relatively large flaws will be detect-
able. Note that the polarization of the shear wave can be varied by rotating
the transducer. As one might expect for isotropic CCSS, varying the polari-
zation had relatively little effect on reflected echoes.

,
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Fig. 10. Photograph of Isotropic CCSS Sample (Grain Diameter of 1-2 mm)
Contair.ing EDM Notch and 6-nm-diam Side-drilled Hole,

i

. . .
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Fig, 11. Radio Frequency Echo Signals from Isotropic CCSS Sample of Fig. 10.
j Signals from (top) side-drilled hole and (bottom) EDM notch were i

i obtained with (lef t) 0.5-MHz shear waves and (right) 1.0-MHz longi-
tudinal waves. Transducers were placed on the sloping side of the
sample to simulate 450-angle beams.

,

,

|

| The effect of lowering the frequency of the shear waves

from 1 to 0.5 MHz can be seen in Fig. 12. Here, 45 shear waves were gener- |

ated with Panametrics 1-in.-diam transducers on plastic wedges. For a 25-mm-
!
I thick wrought plate, comparable signals were obtained from the corner at both

frequencies with a IV acoustic path (top). For the isotropic half of a piece

| of 27-in.(0.7-m)-diam welded pipe (60 mm thick), insonified along a 1/2V path,
|

a signal was observed at 0.5 MHz (bottom lef t), whereas none was seen at 1 MHz'

(bottom right). No signals were seen when the anisotropic half of the speci-

men was interrogated.

i,

I
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Fig. 12. Radio Frequency Echo Signals from Corner Reflectors in (Top) a
25-mm-thick Plate of Small-grained Wrought SS, Insonified along
IV Path, and (Bottom) a 27-in.-diam. Pipe Section of Isotropic
CCSS, Insonified along 1/2V Path. Signals were obtained with j

(left) 0.5-MHz and (right) 1.0-MHz shear waves. ,

,

The present results show that the attenuation of ultra- ,

i

sonic waves is not necessarily lower in isotropic CCSS than in anisotropic

CCSS; this is because anisotropic material provides a " window" of low attenu-
ation for longitudinal waves propagating at about 45 to the columnar grains,

whereas isotropic material does not. If isotropic CCSS (with grains of the

order of 1-2 mm) is to be inspected, the results of this study suggest that

0.5-MHz shear waves would provide the best combination of penetration and
,

sensitivity for manual-type inspection; they would give a high ratio (3-6) of

wavelength to grain size, and would produce minimal mode conversion problems

compared with longitudinal waves. For anisotropic material, 1-MHz longi-
,

tudinal waves appear to be optimum.
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(2) Intergranular Stress Corrosion Cracking

Efforts are conti: aing on the fabrication of a probe that

will rapidly distinguish ICSCC from geometr1 cal 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 EPRI 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. 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 I I I I

o IGSCC M3-1 GW
40 * IGSCC M3-2GW

g _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

3
30 o o

$ /k /o
20 's )'AhaA p/

10 p.

I l | I I I

-40 -20 0 20 40 60

8(deg)

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 Sensitization (J. Y. Park)

|

|
1. Introduction i

1

!

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.

i

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.

!

|
!

!

!
I

. _ . __. - _ _ _ _ _ _ _ _ _ _ _ _ _ _
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2. 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 2-401

C/cm (Fig. 14). The increase in EPR value due to aging is fastest for Heat

No. 10285. Although the carbon concentration is the same (0.06%) for the
4

i three heats, the concentrations et the other alloy elements vary. Cihal

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(%),gg = Cr(%) + 1.7 Mo(%) (4)

C(%),ff = C(%) + 0.002[Ni(%) - 7.9] (5)

j K = Cr(%),ff - 100 C(%),gg (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 hasa

been discussed previously.5,6I

,

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 GS (furnace heat-treated Heat No. 10285 and a
;

weldsent of Heat No. 53319) in high-purity water with 8 ppm oxygen at

nominal strain rates of 5 x 10 and 2 x 10-6 ,-1 in order to examine-7
,

.

. . . . , - r . -r -,,ew, .- , , , - - - - - - - ,.- - - - - . - n--- -. _ - - -.. ,- ,----, - , , , ,
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Fig. 14. Time-Temperature-EPR Curves for Type 304 SS.

i

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/cm ) and tested at
-0 ~

2 x 10 s , did not show IGSCC (Fig. 15a). This is consistent with the

| proposed threshold EPR value (2 C/cm ) for IGSCC. However, specimen 2 from

the same heat, which was furnace heat treated (700'C/10 min plus 450*C/257 h,

EPR = 1 C/cm ) and tested at 5 x 10-7 ,-1 failed in a predominantly trans-,

granular mode with a minor extent of intergranular separation (Fig. 15b).
' Lis 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),
2' achieved higher EPR values (10-12 C/cm ) 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%.

|

|

:

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

" * #*

Rat 4,"
Heat Heat

P EPR,2 Elong., FailureS ecimen
Mode"No. Tnatment C/m*

% s

-61 10285 700*C/10 min + 1 32 2 x 10 T
500*C/24 h

-72 10285 700'C/10 min + 1 25 -5 x.10 T+I
450*C/257 h

~03 10285 600'C/30 h 12 10 2 x 10 I

~04 10285 700*C/0.5 h 10 17 2 x 10 I

-65 53319 Weld 19 2 x 10 7-

~06 53319 Peld + 12 2 x 10 I-

500'C/24 h

"T = 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; if this is the case, the effect of further'LTS may not be fully
revealed. An alternative heat of Type 304 SS with a moderate carbon
concentration (0.05%) is being considered for this study.

I
i

!

u.
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C. Crack Growth Rate Studies (J. Y. Park and W. J. Shack)

1. Introduction
i
I

l

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 cra'cked 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.

t

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 ratioaal 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 characterize

these rates in terms of the linear elastic fracture mechanics (LEFM) stress
intensity as well as the level of sensitization and the amount of oxygen

present in the coolant. The work in this subtask is aimed at a systematic

evaluation of the validity of the use of LEFM to predict IGSCC growth. The

capability of data obtained under one type of loading history to predict

crack growth under a different loading history will be investigated. The

! effect of flaw geometry on crack propagation rates will also be considered.

; 2. Technical Progress

Crack growth rate tests have been continued for Type 304 SS (Heat i

No. 10285) 1TCT 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 I

l

. _ . _ _ _ _ _ _ - . _ _ _ _ _ _ - _ _ _ _ _ _ _ _
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4 C/cm for SPC C-09, -17, and -11, respectively. Growth rates at maximum -

stress intensities (K ) ranging from 30 to 34 MPa a , load ratios (R) of
-3 -1

0.5, 0.94, and 1, and frequencies (f) of 0, 2 x 10 , and 1 x 10 Hz have

been reported previously. 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, f = 1 x 10- and
2 x 10~ Hz, and K =-30-33 MPa m . The crack length was continuously

monitored by the compliance method, using an in-situ clip gage. Figure 17

shows crack length vs test time for three ITCT 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,0 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 (Fig. 17); this suggested that the clip gages had '

;
'

begun to malfunction.

9
Ford has proposed that the crack growth rate is proportional

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

f A =AL ()*

IGSCC T

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 Truswell have suggested a relation of the

form,

!

I
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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

2

f. Hz R E,s K, , MPa.m n,m/s
T

EPR = 4 C/cm

-10
0 1 - 33-34 1.2 x 10

-3 -

2 x 10 0.5 2.7 x 10_ 30-33 3.4 x 10
3 0

* '-3 *2 x 10-
0.6 1.7 x 10 3 -33 6.6 x 10

*-4 -10* *

2 x 10,3 -5 -10
2 x 10,3 0.7 9.3 x 10- 30-31 3.4 x 10-109.3 x 10,53 32-33 5.9 x 102 x 10- 0.7

4 -102 x 10,3 0.5 2.7 x 10 30-31 8.9 x 10
1 -4 -10

1 x 10 0.94 1.8 x 10 30-31 3.1 x 10
-1 -4 -10

1 x 10 0.94 1.8 x 10 31-32 1.9 x 10

EPR = 15 C/cm
-

32-33 2.2 x 10_90 ~

2.7 x 10_4
-3 -

30-32 2.8 x 102 x 10- 0.5
4 -10

2 x 10_3 0.6 1.7 x 10 28-29 5.6 x 10
1 -4 -101 x 10 0.94 1.8 x 10 30 2.1 x 10

ae = - 1/T in [1 - (1 - R) /2].

II I ||||| I | | | |
TYPE 304SS HT NQ10285
* SPC C-17
e SPC C-il

i J!! 25-f SPC C-09 f7
._

! a /
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|0
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-
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Fig. 17. Plots of Crack Length vs Time for Heat No. 10285 Specimens.
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L = - 1/T in [1 - (1 - R) /2], (8)T

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

Rice and others. Equation (8), since it neglects constant-load creep,

predicts E = 0 for the constant-load case. It also predicts that the
T

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 values and frequencies, and alternative formulations
for the crack-tip strain rates are being explored.
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D. Evaluation of Nonenvironmental Corrective Actions (P. S. Maiya and
W. J. Shack)

1. Introduction

The fundamental premises of the current efforts to prevent IGSCC
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
can 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
weldsent. 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 to 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 eliminage 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.

2. Technical Progress

a. Impurity and Strain Rate Effects

CERT experiments to evaluate the relative SCC susceptibility
of Types 316NG, 304, and 316 SS in oxygenated water (0.2 ppa 0 ) * ""*I"I"82
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l

chloride or sulfate impurities are continuing. In oxygenated water

(0.2 ppa 0 ) with 0.2 ppa Cl- (added as acid), 316NG/308L weldsents with an
2

additional LTS treatment (500*C/24 h) did not exhibit SCC at strain rates
-1 -1~ ~

L 3,2 x 10 s ; at a strain rate of 2 x 10 s , the failure strain c-

-8 ,f1is 31.9%. However, a similar test at a slower strain rate of 4 x 10

produced a lower c of 18.3%. A cursory examination of the fractured sur-
f

face by scanning electron microscopy indicated that fracture had occurred
partly in the base metal and partly in the veld. 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 e , the TGSCC observed for this case in the weld metal is
g

'

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

.

strain rate (e = 4 x 10-8 ,-1) in oxygenated water (0.2 ppm 0 ) with 0.1 ppa
2

SO ~ is currently in progress.
4

;

b

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
2600*C/24 h (EPR = 24 C/cm ) did not become susceptible to IGSCC in oxygen-

| sted water (0.2 ppm 0 ) uith 0.1 ppm C1~ (added as acid) at
2

! e = 1 x 10-6 ,-1 However, when the impurity level was increased to 0.2 ppm.

-7~

C1 , IGSCC occurred with an average crack velocity &,y = 4.9 x 10 cm/s.

i IGSCC also occurred in an environment containing 0.1 ppm SO (added as
~0 ~1~

| H 0 ) with a,y = 7.4 x 10 cm/s. Thus, at e = 1 x 10 s , additions of4

S0[(asacid)tooxygenatedwaterwith0.2 ppm 0 are more aggressive than
~

2

additions of identical concentrations of C1 , which give approximately the
same conductivity. However, as reported earlier,l Cl is more aggressive-

2 in water with 8 ppm 0 . Hence, the relative aggressiveness of thethan S0
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 ratca 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/cm ) is approximately twice that

observed for the material sensitized at 600*C/2 h (EPR = 11 C/cm ) at the
same strain rate.

No significant difference in IGSCC susceptibility is observed when
S0 is added as Na SO instead of as acid. For example, a test in

2 4
oxygenated water (0.2 ppm 0 ) with 0.1 ppm SO2- (added as Na SO ) resulted

2 4 2 4
in an average crack growth rate of 5.9 x 10- cm/s for sensitized Type 304

-7SS compared with a = 7.4 x 10 cm/s observed in the environment con-

taining0.1ppmS0[(addedasacid). Hence the solution pH appears to be
of secondary importance compared to the concentration of critical anions

~

such as SO .

Despite the widespread recognition of the importance of the imposed e
~

in CERT tests , the majority of studies, especially on austenitic

SS/ water systems, have been limited to one strain rate, typically of
~0 -1%1 x 10 s A better understanding of the effect of strain rate is.

important in understanding IGSCC susceptibility as well as in providing a

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 a and time to failure t ). Goodg

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
I

1 important step in developing a better understanding of the effect of loading

; history on IGSCC susceptibility,
i

I
i

The test results presented here were on Type 316 SS sensitized at

600*C/24 h in oxygenated water with 0.5 ppm Cl- (added as acid) over a
-5 ~7 -1range of & from 1 x 10 to 2 x 10 s at 289'C. The description of &

| effects on ICSCC susceptibility is equally applicable to impurity-free

j environments and is expected to be valid for the range of water chemistries

encompassed by the Nuclear Regulatory Guide 1.56 limits. As discussed
previously,17 IGSCC was observed for the material in the chloride environ-

ment at all strain rates used in the experiments. The estimated A,y was

|

|
|

!
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-5found to decrese* with a decrease in strain rate e from 1 x 10 to 2 x 10~
~

The results also suggested that the extent of cracking increased withs ..

a decrease in E. Specifically, a least-squares fit of the data to the re- ~

1ation a = At" (where a is the maximum crack length at failure) yielded ang f

exponent n = ls (see Fig.19) and thus a and t for tests at different
f g

[- strain rate are related by

a = At (9)g

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 L.
.

Equation (9) is also found to be consistent with the relation be"reen A,y
and the average crack-tip strain rate L , which is obtained fromT

! c

+in[aE in (10)T"t t
f o o o

where to, c, and a, are the time, strain, and crack length at the initiation
of the crack. For Type 316 SS in the chloride environment, A,, and LT ***
related by

4,y = A ( T} ( )T

(where g is a constant) for the initiation parameter a, = 1 um and
i c, = 0.3%; the crack-tip strain rate exponent is shown to be fairly

insensitive to the choice of initiation parameters.12 Equation (11) is
also consistent with a model proposed by Ford ' 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

bshow a t decay law. Such a law has been tentatively interpreted as
suggesting that the rate-controlling procesa step in the dissolution-
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

i

i

Y

l
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T 10.5g g
(12)I*A T gi + T

3

where a and a are the crack length and velocity at time t. Equation (12)

is based on the definition of crack-tip strain rate in terms of the cracx-

tip opening displacement and displacement rate and on the use of a J-
integral approach similar to that used, for example, by Mowbray.I9 For

CERT tests, f/c = 1/t and therefore

t 10.5
g+T1

i (13)I"A T ga j

thus, a is independent of f and depends only on time. The exact analytical

solution of Eq. (13) is

a - g de , (14)

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

defining a = a and t = t at failure, we obtain
f g

/6t (15)f,AT g.a

Equation (15) is identical to Eq. (9) with A = 6 A . Equation (9) is a
T

useful relation but is not sufficient to predict tg; in addition to a
description of crack growth, a final fracture criterion is required. A

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

J = C,c"+ f(n)a (16a)

2 Cc"* a (16b)

where C, = material parameter, n = strain-hardening exponent, f(n) =
function of n. C 2 C,f(n), and failure occurs when J = J I C s a constant

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

_ _- . . - - - . _
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Fig. 19. Variation of Crack Length at Failure (a ) with Timeg
to Failure (tStrain Rates.g) in Tests Conducted at Different

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 of a vs c
f f (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 0.16, 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

J = Cc a (D)g gg.

Eqttations (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 (a ) Versus Strain at
f

Failure (c ).
f

( }&,y = A(AC/J ) *c

t = (J /AC) l~ (19),g e

c = (J AC) & (20),

f e

and

a = A(J /AC) l' ! . (21)
f g

The above correlations are observed to be in good agreement with the experi-
,

vs a yieldmental data. For example, log-log plots of & ,t f, c . and agf

straight lines with slopes that are in good agreement with the predicted
strain rate exponents, as shown in Figs. 21-24. These values are also con-
sistent with the limited experimental results reported in the litera-
ture.15,20 For example, Ford has observed the relatiot. ship & =l*

and in waterfor Type 304 SS in high- purity water containing 0.2 ppm 02
l5

with 0.01M Na SO at a temperature of N100*C. Also, from the published
2 4

strain rate effects on uniform elongation for Type 304 SS (sensitized at

_ _ _ _ _ _ _ _ _ _ _ _ __



o

I

41

-5
10 .

. . . . . . ..i . . . ....., _
-

.
-

TYPE 316 SS.289'C -

-

S A+ 650 *C/ 24 h -

^

8 ppm 0 +0.5 ppm CL-
"

2_

2 -

g\o9's O gi
.

-

a
3 .

E
eO

10 7 E6,ff -.o,

. o
ov.

(Predicted).

~I
4 a l0 e i i i m a nit i i e iise

10~ 10' 16

STR AIN RATE (s-l)

Fig. 21. Log-Log Plot of Average Intergranular Crack Crowth
Rate (A ) Versus Stra.'n Rate (6) .

.

6
10 ,

-
.

. TYPE 316SS,289'C [
+

SA+ 650'C/24 h
-

8 ppm 0 + 0 5 ppm Cr -

2
-

-
-

E
a

E105 _

o _

o -

* -
.

W
- Slope =-073

-

-

-

;; -
.

.
.

.
.

-0 67
.

Ig(K f
.

Predicted)

4
10 i e ie einel i i e i i e ill

10'I 10 10
-6 -5

STRAIN RATE (s-l)

Fig. 22. Log-Log Plot of Time to Failure (t ) Versus Strain Rate (6).g

,

-- - -- . _ . . , . . - - - , _ , . . - . .



._. . . _ _ .

