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Abstract

Corrosion behaviour in aqueous media at high temperature of
zirconium alloys has been extensively studied in order to elucidate the
corrosion mechanism and kinetics. The characterization of the
morphology and microstructure of these oxides through the different
stages of oxide growth may contribute to understand their corrosion
mechanism.

Argentina has initiated a research program to correlate long term in
and out-reactor corrosion of these alloys. This paper reports a
comparative study of out of pile oxidation of Zr-2.5Nb and Zry-4, which
are structural materials of in-core components of nuclear power plants.
Kinetic data at different temperatures and microstructural
characterization of the oxide films are presented.

1.- INTRODUCTION

Short term corrosion tests, in and out of pile, are not enough by
themselves to predict the corrosion behaviour of zirconium alloys.
Complementary results are given by long term corrosion data, either from
out of pile autoclave testing or gathered from in-reactor components as
coolant channels or pressure tubes. The corrosion mechanism of
zirconium alloys is still not well understood; the characterization of the
oxide microstructure and morphology through the different stages of
oxide growth, a detailed study of the corresponding changes in the
metal/oxide interface, specially those of the thin, dense layer identified
at the interface, are some of the most important aspects that may
contribute to understand their corrosion mechanism.

Argentina has initiated a research program to correlate long term in
and out-reactor corrosion of Zr-base alloys considering all these aspects.
The present paper describes the results gathered in the out of pile test
program for a range of temperatures between 265 and 435 °C and exposure
times up to 6000 hs and 1500 days.
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2.- Microstructure and composition of the alloys

Samples of Zr-2.5Nb were machined from pressure tube material
which is extruded at 820-850 °C, cold-worked 20-30 %, then stress
relieved in steam 24 h at 400 °C. A batch of samples was heat treated at
500 °C for 10 h (TT) before oxidation. Samples of Zry-4 came from fully
recrystallized sheet. The chemical composition of both alloys is given in
Table I.

The microstructure of Zry-4 has the typical equiaxed grains of a fully
annealed material. For Zr-2.5Nb, the microstructure consists of elongated
a-Zr grains of approximately 35 um length in the axial direction, 7 um
width and 0.2 to 0.7 um thickness surrounded by a grain-boundary
network of the JJ-Zr phase with about 20% Nb.

TABLE I

CHEMICAL COMPOSITION OF THE ALLOTS

Nb Sn Fe Cr Fe+Cr O C Si

% % % % % ppm ppm ppm

Zr-2.5Nb 2.5 - 0.04 <0.06 - 1080 185 50

Zry-4 - 1.45 0.21 0.1 0.31 970 45 46

3.- CORROSION KINETICS

Tests were carried out in the autoclaves located out of core in
Embalse NPP (265 and 305°C, pH25°C= 10.2-10.8, hydrogen content 3 - 1 0
c.c./kg D2O). Complementary, accelerated tests were done in static
autoclaves at 350 °C simulating primary coolant (pH 10.4 (lithiated) water
with hydrogen overpressure) and at 400 and 435 °C in degassed steam at
high pressure (105 bar).

Corrosion data in steam at 435 °C, Fig. 1, show a cyclic behaviour
for Zry-4. The kinetic law followed in these cycles is expressed by W3 =
Kpr t, the second cycle starts in the transition after 500 h at an oxide
thickness of 3.2 um and it lasts until 1350 h reaching 6.4 um of oxide
thickness. One single value of Kpr suffices to describe the first two cycles
once the correction for the dense oxide thickness has been made. The
cyclic nature of this stage is afterwards annealed out. The post-transition
corrosion rate, 1,08 +/- 0.02 mg/dm2.d, can be described using the same
Kpr value and a constant dense oxide thickness of circa 0.6 um. No
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CORROSION KINETICS
435 °C
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Fig. 1 . Corrosion kinetics of Zry-4 and Zr-2.5Nb at 435 °C
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Fig. 2 . Corrosion rate of Zr-2.5Nb at 435 °C
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increase in the post-transition corrosion rate was found up to a
weight-gain of 280 mg/dm2, as was reported previously in the literature
[1,2].

Zr-2.5Nb, either heat-treated (TT) or not, follows a two-stage
oxidation kinetics. A parabolic pre-transition rate and a linear
post-transition one. The transition point is about 600 h of exposure for
both batches at an oxide thickness of 3.6 um (TT) and 4.6 um
respectively. Although both lots show a deviation from the paralinear
kinetics this is far less pronounced than the cyclic nature of the Zry-4
oxidation [3].

