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Zircaloys, rooted in their inherent passivity, are widely used as the cladding materials for

light water reactors (LWRs) due to their desirable corrosion resistance against high tem-

perature and high pressure water. The hydrogen permeation behavior on zircaloy with

passive film, however, is rarely understood so far. In this work, the gaseous hydrogen

permeation characteristic mainly on the defect evolution of nanoscale passive films of

nanoscale passive films formed hydrothermally on different types of zirconium alloys

(Zirconium, Zircaloy-4, N18 and M5) was explored and compared. Surface analytical

techniques were implemented to evaluate the hydrogen permeation characteristic. The

AES depth profiles showed that the as-prepared oxides were hundreds of nanometers in

thickness and inward diffusion occurred upon hydrogen exposure. Electrochemical mea-

surements suggested that the oxides formed on different types of zircaloys were of similar

phase structures of monoclinic zirconia but with different oxygen vacancy concentrations.

XPS results comparison confirmed that niobium enhances the hydrogen resistance of the

oxides, yet tin causes degradation of the oxides in the reductive environment. In view of

these analyses, the involving mechanism was first proposed and discussed on the basis of

point defect reactions.

Copyright © 2016, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

In light water reactors (LWR), the surface reaction of the fuel

cladding with water results in the oxidation of the cladding

and the subsequent release of hydrogen. Fractional released

hydrogenwas picked-up and diffused into thematrix, causing

the formation of hydrogen precipitates. In fusion reactor
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blanket, structural materials were also confronted with the

similar problem of high permeation of hydrogen isotopes in

the operational condition, yielding the so-called hydrogen

degradation (HD) of the matrix [1].

It is well-known that HD is one of the most important is-

sues in safety regulation for nuclear power plants since it

frequently brings a substantial loss of plasticity and some-

times in a decrease in mechanical strength [2,3]. Intensive
ished by Elsevier Ltd. All rights reserved.
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investigations, pertaining to the hydrides formation and

hydrogen permeation through alloys, have already been re-

ported in literature [4e7]. Thus, reduction of hydrogen

permeation is an important issue to optimize the tritium

balance and minimize hydrogen embrittlement of container

[7,8]. An effective coating termed tritium permeation barriers

(TPB) has shown significant suppression of hydrogen isotope

permeability. The most commonly utilized coatings are

alumina coatings, especially the alpha alumina coatings

[9,10]. However, previous study has reported that the trans-

formation to the thermodynamically stable phase of alumina

coatings occurs at a high temperature (over 1000 �C), which

will result in the so-called sensitization effect of the structural

materials [11,12].

In the past few decades, the waterside corrosion of zirca-

loys has been intensively studied and passive films could be

easily formed on zircaloys. Zirconium oxide layers have been

reported to be conducible to resisting the hydrogen perme-

ation due to the existence of the OeH bonds and theoretical

analysis indicated that a 5 nm layer of oxides can reduce the

ingress of hydrogen dramatically [13e15]. In spite of several

studies using electrochemicalmethodsmade on the hydrogen

permeation performance in zirconiumoxide scales [16,17], the

effect of alloying elements on the hydrogen permeation

behavior on zircaloy with passive film, however, is rarely

understood so far.

In the present study, the experimental procedure was

simplified, as possible, to avoid unnecessary influences. The

gaseous hydrogen permeation characteristic of oxides

formed hydrothermally on different types of zirconium al-

loys (Zirconium, Zircaloy-4, N18 and M5) was explored. The

surface morphology, phase and chemical composition dis-

tribution along the depth were studied and compared for the

four different types of zircaloys. Interestingly, we found that

the performance of gaseous hydrogen permeation varies

with the different alloying elements and based on these

phenomena, the involving mechanism was proposed and

discussed.
Experimental details

The specimens used in this study are recrystallized zircaloys

provided by Nuclear Power Institute of China, including zir-

conium, zircaloy-4 (Zr-4), N18 and M5. The dimension and

chemical composition of the samples are listed in Table 1. It

should be mentioned that except for Zr, the other three zir-

caloys all contain precipitates. Precipitates in Zr-4 are re-

ported to be Zr(Fe, Cr)2, precipitates in N18 are reported to be
Table 1 e Dimension and chemical composition of the as-rece

Specimens Dimension (mm)

Sn

#1 (Zr) 10 � 10 � 2 e

#2 (Zr-4) ∅ 8.2 � 1.6 1.52

#3 (N18) 10 � 10 � 1 1.04

#4 (M5) 15 � 15 � 0.6 e
Zr(Nb, Fe)2 and Zr(Nb, Fe, Cr)2, while the precipitate type of M5

is b-Nb [18].

