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In this study, the evolution of stress fields and structural phase composition have been

RI

studied using Raman spectroscopy pre- and post-transition in the oxide layer of recrystallised ZIRLO and recrystallised zircaloy-4 (Zr-4) after corrosion exposure in a

SC

static autoclave. The structural phase composition analysis showed that the proportion
of the tetragonal zirconia phase on the surface decreased with increasing corrosion

NU

time. High compressive stresses were found in the thin oxide, increasing with
corrosion time, reaching a maximum in the transition period and decreasing slightly

MA

after that. The results show the relationship between the crystallographic phase and
the residual stresses developed in the oxide.

1 Introduction

PT
E

D

Keywords: Zr Corrosion, Stress Fields, Phase Content, Raman Spectroscopy.

Zirconium (Zr) alloys are widely used in nuclear reactor applications such as

CE

fuel cladding / channel materials, owing to their low neutron absorption cross-section,
high mechanical strength and good corrosion resistance. Corrosion in zirconium
alloys is a complicated electrochemical process which is influenced by several factors,

AC

including the properties of the metal/oxide interface, water chemistry, pressure,
irradiation, and time. Although many reported works[1-9] have studied numerous
factors affecting the corrosion processes, and considerable understanding of the
corrosion mechanisms have been secured, there are many effects that are still not fully
understood: in particular, the relationships between the residual stresses that are
generated between the oxide film and the substrate, the structural phase content, and
the kinetics of corrosion. Better understanding can lead to the development of alloys
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with delayed transition in the oxide corrosion, and hence to improved fuel burn-up
and improved efficiency of nuclear reactors.
Several researchers have noted that the oxide comprises a metastable
tetragonal phase and an energetically stable monoclinic phase of ZrO2[7-13]. The
tetragonal phase develops locally when oxidation occurs; it has a smaller grain size
and is believed to be stabilised by the high compressive stress in the oxide layer

PT

. As the oxidation progresses, the formation of new oxide near the metal/oxide
interface, moving inward to the alloy substrate, triggers a phase transformation in the
oxide film resulting from a complex process. Most of the reported literature indicates

, which motivated us to carried out a systematic study from the

SC

zirconium alloys

RI

a relationship between the amount of tetragonal phase and the corrosion resistance in

very beginning to a late stage in zirconium corrosion.

NU

In the present paper, we present results obtained from Raman spectroscopy
from oxide layers grown on corroded ZIRLO and Zr-4 specimens. Table 1 tabulates
the principal chemical composition for these two alloys. We present measurements of

MA

the residual stresses and structural phase fraction in the oxides grown on these two
alloys to investigate the mechanisms of corrosion and phase transformation in the

PT
E

D

oxide.

2 Experimental details

Two batches of materials were characterised in the present study:
(I)

Long-term-autoclave

recrystallised

sheet

ZIRLO

samples

provided

by

CE

Westinghouse, that had been steam tested at 415C for 660 days by Sandvik, Sweden;
(II) Short-term-autoclave recrystallised ZIRLO and Zr-4 sheet, which were corrosion

AC

tested at EDF R&D in Moret-sur-Loing, France, at 360C and with a saturation
pressure of around 18 MPa in a static autoclave using primary water chemistry (pure
H2O with additions of 2 ppm LiOH and 1000 ppm boric acid).
The details of these materials have been reported elsewhere [3, 14].

Figure 1 depicts the corrosion kinetics of these samples, and figure 2 shows a crosssection of a typical oxide/metal interface, with the characteristic layered structure of
the oxide. The main aim was to study the early stage of corrosion, before, during, and
after the first transition. Generally, samples that were in the process of going, or had
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just gone, through transition displayed a patchy oxide of lighter (region has already
gone through transition) and darker regions (region has not yet gone through
transition). For Zr-4, the first patchy samples were observed after 180 days while
ZIRLO displayed a patchy oxide after 140 days.
The Raman measurements were carried out using an optical-fibre-probe,
energy-dispersive Raman spectrometer. An excitation laser with 405 nm wavelength

PT

and 150 mW and 15 mW were employed in this study for long- and short-term
autoclave specimens respectively. The reason for choosing a slightly lower intensity
of the laser is to avoid local heating occurring in the sample which might cause local

RI

phase transformation. The laser beam had a diameter of (5.0±0.2) m in the

SC

characterization of the long-term autoclave specimens; a diameter of (0.8±0.1) m
was used for the short-term autoclave specimens.

