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Abstract Mössbauer investigations were carried out on oxide films formed on specimens
of zirconium alloys Zr-1.0 %wtFe-1.2 %wtSn-0.5 %wtCr subjected to corrosion in steamwater environment at a temperature of 360 ◦ C and at a pressure of 16.8 MPa with lithium
and boron additions, and on Zr-1.4 %wtFe-0.7 %wtCr corroded in steam-water environment
at 350 ◦ C and 16.8 MPa as well as in steam-water environment at 500 ◦ C and 10 MPa. In the
metal part of the samples, under the oxide film, the iron atoms are in form of intermetallic
precipitates of Zr(Fe, Cr)2 . The corrosion process decomposes the intermetallic precipitates and particles are formed of metallic iron with inclusions of chromium atoms –Fe(Cr),
α–Fe2 O3 and Fe3 O4 compounds. Part of the iron ions are in divalent and part in trivalent
paramagnetic states. It is proposed that some part of the iron containing oxide precipitates in
the oxide film may be in the form of nanoparticles which pass from the superparamagnetic
to the ferromagnetic state with decreasing temperature.
Keywords Mössbauer effect · Zirconium alloys · Intermetallic precipitates · Oxide film ·
Superparamagnetic particles

1 Introduction
The development of nuclear power plants goes in the direction of increasing safety of the
power station together with increasing the lifetime of tubes by 6–7 years and increasing
the burning out of fuel till 60–70 MWdays/kgU. The solution of this problem is partially
connected with the improvement of the corrosion resistance of zirconium alloys. The knowledge of the state and the redistribution of atoms in the alloying elements is necessary for
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understanding the corrosion process of zirconium alloys and the formation of oxide films,
in particular for iron atoms that can be incorporated in nanoparticles.
In this paper oxide films formed on samples of zirconium alloys (1) Zr-1.0 wt%Fe1.2 wt%Sn-0.5 wt%Cr in steam-water environment with lithium and boron additions at
temperature t = 360 ◦ C and pressure p = 16.8 MPa and (2) Zr-1.4 wt%Fe-0.7 wt% Cr in
steam-water environment at t = 350 ◦ C and p = 16.8 MPa and in steam environment at
t = 500 ◦ C and p = 10 MPa were investigated by the help of Mössbauer spectroscopy.

2 Experimental
Zirconium has no resonant isotopes for carrying out Mössbauer research, but industrial
zirconium alloys (Zircaloy-2, E635) contain iron as alloying element. For the present investigations alloys were prepared from zirconium of nuclear purity by adding pure iron, tin and
chromium as alloying elements. Iron and tin were enriched with 57 Fe and 119 Sn. The alloys
were melted in an arc furnace using a W electrode in clean argon atmosphere. The remeltings were carried out not less than five times. The composition of the alloys was determined
by chemical analysis. Then the melted samples of the alloys were forged, hot rolled in a
copper cover at 750 ◦ C till 2.7 mm thickness and then cold rolled [1].
Before the corrosion tests samples with size 10 × 20 × 0.8 mm3 were cut out along the
rolling direction. Then they were mechanically polished achieving a roughness of no more
than 0.6 μm. The samples were exposed to a homogenization and subjected to an annealing
in dynamic vacuum not worse than 7 10−4 Pa and were polished chemically in a solution
of HF and nitric acids. These samples were exposed to corrosion tests. Corrosion tests were
carried out in an autoclave prepared from stainless steel and filled with distilled water.
The thickness of the zirconium dioxide was determined by additional weighting. It was
assumed that all oxygen participates in the formation of the oxide film with equal density
of zirconia of monoclinic structure.
In earlier studies the oxide surface film was separated by dissolution of the metal substrate in a 3 % solution of fluoric acid. This process can lead to a mixture of the remaining
oxide film with products of the chemical reaction. In the present work the oxide film was
separated mechanically from the alloy sample. The samples for Mössbauer measurements
were prepared from such separated films. Mössbauer measurements were carried out with
spectrometers operating in constant velocity mode as well as in acceleration mode, with a
source of 57 Co(Cr). Spectra of the oxide samples as well of etalon samples of metallic α-iron
and compounds α–Fe2 O3 and Fe3 O4 , were obtained at different temperatures (T = 298 K,
T = 80 K) for a more exact identification of iron containing phases.

