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ABSTRACT

This progress report summarizes the Argonne National
Laboratory work performed during October, November, and
December 1981 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, and Clad Properties for Code
Verification,

NRC
FIN No.
A2016 Transient Fuel Response and Fissicn-product Release
A2017 Clad Properties for Code Verification
A2212 Environmentally Assisted Cracking in Light Water Reactors

ii



TABLE OF CONTENTS
Page
EXECUTIVE SUMY L I B .I.'.l.........l.....l.'.'.........l..l..... v
: ENVIRONMENTALLY ASSISTED CRACKING IN LIGHT WATER REACTORS ........ 1
A. Leak Detection and Nondestructive Evaluation ......cieceveveecscas 2
I ERGIE RN .o s 6 660 56555 565 53-8 65565 ABFRS-R 5 NADE SRR Y
a. Leak Detection .....esvee 0 e e 6 1, B I R 2
b. Nondestructive EvaluBtlon sssscsssscossssisssssnnissines 3
Ce Objectives ....ceevecsssssssascssssvssnssssssscsseassassans 3
2. TechniCal Ptogtess Q.l......l.‘l....'O‘C....l.ll...'.'."...l 4
a. Facility Development ....scscessesssssssssssnssnannssnss 4
b. Acoustic Spectra of Steam Leaks ......cccvivirrnnnnnnsnns -
& Ultrasonic Nondestructive Testing ....ccveeesvcccsnsvons 8

B. Analysis of Sensitization ...cicecviensennrcinnnnnans RPN . |

IBEEOdUCELION sonvoosssrsssvvssbaaisnssssnnn b e e AR S s D
s Tecinical Progress ..ecseescsossessssssssnssssennnnss PRSP o

. Crack Growth Rate Btudies .c..icovsosssisssssssssssssosasnsns seevui hD

1. Inttoduction R R R e O I O B I N B A 19
2, Technical Progres® ....cssevscevsossssssssscssnnsssesssssanes SO

D. Evaluation of Nonenvironmental Corrective Actions ......eov00000ee 21

; I IOELOMIEERDN & 500505 5ns 55U e s R 0 0 BT o S0 W R SR
26 Technical ProBress ....cesecsesssscssssasssosssssssssnssssvsns &2

8. CERT EXperiments ....csceovesosssssososssssssssnsssnssnses 42
b. Stress/Strain/Strain-Rate Relations for Sensitized

MOLOERRLE «50ussrstossestsnss susrrssvsspbpspsvinshonisson B
¢. Residual Stress Measurements and Analysis ........00000. 24

E. Evaluation of Environmental Corrective Actions .....cceveessssenss 37

1. Inttoduction L A A L A A N R I B 37
2. Tochnicsl PLOGTEBE ssesvcessnscsssnnssssssosssssbssssansrssne I

a. Experimental Facilities ...cccecseccesccscssssscvsssense 37
b. Experimental ReSUltS ....ccocesecscsssssssesssssscssnsnse I8

Fc mchanlstic Studies R T I A B l.l

iii



TABLE OF CONTENTS (CONTD.)

TRANSIENT FUEL RESPONSE AND FISSION-PRODUCT RELEASE .
INEXOAUCERON sosisrsninivsssrssssrissssarmivERvnyasies
Modeling of Fuel/Fission-Product Behavior ............
1. Volatile Fission-Product Source Term Evaluation with the
FASTGRASS Computer Code ......... P PR
2. Modeling of Grain-Boundary Separation during Thermal
Transients . . sHIIBEBABY RS S 00
a. Grain-Boundary Cavitation Models .....
b. Calibration and Verification .........
Ce Improvements in the Assumptions .....

CLAD PROPERTIES FOR CODE VERIFICATION ..........

INEEOdUCEion sesovvvinesnei

Failure Characteristics of Big Rock Point Reactor Fuel Cladding
after Stress-Rupture Testing . PR ST

1. Ductile Failure Characteristics ..cisesevsese apmnasasse R e res S

a. SN BURIMBEEON s ccasonibssbsrinnsrbrnisesabisaseeiisnnen PO
b. TEM EBvaluation .ccesevssvesensonins T el UL R Wk e iy L

b Brittles Failure CHAraCRaristits isssssssvnsasismevosionnssoane Bl

a. BN BB LGRE RO o dinist i s e e e 0 6 i LB T 5 - ke 5 AT - D
b. TR BVSLUBELIOR. & o5 550 ¢ be5esss6seimssnsapsypnseyrsesens s O

6 Summary ...... 53 S 48 SRy A S TR S SRR i

Cs Internal Mandrel Loading Experiments on Irradiated Zircaloy Fuel

Cladding ..... L I I A O O MR R R T I I L 84
1s Mandrel Calibration .....ccosese & slaw R PSR S
2. Mandrel Loading TeSts ...eeeescercncncsss ssxssprarsenbberssene SO
3. Future Progress ...... SRR PR RNE AP RS PP gap g St |

REFERBNCES R R R e R R N R R R NN 94

iv



MATERIALS SCIENCE DIVISION
LIGHT-WATER-REACTOR SAFETY
RESEARCH PROGRAM:
QUARTERLY PROGRESS REPORT

October—December 1981

EXECUTIVE SUMMARY

ENVIRONMENTALLY ASSISTED CRACKING IN LIGHT-WATER REACTORS®

The experimental facility for acoustic-emission leak detection is now
completely operational. Tests have been run on steam and water leaks through
circular orifices and slits and through field-induced intergranular stress-
corrosion cracks (IGSCCs). Preliminary results on frequency spectra and

minimum detectable leakage rates have been obtained.

Characterization of the sensitization behavior as a function of heat-
treating time and temperature is continuing for the three heats of Type 304
and the one heat of Type 316NG stainless steel currently being used in the
program. Measurements are also being carried out on the ASTM round-robin

EPR test specimens.

A baseline test for IGSCC growth rate under constant load has been com=-
b

pleted. The test was carried out at a stress intensity of K » 18.7 MPa m",
which is lower than that for most of the currently available data.

Work on the experimental facilities is continuing. A second MTS/auto-
clave system for simultaneous crack-growth measurements on three 1T compact-
tension specimens is now operational. Baseline constant extension rate tests
on two heats of Type 304 stainless steel are continuing. Stress/strain/
strain-rate characterization tests of sensitized stainless steel are under

way .

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



Residual stress measurements on the mock-up weldments prepared hv
Battelle Pacific Northwest Laboratories have been completed. The automatic
welding procedure seems to yield more consistent results from weld to weld
than conventional manual welding techniques, yet the average residual stresses
for the two procedures are quite comparable. Thus the procedure seems satis-

factory for preparing weldment and pipe-test specimens.

IT. TRANSIENT FUEL RESPONSE AND FISSION-PRODUCT RELBASEb

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 volatile fission-product (VFP) release must a priori include a
realistic description of fission-gas release and swelling. The steady-state
and transient gas release and swelling subroutine, FASTGRASS, has been
modified to include a mechanistic description of VFP (I, Cs, CsI, CsZMooa, and
C32U04) behavior. Phenomena modeled are the chemical reactions between the
VFPs, VFP migration through the fuel, and VFP interaction with the noble

gases.

The initial response of nuclear reactor fuel undergoing a thermal
transient 1is very critical in determining the final outcome of the accident.
Transient fission-gas behavior can be a key factor in determining the severity
of the accident. Grain-boundary separation (or microcracking) can often
short-circuit normal, slower processes of gas r:lease from within the fuel
grains to the fuel exterior. The Chen-Argon creep cavitation model is coupled
to the FASTGRASS computer code for the prediction of gas release and fuel
microcracking. Model predictions for total gas release and radial profiles of
separated grain-boundary area per unit volume are compared with results of

out-of-reactor transient tests on irradiated LWR fuel.

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

Zircaloy fuel cladding is susceptible to local breach-type failures
during power transients in LWRs because of stresses imposed by differential
thermal expansion of the fuel and cladding. 1In this program, the effect of
strain rate and temperature on the deformation characteristics of {irradiated
Zircaloy fuel cladding is being investigated to provide mechanical-property
{nformation 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 rcds from 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.

The fracture characteristics of several irradiated Zircaloy cladding
specimens from stress-rupture tests under internal-gas pressurization loading
at 325°C have been evaluated by SEM and TEM. Although the diametral strain at
failure for all specimens was small (SI.OZ), differences were noted in the
macroscopic fallure mode; both ductile failures (rupture) and brittle failures
(a pinhole or tight crack opening) were observed. Scanning and transmisefon
electron micrographs of the specimens that failed in a ductile manner revealed
a moderate extent of microvoid coalescence on the fracture surface and
numerous dislocation tangles, cell structures, and preferential slip. 1In
contrast, the specimens that failed in a brittle manner in the absence of
fission-product species in the test environment exhibited pseudocleavage plus
fluting over a large part of the fracture surface, which was similar in
appearance to the surfaces produced by in-reactor PCI-type fallures. A TEM
evaluation of the cladding in the vicinity of the through-wall defect revealed
numerous locations that contained an agglomeration of extremely fine precipi-
tates, primarily in the cell-wall regions of the stress-relieved material.

The brittle fallure appears to be strongly associated with the fine precipi-
tate, which has not been {dentified at this time.

N —
RSR FIN Budget No. A2017; RSR Contact: H. H. Scott.
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The apparatus for investigating the detormatfon and fracture character-
istics of irradiated Zircaloy cladding at low strain rates under mandrel-
loading conditions has heen assembled and initial calibration tests have been
performed. Several mandrel-loading experiments were conducted at 25°C on
unirradiated cladding segmerts that were oxidized in steam at high temperature
to simulate the relatively low ductility and high yield strength of irradiated
Zircaloy. These tests provided informetion on the linearity, accuracy, and
reproducibility of the loading system, the magnitude of the arbor load
required to produce an axial crack in the high-strength materfal, the optimum
specimen length, and procedures for remote handling of the {irradiated
specimens in the hot cell. The results indicate that the mandrel design and
testing procedures are capable of producing reliable deformation data at low
diametral strains that are of interest in PCI situations. Based on these
results, segments of spent fuel cladding that was irradiated in the
H. B. Robinson reactor are being prepared for an initial series of in-cell

tests.
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I. ENVIRONMENTALLY ASSISTED CRACKING IN
LIGHT WATER REACTORS

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

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 pri-
marily 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
objectively and quantitatively evaluate acoustic leak detection systems;

(2) evaluation of the influence of metallurgical variables, stress, and the
environment on IGSCC susceptibility, including the influence of plant opera-
tions on these variables; and (3) examination of practical limits for these
variacvlies to effectively control IGSCC in LWR systems. The experimental

work during the first year of the program will concentrate primarily on prob-
lems related to pipe cracking in LWR systems. However, ongoing research
work on other environmentally assisted cracking problems involving pressure
vessels, nozzles, and turbines will be monitored and assessed, and where un-
answered technical questions are identified, experimental programs to obtain
the necessary information will be developed to the extent that available

resources permit.

The effort is divided into six subtasks: (A) Leak Detection and Non-
destructive Evaluation; (B) Analysis of Sensitization; (C) Crack Growth Rate
Studies; (D) Evaluation of Nonenvironmental Corrective Actions; (F) Evalua-
tion of Environmental Corrective Actions; and (F) Mechanistic Studies. These
subtasks reflect major technical concerns associated with IGSCC in LWR
systems, namely: leak and crack detection, the role of materials suscepti-
bility, the role of stress in crack initiation and propagation, and the role
of the environment. The program seeks to evaluate potential solutions to
IGSCC problems in LWRs, both by direct experimentation (including full-scale
welded pipe tests) and through the development of a better basic under-

standing of the various phenomena.



A, Leak Detection and Nondestructive Evaluation (D. S. Kupperman and

T. Claytor)

3s Introduction

a. Leak Detection

Early detection of leaks in nuclear reactors is necessary in
order to detect deteriorating or failed components and minimize the release of
radioactive materials. Before a nuclear power facilitv can be placed into
operation, the NRC requires that operational leak-detection systems of various
kinds be installed. However, it is assumed that the equipment cannot be per-
fectly leak-tight, and some allowance is therefore made for leakage from
packing, shaft seals, and other =quipment. These leaks are called identified
leaks, and their flow 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 radiocactivity. 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
optimal leakage detection sensitivity, leak-locating ability, and leakage
measurement accuracy. For example, while quantitative leakage determination
is possible with condensate flow monitors, sump monitors, and primary coolant
inventory balance, these methods are not adequate for locating leaks and are
not neces-arily sensitive enough to meet code requirements. Acoustic methods
represent te most promising area for improvement in leik detection. They
have the best chance of success when specific welds are monitored, and the
least when a few probes are used to monitor many welds. However, the ability
to locate leaks and quantify leak rates using acoustic techniques is not well
established, especially since virtually no data are available on acoustic

signals from field-induced IGSCC.



b. Nondestructive Evaluation

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-temperature, low-
pressure lines near the spent-fuel storage pool. It is desirable to detect
any cracks in the primary and secondary coolant boundary and fix them within a
reasonable length of time for safety-related as well as practical reasons; the
NRC "defense-in-depth" philosophy requires that all possible efforts be con-

sidered which may prevent a nuclear accident.

