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TEM Examinations of the Metal-Oxide Interface of Zirconium 
Based Alloys Irradiated in a Pressurized Water Reactor 

ABSTRACT: Metal-oxide interfaces of three different materials irradiated in a pressurized water reactor 
have been analyzed by TEM and AEM. Standard Zircaloy-4, low-tin Zircaloy-4, and Zr-2.5%Nb were 
used for this study. The microstructure of the material on the two sides of the metal-oxide interface, the 
geometry of the interface, the distribution of different alloying elements, and the oxygen profile have 
been examined in each material. Results of the examinations showed that the three materials had different 
microstructure and oxygen distribution on the two sides of the metal-oxide interface. In particular, the 
following parameters were noticed: a) the geometry of the interface seems to be of a different nature in 
the case of Zr-2.5%Nb alloy. Unlike the Zircaloy-4 alloys, which show an undulated interface, this 
material has a “jigsaw” type interface. This point is discussed, and its role on the oxidation is considered. 
b) Hydrides are observed and analyzed in the vicinity of the interface in the case of low-tin Zircaloy-4, 
and it is shown that they can have an influence on the occurrence of cracks in this material. c) The origins 
of stress are discussed, and it is shown that it can have different sources. The crystal structure of the 
oxides is mainly monoclinic. A tetragonal oxide is observed at some regions, in particular in the standard 
Zircaloy-4.  
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Introduction 
Irradiation effects on the oxidation rate of zirconium alloys have been examined by several 

studies, and the common agreement is that the material can have a different behavior after a 
long-term stay in the reactor [1–3]. These studies have shown that the difference in behavior can 
have several reasons. Observations on one material under specific reactor conditions do not 
always extrapolate or generalize to other conditions. This conclusion would imply that the 
mechanism of oxidation in the reactor deviates at a certain stage from that of the oxidation in the 
autoclave. Additionally, it implies more than one mechanism is involved in the oxidation of the 
material in the reactor, especially at different stages of oxidation. 

The oxidation of zirconium alloys at high temperatures is governed by the diffusion of the 
oxidizing species to the metal-oxide interface [4,5]. Stresses in the oxide due to the Pilling- 
Bedworth parameter (for this material, approx. 1.56) are compressive, and as an example 
Zircaloy-4 (metallic phase) at the interface is reported to be under a tensile stress [6] and the 
oxide under a compressive stress in the range of 200–500 MPa [7]. In the case of precipitate 
containing alloys, metallic precipitates do not oxidize before they are totally surrounded by the 
oxide [8]. The monoclinic zirconia phase is the predominant phase in the oxide. However, 
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different researchers have found different concentrations of tetragonal and cubic zirconia in the 
vicinity of the interface [9–11]. The observations by different authors describe these phases to be 
present in the vicinity of the interface. As the oxidation rate is governed by the diffusion of 
oxidizing species to the metal-oxide interface, the oxidation rate is expected to slow down with 
the increasing oxide thickness. This is the case for the early stages of oxidation, which have 
parabolic or cubic kinetics. After a given period of time however, the oxidation rate becomes 
linear and independent from the total thickness of the oxide layer. This phenomenon is explained 
by the appearance of different rapid roots created in the course of oxidation, due to the cracking 
of the oxide layer, the dissolution of the oxide, etc. for the oxidizing species to reach the metal-
oxide interface [12–14]. The above observations have been performed on both autoclaved and 
irradiated materials. After an initial period of exposure, the oxide growth in the reactor is faster 
than that in the autoclave.  

The dissolution of precipitates under irradiation is considered one of the causes of faster 
oxidation. Other causes are expected to be responsible for this discrepancy, such as hydride rims 
and heat flux. As the last oxide formed is always at the metal-oxide interface, examining the 
interface might indicate the causes for this change of behavior.  

The resolution limit of different structural analysis methods used for the examination of the 
metal-oxide interface varies from the micrometer levels (e.g., for synchrotron radiation) to 
nanometer level for transmission electron microscope (TEM). The results of the different 
techniques should provide complementary information for a better understanding of the 
phenomena. 

TEM observations of the interface are useful in this respect, as they bring structural 
information with a high spatial resolution. In a previous study the metal-oxide interface of 
autoclaved material was analyzed [15], while in the present study, an attempt is made to analyze 
the metal-oxide interface of irradiated alloys.  

 

Materials and Methods 
 Three different alloys irradiated in a pressurized water reactor (PWR), listed in Table 1, are 

used for this study. The irradiation data, number of cycles in the reactor, as well as the oxide 
thickness of the TEM sample and its axial position on the rod are indicated. The maximum oxide 
thickness of the rod and the mean secondary phase particle (SPP) size of each material are also 
provided. These materials have been characterized in the framework of other projects in the 
laboratory. The objective of the present study is to focus on the microstructural analysis of the 
metal-oxide interface by TEM and by analytical electron microscopy (AEM).  The chemical 
composition and heat treatment of the alloys are provided in Table 2. 

