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Abstract

The hexagonal (C14-type) Laves phase Zr(Cr0:40Fe0:60)2 when oxidized in an open furnace was studied by X-ray

diffraction and M€ossbauer spectroscopy techniques. Oxidation modified part of the original Laves phase and Zr oxides,

Cr oxides, a-Cr, (Fe, Cr) oxides, a-Fe and a-Fe2O3 appeared. The behaviour of these phases, particularly the Fe-

bearing phases, is described in detail through a two stage process (stage I from 0 to �7 wt% O2 and stage II up to 22

wt% O2). A very small amount of O2 (stage I) is enough to induce the formation of a-Fe upon oxidation, sustaining a

model previously suggested for the oxidation of the Laves phases. This a-Fe is highly Cr-substituted. Oxidation pro-

ceeds through the increasing presence of a-Fe2O3 and through the structural evolution of Zr oxides (formation of

monoclinic, tetragonal and cubic ZrO2).

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Oxidation of the Laves phase Zr(Cr, Fe)2 is an

important topic to study when considering Zircaloy-4

oxidation. As it is well known, Zircaloy-4 (Sn 1.45–1.5

wt%, Fe 0.18–0.24 wt%, Cr 0.07–0.13 wt%, O 1400 ppm

and Zr to balance) is widely used as fuel cladding

material in nuclear industry due to its low neutron-

capture cross-section, high mechanical strength, high

thermal conductivity and good corrosion resistance. Of

all the alloying elements only Sn is in solid solution, and

hence is relatively uniformly distributed. On the other
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hand, iron and chromium are essentially insoluble in Zr

at low temperatures (<873 K) and they are, therefore,

present almost entirely in the form of second phase

particles [1]. There is only one intermetallic compound,

Zr(Cr, Fe)2, which occurs in two structural forms, hex-

agonal C14-type and cubic C15-type [2,3]. The propor-

tions of cubic and hexagonal Zr(Cr, Fe)2 present can be

varied by different fabrication routes. Both types of

precipitates are commonly present; usually the hexago-

nal variant is predominant. These intermetallic precipi-

tates are about 10–1000 nm in diameter, depending on

the fabrication conditions. The structure, composition,

average size and morphology of the second phase pre-

cipitates are closely related to the corrosion behaviour of

Zircaloy-4 [4–6].

Many studies were carried out in order to evaluate the

evolution of the precipitates when Zircaloy-4 is oxidized

[7–10]. Previous works [11,12] showed that precipitates

undergo chemical composition changes after open
ed.
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Table 1

Weight percent O2 incorporated after oxidation process

Samples A B C D E

wt% O2 7.15 12.47 16.47 18.32 21.87
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furnace oxidation: EDS (energy dispersive spectroscopy)

studies detected the presence of Zr, Cr and Fe within

both the non-oxidized and partially oxidized precipitates,

but no Fe was detected within the oxidized ones. Then, it

was suggested that a progressive Fe rejection towards the

oxidized Zr(Cr, Fe)2 precipitate/oxidized matrix frontier

takes place. An empirical model has also been proposed

for the Laves phase oxidation [13] stating that, at the

beginning of the oxidation process at 923 K, Zr trans-

forms to ZrxO2�x. The other elements, Cr and Fe remain

in metallic state until the O partial pressure within the

system increases up to a value high enough to allow the

oxidation of Cr. The oxidized Cr diffuses first into the

ZrxO2�x and then migrates to the surface. As oxidation

proceeds, the O partial pressure increases up to a value

high enough for the Fe contained in Zr(Cr, Fe)2 to diffuse

to the surrounding ZrxO2�x. EDS determinations poin-

ted out a higher concentration of Cr on the external oxide

surface ‘(ZrxO2�x, CryO2�y)’, and showed evidence of Fe

atoms migration to an inner region than that of the

oxidized – non-oxidized boundary.

The aim of this paper is to study the oxidation pro-

cess of the hexagonal Zr(Cr0:4Fe0:6)2 Laves phase using

M€ossbauer spectroscopy (MS) complemented by X-ray

diffraction (XRD) analysis for a further contribution

to the mentioned experimental evidence.

