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Hydrogen pickup during nuclear fuel cladding corrosion is a critical life-limiting degradation mechanism
for nuclear fuel. Following a program dedicated to zirconium alloys, corrosion, it has been hypothe-
sized that oxide electronic resistivity determines hydrogen pickup. In-situ electrochemical impedance
spectroscopy experiments were performed on Zircaloy-4 and Zr-2.5Nb alloys in 360 °C water. The oxide
resistivity was measured as function of time. The results show that as the oxide resistivity increases so

does the hydrogen pickup fraction. The resistivity of the oxide layer formed on Zircaloy-4 is higher than
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on Zr-2.5Nb, resulting in a higher hydrogen pickup fraction of Zircaloy-4, compared to Zr-2.5Nb.
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1. Introduction and motivation
1.1. Introduction

Hydrogen pick-up during nuclear fuel cladding corrosion is a
critical life-limiting degradation mechanism for nuclear fuel in
existing and advanced nuclear reactors. Indeed, hydrogen ingress
can cause cladding embrittlement by brittle hydride precipitation
in the zirconium metal, and limit cladding lifetime [ 1]. Althoughiitis
understood that different alloys exhibit not only different corrosion
kinetics, but also different hydrogen pickup rates at different stages
of corrosion [2-5], a complete understanding of the role of alloy-
ing elements in the corrosion and hydrogen pick-up mechanisms
is still lacking. It is also known that the corrosion performance of
zirconium alloys worsens as the alloy purity increases and almost
any alloying addition (even in very small proportions) increases
corrosion resistance [6]. On the other hand, these additions can
have dramatic effects on hydrogen pickup, with Nb additions usu-
ally resulting in significant reductions in hydrogen pickup [7]. This
study investigates the mechanistic links between hydrogen pick-
up and alloying elements using in-situ electrochemistry impedance
spectroscopy (EIS) on two oxide layers formed during autoclave
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corrosion of two different zirconium alloys: Zircaloy-4 and Zr-
2.5Nb.

1.2. Review of zirconium oxide resistivity measurements in Zr
alloys by EIS

Although many EIS studies have been performed on zirconium
oxide scales, because of obvious experimental difficulties few of
these have been conducted at operating conditions and for long
exposure times [8-12]. A brief review of the main conclusions from
previous studies is presented in the following.

The measurements performed at high temperatures on ther-
mally grown oxides which have been conducted to date show
that EIS is a suitable technique to follow the oxidation kinetics in
situ. Indeed, by extrapolating the capacitance at infinite frequency
or from a Cole-Cole diagram, it is generally possible to monitor
the oxidation kinetics in-situ [13]. However, it has been shown
that quantitative oxide thickness estimations are rather difficult to
obtain by these methods. Thus, in general, an arbitrary capacitance
is chosen, which, after fitting, matches the known oxide thickness
for that particular alloy. These impedance results are generally in
very good agreement with the oxide thickness determined by Scan-
ning Electron Microscopy (SEM) and/or weight gain [10,12]. All
studies also concluded that the oxide capacitance shows a signifi-
cant dispersion such that the oxide dielectric permittivity appears
to depend on frequency [13]. Because of the resulting difficulty
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Table 1
Composition of Zircaloy-4 and Zr-2.5Nb tube alloys.
Alloy Nominal Alloy Composition (weight percent)
Sn Nb Fe Cr
Zircaloy-4 1.45 0.2 0.1
Zr-2.5Nb 25

in correctly fitting the impedance spectra, the oxide capacitance
is usually modeled by the constant phase elements (CPE) method
rather than a pure capacitance model, even though the physical
meaning of CPE is still a matter of debate [14].

The detailed analysis of EIS spectra support the theory of a bi-
layered oxide with different oxide layer properties: a very thin (a
few nm) protective inner layer and an outer porous non-protective
layer. This model has been proposed as the only one to successfully
reproduce the impedance measurements [8,12]. However, no gen-
eral agreement on the oxidation kinetics has been reached in the
literature, which puts into question the nature of this model. Also,
this postulated very thin (~10nm) inner protective layer does not
correlate with electron microscopy observations of zirconium alloy
oxides [15,16].

Finally, it has generally been observed that oxide impedance
measured at low frequency increases with exposure time. By
assuming that the low frequency impedance is related to the
inverse of the oxidation rate [12], it is concluded that the resistance
to charged species transport across the oxide layer increases with
the oxide thickness [10]. This is expected, since the flux of charged
species across the oxide decreases as the oxide thickness increases
[17].

The electronic resistivity of yttria stabilized ZrO, at 400°C has
been calculated as being approximately equal to 10° 2 cm [18]. To
explain their EIS results, Gohr et al. [8] have hypothesized that the
quality (related to conductivity — inverse of resistivity in £2cm)
of the oxide layer degrades as the oxide thickens in the protec-
tive regimes. However, the modeling of the electrochemical circuit
using EIS measurements is rather difficult and no consensus has
been reached as to how the electrochemical response can be inter-
preted in terms of oxide layer properties [10]. It is thus critical to
demonstrate the capability of evaluating oxide layer properties of
interest from EIS measurements before drawing any conclusions.

1.3. Alloys studied

Zircaloy-4 and Zr-2.5Nb tube alloys are studied in this paper
(see alloy compositions in Table 1). The manufacturing process
and microstructure characterizations were specified in detail in
[2] for these two alloys. They are both precipitate forming alloys
(Zr(Fe,Cr), precipitates in Zircaloy-4 and BNb precipitates in Zr-
2.5Nb) and are fully recrystallized, with a grain size diameter
approximately equal to 10 pm.