Many of these cracks were missed during ultrasonic ISI and
detected only because of leakage, thereby raising doubts concerning the
capability of ultrasonic ISI to detect cracks. The present ASME Code Section
V and XI ultrasonic testing procedures for ferritic weldments do not appear to
be adequate for the detection and evaluation of IGSCC in austenitic stainless
steel (SS) piping. The detection of IGSCC before the cracks have grown large
enough to cause a leak, 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 mo.t skilled operator.

c. Objectives

The objective of this subtask is to (1) develop an independent
capability to assess the effectiveness of current and proposed techniques
for acoustic leak detection (ALD) in reactor coolant systems, (2) develop a
strategy for hardware realization, and (3) examine potential improvements 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 calibration
procedures for acoustic data acquisition and show whether advanced signal

processing can be employed to enhance the adequacy of ALD schemes.
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2. Technical Frogress

a. Facility Development

The ALD facility was described in the previous report in this
seties.l During the past quarter, a larger preheater was installed in the leak
generating system, and the tubing was redirected so that both the high- and
low-flow meters could be used during the same test. The computer data acqui-
sition system was completed. Temperature, pressure, water flow rate, and
acoustic signal strength can now be recorded simultaneously and continuously
during a test. In addition, the Tektronix computer was successfully inter-
faced to the Spectral Dynamics signal processor. A ,.otograph of the ALD
system is shown in Fig. 1.

b. Acoustic Spectra of Steam Leaks

Six plugs, three each with slit-type and hole-type artificial
leaks, were fabricated during the past quarter for use in the test pipe.
Figure 2 schematically illustrates the two types of plugs. The length of the
leak channel from entrance to exit was 1.27 cm in all cases. The holes were
0.343, 0.520, and 0.787 mm in diameter; the EDM channels were 25.4, 50.8, and
76.2 uym *5 um deep, with entrance and exit widths of 5.08 and 1.27 mm, re-
spectively. Individual parts of the slit-type leak assembly were silver
plated, cryogenically slip-fit together, and finally diffusion bonded.

Three natural IGSCC cracks were obtained from a defective LWR
core spray line of Type 304 SS. An V100-mm-square specimen, containing one
throughwall crack confined to a nonweld area, was machined from the core spray
line and welded intu the test pipe. This crack was 10-20 ym wide, with entrance
and exit lengths of 19 and 2 mm, respectively. Figure 3 shows a leak from
this crack at a pressure of V1000 psi (7 MPa), a water temperature of “500°F
(260°C), and a flow rate of “0.002 gal/min (8 cm3/min). The plume appears
to be almost all steam. As the temperature is lowered to “250°F (120°C), the
liquid phase becomes more evident and the flow rate increases as the fluid

density increases and the flow resistance in the crack decreases.



Two transducers, a Dunegan Endevco (DE) model $9204 (S/N 1432)
and an Acoustic Emission Co. FAC-500 (S/N 35130), were used to measure and
characterize the acoustic leak spectra produced by the artificial leaks and
natural crack described above. The FAC-500 transducer has a very uniform
response over the frequency range of 100 kHz to 2 MHz; however, it is not very
sensitive. It was mounted on the pipe via a thin steel wedge (Fig. 4a) coated
with vacuum grease as a couplant. The DE transducer was attached to a
waveguide (Fig. 4b), and holes were drilled and tapped in the test pipe at
various locations to accept the waveguide. Transducer-waveguide combinations
of this type offer several advantages (i.e., low cost, high sensitivity, and
ease of replacement) for application to leak detection in reactor piping.
However, the end of the waveguide would have to be held in contact with the
pipe by means other than drilled and tapped holes, and the best technique for
in-situ calibration of the acoustic emission transducers would have to be

determined.

Acoustic spectra of the natural IGSCC crack were measured at
frequencies up to 2 MHz at a distance of 112 cm from the leak with the DE
transducer, and at a distance of 109 cm with the FAC-500. A preliminary set of
spectral data extending to 1 MHz, obtained with the DE transducer, is shown
in Fig. 5. No significant spectral power was observed at frequencies above
500 kHz in any of the tests. In the series of tests shown in Fig. 5, as the
temperature was reduced from 470°F (243°C) to 60°F (16°C), the water flow
remained essentially constant but the sound level decreased. (More typically,
both flow and sound level increase with decreasing temperature.) However,
even with cold water seeping through the crack, a measurable amount of noise
was produced. The structure evident in the spectra is probably due to the
waveguide and transducer resonances rather than to an intrinsic characteristic
of the leak. At 950 psi (6.7 MPa), the drop in signal strength at 200 kHz
was about 10 dB for a decrease in temperature from 470 to 260°F (243 to
127°C) and a decrease in flow rate from 0.004 to 0.003 gal/min (16 to 12

cm3/min).

A test to determine the relative intensities of the signals
generated by gas and multiphase water flow through the same orifice was

performed on the 76.2-um slit leak. The acoustic spectra for high-pressure
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hot water and hot nitrogen gas were measured with the FAC-500 transducer. The
results are shown in Fig. 6. Single-phase gas leaks produced stronger signals
than steam/water leaks under similar conditions: At 200 kHz, the difference
in signal strength was 6 dB. As the temperature of the water is increased,
and more liquid changes to steam, the spectrum for the steam/water leak shown

in Fig. 6 should approach that for nitrogen gas.

Theories are available that describe the generation of acoustic
and ultrasonic noise by turbulent flow of a gas or liquid through a pipe. A
description of the noise generated by a crack such as that of Fig. 5 is
approximated qualitatively by turbulent fluid flow through a very thick-
walled pipe with a small ID. This is possible since the noise is generated
at the turbulent boundary layer at the solid/fluid interface. The interface
areas should be equivalent for this approximation to be valid. The pressure

fluctuations on the pipe wall obey the telationship2

@ l‘ 1
Pe © Pgve (1)

where Pg is the fluid density and Ve is the fluid velocity. From Eq. (1),
it is obvious that both liquid (L) and gas (g) flow will generate noise.

However, for a pipe with cross-sectional area A,
= " = 2
Qm pgng OEVQA 5 (2)

where Qm is mass flow rate; since o8 << og. vg >> vo and the noise due to gas
flow will greatly dominate the noise generated by liquid flow. This suggests
that high-pressure steam leaks will generate more acoustic noise than fluid

leaks and hence should be more readily detected. However, the differences in
the noise levels from liquid and gas flows will be smaller when small orifices

are considered and friction and choking effects are taken into account.

We are evaluating cross-correlation as a means of achieving
improved detection sensitivity for location of leaks even in the presence of

background noise. The cross-correlation for time T is defined to be



T
ny(T) = lim i J x(t)y(t+1)dt (3)

T-ro0 z 0

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

zero as the inverse of the number of data records averaged.

An initial cross-correlation test was performed, using the
experimental arrangement shown in Fig. 7. The transducers were positioned
near the ends of the test pipe, a total of 10 m (“30 ft) apart. An electro-
magnetic driver, situated 2.13 m from accelerometer 1, was excited with white
noise (1-50 kHz). Noise signals were received at the two accelerometer po-
sitions and were amplified and filtered to yield signals with frequencies
between 25 and 30 kHz. The filtered signals were then either cross-correlated
directly or sent to an rms detector and then correlated. Results of these
two analyses are shown in Fig. 8. The time delay AT (given by the digital
readout), sound velocity ¢, and transducer locations d1 and d2 are related

by the formula

1 2
At = 1, = T, - . (4)
From the time delay of 3.2 *+ 0.1 ms, a value of 1.78 * 0.05 x 103 m/s was
deduced for the sound velocity. For a frequency of 25 kHz, a velocity of 1.79
X 103 m/s was expected for symmetric flexural waves in the test pipe. This
traveling wave is the wave that is most strongly excited by the leak. The

theoretical velocity for this traveling wave can be computed from the formula3

2
Ls¥an - sHa - ?nnie] + @8 - sHIF,) - [ZL‘;“—":] =0 (5
where
§ = hf/c where h is the pipe wall thickness, f the frequency, and

¢ the flexural wave velocity,

i el
(1 - 0)

where 0 is the Poisson ratio,

S = C/CS where C_. is the velocity of shear waves (see below),

S



m = h/R where R is the pipe radius,

F, = (2mk8)% - (2186)% + 2@ (1 + m2/12) where K = (n3/12)}/2,
and
2

F, = [;]u(m)zu + m2/12) - (2Ks8)? - % oN(5nK) % - -g- (oNSm) 2 .

In the above formulation, C_. = G/p, where G is the shear modulus and p is the

S
pipe material density. Equation (5) was solved numerically to yield C as a
function of f. As frequency increases, C increases. For example, at 100 kHz,
the velocity would be 2515 m/s. In the limit of very high frequencies, C

approaches the Rayleigh wave velocity (above 3100 m/s for steel).

During the next quarter we will attempt to correlate leak
signals from an IGSCC crack and slits or holes. Also, the correlation tech-
nique will be investigated at frequencies higher than 30 kHz. This is impor-
tant because the best signal-to-noise ratio in a reactor system will probably

occur at frequencies greater than 50 kHz.

A sample of Type 304 SS containing a laboratory-induced IGSCC
crack grown by the graphite wool technique was received from the Electric
Power Research Institute. This small crack will be used to generate acoustic
leak signals by replacing the slits presently used in the nonradioactive end
of the ALD system with the cracked piece, cut to fit the existing plate. Such
tests will enable an effective quantitative comparison of acoustic signals
generated by fluid flowing at comparable rates through cracks and through

artificial leaks of simple geometry.

c. Ultrasonic Nondestructive Testing

Cast SS pipe specimens, obtained from Battelle Pacific North-
west Laboratories (PNL), are being prepared for sound-velocity measurements to
establish the anisotropy variations in cast SS and the effect on flaw detection

using conventional and unconventional techniques.






ArmAn




(b)

TO TOP SURFACE

OF WAVEGUIDE

|
\
TRANSDUCER GLUED

12 54cm

l = |—0635cm

\
|
|
1
Fig. 4. Schematics of Methods Used to Attach (a) Acoustic Emission Co. !
FAC=500 and (b) Dunegan Endevco Model $9204 Transducers to
Test Pipe.
|
|
B — [T I T, T
- NATURAL IGSCC CRACK TRANSDUCER MODEL DE S9204 (S/N Kﬂ
_l —
WATER
= -140 WATER/STEAM  PRESSURE, FLOW |
= TEMP °F (°C)  psi (MPa)  (gal/min)
; — 60016 950(66) 0.004
3 -150 -== 260(127) 950660 0003 —
- . ~-— 470(243) 950(66) 0.004
w
& -160 f \ 30148 _
- .‘ n’\
2 A \4
& 70 -~ .
z
-180+—
BACKGROUND NOISE LEVEL
- L | | | TR
% 200 400 §00 800 1000
FREQUENCY (kHz)
Fig. 5. Acoustic Spectra of Steam and Water Leaks from a Field-induced

IGSCC Crack.



LS K Sy ST e
/| TRANSDUCER MODEL FAC-500 (S/N35150)

|
i 0.003-in (75-pum) SLIT
|

PRESSURE,
FLUID TEMP °F (°C)__ psi (MPo)

-~ 300(149) 1000 (69]

——H,0 (0lgom)  390(199)  1000(69)

SPECTRUM LEVEL (dB re Ve/Hz)

BACKGROUND NOISE LEVEL

R R |

400 600 800
FREQUENCY (kHz)

Fig. 6. Comparison of Spectra Obtained with Gas and Steam/Water Flow
through a 75-um Slit-type Artificial Leak.

NOM. 10.75-in. 0D,0.56-n WALL

ol2

|

COLUMBIA

302-6

ACCELEROMETERS
ARTIFICIAL [

NOISE SOURCE
(WILCOXEN F-y

1,

Pipe Configuration for Cross-Correlation Test.




s e 4 4 & g ; 4 LE w

Rab CROSS-CORRELATION

VOLTS 8.9
A v e y - A ' 8 A . -
-10 -3 0.8 S 19
TINE (ms>
(a)
L T T . L g . O B
Rab CROSS-CORRELATION
1.8 ~4
VOLTS 8.0
- — A A e ¥ " ] A A
-40 -20 8.8 20 49
TIME (ms)
(b)
Fig. 8. Results of Cross-Correlation Analyses with Electronic Noise

Source. (a) Raw correlation data; (b) cross-correlation
with demodulated signal.



14

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

2 Introduction

The microstructural changes resulting from thermal exposure, which
produce susceptibility to iutergranular corrosion (1GC), are collectively
known as sensitization. Sensitization is one of the major causative factors
in the IGSCC of austenitic stainless steels in LWR environments. It is be-
lieved that chromium carbide precipitation and concomitant depletion of
chromium concentration in regions adjacent to grain boundaries are responsible

for sensitization.“

Sensitization of austenitic stainless steels such as Types 304 and
316 occurs in the temperature range of about 500 to 850°C under normal iso-
therm.l heat treatment. However, Type 304 SS may be sensitized at tempera-
tures below this range if carbide nuclei are present at grain boundaries.5
This phenomenon is referred to as low-temperature sensitization (LTS). The
LTS phenomenon in Type 304 SS in the teamperature range of 350 to 500°C has
been demonstrated in laboratory experiments. Various laboratory measurements
show large differences in the apparent activation energy for different heats
of material and types of specimen; values ranging from 40 to 65 kcal/mol
have been reported.6 The value of the activation energy is extremely impor-
tant in assessing the possibility of LTS in operating reactors, since extrapo-
lation predicts that at 300°C, LTS would occur within 10 years at 40 kcal/mol
and about 1000 years at 65 kcal/mol. These variations have been attributed
to differences in the amounts of strain, dislocation densities, and/or impur-
ity element contents of the materials, but with the current level of under-
standing, the susceptibility to LTS of arbitrary heats of material cannot be

assessed.

