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ABSTRACT
The international Phebus-FP (Fission Product) project is managed by the Institut de Protection et Surete Nucleaire in
collaboration with Electricite de France (EDF), the European Commission (EC), the USNRC (USA), COG
(Canada), NUPEC and JAERI (Japan), KAERI (South Korea), PSI and HSK (Switzerland).
It is designed to measure the source-term and to study the degradation of irradiated UO2 fuel in conditions typical of
a severe loss of coolant accident in a pressurised water reactor (PWR). In the first test (FPTO), performed in
December '93, a bundle of 20 fresh fuel rods and a central Ag-In-Cd control rod underwent a short 15-day
irradiation to generate fission products before testing in the Phebus reactor in Cadarache. The second test (FPT1)
was performed in July '96, in the same conditions and geometry, but using irradiated fuel (-23 GWd/tU). In the
FPT1 test, the bundle was heated to an estimated 3000 K over a period of 30 minutes in order to induce a substantial
liquefaction of the bundle.
After the test, the bundle was embedded in epoxy and cut at different levels to investigate the mechanisms of the core
degradation.
This paper reports the visual observations of the degraded FPT1 bundle, very preliminary interpretations about the
scenario of degradation and a comparison between me behaviour of the fuel in the FPTO and FPT1 tests.
Key-words: Phebus pf, Severe accidents Irradiated fuel degradation, Post-irradiation examination.

The FPT1 test protocol
The test-assembly initially contained 20, 1.0 m long, UO2 fuel rods and a central Ag-In-Cd control rod. 18 of these
fuel rods were irradiated (-23 GWd/tU) while the two remaining are fresh and instrumented (Figure 1). The nominal
compositions of the main components in the test assembly are given in Table 1 and the approximate masses of the
major elements are listed in Table 2.
The bundle was placed in the hollow centre of the driver core of the Phebus reactor. The power schedule in the
reactor and the steam mass flow rate in the bundle are shown in Figure 2
In the first phase of the test (calibration phase), the temperature of the bundle was increased to 1100 K under
conditions of low reactor power and steam flow rates between 2 g.s"1 and 0.5 g.s"1. In the second phase (oxidation
phase), the power was first raised together with the steam flow rate until this approximately reached -2.1 g.s"1. The
power ramp (high temperature phase) was continued and the steam flow reduced until a significant part of the fuel
bundle had melted producing a pool of molten material in the lower part of the assembly. At this point the reactor
was shut down.

Table 1. Nominal composition of the
main components of the FPT1 test-assembly

Component
Fuel
Cladding
Plug

Spring
Spacer grids
Stiffeners

Material
UO2

Zircaloy 4
Zircaloy 4

AISI 301
Zircaloy 4
Zircaloy 4

Component
Absorber Cladding
Absorber Rod
Guide tube

Material
AISI 304
Ag-15In-5Cd
Zircaloy 4

- 2 2 1 -



JAERI-Conf 99-005

ST1FFENER. ZIRCALOY

IN PILE CELL
I.D 124 mm'

"AFA" SPACER GRID. ZIRCALOY
\

ULTRASONIC THERMOMETER

18 TEST FUEL PINS

INSTRUMENT LEADS

2 INSTRUMENTED
FRESHFUa RODS

EXTERNAL SHROUD TUBE
ZIRCALOY * 120.5 / 119.5 mm
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Table 2. Approximate masses of the major
elements in the FPTl test-assembly
(including instruments) (after [1])
Element Mass, g
U 9144
Zr 3476
Ag 478
Fe 174
In 90
Sn 49
Cd 30
Cr 50
Ni 34

General aspect of the FPTl bundle

Figures 3 and 4 are false colour X-ray radiographs of FPTl and FPTl respectively from IPSN, Cadarache showing
the condition of the fuel bundles at the end of the test. The material density that is to say, attenuation of the X-rays,
increases in the order blue, green, yellow and red.
For FPTl (Fig. 4) it is seen that the upper part is very degraded. Partial melting has occurred and most of the fuel
rods are still present but deformed. The upper grid has retained a significant part of the molten materials.
In the middle section of the test-assembly, between the two grids, little of the fuel bundle remained and the bundle
exhibits a large cavity.
Below the lower grid, an important molten pool (-2 kg) has been formed from relocated materials, and has severely
interacted with the fuel rods. The maximum temperature during the test (> 2850 K) was reached at this level.
Below the molten pool, metallic materials are dispersed between the fuel rods: these were liquefied early during the
transient (oxidation phase).
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Despite the FPTO degradation having proceeded further than in FPT1, the general state of the FPT1 bundle is very
similar to that of the FPTO test (Fig. 3) performed only with fresh fuel. However at all levels in the FPT1 bundle,
the irradiated and the fresh fuels have very different chemical and mechanical degradation as we will detail further.