42

1.0 . . . . . . . . , . . . . . . . . . ,

: :
- TYPE 316 SS.289'C -

* - SA + 650*C/24h -~

8 ppm 0 + 0.5 ppm C1- -g -

2
g . .

if
s .

o
.

o<

( s\o92,0.01
E
g
M 0.1 - -

[ q u ia33
~

- (Predicted) -

- .

0.04 i i i s imil i i i i'''il

10-7 10 10
-6 -5

STRAIN RATE (s-3)

Fig. 23. Log-Log Plot of Strain at Failure (c ) Versus Strain Rate (6).
f

1.0 ,
, . . . ...., . , . .

'
....,

,

-

TYPE 3l6 SS.289'C
e

-

SA + 650'C/24 h -

3
~

8 ppm 0 +0 5 ppm Cl- [2

E
-

-d o2
4 -

o -

y Slope = -0.36

E
"i0.1 : -

5 : -

$ o, G 5'0*33 ,

. (Predicted) l
.

0.03 i i > > .iil i i i i iiist
~7 -6 -510 10 10

STRAIN RATE (s-l)

Fig. 24. Log-Log Plot of Crack Length at Failure (a ) Versus
fStrain Rate (l).

|

|

_ . . . _ _ . -



,
.. .. .. .

_ _ _ _ _ _ - - - _ - _

43

600*C/24 h) tested in oxygenated water (8 ppa 0 ) at 290*C, it can be shown
2

that uniform strain is proportional to L .37 The potential usefulness of
O

.

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 Table V, the IGSCC

-6 -7 -1
susceptibility at strain rates of 1 - 10 , 4 x 10- and 2 x 10 s can be

realistically predicted from the experimental data obtained at higher strain
-5 -0 -1) and the agreement between the predictedrates (1 x 10 and 2 x 10 s

and experimental values is very satisfactory. These results are important,
considering that the strain rates encountered in a reactor are generally
slower than normally used in the laboratory and experiments at slower strain
rates are time-consuming and are often limited by experimental capabilities.

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

Stress relaxation experiments are being performed to deter-
mine the stress / strain / strain-rate relations of Types 316 and 304 SS for
different material conditions (e.g., sensitized, solution-annealed, pre-
strained). These constitutive relations are required to determine the
strain rates associated with different loading histories. As discussed

above, strain rate is one of the major parameters affecting IGSCC. The
existing experimental facility permits stress / strain / strain-rate measure-
ments at 28'C over a wide range of a from N10 ' to 10- 0 ,-l

-

currently being made to modify the system to permit measurements at temper-
atures of up to 300*C. Analysis of data and the form of constitutive

relations remain the same over the temperature range from 28 to 300*C.
As discussed earlier, the state variable approach of Hart and a slightly

modified version of the constitutive equations proposed by Miller and
Tanaka were used to analyze the data obtained with initial stresses of

1.1 o to 1.5 oy (where o = 255 MPa) for sensitized Type 316 SS at 28"C.y y
Both sets of aonstitutive relations described the stress relaxation data
fairly well, but the state variable approach gave better agreement.- One of
the significant differences between the two approaches lies in the choice of
structure parameter; the state variable approach uses the hardness parameter



TABLE V. Comparison of Predicted and Experimental CERT
Properties for Type 316 SS,in Oxygenated Water
(8 ppa 0 ) with 0.5 ppa C1

2

Strain Rate, s-

-6 -7

IGSCC 1 x 10 4 x 10- 2 x 10
Susceptibility
Parameter Pr* Exp Pr* Exp Pr* Exp

$
a , em 0.22 0.22 0.30 0.27 0.38 0.40
f

c,% 13.4 12.9 9.9 8.8 7.8 8.3
f -7-0 -0 -6 -6 -

&,y, en/s 1.66 x 10 1.68 x 10 1.21 x 10 1.24 x 10 9.72 x 10 9.98 x 10

f, h 37.2 35.7 68.4 61.4 108.7 115.5
t

" Predictions based on experimental data at two higher strain rates'(2 x 10 and 1 x 10-5 ,-1),-6

.

..
.

. . . . . .
.
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o* and the creep law of Miller uses the non-elastic strain e 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 6 as a function
9

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

strain itself, i.e.,

e " fCT)8( ' *n)* (22)n -

On the other hand, the state variable approach describes

e , = 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 c ,, it is not always easy to determine o* in practical,

situations. Furthermore, tha literature contains more extensive discussion

concerning the application of Miller's equation to determine a from loading
histories of interest to BWR applications. Therefore, we propose to rewrite
Hart's equation in a form that contains the essential ingredients of
Miller's creep law in the following manner. Equation (23) can be rewritten
as

a = h(o, c , A*) (24)n

where o* has been replaced by c ,. If the temperature dependence is con-

tained in 4* (for exampic, &* = A exp(-AH/RT) where AH is an activation

energy whose physical 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

* ~ " *& = A* (25)Gi 1
'

. . _ _ ._. - . _ _ , _ _ _ - - - . - . _ . . _ . __-
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describes the data fairly well. Using the data previously discussed, it is

observed that o* and c ,are related by a power law,

! o* = B(c,) , (26)

as shown in Fig. 25 with B = 714 MPa and 8 = 0.3. Thus, Eq. (25) becomes
1

M
' o - B(c )g;_

L = &* (T) (27),g
. _

in which M is shown to be equal to 14. If 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.

t

3
10 , , , , , , , ,

'
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$
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4
5 _ _

w

I ~ ~

$;
,

,

0m : 741 d"MPa4

i
4

2 i i i i i i i i
'

104

; 0.01 0.1
~

NON-ELASTIC STRAIN,6

Fig. 25. Relationship between Hardness Parameter (c*) and
[- Non-elastic- Strain (c,) .
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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

2 piping and safe ends through modifications of the water chemistry. Although
the reactor coolant environment has a profound influence on the performance
and reliability of nuclear power plant components, the synergistic effects of
oxygen (produced by radiolytic decomposition of the water) and impurities

'

(e.g., H SO4 from decomposition of ion exchange resinc during periodic intru-2

sions into the pris:ary system) on the IGSCC susceptibility and cyclic crack
4 growth properties of sensitized Type 304 SS have not been investigated ade-

quately. Also, it is not clear whether the potential benefits associated with
j small additions of hydrogen to the coolant can be realized in the presence of

impurities within the normal operating linits on pH (5.6 to 8.6 at 25'C) and,

apecific conductance (11.0 US/cm at 25'C) of the reactor coolant water.

During this reporting period, additional results have been obtained
fros CERT tests on a reference heat of Type 304 SS, with two levels of
sensitization, in 289'C water containing 0.5 and 2 ppa dissolved hydrogen,,

0.03 to 0.2 ppa oxygen, and 0 to 10.0 ppa sulfate (as H SO ). The extent to2 4
which the SCC susceptibility is reflected in the cyclic crack growth behavior
of the steel under low-frequency, moderate-stress-intensity, and high-R

i loading is also being evaluated in high purity water with 8 ppa oxygen, and in
water containing 0.1 ppa sulfate and 0.2 ppa oxygen at 289'C.

2. Technical Progress

a. Results of CERT Experiments on Sensitized Type 304 SS

4

Additional information has been obtained from CERT expetiments.

on the effect of dissolved oxygen, hydrogen, and sulfate (as H SO ) on the SCC2 4
susceptibility of sensitized Type 304 SS in 289'c water. The specimens were

2sensitized to EPR values of 2 and 20 C/cm during heat treatments at 700*C for

i -

k
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| 0.25 h plus 500*C for 24 h and 700*C for 12 h, respectively. Most of the
results, which wer.e not reported previously, were obtained in water containing,

10 ppm sulfate (as H SO ) and 0.03 and 0.2 ppa dissolved oxygen with 0.5 ppa'

2 4
hydrogen, and 0.02 ,.,:s oxygen with 2.0 ppe 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 10-6 ,-1

are summarized in Table VI. As the dissolved oxygen concentration decreased

to (0.1 ppa, a transition in the f racture mode f rom ductile plus-intergranular
| to Juctile plus-transgranular occurred for the moderately sensitized material <

2(EPR = 20 C/cm ). The transition occurred in the lightly sensitized steel

2(EPR = 2 C/cm ) at a somewhat higher oxygen concentration (4.3 ppm).

.

Results f rom the series of CERT experiments on the reference. -

heat of Type 304 SS in 289'c water containing 0.03 to 8.6 ppa oxygen and 0.01
~

to 10 ppe sulfate as H SO4 are given in Table VII. The influence of sulf ate2
I concentration on the time to failure and maximum stress for lightly

2 2(EPR = 2 C/cm ) and moderately (EPR = 20 C/cm ) sensitized steel in water
containing -0.03, 0.2, and 8 ppa dissolved oxygen is shown in Figs. 26 and 27,
respectively. Even at the lowest dissolved oxygen concentrations (viz.,

'

O.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 ppa); however, the CERT

; parameters of the moderately sensitized steel were not dependent on culfate

concentrations in oxygenated water (Fig. 27).
i

k

The results in Table VIII and Figs. 28 and 29 confirm our

23preliminary conclusion that 4.5 ppa 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 ppa) and almost no effect at an oxygen concentration of 4 .2 ppa for

; sulfate concentrations between -0.01 and 1 ppa. The effect of increasing the

dissolved hydrogen concentration to 2 ppa on the SCC susceptibility of the
steel in 289'c water with 0.03 ppa oxygen and 1 and 10 ppa sulf ate (as H SO )2 4

;

- - . , , - -- -- - -- . . -- - ._. - - - - -
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TAB 1JE VI. Results of CERT Tests on Sensitized Type 304 SS Specimensa (Heat No. 30956) in Iligh-Purity Water at 289'c and
t - 1 x 10-6 ,-1

Feedwater Chemistry Failure Maximum Total ReductionbTest EPR,2 Oxygen, Hydrogen, Cond., pH at Time, Stress, Elong., in Area,
No. C/cm ppa ppa pS/cm 25'C h MPa % 1 Fracture Morphologyc

1 2 7.3 0 0.3 6.S 117 472 36 34 0.63D, 0.37I
71 2 0.87 0 0.08 6.3 69 393 25 37 0.40D, 0.60G3

2 2 0.25 0 0.2 6.8 143 492 50 52 0.69D, 0.31T
31 2 0.13 0.5 0.2 6.4 103 490 37 61 0.36D, 0.56T, 0.08I

4 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 0.58D,0.35T,0.b71
74 20 0.08 2.0 0.1 6.3 129 520 46 44 0.73D, 0.27T
46 20 0.07 0.5 0.1 6.3 127 486 46 46 0.74D, 0.26T
24 20 0.03 0 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

aspecimens were exposed to the environment for -20 h at 289'c before straining,
bFor solution-annealed material in helium at 289'C and a strain rate of 2.6 x 10-6 -1, the maximum stress was 552 MPa. The
uniform and total elongations were 46.8 and 54.7%, resgectively, and the reduction in area was 75%. The corresponding 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,

i

respectively; and a reduction in area of 67%. '

cDuctile (D), transgranular (T), granulated (G), intergranular (I), in terms of the fraction of the reduced cross-sectional
Characterization of the fracture surface morphologies is in accordance with the illustrations and definitions providedarea.

in Alternate A11ove for EWR Pipe Applications: Sixth Semiannual Progress Report, April-September 1980, General Electric
Company Report NEDC-23750-8, pp. 5-70 to 5-81.



Results of CERT Tests on Type 304 SS Specimens * (g~ t No.' 30956) in Water with Different Oxygen and SulfateTABIZ VII.
(5 50 ) Concentrations at 289'C and I = 1 x 10 s
2 4

Feeduster Chemistry Failure Maximum Total Reduction

Test EPR,2 Oxygen, Sulfate, Cond., pH st Time, Stress, Elong., in Area,
b

No. C/ce . ppa ppe pS/cm 25'C h MPa Z I Fracture Morphology

30 2 8.0 10.0 80.0 3.8 52 339 19 16 0.10D, 0.90I

28 2 8.6 1.0 9.0 4.8 37 289 10 11 0.16D, 0.841

22 2 7.0 0.1 0.9 5.8 32 263 11 8 0.18D, 0.82I

56 2 0.21 10.0 71.0 3.8 46 313 17' 29 0.15D, 0.85G3

19 2 0.20 1.0 8.0 4.8 40 277 14 11 0.06D, 0.941

16 2 0.18 0.1 0.9 5.8 39 290 14 14 0.12D, 0.88I

17 2 0.18 0.1 0.9 -5.8 49 315 18 10 0.08D, 0.06G , 0.8613

18 2 0.19 0.01 0.2 6.2 82 432 29 20 0.29D, 0.71(T+G )3

25 2 0.08 0.1 0.8 5.8 45 330 16 12 0.18D, 0.82G3

53 2 0.03 10.0 71.0 3.8 65 384 24 23 0.250, 0.75I

10 2 0.03 1.0 8.0 4.7 116 489 41 40 0.43D, 0.57G3 0
u

20 2 0.03 0.1 0.8 5.8 121 521 43 38 0.72D, 0.287

29 20 8.0 10.0 80.0 3.8 60 363 21 17 0.13D, 0.87I

27 20 7.0 1.0 9.0 4.8 57 373 20 18 0.22D, 0.781

23 20 7.0 0.1 0.9 5.8 69 375 24 11 0.08D, 0.921

55 20 0.20 10.0 71.0 3.8 55 342 20 17 0.21D, 0.79I

21 20 0.21 1.0 9.0 4.8 56 383 20 25 0.36D, 0.64(I+T)

13 20 0.22 0.1 0.9 5.8 78 439 27 37 0.38D, 0.43T, 0.191

14 20 0.20 0.1 0.8 5.3 78 461 28 23 0.51D, 0.277, 0.22I

26 20 0.08 0.1 0.8 5.8 77 438 27 46 0.36D, 0.37T, 0.27I

54 20 0.02 10.0 71.0 3.8 74 353 27 23 0.15D, 0.85I

11 20 -0.05 1.0 8.0 4.7 104 492 37 27 0.45D, 0.55G3

15 20 0.03 0.1 0.9 5.8 109 516 39 32 0.43D, 0.57(G +T)g

aSpecimens were exposed to the environment for ~20 h at 289'c before straining.
Ductile (D), transgranular (T), granulated (C), intergranular (I), in terms of the fraction of the reduced cross-sectionalb

Characterisation of the fracture surf ace morphologies is in accordance with the illustrations and definitions providedarea.
in Alternate Alloys for EER Pipe Applications: Sixth Sealannual Progress Report, April-September 1980, General Electric
Company 8eport IEDC-23750-8, pp. 5-70 to 5-81.
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aTABLE VIII. Results of CERT Tests on Sensitized Type 304 SS Specimens HeagNo. 30956) in Water with Different Oxygen, Hydrogen,
and Sulfate (H SO ) Concentrations at 289'C and I = 1 x 10~ s~2 4

Feedwater Chemistry Failure Maximum Total Reduction
Test EPR,2 Cxygen, Hydrogen, Sulfate, Cond., pH at Time, Stress, Elong., in Area,

bNo. C/cm ppa ppa ppa pS/cm 25'C h MPa % % Fracture Morphology

57 2 0.25 0.5 10.0 71.0 3.8 64 364 23 27 0.21D, 0.79G3
39 2 0.20 0.5 1.0 8.0 4.8 45 291 16 15 0.19D, 0.81I
35 2 0.18 0.6 0.1 0.8 5.8 74 413 26 27 0.49D, 0.51I
41 2 0.20 0.5 0.01 0.2 6.1 81 493 29 29 0.58D, 0.42I

47 2 0.07 0.5 0.1 0.9 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, 0.70G3
49 2 0.03 0.5 1.0 8.0 4.8 119 495 43 40 0.45D, 0.55G2
37 2 0.05 0.5 0.1 0.8 5.8 129 510 46 46 0.43D, 0.57T u
59 2 0.03 0.5 0.1 0.8 5.8 118 504 43 48 0.63D, 0.37T "
43 2- 0.03 0.5 0.01 0.2 6.1 128 514 45 46 0.67D, 0.33T

58 20 0.23 0.5 10.0 71.0 3.8 66 349 24 23 0.34D, 0.66G3
40 20 0.20 0.5 1.0 8.0 4.8 51 261 18 2' O.35D, 0.651
36 20 0.20 0.5 0.1 0.9 5.8 80 425 38 38 0.46D, 0.32T, 0.22I

52 20 0.03 0.5 10.0 69.0 3.8 72 356 26 27 0.28D, 0.721
50 20 0.03 0.5 1.0 8.0 4.8 115 502 42 34 0.70D, 0.30G2
38 20 0.05 0.5 0.1 0.8 5.8 124 499 44 44 0.68D, 0.32T
44 20 0.02 0.5 0.01 0.2 6.1 125 513 44 45 0.70D, 0.30T

cSpecimens were exposed to the environment for ~20 h at 289"C before straining.
bDuctile (D), transgranular (T), granulated (G), intergranular (I), in terms of the fraction of the reduced cross-sectional
crm. Characterization of the fracture surface morphologies is in accordance with the illustrations and definitions provided
in Alternate Alloys for BWR P1pe Applications: Sixth Semiannual Progress Report, April-September 1980, General Electric
Comp _ny Report NEDC-23750-8, pp. 5-70 to 5-81.
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t

is summarized in Table IX. The results show that a factor-of-four increase in
i
j the dissolved hydrogen concentration, at a constant impurity level, had a
1

j relatively small effect on the CERT parameters. The fracture mode, although
i primarily intergranular, revealed a perceptible trend toward a more ductile

failure in terms of the fraction of the reduced cross-sectional area as the

f hydrogen concentration increased from 0 to 2 ppa. As indicated in Tables VIII *

| and IX, a ductile plus-transgranular failure mode was observed for sulfate
concentrations of (0.1 ppa at a dissolved oxygen concentration of -0.03 ppm.
These results clearly indicate that continuous additions of hydrogen to the;

feedwater of a BWR, which suppress the dissolved oxygen concentration of the
4

j coolant entering the recirculation piping to a very low level, will decrease
'

!

i the IGSCC susceptibility of the steel by a considerable margin provided
impurities are also maintained at very low levels. .

