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ABSTRACT

An X-ray diffraction method for residual stress measurement is developed to determine the stress
level in the metal near the metal/oxide interface of Zircaloy-4 cladding samples oxidized in steam
water at 4000C under a pressure of 10.3 MPa. The stress gradient is obtained and the evolution of
the average stress is determined as a function of the oxidation time. The presence of tetragonal
zirconia phase in quite large quantity near the metal/oxide interface could be correlated to the high
stress level in the base metal, adjacent to the interface.

1. INTRODUCTION

The increase of burn up and irradiation temperature of PWR fuel pins, required by nuclear plant
operators, needs a further control and understanding of the corrosion mechanisms of Zr alloys.

Numerous investigators have put forward different explanations of Zircaloy-4 corrosion as for
example :

- formation of porosity in the oxide layer at the kinetic transition 1^
- cracking of the oxide layer under high compressive stresses 2)
- recrystallization of the oxide layer 3)

A recent work has shown that tetragonal zirconia is present in the oxide layer, and transforms to
monoclinic phase at the transition point 4X The presence of the tetragonal zirconia phase, unstable
according to the equilibrium diagram, could be explained by the presence of high compressive
stresses and/or by the presence of alloying elements in the oxide layer, which could stabilize the
tetragonal phase.

This paper deals with the X-ray diffraction characterization of the stress level appearing in the
Zircaloy-4 base metal near the metal/oxide interface.

2. MATERIAL AND OXIDATION KINETIC

Specimens for corrosion test were taken from a standard recrystallized Zircaloy-4 cladding
material (Zy4R). These samples were first pickled in an aqueous solution of 5 vol % hydrogen
fluoride /45 vol % nitric acid, then rinsed in flowing water.

The corrosion tests were carried out at 4000C in steam water at a pressure of 10.3 MPa in a static
autoclave. The samples were examined every ten days up to 95 days.

Fig. 1 gives the weight gain as a function of time. Two oxidation parabolic kinetics separated by
a transition region are observed on this material. In the following, we would like to focus our
interest on the phenomena controlling this transition.
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3. CHARACTERIZATION OF TETRAGONAL ZIRCONIA BY X-RAY DIFFRACTION

The amount of tetragonal zirconia phase in the oxide scale was performed by standard X-ray
diffraction method. This technic gives a mean value of tetragonal zirconia concentration in the oxide
thickness.

The volume fraction of tetragonal zirconia has been calculated using the following expression 5>

% tetragonal ZrO2 = 1(11 l ) t / ( IO1 Dt +1(11 l)m + KÎ1 Dm) (D

Relative intensities of the different diffraction lines were determined after correction of the
background contribution, the accuracy of the tetragonal phase fraction values is about is 2%
(absolute value).

The variation of the volume fraction of tetragonal zirconia is compared with the oxidation kinetic
as a function of oxidation time in figure 1.

Figure 1 : Oxidation kinetic ofZy4R at 400°C in steam water and the evolution of the
tetragonal zirconia fraction as a function of the oxidation time.
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For short oxidation times, the amount of tetragonal zirconia in the oxide scale is very important
and decreases with increasing time. Simultaneously to the kinetic transition, a discontinuity of the
amount of the tetragonal zirconia is observed, then the tetragonal phase fraction increases.

The present evolution of the tetragonal volume fraction in the oxide layer as function of the
oxidation time, is qualitatively the same as the one determined by Raman spectrometry, on different
Zircaloy-4 nuances and described in reference 4).

4. X-RAY DIFFRACTION DETERMINATION OF THE RESIDUAL STRESSES APPEARING
AT THE METAL/OXIDE INTERFACE

Following Pilling and Bedworth, let us consider the ratio between the oxide volume and the
initial metal volume containing an equal number of atoms. Being quite far from unity (1.56) in the



ZrO2/Zr system, this ratk of specific volumes could explain the origin of the stresses at the
metal/oxide interface. As discussed in the following sections, the stress field exhibits a
compressive feature in the zirconia and a tensile one in the metal.

Several investigators 2,3-6-9) n a v e studied the effect of the residual stresses on the corrosion
kinetic transition of the Zr-base alloys, by the following technics :

- in the curvature method, one side of the oxidized sample is grounded to obtain an oxide layer
on a thin foil of remaining metal. Then the radius of curvature resulting from the compressive
stresses in the oxide layer is measured and the average stress in the oxide is calculated by using a
modified Stonney equation.

- in the deflection method, one side of the sample is protected against oxidation by a silica thin
film. An extremity of the sample is fixed and the other is free. When oxidation proceeds and under
the action of the compressive stresses, a curvature of the sample is observed. The measurement of
the displacement of the free extremity allows to calculate the stress level.

In this work, an X-ray diffraction method is specially developed to determine the stress
distribution in the region close to the interface. Stress levels in the base metal are obtained as
function of the distance to the oxide/metal interface. This method is a non destructive one.

