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ABSTRACT

The status is given of the American-Japanese collaborative program in Experimental Breeder Reactor II
to determine the run-beyond-cladding-breach performance of (UPu)O2 fuel pins for liquid-metal cooled
reactors. Phase I of the collaboration involved eighteen irradiation tests over 1981-86 with 5.84-mm pins
in 316 or D9 stainless steel. Emphasis in Phase II tests from 1989 onwards is with larger diameter
(7.5mm) pins in advanced claddings. Results include delayed neutron and fission gas release data from
breached pins, the impact of fuel-sodium reaction product formation on pin performance, and fuel and
fission product contamination from failures.

I. INTRODUCTION

Operating experience with liquid-metal cooled reactors (LMRs) has shown current designs of
mixed-oxide (MOX) pins to be highly reliable. For example, no fuel failures have been experienced in
13 years of JOYO operation and 10 years of FFTF operation to burnups of 7.5-10 at.%. Similar
experience with driver fuel has been obtained in European fast reactors. The trend in MOX fuel
development, however, is to achieve burnups of 15-20 at. % by using near zero swelling cladding, where
the incidence of failure may increase. The capability to identify a fuel pin failure should it occur and
to continue safe operation to a scheduled refueling could therefore add considerable flexibility to reactor
operations. To study this efficient mode of LMR operation, run-beyond-cladding-breach (RBCB) tests
have been performed in EBR-II since 1978. From 1981 these tests formed part of a collaborative
program between the U.S. Department of Energy and the Power Reactor and Nuclear Fuel Development
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Corporation of Japan. In Phase I of this collaboration1 eighteen tests with FFTF-type pins completed
irradiation by late 1986. Phase II of the collaboration started in 1987 and RBCB tests with larger-
diameter pins began irradiation in 1989; they will continue until 1993. In this paper, the scope of the
total program is described, a summary of experience is given, and several scenarios for breached pin
operation are described.

arranged in four categories (Table I) with different overall

Table I Phase I RBCB Tests in EBR-II

II. PHASE I PROGRAM

The eighteen Phase I tests were
objectives. Irradiation conditions
and other pertinent data are given in
Table II. Fifteen tests had MOX
pins of basic FFTF design: 86%
smear density, 25%-PuO2 pellets in
0.38-mm thick, 5.84-mm diameter,
20% cold worked 316 or D9 stain-
less steel, operating at 31-36 kW/m.
Pin diameters in the three remaining
tests, XY-2, V4 and V5, were 6.35,
7.37 and 13.2 mm, respectively.
Nine tests were performed under the
beached-fuel-test-facility (BFTF)
which allowed direct monitoring of
delayed-neutron (DN) signals and,
for seven of these, post-test mea-
surement of fuel and fission-product
loss in deposition samplers.2 Eleven
tests were of fuel-pin bundles, in
which effects of RBCB operation on
neighboring pins could be assessed,
and the remainder were of "single-
pin" variety, performed in flow-
through capsules. The D2 and
TOPI-23 tests involved in-situ 15%
transient power (TOP) increases.

III. PHASE II PROGRAM

To extend Phase I experience to future LMRs, the Phase II program began in 1987 with work
in three areas: the further development of methods for on-line monitoring of breached pins, including
contamination; the performance of advanced design pins (with emphasis on power-to-melt during RBCB
operation); and tests to show safe RBCB operation during simulated high-burnup conditions and with
advanced claddings. The monitoring techniques under development are release-to-birth (R/B) analysis
of fission gas release from breached pins, and triple-station DN detection, techniques based on Phase
I experience. As part of the program a triple-station DND system has been installed in existing thimbles
along die primary sodium outlet pipe and intermediate heat exchanger at EBR-II. Development of new
statistical techniques has been necessary to separate real DN signals from the high background noise
present at the detectors due to stray core neutrons. On-line analysis has also required a data link and
development of software to handle and store large quantities of data. Contamination monitoring has
involved the design of a special capsule to trap contaminants from an RBCB pin, building on BFTF
experience.