;

I
t

4

b. Crack Growth Results on Type 304 SS in Simulated BWR-Quality

j Water at 289'c
j

1
4

; Fracture-mechanics-type crack growth tests are in progress on
,

the same heat of material as in the CERT experiments. Three ITCI specimens of
.

| Type 304 SS in the solution-annealed and sensitized conditions (EPR = 0, 2, ;

2and 20 C/cm ) were stressed in series at an R value of 0.95; K valuesmax,

ranging from 28 to 72 MPa'a /2 were used for the specimens with the highestl

I level of sensitization. The cyclic frequencies, based on the slow rising-load

..
periods (unloading occurred within ~1 s and was therefore neglected), were

I 8 x 10-2, 8 x 10-3, and 8 x 10-4 Hz for different phases of the experiment in [

j 289'c high purity water with 8 ppa dissolved oxygen. The crack growth rate
4

data were reported in Table VIII of the previous report.24
,

The actual crack lengths in the specimens, measured af ter separation
;

of the uncracked ligament, were in excellent agreement with values determined
by compliance measurements during the test. As shown in Fig. 30, the crack

i

f ronts 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

j crack depth (Fig. 30s) and higher crack growth rate for the moderately

| sensitized material are consistent with the relative ICSCC susceptibility of

1

: t

i
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TABIZ II. Effect of Hydrogen Concentration in the Feedveter on the SCC Susceptibility of Sensitized Type 304 SS in CERT Esperi-
ments* at 289'c in Water with M).03 ppe Dissolved Oxygen and 0,1, and 10 ppe Sulfate as H SO2 4

Feedwater Chemistry Failure Maximum Total Reduction
Test EFR,2 Oxygen, Hydrogen, . Sulfate, Cond., pH at Time,- Stress, Elong., in Area,

bNo. C/cs ppe ppa ppe pS/cm 25'C h MPa % % Fracture Morphology

62 2 0.03 2.0 10.0 71.5 3.8 72 373 26 31 0.21D, 0.79G ~3
51 2 0.03 0.5 10.0 71.0 3.8 67 . 383 24 25 0.30D, 0.70G3
53 2 0.03 0 10.0 71.0 3.8 65 384 24 23 0.25D, 0.751

60 2 0.01 2.0 1.0 8.3 4.8 103 478 37 35 0.56D, 0.44G2
49 2 0.03 -0.5 1.0 8.0 4.8 119 495 43 40 0.45D, 0.55G2
10 2 0.03 0 1.0 8.0 4.8 116 489 41 40 0.43D, 0.57C3

33 2 0.03 0.3 0 0.1 6.1 120 512 42 41 0.76D, 0.24T
4 2 0.05 -0 0 0.1 6.8 141 492 50 54 0.49D, 0.51T

U
63 20 0.03 2.0 10.0 71.5 3.8 79 388 29 22 0.24D, 0.76I
52 20 0.03 0.5 10.0 69.0 3.8 72 356 26 27 0.28D, 0.721
54 20 0.02 0 10.0 71.0 3.8 74 353 27 23 0.15D, 0.85I

61 20 0.02 2.0 1.0 8.3 4.8 121 510 44 42 0.68D, 0.32G2
50 20 0.03 0.5 1.0 8.0 4.8 115 502 42 34 0.70D, 0.30G2
11 20 0.05 0 1.0 8.0 4.8 104 492 37 27 0.45D, 0.55G3

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

* Specimens were exposed to the environment for ~20 h at 289'c before straining.
h etile (D), transgranular (T), granulated (C), intergranular (1), in terms of the fraction of the reduced cross-sectional
area. Characterization of the fracture surface morphologies is in accordance with the illustrations and definitions provided
in Alternate Alloys for EWR Pipe Applications: Sixtn Sealannual Progress Report , April-September 1980, General Electric
Company Report NEDC-23750-8, pp. 5-70 to 5-81.
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the material in CERT experiments at 289'C in oxygenated high purity water at a
strain rate of 1 x 10-6 ,-1,

Another crack growth experiment in high purity water with 8 ppa
dissolved oxygen is in progress to provide additions 1 information on the

effect of frequency and bax on the crack growth rate at 289'C and an R value
of 0.95. Two 1TCr specimens of the same heat of Type 304 SS were sensitized

2to an EPR value of 20 C/cm , 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 kax and frequency of 43 MPa *m /2l

and 8 x 10-2 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 SO4 from decomposi-2

tion of ion exchange resins, on the cyclic crack growth properties of the
steel at 289'C. Instrumented ITCT specimens with EPR values of 0, 2, and

220 C/cm were fatigue precracked in air at 289'C to provide 3-am-deep starter
cracks, and are being tested in water containing 0.2 ppm dissolved oxygen and
0.1 ppa sulfate (as H SO ), which is within Nuclear Regulatory Guide 1.562 4
limits on pH and specific conductance for BWR operation at >1% power. The
initial results obtained under cyclic loading with a positive sawtooth

of 28 MPa*m /2, and frequency of 8 x 10-2 Hzlwaveform, high R (0.95), ( ,x
2indicate that the lightly sensitized specimen (EPR = 2 C/cm ) exhibits the

highest crack growth rate in the impurity environment, which again is con-
sistent 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 ppa 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 4).2 to 0.3 ppa. 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 -0.61/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 in 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. TRANSIElff PUEL TESPONSE AND FISSION PRODUCT RELEASE
4

'

Principal Investigator :,

J. Rest

A. Introduction

A physically realistic description of fuel swelling and fission gas

release is needed to aid the prediction of the behavior of fuel rods andi

fission gases under certain hypothetical WR accident conditions. To satisfy;

this need, a comprehensive computer-based model (the Steady-State and +

I' Transient Cas-Release and Swelling Subroutine, or GtASS-SST) and its faster-

i running versions (PASTGRASS and PARAGRASS) are being developed at ANL. These
; models are being incorporated into the Transient Ibel-Rod Malysis Program

(FRAP-T) and the Se tere Core Accident Damage Analysis Program (SCDAP) being

7
developed by BG6G Idaho, Inc. at the Idaho National Engineering Imboratory

f (INEL), and into the FRAPCON code under development at PNL.

The analytical effort is supported by a data base and correlations
,

developed from characterisation of irradiated LWR fuel and from out-of-reactor |

transient heating tests of irradiated commercial and experimental WR fuel

j under a range of thermal conditions (performed at ANL and ORNL) and from the
"results of the structural damage program at BG6G Idaho.

5. PARAGRASS. A Outek-running. Comprehensive Steady-State and Transient ,
'

! Pission Product Release and Swelling Model for Water-Reactor Ibel : Model
Description and User's Guide (J. Rest and S. A. Zawadski) ,

'

l
i

1. Description of PARAGRASS f

1

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

j PA3TGR ASS.25,26 As there are no significant differences in the methodologies

of the two codes, PAtAGRASS is sufficient to provide a comprehensive treatment

i of fission product behavior. The major differences between PARAGRASS and
PASTORASS are in the treatment of volatile fission products (VPPs) and in
models for the migration of fission products up the temperature gradient.

i

,-.------,-.-,,n., . . _ _ _ , . , _ , , - , , . _ , . . - . - . , , - . , , , _ . _ _ , _ , . . - , . . . - , _ - - - - - - .-------..-- ,._- ,. - _ _
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i

i

PARAGRASS ta ideally suited for incorporation into a whole-core accident
analysis code which has the capability of providing PARAGRASS with the f

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 udpate. PARAGRASS has undergene verification with

;
s '

; sva11able steady-state and transient experimental data on fission gas
i behavior. t

!

2. Theory !

I4

||
a. Overview

t

PARAGRASS treats gas release from the fuel matrix to the plenum
:a
i

j 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, i
|

; (2) transport along the faces to grain edges, and (3) release along exten- !

] aively interconnected edge pores to the fuel, exterior. It models fission gas f
*

|

| present in the fuel either as single gas atoms or as gas bubbles. Por simpli- ;

city, PARAGRASS models the evolution of an average-sised bubble (repre- [J

t
-

sentative of the entire sine distribution that would occur in reality) for i

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 capability of modeling "microcracking" or grain boundary separation, ad

I phenomenon that is driven by the overpressurisation of fission gas bubbles
t(residing on grain boundaries) in a thermal transient. Microcracking has been '

experimentally observed 25,27 and is thought to enhance transient fission-gas j
,

| 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- |

| Dettrich grain boundary separation mode 1 has been incorporated into f
28

'

FARAGRASS. j

i l

4 :

i
i ;

! !

I
1

| t

i t
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b. Sequence of Events in ces Release

(!) Intrasranular 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

f ragments as well as fission-induced generation of gas atoms will ensure that
there is gas present in the atomic form. Any realistic fission-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 randon (concentration-gradient driven) and biased
(temperature-gradient driven) migration of gas atoms and bubbles from the
lattice to the grain faces.

(2) Dif fusive Flow |

In modeling the behavior of fission gas in nuclear fuel,
it is 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 tlas only sink for gas

atoms is the boundary itself, the concentration of gas atoms, C , within theg

spherical grain satisfies the equation

=hh Dr +K, (28a)
r i j

the rate of generationwhere D, is the gas atos dif fusion coefficient and Kg
'

of gas atoms. In general, Eq. (28a) is solved with the boundary conditions

C = 0 at t = 0 f or 0 < r < d / 2 , (28b)
g a

= 0 at r = d,/2 for t, 4 t 4 t, + h. (28c)C
g

[ac = 0 at r = 0 for t, 4 t < t, + h, ( 28d)

_ _ _ _ _ _ _ _ - _ _ _ _ _
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where d, le the grain diameter. h analogoue equation describing the'

intragranular diffusion of see bubbles to the grain boundaries can also be
defined. However, the problem of calculating the diffusive flow of gas atome

'

and bubbles to a spherical boundary le not so straightforward if real
irradiation histories are to be followed, with changing gas generation rates

] and temperatures: In this case, no general analytical solution to poselble.
Additional complicatione are provided by the processes of gas atos re-
solution, gas atom trapping by gas bubbles, gas bubble nucleation, and bubble
coalescence.r

; N problem of calculating diffusive flow of fission gas
to the grain bounderles for the case of changing gas generation rates and
toeperatures has previously been handled by obtaining the poneral solution of;

'
Eq. (28a) as the sus of the solutions to two separate problems i

i
2 Probles i
|

1

i Equation 20s is solved with the boundary conditione

i

| C = 0 at t = t, f or 0 < r < d,/2, ( 28e)

i
! C = 0 at r = d,/ 2 f or t, 4 t < t, + h , (20f)
I

h = 0 at r = 0 for t, 4 t 4 t, + h, ( 28g)
.

to give.

C(r,t) = - | (-1)" " I " I ",' ' * 1 - eup -D,a ,2
2

t /s , (29)

j where a = d,/2.
|
|

, h flua of goe atoes to the grain boundary is given by
i n

a = . $ /sc i

< 3o)j
Fir =a

,

*

i

|

|
t
}
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_ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

64 (

From Eqs. (29) and (30), the gas-aton flus to the grain i

bocndaries for Problen 1 to

-D,m ,2
2 2t/a (3g)1 - expJg= ,, g ,

Probles 2 (

The equation

I
D

3C g 2 3Cp = f p
(r

(32a)p
r j

is solved with the boundary conditions

C( r , t,) = T( t,) at t = t, f o r 0 < r 4 d, /2, (32b)

where 7(t,) to the average concentration within the grain at t = t,,

C( r ,t,) = 0 at r = d ,/ 2 f or t, < t < t, + h , (32c)

8CI'f") = 0 at r = 0 for t, 4 t 4t, + h, (32d)

to give

C(r ,t) = ]g (- a sin (mer/a)r exp -m ,2D,t/a
2-2 d3)e

l i

From Eq. (30), the gas atos flus to the grain boundaries
for Problen 2 to

2 (34)-a w D,t/aJ"
2 I exp ,

a | 4

i

Physically, probles 1 describes the behavior of the gne
generated af ter the change of irradiation conditione, at to, and Problem 2
deals with the behavior, af ter to, of the gas generated prior to the change of
conditione. The general solution to Eq. (28a) for changing gas generation
rates and toeperatures to the sus of sq. (31) and E4. (14).

n
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An efficient, accurate numerical algorithm was used for

evaluating the infinite serias 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-

nations to the infinite series were being violated for a significant range of

operating conditions.

The diffusive flow of fissica gas bubbles to the grain

boundaries is also considered. For this case, if it is assumed that gas

bubbles are not being nucles.ted and are essentially non-interacting froin

t= t to t = to + h, then the solution for the flux of bubbles to the graino

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

and C is the average concentration of the average-sized gas bubbles within the

grain at t = to.

The coupling of the diffusive flow problem to other

processes affecting fission gas behavior (e.g., gas atom re-solution, gas atom

trapping by gas bubbles, and gas bubble nucleation and coalescence) is

accomplished by solving for the intragranular densities of gas atoms and

average-sized gas bubbles, by use of equations of the following form:

dY

dt ~*1 i ~ i i + "i*"

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

Definition of Vertables in Eq. (35). [dY 2YABtX X. = -a Y -bYgg+eggg

2Y ag g bY cgg Y gg

Density of intragranular Rata at which gas atoms are Rate at which gas atoma are Ra:e at which gas atoes are
gas atoes lost owing to gas bubble lost owing to diffusive flow gained r, wing to gas atos re-

nuclestion to the grain boundaries and solution and fission of
diffustan into gas bubbles uranium nuclei

Density of intragranular Rate at which gas bubblee Rate at which gas bubbles Rate at which gas bubbles
gas bubbles are lost ewing to bubble are lost owing to diffusive are gained owing to bubble

coalescence flow to the grain boundaries nucleation and diffustan of
and gas atos re-solution gas atoes into bubbles

_ _ _ _ - _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _
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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.

29M. H. Wood and J. R. Matthews have identified inaccu-

racies in the above approach for calculating the diffusive flow of gas atoms
to a spherical boundary, i.e., Eqs. ( 28a,e ,f,g) and (32a-d) . Ebrthermore, the

calculated Telease is heavily dependent on the number of time steps taken
during a given irradiation period and is alwaya above the true release. The
inaccuracies found were identified with the assumption C(r ,t,) = C(t,) (i.e.,
Eq. 32b) in the derivation of Eq. (34). The assumption that the 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.

30Matthews and Wood 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 concentration of the diffusing gas
forms within the grain.

The concentration of gas atoms in a spherical grain

described by Eq. (28a) is written as C (r) at a time t. Af ter a small time
8

interval 6t the concentration becomes C (r). Ucing the backward Eulerg

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

2 dC) -[C +f+K
Cf

h = 0. (36)Dr g
' l l

Euler's theorea any now be used to obtain a variational principle equivalent
to Eq. (36):

I I~

g D TdC C C

6, 4w d +E- 1+ K C r dr = 0,
2 6t

(6t j (37)
2 ;dr j g gs, -

-

,
.

.

. . _ . . _ . _ _ _ . _

. . . .
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which assumes that Dirichlet boundary conditions are to 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 parameters in the

| function. Many types of trial function could be chosen, but Matthews and Wood
i
i claim that piece-wise functions are easier to handle than global functions.

Quadratic 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. In the central region I (see Fig. 31), the concentration

functioa is constrained to have dc /dr = 0 at r = 0. In the outer region II,

the concentration function is constrained to a value of C = 0 at r = d /2.g g
The two functions are also constrained to be continuous at the cosanon boundary
of the two regions. This leaves three frec parameters. Matthews and Wood

choose these to be the concentrations C , C , and C3 given respectively by theg 2

radius ratios p = 0.4, p = 0.8 and p = 0.9 where p E 2r/d . e8e Positionsg 2 3 g
are the midpoint radius of region I, the boundary between the regions, and the
midpoint radius of region II, respectively. Thus, the trial functions are as

! follows :

2C = C (0.64 - p )/0.48 + C (p - 0.16)/0.48 (region I); (38)3 2

2 b ) (region II). (30C = C 5(100 - 19p + 9) + C 10(18p - 10p 82 3

!

EGION
, . - -

/ N|

! / \
I

Fi : 0.4 Fig. 31

REGIONI |Pg:0'8f,

\| Configuration of the Two-

f :0.9 Zone Model Used in Ref. 30.| \ 3
\ /N

N- -

|

|

!

|
|

t
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Equations (38) and (39) are substituted for C in Eq. (37) and an extresum
E

in turn. A set ofto C , C , and C3found by dif ferentiating with respect g 2

three linear equations is thus obtained :

(qiD /d + q /6t)Cg + (q3D /d + q4/6t)Cy 2

O
2 4)/6t,= K q5 + (C q3 + C 9

8 9 }38 g!(q3 g/d + q4/6t)Cg + (q6 g +9! } 2 + (9 D +D g 7

= K q10 * ( 94*C 97 + C q9)/6t, (40)

(9 D /d + q9/6t)C2 + (911 E + ql2! *) 3D /d
6

= K q13 + (C q9 + ql2}! E'
E

where C ,C,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, .

qi = 4.552, q2 = 0.06935, q3 - -4.552,

q4 = 0.02167, q5 - 0.09102, q6 = 37.78,

q7 = 0.07614, q8 = -38.72, q9 = 0.008456,

q10 = 0.01008, q gg = 87.04, q12 = 0.08656,

qt3 = 0.1083.

