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Abstract
Hot-cell investigations have been executed to study the
corrosion behaviour of irradiated Zircaloy fuel-rod clad-
dings by impedance spectroscopy and galvanostatic an-
odization. The thickness of the compact oxide at the
metal/oxide interface and the thickness of the minimum
barrier oxide have been determined at different posi-
tions along the claddings. As shown by analysis, both
quantities first increase and then decrease with increas-
ing thickness of the total oxide.

1 Introduction
This work is a part of a programme for studying the
oxidation mechanism of Zirconium-based alloys, which
are the commonly used materials for fuel-rod claddings
in pressurized water reactors (PWRs). Actually, the
lifetime and the reliability of these fuel rods are often
limited by the thickness of the oxide on the water-side
of the cladding.

The oxidation behaviour of Zirconium alloys can be
traditionally described by an initial 'pre-transition' pe-
riod in which the oxidation rate is approximately in-
versely proportional to a cubic function of the oxide
thickness. When the oxide reaches a thickness of about
2 — bfim, the oxidation behaviour can be described by
a 'post-transition' period in which the rate is faster
and approximately linear [1]. Corrosion of Zirconium-
based alloys proceeds by migration of oxygen through
the growing Zirconia surface film and the oxygen trans-
port is strongly affected by the microstructure of the
oxide at the metal/oxide interface [2].

The thickness of the relatively compact layer at the
metal/oxide interface of Zirconium oxides can be deter-
mined by impedance spectroscopy (IMS) [3-6]. Infor-
mation about the protective oxide which prevents ther-
mally activated transport of oxygen can be obtained by
studying anodic formation of oxides [7j. Thus, a pow-
erful means of characterizing the microstructure of the
oxide at the metal/oxide interface is the combined use of
impedance spectroscopy, galvanostatic anodization and
electron microscopy.

In this report, results from investigations of irra-
diated specimens prepared from in-pile oxidized stan-
dard Zircaloy-4 alloy fuel-rod cladding (hot samples)
are presented. The specimens come from different po-
sitions along the rod, possessing different thickness of
the total outer oxide, in the range of 10/im to 100/jm.
Consequently, the corrosion behaviour of the cladding
is characterized by post-transition oxidation kinetics.

2 Experiments
Cylindrical cladding segments from the middle (I), the
lower part (U) and the bottom (Y) of the irradiated
fuel rod have been investigated. In a hot-cell, the fuel
had been removed and the inner surface was cleaned by
scraping. The end faces of the specimens were protected
by an impervious resin and two electrical leads were con-
nected to the inner surface of each specimen. Then the
samples were positioned between two watertight, over-
lapping, plastic end pieces. This design prevents the
penetration of the electrolyte to the inner surface of
the specimen. The specimens possess an effective elec-
trolyte penetrated surface of about 6.1 cm2. Total oxide
thicknesses of 70pm, 25/im and < 10/mi have been ob-
tained by eddy-current techniques for samples I, U and
Y, respectively. A cross-sectional view of a prepared
sample is shown in Fig. 1.
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Figure 1: Diagram of the sample prepared for hot-cell
examination by impedance spectroscopy and

galvanostatic anodization.

The impedance measuring unit IM5d was used. De-
tails of the measuring procedure and the net-
work synthesis program of this unit, as well as
the impedance elements used, can be found in [8] and
[9], respectively. The three-electrode measuring cell
contains the basis electrode (BE, probe sample),
the counter electrode (CE, ring-shaped Pt foil), and
the reference electrode (RE, mercury/mercury-sulphate
Hg/HgSC-4/c (K2SO4) = sat.). During the potentio-
static measurements, a sinusoidal drive voltage is gen-
erated at selected frequencies in the range 0.1 mHz to
1 MHz. A small amplitude of lmV to 50mV has been
chosen to prevent rectification effects and associated
harmonic distortion of the reaction current (checked
by fast Fourier-transform analysis). The impedance
characteristics may be presented in the form of Bode
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(Ig I Z I and phi vs. lg f) and Nyquist complex plane
(Im (Z) vs. Re (Z)) diagrams.