Category

Scoping Tests

Kinetics &
Contamination

(BFTF)

Irradiation
Variables

DN&FG
Release
Behavior

Test No.

RBCB-1
RBCB-2
RBCB-3
XY-2

RBCB-K1
RBCB-K2A
TOPI-2
RBCB-K2B
RBCB-K2C

RBCB-V2
RBCB-V4
RBCB-V5
RBCB-V6
RBCB-V7A
RBCB-V7B 1
RBCB-V7C /

RBCB-D1
RBCB-D2

Description

Scoped RBCB
Operation with end
of life (EOL) failures
Midlife (MOL)
failure in BFTF

EOL failure
MOL failure
AsK2A +15% TOP
Long Term K2A
K2A + Over
temperature

Defective welds
Large diameter runs
Blanket rods
Long term bundle
Tests to determine
sodium storage
effects on RBCB pins

Power changes
15% Power increase



Table II Test Parameters and Irradiation Conditions for Phase I RBCB Tests

Test
Number

RBCB-1

RBCB-2

RBCB-3

XY-2

i<1

K2A

TOPI-2

K2B

K^C

V2

V4

V5

V6

V7A

V7B

V7CS

D1

D2

Test
Type'

B. OC

B. OC

B, OC

S, BFTF

B. BFTF

B, BFTF

B. BFTF

B, BFTF

B, BFTF

S. OC

B, OC

B, OC

B, BFTF

S, OC

s, oc

s. oc

S, BFTF

S, BFTF

Breach
Type

Natural Failure

Natural Failure

Natural hailure

Natural Failure

Natural Failure

Pre-Thinned

Pre-Thinned

Pre-Thinned

Pre-Thinnad

Plenum Delects

Pre-Thinned

Defected

Pre-Thinn*id

Defected

Defected

Defected

Pra-Thinned

Pra-Thinned

Power
(kW/m)

34

28

27

42

32

36

37

33

35

30

33

32

35

26

26

...

31

31

'eak Conditions

Temp.
TC)

580

645

660

730

680

655

650

645

800

580

670

640

675

540

540

370

550

550

Clurnup
(At .%(

1 1.3

15.2

14.0

8.J

20.1

5.0

5.0

8.5

5.0

9.0

11.0

1.3

10.0

7.0

7.0

7.0

5.0

5.0

Number
Pins

Breached

1

2

1

1

3

2

1

2

4

3

3

1

2

2

3

1

1

1

Number
bovver
Cycles

1

3

2

1

3

3

1

8

2

5

1

1

10

1

1

-

2

1

RBCB
Days'

5.5

14.5

21.5

6.5

97.0

5.0

3.0

110.0

22.0

150.0

6.0

152.0

143.0

5.0

5.0

0.0

45.0

9.5

Final
DN Signal

(cps)

1,200

2,400

1,600

4,700

2,003

400

2,400
8,400*

1,220

5,700

None

3,200

25

2,040

1,900

1,700

None

1,750

600

Breach
Area
(cm*)

.144

.839

.245

1.084

Unknown

.252

.122

.698

1.356

--

.32

.08

1.97

.934

1.00

.06

.70

.40

DN/cmJ

8.333

2,861

6,531

4,336

1,587

19,672

1,748

4,204

--

10,000

275

1,036

2,034

1.700

- •

1,070

1,500

Measured
Fuel Loss

Img)

MM

NMJ

NM

10

(.1

.1

<.1

5

2,700

NM

NM

NM

180

NM

NM

NM

NM

NM

'B = Bundle, S = Single-pin, OC = Open Core, BFTF = Under BFTF
Tims with continuous DN signal
-'Not measured but uranium and plutonium detected in primary sodium
'Peak in DN signal occured djrinj shutdown
''Exposed to sodium in storage basket only



