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Abstract The activation of zirconium nickel alloys with
and without the addition of chromium and titanium is
investigated through electrochemical and optical tech-
niques. Recent investigations in aqueous 1 M KOH indicate
oxide layer growth and occlusion of hydrogen species in
the alloys during the application of different cathodic scan
potential programmes currently used for the activation
process. In this research, several techniques, such as
voltammetry, ellipsometry, energy dispersive analysis of
X-rays and scanning electron microscopy, are applied to
three polished massive alloys, Zr;_Ni,, x=0.36 and 0.43,
and Zr ¢Tip ;NiCr. Data analysis shows that the stability,
compactness and structure of the passive layers are strongly
dependent on the applied potential programme. The alloy
activation depends on the formation of deep crevices that
remain after further polishing. The microscopic observation
shows an increase in crevice thickness after cathodic sweep
potential cycling, which produces fragmentation of the
grains and oxide growth during the activation process. This
indicates metal breaking and intergranular alloy dissolution
that take place together with oxide and hydride formation.
In some cases, the resultant crevice thickness is one or two
orders higher than the growth of surface oxide indicating
localised intergranular corrosion.
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Introduction

With the development of fuel cell technology and the
widening of hydrogen application processes, hydrogen
storage has attracted increasing attention. The new alloys
developed to have higher hydrogen storage capacity and
lower plateau pressure may be divided into AB, and ABs
types. Ti and Zr correspond to the element A side of the AB,
type alloy. These alloys have the structure of Laves phase
[1-5]. Although they do not show any activation difficulty
during hydrogen absorption from the gas phase, they exhibit
a slow activation rate in the electrolyte [6—8]. Some
mechanisms exclude the existence of thin semiconductive
oxide films, which are certainly spontaneously formed on
the alloy surface in aqueous electrolytes [3, 5, 9, 10]. Of a
great interest is how and when the oxide layer is reduced,
accompanied by hydrogen and hydride formation [1-13].
These alloys are activated by potential cycling in the
cathodic region. Recent work shows that, although at
cathodic potentials, the incipient oxide is protonated rather
than eliminated; it continues to grow in thickness [1, 12—
15]. Several studies on hydrogen behaviour in ZrO, oxide
have been carried out. However, literature data for
hydrogen solubility and diffusivity show some uncertainty
and discrepancies [16, 17]. The structure of these oxide
layers is strongly dependent on the electrolyte composition,
the potential and the history applied to the samples [18, 19].
Previous work shows that anodically formed oxide on Ti—
50%Zr alloy has a rate growth twice higher than that
observed on Zr [20]. Moreover, potential cycling treatments
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of a Ti electrode in the cathodic region produce the
protonation of the oxide, depassivating the oxide layer
and partly reducing Ti" to Ti". Ti" defects promote water
dissociative adsorption onto TiO, surfaces and are linked to
surface porosity [21].

On the other hand, the particular quality arising from the
small cross-section of Zr and Zr alloys for neutron
absorption makes them suitable as covering material for
nuclear fuels. However, the combination of radiation,
oxidation and hydriding degrades the behaviour of fuel
cladding during nuclear reactor operation [14, 22], and the
determination of the operating mechanism is a very
complex and difficult aspect in the stress corrosion cracking
observed [23-26]. Furthermore, the great demand for stable
lightweight and biocompatible materials makes the corro-
sion and passivation of these alloys worthy of intensive
studies [20].

The purpose of the present work is to analyse the surface
structure changes of ZrNi and ZrTCrNi alloys produced
during activation by voltammetry, ellipsometry, scanning
electron microscopy (SEM) and energy dispersive analysis
of X-rays (EDAX). The evolution of the interface and the
limit grain structure are correlated with changes in hydrogen
storage capacity.