The penetration depth of the

NU

spectroscopy in this study is less than 100 nm. The penetration depth is affected by
several factors: chemical composition, secondary phase particles, cracks/voids and the

MA

high refractive index of zirconium (n ~ 2.2). About 30% of the laser beam was
reflected from the surface of the specimen. The specimen was placed directly on the
fully automated stage of an optical microscope whose objective lens enables the laser

D

beam to be focused on a particular position. This allows the Raman spectroscopy to
be carried out with accurate positioning and allows automated spatial mapping. The

PT
E

spectral range extended from 200 to 850 cm–1. Microcomputer control enabled an
averaged Raman spectrum to be obtained in acquisition time of 15 minutes, and

CE

corrected for background noise based on a spectrum obtained without illumination. A
statistical average of 50 spectra for each measurement was carried out in order to
account for any inhomogeneity in a particular location caused by defects etc.

AC

The residual stress was calculated using a simple relationship given by[15,16]

RamanShift  .

(1)

where  is the piezo-spectroscopy constant; and  is stress. The piezo-spectroscopy
constant was obtained by carefully loading a monoclinic laboratory-prepared zirconia
bar similar to the calibration materials use by previous works[8,11,26] in a jig with
uniform uniaxial compression, giving   1.69cm1 / GPa for the 381 band. The
strongest 460 band was found to shift very little under uniaxial compression: thus the
piezo-spectroscopy constant was calibrated using the 381 band. The peak positions
within each spectrum were then obtained by a fitting procedure using commercial
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software (GRAMS, Thermo Electron Corp, Philadelphia), assuming mixed Gaussian
and Lorentzian profiles; however, this peak fitting method induced some bias in the
peak position owing to the peaks’ asymmetry. The peak fits have an accuracy of ±
0.05 cm–1, which is equivalent to an accuracy of ±28 MPa in the calculated stresses.
Comparison of the measured Raman bands from the corroded specimens with the
bands measured from the powder ZrO2 provides the Raman band shift caused by the

PT

stresses generated during the corrosion processes. The measured stresses were
computed by substituting the Raman band shift obtained as described above using Eq.
(1). As the laser beam spot is relatively large relative to the grain size, thus the

RI

resulted Raman spectra were averaged values from the measured grains under each

SC

beam spot. Therefore the measured stresses in this work are the grain-averaged
stresses measured in-plane where the Raman spectra have been collected.

NU

The crystallographic phase content was determined from the respective
volume fractions of the two phases of tetragonal and monoclinic zirconia[17]. Using
the ratio of the intensity of the tetragonal peak at 445 cm–1 to its surrounding

I 445T 
100%
I 382m   I 445T   I 475m 

(2)

D

%TZrO2 

MA

monoclinic peaks at 382 and 475 cm–1:

As the phase fraction calculation was originally established for the 260 band

PT
E

instead of the 445 band, thus results of the phase fraction calculated with the
modified version in Eq. (2) are likely biased as the main tetragonal band is 260T.
Therefore the calculated phase fraction was a rough estimation, as we did refer to

AC

CE

adjacent monoclinic peaks.