3 Results and discussion
3.1 State of iron in alloys
The 57 Fe spectra of the alloy (1) are presented in Figs. 1 and 2. The spectrum evaluation of
alloy (1) in Fig. 1 shows the occurrence of intermetallic compounds Zr(Fe,Cr)I2 (cubic C15),
Zr(Fe,Cr)II
2 (hexagonal C14) [1, 2] and Zr3 Fe [3, 4]. The quantity of Zr3 Fe on the surface
of the sample is larger than inside the sample. Figure 1 shows that the relative intensity
of the lines corresponding to Zr3 Fe is larger in the CEM spectrum (Fig. 1b) than in the
transmission spectrum (Fig. 1a).
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Fig. 1 57 Fe spectra of alloy
Zr-1.0 wt%Fe-1.2 wt%Sn0.5 wt%Cr: (a) transmission
geometry, (b) CEM. The spectra
are obtained at room temperature

Fig. 2 The spectrum of the metallic part of alloy (2) sample obtained after removal of an oxide film with a
thickness of 14.0 μm from the specimen after 2390 h of corrosion

The same phases are identified in samples of alloy 2. It is interesting to know the state of
iron on the surface of the alloys under the oxide film. Figure 2 shows the CEM spectrum of
57 Fe on the surface of the sample obtained after removal of an oxide film with a thickness
of 14.0 μm from the sample after 2390 h of corrosion. The spectrum was obtained at room
temperature.
The analysis of spectrum shows the existence of several doublets with quadrupole splitting parameters similar to the ones of the intermetallic compound Zr(Fe1−x Crx )2 (types
C14, C15). The presence of a doublet with parameters QS= 1.2 ± 0.1 mm/s and IS=
0.37 ± 0.05 mm/s is explained by the occurrence of unremoved oxide on the surface,
assigned to the solid solution of Fe3+ in ZrO2 [5]. Because the oxide film was separated
mechanically a certain fraction of the underlying metal should be present in this our oxide
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sample. So in the central part of spectrum of the separated oxide film could be the lines of
intermetallic precipitates.
The comparison of the evolutions of the obtained spectra of the alloys (1 and 2) with
different composition shows that there is no significant influence of Sn on state of iron in
the alloys.
The presence of iron oxides was not observed in the alloy samples under the oxide films.
The parameters of the lines of the initial intermetallic phases were used for the
decomposition of the spectrum of the oxide film.
3.2 State of iron in the oxide films
The 57 Fe CEM spectra of the surface oxide films obtained after different times of corrosion
of alloy 1 are presented in Fig. 3. 57 Fe transmission spectra of two different stages of corrosion are presented in Figs. 4 and 5. 57 Fe transmission spectra of the surface oxide films of
alloy 2 at the beginning stage and after long corrosion time are presented in Figs. 6 and 7.
The analyze of spectrum in Fig. 3 at the beginning corrosion stage (15 days, thickness 1.2 μm) shows the presence of Fe3+ and Fe2+ ions and the intermetallic compound
Zr(Fe,Cr)2 in oxide films up to a depth of ∼0.3 μm. The conversion electrons may monitor
a depth of ∼0.3 μm. The presence of Zr(Fe,Cr)2 proves that not all particles up to a depth
of 0.3 μm are oxidized. The Fe3+ and Fe2+ ions are identified as their solid solutions in
ZrO2 . With increasing oxide film thickness the lines of Zr(Fe,Cr)2 disappear and the relative
intensity of the Fe3+ lines increases.
The analysis of the right part in Fig. 3 shows the presence of hyperfine magnetic splittings. In the thin film (15 days, 1.2 μm) they are identified as lines of α–Fe with solid
solution of Cr atoms. That is the reason why the spectrum consists of 3 magnetically split
components. In the oxide films of 2.0 and 6.0 μm the lines of α–Fe are not detected. But
the lines of Fe3 O4 can been identified in these oxide films. This means that the particles
of α–Fe are formed simultaneously with the destruction of the Zr(Fe,Cr)2 particles and the
formation of iron solid solution in ZrO2 in the beginning stage of corrosion. During corrosion the α–Fe particles are destroyed especially in layers nearest to the sample surface and
in these layers the iron oxide Fe3 O4 is formed.
The spectra of iron in the total oxide layer for alloy 1 are shown in Figs. 4 and 5. According to [5] iron can be identified in states of Zr(Fe,Cr)2 , Fe3 O4 , α–Fe with Cr atoms and
the ions Fe3+ and Fe2+ in solid solutions in ZrO2 . With increasing oxide film thickness the
iron in α–Fe with Cr atoms decreases and Fe3 O4 increases. The presence of Zr(Fe,Cr)2 particles is explained by their removal from the metal together with the oxide. A part of such
particles are not oxidized in inner oxide layers.
Comparison of the spectra in Figs. 3, 4 and 5 allows to conclude that α–Fe is oxidized to
Fe3 O4 in the outer layers during corrosion.
Mössbauer spectra, recorded in transmission geometry, of the mechanically separated
oxide from alloy 2 are presented in Fig. 6. It is possible to see the presence of lines with
hyperfine magnetic splitting of α–Fe in this spectrum.
The lines of Zr(Fe,Cr)2 and lines of Fe3+ and Fe2+ ions in solid solutions in ZrO2 are
detected clearly.
The spectrum of 57 Fe in oxide film obtained at t = 350 ◦ C, p = 16.8 MPa on alloy 2
(Fig. 7) shows the existence of lines of Zr(Fe,Cr)2 , α–Fe with Cr atoms, a mixture of α–
Fe2 O3 and Fe3 O4 , and Fe3+ and Fe2+ ions in solid solutions in ZrO2 . However, these lines
have a large linewidth which can be indicative of nonequivalent positions of iron atoms in
this phase. The spectra of the oxide films having the same thickness and of the same alloy
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Fig. 3 57 Fe CEM spectra of oxide films of alloy 2 (Zr-1.0 wt%Fe-1.2 wt%Sn-0.5 wt%Cr) with different
velocity scale and for different times of the corrosion test