Experimental

The optical cell was similar to that previously reported [1,
12]. All electrochemical experiments were performed using
a reversible hydrogen electrode in the same solution as that
of the reference electrode. The alloys, Zr;_Ni,, x=0.36 and
0.43 and ZryoTioNiCr were prepared by melting the
elements in a water cooler crucible and were turned over
and remelted to ensure homogeneity [1, 3]. The alloy pellet
was mounted on a Teflon holder, sheathed in Araldite resin
and mechanically polished with fine grade emery paper and
different powder alumina of 1, 0.3 and 0.05 um. The 1 M
KOH solution was prepared from a.r Merck p.a. and thrice
distilled water. The Pt counter electrode, located in a
separated compartment, was connected through a fretted
glass plaque. Runs were made at 25 °C under purified N,
gas bubbling.

The ellipsometric measurements were made in a
Rudolph Research type 437-02/200 B manual ellipsometer
provided with a 150 W tungsten lamp and an RCA 1P21
photomultiplier. Data were obtained at A=546 nm and A=
450 nm with an incident and reflected angle of 70°. The
tested optical area of about 2 mm? was centred on the larger
grain. The ellipsometric parameter A indicates the phase
shift of the electric vectors (Es, Ep) and tangent ¥ the
change in amplitude ratio of these components after light
beam reflection. It should be remarked that these ellipso-
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metric measurements operating in the null mode are
independent of intensity variations produced by eventual
isolated crevice development on the surface.

The refractive indices and thickness of the oxide were
calculated assuming a single homogeneous film. The pro-
gramme employed for the calculation uses the subroutine
IBM-DFMCG to find the local minimum of a complex
function of several variables by the method of conjugated
gradients [1]. The fitting procedure minimises the function G

2 2
ex the ex the
G=)» (Aij —A,.j) +(‘{’ij — ) )

where the subindex i corresponds to the experimental
optical data, A%, ¥ measured at different A;, and the
subindex j to different cycling times or thickness, d;. After
m iteration, the optimisation method converges to theoretical
values AS‘E and ‘I’l;.he. The convergence is filled for in-
creasing m when: (a) the euclidean norm of the arrange-
ment, P~ Pm+1s tends to 0, (b) G(pm)>G(pm+l)>G(pm+2)
and (c) 0G,,/0p tends to 0.

The phase morphology of the intermetallic sample was
also analysed through SEM micrographs collected by a
Philips (XL30) microscope operating at 20 kV, which was
coupled with an energy dispersive chemical analysis
microprobe (EDAX). Before activation, the surface analysis
was made first on the polished samples, without any
additional re-cover metallic treatment. After activation, the
electrode surface was polished for only 4 min with 0.05-pm
alumina eliminating the more external oxide layer with the
specific aim of improving the optical contrast of the granular
structure.

Results and discussion
Voltammetric data

Figure 1 shows the voltammetric (i/E) response of three
alloys, namely, (Zro36Nio.4), (Zr0.43Nig.57) and (Zro 9Tio s
NiCr), which are, henceforth, named Zn;, Zn, and B¢. The
potential cycle starts by cathodically scanning from the
open circuit potential Foc down to the cathodic limit Ec,
followed by anodic scanning up to the anodic limit Ea. The
first i/E cycles for the fresh non-activated Zn; surface are
displayed in Fig. la, while the i/E response for the same
alloy, but after cycling for 3 h and a further new complete
polishing, is shown in Fig. 1b. The cathodic current at
potentials £<0 V indicates hydrogen evolution, and a
progressive increase in cathodic current is also observed by
increasing the number of cycles. Figure 1b shows a
significant increase in anodic currents after prolonged
cycling, which indicates oxidation of occluded hydrogen.
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hydrogen in the oxide/metal interface. The hydrogen
evolution rate gradually increases with the successive
cycles. This effect indicates an increase in concentration
of absorbed hydrogen that progressively accumulates in the
metal/oxide interface promoting the gaseous hydrogen
discharge [1, 27]. The small hysteresis caused by the
autocatalytic hydrogen evolution is similar to that already
observed on passive Hf [14].