3 Results

3.1 Long term autoclave specimen (415˚C / steam, 660 days)
SEM analysis indicated that the long-term autoclave ZIRLO specimen has an
oxide layer of about 80 m thickness (figure 2), and the metal/oxide interface has a
typical undulating morphology. The oxide layer is full of periodic lateral cracks, but
interestingly there are some regions where the oxide, above the apexes of the
metal/oxide interface undulations, are crack-free, which has been attributed to the
formation of columnar ZrO2 grains with a preferred orientation [11-14].
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The Raman spectra obtained from the cross section of the specimen are shown
in Figure 3(b). Near to the interface, the Raman spectra included a tetragonal peak at
266.9 cm-1, but this tetragonal peak disappears when moving to a distance of about
7.5 m (beam-centre position) away from the interface. Owing to the increasing
incidence of lateral cracks in this thick oxide with distance away from the metal/oxide
interface, the Raman spectra became too noisy, as the signal was scattered too much
where the beam falls into the cracks. Therefore, the Raman characterization was only

PT

able to be carried out in the oxide up to 22.5 m (beam-centre position) away from
the metal/oxide interface in this sample, and the Raman spectrum shown in Figure 3(b)

RI

for a distance of 22.5 m clearly shows only monoclinic peaks and no tetragonal peak.

SC

The Raman spectra for distances of 7.5-17.5 m are similar to the Raman spectrum at
22.5 m, and thus only the inner and the outer Raman spectra are presented here for

NU

clarity. A high compressive stress of about –600 MPa was found in the oxide near the
metal/oxide interface as shown in Figure 3(a), which reduces monotonically with

MA

distance through the oxide. The compressive stress in the oxide decreases to –40 MPa
at a distance of 22.5 m away from interface. A large beam spot (5 m diameter) was
employed in this characterization, resulting in an averaging of the stress over the

D

equivalent area. The results are in good agreement with measurements obtained using

PT
E

synchrotron X-ray diffraction, that show a steep stress gradient close to the
metal/oxide interface, with a shallower gradient after a few microns away from the
interface

. The stress profile in the metal substrate shows a similar trend of

CE

decreasing with distance away from interface: the tensile stress in the metal is about
55 MPa close to interface and has almost vanished at a distance of 22.5 m from the

AC

interface. The tensile stresses in the metal substrate were small but were enough to
provide force balance to the large compressive stress in the oxide film, given that the
lower stresses acted over the much thicker metal substrate. However, we need to
stress that the weak signal collected from the metallic Zr substrate will include a
contribution from both the ultra-thin protecting oxide (2-3 nm) layer and the metallic
Zr substrate, which might slightly affect the absolute magnitude of the estimated
tensile stresses but not the trends of evolution for the estimated stress fields.
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3.2 Short term autoclave specimen (360˚C /18MPa/primary water)
Figure 1 illustrates the corrosion kinetics for sheet ZIRLO and Zr-4. The
oxidation kinetics for both alloys follow a parabolic/cubic type progression pretransition, and the ZIRLO has a slightly higher corrosion rate than the Zr-4. In the
pre-transition stage, both alloys have corrosion kinetics with exponent n about 0.35 to
0.4 when applying the exponential growth function seen in previous work

[3,14]

. The

PT

data suggests that the ZIRLO has gone through transition at about 114 days and the
Zr-4 will go through transition at about 160 days as indicated in Figure 1. The origin
of the transition is still uncertain, although in general it is believed to be linked to a

RI

martensitic-type phase transformation from tetragonal to monoclinic, with an

SC

associated 5% volume increase which causes the macroscopic cracks[8,18,19].
Raman spectroscopy analysis was employed to characterize the evolution of

NU

the crystallographic phase fraction and the residual stress profile on the top surface of
the oxide grown on the short-term autoclave specimens. The Raman spectra obtained
from the top surface of the oxide grown on ZIRLO corroded from 54 days (pre-

MA

transition) to 180 days (post-transition) are showb in Figure 4. There are only two
tetragonal peaks, with wavenumbers of 237T and 445T, observed in the Raman spectra

D

for the early stage (54-74 days) of corrosion; but the third tetragonal peak, with a
wavenumber of 641T is observed with further corrosion (94-114 days) approaching

PT
E

the transition stage. An interesting observation is that the main tetragonal band 260
reported in the literature

was only observed in the Raman spectrum of the long-

term autoclaved (415˚C / steam) specimen but not for the short-term autoclaved

CE

(360˚C /18MPa/primary water) specimens. The reason for this absence still remains
unclear: contributing factors could include the water chemistry, environment,

AC

temperature, exposure time, stage of corrosion, as well as the alloy composition of the
Zr alloys.