Fig. 2. The steam flow rate and the power schedule

Top part of the bundle

Figure 5 (978 mm from the bottom of the fuel bundle) is a typical macrograph of the degradation above the upper
grid (centred at 760 mm.and 40 mm thick).
In the inner part, the pellet degradation is very severe. They exhibit very large porosity (up to lmm diameter) and
with advanced interaction between melted cladding and fuel. Fuel pellets are swollen and distorted considerably with
a sort of foaming effect; considerable metallic particles are evident in the fuel remnants. The density of the inner fuel
rods is only 7-8 g.cm"3 compared to -10 g.cm"3 initially. This indicates a porosity or swelling of approximately 30%.
In the outer part, although the fuel pellets are generally rather intact, by contrast the cladding is thickened with
oxidation (or interaction) and fractured.
The appearance of inner pellets with high porosity and bright particles seems to indicate that metallic melts degraded
the fuel. Melted plugs and springs probably formed these melts. For comparison, in the FPTO test, numerous
inclusions of nickel-iron-chromium oxides had been found while no control materials were detected.
In the top part of the bundle the cladding, which was not completely oxidised, melted and was able to dissolve the
fuel during the transient.
These
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interactions have induced swelling and foaming phenomena. This is due to the release of fission gas pores as they
diffuse to the surface usually via the grain boundaries. At high temperatures, the softening of the fuel permits the
pressurised gas pores to enlarge and open (causing swelling and foaming) and also allowing more melt to penetrate
the fuel. This type of phenomenon has been already observed in previous experiments [2].
An important part of the degraded materials resulting from these interactions appear to have relocated on the upper
grid.

N

w

Fig 5 Macrograph of Disc 11 (Top surface) at +978 mm

Upper part of the cavity

In the figure 6, one can see the aspect of the upper cavity (607 mm). In the inner part, the rods are practically
absent. The fuel remnants are very porous and inside one some bright inclusions are visible. Cladding is fractured
and oxidised and sometimes one can see bright mixtures on their external surfaces.
In this part of the bundle, the degradation of the inner part is probably the result of the chemical interaction between
the control rod materials and the cladding. The bursting of the absorber rod happened before the oxidation phase,
due the contact between the absorber cladding and the guide tube resulting from the overpressure in the absorber rod.
The cladding degradation by the control rod materials lead to the formation of molten stainless steel-zircaloy-silver
mixtures which relocated to the bottom of the bundle.
The inner pellets appeared to be impregnated by melt (due to the ongoing dissolution process). Future microscopic
analyses of the inclusions should confirm that these melts came also from the absorber rod zircaloy cladding
interaction. This sort of impregnation has been already observed in previous bundle degradation tests in the CORA
facility [3].
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Fig 6 Macrograph of Disc 13 (top surface) at +343 mm

Lower part of the cavity

In this region, the bundle (Figure 7, 343 mm) exhibits a off-centred cavity with vestiges of cladding. All claddings
are oxidised. Inner fuel rods have practically disappeared. Two are still visible but they are very porous and have
been attacked. They appeared heterogeneous with bright inclusions.
Remaining outer fuel rods have shifted to the south and are sometimes swollen. Their oxidised claddings are
fractured. Small pieces of fuel inside are missing but no chemical dissolution can be observed and no melt appears
between the rods or on the surfaces of pellets.
The two outer fresh fuel rods are particularly seen to be in better condition than the irradiated fuel in this zone: not
only are the pellets not fractured but they may also be given additional support by the central thermocouples.
The main point, here, is the existence of a regular and small cavity between the mid-height cavity and the lower grid.
A possible scenario is a steady formation of a viscous solid-liquid mixture in the inner part. At the beginning of this
progression, this mixture would have been formed by degradation of materials from upper levels with a tangible
metal content (iron-nickel-chromium mixtures coming from the guide tube of the absorber rod and/or the non
oxidised liquid zircaloy). During the high temperature phase, this slug would progress downwards, degrading the
inner part of the bundle and consequently forming a cavity before being stopped by the lower grid. This hypothetical
scenario will be confirmed by the ulterior microanalyses.

