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Abstract

The aim of this study was to evaluate the possibility of predicting post-transition oxidation behaviour by studying
the properties of pre-transition oxides. Five different zirconium alloys have been tested in autoclave at two different
temperatures, 288°C and 360°C. Cross-sectional transmission electron microscopy (TEM) showed that a significant
difference in morphology is obtained for the two test temperatures, while the alloy composition was found to have no
influence. At the lower test temperature the oxide consists of a mixture of columnar and equiaxed grains, while at the
higher temperature mainly columnar grains are observed and the size of these grains is a factor 3-4 longer. Tetragonal
oxide phase was mainly detected by selected area diffraction in the thicker oxide layers, while the amount of the te-
tragonal phase in the thermally formed oxides is too low to be detected by X-ray diffraction. Thus, the tetragonal phase
is probably stabilised by other factors than the compressive stress. The impedance measurement shows that the thinnest
oxide layers are compact, irrespective of the alloy composition and thermal or anodic oxide growth. For the thicker
oxides, a porous outer layer is developed. There is a main difference in the morphology between thermal and anodic
oxide layers of the same size, i.e., the anodically formed oxide layer has only equiaxed grains present. Based on the
result obtained in this investigation, no prediction of the post-transition oxidation can be made. © 2001 Elsevier

Science B.V. All rights reserved.

1. Introduction

It is well known that the pre-transition oxidation is
largely independent of the alloy composition and the
environment. The purpose of the present work was
therefore to look for differences in microstructure
(morphology, pores and cracks) of pre-transition oxides,
that can predict the post-transition behaviour.

Two different test temperatures were chosen, the
higher temperature is used in autoclave testing of post-
transition behaviour and the lower is the reactor tem-
perature. Four different Zircaloy-2 and one Zircaloy-4
alloys were oxidised in an autoclave to produce thin
oxide layers. After oxidation the samples were investi-
gated by X-ray diffraction, cross-sectional transmission
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electron microscopy (TEM) and electrochemical im-
pedance spectroscopy (EIS).

Zirconium has a very high affinity for oxygen and
even at room temperature a thin oxide layer is formed.
This air-formed film is characterised by small oxide
grains, due to the high nucleation rate, and the layer is
2-5 nm thick [1,2]. The growth of the oxide layer takes
place at the metal/oxide interface [3,4] and the initially
formed oxide is characterised by small oxide grains, ~5
nm, due to nucleation at many sites [5]. During pre-
transition oxidation the diffusion of oxygen ions through
the existing oxide layer is the rate limiting process. This
process is thermally activated and a higher temperature
will of course result in a higher diffusion rate. The ox-
ygen diffusion takes place mainly in the grain bound-
aries; the rate for grain boundary diffusion is 10* higher
in oxygen [6] and 10® in water vapour [7] compared to
bulk diffusion. The initial growth of the oxide is gov-
erned by a parabolic growth behaviour, a natural con-
sequence of oxygen diffusion through the growing layer
being the rate controlling process. However, the expo-
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nent 1/3 rather than 1/2 on the time indicates that the
grain structure coarsens with growth so that the avail-
able grain boundary area for diffusion decreases with
growth [S5]. At a certain thickness of the oxide, typically
about 2 um, the growth rate becomes linear with time.
This is the so-called transition and for practical purposes
the post-transition rate of oxide growth is the most
important property of a zirconium alloy. Despite years
of research the mechanism behind the transition is still
not understood. A common model is to assume that the
stresses in the oxide increase causing a purely mechani-
cal failure of the oxide and the oxide film cracks. It has
been hypothesised and to some extent confirmed by
various characterisation methods that the oxide formed
under stress is the tetragonal modification of zirconia.
When the stresses are released the tetragonal phase
transforms to the monoclinic phase stable at low tem-
perature. The volume change associated with the trans-
formation is believed to induce porosity in the oxide
layer. The porosity degrades the protective properties of
the oxide and only in a layer close to the metal/oxide
interface an undamaged and protective layer remains.
This so-called barrier layer is often believed to control
the post-transition rate of oxide growth. It is at least
conceptually reasonable to assume that the post-transi-
tion rate is controlled by factors which either influence
the average thickness of the barrier layer or which in-
fluence the oxygen transport properties of the layer, or
both. Under certain conditions and for certain variants
of Zircaloy, for instance when LiOH has been added to
the water, an acceleration of the post-transition rate may
take place. This may be called a secondary transition.