One way to detect and measure sensitization is by assessing suscepti-
bility to IGC. Various chemical and electrochemical tests of IGC have been
discussed  in the literature (e.g., Ref. 7). Five standard tests for de-
tecting susceptibility of stainless steels to IGC, designated ASTM A262
Practices A through E.8 have been adopted by the ASTM. Although not yet
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established as an ASTM practice, electrochemical tests for sensitization
appear promising. They seem to be much more sensitive at low degrees of
sensitization. The most widely studied test of this type is the electro-
chemical potentiokinetic reactivation (EPR) technique, the use of which is
relatively well established for Types 304 and 316 SS.

The objectives of subtask B are to establish the importance of LTS
of materials under long-term reactor operating conditions, and to evaluate the
quantitative capability of the EPR technique to identify the susceptibility
of piping material to IGSCC. The investigations to be conducted include the
following: (a) studies on the effect of thermomechanical history on LTS,

(b) assessment of predictive methods for LTS, (c) examination of pcssible ad-
verse effects of stress-improvement remedies and LTS possibility in alternate
materials, (d) studies on the effect of LTS on IGSCC susceptibility, and

(e) evaluation of the EPR technique and other types of sensitization measure-

ments for applicability to alternate materials.

2. Technical Progress

EPR measurements have been performed on furnace-sensitized Type 304
(Heat Nos. 10285 and 30956) and Type 316NG (Heat No. P91576) SS specimens.
The results are summarized in Table 1. In the mill-annealed condition, grain-
boundary etching was not apparent in any of the heats of material. A solution
heat treatment (1050°C, 0.5 h) did not appreciably influence the EPR value of
the Type 304 SS (Heat No. 30956) specimens that were subsequently sensitized
at 700°C for 2 or 4 h. An LTS treatment at 450°C for 257 h resulted in EPR
values of 10 and 15 C/cm® for specimens of Heat Nos. 30956 and 10285,
respectively. The same LTS treatment produced no measurable sensitization of
the Type 316NG SS. Heat treatments at 700°C for 4 h and at 650°C for 24 and
70 h also failed to sensitize the Type 316NG SS material. It appears from
the results of the LTS treatment at 450°C that Heat No. 30956 is less suscep-
tible to sensitization than Heat No. 10285, although the carbon contents of
both heats are the same (0.06%). Figure 9 shows EPR values for Heat No.
30956 versus square root of heat treatment time at 650 and 700°C. Assuming

Arrhenius behavior of t1ne-temperature-sensitization.4 an activation energy



of 54 kcal/mol for EPR values of 13 to 15 C/cu2 is obtained from Fig. 9.

The repetitive EPR measurement procedure was discussed in an
earlier report.9 Preliminary results from highly sensitized (>15 C/cmz)
Type 304 SS specimens showed that the effect of repetitive polarization on
the EPR value was so small that this procedure could be used for multiple
data generation. In contrast, the EPR value for lightly sensitized specimens
decreases significantly with repetitive polarizaticns, as shown in Fig. 10.
The decrease in the EPR value may have been caused by dissolution and removal
of a discontinuous network of chromium-depleted grain-boundary regions at the
specimen surface, or by the formation of a surface film during the preceding
polarization. Thus, the repetitive polarization procedure does not appear to

be useful for lightly sensitized specimens.

Eight ASTM round-robin EPR test specimens (second series) were
received from ASTM Committee G-1 08. The specimen holder of the Princeton
Applied Research Model 350 unit was modified to be compatible with these

specimens. The specimens are being ground and polished.

The stability of applied load in the constant-load SCC test facility
has been examined. A load fluctuation of up to *3% was observed over a 12-

hour period. Pressure accumulaters will be installed to reduce the load

fluctuations.
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Table 1. EPR Measuremcnts on Types 304 and 316NG SS Subjected

to Various Heat Treatments

Alloy Heat No. Heat Treatment EPR, C/cm2
304 30956 Mill-annealed Nca®
650°C/4 h 9
650°C/24 h 16
700°C/2 h 13
700°C/4 h 14
sHT® plus 700°C/2 h 13
SHT plus 700°C/4 h 14
SHT plus 700°C/10 h 18
SHT plus 700°C/15 h 22
SHT plus 700°C/16 h 23
SHT plus 700°C/15 min plus 500°C/24 h
700°C/15 min plus 500°C/24 h 9
v 700°C/10 min plus 450°C/257 h 10
10285 Mill-annealed NGA
700°C/15 min plus 452°C/120 h 8
v ‘ 700°C/10 min plus 450°C/257 h 15
316NG P91576 Mill-annealed NGA
650°C/24 h
650°C/70 h
700°C/4 h

700°C/10 min plus 450°C/257 h

ANGA: No grain-boundary attack.

bSHT: Solution heat treatment, 1050°C/0.5 h.
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Fig. 9. EPR vs Heat Treatment Time for Type 304 SS (Heat No. 30956)
at 650 and 700°C.
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Fig. 10. Repetitive EPR Measurements of Lightly Sensitized Type 304 SS.
Numbers on curves represent the sequence of the measurements.
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C. Crack Growth Rate Studies (J. Y. Park and W. J. Shack)

' Introduction

The early instances of IGSCC in operating BWRs generally occurred
in smaller pipes, and the response tc the detection of IGSCC was generally
to repair or replace the cracked piping immediately. It is now clear that
for reactors with standard Type 304 SS piping material, cracking can occur
anywhere 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 dealing

with cracked pipe.

Understanding crack growth behavior is, of course, important for
other reasons besides assessing the safety implications of flawed piping. A
better understanding would permit a more rational extrapolation of laboratory
test results to the prediction of operating-plant behavior. Current work on
the measurement of crack growth rates seeks to characterize these rates in
terms of the linear elastic fracture mechanics (LEFM) stress intensity as
well as the level of sensitization and the amount of oxygen present in the
coolant., However, both current mechanistic studies of crack growth and some
experimental data indicate that coitrary to the LEFM model, in which the
crack velocity depends only on the current value of the crack-tip stress in-
tensity K, the crack velocity depends strongly on the geometry of loading and
on the nature of the remote external loading (constant extension rate, con-

stant applied force, and constant displacement).

The work under subtask C 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 specimen

geomeiry on crack propagation rates will also be considered.
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2. Technical Progress

A crack growth rate test on a compact tension (1TCT) specimen with
an applied stress intensity of K = 18.7 MPa mB in a BWR-type environment with
8 ppm oxygenated water at 289°C has been performed. The specimen was fabri-
cated from Type 304 SS (Heat No. 10285) and was furnace-sensitized to an EPR
level of 8 C/cmz. The specimen was cycled under a sawtooth waveform with a
slow rise (495 s) and a rapid unloading (*5 s) with a peak stress intensity
K = 18.7 MPa mB and R = 0.1 to initiate the crack. Previous experience has
shown that cyclic loading at these low frequencies produces intergranular
cracking; this will be checked in the post-test examination. Compliance
measurements indicated that a crack had initiated after 1100 cycles. The
test was then continued under constant load (K ~ 18.7 MPa m%). In-situ com-
pliance measurements during the latter part of the test indicated crack
growth at a rate a = 2.5 mm/yr. After incremental crack growth of 0.3 mm,
the test was interrupted because of a pump failure and resul:ing oil con-
tamination. After the pump was repaired, the test was resumed under the same
cyclic load used before to restart crack growth. The specimen has accumu-
lated over 5000 load cycles since resumption of the test, but no evidence of
additional crack growth has been obtained from the in-situ compliance method.
Testing on this specimen will be terminated if crack growth is not reinitiated
within an additional 3000 load cycles, and new 1TCT specimens will be tested.

Efforts have continued to set up an ac potential measurement system
as an alternative to the preseu:t compliance technique. Potential measure-
ments permit continuous monitoring without the need to interrupt the loading
cycle. This method has now been used to measure crack length in mock-up 1TCT
specimens containing EDM notches. A sensitivity of 0.85 volts/in. for
crack-length increment and a temperature dependence of 0.07 volts/°C were ob-
served. In order to obtain calibration for real cracks, fatigue cracking of

mock-up 1TCT specimens will be studied.
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D. Evaluation of Nonenvironmental Corrective Actions (P. S. Maiya and
W. J. Shack)

3 Introduction

The fundamental premise of the current efforts to prevent IGSCC in
BWR piping is that IGSCC involves a complex interaction between material
susceptibility (sensitization), the stresses acting on the material, and the
environment, and that by suitably altering or varying these parameters
immunity from IGSCC can be produced. Nonenvironmental corrective actions
seek to mitigate either the material susceptibility or the state of stress on
the inside surface of the weldment. They include techniques for improving the
margin against IGSCC of a susceptible material like Type 304 SS and the identi-
fication of alternate materials that are inherently more resistant to IGSCC.

In the initial development and discussion of proposed remedies and
alternate materials, the focus was on reducing the severity of the stress
levels or the sensitization. However, since a quantitative understanding of
the role of stress or sensitization in IGSCC does not exist, the actual bene-
fits of each remedy must be assessed through actual SCC susceptibility tests.
The objective of the current work is an independent assessment of the pro-
posed remedies developed by the utilities and the vendors. Additional testing
and research will be carried out to eliminate gaps in the existing data base
on alternative materials and fabrication and to develop a better under-
standing of the relation between the existing laboratory results and satis-
factory in-reactor operating performance. Current efforts in this task in-
clude additional screening tests for alternate materials, environmental pipe
tests under alternate loading conditions, and the study of stress redistri-
bution near weldments to determine the effect of in-service loading condi-

tions on residual stress improvement techniques.



b Technical Progress

a. CERT Experiments

Some preliminary tests have been conducted on Type 304 SS
(Heat No. 0590019) welded with Type E308L SS to investigate the IGSCC re-
sistance of the welded material as well as to develop a consistent surface

preparation technique.

The chemical composition of the weld metal and the geometry
of the specimens have been described in a previous quarterly teport.10
The chemical composition (wt %) of the base metal is as follows: 0.06 c,
0.57 si, 0.96 Mn, 0.026 P, 0.012 S, 8.53 Ni, 18.25 Cr, and balance Fe. All
the CERT test specimens taken from weldments were cut so that the weld
fusion line (WFL) was close to the center of the uniform-gauge section,
and the specimen axis was paraliel to the rolling direction. All the test
results reported here were obtained at a strain rate of 2 x 10-6 s-l. The
experiments were performed at 289°C in water with 8 ppm oxygen at a pressure

of 1300 psi (9.0 MPa). The flow rate in the system was 8.1 cm3/m1n.

The initial diameter and the diameter of the fracture surface
(at the junction created by bringing the two surfaces back into contact)
were measured with a contour projector at a magnification of 50X. These
were used to calculate the reduction in area AA/AO. defined as (Ao - Af)/Ao
where Ao is the initial cross-sectional area and Af is the area of the
fracture surface. The maximum stress  — is defined in the engineering
sense as the maximum load divided by the initial area AO; the elongation to
failure £¢ was calculated by measuring the specimen gauge length before and
after the test. These values are consistent with those obtained from the
time to failure and the (calibrated) strain rate, i.e., the total elongaticn
€ is € x te where ¢ is the strain rate and te is the time to failure. The
slight discrepancies between the two can be attributed to difficulties in
measuring the length of the failed specimens. Following the tests, the

fracture surfaces were examined by scanning electron microscopy.
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The CERT test results for the three specimens are shown in
Table 1I. Fracture in all cases is observed to be ductile, and etching of
the gauge section revealed that failure had occurred in the weld metal. A
typical fracture surface is shown in Fig. 11. This material, in spite of its
relatively high carbon level, seems resistant to IGSCC at a strain rate of
2 x 10-6 s-l even after relatively severe heat treatments. We are now in-
vestigating further the behavior of furnace-sensitized specimens, which are
easier to characterize than weldments. These studies should help us to

better understand the behavior of this heat of material.

Specimens 03 and 04 had different degrees of surface finish:
The gauge sections were polished with 3-ym diamond paste and ground with
600-grit silicon carbide paper, respectively. As expected, the CERT results
appeared to be insensitive to surface finish; however, as failure did not

occur by IGSCC, these findings are hardly conclusive.

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

For a proper understanding of ICSCC under a variety of loading
histories, an understanding of the influence of stress, strain, and strain
rate on the plastic deformation of Type 304 SS and other alternate materials
under different heat-treatment (sensitization) conditions is required.
Currently, only limited information is available on the stress/strain/strain-
rate behavior of sensitized Type 304 SS at the temperatures of interest.
Therefore, experimente on load relaxation are being initiated on Type 304 SS
(Heat No. 0590019) in both the solution-annealed and sensitized conditions at
28 and 289°C.

The purpose of the initial experiment (at 28°C) reported here
was to check out the procedure for obtaining stress/strain/strain-rate data
from load-relaxation experiments. A uniaxial round specimen with a diameter
of 2.47 mm and a gaugc length of 25.59 mm, fabricated from pipe material, was
tested in the as-received condition. The experimental procedures were similar
to those originally developed by Hart and Solomon.11 An initial load cor-

responding to 1.4 Jy, where oy is the yield stress [oy = 37 ksi (254 MPa)],
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was attained with a nominal crosshead speed of 2 mm/min. The relaxation run
lasted slightly more than 106 s, with an initial plastic strain of 1.22%
(this value increases during relaxation). As can be seen from a log-log plot
of stress versus (inelastic) strain rate (Fig. 12), the relaxation covered

more than 5 decades of strain rate (2 x 10-4 to 5 x 10-10 s—l). A systematic
study has begun on this heat of material in the solution-annealed and sensi-

tized conditions.

