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Abstract:

Hydride precipitation at the metal/oxide interface is frequently proposed as a cause for
corrosion acceleration of Zircaloy-4 at high burn-up in pressurized water reactors (PWR). In order to
identify the local mechanisms possibly involved, the nanostructure of oxides formed on massive
zirconium hydrides and on reference Zircaloy-4 has been studied with an innovating grain mapping
technique in transmission electron microscopy (TEM).

In autoclave PWR conditions, the presence of a hydride phase, previously formed by cathodic
charging technique at the surface of Zircaloy-4, clearly increases the corrosion rate, and a higher
oxygen diffusion flux along oxide grain boundaries is observed, compared to the reference Zircaloy-4.
The texture, grain size and grain boundaries misorientation in the oxide layer were studied in detalil
along the direction of the oxide growth using an automated crystal orientation mapping technique
associated with a TEM for both pre-hydrided and reference Zy4 samples. The texture in the growth
direction is similar on pre-hydrided and reference samples, but the grain-to-grain misorientations show
differences. Indeed, on the pre-hydrided sample, the misorientation of 90° with respect to [001]
monoclinic axis is less probable than in the reference oxide, and more misorientations of 60° and
140°, corresponding to larger mismatches between neighboring grain boundaries, are observed. A
smaller average diameter of the columnar monoclinic grains was also clearly revealed for the oxide
grown on the pre-hydrided sample, which leads to a higher number of diffusion paths for oxidizing
species. These results are discussed and used in a zirconium oxidation dedicated simulation code that
was developed to take into account the oxygen diffusion flux through the polycrystalline microstructure
of the oxide layer as a function of the grain size.



Introduction

Zircaloy-4 alloy is widely used in Pressurized Water Reactors (PWR) as nuclear fuel cladding material
because of its good overall properties: mechanical behavior, low thermal neutron absorption and
satisfactory corrosion resistance. In primary water conditions, around ~ 320°C and 155 bars, the
cladding tubes are gradually corroded and hydrided from the hydrogen of the water involved in the
oxidation process. According to micro-beam synchrotron analyses [1,2], the oxide first nucleates in the
metastable tetragonal phase, stabilized by a small grain size (5 to 25 nm) and compressive stresses
at the metal/oxide interface [3,4,5]. A non-protective oxide layer of few hundred nanometers grows
quickly with equiaxed grains and porosity [5,6]. The diffusing species migrate to the oxide/metal
interface through the short circuits inside the oxide layer [7]. Next, the most favorable oriented grains
which minimize the planar stress grow faster to become columnar with {001} tetragonal planes parallel
to the interface [8,9]. Beyond a critical size, the martensitic shear relaxation transforms the tetragonal
grains into the monoclinic phase maintaining the same orientation. Most of the investigations with X-
ray diffraction (XRD) and transmission electron microscopy (TEM) revealed that the monoclinic oxide
adopts a strong fibre texture where the (10m) planes are parallel to the sample surface, with m =
2;3;4;5;6 [4,9-12]. The highly oriented protective columnar grains limit the diffusivity of oxygen through
the oxide layer and slow down the corrosion kinetics. After columnar grains reach a critical length, their
growing is stopped due to stress accumulation [1]. On Zircaloy-4 alloy, TEM observations report a
columnar grain width between 10 to 40 nm and a length range of 80-300 nm [3,5]. Other new layers of
columnar grains grow until the stress accumulation leads to the formation of pores and cracks which
break the protective properties of the layer to the corrosive species. Then, the first corrosion kinetic
cycle is over and a new cycle starts quickly with equiaxed grains first followed with new protective
columnar grains. In PWR, one cycle corresponds to an oxide layer thickness of about 1.8-2 pm on
Zircaloy-4 [13]. The corrosion process adopts a cyclic behavior until a threshold close to 30-40
GWd/tU then the corrosion is accelerated [14]. Several potential factors have been proposed as
responsible for this acceleration, like the dissolution of the Zr(Fe,Cr)2 precipitates under irradiation
[15,16]. The tin content has also a strong effect on the onset of the high burn-up corrosion
acceleration, the accelerated threshold being delayed with a lower tin concentration [14,17]. The last
major factor is the hydride precipitation in the metal and its accumulation at the oxide/metal interface.
As it was highlighted after 2 cycles in PWR [18], the corrosion kinetic is strongly accelerated on a
defective fuel rod containing a hydride rim.

Over a threshold, the precipitation of massive hydride accelerates the corrosion kinetics, thus the
hydrogen absorption, and it weakens the cladding tubes which are the first containment barrier to
fission products. These reasons lead to formally evaluate the hydride effect on the corrosion kinetics.
In autoclave, the presence of massive hydride leads to an acceleration of the corrosion kinetics by a
factor of 2-3 [19], rather than a factor of 5 in PWRs [14]. The same observation was reported from
Garde [20] who attributes the start of the acceleration to the reach of the hydrogen solubility limit, and
then to the hydride precipitation close to the oxide/metal interface. In reactors, Zr-2.5Nb alloys do not
usually suffer corrosion acceleration, but some corrosion experiments (in water at 350°C) performed
on pre-hydrided Zr-2.5Nb samples also led to a higher corrosion rate [18]. To explain the corrosion
acceleration, several authors proposed an impact of the Zr-matrix volume expansion on the
precipitation of hydrides which changes the mechanical equilibrium [20,21]. Therefore , Bossis et al.
[13] noted the presence of significant crack-free veins in the oxide associated to a much finer crack
distribution on highly oxidized claddings in PWR. And Kim et al. [18] suggest that a weaker stress,



which affects the tetragonal to monoclinic phase transformation, induces more defaults in oxide. The
corrosive species would diffuse easier through the oxide towards the interface.