Another interesting observation is that the 237 band has a broader peak shape.
This motivated us to perform a theoretical First-principles calculation of Raman bands
via using the open source suite ABINIT package[27]. In the theoretical calculation, we
have utilising the pseudo-potential and a plane-wave method within the Density
Functional Theory. With allowing the crystallography symmetry to vary, our
simulation results reasonably matched with the reported works[24-25]. The measured
237 band is believed to be a slightly-distorted tetragonal (pseudo-tetragonal) phase
with lattice a=b=c but with angle  = 103.79˚ as compared to the 230pseudo-T band in
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Table 2. The monoclinic band 294 was attributed to a shifted monoclinic 304 band
in the reference powder, rather than a very large shift from the tetragonal 260 in
powder. Shortly after the transition (134 days), only the tetragonal peak at 445T, with
a very weak intensity, can be resolved; and no tetragonal peak is observed in the
Raman spectrum obtained on the top surface of the oxide layer after corrosion for
about 180 days. The intensity for the 237T and 445T tetragonal bands increases with

PT

oxidation time up to 94 days, but decreases with further oxidation time. It is clearly
seen that the tetragonal peaks are better defined in the earlier stage of corrosion pretransition, and then become broader post-transition, indicating the evolution of the

RI

tetragonal phase fraction and the residual stress with increasing corrosion. The Raman

SC

spectra obtained from the top surface of the oxide layer obtained from Zr-4 have a
similar trend, but the tetragonal peak at 445T can still be observed after 180 days.

NU

However, one should bear in mind that the transition stage for Zr-4 is later, at about
160 days.

For brevity, we do not show the Raman spectra for Zr-4 here, but the analyses

MA

are depicted in Figures 5 and 6. According to space-group theory, ideally one should
be able to observe six tetragonal peaks and 12 monoclinic peaks[16,17] over the whole

D

range of wavenumbers, but because of the limitation of sensitivity in the equipment,
the three tetragonal peaks and eight monoclinic peaks observed in this study are

PT
E

acceptable considering the range of wavenumber attainable.
Figure 5 depicts the tetragonal phase fraction and stress profiles obtained from
the top surface of the oxide layer grown on both ZIRLO and Zr-4 alloys for different

CE

corrosion stages. It shows that the tetragonal phase fraction at the top surface is about
15% after 54 days for ZIRLO and 17.5% after 80 days for Zr-4. For both alloys, the

AC

tetragonal phase fraction at the top surface of the oxide layer decreased at about the
same rate as transition approached, but relatively there is a higher tetragonal phase
fraction on the top surface found in Zr-4 than ZIRLO. The results are reconfirmed the
reported trends in the residual stresses and tetragonal phase reported by Polatidis[28],
Panicuad[29] and Gurain[30]. The origin for the difference in the absolute tetragonal
phase fraction is not understood yet given that both Zr alloys have similar alloying
except Nb and Cr.
The measured stress on the top surface for ZIRLO corroded for 54 days is
about –0.45 GPa, which increases approaching transition (114 days) to about –0.9
GPa on the top surface. After transition, stress relaxation has occurred with
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compression of about –0.7 GPa at 134 days, and subsequently the stress becomes
slightly more compressive with further corrosion. It must be emphasised here that all
the stress profiles reported are for the monoclinic phase, as the tetragonal phase is not
detected for all the specimens and furthermore the piezo-spectroscopy constant is
based on the shift of the monoclinic peak. Furthermore, the tetragonal phase is not
detectable on the top surface of the oxide layer in the later stages after transition for