L Residual Stress Measurements and Analysis

Residual stress measurements have been completed on a third
pipe weldment, designated NRC3, which was prepared at PNL by use of an auto-
matic welding procedure. This procedure will be used to prepare specimens
for the pipe tests that will be performed at PNL and is expected to give more
consistent and reproducible welds than manual welding procedures. The joint
geometry, weld parameters, and details of the strain measurements were

described in an earlier report.

The distribution of axial and hoop stresses on the inner sur-
face is shcwn in Fig. 13. As in the case of the first two weldments, the
distribution of stress is somewhat closer to axisymmetric than is typically
found for the manually welded case, and the peak stresses are generally
smaller. The results for the two types of weld procedures are summarized in
Tables IIl and IV. At a given distance from the weld, the peak stresses
(both axial and hoop) tend to be somewhat lower for the weldments prepared
by automatic welding. The variation of stresses both with azimuthal position
and between weldments is smaller for the automatically welded specimens.
However, the average values obtained by considering all the weldments of

each type are similar.

These experimental measurements have been supplemented by
finite-element calculations of the residual stresses associated with each
welding procedure. These calculations were carried out by E. F. Rybicki of
the University of Tulsa. The manual welds were seven-pass welds. However,

the pipe was modeled as being welded in four layers. The finite-element
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mesh, which includes both weld crown and drop-through regions, is shown in
Fig. 14. The heat inputs used in the analysis are shown in Table V. The
heat inputs are calculated from the actual current and voltage used, assuming
that 75% of the electrical power supplied is actually transferred to the pipe.
This efficiency is consistent with estimates by other workers. The tempera-
ture-dependent material properties for Type 304 SS that were used in the

analysis are shown in Fig. 15.%

The residual stresses along the inner pipe surface after
manual welding are shown in Figs. 16 and 17 for axial and circumferential
stresses, respectively. Also included in the figures for comparison are
the experimental values summarized in Table IV. The experimental values are
plotted in terms of the average values obtained for all the manually welded
pipes and the range indicated is plus or minus three times the rms varia-
tion. The trends of the computed and measured stresses are in rough agree-
ment. However, in general, the computed stresses are lower than the range
of experimental data. This is because the heat inputs used in modeling the
manual weld were lower than those associated with the data (this was due to a
mixup in the description of the welding conditions). Other analyses13 have
shown that increasing the weld heat input will increase the weld res.dual

stresses.

The finite-element mesh and material properties for th= auto-
matically welded pipe are identical with those used for the manually~welded
pipe. However, the heat inputs (Table V) are different for the two pro-
cesses: The automatic welding process uses lower heat inputs for the first
two layers and higher heat inputs for the last two. The computed stresses
on the inner surface of the automatically welded pipe are shown in Figs. 18
and 19 for the axial and hoop components, respectively. The experimental

values are again shown in terms of the average value obtained from all the

*It appears that the high-temperature values of the elastic modulus shown in
Fig. 15 are in error. More reasonable values can be obtained by linear
extrapolation of the data for T < 1400°F to higher temperatures. This will
probably not affect the results significantly, but some numerical checks
will be made.



automatically welded pipes and a range equal to plus or minus three times
the rms variation. The agreement is quite good for the axial stresses

(Fig. 18); however, the model overestimates the hoop stresses near the weld
(Fig. 19).

The calculations also predict a greater difference between the

residual stresses associated with the two welding processes than is shown by

the experimental results. These discrepancies may decrease when the

calculations for the manual welds are redone using the correct heat

inputs.

Table II. CERT Test Results on Type 304/E308L Weld

Specimes Heat Total Elongation, %
No. Treatment

From Chart From Specimen

02 As Welded 23.6 27+3

03 As Welded + 25.2 25.5
500°C/24 h

04 As Welded + " 28.4 3.7
500°C/24 h




Table 11I. Residual Stresses on Inner Surfaces of Automatically Welded Pipes

Distance from Weld Fusion Line (mm)

Distance from Weld Fusion Line (mm)

2 ? 12 2 H 12
Weldment NRC1 Weldment NRC3I
Average 13 117 14 MPa Average 193 69 -7 MPa
Axial Stress 19 17 2 ksi Axial Stress 28 10 =1 kst
Average 179 96 14 MPa Average 179 69 ~41 MPa
Hoop Stress 26 14 2 ksi Hoop Stress 2% 10 -6 kst
Peak Axial Stress 219 252 106 MPa Peak Axial Stress 284 154 126 MPa
31 35 15 ksi 40 22 17 kst
Peak Hoop Stress 270 179 43 MPa
38 25 6 ksi Peak Hoop Stress 244 151 120 Mpa
3% 21 17 kst
Root-Mean-Square 4l 69 55 MPa
Variation in Axial 6 10 8 ksi Roct-Mean-Square 48 3%
Stress Variation in Axial ? 5 41 Mpa
Stress 6 ksi
Root-Mean-Square 90 55 34 MPa
Variation in Hoop 13 8 S ksi Root-Mean-Square 41 3%
Stress variation in Hoop 6 s 34 MPa
Stress 5 ksi
Weldment NRC2
el Tt All Automatic Weldments
Average 136 117 41 MPa
Axial Stress 20 17 6 ksi Average 152 103 14 MPa
Axial Stress 22 15 2 kst
Average 172 9% 0 MPa
Hoop Stress 25 14 0 ksi Average 179 90 -7 MPa
Hoop Stress 26 13 -1 ksl
Peak Axial Stress 212 233 94 MPa
30 33 13 ksi Root-Mean-Square 21 28 28 MPa
Variation in Axial 3 4 4 ksl
Peak Hoop Stress 2486 173 151 MpPa Stress
34 24 21 ksi
Root-Mean-Square 34 21 2l MPa
Root-Mean-Square 28 4l 28 MPa Variation in Hoop 5 3 3 kst
Variation in Axial 4 6 & ksi Stress
Stress
Root-Mean-Square 4l 28 “8 MPa
Variation in Hoop 6 4 7 ksi

Stress

Lz
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Table IV. Residual Stresses on loner Surfaces of Manually Welded Pipes

Distance from Weld Fusion Line (mm)

~2 ~8 ~16
W27A
Average 158 96 -6 MPa
Axial Stress 23 14 -11 ket
Average 186 7 ~145 MPa
Hoop Stress 27 1 =21 ksi
Peak Axial Stress 249 234 64 MPa
35 33 9 kst
Peak Hoop Stress 266 137 ~51 MPa
4l 19 -7 ksi
Root-Mean-Square 28 4l 28 MPa
Variation in Axia . 6 4 kst
Stress
Root-Mean-Square i 28 3% MPa
Varlation in Hoop b 4 5 ksi
Stress
wWl7B
Average 110 - 14 MPa
Axial Stress ie - 2 ksi
Average 158 - ~55 MPa
Hoop Stress 23 - -8 ksi
Peak Axial Stress 367 - 159 MPa
5l - 22 ksi
Pezx Hoop Stress 413 - 59 MPa
58 - 8 ksi
Root-Mean-Square 117 - 158 MPa
Variation in Axial 17 - 23 ksi
Stress
Root -Mean-Square 110 - 96 MPa
Variation in Hoop 16 - 14 ksi
Stress
wic
Average 214 186 - MPa
Axial Stress 31 34 - ksi
Average 214 234 - MPa
Hoop Stress n % - ksi
Peak Axial Stress 315 320 - MPa
G4 46 -~ ksi
Peak Hoop Stress 401 Jab - MPa
56 48 - kst
Root-Mean-Square 4l 28 83 MpPa
Variation in Axial 6 4 12 ksi
Stress
Root-Mean-Square 4l 8 48 MPa
Variation in Hoop 6 4 7 ksi

Stress
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Fig. 12. Log Stress Versus Log Strain Rate for Type 304 SS at 28°C.
Conversion factor: 1 psi = 6.895 x 103 Pa.
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Fig. 15. Temperature-dependent Mechanical Properties of Type 304 SS
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. 16, Computed and Measured Residual Axial Stresses along the Inner
Surface of a 4-inch Schedule 80 Manually Welded Pipe.
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17. Computed and Measured Residual Circumferential Stresses along
the Inner Surface of a 4-inch Schedule 80 Manually Welded Pipe.
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Fig. 18. Computed and Measured Residual Axial Stresses along the Inner
Surface of a 4-inch Schedule 80 Automatically Welded Pipe.
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E. Evaluation of Environmental Corrective Actions (W. E. Ruther and
T. F. Kassner)

1. Introduction

The reactor coolant environment under both normal and off-normal
water-chemistry conditions has a profound influence on the performance and
reliability of nuclear power-plant components. The problems of IGSCC of weld-
sensitized Type 304 SS piping in BWRs, the accelerated corrosion of carbon
steel support plates with the concomitant cracking of Inconel tubes in PWR
steam generators, and the environmentally assisted cracking of turbine disk
materials are being evaluated by the NRC, reactor vendors, and electrical
utilities relative to plant safety and reliability issues. Furthermore, the
economic incentive tc maintain plant availability, due to the high cost of
replacement power from fossil-fired units, has resulted in extensive research
programs sponsored by EPRI and Reactor Owners Groups to develop technical

solutions to these problems and methods for implementation of the technology.

The objective of Subtask E 18 to evaluate the potential effective-
ness of proposed actions to solve or mitigate the problems primarily from the
standpoint of water-chemistry modifications. The possibility of defining
practical limits on temperature and water chemistry (pH and sulfate and
chloride concentrations) during off-normal transients will also be explored.
As in the other tasks, the initial emphasis of the program will be on SCC
problems with austenitic SS in BWRs.

2. Technical Progress

a. Experimental Facilities

A second MTS/autoclave system for simultaneous crack-growth
measurements on three 1TCT specimens has been assembled and tested at 289°C.
Three MTS clip gauges were calibrated at this temperature and mounted on
specimens of the reference heat of Type 304 SS (H2at No. 30956) in the
solution annealed and sensitized conditions (EPR values of 0, 2, and 20). The

crack-growth experiment, which will provide baseline inforuation for tests
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under different water-chemistry conditions, will be conducted in high-purity

water containing 8 ppm oxygen at 289°C with an R value of 0.95, Knax = 28
HPa-nl/z. and frequencies between 107} and 1072 Hz.

Major components for a third MTS/autoclave system with high
flow-rate capability have been ordered. An 8-liter SS autoclave system with a
water circulation loop has been assembled for calibration of high-temperature

pH electrodes and for use in mechanistic studies described in Subtask F.

b. Lxperimental Results

CERT tests are being performed on specimens of the reference
heat of Type 304 SS with various degrees of sensitization in high-purity water
with a range of oxygen concentrations to establish the SCC susceptibility and
appropriate heat-treatment conditions for the 1TCT specimens in the crack-
growth experiments. The relationship between the degree of sensitization of
the steel (determined by the EPR technique) and the aging time at 700°C {s
shown in Fig. 20. Based on this curve, an aging time of 12 h at 700°C will be

used to achieve an EPR value of 20 for the crack-growth specimens.

The experimental conditions and results from the CERT tests in

igh-purity water at 289°C are given in Table VI. In the last two experi-
ments, some difficulty was encountered in maintaining the oxygen level at
0.2 ppm. This is evident from the relatively low corrosion potential
(<-500 “Vsna) of a stainless steel specimen located at the outlet of the
autoclave. The influence of the startup method for the CERT tests was
investigated in runs 6 and 7. In run 6, straining of the specimen was delayed
until the potential of an electrically insulated specimen, identical with the
tensile specimen in composition and heat treatment, attained the corrosion
potential of the well-corroded autoclave system (i.e., ~124 h). However, in
run 7, straining of the specimen commenced as soon as the temperature reached
289°C (~2 h after filling the system with water). The higher oxygen concen-
tration in the water due to air contamination during filling of the system,
coupled with the relatively high initial corrosion rate of the specimens,
resulted in greater susceptibility as indicated by the decrease in time to

failure, the reduction in area, and the granulated appearance of the fracture
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surface. The results of the two tests tend to confirm observations of Fujita
et al.la that preoxidation of CERT specimens inhibits IGSCC even in water
containing 8 ppm oxygen at 250°C.

The influence of sulfate and other impurity ifons at low concen-
trations on the SCC susceptibility of sensitized Type 304 SS under chemical-
control conditions will be established in the next series of CERT experiments.

24
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TABLE VI. CERT Tests on Type 304 Stainless Steel (Heat 3096)® in High-Purity Water at 289°C
Strain Material Feedwater Chemistry Open Circugt Failure Maximum Total Reduct fon

Test latf. EPR Va!u. Oxygen, pH at Cond. , Potential, Time, Stress, Elong., in Area, Fracture Specimen Surface
No. s C/ca ppm 2e uS/cm mV (SHE) h MPa X X Morphology® Characteristics
1 1 x107® 2 7.3 6.8 0.3 +150 117 472 36 34 0.371, 0.63D

2 2 0.25 0.2 =270 143 492 50 52 0.31T, 0.690 Secondary cracking
3 8.8 0.25 0.2 = 149 500 52 55 0.63T, 0.37D

4 2 0.05 0.1 ~580 141 492 50 54 0.51T, 0.4%0

5 14 0.06 0.1 ~-610 140 491 50 4B 0.46T, 0.56D

6 14 0.22 6.2 ~-590 145 513 50 52 0.69T, 0.31D

7 15 0.21 0.3 =500 (start) 124 521 43 35 0.3 (T + &),

=590 (end) 0.66D ;

3por the solution-annealed material in helium at 289°C and a strain rate of 2.6 x 107 -".
elongations are 46.8 and 54.7%, respectively, and the reduction in area was 75%.
EPR ~20) are 525 MPa and 43.1 and 51.51 for the uniform and total elongatious, respectively, and a reductlon in area of 672.
bAveu‘c EMF value (+#30 wV) during the test for an unstressed specimen of the steel with the same heat treatment as the smooth 6.35-mm-dia.

by 25.4~-mm gauge-length CERT specimen.
“Ductile (D), Intergranular (I), Transgranular (T), Granulated (G), in terms of the fraction of the reduced cross-sectional area.

