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EXPERIMENTS TO UNTERSTAND THE CORROSION PROCESS
OF FUEL ROD CLADDINGS

F. Groeschel, A. Hermann

Fuel rods in Light Water Reactors have to respond to the trend in increased burn-up and extended dwell-
ing time in reactor. Waterside corrosion of the cladding affecting wall thickness, mechanical stability due
to hydriding and the heat transfer due to the low thermal conductivity of the oxide scale may become the
limiting factors. The corrosion process is complex and involves a large variety of mechanisms. Under-
standing of the process is important for safe operation and a prerequisite for development of improved
materials. A variety of analytical techniques and mechanical tests, including examination of irradiated
pathfinder rods, are used to tackle the different aspects.

1 INTRODUCTION

Fuel rod claddings of Light Water Reactors (LWR)
undergo significant attack during operation, experi-
encing high neutron flux, elevated temperatures with
a respectable temperature gradient across the wall,
large mechanical stresses due to internal and external
pressure, and creep down. The surface of the clad-
ding is exposed to high temperature water (320°C in
Pressurised Water Reactors (PWR) and about 295°C
in Boiling Water Reactors (BWR)). Since the cladding
is the first barrier against the escape of fission and
activation products into the environment, it has to
exhibit adequate performance during normal opera-
tion and during design-basis accidents. The cladding
itself should provide adequate mechanical strength,
low neutron absorption and good thermal conductivity.
It should be stable and show sufficient corrosion re-
sistance during the time it stays in the reactor to reach
the desired burnup of the fuel.

In order to meet these requirements, material with
special properties is needed. After some experience
with stainless steel, Zirconium based alloys were
found to provide the best performance and are now
exclusively used in LWRs. In the quest to increase the
performance and the safety of the components, a
continuous research effort is undertaken by the ven-
dors, utilities and research institutes. One of the cur-
rent aims is to achieve a higher discharge burnup and
longer cycles of the fuel in order to reduce waste,
maintenance and reprocessing costs. The extended
exposure of the cladding material calls for improved
alloys to stay within the limits prescribed by the
authorities. PSI is strongly involved in research to
understand the degradation processes and in qualifi-
cation programmes for improved alloys.

2 DESCRIPTION OF THE MATERIALS

Fuel claddings in western LWRs are made of Zircaloy
materials; PWRs use Zircaloy-4 (Zry-4) and BWRs
use Zircaloy-2 grades (Zry-2). The composition of
these grades is specified by ASTM B 811-90 stan-
dard, as given in Table 1. The range of the alloying
elements is rather wide and leaves large possibilities
for optimisation for specific purposes. Whereas west-
ern reactor development was directed along use of

these Zr-Sn type alloys, light water reactor develop-
ment in eastern countries and Canada preferred
Zr-Nb type alloys. In recent years, some develop-
ments seek to combine both routes.

Alloy

Zircaloy 2

Zircaloy 4

Sn

1.2-1.7

1.2-1.7

Fe

0.07-0.2

0.18-0.24

Cr

0.05-0.15

0.07-0.13

Ni

0.03-0.08

-

O [ppm]

1000-1400

1000-1400

remainder Zr

Table 1 : Chemical Composition of Standard Zircaloy
Alloys (alloying elements in weight-%)

Zirconium crystallizes as a hexagonal closed-packed
(hep) metal at ambient temperature (cc-phase). At
about 865°C, the alloy undergoes an allotropic trans-
formation into the body centered cubic (bec) p-phase.
During quenching from the p-phase, the material
transforms into a martensitic or bainitic structure de-
pending on the cooling rate. Tin is added to stabilize
the a-phase, forming a substitutional solid solution
with Zr. Sn also increases the corrosion resistance of
the alloy, mainly by mitigating the deleterious effect of
nitrogen, which is dissolved as an impurity. Due to
improved alloy processing, the nitrogen content has
been reduced and it is preferable to reduce the Sn
content as well for increased corrosion resistance. Sn
has also a moderate effect on the mechanical proper-
ties by increasing the tensile yield strength [1].