The Phase II tests are given in Table
system and the A1-1 test have been
performed but not fully analyzed.
The 31-1 through Bl-5 tests are
complete and some results are in-
cluded in this paper. The Cl test is
being irradiated and the C2 test is
being designed. The A2 test series
is in the safety review stage and is
expected to begin in early 1992. A
change in operating philosophy at
EBR-II has resulted in stricter limits
on allowable fission-gas activity,
which has restricted the number of
RBCB test pins that can operate
together. This limit, coupled with
longer runs, has resulted in a som-
ewhat less efficient use of irradia-
tion time than in the Phase I pro-
gram. The tests shown in Table III
are scheduled to end by early 1993.

III. A fission-product source test to calibrate the 3-DND

Table III Phase II RBCB Tests in EBR-II

Category

DN Signal &
Fuel Loss

(BFTF)

Thermal
Evaluation

Tests

Storage Test

RBCB Operation

Test No.

Source
A l l
A2-0
A2-1 .2 , 3
A3

Bl-1 1
Bl-2 J

Bl-3

Bl-4

BI-5

Bl-6

Bl-7

B2

SI

Cl
C2

Description

Calibrate 3-DND System
Phase I MOL Breach
MOL in BPSC"
2 MOL in BPSC
DN signal from center melting

Pin irradiations to 5 At. %
for use in later tests

Power to Melt (PTM) at 0 At.%

Short-term RBCB (0 At.%)

Long-term RBCB (0 Au%)

Long-term RBCB (5 At.%)

PTM at 5 Al.%

Transient PTM at 5 At.5%

Storage effects at 50ffC

Bundle distortion/gas release
Advanced cladding behavior

•BPSC = Breach Pin Sampler-Capsule or filtered flow-through pin capsule

IV. SUMMARY OF RESULTS

A. Delayed Neutron Signal Behavior
An early concern with breached pins was whether DN detectors would be sufficiently sensitive

to detect small amounts of exposed fuel. In fact, detection systems were designed for FFTF and the
Clinch River Breeder Reactor (CRBR) on the assumption that DN precursors would be released by
recoil only. The Phase I scoping tests indicated that MOX pins operating at reasonably high power
produced DN signals well above those expected from recoil release by a multiplier known as the en-
hancement or "k" factor. These results were generally confirmed by later tests, with k factors typically
above 100. An exception was the defected blanket rod in the V5 test4 which exhibited a k factor <20,
indicating that linear power had a major influence on enhancement of DN signal. Ukai5 has performed
analyses that indicate high diffusion coefficients in the fuel-sodium reaction product (FSRP) can account
for DN signal enhancement under steady-state conditions. But the signal variability observed shortly
after test pins begin emitting DN signals, and during reactor power changes, indicate that other fuel-
related phenomena such as the reaction process itself, FSRP dissociation, and fuel cracking are
important in determining the magnitude and character of DN signals.

The primary DN detection system at EBR-II is the fuel-element-rupture detector (FERD) which
has banks of BF3 detectors to monitor a sidestream of sodium from the intermediate heat exchanger. A
special test developed to provide additional information about DN signals«the FERD-flow-reduction
(FFR) test-reduces sodium flow in the FERD loop in steps to allow additional time for decay of the
DN precursors. Analysis of test data provides the total time that elapsed from the birth of the precursors
to the detection of the DNs, termed the "age" of the DN signal.6 When recoil release occurs the elapsed
time matches the sodium transit time to FERD. In most test pins, however, the elapsed time was found



to be greater than the transit time. The difference, termed holdup, is believed to result from processes
occurring within the fuel pin such as diffusion through the FSRP layer. The holdup for oxide pins
varied from zero (recoil release) to about 30 seconds with typical values near 10 seconds. Unfortunately,
FFR tests supply no information when DN signals are rapidly changing, which is when processes within
the pin that affect holdup are also probably changing. This condition is where the triple-station DND
system could supply further useful information.7