Two methods are used for the sample preparation: conventional ion beam milling and 
focused ion beam milling (FIB). Details of sample cutting and cleaning as well as the orientation 
of the samples are given in Appendix I. For conventional ion beam milling, a Baltec RES010 
instrument was used. The samples were prepared using a procedure developed by the company 
for metal-oxide interface preparation. The technique is based on very accurate thinning and 
surface polishing of the sample prior to ion milling. The milling procedure (sample rotation, gun 
incidence angle, and milling times) is very accurately programmed to obtain an optimum result. 
Samples prepared by this conventional ion beam milling showed thickness variations and were 
not convenient for chemical analysis and comparison of the two sides of the interface. When 
possible, FIB was used to prepare the samples. In this method, a very thin segment is prepared 
from the specimen by focusing an ion beam and literally cutting the segment out of the sample. 
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This method provides samples with a homogeneous thickness appropriate for X-ray 
microanalysis; two of the materials were prepared with this method. An FEI Strata DB 235 dual 
beamTM (DB) focused ion beam (FIB) workstation has been used for these experiments. The 
TEM specimens were prepared by milling an electron-transparent sample (about 20 µm long, 5 
µm wide, and 100 nm thick) from a bulk sample (lift-off method). For this purpose, the materials 
were sent outside the hot-laboratory. Only two samples were below the exemption level of 
activity and could be prepared outside the hot laboratory using the FIB technique. These samples 
were low-tin Zircaloy-4 and Zr-2.5%Nb. It is worth mentioning that the contamination from 
milling the sample in a FIB was negligible. 

 
TABLE 1—Materials used for the examination of the metal-oxide interface. The rod 

maximum oxide thickness was obtained from non-destructive tests by Eddy Current method. The 
thickness of the segment used for TEM analysis was measured by scanning electron microscopy.  

Material No. of 
Cycles 

(rod 
no.) 

Burn up 
MWd/Kg 

U 

Fluence 
Estimated 

n/cm2 
E > 

0.821MeV 

Sample 
Elevation 
from the 
Bottom 
(mm) 

Rod Max. 
Oxide 

Thickness 
µm 

TEM 
Sample 
Oxide 

Thickness 
µm 

Hydrogen 
Pick-up 
(ppm) 

SPP 
Mean 
size 
(nm) 

Zircaloy-4 
standard 

4 51.4 3 × 10 21 260 97 
 

10 
 

260–500 180 

Low-tin 
Zircaloy-4 

4 51.1 10.3 × 1021 1468 59 
 

25 
 

367–460 190 

Zr-
2.5%Nb 

3 41.4 8.3 × 10 21 869 16 6.9 70 n.a. 

n.a.: not available. 
 
TABLE 2—Chemical composition of the alloys used and the final heat treatment of the 

cladding material.  
Material Sn 

(wt%) 
Fe 

(wt%) 
Cr 

(wt%) 
Nb 

(wt%) 
Si  

(ppm) 
C  

(ppm) 
O 

(ppm) 
H 

(ppm) 
H.T. 

Zircaloy-4 
standard  

1.52 0.21 0.106   140 1260 7 507°C SRA 

Low-tin 
Zircaloy-4 

1.20 0.22 0.107   140 1730 8 504°C SRA 

Zr-2.5%Nb   0.07  2.5 60 180 1170 10 500°C PRX 
H.T.: heat treatment, SRA: stress relieve annealed, and PRX: partially recrystallized condition. 

 
A JEOL2010 transmission electron microscope operating at 200 keV (LaB6 filament) was 

used. The microscope was equipped with an Oxford Instrument’s Energy Dispersive X-ray 
Spectrometer (EDS) with minimum resolution of 132 eV. A “Link-ISIS” software was used for 
this detector. For quantitative analysis purposes, a calibration was performed using a pure 
zirconium oxide powder and a film as standards. The details of this point are presented in the 
discussion. For some observations, a Philips CM200 operating at 200 keV (LaB6 filament) has 
been used. This microscope has a point resolution of 0.24 nm. The electron diffraction patterns 
for each structure were calculated using the JEMS software developed by P. Stadelmann (Ecole 
Poyltechnique Fédérale de Lausanne). Crystallographic data for identifying different phases are 
provided in Appendix II. 
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Results of TEM Observations 

Standard Zircaloy-4 

The metal-oxide interface of the standard Zircaloy-4 is presented in Fig. 1. This material was 
prepared by ion beam milling. The oxide structure near the interface is columnar, the grains have 
an average width of 20 nm, and the length of the columns is of the order of 100 nm. The high 
resolution image of the same region shows the atomic structure of the oxide. The crystal 
structure of the oxide is mainly monoclinic. However, a detailed examination shows a tetragonal 
oxide present in small quantity in the grain boundary of the monoclinic structure. Tetragonal 
oxide usually is present in fine grains, and it is hard to image its single grains; a nanodiffraction 
of a relatively large single grain can be seen in Fig. 2. The oxide structure shows many defects 
and a large dislocation density. This high dislocation density could be related to the radiation 
damage but also to the stress in the oxide, as this latter parameter exists regardless of the level of 
irradiation.  

 

 
 
FIG. 1—TEM dark field image of the metal-oxide interface of the standard Zircaloy-4 

irradiated for 4 cycles. The bright field contrast of the selected region is shown in the inset a, at 
higher magnification. The microstructure of the oxide can be observed. The insets b and c are 
selected regions of a showing the atomic arrangement of the oxide. Arrows point to the interface. 
Scale bar in a represents 20 nm and in b and c represents 2 nm. 
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FIG. 2—Nano-diffraction of a tetragonal zirconia grain, and the corresponding bright field 

image of the grain, in the same material as in Fig. 1. The diffraction shows a [100] zone axis of 
tetragonal.  The grain size of this oxide is about 30 nm. 

 

The thickness of the oxide in this irradiated sample was approximately 10 µm. The waterside 
oxide also showed a columnar structure similar to the interface oxide (Fig. 3). The columnar 
grains were on the average 25 nm wide and can be as long as 400 nm.  