Samples were mechanically ground with SiC paper of grit

sizes ranging from 500 to 5000, and then polished with dia-

mond paste down to 0.5 mm. The microstructure of the as-

received alloys was examined by a polarized light optical mi-

croscope (OM, 6XB-PC, China). Prior to OM observations, the

alloys were etched using a solution of 45 vol.% H2O þ 45 vol.%

HNO3 þ 10 vol. HF.

The oxide films were prepared in an autoclave filled with

pure water at 200 �C for 24 h under a saturation pressure of

~1.3 MPa. As for hydrogen permeation process, parts of the as-

prepared samples was sealed in quartz tubes with hydrogen

pressure of 5000 Pa at room temperature and then heated at

300 �C for 4 h. To make it concise, the as-prepared oxides are

henceforth denoted as NH and the samples after hydrogen

permeation are denoted as YH, e.g. as for Zr, the oxide layers

before and after hydrogen permeation are denoted as Zr-NH

and Zr-YH, respectively.

Phase identification of the oxide layerswas performedwith

a Raman spectrometer (Lab HR Evolution, HORIBA, France)

using argon ion laser excitation at 532.2 nm at room temper-

ature. Surface morphologies of the films were examined by

field emission scanning electron microscopy (FE-SEM, JSM-

7001F, JEOL, Japan) with energy dispersive spectroscopy

(EDS). Themain elemental distribution along the cross section

was measured by Auger electron spectroscopy (AES, PHI-700,

ULVAC-PHI, Japan), equipped with a coaxial electron gun,

CMA energy analyzer and a differentially pumped Ar ion gun.

The Photoluminescence (PL) characteristic using a 325 nm

laser was employed at room temperature with the same

Raman spectrometer mentioned above. X-ray photoelectron

spectroscopy (XPS, ESCALAB 250Xi, ThermoFisherSCIENTIFIC,

US) was used with a monochromatic Al X-ray source of 15 kV,

45 W. The pressure during XPS analysis was less than

1 � 10�6 Pa and all spectra were referenced to C 1s peak of

adventitious hydrocarbon at 284.60 eV [19]. The XPS spectra

are curve-fitted with a combination of Gaussian and Lor-

entzian line shapes, using a Shirley-type background

substration.

All the Electrochemical results were recorded in a three-

electrode cell with a universal electrochemical interface

analyzer (IM6E, ZAHNER, Germany). The samples, which are

also the working electrode, were embedded in a two-

component epoxy resin with the platinum foil acting as the

counter electrode and the saturated calomel electrode (SCE) as

the reference electrode. All experiments were performed at

ambient temperature in 0.1 M Na2SO4. The electrochemical

impedance spectroscopy (EIS) test was carried out using an

excitation voltage of 10 mV (peak-to-peak) and an applied
ived zircaloys

Alloy elements (wt.%)

Nb Fe Cr O Zr

e e e e Bal.

e 0.18 0.09 0.10 Bal.

0.34 0.30 0.10 0.12 Bal.

0.98 0.03 e 0.13 Bal.
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frequency from 1 MHz to 0.01 Hz. The capacitance of the

interface was measured at constant frequency of 1 kHz at a

sweep rate of 50 mV/s.
Results and discussion

Morphology, phase and depth analysis

The optical morphology of the oxides is shown in Fig. 1. We

can see that all the alloys displayed recrystallized equiaxed

grains. Compared to zirconium with the average grain size of

~30 mm, the other three alloys displayed much smaller grain

sizes of ~4 mm. The surface morphologies of the oxide layers

for different zircaloys are depicted in Fig. 2. It was clear that

oxides formed on different zircaloys have an almost identical

surface morphology before and after hydrogen permeation,

with irregular pores and micro-cracks dispersed in the outer

oxide layer. The formation of pores andmicro-cracks could be

ascribed to the release of thermal stress due to the transition

of tetragonal to monoclinic ZrO2 as reported by McIntyre et al.

[20] and Cox et al. [21].