4.1. Experimental method

The principle of the X-ray stress evaluation 10~' 0 considers the lattice spacing dhkl of the {hkl}
planes as a strain gauge. In the case of strained materials, the dhkl varies as function of the
orientation of the {hkl} planes with respect to the stress.

In a classical diffraction method, we determine the dhkl of {hkl} planes parallels to the sample
surface. To evaluate the different components of the stress tensor, other planes with the same {hkl}
indices must be investigated. In order to get them in Bragg diffraction conditions, the sample
undergoes a rotation <|) around the normal to the sample surface as indicated in figure 2. For each (J>

value the sample is rotated around the goniometer axis (\|/ angle), in such a way that the normal of
the sample scans the plane determined by the incident and the diffracted X-ray beams. In this way,
we could analyse different planes having the same {hkl} indices, the corresponding diffraction
angles are denoted by

The lattice spacing is linked to the position 29<[HJ/ of the recorded diffraction peak by Bragg's

law. The mean strain e^y of the diffracting volume is then given by the following relationship :

= (d<()V - do)/do (2)

where do is the lattice spacing for an unstressed specimen.

The stress component a<j> in the direction <t> is finally derived from the elastic strain e<j>y by using
Hooke's law and the equilibrium conditions on the specimen surface. This leads to the following
relationship :

sin
2\|/ + E^0 (3)

where E<j>o is the value E ^ obtained for y= 0, v and E are respectively the Poisson coefficient and
the elasticity modulus of the studied material.



Figure 2 : Definition of the ty and y rotations and different stress components
on Zircaloy-4 cladding samples.
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The strain e^y as a function of sin2(\|/) can be fitted by :
- a linear fit when the sample exhibits an uniaxial stress distribution.
- an elliptical curve when a triaxial residual stress state exists on the specimen surface with

shearing parallel to the surface.
- an oscillating curve when sample is textured.

The method used consist of measuring the lattice spacing d ^ for a defined diffraction line and
for different values of y and <t>. The residual stress measurement is performed in the base metal
across the oxide scale. Measurements on the zirconia layers fail because of its strong texture, thus
the position of the diffraction line cannot be determined with a great accuracy.

The used diffraction line (10.4) of Zircaloy-4 which corresponds to the angle 29 = 156°.69 for

the Cr K(X radiation. Since the accuracy of the d^y measurements is 0.0002 nm, the accuracy of
the stress determination is ± 20 MPa.

The measurement of the residual stresses by X-ray diffraction is performed with a SIEMENS
type F Q-goniometer allowing positive and negative V values (-45°<\|/<45°). The setting of a
generatrix line of the cladding tube with the goniometer rotation axis obtained by using fine
displacement tables with a precision of 0.01 mm, is very important to minimize the defocussing
errors. A Position Sensitive Detector (PSD) is used to measure the position and intensities of the
diffraction lines.

For this particular sample geometry, tangential and axial stress components are obtained
respectively when ty = 0° and ty = 90°.



4.2. Stress evolution as a function of oxidation time

Measurements performed before oxidation show that the cladding surface is in compression.
The stress values are -180 MPa for the tangential component and -210 MPa for the axial
component. These stresses become tensile ones after one day of oxidation.

The evolution of normal and shear components of the tangential and axial stresses as a function
of oxidation time, are given in figure 3. The stresses plotted in this figure represent the mean
stresses developed in the base metal up to 5.5 u.m depth from the oxide/metal interface.

Figure 3 : Tangential and axial stress evolutions as function of the oxidation time
for Zy4R samples.
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The tangential and axial normal stresses increase with increasing oxidation time up to the
transition. The difference between the initial stress value of Zircaloy-4 without oxide layer and the



stress level for oxidized samples varies from 180 to 330 MPa for the tangential component and
from 320 to 430 MPa for the axial component, after 1 to 45 days of oxidation.

When kinetic transition occurs, a stress relaxation in the metal near the metal/oxide interface is
observed. After the transition, the growth of oxide follows a parabolic law and the tangential and
axial stresses increase further.

The variation of the tangential and axial shear components of the stress tensor induced by the
oxidation is about 30 MPa and 5 MPa respectively, and are not modified when oxidation time
increases.

4.3. Stress distribution at the metal/oxide interface

X-ray diffraction analysis is performed only in a few microns depth layer. This depth depends

on the wavelength of the radiation and on the angle V. This value may be calculated from the

following expression for a Q-goniometer :

(4)

where \l is the linear absorption coefficient of Zircaloy-4 and/or Z1O2.

Figure 4 shows the variation of X-ray penetration versus sin2(\j/) for Zircaloy- 4. If the value of

sin2(i|/) is important, the X-ray penetration is small. For a sample exhibiting a stress gradient in the

depth, the measured average stress as function of depth is obtained for différents y values.

Figure 4: X-ray penetration as function ofsin2(y/) in Zircaloy-4 with different
oxide layer thickness.
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For example in the case of the Zircaloy-4 without an oxide layer, the maximum thickness
analysed is about of 5.5 Hm for \|/ = 0°. For sin2\|/= 0.65 (y=53°.7 ) only 3 |xm of metal is
analysed.