The properties of the formed oxide layer are poten-
tially influenced by many factors, such as: surface
roughness, temperature, environment, second phase
particles (SPP), texture of the metal grains and high
hydrogen levels in the metal. The complexity of the
system indicates that several of these factors co-operate
to achieve the specific properties and it is often impos-
sible to decide which of the factors dominates. However,
by studying each factor individually a few general
statements can be made:

The surface roughness influences the number of nu-
cleation sites; a smoother surface decreases the number
of nuclei and the stress distribution. Temperature and
environment control the oxygen activity at the outer

surface, however the oxidation rate is diffusion con-
trolled.

Second phase particles are believed to affect the
crystal structure of the oxide, i.e., monoclinic, tetragonal
or cubic phase, and the development of cracks and pores
[8,9].

Studies of the oxidation rate on single crystals of van
Arkel zirconium, after 40 min in steam at 500°C and
1 atm, have shown variations in weight gain as a func-
tion of crystal orientation [10]. Some orientations ap-
pear to be more favourable than others.

Corrosion tests on pre-hydrided Zircaloy have shown
that high initial hydrogen levels increase the oxidation
rate at long exposure times [11], while the pre-transition
oxidation rate seems to be unaffected by high initial
hydrogen levels. Different mechanisms have been pro-
posed to explain the hydride induced accelerated oxi-
dation behaviour; destruction of the barrier layer by
fracture of hydrides at the oxide/metal interface [12],
modification of the oxide when it grows on a matrix with
high hydrogen levels [13] and higher density of cracks in
the oxide formed on massive hydride layers [14]. Pre-
transition oxidation of pre-hydrided Zircaloy-2 has
shown that the oxidation of massive zirconium hydride
resembles the oxidation of zirconium metal. Based on
this observation it is suggested that the accelerated oxi-
dation of zirconium alloys cannot be due solely to the
presence of a massive hydride layer, but must require a
combined effect of, for example interfacial roughness
and hydride precipitation [15].

2. Material

The materials used for the present investigation were
four Zircaloy-2 variants and one Zircaloy-4, with the
chemical compositions given in Table 1.

Zircaloy-2 cladding manufactured by Sandvik AB is
available in different modifications, LK-0, LK-1, LK-2,
LK-2+ and LK-3. The main difference between these
types is the size distribution of SPP. For LK-0, LK-1
and LK-2 the SPP size decreases with increased number
[16]. The LK-2+ and LK-3 variants were developed in
order to get a better corrosion resistance at high burn-
ups. These alloys are characterised by an increased
particle size compared to LK-2.

Table 1

Chemical composition
Sample Sn (%) Fe (%) Cr (%) Ni (%) Process
Zry-2:A 1.01 0.195 0.095 0.145 LK-2
Zry-2:B 1.335 0.17 0.1 0.05 Zr-2P
Zry-2:C 1.385 0.18 0.105 0.05 LK-3
Zry-2:D 1 0.2 0.1 0.15 Zr-2
Zry-4:A 1.36 0.21 0.095 0.0015 Zr-4
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The sample Zry-2:A is an LK-2 type of Zircaloy-2
with a tin content below the ASTM-standard (B 353-85)
and with a mean diameter of the second phase particles
of 100 nm. The sample Zry-2:B is optimised for PWR
conditions, i.e. the tin content is decreased and the mean
diameter of the SPPs is 240 nm. The sample Zry-2:C
(LK-3) is a standard Zircaloy-2 alloy with a mean di-
ameter of the SPPs of 150 nm. Sample Zry-2:D is a
Zircaloy-2 with a tin content lower than what is given in
the ASTM-standard. The mean diameter of the SPPs is
310 nm for this sample. Sample Zry-4:A, is a Zircaloy-4
alloy with a composition within the ASTM-standard
and a mean diameter of the SPPs of 160 nm. All studied
samples were delivered in the form of tubes.