Fig. 3 shows the Raman spectra of the oxide layers for

different zircaloys. It was found that the Raman spectra of the

as-prepared oxides give major bands at around 173, 337, 475

and 634 cm�1. The Raman bands at 173 and 337 cm�1 are

exclusively assigned to the monoclinic phase of ZrO2, while

the bands at 475 and 634 cm�1 are common for both the

tetragonal and monoclinic phase [22,23]. The characteristic

peaks of t-ZrO2 at 149, 269 and 312 cm�1 were however absent

in the spectra. Therefore, the Raman spectra suggest that the

as-prepared oxide layers are predominately composed of m-

ZrO2. It is clear the main phase of the oxides remained intact

after hydrogen permeation.
Fig. 1 e The optical microscopy of the as-received
The depth profiles of Zr and O in the oxides before and after

hydrogen permeation was plotted in Fig. 4. The oxides before

and after hydrogen permeation are denoted with solid and

dash lines, respectively. The AES results revealed that the

thickness of oxides formed on different zircaloys kept almost

the same after hydrogen permeation, around 800, 600, 400 and

500 nm for the oxides formed on Zr, Zr-4, N18 and M5,

respectively. From the viewpoint of film growth, N18 has the

highest corrosion resistance while zirconium has the lowest

corrosion resistance. The results reported by Zhou and co-

workers who claimed that the formation of precipitates

ZreFeeNb rather than ZreFeeCr or b-Nb could significantly

enhance the corrosion resistance of zircaloys [24], are in good

accordance with the AES results.

From AES profiles, it can be seen that the total amount of

oxygen in the oxides increased after hydrogen permeation,

and the reason for that was probably due to the absorbed

hydroxyl oxygen. Interestingly, an overall inward diffusion of

oxygen after hydrogen permeation, as marked by the blue

arrows, was exhibited, though subtle differences still existed

for the four different types of zircaloys. Taking into account

the different chemical compositions of these four zircaloys, it

is safe to infer that the alloying element of tin or niobiummay

be related to the different behavior of oxygen ions during the

hydrogen permeation process.
Electrochemical measurements

Electrochemical impedance spectroscopy
It should be noted that all the measurements were carried out

after holding the open circuit potential constant for 3 h. EIS

measurements were utilized to investigate the response from

the structure of the oxides before and after hydrogen perme-

ation. Since the stability of the electrochemical system during

EIS measurement is critical to obtaining credible data. The
zircaloys: (a) Zr, (b) Zr-4, (c) N18, and (d) M5.
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Fig. 2 e The surface morphologies of the oxides formed on different zircaloys before and after hydrogen permeation: (a) Zr,

(b) Zr-4, (c) N18, and (d) M5.
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data were checked experimentally by sweeping the fre-

quencies from high-to-low and then immediately back from

low-to-high to ascertain that the same impedance values

were obtained at equivalent frequencies in the two directions.

If the test system is in the steady state, the impedance data

should match in the two step directions. A coincidence was

observed in all impedance measurements.

It is well documented in the literature that at frequencies

higher than 1 kHz, themeasured capacitance was almost inde-

pendent of frequency, displaying an almost purely capacitive

frequency response [25]. Film thickness of the oxides was

calculated from the capacitance measured at frequencies of
1 kHz. Therefore, the well-known ‘parallel plate’ expression for

thecapacitancewasusedtoestimate theequivalent thicknessL.

L ¼ εε0

C
(1)

where ε0 is the vacuum permittivity (8.85 � 10�14 F/cm) and

ε¼ 22 [26] is the relative dielectric constant of the ZrO2 passive

film (the same value is assumed for the films after hydrogen

permeation as the Raman spectra have proved that the pre-

dominate phase of the oxide layer remains unchanged). The

interfacial capacitance C is obtained from C ¼ � 1
uZ

00 , where u is

the angular frequency, i.e. u¼ 2pf and Z00 is the imaginary part

http://dx.doi.org/10.1016/j.ijhydene.2016.01.174
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Fig. 3 e Raman spectra of the oxides formed on different zircaloys before and after hydrogen permeation: (a) Zr, (b) Zr-4,

(c) N18, and (d) M5.
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of the impedance. The equivalent thickness is summarized in

Table 2. It is clear that the calculated thickness is similar for

the oxides formed on different zircaloys, but, far smaller than

the actual thickness determined by the depth profiles. It

probably related to the roughness of the surface and the EIS

reflected the only ‘compact’ passive film.

Fig. 5 depicts the Bode plots of the oxide layers for different

zircaloys before and after hydrogen permeation. The similar

shape of Bode plots suggests that all the as-prepared oxides

have a similar oxide structure, i.e. an outer porous layer and

an inner dense layer.

