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ABSTRACT

:

In a program sponsored by the Fuel Systems Research Branch of the U.S.
Nuclear Regulatory Commission, a series of six electrically heated fuel rod
simulation tests were conducted at Pacific Northwest Laboratory. The primary
objective of these tests was to determine the susceptibility of irradiated
pressurized-water reactor (PWR) Zircaloy-4 cladding to failures caused by
pellet-cladding mechanical interaction (PCMI). A secondary objective was to
acquire kinetic data (e.g., ridge growth or relaxation rates) that might be
helpful in the interpretation of in-reactor performance results and/or the
modeling of PCMI. No cladding failures attributable to PCMI occurred during
the six tests. This report describes the testing methods, testing apparatus,;

; fuel rod diametral strain-measuring device, and test matrix. Test results are
| presented and discussed.
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SUMMARY

t

Pacific Northwest Laboratory, under the sponsorship of the Fuel Systems
Research Branch of the U.S. Nuclear Regulatory Comission, conducted six elec-
trically heated fuel rod simulation tests using irradiated pressurized-water

,

reactor (PWR) cold-worked Zircaloy-4 cladding. The primary objective of the
tests was to detennine the susceptibility of the cladding to failure due to
irradiation embrittlement and/or stress-corrosion cracking (SCC). A secondary
objective was to acquire kinetic data that might be helpful in the interpreta-
tion of in-reactor performance results and/or the modeling of pellet-cladding
mechanical interaction (PCMI). The simulated fuel rods used a tungsten heater
surrounded by annular urania fuel pellets, all within the irradiated cladding.
A small fuel-cladding gap was used to promote PCMI by differential fuel-I

| cladding thermal expansion during power ascents. A diameter-measuring device
was used during the tests to measure localized strain caused by PCMI. The
tests were conducted in a water loop at a temperature of 300'C and a pressure
of 10.3 MPa. Five tests were conducted in the absence of iodine at various
power / time conditions. One test was conducted by successively introducing
increasing levels of iodine into the fuel rod interior. No cladding failures
attributable to PCMI or SCC occurred during the six tests, probably because
this type of cladding is simply not susceptible to these types of failure,

; although other possibilities exist (e.g., lack of sufficient irradiation-
induced embrittlement or lack of adequate molecular iodine when at the stressed
condition). Relatively large elastic pellet-to-pellet ridge strains were pro-,

duced during the tests, with a small amount of plastic strain at the ridgesi

after the first power cycle. The lack of ridge strain rel.axation during these
tests relative to that observed during in-reactor experiments indicates that a!

reactor environment has a significant effect on stress / strain relaxation.
i
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| 1.0 INTRODUCTION

A small fraction of light-water reactor (LWR) fuel rods experience breach
of the cladding due to pellet-cladding interaction (PCI). The PCI failure
mechanism is attributed to stress-corrosion cracking (SCC); that is, chemically
assisted fracture of the cladding under the mechanical load exerted by the
thermally expanded fuel pellets. The chemical contribution is attributed to
volatile fission products such as iodine or cadmium. Cladding failure usually
occurs at or near pellet-to-pellet interfaces in regions of high cladding
stress and concentrated volatile fission products. Many of the out-of-reactor
experiments that have been performed to investigate the SCC phenomenon have
used nonirradiated cladding and simulated fission products. It is possible,

however, that an irradiation-induced mechanism in the cladding may be a primary
cause of PCI failures (e.g., irradiation hardening) in combination with local-
ized stress concentrations. A program, sponsored by the Fuel Systems Research
Branch of the U.S. Nuclear Regulatory mmission (NRC), was therefore initiated
at Pacific Northwest Laboratory (PNL) to study the strain / failure behavior
of the U0 -Zircaloy cladding system using electrically heated simulated fuel2
rods with irradiated cladding that had not been exposed to fission products.

PCI failures have occurred during transient operating conditions (i.e.,
when the rod power and cladding stresses were increasing), and after varying
periods at elevated power when the cladding stresses were maintained at high
level s. During ex-reactor transient simulations, nonirradiated cladding has
been shown to be most sensitive to failure when the strain rate was approxi-
mately 2 x 10-5/ min.(1,2) Whether a failure occurs during a transient, after a
period of high cladding stress, or not at all, has usually been attributed to a
balance between the conditions necessary for crack initiation and/or growth and
the presence of adequate concentrations of a corrodant. Most of the tests in
this series on irradiated cladding were conducted in the strain rate range most
sensitive to failure for nonirradiated cladding. If the cladding did not fail

as the stress-strain was increased, the maximum test power was maintained for
varying periods and, in some cases, the power was cycled in order to induce a
PCI-type failure. Most tests were conducted in the absence of iodine and some
tests contained intentional defects on the inner cladding surface to promote
crack nucleation. All tests were conducted at temperature and differential
pressure conditions that approximate those in a commercial pressurized-water
reactor (PWR).

i
i

(a) Operated for the U.S. Department of Energy by Battelle Memorial Institute.

1.1
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! 2.0 EXPERIMENT DESCRIPTION

The ex-reactor PCI simulation tests used irradiated cladding in electric-
ally heated fuel rods that were tested in a pressurized high-temperature water
loop. The diametral cladding _ strains were measured during the tests. The
irradiated cladding is described in Section 2.1. The simulated fuel rod is
described in Section 2.2; the test apparatus, in Section 2.3; and the diameter-
measuring device, in Section 2.4. The individual PCI simulation tests are
described in Section 2.5.

2.1 IRRADIATED CLADDING

The irradiated Zircaloy-4 cladding pieces used in .these experiments were
obtained from Babcock and Wilcox Company (B&W), and came from tubing that was
irradiated in the nonfueled and nonpressurized conditions for. one cycle in the
ANO-1 PWR. During irradiation the tubes were exposed to cooling water on the

! inside as .well as the outside. The criteria for selecting the pieces were
homogeneity of the inner diameter (as determined by air-gaging) and homogeneity
of neutron fluence (as determined by gamma scanning). The range of inw
diameters for the tubing pieces used in the tests was from 9.581 to 9.586 mm.
1he mean fluence value for 12 gamma scan measurements was determined to be

25 22.43 x 10 n/m , (E > 0.1 MeV), with standard deviation of 16%.

The only unusual feature in the properties for the cladding was the yield
strength, which was 547 MPa at room temperature and 372 MPa at 650F, these

j values are somewhat higher than usual for stress-relieved, cold worked clad-
j ding. Additional information concerning the ladding is presented'in the B&W

report reproduced in Appendix A of this rt.

/
2.2 SIMULATED FUEL R0D

The simulated fuel rod (Table 2.1 and Figure 2.1) consisted of two major.
components: the irradiated tube assembly, and the heater-pellet assembly, which

; was inserte_d into the irradiated tube assembly. The tube assembly consisted of
a central piece of irradiated Zircaloy-4 approximately 470 mm (18-1/2 in.) long
to which nonirradiated Zircaloy-4 extender tubes of a similar size were butt-

,

; welded. The lower extender tube was closed with a welded end plug to keep 1
~

'

water from intruding into the simulated fuel rod. The upper extender tube ..ad
an adapter welded to the upper end for mating to the p? essure housing assembly. ;

~

"

Overall length of the irradiated tube assembly was at-oat 1067 m (42 in.). |

|
The heater-pellet assembly consisted of a central 457-mm (18-in.) _long i

;. tungsten heater rod with surrounding annular fuel pellets. Copper extension |

1

2.1
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TABLE 2.1. Experiment Parameters
|
1

Item Description
Heater Tungsten

Diameter, m (in.) 3.81 (0.150)
Heated length, m (in.) 457 (18)
End adapters Al 0 -coated copper23

Fuel pellets Depleted UO , nonf rradiated2
Diameter, mm (in.) 9.50 (0.374)
Length, m (in.) 12.7 (0.50)
Type Dished, annular, 3.84 m (0.15 in.) ID

Cladding Zircaloy-4, irradiated one PWR cycle
Outside dia. (0' ), m (in.) 10.92 (0.430)D

Inside dia. (ID), m (in.) 9.58 (0.377)
Equivalent burnup, mwd /kgM 7

End adapters Zircaloy-4, nonirradiated
Fill gas Hel ium

Pressure, kPa (psig) 82.7 (12)

electrodes were soldered to the ends of the tungsten heater rod. With the
heater-pellet assembly in place in the irradiated tube assembly, the heater-
pellet column was centered within the length of the irradiated tube. The upper
copper electrode extended beyond the end of the irradiated tube assembly by
approximately 241 mm (9-1/2 in.), bringing the overall length of the simulated
fuel pin to about 1308 m (51-1/2 in.). The portion of the upper electrode
that was within the irradiated tube assembly was electrically insulated from
the tube assembly by a flame-sprayed alumina insulating layer. After the simu-
lated fuel rod was installed in the pressure housing assembly (Section 2.3),
electrical connections were made to the rod to supply electrical current. The
voltage connections were made by bolting one voltage clamp onto the upper end
of the upper (lectrode and another onto the lower tube extension, deforming the
tube onto the lower copper electrode.

