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In situ study of the oxidation of Zircaloy-4 by ESEM
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Abstract

Zircaloy-4 has been oxidised in environmental scanning electron microscope (ESEM), at a temperature of 700 �C
and the surface of the material has been observed during the oxidation, directly in the ESEM. The material has been

subsequently analysed by atomic force microscopy (AFM) and transmission electron microscopy (TEM). Several as-

pects of the oxidation were revealed in these experiments. Zircaloy-4 oxidises at a different rate depending on the

crystallographic orientation of the grains at the surface. The iron and chromium in the secondary phase particles (SPP)

diffuse to the surface and oxidise to produce a profile at the surface of the material. The in situ observations reveal no

cracks at the surface during the oxidation. Subsequent examination of the surface (ex situ) by AFM reveals the presence

of pores in the oxide. TEM examinations indicate the presence of weak internal planes in the oxide layer, inducing

cracks parallel to the metal–oxide interface.

� 2003 Elsevier B.V. All rights reserved.
1. Introduction

One of the main characteristics of zirconium and its

alloys is their resistance to oxidation. Zirconium oxidises

spontaneously and develops a self-healing layer of ad-

hesive oxide. In extremely corrosive environments and at

high temperatures, nevertheless, the oxidation proceeds

and a uniform oxide layer forms.

The kinetics of Zr oxidation is controlled by the

diffusion of oxygen ions through the existing oxide layer

and the interaction with the metal at the metal–oxide

interface [1]. Depending on the composition and the

oxidation conditions, three crystallographic structures

have been reported for the oxide: monoclinic, tetragonal

and cubic zirconia [2]. The ratio of different phases is

shown to vary from one material to another.

The rate of oxidation is known to depend on the

composition of the material, and it follows a cubic rate
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law at the early stages, transforming after a so-called

transition period to a linear oxidation rate. In certain

alloys a cyclic cubic and linear rate laws are reported [3].

Most zirconium alloys contain precipitates (second-

ary phase particles, SPP) that are known to play an

important role on the resistance of the material to cor-

rosion, through anodic protection [4].

Certain aspects of the oxidation are still not clear.

As an example the reason for the change of oxidation

rate from cubic to linear is not well understood. If

oxygen ion diffusion is the rate determining parameter

throughout the process, the rate of oxidation should

depend on the thickness of the oxide layer and should

reduce with time. In practice this is not the case and after

the so-called pre-transition period the oxidation rate

raises and a linear regime is established. A linear regime

implies that faster roots are available for oxygen ions to

reach the interface. It is expected that pores perpendic-

ular to the interface, or certain cracks simplify the ox-

ygen ion access to the metal–oxide interface [5]. Studies

performed by scanning electron microscopy (SEM) have

shown the presence of cracks in the oxide layer, never-

theless it is not clear at what stage the cracks are pro-

duced. Also, it is not understood if these are an artefact
ed.
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of sample preparation or an inherent characteristic of

the oxide.

In order to contribute to the understanding of the

oxidation mechanism, the occurrence of cracks and the

role of SPP in the oxidation of the material, attempt is

made in this study to perform an in situ analysis of the

oxidation by environmental scanning electron micro-

scope (ESEM).

The objective of this observation is to examine the

material�s surface during the oxidation process and to

monitor the phenomenon at the early stages of its oc-

currence.
2. Experimental

A standard Zircaloy-4 material was selected for this

examination. The composition of the material is given in

Table 1. The thermal treatment of the material consisted

of a quench from high temperature beta phase, a heat

treatment of 5 h at 500 �C, followed by a stay in the

autoclave under 300 bars, at 340 �C for 32 days. These

conditions are the oxidation conditions of the material

when used in the pressurised water reactors (PWR). The

average particle size of this sample was determined by a

previous study [6] to be of the order of 30 nm. The oxide

scale of this sample, obtained from the autoclave oxi-

dation has been examined by high resolution transmis-

sion electron microscopy (HRTEM) in a previous study

[7]. This material was useful since it could be considered

as a specimen that can allow observing the continuation

of the oxidation phenomena, if a stay at the temperature

of oxidation would modify from any aspect the material.
Fig. 1. The SEM images of the sample prior to heating. (a) BSE im

hardness indents are used to spot the region to be observed with hig

pography of the surface. As can be observed from this image at this

Table 1

Chemical composition of Zircaloy-4 used for the experiments

Alloying elements (wt%) Sn Cr F

Standard Zry-4 1.20–1.70 0.07–0.33 0.

