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Effects of Nb content on the Zr2Fe intermetallic stability
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Abstract

With the aim of studying the stability range of the Zr2Fe intermetallic when adding Nb, the range of existence of the

cubic ternary phase (k1) and the corresponding two-phase field between them, four samples were analyzed, each one
containing 35 at.% Fe and different at.% Nb: 0.5, 4, 10 and 15. Optical and scanning electron metallographies, X-ray

diffraction, microprobe analysis and M€oossbauer spectroscopy were performed to determine and characterize the phases
present in the samples. Results show that the Zr2Fe compound accepts up to nearly 0.5 at.% Nb in solution, since the

Zr2Feþ k1 region is stable in the (0.5–3.5) at.% Nb range. To summarize these results an 800 �C section of the ternary
Zr–Nb–Fe diagram, in the studied zone, was proposed.

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

Zr–2.5 at.% Nb alloys are widely used in the con-

stitutive parts of nuclear reactors of the CANDU type.

Fe, which is one of the main components in steel alloys

used in the reactors, is an ultra-fast diffuser in Zr and

their alloys. There are also multicomponent Zr-based

alloys with Sn, Nb, Fe and O, such as Zirlo (Zr–1%Nb–

1%Sn–0.1%Fe–0.1%O) used as nuclear materials. All

these alloys have one particularity: they present Zr–Nb–

Fe precipitates [1,2]. For this reason the Zr–Nb–Fe

system is of interest to the nuclear power industry.

In the revision of the binary Zr–Fe diagram Arias et

al. [3] reported that the tetragonal (bct) Zr2Fe interme-

tallic in the presence of a third component (O, N or C)

had a cubic structure.

In earlier studies, in the ternary system Zr–Nb–Fe,

we determined the presence of a cubic Ti2Ni type phase

(k1) [4–6].
In this work we present a further contribution to the

experimental determination of the ternary phase dia-

gram, studying the stability range of the Zr2Fe inter-

metallic when adding Nb contents, the range of existence

of the cubic ternary phase (k1) and the two phase field
between them. To fulfill our objective Zr-based alloys

with 35 at.% Fe and different Nb contents (0.5, 4, 10 and

15 at.%) were melted. The analysis was performed by

means of optical and scanning electron microscopies

(SEM), X-ray diffraction (XRD), microprobe analysis

(MA) and M€oossbauer spectroscopy (MS).

2. Experimental

The specimens were melted in a W electrode arc

furnace in high purity argon and remelted at least three

times to achieve homogeneity.
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Samples with 0.5 and 4 at.% Nb were prepared from

a Zr–2.5 at.% Nb alloy, while samples with 10 and 15

at.% Nb were made from a Zr–20 at.% Nb alloy. Both of

these alloys contained 445 < Fe½wt: ppm� < 475 and
1130 < O½wt: ppm� < 1180. In all the cases 99.9 wt%
pure Fe and 99.8 wt% pure Zr were used for the arc

melting.

The ingots thus obtained were annealed at 800 �C for
1200 h, wrapped in Ta foils and sealed in silica glass in a

high purity Ar atmosphere.

For metallographic analysis, sections were prepared

by mechanical polishing and then chemically etched by

using an adequate mixture of acids (5 vol.% HF and

5 vol.% HNO3 twice diluted in distilled H2O) to reveal

the microstructure. Observations were performed in an

optical microscope and in a scanning electron micro-

scope (Philips PSEM 500).

The quantitative analysis was made by means of an

electron microprobe (CAMECA SX 50).

Powders were prepared with a diamond-covered file

in order to be used in XRD (Philips PW-1810 diffrac-

tometer) and MS (Co57 source in Rh matrix, at room

temperature in standard transmission geometry) analy-

sis. M€oossbauer data were analyzed by superposing Lo-
rentzian lines, applying a least squares fit procedure.

Isomer shift data were given relative to aFe.