In simulated PWR conditions, Tupin et al. [22] indicated the presence of a sub-oxide ZrzO layer
between the oxide and hydride layers on Zircaloy-4 whithout any significant change in the oxide
microstructure according to conventional TEM observations. An apparent diffusion coefficient of 2.8 x
1015 cm?/s was calculated from diffusion experiments at 360°C in oxide layers formed on pre-hydrided
samples instead of 1.6 x 101> cm?s on reference, corresponding to a 1.8 comparative ratio. They
supposed that oxide grains grown on pre-hydrided samples may have higher misorientation angle,
which could lead to a larger intergranular space for short-circuit diffusion. However, though several
TEM studies were carried out to study the hydride effect on the corrosion film, none of them clearly
showed a modification of the oxide microstructure.

In the framework of these previous studies, this paper investigates the influences of the oxide
microstructure and texture on the oxygen diffusion through the oxide layer formed on massive
hydrides, in the pre-transition stage. The grain size distribution, the texture formation and the
misorientation angle between adjacent grains are compared between the reference and the pre-
hydrided Zircaloy-4 samples corroded by Tupin [22] in simulated PWR conditions. The oxide grains
are characterized by TEM with the automated crystal orientation mapping technique referred as
ASTAR™ [23]. This is the only tool able to index each grain with a width range between 10 to 40 nm,
which is over the limit of the EBSD technique on SEM. This investigation is performed on FIB lamellas
cut parallel to the oxide-metal interface. Indeed the in-plane analysis is more favorable to study with a
good statistic the grain boundary properties controlling the diffusion of the oxygen species, than on
cross-sectional samples. To complete, oxygen diffusion simulations using Cast3M are carried out
according to the grain size distribution actually measured and compared to the oxygen diffusion
variations from experiments between pre-hydrided and reference oxidized samples.

Experimental procedures and Materials

Materials

The materials are sheets 0.425 mm thick of Zircaloy-4 provided by AREVA NP, recrystallized at
700°C. The average grain size is about 10 um [24] and the chemical composition is described in Table
1. This work study two samples. The first one, named Zy4, is used as a reference and the second,
named Zy4-h, was hydrided on both sides of the Zircaloy-4 sheet. A cathodic charging technique was
performed to precipitate a 8 um layer of 5-ZrHies phase on the surface of the specimen. The hydriding
protocol was developed by EDF R&D [19]. The microstructural analysis confirmed that a compact
layer of hydride precipitates on the sample surface [22].

TABLE 1 - Composition of addition elements in Zircaloy-4 alloy.

Alloying elements Sn, % Fe, % Cr, % O, % H, wt.ppm

Zircaloy-4 1.46 0.22 0.11 0.13 21




Corrosion tests

Both samples were corroded in static autoclave with light primary water at 360°C and 18.7 MPa. The
water chemistry was composed of 1000 wt.ppm of boron and 2 wt.ppm of lithium prepared using boric
acid and lithium hydroxide. Zy4 and Zy4-h were respectively oxidized during 28 days and 14 days in
order to form an equal thickness of oxide in the pre-transition phase. The fractography of the final
oxidized Zy4-h sample (Fig. 1) confirms the precipitation of a massive and brittle hydride on the ductile
Zircaloy-4 substrate, covered with a homogeneous oxide layer. The kinetic curve of the pre-hydrided
Zircaloy-4 sample was analyzed and compared with the reference [22]. Fig. 2 clearly highlights the
impact of the presence of a massive hydride on the corrosion rate of Zircaloy-4, with an acceleration
factor close to 1.8. After 14 days in PWR conditions, the oxide layer grown on Zy4-h is estimated from
weight gains to be 1.2 um while the oxide thickness is 1.3 um on Zy4, after 28 days. This detrimental
role of a massiv hydride layer on the corrosion rate was previously shown by Blat [19,21] and Tupin
[22]. Both samples were additionally exposed during 24 hours to the same autoclave conditions but
with water containing oxygen isotope (20% vol. of H2'80) in order to analyze the 80 diffusion profiles
and to compare them with Cast3M simulated profiles function of the grain size parameter.
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FIG. 1 — SEM fractography of the Zy4-h surface after cathodic charging and corrosion during 14 days
in simulated PWR conditions.
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FIG. 2 - Corrosion kinetics curves of reference (Zy4) and pre-hydrided (Zy4-h) Zircaloy-4 samples
corroded in static autoclave with light primary water at 360°C and 18.7 MPa. The water chemistry was
composed of 1000 wt.ppm of boron and 2 wt.ppm of lithium.

TEM samples preparation

The TEM analysis is performed on transparency samples to the electron beam. That requires a careful
thinning below 100 nm, without changing the sample properties. The FIB sample preparation
technique was chosen to locate area of interest with a few tens of nanometers. The dual beam
FIB/SEM system used is a FEI Helios 650 NanoLab microscope, equipped with a gallium ion source
operating in the accelerating-voltage range from0.5 to 30 kV.

Samples were prepared in plane-view for three main reasons: 1- To study the oxide grain boundaries
parallel to the direction of diffusion elements across the ZrO: layer, then boundaries controlling the
diffusion kinetic. 2- To scan a wide zone of interest having the same properties in the part of the layer
controlling the diffusion rate. 3- To cut the columnar grains in their width orientation which minimize the
overlapping of two grains across the FIB foil thickness close to 100 nm.

After protecting the oxide surface from damage due to the ion irradiation, a large wedge of material is
taken off from the specimen and next rotated by 90° before being fixed onto the TEM grid. Both sides
of the plane-view sample are then milled using decreasing ion current. The finished FIB lamellas are
transverse cuttings of the columnar oxide grains, located 1 um + 0.1 um above the oxide-metal or
oxide-hydride interfaces for both oxidized samples Zy4 and Zy4-h. The bright-field TEM images in
Fig. 3 show the entire analyze area of the FIB foils Zy4 and Zy4-h. The foil thickness of Zy4 is
homogeneous and close to 60 nm but the thickness of the Zy4-h lamella varies between 65 nm and 45
nm, from top to bottom. The thinnest region of the Zy4-h sample show slight light striations on the
surface only, they are due to ion channeling during the FIB preparation but not affect the phase
orientation indexing as viewed below.



FIG. 3 - Bright-field TEM images of the FIB thin areas taken about 1 um away from the oxide/metal
interface, in the oxide layer formed on a) Zy4 and b) Zy4-h. The scanned regions with TEM are
delineated with white dots.