Fe, Cr and Ni are considered as p-eutectoids, be-
cause they show an eutectoid decomposition in the
p-phase. These elements are added to increase cor-
rosion resistance. They are fully soluble in the
p-phase in the compositions considered, but hardly
soluble in the a-phase. In Zircaloys, precipitates of the
type Zr2(Ni,Fe) and Zr2(Fe,Cr) are formed. Whereas
in Zry -4 only the fee or hep Laves-phase of the
Zr2(Fe,Cr) type is formed, in Zry-2 both of these
phases and the body centred tetragonal phase of the
Zr2(Ni,Fe) are found. The size of these precipitates
strongly affects the corrosion resistance of the re-
spective alloys. Whereas Zircaloys with larger pre-
cipitates generally showed better resistance in PWRs,
resistance to nodular corrosion in BWRs was better
for alloys with finely distributed small particles [2].
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Oxygen is an a-phase stabilizer and has a strong
influence on the mechanical properties. Oxygen
shows a wide solubility in Zr and is dissolved as an
interstitial. An increase of yield strength by about
150 MPa is observed for 1000 ppm oxygen.

Hydrogen as an impurity or as a reaction product due
to waterside corrosion strongly affects the alloy be-
haviour. Its solubility in Zr is very limited (about
15 ppm at 200°C, 200 ppm at 400°C). It is dissolved
interstitially in the matrix. Above the solubility limit,
hydrogen precipitates as a face centered cubic (fee)
5-phase (ZrHi 66)- Hydrides are very brittle at low
temperature and thus strongly affect the mechanical
performance of the cladding.

3 POST IRRADIATION EXAMINATION (PIE)

Qualification of the fuel rod cladding materials is a
long process. After laboratory tests of candidate ma-
terials, the acceptance of claddings must be verified
via in-reactor tests by exposing pathfinder rods and
lead test assemblies. The performance of the fuel
rods is evaluated in post irradiation examination ex-
periments. Special equipment (hot laboratory) is
needed to analyse the activated materials.

4 NONDESTRUCTIVE ANALYSIS

Nondestructive analysis of the fuel rods provides
valuable information on the changes occured during
reactor exposure. With a hotcell of 4.5 m length, full
length LWR rods can be examined. Examination
methods are:

- visual inspection
- oxide thickness measurement by EC technique
- profilometry
- EC defect probe analysis
- cold gap measurement
- gamma scanning

Results yield information on the local and global con-
dition of the rod.

5 STUDY OF THE OXIDE LAYER

5.1 Corrosion Kinetics of Zircaloy

Corrosion of Zircaloy [3] follows a cubic rate law in the
first (pretransition) phase, lasting about 100 days in
reactor environments. This period is followed by a
linear oxide growth. Beyond a certain oxide thickness,
a significant increase in growth rate is observed.
Growth kinetics for in-pile samples differ from out-of-
pile tests, hence demonstrating the effect of irradia-
tion [4]. A number of mechanisms have been pro-
posed to explain this effect. Corrosion rates in labo-
ratory tests are in general determined by weight gain
measurements; for in-reactor or irradiated fuel rods,
corrosion is determined by oxide thickness measure-
ments.

5.2 In-situ Analysis by Electrochemical
Impedance Spectroscopy (EIS)

It is known that the phase transition from the cubic to
the linear corrosion rate is accompanied by a change
in the morphology of the oxide. The initially compact
and protective oxide becomes porous and cracked.
The protective layer is assumed to be reduced to a
relatively thin (< 1 p,m) barrier layer at the metal/oxide
interface. The transport of the corrosive species
through this layer is thought to be the controlling
mechanism.

EIS provides information on conduction within the
oxide. Using a Zahner IM5d impedance measuring
unit, soaking experiments were performed by im-
mersing autoclaved samples [5] and in-reactor grown
cladding segments [6] in a 1M H2SO4 solution at
room temperature for different periods. Fig. 1 shows a
typical Bode diagram of an in-reactor corroded sam-
ple of about 30 |xm oxide thickness at two different
soaking times. The figure indicates that, besides
quickly penetrated regions of the oxide, there exist
other structures (a network of fine pores) that are only
penetrated after prolonged soaking time.
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Fig. 1: Bode-diagram (impedance measurements vs.
exposure time in the electrolyte) of an in-
reactor exposed standard Zry-4 and a refer-
ence sample with about 5 nm air-formed ox-
ide. Total impedance: full symbols, phase:
open symbols.