Zry-4 (this work) 1.30 0.10-0.11 0.
Prior to the observation by ESEM, a fresh metallic

part (without the oxide scale) was cut from the material,

the surface was polished down to 250 nm, and the ma-

terial was ultrasonically cleaned in order to remove all

the traces of silica particles used at the last stages of

polishing. For practical reasons two micro-hardness in-

dents were produced on the surface (Fig. 1(a)), in order

to have reference points for the accurate observation of

the same region at different stages of heating and ESEM

imaging.

A Philips XL30 ESEM-FEG was used for these ex-

periments. The instrument was operated in ESEM

mode. In the case of our experiment a water pressure of

1.3 mbar was introduced in the specimen chamber. The

sample was heated at a rate of 4 �C/s allowing to reach

the temperature of 700 �C in less than 3 min. The ma-

terial was held for 65 min at the temperature and sub-

sequently cooled to ambient temperature. The cooling

rate of the specimen being controlled by the mass of

material to be cooled, it was about 0.7 �C/s; this allowed
cooling the sample to ambient temperature, in 17 min. A

gas secondary electron (GSE) detector was used for the

high temperature observations. At these temperatures

the energy dispersive X-ray spectrometer (EDS) detector

could not be used for chemical analysis. The chemical

analysis of the surface was therefore performed subse-

quent to in situ oxidation experiment and after cooling

the sample. EDAX micro-analyser was used for the

chemical analysis in SEM mode.

The oxidized surface was subsequently examined by

atomic force microscopy (AFM), in order to study the

surface topography of the material. A Digital Instru-

ment Nanoscope IIIa with a silicon tip was used for
age indicating the different grains of a-zirconium. The micro-

h precision. (b) SE image of the same region indicating the to-

scale the surface is very smooth. Scale bar indicates 50 lm.

e Cr+Fe O Si (ppm)

18–0.24 0.28–0.37 0.0900–0.1600 120

22–0.23 0.33 �0.1320 100–108
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these observations. The tip was operated in contact

mode and the AFM observations were performed at

ambient temperature. In order to have a reference for

the comparison of the results, the surface of a non-

oxidised specimen from the same material, polished in

identical conditions, was examined. AFM results of the

non-oxidised surface were compared with results from

the oxidised surface.

In order to examine the nature of the oxide a trans-

verse transmission electron microscopy (TEM) sample

was provided from the oxidized surface by focused ion

beam (FIB). A FEI-FIB instrument was used for this

specimen preparation. The TEM study of the material

was performed on a JEOL 2010 with an acceleration

voltage of 200 keV, equipped with a Link-ISIS energy

dispersive X-ray spectrometer (EDS).
3. Results

Prior to heating, the surface of the sample was ex-

amined at different magnifications, using both secondary

electron (SE) and back-scattered electron detectors

(BSE). The data from the two detectors at different

magnifications were complimentary and the surface to-

pography of the material was smooth. A BSE image

showing the microstructure of the beta-quenched mate-

rial can be observed in Fig. 1(a). The SE image of the

material at the same magnification is shown in Fig. 1(b).
Fig. 2. In situ ESEM observation of the oxidation of the Zircaloy-4

precipitates are observed. (b)–(d) evolution of the surface during heatin

arrows indicate first precipitates (c) after 11 min, and (d) after 62 min.

represents 2 lm.
This image demonstrates the topography of the material

at this stage.

No indication of any precipitates or any features

similar to precipitates was observed on the surface prior

to heating and oxidation of the material. Fig. 2(a) rep-

resents the surface of the material at higher magnifica-

tion prior to oxidation. As mentioned before the sample

was rapidly heated up to 700 �C. Immediately after

heating, the material surface started to show small white

precipitates, which were in most cases distributed in the

form of a chain.

The material surface was imaged by GSE detector at

regular intervals, and the following features were observed:

(a) The precipitate-like features appeared already after

3 min at 700 �C.
(b) The number of precipitate-like features that ap-

peared at the surface did not increase considerably

after the first 8–11 min of heating.

(c) The size of the precipitate-like features varied for

certain larger features and remained fix for the small

features.

(d) No evidence of surface cracks was observed under

the conditions of observation.