The heat treatment improves the corrosion resistance of Zr-2.5Nb.
This is related to the microstructure of the alloy. During the heat
treatment not only the JJ-Zr phase decomposes but also small £ -Nb
precipitates are formed within the alpha grains [4,5]. The corrosion rates
of both lots superimposed to their oxidation kinetics at 435 °C are given
in Pig. 2. During the first 2000 hs of the test the heat treated material has
a lower corrosion rate. From then on, both corrosion rates are equal.
Microstructural changes are induced on the material without heat
treatment by the temperature of the test so that both lots have the same
response after a certain lapse of time.

CORROSION KINETICS
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Pig. 3 . Corrosion kinetics of Zry-4 and Zr-2.5Nb at 350 °C
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CORROSION KINETICS
305 °C
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Fig. 4 . Corrosion kinetics of Zry-4 and Zr-2.5Nb at 305 °C
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Fig. 5 . Corrosion kinetics of Zry-4 and Zr-2.5Nb at 265 °C
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Results at 350 °C, Fig. 3, indicate that after 210 days of exposure
Zry-4 has not reached the transition point. This can be partially attributed
to the chemical composition of the material tested as has been already
reported [6]. Zr-2.5Nb samples, with and without heat treatment, increase
their corrosion rate after 180 and 140 days respectively with the same
trend observed at 435 °C.

Fig. 4 and 5 correspond to the kinetic data gathered at 305 and 265
°C from the samples inserted in the autoclaves of the primary circuit of
Embalse NGS. Zr-2.5Nb maintains the trend found at higher temperatures
with a transition point about 400 days in both cases. The post-transition
rate is 0.067 mg/dm2 d (1.6 um/y) at 305 °C. The formation of white
oxide nuclei is seen at 265 °C from the transition point on and these
nuclei grow with increasing exposure, Fig. 5. After 1000 days of oxidation
the spalling of white oxide spots can balance the weight-gain of the
samples. The Zry-4 samples in the hot leg seem to have reached the
post-transition after 1400 days exposure while those in the cold leg are in
the pre-transition period.

At all temperatures, the corrosion rate of the Zry-4 tested is lower
than that of Zr-2.5Nb. The improvement in corrosion resistance of heat
treated pressure tube material of Zr-2.5Nb shows clear evidence of the
susceptibility of this alloy to heat ageing treatments. The time to
transition of Zr-2.5Nb is always shorter than for Zry-4, save at 435 °C. The
difference in transition points increases when the temperature decreases.
This should also be related to the microstructural changes induced by the
temperature of the exposure, more relevant the higher the temperature
is, thus improving the corrosion resistance of Zr-2.5Nb.

4.- ACTIVATION ENERGY OF PRETRANSITION STAGE

The pretransition rate constants of Zry-4 and Zr-2.5Nb were
calculated at the different temperatures, assuming that Zry-4 has a cubic
pretransition kinetics and Zr-2.5Nb a quadratic one as reported in the
literature [3,7-9]. The Arrhenius plot for both materials are in Fig. 6 and
7. From the slope of the graphs the activation energy results 35800-1-1500
[cals/mol] for Zry-4 and 31400+-3800 [cals/mol] for Zr-2.5Nb. GarzaroUi
et al [7] have estimated 32289 [cals/mol] for Zry-4.

5.- MICROSTRUCTURE

5.1.- IMPEDANCE MEASUREMENTS

AC impedance measurements were done in a 1M H2SO4 electrolyte
solution that permeates pores and cracks in the oxide layer thus partially
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Fig. 6 . Arrhenius plot of pretransition rate constant for
Zry-4
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Fig. 8 . Dense layer thickness and corrosion rate of Zry-4
vs time of exposure
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short-circuiting the isolating film. An equivalent oxide thickness was
calculated from the capacitance measured by the formula [10]

d (um) = 19.47 /C (nF/cm2)

The oxide layer is formed by two layers with different features, the
external one permeated, either through pores or cracks, and the internal
layer, dense and impervious. Fig. 8 presents the corrosion rate and the
average thickness of the dense oxide film for Zry-4 at 435 °C vs time of
exposure. During the first cycle the oxide inner layer grows and the
corrosion rate decreases accordingly, at the transition point when the
thickness of this layer decreases the corrosion rate increases and towards
the end of the second cycle the thickness of the dense layer is increasing
once again.

The pattern followed by Zr-2.5Nb is shown in Fig. 9. The dense layer
grows up to the transition point and from then on has a near constant
value. The thickness of the dense layer measured for Zry-4 is greater than
that corresponding to Zr-2.5Nb in agreement with the lower corrosion rate
found for Zry-4.