The hot-samples were immersed at room tempera-
ture in a 1 mole/1 H2SO4 electrolyte solution which per-
meates the porous fraction of the oxide. To check the
soaking behaviour of the oxide in the electrolyte, the
IMS characteristics of all samples have been measured
at increasing time intervals, beginning at 24 hr and ex-
tending up to about 1000 hr. ID addition, a reference
sample R, containing an air-formed oxide film on the
outer surface, has been investigated. The anodization
characteristics have been obtained in-situ by measure-
ments using the same experimental equipment as for
IMS measurements. A constant anodic current was ap-
plied and the voltage across the sample was measured.
To study the rate of formation of anodic oxide in sul-
phuric acid, an unoxidized Zircaloy-4 reference sample
R" has been investigated, in which the air-formed oxide
was removed by chemical etching.

3 Experimental Results
3.1 Impedance spectroscopy

Soaking behaviour: As shown in Fig. 2, the penetra-
tion of electrolyte into the oxide on the hot samples is
characterized by nearly exact, parallel displacement of
the impedance graph at medium frequencies, i.e. the to-
tal impedance decreases and the slope of the impedance
graphs remains almost invariant at —0.8 to —0.9. At the
highest frequencies (about 105 Hz), the total impedance
remains nearly constant, and at the lowest frequencies
(about 10~4 Hz) it decreases considerably and the ini-
tial capacitive characteristics become more and more
resistive.

The penetration process is finished after about 24 hr
for sample I and after about 500 hr for samples U and
Y. The impedance data of the sample R remain invari-
ant with increasing time of immersion, showing pure ca-
pacitive characteristics with a slope of - 1 in the Bode
diagram.

Well-soaked state: In the well-soaked state, the
total impedance of the oxide-electrolyte system is char-
acterized by almost ohmic behaviour at the lowest fre-
quencies. At medium frequencies, the impedance is
characterized by a long straight part, with a slope of
about -0.8 to -0.9. It can be assumed that the dissi-
pative characteristics obtained, showing approximately
constant phase behaviour, arise from relatively com-
pact oxide near the metal-oxide interface. The total
impedance of the compact oxide is about one or two or-
ders of magnitude greater than the impedance of the ref-
erence sample R. For sample I, which contains the thick-
est total oxide layer, the thinnest intrinsic compact layer
can be expected. At higher frequencies, i.e. more than
1 kHz, the impedance characteristics obtained from sam-
ples I and U become highly-dissipative and a relatively
thick, well-soaked part of the oxide can be assumed.

A procedure for interpreting impedance data of thick
post-transition oxides has been developed [6]. Relat-
ing to this analysis, the thickness of the compact ox-
ide close to the metal/oxide interface can be calculated
from the parameter C of an overall Youngs-capacitance
carrying the capacitively by-passed displacement cur-
rent. In Fig. 3 is shown the equivalent circuit designed
and used for fitting the experimental data by computer
simulation of the impedance elements.
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Figure 2: Experimentally obtained soaking effect
concerning samples U and R (Bode diagram).

Sample U:
24/»r: £ — impedance, Q — phase
72/ir: y - impedance, V - phase
528/»r: • - impedance A - pAase
Sample R:
0 — 500/»r: + — impedance, x — phase

7 8=r=

Figure S: Equivalent electrical circuit used for fitting
of the experimental curves: Elements 1, S, 4, 1, and 9
denote ohmic resistances; 8 is pure capacitance; 3 and
5 are 2-parameter, constant-phase elements (i.e. loss
capacitances (—V—)); and 6 is a specific 3-parameter

Youngs-impedance (-Y-) element.
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Elements 1 to 6 describe the impedance character-
istics of the compact part of the oxide, elements 7 and
8 the behaviour of the highly-dissipative oxide, and ele-
ment 9 represents the pure ohmic electrolyte resistance.
The experimentally obtained supporting points of
impedance and phase in a well-soaked state, as well as
the computer-fitted curves concerning the hot-samples
and the sample R, are plotted in Fig. 4.