(e) The material showed no further evolution after cool-

ing to ambient temperature.

Fig. 2(b)–(d) show the material at different stages of

oxidation.
. (a) The surface before heating observed by SE detector. No

g, at 700 �C, observed by GSE detector. (b) Surface after 3 min,

The surface of the material does not show any cracks. Scale bar



Fig. 3. In situ ESEM images of oxidation at 700 �C obtained by GSE detector, (a) after 8 min and (b) after 57 min. The number of

precipitate-like features does not increase considerably after the first 8 min. However the size of larger features increases distinctly. The

arrow indicates a precipitate-like feature that has not changed size after the period of oxidation. Scale bar indicates 2 lm.

Fig. 4. The SEM images of the sample prior to heating, and after the end of the heating experiment. (a) BSE image indicating the

different grains of a-zirconium prior to heating (same image as Fig. 1(a)). (b) SE image of the same region after oxidation and cooling.

The dark regions in (a) have oxidised at a faster rate as can be observed in (b). The micro-hardness indents can be used to locate same

grains before and after oxidation. Scale bars indicate 50 lm.

Fig. 5. The oxidised and cooled material reveals the micro-

structure of the metal substrate as well as the distribution of the

secondary phase particles (arrows). Scale bar represents 5 lm.
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A better comparison of the evolution of the surface

features is possible in Fig. 3. As mentioned above, the

number of precipitate-like features formed after 8 min in

situ oxidation (Fig. 3(a)) does not increase considerably

after 57 min of oxidation (Fig. 3(b)). Nevertheless the

size of large features increases distinctly with time; this is

not the case for the smaller features. The analysis of the

surface of the material during the experiment does not

reveal the occurrence of any cracks during the oxidation

period.

After cooling the examination of the surface of the

material indicated that the rate of oxidation has been

different for various parts of the material, and a clear

topography representing the microstructure of the ma-

terial can be noticed. Fig. 4(b) represents this phenom-

enon; the comparison with Fig. 4(a) reveals well this

feature. As it can be observed the darker regions of

image 4(a) have produced a profile that stands higher

than the regions appearing bright prior to oxidation.

The topography can be compared with Fig. 1(b). At the

same magnification the surface reveals the considerable

change of topography of the material after oxidation.

At higher magnifications the precipitate-like features

can be observed. Fig. 5 reveals the distribution of pre-

cipitates in the material. A detailed examination of the
surface showed that the distribution of precipitates in

the different regions at the surface is similar.

In order to examine the nature of the precipitate-

like features, certain larger features were analysed by

EDS and compared to the matrix (Fig. 6). The results



Fig. 7. (a) AFM image of the topography of the surface after oxidation. The oxidised precipitates are protruding from the surface of

the matrix oxide. The topography of the surface confirms the fact that the oxidation rate is different for zirconium grains oriented

differently with respect to the surface. The z scale is 492 nm; the total scanned area is 25lm. (b) The z profile of the line indicated in (a).

The height difference between the points indicated by the arrows is 267 nm. In this profile three precipitates are included forming the

spikes. The profile indicates that the z-values of the precipitates are above the surrounding matrix oxide.

Fig. 6. The EDS analysis of a precipitate-like feature (a) and of the matrix (b) by SEM, the image (c) indicates the region of analysis.

P: precipitate, M: matrix.
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indicated without ambiguity that the features do contain

Fe and Cr, whereas the matrix did not show any signal

from these two elements.

Fig. 7 represents the overall image of the material

after cooling, obtained by AFM. The height difference,

between the highest and the lowest surface regions, is

shown in the line profile. In this measurement, the height

difference between the two grains is measured to be of

the order of 250 nm. From this profile it can be seen that

the precipitates are protruding from the matrix oxide.

Precipitates in all regions show a z-value that is above

their surrounding matrix. It can be observed that the

precipitates are mostly at the boundary of the two re-

gions (grain boundaries) and the height of precipitates is

of the order of 50–90 nm above the oxide surface. The
topography of the metal at a polished state and without

any in situ oxidation is much smoother than after oxi-

dation. The AFM height variation between two grains in

this case, in the same magnification, is measured to be in

the range of 50 nm (not shown here).

A smaller region of the surface is observed by AFM

(Fig. 8) and the results reveal that the morphology of the

oxide is granular. At this scale oxide grains as small as 35

nm are observed. At some regions of the surface evidence

of pores are noticed, these pores seem to be randomly

distributed and their size and geometry are not uniform.