1.4. Corrosion experiment and measurements

To compare the hydrogen pickup of different alloys, it is nec-
essary to quantify the amount of hydrogen picked up relative
to the amount of corrosion. Thus, the oxidation rate (measured
from weight gain) and hydrogen uptake (precisely measured from
vacuum hot extraction and cold neutron prompt gamma acti-
vation experiments) were determined as a function of exposure
time for a set of zirconium alloys corroded in a static autoclave
(360°C, 18 MPa, pure water, Hy ~30cc/kgH,0) [2,19]. 4bar of
hydrogen were inserted in the overhead gas of the static autoclave
at the start of the experiment, which corresponds to approximately
30cc/kgH,0 at equilibrium at high temperatures [20]. The total
hydrogen pickup fraction ffs, defined as the ratio of the hydro-
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Fig. 1. Weight gain (and power law fits § = kt") and total hydrogen pickup fractions
measurements of Zircaloy-4 and Zr-2.5Nb alloys as function of exposure time. The
oxidation rate transitions are also indicated on the total hydrogen pickup fraction
plot.

gen absorbed from the beginning of the corrosion test to the total
amount of hydrogen generated by the corrosion, was calculated for
the two alloys. The oxidation kinetics and total hydrogen pickup
fraction are plotted in Fig. 1 for the two alloys as function of expo-
sure time. The power law fits are also shown and it is clearly
observed that Zircaloy-4 oxidation kinetics are cubic (or even sub-
cubic) while Zr-2.5Nb are higher than cubic (n=0.37) and thus
closer to parabolic as already observed previously [2,3].

It is useful to plot the results in a manner that allows easy com-
parison of f, between Zircaloy-4 and Zr-2.5Nb as the two alloys
develop oxide layers of similar thicknesses, but following different
kinetics. Fig. 2 shows the hydrogen content plotted as function of
the weight gain (or oxide thickness). Note that the dotted lines cor-
respond to different levels of constant ff. From Figs. 1 and 2 it is
clear that thefls of Zr4 is consistently higher than that of ZrNb, indi-
cating that alloying elements have a significant impact on hydrogen
pickup mechanism. It has also been previously shown that the total
hydrogen pick-up fraction increases during corrosion [21].

Comparison between alloys has also shown that the alloying
elements present in the alloy are closely related to the oxidation
kinetics of the alloy (as measured, for example, by the value of the
corrosion exponent n of the power law fit) and to the hydrogen
pick-up fraction [21]. Because the oxidation state of the alloying
elements in the oxide varies with distance from the oxide-metal
interface it is logical to expect that overall oxide resistivity varies
as a function of oxide depth and exposure time (possibly as a result
of oxide doping) [22]. However, the understanding of the specific
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Fig. 2. Hydrogen content of Zircaloy-4 and Zr-2.5Nb as function of oxide thickness.
Dotted lines represent constant hydrogen pickup fraction.

effect of oxide doping on the zirconium oxide electronic resistivity
is still lacking [23-26].

2. General hypothesis

As aresult of these observations, it has been hypothesized that
oxide electronic resistivity and alloying elements (either in sec-
ond phase particles — SPP - or in solid solution) determine the
corrosion kinetics and hydrogen pickup. The oxide electronic resis-
tivity would create the driver for hydrogen uptake (the driving force
being the electric potential across the oxide). The alloying elements
present in solid solution in the oxide and possibly in SPP incorpo-
rated in the oxide layer can impact the oxide resistivity [17,27].
Basically, the location of the cathodic reaction (whether close to
the oxide/metal interface (for high oxide electronic resistivity) or
close to the oxide/water interface (for low oxide electronic resistiv-
ity)) has a significant impact on the hydrogen uptake by the metal.
According to this hypothesis hydrogen pickup increases when elec-
tron transport becomes more difficult, requiring hydrogen ingress
to close the cathodic reaction. Thus, the electronic resistivity of the
protective oxide is a key parameter to control the oxidation kinet-
ics and hydrogen pickup [8,21,28]. The potential gradient acts to
increase (resp. reduce) the flux of the oxygen vacancies (resp. elec-
trons) through the protective oxide layer. As shown schematically
in Fig. 3, a low (resp. high) oxide electronic resistivity results in a
low (resp. high) oxide electric potential, which in return increases
(resp. decreases) the interfacial potential at the oxide/water inter-
face. Indeed, the corrosion potential (given by Vo — Vm/o) is
fixed, as the system boundaries are supposed to be at thermody-
namic equilibrium (an assumption to be verified later). However,
the repartition of the potential in the system can vary between the
interfacial drops and the potential in the oxide as indicated by the
dotted curves in Fig. 3.! That is why a higher oxide resistivity will
reduce the interfacial drop at the oxide/water interface, reducing
the activation energy for hydrogen absorption. In summary, a high
(resp. low) oxide electronic resistivity will increase (resp. reduce)
the driving force for hydrogen absorption.

In the present study, the variation of the oxide electronic resis-
tivity as a function of exposure time for Zircaloy-4 and Zr-2.5Nb
alloys was measured using in-situ Electrochemical Impedance
Spectroscopy (EIS). These impedance measurements are compared

! InFig. 3, the electric field is supposed to be constant across the oxide (i.e. slope of
the potential curve is constant) but this is correct only if one assumes space charges
effects on corrosion kinetics are not significant. This validity of that assumption
depends on the alloys considered as detailed in [17,27,29].
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Fig. 3. Scheme of the hydrogen pickup driving force for low and high oxide elec-
tronic resistivity.

with the evolution of hydrogen pickup fraction as function of
exposure time to assess the possible correlation between oxide
resistivity and hydrogen pickup fraction.

It should be noted that this scenario is based on the very general
assumption that corrosion and hydriding of zirconium result from
the movement of charged species. Neutral species are disregarded
in the following.