The 0.08-mm (0.003-in.) fuel-cladding diametral gap was selected to pro-
mote mechanical interaction during the tests. The internal volume of the simu-
lated fuel rod was degassed by evacuating the system with a mechanical-floor
pump for at least 12 hours at a temperature of 300*C before pumping and by

2.2
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backfilling the system 'at least three times with helium. The final atmosphere
in the fuel rod was helium at an absolute pressure of 184 kPa (26.7 psia) for
the tests without iodine and 115 kPa (16.7 psia) for the tests with iodine.

2.3 TEST APPARATUS

' Test Section Assembly

! The test section assembly consisted of the simulated fuel rod, a pressure
housing assembly, and a diameter-measuring device. The simulated fuel rod was
installed in the pressure housing assembly that also contained the diameter-
measuring device and the electrical connections for powering the simulated fuel
rod assembly, and that served as the flow duct for directing coolant past the'

simulated fuel rod (Figure 2.2) The pressure housing assembly was made up of a
vertically mounted 74-mm (2.90-in.)-ID flanged pipe, upper and lower plenum
pipes of 113 mm (4.44 in.) ID, and 3-in.1500-1b-class closure flanges at each
end; all of these components were Type 316 stainless steel. Flow from the test,

j loop entered the pressure housing assembly through the lower closure flange,
1 passed the simulated fuel rod, and exited through a side port in the upper flow-
i plenum pipe.

The simulated-fuel rod was mounted in the upper closure flange and
extended through the upper plenum and the flanged pipe; its lower end tenni-
nated in the lower plenum. The adaptor on the upper end of the irradiated tube
assembly portion of the simulated fuel rod was connected to the upper closure
flange with a pressure-tight seal. The upper copper electrode of the heater-

i pellet assembly extended through a central hole in the upper closure flange and
then passed through a. gas plenum mounted to, but electrically insulated from,,

'

the outer face of the closure flange. An electrical clamp, bolted to the upper -
electrode, was connected to cables from the positive polarity bus of the power;

supply.

The interior of the gas plene connected to the interior of the simulated
fuel rod, providing a passage for controlling the atmosphere within the simu-
lated fuel rod. Elastomer 0-ring seals sealed the upper electrode where it
passed through the gas plenum. A manifold connected to a port on the gas
plenum provided access to both a vacuum pump and a helium gas. source. Before
testing, the surfaces of the heater-pellet assembly and the interior of the
irradiated tube assembly were out-gassed overnight at a temperature of 300*C
under vacuum. The gas volume was then backfilled and evacuated several times.
Before electrical power was applied to the heater,. the gas volme was back-
filled with helium.

In preparation for conducting PCII-6, the gas nanifold ~was changed to
i allow the injection of iodine into the gas atmosphere. The new nanifold

included three tubes, each capped.at one end and connected by a valve at the

i

2.4
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.other end to a common header. Each of these capped tubes held an ampule con-
taining a measured amount of iodine crystals. The entire manifold, the gas
plenum, and a pressure transducer to measure the gas pressure were wrapped with
trace heaters and insulation. Before testing, the gas volumes for the manifold<

were heated to 200*C to vaporize the iodine. Before the final helium backfill,
'

the iodine was introduced into the evacuated gas manifold by valving open the
tube containing the selected ampule, then flattening the tube to break the
ampule.

,'
.

The lower plenum pipe of the pressure housing assembly contained the elec-
trical terminal lugs for connection to the lower end of the simulated fuel
rod. An electrical clamp, bolted to the lower end of the simulated fuel rod,
was connected to the lower plenum interior terminal lugs through flexible, mul-
tistrand lead wires. Cables from the negative polarity bus of the power supply
were connected to the exterior lugs on the lower plenum.

,

The diameter-measuring device, which was mounted to and supported from the
i upper plenum pipe, is described in Section 2.4.

Flow Loop

The test section assembly was installed in the test section position of a
high-pressure, high-temperature water loop located in the Thermal Hydraulics
Laboratory at PNL. The loop, made of 300 series stainless steel and shown in
Figure 2.3, included a circulating pump, a pressurizer, water heaters, and a
heat exchanger together with appropriate flow control values and instrumenta-

3tion. The loop flow was circulated by a 1890-cm /s (30-gpm),122-m (400-ft)
sealless pump.- A 10-pm full-flow filter located downstream of the test section
Ifmited the circulation of any particles that might be released from the test
specimens. Safety circuit instrumentation permitted the loop to operate
unattended overnight, facilitating the bakeout of the simulated fuel rods. The*

operating conditions for the tests were:
;i
i Coolant Deionized water
! Pressure, Wa (psig) 10.3 (1500)

Temperature, 3*C 300-

i Flow rate, cm /s (gpm) 1890 (30)

Power Supply

i The electrically heated fuel pins were powered by a silicon-controlled
rectifier power supply that had a filtered output and was rated at 30 V (de),

-1250 A, and 37.5 kW. The power supply included both voltage-limit and current-.

| Ifmit controls that permitted the heater power to be closely control'ed. This -

i setup was' very useful in applying power to the tungsten heater with ts large
| change in resistance with temperature. A digital data logger and a' strip chart

2.6
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recorder were the principal devices used to record the test data. The data
logger recorded the test section inlet and outlet tenperature, pressure and
flow rate, and the volts and anperes delivered to' the sinulated fuel rod. As-
described in Section 2.4, the strip chart recorder was used with the diameter-
neasuring device.
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2.4 DIAttETER-MEASURING DEVICE

An instrument was designed and constructed to measure the diameter of the
simulated fuel red at orthogonal positions along the length of the rod. The
device, as illustrated in Figure 2.4, consisted of a body with an axial hole
within which were mounted two fixed probes, 90' apart in the same plane.
Directly opposite each of the fixed probes was a movable probe, mounted to a
lever arm which pivoted in the device body. The opposite end of the lever arm
was in contact with a cantilever beam to which a strain gage was attached.
When the simulated fuel rod was inserted into the device body, the probes
contacted a rod diameter. A change in rod diameter moved the probe on the
lever arm which in turn deflected the cantilever beam. The unequal-length arms
of the lever am amplified the movement of the probe by a ratio of 8:1, which
resulted in a significant displacement of the cantilever beam and the corre-
sponding change in output of the strain gage. A diameter change of 0.005 mm
(0.0002 in.) was readily resolvable. Figure 2.5 shows an end view of the
device with the silicon carbide tipped probes visible in the bore of the body
of the device.

The device was calibrated in situ by traversing the probes over measured
diameter steps machined into the tube extensions outside of the heated length
of the rod. The change in the strain gage output associated with the diameter
change at the steps served to calibrate the probe novement.

To make diameter measurements along the length of the simulated fuel pin,
the measuring device was supported by an elevator-like carrier assembly. The
measurement device was joined to the carrier with double-acting flat race
thrust Wearings, pemitting x-y motion of the measurement device while
restricting relative motion in the vertical axis. This arrangement was needed
to enable the device to track the axis of the simulated fuel pin while making a
vertical traverse.

The carrier assembly rode on bushings guided by ways consisting of a pair
of rods that extended the length of the pressure housing pipe. These rods were
mounted to end plates; the upper plate was attached to the upper plenum pipe.
The measurement device is seen in Figure 2.6, mounted on the carrier assembly
which is riding on the way rods. The leads from the two strain gages are seen
passing from the device body to the carrier assembly, then coiling as they
travel up the way rods. These leads passed through a gland seal in the upper
plenum. The visible portion of the cantilever was covered by a shroud before
installing the assembly in the pressure housing.

The carrier assembly was raised and lowered by a chain-and-sprocket drive
that was operated by a gear train in the upper plenun. The drive mechanism
consisted of a reversible drive motor mounted outside the pressure housing, a
drive shaf t passing through a shaft seal in the upper plenum, and the gear
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,

train and drive sprocket. The chain, with one end attached to the upper end of
the carrier assembly, passed over the drive sprocket, then down and under an
idler sprocket at the lower end plate of the way rods, then to the lower end of ,

the carrier assembly, to which its other end was attached. Axial position and 1
'

lower and upper travel limits for the measurement device were determined by the
output of a potentiometer operated by the drive shaf t.

The strain gages used on the diameter measuring device were hermetically
sealed, sel f-temperature-compensated, quarter-bridge units welded to the canti-
levers. Duplicate strain gages mounted to cantilever-type material were
installed in the upper plenum to serve as " dummy" elements. For each canti-
lever the active strain gage and the dummy strain gage were connected to form a
hal f-bridge circuit in which the dummy element provided further temperature
compensation. The half-bridge circuit was connected to two external inactive
resistors to form a full-bridge that was connected to a signal conditioning

| 2.10
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i

ampl i fier. The analog output of the signal conditioner was recorded on a
multichannel strip chart recorder, which also recorded axial position and time
increments.'

.

2.5 IRRADIATED CLADDING TESTS

A total of nine PCI simulation tests were conducted. Two tests were ini-
tially performed with nonirradiated cladding to check out the experimental sys-
tem; however, the final design of the strain-measuring device was not complete

, at the time of these tests. The strain-measuring device used during these
t

tests was not capable of axial translation, and ridge strains were not mea-
sured; therefore, these tests are not discussed in this report. The next five

! tests were conducted using irradiated cladding and the diametral strain-
measuring device, but no iodine was used in the tests. The power histories for

2.11:
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PCII-1 through -5 are shown in Figure 2.7.(a) These tests are discussed in
detail below. Finally, iodine was introduced during the eighth and ninth tests
to promote SCC. The eighth test (PCII-6a) used nonirradiated cladding with
three different depths of machined defects on the inner surface of the cladd-
ing, shile the ninth test (PCII-6) used nondefected irradiated cladding. Dur-
ing the latter two tests the diametral strain device was also used. The
results of the six irradiated-cladding tests are summarized in Table 2.2. The
power histories for PCII-6a and 6 are shown in Figure 2.8. These two tests are
also discussed in detail below.

