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g r a p h i c a l a b s t r a c t
� Studied Zircaloy-4 oxide layers
corroded at a range of temperatures
(274�Ce427 �C) at the APS.

� mXRD/XRF of oxide crystal structures
showed a preferred orientation to
minimize growth stress.

� The monoclinic oxide grain size
increased with corrosion tempera-
ture; the tetragonal grain size did
not.

� Away from the MOI and above a
critical size, the tetragonal grains
transform into monoclinic grains.

� This variation in tetragonal phase
fraction was linked with stress in the
oxide.
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Autoclave corrosion tests of Zircaloy-4 were performed at temperatures ranging from 274�C to 427 �C to
determine how the characteristics of the oxide layer changed with corrosion temperature. Corroded
samples were prepared in cross-section and examined at the Advanced Photon Source using x-ray
diffraction and fluorescence with sub-micron spatial resolution. These measurements provide high fi-
delity data for characterization of the oxide layer grown on zirconium alloys over a range of temperatures
to better understand the fundamental mechanisms of corrosion. It was found that the size of the
monoclinic oxide grains increases with distance from the metal-oxide interface, while the average grain
size of the tetragonal oxide phase decreases. This is consistent with the continuous nucleation of a
mixture of equiaxed tetragonal and monoclinic grains at the metal-oxide interface, of which only the
monoclinic oxide grains that are properly aligned to minimize stresses grow into long columnar oxide
grains. The tetragonal phase oxide grains transform to monoclinic oxide once a critical size is reached.
While the monoclinic oxide grain size increases with corrosion temperature, the tetragonal phase grain
size remains below a maximum value. Evolution of the tetragonal fraction, calculated with the Garvie-
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Nicholson formula, was observed, with local maxima seen just before transition and local minima seen at
oxide locations corresponding to the oxide kinetic transition. No difference was observed in the
tetragonal phase fraction in the oxide layers formed at different corrosion temperatures. Detailed fluo-
rescence and diffraction mapping of one sample showed the evolution of the diffraction intensity over a
short range in the oxide. This work provides a systematic study revealing fundamental characteristics of
the microstructure of Zircaloy-4 oxide layers to further understanding of corrosion resistance of these
materials.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Zirconium alloys are widely used in water-cooled nuclear re-
actors as fuel cladding due to their low neutron cross-section,
suitable mechanical properties, and excellent corrosion resis-
tance. Corrosion resistance in these alloys is important because the
coolant temperature in a typical nuclear reactor is as high as 360 �C
at pressures as high as 15.5MPa. These alloys remain in these harsh
conditions for years with corrosion and the associated hydrogen
uptake as one of the main factors that limit nuclear fuel cladding in
service [1]. Therefore the fuel cladding should be as resistant to
corrosion as practically possible.

In spite of the importance of zirconium alloys developed
through decades of research, a thorough understanding of the
corrosion mechanism is yet to be achieved [2,3]. It is known during
corrosion of properly designed alloys, a protective oxide layer is
formed which slows further oxidation [1e4]. The protective oxide
layer is constituted mostly of monoclinic phase ZrO2 with minor
amounts of tetragonal phase ZrO2. Although the tetragonal phase of
the oxide is not normally stable in the typical environment of a
nuclear reactor, it can be stabilized by small oxide grain size, by the
presence of alloying elements, and by high compressive stresses in
the oxide that result from the imperfect accommodation of the
volume difference between the metal consumed and the oxide
formed [5e7].

At a critical point in the oxide growth (characteristic of each
alloy in a given environment), a kinetic transition can take place
during which the oxide layer loses its protective character,
allowing easy water ingress, and causing the corrosion rate to
increase. The newly formed oxide again becomes protective
slowing the oxidation until it reaches a new transition, in a cyclic
process [8]. The corrosion kinetics have been previously described
by a power law and in between transitions the power exponent
has been measured to be somewhere between sub-cubic and
parabolic, depending on the alloy composition and the environ-
ment it corrodes in [8e10]. The cause of the kinetic transition is
presently unknown, although a number of mechanisms have been
proposed [5,6,10,11].