exposure time • 24h, A 768h, • Zry-4air

The response curves can be modelled by a network
of resistances and capacitances. For thin oxide lay-
ers, the models predict small, highly conductive paths
through the oxide, ending at or close to the metal
surface. These paths can be associated with fine
pores or with unoxidized precipitates as revealed by
TEM analysis. The response of thicker oxides is best
described in terms of lateral interconnected cells,
probably electrolyte filled cracks or stringers.
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Soaking experiments, however, suffer of a major
drawback: penetration of the electrolyte into the oxide
is not assured; also, conditions hardly reflect the in-
reactor environment. This problem can be overcome
by applying EIS in-situ during the corrosion experi-
ment under high pressure and temperature LWR con-
ditions allowing an analysis during the oxide growth.
Achieving measurements under the high tempera-
ture / pressure conditions and the low conductivity of
the real reactor water poses problems, which will be
studied in the sequel.

5.3 SEM/TEM-Anaiysis of the Oxide

The morphology of the oxide is best characterized
using SEM and TEM1. By breaking up flakes of oxide
taken from the cladding, a cross-section through the
oxide can be viewed. A layered structure is revealed
by SEM, indicating a cyclic growth [7]. Within the ox-
ide, macroscopic stringers are found parallel to the
surface. These are believed to be associated with
sequences of hydride precipitates in the corroding
metal, as revealed by SIMS measurements.

Applying TEM, the grain structure and texture, as well
as intermetallics and pores can be identified. 2rO2
grains are mostly columnar in shape and oriented
normal to the surface, whereas equiaxial grains are
found close to the metal/oxide interface. Preparation
of the specimens is very delicate due to the brittle-
ness of the oxide and to the internal stresses. Tech-
niques have been developed to prepare samples
(irradiated/unirradiated) transparent to the 200 keV
electron beam (thickness about 50 nm), using dim-
pling and Ar-ion beam etching under a small incident
angle. By aligning two samples with their oxide face to
face, TEM sample preparation was successful.

6 INVESTIGATION OF THE OXIDE/METAL
INTERFACE

Due to the importance of the barrier layer, the condi-
tions at the metal/oxide interface are of primary inter-
est for understanding the corrosion process.

6.1 SEM-Analysis of the Interface

By dissolving the zircaloy metal in a bromine/ethyl-
acetate solution, the oxide can be recovered and be
viewed from the interface side by SEM. The morphol-
ogy of this side is characterized by a regular pattern
of cusps, the dimensions of which differ little between
in- or out-of-pile exposure, but seem to be related to
the corrosion rate [7].

6.2 TEM/High Resolution TEM

The grain structure and the conditions of the precipi-
tates at the interface are analysed by TEM [6].

Oxide grains at the interface were found to be
equiaxal. Using high resolution TEM (Philips CM30),

the lattice structure at the interface was revealed [8].
Fig. 2 shows an example of an autoclaved specimen.
The thickness of the examined area is about 10 nm.
Some lattice planes of the metal phase continue into
the oxide. (In follow-on work, lattice modelling will be
applied to determine the structures at the interface
and it will be attempted to determine the mismatch
stresses from the lattice spacing.) Preparation of the
specimen is similar as described above, but requires
very careful ion beam etching to achieve homogene-
ous thinning of the oxide and metal which differ
strongly in sputter yield.

Oxide

Fig. 2: High resolution TEM image of the metal/oxide
interface of an autoclaved Zry-specimen,
oxide thickness about 1 îm (3'900'000x)

7 INFLUENCE OF LIOH/H3BO3

Boric acid is added in PWRs for reactivity control at a
typical concentration of about 1200 ppm. Lithium hy-
droxide is added to the primary coolant to control the
pH and steel corrosion products deposition. Typical
in-reactor concentrations are about 2 wt.-ppm. For
reasons discussed below, the effect of higher con-
centrations of LiOH can become important. Concen-
trations above 70 ppm are known to enhance zircaloy
corrosion, although this effect is inhibited at high
H3BO3 concentrations [9]. However, the interaction
between these substances is very complex, since
H3BO3 will be consumed in the course of a reactor
cycle, 10B being transformed into 7Li by neutron cap-
ture. Both substances will be incorporated into the
growing oxide and may concentrate in the oxide un-
der a heat flux to significant concentrations. For this
reason, knowledge of their concentration within the
oxide is of prime interest in order to understand the
corrosion process, in particular the concentration
close to the metal/oxide interface.

