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Abstract: The microstructure, phase and element compositions of oxide films of E110 (Zr-
1%Nb) and E635 (Zr-1%Nb-0,35%Fe-1,2%Sn) alloys after autoclave tests in pure water had 
been studied by the method of transmission electron microscopy (TEM) with energy dispersive 
X-ray spectroscopy (EDS). TEM investigations of oxide film structure were carried on different 
oxide layers according to their thickness (near interface of “metal-oxide”, in central part of the 
oxide film and near outer surface) and in cross-section. The results of the tests show that oxide 
films of the alloys have different microstructure (grain size, fraction of tetragonal phase, content 
of defects, etc) and the phase compositions. The crystal structure of oxide films is mainly 
monoclinic, however, at the “metal-oxide” interface there are a significant fraction of the 
tetragonal phase.  
         Researching of oxides on different stages of oxidation allow us to determine the kinetics of 
the second phase precipitate structure change: a) in E635 alloy at early oxidation stages of the 
amorphization process of the Laves phase precipitates begins with decreasing the content of iron 
and niobium; b) in E110 alloy the amorphization process of β-Nb precipitates begins at a later 
stage of oxidation. The influence of changes of the crystal structure and the chemical 
composition of the second phase precipitates on protective properties of the oxides had been 
determined. Researching of alloying element redistribution in E635 alloy oxide film shows that 
iron and niobium are concentrated in pores. Increased porosity of the E635 alloy oxide films at a 
later oxidation stage, in comparison with the E110 alloy, shows the influence of change 
composition and subsequent dissolution of the Laves phase particles on the pore formation in the 
oxide. 
Keywords: oxide films, E110 (Zr-1%Nb) and E635 (Zr-1%Nb-0,35%Fe-1,2%Sn) alloys, 
microstructure, phase and element compositions, second phase precipitate, amorphization, pores. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Introduction. 
 The requirements for corrosion resistance of zirconium-based alloys caused by higher 
burn-up nuclear fuel, increasing duration cycles of product use, the tightening of conditions of 
water chemistry, lead to the need to research of the growth kinetics and mechanism of formation 
of oxide films on zirconium alloys [1-5]. Determination of the effect of the alloying elements 
and the phase composition of zirconium alloys to corrosion necessitates the use of structural 
studies methods and as a result, the development of appropriate techniques. To clarify the 
mechanisms of oxidation (corrosion) and the construction of corresponding models the 
knowledge of structural phase transitions in the alloy and the oxide film is required. 
 The microstructure, phase and element compositions of oxide films of E110 (Zr-1%Nb) 
and E635 (Zr-1%Nb-0,35%Fe-1,2%Sn) alloys after autoclave tests in pure water had been 
studied by the method of transmission electron microscopy (TEM) with energy dispersive X-ray 
spectroscopy (EDS). TEM investigations of oxide film structure were carried on different oxide 
layers according to their thickness (near interface of “metal-oxide”, in central part of the oxide 
film and near outer surface) and in cross-section. The results of the tests show that oxide films of 
the alloys have different microstructure (grain size, fraction of tetragonal phase, content of 
defects, etc) and the phase compositions. The crystal structure of oxide films is mainly 
monoclinic, however, at the “metal-oxide” interface there are a significant fraction of the 
tetragonal phase.  
         Researching of oxides on different stages of oxidation allow us to determine the kinetics of 
the second phase precipitate structure change: a) in E635 alloy at early oxidation stages of the 
amorphization process of the Laves phase precipitates begins with decreasing the content of iron 
and niobium; b) in E110 alloy the amorphization process of β-Nb precipitates begins at a later 
stage of oxidation. The influence of changes of the crystal structure and the chemical 
composition of the second phase precipitates on protective properties of the oxides had been 
determined. Researching of alloying element redistribution in E635 alloy oxide film shows that 
iron and niobium are concentrated in pores. Increased porosity of the E635 alloy oxide films at a 
later oxidation stage, in comparison with the E110 alloy, shows the influence of change 
composition and subsequent dissolution of the Laves phase particles on the pore formation in the 
oxide. 
 