Using the above-proposed approach, one obtains for
the hot samples and the R-sample, respectively:

C (I) = 130 nF, C (U) = 66 nF, C (Y) = 124 nF and
C (R) = 22.8 JJF.

The thickness ta of the compact layer close to the
metal/oxide interface then can be calculated. With a
total impedance | Z | = (2)rfC)"1 and t = 22, the thick-
ness ta is given by:

ta =
19.5
C

where: ta is in nm
C is in pF/c

Thus, one obtains:
ta (I) = 910 nm, t0 (U) = 1790 nm, to (Y) = 950 nm
and ta (R) = 5.2 nm.

Error estimation: The error in the capacitively
determined thickness by impedance spectroscopy is
mainly caused by the relative uncertainty of the dielec-
tric constant e in oxide scales possessing different mi-
crostructure. If a value of e = 22 is used for the deter-
mination of relatively compact films, the error can be
as much as 25% [10], and it can be assumed that any
differences in film dielectric constant among specimens
of different composition or different heat treatment fall
within this level of uncertainty. When the relative un-
certainty for determination of the total sample area does
not exceed 5%, the total uncertainty in thickness deter-
mination is estimated to be about 30%.

3.2 Galvanostatic Anodization
The samples were charged with a constant anodic cur-
rent of 0.31 mA and the anodization graphs obtained
are plotted in Fig. 5.

The curve of voltage across the sample vs. time t,
or vs. collected charge Q, consists of two parts of dif-
ferent slope S = dV/dt. The initial part of the curve is
reversible and the voltage V increases very fast and lin-
early. The curve deviates at a certain collected charge
from being linear and a non-reversible straight part is
obtained. The non-reversible characteristics are associ-
ated with oxide growth and the slope S is much lower.
Thus, in regions possessing the thinnest barrier oxide,
which separates electrolytic paths from unoxidized ma-
terial at the potential of the base metal, the voltage
V exceeds the anodization voltage V,- and anodic oxide
growth occurs. In fact, voltages greater than ltPV/ia
transport oxygen through an existing oxide film, where
oxidation occurs, and the curves become non-reversible.
Then, a part of the charging current is employed for the
dissipative Faraday reaction to generate oxides, and the
other part is used for the reversible charging process.
The slope S decreases slightly at higher collected charge,
which is caused by a decrease of the current efficiency
for anodic oxidation when the oxide thickens [11,12].

If the anodic film grows homogeneously and the an-
odized area remains constant, linear characteristics of
the non-reversible part of the anodization curve are ex-
pected. Therefore, by extrapolating the non-reversible
part of the anodization curve to Q= 0, one obtains the
intersection voltage V,\ This voltage can be used to
calculate the minimum thickness tj of the barrier ox-
ide, which prevents the thermally activated transport of
oxygen. The growth rate of anodic oxide on Zircaloy-
4 in 1 mole/1 H2SO4 was determined using the refer-
ence sample R*. At increasing voltages across this sam-
ple, the anodization was interrupted and the impedance
characteristics were measured in-situ. Because of al-
most perfect capacitive characteristics, the oxide thick-
ness was determined from a simple capacitance resis-
tance model and the growth rate of the oxide was esti-
mated, giving about 2.3 nm/V.

Relating to the obtained rate of anodic oxide growth
in sulphuric acid, the thickness tj is given by the equa-
tion:

t4 = 2.3V<

The thickness tj and the slope SK of the irreversible
part have been obtained for given voltage V,- at the
intersection points :

Samples
Parameter: I U Y R*
V<(V): 1.8 45 5.6 0.5
tj(nm): 4.5 112 55 1.2

^ 1 ) : 2.2 1.2 8.5 >0.03

4 Discussion
Effect of soaking: The parallel displacement of impe-
dance graphs at medium frequencies indicates that the
electrolyte successively penetrates the outer oxide lay-
ers by inward diffusing electrical equipotential areas. At
each moment, these equipotential areas can be marked
by an imaginary metal foil. In addition, it can be as-
sumed that these equipotential areas correspond to the
structure of relatively large lateral cracks observed by
metallographic preparation techniques and optical mi-
croscopy studies. Additionally, electron-microscopy stud-
ies [13-21] show fine lateral cracks accentuating the
layer structure of the post-transition oxide. Thus, the
electrolyte especially fills lateral cracks with increased
time of soaking.