Crystal orientation mapping tool on TEM

The orientation mapping microscopy was performed on a FEI tecnai 30 G2 TEM equipped with a LaBe
gun at an operating voltage of 300kV. The Automated Crystal Orientation Mapping (ACOM-TEM) is
done with the ASTAR™ tool provided by NanoMEGAS [23][25]. This tool is similar to an usual EBSD
(Electron Back-Scatter Diffraction) in scanning electron microscopy (SEM), with a higher sensitivity to
lattice parameters and a better the spatial resolution (5 nm with ACOM-TEM against 40 nm with
EBSD). The last mentioned advantage is less true, since the EBSD technique is used in transmission
geometry [26], the spatial resolution of 10 nm can be achieved. The ACOM-TEM technique combines
the nano-probe scanning approach with an external camera to record the corresponding spot
diffraction pattern of the scanned area. The crystal orientation and/or crystal phase are indexed by
comparing the collected patterns with a complete set of calculated patterns. This set of theoretical
patterns corresponds to all of the simulated electron diffractograms of the expected phases taking into
account the crystal symmetries. The degree of correlation is calculated between the experimental
pattern and the matching simulated pattern, and provides a map of matching indexes where grain
boundaries appear with a dark contrast because of a low correlation value. The validity of the
proposed orientation or phase is defined by the ratio of the matching indexes between the two best
solutions. This ratio is called "reliability".

In this investigation, orientation maps of the ZrO2 monoclinic phase are studied. They are filtered with
a value of reliability above 15 as defined in literature [26]. The theoretical templates of the ZrO:2
monoclinic structure are generated with the following cell parameters: a = 5.15 A; b = 5.21 A;
¢ =5.32 A; B =99.22° [27]. The beam size was minimized to 9 nm with a condenser aperture of 50 pum.
The thin samples are scanned with a step of 5 nm and an acquisition rate of 6 frames per second. This
relatively low speed result from the low current beam from the LaBs gun compared to a field emission
gun. The scanned area covers 6.4 x 4.2 pym? on Zy4 and 6 x 5.2 um?2 on Zy4-h. This study
corresponds to more than one million electron diffraction patterns registered and exploited for each
sample. After acquisition and exploitation, the orientation maps are analyzed with the HKL Channel5
software of Oxford Instrument.



Modelling of the oxide microstructure (numerical microstructure)

The microstructure of the oxide scale is modelled from a two-dimensional Voronoi diagram of a
0.5x0.5 pm? square with Cast3M!?, the finite element tool box from CEA. A Voronoi diagram is a
mathematical decomposition of space with a random set of points, called germs. Each point is a vertex
in the Delaunay triangulation. Vertices of the 2D-Voronoi diagram are the centers of the circumscribed
circles of the Delaunay triangles. The edges of the Voronoi diagram are the perpendicular bisectors of
the Delaunay triangulation. The polyhedra thus built are called Voronoi cells. The quantity of germ
points defined the average equivalent diameter of Voronoi cells. Fig. 4a shows the example of a so-
call Voronoi diagram with 50 cells.

Xg

(a) (b)

FIG. 4 - Example of creation of a numerical microstructure with 50 grains : a) Voronoi diagram of
0.5x0.5 pum2 square, b) mesh of the grains and the grain boundaries and c) final microstructure
obtained by extrusion with Zo axis parallel to the diffusion direction.

The columnar grains of zirconia are modelled by extruding the Voronoi cells in the third direction (Fig.
4c). Before the extrusion step, the grain boundaries are explicitly built with a thickness of § using the
following procedure. In each Voronoi cell, called mother cell, the same somewhat smaller cell, called
daughter cell, is created. This daughter cell is created from the displacement of the points P(xp, yp) of
each edge w; of the mother cell such as:

6
aixp + by, < > VP(xp,yp) € w; Q)

with n;(a;, b;) the unit normal vector of the edge w;, directed towards the inside of the mother cell. The
space between mother cells and daughter cells is considered to be a half grain boundary. The grain
boundary between two grains is thus formed by two half grain boundaries.

Finally, grains are meshed with linear tetrahedral elements and half grain boundaries with a layer of
linear prismatic elements (see Fig. 4b).

Post-process of diffusion simulation consists in cutting the numerical sample into 30 slices (of
individual thickness close to 17 nm) perpendicular to the diffusion direction. Nodal concentrations are
integrated in each slice and averaged by the slice volume. In this way, the diffusion profile can be
plotted and compared to experimental data.

1 www-cast3m.cea.fr



Results
Oxide grains nanostructure

The ACOM-TEM analysis of each sample was divided into two equal parts, plotted on Fig. 3, in order
not to exceed an acquisition time over 30 hours for each zone. The corresponding index maps (Fig. 5)
provide contrasted maps that highlight structural features on oxide planes parallel to the sample
surfaces, 1 um above the oxide/metal interface. The column oxide grains are usually described with
an elongated shape according to the growing direction and a more or less regular polygonal base on
the normal plane. According to the oxide index maps of Zy4 (Fig. 5a), the base shape is not correctly
described. The bigger grains seem elongated while the smaller grains have a more regular shape.
Fig 5b corresponds to the index map of the Zy4-h oxide layer. It clearly shows a smaller base size and
a lower size distribution of the oxide grains crystallized on Zy4-h than on Zy4.