Themicrostructure of the oxide formed, and its evolution during
corrosion, has been considered to be a key parameter for corrosion
kinetics of Zr alloys. The work presented here attempts to help
answer some of these questions by examining oxidemicrostructure
characteristics on samples before and after the first kinetic transi-
tion primarily as a function of corrosion temperature using syn-
chrotron x-ray diffraction. In particular, a link between the
tetragonal phase fraction and the stress in the oxide is discussed in
this paper. While an understanding of the general characteristics of
the oxide microstructure exists, this paper describes experiments
systematically performed on samples corroded in autoclave to
various oxide thicknesses and the changes in the oxide micro-
structure characteristics that result from the wide range of corro-
sion temperatures examined.
2. Experimental techniques and methods

Microbeam synchrotron radiation permits investigation of the
oxide at precise locations, allowing for high spatial and energy
resolution [9,10,12]. The Advanced Photon Source (APS) at Argonne
National Laboratory (ANL) has been used in a number of studies due
to the high brilliance of its x-ray beam and to the ability of focusing
it to a sub-micron spot [9,10,12e14]. The 2-ID-D beamline permits
tunable energy from 5 to 32 keV and micro x-ray diffraction (XRD)
and fluorescence with a nominal spot size of 0.2 mm� 0.2 mm. As
the microbeam is scanned across the oxide, the simultaneous
acquisition of structural information from XRD and elemental in-
formation from x-ray fluorescence (XRF) can be used to analyze the
specimens. A schematic depiction of the experimental setup at the
2-ID-D beamline used in this work is shown in Fig. 1.

The composition of Zircaloy-4 used in this study is 1.2e1.7wt%
Sn, 0.18e0.24wt% Fe, 0.07e0.13wt% Cr, and 1000e1400 ppm oxy-
gen with the remainder as zirconium [1]. Oxidized samples were
prepared by cutting coupons into small pieces which were placed
into a slotted molybdenum rod, which was then secured inside a
brass tube using epoxy (EpoTek 353ND), as done previously
[13e15]. The tubewas cured overnight then cut into ~1e2mm thick
disks, which were polished to a mirror finish. An example of a
sample ready to be examined using synchrotron radiation is shown
in Fig. 2.

Fig. 2 (a) shows an optical micrograph of a sample encased as
described above. Fig. 2 (b) shows a cross-sectional SEMmicrograph
of the oxide layer and the Zircaloy-4 metal. Similar samples were
prepared for all the specimens listed in Table 1. The 2-ID-D beam-
line at the APS at ANL was used to examine 16 unique samples from
the 11 different materials, listed in Table 1.

The nine samples in Table 1 that were tested in the recrystallized
alpha annealed condition (Rx a-annealed) were processed using a
thermomechanical treatment which resulted in a microstructure
containing equiaxed grains of ~15 mm and large intragranularly
distributed globular second phase particles (average diameter of
0.24 mm), as shown in Fig. 2 (b) [16,17]. The b-quench thermo-
mechanical treatment led to a Widmanst€atten-type structure. Two
samples were prepared in the b-quenched and annealed condition.
These samples exhibited smaller precipitates of irregular shape
concentrated at the lath boundaries [18]. The Kearns factor
(resolved fraction of basal poles aligned in the normal direction) for
the two base metal textures were widely different: f~0.6 for Rx a-
annealed and f~0.33 for b-quenched samples [13,14,19]. The sam-
ples were corroded in an autoclave in pure water at a variety of
temperatures in the range 274�Ce427 �C. The weight gain changes
during corrosion for the samples in Table 1 are shown in Fig. 3.

During the experiment, each sample was attached onto an
aluminum stud which was tilted into the beam's path, causing it to
hit the sample at an incident angle of 14� as done previously [9,14].
This created a 0.2 mm� 1.0 mm beam footprint, with the smaller
dimension along an axis perpendicular to the metal-oxide



Fig. 1. Schematic of the experimental geometry at the 2-ID-D beamline at the APS. The incident beam comes in at a 14� angle into the material. The fluorescence detector and
diffraction detector simultaneously capture data. The small spot size (approximately 0.2 mm� 1 mm due to geometry) permits precise spatial investigation of the material examined
[13,14].

Fig. 2. (a) Cross-sectional Zircaloy-4 sample H1190R (274 �C, 2.35 mm); the brass tube is on the outside, and the Zircaloy-4 sample sits inside the slotted molybdenum rod, the oxide
is on the bottom and cannot be seen in this image. (b) SEM image of (H1406J (Zircaloy-4, 360 �C for 120 days) taken using a FEI Helios NanoLab™ 660 SEM/FIB showing the oxide
(dark gray) and the metal (light gray). Second-phase precipitates (SPP) are visible in the metal matrix.

Table 1
List of samples corroded in autoclave and tested at the 2-ID-D beamline at the APS.