3. EIS experimental setup

Fig. 4 presents a schematic diagram of the EIS experimental
setup. Electrical feedthroughs were provided by Pt wires in cooled
Teflon seal elements at the top of the autoclave. Zirconium alloy
tubes served as the working electrodes. A perforated Pt cylinder
served as coaxial quasi-reference electrode. This Pt electrode was

Input and output signals

AUTOCLAVE J\
360°C/18MPa
ELECTROLYTE Pt wires

Perforated Pt
electrode

Zr tube,
sample

Alumina

Fig. 4. Schematic diagram of the EIS experimental setup.
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placed at an approximate distance of 0.5 mm between the elec-
trodes leading to a symmetrical two-electrode configuration.

A two-electrode cell was used, since electrochemical reactions
at the Pt electrode are much faster than at the Zr electrode mak-
ing the Pt electrode a very good quasi-reference electrode. Tube
ends were isolated with spring-loaded Al,05 ceramic caps, leav-
ing an exposed outer surface area of about 8 cm?. The connectivity
between the tubes and the Pt wire was maintained by welding a Zr-
Sn wire to the inside of the tube. This configuration was adopted
for both experiments in the Zircaloy-4 and the Zr-2.5Nb tubes.
Information about processing, metallurgy and microstructure of
these alloys can be found in [2]. As shown in Figs. 1 and 2, the
oxide thicknesses and hydrogen pickup fractions of these alloys
have been previously measured as function of exposure time in
the exact same conditions [2,30]. A Pt/Pt dummy cell of identical
geometry was used for electrolyte conductivity monitoring. The
contribution of the Pt electrode to the total impedance of the Zr/Pt
cell measured with the dummy cell consisting of two electrodes in
series is negligible. EIS measurements were acquired at the open-
circuit potential at frequencies of about 10~4-10°6 Hz in a floating
configuration (Uyc =50 mV) with a PAR4000° potentiostat.

4. Measurements of oxide properties from in-situ EIS
spectra

All EIS spectra shown here have been acquired in-situ at 360 °C.
Before extracting oxide properties from EIS spectra analysis (i.e.
oxide resistivity pox), it is necessary to carefully validate that the
oxide property of interest is indeed reflected in the EIS spectra.
This is the subject of this entire section, which, although lengthy, is
critical to validate the results presented. A more detailed analysis
can be found in [31].

4.1. General assumptions on the system impedance Z;

Assuming the oxide is a single dense and homogeneous phase,
the system under study in this experiment can be well represented
by pure circuit elements (resistance and capacitance) such that the
overall impedance is approximated as:

Ze=Rm+Ret Y %aiq& (1)
ox/e,
i= OX,
ox/m

with Z; the total system impedance, R; and C; the pure resistance
and capacitance of metal (m), electrolyte (e), oxide (ox) and both
oxide interface (ox/e and ox/m),j2 = —1 and w the signal pulsation
(rads~1). The electrolyte — here nearly pure water — capacitance
does not appear in the frequency range investigated in this study
because:

1/CeRe > 10°Hz — Re/ (1 + jwCeRe ) ~Re (2)
From (1):
lim Ze~Rm + Reand lim Ze~Rm + Re + Z R; (3)
W—>00 w—0
ox/e,
i= 0X,
ox/m

The electrical conductivity of the weld contact between the wire
and the tube was measured under dry conditions before corrosion
and after 10 days in the autoclave. The impedance measurements
show no signs of accelerated corrosion of the weld contact after

exposure in the autoclave and its impedance over the entire fre-
quency range of interest was negligible (~0.5 €2) compared to the
total impedance of the specimen. The metal resistivity can also be
neglected: Rp~0 and lim Z;~R.. Additional experimental valida-

wW— 00

tions that lim Z;~R. are provided in the Appendix A.

W—>00

The double layer at the oxide/electrolyte interface is only a few
nanometers thick [32] and can be expressed via the plane capacitor
formula:

_ 8d|805

Ca = 5 (4)

where Cy is the double layer capacitance at the oxide/electrolyte
interface (in F), g4 the relative permittivity of the double layer, &q
the vacuum permittivity (in Fm~1), S the surface of the interface
(in cm?) and 84 the thickness of the double layer (incm).

The oxide capacitance can be derived similarly:

= (5)

where the terms are defined as in the double layer case in (4) but for
the oxide. Given that the double layer is extremely thin compared to
the oxide thickness, §4; < dox, and since the relative permittivities
&ox and &g are of the same order of magnitude and the surface is
the same in both systems, comparing (4) and (5), it is verified that
Ca1 > Cox .The double layer reciprocal capacitance at the interfaces
can be neglected compared to the oxide reciprocal capacitance at
relatively high frequency.

1 J
Z 1)~R, - =Re —
t(w>>1)~Re + Z oG = fe = ot (6)
ox/e,
i= 0X,
ox/m

The Fermi level of zirconium metal is close to the conduction band
of zirconium oxide resulting in a negligible Schottky barrier at the
oxide/metal interface. Indeed, the charge transfer impedance at the
interface is expected to be negligible at low frequency [25,33]. Thus
the resistivity of the charge transfer at the oxide/metal interface is
negligible at low frequency:

limZ¢~Re + Ri (7)
w—0
_ ox/e,
i=
(02,4

4.2. EIS spectra processing

An example of Bode plots acquired on the Zr-2.5Nb alloy cor-
roded for 62 days is shown in Fig. 5 . The open circled represent
raw EIS data (represented as Bode plots) and are similar to those
observed in previous experiments [10,12].

The filled symbols represent processed EIS data in which
lim Z~Re has been subtracted from the whole spectra. As a sum-

w— 00

mary, the total system impedance can be approximated depending
on the frequency range as illustrated in Table 2.