Materials and methods. 
 Materials. The oxide films formed on the samples of cladding tubes of fuel rods of E110 
alloys (Zr-1% Nb) and E635 (Zr-1% Nb-0, 35% Fe-1, 2% Sn) had been researched after the 
autoclave test in pure water at a temperature T = 360 °C and pressure p = 18,6 MPa. The 
thickness value of the oxide film obtained by oxidation of tubes varies from about 1 µm to 15 
µm, which corresponded to the time of oxidation of 50-600 days. All cladding tubes at initial 
state before autoclave tests had have fully recrystallized structure. Particles of the second phase 
precipitates in the alloy of E110 were particles β-Nb, and the alloy of E635 were particles of the 
Laves phase - Zr(Nb,Fe)2. 
 Method. Thin foils of oxide films were prepared from the cut segments cladding tubes of 
fuel rods which further thinned from the inner side. 
 At the initial stage of inner side of segment tube was grounded and polished before the 
appearance of the smooth metal surface (the oxide film on the outer surface of segment saved), 
and then it was subjected to chemical etching in the reagent composition of 30% H2SO4 + 30% 
HNO3+ 30% H2O + 10% HF to the minimum possible thickness. 

 The oxide film area without metal was created on the pre-prepared specimen in the 
second stage. For this purpose on the device TenuPol-5 by unilateral (by metal) ink jet 
electrolytic polishing in solution with composition CH3COOH 85% and 15% HClO4 at a voltage 
of 10-20 V and a temperature of 9-15 °C used to pit all metal (in area of diameter of 1.5 mm) to 
the inner surface of the oxide film. The specimen from the oxide surface was protected from 
electrolyte by the transparent insulating film which doesn’t interfere the actuation photocell at 



the time of the full etching of metal. Modes polishing selected with low pressure to the specimen 
jet of electrolyte to avoid damaging the oxide film. For a relatively high-pressure jet electrolyte 
on the specimen was chosen manual polishing mode. Using the rate of thinning of the material 
and measuring the thickness of the specimen were experimentally determined the time at which 
electrolytic polishing should be stopped without thereby damaging the oxide film. To speed up 
the polishing is possible to use the mode "dual jet" from the drop-down pressure of the 
electrolyte after a specified time. Thereafter, in the specimen was formed the dimple with an 
oxide film, without metal. 
 At the final stage ion thinning specimens were carried into the device Ion Mill 1010 using 
ions Ar +. The accelerating voltage supplied to each of the two guns was 5 kV, amperage of 5 
mA. The inclination angle of the ion beams relatively to the specimen (sliding angle) was not 
more than 10 °, which is necessary to minimize the radiation-induced defects during the ion 
thinning. A thin foil in any given section of the oxide film, parallel to the plane of the metal-
oxide, can be obtained by changing of the modes (unilateral or bilateral thinning, accelerating 
voltage, current ion beam, bombardment angle, rotation or oscillation of the specimen) [2-5] 
(Fig. 1 ). 
 The specimens of oxide film for electron microscopy researches were prepared in three 
different sections by the oxide film thickness: near the interface of “metal-oxide”, in the middle 
of the oxide film thickness, near the outer surface in contact with water. 
 Researches of the microstructure, phase and chemical composition, crystal structure and 
morphology of the oxide film and precipitates of the second phase particles, with determination 
of lattice parameters were carried by transmission (TEM) electron microscopy on the microscope 
JEM-2000FXII (JEOL) at an accelerating voltage of 160 kV and a magnification from 50 
thousand to 800 thousand. 
 For determination of the structure- phase characteristics (grain size, determine the phase 
state of the oxide film, identification of the precipitates, the structural state of precipitates, etc.) 
were used the methods of electron micro-diffraction with a dedicated area (SAD), micro-micro-
diffraction (MMD) and the analysis of changes of the contrast precipitates in the specimen slope. 
For determination of the chemical composition were used the energy-dispersive X-ray 
microanalysis (EDX) EDAX Genesis XMS 60. 
 

Results. 
 The study of structural-phase state of the oxide film thickness of 4,5 and 15 µm on 
fuel claddings of E110 alloy. E-microscopic examination were carried out and revealed the 
presence of two structural components of the oxide film near the interface of "metal-oxide". One 
of them is in immediate vicinity to the metal surface and has ultrafine grained equiaxed structure. 
Grain size is 5-10 nm. Micro diffraction researches of the structure showed that this component 
of ZrO2 phase is tetragonal and has BCT lattice (Fig. 2a). The lattice parameters of tetragonal 
ZrO2 phase are: a = 0,36 nm, c = 0,53 nm, c / a = 1,45. 
 Researches by electron diffraction method showed that the oxide film areas which are 
adjacent to the metal surface, have conspicuous texture. In the electron-diffraction pattern appear 
reflections as individual arcs which indicate about some scattering texture. The picture, repeating 
the grain structure of the base material, is viewed. Thus, small ZrO2 grains located within a 
single metal grains have similar orientation, i.e., a more perfect texture. The sizes of the areas 
with close crystallographic orientation are about 4 µm, which indicate about the epitaxial growth 
of the oxide film. 
 The second (main) structural component of oxide film is monoclinic ZrO2, which is 
confirmed by micro diffraction researches (Fig. 2b). Calculation of the electron-diffraction 
patterns showed that the lattice parameters of monoclinic ZrO2 phase are: a = 0,51 nm, b = 0,51 
nm, c = 0,53 nm, c / a = 1,04. The transverse size of the columnar grains monoclinic 
modification of zirconium oxide is 20-60 nm, which is significantly more than the grain size of 