Material ID Alloy Corrosion Environmenta Time (days) Oxide thickness (mm)b Heat Treatment [16]

H2287J Zircaloy-4 274 �C water 3003 2.05 mm Rx a-annealed
H1190R Zircaloy-4 274 �C water 3003 2.35 mm b-quenched
N2513 Zircaloy-4 316 �C water 3113 13.1 mm Rx a-annealed
H1405J Zircaloy-4 360 �C water 20 1.14 mm Rx a-annealed
H1406J Zircaloy-4 360 �C water 120 2.09 mm Rx a-annealed
H1372J Zircaloy-4 360 �C water 170 4.02 mm Rx a-annealed
H1187R Zircaloy-4 360 �C water 170 3.03 mm b-quenched
H1312J Zircaloy-4 400 �C steam 41.3 3.5 mm Rx a-annealed
H1313J Zircaloy-4 400 �C steam 259.4 9.1 mm Rx a-annealed
H3035J Zircaloy-4 413 �C steam 210 7.81 mm Rx a-annealed
H3017J Zircaloy-4 427 �C steam 203 13.6 mm Rx a-annealed

a H2287J, H1190R, H1312J, H1313J, H3017J, and H3035J were corroded for 3 days in 360 �C water prior to listed exposure, <0.8 mm of oxide.
b Oxide thickness reported is the average oxide thickness based on sample weight gain.
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interface. All the samples were examined using a beam energy of
8.34 keVwith a few samples examined at an energy of 10.1 keV. The
size and location of the charge-coupled device (CCD) detector
allowed recording diffraction peaks within the 2q range of 20�e42�,
which at 8.34 keV, encompassed planes with d-spacings between
~2 and 4 Å, corresponding to a wide range of diffraction peaks from
the phases of interest. A Ge (Li) Canberra solid state detector was
used to acquire fluorescence data at each step. When placed onto
the oxide layer the incident x-ray beam generates about 4/5 of the
Zr fluorescence counts it generates when placed on the metal,
which allowed determination of the beam positionwithin the layer
quite precisely, as shown in Fig. 4. The metal-oxide interface could
be determined from the mid-point of the sloped region between
the metal and oxide, while the oxide-water interface was set at the



Fig. 3. Weight gain data for the 11 specimens examined by XRD at the 2-ID-D beamline at the APS. The region highlighted in the rectangle is shown in the inset. Each sample was
examined at the last data point on the curve.

Fig. 4. Example of the zirconium fluorescence counts taken from the oxide layer and
metal in the sample N2513 (316 �C, 13.1 mm, see Table 1) acquired at the 2-ID-D
beamline at the APS and used to determine the location of the metal-oxide and oxide-
water interfaces.
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location where the intensity dropped to half the value fromwithin
the oxide.

The microbeam moves across the oxide layer in steps of
0.1e0.25 mm. For each sample, multiple scans were acquired to
account for variations at different locations within the oxide
[13,14]. Over 70 scans and 3,000 diffraction patterns were analyzed
for this study. An example of a raw diffraction pattern acquired is
Fig. 5. Example of diffraction pattern taken from a location in the oxide layer formed
on sample H1312J (400 �C, 3.5 mm); the 2q and c directions are illustrated as well.
shown in Fig. 5, highlighting the 2q and chi (c) directions. The
diffraction patterns themselves were viewed using the ImageJ
program [20]. A chi range of approximately ~110� was acquired
(depending on the specific diffraction peak). The remaining pattern
was obscured by the sample and the mounting geometry. The
reflection XRD geometry combined with the ~110� c range lead to
the bulk of the diffraction intensity being from planes that were
perpendicular to the metal-oxide interface (i.e. out-of-plane).

Diffraction patterns such as that shown in Fig. 5 were integrated
over the entire diffraction arc (the c angle) using either the CCD sum
Sdiapp or Fit2D computer programs [13,21]. The resulting inte-
grated patterns were imported into Microsoft Office Excel and
MATLAB for background removal. The data was then brought into
the PeakFit computer program for diffraction peak fitting and
analysis [22]. The peaks were manually fit using the Pearson VII
peak shape which allows both peak height and full-width half-
maximum (FWHM) to be adjusted, as done previously [9,14].
Typical R2 values for the overall fits were above 0.98 for low in-
tensity profiles and 0.995 for typical bulk oxide profiles. An
example of such a fit can be seen in Fig. 6. The fits were then
collectively compiled using an Excel macro for a variety of analyses
of the changing diffraction patterns within the oxide layer.
3. Results