In conclusion it appears theoretically possible to extract Cox (i.e
Sox using (5)) from the imaginary part of the impedance at relatively
high frequency Im (Z; (@ > 1)) and a convolution of Ryy /e + Rox from

the real part of the impedance at zero frequency Re (lirrbzt) This is
w—

the subject of the next section.
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Fig. 5. Impedance modulus and phase as function of frequency of Zr-2.5Nb. The open circles are raw data, and the filled symbols are corrected for the electrolyte resistance

Re.

4.3. Validation of 8ox and pox measurements from EIS spectra
analysis

4.3.1. Zirconium alloys impedance spectra as function of
exposure time

Impedance spectra have been acquired every week during a total
of 325 days of exposure for Zr-2.5Nb alloy and 288 days of expo-
sure for Zircaloy-4 alloy. The acquisition time of each spectrum is
approximately one day, so that the system is considered to be at
steady state during the acquisition. A selection of EIS spectra for
both alloys is presented below.

4.3.1.1. Zircaloy-4. Fig. 6 shows the impedance modulus and the
phase (corrected for the electrolyte resistance - see above) plotted
at different exposure times, as calculated from raw EIS spectra for
the Zircaloy-4 alloy. On each set of Bode plots, the weight gain data
from Fig. 1 are also plotted with the exposure time range related to
the specific Bode plots marked by a grey area in each one.

It is observed in Fig. 6 that the real impedance modulus at
low frequency tends towards a plateau as the phase goes to zero,
indicating a pure resistive behavior of the system. This trend was
expected from the theory [34] as the low frequency impedance of
the system is a combination of the interfacial oxide/water resis-
tance and the bulk oxide resistance (see Table 2). Thus, in order
to determine the bulk oxide resistance, one needs to evaluate the
significance of the oxide/water interfacial resistance. It is observed
in Fig. 6(a)-(e) that both the modulus and the phase of the electro-
chemical response evolve with exposure time and oxide thickness.
From the analysis it is clear that the modulus of the oxide layer
impedance in Fig. 6(a), (c) and (e) increases as the protective oxide
thickness increases. However, analyzing Fig. 6(b) and (d), the oxide
impedance modulus significantly decreases during the total period
plotted of approximately 30 days. This decrease is clearly correlated
to the two observed oxide transitions, which occur at those periods.

The impedance modulus decrease is gradual and starts approxi-
mately at the same time as the increase in weight gain as observed
in weight gain plots of Fig. 6(b) and (d). Thus, the evolution of the
low frequency impedance (related to the oxide impedance through
(7)) is clearly inversely proportional to the corrosion rate. This con-
clusion provides a first strong argument that Ryx, the resistance of
the bulk oxide layer, has a significant contribution in limZ.

w—

The impedance phase also evolves as function of oxide thick-
ness. Two phase relaxation peaks are consistently observed, with
largely different time dependences: one, remaining at 1 kHz and the
other shifting from 100mHz to 1mHz as the protective oxide grows.
This relaxation peak frequency is thus clearly dependent on oxide
thickness. Considering the relaxation peak phase shifts, the 1 kHz
peak phase shift increases (and the lower frequency peak phase
shift decreases) as the protective oxide grows. This relaxation peak
frequency thus depends on the oxide thickness. These trends are
reversed during oxide transition. These two relaxation peaks have
been previously observed at the exact same frequencies in [10].

4.3.1.2. Zr-2.5Nb. The impedance modulus for the Zr-2.5Nb alloy
(corrected for the electrolyte resistance) and the phase for differ-
ent exposure times are plotted in Fig. 7. Unfortunately, because
of experimental difficulties, no impedance spectra were recorded
before 72 days. The oxidation kinetics are also plotted, as was done
in Fig. 6. The same impedance variations observed in Zircaloy-4,
are observed in Zr-2.5Nb impedance spectra. In this case also, the
oxide transition is marked by a gradual decrease of the impedance
modulus whereas the growth of the protective oxide is marked by
an increase in the impedance modulus especially at low frequency.
Similarly to the Zircaloy-4 observation, this conclusion provides
a strong argument that Rox has a significant contribution in lim Z;.

w—0

Considering the phase, the same relaxation peaks are observed, one
remaining at 1 kHz, and the other shifting from 100mHz to 1mHz.

Table 2
Approximated total system impedance as function of the EIS frequency domain.
Frequency domain w—0 w>1 w — 0
Approximated total impedance Re+ ¥ R Re — ijDx Re
= ox/e,
oo
Approximated impedance after processing (Z; — lim Z;) Y R J 0

[ORNS

" wCox

; ox/e,

[o2¢
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Fig. 7. Zr-2.5Nb modulus and phase (corrected for the electrolyte resistance) at different times: (a) from 0 to 166 days, (b) from 166 to 187 days, (c) from 187 to 301 days.
The corresponding oxidation kinetics in each case are marked by a grey area on the weight gain plots.

According to Table 2, it should be possible to extract the
oxide thickness in-situ at different exposure times by extracting
Im (Z; (w > 1)) in Figs. 6 and 7 and applying (6) and (5). This is the
subject of the next section.

4.3.2. Protective oxide thickness measurements

The oxide layer at high frequencies can be considered as a pure
capacitor such that the real capacitance at high frequency can be
ideally related to the oxide thickness by the plane capacitor For-
mula (5).