Fig. 9 indicates a TEM bright field image of the

transverse section of the specimen, in the metal–oxide

region. This TEM sample was cut in the direction per-

pendicular to the oxidised surface and attempt was made



Fig. 8. AFM images of the topography of the surface after oxidation. (a) Total scanned area is 5 lm and the z scale is 82 nm. (b) The

region framed in (a) scanned again (total scanned area is 2 lm), z scale is 88 nm.

Fig. 9. (a) TEM bright field image of the metal–oxide interface showing a precipitate in the oxide region. At the surface of the oxide a

lens-type feature is observed. This corresponds to the precipitate-like features observed in ESEM and AFM. The thickness of this lens

is about 130 nm and the width of the lens is 700 nm. Cracks are observed at the vicinity of the precipitate. P designates the precipitate in

the oxide, white arrows indicate the interface, and black arrow indicates the crack. Scale bar represents 1000 nm. (b) EDS maps of Cr

(blue), Fe (red), O (green), and Zr (yellow) in the same region as in (a). As it can be observed in the map of Cr and Fe, very little signal

from these elements, is present in the region between the precipitate and the outer surface of the oxide. The lens region however

contains no Zr, but shows a signal from Cr, Fe and oxygen. P designates precipitate (in the oxide and also in the metal), arrow indicates

the region between the precipitate and the free oxide surface, arrow heads indicate the lens at the surface of the oxide and S indicates

the free space above the oxide.
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to include a precipitate in the thin film. This precision of

sample preparation is only possible by FIB. The pre-

cipitate and the EDS maps of chromium, iron, oxygen

and zirconium, of the same region are shown. As it can

be seen in the EDS maps, there is very little signal from
Cr or Fe in the region between the precipitate and the

outer oxide surface. The protruded region at the surface

of the oxide does not contain any Zr. Since the inter-

metallic precipitates are in the form Zr(Fe/Cr)2 and must

contain a considerable amount of Zr, this observation
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demonstrates that Fe and Cr have diffused to the surface

of the material. The oxygen map shows that the Cr and

Fe at the surface are in oxide form. From this obser-

vation it is concluded that a precipitate-like feature

could be the result of the diffusion of the species in the

precipitate to the surface of the material and does not

represent necessarily the precipitate itself.

From the measurements on the TEM sample, the

average oxide thickness was found to be 1.6 lm. The

crystal structure of the oxide has been examined by

TEM and by X-ray powder diffraction analysis to be

monoclinic; a residual amount of tetragonal phase has

been observed by the second technique.
4. Discussion

It must be noted that the ESEM in situ experiment is

a surface analytical method; in other terms it reveals the

changes occurring at the surface of the material, and it

will not bring any information from the internal inter-

faces. However, in this work it is combined with com-

plementary ex situ experiments to provide a useful tool

for the examination of the oxidation phenomena. From

the in situ observations and subsequent ex situ experi-

ments some aspects of the oxidation can be revealed,

as discussed below.

One of the phenomena observed during the oxidation

of Zircaloy materials is the nodular corrosion of alloys

containing precipitates [8]; this behaviour has been

correlated to the presence of the intermetallic precipi-

tates. Nevertheless the correlation is still not unambig-

uously demonstrated. The precipitates in the case of

Zircaloy-4 and Zircaloy-2 are claimed to be electro-

chemically less reactive than the Zr matrix and therefore

do not interact with oxygen so long as they are in con-

tact with the metallic Zr. Once the precipitates are

no more in contact with the Zr matrix, they start cor-

roding [9].

From the present observation, it can be concluded

that the oxidation of the precipitates when started, in-

duces a layer of oxide at the surface, which contains very

little Zr. This phenomenon results from the diffusion of

Cr and Fe to the free surface of the material and a

subsequent interaction with oxygen. Fig. 9 indicates this

phenomenon. As it can be seen the protruding material

at the surface is responsible for the lens formation as

shown in Fig. 2, and in AFM images. The occurrence of

these features is at the origin of the nodules on the

surface of the oxide.