Sixth Semiannual Progress Report, April-September 1980, NEDC-23750-8, pp. 5-70 to 5-81.)

the maximum stress is 552 MPa.
The corresponding values for sensitized material (700°C for 12 h,

The uniform and total

(Characterization
of the fracture surface morphologles is In accordance with the {llustra’ ions and definitions provided in Alternate Alloys for BWR Pipe Applications:
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F. Mechanistic Studies (F. A. Nichols and T. F. Kassner)

The objective of Subtask F is to develop a mechanistic understanding of
SCC of reactor structural alloys in nuclear reactor environmerts which can aid
in the evaluation of proposed environmental and metallurgical corrective
actions and modified reactor operating procedures. A better mechanistic
understanding of SCC processes would also provide a more rational basis for
application of laboratory test results to material performance in reactor
coolant circuits. Relevant SCC mechanisms are being reviewed and quantitative
experimental data for materials of interest in simulated reactor coolant envi-
ronments will be developed for use in predictive models of crack initiation

and growth.

In this regard, 'l‘yzack15 has published a theory for stress corrosion
based on a seemingly quantitative treatment of the slip-dissolution model,
favored by many researchers. The formalism accounts for film rupture by
dislocation motion and anodic dissolution and subsequent repassivation. The
model incorporates a critical range for the ratio of repassivation to the film
rupture rates and quantitatively relates the macroscopic strain rate to the
strain rate near the crack tip. Thus, it appears to contain all of the
essential elements for a mechanistically based analytical model; however, the
assumptions must be carefully reviewed. Tyzack gives no data comparisons, and
the dearth of appropriate experimental data severely limits an assessment of

the applicability of the model.

Based upon the review of pertinent literature discussed in previous
reports,16 the feasibility of performing mechanistically oriented experiments
under LWR coolant conditions is being evaluated. Where appropriate, available
techniques will be used at low temperatures and pressures or adapted as
necessary ‘or autoclave conditions. The following research areas are of

particular interest:

1. Strafning-electrode tests (or other types of "bare-metal”
electrochemical tests) of sensitized Type 304 SS under simulated LWR

water-chemistry conditions.



42

2. Experiments to determine variations in pH and potential along an
intergranular crack or crevice, and correlations with bulk-chemistry

conditions.

3. Hydrogen ebsorption and/or permeation experiments on sensitized Type
304 SS under LWR water ccaditions.

4. Mode I and III straining experiments with precracked specimens under

normal and off-normal LWR water-pur’ty conditions.

5. Transmission electron microscopy of dislocation structure in the

vicinity of stress-corrosion cracks.

6. Crack-growth experiments at very low frequencies and high R-values
on sensitized Type 304 SS under LWR water-purity conditions at
temperatures from ~120 to 290°C.

In view of the long time periods that have been encountered for
infitiation of stress-corrosion cracks in 1TCT specimens of sensitized Type 304
SS in oxygenated high-purity water, the initial work in this subtask will
involve an investigation of the onset of crevice corrosion in sensitized SS in
high-temperacure simulated BWR-quality water. Mechanical stress coupled with
crevice acidification and local breakdown of the passivity of the oxide film
are important factors in the initiation and propagation of stress-corrosicn
cracks. The onset of crevice corrosion in stainless steels for different flaw
geometries (including a crack-growth specimen) could be predicted from the
0ldffeld-Sutton!’

temperature and bulk water chemistry. Evaluation of the necessary parameters

model if the parameters were evaluated as a function of

involves the following: During the induction period preceding the breakdown
of passivity, the flow of metal ifons across the metal/liquid interface causes
changes in the crevice solution composition. The flow of metal {ons is
characterized by the passive current, Ip".. although it may have two
components, viz., healing of flaws by oxide growth as well as actual metal
dissolution into the crevice. Once the crevice becomes deoxygenated, the
crevice solution acidifies by dissolution and hydrolysis reactions. Thus, the

magnitude of I is important in determining the rate of acidification and

pass



fs an essentlal parameter for prediction of the time for breakdown of the

film.

The necessary information will be obtained by (1) determining the
composition of the solution at the tip of an artificial crevice in SS (several
alloy compcsitions and heat treatments) for different bulk water chemistries

(within the range of BWR operating experience), using the methods of Taylor

18

and Silverman, and (2) potentiostatically measuring I on specimens of

steel (which were exposed to the bulk solutions for var:::: times) in
deaerated, simulated crack-tip solutions at different temperatures. When the
composition of the crevice solution achieves a critical pH and C1™ or S(),.'2
concentration, permanent breakdown of passivity occurs. In natural crevices
or cracks, a sharp fall in the corrosion potential, Ecore t° the active

region takes place.

To determine the critical solution composition for passivity breakdown, a
series of potentiokinetic polarization curves will be obtained in deaerated
solutions with the appropriate crack-tip chemistry in which the pH is varied
over a wide range. The values of the current density at the active peak will
be plotted versus the pH (determined at the system temperature), and the
solution with the pH value at which the current rises abruptly will be taken
as the critical crevice solution. The current density, typically greater than
~10 uA/cn2 or 0.1 mm/y, is indicative of a significant crevice corrosion race
and the pH associated with this peak current {s the critical pH for passivity

breakdown. This, the measurement of I E o~ and the composition of the

pass® “cor

critical crevice solution for different alloys provides a quantitative method
of comparison for performance under crevice conditions, and allows a
prediction of passivity breakdown as a function of flaw geometry and bulk

water chemistry, which is of direct interest in SCC crack initiation.
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IT. TRANSIENT FUEL RESPONSE AND FISSION-PRODUCT RELEASE

Principal Investigator:
J. Rest

A. Introduction

A physically realistic description of fuel swelling and fission-gas
release 1s needed to aid the prediction of the behavior of fuel rods and
fission gases under certain hypothetical LWR accident conditions. To satisfy
this need, a comprehensive computer-based model (the Steady-State and
Transient Gas-Release and Swelling Subroutine, or GRASS-SST), its faster-
running version (FASTGRASS), and correlations based on analyses performed with
FASTGRASS (PARAGRASS) are being developed at ANL. This model is being
incorporated into the Fuel-Rud Analysis Program (FRAP) code being developed by
EG&G Idaho, Inc., at the Idaho National Engineering Laboratory.

The analytical effort is supported by a data base and correlations
developed from characterization of irradiated LWR fuel and from out-of-reactor
transient heating tests of irradiated commercial and experimental LWR fuel

under a range of thermal conditions.

B. Modeling of Fuel/Fission-Product Behavior (J. Rest, S. R. Rajan, and
F. A. Nichols)

1. Volatile Fission-Product Source Term Evaluation with the FASTGRASS
Computer Code (J. Rest)

The accident that occurred at TMI-2 in March 1979 has underscored
the necessity of understanding the behavior of volatile fission products
(VFPs) in order to predict the radiological consequences of various nuclear
reactor accident scenarios. In addition, fission-product (e.g., iodine)
source term evaluation is required for the analysis and understanding of the

so-called "stress-corrosior cracking” of nuclear reactor fuel cladding.

To date, the an¢lysis of VFPs has utilized simple Booth-type
diffusion models and has concentrated on conditions present in nuclear fuel

rods during normal or steady-state irradiations. The relative success of this
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technlque19 (at low temperatures) can be attributed to the employment of
"effective diffusion coefficients™ that have been determined and utilized over
a relatively small range of operating conditions, and the choice of an
appropriate fuel surface-to-volume ratio for the determination of the surface
area from which the fission products are released. Although the use of
diffusion-type models to deescribe VFP release during normal, low-temperature
fuel rod irradiations may be justified, the successful extension of such
models to higher-temperature regimes and/or transient conditions is
questionable in that these models ignore the chemical interactions between the
various fission products, and the interaction between the VFPs and the noble
fission-gas bubbles. In turn, the inappropriateness of describing the
behavior of fission gases during transient conditions with models developed

for steady-state operation has been demonstrated.zo

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 swel..ng. The steady-state and
transient gas release and swelling subroutine, FASTGRASS, has been modified to
include a mechanistic description of VFP (I, Cs, CsI, Cs,Mo0O,, and C52U04)
behavior. Phenomena modeled are the chemical reactions between the VFPs, VFP
migration through the fuel, and VFP interaction with the noble gases. The
initial phase of this work was supported by the Nuclear Safety Analysis
Center. Work completed this quarter has focused on the completion of the
initial phase of VFP modifications to FASTGRASS, the initiation or FASTGRASS
VFP analysis verification (steady-state conditions), and calculations
performed with FASTGRASS for the release of I, Cs and Csl from LWR fuel during

severe core accident conditions.

The steady-state and transient mechanistic FASTGRASS computer code,

for the prediction of the behavior of the noble fission gases, has been

described previously.20 yi4ifications for the inclusion of a mechanistic
description of VFP behavior consisted of incorporating in the FASTGRASS
fission-gas analysis the effective production rates of the relevant VFPs, the
chemical interactions between the various VFPs, the interaction of the VFPs

with the fission-gas bubbles, and the migration of the VFPs thruugh the solid



U0, fuel. 1In the present treatment, only the VFPs I, Cs, and their major

reaction products (CsI, Cs,Mo0, and Cs,U0,) have been included. The formation
of CsyMo0, and Cs,U0, can have a crucial effect on the reaction involving CsI,
which 1s of major concern for deducing the form of fodine release in LWR power

plant accident scenarlos.21

Assuming local equilibrium and utilizing the law of mass action, the
chemical reactions model, based on the work of S. W. Tam and C. E. Johnson,22

leads to the following set of coupled nonlinear equations:

T

Ces ™ %ce * %Cce.vo, * Ccor + 2Cca Moo, * (6a)
2°7%% 279%%

2 a-8-c¢ ) g eohE (6b)

i)
Cs cs,v0,” Po, ~ K| “cs U0,
T 1

Ces (1 = Ceer? K, Cesr * (6c)

2 T 2 1

Cs "' Mo CsZMoOA O2 K3 C82M004

T

C. = 0.1882 . , (6e)
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T

c; = 0.011 & , (6f)

T ,

C, = 0.2348 8, (6g)

Mo
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where
g = rz/n:. (6h)

P, = P, (x, B, C c ) . (61)
0, 0, Cs,U0, , "Cs,MoO,

Here, C, is the concentration of chemical species {i; CI is the total

concentration of chemical species 1 that has been generated by fission at time
% po2 is the oxygen pressure; x is the initial stoichiometry; Ky» Kz, and K3
are equilibrium constants for the reactions leading to the formation of
Cs,U0,, CslI, and C’z“°°a- respectively; B is the fractional burnup, related to
the fissioning rate F per unit volume; N? is the initial density cof heavy-

metal atoms in the fuel; and t is the irradiation time.

The chemical reactions model described by Eqs. (6a-i) is coupled to
the FASTGRASS models for the migration of the VFPs through the fuel and for
the interaction of the VFPs with the fission-gas bubbles. Elemental iodine is
assumed to have the same diffusion coefficient as atomic xenon; the diffusion

coefficient of atomic cesium is given by23

Deg = 853 x 1077 exp(-6100/RT) cu’/s, (7)

where T is the absolute temperature and R is the gas constant. In addition,
it is assumed that CsI is formed mainly near fission-gas bubbles and migrates
through the fuel primarily within these gas bubbles. CsZUOA and C'z"°°a are

assumed to be immobile.

The VFPs and the fission gases are generated via the fissioning of
uranium within the U0, grains. The gases and VFPs then migrate to the grain
faces and subsequently to the grain edges where they can be released to the
exterior of the fuel 1f a network of long-range interconnected grain-edge
porosity exists, and/or if grain boundary separation (microcracking) has

occurred.zo
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Figure 21 shows FASTGRASS-predicted fractional release of iodine
(1311 + 133I) as a function of irradiation time, and compares these results
with the data of Turnbull and Friokney.za To reflect the experimental
uncertainty in temperature reported in Ref. 24, three predicted curves are
given, corresponding to irradiation temperatures of 1733 + 40 K . The circles
(“Ieff“) in Fig. 21 represent the fractional release of iodine (1311 ;. 133I)

calculated from the data by taking into account the respecti e fission yields

of 131 d 1331_

1 an The FASTGRASS predictions of iodine release are in good

agreement with the data. (It is interesting to note that FASTGRASS predicts

that the majority of the iodine release occurred as CsI.)

Figure 22 shows FASTGRASS-predicted fractional release of stable
xenon as a function of time, and compares it with the data for 133Xe from Ref.
24. Again, the three predicted curves reflect the +40 K uncertainty in
irradiation temperature. The agreement between prediction and data is
reasonable for the entire 27 weeks of irradiation. However, it should be
noted that FASTGRASS currently calculates only the behavior of the stable
fission gases, and the comparison between the predicted fractional release of
total stable gases and the data for 13BXe (5.25-day half-life) as shown in
Fig. 22 may reflect the qualitative and quantitative differences in behavior
between the total stable gases and 133Xe. A comparison of Figs. 21 and 22
shows that the predicted fractional release of iodine (1311 + 133I)
qualitatively follows that of the stable fission gases. However, the
fractional release behavior of 1311, in contrast to the behavior of 1331 (and
the sum of 1311 and 133I), differs qualitatively from that of the noble gases,
in agreement with the conclusions of Turnbull and Friskney reported in Ref.
24, Presumably, this effect is due to enhancement of 1311 release through

grain-boundary diffusion.