the tetragonal phase. Monoclinic and tetragonal ZrO2 phase components have similar interplanar 
distances. 
 With increasing distance from the interface of "metal-oxide" (with increasing oxidation 
time), the main structural component of the oxide film becomes its monoclinic modification. 
Tetragonal component is hardly observed. 
 The research showed that in the oxide film, which is near the interface of "metal-oxide" 
present precipitates of particles β-Nb, which have BCC lattice. The process of amorphization of 
precipitates occurs with increasing of oxidation time. At a distance of 300-500 nm from the 
interface of "metal-oxide" begins amorphization of the peripheral part of the precipitates. When 
the oxide film thickness is 1200-1500 nm, all β-Nb particles are in an amorphous state (Fig. 3). 
 
 The research of structural-phase state of oxide films with a thickness of 1 to 12 µm 
on fuel claddings alloy E635. The oxide film at the initial stage of its growth contains a 
significant part of the tetragonal ZrO2 phase. This phase composed of small, equiaxed grain with 
size of 5-10 nm. Transition from equiaxed grains tetragonal ZrO2 to columnar grains of 
monoclinic ZrO2 phase occurs gradually, with increasing oxidation time. The transverse size of 
the monoclinic phase grains is 10-40 nm (Fig. 4). 
 The oxide film contains particles of a second phase. All these precipitates are the particles 
of Laves phase that moved out of the matrix into the oxide film by oxidation. Near interface of 
"metal-oxide" all particles of Laves Zr(Nb,Fe)2 phase are in the crystalline state and have HCP 
lattice. The composition of the Laves phase precipitates in the oxide film, which appear to be 
close to that of the Laves phase precipitates in the metal (35% Zr + 35% Nb + 30% Fe) was 
determined by energy dispersive X-ray microanalysis. 
 With increasing distance from the interface of "metal-oxide" occurs a transition of the 
particles of the Laves phase from the crystalline to the amorphous state (Fig. 5). Amorphization 
process was identified in the result of analysis of particles contrast by tilting the specimen and 
with a micro-micro-diffraction analysis. Only diffuse rings from amorphous particles of Laves 
phases are present on the electron-diffraction pattern. The reflexes are seen in the Laves phase 
particle which has kept the crystal structure. Amorphization process begins at 100-200 nm from 
the interface of "metal-oxide". At a distance of 600-700 nm all the particles of the Laves phase 
transform into an amorphous state.  
 The result of X-ray energy dispersive microanalysis shows that the amorphization of the 
Laves phase precipitates is accompanied by a decrease of the content of iron and niobium in their 
composition, and by the enrichment of oxygen (Fig. 6). With increasing distance from the 
interface of "metal-oxide" to the outer surface oxide film, the yield of iron and niobium of Laves 
phase particles in the oxide film increased, which leads to their dissolution (reduction 
concentration of the Laves phase particles). Also, there is an increase of the number of 
micropores and microcracks in the oxide film. The results of EDX showed that in areas 
containing micropores there is an increased content of iron and niobium (Fig. 7). Neighboring 
areas that do not contain micropores and microcracks do not show high content of iron and 
niobium in its composition. 
 Electron microscopic research of oxide film with thickness of 12 µm (after 600 days 
oxidation) showed that both the central and the outer part of oxide contain a high quantity of 
defects, such as micropores and microcracks. X-ray energy dispersive microanalysis indicated 
that the defect area of the central part oxide film has a high content of iron and niobium, but near 
the outer surface the areas which contain micropores are enriched only iron (Fig. 8). 
 