B. Fission Gas Release Characterization
Fission-gas releases in EBR-II are monitored by the germanium-lithium-argon-scanning-system

(GLASS) that uses gamma ray spectroscopy to analyze samples of the reactor cover gas. During the
Phase I program a method of analyzing such releases was developed8 which entails correcting measured
activities for the effects of purging the cover gas, calculating a release-to-birth (P./B) ratio for each
isotope, and obtaining the derivative of the R/B ratio with respect to the decay constant of the nuclide.
This derivative or slope of the R/B ratio gives information about the mechanism of gas release from the
fuel. Low values (0 to 0.1) for the slope indicate recoil release of gas, values approaching -1 indicate
release of stored gas (as in a plenum), and values near -0.5 indicate predominantly diffusional release.
The RBCB test pins tended to exhibit an initial blowdown of stored gas, when the R/3 slope was -1,
followed by a decline to a value near to recoil (-0.2 to -0.4), followed by a rise so diffusional release
(-0.5 to -0.6) after the appearance of a DN signal. The scatter observed in measured values for the slope
in the long term (Fig.l)were attributed to the same phenomena that cause DN signals to vary, e.g., fuel
cracking, FSRP formation, and possible FSRP dissociation during power changes.

C. Fuel-Sodium Reaction Product Formation
Fuel-sodium reaction product (FSRP) was observed in all MOX pins that were operated in the

RBCB mode, i.e., produced a measurable DN signal in EBR-II. The extent of FSRP under equilibrium
conditions appears to be limited by the availability of sodium and oxygen and by temperature conditions.
Early in the program the upper temperature limit (dissociation temperature) was thought to be about
1150°C. However, results from the K2C test,9 which was inadvertently operated at peak cladding
temperatures near 800°C, indicated that FSRP can form only at temperatures below the boiling point
of sodium (900-1000°C for EBR-II conditions). Results from the Phase II Bl series also indicate that
the dissociation temperature limits the extent of reaction in fuel pins with oxygen-to-metal (O/M) ratios
£ 1.98 when sodium is available to the entire fuel surface. In low O/M fuel (1.94 in Bl tests) available
oxygen limited the extent of FSRP to a surface layer shallower than the depth of the dissociation
isotherm. Results from these tests, and Phase I tests that did not undergo reactor shutdown and startup,
indicate that when the fuel-cladding gap is closed, sodium migration to the bottom of the fuel column
is limited and the lack of sodium restricts the amount of FSRP formed.

Examination of pins after short-term RBCB operation shows the fuel-sodium reaction first
occurred along grain boundaries and cracks and the greatest amount of FSRP was found in high
temperature regions (near the dissociation limit). Continued RBCB operation results in the grains in the
outer fuel region reacting completely with sodium to form a consolidated layer of FSRP at the fuel
cladding interface. The FSRP layer generally contains rounded fission gas bubbles and solid fission
product inclusions. Fission gas bubbles are generally larger near cladding breaches, indicating that the
FSRP was plastic not brittle in-reactor. Post-irradiation hardness measurements also indicate the FSRP
was much softer than the fuel.

Long-term RBCB operation produces significant changes in *he fuel structure, with pin cross-
sections typically exhibiting an FSRP layer at the surface, a dense unrestructured fuel region, a blocky
grain zone near the central void and a large number of metallic fission-product inclusions (and some
ingots in the central void). The dens: unrestructured fuel probably derives from hot pressing under
compression which is caused by the volume increase from the FSRP and which may be aided by the
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lower fuel stoichiometry and higher creep resulting from FSRP formation. The blocky grains near the
central void and the greater number of metallic fission product inclusions are also believed to result
from the O/M reduction. The O/M reduction is expected to lower the thermal conductivity of the fuel
and result in slightly higher fuel temperatures. Analysis based on early Phase I tests indicated only a
35O°C increase in centerline temperature for a pin at 30 kW/m due to these changes.10 Completion of
the Bl series of tests will provide improved data on this overall thermal effect of FSRP formation.