The PCII-1 test was primarily conducted to obtain data that could be used
to control the later tests; in other words, to determine 1) the linear heat
generation rate (LHGR) levels at which PCMI first occurred, Pj, 2) the LHGR
level at which significant U02 creep or yielding pemitted stress relaxation in
the cladding, P , and 3) the adequacy of the translation and the measuringc
sensitivity of the diametral strain-measuring device. The power during sub-
sequent tests was to be controlled at various rates between the Pg and Pc power
level s. Because of previous difficulties, the translation of the diameter-
measuring device was limited to approximately the lower half of fueled length
of the simulated fuel rod for PCII-1.

For PCII-1 the LHGR was increased in approximately 3.3-kW/m (1-kW/ft)
steps (Figure 2.7) and was then held constant for varying periods up to 2 h,
during which the variation in cladding diameter along the length of the rod was
measured several times. The heating rate, and resultant cladding strain rate,
was not specified during the power steps for PCII-1, but was generally in the
range from 1.6 to 3.3 kW/m-min (0.5 to 1 kW/ft-min). After 30 min at the peak
LHGR of 26.3 kW/m (8 kW/ft), the simulated fuel rod cladding failed by electri-
cal short-circuiting through the fuel to the cladding at a point approximately
5 cm (2 in.) from the top of the fuel stack. Based on the initial measurement
of 10 randomly selected ridges in the cladding at pellet-pellet interfaces, Pj
was detemined to be approximately 6.6 kW/m (2 kW/ft), while P was betweeni c
19.7 and 23.0 kW/m (6 and 7 kW/ft). Subsequent analyses of all the observed
ridges indicated that the P was probably actually between 16.4 and 19.7 kW/mc
(5 and 6 kW/ft), which is consistent with later tests.

|

1
Based on the results from the first test, the second test, PCII-2, was

conducted between 6.6 and 21.3 kW/m (2 and 6.5 kW/ft) (Figure 2.7). Based on
reported values of the strain rate sensitivity for failures of Zircaloy-4

(a) Note that the calculated equivalent power ratio (i.e., the power in a
centrally heated rod compared to the power in a fission-heated rod), based
on differential fuel-cladding expansion, is 1.28. For example, a centrally
heated rod operating at 6.0 KW/ft is equivalent to a fission-heated rod
operating at 7.8 KW/ft.
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TABLE 2.2. Summary of Tests and Ridge Measurements (a)
for Irradiated Cladding Tests

No. Ridg No. Mid-Pellet. MeasuredgIPeak Ridges Measured
Test Power LHGR, Integrated Period Steady- Steady-
No. Cycles kW/ft- at Peak Power, h Transient State- Transient State

1 'l 8.0 -0.5 38 38-- --
,

2 3 6.5 7.25 30
30(c)

-- --

3 1 6.5 ~13.0 14 20 14 10 ,

4 5 6.5 8.25 12 52 12 524

5 1 5.5 27.0 13 66 13 66

6 3 10.7 6 20 204 -- --

(a) Cladding strain rates were 2 x 10-5/ min for PCII-2 and 12 x 10-5/ min for,

PCII-3, -4, and -5. The strain rates were based on the sum of the general !

7 cladding strain and the pellet-pellet ridge strain produced during the
; PCII-1_ test. Because there is a large uncertainty (~50%) in the general

cladding strain measurement, the listed strain rate should be considered to'

have an uncertainty of 125 to 30%.
|
.

(b) Ridge heights were measured during steady-state power holds during the
j ascent to power for PCII-1 and -2. Ridge heights during transient condi- ~

tions for PCII-3, -4, -5, and -6 were measured over approximately 6 pellet-
pellet interfaces near the center of the fueled length during the power4

ascent.
(c) The midpellet ridges for PCII-3 were deliberately selected to represent the

largest ridges observed in the data set in order to observe any changes,

over time at stress. Therefore, the averages listed in Section 3.0 are~

much larger than for a random data set.-

in the p ence of iodine of about 1 x 10-5/ min (1) (Figure 2.9) and 3 x
| 10-5/ min , a strain rate of 2 x 10-5/ min was selected to promote cladding
j failure during the power ascent phase of the PCII-2 test. The average of the

estimated total diametral strain (including ridges) and the.diametral ridge
| height strains from PCII-1 was used to estimate the strain rate. Subsequent
!- estimates of the total strain in later tests indicated that the average total

strain was not very reproducible from measurement to measurement, varying up to
i 50%, while the average ridge strain was much less variable. This resulted from -

the difficulty in assigning a reference diameter from measurement to measure-
. ment for the total strain, while only peak' heights on'a single chart paper were
'

measured for the ridges. As a result, the estimated strain rates during the
; power ascents for all the tests in this series should be considered to have an

uncertainty ranging from 25% to 30% of the listed value.
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The simulated fuel rod for the PCII-2 test survived the initial power
ascent to 21.3 kW/m (6.5 kW/ft) and a subsequent power hold of 6 h. To promote
relocation and misalignment of fuel fragments and thereby induce additional
localized fuel-cladding mechanical interaction, the fuel rod was subjected to
two additional power cycles to 21.3 kW/m (6.5 kW/ft) using the 2 x 10-5/ min
cladding strain rate. After an integrated period of 7.25 h at the peak power
and the three power cycles, the cladding in the PCII-2 test had not failed.

Based on the results from the first two tests, the conditions for the
third test (PCII-3) were selected to provide a more rapid strain rate in the
cladding and to maintain the power and resultant cladding strain for the
significant period of 48 h (Figure 2.7). The more rapid strain rate of 12 x
10-5/ min was selected to simulate more closely the maximum power ascent rate of
a commercial reactor. This resulted in a power ascent from 6.6 to 21.3 kW/m
(2 to 6.5 kW/ft) in 15 min. \fter 13 h at the peak LHGR, the simulated fuel
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rod failed, apparently by electrical short-circuiting through the fuel to the
cladding. The failure location was in a region similar to that in PCII-1, near

| the top of the fuel stack.
!
'

The first three PCI simulations with irradiated cladding indicated that
strain rates in the sensitive range for failures of nonirradiated cladding and
hold times up to 13 h at the peak LHGR of 21.3 kW/m (6.5 kW/ft)-electrical were
not sufficient to induce PCI-type failures in this irradiated cladding.

| Therefore, the fourth and fif th tests, PCII-4 and PCII-5, were conducted with
! cladding that had scratches on the inner surfaces. The scratches were produced
| by pulling a sharp-pointed tool-steel scriber through the irradiated cladding

tube. In nonirradiated cladding, the scriber had produced sharp-rooted
scratches varying in depth from 5% to 10% of the wall thickness. Examination
of the irradiated cladding after simulated PCI testing showed that the actual
scratch produced in the irradiated cladding for the PCII-5 test was much less
deep than the developmental scratches on nonirradiated cladding and had a

2.16
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rounded root (Section 3.3). The reason for the difference in scratch geometry
between the nonirradiated and irradiated cladding is not known; perhaps it was
due to the zirconium oxide film on the inner surface of the irradiated clad-
ding, which may have affected the translation of the scriber.

The PCII-4 test was conducted using a power ascent strain-rate of 12 x
10-5/ min (Figure 2.7). The cladding did not fail during the initial power
ascent or the subsequent 6-h hold period at 21.3 kW/m (6.5 kW/ft). After a
controlled power descent for the first power cycle, the PCII-4 test was power
cycled four additional times to 21.3 kW/m, also with no cladding failure. The
last four power cycles were conducted at a strain rate of 12 x 10-5 min during/

the power ascent and a very rapid (in a few seconds to simulate a reactor
scram) power descent rate. The scram simulation was added to the test param-
eters to promote thermal shock and possible fuel fragment generation, reloca-
tion, and misalignment.'

Analysis of the results from the first four tests suggested that perhaps
the peak LHGR of 21.3 kW/m was permitting significant stress relaxation in the
fuel (i.e., that the selected P was too high), and that a peak power reductionc
might promote adequate cladding stresses for a longer period. A peak power
reduction would also be expected to promota longer simulated fuel rod life from
the standpoint of electrical short-circuiting. Theref re, the PCII-5 test was
conducted using a power ascent strain rate of 12 x 10 g/ min to a peak LHGR of
18.0 kW/m (5.5 kW/f t). The peak LHGR was held for 27 h with no cladding
failure (Figure 2.7).