5.2.- X-RAY ANALYSIS

X-ray analysis of the oxide films was performed without removing
the oxide layer from the samples. The X-ray intensities indicate a
significant texture of the oxides. Not only the ( l l l ) m reflection is very
weak in the oxides of both alloys but the same is found for the a -Zr
reflection peak (100) corresponding to the base materials. The X-ray
diffractograms from the oxides contain the peaks of the monoclinic
zirconia and a broad weak peak at an interplanar spacing of around 0.295
nm attributed to the (111) planes of tetragonal zirconia.

Although the oxide formed had mainly the monoclinic structure a
fraction of the tetragonal phase that varied with the oxide layer thickness
was also measured. Tetragonal zirconia is not stable at this temperature,
contrary to the monoclinic phase stable at all temperatures below 1170
°C, but the tetragonal phase is stabilized by stresses and/or impurities
[11,12] and very large compressive stresses are produced in the oxide
films in the vicinity of the oxide-metal interface [13].

The amount of tetragonal phase calculated from X-ray diffraction
data gives the average concentration on the whole scale. A
semiquantitative volume fraction of tetragonal zirconia was calculated
using the Garvie and Nicholson formula [14]

( % ZrO2)t = I ( l l l ) t / [ I ( l l l ) t + 1(11 l)m + I(lll)m]

Fig. 10 shows the volume fraction of tetragonal zirconia at different
oxide thicknesses of both alloys. A decrease of the tetragonal fraction is
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Fig. 10 . Evolution of tetragonal zirconia volume fraction vs
weight-gain of Zry-4 and Zr-2.5Nb samples

observed around the onset of transition. The tetragonal zirconia was not
found in oxide films of Zr-2.5Nb below 1 um.

The average crystallite size of each film is calculated with the
Scherrer expression for the intrinsic broadening with appropriate
corrections for instrumental broadening. The effect of line broadening and
displacement produced by the stresses existing in the oxide layer was not
considered. The oxide crystallite size for Zry-4 varies from 14.0 to 19.7
nm in oxides of 0.8 to 3.6 um while in Zr-2.5Nb ranges from 10.7 to 22.4
nm in oxide films of 0.7 to 4.5 um.

The sequence of formation amorphous ZrO2 — > tetragonal ZrO2 -->
monoclinic ZrO2 has been postulated to occur both in the course of the
oxidation of zirconium alloys [15] and in the formation of ZrO2 by
hydrolysis of Zr(IV) aqueous solutions [16]. Although the starting materials
are very different, the nature of the phases reflects in both cases the
structural constraints in the evolution to the final stable monoclinic
variety .The tetragonal phase is formed in the present case through a
topotactic process that is heavily influenced by the metal faces
undergoing oxidation. The lower interfacial energies contribute to its
stabilization but are not the causative factor. In agreement, the tetragonal
phase contents do not always decrease monotonously upon increasing
oxide thickness, as evidenced in Fig. 10 for Zr-2.5Nb.
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6.- OXIDE TOPOGRAPHY

Optical examination with polarized dark field illumination of the
Zry-4 oxides detects bright spots that grow along with the film thickness.
These bright regions are indicating zones with either pores or
micro-cracks. SEM examinations confirm the existence of micro-cracks
along the grain boundaries. Both features are shown in Fig. 11.

( a )

( b )

( c )

Fig. 11 . Zry-4, oxide thickness 15 um. a) Optical microscopy,
polarized dark field illumination, b) optical
microscopy, bright field, c) SEM micrograph,
a) and b) 33 um „
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The growth of the oxide on the base metal gives birth to tensile
stresses on the metal and compressive stresses on the oxide. These
stresses, that reach a maximum value before transition and then decrease
[13,17] starting to grow once again in the second cycle [13], induce the
development of microcracks in the oxide layer at the transition zone.
These microcracks are related to the relaxation of stresses, the phase
transformation of tetragonal zirconia and the decrease in thickness of the
dense impervious layer found by X-Ray diffraction and impedance
measurements. The wide bright zones on Fig. 11 appear once the oxide is
thick enough and the stresses on its surface are sufficiently low [11].

A similar behaviour could be expected for Zr-2.5Nb in the transition
since the tetragonal phase decreases and the thickness of the dense layer
diminishes. Still, there is a difference up to a 1 um thick oxide since no
tetragonal phase was detected and the dense layer is thinner. This might
be a consequence of micro-cracks developed at an early stage of oxidation
[18,19] that have partially relaxed the stresses hindering the stabilization
of the tetragonal phase and caused the parabolic rate law of growth of the
oxide.