The grain size distributions of Zy4 and Zy4-h oxides are quantified in Fig. 6 versus the area proportion.
They are extracted from the ACOM-TEM analysis. The statistic takes into consideration the indexed
grains according to the ZrO2 monoclinic phase, with reliability above 15 [26] and a misorientation
angle above 10° to discretize adjacent grains. The oxide grain base is assumed to be a disk, to extract
the grain diameter histograms of Zy4 and Zy4-h. The values below 15 nm are not considered to limit
the potential errors resulting from the thick FIB foil of 60 nm with the use of the 9 nm beam size. Fig. 6
confirms the smaller size range of Zy4-h including over 50% of oxide grains below a diameter of 40 nm
and 90% less than 110 nm. Average grain diameter is 27.8 nm. As a comparison, on Zy4 reference,
50% of oxide range from 15 to 75 nm and the size dispersion continues over 250 nm, in agreement
with the largest distribution of grain size observed on Fig. 5a. The grains over 250 nm in size are in
fact composed of several sub-grains with grain boundary misorientations lower than 10°. The
corresponding average grain diameter is 34.6 nm, 24% larger than the average diameter on Zy4-h.
This average is consistent with the literature (10-40 nm) [3,5] and valid the accuracy of the
methodology. Around 9000 oxide grains were identified on Zy4 sample and close to 15000 grains on
Zy4-h sample, which provides a high statistical analysis that could never have been achieved with
conventional TEM. On the hydride sample, the microstructure of the oxide layer shows a higher grain
number density, thus diffusion paths corresponding to grain boundaries are denser. Therefore, the
grain boundary surface fraction (f) were calculated for a hexagonal grains geometry with an
intergranular space of 6= 0.5 nm. The surface fraction of a hexagonal cell is given by f = 26/a+/3 with
a corresponding to the edge length. From the grain size distribution, the a length is deduced for each
grain diameter, converting the circular base to the equivalent hexagonal area. The surface fraction of
oxide grain boundaries are calculated by integrating grain sizes weighted of their surface fraction. On
both both samples Zy4 and Zy4-h the results are f;,; = 0.018 and f;¢3_, = 0.029. According to the
diffusion direction, the grain boundary surface fraction f is 60% higher on hydride (Zy4-h) than on
reference (Zy4). Furthermore, this ratio could be greater if the oxide grains with a width smaller than
15 nm were integrated in the distribution.






Fig. 5 - Correlation index maps of oxide planes grown on a) Zy4 and b) Zy4-h samples, 1 um above
the oxide/metal interface, which is delimited on TEM images (Fig 3) with a dashed rectangular.
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Fig. 6 — Grain size distribution of columnar grain width grown on Zy4 and Zy4-h, in area percentage.
Oxygen diffusion simulation

To determine impacts of a smaller grain size on corrosion kinetics and to associate it with the diffusion
coefficient ratio, simulations of 180 diffusion are performed through numerical microstructures
according to the measured average grain diameter of Zy4 and Zy4-h oxides, respectively 34.6 and
27.8 nm. The thickness of the grain boundaries is arbitrary set at 0.5 nm. Fig. 7 shows the numerical
samples of Zy4 and Zy4-h, with the (yo,Xo) plane normal to the diffusion direction zo of species. The
volume of each numerical sample is 0.5x0.5x0.5 pm2. The numerical sample of Zy4 consists of 250
grains and the numerical sample of Zy4-h consists of 380 grains. Fig. 8 and Fig. 9 respectively show
the grain size distributions and the grain boundary thickness distributions obtained for the numerical
samples of Zy4 and Zy4-h. The grain size distributions have Gaussian shape which the mean
diameter is y = 34.6 nm and the standard deviation o = 6.2 um for numerical Zy4 and p = 28.0 nm and
o = 4.5 um for numerical Zy4-h. The grain boundary surface fraction is respectively 0.030 and 0.038
which represent a difference of 26% between the two numerical samples.
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180 diffusion is simulated using a Fick diffusion model. The volume diffusion coefficient of oxygen is
set at 1x10-16 cm?/s and the grain boundary diffusion coefficient of oxygen at 1x10-13 cm?/s (preferential
diffusion through the grain boundary). The initial and boundary conditions are as follows. The 80
concentration field is initially zero in the numerical microstructure:

C=C,=0 att=0 (2)
At t > 0, the 180 concentration is prescribped on the nodes of the surface S (equation of the
plane z = 0.5) to a value of Cs:



C

C_s=1 onSatt>0 (3)
The 180 diffusion is simulated during 24h with a time step of 0.24h. Fig. 10 shows the
180 concentration profiles after diffusing for 6 hours through numerical samples. As expected, for the

same time of diffusion, the 0 penetration is more important in numerical Zy4-h than in numerical Zy4.
By fitting the concentration profiles with the classical expression:

z
C(z) =(C,—C,) erf(—) + Cs 4
2,/Dgppt )

the 180 apparent diffusion coefficient is 3.1x10*® cm?/s in numerical Zy4 and 4.0x1015 cm2/s in
numerical Zy4-h. Thus the oxygen has an apparent diffusion coefficient 1.3 time higher in numerical
Zy4-h than in the numerical Zy4, which is consistent with the difference of grain boundary surface
fraction between the two numerical microstructures.

Sample were additionally exposed 24 hours in PWR autoclave environment with water composed of
20% of H2'80 to assess the oxidation mechanisms of the samples. Then the 2O concentration
profiles, previously published [22], were analyzed with the SIMS technique. They correspond to the dot
lines on Fig. 10. From this curves, the calculated apparent diffusion coefficient of 180 is 1.8 higher on
the pre-hydrided sample. The comparison between simulation and experiment oxygen profiles clearly
shows that the chosen diffusion coefficients for the simulation do not allow simulation to reproduce the
SIMS profiles. Indeed, the volume diffusion should be several orders of magnitude lowered to match
with the apparent diffusion coefficients calculated from experiments: 1.3x1015> cm?s in Zy4 and
2.4x1015 cm?/s in Zy4-h [24]. In this case, the gap between volume and grain boundary diffusion
coefficients would induce convergence issues with the solving algorithm of the finite element problem
of diffusion. As a conclusion, the simulation results show that the difference of average grain size
between Zy4 and Zy4-h is far from being the only factor to explain the 1.8 apparent diffusion
coefficient ratio between pre-hydrided and reference oxidized samples.
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Fig. 10 - Comparison between the simulated O concentration profiles after diffusing for 6h and the
experimental 8O concentration profiles obtained by SIMS after isotopic exchange for 24h [22]. The
dashed lines are the results of the fitting with the classical solution of the second Fick equation.