Fig. 4 57 Fe transmission spectrum of the oxide film of alloy 1. The oxide layer was removed mechanically.
The spectrum is obtained at room temperature

(2) are represented in Figs. 6 and 7. The difference between these two spectra is the presence
of the superposition of lines of α–Fe2 O3 and α–Fe in the spectrum in Fig. 7 (350 ◦ C), while
in Fig. 6 (500 ◦ C) only lines of α–Fe are clearly visible.
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Fig. 5 The transmission
spectrum of 57 Fe of an oxide film
of alloy 1. The oxide was
removed mechanically. The
spectrum is obtained at room
temperature

Fig. 6 57 Fe Mössbauer spectra of an oxide film with a thickness of 2.2 μm, removed from Zr-1.4 wt%Fe0.7 wt%Cr (alloy (2)) after 10 h of corrosion (500 ◦ C, 10 MPa)

3.3 Change of the state of iron atoms in the oxides as a function of temperature
For the determination of the nanoparticle size of iron oxide particles one oxide sample is
investigated at two temperatures. The obtained spectra are shown in Fig. 8. The broadening
of these lines is probably associated with the superposition of several systems with magnetic
hyperfine splitting. These systems correspond to different iron oxide phases. In the case of
α–Fe metallic particles the dissolution of Cr atoms decreases the magnitude of hyperfine
magnetic splitting. Such phenomena have been observed before [6]. In such case the spectra
of alloys with iron and chrome atoms (α–Fe(Cr) chromium steel) have been fitted well by a
superposition of five hyperfine magnetic splittings. We used this model to fit the spectrum
of chrome-containing α–Fe particles in oxide film (Fig. 8).
The positions of the outer peaks (1 and 6) in the spectrum coincide with one of the
lines of α–Fe2 O3 or Fe3 O4 oxide compounds. Besides, the corrosion process of ZrFeCr
intermetallic particles [5] leads to the formation of α–Fe2 O3 with inclusions of Cr atoms.
Additional atoms in crystal structure of α–Fe2 O3 (as well as with Co atoms [6]) should lead
to additional superposition of hyperfine magnetic splittings. Non-stoichiometry of α–Fe2 O3
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Fig. 7 57 Fe Mössbauer spectra of an oxide film with a thickness of 2.2 μm, removed from Zr-1.4 wt%Fe0.7 wt%Cr (alloy (2)) after 4650 h of corrosion (350 ◦ C, 16.8 MPa)