3. Experimental details

The five studied zirconium alloys were oxidised in an
autoclave with 14 1 volume at 288°C and 72 bar for 20
and 168 h and at 360°C and 186 bar for 96 h. The
pressure was chosen so that the corrosion test was per-
formed in liquid water at both temperatures.

One alloy, Zry-2:B, was also tested by anodic oxi-
dation in 0.5 M H,SO, at 100 V and room temperature.

Phase composition was determined by X-ray dif-
fraction using a Siemens 5000 power diffractometer. A
grazing angle detector technique was used with an angle
of 1° of the incoming beam against the specimen surface.
Intensity spectra were recorded between 20° and 70°. A
JEOL 2000 EX scanning transmission electron micro-
scope was used to characterise the microstructure of the
oxide layers. Cross-sectional thin foils of the oxide layers
were produced from the autoclaved samples and the
detailed procedure is given elsewhere [15].

A three-electrode cell was used for the impedance
experiments in aqueous 0.5 M H,SO,4. One cm of the
autoclaved Zircaloy tubes was used as working elec-
trodes in the impedance measurements. A large plati-
num gauze was used as the counter electrode and was
placed in a concentric position around the working
electrode to assure a good current distribution. The
potential was measured against a double junction Ag/
AgCl reference electrode with 0.5 M H,SO, in the outer
compartment. All impedance measurements were car-

ried out at room temperature, in the frequency range
0.01 Hz-100 kHz. The instrumentation used was an
EG&G Princeton Applied Research Potentiostat/Gal-
vanostat Model 273A and a Lock in amplifier model
5210.

The impedance data were fitted to equivalent circuits
with one, two or three time constants in series, using the
Boukamp’s fitting program ‘Equivalent circuit’. The
number of time constants used depends on the com-
plexity of the impedance spectra.

Zirconium oxide is highly insulating and the overall
impedance can therefore be attributed to the impedance
of the oxide. The oxide behaves like a capacitor in the
impedance measurements and the thickness can be cal-
culated by the expression for a parallel plate capacitor,

&,6.A4

a=", (1)

where ¢, is the dielectric constant of vacuum, & the
relative dielectric constant for ZrO,, A4 is the geometric
surface area, d is the thickness of the oxide layer and C'is
the capacitance. The impedance data exhibit some fre-
quency dispersion and a constant phase element was
used instead of a capacitor. Due to the frequency dis-
persion the capacitance, and thereby the calculated
thickness will vary with frequency. For the rather thin
oxide films investigated in the present study, the im-
pedance was corrected for the frequency dispersion ac-
cording to |Z|"* and @ - 1/a, which are valid for rough
surfaces [17,18]. Further details about the impedance
measurements can be found elsewhere [19].

4. Results

The oxide thickness was estimated by weight gain,
TEM and EIS and the results are summarised in Table 2.
The oxide thickness measured in TEM is in fairly good
agreement with the results from weight gain, while the
thickness calculated from the impedance measurements
deviates somewhat.