Because no PCI-type failures had occurred during any of the five tests,

j using irradiated cladding, . including two with intentional inner-surface
cladding defects, it was decided to attempt to induce SCC by the introduction
of iodine into the interior of the fuel rod. The test apparatus was modified
to permit the introduction of iodine at three pressure levels: approximately
69 Pa (equivalent to a calculated monolayer of ZrI on the inner surface of the

4cladding), 690 Pa, and 70,000 Pa. All surfaces of the interior volume of the
fuel rod pressurization system were maintained at a temperature of 200*C or
greater (i.e., above the boiling point of iodine), so as to prevent plateout of
liquid iodine in regions away from the test section. A pressure switch was
also added to the system to disconnect the fuel rod heater power in the event
of a cladding failure, in an attempt to preserve any failure features in the
event of a PCI-type failure.

A system checkout test, PCII-6a (Figure 2.8), was conducted using non-
irradiated cladding with internal machined cladding defects to test the iodine
delivery system, the SCC susceptibility of the cladding, and the power shutoff
function of the pressure switch. The internal cladding defects were machined
using an electrical-discharge machine (EDM), which produced a relatively
rounded root. The three defects were each 38 nun (1.5 in.) long and 0.25 mm

2.17
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(0.1 in.) wide, and penetrated the cladding approximately 19%, 42%, and 60% of'

the wall thickness, respectively. The length of the defects was selected to
ensure that there were at least two pellet-pellet interfaces within the defect

:
length. The plan.was to introduce scquentially the three iodine levels, as

,

required, and then to raise the power of the heater rod; however, a power
supply malfunction at the lowest iodine level permitted testing only with the
two higher iodine levels for the PCII-6a test. For the 690-Pa iodine level,
the fuel rod power was raised at a cladding strain-rate equivalent of 12 x
10-5/ min to 21 kW/m and held for 1 h. When no failure occurred, the power was
decreased to zero, the 70,000-Pa iodine level was introduced, and the power was i
increased at the same rate back to 21 kW/m. The integral fuel rod pressure
decreased drastically inanediately after the iodine injection. When no' failure
occurred after one hour at 21 kW/m, the power was increased at 1.5 kW/m-min to

,

promote an SCC failure or to at least be able to test the pressure switch
function in the event of a short-circuit failure. A terminal LHGR of 35 kW/m
(10.7 kW/ft) was reached before a short-circuit failure of the heater ^

occurred. However, the cladding was not breached and the pressure switch'

function was not able to be tested. Cladding ridge heights during the PCII-6a.

test were comparable to those in previous tests, indicating that cladding:

I stresses were at or near the cladding yield strength during the test.

! The final test with irradiated cladding, PCII-6 (Figure 2.8), was con-
iodine to promote SCC. Three power cycles using the strain rate!

ducted using/ min and 1-h power holding levels of 21 kW/m were-imposed on theof 12 x 10-
cladding at the three sequential iodine levels of 69, 690, and 70,000 Pa.

of 1.4 x 10 g were conparable to previous tests and an average elastic strain
Ridge height'

was observed after the first cycle. When no cladding failure
! occurred after 1 h with the highest iodine level, the LHGR was raised to

26 kW/m (8 kW/ft) for an additional i h period. When no failure occurred, the
i LHGR was raised to 29 kW/m (9 kW/ft) and held for 27 min, at' which time the

heater failed by short-circuiting through the fuel to the cladding, and the: '

| cladding did not breach during the heater failure. Again the internal fuel rod
pressure decreased significantly inanediately after the injection' of iodine at'

70,000 Pa. The pressure decrease was manually recorded as a function of time
i during this period. The results indicated that the pressure decreased approxi-

mately exponentially, reaching a constant level about 3 or 4 minutes after
injection. Apparently the molecular iodine reacted totally with the metal

4

surfaces in the system during this period.

i
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3.0 RESULTS AND DISCUSSION

As de' scribed in Section 2.5, the electrically heated PCI simulation tests
were conducted under a variety of conditions to attempt to induce cladding
failure in irradiated cladding. Tests were conducted with a small fuel-
cladding gap to maximize the fuel-cladding differential thermal expansion and
resultant cladding stresses. Power ascents were conducted with cladding strain
rates in the range where nonirradiated cladding is most sensitive to iodine-
induced SCC. The peak power, and resultant high cladding stress level, was
maintained at significant levels and for significant time periods to permit
crack growth in the cladding. The power was cycled in some tests to induce
fuel fragment relocation and misalignment and, therefore, possibly higher
localized cladding stresses during subsequent power ascents. Intentional
defects (scratches) were produced on the inner surface of some of the claddings
to provide points for crack nucleation. None of these test conditions resulted3

in a cladding breach that could be attributed to a PCMI failure mode. Finally,
iodine was introduced in an attempt to cause failure by SCC. An SCC failure
could not be induced in either nonirradiated-defected or irradiated cladding
even though cladding stresses were sufficient to produce small pemanent
ridges. Therefore, the test results are described in tems of the mechanical
interaction in the rods. The PCMI during transient and steady-state operation
are described in Sections 3.1 and 3.2, respectively. The results of post-test
examinations conducted to document the condition of the fuel and cladding are
described in Section 3.3. An intercomparison of all the test results is
described in Section 3.4.

3.1 PCMI DURING TRANSIENT OPERATION

The induced diametral strain in the cladding of a simulated fuel rod dur-
ing a power ascent can be divided into two components, a general strain and a
localized strain. The general strain was caused by the general differential
fuel-cladding themal expansion as the power and temperature increased. Typi-
cal values for the general strain were 1.4 x 10-4 per kW/m (4.6 x 10-4 per
kW/ft) after fuel-cladding interaction commenced for PCII-1. However, this
value varied i25% because of difficulties in assigning an absolute reference
diameter at a known point on the fuel rod on the recording charts. The
behavior of the measured general strain as functions of the other test vari-
ables therefore could not be reliably detemined, and the general strain will
not be further discussed in this report. The localized strains at pellet-
pell,et interfaces (ridges) and at midpellet locations (midpellet ridges) were
produced by localized fuel fragment distortions caused by fuel themal expan-
sion (e.g., hourglassing). These localized strains were much easier to measure
than the general strain because they were a differential (peak-to-valley) mea-
surement on a single chart, rather than a differential value from chart to

3.1
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chart as was the case for the general strain. An example of the pellet-pellet
ridges and midpellet ridges is shown in Figure 3.1. Comparisons of PCMI in the
remainder of this report are discussed in tems of the localized strains.

The localized diametral strains as a function of LHGR, herein defined as
transient operation,' were measured in two ways. For the PCII-1 and -2 tests,
the LHGR was increased in discrete steps and the diameter-measuring device was
used to measure the cladding diameter along the length of the rod during the
power hold. For the PCII-3, -4, -5, and -6 tests, the LHGR was increased rela-<

tively linearly with a predetermined amount of power to be provided during,

successive 1-min periods. Nomally it took from 25 to 50 s to achieve the
assigned power increase for a particular minute. During each 1-min period the
diameter-measuring device traversed upwards or downwards near the center of the
fuel stack, covering a length of approximately eight fuel pellets. After each
minute, the direction was reversed, and the average LHGR during that minute was
assigned for the entire period. The pellet-pellet ridge heights were deter-
mined by drawing a line between appropriate minimum diameters (valleys) and
measuring the height between the mldpoint of this line and the maximum diameter
(peak). For comparison, the averages of several ridges were determined for the
appropriate test condition.-

Because the midpellet ridge height was more variable and much smaller than
the pellet-pellet ridge height, and because only a few were measured during the,

i power ascents, a comparison between tests for midpellet ridge height during
: transients is not made in this report. Steady-state midpellet ridge heights
| are discussed in Section 3.2.

; The ridge heights for each transient condition are shown in the figures as
follows:

Test Condition Figure No.
,

| PCII-1 Power ascent 3.2
i

PCII-2 Cycle 1 3.3
Cycle 2 3.4
Cycle 3 3.5

Power ascents 3.6
Power descents 3.7

PCII-3 Power ascent 3.8

PCII-4 Cycle 1 3.9
Power ascent 2 3.10
Power ascent 3 3.11
Power ascent 4 3.12
Power ascent 5 3.13

PCII-5 Cycle 1 3.14

PCII-6 Power ascents 3.15-

3.2
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FIGURE 3.2. Diametral Strain During Power Ascent for PCII-1 Test
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For 'various reasons, such as rod failure or operation to simulate a scram,
the ridge heights were not measured during some power descents.

|

The interaction data is samarized in Table 3.1. For each test the ini-
I tial strainLbehavior, between 6.6 and ~19.7 kW/m (2 and 4 kW/ft), was linear

with LHGR (Figures 3.2, 3.3, 3.8, 3.9, 3.14, and 3.15). A linear extrapolation
; of- this data to zero LHGR indicates.that the power required for initial
i mechanical interaction, P , varied between 3.2' and 6.6 kW/m (1 and 2 kW/ft) andj

that the slopes during the ini
'tesgs, ranging from 89.9 x 10 gf al power ascengs were very similar bgtween

i

to 105.3 x'10- per kW/m (27.4 x 10- to 32.1 x;

10- per kW/ft). For the four tests that were primarily conducted at a peak
LHGR of 21.3 kW/m, a decrease in slope occurred at the higher LHGRs in the,

i range from 16.4 to 19.7 kW/m (5 to 6 kW/ft), indicating that the fuel strength
was probably reduced to a level that pemitted yielding or rapid creep to ):

reduce the system forces. In those tests for which it was possible to measure i,

i the ridges during power descents (PCII-2, -the first power descent for PCII-4,
j and PCII-5), the slopes of the strain versus LHGR were slightly lower than but
i similar to the slopes during the initial power ascent.