[~ Zr, Tig NiCr ]
I L L L I L L L I L L L I L L
0.4 0.2 0.0 0.2
E/ V

Fig. 1 Potential scan starting at £,.=0.25 V to the cathodic limit £.=
—0.4 Vand then cycling to £,=0.3 V; a and b Zr( 36Ni 64, € Zr 43Nig 57
and d ZryoTig NiCr. The figures indicate the number of cycles

The i/E response of the Zn, and Bg alloys during cycling
looks similar to the former (Fig. 1c,d). However, the
progressive increase in both the cathodic and anodic
currents is remarkably more effective than that shown in
Fig. 1a. Moreover, in the Bg case, there is a further decrease
in anodic current for increasing cycling time (Fig. 1d).

The anodic current indicates contributions of growth of
the passivated oxide layer and the oxidation of occluded
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Fig. 2 Change in the ellipsometric parameters A and ¥ during cycling
between EL.:70.4 Vand Et,:0,3 V, aand b Zr0_36Ni0_64, C Zr0_43Ni0,57
and d Zr ¢Tig ;NiCr; e theoretical curves for optical indices: n=1.62—
10.077, 1.69-1 0.66, 1.42—1 0.55 and increasing thickness every 1 nm
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Fig. 3 Image of the Zrg 36Nig 4
alloy before (a) and after (b)
potential cycling in 0.1 M KOH

Ellipsometric data

The change of the optical parameters A and ¥ for Zn;, Zn,
and B¢ alloys during potential cycling between —0.4 and
0.3 V is shown in Fig. 2a—d. The point with higher A value,
A,, corresponds to the recently polished surface at open
circuit potential, £,.. The ¥ change linearly follows the A
variation. In these experiments, the A decrease is directly
linked with d, the increase in oxide layer thickness [1].
Figure 2e shows theoretical A and ¥ values resulting from
fitting the experimental data assuming a single homoge-
neous and isotropic layer and increments in the oxide layer
thickness, d, every 1 nm.

In these calculations, thickness d,,, the thin passive layer
spontaneously formed at open circuit potential, is neglected,
and the calculated d corresponds to the thickness increase
during cycling, that is d=dyjqe— d, [1]. The d,, value found
on Zr and on these alloys is relatively small and is
estimated as about 5 nm [1, 14, 28]. The precise evaluation
of both d, and the optical indices corresponding to the
substrate in the different alloys is beyond the scope of this
work. The wvariation in the initial A, and ¥, values

Fig. 4 Microphotograph of the
Zr0_43Ni0_57 alloy before

(a) and after (b) cycling

in 0.1 M KOH

Acc.V Sot LED

200 kV 7.0 100x
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obtained for the different polished alloys depends on: (1)
window effects of the optical cell emplacement, (2)
variation of the optical constant for the different substrates
and (3) differences in thickness of the thin passive layer
spontaneously formed at open circuit d,. The fitted
calculated thickness, d, and the optical indices of the oxide
layer, n—i k, are independent of the observed small A/,
shift, in agreement with data reported in previous work
[1, 29].

In Fig. 2a, the potential cycling is applied to the recently
prepared Zn; alloy, before any activation treatment. On the
other hand, Fig. 2b shows the optical response of the same
alloy substrate but after bearing 5 h of activation treatment
and further mechanical polishing using alumina 1, 0.3 and
0.05 um during successive time periods of 10, 5 and 5 min,
respectively. The very different optical response indicates
changes in the substrate. Moreover, after activation, polish-
ing does not restore the surface initial state. The optical
index values n—i k obtained by fitting are equal to 1.62—
10.077 and 1.69—1 0.66, and a total thickness variation, d,
of 6 and 8 nm for Fig. 2a,b, respectively. The higher
indices in the case of Fig. 2b indicate the formation of a

T

Det WD Exp
BSE 91 0

AUX 09 Torr
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denser or higher protonated oxide than that in Fig. 2a.
Microcrack sites at the surface may be more likely to be
oxidised than other sites under similar electrochemical
conditions [30]. For ZrO,, the increase in k values is
ascribed to a decrease in the O/Zr atomic ratio [18, 31], and
also, higher k values are reported in the case of hydrogen
insertion into the oxide [1, 12, 32]. Besides, in the case of
steam-formed oxide, a significant higher value of extinction
coefficient & than that of the anodically grown oxide has
been reported [32—34]. Likewise, similar effects on the &
index have also been observed in titanium oxide layers [12].