From the Bode plots, we can see that the phase angle

evolves between 60� and 85� in the lower frequency (<1 KHz),

which means that the oxide is mainly capacitive. The

magnification of phase plots in lower frequency range shows

two slopes, indicating the presence of two capacitive layers

(the outer layer is relatively porous and insulated while the

inner barrier layer is dense and defective [25,27]), as previ-

ously reported for the passive film formed on zirconium in 1M

H3PO4 [27]. Given that the estimated thickness is far smaller

than the actual thickness, it is assumed that the inner dense

layer is much thinner than the outer porous layer. It should be

emphasized that the slope at very low frequency generally

relates to the slowest process like ion diffusion through the
inner dense layer, and inversely the slope at the medial fre-

quency normally corresponds to the faster process, such as

the electron transportation and the ion diffusion through the

outer porous layer [28].

Compared to the as-prepared oxide layers, it is clear that

the magnitude of the impedance was larger after hydrogen

permeation except for the oxides of Zr-4, showing an inverse

change. From the phase angle variation in the lower frequency

range, we can see that the change of ‘compacity’ after

hydrogen permeation for different zircaloys is different. The

summarized results of the ‘compacity’ change are listed in

Table 3. From the EIS results, one can see that the M5-NH

transformed to a more compact layer after hydrogen perme-

ation, while Zr-4-NH transformed to a less protective one. As

for Zr-NH and N18-NH, the outer and inner layer shows an

inverse ‘compacity’ change.

MotteSchottky analysis
As mentioned above, it is assumed that the impedance is

dominated by the outer porous oxide layer while the semi-

conductor properties mainly depend on the inner barrier

layer. Generally, according to MotteSchottky (MS) theory [29],

the space charge capacitances of n-type and p-type semi-

conductor junctions are given by

http://dx.doi.org/10.1016/j.ijhydene.2016.01.174
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Fig. 4 e The depth profiles of Zr and O for the oxides formed on different zircaloys before and after hydrogen permeation:

(a) Zr, (b) Zr-4, (c) N18, and (d) M5.

Table 2 e Estimated thickness for samples before and
after hydrogen permeation.

Samples Estimated thickness (nm)

NH YH

Zr 16.8 23.9

Zr-4 15.4 16.9

N18 15.4 22.9

M5 13.9 18.0

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 1 ( 2 0 1 6 ) 7 6 7 6e7 6 9 0 7681
1
C2
sc

¼ 2
εε0qND

�
V � Vfb � kT

q

�
n� type (2)

and

1
C2
sc

¼ �2
εε0qNA

�
V � Vfb � kT

q

�
p� type (3)

Respectively, where ND/NA is the donor/acceptor concen-

tration (cm�3), ε0 and ε has been explained in the Eq. (1). V is

the applied potential, Vfb is the flat band potential, q is the

electron charge, and kT/q is about 25 mV at room tempera-

ture. Actually, the measured capacitance cannot be directly

approximated as the space charge capacitance. Instead, the

capacitance of the whole oxide can be regarded as a series

combination of a voltage-independent capacitance and the

space charge capacitance Cbl, as reported by Chen et al. and
Dutoit et al. [25,30]. Therefore, the formula should be

rewritten as:

1
C2

¼ 1

C2
OX

þ 2
εε0qND

�
V � Vfb � kT

q

�
n� type (4)

where the notation is the same as previously defined. There-

fore the slope of MS-plot is not influenced by Cox and thus the

donor density can still be derived from the slope. Fig. 6 shows

the MotteSchottky plots for the films before and after

hydrogen permeation. From the positive slopes, it is

concluded that the passive films formed on different zircaloys

before or after hydrogen permeation exhibits n-type elec-

tronic character, indicating that the dominant defects in the

films are oxygen vacancies.

The donor density was calculated from Eq. (2) for different

oxide films before and after hydrogen permeation. The results

were summarized in Fig. 7. It was found that the donor con-

centration, ND, which in the range of 1019e1020 cm�3, is almost

two-orders higher than that of the results reported by Chen

et al. [25] and Meisterjahn et al. [31]. The much higher donor

concentration demonstrates that the barrier oxide layer is

highly-doped with electron donors, probably due to the ultra-

small thickness of the inner defective layer, which is well

consistent with the above conclusions. Furthermore, it can be

seen that amongst the as-prepared oxide films, Zr-NH has the

lowest donor concentration, Zr-4-NH,N18-NH, higher andM5-

http://dx.doi.org/10.1016/j.ijhydene.2016.01.174
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Fig. 5 e Bode plots for the oxides formed on different zircaloys before and after hydrogen permeation: (a) Zr, (b) Zr-4, (c) N18,

and (d) M5.