D. Fission-Product Contamination and Fuel Loss
The release of the fission product Cs was early recognized as one of the consequences of fuel

pin failures. A graphite trap that was added to the EBR-II sodium purification system in 1978 has been
successful in controlling Cs contamination of the primary coolant. The possible loss of other
contaminants, particularly fuel, was also a concern in early testing and contamination and fuel loss data
were sought from seven Phase I tests under the BFTF. The samplers were designed to determine
deposition rates on surfaces exposed to flowing sodium and on a 10-micron filter. Comparison of
deposition before and after the filter showed that the filter was more than 95% effective in trapping
contamination.

Table IV shows that BFTF results fell into two groups: (i) four samplers (K*, K2A, TOPI-2,
and K2B1) where fuel losses from RBCB operation were essentially zero and fission product
contamination was very low; anJ (ii) four samplers (XY-2, K2B2, V6, and K2C) where measurable fuel
losses occurred and fission product contamination was somewhat higher. Fuel was found on the filters
from the first group of test in very low concentrations and with a U/Pu ratio of > 12:1; this behavior
suggested that the fuel was probably "tramp" material that is present in the EBR-II primary sodium.

Table IV Deposition Sampler Measurements in BFTF Tests

Test

Kl
K2A

TOPI-2
K2B1
K2B2
XY-2

V6
K2C

RBCB
Days

97
5
3

30
80
6

140
22

U/Pu
Ratio

18.8
17.3
23.3
12J
1.54
4.60
2.95
3.76

Fuel
Loss,

g

<0.001
< 0.002
<0.001
<0.001
0.005
0.010
0.210
2.700

Deposition on 304 SST,
/xCi/cm2

95Zr

0.092
0.094

_ 2

NM
2.50
1.86
5.92
NM

144Cg

0.55
NM

0.33
0.47
0.23
0.30
NM

103Ru

NM1

NM
_ 2

0.43
0.26
0.41
1.15

13.603

"Mn

0.96
1.40

_ 2

NM
NM
0.76
0.93
NM

'NM = Not Measured 2Below measurement limit 3Ce-141 activity



Fuel collected on the second group of samplers had U/Pu ratios near the 3:1 value of MOX fuel
in the test pins and represented fuel lost during RBCB operation. Fuel loss from the 110-day K2B test
was very small, particularly as the test was subject to seven power cycles. In contrast, the significant
fuel loss measured in the V6 test (0.21 g) and the K2C test (2.7 g) may have resulted from the unusual
conditions of these tests: 143 EFPDs with 10 power cycles for V6, and operation at ~ 800°C for K2C
with a shutdown/restart immediately after initial failure. The data indicate that deposition of fission
product contamination increased very approximately with fuel loss. When corrected for dilution, the data
also indicate that the "levels of contamination from a single breached pin may be no higher than from
deposition of the stainless steel activation product MMn.

V. DESCRIPTION OF BREACHED PIN BEHAVIOR

The RBCB program with MOX fuel pins in EBR-II has included three basic types of failure:
birth defects intentionally caused by defective upper welds; breaches produced by gas pressure stress-
rupture failure of the cladding; and breaches believed to have been initiated by fuel-cladding-mechanical-
interaction (FCMI). This RBCB experience has been used to develop an understanding of fuel pin
behavior during reactor operation. The scenarios given below are qualitative because insufficient data
are available to quantify or model all aspects of RBCB operation.