From the occurrence of precipitate-like features at

the very early stages of oxidation (please see Figs. 2(b)

and 3(a)), it can be concluded that the oxidation at the

surface takes place simultaneously for the matrix and

the precipitates. Once the surface precipitates were all

oxidised the number of precipitates at the surface did
not increase any further. This would imply that either

the diffusion path for precipitates below the surface was

too long for the time period of the test, or that the

phenomenon does not continue after the oxidation of

precipitates near the surface.

Another parameter that could be responsible for this

phenomenon is the grain boundary diffusion of Fe and

Cr. As most of the precipitates in this material are at the

grain boundaries, it is possible that such a lens forma-

tion is due to the grain boundary diffusion of these

species. This question should be further examined with

other experiments.

The stresses leading to the formation of cracks in the

oxide can have at least three origins: (a) they can be due to

the volume differences between the oxide and the metal,

(b) they can be of thermal origin owing to the difference

of expansion coefficients of the oxide and the metal and

(c) they can be due to the changes in the structure of the

oxide during oxidation [10,11]. The fact that no cracks

are observed at the surface of the oxide during the in situ

experiment does not necessarily imply that there are no

cracks in the bulk oxide. However, this observation im-

plies that the oxide surface does not show large flaws, and

therefore no large paths for the access of the oxidising

species to the interface are created from the surface. The

presence of pores revealed by AFM studies implies

however that there are other roots than the bulk diffusion

of oxygen ion for reaching the interface.

The expansion coefficient of zirconia both in mono-

clinic and tetragonal phases is anisotropic, in the case of

the monoclinic phase it ranges between 1.2 · 10�6 K�1

for the [0 1 0] directions and 12.6· 10�6 K�1 for the

[0 0 1] direction. As the expansion coefficient of the me-

tallic Zr is about 5.6 · 10�6 K�1, it would be expected

that the large difference in thermal expansion would

induce cracks in the oxide during the cooling [12] The

absence of cracks on cooling could be explained by the

size and orientation of oxide grains, and the distribution

of stresses at the temperature of oxidation. In other

words the mechanical behaviour of the metal–oxide

system reflects the geometry and crystal orientation at

microscopic level of that system.

The process temperature of 700 �C will induce an

oxidation rate that is faster than the rates observed in

the PWR (at about 340 �C). This temperature was se-

lected in the present study, in order to perform the ex-

periment within a time frame that can be realistic for the

use of the ESEM instrument. It is assumed that under

such conditions only the rate of oxidation will change.

The rate of cooling of this sample being very fast, the

thermal shock is expected to induce cracks in the oxide.

However, no cracks are observed during cooling, on the

surface of the material. This observation can be ex-

trapolated to lower temperature conditions and it can be

concluded that the thermal stresses in this material do

not induce any cracks at the surface of the material,
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during the cooling for the stage of the oxidation attained

by the experiment. This observation should be used with

precaution for other materials and it is preferable to

verify this behaviour for other materials before the ex-

trapolation of the results.

The role of precipitates in the modification of the

stress distribution in the oxide layer has not yet been

analysed. As can be observed in Fig. 9 a crack is present

in the vicinity of the precipitate. Such cracks have been

observed in other cases and could imply a stress build-up

near the precipitate, when this latter starts to oxidise. It

is clear that these cracks being parallel to the interface

and under the surface of the oxide, it is not possible to

check whether they are produced during the in situ ex-

periment or later during the specimen handling. Even if

the cracks are produced during the handling, they reveal

the weakness of the material in these points. Work is in

progress to further clarify this subject.

The dependence of the oxide thickness to the grain

orientation is explained by crystallographic but also by

compositional effects. This is in agreement with the ob-

servation of previous authors [13,14].
5. Conclusions

The results from in situ and ex situ observations have

shown that:

No precipitate can be revealed with the SEM for the

material studied, prior to oxidation of the material. Near

the surface, and from very early stages of in situ oxi-

dation, iron and chromium present in the precipitates

diffused to the surface, to produce a lens type oxide.

During the in situ oxidation of the material at 700 �C,
no cracks are observed at the surface.

The rapid cooling of the material from 700 �C to

room temperature induces no cracks on the surface of

the material.

Under identical conditions of oxidation, the rate of

oxidation depends on the crystallographic orientation of

the grains and on the microstructure of the material. In

the present study this observation was confirmed and

quantified by AFM topographic measurements.

In the vicinity of the precipitates, cracks are observed

by TEM in the direction parallel to the interface. These

cracks are nevertheless not observable at the surface,

during the in situ experiment.
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