The set of Eqs. (40) can be directly solved to obtain the
concentrations C , C , and C :g 2 3

1 2
C =

'
1 F

g

F
2 5

F 1+T3 2
~

l 7 (4l)C2"F F *

#2+ # -#
5 4

X -F
3 52

C =
'3 F

7

_ _ _ _ _ _ _ _ _ _ _ _ _
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where F =qDhg +q
2"9D3E 4+4' *g g g 2

.

X = K q3 + (C q2 + 9 }!g g 4 '

F =q 8 + q /6t, F D g + q /6t,
4 6g 7 5"98g 9

X = K q10 + ( 94+ 97+ 9 }! E'2 g 9

D /dg + q12/6t, andF7=qgg

O 0
3 12)/ t.X3 = K q 13 + (C29+C9 9

From Eqs. (30) and (39), the gas aton flux to the grain

boundaries is

D
8J= 2 (- OC2 + 240C ) . (42)3dg

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 aton 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 is required

on the average concentration of fission gas within the grains.

30Matthews and Wood determined that the best expression

for the avetage concentration within the grains, C , is given by

C = 0.2876Cg + 0.217 6C2 + 0.4216C 'g 3

At the end of the time increment, the concenttations C , C , C3 in Eq. (43)g 2

are scaled by imposing the condition that the average concentration calculated

by use of Eq. (43) is equal to the average concentration calculated by use of
Eq. (35), i.e. , that

C =Y.g

._ _ _ _ _ . . _ .
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then become the initial values of these concentrationsThe modified C , C , C3g 2
O O(i.e., cf. C , C ) to be used for the next time increment. The diffusive flow

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

but with K = 0 in Eq. ( 28a) .g

This method of coupling diffusive flow to other processes

affecting fission gas behavior (e.g., gas atos re-solution, gas atom trapping
by gas bubbles, bubble nucleation) is computationally efficient cnd has been
benchmarked against various analytical solutions.

The results of analyses performed with the theoretical
31FASTCRASS mode 1 demonstrate that the calculations are remarkably stable with

respect to time-step changes when the Matthews-Wood diffusive-flow model is
used. A maximum 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
from 2 x 10-5 ,-1 (at a fission rate f = 4 x 10 s' ) to 8 x 10-5 ,-1,~

cm

This value of gas atom re-solution rate is more consistent with the value that
appears to be the most reliable experimental estimate,32 1.e . , ~2.7 x 10-4 ,-1

12 ~

for f = 4 x 10 cm" s .

(3) Intergranular Phenomena at the Crain Phces

SEM examination of fuel samples subjected to direct

electrical heating (DEH) tests has revealed the development of sinuous
channels on grain faces af ter 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 is a function of the areal coverage of the face by the
fission gas. A realistic approach for calculating grain-f ace saturation by
fission gaa is to deal directly with the calculated fission-gas bubble
distributions. Previous analyses 25,26 have been based on the swelling of
spherical bubbles. However, because experimentally, cos 0 = y /2y # 0

b

(y = UO2 surface energy, Ygb " grain boundary energy), it is more reasonable
to assume that the bubbles are lenticular-shaped pores, containing a gas atoms
and having radius or curvature p, which are joined in the plane of the
boundary with dihedral angles 29 = 100'. The fractional swelling due to these

bubbles is given by the expression

f=4wpf(0)/3Y, (44)

3where f(9) = 1 - 3/2 cos 0 + 1/2 cos 0,

11/2I 3 MKT
(45)P]4wf(0)y ,

3

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

A = w(psin 0)2 Y. (46)
.

For fixed values of a and Y, Fels. (44-46) result in values of and A which

are ~0.86 smaller and ~1.74 larger, respectively, than those calculated
assuming spherical bubbles.

Crain face saturation (i.e., the initiation of gas channel

formation) occurs when

A > A*S", (47)v

-__ _ _ _ _ . _ . . . _ _ . ..- --
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where S"" 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-f ace channel formation, it is assumed that the local
variations in fuel microstructure can be represented by the width o f*

b
distribution of A such that the probability of enhanced gas release frm the

grain faces to the grain edges due to formation of grain face channels is
given by

eXP[-(x - A) /20 ]dx. (48)P ~
A o

x = A* S,ab

The width f the distribution in Eq. (48) is a function of erratic
b

structural parameters that depend on the local fuel condition and hetero-
geneity, and can, in principle, be determined experimentally.

PARAGRASS treats the biased diffusion of gas atoms, as

well as graf n boundary bubbles, along the faces to the edges. Also included
in PARAGRASS is a model for grain boundary reparation driven by fission gas

bubble overpressurization in a thermal transient. This model, described in
more detail in Section (d) below, predicts the mode of transient mechanical
response of the fuel (" ductile" or " brittle") and calculates the amount of
separated grain boundary area per unit volume as well as the enhancement of
gas release due to the availability of new pathways to the grain edges and the
fuel exterior.

(4) Intergranular Phenomena on the Grain Edges

Once gas bubbles reach the grain edges, they can link up
to form long-range interconnected tunnels that comununicate with the fuel

33
exterior. Experimental evidence 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
is 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

. .. .
.

..

.
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interlinkage fraction F is given by

# # *' ( '}"o E ~

* edge por E
E v

where oE = distribution width (a function of variations in structural
parameters that depend on local fuel conditions and homogeneity),

Ev = 0.05 (the value of grain edge swelling at which long-range inter-erit

connection would take place if the fuel microstructure and gas

bubble morphology were homogeneous), and

Bv = 0.0 for p }_92% theoretical density (TD)por
= (92 - p)/100 for p < 92% 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 to 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. =

c. Effect of Transient Heating on the Mobility of Pission Gas
Bubbles

Analyses with the GRASS-SST code 34,35 for steady-state

conditions, coupled with experimentally determined fission gas release during

DEH tests, indicated that large quantities of gas are transported out of the

UO2 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

1

_ _ _ _ _ - _ _ _ - _ _ _ _ - _ _ - - - _
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GRASS calculations yields a re-solution rate of ~5 x 10-5/s for a fission rate
13 pfe,3,-1 This value is larger than that used in some models butof 10

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 U02 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 follows. During

: equilibrium 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 U02 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

i
-10

8.1266 x 10 exp[(-108,000)/RT] (50)D =
i 2.09 + 1.91a '

I(6784.74r )g

where D1 = diffusivity of a bubble of radius rg,
R = gas constant ,

T = absolute temperature, and

a(at;(1) = degree-of-one equilibrium in the lattice surrounding a bubbleg

of radius rg.
|

. - - - .--. - _- . __ -- .--- -
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The larger o kcomes, the farther the system departs from an equilibriumg

configuration. The expression used for at is given by

= 1.0 -exp(-tf/TV) (51)a .

In Eq. ( 51) ,

ort
* * [3ydT/de] (52),

I = time required for a bubble with radius rg to develop an excesswhere T

pressure sufficient to generate an equivalent stress equal to the
yield 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 T in Eq. (51) is given by
2

g(t) =T (53),

C D
vv

where c' is the fractional equilibrium vacancy concentration, given by,

C'=exp(-Ef/kT), (54)
,

and D is the vacancy diffusion coefficient, given byy

D = D" exp(-E"/kT) (55),

where E and E" are the vacancy formation and migration energies,
respectively, and D is a pre-exponential factor.

25
When at + 0 Eq. (50) approaches the expression for bubble

diffusivities based on isothermal measurements. When og + 1, Eq. (50)
approaches the expression for bubble diffusivities based on the theory of
surface diffusion. For intermediate values of a , Eq. (50) lies between

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

,- -
_ _ _ _ _ _ _ _
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;

] obtained from the theory of surface diffusion (as an upper limit). Equation |

(50) is unique in the sense that it relates the bubble diffusivities to the

fuel yield stress, heating rate, and vacancy mobility, as well as to fuel'

temperature and bubble radius,

d. PARAGRASS Model for Determining Ductile / Brittle Riel Response

The ability to determine whether microcracking will occur
during a given thermal transient is 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 UO , could be ured to study microcracking. However, this approach is2

very complex, and would require knowledge of the mechanical properties of UO '2

including strain rate effects, at high temperatures. Data in this arec are

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

i As a first approach to modeling ductile / brittle behavior of
oxide fuels, the DiMelfi-Dei. trich model25,28 has been used in the P ARAGRASS

code. This model estimates the growth rate of a grain boundary bubble under
the driving force of internal pressurization. The voluse 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

UO is not required.2

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.,

i if ,

Y

p>-f-o, (56)

.

where p = internal bubble pressure,

y, = fuel-gas surface energy,
p = bubble radius of curvature , and

a = tensile stress normal to the boundary.

-- ._ __ _.
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Furthermore, if a bubble, initially at equlibrium, is subjected

to transient heating, the internal pressure will increase above the equi-

librium 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. However, 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 volume swelling

due to crack propagation and diffusional growth. In practice, this is done by

comparing the instantaneous value of the grain boundary diffusion coefficient,

D , with the minimum value needed to maintain the equilibrium bubble volume,t

D*I". (The calculation of D " is discussed in detail in Ref. 28.)g g
"

If Dg<D , cracking dominates, and this behavior is termed " brittle".

If Dg>D ", diffusional growth or " ductile" behavior dominates.

The minimum diffusion coefficient D"I" is given by
8

min m(kT) kAA"g y, 4HIR(Ap)
"

'

where w = grain boundary width,

m = average number of atoms per bubble arriving at the grain boundary,

k = Boltzmann's constant,

y, = surface energy of UO '2

1 = average bubble spacing in the grain boundary,

A = instantaneous Imating rate,

T = temperature,

H = geometric factor,

L = bubble length,

. _
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0 = molecular volume of UO , and j2
'

op = 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*'" can be derived forg
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 the real physical phenomena of

importance.

3. PARAGRASS Model for Volatile Pfssion Product Release

a. FASTCRASS 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
26transient gas release and swelling subroutine, FASTGRASS, has been modified

to include a mechanistic description of VFP behavior (I, Cs, CsI, Cs2M0,4

UO ). Phenomena modeled are the chemical reactions between the VFPs, VFP
Cs2 4

- migration . through the fuel, and VFP interaction with the noble gases.
Calculations performed with FASTGRASS for the release of I, Cs, and CsI from
LWR 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 VPP models contained in FASTGRASS. Sensitivity

studies were carried out with the more elaborate FASTGRASS code, and estimates

made regarding the correlation between the behavior of VFPs and noble gases.
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Pbr the purposes of PARAGRASS, the release of CsI 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 Ca 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 I/O Description

a. Organization of COMMON

Labeled 00MMON 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.

I /IPNT/ Contains pointers to the latter arrays.

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

/PARG/ Contains computed and input constants.

/INDK/ Contains integer constants and variables.
(
!. /WRKSPC/ Contains scratch memory that may be overwritten upon exit
I

from the routine.;

I

I
b. General Description of Routines

|
| The PARAGRASS package consists of the following five routines :

FBC 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.

_ _ _ _ _ _ _ _ _ _ . - _ _ - . _ _ - _ , . . - - - --- - - _ .__ --_,_ - -.
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DFDIM Computes the pointers for the arrays in / GRAS / , then
checks that sufficient memory has been allocated to this
block.

GDRIVE 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 shown in
Fig. 32, and a description of the driver input is given
in Table XI.

.

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

IRSTAR < 0 Write restart dump cn unit NEAP.
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 NEAP.
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 Inner radius of region (ce)

TS Temperature et RS (*C or K)
TK Average temperature in region (K)

PRSO Hydrostatic pressure in region (psi)

POROS Fractional porosity in region

GRSIZ Grain diameter in region (cm) '

VIM Volume of region

TGR Temperature gradient

TFP Flux depression / area

AIP Fraction of grain boundary area per unit volume
separated by microcracks

* Note : GDRIVE reads in IRSTAR; if IRSTAR is greater than zero, 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/f t)

Remaining parameters

DELT Time increment (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

|t

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-solution rates, and the diffusion 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.

|

|

i

!

!
, ,_ _ - . _ - - - . - - . . - _ - - . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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{'

BEGIN

I
READ & PRINT CARD #1 TITLE IRSTAR '-

8
EOF ?

NO

YES IRSTAR
=0 ?

NO

CALL ZRDWR (1),i.e., READ IN RESTART
DUMP FROM UNIT 15; SET IRSTAR = 2

READ & PRINT CARD #2
GRS FL,NF,KF,MF,NOPT,Jl J2,MCRK.Il4

CALL ZRDWR (IRSTAR)(READ & PRINT CARD SET *3)
s

A

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

EOF ?

NO

ESTM YES CALL ZRDWR (IRSTAR) , i.e.,
WRITE RESTART DUMP ON

LT O ? UNIT 16
NO

YES PRINT SUh 'ARY FROM YES
DELT = 0 ? PRINT ?UNIT 14 -

NO

B STOP

(al

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

- . _ - - _ - - _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ -
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|

I
I

C

B

YES
IP = 0 ?

YES TRAJ=
? ND

;

NO READ & PRINT CARD SETS #15 THROUGH #I7 !

REINITIALIZE SOME QUANTITIES |

YES Ipow, o 7
YES IREAD

=O? NO

NO READ 8 PRINT CARD SET #I8

READ S PRINT CARD SETS #5 TWlOUGH #8 '

IF KFLX> O, READ & PRINT CARD SET #9
READ & PRINT CARD SET #10 g

$
iNO IREAD

29 INCREMENT POW (J) TS (K,J).TK (K.J)*

IF TEMPERATURE LIES OUTSIDE SPECIFIED RANGE. SET FLAG
YES , >

READ & PRINT CARD SETS #11 THROUGH #14
g DEFINE VLM (K,J)

E
) |

-

DEFINE TFP (K,J)-

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

C i
DECIDE WHICH OF 3 PLACES TO GO TO

(b)
A D E

Fig. 32. (Contd.) '

(c)

|

|

|

|
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TABIE XI. Description of Driver Input |

Variable j

Card No. Name Format Description

I
:

1 ITLE (19 A4, ITLE (1-19) is a descriptive title )
2X , I2)

1 IRSTAR IRSTAR = 0 for normal execution
IRSTAR = 1 for problem restart from an

external file

2 GRS (2E10.4, Initial amount of gas in fuel cladding
4Il0,4IS)

2 FL Puel rod length (cm)

2 NF Total number of axial sections

2 KF Total number of radial rings

2 IVPF Unused

2 NOPT NOPT = 0 : No grain growth / grain.

boundary sweeping
NOPT = 1 : Integral grain growth law
NOPr = 2 : Differential grain growth

law

2 J1 Calculation is done for axial fuel
2 J2 sections J1 through J2

.

2 MCRK 0: Invoke microcracking mode
1: Do not invoke microcracking

[ mode

| 2 I14 Unused

3 I ( IS ,E15. 5, This card provides the capability of
2K,2 A4) 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 #1
6I10,215)

4 NPRINT Printout option
NPRINT = 1: No printout
NPRINT > 1 : Full printout

. _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .
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TABLE XI (Contd.)

Variable
Card No. Name Fbreat Description

4 IREAD IRE AD = 0 : No change in fuel
properties and operating
conditions for this time
step

IRE AD = 1 : Fuel operating conditions
to be updated for this
time step

IRE AD = 2 : Fuel properties and
operating conditions to be
updated for this time step

4 IP 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 ITR AN = 0 : Steady-state mode
ITRAN = 1 : Transient mode

4 KFLX Radial flux depression flag

KFLX = 0 : All PDP(K,J) = 1;
do not include card #9

KFIX = 1 : Include card set #9 to
define ( FDP(K,1),K =
1,K F) . Code will internally
set FDP(K,J) = FDP(K,1), J =
2, NF

KFLX = 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 #4 A
NCRK * 0: Read in card set #4A

. . . , _ _ . _ _ - _ _ . - _ _ -_ ___
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TABIE XI (Contd.)

Variable
Card No. Name Format Description

i 4 NOPT NOPT = 0 : No grain growth / grain
boundary sweeping

NOPT = 1 : letegral grain growth
law ,

NOPT = 2, 3 : Differential grain
growth laws

'

4A ALP (K,J) (8E10.4) Fraction of grain boundary area per
unit volume separated by microcracks

If IREAD = 0 go to card #15

5A-55 TS(K,J) (8E10.4) Temperatures at boundaries of regions
(K,J) (*C or K)

6A-6R TK(K,J) (8E10.4) Average temperatures of regions (K,J)
(K)'

7 A-7J POW (J) (8E10.4) Linear power in axial sections (kW/f t)

8 A-8R PRSO(K,J) (8E10.4) Average hydrostatic pressure in
regions (K,J) (psi)

9A-9N FDP(K,J) (8E10.4) See KFIX on card #4

10 PLENP (E10.4) Plenum pressure (psi)

If IREAD =2 go to card #15

llA-11R RH(K,J) (8E10.4) Average fuel density in region (K,J)
(g/cm ) (not used in PARAGRASS, leave
blank)

12 A-12S RS(K,J) (8E10.4) Radius of the boundary of region (K,J)

(ca)

13 A-13R POROS(K,J) (8E10.4) Average fractional porosity in region
(K,J)

14 A-14R GRSIZ(K,J) (8E10.4) Average grain diameter in region (K,J)
(ca)

If IP = 0 go to card #4

_ _ _ _ _ _ . _
-
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TABLE XI (Contd.)