The post-transition oxidation behaviour of the in-
vestigated alloys was tested at 360°C and 220 bar in pure
water and in water with 70 ppm LiOH added. The re-
sults from these tests are presented in Table 3 together

Table 2

Oxide thickness in nm calculated from weight gain/measured in TEM/calculated from EIS
Sample 288°C 20 h 288°C 168 h 360°C 96 h
Zry-2:A 275/250/200 525/500/260 (480)* 850/700/930%
Zry-2:B 250/150/160 500/650/350 850/800/840
Zry-2:C 175/300/310 400/500/550 775/800/1050
Zry-2:D 300/200/250 550/450/430 900/800/1160
Zry-4:A 200/200/200 400/450/300 750/700/740%

& After anodisation to 100 V.
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Table 3

Autoclave test at 360°C and 220 bar
Sample Test time Weight gain Hydrogen content Environment

(days) (mg/dm’) (ppm)

Zry-2:A 473 243 1250 70 ppm LiOH
Zry-2:B 200 67 175 H,O
Zry-2:B 200 664 2750 70 ppm LiOH
Zry-2:C 200 59 145 H,O
Zry-2:D 200 65 285 H,O
Zry-2:D 200 205 1150 70 ppm LiOH
Zry-4:A 200 84 160 H,O
Zry-d:A 353 463 1500 70 ppm LiOH

with the hydrogen content. It can be noted that a high
weight gain is also associated with high hydrogen con-
tent.

4.1. Zry-2:A4

After test for 20 h at 288°C, X-ray diffraction analysis
showed the presence of some monoclinic oxide but the
main signal is from the metal, see Fig. 1(a). Selected area
diffraction (SAD) was used in the TEM analysis to in-
vestigate if tetragonal/cubic oxide phase is present in the
oxide layers, by studying the (10 1) reflection. For this
sample some weak spots were detected indicating a small
fraction of tetragonal phase present. The morphology of
the oxide layer shows a mixture of columnar and equi-
axed grains, see Fig. 2(a). The orientation of the col-
umnar grains is perpendicular to the interface, i.e.,
parallel with the oxide growth direction. A grain is de-
fined as columnar when the observed length is more than
twice the width. The oxide grain size has been estimated
and the columnar grains are 15-30 x 35-60 nm? and the
equiaxed grains are 15-30 nm in diameter.

The samples oxidised for 168 h at 288°C have in-
creased oxide thickness and fraction of columnar grains,
see Fig. 2(b). X-ray diffraction analysis showed no te-
tragonal phase, Fig. 1(b), while SAD indicates the
presence of tetragonal phase.

The test at 360°C for 96 h gave a thicker oxide layer
than in the previous samples. X-ray diffraction analysis
showed that the intensity signal from the monoclinic
ZrQ, increases with exposure time and temperature, Fig.
1(c). SAD indicates the presence of tetragonal phase but
the content is low since it is not observed in X-ray dif-
fraction. The morphology on this sample is different
from the 288°C samples, much longer columnar grains
are found (20-50 x 50-150 nm?), Figs. 2(c) and (d).
Also the equiaxed grains are larger (20-40 nm), about
30% more than for the samples tested at 288°C. A few
cracks were found in this oxide.

For the sample tested at 288°C for 20 h the film is
fairly compact and the thickness determined from the
impedance is slightly lower than the estimated thickness
from weight gain and TEM, Table 2. For the sample

exposed to the same temperature for 168 h a layered
oxide is observed. The thickness determined by imped-
ance is considerably lower than that expected from
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Fig. 1. X-ray diffraction analysis of sample Zry-2:A as a
function of exposure time and temperature: (a) 288°C for 20 h;
(b) 288°C for 168 h; (c) 360°C for 96 h. The standard reflection
for Zr is given in (a), tetragonal ZrO, in (b) and monoclinic
Zr0O; in (c).
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Fig. 2. TEM micrographs of sample Zry-2:A after oxidation at: (a) 288°C for 20 h. Overview at lower magnification in the upper part
of the figure; (b) 288°C for 168 h; (c) 360°C for 96 h (overview); (d) 360°C for 96 h. At the top a thin layer of epoxy.