Figure 23 and 24 show FASTGRASS predictions for Xe, I, Cs, and CsI
(irradiated at 1400 K to 0.1 and 1.0 at. X burnup, respectively) during a
transient heatup to ~2700 K at 0.1 K/s. The end-of-life results at 1400 K are
in qualitative agreement with the observations reported by Appelhans and
Turnbull19 (i.e., the {odine release i1s similar to the noble gas release at

relatively low temperatures).
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The transient release predictions are also in qualitative agreement
with the present authors' intuition: The cesium release is similar to the
noble gas release, whereas the ifodine release is substantially lower, with a
greater percentage transient release of Csl than of elemental iodine from the
higher-burnup fuel (Fig. 24). For the lower-burrup fuel, Csl and elemental
{odine are predicted to show comparable transient release behavior (Fig.

23). It is interesting to note that {f the temperature is subsequently
increased to 3123 K and held there (e.g., for several hou..), the fractional
release of elemental iodine climbs dramatically while the CsI release fraction
stays relatively constant (at the values shown at 2700 K in Figs. 23 and

24). This is presumably due, in part, to the dissociation of Csl at these

temperatures.

2. Modeling of Grain-Boundary Separation during Thermal Transients
(S. R. Rajan, F. A. Nichols, and J. Rest)

A number of experiments have been performed to simulate accident

25-28

transients in both thermal and fast reactors. A wide spectrum of fuel

response modes has been observed, ranging from very brittle to very ductile

29 The ductile mode is associated with the development of

behavior.
substantial intergranular porosity, while the brittle mode is characterized by
rapid grain-boundary separation (or microcracking). Extensive grain-boundary
separation or microcracking has been observed in irradiated LWR fuel subjected
to thermal transients by means of a direct electrical heating (DEH)
technlque.28 Such separation has also been observed in fuel tested in the PBF
reactor in Idaho and in commercial fuel that had undergone a power

excursion. Assuming a failure to scram, the geometry of fuel that exhibited a
"ductile” response could remain intact well into the transient, leading to
large—-scale fission-gas swelling as temperatures approach melting, and
possibly frothing as melting proceeds (due to the availability of fission gas
on the boundaries). The "microcracking” mode could lead to quicker transient
release of fission gas from the grain faces to the edges and from the edges to

the fuel exterior, and could result in particulate dispersal of the fuel.
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In this section, attention is directed towards the development and
growth of round (r-type) voids on the grain boundary by grain-boundary
diffusion. The microcracking model 1s used to predict the gas release and

radial profiles of grain-boundary separation for several DEH tests.

a. Grain-Boundary Cavitation Models

Gas bubbles on a grain boundary acted upon by normal stresses can
grow by a variety of mechanisms: vacancy diffusion, plastic deformation (or
creep), or brittle cracking along the boundaries. Baluffi and Seigle30 showed
that vacancies could be produced at the grain boundary at a sufficient rate to
allow cavity growth. Subsequently, in 1959, Hull and Rinmer31 published their
classic paper on cavity growth by grain-boundary diffusior driven by stress
gradients normal to the boundary. The model has also been modified in various
ways to account for boundary conditiona32'33 and for nonequilibrium shapes of

growing cavltles.3"35

The assumption that cavities retain their equilibrium shape may not
always be valid. It has been observed in cavitation experiments that cavity
heights grow in the initial part of the experiment, but stay constant in the
latter port, with the cavities assuming flat, disklike "penny-shaped” configu-
rations. This suggests a possible transition from a quasi-equilibrium
lenticular growth mode to a nonequilibrium crack-like mode where the void
elongates in the plane of the grain boundary under conditions such that
surface diffusion cannot keep up with grain-boundary diffusion in retaining an

equilibrium lens-shape.

Chuang and Rice treated the problem of a long, crack-like cavity
growing at a fixed rate in a grain boundary.3a Chuang et al. extended these
results for nonequilibrium cavity shapes,35 explicitly including the effects

of stresses normal to the boundary.

The classical assumption for vacancy creation ’n the grain
boundaries is one of uniform creation over the entire boundary. Conversely,

the atoms leaving the cavity tip are assumed to plate out uniformly over the
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boundary, leading to a rigid-body translation of the grains. In many
practical situations, however, the body undergoing creep cavitation deforms
plastically, and the strain created by the plating out of atoms on the
boundary near the tip can be accommodated by dislocation creep of the matrix
farther away from the tip. Chen and Argon have proposed an analytical closed-
form model36 which not only combines diffusional and plastic flow effects, but
also accounts for the nonequilibrium crack-like, elongated shapes of

cavities. Their model, which couples the Beere-Speight diffusion-controlled
equilibrium nodel37 with the nonequilibrium cavity shape results of Chuang-
Rice in a unique way, has been adopted as the basis for modeling the

microstructural behavior in the present work.

b. Calibration and Verification

Initially, the DiMelfi-Deitrich model?? was used in FASTGRASS to

38 In an attempt to improve this modeling

model grain-boundary separation.
capability, the Chen-Argon grain-boundary cavitation model was coupled to the
FASTCRASS>? and DEHTTD?®

history for irradiated LWR fuel subjected to simulated thermal transients by

codes; DEHTTD calculates the transient temperature

the DEH method. The coupled codes were then calibrated using the results of
28
Test 33.

Calibration consisted of adjusting four factors. The first factor
accounts for the fact that a grain boundary may not be a perfect,
inexhaustible source of vacancies. The actual growth rate of a void growing
on a grain boundary by vacancy diffusion may be less than the rate predicted
by a diffusion-controlled model that assumes such a perfect source. The
secord factor is the fractional value of the pore-solid surface area at which
the degradation of thermal conductivity becomes significant. This reflects an
idea borrowed from the percolation theory as applied to two-phase solids. The
degree of interconnectedness of second-phase particles dispersed in a first
phase increases sharply over a very narrow range around a critical
concentration of the second-phase material. It was felt that a similar
phenomenon could occur in the case of isolated pores on grain faces

obstructing radial heat flow. A value in the range 0.25-0.3 seemed to fit the



52

observed data, and a value of 0.25 was chosen. The other two factors are the
proportionality constants relating the amount of degradation of thermal

conductivity and the local microcracked grain-boundary area per unit volume.

Using this calibrated code, several other tests?d were simulated.
The key variables compared to observed values were the total fission gas
released during the transient heating and the posttest radial profile of the
pore-solid surface area. Table VII shows the predicted and observed values
for some of the DEH tests. Figure 25 shows the radial profiles of separated
grain-boundary area per unit volume for various tests. As seen in Fig. 25,
the predicted radial profiles of microcracking agree (in magnitude though not
in detailed shape) with observed values in the outer regions of rhe fuel, but
are smaller than the values observed in the inner regions. Also, for Test 33
(Fig. 25d), melting occurred to a fractional radius of 0.2, whereas the
centerline temperature predicted by the code is substantially below the
melting point of 3120 K.

There are two limitations to this verification. First, though the
Chen-Argon cavitation model accounts for the effects of the stress state of
the matrix on grain-boundary separation, there was no capability of modeling
the stress history of the fuel undergoing DEH testing. Hence, the code
predictions do not reflect this interaction. Second, the use of a constant
multiplier with the predicted cracking rate to arrive at the actual rate
assumes that at all temperatures, the vacancy concentration is less than the
equilibrium value by a fixed proportion. However, it is reasonable to expect
that the efficiency of source/sink action will increase with temperature. The
code underpredicts the microcracking in the inner hotter regions of the fuel;
this means that the degradation of thermal conductivity in the inner regions
due to grain-boundary separation will be underpredicted. Thus, it is expected
that the temperatures predicted by the DEHTTD/FASTGRASS/Chen-Argon code will
be lower than actual values. In Sec. ¢, preliminary results based on some new

assumptions are outlined.
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¢c. Improvements in the Assumptions

The equilibrium vacancy concentration is an Arrhenius function in
temperature. In order to examine the grain-boundary efficiency in a more
realistic fashion, the calibration factor relating the model's predicted void
growth rate to the actual growth rate has been reformulated as

Evf

(cracking rate) = (cracking “te)-odel * CALCR * exp(- '—ﬁ")

actual

where CALCR = a calibration constant,
E ¢ = energy of vacancy formation.

Some preliminary results using this assumption are shown in Fig. 26 for Test
33. The predicted and observed shapes show excellent agreement in shape as
well as magnitude. There is no longer any underprediction in the inner fuel
regions (compare with Fig. 25d). Also, the assumption of a sudden increase in
the degradation of thermal conductivity at a critical value of grain-boundary
areal coverage will be relaxed to allow a more gradual transition (i.e., an
error function about a critical value).

It should be noted that even with this new assumpticn, the tempera-
tures predicted by DEHTTD for Test 33 are substantially lower (by ~450 K) than
the experimentally observed (centerline melting - 3120 K) temperatures. The
reason for this is not understood at this time. However, the timing of model-
predicted microcracking is critical to predicting the correct temperatures.

If the degradation of thermal conductivity due to microcracking does not occur
soon enough in the transient (i. e., the microcracking is underpredicted early
in the transient), the predicted temperatures will be too low. Efforts are
under way to reexamine the algorithms connecting the degradation of thermal
conductivity to microcracking, as well as to improve the modeling of the

temperature dependence of vacancy supply on the grain boundaries.
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Table VII. Comparison of Observed and Predicted Transient

Fission-Gas Release in DEH Tests

Total Xe Release (X)

Test No. Observed Predicted
22 13.1 8.03
24 12 11.9
27 33 27.8
32 16.1 13.5
33 40 38.5

37 5.9 8.72
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ITI. CLAD PROPERTIES FOR CODE VERIFICATION

Principal Investigators:
H., M, Chung, F. L, Yaggee,

and T. F. Kassner

A. Introduction

The Zircaloy cladding of LWR fuel rods is susceptible to local breach-
type failures during power transients after the fuel has achieved sufficient
burnup to close the gap between the uoz fuel pellets and the cladding. High
local stress imposed by differential thermal expansion of the fuel and
cladding is the major factor in fuel-rod failure by the pellet-cladding
interaction (PCI) mechanism, although volatile fission products (viz., I, Cs)
at the inner surface of the fuel cladding may contribute to incipient crack

formation via a stress-corrosion process.

In this program, the effect of temperature and strain rate on the
deformation characteristics of irradiated Zircaloy fuel cladding i{s being
investigated by means of internal gas-pressurization and mandrel-loading
experiments in the absence of simulated fission-product species. The
mechanical-property results will be used to develop a failure criterion for
the cladding under PCI-type loading conditions. The information will be
incorporated into fuel performance codes, which can be used to evaluate the
susceptibility of extended-burnup fuel elements in commercial reactors to PCI
failures during power transients in later cycles, and to evaluate cladding

integrity in new fuel element designs.



B. Failure Charncggtilttcl of Big Rock Point Reactor Fuel CIaddlg! after
Stress-Rupture Testing (H. M. Chung)

This section reports results of microstructural examinations of the fuel
claddings that were irradiated in the Big Rock Point Reactor and stress-
rupture tested by internal gas pressurization. The test procedures and
structural characteristics of the as-irradiated material have been reported
prevlonnly.‘o Failure characteristics of specimens 165AE4A and 165AC10 (see
Table VITI of Ref. 40), which failed in a ductile and a brittle manner,
respectively, are reported in this section. The deformation and fracture
characteristics of specimen 165AG10 are of particular interest because this
specimen exhibited brittle-type failure in the absence of any fission-product
species (e.g., I, Cs, Cd, or Te) in the test environment. Similar behavior
has been observed previously for specimens 165AE4B (see Table VIII of Ref. 40)
and 96 (see Table 4.4 of Ref. 41), both of which exhibited pinhole-type

failures in the absence of fodine or other fission-product species.

In the present investigation, after the failure site was identified in
each tube specimen, fracture characteristics were examined by SEM. Then,
specimens obtained from near the fracture surface were examined by TEM and
optical microscopy. Correlation of the results obtained with these comple-
mentary techniques, particularly the SEM and TEM observations, is an essential

part of our effort to elucidate the mechanism of PCI-type brittle failure.

In the majority of previous investigations of the PCI phenomenon, optical
microscopy and SEM were the primary techniques for microstructural character-

{zation. Recently, Rosenbaum et a1.42

reported results of TEM examinations of
Dresden-3 boiling-water reactor fuel claddings that were irradiated in service
and subjected to power transients. Many of these claddings exhibited (1)
numerous, large hydride stringers and (2) weak planar features attributed to
dislocation channeling; both of these observations were related to the in-
service deformation. The latter observation in the region of fuel rods
affected by the power transients was considered as evidence that the PCI event

produced plastic strains on a microscopic scale.42
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) Ductile Failure Characteristics

The rupture morphology of tube specimen 165AE4A indicated a ductile
failure.“o The failure region of the specimen was cut according to procedures
outlined in Fig. 27, and several specimens for SEM, TEM, and optical micros-
copy examinations were obtained. The rupture region was split open at room
temperature to reveal the fracture surfaces. SEM examination was conducted in

an ETEC Corporation Autoscan Model.

a. SEM Evaluation

Figure 28A shows an overview of the outer surface and fracture
surfaces of tube specimen 165AE4A. The true fracture surface "at temperature”
(t.e., at 327°°C) was considerably contaminated during the cooldown period
following the rupture. The best high-magnification image that could be
obtained is shown in Fig. 28B. Coalescence of microvoids, characteristic of a
ductile failure, is evident from Fig. 28B. The fracture surface produced at
room temperature during the splitting of the rupture region (Fig. 29) 1is clean
and can be clearly differentiated from the "at-temperature” fracture
surface. A comparison of Figs. 28B and 29 indicates that the material is mere
ductile at 25°C than at 325°C. This observation appears to be consistent with

43,44

previously reported results of uniaxial tensile tests of Zircaloys, in

which a ductility minimum (with respect to temperature) was shown at ~400°C.