Molten pool

Figure 8 is representative of the degradation of the bundle in the middle part of the molten pool (208 mm). A large
central zone is occupied by the corium. The molten zone is apparently homogeneously: the two observed structures
of solidification (equiaxed structure in the inner part and columnar zone in the outer part) result of different rates of
cooling. In the FPTO test, the composition corresponded to a homogeneous ceramic phase of stoichiometric
composition (U0.5iZr0 47Fe0.02)O2 w i m iron-nickel-chromium oxides inclusions at the grain boundaries [4].
The pool seems to progress outwards. One can detect the interaction front: the part of the irradiated fuel interacting
with the corium exhibits swelling and fine porosity in the direction of the temperature gradient; the outer and cooler
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Fig. 7 Macrograph of Disc 6 (top surface) at +343 mm
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Fig 8 Macrograph of Disc 1 Gower surface) at +208 mm
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Fig. 9 Macrograph of Disc 4 (lower surface) at +98 mm

part seems to be denser and blacker in colour. The better resistance to corium attack of the non-irradiated fuel rod
compared to its adjacent irradiated fuel is noticeable in the corium as well.

Below the molten pool

The figure 9 (98 mm) is typical of the aspect of the bundle below the molten pool. Considerable amounts of bright
and fractured "metallic" melts have flowed between fuel rods. The previous FPTO analyses support the fact that these
mixtures result from zircaloy-silver-stainless steel interaction at higher levels after the bursting of the control rod.
Below the molten pool, cladding has been sometimes attacked by these metallic melts. The fresh and the irradiated
fuels seem to exhibit the same behaviour at this level. They are cracked and the metallic melt (or the molten cladding
material) can penetrate into the cracks. However the interaction with the fuel is weak because at these levels, during
the whole transient the temperature was too low to initiate a rapid dissolution.

Comparison FPT0-FPT1 tests about the fuel behaviour

The two tests undoubtedly show that the behaviour of irradiated and fresh fuels are different, particularly regarding
the mechanical and chemical degradation of the pellets .
Two specific phenomena have been clearly identified, that contribute to the greater degradation of irradiated fuel.
The first is the weak mechanical state of irradiated fuel with both radial and circular cracking due to thermal shock
during normal operational cycles. This enables the melt (metallic or ceramic) to penetrate down the cracks and
dissolve the irradiated fuel pieces more rapidly (i.e. increased surface area of fluxing by the melt). By contrast non-
irradiated fuel has been observed here and in other small scale tests [5] to be dissolved by the corium along uniform
fronts with only limited break-up of the fuel because there is little prior fissuring of the pellets.
The second is the swelling of irradiated UO2. Under the effect of the temperature and the thermal gradient, fission
gases can diffuse and precipitate, creating, pressurised gas bubbles in the fuel grains and at grain boundaries both of
which cause swelling of the pellet. In the FPT1 test, the molten corium spread toward the periphery of the bundle,
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heating and softening the irradiated fuel and penetrating the porous and swelling structure, leading to decohesion of
grains and accelerating dissolution as the surface area of interaction increases ever more rapidly. In these conditions,
the fresh fuel with no fission gases is more resistant to the corium attack.
In addition to this is the foaming effect. The release of the fission gas bubbles into the liquid melt would induce a
sort of foaming; this is usually associated with metallic melts. In the FPT1 test, foamy zones have been identified in
the upper part of the bundle: fuel pellet shape does not exist any more and the resulting morphologies exhibit very
large porosity.

Conclusion

The general aspect of the bundle is similar to that observed in the FPTO test. However, even without any further
investigation, the FPT1 test undoubtedly shows that irradiated and fresh fuels have very different behaviour,
regarding the chemical and mechanical degradation.
In the FPT1 test, the irradiated fuel is more degraded than fresh fuel at all levels which is in agreement with previous
integral experiments performed with irradiated fuel under low pressure [6].
The interpretations about the scenario of the bundle must await the forthcoming microanalysis before they can be
confirmed.
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