It is observed by scanning (SEM) [14] and transmis-
sion (TEM) [3,16] electron microscopy, that crystallo-
graphic and morphological texture which develops dur-
ing oxide growth is always perpendicular (vertical) to
the metal/oxide interface. This texture does not extend
to the outer oxide layer [14]. The vertical orientations
are needed to minimize the compressive stress [22] in
the plane of the film surface. Fine vertically directed
pores can be located probably at crystalline boundaries
and it is expected that a number of these pores will be
partially filled with electrolyte with increasing time of
immersion.

A system of symmetrical, thin pores, parallel and
normal to the oxide surface, is well filled with elec-
trolyte, can be described by a finite transmission line
[23,24]. Numerical solutions of such systems result in
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an impedance behaviour similar to a Warburg diffusion
impedance [9] with a constant loss angle of —45s, or
a slope of —0.5 in the Bode diagram. In a real ox-
ide, the expected geometry of pores is more involved
and branched. If the pores are very thin, and therefore
partially filled with an electrolyte, constant phase char-
acteristics with a slope of the impedance graphs close
to —1 can be expected. It has been shown by analy-
sis that penetration of electrolyte in vertically directed
pores would cause distorted semicircles in Nyquist di-
agrams [23]. In the Bode diagrams that are discussed
in this study, the penetration should cause a tilting of
the impedance curves, i.e. the slopes of the impedance
graphs should be decreased at medium frequencies. Such
behaviour is not observed at medium times of soaking
(below 500 hr). Thus, the electrolyte does not pene-
trate vertically directed pores when the soaking time
does not exceed approximately 500 hr. This conclusion
is supported from experiments by other authors [3] us-
ing thick autoclave-formed oxides and electrolyte solu-
tions of different conductivity. It has been shown that
the loss characteristics at medium frequencies remain
almost constant when the electrolyte is exchanged.

However, if the time of immersion is very high, i.e.
500 hr and more in the presented case, the lowering of
the total impedance with improvement of resistive char-
acteristics at the lowest frequencies, and the slight tilt-
ing of the impedance graph at medium frequencies in
the Bode diagram, indicate that a few vertically directed
pores which are large in diameter might be filled with
electrolyte. The dissipative characteristics appearing at
medium frequencies in the Bode diagram remain almost
constant with increase of the soaking time. Thus, the
loss characteristics obtained at medium frequencies are
caused by intrinsic properties of the oxide and not by
electrolytic paths.

Well-soaked state: In the well-soaked state, the
impedance curves contain two parts showing different
dissipation [6]. The highly dissipative part of the oxide,
which represents its porous region, can be modelled and
well-fitted by a parallel RC network (elements 7 and 8 in
Fig. 4). The constant phase characteristics at medium
frequencies can be explained by different microstruc-
tures. It can be assumed that isolated regions of high
electrical conductivity in the oxide film, or a system of
multiple, vertically directed electron conducting paths
due to metallic filaments [25-29], can cause constant
phase behaviour, similar to a system of pores filled with
an electrolyte and described by a finite transmission
line [3,5]. These unoxidized alloying additions, prob-
ably in the form of isolated precipitates and elongated
metallic fibres through the oxide, may be localized along
columnar crystalline boundaries [27]. This hypothesis is
supported by short circuiting following ultrasonic agi-
tation in mercury or exposing in liquid sodium [1]. The
metallic precipitates in the oxide film, identified as Zr
(Fe, 0 )2 in Zircaloy-4, remain reasonably conductive
even when oxidized [26,27]. These facts should sup-
port the hypothesis that electron conduction near the
metal/oxide interface occurs mainly via highly conduc-
tive metallic pathways and not via electrolytic paths.