; Pemanent ridge strain occurred during the first power cycle for each
: test. The amount of pemanent ridge strain did not correlate with the differ-
! ential LHGR after which mechanical interaction occurred, as might be expected.
! For those tests that were exposed to several power cycles to the same peak
! LHGR, no apparent increase in pemanent ridge strain occurred-after the first

power cycle. The presence of iodine in the PCII-6 test did not cause any
'

|
strain-type behavior different from the tests without iodine.

:

| 3.2 PCMI DURING STEADY-STATE OPERATION
i

During each PCI simulation, the test rod was subjected to various periodsi
,

: at steady-state power at various power levels. The pellet-pellet ridges and
! midpellet ridges were measured several times during these periods and the
' results are shown in the figures as follows:

Test LHGR Figure No.
'

PCII-1 Variable 3.16

PCII-2 21.3 kW/m (6.5 kW/ft) 3.17

PCII-3 21.3 kW/m (6.5 kW/ft) 3.18

PCII-4 21.3 kW/m (6.5 kW/ft) 3.19

PCII-5 18.0 kW/m (5.5 kW/ft) 3.20

PCII-2,--3, -4, 3.21--

and -5 Summary

PCII-6 Variable 3.22

3.18
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TABLE 3.1. Summary cf Int 3racticn Parametcrs

Interaction
Power Interaction Slope

Test Ascent / Descent LHGR, kW/m (kW/ft) Strain, x 10-5/ Permanent Ridge Coefficient of

No. No. Initial (a) Subsequent (b) kW/m (kW/ft)(c) Strain, x 10-5(d) Determination *II

I fI 5.84 (1.78) -- 97.4 (29.7) 1.001 1A --

1.002 1A 5.64 (1.72) 94.2 (2.87) ----

9.5a (2.91) 96.8 (2.95) -16 1.001D --

10.63 (3.24) 92.2 (28.1) 0.992A ----

2D -- 10.67 (3.25) 79.1 (24.1) 20 1.00
3A -- 10.63 (3.24) 81.0 (24.7) -- 0.99

10.20 (3.11) 77.8 (23.7) 19 1.003D --

III 4.92 (1.50) 89.9 (27.4) 30 1.003 1A --

105.3 (32.1) 1.004 1A 3.28 (1.00) ----

9.28 (2.83) 104.7 (31.9) 25 0.981D --

2AI9I 8.69 (2.65) 88.9 (27.1) 0.98----

3AI9)
4AI9I

-- --(h) 104.3 (31.8) 0.96--

w

* SAI9I
-- 9.94 (3.03) 90.9 (27.7) 18 0.97
-- 12.04 (3.67) 101.4 (30.1) 20 0.99

92.2 (28.1) 1.005 1A 3.87 (1.18) ----

8.67 (2.67) 86.3 (26.3) 22 0.9810 --

90.8 (27.67) 14 0.996 1A 5.41 (1.65) --

6.73 (2.05) 89.1 (27.17) 11 0.982A --

3A 73.37 (2.25) 98.8 (30.11) 17 0.99--

(a) Initial interaction LHGR for first ascent was determined by extrapolation of higher-power data to
zero power.

(b) Subsequent interaction LHGRs were determined by intercept of linear extrapolations of high- and
lower-power data.

(c) Slope during interaction, i.e., higher-power data.
(d) Pennanent diametral strain at zero power measured after power cycle.
(e) Coefficient of determination for linear regression curve fit to data between 6.6 and 21.3 kW/m

during interaction.
(f) PCII-1 and -3 failed by electrical shorting before controlled power descent; permanent strains

could not be measured.
(g) Second through fifth power cycles for PCII-4 were simulations of reactor scrams in an attempt to

promote thermal shock and fuel fragment rearrangement.
(h) Low-power data lost because of recorder malfunction.
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It'should be noted that for PCII-3 only the ten largest midpellet ridges were
measured in an' attempt to maximize any observable behavior as a function of
time at power. Therefore, the average midpellet ridge heights shown for this
test are larger than those shown for the other tests.

In all the tests there was a reduction of the height of the pellet-pellet
ridges as a function of the power holding period at LHGRs at or above 18 kW/m
(5.5 kW/ft), especially at-21.3 kW/m (6.5 kW/ft) or higher. However, the stan-
dard deviation for a typical averaged ridge strain was large, about 25% of the
strain value. In PCII-5, the strain at zero time was compared to the strain at
7 h (Figure 3.20). The standard deviate for the mean between the two strains
was 1.76 standard' deviations', corresponding to a probability of only about 0.70
that the two values are different. At the 95% confidence level, it can be con-
cluded that the values are not different. Similar comparisons can be made for
other extreme values for each of the data sets, with the same conclusion.
Therefore, the reductions in height of the pellet-pellet ridges over time are
not statistically significant and should only be considered a trend.

There was apparently an increase in midpellet ridge height as a function
of time at power in most tests. However, because of the large standard devia-
tions (approximately one-half the ridge strain values), the probability of sig-
nificant differences between extreme values is less than 0.15. Therefore, at
best, the ridge height increases over time can only be considered a trend. The
presence of iodine in the PCII-6 test did not cause any significant difference
in strain behavior with respect to the ' tests without iodine.

3.3 POST-TEST EXAMINATIONS

Scanning electron microscopy (SEM) and ceramography examinations were con-
ducted on selected regions from two simulated fuel rods, primarily to examine
the inner surface of the cladding for evidence of incipient cladding cracks.
The ceramographic examinations also provided data concerning fragmentation of
the fuel and the presence of abnormal phases in the fuel in the failure region
for those rods that failed due to electrical short-circuiting. X-radiographs
were used to determine where the sectioning cuts should be made for the sam-
pling, for the SEM samples in particular because it was desired to have the
location of a pellet-pellet interface near the midlength of the specimen. An
example of the X-radiographs is shown in Figure 3.23. The specimen locations
are listed in Table 3.2.,

Each 19-mm (3/4-in.)-long SEM specimen was axially slit to provide two
hal f-shell s. One of the halves from each specimen was examined as cut, while
the second half was flattened between two aluninum plates before examination.
Examination of the six as-cut specimens revealed nothing unusual, no cladding
cracks or even cracks in the zirconium oxide surface. One of these specimens

3.27
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TABLE 3.2. Specimens from Simulated Fuel Rods

Test Specimen Section Locations
No. Identification in. From Upper Weld a) Specimen Typef

PCII-1 D 8-5/8 to 9-3/8 SEM

PCII-3 G 11-3/4 to 12-1/2 SEM
E 9-5/8 to 10-3/8 SEM
C 2-7/8 to 3-3/8 Transverse ceramography

in failure region
PCII-5 J 14-5/8 to 15-3/8 SEM

H 10-1/8 to 10-7/8 SEM
F 8-1/8 to 8-7/8 SEM
D 5-3/8 to 5-7/8 Transverse ceramography

(a) Reference is upper irradiated to nonirradiated butt weld.

(No. PCII-5-H2) contained a region with the purposely made scratch (Fig-
ure 3.24). A area that was burnished by the tool holder was observed running
parallel to the scratch. This half-shell was subjected to severe bending and
it fractured in the region of the initial scratch. The failure was ductile
(Figure 3.25). A similar specimen (Figure 3.26) was flattr.ned without fail-

All of the flattened specimens exhibited cracks in the zirconium oxideure.

surface layer (Figure 3.27) but no evidence of brittle cladding fracture or
incipient cracks in the underlying metal.

The inner surface of the cladding in the two transverse ceramography spe-
cimens was examined optically at high magnification. Initially, no evidence of
any cladding cracks was observed. The purposely made scratch was not sharp
rooted or as deep (Figure 3.28) as had been expected based on developmental
scratches made on nonirradiated cladding. The major cracks in the fuel pellets
were primarily radially oriented (Figures 3.29 and 3.30). However, a fine
matrix of fuel cracks superimposed on the major crack pattern was observed in
the region of the electrical short-circuit failure. This finc matrix of cracks
is not typical of thermal-stress-induced cracking. The tungsten heater rod had
apparently reacted with the fuel in the region of the failure as evidenced by a
reaction zone (Figure 3.31a) and a light-colored phase deposited within the
fuel adjacent to the heater rod (Figure 3.31b). The reaction product appar-
cntly filled an adjacent fuel pellet dish and was adhered to the heater ro *
(Figure 3.32).

In an effort to determine whether excessive os W t 4n of the *
of the cladding would affect the test results, the +r m er
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FIGURE 3.24. SEM View of Purposely Produced Scratch on Inner Cladding
Surface for PCII-5 Test (200X)
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FIGURE 3.30. Oblique View of Typical Cross Section from PCII-5 Test (6X)

,

i sample from PCII-5 was repolished so that the inner oxide surface layer could
be investigated. The oxide layer in the regions away from the intentional,

j scratch was unifor;nly ~1 pm thick (Figure 3.33). No oxide layer was observed
j in the region of the intentional scratch; however, an apparent small crack,
i about 10 pm deer, was observed in the scratched region (Figure 3.34). During
I subsequent fint.1 polishing in preparation for planned etching to determine
' ,

crack / grain baundary orientations, the apparent crack became shorter until it ,

was no longer observable.