 
FIG. 3—Dark field image of the oxide on the outside surface of the standard Zircaloy-4. The 

columnar grains are also seen in this region. 
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The metal-oxide interface of another specimen of this material is shown in Fig. 4a. The oxide 
grains in this region are equi-axed. This observation shows that the oxide morphology of the 
standard Zircaloy-4 is not always columnar. From the analysis of the oxide in this region it can 
be observed that the oxidation has proceeded in the metal grain boundary. This grain boundary 
oxidation is not often reported. The profile of oxygen is not measured for this material since the 
thickness variation of the thin foil would induce an error in the oxygen quantification. The 
elemental map of the same region is shown in Fig. 4c. In the metal side of the oxide a precipitate 
can be observed. In addition to the above observations, we found very small hydride needles 
perpendicular to the interface (not shown here). The metal-oxide interface of this material was 
evaluated to be undulated. However, in the region shown in Fig. 4 the interface can be 
characterized as planar.  

 

Low-Tin Zircaloy-4 

Thin foils for this material have been prepared by FIB. An overall view of the metal-oxide 
interface of this material can be observed in Fig. 5a. The interface of this material shows large 
stresses and is undulated, at some places having a sinusoidal form. The analysis of the electron 
diffraction patterns of the interface has shown the presence of these stresses in the interface (Fig. 
5b). This has also been verified by high resolution transmission electron microscopy (not shown 
here). The geometry of the interface is important, as the stress distribution on the two sides of the 
interface depends on this parameter and will influence the oxidation behavior. This point will be 
discussed later.  

The metal side of the interface in this material shows platelet type precipitates that can be 
considered as hydrides (Fig. 5a). The diffraction pattern of these platelets has been analyzed in 
order to characterize the platelets (Fig. 5d). Usually a δ-hydride (ZrH1.66) or a γ-hydride (ZrH) is 
reported in the α-Zr matrix. The diffraction of the platelet in this region indicates a value of the 
lattice spacing of 0.29 nm. Though the metal side of the interface could be under a tensile stress, 
it is surprising to have such a large stress for the hydride. This spacing corresponds to the (111) 
plane of the cubic zirconia. To clarify this problem, another FIB specimen was analyzed to 
examine the nature of platelets in the metal side of the interface. A large quantity of such 
platelets was observed in the material, and the d-spacing was measured to be 0.276 nm. The 
point analysis of these platelets did not show large oxygen concentration expected to be present 
in the zirconia. Also, the lattice spacing of 0.276 nm corresponds to the (111) plane of δ-hydride 
or the (101) plane of ε-hydride. The conclusion was that the platelets were hydrides, and it could 
be possible that the hydrides in the vicinity of the interface show a preferential oxidation. This 
point should be further examined in the future on other materials. The bright field image of a 
grain showing typical c-type dislocations is presented at higher magnification in Fig. 5c. In this 
grain, similar hydride type platelets can be observed that are mostly parallel to the (001) planes 
of α-Zr.  Certain platelets are also observed in the grain boundary of the α-Zr matrix. A higher 
magnification image of the metal-oxide interface is shown in Fig. 6. Oxide grains are equi-axed 
in this region. 
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FIG. 4—a) Dark field image of the metal-oxide interface of the standard Zircaloy-4. White 

arrows indicate the interface, black arrow indicates intergranular oxide; region A has a metallic 
diffraction pattern (α-Zr). b) Bright field contrast of the same region as a and c. c) EDS map of 
Zirconium (Blue), Oxygen (Green), and Cr (red). Arrow indicates the position of the precipitate 
in the metal side of the interface. 

 
 
 
 
 
 

a

b c
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FIG. 5—a) Bright field image of the metal-oxide interface of the Low-tin Zircaloy-4, 

irradiated for four cycles. The metal side of the interface shows platelets as indicated by the 
arrow. b) Diffraction pattern of the interface in a region such as that indicated by A in Fig. 5a. 
Two diffractions spots are observed, one corresponding to the metal and the other to the oxide.  
The diffraction spot of the oxide corresponds to the (-111) of monoclinic oxide as indicated. c) 
The dislocation structure in the metal side of the interface. The hydride platelets in this grain are 
observed oriented along the (001) planes (black arrow). d) Diffraction pattern from the platelet 
indicated by arrow in Fig. 4a. Small arrow in this image indicates the diffraction spot from the 
platelet. This corresponds to a d-spacing of 0.29 nm.   

 

a

c d

b

A

Metal

Oxide

Library for the Research Institutes within the ETH Domain: Eawag, Empa, PSI & WSL (Library for the Research Institutes within the ETH Domain: Eawag, Empa, PSI & WSL) pursuant to License Agreement. No further reproductions authorized.
Downloaded/printed by
Copyright by ASTM Int'l (all rights reserved); Wed Jun 29 11:28:59 GMT 2022



ABOLHASSANI ET AL. ON TEM EXAMINATIONS 9

 
FIG. 6—Metal-oxide interface of the Low-tin Zircaloy-4, irradiated for four cycles. Dark 

field contrast showing the interface and the oxide grains. The oxide grains in this region have an 
average width of 20 nm and an average length of 60 nm. 

 
As the hydrides are observed close to the interface it is expected that a trace of oxidized 

hydride would be present in the oxide side of the interface. An attempt has been made to further 
examine this point by performing a detailed analysis of the two sides of the interface. Figure 7a 
represents a hydride at the metal side of the interface at a distance of 1.6 µm from it. The dark 
field contrast of this hydride is shown in Fig. 7b. Other platelets are also observed in the same 
region. The diffraction of these platelets corresponds to the (220) reflection of ε-hydride. Figure 
7c shows the oxide side of the interface. In this oxide, less dense regions can be observed, which 
are usually characterized as cracks. However, they show a similar size and shape as the platelets, 
and a higher magnification image of these regions (Fig. 7d) shows the small grains as observed 
in the platelets in the metal side of the interface. The crystal structure of the oxide in these less 
dense regions corresponds to monoclinic zirconia.  