Variable
CardNo. Name Pbreat Description

15 TMAX (3E10.4, For IP = 1,2 the code will ,

TDMIN 4Il0) execute until total time >
TDMAX or the minimum fuel

TDMAX temperature TK (K,J) i TDMIN

If IP = 0 go to card #4

15 IPRINT If NPRINT = JPRINT,
JPRINT printout for every IPRINT
3iRITE time step will be provided

with NPRINT = IWRITE

IPOW IPOW = 0 : Do not read in POW (J) .
IPOW = 1 : Read in POW (J)

16 TD(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.

.

]

i

, - - - - . . - - .
_ , . ~ - - _ _ _ - - - _ - _ . _ . , , _ - - . - - _ -
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TABLE XII. Dictionary of Variables in 00MMON/ PROG /

Variable
Index Name Description

1-9 A(1-9 ) Parameters in the calculation of the U02 yield
strength

10 AADC1 Pre-exponential factor for gas atom diffusion
2coefficient (cm 7,)

.

11 AADC2 Activation energy for gas atos 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 ' ace by bubblesf

required for channel formation

14 AD1VOL Volume associated with one molecule of fuel

15 AVN Avogadro's number

16-21 BADCl-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/f t 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.)

Variable
Index Name Description

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

30 DZERO Pre-exponential factor in the expression for
surface diffusion of U02

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

37 PN Probability that two atoms 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 GBADCl-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 002 surface
energy

45 PDSC Converts hydrostatic stress from in.-2 to dynes /cm2

46 PTPL Value of fabricated porosity above which this
porosity contributes to PRF(K)

47 PZERO Unused

,

- - - - - . , , . - - - , , ,, - -, , - - - . - - --.- - .-- .-
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TABLE XII (Contd .)

Variable
Index Name Description

48 QS Activation energy for surface diffusion (ergs / mole)

49 QSSTAR Heat of transport for surface diffusion

50 QSURF Activation energy (cal) for surf ace diffusion

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

52 RESCON Re-solution constant

53 RG Cas constant

54 RM 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 KDL(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 )

*
i
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,

|

TABLE XII (Contd.) |

|

Variable
Index Nome Description

65 XK1 Parameter in grain growth model
i

I
i 66 XK2 Parameter in grain growth model
4

67 XK3 Parameter in grain growth model,

68 XRMPP Power ramping criterion (kW/ft)
4

69 XRMPT Temperature ramping criterion (K/s)
]

._.

! c. Integration of PARAGRASS into a Mael Behavior Code; C00000N
,

Blocks

! The essence of integrating PARAGRASS into an existing Rael
; ,-

|
| Behavior Code (PBC) lies in removirs 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
PBC:,

i

1. Remove dummy FBC, GDRIVE.
,

2. At time of initialisation in PBC, place a call ZRDWR(0) to
initialize PARAGRASS.

! 3. At time of run from restart in PBC, place a CALL ZRDWR(1)

; to reas. restart dump, and, if desired, a CALL ZRDWR(2) to ,

i

make modifications in COMMON / PROG /.

! 4. Before entering the time-step loop, define any PARAGRASS

quantities that remain fixed during that loop.
5. In the time-step loop, define PARAGRASS input parameters,,

! and place a CALL GRASP to invoke gas release package.
|

1 6. At time of exit from FBC, provide facility to write a

! restart dump by a CALL ZRDWR(-1). !

! !

! ,

! |

!

!

:

f
. - . . - . - , , . . . - - - - _ , . _ - - - _ . _ . - _ _ _ _ . . . - - - , _ . - - - _ - - - - - -
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I COMf0N 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 CRASF.

d. Output Description

A sample PARAGRASS computer output is provided in Fig. 33. The
parts of the output that appear between asteriska originate in the driver

routine GDRIVE. When PARAGRASS is integrated into an PBC, CDRIVE is

removed. Hence, these parts of the output vill not appear in the PARAGRASS
output from an integrated version of the code. Ibrther, the output shown here

,.

is for fuel with one axial section (J-1) and one radial section (K-1).

Section A of the output illustrated in Fig. 33 prints thei

| information in cards #1 - #3 as read in by CDRIVE. When CDRIVE is removed on

) integration of PARAGRASS into an PBC, this section will not appear.

i
Section B reproduces input as read in by CDRIVE in cards

#4-17. This section of the output will also not appear when CDRIVE is

removed.

Section C of the output should be understood in three stages.

Stege Cg refers to output quantities that are specific to a particular radial
i section and a particular axial section (here, K = 1 and J = 1). Stage C2
i refers to quantities that are averaged over all the radial sections for a

particular axial section (J = 1 in the sample shown). Stage C3 refers to
output variables that are averaged for the whole fuel pin. The output

; variables are defined as follows :

Stage Cy

i

' J Axial section

K Radial section
4

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

1

!

- . - - - . - . - - . - . . . _ -- -- . - . ., . . - . . . . _ . . - _ _ - - _ _ _ . - _ - , _
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l u.I,AIAI.GaFA-li m . . W Mrt. 10 ut Arc 4.0 Ai. 6u IRSTARs 0

A GRT.FLs 0.0 1.000000+00-
NF.KF.!YFP,N3PT.J1.J2.MCrK.114s 1 1 0 0 0 0 0 1

MMINis 23C0040 047

.........................................................................................................
SELTs 1.00000-03 trFR INT . !P E AD ,IP . !PST AR . ! TR atl, A FLX . NCFK .tOPis 4 2 0 0 0 0 0 0

TSIK.Jis 1.5145D +03 1.51450+03
TKEK.Jis 1.75000+03

4 F0Hf Jls 1.00000+00
3 50fK.Jls i.0000603

PLENPs 1.00000+03
RSIK. Jim 1.78250-01 2.53290-01
POROSIK.Jis 7.47500-02

~ J.Rt!2.(K.J;3 1.GM0F... .................. 03 ................................................................................

r .................. GRASS OUTPUT .............*........

TIMES 0.10000$0000-02

------ AXIAL SCCTIONs 1 RA0!AL SECTIOrk 1

_ RStk. Jim 1.7825500-01 PStK_*LJls 2.5325100-O LTSf K Jls 1,51.4529Q* QJ $t K + 1. J i s 1. 514520 gig 3 POR09 7.47^ Q100-02;3
CED s 1.6004300 6BOLu:t7 1.4112630 01 PRFOLD = 0.0=

TKIs 1.7500000+03 TcaADs 3.0 DTOT: 0.0 TFPVs 9.9980D*12 GSIHs 3.0994D+12 Gros 1.00000-03 DCIts 1.99960-17

LATTICE U2TTGilts
SAv3 RAD $3 SURF EVSUPF E3LTCE SCATOM BVATOM

1.000000 03 2.403720-03 3.64'E30-08 0.0 8.9150 0-16 8.915340-16 0.0
2.000000 00 3.044370-03 1.4169aD-03 0.0 1.32102D-15 1.3210]D-JL 0.0

-TRt titt ciTSS
2.00000D*00 3.044370-03 1.416940-03 0.0M 2.136740-08

_ Rff_112E_CLA13
2.000000+00 3.044370-f8 1.416943-08 0.0

2.136740-08

TAUs 1.0000000-03 Ms 1.0000000-03 NNYTs 1.5000000-03 HMs 1.0000000+02

CISTRIBUTIONS FDLLOW Ha)MEER/CM. 33
#EGICH I LTCE 3.0994D+09 3.44950-13 FACE 3.11970-01 EDGE 0.0

~TitXIIIs 6.21M5T027.5 0.0 0.0 PBKGBY(Ins 0.0 0.0 GBSs 0.0

J K RPIN BVKJ R3K PrSG
1 1 2.2253750-22 1.803086D-13 5.2333330-16 1.0000000+03

GSGENs 5.23387660-16 LTCEFRs1.00000000+00 TKIs 1.75000000+03 Sv!La 1.80303600-13 EGPEs 0.0 ALPHAS 0.0
GOUTKs 0.0 FACEFRs2.00665100-10 TKICs 1.75000000+03 Bv5Fs 4.40517280-24 ElRFs 0.0 ACAENs 0.0

,,,,_ JG9Ks 0.0 EDGEFRs0.0 GK0UTs 0.0 BVSEs 0.0 PR.* = 4.77903520-02 BETAQs 0.0

AXtAL TDTALS J=1
b BVSs 1.80308600-13 RGJs 5.23381320-16 G RJs 0.0 RGGLs 1.00000000+00 RGGFs 2.00665350-10 RGGEs 0.0

G9). 0.0

RDD TDTALS
F6RTs 0.0 RGTs 5.23383320-16 GTOUTs 0.0 GRFTs 0.0 GGTs 5.23387660-16 ERR * 1.26401960-06
RETI: 1.g7,1gggD-17 RETC= 3.1774g sq-ja cutis 0,0 tx1Tts _g.0

...m..s........... END CF GRASS OUTPUT FOR TMIS TIME STEP ..........m...m.

Fig. 33. Sample PARAGRASS Output. See text for details.

. .
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Stage C, (Contd.)

TS (K,J), TS (K+1,J) Temperatures of the two boundaries
of region (K,J) (K)

POROS Average fractional porosity in
region (K,J)

DEL,T Time step (s) '

3
VOLUME Volume of the region (K,J) (cm )

PRPOID Pore interlinkage probability
fraction during the previous time
step

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

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

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

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

'

GSIN Fission gas generation rate
3(atoms /s/cm )

GRD Grain size (cm)

Fission-enhanceg diffusionDCIE
coefficient (cm /s)

SAVG Average number of gas atoms / bubble

RAD Bubble radii (cm)

BDSURF Diffusion coefficient for bubble
on surface

movement baseg/s)diffusion (ca

BVSURF Bubble velocity based on surface

diffusion (ca/s)

1

.
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Stage C, (Contd.)

*

BDLTCE Intragranular diffusion

coef ficient of atoms and bubbles
used in the

calculations (cm/s)

BDAION Semi-empirical /phenomenolggical
diffusion coefficient (cm /s)

BVATOM Bubble velocity based on BDATOM
(cm/s)

TAU Time for which integration has
- been completed (s)

H Current time increment (s)

HNXT Suggested value of time increment
(s)

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

LTCE Gas atom and gas bubble density in
lattice (1/cm )

FACE, EDGE Gas bubble density on the grain
faces and edges , respectively

(1/cm )

FLUX, PBKGBY Rates of fis-lon gas migration
from within the U0 fuel to the2
grain boundaries

GBS Rate of intergranular gas release
. due to grain boundary sweeping
i mechanism

RPIN Fraccion of retained intragranular
i fission gas that resides in

bubbles

BVKG Total strain due to gas bubbles

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

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

CSCEN Amount of gas generated (moles)

i

_- - _ _ - - . ..
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Stage Cy (Contd.)

LTCE FR Fraction of retained gas that
resides in the lattice

TKI Average fuel temperature (K)

BVSL FYactional gas-bubble strain due
to bubbles trapped in the lattice

EGRE Rate of gas migration f rom grain
faces to edges due to grain face
channel formation

ALPHA Fractional coverage of grain
boundary area per unit volume by
microcracks

COUTK Amount of fission gas retsited

(moles)
_

FACEPR Fractica of retained gas that
resides on tha faces

TKIO Previous value of TK1 (K)

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

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

ACAEN Separated grain poundary area per
unit volume (cm~ )

PGEK Fractional gas release from
section (J,K)

,

EDGEPR Fraction of retained gas that
resides- on the edges

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

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

[
,

PRF Probability of gas channel inter-
linkage
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Stage Cy (Contd.)

BETAB Intragranular bubble
nonequilibrium parameter

Stage C7

J Axial section

BVS Average swelling strain in axial
section J

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

GSRJ Amount of gas released froa axial

section J (moles)*

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

PGRJ Fractional gas release from axial
section J

Stage C3

PGRT Total fractional gas release

RGT Total retained gas (moles)

GTOUT Gas released during time step

(moles)

GRFT Total amount of gas released

(moles)

GGT Total gas generated (mol'es)

ERR Error defined as

[CGT - (PCR + RETG)]/(GGT)

RETI Amount of' total generated iodine
that is retained in the fuel

(moles)

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Stage C3 (Contd.)

RETC Amount of total generated cesium
that is retained in the fuel

(moles)

OUTI Released iodine (moles)

OUTC 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 Ci of the output, followed by average values for each axial section
in Stage C , and finally the values pertaining to the whole fuel pin in Stage2

C.3

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 P AR AGRASS 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 UO fuel r d with an2

outside radius of 0.25329 cm and an inside radius of 0.17825 cm is irradiated
13 3at a fission rate of ~10 fissions /cm /s and a constant temperature of 1750 K

to a maximum burnup of 3 at. % (~30,000 MRd/MT). The results of the steady-
state irradiation are shown in Fig. 34. The steady-state irradiation is

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 af ter 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 ( FURT) 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
2 3unit volume of fuel is ACAEN = 1106.9 cm /cm , and the fraction of grain

boundary area per unit volume separated by microcracks is ALPHA = 0.233.

.,. _ .-_ _ _ _ _ _ _ _ _ _ _ .- _. - . _ _
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. eneen n ens eenu n eu enu n enn uneenna menn enun ene*en nn3?n enniteu*!utasa seenmaama
DELTs 3.01760+04 HPR LIRE AD.IP.IRSTAR.ITRAN.KF LX.NDPT 1 0 1 0 0 0 0

TMAX.TDttIN.TDMAX: 6.78M D+07 2.00000*02 3.12300*03 IPRINT.JPRINT.IHRITE.IPOWs 444 1 4 0

IDIK.J1= 0.,0 00
0.0

O.POWiJ)s. . n.eeneuseeneeseneeneeuwamunensuennuesomenenneuemeneneenesessemeanneeneneneen

eeneennuenne GRASS OUTPUT enumeneeueennemme

TIVE 0.1430342400+08

---- AXIAL SECTIOHs 1 RADIAL SECTION= 1

BS1K.Ji= 1J825500-ALES LKtidL= _2.5323930- 41_Is tK..D = 1MM520ntc3_IsLKt_f.m=f s14s200terw =
7 47 san 0gi_a ,

DELT = 3.0176000+C4 YOLUME = 1.0172630-01 PRFOLD s 5.3397990-01

TKIs 1.7500000+03 T6RAos 0.0 OTDTs 0.0 TFPVs 9.99800+12 6 SIN 3.0994D+12 GRD: 1.00000-03 DCIEs 1.99960-17

LATTICE SIZE CLASSES
SAVG RAD BDSURF BVSURF BOLTCE BOATOM BVATON

1.000000+00 2.403720-05 3.645880-03 0.0 8.915340-16 8.915840-16 0.0
Ju4235t+D2 1.665000-07 1.583720-11 0.0 3 779350-17 3J29850-17 oo4

FACE SIZE CLASS
1.748470+06 6.744740-06 5.881340-18 0.0

1.997860-05 H
_ .EDGLSIZLCLAJS 0

2.317310+06 7.632010-06 3.587410-18 0.0 N
2.300000-05

Tans L o176 Don *a4 W3 1 AoARro.tM_HtDCI= ? M Ve0D+D4 HHy ? M 32000t.D4

DISTRIBUTIONS FOLLOW (HuteER/ cme 3)
RESIDH 1 LTCE 2.21410+19 1.89640+16 FACE 1.52820+12 EDGE 2.9812D+12

FluxtI): 1.72560+12 8.53910+07 0.0 0.0 PBK68YtIl= 0.0 0.0 GBSs 0.0

J K RPIN BVKJ R6K PRSG

1 1 1.7428560-01 7.2029MD_ 91_1.J4_0A60-06 1.00000C0+03

GS6 ens 7.48623560-06 LTCEFR=7.3676?850-01 TKIs 1.75000000+03 BVSLs 1.65474310-03 EGRE 6.5071102D-07 ALPHAS 0.0
GOUTKs 1.34022290-06 FACEFRs7.34159223-02 TKIO 1.75000000*03 BVSFs 1.76955620-02 EPRF= 7.03624340-03 ACAENs 0.0
F6RKs 1.79024940-01 E0EEFRsi.898_14170-01 GNCUT=._3Jj$1296Q-01MSE= 5.2629ZMD-02 PRF= _L.3MZI62D-01 M Tass a te

AXIAL TOTALS Js1
BVSs 7.20205500-02 RGJ= 6.14600600-C6 GSRJ= 7.20867000-09 RGGL= 6.0486902D-01 RGGFs 6.02726250-02 RG6En 1.55832530-01
F6RJs 1.79024940-01

.

ROD TOTALS
F6RT= 1.79024940-01 RGTs 6.14600600-06 GTOUTs 7.20867000-09 GRFT= 1.34022290-06 6GTs 7.48623560-06 ERRS 8.86202400-07
RETIs 2.18074320-07 RETC= 3.7312245D-06 0UTI= 4.75562970-08 OUTc= 8.13645000-07

nunneseenenuee Ete OF GRASS OUTPUT FOR THIS TIME STEP **sesseeenauensee
.