A higher magnification of the outer surface is shown in Fig.
30. Numerous crarks, generally parallel to the axial direction, are
observable. The crud layer visible in Region A of Fig. 30 has spalled off the
surface in some areas (e.g., Region B). Those regions reveal a higher density
of axial cracks. A dispersive x-ray analysis of the crud layer showed traces
of Fe, Cu, Al, Cr, P, Na, and Cl. Axial cracks similar to those in Fig. 30
were also observed at the inner surface, as shown in Fig. 31A. Some regions
of the inner surface were relatively free of the cracks. Figure 31B shows
circular {nner-surface deposits, which have been reported to have a high

uranium content.41
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b. TEM Evaluation

Thin-foil TEM specimens were examined in either the JEOL Model
CX-II STEM (100 keV) or the Kratos Model EM7 HVEM (1 MeV). Specimens from
165AK4A were characterized by (1) numerous dislocation tangles and cell
structures that could not be observed in the as-irradiated natertalao and (2)
a general absence of irradiation-induced defects.

45,46

The irradiation-induced defects in Zr alloys are known
be annihilated by dislocation motions. As a result of the annihilation, the
defects are usually observed in low-deformation regions, but not in
dislocation channels or in high-deformation regions with dislocation tangles
and cell structures. In light of this, the general absence of the
irradiation-induced defects in the present test specimens, even in the low-
deformation regions, was surprising. It appears that the deformation
temperature (i{.e., 325°C) was significantly higher than the in-service
irradiation temperature; the consequence may have been the annihilation of a

significant proportion of the defects through thermal (annealing) processes.

Typical contrasts from polycrystalline regions are shown in
Fig. 32. Some dislocation networks are denoted with arrows. An area of high
deformation containing dislocation tangles and cell structures is shown in
Fig. 33. The observation of numerous dislocation tangles and cell structures
is consistent with the coalescence of microvoids during fracture as indicated

in the SEM fractographs, e.g., Fig. 28B.

The parallel contrasts denoted by the arrows in Fig. 33A
indicate the cperation of preferential slip on one slip system in the irra-
diated specimen. Preferential slip and associated dislocation structures in
three different recrystallized subgrains are shown in Fig. 34. Similar
observations have been reported for irradiated Zircaloy-2 and zirconium by

Northwood et al.“6 and Kayano et al.,“7 respectively.

The dark parallel features shown in Figs. 34A and B should be
differentiated from the parallel contrasts discussed in Ref. 40 (for the

undeformed as-irradiated material), and from contrasts due to dislocation
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channels, as reported for {irradiated Zr,67'50 Zr-Nb alloyt,‘6'50
Zircaloy-2,46'“8'50 Zircaloy-lo,65 and spent fuel cladding“2 (Dresden-3
Reactor, Zircaloy-2). In the latter specimens, annihilation of irradiation
defects by repeated dislocation motion in a localized band resulted in a light
planar band free of irradiation-induced defects, seen against a dark
background produced by a high concentration of irradiation-induced defects.
The parallel contrasts of Figs. 34A and B should alsoc be distinguished from
the dark planar contrasts observed by some authorsl‘z'“”‘g against a light
background of sparse irradiation defects. These dark bands, which appear to
be narrower than the above-mentioned light bands, were also attributed to
dislocation channels, although it is not clear how a dislocation channel could
give rise to a dark contrast. The dark parallel contrasts of Figs. 34A and B
are more linear than band-like, and appear to originate from dislocations
associated with a preferential slip system.

Coleman et al."S

reported that few dislocation channels were
observed in cold-worked Zircaloy-4 compared to the number observed in annealed
recrystallized material. They explained this on the basis of high back stress
in the cold-worked material, caused by dislocation substructures that limit
both the number of dislocations in motion and the distance they can move.

This is consistent with the general absence of dislocation channels in the
present epecimen, and with the dislocation substructures it contains in the

40 the microstructure observed

as-1irradiated state. As reported previously,
before a deformation test contained dislocation substructures that were not
annihilated during the stress-relieving treatment. The apparent absence of
dislocation channels 1s also consistent with the general absence of
irradiation-induced defects, which we have suspected to be associated with the

high deformation temperature relative to the irradiation temperature.

2. Brittle Failure Characteristics

The tight crack observed on the outer surface of specimen 165AG10
indicated a brittle-type failure. The failure region was cut according to
procedures outlined in Fig. 35 for microstructural examinations by SEM, TEM,
and optical microscopy. The tight crack was split open at room temperature to

reveal the fracture surface "at temperature.”



& SEM Evaluation

Low-magnification scanning electron micrographs of the tight
crack on the outer surface of specimen 165AG10 are shown in Fig. 36. The
density of crack lines on the outer surface in this specimen was lower than in
specimen 165AE4A (compare Figs. 30 and 36). Figure 36B shows a crud layer,
~0.06 mm thick, which has partially spalled off to reveal the cracks in the
metallic cladding. The inner-surface crack morphology was similar to that

shown in Fig. 31A.

Low-magnification fractographs of the through-wall crack In
specimen 165AG10 are shown in Fig. 37. Figure 37B displays three different
types of fracture surfaces, designated A, B, and C in the schematic of Fig.
37C. Region A 1is the true fracture surface produced at 325°C. Region B 1is an
artifact fracture surface produced during the room-temperature splitting of
the failure region. The morphology of the surface in this region i{s similar
to that of Fig. 29 and characteristic of a ductile failure. Region C was also
produced during the room-temperature splitting, which involved three-point
bending of the curved piece of specimen containing the fracture surface (see
Fig. 35). Near the end of the splitting, the two mating surfaces were forced
to compress each other near the contact point of the knife edge. Therefore,
Region C is not relevant to the fracture process operating at the test

temperature.

The crack was apparently initiated at the outer surface and
propagated in the direction shown by the arrow in Fig. 37B. The true fracture
surface near the outer surface could be found near the step shown in Fig.
37A. The true surface shown in Fig. 38, obtained from the circled region in
Fig. 37A, was protected from compression during the room-temperature split.
The surface was somewhat corroded. Uncontaminated fracture surfaces, obtained
from areas 2 and 3 of Fig. 37B, are shown in Figs. 39 and 40, respectively.

In summary, fracture surfaces characteristic of crack rucleation, propagation,

and termination are seen in Figs. 38-40, respectively.

The fractographs of Fig. 39 are characterized by pseudocleavage
with limited areas of ductile fluting. This type of fracture surface,
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characteristic of the brittle-type failure of Zircaloy cladding, 1is usually
referred to as a "cleavage plus fluting” or “"flaky" fracture surface. From
Fig. 39A, we can observe that the ridges associated with the fluting are
approximately parallel to the direction cf crack propagation, which is nearly
parallel to the prism planes. No clear evidence of intergranular separation

could be found from this fractographic examination.

The fracture surface morphology of Fig. 39 is strikingly
similar to those reported for in-reactor PCI fallures.sz-sa PCI fracture
surface morphologies have been known to be influenced by the mechanical and
thermal treatments of the cladding material, i.e., cold working, stress
relieving, and annealing heat treatments. Most bresent—day commercial
reactors utilize stress-relieved materials rather than recrystallized ones.

In strese-relieved cladding, PCI fracture surfaces are dominated by transgran-
ular pseudocleavages. Intergranular separation associated with PCI failures
has been reported only in recrystallized materials containing grains of
significant size.55-57 The intergranular fracture in such cases 1s usually
followed by transgranular cleavage plus fluting as the incipient crack
propagates through the wall thickness. Fractographs of the transgranular part
of the recrystallized material are somewhat different from those of Fig. 39

because of the equiaxed shapes of the grains.

b. TEM Evaluation

Several thin-foil specimens obtained from near the failure
region (see Fig. 35) were extensively examined. TEM specimens of 165AGl0 were
characterized by (1) insignificant signs of dislocation activity, (2) a sig-
nificantly smaller amount of residual irradiation-induced damage after the

40

test than in the as-irradiated state, and (3) a large quantity of

unidentified precipitates.

At least two types of precipitates were observed in 165AG10.
The precipitate morphologies and distributions were examined in conjunction
with a selected area diffraction (SAD) technique. 1In contrast to the
relatively large and very scarce precipitates observed in other TEM specimens

({.e., archive, as-irradiated, and 165AE4A), the precipitates found in 165AG10
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specimens were extremely small and, in many cases, difficult to detect from
bright-field reflections only. Diffraction patterns provided a better

indication of the presence of precipitates.

Diffraction patterns of specimens other than 165AG10 were in
most cases free of extra spots that indicate the presence of precipitates, and
all the spots could be easily indexed based on Zr reciprocal lattices that
were constructed on the basis of Table VIII. Such "clean” diffraction
patterns were rare for 165AGl0. Many regions revealed characteristic patterns
that could not be indexed on the basis of a-Zr structure. The “clean”
diffraction pattern from a single-phase matrix (e.g., alpha-phase Zircaloy)
can be altered by the presence of second-phase precipitates in several ways:
(1) appearance of extra pattern from the second phase itself, (2) modification
of matrix spots because of the influence of the second-phase precipitates, (3)
appearance of double-diffraction spots, (4) appearance of superlattice reflec-
tions associated with an ordered precipitate structure, and (5) modification
of second-phase spots associated with finite crystallite size of very small

precipitates.

A recrystallized subgrain from TEM specimen T2 of Fig. 35 is
shown in the bright-field pictures of Figs. 41A and B. 1In Fig. 41B, one type
of precipitate of roughly elliptical geometry can be observed. The precipi-
tate particles are approximately 300-500 A long and 20-60 A thick. Mottled
contrasts are observed within the precipitate itself (see Fig. 42A). These
precipitates were designated Type A and are shown by A arrows. A second type
of precipitate, designated Type B and shown by B arrows, can also be ob-
served. Type B precipitates are characterized by diffuse, interconnecting,
wave-like lines. Unlike Type A, the geometric shape of Type B cannot be
defined clearly.

The SAD pattern corresponding to Fig. 41B is shown in Fig.
41C. The pattern consists of diffraction spots from at least three diff-rent
phases, i.e., Zr and Type A and B precipitates. The Zr pattern could be
indexed without difficulty. However, the patterns from the precipitates
cannot be indexed at this time. A schematic diagram of Fig. 41C that
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{1lustrates the diffraction patterns produced by Zr and Type A and B
precipitates is shown in Fig. 41D.

Numerous local regions of TEM specimens from 165AG10 showed
dark contrasts that appeared to be an agglomeration of Type B precipitates.
An example of such a region is shown in Fig. 42A. Type A precipitates are
also visible in the figure, primarily at the lower left corner. Short
dislocations, which were presumably immobilized by the Type B precipitates,
can also be observed. The SAD pattern derived from Fig. 42A, {llustrated in
Fig. 42B, showed a predominant pattern of Type B precipitate and weak spots
corresponding to the Type A precipitate. Figure 42C ghows a dark-field image
from the reflection marked by the arrow in Fig. 42B. Another region similar
to that of Fig. 42 that contains an agglomeration of Type B precipitates is
shown in Fig. 43. 1In this case, Type A precipitates are absent, and
consequently, the SAD pattern is composed of spots corresponding to Type B
precipitates only (Fig. 43C). The pattern is similar tv the Zr (1070) zone in
appearance, with (0001) double-diffraction spots. However, systematic
differences of ~2.2% between the interplanar spacings of the Zr pattern and
those of the observed pattern could not be resolved. Because of the strong
basal-pole texture of the commercial Zircaloy fuel cladding, the (1010) zone
(i.e., prism planes) is rarely observed in a TEM specimen in which the foil
plane 1s nearly perpendicular to the radial direction. On the basis of
numerous observations of precipitates in several thin-foil specimens of
165AG10, as exemplified by Figs. 41-43, {t appears that the brittle-type
failure is associated either with the precipitates themselves or with the

process responsible for the precipitation.

3. Summary

Zircaloy cladding specimens, obtained from Big Rock Point Reactor
spent fuel assemblies and deformed to fracture at 325°C under internal
pressurization, were examined via SEM and TEM to establish the fracture
characteristics. Numerous dislocation tangles, cell structures, and areas of
preferential slip were observed by TEM in cladding specimens that failed in a
ductile manner. This observation was consistent with SEM fractographs that

indicated a moderate extent of microvoid coalescence. SEM fractographs



67

obtained from specimens that failed in a brittle manner in the absence of
fission-product species in the test environment were characterized by
transgranular pseudocleavage plus fluting, and are surprisingly similar to
those reported for in-reactor PCI-type failures. An evaluation of TEM
specimens from cladding that failed in a brittle manner revealed numerous
reglons containing dispersed vnidentified precipitates or agglomerations of
extremely fine precipitates, primarily in the cell-wall regions of the stress-
relieved material. The brittle failure appears to be strongly assoclated with
the precipitates, which cannot be identified ot this time.
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Table VIII. Interplanar Spacings and Reciprocal Lattice Vectors of
2r? Used to Index Zircaloy Diffraction Patterns

2 2 2 (e »14d
hkt  h%+hk+k L QM) B (°H@) gm0,
100 1 0 2.795 0.358 1.000
11
002 0 4 2.570 0.389 1.088
101 1 1 2.461 0.406 1.135
1Ty
112 1 4 1.896 0.527 1.472
012
ili0 3 0 1.617 0.619 1.731
120
103 1 9 1.464 0.683 1.910
113
112 3 4 1.369 0.731 2.042
201 4 1 1.351 0.740 2.068
271
104 1 16 1.171 0.854 2.386
203 4 9 1.085 0.922 2.576
210 7 0 1.056 0.947 2.649
3170
211 7 1 1.037 0.965 2.698
171
114 3 16 1.007 0.993 2.776
212 7 4 0.979 1.021 2.852
3172
8gased on lattice constants A_ = 3.227 A and C° = 5,157 A.

bReflections with zero structure factor but possible under a double-

diffraction condition were excluded.