The oxide grains in this material show two types of morphology; columnar and equi-axed 
grains are seen. The columnar grains can be as long as 500 nm and have an average width of 30 
nm (Fig. 8). These columnar oxides are mostly free from cracks and are usually parallel to the 
direction of the oxide growth. The analysis of their diffraction shows a monoclinic structure. 
Such grains are also observed at the metal-oxide interface (not shown here). The equi-axed oxide 
grains are dispersed over the whole oxide, and they show cracks in their grain boundaries. 

The EDS map of the interface of this material shows a very distinct boundary between the 
oxide and the metal (Fig. 9a). This material shows a high oxygen concentration in the metal side 
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of the interface. Figure 9b indicates the EDS point analysis for oxygen and zirconium 
concentration of the material on the two sides of the interface. It must be noted that the oxygen 
signal can be absorbed by zirconium, and calibrations are necessary in order to obtain reasonable 
results, details of these calibrations are given in the discussion on the chemical composition.  

 

     
 

    
 

FIG. 7—Metal-oxide interface of the Low-tin Zircaloy-4, irradiated for four cycles, in the 
same region as Fig. 5a; analysis for platelets precipitates. a) Bright field contrast of the interface 
indicating platelet type precipitates (black arrow). b) Dark field contrast of the region shown 
with the arrow at higher magnification. White arrow indicates the same platelet as in a. The dark 
field is obtained using the diffraction spot of platelets.  c) The oxide side of the interface with the 
less dense regions, with equi-axed grains. Arrows indicate the limits of the interface. d) The 
same region as c at a different tilt and at higher magnification. Arrows indicate the less dense 
regions. 

ba

c d
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 FIG. 8—Bright field contrast of the oxide 3 µm away from the metal-oxide interface of the 

low-tin Zircaloy-4, irradiated for four cycles. White arrows indicate the columnar oxide grains. 
Black arrow indicates equi-axed grain. The diffraction pattern of the grain indicated by A is 
shown on the right image. This grain has a monoclinic structure. The zone axis for this 
orientation is [011].  
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FIG. 9—a) EDS map for oxygen in the same region as Fig. 5a and Fig. 7a. b) EDS point 

analysis for the distribution of oxygen and zirconium for the metal-oxide interface. Negative 
distance indicates the metal side of the interface.  

 

Zr-2.5% Nb Alloy  

This alloy is commonly used for pressure tubes and as cladding material in the Russian 
reactors. It has been tested as a cladding material in the framework of a research project in 
collaboration with our laboratory. The material has shown satisfactory corrosion behavior; after 
three cycles in the reactor, the maximum oxide thickness of this alloy was 16 µm. The thin foil 
for the TEM observation of this material was also prepared by the FIB method. The overall view 
of the sample showing the geometry of the interface can be observed in Fig. 10a. The bright line 

A

a b
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running from the top to the bottom of this image is an artefact of sample preparation due to the 
presence of cracks. The focused ion beam will drill a hole in the sample, at the end of the crack 
tip. This will cause a thinner cross-section in the region starting with the crack in the top of the 
TEM sample. The interface shows a morphology that is not observed in the two previous 
materials, especially in the case of low-tin Zircaloy-4 (Fig. 10b). The interface geometry is 
irregular in the Zr-2.5%Nb material, and it does not show a sinusoidal profile. It can be 
characterized as a “jigsaw” type interface. Cracks can be observed in the oxide region. The EDS 
maps of oxygen and Nb are shown in Fig. 11. Nb rich regions can be observed in the oxide. It 
has been shown by previous investigators that these Nb rich phases remain metallic in the oxide 
[16]. Our examinations of the oxide showed such a metallic diffraction pattern at a distance of 1 
µm away from the interface. The structure of this phase with a cubic unit cell parameter of 0.37 
nm could correspond to β-Zr slightly modified by oxygen dissolution; the stresses in the oxide 
could also induce such differences in d-spacing. The analysis of the interface at higher 
magnification shows that the limits of the interface are not very well defined, as compared with 
the case of low-tin material (Figs. 12 and 13).  

The EDS point analysis of this material on the two sides of the interface shows a 
concentration of oxygen in the metal side of the interface that is much lower than those obtained 
for the low-tin Zircaloy-4 material. Since the point analysis of the standard Zircaloy-4 material is 
not possible, the comparison with that alloy is not available.  

 

      
 

FIG. 10—a) Metal-oxide interface of the Zr-2.5%Nb alloy after three cycles of irradiation. 
Arrows indicate the limits of the interface. The interface of this alloy has a very different profile 
compared to the low-tin Zircaoly-4. The metal-oxide interface shows regions that are rich in Nb 
(one such region is indicated by the letter A). Cracks can be observed in this alloy, in the oxide 
region. b) Metal-oxide interface of the low-tin Zircaloy-4 in the similar magnification for 
comparison. 

a b
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FIG. 11—EDS map of metal-oxide interface of the Zr-2.5%Nb.  a) Bright field contrast of the 
region mapped. b) Oxygen map. c) Nb map.  d) The SEM image of the same region, taken at the 
final step of FIB sample preparation, before the removal of the sample from the bulk material.  
 
 

 
 
 
 
 
 
 
 
 
 

c d

a b
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FIG. 12—Dark field contrast of metal-oxide interface of the Zr-2.5%Nb alloy after three 

cycles of irradiation. Arrows point to the interface. 
 

 
 

FIG. 13—Bright field contrast of metal-oxide interface of the Zr-2.5%Nb, at higher 
magnification. 