Discussion of results. 
 Researches have shown that in the area of the oxide film adjoining to the metal surface is 
observed a large proportion of the tetragonal phase. This is due to the stabilizing effect of the 
stress at the interface of "metal-oxide". Thus, at the initial stage of oxidation there is a nucleation 
of small equiaxed grains with a large tetragonal phase proportion. The grains which are oriented 



in the direction of (110)tetra || (parallel) interface of "metal-oxide" begin to grow into the metal, 
getting columnar structure. Reaching a certain length and level of the corresponding stresses, 
they transform to the monoclinic phase with a decrease of free energy, keeping the growth 
orientation (110)tetra || (002)mono || interface of  "metal-oxide" [3]. 
 The grains of the tetragonal phase, oriented not at the growth direction, remain small 
equiaxed. Small discrepancies in crystal orientation of the grain growth of the monoclinic phase 
lead to the emergence of the stress condition. When columnar grains of monoclinic phase reach a 
certain size a stress relaxation occur. This relaxation leads to emergence of small and equiaxed 
grains, micropores and microcracks in the oxide layer that increases the diffusion of oxygen to 
the surface of the metal. Thereafter, the process of columnar grain growth continues (Fig. 9). 
 Atoms of iron and niobium from amorphized Laves phase particles begin transit into the 
oxide film with increasing duration of oxidation cladding tube of E635. Some of these particles 
dissolve in the oxide film. The process of redistribution of iron and niobium atoms between the 
particles of the Laves phase precipitates and oxide film is accompanied by the formation of 
micropores in the oxide film with higher content of these elements in the defective areas.  
 As a result, yield of the iron and niobium atoms from precipitates of the Laves phase 
particles located in the oxide film during their oxidation, can occur vacancy flux directed 
opposite to the particles. This process leads to the formation of areas with micropores in the 
oxide film. Iron and niobium atoms diffuse to these areas and settle on them to reduce the 
surface free energy which appears after the micropores formation. Thus local areas with defects 
in which content of iron and niobium sharply increased are formed in the oxide film. 

By approaching the outer surface of the oxide film increases the concentration of 
micropores, but changing the composition of the local areas containing micropores.  
 
 
At later stages of oxidation niobium, localized in the defective areas of the oxide film, distributes 
uniformly throughout oxide, and the iron remains in the areas, which contain micropores. Thus, 
the redistribution of the alloying elements (iron and niobium) between Laves phase precipitates 
particles and oxide film leads to the formation of micropores, which in turn accelerate oxidation 
of E635 alloy products. 
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Fig. 1 - The process of preparing specimens of oxide films for electron microscopy researches 

 

 
a)                                    b) 

Fig. 2 - The microstructure of the tetragonal phase ZrO2 (a) and monoclinic phase ZrO2 (b) near 
to the interface of "metal-oxide" (magnification ×400 thousand) 

 

 
                                       a)                                   b)                                 c) 

Fig. 3 - a) crystalline particles of β-Nb in oxide film near to the interface of "metal-oxide" 
(magnification ×250 thousand); b) beginning the amorphization process of particles 

(magnification ×500 thousand); c) amorphous particles of β-Nb in the oxide film (magnification 
×200 thousand) 

 

 
                                        a)                                   b)                                 c) 



Fig. 4 - Transition from tetragonal to monoclinic ZrO2 phase: a) the interface of "metal-oxide" 
with the tetragonal phase; b) two-phase state of the oxide film; c) the monoclinic phase of the 

oxide film 
 

 
                                        a)                                   b)                                 c) 

Fig. 5 – Transition of Laves phase particles from the crystalline to the amorphous state: a) 
crystalline Laves phase near to the interface of "metal-oxide"; b) the simultaneous presence of 

amorphous and crystalline particles of the Laves phase in the oxide film; c) amorphous particles 
of the Laves phase in the oxide film 

 

 
Fig. 6 - Energy dispersive X-ray spectrum and composition of the Laves phase particles in the 

oxide film 
 

 
a) 



 
b) 

Fig. 7 - Energy dispersive X-ray microanalysis of areas oxide film after 300 days oxidation with 
contain of micropores: a) 3,5 µm from the interface of "metal-oxide"; b) 6 µm from the interface 

of "metal-oxide" 
 

 
a)                                                                b) 

Fig. 8 - Energy dispersive X-ray microanalysis of defective areas of oxide films: a) the central 
part of oxide film (6 µm); b) the outer part of oxide film (12 µm) 

 

 
Fig. 9 - Schematic representation of the oxide film growth mechanism [3] 