A. Defective Closure Welds
Although faulty welds were encountered in the late 1960s in early fuel loadings in European

LMRs, improved quality assurance essentially eliminated this problem in subsequent fabrication of MOX
pins. Nevertheless, the V2 test of plenum-defective pins in the Phase I program proved to be a
convenient way of studying the fuel-sodium reaction process in FFTF-size pins and the B series tests
are the Phase II analogues with 7.5-mm diameter pins. In both test series a small hole is drilled through
the cladding near the upper endplug weld. The V2 test included a pin at 0, 4 and 7 at.% burnup
irradiated for 152 days. The Phase II Bl-3, Bl-4 and Bl-5 tests include zero burnup pins irradiated for
6 and 65 days with linear power and fuel stoichiometry as additional variables; the Bl-6 and Bl-7 tests
will include 5 at.% burnup pins. As expected, the test pins gave no DN signals and fission-gas activity
for them during steady-state operation was low and due only to long-lived isotopes I33Xe and 13SXe.
Release of short-lived isotopes occurred only during reactor startup and shutdown, probably due to fuel
cracking.

Is the V2 test, significant diameter increase (-0.8%) due to FSRP formation occurred only in
the 4 at. % burnup pin, although all three test pins contained roughly the same amounts of FSRP. In the
Phase II tests, with higher smear density fuel, slight diameter changes occurred in all of the pre-defected
pins, but the high power pin ( -47 kW/m) and the high O/M pin (2.00 at - 4 2 kW/m) exhibited the
greatest change. These results show that when FCMI is expected, FSRP will increase the cladding stress
and cause diameter increase. In low smear density pins ai zero burnup, or in pins undergoing cladding
swelling at high burnup, the FSRP will cause little cladding strain.

In these tests and for defective closure welds, sodium enters a pin before the reactor is brought
to power, wets the cladding and fills the fuel-cladding gap. A very small amount of FSRP may form
at this stage if the oxygen content of the fuel or sodium is high. During rise to full power, fuel-sodium
reaction occurs to an extent dictated by the availability of sodium, but also limited by the oxygen
content of the fuel and the dissociation isotherm of the FSRP. In any event the diameter increase from
FSRP formation is unlikely to exceed a few tenths of a percent. Because this scenario occurs early in
the pin life the cladding cumulative damage is low and a fuel-column failure is not anticipated for a long
time, if at all (> >65 days based on Bl-5 results). In summary, defective closure welds are expected
to be benign. They also have a unique long-lived fission-gas release signature that distinguishes them
from fuel-column failures.



B. Gas-Pressure Induced Failures
Most of the initial breaches in Phase I tests-particularly in the K2 series that had test pins with

locally prethinned cladding-released fission gas a significant time before DN signals occurred. The time
interval from first gas release to DN signal ranged from hours to tens of days. Pins in which the delay
was > 12 hours are believed to have failed as a result of gas-pressure-induced stress rupture of the
cladding, with FCMI playing no significant role in the initial failure. The breach progression in this type
of failure is believed to be as follows. Initial stress rupture occurs from gas pressure loading of the
cladding and the breach is small. Because failure is induced by gas pressure, a slight gap probably exists
between the fuel and the cladding during initial intrusion of sodium allowing direct fuel-sodium contact
over a larger area than just the size of the breach. Sodium entry may be facilitated by the presence of
cesium or fuel-cesium reaction products in the fuel-cladding gap: sodium appears to readily substitute
for Cs, which is then released to the coolant. Once sodium contacts the MOX fuel it begins to react to
form sodium urano-plutonates. As previously discussed, initial reaction probably occurs along grain
boundaries at a rate that increases with temperature up to the local boiling point of sodium. Above the
boiling point of sodium, FSRP will not form and if FSRP is exposed to these temperatures it will
dissociate. The FSRP is about half as dense as MOX fuel and its swelling will extend the initial breach.