Metal  

Oxide 
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Discussion  
 The possibility of analyzing the metal-oxide interface, particularly from FIB samples, is 

useful for studying the oxidation progress. Knowing that the oxide front will advance in the 
metal in the next step of oxidation, the analysis of the metal side of the interface can bring extra 
information about the process, the nature of the metal side of the interface influencing the nature 
of the oxide. The similarities of the two sides of the interface will bring hints about the 
mechanisms involved. As the samples in this experiment were available from a previous project 
and were not at the same rod elevation, it could be suggested that the direct comparison is not 
possible for the oxidation conditions due to the differences in temperature and fluence at the 
various elevations. However, the overall evaluation of these three materials can be performed 
based on different aspects of the oxidation process as follows: 

 

Oxide Crystal Structure and Grain Morphology 

 Average ratios of different oxide phases at the interface can be obtained by X-ray diffraction, 
and the recent Synchrotron radiation facilities provide a resolution of the order of 0.2–1 µm [10]. 
The examination of phases present in the material by TEM should therefore focus on the 
correlation of the crystal structure with the microstructure. 

In the present study, an attempt has been made to compare three different alloys and to 
observe the nature of the interface in all three cases. The observation of the three interfaces has 
shown that the prevailing oxide in all three materials is the monoclinic oxide. Tetragonal phase 
has been observed in the standard Zircaloy-4 in the grain boundaries of the monoclinic crystals. 
However, in the case of low-tin Zircaloy-4, no tetragonal phase has been detected. As the ratio of 
this phase to the monoclinic is usually low, it is not possible to conclude on the absence of the 
tetragonal phase in the low-tin Zircaloy-4. The long columnar grains of the oxide in this alloy 
have a monoclinic structure and are often surrounded by equi-axed grains. Because the cracks 
are observed at the grain boundaries of equi-axed grains, crack propagation must be easier 
through these boundaries, unlike columnar grains. Columnar monoclinic oxide grains seem to 
reduce the rate of propagation of cracks. They could be considered as whiskers in the oxide 
matrix. The presence of tetragonal phases has been correlated by some authors to a better 
resistance to oxidation [11], and the opposite is shown by other observations [10]. It would be 
expected that if the tetragonal phase would improve the resistance to oxidation, it would be due 
to its better mechanical properties. In the case of materials observed in this study there is no 
evidence that the small tetragonal phase present would enhance the oxidation resistance. This 
would imply that if in some cases the increase of the ratio of tetragonal phase is observed in the 
same time as the better resistance to oxidation, that case should be further examined, in order to 
find the correlation of the two observations and the possible influence of the tetragonal phase.  

In general in phase transformation phenomena, columnar grains imply a continuous growth 
after a primary nucleation, without the presence of new nucleation sites in the material. If we 
assume that this fact is also valid for the oxidation phenomena, which are not the same type of 
phase transformation as solidification, for example, it would mean that the growth of the oxides 
in columnar regions is not interrupted and continues with a constant supply of oxygen. The grain 
boundaries of the oxide, in particular if they contain some equi-axed oxide grains, could provide 
such supply, due to the presence of faster roots for the diffusion of oxidizing species, such as 
cracks and pores. This situation could explain the oxidation condition of the Zircaloy-4 material. 
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The columnar structure, however, is not always present in this material, and at some regions the 
microstructure is equi-axed (Fig. 4).  

The oxide structure of the Zr-2.5%Nb phase is different from the two other materials, as in 
the vicinity of the interface it consists of a composite structure containing metallic and oxide 
phases. The crystal structure of the oxide is again mainly monoclinic. The residual tetragonal 
phase at the interface of Zr-2.5%Nb has been observed by other investigations [10,17]. It has 
been shown that a small quantity of tetragonal phase is present in these oxides at the beginning 
of oxidation or in the vicinity of the interface. From the observations of the interface structure, it 
can be concluded that the oxidation resistance of this material is not directly due to the oxide 
crystal structure, and it may be to a certain extent due to the composite nature of the oxide of this 
material, the chemistry of the material also having its influence.  

 

Oxidation of Hydrides 

The low-tin Zircaloy-4 shows a large amount of hydride platelets in the metal side of the 
interface. Both radial and tangential hydrides are observed in this material. The shape and size of 
hydrides and their granular morphology in the metal side of the interface imply that the small 
cracks in the oxide could originate from these platelets. The presence of hydrogen in the cracks 
has not yet been checked, and work is in progress to perform this experiment. It is to be noted 
that the hydrogen hot extraction method shows the presence of hydrogen in the oxide [18,19]. 
And a recent study by SIMS has shown the presence of hydrogen in the oxide phase [20].  
However, an accurate analytical examination of different regions of the oxide, including the less 
dense oxide is necessary to correlate the existence of hydrogen to the location of hydrides 
needles. It could be expected that when the oxidation front reaches the hydrides, the latter will 
also oxidize, leading to the formation of zirconia. The hydrogen can be expected to be released in 
any form, including water molecules. This would imply that the hydrogen detected by the above 
mentioned techniques in the oxide can be in different forms. The observation that the δ-hydride 
(ZrH1.66) or a γ-hydride (ZrH) is absent in the metal side of the interface and a cubic zirconia or a 
ε-hydride (ZrH1.95) is detected could have two explanations. Either the hydride in the vicinity of 
the interface is richer in hydrogen, or the hydride in this region oxidizes, leading to the equi-axed 
grains observed. The granular shape of hydrides has also been observed by other investigators 
[21], and it could be due to the lowest surface energy configuration of this phase in this form. 