Fig. 34 (cont.)
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.rc

an*munemonnu GRASS _DUIEUT **nunnununnen

TIME: 0.2770156800+08

- AXIAL SECTION: 1 RADIAL SECTION: 1

RS(K.J1= 1.7825500-01 RS(K+1.J)= 2.5328900-01 TSIK.J)= 1.514520D+03 TS(K+1.J)=1.514520D+03 POROS = 7.4750000-02
DELT = 3.0176000+04 VOLUME = 1.0172633-01 PRFOLD = 7.682017D-01

TKI 1.750000D+03 TGRAD= 0.0 DTOT: 0.0 TFPV= 9.99800+12 GSIN= 3.09940+12 GRO 1.00000-03 DCIE= 1.9996D-17

LATTICE SIZE CLASSES
SAVG RAD BDSURF BVSURF BDLTCE BDATON BVATOM

1.00600D+00 2.40372D-08 3.645880-08 0.0 8.915840-16 8.915840-16 0.0
3.99532D+02 1.99463D-07 7.689380-12 0.0 2.59057D-17 2.590570-17 0.0

FACE SIZE CLASS
1.74847D+06 6.74474D-06 5.881340-18 0.0

1.997860-05
EDGE SIZE CLASS
2.31731D+06 7.632010-06 3.537413-18 0.0

2.3660 F 05

TAU 3.0176000+04 Hz 1.5088000+04 HHXT= 2.263200D+04 HH= 2.2632000+04

DISTRIBUTIONS FDLLOW (NL*BER/CMue31
REGION 1 LTCE 3.1011D+19 2.84640+16 FACE 1.5337D+12 EDGE 4.07690+12

FLUX (I1= 2.07200+12 7.9297D+07 0.0 0.0 PBX,$BY(I l= 0.0 0.0 sat 0.3

J K RPIN BVKJ R6K PRS 6
1 1 2.683886D-01 9.2538320-02 9.206022D-06 1.0000000+03

ESSEN: 1. % 906593-05 LTCEFR=7.77513550-01 TKI= 1.7500003D+03 BVSL= 2.75022500-03 EGRE: 7.81728710-07 ALPHA = 0.0
60UTK= 5.29263930-06 FACEFR=4.91935850-02 TKIO= 1.75000000+03 BVSF= 1.77596650-02 EPRF= 3.90604940-08 ACAEN= 0.0
FGRK= 3.65041310-01 EDGEFR=1.73295860-016<0UT= 5.04400290-09 BVSE= 7.20284270-02 PRF= 7.68338310-01 BETAB= 0.0

AXIAL TOTALS J=1
BVS= 9.25383170-02 R6J: 9.20602210-06 GSRJ= 1.00870090-08 R66L= 4.93687520-01 R66F= 3.1233897D-02 R66E= 1.10035390-01
F6RJ 3.65041310-01

ROD TOTALS
FGRT= 3.65041310-01 R6T= 9.2060221D-06 GTDUT= 1.00870090-08 GRFT= 5.29260930-06 66T= 1.4498659D-05 ERR = 1.88468260-06
RETI 3.26666270-07 RETC= 5.58896290-06 0UTI: 1.8780227D-07 OUTC= 3.21312610-06

*******mem********** Ete OF 6RASS OUTPUT FOR THIS TIME STEP ********************

Fig. 34 (cont.)
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*** m n**n n e m GRASS DUTPUT **************u*******

TIME: 0.410997120D+08

- AXIAL SECTION: 1 RADIAL SECTIDris 1-

RS(K.J): 1.7825500-01 RS(K+1.J)= 2.5328900-01 TSIK.J): 1.5145200+03 TSIK+1.J)=1.5145209+03 PORCS = 7.4750000-02
DELT = 3.0176000+C4 VOLUPE = 1.0172633-01 PRFDLD = 8.3978300-01

TKI: 1.755500D+03 TGRAD= 0.0 DTbf= 0.0 TFFV= 9.9980D+12 GSIH= 3.09940+12 GRD: 1.00000-03 DCIEs 1.9996D-17

LATTICE SIZE CLASSES
SAVG PAD EDSUR" BVSURF BOLTCE BDATDM BVATDH

- T 7-' l.UGUCUU+50 z.60s/20-05 3.645580 UK T O- 8.91584D 16 8.915840 16 0.0
5.073460+02 2.182790-07 5.36153D-12 0.0 2.145400-17 2.145400-17 0.0

FACE SIZE CLASS
-

1.748470+06 6.744740-06 5.28134D-18 0.0
1.9 U56D-05

EDGE SIZE CLASS .

0.02.317310+06 7.63201D-06 3.587410-18
2.300003-05

ftau = 3.017600D+04 Hz 1.5088300+04 HNXT:. 2.2632000+04 HH= 2.2632000+04

DISTRIBUTIONS FDLLOW OAJMBER/CM**31
7 EGION 1 LTCE 3.64933T19- T503 tdt 16 FACT T.'5337DT12 EDGE 4.5175D+12

FLUXII) 2.2817D+12 7.59170+07 0.0 0.0 PBKGBY(I) 0.0 0.0 GBS= 0.0

J K RPIN BVKJ RGK PRSG
1 1 3.275543D-01 1.012556D-01 1.1385920-05 1.0000000+03

,

GSGEN: 2.15110820-05 LTCEFR=8.04890510-01 TKI= 1.75000000+03 BVSt= 3.64908490-03 EGRE: 8.60864710-07 ALPHA = 0.0
NUlll250793 U5 FICEFR=3 95475650;D2 TRId= 1.7500000DT0TBVSC 77940000 02~EPRF= 6.0932637078 ACAEH= 0.0

FGRK: 4.70691270-01 EDGEFR=1.5525982D-01 GKDUT= 6.57548760-09 BVS2= 7.93125040-02 PRF= 8.3993029D-01 BETAB= 0.0

AXIAL TOTALS J=1
sys 1.0125559D-0T15J: 1.T3859205 35 UtRJ= 1.152415BDT08 RiTGL= 4.26332455 lI1 RGGFs 2.10926210-02 RGGE: 8.2179777D-02
FGRJ=. 4.7069127D-01

RDD TOTALS
7 GliT= 4.7C3VT27D-01 RGT= 1.13859260-05 GTDUT= 1.1574BSD-08 GRFT= 1.0125079D-05 GGT = 2.15110820-05 ERR = 3.88205390-06

RETI= 4.04019480-07 RETC= 6.912'40590-06 DUTI= 3.59276980-07 CUTC= 6.1469025D-06

wue==*u=*********** E ND OF GRA55 00TPUT FDR THIS TIME STEP **=*****************
-

!

Fig. 34 (cont.)
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noenn*****nn GRASS OUTPUT nunn** **ne***a***

TIME = 0.5449785600+08

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

usin.Js= i.ismou-UT RSTK+i.J 3= z 33z89aD-Di T5LK.J1= l 514520D+UTTSIK+1.J 3:1.5145200TOTPtROS = 7.475cupo-az
-

DELT = 3.0176000+34 VOLUME = 1.0172630-01 PRFOLO = 8.7042980-01

TKI= 1.750000D+03 TGRAD 0.0 DTDT= 0.0 TFPV= 9.99800+12 GSIN 3.0994D+12 GRD: 1.00000-03 DCIE: 1.99960-17

LATTICE SIZE CLASSES
SAVG RAD BOSURF BVStatF BOLTCE BOATOM BVATOM

1.000000+00 2.40372D-C8 3.64585D-08 0.0 8.915840-16 8.915840-16 0.0
7

~

19C82901T T91829017 0T63.ain9c+ez z.aus30017T85650 Tz o.0
FACE SIZE CLASS
1.748470+06 6.7 %740-06 5.881340-18 0.0

1.997860-05
t'Mit 5IZE CLA53
2.317310+06 7.632010-06 3.587410-18 0.0

2.300000-05

Tau = a.si/aDUU+U4 H= 1.3088000.U% HNXT: z.z632005iD C C 2632000+o'. g
"

DISTRIBUTIGHS FOLLOW OINEER/CMa*31
REGION 1 LTCE 4.03090+19 3.98390+16 FACE 1.53860+12 E03E 4.74610+12

FLUXIIl= 2.4277D+12 7.3343D+07 0.0 0.0 PBKGBY(Il= 0.0 0.0 GBG= 0.0

J K RPIH BVKJ RGK P5'S3
i i s.o/36eo5:5i 1.0696650771 1.4c/4520:55 1.oDOCECD+03

GSGEN= 2.85235050-05 LTCEFR-8.23202200-01 TKI= 1.75003000+03 CVSL= 4.39798670-03 EGRE= 9.15827100-07 ALPHA = 0.0
60UTK= 1.54488130-05 FACEFR=3.47464590-02 TKID= 1.75000000+03 BVSF= 1.78162760-02 EPRF= 5.2462113D-08 ACAEN= 0.0
raux= 3 4TE16Y1FUT TU5EFR=T 423513454TCR00Tinr.'93506130 U9 B9sr=7 3852240012 PRF= 8 7053239071 BETAB= 0.0

- - -

AXIAL TOTALS J=1
BVS= 1.06066500-01 RGJ: 1.30745150-05 GSRJ 1.23987930-08 RGGL: 3.7733686D-01 RGGF= 1.5926974D-02 R66Es 6.51130520-02
PURJ 3.415T6915:51

RCD TOTALS
F6RT= 5.41616910-01 RGT= 1.30745150-05 GTOUT= 1.2398793D-03 GRFT= 1.54488130-05 GGT = 2.8523505D-05 ERR = 6.2135262D-06
wt u= g.aw+uiou-ui ne u.= i.9376537C;U6 0UTr= 3.48183675 07 OUTC= 937892430-e6

* *******n***n**** END OF GRASS OUTPUT FOR THIS TIME STEP ********************

Fig. 34 (cont.)
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n u****u nu u* n 6RASS OUTPUT ** u***n n******* n n

TIME = 0.6789600000+08

---- AXIAL SECTION: 1 RADIAL SECTION: 1

RS(K.J): 1.7825500-01 RSIK+1.J)= 2.5328900-01 TStK.J)= 1.5145200+03 TStK+1.J)=1.514520D+03 POROS = 7.4750000-02
otti = J.U66000104 VULurre = 1.U172635;UT PRFOLD = 5.874993D UT

TKI: 1.7500000+03 TSRADs 0.0 DTDT= 0.0 TFPV: 9.99800+12 GSIN= 3.0994D+12 GRD: 1.00000-03 DCIE: 1.99960-17

LABllbt Oldt LLAbbt3
SAV6 RAD EDSURF BYSURF BDLTCE BOATOM BVATDH

i 1.000000+00 2.40372D-03 3.645830-08 0.0 8.915840-16 8.915840-16 0.0
6.507130+02 2.399500-07 3.671610-12 0.0 1.760050-17 1.760050-17 0.0

7 ALL 314t LLA33
1.74847D+06 6.744740-06 5.881340-18 0.0

1.99786D-05
EDGE SIZE CLASS
2.J1/J1D+UO I.DJ4Ulu-Ub J.35/910-15 0.0

2.300000-05

TAU: 3.0176000+04 Hz 1.5088000+04 HHXT= 2.2632000 04 HHz 2.263200D+04

OISTRIBUTIONS FOLL0h thuBER/CHn3)
REGION 1 LTCE 4.3142D+19 4.35230+16 FACE 1.54000+12 EDGE 4.8902D+12

FLuxtIl= Z.3Jb1D+1Z I.1215D+UI U.0 0.0 PBK3hYtIls 0.0 0.0 GBS= 0.0
~

J K RPIN BVKJ RGK PRSS
1 1 3.9632710-01 1.0925720-01 1.4436550-05 1.0000000+03

GS6EH= 3.55359283-05 LTCEI,'ri.3595064D-01 TKI= 1.7500000D+03 BVSL= 5.02844190-03 EGRE: 9.56486990-07 ALPHA: 0.0
60UTK= 2.10990803-05 Ft.CEM-3.1496086D-02 TKID= 1.7500000D+03 BVSF= 1.78320260-02 EPRF= 4.7521728D-08 ACAEHa 0.0
F6RK: 5.93739393-01 EDGEFR=1.32553283-01 GKOUT= 7.19652460-09 BVSE 8.63967720-02 PRF= 8.87579990-01 BETAB= 0.0

AXIAL TOTALS J=1
BVS 1.09257240-01 R6J: 1.44365470-05 GSRJ= 1.30199700-08 R66L= 3.39606730-01 R6GF= 1.27953520-02 R66E 5.3850052D-02
F6RJ: 5.9373939D-01

RCD TOTALS
FGRT= 5.93739390-01 RGT: 1.4436547D-05 GTOUT= 1.30199700-08 6RFT= 2.10990800-05 GGT = 3.55359280-05 ERR = 8.47815000-06
RETI= 5.12275250-07 RETC= 3.76456380-06 0UTI= 7.4867705D-07 OUTC= 1.28091840-05

n ***n n ******n n e END OF GRASS OUTPUT FDR THIS TIME STEP ********************

Fig. 34 (cont.)
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enu. .. u ..nanmen.un...:w n..ueru.n.uunn. w.n. nun n nuneau.
DELTm 1.0000D-01 NPRINT.IREAD.IP.IRSTAR.ITRAN.KFLX.HOPT= 1 0 1 1 1 0 0

i ruu . i uru o . a uw.A= i.aus03+ M 0c305i02 s.1230D+03 IPRIRGJPRIlf.ITOITETIPOW= 27% 1 4 O
TDtK. Jim 1.00000-01 1.0000D-01
DPS4Jls 0.0

.n ....nu.uu.unn. nun.nnun. nun.nn.nu..nnunnan.unnu ..ou no.

...onn. nun. GRASS OUTruT nen..ua =====

TiUN5H N M IME= 0 27EMCD50+03

- --- AXIAL SECTIDN= 1 RADIAL SECTICH= 1

RS(K.Ja= 1.7825503-01 RS(K+1.Jla 2.5328900-01 TS(K. Jim 1.789120D*03 TSIK+1.Jl=1.7891200+03 POROS = 7.4750000-02
DELT = 1.0000003-01 VOLLt:E = 1.0172630-01 PRf0LD = 9.0018460-01

aus e.u- 43UUT3mTJIU= u.u 7TUTE ECOUUU+WTTPW9 9950U+T2 GSW994DilZ'liRDTT.'00D0lF0T"DCIE= 1.99960-174

LATTICE SIZE CLASSES
SAVG RAD BT. SURF BV3URF BOLTCE BCATOH BVATOM

.900CUtr+uu 4.4uceau-us 4.*455!3-us u.o a.ius67D 14N7D-1r* u.o
1.66787D+04 9.386383-07 1.062090-12 0.0 3.29811D-16 3.298110-16 0.0

FACE SIZE CLASS
1.748470+06 7.379860-06 2.779473-16 0.0

4. m a10-us
EDGE SIZE CLASS
2.317310*06 8.396740-06 1.658490-16 0.0

2.60019D-05
W

TAU = 1.0000000-01 H= 1.0000000-01 HNXT= 1.5000000-01 HH= 2.2632000*04 k
DISTRIBUTIONS FGLLOW (NLMCER/CM1=31
.murs 1 LTCE 8b.137ID+WU80393T15 TItGT1500T03- ID3E 3 46240+12

FLUX (Ils 8.4754D+13 5.53080+07 0.0 0.0 PBK68YtIls 0.0 0.0 GBS= 0.0
J K FPIM BYKJ RGK PRSS
1 1 4.210377D-01 9.7141620-02 1.342187D-05 1.0000000+03

GSGENs 3.55360720-05 LTCEFR=3.99043160-01 TKI 2.02460003 03 Bvsta 8.67086830-03 EGRE 2.20922750-01 AL_PHA= 1 20922750-0170una z.zi13E99D 55 FICEFlfi4 559T316F05 TRicT E2450J00iO3TVSM54678436 OfEPir= 0!6 ACAEM= 1.~04717380+ni -
~

FGRKs 6. M 4410-01 EDGEFR=1.00947183-01 GKOUT= 1.2*294230-12 BVSEs 8.84672010-02 PRF= 9.0015266D-01 BETAB= 1.62548660-t1
AXIAL 'CTALS J=1
liW 7.IT4TE16U:521GJa 1.y.zl372D 05 GsR;= i.zs29423D 12 ItC9567905 UrAGGF= 1.75975950-06 RGGE: 3.81274600-E2
FGRJ3 6.22294410-01

RCX) TOTALS -

ewis 5'22274W-0T 13T= ' 1.342L"72(F-t5 CTOUT=~T242H23bM23RTTi 2 211M99ii 05 GlT= 3.55360720-05 ERR = 8.'7807870-t4
RETI= 4.76270660-07 R UC= 8.14855S10-06 OuTI 7.84626730-07 OUTC= 1.34252770-05

..u..uu.... ... E16W GFIsfDUTPUTFOR THfs UHf571P ...n......u..n... ~

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



._

*en*********mme*** GRASS OUTPUT *********** man ****mme*

TRAH3IE!IT TIME: 0.5492000000+03

----- AXIAL SECTICH 1 KADIAL SECTION: 1

RSIK.Js= 1. /5D.NO-WRSTK+ 1.J im z.3320900 UTT=W.D=7~5637205+0TT%K+1.Ji=2.B6372ED+03 PCROS = 7.47500TD-02
DELT = 1.0CC0C00-01 VOLUME = 1.017263D-C1 PRFOLD = 9.6836850-01

1KI= 2..'blQ00+n3 T3nD= 0.0 UTDTs 1.00000+00 TFPV: 9.9980D+12 GSIll: 3.09940+12 GND: 1.0000D-03 DCIE= 1.99960-17

LATTICE SIZE CLASSES
S.WG RAD CC3tnF BV!URF BDLTCE BDATOM BVATOM

1.C000:3+00 2.41514D-08 5.99632D-05 0.0 4.640410-13 4.640410-13 0.0
2 524360+h 1.z15163:C6 v.szweU;12 0.0 4.673690 15 3.67369D 15 0.0