Scanning /Transmission Electron Microscopy
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By using SIMS depth profiles of B and Li, the relative
change in concentration can be determined with a
high depth resolution (Fig. 3). With the SIMS ATO-
MIKA-4000, equipped with Oxygen, Caesium and
Gallium primary ion sources, also the crater size can
be highly reduced, providing a high lateral resolution
too [10].

For in-reactor grown oxides, Li concentrations in ex-
cess of those of the feedwater are observed; they are
attributed to the strong heat flux and subcooled nu-
cleate boiling at the surface. For oxide thicknesses up
to about 45 (im, however, concentration of Li at the
metal/oxide interface never reaches a level sufficient
to enhance corrosion.
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Fig. 3: Depth profile of Li+, B+ and Z r O within the
oxide of an in-reactor grown low-tin Zry-4
sample, oxide thickness about 6.5 (xm

8 STUDY OF THE BULK CLADDING MATERIAL
AND ITS PRECIPITATES

8.1 TEM-Analysis

Intermetallics of the Zr(Cr.Fe)2-type play an important
role in the corrosion process of Zry-4 alloys. During
irradiation, neutrons interact with the precipitates,
causing either dissolution or ripening [6,11], thus
modifying cladding properties. The cladding may thus
be strongly affected by exposure to high burnup.
Analysis of irradiated fuel rods and comparison with
archive material provides valuable results for the un-
derstanding of the behaviour under high burnup.

Fig. 4: TEM image of a late-p* quenched Zry-4 sam-
ple irradiated for 3 cycles, irradiation tem-
perature about 600K (49'OOOx)

Characterization of the precipitates with respect to
size distribution, chemical composition and structure
is made using TEM. Samples were taken from the
mid-wall of the cladding and were ground, dimpled
and etched. A 200 keV TEM was used at a magnifi-
cation of 42'000 for size determination and at a higher
magnification for chemical analysis. Fig. 4 shows a
typical TEM image. The size distribution of the pre-
cipitates was determined using the Quantimet 520
image analysis system converting the actual shape
into equivalent diameters. The final identification of
precipitates and artefacts, however, must be left to
the operator and his experience. Chemical analysis of
the precipitates is made by EDS2 technique using a
fine electron beam of about 20 nm diameter.

The preparation and analysis techniques can have a
strong impact on the results and make it difficult to
compare the findings of different laboratories. We
participated in a round robin test [12] within a large
joint project to identify the variables which affect the
size determination of precipitates in Zry-4. It revealed
a significant difference in the mean diameter for TEM
vs. SEM technique and a variation of about 25% for
the TEM analysis itself among the 14 participating
laboratories.

Using the above technique the influence of irradiation
and temperature was studied in three types of Zry-4
alloys differing in precipitate size [14]. For the three
alloys, the form of the size distribution curve of the
precipitates was not significantly affected by irradiation
over the range of neutron fluence of 8-11-1025n/m2.
The number density of the inter-metallics, however,
decreased significantly, depending on the irradiation
temperature. Fig. 5 gives an example for a standard
Zry-4 alloy.

The change in distribution and density can be ex-
plained by a constant decrease of the precipitate
diameter, irrespective of the particle size.

2Energy-Dispersive Spectrometry
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Fig. 5: Size distribution of intermetallics before and
after irradiation at two irradiation temperatures

9 HYDROGEN ANALYSIS

Corrosion of the fuel rod cladding leads to a wall
thickness reduction, which is limited by regulations to
10% for LWR fuel rods to comply with the mechanical
stability requirements under transient conditions. Hy-
drogen produced in the corrosion process penetrates
into the metal, forming brittle hydrides, and hence
reduces the ductility of the metal. Regulations limit the
acceptable average hydrogen concentration to about
500 ppm.

Hydrogen content is determined by using a LECO-
402 analyser, in which a sample - to which tin is
added to lower the fusion point - is melted in an in-
ductively heated furnace and the effusing hydrogen is
carried by an Ar carrier gas to a conductivity cell for
analysis.

Analysis of a number of in-pile corroded PWR Zir-
caloy alloys showed that the hydrogen take-up frac-
tion is in the order of 20%, but may be a function of
the alloy composition and of the oxide thickness [6].
Low-tin alloys tend to exhibit a higher fraction than
standard alloys, but on the other hand they show a
lower overall corrosion rate.

