Journal of the Korean Nuclear Society
Volume 35, Number 5, pp.378 ~ 386, October, 2003

Hydriding Failure Analysis Based on PIE Data

Yong-Soo Kim
Hanyang University

17 Haengdang-dong, Sungdong-gu, Seoul 133-791, Korea

yongskim@numater.hanyang.ac.kr

(Received March 5, 2002)

Abstract

Recently failures of nuclear fuel rods in Korean nuclear power plants were reported and their

failure causes have been investigated by using PIE techniques. Destructive and physico-chemical

examinations reveal that the clad hydriding phenomena had caused the rod failures primarily

and secondarily in each case. In this study, the basic mechanisms of the primary and the

secondary hydriding failures are reviewed, PIE data such as cladding inner and outer surface

oxide thickness and the restructuring of the fuel pellets are analyzed, and they are compared

with the predicted behaviors by a fuel performance code. In addition, post-defected fuel

behaviors are reviewed and qualitatively analyzed.

The results strongly support that the hydriding processes, primary and secondary, played

critical roles in the respective fuel rods failures and the secondary hydriding failure can take

place even in the fuel rod with low linear heat generation rate.
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1. Introduction

One of the frequent fuel failures in light water
reactors is hydrided or hydriding-related
failure.(1,2) When a reactor fuel element is
defective during operation, cladding no longer
provides a barrier between the fission-induced
burning fuel element and the coolant. The
presence of this defective fuel may present
economic penalties to the power utility.

Sometimes severe secondary damage can follow
the primary failure. Existing leak path can let the
coolant enter the element, the coolant flashes into
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steam, and then complicated processes such as
steam oxidation of UQO,, oxidation and hydriding
of the clad inner surface, restructuring of UQ,, are
developed, ending up with catastrophic failure.[3]
Recent investigations have provided a better
understanding of the failure processes, physical
and chemical.[4, 5]

Fuel rod failure were recently reported in the
two different Korean nuclear power plants. Two
rods were failed during cycle 1 start-up operation
in the prototype Korean standard nuclear power
plant and one rod was failed during cycle 7 reload
core operation in the other plant. Through the
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post irradiation examination it was revealed that
the causes of the rod failures are ascribed to the
primary and secondary hydriding. These findings
are supported by the mechanistic review of the
hydriding failures, fuel behaviors predicted by a
tuel performance code, and qualitative post-
defected fuel behaviour analysis.

2. Post-Irradiation Examination

Failed fuel rods were transported from the
storage pool in the plant sites to the PIE facility in
KAERI. The examinations, non-destructive,
destructive, and chemical, were carried out in the
hot cells. Whole rods were thoroughly inspected
using telescope, gamma-scanned, and the
diametral change of the cladding was measured in
the non-destructive test. Then the oxide
thicknesses of clad inner and outer surface and
micro-structural change of UO, pellet were
examined. In addition, axial hydrogen content
distribution of the clad was determined by using
LECO analyzer.

Through PIE, it is found that D103-K2 rod was
failed due to the random internal hydring while in
B208-R8 rod through-wall defect was developed
by the debris caught in the bottom grid and the
defect gradually induces the breach of the cladding
due to the secondary massive hydriding. These
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Fig. 1. Visual Inspection of D103-K2 Fuel Rod

Grain size in A: 18.2um
D 103-K2 (1580mm)
hydrided
(flake-off)
kT
850mm
"""""" D103-K2 (1,400mm)
Grain size in A: 20.0um
o R
88mm

D103-K2 (1,160mm)
Grain size in A: 25.0 um

Fig. 2. Micro-structural Change of UO,

two rods were failed during cycle 1 start-up
operation in the prototype Korean standard
nuclear power plant. With the design calculation in
detail and the gamma scanning measurements, the
burn-ups and the ratios of q'/q’ cor oy for both rods
were determined: 1875 MWD/MTU and 1.27 for
D103-K2 rod, and 2013 MWD/MTU and 1.38
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Fig. 3. Columnar Grain Growth in Steam Oxidation Environment

Fig. 4. A View of Hydride Failure on B208-R8
Cladding Tube (2,660mm)

for B208-R8, respectively.

Figure 1 shows the visual inspection results of
the damaged D103-K2 rod due to hydride blister
and hydride-induced crack. Figure 2 renders the
cross sectional view of the microstructural change
of UO, and the breached cladding of the rod.

As shown in the middle micrograph of Figure 2,
bright spots in the fuel pellet are observed in an
annular band at around r=0.6R. Extensive
investigation reveals that the annular band of the
bright spots are observed at about the elevation
{1200~2000mm) with high linear power and
possibly under the highly oxidizing environment.
Thus the spots were closely examined and the
micro-hardness was measured in the radial
direction (Figure 3). It is found that extra-ordinary
columnar grain growth took place in the annular
band.

Figure 4 shows the visual inspection results of
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Fig. 5. Micro-structural Change of UO,
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the secondarily damaged B208-R8 rod due to
massive hydride formation. Figure 5 provides the
cross sectional view of microstructural change of
the fuel pellet and the breached cladding of B208-
R8. In this rod the annular band of bright spots
were also observed at the high linear power
elevation even though they are not as clear as
those of D103-K2 rod.

The third fuel rod for which PIE was carried out
is the J09-L01 rod burned up during cycle 7
reload core operation in another plant. The PIE
results are shown in Figure 6. It is obviously seen
that this rod was also damaged secondarily owing
to the massive hydriding. However, this result is
very unexpected because q /q .o o and dischge
burnup of the rod are found to be only 0.66 and
11806 MWD/MTU, respectively, based on the
design calculation in detail and the gamma
scanning measurements. In fact, the rod was
located outmost periphery of the reactor core
during the operarion, facing the baffle of the
reactor vessel.