The oxide microtexture

Oxide microtexture is investigated from the ACOM-TEM acquisitions to study the impact of hydrides
precipitation on the oxide texture. The study takes into consideration indexed data points according to
the ZrO2 monoclinic phase, with reliability above 15 [26]. The points satisfying these conditions are
colorized on the corresponding maps of the Fig. 11 (Zy4) and Fig. 12 (Zy4-h), as a function of Euler
angles (¢1, @, $2) defining the monoclinic phase orientation of the columnar oxide grains, 1 um above
the oxide-metal interface. Then, the color scale allows to highlight areas where the crystallographic
orientations are close. Black regions are not indexed because of a lower orientation reliability than 15,
which does not guarantee good pattern identification. Next, the grains are discretized with a
misorientation angle above 10° [28], the corresponding grain boundaries are plotted as black lines on
Euler angle maps. According to the color scale, two main monoclinic orientations of oxide grains differ
on the Zy4 map, divided into two separate regions: left and right. On the left part, a majority of grains
are colored with a shade of magenta color which supposes a small disorientation between them. The
same is noted on the right part between colorful shades of yellow grains. On the oxide orientation map
of Zy4-h (Fig. 12), three areas are characterized with different color sets, one on the left of the picture,
named region A, another on the top-right (region B) and the third on the bottom right (region C).



Despite a more important not indexed surface region (black color) on the Zy4-h map, the orientation of

oxide grains can be analyzed.
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Fig. 11 - Orientation map of the transverse section plane

of oxide grains grown on Zy4 sample, 1 pm

above the oxide/metal interface, which is delimited on Fig 3a) with a dashed rectangular. Monoclinic
phase orientations are colored as a function of the corresponding Euler angles (¢1, @, ¢2).
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Fig. 12 - Orientation map of the transverse section plane of oxide grains grown on Zy4-h sample, 1 pm
above the oxide/metal interface, which is delimited on Fig 3b) with a dashed rectangular. Monoclinic
phase orientations are colored as a function of the corresponding Euler angles (¢1, @, ¢2).

The oxide textures of both samples are studied with the corresponding pole figures (PF) built from the
orientation maps. To compare with literature [4,9,11], the monoclinic ZrO: texture is studied on Fig. 13
as a function of the (111), (111) and (002) pole positions. The fact that each main pole is restricted to
the same polar angle indicates a fibre texture of the oxide grains, with a rotational freedom around a
particular direction. The polar angles are similar on both oxides formed on Zy4 and Zy4-h with various
azimuthal positions, meaning an equivalent growth direction. This fibre texture orientation of the
corrosion layer was expected according to the literature. Whatever the Zr alloys and the metal grain
orientations are, the corrosion process form a fibre texture with (10m) planes parallel to the sample
surface, m = 2;3;4;5;6 [4,9-12]. Moreover, the precipitated hydride on metal surface does not alter the
growth orientation of oxide grains as demonstrated with this study. The most expected growth plane is
(106) which occupy the smallest growth surface [11]. The corresponding PF series simulated by Li et
al. [11] are close to both oxide PF series obtained on Zy4 and Zy4-h. Fig. 13 also shows (002) poles
oriented to the 65°-70° polar angles with a low intensity, independent to the (10m) growth planes.
From the orientation distribution function (ODF) calculated with HKL software these additional poles



correspond to the (613) and (713) planes growing respectively on Zy4 and Zy4-h samples. They are
8° close to the minor (201) planes previously identified on recrystallized Zircaloy-4 [31].
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Fig. 13 — Pole Figures of the monoclinic oxide grains located 1 pm away the oxide/metal interface. The

(111), (111) and (002) poles are shown in color intensity levels. The (106) pole figure shows the pole

position of all indexed points with the ACOM-TEM method, the color legend correspond to the angular
deviation with (106), referred Fig. 14,15 and 16.

The (106) PF is added on Fig. 13 with a color scale function of the polar angle. The corresponding
grain positions are reported on the orientation maps of Fig. 14 with the same color scale of the (106)
PF, function of the deviation angle with the (106) fibre component. The intensity profiles of the (106)
PF function of the polar angle are distributed on Fig. 15 for both analyzed samples. According to the
maximum profile intensities, the (106) poles of the two samples are tilted ~15° from the growth
direction. The ODF analysis (not shown here) identifies a major growth plane close to (103) on both
reference Zy4 and hydrided Zy4-h samples. It could be noted that the analysis on TEM, after FIB
extraction and preparation do not ensure an ideal orientation of the sample with an electron beam
normal to the oxide/metal interface: a tilt error of 5° can be introduced. In the angle range of 5-20°, the
high intensity testifies of the good fibre texture quality of the two samples. On Zy4-h, there are also a
greater proportion of grains oriented away from the ideal conditions, close to 50-55°. It would
correspond to the monoclinic (201) deviated of 52° with (103). According to the PF (106) (Fig. 13),
these grains are randomly oriented around this texture component on Zy4-h sample. On the
orientation maps, colored function of the deviation angle to the (106) fibore component, the 50-55°
deviation angles correspond to the green grains (Fig. 14). On the pre-hydrided sample (Fig. 14b), the
corresponding oxide grains seem to be preferentially distributed on the top-right region, named region
B on Fig. 12, and to the interface between regions A and C. The (201) fibre texture is however more
uniformly distributed with the main texture component on reference Zircaloy-4 (Fig. 14a).

Previously, regions with different grain orientations were identified on Fig. 11 and 12, but the growth
direction is in the same texture orientation on all the FIB foil of Zy4 according to Fig. 14a. On the pre-
hydrided sample Zy4-h, the oxide texture is identical in each individual region A, B and C, but region A
is closer to the (106) fibre component than the two others deviated of ~10°.



Fig. 14 - Orientation maps of the monoclinic ZrO2 grains colored function of the angle deviation from
(106) fibre component of oxide foils a) Zy4 and b) Zy4-h.
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Fig. 15 - Intensity profile of (106) pole figure (Fig. 13) function of the polar angle for both Zy4 and Zy4-

h samples.