The other two materials did not show a large hydride distribution near the metal-oxide 
interface; therefore detailed examinations were not performed. The elevation of the segment for 
the standard Zircaloy-4 and the low hydrogen pick-up fraction of the Zr-2.5%Nb could be 
responsible for this situation (Table 1).  

 

Stress Distribution and Crack Development 

The mechanical properties of the oxide should be taken into consideration when the process 
of crack formation and propagation is examined. Although cracks can have several origins, this 
parameter should be considered in the analysis of the occurrence of the cracks, as one of the 
main factors responsible for crack formation. 

The stresses developed in the oxides depend on the mechanism of oxidation, as an example, 
in the case of oxidation governed by the cation diffusion to the free oxide surface (e.g., some 
ferritic materials) it is claimed that the planar oxide layers will be stress free, and the stress build-
up will be due to the subsequent formation of oxide grains within the defects and grain 
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boundaries of the former oxide scale [22]. In the case of zirconium alloys, as the oxidation takes 
place at the metal-oxide interface, the situation is different from the above case, and the volume 
difference of the metal and the oxide (Pilling-Bedworth parameter) do have an influence on the 
stress build-up in the layer. 

 If the external stresses are not taken into account, two types of stresses can exist in the oxide 
layer on a tube at constant temperature:  

 
I. Stresses due to the volume differences between the metal and the oxide  
II. A tensile stress, which can exist in the tube due to the diameter change as the oxide band 

is pushed away from the interface.  
 
Volume Stresses—Linear interface in the case of the oxidation of zirconium will lead to very 

large compressive stresses, and it is known that the undulation observed in the interface of most 
alloys reduces the compressive stresses. Parise et al. [23] have modelled the interface by 
applying an undulated geometry and have calculated the levels of such stresses as a function of 
the amplitude of the undulations, in all directions in the tube. Compressive stresses as high as   
2–4 GPa have been found for the oxide starting from the interface and reaching an asymptotic 
value of 2.5 GPa after a distance of 200–500 nm away from the surface.  

From an in-situ examination of two zirconium alloys, it has been shown in a study by Petigny 
et al. [7] that the stresses at the interface can vary from one material to another. Values as high as 
–1800 MPa for Zr-1NbO and –200 to –500 MPa for Zircaoly-4 have been obtained at 743 K in 
that study. These stresses have dropped after a certain oxidation stage to lower values. A 
partially stabilized zirconia can show compressive strengths up to 2500 MPa. The failure of the 
oxide after a certain thickness could be due to the fact that the mechanical resistance of the oxide 
is reached at that level. The higher compressive values at the interface could be responsible for 
the fine cracks observed even at distances very close to the interface.  

Tensile Stress Which Can Exist in the Tube Due to the Diameter—As explained above, the 
tube geometry in the case of the zirconium oxide will induce tensile stresses in the oxide band 
once it is pushed away by the new oxide. As an example for a cladding tube of 9.6 mm outer 
diameter, a band of oxide formed at this diameter and pushed to a 2 µm distance away from the 
interface will need to expand and develop a tensile stress of 75–150 MPa for the lower and 
higher values of elastic modulus of the oxide. The tensile strength of the zirconia ceramics of 
different structure varies between 85 and 350 MPa; therefore the thickness of the maximum 
oxide layer pushed away before failure can be determined according to the properties of the 
oxide formed. Therefore, even if the oxide at the interface would not show any compressive 
stresses (as could be the case in some regions of the Zr-2.5%Nb material), the material would fail 
in the case of the tube, due to these tensile stresses. The average thickness of the oxide layer 
observed for different materials in the tubes (e.g., [10]) will depend on the mechanical properties 
of the oxide and the nature of interface, the sum of the two stresses being responsible for the 
final failure stress in case both stress types act simultaneously.  

In the absence of other failure sources (chemical dissolution, oxidized hydrides, radiation 
damages, etc.), the first cracks will occur at the positions where the local stress has reached the 
ultimate compressive or tensile resistance of the material, after which stage stress relaxation will 
occur.  

The average stresses in the Zr-2.5%Nb are not available from in-situ studies, however from 
the examinations in this study it can be seen that the shape of the interface in the case of this 
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material is not undulated, but is similar to a jigsaw form; this allows the stress distribution to be 
optimized, since the increase of volume due to the oxide formation will be distributed over a 
larger volume of metal. The stress build up will therefore be much less than in the other 
morphologies. Also, the presence of a second phase in the oxide, which has a different 
mechanical property, will act as a composite component, which will raise the mechanical 
resistance of the oxide at the interface. Once the stresses are relaxed due to crack formation, in 
the case of this material the presence of Nb rich phase in the oxide, which could contain some 
metallic phase, the crack propagation will stop (Fig. 14). In this situation it is also expected that 
the interface will remain protected from the ingress of different oxidizing species.  

 

  
 

FIG. 14—a) Bright field image of the metal-oxide interface of the Zr-2.5%Nb. b) EDS map of 
the same region. Blue: Zr, Green: oxygen, and purple: Nb.  In this region a crack can be 
observed in the oxide region (shown by the small arrow in a). The Nb rich phase can be seen in 
the oxide region, also at the tip of the crack. Large arrow indicates the trace of the Nb rich 
region in the bright field image. 