Galvanostatic anodization: Anodization can oc-
cur at the bottom of vertically directed pores close to
the metal/oxide interface, well filled with electrolyte,
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Figure 4: Experimentally obtained IMS data in the
well-soaked state (points) and results of simulation
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and in regions within the compact layer containing elec-
trically conductive regions of unoxidized material at the
potential of the base metal close to electrolytic paths.

The samples were immersed for about 500 hr in the
electrolyte.

The assumption that fine vertically directed pores
exist in the compact layer, and that these pores can ar-
rive at the metal/oxide interface close to a thin barrier
film, is supported by the small distance of electrolytic
paths to unoxidized material determined from anodiza-
tion experiments. In addition, this hypothesis is sup-
ported by experiments in which the environment pres-
sure is changed instantaneously in either oxygen [30] or
steam [31]. The results of these experiments are incom-
patible with the presence of an impervious barrier layer
of significant thickness [32].

The fact that the initial growth of anodic oxide on
the unoxidized reference sample R* is much less than the
initial rate of anodic oxidation can be used to estimate
the fractional area of barrier oxide exposed to radicals of
sulphuric acid close to regions of unoxidized material at
the potential of the base metal. For the homogeneous
sample R* and the hot-samples I, U and Y, the ratio
S*/S of the initial voltage slopes of the irreversible an-
odization graphs has been calculated. A fractional area
of exposed barrier oxide of about 1.4% (I), 2.6% (U)
and 0.35% (Y) is estimated. This result corresponds to
measurements of oxidation rates concerning unoxidized
samples that are compared with post-transition oxida-
tion rates under the same conditions. It has been shown
that pores represent 2-3% of the interfacial area [33].

A remarkable amount of the fractional area possess-
ing very thin barrier oxide separating electrolyte paths
from regions of high electrical conductivity at the po-
tential of the base metal, as well as isolated conduc-
tive precipitates, can form individual resistors and ca-
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pacitors within this layer. The values of these capac-
itors can reach an order of magnitude of twice those
of layer capacitances. Because of high intrinsic capaci-
tances and the high electronic resistance of thin barrier
oxides themselves, networks of these intrinsic capaci-
tors and resistors are characterized by high values of
RC time constants. In an equivalent electrical network,
as shown in Fig. 4, such elements are represented by the
constant phase elements 3 and 5.

post-transition oxide film

charge/mC —•

Figure S: Experimental anodization curves of the
hot-samples I, U, Y and sample R*. Voltage V, in

volts, vs. charge Q, in millicoulomb. Current density:
$8/i A/cm2.

Model of oxide morphology: As a hypothesis, an
advanced model of the morphology of the post-transition
oxide is proposed, as shown in Fig. 6:

A: Near the metal/oxide surface, a chemically ac-
tive fresh oxide layer grows which contains vertically
directed crystallites of ZrC>2 with a columnar texture.
It can be generally assumed that the oxygen transport
is controlled by this interface layer, and thus it affects
the corrosion rate. Along the grain boundaries, fine
vertically directed pores and highly conductive metallic
filaments due to non-oxidized alloying additions might
be expected.

B: At a certain thickness to, which can be deter-
mined by impedance spectroscopy, the structure of the
oxide is reorganized. The outer oxide contains open
porosity attributed by large lateral cracks. The verti-
cally directed pores and the highly conductive metallic
pathways are interrupted by these lateral cracks. As
shown, the transition region of the porosity may be
marked by an imaginary metal foil, separating both

•total

B:
open
porosity.
lateral
cracks

U»A-!ffiS
A:
vertical
structure

Figure 6: Morphology of the post-transition oxide -
Layer containing vertical structures (A) and layer

containing open porosity and lateral cracks (B),
separated by a transition region which may be

considered as an imaginary metal foil. The equivalent
electrical network from Fig. S which is used to fit the

impedance data is also shown.

parts of the oxide. The part of the oxide containing open
porosity and large lateral cracks is well-soaked with elec-
trolyte.