weight gain and TEM, Table 2, which indicates that the
outer part of the oxide is macroporous. The fact that
only a part of the oxide is accessible to impedance
measurements is due to a low resistance over the outer
part of the oxide as a result of the electrolyte penetra-
tion. The low resistance together with a small capaci-
tance will yield a time constant that falls outside the
accessible frequency range. To check if the oxide layer is

porous the autoclaved sample was anodised by applying
a voltage of 100 V. For an un-oxidised sample such an
anodisation will yield an oxide thickness of about 300
nm. Thus, if the oxide layer on the autoclaved sample is
compact the anodisation will have no effect on the oxide
thickness. However, anodisation to 100 V results in a
more compact oxide with a thickness in close agreement
with the one expected from weight gain and TEM, Table
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2. The reason for this is not fully understood, but the
result shows that the resistance in the pores increases
and it is thereby possible to measure the total oxide
thickness. Also for the sample oxidised at 360°C for 96 h
the outer part of the oxide is macroporous. In this case a
second time constant is observed at high frequencies, but
is not fully resolved and as a consequence the thickness
of the layer cannot be obtained. After anodisation to
100 V the oxide thickness determined by impedance is in
parity with the value obtained from weight gain and
TEM.

4.2. Zry-2:B

The X-ray analysis for these three samples, see Fig. 3,
are in accordance with the sample Zry-2:A. The sample
oxidised for 168 h at 288°C has an oxide morphology
with mainly columnar grains but also a fraction of
equiaxed grains. The morphology of the oxide formed at
shorter time is similar. The difference is that a few
cracks, parallel with the interface are found in the
thicker oxide layer, Fig. 4(a). The equiaxed grains are
slightly larger at the longer exposure time. Oxidation at
360°C for 96h gave a morphology with longer columnar
grains (comparable in size with sample Zry-2:A), Figs.
4(b) and 2(d).

The anodically formed oxide layer contains only
equiaxed grains, with a diameter of 15-45 nm. The
thickness of the formed oxide layer is ~300 nm as can be
seen in Fig. 4(c). SAD analysis of this oxide showed the
presence of monoclinic phase but also some tetragonal
phase. The amount of tetragonal phase is larger in the
anodically formed oxide compared to the thermally
formed oxides and can readily be observed in X-ray
diffraction, Fig. 5(a).

The impedance of the anodised sample shows the
appearance of a compact film with only one time con-
stant. The thickness is calculated to 300 nm, Fig. 5(b), in
agreement with the results obtained by the TEM inves-
tigation, Fig. 4(c). Also for the thinnest autoclaved ox-
ide, 288°C 20 h, a compact film is observed in the
impedance diagram, Fig. 6(a), with slight frequency
dispersion at low frequencies. The thickness calculated
from the impedance data is in agreement with the value
estimated from weight gain and TEM. When the oxide
grows thicker at the same temperature, 288°C 168 h, a
layered structure is formed as evident from the appear-
ance of a second time constant at low frequencies, Fig.
6(b). As for sample Zry-2:A, the detectable thickness is
lower than expected and the entire oxide layer can only
be observed in the impedance measurements by ano-
dising the sample. For the sample oxidised at 360°C for
96 h one time constant is observed, showing the compact
nature of the oxide. The calculated thickness of the
oxide layer is in agreement with the expected value,
Fig. 6(c) and Table 2.
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Fig. 3. X-ray diffraction analysis of sample Zry-2:B as a func-
tion of exposure time and temperature: (a) 288°C for 20 h; (b)
288°C for 168 h; (c) 360°C for 96 h. The standard reflection for
Zr is given in (a), tetragonal ZrO, in (b) and monoclinic ZrO, in

(©).

4.3. Zry-2:C

Sample Zry-2:C has the lowest weight gain of all
studied samples. X-ray diffraction analysis and the TEM
investigation of these samples are in agreement with the
result from sample Zry-2:A. However, no tetragonal
phase was discovered with SAD after the 20 h test. For
this sample a layered structure was observed after the
360°C oxidation test, the outer part of the oxide layer
contains less and shorter columnar grains, Fig. 7.