Diffraction peaks corresponding to both the monoclinic and
tetragonal phases of ZrO2 were identified from the diffraction
patterns taken from the oxide layers studied. As shown in the table
in Fig. 6, the oxide peaks matched well with their predicted 2q
locations based on d-spacings listed in the powder diffraction files
(#05e0665, #37e1484, #42e1164, and #22e1025). The only
exception was the (101)t tetragonal peak as noted below. The pri-
mary planes corresponding to monoclinic ZrO2 observed were the
(111)m, (111)m peaks (also the highest intensity peaks in the pow-
der diffraction files), as well as the peaks in the {200}m family.
Relatively lower intensity monoclinic planes observed included the
(011)m, (110)m, (102)m, (012)m, (112)m, (201)m, and (121)m. Only one
plane corresponding to tetragonal ZrO2 could be identified, the
(101)t (observed at a lower d-spacing than the literature value, as
previously seen) [9,10,13,14]. Although there was some evidence for
the presence of the (002)t peak, particularly near the metal-oxide
interface of some oxide layers, it was nearly coincident with



Fig. 6. Example of the integration and fitting of the diffraction patterns obtained at the 2-ID-D beamline at the APS at 10.1 keV (energy used for the data shown). The pattern is from
sample H1187R (360 �C, 3.03 mm) and was obtained in the oxide layer near the metal-oxide interface, so both metal and suboxide intensities are seen. *From PDF (#05e0665,
#37e1484, #42e1164, and #22e1025).

Fig. 7. Average oxide grain diameter for each temperature calculated from the Debye-
Scherrer equation of an average of the major monoclinic orientations and the (101)T
orientation for the tetragonal oxide, for Zircaloy-4 with oxide >2 mm; error bars
indicate minimum and maximum scan averages in addition to measurement error.

1 The calculation performed attributes all the broadening observed to grain size,
rather than strain. Although it is recognized that the oxide diffraction peak
broadening is also affected by strain, previous analysis using Williamson-Hall plots
has shown that for these oxide layers most of the broadening comes from size
broadening, justifying this assumption [14].
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nearby {200}m peaks and could not be positively identified. The
(101)t peak normally appeared aligned with the (111)m and (111)m
peaks on the diffraction patterns (as seen in Fig. 6). It was visible as
a shoulder on the low 2q side of the (111)m peak of the integrated
diffraction patterns. Additionally, peaks that could be indexed as
the Zr3O suboxide phase were seen in the metal just ahead of the
metal-oxide interface, typically in samples in which the oxide
layers were close to the oxide kinetic transition [23]. The most
prominent suboxide peak corresponded to the diffraction from the
(116)Zr3O plane.

The set of samples selected for analysis at the APS allowed a
systematic study of the differences in the microstructure of oxide
layers formed on zirconium alloys during corrosion at different
temperatures (274 �Ce427 �C). For every diffraction pattern ac-
quired during each scan the following parameters were determined
from the results of the diffraction pattern fitting: integrated peak
areas, peak positions, and breadth (FWHM). From these results the
tetragonal phase fraction from the Garvie-Nicholson formula and
the oxide grain size were calculated.

The characteristic size of the monoclinic and tetragonal grains
formed in the oxide was calculated using the Debye-Scherrer
equation [9]. This calculation assumes that all peak broadening
caused by the sample is due to size broadening (rather than to
strain broadening). In the geometry used, the calculated size cor-
responds to thewidth of the long columnar monoclinic phase oxide
grains and to the diameter of the equiaxed oxide grains. The Debye-
Scherrer equation, calculates the grain size d from the FWHM of the
peaks discerned from the fitted diffraction patterns [9]:

d ¼ 0:9l
Bqcosq

where Bq ¼
�
B2 � B2i

�1=2
(1)

where B is the measured peak FWHM in radians, and Bi is the
instrumental broadening, which was measured to be 0.051 radians
in this beamline using a LaB6 standard, l is the wavelength and q is
the diffraction angle.

The tetragonal fraction, fT, was calculated from the Garvie-
Nicholson formula where each term represents the integrated
area of the specific crystallographic peak of the oxide phase
denoted [24]:

ft ¼ Ið101Þt
Ið101Þt þ I

�
111

�
m þ Ið111Þm

(2)

For experiments with samples in which a smaller c range was
acquired, a texture correction was applied, as done previously
[9,13,14]. This texture-corrected tetragonal fraction uses co-
efficients of 2.2, 0.88, and 25 as multipliers to the (101)t, (111)m, and
ð111Þm peak intensities, respectively.
3.1. Oxide layer grain size