3. Results

Table 1 displays the results obtained by each one of

the techniques applied. MS is used not only for identi-

fication of phases but also to describe local environ-

ments. In addition, as the area of the M€oossbauer
subspectra is proportional to the amount of iron com-

pounds that produces them, it is then possible to esti-

mate qualitatively the proportions in which each one of

the phases is present in the specimens under study. Being

very precise in energies, this technique is especially use-

ful when a phase is present in a sample in a very small

quantity (less than 0.1 at.%).

Own previous data [4,6], and literature research [7–9],

helped us to assign the correspondent phases to the

hyperfine parameters (IS, QS, BHF) shown in the table.

Table 1

Results obtained by means of X-ray diffraction, microprobe analysis and MS

Samples heat

treated at 800

�C to 1200 h

Phase Crystalline

structure

(XRD)

Average composition (MA)

(at.%)

M€oossbauer analysis

Zr Nb Fe IS (mm/s) QS (mm/s) BHF (Tesla) Area (%)

Zr64:5Nb0:5Fe35 ZrFe2 Cubic

MgCu2-type

– – – )0.14 )0.02 19.55 12

k1 Cubic Ti2Ni-

type

66.8 0.5 32.7 )0.13 0.31 – 22

k2 – – – – )0.26 0.33 – 6

Zr2Fe Tetragonal

Al2Cu-type

67.2 0.0 32.8 )0.31 0.75 – 60

Zr61Nb4Fe35 ZrFe2 Cubic

MgCu2-type

37.2 1.9 60.9 )0.12 0.04 17.05 23

k1 Cubic Ti2Ni-

type

63.8 3.6 32.6 )0.12 0.30 – 44

k2 Hexagonal

MgZn2-type

38.9 5.1 56.0 )0.27 0.39 – 22

Zr3Fe Orthorhom-

bic BRe3-type

– – – )0.29 0.79 – 11

Zr55Nb10Fe35 k1 Cubic Ti2Ni-

type

58.6 8.7 32.7 )0.12 0.27 – 74

k2 Hexagonal

MgZn2-type

36.5 20.3 43.2 )0.28 0.37 – 18

Zr3 Fe – – – – )0.31 0.94 – 8

Zr50Nb15Fe35 k1 Cubic Ti2Ni-

type

55.2 11.6 33.2 )0.14 0.25 – 77

k2 Hexagonal

MgZn2-type

43.0 20.0 37.0 )0.30 0.31 – 15

Zr3Fe – – – – )0.29 0.93 – 8

IS: isomer shift, QS: quadrupole splitting, BHF: hyperfine field. The last column values represent, in a qualitative way, the proportion

in which each one of the phases is present in the correspondent sample.
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A characteristic M€oossbauer spectrum of the

Zr64:5Nb0:5Fe35 sample heat-treated at 800 �C during
1200 h is shown in Fig. 1.

Optical microscopy and SEM analysis helped to the

characterization of the samples.

4. Discussion and conclusions

In this section the results displayed in Table 1 will be

discussed for each one of the phases.

4.1. Zr2Fe and k1 phases

The tetragonal Zr2Fe compound was only found in

the Zr64:5Nb0:5Fe35 sample, while the k1 phase was pre-
sent in all of the samples.

We have already reported [4–6], the formation of a

cubic ternary phase (k1) from the Zr2Fe intermetallic
with Nb content.

In fact, in Table 1 (see MA results), Nb in k1 phase
increases at the expense of Zr at the same time as Nb

increases in the samples (Fe remaining around 32 at.%).

This assumption supports the differences in the observed

hyperfine parameters obtained by MS [4].

The results mentioned above allow to conclude that

the at.% Nb boundary between Zr2Fe and k1 phases is
approximately 0.5 at.%. MA analysis also showed that

the Zr2Feþ k1 region would be stable in the (0.5–3.5)
at.% Nb range.

Likewise it is interesting to observe that the propor-

tion of k1 phase increases when the at.% Nb increases in
the respective samples.

4.2. ZrFe2 phase

The ZrFe2 intermetallic, with cubic Laves MgCu2-

type structure (C15) was present in the Zr64:5Nb0:5Fe35
and Zr61Nb4Fe35 samples.