The impedance characteristics for this sample show
that the oxide formed is rather compact. For the thin-
nest film one layer is observed, while for the thicker films
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Fig. 4. TEM micrographs of sample Zry-2:B: (a) after oxidation at 288°C for 168 h; (b) after oxidation at 360°C for 96 h; (c) anodically

formed oxide.

two layers are detected. However, for all three samples
the oxide thickness determined from the impedance
measurements is in agreement with the values obtained
by weight gain and TEM, Table 2.

4.4. Zry-2:D

Sample Zry-2:D, oxidised for 20 h at 288°C, has the
thickest oxide, compared to the four other investigated

alloys (Table 2). Only monoclinic phase was found in
X-ray diffraction analysis after the 288°C tests, while
SAD shows presence of tetragonal/cubic phase after the
168-hour test. The morphology of the oxide formed at
288°C is similar to sample Zry-2:A. The higher oxida-
tion temperature resulted also for this sample in a
morphology with longer columnar grains and slightly
larger equiaxed grains, Fig. 8. Some cracks in the grain
boundaries were discovered in this sample.
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Fig. 5. Anodically formed oxide on sample Zry-2:B: (a) X-ray
diffraction; (b) EIS.

A compact layer is observed for the two samples
oxidised at 288°C and the thickness determined by im-
pedance is in fairly good agreement with the values
obtained from weight gain and TEM, Table 2. For the
sample oxidised at 360°C for 96 h two time constants are
observed, showing that the oxide is layered and the es-
timated thickness is slightly larger than expected from
weight gain and TEM. In addition the resistance over
the oxide is very low for this sample, which indicates
that conductive paths are present.

4.5. Zry-4:A

Sample Zry-4:A is the only Zircaloy-4 variant stud-
ied. Only monoclinic zirconium dioxide was detected by
X-ray diffraction in parity with the result on the Zirca-
loy-2 alloys, Fig. 9. The morphology, on the sample
tested for 20 h at 288°C, has equiaxed (15-30 nm) and
columnar grains (15-30 x 35-60 nm?). After 168 h the
oxide gets thicker and a slight increase of the grain size is
found for the equiaxed grains. At the higher temperature
(360°C) longer columnar grains were also observed on
this sample and the maximum size for the equiaxed
grains (20-50) is almost twice that found on samples
tested at the lower temperature.
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Fig. 7. TEM micrograph of sample Zry-2:C after oxidation at
360°C for 96 h.

The impedance characteristics for this sample re-
semble that of sample Zry-2:A, with one layer for the
thinnest film and with the development of a macropor-
ous outer part at longer exposure times. For the sample
oxidised at 360°C for 96 h, the oxide thickness cannot be
determined because the resistance over the outer part of
the oxide is low and the time constant falls outside the
frequency range used. However, by anodising the auto-
claved sample the entire oxide layer can be character-
ised, Table 2.

5. Discussion

In this study, differences in the pre-transition oxide
were sought for that could be used to predict the post-
transition oxidation kinetic. No major differences in the
morphology and phase composition of the formed oxide
layers were found between the different alloys. The im-
pedance measurement shows that the oxide formed on
alloys Zry-2:D, Zry-2:C and Zry-2:B is fairly dense,
while for Zry-2:A and Zry-4:A the oxide formed at
longer exposure times has a porous outer layer. The
alloys with the more dense oxide layer appear to have
better corrosion resistance in long time testing in water,
Table 3. For the testing in lithiated water, Table 3 Zry-

Fig. 8. TEM micrograph of sample Zry-2:D after oxidation at
360°C for 96 h.

2:A seems to have the best corrosion resistance, while
Zry-2:B has the highest corrosion rate. However, this
cannot be explained by the impedance measurements. A
reason might be that the alloys have different second
phase particle distribution and size, which effect the
microstructure (cracks and pores) in the post-transition
region, but less in the pre-transition region. The accel-
erated corrosion commonly observed in the presence of
lithium is mainly due to an up-concentration of the
LiOH in cracks and pores [19] and it is, therefore, not
surprising that no predictions can be made from mea-
surements on pre-transition oxides.