 
In the case of low-tin Zircaloy-4, the situation seems different. The interface being 

sinusoidal, the stresses must be distributed homogeneously in the oxide side of the interface. The 
presence of SPP in the oxide should raise the mechanical resistance of the oxide, but the 
presence of equi-axed oxides seemingly due to the transformation of hydrides into oxide, will 
make the oxide susceptible to crack propagation, the equi-axed grains allowing the propagation 
of intergranular cracks more easily (Figs. 7 and 8). In this respect, the columnar monoclinic 
oxides show a better resistance to crack propagation. The homogeneous stress distribution at the 
interface and the presence of equi-axed regions for crack propagation could make the oxide in 
the case of this material less protective to ingress of oxidizing species. It could be expected that 
the large hydride distribution in the metal side of the interface would also reduce the plasticity of 
this side of the interface. 

In the consideration of possible sites leading to crack formation and propagation, the original 
grain boundaries of the metal side of the interface can also be taken in to consideration; once 

Metal

Oxide b
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they oxidize, these regions could be a source of crack formation in the oxide, as the grain 
boundary of the metal subsists in the oxide. 

 Based on the data obtained about the geometry and the microstructure of the interface, a 
finite element calculation can be performed using the parameters above for obtaining the 
possible distribution of stresses in the material. The results can be validated by the comparison 
with the observations and by some local stress measurements on the thin foils. 

   

Chemical Composition of the Interface  

The mapping of the interface in this study is useful as it confirms the limits of the oxidized 
region, as observed from bright field and dark field contrasts. It cannot provide quantitative 
information about the distribution of different atoms. The point analysis of the interface as is 
presented in this study, however, can be taken as semi-quantitative data. The oxygen X-ray 
signal being easily absorbed by the Zr atoms (Z: 40), the thickness of the analyzed region in the 
TEM will be very critical for the measurements, and although in the TEM the thin foil 
approximation will simplify the correction calculations, in the case of zirconium, the oxygen 
concentration could be false due to the thickness of the foil. A pure zirconia standard has been 
used to check this problem. Also, from sputtered thin films the relation of the thickness and 
composition has been calibrated. Using these measurements, the value for the thickness should 
be below 60 nm. The data obtained from thin foils can therefore at least be considered as semi-
quantitative. In this respect, FIB samples are more reliable as the thickness variations of the foil 
are much less than in the case of the samples prepared by conventional ion milling.  

The concentration gradient obtained in the case of the low-tin Zircaloy-4, will reveal the high 
concentration of the oxygen in the metal side of the interface. Even if the material is thicker than 
the value above, the oxygen absorption by zirconium would lead to a real concentration that 
would be higher than that measured. The thickness of the thin foil has been appropriate for this 
measurement. A high concentration of oxygen in the metal side of the interface would imply a 
faster rate of oxidation [25,26], as the dissolved oxygen is shown to raise the oxidation rate.  

In the case of Zr-2.5%Nb alloy we obtained a rapid drop of oxygen gradient in the metal side 
of the interface (not shown here). Although this is in agreement with the behavior of this material 
and the very low diffusion rate of oxygen as compared with the other two materials, it should be 
further examined to rule out the above mentioned thickness effect.  

The oxygen solubility of the α-Zr is 28.6 At% up to 500°C, the observation of a gradient 
showing higher concentration of oxygen, would conclude that the interface in the case of such 
phenomena is not a monolayer. The oxygen gradient at this distance from the interface has not 
been examined by other studies. It could be expected that the region near the interface represents 
a non-stoichiometric oxide.  

 

Effect of Irradiation   

The effect of irradiation on the oxide could be subdivided into three main aspects: 
  

I. The effect of radiation damage present in the metal substrate on the oxide formed 
after long term reactor stay 

II. The effect of irradiation on the microstructure of the existing oxide after long term 
stay in the reactor 
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III. the effect of irradiation on the chemical species present in the reactor and their 
interaction with the oxide, leading to microstructural changes in the oxide and to a 
change of oxidation potential in the metal 

 
The above aspects will be discussed separately: 
 
I. The Radiation Damage of the Substrate—The irradiation damage present in the metal, the 

point defects present in the substrate, as well as the modification of precipitate structure and 
composition have been examined extensively (e.g., [27]). The dissolution of the SPP has been 
observed in many alloys, and it is clear that in the case of irradiated metal, this will be a 
parameter which will differ from an unirradiated substrate. The composition of the matrix will 
also be totally different. These two factors are, without ambiguity, causes of change of oxidation 
rate. An example which has shown the effect of these two factors can be seen in the study by 
Isobe et al. [28]. Another parameter that should be taken into consideration is the change of 
microstructure of the α-Zr matrix due to irradiation. When the dislocation density increases to an 
extent that the subgrains are formed and the material becomes brittle, this change in 
microstructure can modify the behavior of the substrate and could cause a change in oxidation 
behavior. 

In the case of low-tin Zircaloy-4, it has been observed that stacking fault tetrahedra are 
formed in the vicinity of the interface. These features could have an influence on the oxidation 
rate change. Further oxidation studies on other irradiated material are necessary to demonstrate 
the possibility of such correlations. 

II. The Effect of Irradiation on the Microstructure of the Existing Oxide and Subsequent 
Change of Oxidation Rate—In previous studies on Zircaloy-4 [29–31] and on Zr-2.5%Nb 
CANDU® pressure tubes [32], growth of oxide grains had been observed at the water side 
position. In this study, only a very small grain growth could be observed from the metal-oxide 
interface to the water side oxide. Although the example of the Zircaloy-4 presented here was 
selected from a position with lower fluence, the same examinations performed on Zircaloy-4 
with a β-quench heat treatment having an oxide thickness of 55 µm showed columnar oxide in 
the water side oxide, and the width of columnar grains were about 25 nm as it was seen in the 
materials presented here. The focus in this study being on the metal-oxide interface of the 
materials examined, there are not sufficient statistics available to comment further on this 
difference of observations. Certain beam sensitivity is mentioned in the case of Zircaloy-4 
studies [29–31] that were not observed in the present examinations. Furthermore, the TEM 
samples in the case of these materials were selected in the direction parallel to the interface. 
These samples were therefore perpendicular to the columnar grains present in the material and 
growing in the direction of growth of oxide. It is thus difficult to compare these two sets of data 
with each other.  The difference existing between the Zr-2.5%Nb alloy examined in this study 
and that of Ref. [32] can be in their heat treatment and in the differences in the microstructure of 
the two materials or in the oxidation conditions. 