Since the oxide thickness can also be derived from weight gain
measurements (see Fig. 1), it is possible to verify the validity of
the EIS measurements and data processing. To evaluate the capac-
itance at high frequency, different methods are available, such
as the Cole-Cole extrapolation [9]. It is also possible to obtain a
trend of the variation of oxide thickness from the evaluation of
the reciprocal series capacitance 1/Cox (deduced from the imagi-
nary impedance: 1/Cox = jwlm (Z;) from (6)) at high frequency [10]
where Im (Z;)is the imaginary part of Z;. The latter method was cho-
sen in this work, since the Cole-Cole extrapolation can introduce



8 A. Couet et al. / Corrosion Science 119 (2017) 1-13

a) Zircaloy-4
N
z F 7
S 1.9x10°T o EIS data Cs at 10kHz N
L abscisse N - © o
> L 1 .=
i 1.5x10’1 e Weight gain data s’ 758
g [ o L 45
e i o Ooclv b B )
pi] 1.1x107 1 133
S [ . 0 Ty i°2
] % ] 4
s o ee°® S o ia¢
2 7.0x1061 S e ® ¥ 12F
g & 1.°
g 4 71
a r
S 3.0x106 +————F+——+——+——+——+ 0
= 0 50 100 150 200 250 300
Exposure time (days)
b) Zircaloy-4
7 T

- F ® Weight gain data °

€ 6 £ iy

3 E [

= £ .

g 5 Fo EISdata- Cs at A

€ 4 £ 10kHz,£=24 «®

] E J

= 3 F %o

U F °

| 21 _o8° Q’% o ommy

b= E o

s 1 1—50 000 o0 Qs

0+ —
0 50 100 150 200 250 300

Exposure time (days)

Zr-2.5Nb
N
z 7
g 1.9x107 1
® 3 ° ° r 6
g : ° e 9
7.1 L 55
E 1.5x10" 1 ° o e ° a
@ N . ] 5
o + Q o+ 43
c L ® o L2 a
s 1.1x107F e®s5 & Y
xz 5 o ® @ @ o 3 ]
% [ o® ¢ @ F 2 %
o 6 L [ ]
3 7.0x10°T o 3
2 . -1
2 5
9 3.0x10° At 0
& 0 50 100 150 200 250 300
Exposure time (days)
Zr-2.5Nb
7
g 6 1 e® A
2 5 o*
g o*
s 41 o*
kS 3  * *
o P N
'-E 2 4 ] A éIPo D o,
(o] rl o®o
J 0 o®
1 3 %m;cﬁDO
0 t t ——t—t t
0 50 100 150 200 250 300

Exposure time (days)

Fig. 8. (a) Reciprocal series capacitance 1/Cs determined at 10 kHz for Zircaloy-4 and Zr-2.5Nb alloys as function of exposure time. (b) Resulting oxide thickness using (7)
and &0 =24. The weight gain data are plotted as well as the SEM results as discussed in the discussion part.

errors in the evaluation of the oxide capacitance especially at the
oxide transition [13].

The reciprocal series capacitance evaluated at 10 kHz is plotted
as function of exposure time for Zircaloy-4 and Zr-2.5Nb alloys in
Fig. 8 (a) along with the experimental weight gain data.

Examining Fig. 8(a), it can be noted that the reciprocal capac-
itance variations follow the same periodicity as the oxidation
kinetics and are thus related to the oxide thickness. Oxide thickness
can be derived from (5) and is plotted for both alloys in Fig. 8(b).
For the oxide thickness measured by EIS to fit the weight gain
measurements at early exposure times, a constant oxide relative
permittivity &ox equal to 24 has been chosen. This value is in very
good agreement with other values reported in the literature (i.e.
between 13 and 30) [35-39]. One can notice a significant difference
between weight gain and EIS data after the 1st oxide transition.
Indeed, at oxide transitions, the oxide thickness measure by EIS
drops to close to its original value whereas the weight gain keeps
increasing. This is expected, since the weight gain measures the
total oxide mass whereas EIS measures the protective oxide thick-
ness. At oxide transitions, the oxide loses its protectiveness, and
thus the protective oxide thickness disappears. Consequently, the
reciprocal capacitance drops to its original value. After oxide tran-
sitions, the reciprocal capacitance starts increasing again, following
the growth of a new protective oxide layer at the oxide/metal inter-
face. In conclusion, the thickness of the oxide protective layer can
be directly evaluated from in-situ from EIS measurements. This is
another strong evidence that actual oxide properties can be quan-
titatively measured by in-situ EIS.

4.3.3. Oxide thickness measurements after EIS experiment

The EIS results obtained in this study have shown that
impedance measurement is a suitable technique to measure oxide
thickness in-situ. SEM characterization of the oxide layer has also
been performed at the end of corrosion tests on both alloys to ver-

ify if the oxidation kinetics of the sample at the end of the EIS
tests is similar to the sister sample oxidation kinetics performed in
previous experiments. Scanning Electron Microscope (SEM) micro-
graphs, performed on a LEO 1530 at the Materials Science Center at
the University of Wisconsin-Madison, are presented in Fig. 9 show-
ing the oxide layer formed in Zircaloy-4 and in Zr-2.5Nb samples.
Similar oxide measurements made using SEM and averaged over
multiple locations in the oxide have been performed. According
to multiple measurements across the sample, the average oxide
thickness formed on the Zircaloy-4 sample is equal to 5.9 pum and
to 5.7 wm for the Zr-2.5Nb sample.