Using x-ray diffraction the oxide grain size was calculated from
the Debye-Scherrer equation from the broadening of five different
monoclinic oxide peaks and from the (101)t peak using Equation
(1).1 The grain sizes calculated by this methodwere averaged across
the whole oxide layer for an individual scan. Fig. 7 shows the grain
diameter calculated from the average broadening of the five
monoclinic peaks and from the (101)t peak, averaged over the
whole oxide layer for the scans performed on the Zircaloy-4 sam-
ples corroded at various temperatures from 274�C to 427 �C. The
plot shows that as the corrosion temperature increases, the average
monoclinic grain size increases, as would be expected. This
behavior is observed for all monoclinic oxide peaks for which grain
size was calculated. In contrast, the tetragonal grain size remains
essentially constant with temperature at close to 15 nm. This is
consistent with previous literature results which show values in the
range of 10e20 nm [9,14,25,26] and theorized stability values based



Fig. 9. Sketch of how preferred orientation of oxide growth due to stress leads to
characteristic diffraction signal at specific c angles for a given oxide peak. Illustrated
here are the (111)m, (�111)m, (200)m, (020)m, and (002)m planes and resulting
diffraction signals.
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on free energy [6,27,28]. The fact that the tetragonal grain size does
not change with corrosion temperature can be explained if the
tetragonal grains transform into monoclinic grains once they reach
a critical size. This transformation is helped by the decrease of the
stress level in the oxide with distance from the metal-oxide inter-
face, thus helping destabilize the tetragonal phase relative to the
monoclinic.

The detailed variation of the grain size with distance from the
metal-oxide interface was also studied. Fig. 8 shows the calculated
size of the monoclinic and tetragonal grains calculated from the
broadening of the (111)m and (101)t diffraction peaks as a function
of distance from the metal-oxide interface for the two highest and
lowest water corrosion temperatures, 274 �C and 360 �C. For Fig. 8,
oxides that have just undergone transition and with roughly the
same oxide thickness are compared for four samples at two
corrosion temperatures (274 �C - blue and 360 �C - green), which
demonstrate the consistency of the observations. While the
monoclinic grain size increases with distance from the metal-oxide
interface, the tetragonal grain size decreases to a size of ~15 nm,
again consistent with a transformation of the large tetragonal
grains to monoclinic when they are above a certain size and are
away from the metal-oxide interface. It is also seen that the
monoclinic grains are larger for oxide layers formed at the higher
corrosion temperature while the tetragonal grain size is
unchanged.
3.2. Tetragonal phase fraction

As shown in Equation (2), the tetragonal phase fraction calcu-
lation is based on the areas of three oxide peaks, (101)t, (�111)m,
and (111)m. These peaks are typically observed at approximately
the same c angle on the diffraction patterns, (indicating they are
aligned with one another). It has been proposed that the c angle
(such as observed in the diffraction pattern in Fig. 6) at which these
peaks were typically observed is determined by a preferred
orientation of the oxide to reduce stress. The preferential oxide
orientation has been previously shown to have anywhere from the
(�301)m to the (�601)m planes parallel to the oxide growth di-
rection [29]. This is reasonably close to the orientation of the
(200)m plane and consistent with the observations in this study.
The observed c angle of the (101)t, (�111)m, and (111)m peaks is also
consistent with this determination. The (101)t peak normally
Fig. 8. Grain size calculated from the broadening of the (111)m and (101)t oxide peaks versus
the different behaviors of the oxide phases near the interface. The intensity of the tetragona
in measurements.
appeared aligned with the (111)m and (�111)m peaks on the
diffraction patterns. Fig. 9 shows a sketch of the preferred orien-
tation of oxide growth and the resulting characteristic diffraction
signal at specific c angles for five oxide peaks. Thus, the results
confirm previously proposed crystal structure alignment of the
monoclinic oxide relative to the metal. The oxide layer crystal
orientation and texture was observed to be the same for oxide
layers formed during corrosion of the two different metal textures.
Although there were only a few samples examined with the
different metal texture, and not enough for a conclusive determi-
nation, this would suggest that the developed oxide texture is not
strongly dependent on an oxide-matrix orientation relationship,
although some work has suggested a relationship between metal
texture and the corrosion rate of the oxide formed on a particular
grain [30].