M€oossbauer analysis gave a six-line pattern due to this
ferromagnetic compound. It was fitted with a distribu-

tion of hyperfine fields considering that Fe surroundings

are slightly different. In Table 1 the maximum proba-

bility hyperfine fields are displayed.

The values of BHF found, which are different to that

reported in literature [7] (�20 T for the binary com-
pound), indicate local modification of the ZrFe2 struc-

ture; the lower values suggest the substitution of Fe or

Zr atoms by the non-magnetic Nb atoms meanwhile the

higher values suggest Fe-rich surroundings.

MA results for this phase in the Zr64:5Nb0:5Fe35
sample are not displayed in Table 1 because measure-

ments were not accurate due to the morphology of the

phase in this sample. It appeared scarcely and as very

small precipitates, then covering the microprobe beam a

volume of about 1 lm3, we were also measuring part of
the matrix phase. Fe/Nb ratios were calculated but the

scarce quantity of these precipitates in this sample did

no allow a good statistic.

The limit shown for the Zr2Fe phase in the proposed

diagram at 800 �C (Fig. 2) was determined in [8].

4.3. k2 phase

Granovsky et al. [5] studying samples which cover the

following range: 41 < Zr < 97, 0:9 < Nb < 32, 0:6 <
Fe < 38, detected a ternary phase ðFeþNbÞ2Zr and
indexed it as the hexagonal Laves phase MgZn2 type

(C14) structure by means of XRD.

In our case by means of MA we detected a phase

(denominated k2) with a wide range of compositions,
37 < Fe (at.%) <56, accepting Nb contents up to 20
at.%. This hexagonal Laves MgZn2-type phase was

identified in the Zr61Nb4Fe35, Zr55Nb10Fe35 and

Zr50Nb15Fe35 samples by XRD. For the latter sample

the lattice parameters that we found are: a ¼ 0:523 nm
and c ¼ 0:850 nm. In the Zr64:5Nb0:5Fe35 sample XRD
analysis was inconclusive.

MS results confirmed the presence of this C14-type

phase, [9]. The hyperfine parameters could be deter-

mined fixing the M€oossbauer parameters of all the other
phases. The values thus obtained are supported by our

previous work [6]. The wide range of compositions it

admits produces different values for the corresponding

QS.

This result does not argue with other studies [2] that

inform the presence of precipitates of hexagonal crys-

talline structure in a wide range of compositions in the

central region of the Zr–Nb–Fe diagram.

The Zr64:5Nb0:5Fe35 sample only has traces of this

phase presumably owing to inhomogeneities during

casting. We assume that k2 presence is due to the slow
dissolution at 800 �C. This behavior suggests that the Zr,
Nb and Fe diffusion coefficients are low in this inter-

Fig. 1. M€oossbauer spectrum of the Zr64:5Nb0:5Fe35 sample heat-

treated at 800 �C during 1200 h.
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metallic phase, as it is rather usual in the intermetallic

diffusion process. Therefore, for this sample, the k2
phase will not be considered in the proposed section of

the diagram at 800 �C (Fig. 2).

4.4. Zr3Fe phase

Traces of this orthorhombic phase are suggested

taking into account the MS areas, which indicate their

minor proportion in all of the samples. These traces are

presumably due to small inhomogeneities caused in the

material during casting and they could have been elim-

inated with a longer heat treatment, probably at higher

temperature. Because of this, Zr3Fe traces will not be

considered when proposing the corresponding fields in

the phase diagram (Fig. 2).

M€oossbauer parameters in literature [10] show that
Zr2Fe and Zr3Fe phases exhibit the same IS and similar

QS values in the binary system Zr–Fe. However our

previous studies in the ternary system Zr–Nb–Fe [4],

show that the Nb content modify the QS values for the

Zr3Fe phase, remaining the IS equal to that of Zr2Fe.

In this case all of the other techniques are useful to

distinguish between Zr2Fe and Zr3Fe in the ternary

system.

In concluding, the present results together with those

from Granovsky et al. [5] allow us to propose the iso-

thermal section (800 �C) displayed in Fig. 2, in which

both the probable and predicted fields are clearly poin-

ted out.
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