Oxide properties along the rod axis: In Fig. 7,
the thickness ta of the compact layer and the thickness
tj, of barrier oxide are plotted against the thickness of
the total oxide. Both quantities at first increase with
thickness of the total oxide and then decrease after the
total oxide has reached a critical thickness.
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total oxide thickness/ pm

Figure 7: Thickness ta of the compact oxide (•) and
thickness of minimum barrier oxide U (o) vs. thickness

it of the total oxide of the rod segments I, U and Y.

The thickness t0 of the compact layer at the metal/
oxide interface is a quantity which is averaged over the
whole area of the sample. The cause of the increase and
decrease of the quantities ta and tj along the axis of the
irradiated fuel rods can not be explained at present. If

55



the effect depends only on the total oxide thickness, a
general rule of oxide growth on Zirconium-based alloys
could be established. Therefore, more positions of dif-
ferent total thicknesses of oxide along a rod must be
investigated.

The determination of the thickness of the intrinsic
compact layer by other methods than IMS requires met-
allographic preparation techniques and investigation by
electron microscopy. Although such investigations have
been executed for autoclave-prepared oxides on simi-
lar alloys, no average thickness of the compact oxide
layer over large sample areas has been obtained. Nev-
ertheless, such investigations have shown that the post-
transition oxides on Zircaloy-4 contain at least two scales
of different microstructure.

It can be assumed that the length and shape of the
vertically directed pores determine the diffusion resis-
tance for a migrating oxidant. In addition, the rate of
oxidation is determined by the area of metal/oxide in-
terface exposed to the oxidant. It has been shown by
studying the soaking behaviour and the anodic oxide
growth, that probably only a few pores, which axe large
in diameter, can be completely filled with electrolyte
and reach positions close to thinnest barrier oxides to
unoxidized material at the potential of the base metal.
Ions which are smaller in diameter than sulphuric acid
radicals, i.e. oxygen radicals, can probably be trans-
ported in thinner pores and reach the metal/oxide in-
terface. Thus, the expected rate of oxidation might be
related to the thickness of the relatively compact part
of the oxide and the fractional area of exposed barrier
oxide.

5 Conclusions
The main conclusions of this study can be summarized
as follows:

• It has been shown by IMS that electrolyte suc-
cessively penetrates post-transition oxide via lat-
eral equipotential areas. These equipotential ar-
eas might correspond to lateral cracks observed by
metallographic preparation and microscopy. Hence
it follows that these cracks can not be artefacts of
the metallographic technique.

• At medium frequencies the slopes of the impedance
graphs are independent of soaking time. Thus, the
dissipative characteristics at medium frequencies
are not caused by electrolytic paths.

• In the well-soaked state, the total impedance graph
has two parts with different slope. The part dis-
playing highly dissipative characteristics appear-
ing at high frequencies can be identified with an
outer part of the oxide that is porous and well-
filled with electrolyte. The part showing constant
phase characteristics appearing at medium fre-
quencies can be identified with a relatively thick
and hardly penetrated part of the oxide close to
the metal/oxide interface.

• Formation of anodic oxide occurs in unoxidized
material at the potential of the base-metal. This
forced reaction might be localized at the bottoms

of vertically directed pores close to the metal/oxide
interface that are partially filled with electrolyte,
or even in unoxidized material within the compact
layer.

• The determined thickness of the barrier oxide which
prevents thermally supported oxidation is very
small compared with the thickness of the compact
layer. Thus, experiments using anodic oxidation
support the hypothesis that the inner oxide layer
involves fine vertically directed pores that can be
partially filled with electrolyte in the well-soaked
state.

• Along the axis of the irradiated Zircaloy-4 fuel rod
cladding, the relatively compact part of the oxide,
as well as the thickness of the barrier oxide, first
increases and then decreases with increase of the
total oxide thickness.
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