The zirconium oxide tetragonal phase fraction, fT, was calculated
for every diffraction pattern obtained using Equation (2). Fig. 10
shows fT as a function of distance from the metal-oxide interface
for five scans obtained from different samples corroded at a range
of temperatures from 274�C to 400 �C and a variety of oxide
thicknesses. To understand these results it is necessary to consider
the possible causes of the variation in fT. Previous research has
shown that the apparent variation in fT observed in a thick sample
distance from the metal-oxide interface for four Zircaloy-4 samples; illustrated here are
l phase is lower near the oxide-water interface, occasionally leading to more variability



Fig. 10. (a)e(f) Calculated tetragonal fraction in oxide layers formed on recrystallized alpha-annealed Zircaloy-4 samples corroded in water and steam from 274 �C to 400 �C against
distance from metal-oxide interface.
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with many transitions was caused by a variation in oxide texture,
causing the diffracted intensities to show an apparent variation [9].
This was not the case in this work as the integration arc was more
comprehensive than in the previous study and the oxide layer
texture variations did not influence the calculated tetragonal frac-
tion. The oxide texture observed was similar to previous observa-
tions and thus the c range of ~110� did not influence the results
[9,10,14]. It is also possible that the tetragonal phase is stabilized by
different factors such as stress, grain size and composition which
might vary with distance from the metal-oxide interface. These are
discussed below.

More importantly, it is relevant to ask the question as to why
study the oxide tetragonal fraction. The motivation to study it in
this work was that it could serve as an indicator of stress present.
That is, in the absence of other factors, and assuming that the stress
present at high temperature is still present when the oxide is
cooled down to room temperature for examination, the higher
tetragonal fraction can be correlated to a presence of a higher
compressive stress, for example at the metal-oxide interface.

For the samples examined, it was consistently observed that: (i)
the calculated fT using Equation (2) was highest at the metal-oxide
interface and (ii) in most scans fT varied within the oxide layer away
from the metal-oxide interface. Both of these observations have
been previously reported [9,14,31]. The results of the calculations
suggest that a minima and maxima in fT occur in the oxide, which,
based on the periodicity, matches what would be expected from a
sample going through kinetic transition oxide growth cycles. The
calculated fT are similar for samples corroded inwater and in steam.
The average fT among all samples at the metal-oxide interface is
approximately ~0.15, decreasing to between 0.05 and 0.1 at a dis-
tance above 1.5e2 mm from themetal-oxide interface. Note that the
fT decreases in the region near the metal-oxide interface where the
tetragonal grains are transforming tomonoclinic grains as shown in
Fig. 8.

In order to better understand the behavior of the tetragonal
phase in the oxide, particularly the variation within an oxide
transition (which can change the value of fT at the metal-oxide
interface), it is useful to plot fT as a function of distance from the
oxide-water interface to highlight the behavior of the tetragonal
phase when the oxide layer is first formed. Fig. 11 shows a plot of
the overall average fT from all samples, the average fT from only
360 �C corroded samples, and the average fT from an individual
360 �C corroded sample at each position as a function of distance
from the oxide-water interface. As can be seen, regardless of
averaging, the samples show similar behavior. Thus the plot in
Fig. 11 is essentially a summary of the data in Fig. 10, that is, a high
tetragonal fraction near the interface and an increase in fT in the
oxide before the kinetic transition.

The approximate location of the oxide kinetic transition is
highlighted in Fig. 11 by the blue box. As can be seen, in the oxide
layer formed right after the oxide kinetic transition the tetragonal
fraction increases as the oxide grows towards the next transition
and the maxima for each period occurs just prior to the approxi-
mate transition locations. With the caveats noted above, it is pro-
posed herein that the tetragonal fraction determined can be used as
a record of what the stress at the metal-oxide interface was when
the oxide was formed. Thus, the rise in the tetragonal fraction to-
wards the transition point would then be explained by an increase
in the stress at the interface as the oxide layer grows. The dip at the
transition is thought to be caused by stress relief from plastic
deformation and oxide cracking occurring at transition. The
resulting stress relief could allow the tetragonal phase to transform
to the monoclinic.

The in-plane stress of the tetragonal phase oxide correlates with
the fT calculated as a function of distance from the oxide-water
interface, as shown by Swan et al. [31] (see Fig. 10 in Ref. [31]).
This is consistent with the observations in this work, where the
tetragonal fraction peaks just prior to transition (and there is higher
in-plane compressive stress for the tetragonal phase) and then dips
tominimawhere the cracking in the oxide has relieved the stresses.