The oxide thicknesses determined by SEM have been added to
Fig. 8 as triangles. Also, two layers of horizontal cracks in the oxide
are clearly observed in Fig. 9 (left) for Zircaloy-4 whereas only one
layer of cracks is seen in the oxide bulk in Fig. 9 (right) for Zr-2.5Nb,
which have been commonly associated with the oxide transition
(another layer of cracks is observed really close to the oxide/metal
interface suggesting that this sample was archived right at the sec-
ond transition as suggested in Fig. 8(b)). These cracks have been
observed multiple times in the field of zirconium alloy corrosion
and indicate the occurrence of the oxide transitions [40]. The cor-
rosion of zirconium alloys proceeds through the formation of an
oxide layer that is nearly equal to 1.57 times thicker than the metal
it consumes. As a result, if this process occurs perfectly, meaning
that all the volume expansion due to oxide formation occurs in the
growth direction of the oxide, no strains are expected to accumu-
late in the growing oxide. However, even small departures from
this ideal behavior lead to stress accumulation in the oxide layer,
eventually causing horizontal cracks to form. These cracks then can
help to create a percolation condition such that the water can easily
access the oxide-water interface leading to the oxide kinetic tran-
sition and a sudden increase in corrosion rate [4]. This easy access
of water to the metal increases the corrosion rate, as observed
in weight gain, EIS and SEM measurements. Indeed, the distances
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Fig. 9. SEM (secondary electrons) micrographs of oxide layers on left Zircaloy-4 and on right Zr-2.5Nb at the end of corrosion tests.

between these cracks and from first cracks to the oxide/metal inter-
face measured by metallography are in very good agreement with
the sudden increase in corrosion rate observed in weight gain and
in the decrease of capacitance observed in EIS measurements, as
also observed previously [15]. These agreements are an additional
evidence that oxidation kinetics can be precisely monitored using
in-situ EIS.

In conclusion, in-situ EIS is a suitable non-destructive tech-
nique to precisely measure zirconium alloys oxidation kinetics
in-situ. This is proved by multiple evidences: (i) evolution of the
impedance spectra as function of exposure time, (ii) correlations
between oxidation kinetics determined from EIS spectra and oxi-
dation kinetics determined from weight gain measurements and
metallography. However, it is still uncertain that the oxide resis-
tivity can be measured as function of exposure time using in-situ
EIS. Indeed although these results tend to show that the variations
in are related to the oxide real impedance Rox such that the oxide
resistivity p&S could be confidently measured from EIS processed
spectra, one cannot rule out that, from (7), the oxide/water interface

impedance R,/ contributes to Re (limZt> -Evidences that Ryy e is

w—0

negligible are provided in the next section.

4.3.4. Zirconium alloys impedance spectra as function of lithium
content

In order to evaluate the influence of the oxide/water interfa-
cial impedance on the real impedance recorded at low frequency

Re(limOZt), EIS spectra of a pre-corroded Zircaloy-4 sample
w—

(8~1 wm) were acquired in electrolytes with different Li concen-
trations (2.2 ppm, 4.4 ppm and 8.8 ppm). It has indeed been shown
that Li should at least have an impact on the oxide/water interfacial
reaction [41]. It has also been shown that at these low concentra-
tions, although Li has an effect on the interface, it does not affect
the oxidation kinetics [42]. If no measurable influence of Li con-
centrations is observed on the low frequency impedance of the EIS

processed spectra then one can be confident that Re (lim0 Zt) ~Rox.
w—

The averaged real impedance (between 10~ and 10~3Hz) of the
electrochemical cell is plotted as function of the electrolyte Li
concentrations in Fig. 10 after the electrolyte resistance has been
subtracted from the EIS data. Clearly, no significant influence
of Li concentrations on the low frequency system impedance is
observed, up to a concentration of 8.8 wt ppm of Li. This provides
another strong argument that Re (lin})Zt> ~Rox. Thus, oxide resis-
w—>
tivity pElS can be quantitatively measured as shown in Table 3.

Table 3
Approximated total system impedance and related oxide properties as function of
the EIS frequency domain.

Frequency domain w—0 w>1 w — 0
Approximated impedance after processing Rox - ﬁux 0
Determined oxide properties pES Sox

4.4. Oxide resistivity

4.4.1. Oxide resistivity measurements
The oxide resistivity (pES in Qcm) is calculated from low-

frequency impedance Re <limZt> measurements multiplied by a

. w—0
geometrical factor:

Re (limZt)
EIS _ S w—0

ox — 50)(

with §ox the protective oxide thickness determined by EIS in cm

(8)

w—

real impedance in 2 averaged over one decade from 300 wHz to
3mHz. An average value has been chosen as an approximation of
lin})Zt rather than an interpolation at w — 0 from Nyquist diagram
w—

(see Fig. 8), S the sample surface in cm? and Re (limZt) the

because of significant uncertainty inherent in such an interpola-
tion. Because of this, the measured oxide resistivity represent a
value that is lower than the exact oxide resistivity. It is emphasized
that oxide resistivity, as calculated using (8), is independent of oxide
thickness whereas oxide resistance Rox increases as the oxide grows.
The oxide resistivity (in 10% £ cm) as function of exposure time for
the two alloys is plotted in Fig. 11 along with the oxide thickness
from weight gain.

The oxide resistivity pEl should be independent of oxide thick-
ness. However, it is observed in Fig. 11 that the oxide resistivity
as measured by EIS varies as function of exposure time, indicating
a change in oxide properties related to the transport of charged
species through the oxide as the oxide grows.

For both alloys studied, the oxide resistivity varies with the same
periodicity as the oxidation kinetics and is thus clearly related to
oxide transitions. In the pre-transition regime (before the 1st tran-
sition), pES increases for both alloys. At transition, the resistivity
suddenly drops, but increases quite rapidly right after the transi-
tion to reach a plateau for the Zircaloy-4 alloy, whereas it steadily
decreases for the Zr-2.5Nb alloy. For Zircaloy-4, these variations are
repeated in the similar form at the second transition.

It is also observed that quantitatively pES (Zr4) varies from
03GQcm to 1G2ecm whereas pES (Zr —2.5Nb) varies from

g
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Fig. 10. Averaged low frequency impedance as function of electrolyte Li concentra-
tion for the Zr/Pt electrochemical cell.
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Fig. 11. Oxide resistivity for Zircaloy-4 and Zr-2.5Nb alloys as function of exposure time. The oxide thickness data (from weight gain) are also plotted.