Figure 2c fits an n—1 k equal to 1.42—1 0.55 and a total d
thickness variation of 18 nm. In this case, the lower values
of n probably indicate the formation of a more hydrated or
porous oxide layer on the Zn, alloy than on Zn;.

Figure 2d fits n—i k values equal to 2.6—1 0.18 and a
total d change of about 2 nm for the B¢ alloy oxide layer.
However, in this case, a higher dispersion in ¥ values is
observed during cycling, and the process seems to be more
complex with a potential dependence and hysteresis in the
A/W slope. This indicates a change in optical indices
together with the progressive oxide film thickening, point-
ing to additional formation and removal of Cr hydride
composites as well as Cr (II)/Cr(III) transformation [35-37].

AccV  Spot Magn
200kV 7.0 1594x

Det WD Exp 20 pm
BSE 90 0 AUX 0.9 Torr

Fig. 5 Idem Fig. 4 but increasing 10x

Microscopic observation

Different sets of micrographs of the samples from the
mechanically polished alloys, Zn;, Zn, and Bg, were taken
before and after applying an activation programme consist-
ing of ten cycles between —0.4 and 0.3 V at a scanning
potential rate of 0.5 mV/s. After activation and before the
second micrograph, the samples were lightly polished using
alumina 0.05 pm for 4 min to increase the contrast of
crevices and grain boundaries. The different sets of SEM
micrographs shown in Figs. 3, 4, 5, 6 and 7 allow us to

Det WD Exp
BSE 10.1 0

200 pm
AUX 09 Torr

Det WD Exp '
BSE 94 0 AUX 0.9 Torr _‘

Fig. 6 Microphotograph of the ZryoTiy NiCr alloy before (a) and
after (b) cycling in 0.1 M KOH
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Fig. 7 Idem Fig. 6 increasing 3x

compare the surface effects before and after activation
employing equivalent magnifications.

Figure 3 corresponding to Zn; shows a significant
increase in the number and thickness of the crevices.
Moreover, some grain detachment is also observed in areas
surrounded by the highest cracks.

Figures 4 and 5 show the effect of activation for the Zn,
alloys. Likewise, Figs. 6 and 7 correspond to B¢ alloy. In

Table 1 EDAX results for the Zrg34Nig ¢4 alloy

Atom % Zr0A36Ni0‘64

On grain centre Inside crevice after activation
Ni 65.05 6571 6577 1847 46.86 2350 25.26
Zr 3495 3429 3423 921 2334 1660 16.10
(0} 6042 27.18 4934 36.88
Al 10.51 1.82  10.15 21.74
K 1.39 0.81

Table 2 EDAX results for the Zry 43Nig 57 alloy

Atom % Zr0,43Ni0_57
On grain centre Inside crevice before
and after activation
Ni 61.16 61.08 29.32 42.35
Zr 38.84 38.92 21.60 29.74
(0] 24.12 21.88
Al 2497 6.03

these cases, changes of about 1 and 5 um in crevice size
dimension are observed.

The mechanism of crack propagation in H, gas media
was modelled considering precipitation and fracture of
hydrides at the crack tip [38] and the bulk hydrogen
concentration in chemical equilibrium with the hydrogen
gas. In this case, the crack tip velocity and the hydride
volume fraction can be calculated as a function of the
hydrogen diffusion rate and material deformation and strain.
Furthermore, in aqueous media, a much more complex
mechanism results owing to other determining factors such
as applied electrochemical potential, local hydrogen pressure
and oxide layers growing with different grades of partial
protonation [23, 39, 40]. A similar process is also observed
in water cooler nuclear reactors where an additional
operating parameter is the intensity of 5 and v beams. The
irradiation increases the corrosion rate particularly in the
thin film region, where electronic conduction through
the oxide is considered the rate-limiting process for oxide
growth [41]. In zircaloys, a delayed hydride cracking due to
hydride precipitation close to the cladding outer surface,
which is the coolest one, was also observed [42, 43].