Fig. 11. Average tetragonal fraction as a function of distance from the oxide-water interface for Zircaloy-4 samples; the blue box shows the approximate location in the oxide layer
where the oxide kinetic transition is expected to have taken place, and the orange box shows the location of the oxide-water interface. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

Fig. 12. Average tetragonal fraction in oxide layers formed at different temperatures as
a function of distance from the metal-oxide interface for Zircaloy-4 samples; a rolling
average over six measurements was used to create these curves.
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It is hypothesized that the amount of tetragonal phase that forms at
the metal-oxide interface increases as transition is approached due
to increased oxide growth induced stresses in themetal. Away from
the interface, the stresses are lower (but not zero) and some
amount of the tetragonal phase transforms to the monoclinic
phase. The remnant tetragonal phase left is thus higher for oxide
formed closer to transition. However, at the location of the lateral
cracking, the stresses are completely relieved and more tetragonal
transforms to the monoclinic than away from the cracking. The
remnant tetragonal phase fraction observed in fossil oxides is
characteristic of this process.

As noted above, the tetragonal phase can also be stabilized by
alloying elements and grain size. For these autoclave samples,
without exposure to irradiation, the alloying element concentration
remains fairly uniform during oxide growth. The alloying elements
and small grain size likely provide a background level of tetragonal
phase upon which stress can add, since tetragonal phase oxide is
observed also in low stress locations. Grain size has previously been
linked to tetragonal phase observations [9,23], particularly when
the corrosion rate, and thus nucleation rate of new oxide grains, is
high. While we have seen some evidence for a higher tetragonal
fraction formed at the oxide-water interface in this work (Figs. 10
and 11), the stress stabilization of the tetragonal phase evidenced
by the correlation between in-plane compressive stress and the
calculated fT suggests that stress is the dominant contributor to
tetragonal phase formation. Finally, variations in diffraction peak
intensity due to oxide layer texture could also contribute to varia-
tions in the tetragonal phase fraction, but this does not appear to be
the case in this instance.

Fig. 12 shows a plot of the average fT for different temperatures
as a function of distance from the metal-oxide interface. The
tetragonal fraction does not significantly change with corrosion
temperature. If corrosion at higher temperatures occurs following a
similar mechanism, only faster, then the data suggest that a higher
corrosion rate seen at higher temperature does not necessarily
imply a higher tetragonal fraction.
Fig. 13. Zirconium fluorescence for all eleven scans across the oxide in sample H1187R
(360 �C, 3.03 mm, Zircaloy-4); each scan is separated by 0.5 mm, step size across the
oxide (vertical) is 0.25 mm; metal-oxide interface is drawn as a black line.
3.3. Diffraction and fluorescence map on Zircaloy-4 sample

To quantify the extent of possible lateral variations in the oxide
structure examined, in some of the specimens, scans were set up to
sample various locations in the oxide to evaluate the
reproducibility of the oxide characteristics measured. Analysis
showed that the relative intensities of monoclinic oxide peaks
(which relate to oxide orientation), tetragonal phase fraction, and
grain size were similar from scan to scan, i.e. the measurements
were reproducible. To determine if this effect was consistent on a



Fig. 14. Average tetragonal phase fraction for all eleven scans across the oxide in sample H1187R (360 �C, 3.03 mm, Zircaloy-4); the red area is the range for the edge of the sample.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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local scale (i.e. for the oxide layer grown within a single metal
grain), a fluorescence map was acquired on one cross-sectional
sample consisting of 11 scans set at 0.5 mm apart along the metal-
oxide interface and 0.25 mm steps across the oxide. The sample,
H1187R (Zircaloy-4, 360 �C, see Table 1), was chosen for its rela-
tively small oxide thickness (3.03 mm), previous experience in ex-
periments, and analysis of the sample that provided assurance in
the potential success of the map. The Zr fluorescence intensity is
shown in Fig. 13.

The Zr fluorescence map shows the location of metal (bottom-
red), oxide (yellow-middle/top), and edge of the sample (blue-top).
Additionally, the metal-oxide interface is drawn on the map and is
consistent with normal interface variation for this sample. The
calculated tetragonal fraction across the layer is similar for all scans
and follows the pattern of Figs. 10e12. The average fT for the map
was calculated and is shown in Fig. 14. Similar to Fig. 10 the fT is
highest at the metal-oxide interface with a local maximum in the
oxide formed just prior to transition.

Fig. 14 shows: (1) a maximum of the tetragonal fraction at the
interface, (2) a slight increase in the tetragonal fraction at the outer
surface (far right), and (3) a local maximum in the oxide formed just
prior to transition followed by a local minimum at transition,
similar to what was shown in Fig. 10. Additionally, it is noteworthy
Fig. 15. Tetragonal phase fraction at the metal-oxide interface plotted as a function of
oxide thickness for all eleven scans across the oxide in sample H1187R (360 �C,
3.03 mm, Zircaloy-4).
that if the tetragonal fraction is plotted as a function of the oxide
thickness, such as in Fig. 15, it is observed that there is a correlation
between the thickness of the oxide and fT.