0.2 G2 cm to 0.5 GS2 cm. Thus the resistivity of Zircaloy-4 as mea-
sured by EIS is approximately twice as high as the resistivity
of Zr-2.5Nb, indicating a higher resistance to charged species
transport through the oxide grown on Zircaloy-4 as compared to Zr-
2.5Nb. As noted before, there is also a difference between the two
alloys in the period between the 1st and 2nd transitions. During
this period, pElS (Zr4) remains constant whereas pElS (Zr — 2.5Nb)
slightly decreases. The following part is dedicated to the correlation
between oxide resistivity and hydrogen pickup.

5. Discussion and relation to hydrogen pickup

As discussed before, the corrosion mechanism developed in
[1,17] suggests that there is a relationship between pox, the oxide
resistivity, and fy, the hydrogen pickup fraction, which predicts that
fu increases with pox. One of the goods of this paper was to verify
this prediction by directly measuring the oxide resistivity in these
two alloys and plot it as function of hydrogen pick-up.

In Fig. 12, the oxide resistivity of the two alloys (Zircaloy-4 and
Zr-2.5Nb) at different stages of corrosion is plotted as function of
instantaneous® hydrogen pickup fraction (f}i{). The fljl is defined as
the ratio of the hydrogen absorbed between time t and time t +
At to the total amount of hydrogen generated by the corrosion
reaction during the same time increment [2,19]. Two things are
observed in Fig. 12, (i) the resistivity of the oxide layer formed on
Zircaloy-4 is greater than the resistivity of the oxide layer formed
on Zr-2.5Nb and (ii) for both alloys, the instantaneous hydrogen
pickup fraction is proportional to the oxide resistivity (i.e. when the
oxide resistivity increases, flfl increases proportionally). That is, as
the oxide resistivity increases, electron transport through the oxide
layer becomes more difficult, which leads to ingress of hydrogen,
and to higher hydrogen pickup.

The following explanation is thus proposed. Firstly, it is clearly
observed in Fig. 12 that the resistivity of the oxide layer formed on
the Zircaloy-4 alloy pEl (Zr4) is two to three times higher than the
resistivity of the oxide layer formed on Zr-2.5Nb pElS (Zr — 2.5Nb).
The lower Zr-2.5Nb alloy oxide resistivity compared to Zircaloy-4
oxide resistivity in similar environment has also been observed by
others [43]. This effect is likely due to the doping of Nb aliovalent
ions embedded in the oxide, which would decrease the amount of
positive space charge in the oxide and thus lower the electronic
oxide resistivity [1,17,22,27,29].

2 The term instantaneous is defined on a time increment (or an oxide thickness
increment) and is not really instantaneous but depends on the defined increment
(2].

Consequently, the electric field across the oxide (the driving
force for proton absorption in the oxide as detailed in the general
hypothesis §2) is lower in Zr-2.5Nb alloys and thus fewer protons
are absorbed leading to a lower hydrogen pickup fraction. In the
case of Zircaloy-4, there are not enough Fe or Cr aliovalent ions
embedded in solid solution in the oxide to compensate the space
charges because of their extremely low solubility limit in metal (at
least an order of magnitude lower than the Nb solubility limit). The
electric field would be higher than in the oxide of Zr2.5Nb.

Thus the in-situ EIS oxide resistivity measurements are coherent
with the mechanism proposed above and show that oxide resistiv-
ity is an important factor in hydrogen pickup mechanism. These
results clearly show that one possibility to design better alloys
with limited hydrogen uptake is to optimize the alloying element
content such as to reduce the electronic oxide resistivity.

Fig. 12 also shows that, for a given alloy, the electronic oxide
resistivity increases as the protective oxide grows, in the period
before the 1st transition or in the period between the 1st and 2nd
transitions. This observation suggests that the increase in oxide
resistivity is either due to a degradation of the oxide layer in terms
of electron transport or to a build-up of space charges as the oxide
grows. A degradation of the oxide layer is likely due to a change
in precipitate state (metallic to oxidized) [22,44,45], in aliovalent
ion concentrations [22] or in compressive stress in the oxide [46].
All these could potentially alter electron transport via changes in
defect energy levels in the band gap. It also been clearly shown by
the Coupled Current Charge Compensation (C4) model that oxide
space charges build up as the oxide grows [17,27]. The increase in
oxide resistivity during a period between two transitions results in
an increase in the driving force for proton absorption (and in flfl as
observed in [2]).

It is also interesting to notice that for a given oxide resistiv-
ity in Zircaloy-4, f;l is higher from a transition regime to the next
as shown by the linear fits at the different transition regimes. For
instance when pES (Zr4) is approximately equal to 0.8 GS2cm, f},
is approximately equal to 20% in the pre-transition regime, 35%
in the 1st transition regime and 45% in the 2nd transition regime.
This increase in fg{ from one transition to the next has been noticed
previously but the current data confirms that this increase does
not occur because of a resistivity increase. Thus, this particular
increase in flfl from a transition regime to the next is not due to
an alteration of electron transport in the protective oxide layer. An
increase in hydrogen pressure at the oxide/water interface could
potentially cause the observed increase in flfI from one transition
to the next. Previous studies have indicated that hydrogen over-
pressure can increase hydrogen pick-up in zirconium alloys [47].
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In the pre-transition regime the cathodic site is directly in contact
with water, so that the hydrogen pressure at the cathodic site and
in the water are equal. However, when a non-protective oxide layer
is present on the top of the growing protective oxide (see Fig. 9), the
hydrogen evolved at the cathodic site has to diffuse through these
layers to finally reach the water. As a result, a hydrogen pressure
gradient will be established across the non-protective oxide layers.
This would cause hydrogen overpressure at the hydrogen evolution
site to build up and could lead to an increase inflfl.