In the case of AB, alloy subjected to potential cycling,
the concomitant effect of potential cycling and change in
hydrogen pressure may promote both chemical and me-
chanical transformations, thus allowing oxygen to penetrate
deeply and corrode the alloy. In the case of pressurised
water reactors, the combined effect of hydrogen and oxide
layer growth together with temperature oscillations may
play a similar synergy [44].

Table 3 EDAX results for the Zry ¢Tij NiCr alloy

Atom % Zr 9Tip NiCr
On grain centre Inside crevice before
and after activation

Ti 3.65 3.69 2.71 2.34
Cr 41.01 38.08 25.50 24.16
Ni 29.36 31.79 25.26 26.98
Zr 25.96 26.44 24.60 21.05
(0] 18.85 20.97
Al 3.09 4.50

@ Springer



J Solid State Electrochem (2008) 12:545-552

551

On the other hand, the comparison between Figs. 2 and 5
reveals a large difference between the surface changes and
those inside crevices. After activation, there is an oxide
thickness growth of about 20 nm on the grain terraces, while
the measured changes in the crevice dimension are about
1 um. The enhanced corrosion processes inside the crevices
indicates growth and dissolution of oxide layers induced by
localised alkalinisation [45]. Although ZrO, solubility in
1 M KOH is very small (about 1.1 ppb), a mechanism based
on surface reactions involving ZrOH and HZrO5 dissolu-
tion and leading to crack initiation has been proposed [41].
Moreover, even if pre-charged hydrogen does not have a
significant effect on both the pitting potential and on the
calculated cleavage stress, when crevices are present,
hydrogen accelerates the initiation and the progress of the
corrosion crevice [45-48]. The polarisation and local pH
changes increase the corrosion rate of these alloys particu-
larly in the thin film region where electronic conduction
through the oxide is higher and rules the rate process for
oxide growth and dissolution [11, 49-54].

EDAX analysis

The chemical composition of the alloys and the resulting
thin films are analysed by EDAX. The beam size has a
resolution of about 1 um® in the material. The composi-
tional analysis of Znl and Zn2 shows very homogeneous
values for different grains (Tables 1 and 2). However, the
EDAX results for the crevices show more dispersion in
composition values depending on the crevice size and beam
position. Furthermore, a significant oxygen content is
detected inside crevices. The oxide analysis is partially
masked by the oxygen ions corresponding to alumina
grains trapped into the cracks during polishing. The EDAX
analysis on alumina particles shows a maximal atomic ratio
O/Al of 2.0, while in most cases, inside crevices, a higher
O/Al ratio is observed, indicating the presence of oxide
passive layers. Zirconium oxide films may be substoichio-
metric increasing the O/Zr atomic ratio for increasing
oxygen partial pressure [31]. The oxide growth inside
crevices may produce high tensile stress field around the
crack and promotes crevices propagation. This effect is
superimposed to the induced cleavage due to hydride film
formation [31, 55-57]. On the other hand, a relative
increase in the Ni ratio in the presence of K' ions is
observed (Table 1), indicating probable higher zirconium
oxide dissolution for higher local alkalinisation. In the
crevices, the nickel content decreases in the absence of K*
ion accumulation (Tables 1 and 2). In the case of alloy B,
chrome accumulation into crevices is detected [58] (Table 3).
The nickel accumulation seems to be interdependent on the
amount of other alloy components.

Conclusions

Stress corrosion cracking and the formation and reduction
in protonated oxide layers are observed during the zirconi-
um alloy activation. The activation process by potential
cycling increases the thickness and decreases the compact-
ness of the passive oxide layer and also increases crevice
propagation. The cathodic polarisation through protonation
of the oxide layer decreases the barrier effect and promotes
oxide formation even at cathodic or near rest potentials. The
effect of local anodic and cathodic polarisation, in addition
to local pH changes inside crevices, promotes alloy
dissolution. A combining effect of oxide growth and oxide
dissolution promoted by the local alkalinisation principally
works near the thin oxide interfaces.
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