7.- METAL/OXIDE INTERFACE

SEM analysis of the metal-oxide interface shows changes as long as
the oxide grows. For 1 um thick oxide of Zry-4 the oxide grows
sustrate-oriented since the corrosion rate depends on the orientation of
the grains, Fig. 12. From 5 um on, the grain boundaries are almost lost
and protrusions zones that penetrate deeper into the metal are formed.
At a thickness of 20 um these protrusions zones are a common feature,
Fig. 13.

The existence of areas with and without protrusions indicates a
differential growth of the oxide into the metal so that the development of
microcracks and the formation of the inner dense layer will be
simultaneous giving thus a constant corrosion rate [6,15,20].

For 1 um thick oxide of Zr-2.5Nb the metal/oxide interface shows
ridges of oxide, coincident with the filaments of the#-Zr phase of the base
material that grow deeper into the sustrate due to the higher corrosion
rate of this phase [5,21-24], Fig. 14. As the oxide grows the ridges become
wider and deeper and coalescence starts in different zones. The width
increase is 0.2, 1 and 1.5 um as the oxide ranges through 1, 5 and 30 um
thickness.

Within the a-phase, at 5 um thick oxide, bigger oxide particles are
surrounded by clusters of very small crystallites from the ridges, Fig. 15
. At 8 um thickness, ridges and areas with crystals in-between are still
evident in the interface. Once the oxide reaches 12 um, the coalescence
of the ridges provides an array of coarse ridges and holes all over the
interface, presumably the holes represent areas of a lower corrosion rate.
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Fig. 12 . Zry-4,oxide/metal interface. 1 um thick oxide.

Pig. 13 . Zry-4,oxide/metal interface. At a thickness of 20 um
protrusions zones are a common feature
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Fig. 14 . Zr-2.5Nb, oxide/metal interface, 1 urn thick oxide.

Fig. 15 . Zr-2.5Nb, oxide/metal interface, 5 urn thick oxide.

Fig. 16 . Zr-2.5Nb, oxide/metal interface, 30 um thick oxide.
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Fig. 17 . Zr-2.5Nb, polarized dark field illumination showing
the multilayered structure of the oxide 9 um.

Fig. 18 . Zr-2.5Nb, SEM analysis of a fractured oxide

The ridges are formed by clusters of crystallites of around 0.2 um. At a
30 um thickness of the oxide two well defined microstructures are
detected. Areas of ridges that have grown in width and depth, still formed
by clusters, and areas in between with lower corrosion rate were
well-defined crystals around 300 and 400 nm are found, Fig. 16. The same
features are seen in the interface of a 25 um thick oxide in the Zr-2.5Nb
alloy heat treated.

The results indicate a preferential growth of the oxide since the
ridges generated by the £-phase in the oxide grow as the oxide thickness
increases. Once a coalescence stage is reached (5 um oxide) areas of oxide
that penetrate deeper into the metal are established and the average
growth of the oxide results from localized areas with different corrosion
rates. If the formation of the microcracks and the growth of the inner
layer are thus shifted the cyclic stage observed for Zry-4 cannot be
detected. Nevertheless, optical microscopic examination, with bright field
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and polarized dark field illumination have shown that the oxide layers
exhibit a multi-layered structure as has been found for Zry-4 [20,25] and
is also confirmed by SEM analysis of a fractured oxide. Figs. 17 and 18.

8.- CONCLUSIONS

- The corrosion rate of Zr-2.5Nb is higher than that of Zry-4 for the alloys
that were tested.
- Zry-4 presents a cyclic oxidation kinetics while Zr-2.5Nb shows a
two-stage behaviour.
- Heat treatments modify significantly the corrosion rate of Zr-2.5Nb. This
affects the pressure tube material even during the corrosion tests,
depending on the temperature of the exposure.
- Single Kpr value could be used to describe the corrosion rate of Zr-4.
- The activation energies during the pretransition stage indicate that
Zry-4 is slightly more dependant on the temperature.
- The transition is a consequence of the abrupt decrease of the thickness
of the dense inner layer that is due to the extensive development of
microcracks induced by the high stresses which are in turn partially
relaxed during the transition.
- Analysis of the films during the pretransition stage shows a volume
fraction of tetragonal zirconia phase between 10 and 15 %, mainly
transformed into the monoclinic phase after the transition point, as a
consequence of stress relaxation.
- Metal-oxide interfaces of both alloys show different features. The ridges
arousing in Zr-2.5Nb and their growth could explain the absence of the
cyclic oxidation stage found in Zry-4 on account of the higher corrosion
rate of the £-phase. The end of the cyclic stage in Zry-4 is probably related
to the zones of protrusions once they are extensively developed.
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