FACE SIZE CLA3S
1.74847D+06 8.088133-06 4.76706D-15 0.0 -

2.545540-05
~ TLGE IIn CLASS

2.31731D+C6 9.134310-06 2.930560-15 0.0
2.930510-05

#Au= i.cuCUUU2 UT Ri: 1.JuCC00D UTFCLYT=~1 !U0000D 01C 263200DTU4 g
co

DISTRIEUTIC't? FDLLC'A (HUMBER/CM**3)
REGION 1 LTCE 7.73390+18 2.51590+15 FACE 6.8024D+C8 ECGE 2.4606D+12

FluxtIl= 2.3647D+14 8.602ED+03 0.0 0.0 FBKGBYtll= 0.0 0.0 GBS= 0.0

J K RPIN BWJ R3K PRSG
4 1 s. h >6WJ-01 1.uisasio-01 1.30.6530-05 1.0000000 + 03

GSSEN: 3.5536216D-05 LTCEFR=9.2602CE2D-01 TKI= 2.29920000+03 DVSL: 1.94156890-02 ESRE: 2.25083240-01 ALPHA = 2.25083240-01
GOUTK= 2.25173300-05 FACEFR=1.542782BD-05 TKIO: 2.2991000D+03 BVSF= 1.62926690-05 EPRF= 1.0439.010D-94_ACAEH= 1.0568M60193_._

T ~7 GRK= 6 33645970 01 IOGErlf='E395375WCftKc0TTC41599333-11 BVsE= 8.9922762D 02 FRF= 9 C8369%D-01 BETAB= 1.4336511D-01

AXIAL TOTALS J=1
bis = 1.0935462D-01 RGJ: 1.3015534D-05 GERJ= 1.41599580-11 RtGL= 3.39243600-01 RGGF= 5.65191610 3 _. EDGE: 2.70962930-02

-

~~TBR3= 6.33545570 V1

RDD TOTALS
FGRT= 6.336'5970-01 RGT= 1.3C18534D-05 GTOUT= 1.41599580-11 GRFT= 2.25173800-05 GGT = 3.553.6216D-05 ERR = 8.478220/D-06

7 ET!= 4.61558GD GTRETCm53693*.D U6 00 TIM 9900381D OT00TC= 1.36702290-05
- - T

m***u**e***me****ums END OF GRASS OUTPUT FOR THIS TIME STEP **um**********mmum**

Fig. 35 (cont.)
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sammee.nunne...e** 6RASS OUTIST ***en.**menoma***=****

TRANSIENT TIME: 0.8238000000+03

AXIAL SECTICN= 1 RADIAL SECTION 1

RSIK.J1= 1.782550D-01 RSfK+1. Jim 2.532890D-01 TS(K.Ji= 2.3383200+03 TS(K+1.Ji=2.3383200+03 POROS = 7.4750000-02UQCCUCom'V3CWG F0172CD;0T'PRFCED = 9T183308D 0)DELT = 7=

TKI: 2.573800D+03 TGRAD: 0.0 DTDT= 1.0000D+00 TFPV: 9.9980D+12 SSIN= 3.0994D+12 GRD= 1.00000-03 DCIE 1.9996D-17

LtTTICE SIZT CEI5SES
SAVG PAD EDSURF SVSURF BOLTCE BDATDM BVATON

1.000000+00 2.423130-08 7.384100-04 0.0 3.890750-12 3.890750-12 0.0
8.801880 + 05 6.526570-06 1.402940-13 0.0 6.391640-15 6.39164D-15 0.07CESIZE CEISS
1.74847D+06 8.783500-06 4.276940-14 0.0

2.867480-05
EDGE SIZE CLASS
4.313MDT06 1.28553D-05 9.32122D-15 0.0

4.50401D-05

tau = 1.0000003-01 H= 1.0000000-01 HNXT= 1.5000000-01 HH 2.2632000+04
e
o

DISTRIBUTIONS FOLLOW (HutEER/CMa*3) *
REGIDM 1 LTCE 9.72110+16 8.0395D+13 FACE 1.64480+08 EDGE 6.91930+11

FLUXII): 2.31210+13 4.510EU+07 0.0 0.0 PBKGBY(Il= 0.0 0.0 GBS= 0.0
J K RPIN BVKJ RGK PRSG
1 1 9.9863770-01 1.8602050-01 1.255457D-05 1.0000000+03

6S3EN= 3.55363590-05 LTCEFR=9.5934297D-01 TKI= 2.5733000D+03 EVSL= 9.42134600-02 EGRE: 2.2736806D-01 ALPHA: 2.27368060-01
GOUTK: 2.29814930-05 FACEFR=3.86835190-06 TKID: 2.5737000D+03 BVSF= 5.63135980-06 EPRF= 0.0 ACAEH= 1.0777246D+03
F6RK: 6.4670363D-01 EDGEFR=4.01531620-02 GKDUT= 1.0140183D-12 BVSE 9.18015170-02 PRF= 9.1831958D-01 BETAB= 4.80270220-01

AXIAL TDTALS J=1
6VS= 1.8602C610-01 RGJ= 1.25545660-05 GSRJ: 1.0140183D-12 RGGL= 3.39100900-01 RG6F= 1.36664190-06 R66E= 1.41856260-02CGRJ: 6.46703630-01

. .

ROD TDTALS
FGRT= 6.4670363D-01 RGT= 1.25545660-05 GTCUT= 1.01401830-12 GRFT= 2.29814930-05 6GT= 3.55363590-05 ERR = 8.47815220-06
RETI= 4.4549527D-07 RETC= 7.62201910-06 0UTI= 8J54] ZED-07 cuTC= 1.3951990D-05

***********n e****** END OF GRASS OUTPUT FOR THIS TIME STEP **********u*********

Fig. 35 (cont.)



****auv*********** GR_ ASS OUTPUT ********emme****sen***

TRANSIENT TIME = 0.109840000D+04

---- AXIAL SECTICH: 1 RADIAL SECTION= 1

RS(K.Jls 1.7825500-01 RStK+1. Jim 2.3328900-01 TS(K,JI: 2.6129200+03 TS(K+1.Ji=2.6129200+03 PDROS = 7.4750000-02
1.0 E 6_}D-0_1_F_REDLD = 9.2331470-01DELT = 1.0000003-01 VDLUME =

TKI= 2.84240CD+03 TGRAD3 0.0 DTDT= 1.00000+00 TFPV= 9.99800+12 GSIN= 3.0994D+12 GRD= 1.0000D-03 DCIEs 1.99960-17

LATTICE SIZE CLASSES
SAVG RAD BDSLRF BVSURF BOLTCE BDATDM BVATOM

1.00000D+00 2.433580-08 5.567050-03 0.0 2.16499D-11 2.164990-11 0.0
3.97361D+06 1.338190-05 6.08882D-14 0.0 1.231040-14 1.231040-14 0.0

FACE _ SIZE _QLASS
5.90108D+06 1.570990-05 3.205590-14 0.0

5.953600-05
EDGE SIZE CLASS
5.40186D+06 1.51599D-05 3.696790-14 0c

5 W6205!05
~

TAU: 1.0000000-01 H= 1.0000000-01 HttXT= 1.500000D-01 HH= 2.2632000+04 %
o-

DISTRIBUTIONS FDLLOW (NUMEER/CM*u31
REGIDH 1 LTCE 1.4385D+16 1.7942D+13 FACE 7.1711D+07 EDGE 3.45590+11

FLUXIIl= 1.L155qtj3 2.0531D+07 0. 0 00 EBKGBYtII: 00 oo mtc= n_n

J K RPIN BVKJ RGK PRSG
1 1 9.997984D-01 2.7287590-01 1.236242D-05 1.0000000+03

GSGEN= 3.5536553575 LTTEFW4477550-01 TKI= 2 8 W 0000+03 BVSt= 1.80105300-01 ECRE= 2.2941500D-01 ALPHA = 2.29415000-01
-

GOUTK= 2.3173786D-05 FACEFR=5.780469CD-06 TKID: 2.8483000D+03 DVSF= 2.19743360-05 EPRF= 4.0743616D-03 ACAEN 1.08742710+03
FGRK= 6.52112180-01 EDGEFR=2.55165553-02 GKOUT= 1.30054050-10 BVSE: 9.27485190-02 PRF= 9.23345920-01 BETAB= 6.5025596D-01

AXIAL TDTALS J=1
* BVS= 2.7287539D-01 RGJ: 1.2362415D-05 GSRJ: 1.3006405D-10 RGGL= 3.39000650-01 RGGF= 2.01090580-06 RGGE= 8.87668600-03

FGRJ: 6.52112180-01

R00 TOTALS
FGRT= 6.52112180-01 RGT= 1.23624150-05 GTOUT= 1.30064050-10 GRFT= 2.31737860-05 GGT = 3.55365030-05 ERR = 8.47810790-06
RETI: 4.38677040-07 RETC= 7.50536540-06 OuTI= 8.22295650-07 OUTC= 1.40587310-05

unen***********mu*** END OF GRASS OUTPUT FOR THIS TIME STEP ****memennun** mumm **

Fig. 35 (cont.)



. . ~
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'|
!
1

. .. GRA$3 CUTPUT _

TPAtt3IENT TLts 0.13730000 2 *04

Artat trc71rms 1 RADIAL SEgIIONS 1

RSa r.Jis 1.7425500-01 R$tK+1.Jia 2.532E9CS-61 Tstr. Jim 2.8875230+03 Tstue1.Jt=2.8875200*t3 Ponos a 7.4754000-02MLT a 1. gee 6C00-81 VCLtME = 1.8172630-41 PRFOLD = 9.2918500-01

TKI 3.12300C0+4I~TCRAs* 0.8 OTOTs 1.80000438 TFFva 9.99800*12 GSIMo 3.099=0+12 Gnos 1,00000-93 OCita 1.99960-17

LATTICE S12E CLASSES
4 9A4 710 20RRF BY5AT _BOLTCr 30ATOL_8vmm

1.09000D+43 7.447130-38 2.915340-02 8.8 8.908185-11 8.908180-11 0.8
1.3M190 87 2.879110-85 5.64 M7D-14 0.8 1.943520-14 1.943520-14 0.8

f ACE SIZE CLAS3
1.17774a*37 2 304280-ts 3.7125 ts-14 a.e

1.84730-e4
Ease 312E Ctast

1.031000 07 2.090760-05 5.47771D-14 s.4
R 951312-89

J

q TAU = 1.0000000-91 N. 1.000C000-01 seccT= 1.5000000-01 leis 2.2632000 04

JISIEZEUUCN51ELONJft#9EEtti. 3n
__ _ EOGE 9.90530+10

'
REGION 1 LTCE 3.79010+15 7.81443+12 FACE 4.61270*67

FLUKEIta 1.49420+13 1.26630*t7 0.0 8.8 POKGeYt tle 0.8 8.8 Sete 0.8.

J K RPIN BVKJ R3K PRSS
1 1 9.9994680-81 3.5818620-01 1.2198400-05 1.0440C00*s3

_EssEC.55y4470-f 5_Litup9.8713%40-81JKIsJ.123ccact,03 avs = P.64073800-01 rser. s stiv7 ten-a1 m an. P tit 77t9n.at
GouTus 2.33375420-85 FACEFR4.e7835510-06 TKIce 3.122MC00*03 avsFs 7.0398%40-85 Ef9Fa 0.0 ACAENs 1.19620870*03 H
FaaKs 6.56728860-81 EOGEra*1.28570810-02 SEQUTs 2.24248930-12 BYSEs 9.48429340-02 FEFs 9.29141300-01 SETAs= 7.16179770-41 H

g
, _,.,,,m 4. ,

twss 3.5817.,6230-81 RGJs 1.21984040-45 83RJs 2.24248930-12 AGELs 3.38846400-81 RGGFs 2.91830280-06 AGets 4.41335570-03
FeRJs 6.56728860-81

_P00lGIAL9
FdiATs 6.56720.543-41 asta 1.21984040-85 GTOUTs 2.24248930-12 GRris 2.33379420-45 esT= 3.55364470-85 Enna 8.47404390-06
RETIs 4.32357290-07 RETCs 7.40579470-06 QUTIs 8.28120510-07 OUTCe 1.41683890-05

. a END OF GRASS QUTPUT FOR THIS TIME STEP * .. .

. .._ _ ______- ._ . f. .. 9........ 9....f. 9.... . , . tante g
OELis 6.8 NFAD4T. IRE AD . !P. !RSTAN .ITRAN.kF LX.NDPie 0 0 0 0 0 0 t

.

TIME RC6L ROSF RG6E FOR,

T13. DATA 1. DATA-17584. 3C0C/CM.10 tm Are 3.0 AT. Eu
i __L99tt'Xht3.LGtatCQttt2.CCK50-ItL2 0 a.9

9.csiS30 c5 9.233960-8 5 7.11a310-02 e.o 8.8
1.434340*e7 6.C48690-01 6.t?7260-62 1.558330-81 1.79C250-01
2.77016t*e7 4.936880-413.123393-021.130350-013.65c410-81

_h301970 * P_iE0320- B LZJt926n-32 1.21798a-D23.706910- 81
5.449790 07 3.773370-01 1.5327 3-42 6.511310-02 5.4161 0-01,

6.78963t*07 3.394470-61 1.274543-02 5.385010-t2 5.937390-01
2.746 0 3*S2 3.395680-91 1.759760-06 3.812750-82 6.222940-81

A4908?1* S21392440-0 L5.63192n -3L2J0 M2-42A336%e-81
8.238333 02 3.391s to-81 1.36w o-c6 1.418560-02 6.r.67su-01
1.09s430.e3 3.398013-012.410910-c6 8.876690-03 6.521123-41
1.3730C0 03 3.388'*60-012.913300-06 4.413360-93 6.567290-01

Fig. 35 (cont.)
.
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III. CLAD PROPERTIES FOR Q)DE VERIFICATION

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

I

i 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 UO f"*12

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

t

fuel and cladding during power transients. In addition to the localized

stress, a high-burnup fuel cladding is also characterized by high-density
radiation-induced defects (RID), mechanical constraints imposed by pellet-
cladding friction, compositional changes (e.g., oxygen and hydrogen uptake
associated with in-service corrosion), and geometrical changes due to 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 (LME, associated with elements such as Cd) mechanisms have
!

l been well established for local breach-type failures of irradiated and unirra-

j 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 af ter a high burnup, is in progress.

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 absence of simulated fission

| Product species. The deformed and fractured spent-fuel cladding specimens are
;

- - - ,n.,,w .v---, , , , - . . - - - , - - - - - - . . , - . . . - ~ - . .,,,-..,--a ,.,,.,-.--w--- w , - - . , - - ,n,--- .-,-,-,,,,e- , - , - - - - , -
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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 cladiling.

| 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.
I

i

B. Chacteristics of Brittle-Type Fracture of High-Burnup Fuel Cladding Under
.

1

j Internal Gas-Pressurization Ioading (H. M. Chung and F. L. Yaggee) I

:
.

|

1. 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 previously.36 A brittle-type PCI-like failure was

i

usually characterized by small diametral strain at failure, negligible wall
1

; thinning, pinhole or tight-crack morphology of the failure site, numerous
,

| 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

f described in an earlier report,37 have been evaluated during this period to
.

identify brittle-type fractures. |,

!
,

d- 2. SEM Examination of H. B. Robinson Cladding |

t i

I

Fracture surfaces of several Big Rock Point and H. B. Robinsont

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.
I

1
I

!
'
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TABIZ XIII. Summary of Stress Rupture Test Beaults for Spent Zircaloy Fuel Cladding

Failure Average
Fuel Fgace,2 Test Failure Diametral Diametral

10 n/cm Temp., Hoop Stress Time, Strain, Strain Rate.Specimen Burnup,
~INumber Reactor Material Wd/kg U (E > 0.1 MeV) 'C MPa kai h I s F"p

b165AC10 Big Rock Foint Zircaloy-2 22.4 3.3 325 384 55.6 1.0 1.1 3.0 x 104 0.95
165AE4A 3.3 325 344 49.8 25.1 0.8 9.0 x 10~7 0

165AE4B 3.3 325 337 48.8 207.6 0.4 5.4 x 10-9 0.78
1659-21 4.0 325 514 74.5 7.9 1.0 3.5 x 10-7 0

' ' ' ' ''

Zircaloy-4 27.7 4.4 292 552 80.1 113.2 11.7 3.0 x 10~7 0 %217A2C H. B. RobinsonC

21732B 292 545 79.0 108.2 2.5 6.0 x 10-8 _
*

'

21754B 292 498 72.3 218.5 1.4 2.0 x 10-8 0.14
217C2B 325 469 68.5 236.7 2.4 3.0 x 10-8 0.17
217C43 325 315 45.8 311.6 - - 0.40

' ' '' '
' '

217A4B 325 315 45.8 294.2 - - 0.12

aMaximum fraction of wall thickness exhibiting pseudocleavage plus-fluting features in the fracture surface (see text).
bride layer thickness: 0.5-10 se on inner surface and 50-70 we on outer surface.
c

j oxide layer thickness: 0.5-7 inn on inner surface and 20-3r um on outer surface.
I

i
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|

Figure 36(A) shows the outer-surface crack morphology of the specimen, which
indicates that the cracks initiated on the outer surf ace 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 iiigher magnifications in Figs. 36(C) and

I (F). Figures 36 (D) and (H) show ductile-f racture surf ace 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). '

,
,

!
|

?
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'

*

i G| -

, ,.

* 1-. .

b e+m
*

n

Q(AQ:pu
i MC x, .s

; ;,: w;- ~ L.w-
., e - .

Fig. 36. SEM Fractographs of H. B. Robinson Reactor Cladding Specimen 217C4B
(see Table XIII) af ter 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 c,f (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 Fp

parameters, are listed in Table XIll. Figure 37 shows an example of a Big

Rock Point cladding fracture surface which corresponds to an F parameter ofp

about 0.61. A similar f racture surface of an H. B. Robinson cladding tube

shown in Fig. 38 corresponds to an F parameter of about 0.17. Failedp

, ,

(,

,.
, h s ?