During this initial stage of reaction, the FSRP in the vicinity of the breach probably contains
excess sodium and has a higher thermal conductivity and diffusion constants than the fuel.11 The
disruption of the fuel as a result of reaction, extension of the initial breach, and high diffusion
coefficients in the FSRP will cause the DN signal to increase rapidly after its initiation. As reaction
continues and excess sodium is consumed the diffusion rate and thermal conductivity of the FSRP may
well decline. The continued expansion of the FSRP tends to physically seal the breach and this will
cause the DN signal to decline slowly to a steady-state value. Reaction between the fuel and sodium will
continue inside the fuel, but at a slower rate controlled by the diffusion of sodium through the FSRP
and the availability of oxygen in the fuel. If a gas pressure stress-rupture failure occurs at low to
medium burnup because of an imperfection or hotspot in the cladding, or possibly because of local
fretting, the cumulative damage is low enough that the cladding can withstand the FSRP-induced FCMI
and long-term benign operation such as occurred in the K2B test will result. If the cladding is swelling
rapidly at the time of the gas pressure stress-rupture failure, as was the case in the 316-clad Kl test pins
at 20 at. % burnup, the FSRP can be accommodated in the opened fuel-cladding gap and benign long-
term operation will again result.12

C. Failures from Fuel-Cladding Mechanical Interaction
The third type of failure results from stress applied to the cladding either by fuel swelling or,

in the case of RBCB test pins, the formation of the low density FSRP. None of the initial failures in
the Phase I program appear to have occurred because of FCMI, but FCMI failures did occur in other
EBR-II tests of advanced MOX designs.13 The initial size of an FCMI-induced breach appears to be
much larger than the pin hole failure that is typical of gas pressure stress-rupture failures and the
transition from fission-gas to DN emitter is correspondingly rapid (hours or less). The secondary
breaches that occurred in RBCB test pins are considered to be of the FCMI variety, and these occurred
in the RBCB-2, RBCB-3, XY-2, K2C, TOPI-2, V4, and RBCB-V6 tests. Interestingly, FCMI breaches
occurred in those tests where significant fuel loss (> 10 mg) took place. The TOPI-2 test was the only
test where fuel loss was not measured but an FSRP-induced secondary failure had occurred; this may
be explained by the fact that the reactor was shut down 5 minutes after the 15% overpower that caused
the secondary, FSRP-driven breach in the test pin. In general, FCMI breaches appear to have only
occurred in pins with burnups greater than 10 at. % (V6), or where over-temperature operation took
place (K2C, XY-2 and potentially RBCB-2). This behavior suggests that only cladding with significant
cumulative damage is susceptible to FSRP-driven FCMI failure.

Cross-sections of FCMI failures frequently show radial cracks in the fuel that extended from
the breach to the central void. It may be that in FCMI failures fuel tends to adhere to the cladding and



cracks in the outer fuel region allow sodium to penetrate quickly and deeply. If sufficient sodium enters
it will have a cooling effect and allow FSRP to form deeper into the fuel and to a greater extent locally
than in gas-pressure induced failures. These regions of rapid and extensive local reaction may be more
susceptible to fuel loss by mechanisms like fuel/FSRP fragmentation, erosion and effusion than is the
case for the consolidated FSRP layer observed in plenum or gas-pressure induced breaches. Advanced
fuel pin designs that use higher fuel smear density and low-swelling cladding may be more prone to
FCMI failure than the current FFTF-type pin design, a factor being studied in the C2 test. FCMI
induced failures may need to be more fully investigated before RBCB operation is considered for
advanced MOX pins.

VI. CONCLUDING REMARKS

RBCB testing of MOX fuel pins in EBR-II over die last decade has removed much of the
uncertainty related to this potential mode of LMR operation. Breached MOX pins may be readily
detected and subsequently monitored by fission gas and DN release. Although formation of sodium
urano-plutonate causes breach enlargement and affects thermal behavior, it does not appear to seriously
degrade pin performance and extended periods of RBCB operation have been possible without
significant contamination of the primary circuit. Phase I tests up to 1986 explored the behavior of MOX
pin designs for current reactors. Ongoing Phase II tests are being used to study the RBCB behavior of
advanced MOX designs, with emphasis on on-line monitoring, thermal performance, and contamination
release.
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