Fig. 8 Transmission 57 Fe Mössbauer spectra of an oxide film with a thickness of 14.0 μm, removed from
Zr-1.4 wt%Fe-0.7 wt%Cr alloy (2) after 2390 h of the corrosion test

and Fe3 O4 compounds also should lead to a distortion of lines in the spectrum [6–11]. So the
fitting of a spectrum that represent a superposition of several magnetic hyperfine splittings
is always a difficult task. In this work the weak intensity of some lines also presents some
difficulty. Figure 8 shows the presence of several magnetically split components with broad
lines.
As difference between alloys 1 and 2 it can be seen that the presence of the lines of α–
Fe2 O3 are not detected in oxide films of alloy 1. This may be caused by the difference in the
corrosion environment (presence of B and Li in water in the case of alloy 1) or by presence
of tin in alloy 1.
In order to obtain additional information the spectrum of oxide film was measured also
at the temperature of liquid nitrogen (Fig. 8b). The complexity of the lines in the spectrum
has essentially not changed. But a displacement of the magnetic split lines in the spectrum
of the oxide phases is observed with decreasing temperature. The result of a previous paper
[8] has shown that the 6th line should be considerably displaced towards positive velocities.
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Table 1 The characteristics of the oxide particles
T, K

kT, J

KV, J

V volume of

Size of

particles, m3

particles, nm

298

4.11E-21

1.9E-20

1.9E-25

5.7

77

1.06E-21

4.9E-21

4.9E-26

3.7

5

6.90E-23

3.2E-22

3.2E-27

1.5

This was observed for massive samples of α–Fe2 O3 with the Morin’s transition, and for fine
particles without Morin transition. Such a displacement of the 6th line was observed for a
spectrum of Fe3 O4 compound at liquid nitrogen temperature [9, 12]. It is probable that in
the spectrum of the oxide film (Fig. 8) the hyperfine magnetic split lines are caused by a
mixture of non-stoichiometric compounds of α–Fe2 O3 and Fe3 O4 . Moreover, Mössbauer
investigations of corrosion processes in iron containing materials with deficiency of oxygen
atoms often show the presence of a mixture of these oxide compounds.
In our investigation the spectra with hyperfine magnetic splitting larger than for α–Fe
were fitted using spectra parameters of iron oxide compounds.
The α–Fe2 O3 , Fe3 O4 compounds have close values of resonant absorption probability.
Therefore the area of the lines in the spectra of these oxide phases can be considered to
be proportional to the concentration of iron atoms in these oxides. The analysis shows that
the total area of the spectrum lines of α–Fe2 O3 and Fe3 O4 compounds with decreasing
temperature increases more than the resonant absorption probability changes. This means
the fraction of iron atoms in magnetic phases has increased. Such increase can be explained
by the presence of oxide particles (α–Fe2 O3 and Fe3 O4 ) with a size of 10 nanometers. Such
particles change from their superparamagnetic to a ferromagnetic state at 78 K . This results
in an increasing area of the spectrum with magnetic hyperfine splitting.
A measurement at liquid helium temperature (5 K) shows that a further slight increase
of the area under the lines of the oxide compounds α–Fe2 O3 and Fe3 O4 can be noticed
with respect to the increase of the resonant absorption probability. This fact can also be
associated with a fraction of the particles passing for the superparamagnetic phase to the
ferromagnetic phase (5K–78K). The quantity of iron in small size precipitates is small and
this is why there is no appreciable increase of the oxide fractions in magnetic states
The method to estimate the particle size of the particles passing from the superparamagnetic to the ferromagnetic state was given in papers [8, 10, 13]. The formula t=t0
exp(KV/kT) was used, where V = volume of particle, k = Boltzmann constant, T = temperature. The values of K, the effective anisotropy constant, were estimated in these papers for
oxide phases. Using these values we have made calculations for 3 different temperatures.
The average size of the particles are listed in the Table 1.
The data of this table show the possible sizes of oxide nanoparticles that are present in
oxide film of zirconium alloys formed during corrosion process.

4 Conclusions
Mössbauer investigations of oxide films formed on samples of zirconium alloys Zr1.0 wt%Fe-1.2 wt%Sn-0.5 wt%Cr and Zr-1.4 wt%Fe-0.7 wt%Cr subjected to corrosion
in a steam-water environment were carried out. It is shown that the corrosion process has
an effect on the intermetallic particles Zr(Fe1−x , Crx )2 of the zirconium alloy and leads
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to the formation of metallic phases α–Fe and iron oxide compounds containing iron and
chromium. Part of the oxide compounds may be in form of nanoparticles.
The valence state of iron atoms in oxide films depends on the corrosion environment.
During corrosion tests in oxygen environment the high water temperature and pressure
increase the quantity of α–Fe2 O3 ; the presence of B and Li increases the probability of the
formation of Fe3 O4 .
The results of the present work invite to pay attention to the presence of oxide inclusions
with small sizes during microscopic investigations of oxide films of zirconium alloys.
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