The three sections containing machined defects from the nonirradiated
cladding tube from the PCII-6a test were given a cursory examination for any;

: evidence of embrittlement from the iodine. Each piece, approximately 40 mm
long, was axially cut into two halves. The half containing the machined defect i

was placed in a vise and flattened until it fractured. All three pieces failed ;
in a brittle manner with a relatively small amount of strain. Visual examina-1

tion of the fracture surface at magnifications in the 25X to 40X range indi-,

cated that the fractures had occurred along grain boundaries. A nondefected
half-shell was also tested in a vise. This specimen was completely flattened,

, producing a ductile-appearing tear at the point of maximum strain. Clearly the
! two halves behaved in different ways. The brittleness of the defected pieces '

'

may be due to an artifact of the EDM machining process, perhaps in combination
with an effect from the iodine. Consideration was given to attempting to,

! define the iodine species on the surface of these samples; however, because '

these samples were sectioned from the tubing in a moist air atmosphere and
! because iodine compounds react easily with moisture and oxygen, further

investigation was not pursued.
I
!

l
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3.4 COMPARISON OF TEST RESULTS

Even though the simulated PCI-type tests were conducted at a variety of
conditions, similar mechanical results were obtained in each test. The LHGR
required to induce mechanical interaction was similar for each test. Pellet-

pellet and midpellet ridges were induced in the cladding during power ascents
due to differential fuel-cladding thermal expansion. The magnitude of the
ridges increased relatively lineerly with increasing LHGR until the fuel appar-
ently become hot and weak enough that it could not support an increasing load.
Small plastic pellet-pellet ridge strains and, in some cases, midpellet ridge
strains were observed in the cladding after peak power holding periods of
relatively short duration; this indicates that at least the localized ridge
stresses in the cladding were in excess of the Zircaloy yield strength at or
near the peak power conditions during the tests. In some tests, interior sur-

face defects in the cladding, although not with a perfect crack-inducing geo-
metry, were included with no apparent effect on the cladding failure suscepti-
bility. Likewise, the introduction of large quantities of iodine had no
apparent effect on the failure susceptibility of the cladding. During power
ascents, most of the tests were conducted at strain rates at which experience
had shown Zircaloy to be susceptible to SCC. From an experimental standpoint,
the conditions that should promote cladding failure (i.e., irradiation
embrittlement, strain rate, high localized stresses, and, finally, iodine) were
present in the test series. Logically, some failures that are attributable to
PCI-SCC would be expected to occur, yet they did not. The only evidence of any
deleterious effect of the PCI simulation was one small apparent crack in the
region of an intentional scratch in the cladding of PCII-5. Examination of the j
test resuits suggests the following possibilities for the lack of cladding I

failures:

The irradiation-induced embrittlement after one cycle of operation
|

e

in a PWR is not sufficient to promote PCI-induced SCC in these
samples.
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1

FIGURE 3.33. Oxide Layer on Inner Surface of Cladding from PCII-5 in
Region Adjacent to Intentional Scratch

4

FIGURE 3.34. Apparent Small Crack in Region of Intentional Scratch
in Cladding from PCII-5'
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The availability of molecular iodine when the stress is induced ine

the cladding is not sufficient to promote SCC. The test procedural
limitations suggest that the molecular iodine that was introduced
into the interior of the fuel rod reacted with the metal surfaces
within the fuel rod pressurization system, resulting in only an
equilibrium partial pressure of molecular iodine over the reaction
products when the cladding was stressed; this level of iodine may
not be sufficient to induce SCC.

|
'

This PWR-type cladding is not susceptible to failure induced by PCMI*

either in the presence or absence of iodine. Possible explanations
include a lack of surface inclusions that promote SCC, as suggested
by Cubiccotti,I4) or a texture where basal planes, which might be
crack nucleation points, are oriented predoninantly tangentially and
do not intersect the inner cladding surface.

Although it is not possible to differentiate definitely between these pos-
sibilities or to ascertain any synergistic effects, it likely that the cladding
is simply not susceptible to SCC.

The apparent ridge strain relaxation (6% to 8%) that occurred during the
long peak power holding periods in PCII-3 and PCII-5 was considerably less than
that which occurred in in-reactor tests on rods that produced ridges of a simi-
lar magnitude; rods containing dished pellets from IFA-508 irradiated in the
H:lden Boiling Water Reactor experienced ridge strain relaxation of about 30% in
10 h.(3) This observation indicates the potential importance of irradiation-
induced relaxation mechanisms, such as densification or irradiation creep, in
the fuel and cladding of actual operating fuel rods.

P
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4.0 CONCLUSIONS

.

This study produced the following conclusions:

Although cladding strain rates used in the tests were in the range*

that had previously been shown to produce SCC-type failures, and
although the tests produced localized stress levels sufficient to
produce plastic deformation, PCI-type failures could not be induced,.
either in the presence or absence of iodine, in PWR Zircaloy-4 clad-
ding that had previously been irradiated in the absence of fuel and
fission products for one commercial reactor cycle.

Although other possibilities exist for the lack of SCC-type failure*

of the irradiated cladding (e.g., the irradiation dose may not be
sufficient to embrittle the cladding or an adeouate partial pressure
of moleculer iodine was not present when the cladding stress was
present), the most likely explanation is that this cladding is
simply not susceptible to this type of failure.

Pellet-pellet ridges and midpellet ridges were produced in the*

cladding, and caused high localized stress levels and small amounts
of localized yielding.

The apparent ridge strain relaxation that occurred during power hold*

periods was considerably less than that which occurs in-reactor. This
observation indicates the potential importance of irradiation-induced
relaxation mechanisms.

4.1
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SUfe4ARY

Twenty tube segments of approximately 30 inches in length were selected
for their acceptable physical dimensions of inside diameter and ovality.
These segments were obtained from prototypical full-length, empty Zircaloy fuel
cladding irradiated as part of two poison rod clusters in ANO-1 reactor during
cycle 2.

Four specimens from the selected lot of twenty irradiated Zircaloy fuel
cladding were examined by gamma scan method. A high purity intrinsic Ge gama
detector, modular electronics, and Nuclear Data ND-6620 system were employed.

|

Axial gross gamma scan traces of activity due to gama rays of up to.

542 MeV in energy and a single channel selected Mn photopeak region indicated'

the absence of regions of high activity.

i
'

Isotopic gama scan spectral data taken at 8,15 and 22 inches from the
54top of each tube segment were utilized to determine the activity of Mn fonned

54by the reaction Fe(n.p)S4Mn.

54The absolute activity of Mn in a 0.10-inch transverse section of a tube
was determined by gama spectroscopy using a precalibrated Ge gama detector.
The tube was also examined at the same axial position by isotopic gama scan.

These measurements were used to calculate a normalization constant to convert
54isotopic gama scan data of Mn activity to absolute specific activity

54(activity /g) of Mn.

,

_

2Neutron fluences (neutrons /cm ) of neutrons with energies >0.1 MeV

experienced by Zircaloy at the 12 axial positions of isotopic gama scans were
21 2calculated. The average neutron fluence was 2.43x10 neutrons /cm with an

f
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associated 1-sigma value of 16%, corresponding to a fuel burnup of 7.01
GWD/MTU.

Two representative samples of irradiated Zircaloy cladding of
approximately 2.5 inches in length were examined by high resolution gamma
spectroscopy. The radioisotope activities and radiation levels were
determined. At the time of measurement on April 13, 1982, the nuclides Cr,51

5bn,60Co,125Sb and 137 125Cs were detected. The activity of Sb and 60Co was
about 95% of the total specific activity of 1670 uCi/ inch. The small
contribution (approximately 0.1%) of 137Cs activity is attributable to its
origin, namely, the reactor coolant. The radiation levels corresponding to the
observed activity were estimated as 1.8 mR/hr/ inch at one meter.

A.6
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1.0 INTRODUCTION

The characterization of irradiated Zircaloy fuel cladding segments was
performed by physical and radiochemical measurements. The pre-irradiation

;

specifications of the cladding are given in Appendix A. The requisites of this
subcontract No. B-D2599-A-X are identified in the Statement of Work given in

I Appendix B.

The required 20 segments, each approximately 30 inches in length, were

obtained from full-length, empty cladding tubes irradiated as part of two
poison rod clusters (0353 and 0355) for one cycle (cycle 2) at ANO-1 reactor.
The duration of the cycle was 306 days (2 April 1977 to 2 February 1978) with
272 effective power days (EFPD). The selected tube segments met the

'

specifications of physical dimensions of inside diameter and ovality.
,

Measurements of inside diameters and radiochemical measurements consisting of

gross gamma scans of and isotopic determinations in four of the segments

i selected at random are presented in this report. This investigation was aimed
at ascertaining the' uniformity and magnitude of neutron fluence along the tube
axis experienced by the cladding during irradiation. The results were made
available to interested parties and this report constitutes a documentation of
the procedures, methodology and results.

:
1

1

4
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2.0 EXPERIMENTAL METHODS

The inside diameters of Zircaloy fuel cladding tubes were ascertained by
using 36-inch-long, high-precision centerless grind drill rods with diameters
ranging from 0.3750 inches to 0.3790 inches in 0.5-mil increments. The rods
were supplied by Battelle-Pacific Northwest Laboratories.