Grain boundaries component

From ACOM-TEM analysis, the HKL software allows to identify the misorientation angle between
adjacent grains around a mutual axe [hkl]. The corresponding misorientation angle distribution from
Zy4 and Zy4-h are compared on Fig. 16 with the disorientation directions written above the main
angles. More than 46000 scanned dots are identified as grains boundaries on Zy4 sample and about
70000 are indexed as grain boundaries on Zy4-h sample, which provides a good statistic to compare
both material properties. On both oxide layers from Zy4 and Zy4-h, the distribution highlights specific
misorientation angles reported on Table 2. On reference Zy4, 38% are twin boundaries rotated around
90° or 180° which are characteristic of the tetragonal-monoclinic transformation on zirconium oxide.
These particular angles limit species diffusion across the grain boundary due to a coherent alignment
of atoms. The frequency of these specific grain boundaries is lower between adjacent oxide grains on
pre-hydrided sample Zy4-h, they are replaced to less coherent misorientation angles in ranges 50° to
70° and 120° to 150°. They make up 32% of the total grain boundaries on Zy4 and increase to 44% on
Zy4-h. The atom alignment of these grain boundaries are less coherent which result in higher
intergranular space for oxygen diffusion. This higher proportion of desoriented oxide grain boundaries
(about 35% more on pre-hydrided) can therefore be a contributing parameter to the higher corrosion
kinetics in simulated PWR conditions.

Boundaries between indexed oxide grains are mapped on Fig. 17 for several misorientation angle
ranges: 50°-70° in green line, 85°-95° in red line and 120°-150° in blue line. Only half maps of the
scanned areas are shown for Zy4 and Zy4-h oxide samples. It can be noted a homogeneous
repartition of each range of grain boundaries on both maps, meaning that each large region of similar
grain orientations does not affect grain boundary properties inside and between them.
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Fig. 16 - Misorientation angle distribution of the monoclinic oxide grains boundaries from Zy4 and Zy4-
h. The corresponding disorientation directions are written above the main angles. The color ranges
(green, red and blue) on X-axis define grain boundaries mapped on Fig. 17.

Table 2 — Proportion (in pixel numbers) of the main ranges of misorientation angle between adjacent
monoclinic oxide grains, in Zy4 and Zy4-h samples.

o

Distribution (%)
Angular range
Zy4 Zy4-h
50° - 70° 12,6 15.2
85° — 95° 29,3 18,7
120° — 150° 19,7 28.4
170° — 180° 8,6 86
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Fig. 17 - Colored maps of oxide grain boundaries on a) Zy4 and b) Zy4-h samples, function of the
misorientation angle range. Only half maps of the scanned areas are shown, a) the left part of Zy4
sample and b) the right part of the Zy4-h sample.



Discussion
Oxide grain properties on Zircaloy-4

Many authors proposed an oxide growth mechanism on Zr alloys with a first step being the nucleation
of a metastable tetragonal phase. The tetragonal to monoclinic phase transformation is limited by
small grain size and perhaps an oxygen sub-stoichiometry and a compressive stress. Next the growth
of grains providing the smallest footprint is facilitated to limit the in-plane compressive stress. Beyond
a critical size, the elongated grains transform to monoclinic oxide which adopt a (10m) fibre texture
with m = 2;3;4,5;6, regardless of the Zr alloy or the initial substrate orientation. This is in agreement
with the (103) growth plane of the oxide grains studied 1 pm above the oxide-metal interface on Zy4
reference sample. Pole figures of Fig. 13 testify of a good fibre texture quality, homogeneous on all the
scanned area. The grain diameter average of 34.6 nm is consistent with the literature (10-40 nm)
[5,30] and valid the accuracy of the technique. However this first TEM analyses in the cutted plane
parallel to the oxide-metal interface reveal that monoclinic columnar grains may not have a so
systematic regular base shape as described previously. Indeed over 75-100 nm width, the drawn grain
boundaries on Fig. 11 and Fig. 14a delineate more elongated base shapes with a size ratio over 2:1.
According to the Fig. 17, this longer shape is always associated to a grain boundary misorientation of
90° around the [001] monoclinic lattice direction. It corresponds to the twin boundary £71b reported in
literature [4,31] with an exact misorientation of 90.81°, usually associated to the tetragonal-monoclinic
phase transformation [8,32]. These twin boundaries are parallel amongst themselves in Fig. 17 and
locally grouped together which suppose that tetragonal grains are split into monoclinic grains with an
elongated base shape twinned along (100) and (010) planes or (110) planes. Misorientations of
180°[101] and 180°[101] are other well-known twin boundaries (£1) of the monoclinic structure. With
271b, theses twin boundaries make up 38% of the total boundaries, they are markers of a high
concentration of grains grown with an initially tetragonal structure transformed in monoclinic phase.

Oxide grain properties on pre-hydrided Zircaloy-4

Despite the 8 um thick layer of 8-ZrHies hydride precipitated on the surface, the oxidation process
leads to the similar fiber texture of the monoclinic oxide grains with (103) parallel to the Zy4-h sample
surface. It confirms the texture development model of Li et al. [11], which describes that the texture
orientation mainly depends on the compressive stress rather on the substrate orientation. The
additional orientation maps (function of the Euler angles and the misorientation around (106) texture)
show that grains on Zy4-h are not randomly oriented in the directions parallel to oxide-metal interface.
On Fig. 12 dashed lines delineate boundary regions of Zy4-h with similarly oriented grains. Before FIB
milling, the SEM image of the sample surface (Fig. 18) reveals clearly the same boundaries
delineating grains of 4-5 um width which probably correspond to the grain footprints of Zircaloy-4
metal or hydride. Even if the matching stress at the oxide-substrate interface is the main factor
influencing the oxide texture orientation, the grain directions parallel to the interface still match with the
substrate lattices.



Fig. 18 — SEM Image of the Zy4-h sample surface before FIB milling. The dashed rectangular
delineates the surface of the oxide layer thinned and scanned 0.3 um deeper.