A significant difference in morphology was found for
the two test temperatures. Tests at the higher tempera-
ture resulted in larger oxide grains, especially the length
of the columnar grains. The reason for the difference in
morphology between the two temperatures is not fully
understood but the results show that accelerated testing
at elevated temperatures may be doubtful. A tempera-
ture change will cause differences of the oxygen partial
pressure in water, the activity of oxygen in the metal, the
diffusivity of oxygen ions, the driving force for oxidation
and the nucleation of new oxide grains, amongst others.

The only difference between the two autoclave tests
used in the present investigation is, besides the tem-
perature, the pressure. At 288°C the equilibrium pres-
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Fig. 9. X-ray diffraction analysis of sample Zry-4:A as a
function of exposure time and temperature: (a) 288°C for 20 h;
(b) 288°C for 168h; (c) 360°C for 96 h. The standard reflection
for Zr is given in (a), tetragonal ZrO, in (b) and monoclinic
ZrO, in (c).

sure is 72 bar and at 360°C 186 bar. The pressure was
chosen so that water was present at both test tem-
peratures. The pressure will affect the oxygen activity
in water. However, since the oxidation rate is con-
trolled by oxygen diffusion through the growing oxide
[3], the oxygen activity in water is less important.
Measurements at constant temperature (360°C) but
different pressures (186 and 220 bar) show that the
columnar grains are comparable in size [19]. Thus, the
pressure cannot be the causing factor for the observed
morphology difference.

The driving force for oxidation increases with tem-
perature but since the oxidation is kinetically limited at
both temperatures this factor is of minor importance.
Instead, the oxidation rate is mainly determined by the
diffusion rate of oxygen, which is exponentially depen-

dent on temperature. The diffusion along grain bound-
aries is significantly faster than bulk diffusion. At the
lower temperature a higher fraction of the oxygen
originates from grain boundary diffusion and one pos-
sible explanation for the enhanced nucleation at this
temperature may be a local increase in oxygen content in
the metal close to the grain boundaries.

Since the yield strength of the metal is temperature
dependent, one explanation for the difference in mor-
phology between different temperatures could be that
the new oxide grains are nucleated to decrease the
compressive stress. A different crystal orientation is fa-
vourable to lower the stress. Plastic deformation of the
metal is shown in numerical simulations where the stress
distribution as a function of interface roughness is cal-
culated [20]. However, the difference in yield strength is
too low to explain the difference in morphology but it
seems reasonable to decrease the compressive stress, new
nuclei are formed.

5.1. Correlations between alloy composition, pre- and
post-transition oxidation

The most important properties of the oxide layer
during post-transition oxidation are the thickness and
the passivating properties of the barrier layer. The oxi-
dation rate is found to be dependent on distribution of
second phase particles. Autoclave tests on Zircaloy-4
with small/medium or large second phase particles have
shown that the corrosion rate is dependent on the size
distribution of second phase particles [7], i.e., the par-
ticles should not be too small or too large. The mecha-
nism by which intermetallic particles affect the oxidation
behaviour for Zircaloy may be a mechanical effect. The
movement of the phase interface (a-Zr to ZrO,) may be
slowed down when particles with a different crystallo-
graphic structure are present in the metal phase. The
particles act as obstacles for the moving interface and
the maximum effect is when the particles have an opti-
mal size and are lying close enough to each other. Due to
the slower oxidation of the second phase particles
compared to the matrix, large particles will act as
‘electronic bridges’ throw the oxide layer. The oxidation
rate is also reported to be dependent on the chemical
composition of the intermetallic precipitates [21]. How-
ever, since zirconium has a very high affinity for oxygen,
the oxidation rate in the pre-transition region is not
affected by the presence of other elements.