Higher stresses at the metal-oxide interface stabilize the
tetragonal phase, particularly larger sized tetragonal phase grains,
which lead to the observations on grain size fT reported in section
3.1 above. As transition is approached and oxide growth stresses
build up, it would follow then that there would be more tetragonal
phase grains stabilized at the metal-oxide interface than in a sec-
tion of the oxide layer formed earlier in a transition cycle. Thus, the
observations in Fig. 15 that there is a higher fT in the oxide near the
interface for locations of thicker oxide (and presumably closer to
transition) is in agreement with the proposition that closer to the
oxide transition more tetragonal phase oxide is formed due to the
increased stresses present at themetal-oxide interface at that stage.
The tetragonal fraction could therefore be used as a record of stress
at the metal-oxide interface when the oxide formed.

The observation in Fig. 15 could also be caused by the local
heterogeneities in the distribution of the alloying elements (such as
Sn). Sn would locally strengthen the metal, thereby causing lower
stress accommodation from oxide growth, which could subse-
quently lead to the formation of more tetragonal phase. Addition-
ally, it could chemically stabilize the tetragonal phase. This
relationship between fT, alloying element concentration, and stress
should be studied in more detail.

Fig. 16 shows diffraction patterns and integrated areas of the
three oxide peaks contributing to the fT calculation (arrowed) in a
scan of higher fT (thicker oxide) and a location of lower fT (thinner
oxide). It is clear from Equation (2) that a high fT can be achieved
either by a relatively low intensity of monoclinic peaks or a higher
intensity of the tetragonal peak. Fig. 16 shows that the high fT near
the interface is caused by a low value of the monoclinic peaks while
that near the transition is caused by a high value of the tetragonal
peak.
4. Conclusions

In order to better understand the structure and texture of the
oxide layers formed on samples of Zircaloy-4, corroded at a range of
temperatures (274�Ce427 �C), cross-sectional specimens of oxide
layers were examined at the APS using microbeam XRD and XRF in
reflection geometry. Results are generally in agreement with pre-
vious observations of oxide layers, but provide more detail. The
major conclusions are listed below:



Fig. 16. - Comparison between two scans of sample H1187R (360 �C, 3.03 mm, Zircaloy-4), one with a high fT and one with a low fT. On top are diffraction patterns and on the bottom,
is the integrated intensity of the diffraction peaks as a function of distance from the metal-oxide interface. As can be seen, the difference in fT comes from a difference in both the
intensity of the tetragonal and monoclinic phases.
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Synchrotron XRD-Oxide Orientations
- Both monoclinic and tetragonal phases were identified in the
oxide examined. The primary diffraction peaks corresponding
to themonoclinic phase observedwere the (111)m, (111)m, and
the peaks in the {200}m family. Only one diffraction peak
corresponding to the tetragonal phase was observed consis-
tently, the (101)t. The orientation of the corresponding peaks
in the crystal structure of the growing oxide is consistent with
a preferred orientation, characterized by monoclinic grains
with the (200)m plane approximately parallel to the metal-
oxide interface, the (020)m and (002)m planes perpendicular
to the metal-oxide interface, and the (111)m, (111)m, and (101)t
oriented close to a 45� angle with the metal-oxide interface.

- Evidence of the suboxide phase Zr3O was observed, predom-
inantly near the metal-oxide interface.
Grain Size

- The monoclinic oxide grain size calculated from the broad-
ening of the diffraction peaks increased with corrosion tem-
perature, while the tetragonal grain size did not.

- The observation that the tetragonal oxide grain size does not
increase with corrosion temperature is in agreement with the
idea that when a critical size is reached the tetragonal grains
transform into the monoclinic grains (when no longer stabi-
lized by high stresses near the metal-oxide interface).

- The monoclinic phase grain size is smaller at the metal-oxide
interface.

- No effect of metal texture on oxide grain size was observed in
the limited number samples examined in this study.

Tetragonal Phase Fraction
- The calculated tetragonal fraction decreases away from a
maximum at the metal-oxide interface, with local maxima
near the points of the oxide transitions. This variation in
tetragonal phase was linked with stress in the oxide.

- The tetragonal fraction does not change significantly with
corrosion temperature.

- Within a given oxide kinetic transition cycle, the tetragonal
fractionwasobservedtohaveasmallbutconsistent increasewith
the local oxide thickness for one sample over a width of 5 mm.
Data availability

The raw and processed data required to reproduce these find-
ings cannot be shared at this time due to technical or time
limitations.
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