The radiochemical measurements perfomed with four irradiated cladding
segments each approximately 30 inches in length comprised of axial gross gamma
scans and isotopic deteminations at three axial positions. Additional
sections of a segment were examined by high resolution gamma spectroscopy in
order to determine a nomalization constant to convert the measured isotopic
54Mn concentrations into neutron fluence and for obtaining the true composition
of radioactive nuclides in the cladding. The latter was needed to evaluate the
expected radiation levels. The experimental details of the investigations are
presented below.

The axial gamma scans and isotopic measurements were performed on rods

consisting of an irradiated zircaloy cladding segment extended by solida

aluminum rods on both ends. This was accomplished by threading together two
pieces of solid aluminum rods with tapered ends. The tapered end of the bottom
rod was extended by a thin rod of aluminum that passed through the Zircaloy
tube and wJts threaded into the tapered end of the upper rod. When assembled,
the Zircaloy tube was. seated properly on the tapered ends, and the rod appeared
to be an intact rod with a dark middle zone of Zircaloy.

|

A constituted composite rod was suspended vertically inside a Hot Cell in'

front of a collimator. An axial segment of the rod was seen by a high purity
intrinsic Ge detector located outside the Hot Cell through the 42-inch
collimator system located in the wall of the Hot Cell. The collimator system
consisted of two sets of parallel plates. The front plates,12 inches in
length, were separated by 0.437 inch, foming a straight-edge slit transverse
to the rod axis. The parallel plates at the back side of the collimator and

A.9
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nearer to the detector were opened to 0.75 inch and constitute a scraper.
During gama scanning, the rod axis was located at 13.5 inches from the front
end of the collimator slits and the gama detector was 3.5 inches from the
scraper aperture of the collimator. These dimensions allowed for the
calculation of the rod axial section seen by the gama detector. The same
collimator setup was used in all the measurements reported here.

,

The gama detector signals were processed by modular electronics and the

gamma spectra were accumulated on a Nuclear Data ND-6620 system.

2.1 MEASUREMENTS OF CLADDING INSIDE DIAMETERS

The inside diameter of the Zircaloy cladding tubes was determined by
passing a precision drill rod through the tube. The diameters of the two drill
rods with a 0.5-mil difference where one of the rods passed through the
cladding tube while the other did not clear the entire length of the cladding
segment, established the minimum and maximum dimensions of the cladding
inside diameter.

|

2.2 GROSS GAMMA SCANS

The gross gama scans of a rod consisted of activity traces of activity
due to gama rays in energies up to 2 MeV and a single channel selected Shn
photopeak energy region. In actual practice the rod was pulled up at a '

constant speed along its long axis and the single channel outputs corresponding
to the two energy regions were converted to analog form using rate meters.
The analog output was recorded on a dual-pen strip chart recorder. The rod
pulling and strip chart paper speeds were both adjusted to one inch per minute.

2.3 ISOTOPIC GAPetA MEASUREMENTS

The four rod segments that were gama scanned were examined for the radio-
nuclide composition at three positions along the long axis of each rod.
The rod was held stationary at three axial positions, 8,15 and 22 inches from
the top of the rod in front of the collimator, and a gamma spectrum was

A.10
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accumulated. The gama spectra were analyzed and tne characteristic photopeak
areas were evaluated using software provided with the ND-6620 system.

The top ends of the four rods were identified with one, two and four dots
and a continuous band of white paint.

2.4 . METHODOLOGY OF NEUTRON FLUENCE DETERMINATION

The neutron fluence calculations were based on the assumption that the
Zircaloy cladding experienced a constant average neutron flux during
irradiation. The specific activity of 54Mn produced under these conditions by
the reaction 54Fe(n p)S4Mn can be expressed by the following expression:

D = n o & (1-e At) (1)

where |

D = disintegration rate of 54Mn at the end of irradiation
(disintegrations per second)

54n = number of atoms of Fe per gram of Zircaloy
2a = reaction cross-section (cm )
24 = average neutron flux (n/cm /s)

A = decay constant of Shn (S-1)

and t = irradiation time (seconds)

54The value of n, atoms of Fe per gram of Zircaloy, was calculated using
typical tron contentIII, 0.21 w/o of Zircaloy and 5.84 atom % of 54Fe in
iron (2) A flux averaged reaction cross-section(3) o, of 56.3 mb, decay.

,

constant corresponding to a half-life (2) of 312.5 days and irradiation time of
306 days were utilized in calculating the value of D.

,

I

54! The decay rate of Mn in irradiated Zircaloy cladding was determined from
the isotopic gama scan data at various axial positions und can be expressed as

D= A
(2)'

cM

A.11
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In equation (2), A is the activity of 54Mn (counts per second)
determined by the characteristic photopeak (835 kev) area decay corrected to
the end of irradiation, c is the overall detection efficiency and M is the mass
of the cladding axial section seen by the detector.

Combining equations (1) and (2), the average neutron flux, i, hence
neutron fluence, it, can be evaluated by the equation

2Neutron fluence (n/cm ) = it = N.o (1 ~At) c M

In equation (3), the product, c M, can be considered as a normalization.

constant that can be calculated by determining the absolute activity of 54Mn

from a portion of the cladding that was also examined by isotopic gama
scanning.

2.4.1 Detemination of Normalization Constant

A 30-inch segment of irradiated Zircaloy cladding was positioned in
front of the collimator and a gama spectrum was accumulated to determine the

54activity of Mn in an axial segment seen by the detector through the
collimator system. A transverse section of 0.10 inch was taken from the same
axial position and the absolute activity of 54Mn was measured using a
precalibrated high resolution intrinsic Ge gamma detector. The nomalization
constant was calculated by two different but equivalent methods in the
following manner.

In one method, the mass of the transverse section was used to determine
the absolute specific- activity (uCf /g) of 54Mn. The nomalization constant was
then established as the ratio of absolute specific activity and the activity
determined from isotopic gamma scan.

In the second approach, the axial section of the ganna scanned cladding,
seen by the detector was calculated from the physical dimension of the counting

A.12
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54setup (see section 2.0). The absolute activity of Mn in this section was
then determined based on the measurement of the 0.10-inch section.

|

2.5 RADIATION LEVELS AND RADI0 ISOTOPE CONTENT I

0F GAMMA SCANNED ZIRCALOY CLADDING I

The gamma spectra of isotopic gamma scans all indicated the presence of
137661 kev photopeak of Cs. In order to eliminate the contribution of this

fission product activity from the Hot Cell background, two representative
sections, 2-3 inches in length, were taken and were gamma wounted outside the

Hot Cell. The gamma spectra of these samples using a precalibrated gamma
spectroscopy system were used to establish the radioisotope content in the
irradiated Zircaloy and their activities. The radiation levels were calculated !

based on this data.

,

r

i
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3.0 RESULTS AND DISCUSSION

The four specimens of irradiated Zircaloy cladding that were examined in
greater detail by gamma scan mnhod from a number of 30-inch long segments that'

were screened for acceptable physical dimensions. All of these segments came
from two clusters (0353 and 0355). Each cluster contained a burnable poison
rod and 15 prototypical, full-length, empty Zircaloy cladding tubes. The pre-
Irradiation specifications of the cladding are given in Appendix A. The

clusters were irradiated for one cycle during cycle 2 of ANO-1 reactor.
The power history of the reactor during the cycle lasting for 306 days with
272 EFPD is given in Figure 1. The clusters were located in two symmetrical
positions, E6 and M6, in the core as shown in Figure 2.

! 3.1 INSIDE DIAMETERS OF SELECTED CLADDING SEGMENTS

l The minimum and maximum diameters of the 20 Zircaloy cladding segments
' that were selected are shown in Table I. A total of 22 cladding segments were

screened. It can be seen that the diameters of the selected segments ~and the
standard deviation meet the specifications of Appendix B.

Table 1

INSIDE DIAMETERS OF SELECTED CLADDING SEGMENTS

Inside Diameter (inches)
No. cf Tubes Minimum Maximum

'

2 0.3760 0.3765

16 0.3765 0.3770

2 0.3770 0.3775
:

Average 0.3765 0.3770

Std. Dev. 6.09x10-4 6.08x10-4

A.15
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3.2 GROSS GAM 4A SCANS

The four cladding segments that were gama scanned were identified by one,
two, or four dots, and a band of white paint at the top of the rod in the gama

54scan position. The activity traces of total gama activity and, due to Mn

photopeak region, were essentially flat and did not show any axial region of
excessive activity. It was determined from an examination of the activity
traces that the variation in activity at any axial position was within 15 to
20% from the average. However, the activity at one end of three of the rods
appeared to be higher. This type of variation is attributable to the location
of these segments at the lower portions of the core where the neutron flux

I4Itends to be higher, as reported earlier in similar measurements. It can,

therefore, be concluded that the neutron fluence experienced by these segments
is reasonably constant at all axial positions.

3.3 ISOTOPIC GAMMA SCAN MEASUREMENTS

Gamma spectra were accumulated with'each of the four rods positioned in
front of the collimator at 8,15 and 22 inches from the top of the Zircaloy
segment. One gamma spectrum of each rod and the gamma spectrum used for the
evaluation of the nonnalization constant were taken for long counting periods
(>15 hours) in order to minimize random errors in counting. The activity of
54Mn based on the area of the characteristic photopeak at 835 kev was corrected

for the decay to the end of irradiation.