?' \'' .O ' '

' .,, ' .

| .f.
,

-

\ .. s s,

| - b,.
,,

' ,''

,
,.

r, - . :, , s
.

. -

.,.
'

1r - '
,

j. . -. ),

,

, '|- J'' -

, .

>
5 *,, <.,<g., -.. s

.. ( g' . ,
,,

* '
~

nq 14 7, hy " .p '' T ,.
-

..

( g. ..
.

,' n..us .. -.

>

Y sr- ~.i ?

f.," , i..h[.-4
| '.

Q #' ,\ j .

.;/) .,,
, ,

'
. ,y_

.I % .O, &'y( t M '. ,p:. g'
.

.

,E' Ifh f
. ~ p u,. g- ,: _ Qt; 9

'

9 k'. # * !_
.

",5

Gi A ' U( n'_ i
'

: ~ . , ,

Fig. 37. Fracture Surf ace 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.
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Fig. 38. Fracture Surface Morphology of H. B. Robinson Reactor Cladding
Specimen 217C2B af ter Fracture by Internal Gas Pressurization.

i Pseudocleavage is visible over ~17% of the distance from the outer
to the inner surface.

specimens with large F parameters were also associated with small diametralp

strains, usually less than about 1%, and with negligible wall thinning in the
.

! failure region.

l

i

|
3. Crack Initiation and Propagation

In all the specimens with non-zero F values (Table XIII), thep

through-wall cracks propagated f rom the outer to the inner surf ace of the

cladding tube. Under internal gas pressurization loading of the cladding

tubes, the ef fective stress at the inner surface is slightly greater than that

at the outer surface, i.e., by ~1% for the Big Rock Point cladding and -0.3%

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

hoop stress is exerted on the metal as a result of the volume expansion

associated with formation of the oxide layer (see Table XIII for oxide layer

thicknesses). According to the measurement reported by Bradhurst and Heuer,38

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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surface. This model is consistent with the crack distribution revealed in

Fig. 39. In this figure, numerous cracks in the metal can be observed at the

outer surface, which is cevered by an oxide layer. Iloweve r , in the region

(bottom photograph of Fig. 39) in which the oxide layer spalled and tensile
stress was thus relieved, no such cracks are observed.
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| Fig. 39. Cross Sections Obtained f rom Regions Opposite the Brittle-Type
| Through-Wall Fracture Site of Big Pock Point Reactor Cladding Tube |

165AE48, Showing Distribution and Morphology of Numerous Partially
i

Through-Wall Cracks. Note the absence of cracks in the outer-
; surface region (bottom) from which the oxide layer spalled; here,
I loss of the oxide layer relieved the intrinsic tensile stress ,

| associated with metal-to oxide volume expansion. I
!

To verify the hypothesis regarding the influence of the oxide layer

; on crack initiation and on propagation direction, the oxide layer on a smooth
I

J region of the outer surface of a Maine Yankee reactor cladding tube was I
i

| removed by mechanical abrasion and the specimen was subsequently ruptured at
I

!

|
|

i

|
i
i

. _
._ .
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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 creet

(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 en crack initiation and propagation under simple

! gas pressurization loading conditions. The observation is consistent with the

inference discussed in association with Fig. 39.

If similar tests were performed with iodine added to the internal

pressurizing gas, it is likely that the cracks would be nucleated on the inner

surface and propagate toward the cur.er surface by an SCC process. However, if

the outer-surface oxide. layer were sufficiently thick, partial cracks might be

nucleated on the outer 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 conditions similar to those in the present

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

C. IEM-HVEM Analysis of Zrq0 Precipitates (H. M. Chung)

1. Introduction

The morphology and orientation of the Zr30 phase observed in asso-

! ciation with the brittle-type, FCI-like failures of the Big Rock Point and

H. B. Robinson spent fuel cladding has been reported previously.36,40,41

Further results of TEM-HVEM analyses, reported below, provide a better under-

standing of the precipitation characteristics of the Zr30 phase. Some orien-
40,41 are described. Thetations that differ from the previously reported ones

|

|
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(D) crack morphology of the inner surface, showing initiation of
numerous partial cracks; and (E) higher magnification of (D).
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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

// UO M , [I2iO]Zr 0 ON **
(0001)Zr3

a. 0 a a
3

The diffraction patterns containing reflections from a-Zr

(a phase) and Zr30 (ayy phase) and indexed in Figs. 41 and 42 are similary

i to that of Fig. 14 of Ref. 41. Both patterns reveal an orientation

[1T00]Zr3 // [1713],, (1121)2r3 0 MU W eh is equivalent to0 0 a

(0001)Zr30 // (10I0),, [T2T0]Zr3 ne Mraction analysis0 a.

|

.-
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Fig. 41. A Selected Area Diffraction Pattern from Big Rock Point Reactor

Cladding Specimen 165AG10 Showing Zone Axes [1213]a // [1I00]Zr3 0

and Planes (01T1), // (1121)Zr$ns from a-Zr, Zr30 Subscripts a, s, and x
denote, respectively, reflecti 0 precipitate,
and X-hydride.

shown in Fig. 43(c) reveals Zr30 superlattice reflections of (56T1)Zr30

and (551T)Zr30aMth W MHO z e am d de e maw. hmemm

double diffraction spots arising from the Zr30 reflections are visible in the
selected area diffraction pattern of Fig. 43(C). The orientation revealed in

0 // (10T0)a, [I2I0 0 Md *Fig. 43(C) is also equivalent to (0001)Zr3 Zr30 a
In Figs. 43(D) and (E), dark-field images of the double diffraction of

(5 FIT)Zr30 are shown. Zr30 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).

(112T)Zr3 // (01T1),, [1T00]Zr3b. 0 0 "

The diffraction pattern indexed in Fig. 44 shows zones of a-Zr

and Zr30 identical to those of Figs. 41 and 42, i.e., [1213) ,and [1TOOZr30*
However, in this orientation, the Zr30 pattern is rotated 60' counterclockwise
with respect to the [T2T3], zone axis of the a-Zr. Thus, the orientation can

be denoted by (112T)Zr3 // (01T1),, [1T00)Zr3 U MM M er0 0 a.
selected-area dif f raction pattern that reveals an identical orientation is
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shown in Fig. 45(C). In the bright-field image of Fig. 45(B), parallel moir6
patterns were produced as a result of the strong superposed reflections of

(0171) ,and (112T)2r3 ' "" # * * * *0
and agrees well with the calculated value of 44.64 A. The spacing can be

calculated from the equation

Zr3 0 a
dig 7g 0111+9

D= (58)*
Zr30 a

d :d
1171 01T1

where the interplanar spacings of (1171)Zr30 ad NO, am gh h,
respectively,

Zr30d = 2.475 A and d = 2.461 A. (59)5

1121 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 Zr30 phtse, 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 Zr30 Phase

The (551T) and (56T1) superlattice reflections of the Zr30 phase,
shown in Fig. 43(C), are characteristic of this phase. Similar superlattice

reflections, produced from scattering by ordered oxygen atoms, have been
reported elsewhere.41 The HVEM micrograph shown in Fig. 47(C) also contains

- _. _. _ __ __. _ _. _ __ _ _ _ - _- - . _ . _ _ _
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many Zr30 superlattice reflections including ('l203)Zr3 and (310 )Zr30 * D*0
41scattered amplitudes of the lat:er reflections consist of an atomic

scattering factor of oxygen (fox) nly, and are given by
|

*

FF=4(cos*)f (60).
6 ox ,

|
,

Observation of the superlattice reflections is convincing evidence for the

existence of the Zr30 phase. "
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4. Discussion

The commacn observation of the Zr30 phase in association 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 second 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

Zr30 structures, which indicates that the individual dislocations were
decorated by the Zr30 phase. The morphology of the Zr30 phase observed in
association with dislocations [i.e., Figs. 45(B) and 46(E)] is consistent with

the model of strain aging which is attributed to migration of oxygen atoms and

interaction with dislocations.42-44 In this regard, one would expect to be

able to. identify the Zr30 phase from a similar TEM-HVEN analysis of unirra-
diated Zr-0 alloys that were strain aged at about 320*C. Veevers and

45Snowden reported bright-field TEN images from such specimens, similar to

what was observed in this investigation and subsequently identified as a Zr30
-phase. However, an analysis of corresponding diffraction patterns from the

images was not reported in their study. The morphology of the Zr30 phase,
observed in association with dislocation substructures, and the lack of slip

-dislocations indicate that the brittic-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 electron micrographs obtained for test speci-

42,44,45 indicate thatmens of unirradiated Zr alloys subjected to strain aging

it is unlikely that all the dislocations could be immobilized 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 fracture 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



134

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-1,,ike morphology of the Zr30
precipitates, discussed in association with Fig. 46, indicates a segregation
and enrichment of oxygen at the irradiation-induced defects and subsequent

*formation of Zr30 particles. The irradiation-induced formation of the Zr30
phase is similar to segregation of oxygen interstitials to irradiation-induced

defects reported in association with the radiation-anneal hardening phenomenon
40'47 and V48-50 Once oxygen atoes are segregated to the defects andof Nb

Zr30 precipitates are fermed, the irradiation-induced defects will be
strengthened as barriers to slip dislocations, and consequently, 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 of

vacancy flow. Strong binding between a solute atom and 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-

gation.51 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 atcas are accommodated more readily in interstitial sites

than are 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 concentrstion; this results in enrichment of

the undersized solute atoms near the point defect sinks.51 on the contrary,

\'
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oversized solute atoms will be preferentially accommodated in substitutional
sites and will, therefore, tend 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 al.52 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 via an interstitial mechanism. Therefore, according to the model of
Wiedersich et al.,52 segregation of oxygen is predicted to occur to
irradiation-induced defect sinks in Zircaloy fuel cladding. This prediction

is in agreement with the TEM-HVEM observation reported in this investigation.

|
|

|
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IV. IDNG-TERM EMBRITTLEMENT OF CAST DUPLEX STAINLESS STEELS IN IMR SYSTEMS

Principal Investigators:
O. 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 within the ferrite phase of the cant stainless steels leads to

variability in properties, increased susceptibility to 0 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.54-56 The
ferrite content of the cast structure has a pronounced influence on the

embrittlement behavior. For example, at the operating temperature of UWRs,
i.e., 316*C, the impact energy of cast structures will decrease below 40 J
-(~30 ft-lb) af ter ~19 yr of service for structures containing about 14%
ferrite and af ter only 3 yr of service for those containing 40% ferrite.

54In the temperature range of 300 to 400*C, the data 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' precipitation contribute to
embrittlement. The available information on the microstructure of aged, cast

duplex SS is 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 SS also influence the
aging behavior and add to the uncertainty of ptedicting the long-tera

embrittlement 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 asterials af ter long-tera aging at reactor opera-

ting temperatures, (3) characterize the loss of fracture toughness in teras of

fracture mechanics parameters in order to provide the data needed to assess

the safety significance of embrittlemnt, 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 Procurement

Nineteen different heats of stainless steel cast asterial, ASTM

A-351 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%. Sections from five

different centrifuga11y cast pipes (grades CR-8 and IM), a pump impeller, and
a pump casing (grade CF-8) 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 us, 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 that this range of asterials will encompass vir-

tually all those asterials encountered in reactor service. The testing will

emphasize materials obtained from actual reactor components. The nineteen

.. . . ._
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TABLE XIV. Chemical Compositions of the Experimental Heats of Cast Stainless Steela

Ferrite

Heat Composition, wt % Content,b

Number Grade Mn Si Mo Cr Ni N C %

61953 CF-8 0.70 1.28 0.35 19.62 8.86 0.045 0.07 7.8
61958 0.66 1.21 0.29 19.56 10.37 0.040 0.05 4.5
61957 0.69 1.24 0.28 18.45 8.94 0.041 0.06 4.7
61959 0.63 1.14 0.26 20.35 8.95 0.040 0.07 9.9
61961 0.70 1.20 0.27 20.54 8.59 0.060 0.06 12.1

61960 0.71 1.01 0.26 21.02 8.07 0.050 0.07 16.9

61956 0.60 1.16 0.30 19.33 8.93 0.031 0.06 8.1
61954 0.58 1.08 0.31 19.42 8.91 0.073 0.065 5.3

C
62047 CF-8M 0.71 0.60 2.36 19.41 9.13 0.030 0.06 17.9 m

61963 0.69 0.75 2.52 19.39 11.22 0.030 0.05 9.1
61962 0.84 0.64 2.46 18.38 11.35 0.030 0.07 4.2
61965 0.66 0.63 2.53 20.95 9.39 0.060 0.6 22.3
61964 0.70 0.71 2.41 20.87 9.01 0.030 0.05 32.2

61952 CF-3 0.63 1.04 0.31 19.51 9.07 0.049 0.021 10.9
61949 0.66 1.11 0.29 19.32 10.10 0.064 0.022 5.1
61950 0.67 1.26 0.28 17.83 8.84 0.064 0.019 4.4
61951 0.66 1.06 0.28 20.36 8.69 0.048 0.023 17.5
61947 0.65 1.23 0.45 19.67 10.04 0.027 0.018 10.2

61948 0.67 1.21 0.26 19.42 9.90 0.071 0.016 6.0

aKeel blocks, approximately 203 mm long x 127 tall with the third dimension tapered from
63 mm to 36 mm.

bCalculated from composition with Hull's equivalent factor.

-

. . , .
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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

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

obtained from ~2000-lb laboratory heats in the form of 76-am-thick slabs. The

large experimental heats will be used to fabricate 2T compact-tension
specimens for JR 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. Freliminary
tests were carried out to determine the temperature gradient in the furnaces

and the accuracy of temperature 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.

2. 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 steels.54 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-BM stainless steel (heat
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

_ - _ - _ _ _ _ _ _ _ _ _ _ - _ - _
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transmission electron microscope (TEM) samples from the cast materials. The
ferritic alloys were supplied by Allegheny Ludlum Steel Corp., and have been
use.d in a study of the "475'c embrittlement" phenomenon at temperatures
between 371 and 593*C.4 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.

TABIZ XV. Cheales! Compositions of Steele Used for Microstructural Evaluation

Designation Coseosition. vt % Ferrite Content, 2

Heat Grade Mn Si Ho Cr Ni P S N C Calc." Meas.

Cast Staiclass Sreel

B CF-8A 0.89 1.34 0.52 21.13 8.44 0.019 0.014 0.165 0.046 9.2 -

278b CF-8 0.28 1.00 0.13 20.20 8.27 0.008 0.019 0.027 0.038 19.00 15

280b CF-8 0.50 1.37 0.25 21.60 8.00 0.015 0.006 0.029 0.028 38.7 38

286b CF-8M 0.40 1.33 2.44 20.20 9.13 0.044 0.015 0.063 0.072 18.8 22

Ferritic Steel

26-15 - - - 0.97 26.0 0.14 - - 0.019 0.0 30 - -

29-4-2 - - - 3.90 29.6 2.20 - - 0.011 0.006 - -

aCalculated from composittee with hulla equivalent factor.
heats obtained from George Fisher, Ltd.

3. Sample Preparation

Work on sample preparation techniques has reached a stage where TEM

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 Isomet low-speed saw,
and then grinding and mechanically polishing the wafers to 0.25-mm thickness.
TDi disks 3 nun in diameter are punched from the wafer. The disks are then
sequentially electropolished from both sides with a South Bay Technology model
550 single-jet 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

. _ _ _ _ _ _ _ _
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and ferrite phases were attacked preferentially under almost all polishing

conditions. This often caused inclusions to fall out, leaving large 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 acthanol, and (3) a 17% perchloric acid,19% ethanol,

27% 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 ethylene 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 and 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, of ten 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

~

the low voltages employed. The solution had to oe changed of ten to maintain

good results.

Solution 3, described by Solomon and Levinson,58 produced the best
results with a high rate of success (>90%). 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.

4. Microstructure of Aged Cast Duplex Stainless Steel

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 pattern. This

precipitate is believed to be the a' phase. The TEM images generally confirm
the presence of the a' phase in ferrite alloys 57,59,60 and duplex stainless
steels.56,58 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 preparation.56,61 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

.
.
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Fig. 49
Diffraction Pattern at (011) Orienta-
tion in Ferrite Phase of A351 CF-8A

^
Cast Duplex Stainless Steel Aged for
1000 h at 475'C. The complex pattern

-

- of weak spots is due to precipitates
that formed on dislocations.
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be only one orientation variant (i.e., all diffraction spots produce images of

all the precipitates), the diffraction p a t t e rn is complex and the phase has
not been identified. Positive identification of the phase would probably

require ext raction of the precipitates f rom the matrix.

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

George Fisher, Ltd. was initiated with the CF-8 specimen that was aged at
400*C for 10,000 h. 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 mat rix reflections, indicating
that the precipitates are not a'. However, the diffraction patterns were
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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.

5. Microstructure of Aged Ferritic Alloys

The microstructural observations for the aged ferritic alloys were

essentially identical to those reported by Nichol et al.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

(A)

0.2 pm ,,
. .

Fig. 51. Ferritic Steels Aged for 1000 h at 475'C.
(A) 29Cr-4Mo-2Ni; (B) 26Cr-1Mo.
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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,62 22Cr-0.04N alloys aged at 500*C,63 and 26Cr-5Ni-1Mo
steel aged at 500*C.64 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.

Most investigators 57,62,64 have interpreted the platelets as m'
precipitates. However, Hendry et al.63 have rejected this notion, noting that
the s' 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 n'. Dark-field micrographs

showed that the platelets were typically (5 nm in diameter and (2 na 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 Ou should not be visible until they are
at least 5 na 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 stainless 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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