PT

the ZIRLO specimens.
For the Zr-4 specimen, the measured stress on the top surface of the oxide
layer is a compressive stress of about –0.89 GPa at 80 days of corrosion, increasing to

RI

–1.7 GPa at transition (160 days of corrosion), and then the stress relaxation is much

SC

smaller than in ZIRLO, to a compressive stress of –1.43 GPa for the monoclinic phase
in the specimen corroded for 180 days. In both cases, the compressive stress seems to

NU

have its maximum value at the transition stage, and relaxes to a lower magnitude with
further corrosion. These results agree with the trends of changes in stress profiles
obtained from synchrotron X-ray diffraction which was reported in previous work[9,14].

MA

As Raman spectroscopy is a surface technique, the analysis only examines the
outer layer of the oxide which formed at the very beginning of the corrosion process.

D

As the corrosion advances, the metal/oxide interface moves inward to the substrate,
and therefore some Raman spectroscopy was carried out on the cross-section of the

PT
E

specimen as for the 180 days autoclaved specimen. Figure 6 shows the stress profile
obtained from these Raman experiments for both alloys corroded for about 180 days.
The compressive stresses for the monoclinic phase in the oxide layer are larger in Zr-4

CE

compared to ZIRLO for a given distance in the oxide away from the metal/oxide
interface. However, the ZIRLO has a thicker oxide layer compared to the Zr-4 as

AC

shown in Figure 1. At a distance very close (about 0.43 µm) to the metal/oxide
interface, the ZIRLO has a compressive stress of –1.39 GPa, and the Zr-4 has –2.36
GPa. The stress profile decreases towards the outer layer of the oxide in both cases,
with a reduction of about 0.64 GPa and 0.96 GPa comparing the stress in the oxide
close to the interface and on the top surface of the oxide for ZIRLO and Zr-4
respectively. Although the absolute reduction of stress is larger in the Zr-4 than the
ZIRLO, the relative reduction of stress is about the same comparing the top surface
and the oxide near the interface.
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4. Discussion
The main aim of the present study was to investigate the mechanism of zirconium
corrosion, linking the structural phase fraction and residual stress fields with the
corrosion kinetics.
The stress results for a thick oxide (from the long-term autoclave samples)
indicate that stress relaxation is taking place in the oxide as the metal/oxide interface

PT

moves inwards. Although some researchers have demonstrated that the large
compressive stress in the oxide layer can result in creep of the entire corrosion
film[18,19,26,28,29], the large gradient of the stress relaxation in the oxide suggests that

RI

additional mechanisms could be responsible for this stress relaxation. The stress

SC

relaxation process could be induced by the development of cracks and porosity in the
oxide layers, and subsequent delamination of the oxide layers which degrades the

NU

protective properties of the oxide[22,26,30] and may lead to the increase in corrosion rate
post-transition.

It is important to remember that the outer layer of oxide in the short-term

MA

autoclave specimens had already formed before the alloys were inserted into the
autoclave, and this oxide has slightly higher tetragonal phase content before the

D

corrosion process. The tetragonal phase fraction on the top surface of the oxide in
both specimens decreased with corrosion time, but it is interesting to note that a third

PT
E

tetragonal peak, 641T occurred when approaching transition. This is suggesting that
the transition could be an order-disorder-type transformation, as the metastable
tetragonal peak at the autoclave temperature has to suddenly transform to monoclinic

CE

after the transition. In addition, the present of Nb has been suggested as contributing
to the destabilisation of the tetragonal form