Table 3 e ‘Compacity’ change of the oxides for different
zircaloys after hydrogen permeation.

Samples ‘Compacity’ change ([ or Y)

Outer layer Inner layer

Zr [ Y

Zr-4 Y Y

N18 Y [

M5 [ [
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NH has the highest ND. After hydrogen permeation, the donor

density of Zr-4-YH however is almost three-folds larger than

that of Zr-4-NH, while the ND of NH, the ND of M5-YH

decreased from 2 � 1020 cm�3 to 1.2 � 1020 cm�3. As for Zr

and N18, the ND changed a little after hydrogen permeation.

Additionally, it could be found that the ND of the oxides has an

inverse correlation to the estimated thickness by Eq. (1), which

is consistent with the point defect model proposed by Mac-

donald [32,33]. The ND behavior is in good agreement with the

‘compacity’ variation as shown in the EIS plots, demon-

strating that the semiconductor properties are predominantly

determined by the defective inner layer. To give a rational

explanation for the different ND variation after hydrogen

permeation, it is inferred that the tin or niobium additive in

Zr-4, N18 and M5 probably arouses significant differences.
Mechanism investigation

Based on the difference of the alloy composition, it may be

deduced that the addition of niobium can enhance the

hydrogen resistance of the oxides, while tin should have some

connectionwith the degradation of the oxides in the reductive

atmosphere. To test the hypothesis and further investigate

the possible mechanism, PL test concerning the nature of the

defects and XPS analysis regarding the electronic states of

O1s, Zr3d, Sn3d and Nb3dwere continuously implemented for

the oxides before and after hydrogen permeation.

The PL spectra for oxides before and after hydrogen

permeation are presented in Fig. 8. As for samples before

hydrogen permeation, the intense peak at ~510 nm could be

attributed to the involvement of oxygen vacancies in ZrO2 and

the shortwavelength excitation (~420 nm) could be ascribed to

the near bandeedge transitions, similar to the results as re-

ported by Liang et al. [34]. After hydrogen permeation, it is

obvious that the peak at ~420 nm remain almost the same

while the relative intensity of the peak at ~510 nm increased,

suggesting that the concentration of oxygen vacancies

increased after hydrogen permeation. It could also be seen

that the shape of PL spectra for the oxides formed on different

zircaloys were similar, implying that similar oxide phase and

structures were obtained for different zircaloys before and

http://dx.doi.org/10.1016/j.ijhydene.2016.01.174
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Fig. 6 e MotteSchottky plots for the oxides formed on

different zircaloys before and after hydrogen permeation.

Fig. 7 e Donor density of the passive films formed on

different zircaloys before and after hydrogen permeation.
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after hydrogen permeation, which is in good agreement with

the Raman spectra and EIS results (see in Figs. 3 and 5).

However, the variation of peak position at ~510 nm between

the oxides before and after hydrogen permeation is different.

It did not change for zirconium after hydrogen permeation,

while for other zircaloys, there is a red shift of the peak,

probably due to the introduction of additional energy levels in

the band gap of ZrO2 caused by the Sn or Nb additives.
X-ray photoelectron spectroscopy is used to semi-

quantitatively analyze the chemical state of the Zr, Sn and

Nb elements. It is well documented that the binding energy

(BE) of 2.4 eV represents the spineorbit splitting between the

Zr 3d5/2 and 3d3/2 peaks, while 8.4 eV represents splitting be-

tween the Sn 3d5/2 and 3d3/2 peaks and a 2.8 eV represents the

splitting between the Nb 3d5/2 and 3d3/2 peaks [35e37]. The

binding energy values of Zr3d peaks determined by Morant

et al. (shown in Table 4) were considered as a reference in the

present study, though the BE values in the literature were

measured for the zirconium oxides formed in air or vapor

water [38].

The curve deconvolution of the XPS spectra of Zr3d peaks

was performed and the corresponding percentage of identi-

fied components was calculated. Fig. 9 shows the multi-peak

fitted Zr3d spectra measured for the oxide layers on

different zircaloys before and after hydrogen permeation. The

fitting results of BEs for Zr3d5/2 are summarized in Table 5. As

shown, before hydrogen permeation the zirconium oxides

were mainly composed of two or three different chemical

states except for the oxide formed on Zr-4, which shows one

single oxide state Zr3d5/2 BEs at 181.97 eV. Comparing the re-

sults listed in Table 4, one can find that the as-prepared zir-

conium oxides were predominantly sub-stoichiometric. To

give a comprehensive comparison, a calculation method was

proposed to estimate the average binding energy values of

Zr3d5/2 (denoted as BE) in the oxides formed on the different

zircaloys, as the following.