Away from the ideal orientation, a small proportion of grains is observed with (201) closely parallel to
the oxide-metal interface. This weaker fibore component was detected from Garner et al. [4,29] on an
oxide layer grown during aqueous corrosion of Zircaloy-4 sample. The orientation maps of the (103)
fibore component, acquired on a sample section normal to the oxide-metal interface, show a higher
concentration of this misorientation close to the metal [29]. That suppose that the (201) orientation,
parallel to the surface substrate could be more favorable than the (103) at the nucleation stage.
During the corrosion process, the compressive stress slow the grain growth with this orientation to
favor grains with a smaller footprint planes as (103). However, the (201) orientated grains may persist
away from the oxide-metal interface. The larger presence of these grains in Zy4-h, quantified at the
50-55° angular position in Fig. 15, suggests a lower compression stress than in the oxide layer of the
reference sample Zy4. Indeed, the high molar volume ratio between zirconia and o-Zr of 1.51
decrease to the 1.29 molar volume ratio between zirconia and ZrHies (PDF n°00-034-0649 [33]),
generating a lower compressive stress close to the interface.

The tetragonal phase stability of zirconia mostly depends on the stress field [34], the additional
elements [35], and the grain size [36]. According to the present study, the lower average diameter of
oxide grains grown on pre-hydrided Zircaloy-4 should stabilize the tetragonal phase. But previous x-
rays micro-diffraction (UXRD) measurements highlight a lower volume fraction of the tetragonal phase
near the oxide-hydride interface (12%) compared to the oxide-Zircaloy-4 interface (23%) [22]. From
this, the stress field is the main parameter controlling the tetragonal phase stability on Zircaloy-4. The
lower fraction of stabilized tetragonal oxide during the oxidation process of Zy4-h would explain the
lower concentration of the twin boundary X71b (misorientation of 90°[001]) associated to the
tetragonal-monoclinic phase transformation (Table 2).

Corrosion kinetics correlates to the oxide grain properties

It is expected that the oxidation kinetics and hydrogen permeation are mainly controlled by the
diffusion properties of the grain boundaries across the oxide layer grown on Zircaloy-4 [7]. This is
supported by the fact that the grain boundary density is important because of the oxide grain
dimensions are in nanometer range. We measured on reference Zy-4 a mean equivalent diameter for
34.6 nm for the columnar grain width grown in pre-transition stage, consistent with literature [3,5]. The



present study highlighted that massive precipitated hydride on Zircaloy-4 surface decreases the grain
distribution to the lower grain sizes which is presumably harmful for corrosion resistance : Even not
counting grain sizes below 15 nm, over 50% of the 15000 indexed grains are sized below 50 nm width
which decreases the average grain diameter to 27.8 nm. Assuming that the grain boundary
misorientation distribution is similar on both oxide layers Zy4 and Zy4-h, the smaller oxide grain size
on pre-hydrided would offer a wider surface of diffusion path through the oxide layer, with higher grain
boundary proportion bringing more oxygen to accelerate nucleation and growth mechanisms of oxide
grains at the oxide-metal interface. Consequences on oxygen diffusion profiles were simulated with
finite element calculations. On the first 0.2 um of the oxide surface (Fig. 10) the higher calculated
concentration compared to experiment indicate that the diffusion coefficient ratio between boundaries
and bulk is more than 108. That confirms that grain boundary diffusion is the principal contributor to the
diffusion properties of zirconia. The 6h simulated isotopic exchanges confirm the higher apparent
diffusion coefficient of oxygen through the oxide layer grown on pre-hydrided Zircaloy-4, with 1.3 ratio.
This value is lower than 1.8 ratio, calculated from experiments, and suggest that other parameters are
relevant into the oxygen diffusion mechanism through zirconia. Also, modeling of numerical grains
results in a size distribution according to a narrow Gaussian shape while the experimental grain size
distribution (Fig. 6) is described as a strong irregular Gaussian-like function with a staggering to larger
diameters. This morphology is important, it influence the grain boundary surface fraction described
with a 1/x type-function: more assymetrical to large sizes it is, the lower the surface fraction. Then, the
wider grain size dispersion on Zy4 compared to Zy4-h will more decrease the grain boundary surface
fraction. As a consequence the surface fraction ratio of 1.26, calculated to model the diffusion
mechanism, is underestimated. The apparent diffusion coefficient deduced from simulation would be
higher, close to the 1.6 surface fraction ratio previously calculated between both pre-hydrided and
reference Zircaloy-4 samples with the grain size distributions of Fig. 6. This value is close to the 1.8
apparent diffusion coefficient ratio of oxygen deduced from the experimental 80 concentration profiles
[22], which confirms that grain boundaries are the principal contributors to the oxygen diffusion rate
through zirconia. Moreover, this study highlights that precipitation of massive hydrides close to the
oxide-Zircaloy-4 interface attributes a major role to grain size reduction in acceleration of corrosion
kinetic in PWR conditions.

Oxide grains smaller than 15 nm width are deliberately excluded from the study which could explain
the small remaining gap. Also, Tupin and Bisor [22] speculate that the higher corrosion rate on pre-
hydrided samples could be attributed to larger interatomic spaces between adjacent oxide grains.
Indeed, the grain boundary surface fraction ratio does not take into account modification of the
boundary misorientation distribution between both samples. The present study investigated the grain
boundary misorientation distribution and it variation due to the hydride precipitation. Related to the
polycrystal texture, the oxide grain boundary misorientations are not randomly distributed, Fig. 16
highlighted four preferential occurrences of misorientations: 50°-70°, 90°, 120°-150°, and 180°. The
grain boundary misorientations of 90°[001], 180°[101] and 180°[101] correspond to twins resulting
from the tetragonal-monoclinic phase transformation. It forms an almost single-crystal structure where
two crystals match perfectly with an extremely low interfacial energy. Then the high activation energy
for diffusion across twin boundaries predicts to hinder the diffusion of corrosive species through the
oxide. They composed 38% of the total grain boundary network through the oxide grown in pre-
transition phase on Zircaloy-4, but decrease to 27% on pre-hydrided Zircaloy-4 probably due to a
lower initial formation of tetragonal phase. However, experiments revealed hydride precipitation
increases the misorientation fraction of adjacent oxide grains in ranges of 50°-70° and 120°-150°. All