, which is consistent with the Raman

AC

results that the tetragonal phase fraction is higher in the Zr-4 specimen than ZIRLO
The results indicate that the compressive stress on the top surface of the oxide
increases from an early stage of corrosion, and achieves a maximum at the transition
stage before partial relaxation of the stress occurs after transition. However, the
tetragonal phase fraction on the top surface decreases with corrosion, which could be
suggesting that an additional interaction between the newly formed tetragonal phases
at the metal/oxide interface and the previously-formed tetragonal phase at the top
surface of the oxide should be taken into consideration, alongside the idea that the
large compressive stress stabilises the tetragonal phase content near the metal/oxide
interface as proposed by most models[10,21,22,26,28-30]. However, our results have shown
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that there is some inconsistency between the tetragonal phase fraction and the
magnitude of the compressive stress in the oxide layer. It is essential to note that the
tetragonal phase in the oxide is not uniformly distributed and is concentrated at the
region near the metal/oxide interface. Thus one should consider the role of the high
local stress in stabilising the tetragonal phase[20,28,30], and the steep gradient of
macroscopic stress reported in this study. In addition, TEM observations in related
work[14] suggested that the equiaxial grains on top surface could be transformed from

RI

PT

tetragonal to monoclinic, as the transformation needs higher stress to achieve it[22,31].

SC

Conclusions

Raman spectroscopy has been employed for characterizing a series of autoclave-

NU

exposed zirconium alloys, comprising ZIRLO and Zr-4, exposed for increasing times
pre- and post- the transition in corrosion kinetics.

MA

1. For the specimens steam tested at 415C for 660 days, a steep gradient of
compressive stress is observed in the oxide, with a high compressive stress that
decreases with distance from the metal/oxide interface. A tetragonal phase peak is

D

observed in the oxide, but only at the region close to the metal/oxide interface.

PT
E

2. For the short-term autoclave specimens exposed to primary water at 360C for up
to 200 days, the tetragonal phase fraction on the top surface of the oxide is higher in
the Zr-4 compared to the ZIRLO. This is consistent with a higher compressive oxide

CE

residual stress in the Zr-4 than the ZIRLO specimens.
3. For both materials, the compressive stresses in the oxide, measured on the top
surface of the sample, increased with corrosion time and oxide thickness, reached a

AC

maximum value at the transition, before then relaxing to lower values post-transition.
The relaxation of the stress fields correlates with the tetragonal phase fraction, and
could be attributed to the release of the stored energy in the oxide scales via crack
formation and propagation, creep of the oxide and metal, as well as the tetragonal-tomonoclinic phase transformation of the ZrO2.
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Table 1: Measured chemical composition for zirconium alloys

Alloy

Zr

Fe / wt%

Sn /

Nb /

Cr/

wt%

wt%

wt%

balance

0.1

0.9

0.9

<0.01

Zircaloy-4

balance

0.2

1.2

<0.01

0.1

AC

CE

PT
E

D

MA

NU

SC

RI

PT

ZIRLO
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Table 2: Comparison of the theoretical calculated and experimental measured Raman
bands of zirconia. Notation: T=tetragonal phase, M=monoclinic phase

Raman bands / cm-1
Measured

Pseudo-T (=103.79˚)

230

237

T

258

M

469

M

608

620

T

639

641

AC

CE

PT
E

D

MA

NU

SC

RI

Calculated

PT

Symmetry

266.9
475

PT
E

D

MA

NU

SC

RI

PT
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Figure 1. Corrosion kinetics for recrystallised sheet ZIRLO and Zr-4.
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Figure 2. Cross-sectional SEM image of the oxide and metal/oxide interface taken
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from a long term autoclave ZIRLO specimen.

AC

CE

PT
E

D

MA

NU

SC

RI

PT

ACCEPTED MANUSCRIPT

Figure 3. (a) Residual stresses estimated from the Raman peak shift for the long-term
autoclave ZIRLO specimen; (b) The Raman spectra at different distances in the oxide
layers from the metal/oxide interface.
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Figure 4. Raman spectra obtained from the surface of the sheet ZIRLO RX at
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different corrosion stages.
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(b)
Fig. 5. Raman characterization on the top surface of the oxide grown on sheet ZIRLO
RX and Zr-4 RX specimens: (a) Tetragonal phase fraction, and (b) Measured stress
profile.
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Figure 6. (a) Residual stress profile and (b) tetragonal phase content across the oxide
thickness obtained from Raman spectroscopy characterised on a cross-section of the
specimens.