III. The Effect of Irradiation on the Chemical Species Present in the Oxide and Their 
Interaction with the Oxide—Previous investigations have shown the effect of change of oxide 
chemistry as a consequence of the interaction with the water chemistry and due to the 
redistribution of the alloying elements in the oxide. This factor is of great importance on the 
structure of the oxide and its permeability to oxidizing species. The EDS point analysis is not 
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adapted to the study of traces of elements present in the coolant water. Also, a direct cause-effect 
study is not possible without the information about the water chemistry. The effect of 
redistribution of the alloying elements in the oxide has been reported by Iltis et al. [30], and it 
has been shown that the oxide microstructure is different in the areas surrounding the 
precipitates. Few precipitates were observed in the oxide films examined in our studies. Further 
experiments in this respect are planned for a future study. 

 

Conclusions  
Metal-oxide interfaces of a standard Zircaloy-4 and a low-tin Zircaloy-4 irradiated for four 

cycles and a Zr-2.5%Nb irradiated for three cycles in a PWR were examined by TEM. The 
geometry of the interface, crystal structure of the oxide grains and their morphology, and the 
composition of each material at the two sides of the interface were examined. The Zr-2.5%Nb 
shows features that can be considered substantially different from the other two materials.  

The interface of Zr-2.5%Nb shows an irregular profile that can be described as “jigsaw” form 
compared to the other two materials. The oxide layer in this material shows metallic grains at a 
distance of 1 µm from the interface. These grains can be characterized as Nb-rich cubic phase, 
most probably a β-zirconium.   

The EDS point analysis of the interface of this material has shown that it contains less 
dissolved oxygen in the metallic side, compared to the low-tin Zircaloy-4. This finding and the 
geometry of the interface in this material could suggest that the high corrosion resistance of this 
alloy is due to a better stress distribution at the interface, leading to a lower crack density at the 
vicinity of the interface, and to slower oxygen diffusion through the metal. The relation of these 
two features to each other should be studied further.  

In the case of low-tin Zircaloy-4, the hydride platelets present in the metal side showing a 
higher density than the other two materials led to small equi-axed oxide grains. These grains can 
make the material more susceptible to crack propagation. Also, the undulated geometry of the 
interface of this material plays a role on the relaxation of stresses, but not to the same extent as it 
is possible in the case Zr-2.5%Nb. This will further increase the possibility of the oxide failure 
by cracking. The interface of this material shows higher oxygen content in the metal side.  

The Zircaloy-4 material shows a columnar structure, however at certain regions of the 
interface other types of grains are observed. This material showed a fine tetragonal phase at the 
interface, in the grain boundaries of the columnar oxides. Intergranular oxidation was observed 
in this material. 
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Appendix I 

12°

Oxide layer

Stages of sample preparation prior to ion beam milling

a b c d

12°12°

Oxide layerOxide layerOxide layer

Stages of sample preparation prior to ion beam milling

a b c d
 

 
a. A disc segment of fuel rod with a height of 3–5 mm is cut and defueled in the hot-cell. 

The ring of cladding is subsequently cleaned to remove the residual fuel.  
b. It is then cut in the hot-cell into small segments 2 mm wide, in the direction parallel to 

the tube axis. The segment is cleaned from the inner wall in order to remove the traces of 
fission products penetrated into the inner wall of the cladding. The segment is 
subsequently cleaned in ultrasonic bath in the hot-cell in order to remove the remaining 
loose contamination and is measured for the level of activity. The level of activity of the 
samples after the last decontamination is an important parameter, as a long sample 
preparation is still necessary after the last stage in the hot-cell.    

c. The samples are cut again outside the hot cell to the appropriate dimensions and 
subsequently joined together with the oxide sides facing each other.  

d. They are then mounted on a 3 mm TEM holder. The thickness of the foil is subsequently 
reduced to a sufficient size for ion milling (20–30 µm).  
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Appendix II 
TABLE A.1—Crystallographic parameters of the oxide structures, possible hydride 

structures, and possible metallic phases considered for the analysis of the interface. 
Material Crystal System a 

nm 
b 

nm 
c 

nm 
β Space Group XPDF* No. 

Monoclinic 0.53129 (4) 0.52125 (4) 0.51471 (5) 99.218(8) P21/a (14) 37-1484 
Cubic 0.509    Fm3m (225) 7-997 

ZrO2 

Tetragonal 0.364  0.527  P42/nmc (137) 42-1164 
γ-ZrH Tetragonal 0.45957  0.49686  P42/n (86) 34-0690 

δ-ZrH1.66 Cubic 0.4781    Fm3m (225) 34-0649 
ε-ZrH1.950 Tetragonal 0.49789 (9)  0.44508 (9)  F4/mmm 36-1339 

ZrH2 Tetragonal 0.352(3)  0.4449 (3)  I4 (79) 73-2076 
α-Zr hexagonal 0.3232  0.5147  P63/mmc (194) 5-665 
β-Zr bcc 0.35453    Im3m (229) 34-657 
β-Nb bcc 0.3336      

* XPDF: X-ray Powder Diffraction File.  
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