BE ¼
Xi

1

ðBEi �wi%Þ (5)

Where, BEi is the binding energy values of each identified

oxide and wi% is the corresponding percentage. The calcu-

lated BE s are 182.42, 181.97, 182.15, 182.29 eV for Zr-NH, Zr4-

NH, N18-NH and M5-NH, respectively. As for the oxides after

hydrogen permeation, the BE s are 182.16, 182.33, 182.17,

182.44 eV for Zr-YH, Zr4-YH, N18-YH andM5-YH, respectively.

It is clear that the as-prepared multiple oxides seem to react

and finally transformed to a single oxide. As shown in Table 5,

the BEs of Zr3d shows a shift of 0.36, 0.02 and 0.15 eV to higher

binding energy after hydrogen permeation for Zr-4, N18 and

M5, respectively, while for zirconium BEs shifts to a lower

value, an inverse BEs variation (�0.26 eV) compared to that of

the other zircaloys, implying that the addition of alloying el-

ements like tin or niobium canmodulate the behavior of redox

reaction of zirconium oxides in the reductive atmosphere.

Fig. 10 shows the multi-peak fitted Sn3d spectra for the

oxides formed on Zr-4 and N18 before and after hydrogen

permeation. The Sn3d scan for the oxides formed on Zr and

M5 did not show the existence of tin element, which in

consistent with the chemical composition results. The fitting

results for Sn3d5/2 were shown in Table 6. The BE at around

486.2 eV was assigned to SnO2�x, and a BE at lower energy

(485 eV) for N18-NH was attributed to the metallic Sn phase.

Obviously, unlike the BE variation of Zr3d5/2, BE of Sn3d5/2 for

Zr-4 shows a shift of �0.41 eV after hydrogen permeation,

while BE for N18 shows a small increase, from 485.86 eV to

485.94 eV. As to theNb3d profile for the oxides formed onM5, a

BE of Nb3d5/2 at 207.44 is identified, probably due to the
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Fig. 8 e PL spectra for the oxides formed on different zircaloys before and after hydrogen permeation: (a) Zr, (b) Zr-4, (c) N18,

and (d) M5.

Table 4 e Zr3d binding energies (eV) used in
deconvolution of XPS spectra.

Component Zr 3d5/2 Zr 3d3/2

Clean Zr 178.8 181.1

ZrI(Zr2O) 179.7 182.1

ZrII(ZrO) 180.8 183.2

ZrIII(Zr2O3) 181.8 184.2

ZrIV(ZrO2) 182.9 185.3

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 1 ( 2 0 1 6 ) 7 6 7 6e7 6 9 07684
formation of Nb2O5. After hydrogen permeation, the Nb3d5/2

peak shifts from 207.44 to 206.62 eV. These suggested that

reduction of niobium oxides should have taken place after

hydrogen permeation. However, the peak intensity of Nb3d is

much lower than that of Sn3d, indicating a less niobium

content in the oxides. The observed phenomenon was

consistent with earlier reports that all tin present in themetal

passes into the oxide along with zirconium as hydrothermal

corrosion progresses while niobium is rejected from the oxide

during corrosion [39].

In our study, the composite oxides before hydrogen

permeation were modulated to an equilibrium state after

hydrogen permeation. From the XPS profiles of Zr3d, Sn3d and

Nb3d, it seems that the oxygen ions in the near-stoichiometric

niobium oxides and tin oxides were extracted by the sub-

stoichiometric structure of ZrO2�x, causing the
transformation to near-stoichiometric zirconium oxides.

Nevertheless, it should be noted that the XPS measurement

only reveals the chemical state on the surface within a few

nanometers. Since hydrogen passes into the whole oxide as

decided by the EIS plots, it is safe to presume that changes of

the oxidation states in the inner dense layer is similar to that

of the outer porous layer.

To find the possible state of hydrogen in the oxide, curve

deconvolution for the XPS spectra of O1s peaks was shown in

Fig. 11. As for the oxides before hydrogen permeation, peaks at

BEs around 529 and 530 eV are attributed to the oxidic oxygen

O2�, and the lower intensity component at 532.6 eV was

assigned to the hydroxyl species eOH, i.e. the physically

absorbed water. The fitting results of O1s spectra are sum-

marized in Table 7. It could be seen that except for a peak

centered at ~530 eV belonging to the oxidic species, another

peak was identified at ~530.7 eV after hydrogen permeation,

which is unlikely to be the physical absorbed water species.