At this point MS technique deserves a brief expla-

nation seeing that, while it is not a commonly used

technique in the conventional studies of zirconium

alloys, our group has a vast experience in this subject

[14–16]. The 57Fe M€ossbauer spectroscopy is a nuclear

technique that provides information about the environ-

ments of the M€ossbauer probe. This information is re-

lated to the electronic and magnetic properties of the Fe

nuclei and their surroundings and it is provided by the

hyperfine parameters. These parameters are the isomer

shift (IS), the quadrupole splitting (QS) and the mag-

netic hyperfine field (H). The first one is mainly related

to the oxidation state of the Fe ion, the second one to

the symmetry of the charge distribution around the Fe

nucleus and the last one, to the nature of the magnetic

order around the probe. The knowledge of the charac-

teristic hyperfine parameters allows the identification of

a Fe-bearing phase, referring not only to a crystallo-

graphic phase but also to a magnetic and/or order–dis-

order phase. Furthermore, this technique allows the

quantification of the identified Fe-bearing phases.
2. Experimental procedures

The Laves phase Zr(Cr0:4Fe0:6)2 (prepared from

commercially Fe, Cr and Zr of nuclear purity) was arc

melted with a non-consumable W electrode in an Ar

atmosphere. A C14-type structure was determined by

XRD analysis for the as-cast sample.
Then, the sample was powdered in an agate mortar

and divided into five samples of about 2 mg. Each one

was oxidized in an open furnace at 923 K during a short

period of time in order to incorporate small amounts of

O2. The wt% of incorporated O2 was evaluated by the

weight gain using a Metler AE163 balance. The values

so obtained are displayed in Table 1.

XRD analysis was performed on random powder

samples in a Philips PW3710 diffractometer using Cu

anticathode in a 22–120� range with an angle step of

0.02�. Due to the small amount of sample, the patterns

were indexed using PDF data and comparing with

spectra calculated using the Rietveld Structure Refine-

ment software [17].

M€ossbauer spectroscopy was performed at 300 K

(RT: room temperature) in all the samples and in some

of them also at 15 K. Absorbers were prepared in

powder form, mixing with sugar to avoid texture effects

[18]. The amount of powder used was calculated so that

the thin approximation could be applied [19]. All the

spectra were run at high velocity (11 mm/s); a low

velocity (5 mm/s) was used when specified. Analysis of

the spectra was carried out using a least-squares fitting

program [20] and the goodness-of-fit of each fit was

determined by v2 criteria. Doublets and sextets sub-

spectra were used for sites and, where necessary, distri-

butions of hyperfine fields were also used. Sites indicate

similar ordered Fe environments whereas distributions

of hyperfine fields indicate slightly different Fe envi-

ronments. Subspectral areas were taken as a measure

of Fe-bearing phase concentrations [21].
3. Results and discussion

3.1. X-ray diffraction analysis

Fig. 1 shows the XRD pattern obtained for the as-

cast Zr(Cr0:4Fe0:6)2 powder sample. Hexagonal C14-type

structure was found with the following lattice parame-

ters: a ¼ 0:502 � 0:001 nm, c ¼ 0:822 � 0:001 nm.

Fig. 2 shows the XRD pattern for a characteristic

oxidized powdered sample (sample D in this case). Table

2 displays the identified phases and the lattice para-

meters obtained for the oxidized samples.

According to the XRD results, other phases besides

the C14-type one appeared upon oxidation: ZrO2, a-Fe,

a-Fe2O3, (Cr, Fe)2O3, without discarding the presence of

a-Cr and a-Cr2O3 which were difficult to distinguish.



Fig. 1. XRD pattern for the as-cast (non-oxidized)

Zr(Cr0:4Fe0:6)2 sample.