the possible lattice matching between both monoclinic grains of ZrO2 were theoretically studied from
Gertsman [31]. But the 60° misorientation angle as the range angle of 120-150° are not mentioned
among the coincidence site lattice misorientations, the except the misorientations 143.1°[106] and
143.1°[106] as X1 and =30. That supposes that these ranges of misorientation angles could
correspond to boundaries formed during the corrosion process, from the symmetry of the initial ZrO:2
tetragonal structure. The corresponding misorientation angles are delineated with green lines (50°-
70°) and blue lines (120°-150°) on Fig. 17. By comparing the equivalent position of these boundaries
on the grain orientation maps (Fig. 11 and Fig. 12), it is noted that these grains boundaries separate
the same two grain orientations in each large region of both samples. An example, purple grains and
yellow grains in region C of Zy4-h are misoriented with an angle range of 130°-150°. Of the two grain
orientations, one dominate on Zy4 (Fig. 11) but both are equal area on Zy4-h sample (Fig. 12) which
increases their boundary proportions and then explains the higher misorientation fraction in ranges of
50°-70° and 120°-150°, from 32% in Zy4 to 44% in Zy4-h. Contrary to the 90° and 180° twin
boundaries, these less coherent boundaries are expected to have lower activation energy for diffusion
of corrosion species. This implies that the misorientation in ranges of 50°-70° and 120°-150° are also
contributors which control the diffusion properties through zirconia. Their existence and their
concentration will influence the corrosion kinetics rate of the oxide-metal interface on Zircaloy-4. Then
the variation in the boundary character distribution contributes to the higher apparent diffusion
coefficient of oxygen, calculated across pre-hydrided oxide, with a 1.8 ratio [22].

Grain properties investigation with ACOM-TEM

Automated crystal orientation mappings with TEM of oxide layers normal to the element diffusion
direction led to index respectively 9000 and 15000 oxide grains on reference and pre-hydrided
Zircaloy-4 samples that have dimensions in nanometer range. The analyses demonstrate that the
~30 um? scanned areas were sufficient to investigate the texture even if oxide orientation relations
rotated around the growing direction are missing. That underlines the plane view investigation must be
complete with a cross-section analysis to exploit the growth relation with a-Zr orientation and the oxide
microstructure evolution as Garner realized [4]. However, due to the nanometer grain size and the
columnar grain shape according to the growth direction, the grain covering proportion is high across
the FIB foil and will create indexing errors of the structure or orientation with the automated indexing
software. Then TEM planar view investigation is powerful to limit grain overlapping and is the only way
to investigate the grain boundary network which controls the corrosion kinetic of Zr alloys, depending
of: grain shapes, grains size distribution and grain boundary misorientation distributions analysis.



Conclusion

A detailed study of the zirconium oxide grain sizes and orientations using Automated Crystal
Orientation Mapping on TEM has been performed for the pre-transition oxide phase formed on a
reference Zircaloy-4 (Zy4) and on a pre-hydrided Zircaloy-4 (Zy4-h) which exhibits a higher corrosion
kinetics. Respectively 9000 and 15000 oxide grains were indexed on Zy4 and Zy4-h, 1 um above the
oxide-metal (-hydride) interface, on the section plane normal to the growth direction which offer a high
statistical analysis.

The study confirmed the strong fibre texture of the zirconia layer with (103) parallel to the oxide-metal
interface, without significant changer on pre-hydrided sample. It is attributed to the accumulating
planar stress during the corrosion process. The planar direction of oxide grains seems however to be
influenced also by the lattice substrate. In addition, a second weaker fibre texture with (201) nearly
parallel to the growth plane is identified, which probably match more with the lattice substrate at the
nucleation stage. The higher proportion of this weaker fibre texture formed on pre-hydrided Zircaloy-4
suggests a lower compression stress than in the oxide layer grown on Zircaloy-4, because of a smaller
molar volume increase between ZrO2 and ZrHies. This suggestion is supported by lower stability of
the metastable tetragonal phase close to the interface with massive hydride, previously defined from
U-XRD analysis. Moreover, the analysis of the grain boundary misorientation distribution highlighted
on the pre-hydrided sample a lower concentration of the twin boundaries rotated by 90° and 180°,
associated to the tetragonal-monoclinic phase transformation.

Consequently, this study highlighted that hydride precipitation increases the fraction of less coherent
oxide grain boundaries. The proportion of boundaries misoriented in ranges of 50°-70° and 120°-150°
rise from 32% in Zy4 to 44% in Zy4-h. The potential consequence is a higher interatomic space
between adjacent grains in pre-hydrided Zircaloy-4 which would promote diffusion of oxygen and
hydrogen, and then increase the corrosion kinetics. According to the oxide grain size investigation, this
variation is combined with a higher density of grain boundaries on pre-hydrided Zircaloy-4, which
increase the diffusion number of paths. The average columnar grain width decreases from 34.6 nm on
reference to 27.8 nm on pre-hydrided sample with a less spread distribution to large sizes. This study
also highlighted that the columnar width is not always regular but elongated for larger grains.
Consequently, this 60% rise of the grain boundary surface fraction, coupled with the less protective
character of the boundaries themselves, can explain the higher apparent diffusion coefficient of
oxygen calculated through pre-hydrided oxide, with a 1.8 ratio from SIMS analysis. Based on the
results mentioned above, this behavior would to be related to a lower compression stress of zirconia
with hydride substrate which has to be investigated with u-DRX experiments. In addition, the modeling
results confirm that oxygen transport occurs principally through grain boundaries with a diffusion
coefficient more than 102 times higher than those for bulk diffusion.

The precipitation of the massive hydride close to the oxide-Zircaloy-4 interface leads to a major role in
increasing grain boundary density and leading to larger mismatches between adjacent grains that
could contribute to accelerate the corrosion kinetics in PWR conditions.
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