£ 1s odd and h + 2k = 3n (n = 0, 1, 2...).
®Interplanar spacing of (h k %) plane.
Length of the reciprocal lattice point of (h k &) plane.

Structure factor 1is zero if
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Fig. 31. Scanning Electron Micrographs of Inner Surface of Spent Fuel Cladding
Tube 165AE4A, Showing (A) Crack Morphology and (B) Circular Uranium-
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c. Internal Mandrel Loading Experiments on Irradiated Zircaloy Fuel Cladding
(F. L. Yaggee)

Current progress on the mandrel (mechanical) loading of irradiated
Zircaloy fuel cladding includes an initial calibration of eight mandrels and
results of five preliminary tests on unirradiated Zircaloy cladding using
mandrel loading. The preliminary tests were conducted at ambient temperature
(~25°C) on Zircaloy tubes that were oxidized at high tewmperature to produce
low=ductility material.

The components of each mandrel consist of a tapered pin (arbor) and an
expandable sleeve with an internal taper that matches the taper of the
arbor. Both components are made of hardened (tool) steel and have smoothly
ground surfaces to minimize sliding friction. The strength and hardness of
the steel, coupled with close dimensional tolerances in the mandrel, produce
an unyielding mechanical loading system which maximizes diametral displacement
accuracy and reproducibility. The highest o_curacy in the diametral
displacement of the expandable sleeve 1s achieved at small diametral
displacements; typically <0.38 mm. For this reason, separate mandrels were
made for testing irradiated H. B. Robinson (HBR) and Maine Yankee (MY)
cladding, which have nominal inside diameter measurements of 9.32 and 9.85 mm,
respectively. Four mandrels were made for each cladding type. Three of these
were used with split ceramic cylinders, as described in a previous report;AO
the fourth mandrel was used with split metal rings, which were substituted for
the more costly split ceramic cylinders in preliminary room-temperature

calibration tests.

The present mandrel loading system was desigred to produce a crack-type
failure in irradiated LWR cladding at diametral strains of between 1 and 3% at
the inside cladding surface for material with a rupture strength of ~830 MPa
and a rupture ductility of f}l (measured as an increase in outside diameter)
at 325°C. Therefore, failure of the irradiated cladding is expected to occur
at diametral (sleeve) expansions of ~0.28 and 0.29 mm for the HBR and MY
cladding, respectively The taper angle will provide a linear ratio of ~16:1

between the axial displacement of the arbor and the diametral expansion of the

sleeve. This choice of taper angle minimizes the sliding friction between the




85

mandrel components (especially when treated with a high-temperature, low-vapor
pressure, solid lubricant) and provides reasonable control of diametral
expansion at the inside diameter of the cladding specimen. When used in
conjunction with constant (Instron) crosshead displacement rates of 8.3 x 10-5
to 8.3 x 10_2 mm/s, the selected taper angle will produce cladding strain
rates in the range ~5 x 1077 to 6 x 1074 s71. The magnitude of the diametral
strain (elastic and plastic) at the inside surface of the cladding (601) can
be ascertained from the measured axial displacement (SL) of the arbor by

invoking the assumption of an unyielding mandrel.

1. Mandrel Calibration

The eight mandrels were calibrated in the instrumented fixture shown
in Fig. 44, using a constant crosshead displacement rate of 8.3 x 10°3 mm/s.
Displacement transducers (LVDTs), which had been calibrated with precision
gauge blocks, were used to monitor the axial displacement of the arbor and the
resulting diametral expansion of the sleeve. The transducer (mV) outputs were
plotted on an X-Y recorder (Hewlett Packard Model 7047A) using a 0.5-mV/cm
scale range on both axes. The calibration procedure achieved a radial

displacement resolution of ~2 um.

The radial expansion was measured on a surface ligament at the
middle of the sleeve as shown in Fig. 44. This is the location of the
simuiated pellet-pellet interface and, consequently, the region of maximum
hoop stress at the inside cladding surface. The relationship between the
expanding sleeve, the l-mu-wide region containing the pellet-pellet interface
(simulated by two split metal rings), and the cladding specimen is shown in

Fig. 45, as viewed through a vertical slot in the specimen.

The calibration data for the individual mandrels were correlated

with a linear-regression analysis for a polynomial of the type
AD = mAL + b (8)

where AD is the diametral displacement of the sleeve (mm), AL is the axial

displacement of the arbor (mm), and m and b are the slope and intercept,
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respectively. For displacements of interest in the mandrel experiments, the
magnitude of b 1s negligible relative to mAL (Table IX). Therefore, the
sleeve expansion and, consequently, the expansion at the inside surface of the
specimen (ADl) can be calculated directly from the measured arbor displacement

(AL) by the simple expression

4D, = m AL, (9
where 1/m is the displacement ratio AL/ADi. This calculated value of 4Dy
represents the total displacement (elastic plus plastic) at the inside surface
of the test specimen. Furthermore, the relative stress states at the inside
and outside surfaces of the test specimen can be inferred from a compariscon of
the values of Abi with corresponding measured values of ADO obtained by the

method shown in Fig. 45.
Preliminary calibration data for the eight mandrels are given in
Table IX. The linearity of the sleeve expansion as a function of the arbor

displacement is indicated by the correlation coefficient 2.

2. Mandrel Loadin& Tests

Five preliminary mandrel tests were conducted at 25°C on
unirradiated Zircaloy specimens that were oxidized in steam at high
temperature for different time periods to produce low-ductility material. The
deformation tests were performed in an Instron (Model 1122) testing machine at
a crosshead displacement rate of 8.3 x 1073 mm/s. The purpose of these
experiments was to evaluate and improve handling procedures that will be
adopted for remote testing of irradiated cladding, and to determine the
operating characteristics of the mandrel system. Parameters of interest
include the accuracy and linearity of mandrel loading, optimum specimen
length, reproducibility of mandrel test results, and the magnitude of the
arbor force required to produce an axial through-wall crack in the high-
strength, low-ductility material, which simulates the properties of irradiated
cladding. The test results are shown in Figs. 46 and 47 and are listed in
Table X.



87

Figure 46A shows an axial crack produced in higa-ductility
unirradiated Zircaloy cladding at a rupture strength of ~703 MPa at 25°C. 1Inm
this first test, the original specimen length was 44.4 mm and the specimen was
mechanically loaded with HBR mandrel 4 (see Table IX), using split-metal rings
to simulate the high-stress region at the pellet-pellet interface. The 3.76-
mm-long axial crack occurred in the region of the simulated pellet-pellet
interface, approximately 120 degrees from the split in the metal rings which
simulates an axial crack in the fuel. The failure strain obtained by
measurement of the specimen outer diameter with the mandrel in place was
7.8%. This value is 252 smaller than the strain at the inner surface
calculated by Eq. (9). Both values represent total (elastic and plastic)
diametral strain. The plastic diametral strain at the outer surface, obtained
by measurement after removal of the mandrel, was 6.1%. If the elastic modulus

58 > MPa and the total diametral strain value

of Zircaloy”® 1s taken as 1.0 x 10
of 7.8% is corrected for elastic strain, the resulting calculated plastic
strain of 6.2% is in good agreement with the posttest value of 6.1% obtained
after removal of the mandrel. The 1943-kg force on the arbor is excessively
large, and is the result of the full-length contact between the expanding
sleeve and the specimen due to the large specimen ductility. Removal of the
mandrel was achieved by machining the cladding. The results of this test
clearly indicate that the mandrel design is not particularly suited to the
remote testing of high-ductility cladding, and that the optimum specimen

length may be less than 44.4 mm.

Figures 46B and C show fine axial cracks produced by mandrel loading
of oxidized, low-ductility Zircaloy cladding in tests 2 and 3. The specimen
material was selected to simulate the high-strength (~827 MPa), low-ductility
(<1%) characteristics of irradiated LWR cladding. Because the microstructure
of this material is considerably more complicated than that of irradiated
material, no inference is drawn from the crack length observed in the test
specimen. These test specimens were loaded with MY mandrel 8 (see Table IX)
using split-metal rings to simulate the pellet-pellet interface. An initial
specimen length of ~19 mm was used in these tests to conserve material. Test
results indicate that the two specimens failed at very low plastic strains
(0.02 and 0.11%, respectively), as determined from unloaded measurement of the

outside cladding diameter. The cracks in both specimens occurred at low
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mandrel loads (69.5 and 70.9 kg, respectively), and the calculated values for
the total diametral strain at the inside and outside surface of both specimens
were <1X. However, the failure in the specimen shown in Fig. 46B initiated at
a location 90 degrees from the simulated pellet crack (split in metal rings),
whereas the failure in the specimen shown in Fig. 46C initiated at the site of

the simulated pellet crack.

Figures 47A and B show fine axial cracks after mandrel loading of
another plece of oxidized Zircaloy cladding in tests 4 and 5. The oxygen
content of this material was less than that of the cladding used in tests 2
and 3. Consequently, the rupture strength of this cladding was expected to be
slightly less than that of material used in tests 2 and 3, and the ductility
slightly higher. These specimens were loaded with MY mandrel 6 (see Table
IX), using split-ceramic cylinders to simulate the pellet-pellet interface.
The results in Table X indicate that the specimens shown in Figs. 47A and B
falled at similar plastic strains (0.34 and 0.32%, respectively, from
measurements of the outside cladding diameter), and similar mandrel loads
(57.3 and 55.0 kg, respectively). The differences in the calculated total
strain values at the Inside and outside specimen surface are greater for these
specimens than for the material with higher oxygen content in tests 2 and 3.
The results obtained from tests 4 and 5 are consistent with the anticipated
changes in material strength and ductility with oxygen content. Finally, the
cracks in these specimens initiated at the simulated pellet crack and
generally followed the cracks in the underlying ceramic cylinder. This is
illustrated in Fig. 47B.

The results of the preliminary mandrel tests support the following

conclusions:

a. The optimum specimen length will be between 19 and 44 mm.

b. The mandrel design is suitable for simulating PCI loading in
irradiated cladding.

C. The assumption of an unyielding mandrel can be used to obtain
reasonable (calculated) values for the strain states at the inside

and outside surface of irradiated cladding.
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The experimental procedure will yield reproducible deformation

results.

Future Pro;;e.a

Future progress will include the following steps in preparation for
in-cell testing of irradiated cladding:

a. Check the reproducibility of calibration data for all eight
mandrels.

b. Resolve the hoop s.ress into components in the axial,
circumferential and 30° texture directions for archive HBR (7FD11)
and MY cladding. This will be accomplished using strain-gage
instrumented, mandrel-loaded specimens.

Ce Check fixture alignment and establish optimum assembly procedures

for in-cell testing.

Specimens of irradiated HBR cladding are being cut to length,
cleaned to remove loose contamination, and dimensioned for the initial in-cell

tests under mandrel loading conditions at 325°C.
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Table IX. Preliminary Mandrel Calibration Data

Mandrel Cladding m b AL
No. Type (10°2)  (10™% mm) ' Z;;
1b HBR 5.979 0.446 0.9998 16.72
2b HBR 5.692 16.1 0.9982 17.57
3b HBR 5.716 25.4 0.9988 17.49
4¢ HBR 5.719 4.11 0.9994 17.48
5P MY 6.513 -31.9 0.9989 15.35
6P MY 6.407 91.6 0.9974 15.61
7b MY 6.695 50.2 0.9976 14.94
8¢ MY 5.892 -4.56 0.9993 16.97

8Correlation coefficient for a polynomial fit at an arbor displacement
of 5.8 mm.
andrels to be used with split-ceramic cylinders.

®Mandrels to be used with split-metal rings.



Table X. Preliminary Results of Room-Temperature Tests on Zircaloy-4 Cladding Using Mechanical
Mandrel Loading (Mandrel Arbor Displacement Rate = 0.5 mm/min)

Calculated Diametral Measured Diametral
Failure Strain Failure Strain®
(x) (%) Max.
Test Specimen Inside Outside Outside Load
No. Material Dia. Dia. Dia. (kg) Remarks
Unirrad. 9.8 7.8 6.1 1943 Axially oriented crack, ~3.76 mm long,
initiated 120° from simulated pellet crack.
2b Oxidized 0.89 0.94 0.02 69.5 Axially oriented crack, full length of specimen
(19.1 mm), initiated 90° from simulated pellet
crack.
3b Oxidized 0.93 0.75 0.11 70.9 Axially oriented crack, full length of specimen S
(19.1 mm), initiated at simulated pellet crack.
4 Oxidized 1.4 0.27 0.34 57.3 Axially oriented crack, ~15.8 mm long,
initiated at simulated pellet crack.
5 Oxidized 0.96 0.31 0.32 55.0 Axially oriented crack, full length of specimen

(~19.1 mm), inftiated at simulated pellet
crack.

8after unloading the snecimea.
ndrels used with split-metal rings.
“Mandrels used with split-ceramic cylinders.
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