Fig. 2. XRD pattern for the Zr(Cr0:4Fe0:6)2 sample with 18.32

wt% O2 (sample D).
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The a-Cr reflections are almost coincident with the a-Fe

ones and the same happens between a-Cr2O3, (Cr,

Fe)2O3 and a-Fe2O3 reflections.
Table 2

Crystalline structure and lattice parameters obtained by XRD

Crystalline structure Sample A

(nm)

Sample B

(nm)

Sample C

(nm)

Hexagonal C14-type a ¼ 0:501 a ¼ 0:501 a ¼ 0:501

c ¼ 0:820 c ¼ 0:821 c ¼ 0:821

Cubic I a ¼ 0:287 a ¼ 0:287 a ¼ 0:290

Hexagonal – a ¼ 0:503 a ¼ 0:503

c ¼ 1:371 c ¼ 1:371

Monoclinic a ¼ 0:515 a ¼ 0:514 a ¼ 0:514

b ¼ 0:518 b ¼ 0:518 b ¼ 0:518

c ¼ 0:532 c ¼ 0:531 c ¼ 0:532

Cubic F – a ¼ 0:510 a ¼ 0:510

Tetragonal a ¼ 0:359 a ¼ 0:360 a ¼ 0:359

c ¼ 0:517 c ¼ 0:517 c ¼ 0:518
It is important to notice that the Zr oxides experi-

ence a structural evolution. Although the monoclinic

structure is the stable one at temperatures bellow 1373

K, tetragonal and cubic structures were also detected.

The monoclinic–tetragonal transformation has been

found to take place at a much lower temperature and

pressure than those expected from the phase diagram

of pure microcrystalline zirconia. This result could be

related to the nanostructure of the crystallites consti-

tuting oxidation scales [22]. Garvie [23] proposed that

the tetragonal form, having a lower surface free energy

than the monoclinic one, occurs spontaneously at a

critical crystallite size at room temperature. The pres-

ence of cubic structure could be due to a strong sta-

bilization effect. There is some consensus that Fe has a

negligible solubility in monoclinic ZrO2, up to 5 at.% in

tetragonal ZrO2 and up to 20 at.% in cubic ZrO2, and

if present at high concentrations stabilizes the higher

symmetry phases [24]. In addition, chromium, some of

which dissolved substitutionally in the ZrO2 lattice,

would play a major role in such stabilization [8,9].

3.2. M€ossbauer spectroscopy analysis

The M€ossbauer spectrum of the non-oxidized Laves

phase sample run at 5 mm/s is shown in Fig. 3. It was

fitted with two doublets, D1 and D2; the parameters

obtained were coincident with those found in the liter-

ature [14,25,26]. Fig. 4 instead shows a characteristic

feature of one of the oxidized samples spectra run at 11

mm/s (sample D). Oxidized samples spectra show com-

plex shapes which were fitted by means of an ‘average’

doublet (D), one crystalline sextet (S1), two distributions

of sextets (S2 and S3), and a singlet (s1).

The narrow S1 sextet with the broad S2 distribution

were used to model the observed outer sharp sextet with
Sample D

(nm)

Sample E

(nm)

Proposed phases

a ¼ 0:502 a ¼ 0:502 Zr(Cr0:4Fe0:6)2

Laves phasec ¼ 0:822 c ¼ 0:821

a ¼ 0:287 a ¼ 0:289 a-Fe, a-Cr

a ¼ 0:503 a ¼ 0:502 Fe2O3, Cr2O3

(Cr, Fe)2O3c ¼ 1:373 c ¼ 1:368

a ¼ 0:514 a ¼ 0:513 Monoclinic ZrO2

b ¼ 0:518 b ¼ 0:518

c ¼ 0:532 c ¼ 0:531

a ¼ 0:510 a ¼ 0:509 Cubic ZrO2

a ¼ 0:359 a ¼ 0:359 Tetragonal ZrO2

c ¼ 0:517 c ¼ 0:518



Fig. 3. M€ossbauer spectrum of the non-oxidized Zr(Cr0:4Fe0:6)2

sample.

Fig. 4. M€ossbauer spectrum of the Zr(Cr0:4Fe0:6)2 sample with

18.32 wt% O2 (sample D).