From the fitting results of Zr3d as shown in Table 5, it is clear

that after hydrogen permeation, the multiple states of Zr3d

transformed to a single state. Therefore, it is conjectured that

the emerging oxygen component at ~530.7 eVmay result from

the formation of hydrogen defects OH$
O and the corresponding

component percentages were 55%, 56.6%, 66.8% and 59.1% for

Zr-YH, Zr-4-YH, N18-YH and M5-YH, respectively. The differ-

ence is probably due to the percentage and size of precipitates,
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Fig. 9 e Multi-peak fitted Zr3d spectra for the oxides formed on different zircaloys before and after hydrogen permeation:

(a) Zr, (b) Zr-4, (c) N18, and (d) M5.
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Table 5 e Summary of the binding energy of the intensity
peak(s) in the Zr3d.

Samples Binding energy (eV)

Zr 3d5/2 NH Zr 3d5/2 YH

Zr-1 Zr-2 Zr-3 BENH Zr-1 Zr-2

Zr 181.41 182.15 183.39 182.42 e 182.16

Zr-4 e 181.97 e 181.97 e 182.33

N18 181.28 182.43 e 182.15 180.86 182.25

M5 e 181.93 183.01 182.29 e 182.44

Table 6 e Summary of the binding energy of the intensity
peak(s) in the Sn3d.

Samples Binding energy (eV)

Sn 3d5/2 NH Sn 3d5/2 YH

Sn-1 Sn-2 BENH Sn-2

Zr-4 e 486.29 486.29 485.88

N18 484.99 486.14 485.86 485.94

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 1 ( 2 0 1 6 ) 7 6 7 6e7 6 9 07686
as we know that the interface between second phase particles

and oxides is a trapping center for the hydrogen [16].

To sum up, experimental phenomena and results can be

summarized as follows.

(1) The oxide thickness given by AES, phase type and sur-

face morphology remains almost intact, and the domi-

nant defects in the oxides are oxygen vacancies.

(2) From the XPS profiles of O1s spectra andAES results, the

absorbed hydroxyl species cannot be neglected and

thus acted as oxygen sources.

(3) From the EIS, the inner dense layer should be more

effective to protect from hydrogen permeation through

the oxides compared to the outer porous one.
Fig. 10 e Multi-peak fitted Sn3d spectra for the oxides formed o

(a) Zr-4 and (b) N18.
(4) It has been previously proposed that the transformation

of sub-stoichiometric zirconium oxide to a near stoi-

chiometric one is one of the main factors causing

instability or degradation of the inner barrier layer [40].

A decrease of O/Zr ratio in the inner layer was observed

from the AES for N18-YH and M5-YH, in accordance of the

‘compacity’ increase shown in the phase plots. Therefore, the

less compact inner layer of Zr-YH and Zr-4-YH is probably due

to the formation of near-stoichiometric zirconium oxides in

the inner layer. Since the main difference of the as-received

zircaloys lies in the chemical composition, it is rational to

deduce that the different oxygen ion behavior aroused by tin

and niobium additives respectively leads to the different

‘compacity’ change of the inner layer during hydrogen

permeation.
n different zircaloys before and after hydrogen permeation:
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Fig. 11 e Multi-peak fitted O1s spectra for the oxides formed on different zircaloys before and after hydrogen permeation:

(a) Zr, (b) Zr-4, (c) N18, and (d) M5.



Table 7 e Summary of the binding energy of the intensity
peak(s) in the O1s.

Samples Binding energy (eV)

O 1s NH O 1s YH

O-1 O-2 O-3 O-1 OH$
O

Zr 529.4 531.0 532.6 530.0 530.7

Zr-4 529.8 530.3 532.6 530.0 530.6

N18 529.1 530.6 532.6 529.9 530.6

M5 529.4 530.7 532.6 530.0 530.7

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 1 ( 2 0 1 6 ) 7 6 7 6e7 6 9 07688
Based on these observations and analyses, a possible

mechanism is proposed to explain the alloying element effect

of tin and niobium on the behavior of oxides in the hydrogen

permeation condition. Schematic illustration of the possible

mechanism was shown in Fig. 12. From Fig. 12, several re-

actions occurred in the reductive atmosphere, which could be

divided into three different types. It should be pointed out that

the valence states of zirconium, tin and niobium ions shown

in Fig. 12 are probably not the exact states, i.e. here all the

presented valence states were just taken as an example to

illustrate the possible valence state variation for these

different elements.