The statistical errors (1 sigma values) in data based on two hours
counting time were of the order of 15% while the errors in data based' on long
counts were <4%.

l
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3.4 EVALUATION OF NORMALIZATION CONSTANT

54
The activity of Mn in the axial section of a rod seen by the detector

using the constant collimator geometry utilized for all isotopic gama scan
measurements was 9.19x10-5 mci at the end of irradiation. The absolute

54
specific activity of Mn in a 0.10-inch transverse section weighing 0.3472 g
taken from the gama scanned position was 29.1 mci at the end of irradiation.
It was determined from the physical dimensions of the co111 mating system that
0.8185 inch axial section was seen by the detector.

The nomalization constant based on measured absolute specific activity
5 54was evaluated as 9.12x10 mci /g per microcurie of Mn activity detected under

isotopic gama scan conditions and decay corrected to the end of irradiation.

A value that was 5% higher was calculated for the normalization constant
using the axial section seen by the detector (0.8185 inch), wall thickness of
the cladding (0.02675 inch) and an inside diameter of 0.3765 inch for the
Zircaloy cladding.

The fomer value evaluated on the basis of experimental determinations was
used for calculating the neutron fluences.

3.4.1 Neutron Fluences from Isotopic Gamma Scans

The gama spectra recorded at three axial positions of four rods were
analyzed by software provided with the Nuclear Data ND-6620 system. The

54
activities of Mn at the end of irradiation calculated from the spectral data
are given in Table II. The neutron fluences at these axial positions were
calculated using equation (3) of section 2.3 and the nomalization constant.

A.19
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Table II
FAST NEUTRON FLUENCE MEASUREMENTS OF IRRADIATED ZIRCALOY

1 Position 2 Position 3Position 1
3 4Rod Activity Fluence Activity Fluence Activity Fluence

No.2 (mCix10 ) 2 55 (n/cm x10-21 (mCix10 ) 2 5(n/cm x10-21 (mCix10 ) 2
(n/cm x10-21)

1 7.61 1.86 10.3 2.53 10.8 2.64

2 8.41 2.06 11.1 2.73 11.6 2.83

3 11.9 2.92 8.10 1.98 7.70 1.89

4 9.57 2.34 11.4 2.80 10.6 2.58

1 Ax1al positions of 8,15 and 22 inches from top of rod.
2 Rods identified with 1, 2 and 4 dots and a band of white paint.

543 Measured activity of Mn at end of irradiation.
4 Fast neutron fluence (E >0.1 MeV).

; The neutron fluence values given in Table II were based on the reaction
54Fe(n.p)S4Mn that has a Q value of 0.085 MeV, calculated using the respective

mass excess values from reference 2. Therefore, the evaluated neutron fluence
values are for neutrons with energies greater than the Q value.

A reaction cross-section value of 56.3 mb was used in calculating the
neutron fluences using equation (3). This value is lower compared to a
recommended value of 82.5 mb for this reaction with fission neutrons (5) and,
therefore, needs further explanation. The lower reaction cross-section value
was obtained by taking into consideration the moderation of fission neutron
spectrum in a power reactor.

The Nuclear Power Generation Division (NPGD) of Babcock and Wilcox
'

evaluated the influence of neutron moderation in a Duke type nuclear reactor
I3I 54Fe(n,p)S4Mn using fissionand calculated the reaction cross-section for

source and reactor flux distributions as weight functions and NULIF spectrum
code with a lower energy limit of 0.1 MeV. The literature value(5)of 82.5 mb

A.20
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for o(n.p) was confirmed with a fission source distribution while a value of
56.3 mb was obtained using a neutron flux distribution function. On this basis
the latter value was used in the present calculations.

The neutron fluences calculated on the above basis are given in
Table II. In these calculations it was assumed that the a(n.p) value with a
neutron 'ower energy limit of 0.1 MeV is the same for the reaction with a Q
value of 0.085 MeV.

The average value of the neutron fluence based on the 12 measurements
21 2was (2.43 0.39)x10 neutrons /cm with an associated sigma value of 16%.

21 2A mean value of (2.44 0.35)x10 neutrons /cm with a sigma value of 14% was
obtained by discarding the lowest and the highest values of calculated neutron
fl uences.

The neutron fluence values can be converted into fuel burnup using the
physics calculationsI0) of NPGD. These calculations provided the following
relations:

$t(E >1.0 MeV)x10 21 = 0.17 x Bu(GWD/MTU) (4)

and
et(E >0.1 MeV) = 2.04 (5)
ct(E >1.0 MeV)

The average fuel burnup of 7.01 GWD/MTU was calculated corresponding to
0 2the average neutron fluence of 2.43x10 neutrons /cm of neutrons with energies

>0.1 MeV.

3.5 RADIATION LEVELS AND RADI0 ISOTOPE CONTENT
OF IRRADIATED ZIRCALOY CLADDING

The results of a gamma spectroscopic examination of two representative
sections of irradiated Zircaloy cladding are given in Table III. These data
were based on gamma spectra collected on 13 April 1982 of the two specimens
using a precalibrated gamma detector system. They represent the true

A.21
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radioisotope composition and their activity levels in irradiated Zircaloy at
125the time of measurement. It can be seen that the activity due to Sb and

60Co, the two activation products, constituted ibout 95% of the specific
activity of the samples.

Table III
s

RADI0 ISOTOPE CONTENT OF IRRADIATED ZIRCALOY TUBES

1Specific Activity
2Nuclide Specimen 1 Specimen 2

51Cr 57.6 57.6
54

Mn 11.3 11.7,

60
Co 56.4 57.0

125
Sb 1517. 1543.

137
Cs 1.1 / 1.8

1 As measured on 13 April 1982.
2 Specimen 1 of 2.33 inches: Specimen 2, 2.31 inches.

137The presence of a small amount of Cs activity (approximately 0.1%)
was assumed to be due to the deposition on the cladding of this fission product
from the reactor coolant.

The measured specific activity (mci / inch) was considered to be entirely
125due to Sb and the expected radiation level was calculated (7) Weighted.

averages of 1.9 gammas per disintegration and an energy of 1.2 MeV were
determined from the decay scheme (3) of 125Sb and were used in the calculations.
A radiation level of 1.8 mR/hr/ inch at one meter corresponded to the measured
specific activity.

A.22
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APPENDIX A

PREIRRADIATION SPECIFICATIONS OF ZIRCALOY CLADDING
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STATEMENT OF WORK

1. Specimen Selection

The Contractor shall provide 20 specimens of irradiated Zircaloy-4 fuel rod
cladding to Battelle. The specimens shall be selected from the cladding 1

which was irradiated in a non-stressed, non-fueled condition in the ANO-1
reactor for one reactor cycle'of 272 effective full power days. In
addition, the 20 specimens shall meet the following requirements:

(a) Length of the fuel rod pieces shall be 27-39 inches.'

(b) Local fast neutron fluence in at least 10 pieces must exceed
that equivalent to 6,000 mwd /MTU local fuel burnup.

(c) Minimum inner diameter of the pieces must fall within 0.001 inch
of their mutual average (minimum) inner diameter. This shall be
tested by deburring the tube ends and inserting a series of drill
rods (of graded diameters) to a depth of at least 26 inches into
each piece. The drill rods shall be supplied by Battelle.

(d) The average minimum inner diameter for the 20 pieces shall be in
the range 0.3755 to 0.3785 inches.

,

2. Gamma Scanning

The Contractor shall gamma scan 4 of the specimens at 3 or more axial
locations. A GeLi detector will be used and a suitable standard will be
prepared and analyzed. From these measurements, a fluence calculation will
be made to generate an axial fluence profile for each measured rod.
A suitable identification procedure shall be employed to insure that gamma
scan results can be traced back to the representative tube specimens.

3. Packaging

The 20 selected specimens shall be packaged dry in a cask liner that will
be inserted into a shipping cask licensed for 20 curies of special form
material. The shipping cask shall be provided by the Contractor.

4. Shipping

The Contractor shall arrange for transportation of the cask to and from
Battelle. Battelle shall be responsible for unloading the cask at
Battelle, preparing the cask for its return and for the preparation of
shipping papers required to return the cask to the Contractor's L nchburg
Research Center. The shipment to the Contractor shall be made in
accordance with the Contractor's instructions for handling the Babcock &
Wilcox Company 00T 55-12500 Shipping Cask.

A.35,
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5. Documentation

The Contractor shall provide to Battelle's Technical Administrator a letter
report within 30 days after the delivery of the specimens which will
include the following:

(a) Tubing certifications
(b) Irradiation history
(c) Gamma scanning techniques
(d) Fluence calculations

6. Radioactive Waste

The Contractor shall be responsible for the disposal of any radioactive1

j waste generated in the selection and preparation of the specimens.

7. Government-Furnished Property

The following government property shall be furnished to the Contractor for
use in connection with the work described herein:

Nine (9) high precision centerless grind drill rods, measuring
36" long and having diameters measuring from .3750" to .3790"
in 0.5-mil increments.

;
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