Table 3

M€ossbauer parameters at RT

Sample FIT IS (mm/s) QS (mm/s) HM (T)

Non-oxidized

Zr(Cr0:4Fe0:6)2

D1 )0.22 0.23 –

D2 )0.16 0.34 –

A S1 0.30 )0.24 51.34

S2 0.11 )0.14 45.99

S3 )0.02 )0.04 27.32

D )0.27 0.24 –

s 0.32 – –

B S1 0.36 )0.23 51.13

S2 0.40 )0.10 48.66

S3 )0.01 0.05 28.54

D )0.20 0.24 –

s 0.59 – –

C S1 0.36 )0.20 51.37

S2 0.23 )0.02 47.04

S3 0.00 )0.01 29.96

D )0.21 0.24 –

s 0.72 – –

D S1 0.35 )0.19 51.17

S2 0.21 0.06 46.69

S3 )0.01 )0.01 30.03

D )0.21 0.25 –

s 0.81 – –

E S1 0.33 )0.19 51.24

S2 0.34 )0.19 48.57

S3 )0.01 )0.03 27.9

D )0.21 0.25 –

s 0.77 – –
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broad shoulders. The distribution of static hyperfine

magnetic fields S3 reports instead the inner sextets. The

resulting M€ossbauer parameters at RT are summarized

in Table 3. The values of the maxima of the distribution

profiles are quoted as HM. All the IS values are referred

to that of a-Fe at RT.

The parameters corresponding to S1 allow assigning

it to the presence of well crystallized hematite. On the

other hand, the S2 distributions of lower hyperfine

magnetic fields show slightly different environments

around the Fe nuclei and points to a random Fe sub-

stitution by Cr into the hematite lattice. In the case of

the sample with higher wt% of O2, a spectrum was run at

low temperature (15 K), its fit indicated that the Morin

temperature did not occur which is coincident with Cr

substitution by Fe. The fitted IS values are typical of

Fe3þ environments.

S3 distributions take into account the rest of the

magnetic signals although, in some of the oxidized
samples, these spectra could also be fitted with a broad

sextet (C � 0:8 mm/s). In both cases the parameters

obtained are indicative of a-Fe presence but, because of

S3 shapes, a further result is obtained which suggests

that Cr atoms have been randomly introduced and

perturbed an ordered a-Fe lattice. The fitted IS values

are typical of metallic environments for the Fe ion.

Concerning the paramagnetic region and as it was

already mentioned, the ‘average’ D doublet corresponds

to the presence of the original Laves phase,

Zr(Cr0:4Fe0:6)2. The singlet, s1, could correspond to the

high velocity peak of a Fe3þ doublet in which the low

velocity peak would be masked between the low velocity

Laves phase signals. This singlet is assigned to the

presence of (Crx, Fey)2O3 (y < x) [15].

Cr and Fe very similar atomic radii (0.1420 and

0.1411 nm respectively) apparently preclude noticing

any substitution from one by each other. In fact the

lattice parameters found are practically the same in all

the series, suggesting no structural changes. A further

result is provided by MS which shows a random Fe

substitution by Cr in the hematite and in the a-Fe



Fig. 5. Variation of the concentration of Fe-bearing phases

with O2 content. Notice that 0 wt% O2 corresponds to the 100%

non-oxidized Laves phase. . a-(Crx, Fey)2O3, (y < x); j a-

Fe2O3; m C14-type Laves phase; d a-Fe.

Fig. 6. ‘Crystalline’ (d) and ‘substituted’ (j) contributions to

the a-Fe2O3 (a) and a-Fe (b) subspectral areas obtained by MS.

P.B. Bozzano et al. / Journal of Nuclear Materials 328 (2004) 225–231 229
lattices regarding the behaviour of the magnetic hyper-

fine fields.

M€ossbauer results let to perform as well a semi-

quantitative analysis of the Fe-bearing phases found by

taking subspectral areas which are proportional to their

concentration. Fig. 5 describes the variation of the

concentration of each Fe-bearing phase with oxygen

content based on these data which are normalized to

100%. Fig. 6 shows the concentrations of the ‘crystalline’

and the ‘substituted’ (Fe substituted by Cr into the phase

lattice) contributions to the a-Fe2O3 and a-Fe subspec-

tral areas respectively. This estimation was made con-

sidering S1 areas as ‘crystalline’ and S2 areas as

‘substituted’ contributions to the a-Fe2O3 phase. In re-

turn S3 subspectral area was divided into subareas

which were respectively attributed to the ‘crystalline’

(BHF ¼ 33 T) and the ‘substituted’ (remainder mean

values of hyperfine field in the distribution profile)

contributions to the a-Fe phase.