Type I includes the formation of oxygen vacancies and

hydrogen defects. As shown in the PL (Fig. 8) and XPS (Fig. 11)

results, it is reasonably assumed that the oxygen vacancies

and hydrogen defects act as the intermediate products or the

modulator for all relevant reactions.

Type II tried to explain the XPS profiles of Sn3d and Nb3d

spectra, and the different ND variation behavior for the pas-

sive films formed on different types of zircaloys. As shown,

the reduction of tin ions causes the increase of oxygen va-
Disproportionated reaction

�
2Zr3þ þ Sn4þ/2Zr4þ þ Sn2þ

2Zr3þ þNb5þ/2Zr4þ þNb3þ ðBEZr3d[;BESn3dY;BENb3dYÞ
cancy concentration and thus increases the ND. As for

niobium ions, except for the reduction reaction, more zirco-

nium ions were substituted with the niobium ions, causing an

increase of the zirconium vacancy concentration. Therefore,

the oxygen was ejected from the inner layers and thus causes

the increase of Zr/O ratio as seen in the depth profiles (Fig. 4) of
Fig. 12 e Schematic illustration of the possible mechanism.
N18 and M5, which stabilizes the inner layer for the reason

discussed above.

Type III is proceeded with Type II. On the reduction of

zirconium, tin and niobium ions, the steam or its decompo-

sition product fills the vacancies and thus results in the su-

perficial inward diffusion of oxygen ions.

Type IV is related to the disproportionated reactions, as

shown in Tables 5 and 6.

Type I:

I� 1 Dissociation of H2O and H2

�
H2O/OH0 þH$

H2/2H/2H$ þ 2e0

I� 2 Formation of V$$
O in ZrO2 : OO þ 2H/V$$

O þH2O

þ 2e0ðZrO2Þ

I-3 Formation of OH$
O

8<
:

V$$
O þH2O/OH$

O þ H$

V$$
O þ OH0/OH$

O

OO þH$/OH$
O

Type II:

II-1 Defect reaction of Sn4þ: SnO�����!SnO2 Sn
00
Sn þ OO þ V$$

O

II-2 Defect reaction of Nb5þ
(
Nb2O3��������!Nb2O5 2Nb

00
Nb þ 3OO þV$$

O

2Nb2O5����!ZrO2 4Nb$
Zr þV

00 00
Zr þ 10OX

O

Type III:

Inward diffusion of O

�
V$$

O þH2OðgÞ/OO þ 2H$

V$$
O þ OH0/OH$

O

Type IV:
Conclusions

Oxide films with hundreds of nanometers in thickness were

fabricated hydrothermally on four different types of zircaloys

for 24 h at 200 �C in pure water. The hydrogen permeation

characteristic was characterized by a series of techniques. The

principal findings and conclusions of this work are as follows:

(1) The predominant phase of the oxides before and after

hydrogen permeation is monoclinic ZrO2. Electro-

chemistry analysis suggests that nature of the oxide

structure maintains the same after hydrogen perme-

ation. The oxide is globally constituted of two layers, the

outer one being porous, the inner one being dense and

defective.

(2) MotteSchottky analysis shows that the inner layer is n-

type in electronic character and the PL spectra indicate

that the concentration of oxygen vacancies increases
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after hydrogen permeation. The protective character

(defined as ‘compacity’) shows various behaviors for

different zircaloys. As for Zr and Zr-4, the compacity of

the inner layer decreases after hydrogen permeation,

but for N18 and M5, the protective character increases.

The alloying element effect of tin or niobium may be

related to the different permeation behavior of the

oxides.

(3) In a reductive environment, the sub-stoichiometric zir-

coniumoxide is inclined tocapture theoxygenfromnear-

stoichiometric tin oxides or niobium oxides. The reduc-

tion of tin ions causes the ‘compacity’ loss of the inner

layer, while the reduction of niobium ions combining its

doping effect reduces the donor density of the passive

films and thus enhances the hydrogen resistance.

Strictly speaking, the above mechanism proposed is based

partially on different surface analyses. For a reasonable and

exact explanation, furtherwork such as dynamic cross section

element will be required in the future. Although much work

still needs tobedone indiscovering the realhydrogendiffusion

process, we believed that this work might provide some in-

sights in understanding the mechanism.
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