Analyses are normally made on coupons still con-
taining the oxide scale, in which some of the hydro-
gen is dissolved as well. For mechanical properties,
however, only the unoxidized metal is of importance.

Tests were conducted to determine the hydrogen
content in the metal and in the oxide, respectively, for
irradiated cladding material. Flakes from a thick oxide
scale were scraped off with a soft tool in order not to
include metal from the rod itself. The hydrogen con-
tent in the oxide was determined after having dried
the flakes in a desiccator with anhydrous CaSC>4 to
remove absorbed water. The measurements were
compared to samples of metal still coated by their
oxide scale.

In a second attempt [14], the oxide was completely
removed by a standard milling tool and the hydrogen

content of the metal alone was determined. Prior to
the removal, the samples were baked for 6 hours at
500°C in order to drive off absorbed water and to
redistribute hydrides in the metal which had accumu-
lated close to the interface.

The two tests yielded fairly consistent results, indi-
cating that the hydrogen content in the oxide is about
30% of the total content, which is about 450 ppm in a
sample with about 65 (im oxide scale. Considering
the oxide/metal ratio, the hydrogen content in the
oxide is about 1500 wt.-ppm.

We are developing a new method to discriminate
between the hydrogen stored in the metal or the ox-
ide. Instead of high speed heating to melt integral
samples, the furnace is slowly heated at a constant
rate and the temperature- related effusion of hydro-
gen is determined [15]. Fig. 6 shows that several
steps of hydrogen effusion occur.

IUO too aoo

Temperature, X

Fig. 6: Thermodesorption of hydrogen from an
oxidized Zirconium sample

The hydrogen content alone, however, is not the most
significant factor to determine the mechanical proper-
ties of a cladding. The size, distribution and orienta-
tion of the hydrides in the metal are also important.
For this reason, methods have to be developed to
include this information in the performance criteria.

10 MECHANICAL TESTS

Mechanical tests are needed to verify the effect of
irradiation and hydriding on the mechanical strength
of the cladding tubes.

10.1 Tensile Tests

An MTS-810 hydraulic testing system with an espe-
cially adapted gripping device and a heating chamber
allows to test tube segments up to 320°C. Elongation
is measured by a non-contacting video extensometer
with a resolution of about 5 urn.

The influence of hydrogen content and temperature
on mechanical strength and ductility was investigated
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using hydrided Zry-4 cladding and guide tubes [16].
Whereas the influence of hydrogen content on the
strength is small, a marked effect on the deformation
properties of the materials is noted. The embrittle-
ment, however, is stronger at room temperature than
at 300°C. The tests will be complemented by com-
parison with equivalent specimens from the reactor.
Results will be compared with measurements on
small-scale tensile test specimens taken from corre-
sponding claddings. These tests are performed in
collaboration with INER/Taiwan.

10.2 Burst Tests

In the course of normal operation and during tran-
sients, fuel rods are not so much subjected to uni-
axial loading, but to internal pressure from the blanket
gas He and the fission gases Kr and Xe. The internal
pressure and the contact force due to the swelling of
the pellets can both exceed the external water pres-
sure. This type of loading is best modelled by a
closed-end burst test, in which an equivalent stress as
calculated according to Hill's equation

g = / 2)1/2

(My the anisotropy matrix) is the controlling parame-
ter. Orientation of the hydrides may become important
when comparing the uniaxial tensile test with the burst
test, in which the circumferential hoop stress is high-
est. The anticipated tests will be made on unirradi-
ated, hydrided fuel cladding segments to complement
the tensile tests. Burst test results will be compared to
small-scale circumferential tests (slotted-arc test [17])
carried out at INER/Taiwan.

11 CONCLUSIONS

The corrosion process of Zircaloy fuel rod claddings in
LWR environment is a complex phenomenon and of
importance for improvement of the fuel cycle. Al-
though a variety of models has been proposed in the
past, the influence of certain parameters is not pro-
perly understood. Suitable experiments are required
to support the modelling.

A wide ranging programme of mechanical strength
testing and microexamination has been initiated. Re-
sults obtained thus far have yielded data on the effect
of hydriding, heat flux, oxidation and irradiation on the
performance and on the microstructural changes of
fuel rod cladding material. The results are being used
to improve predictive models, to propose higher per-
formance alloy compositions and to define more ef-
fective operational strategies for reducing corrosion.
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