5.2. Comparison between anodically and thermally formed
oxides

Anodic oxidation has been used to produce oxide
films on Zircaloy for many years. The sample is put in
an aqueous electrolyte and an electrical field is applied
between the zirconium anode and a platinum cathode.
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One study reports that the oxide films produced in
different aqueous electrolytes are generally character-
ised by randomly orientated equiaxed oxide grains
(diameter 45-50 nm) and with cubic phase [22]. In-
corporation of anions from the electrolyte may influ-
ence the oxide morphology and the incorporation
increases with current density. In 0.1 M H,SO, solu-
tion up to 0.1 anion per molecule ZrO, has been re-
ported to be built in [23]. During anodic oxidation
oxygen ions are suggested to be the moving species
[24], but also cation transport is reported [25].

In the present study it is shown that the formed
oxide layer is composed of randomly orientated
equiaxed grains with mainly monoclinic zirconium
oxide. However, a detectable amount of the tetragonal
zirconium oxide is also observed in X-ray diffraction,
Fig. 5(a). This can be compared to thermally formed
oxide layers, which are characterised by mainly col-
umnar oxide grains, and where the grains have a
texture, i.e., growth direction perpendicular to the
metal/oxide interface. For the thermally formed oxides
the existence of tetragonal phase could only be proved
in the TEM investigation, which indicates that the
fraction tetragonal phase is low. EIS measurement on
the anodically formed oxide show a compact oxide
layer, in agreement with the results found on ther-
mally formed oxide layers at the same thickness.

SAD was used to investigate if tetragonal/cubic
phase is present in the oxide. In this study only small
amounts of tetragonal phase were detected in the
oxide layer. As discussed elsewhere [26] the TEM
sample preparation is suggested to influence the pres-
ence of the high temperature phases. Since the te-
tragonal/cubic phases are stabilised by stress and the
relaxation during preparation may explain why only
small amounts of these phases are found in TEM
despite the fact that they may be present during oxide
growth. Based on a study of the oxide layers with
Raman spectroscopy [7], where it is reported that the
oxide layer closest to the metal/oxide interface con-
tains as much as 40% tetragonal phase, the stress relief
of the oxide layer was proposed to decrease the
amount of tetragonal oxide. However, in the present
study the high temperature phase is mainly observed
in the SAD study, while the amount of the tetragonal
phase in the thermally formed oxides is too low to be
detected by X-ray diffraction. Thus, the tetragonal
phase is probably stabilised by other factors than the
compressive stress, in accordance with [27].

6. Conclusions
Five different zirconium alloys have been tested in

autoclave at 288°C for 20 h and 168 h and at 360°C for
96 h. The pre-transition oxides are characterised by

cross-sectional TEM, X-ray diffraction analysis and

Electrochemical Impedance Spectroscopy and the re-

sults from the investigations are:

e Main differences in morphology were found between
the two test temperatures, while the alloy composi-
tion was found to have no influence. At the higher
temperature (360°C) the size of the columnar grains
increases a factor 3-4 in length compared to the oxide
formed at 288°C.

e At 288°C the oxide consists of a mixture of columnar
and equiaxed grains, but at 360°C mainly columnar
grains are observed.

e The tetragonal oxide phase was only detected by se-
lected area diffraction in the thicker oxide layers, since
the amount of the tetragonal phase in the thermally
formed oxides is too low to be detected by X-ray dif-
fraction. Thus, the tetragonal phase is probably stabi-
lised by other factors than the compressive stress.

e The impedance measurement shows that the oxide
formed on alloys Zry-2:D, Zry-2:C and Zry-2:B is
fairly dense, while for Zry-2:A and Zry-4:A the oxide
formed at longer exposure times has a porous outer
layer.

e One sample, Zry-2:B, was also anodically oxidised.
The formed oxide layer has only equiaxed grains pre-
sent and both tetragonal and monoclinic phases were
identified in SAD as well as in X-ray diffraction.

The aim of this study was to evaluate the possibility of

predicting post-transition oxidation behaviour by

studying the properties of pre-transition oxides. Based
on the result obtained in this investigation, no such
prediction can be made.
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