According to our measurements, the specific linear absorption coefficient has nearly the same
value for zirconia and Zircaloy-4. If the sample displays an oxide scale of 2.5 ^m, for sin2(\|/) =
0.65 the X-ray penetration in the base metal is equal to 0.5 \im. In these conditions it is possible to
determine the stress distribution in the metal near the metal/oxide interface.

A limitation of this method is the low penetration of X-rays in Zircaloy-4, which does not allow
to analyse samples with an oxide layer thicker than 4 |im.

We have analysed two samples oxidized 45 and 55 days with respectively 2.3 and 2.9 |xm of
oxide thickness (named Zy4R45 and Zy4R55). These two situations correspond to oxidation times
before and after the kinetic transition.

After correction of penetration effects, the stress distributions near the metaVoxide interface are
reported in figure 5. Before and after the transition kinetic, the stress distributions show the same
features but not the same absolute values. Strong stress gradients are observed up to 0.4-0.8 |im
from the metal/oxide interface and a nearly constant and quite low stress level is obtained at higher
penetration depth. The extrapolation of the stress distribution curve shows that the tangential stress
at the interface reaches values of 0.8 to 1 GPa.

Figure 5 : Experimental stress distribution in ZyAR near the metal/oxide interface for samples
corroded 45 and 55 days.
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5. DISCUSION

A significant amount of tetragonal zirconia has been observed in the oxide scale formed on
4000C steam water corroded Zircaloy-4 samples. At this temperature, this phase is unstable but can
be stabilized under high compressive stresses.

The maximum stresses in oxide scale obtained by different authors are reported on table 1. From
this table, the mean stress varies from 0.4 to 2.6 GPa. According to the pressure-temperature



diagram of zirconia without addition elements, these values are generally lower than the value of
2.3 GPa necessary to stabilize tetragonal zirconia at 42O0C l2\

Table 1 : Maximum stress values determined by different authors in zirconia.
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In the present work, we show that before oxidation, the surface layers of Zircaloy-4 are
subjected to compressive stresses, that become tensile ones at the begining of the oxidation. As
Zircaloy-4 and zirconia are in mechanical equilibrium, compressive stresses are then developed in
the zirconia layers.These are thought to stabilize the tetragonal zirconia. However the stress level
existing in the oxide near the Zircaloy-4/zirconia interface, are estimated to IGPa. This value is
lower than the one necessary to stabilize the tetragonal zirconia obtained from pure Zr metal. To
explain this discrepancy, it is thought that the alloying elements present in the Zircaloy-4 could
probably lower this critical value and thus chemically stabilize the tetragonal zirconia.

The corrosion sequence could be the following :

At the beginning of the oxidation the first oxide layers induce in the oxide high compressive
stresses at the metal/oxide interface, owing to the difference of the specific atomic volume between
Zircaloy-4 and zirconia and taking into account the epitaxial relationships developed in the initial
stages of the oxide growth.

When the oxidation time is short (less than one day), the stresses in the metal adjacent to the
metal/oxide interface increase fastly with increasing time. In this case the volume fraction of
tetragonal zirconia in the oxide layer is very important and we can assume that the tetragonal
zirconia distribution is homogeneous in the oxide layer thickness.

In the pre-transition period, the oxide thickness increases and the stresses in the metal near the
metal/oxide interface increase too, but at a lower rate. As the growing zirconia layers have a lower
capability to accomodate the residual stresses, they impose their stresses to Zircaloy-4.

During this period, the initial texture of the oxide layer and the cristallite morphology are
modified by the high compressive stress field existing at the interface. The oxide grains become
columnar. The stresses in the outer layers of the oxide decrease and the tetragonal zirconia volume
fraction decreases too.

The occurence of the transition could thus be correlated to the stress level that decreases at the
outer oxide surface and that is not enough to stabilize the tetragonal zirconia. At this time, the phase
transformation to the monoclinic structure occurs. Micro cracks are also produced because the
tetragonal and monoclinic oxides have different specific atomic volumes. Stresses decrease to the
level corresponding to the first stages of oxidation.



In the post-transiton period, oxide growth exhibits a parabolic law for the recrystallized
Zircaloy-4 corroded at 4000C in steam water. The inner sub-scale has the same constitution : a
mixture of tetragonal and monoclinic phases. The thickness increases with time, and induces
increasing stresses in the metal adjacent to the metal/oxide interface.

6. CONCLUSIONS

The X-ray diffraction method described in the present paper, allows to determine the stress
distribution and to follow their evolution with the oxidation time for the recrystallized Zircaloy-4
corroded at 4000C in steam water. Tensile and compressive stresses are developed respectively in
the Zircaloy-4 near the oxide/metal interface and in the zirconia.

Stress level at the Zircaloy-4/zirconia interface is about IGPa. The presence of tetragonal
zirconia at this interface could be explained by the high compressive stresses developed during the
oxide formation and by the presence of the alloying elements in the oxide scale.

Stress evolutions are correlated to the variation of tetragonal zirconia volume fraction in the
oxide layers during oxidation.
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