Thus, for a given alloy, the increase inflfl during a period between
two transitionsis due to an increase in oxide resistivity caused by an
alteration of electron transport through the protective oxide. How-
ever, the increase in fgl between two transitions is likely due to an
increase in hydrogen pressure at the oxide/water interface because
of the presence of non-protective oxide layers.

6. Conclusions

In-situ Electrochemical Impedance Spectroscopy experiments
have been performed on Zircaloy-4 and Zr-2.5Nb alloys during cor-
rosion in water at 360 °C. The oxide thickness and oxide resistivity
of these two alloys were measured as function of exposure time.
After the different hypotheses were verified, the main conclusions
obtained are summarized below

1. In zirconium alloys, the oxide resistivity has a proportional
relationship with instantaneous hydrogen pickup fraction. This
observation supports the hypothesis that oxide electronic resis-
tivity is a key parameter in hydrogen absorption of zirconium
alloys. As the oxide grows, the oxide transport properties are
altered, which results in an increase of oxide resistivity. Conse-
quently, the electric potential across the oxide increases which
acts to speed up the electron transport. However, this increase in
oxide electric potential also results in a stronger driving force for
proton absorption by the metal. When hydrogen is absorbed, the
cathodic reaction occurs in the oxide (or even at the oxide/metal
interface) resulting in hydrogen pickup rather than in hydro-
gen evolution. The increase in driving force (i.e. oxide electric
potential) is thus directly balanced by an increase of its effect
(i.e. hydrogen pickup).

2. The EIS results show that the resistivity of the oxide layer formed
on Zircaloy-4 is higher that the resistivity of the oxide layer
formed on Zr-2.5Nb. Thus, as observed previously, the hydrogen
pickup fraction of Zircaloy-4 is higher than the hydrogen pickup
fraction of Zr-2.5Nb alloy according to the formulated hydro-
gen pickup mechanism. That is, as the oxide resistivity increases,
electron transport through the oxide layer becomes more diffi-
cult, which leads to ingress of hydrogen to “close” the cathodic
reaction, and to higher hydrogen pickup.

3. The oxide thickness evolution followed in-situ using a high-
frequency capacitance as the oxide dielectric capacitance
showed that, in the pre-transition regime, the EIS measure-
ments of oxide thickness match the weight gain and electron
microscope measurements of the oxide thickness. After the first
transition, the oxide thickness measured by EIS corresponds to
the newly formed protective oxide thickness rather than to the
entire oxide.

4. EIS impedance spectra show a decrease in the oxide impedance
just before the oxide transition (as deduced from weight gain).
Thus, the oxide transition is not an instantaneous process but is
better described by a gradual loss of oxide layer protectiveness.

5. The oxide resistivity evolution is measured using the low-
frequency real impedance. The oxide resistivity varies with
exposure time (increases up to the transition and decreases at
transition) indicating a degradation of the charged species trans-
port properties of the oxide layer. The nature of this degradation
is not known at the moment but could be related to the delayed
oxidation of alloying elements incorporated into the oxide layer,
either in solid solution or as precipitates or to the build-up of
space charges in the bulk oxide.
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Appendix A.

The dummy cell was used to measure the electrolyte conduc-
tivity at 360°C and 18 MPa as function of Li concentrations to
validate that lim Z;~Re. The starting electrolyte was pure water

W—> 00

into which LiOH injections were performed to reach Li concen-
trations of 2.2 ppm, 4.4 ppm and 8.8 ppm. Li concentrations were
measured from electrolyte samples before any further injection in
the autoclave by Inductively Coupled Plasma Mass Spectrometry.

The Bode plots of the dummy cell impedance spectra acquired at
different LiOH concentrations are presented in Fig. Al. As expected,
the modulus of the impedance decreases as the LiOH concentra-
tion in the electrolyte increases. The impedance of the electrolyte
is measured at high frequency (between 103 Hz and 104 Hz) and
is reported in Fig. A2 along with the theoretical electrolyte con-
ductivity as calculated in the following. The calculated theoretical
impedance matches the measured impedance, such that these
results tend to validate the experimental setup.

The geometry of the Pt tube/Pt ref electrode cell is similar to a
cylindrical capacitor of length L as seen in Fig. A3.

r; < r < ry the total current I is defined in terms of current den-
sity j as:

I=//f-d§=//f-ds.gr://jr-d5=2anjr (A1)

Locally, Ohm'’s law is defined as:

]: 0E — j; = oF; = —aa—v (A.2)
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Fig. A2. Bode plots (modulus and phase) of the Pt/Pt electrochemical cell for differ-
ent Li concentrations.

Fig. A3. Top view schematic of the cell geometry.

Thus:

e [ (D)
/dV_ /odr_ 2mol r ~ 2mol In r (A3)

Thus the electrolyte impedance is equal to:

1 5]

Re= o oI (E)
The limiting ionic conductance \ of Li* and OH™ (in Scm?) have
been found in the literature at different temperatures up to 300°C
[48]. An interpolation has been done to estimate the limiting ionic
conductance at 360°C. The specific ionic conductivity of the elec-
trolyte can be determined using the following formula:

dw .3
o= W10 Ym;A; (A4)
where m; is in wt ppm and dyy is the density of water at temperature.
The density of water at 360°C and 180 bar is equal to 0.53 g/cm3
[49]. Thus, the theoretical impedance of the electrolyte can be cal-
culated and is displayed in Fig. A2 for various concentrations of
LiOH withr; =0.5cm and r; = 0.75 cm.
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