3. Results and Discussion

3.1 Internal Hydriding Failure of D103-K2

Hydrogenous impurities inside a fuel rod will
ultimately hydride the Zircaloy cladding, regardless
of their initial chemical state. Massive localized
hydriding leads to the hydride blisters where the
volume change is visually evident on the outside of
the fuel rod, to the serious deterioration of the
mechanical properties of the clad so that splits can
easily develop, and eventually to the perforation of
the clad after local breakthrough.[3] The main
source of the hydrogen in the typical hydriding rod
failures is the residual moisture in the UO, fuel
pellets.[1]

In the primary hydriding process, the residual
moisture (steam) oxidizes the inner surface of the

clad. Thus the thickness of oxide, over the whole
length of the rod, generally follows the axial
temperature profile since the Zircaloy oxidation is
an activated process thus the thickness depends
on the temperature. Figure 7a) and 7b) show that
in the D103-K2 rod the inner and outer oxide
thickness profiles are generally in good agreement
with the temperature profiles predicted by the best
estimate fuel performance code, ESCORE.® The
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Code Prediction (D103-K2 Rod)
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code simulation is based on the nuclear design
report for the fuel cycle of the unit.”

High temperature inside the fuel pellet,
especially during start-up operation, and oxidizing
environment in the moisture-rich environment
induce fast restructuring of the pellet micro-
structure, i.e., grain growth and stoichiometry
changes. Through PIE these phenomena are
observed at the elevation of high linear heat
generation rate of the rod, which is consistent with
the fuel centerline temperature profile predicted by
the code (Figure 7c). The extra-ordinary columnar
grain growth is discussed in Section 3.3.

3.2. Secondary Hydriding Failure of B208-
R8 and J09-L01 Rod

Occasionally, small primary defect leads to
heavy secondary hydride formation.[8,9] During
the initiation stage, coolant enters the fuel rod
through the defect and flashes into steam. Once
the internal and external pressures have equalized,
steam oxidizes the internal Zircaloy cladding
surface into ZrQ,, resulting in the release of
hydrogen. As the gases react in the fuel-cladding
gap, the concentration of hydrogen continuously
increases while steam is depleted. Thus, the ratio
of Hz/H;0 increases rapidly in the gap. In the
secondary hydriding process, molecular diffusion
of the steam in the gap is required, that is, the
steam must be supplied from the primary defect
site along the rod axis for the continues oxidation.
If the ratio of Ha/H,O exceeds a certain critical
value at a certain elevation and the conditions for
the accelerated hydriding is achieved in the region,
such as damaged protective oxide and/or flawed
surface, then the massive hydriding can
instantaneously take place thus breaches the
mechanically-degraded cladding.[4, 5]

In general, therefore, it is believed that the inner
surface oxide is thickest at the primary defect site

and gradually decreases when it gets far from the
primary defect point. However, it is not true if
temperature is varying along the rod since the
temperature plays the most significant role in the
Zircaloy oxidation kinetics. In the failed fuel rod
B208-R8, fuel performance code predicts the
cladding inner surface temperature profile which
has a maximum about mid-point {Figure 8a).
Therefore, instead of gradual decrease from the
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primary defect site, the thickness of the inner
surface oxide is increasing, following the
temperature profile (Figure 8b). The oxide profile
and the results of the restructured pellet examined
in the PIE are consistent with the predicted axial
power protile of the rod.

As previously discussed, it is known, in general,
that the hydriding failure, primary or secondary,
takes place in the fuel rod with high linear heat
generation rate since rapid oxidation and
hydriding reaction of Zircaloy cladding are
required for abundant hydrogen production in the
gap between cladding and pellet. However, the
PIE results of J09-LO1 rod reveal that this rod was
damaged secondarily due to the massive hydriding
even though its linear power was only 66% of the
core average. This implies that in the defective fuel
the ambient environment is also very crucial as

well as the fuel temperature.

3.3. Enhanced Oxidation and Extra-ordinary
Columnar Grain Growth

In Figures 7 and 8 it is seen that the inner
surface oxide thicknesses of the two rods are
generally in good agreement with the temperature
of the surface predicted by the ESCORE code.
However, close and careful examination reveals
that the oxide in the neighborhood of the defect is
thicker than that in other regions. The cause of
the oxidation enhancement is believed to be due
to the hydride precipitation in the Zircaloy matrix
during the oxidation reaction.

Now it is well-known that the zirconium alloy
oxidation kinetics is enhanced when the hydride
precipitation takes place in the metal-oxide
interface."®'? Recently it is demonstrated that the
oxidation can be accelerated under the
hydrogenous environment with high H,/H,O ratio
even without the hydride precipitation in the
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Fig. 9. Zircaloy Oxidation Enhancement in
Hydriding Environment

interface, if the oxidation and hydriding reactions
take place simultaneously (Figure 9'2, Thus, the
unusual oxide thickness near the defect seems be
ascribed to the simultaneous reactions in the gap
between the cladding and the pellet during the
internal hydriding process.

It is understood that, as the reactions goes on in
the gap, steam is depleted and hydrogen builds up
rapidly at the high temperature spot because the
oxidation kinetics is faster at the high temperature
spot than that at low temperature region. This
leads to further oxidation, more hydrogen
production, and further oxidation again, ending up
with the enhanced oxidation and massive hydride
formation and the eventual breach of the spot.

The observed remarkable columnar grain growth
in the pellet is very unusual because UQO,; grain
growth kinetics is not fast enough to grow the
grain size up to 200um under the temperature
predicted by the code. However, when the
thermo-physical property changes of defected fuel
and thermal conductivity degradation of the gap
are taken into consideration, the extraordinary
growth is understandable.

During the internal or secondary hydriding
process, water entering the fuel rod turns into