For a convenience matter Fig. 5 is divided into two

zones: an O2 low content zone (I) and a medium-high O2

content zone (II). The first one shows that a low content

introduction of O2 (�7 wt%) induced the appearance of

the expected a-Fe phase but also of the a-Fe2O3 phase.

It would be necessary an even less O2 content to allow

the appearance of only a-Fe (among the Fe-bearing

phases) at expenses of the Laves phase. It is interesting

to notice that the a-Fe phase is present in the higher

percentage amount and that it also presents the higher

substituted to crystalline ratio (almost 2). After Zr and

Cr oxidation, the remainder Cr preferred to substitute

Fe in the metallic a-Fe lattice; the a-Fe2O3 and a-(Crx,

Fey)2O3 (y < x) phase concentrations are low and the

substituted to crystalline ratio is almost 1 in the a-Fe2O3

phase.
The second zone shows that a higher introduction of

O2 induces an increment of the a-Fe2O3 phase concen-

tration while the Laves phase and the a-Fe concentra-

tions decrease. This fact suggests that, at this stage, the

oxidation process proceeds through the formation of

a-Fe2O3 at expenses of the Laves phase and of the a-Fe

phase. The remainder Cr, not occurring into Fe-bearing

phases, stabilizes the cubic ZrO2 phase and a-Cr2O3 and

a-Cr would be formed in addition. Seeing that the

M€ossbauer probe used in this work is Fe, there is no

Cr M€ossbauer effect, thus this technique cannot con-

firm this hypothesis. Nevertheless it could be assumed

that chromium is oxidized into fine Cr2O3 since the

formation of Cr2O3 upon the oxidation of ZrCr2 pre-

cipitates in a zirconium matrix has already been reported

[27].
4. Conclusions

The structural and hyperfine properties of the Laves

phase Zr(Cr0:4Fe00:6)2 oxidized during short periods of

time in open furnace are here presented; to our know-

ledge there are no reports from other groups on this

subject. This Laves phase, present in the form of second

phase particles in Zircaloy-4, plays an important role

when considering Zircaloy-4 oxidation. In particular,
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the redistribution of the alloying elements from the

intermetallic particles into the oxide matrix has an

important impact on the oxidation rate of the alloy, and

to clarify this point it is essential to know which com-

pounds are generated during the oxidation process.

Conclusions of the present work based on the iso-

lated hexagonal Laves phase study may be summarized

as:

• The introduction of O2 produced a selective oxida-

tion process, involving a structural evolution (forma-

tion of monoclinic, tetragonal and cubic zirconia)

and a chemical evolution (iron/chromium depletion

and oxidation). ZrO2, a-Fe, a-Fe2O3 and the original

C14 Laves phase were detected by XRD and/or MS,

without discarding the presence of a-Cr and a-(Cr,

Fe)2O3.

• The oxidation process cannot be accurately model-

ized by a simple parabolic law. It seems to proceed

through two stages which were defined as stage I:

from 0 to 7 wt%, and stage II: up to 22 wt% O2.

� In the first stage, monoclinic and tetragonal ZrO2

were formed. Regarding the Fe-bearing phases,

the expected a-Fe phase is noteworthy present (al-

most 42% in Fig. 5) with a highly degree of Fe

substitution by Cr. This Cr probably comes from

the remaining non-oxidized Cr. However a-Fe2O3

with a slight Cr substitution and a-(Crx, Fey)2O3

(y < x) also appeared, eventhough in a small

amount. It is a difficult task, from an experimental

point of view, to incorporate a less amount of O2

to complete the intermediate points of stage I.

� In the second stage, the oxidation proceeds

through the increment of a-(Cr, Fe)2O3. The cubic

ZrO2 phase stabilizes and a-Cr2O3 and a-Cr

would develop.

• Finally, it can be mentioned that although

M€ossbauer Spectroscopy is not a commonly used

technique in the conventional studies of zirconium al-

loys, it was demonstrated here that it is particularly

suited to investigate the oxidation process of Fe-bear-

ing phases.
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