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a b s t r a c t

Phase diagram in the Fe corner of the FeeNbeZr system at 800 �C was determined by X-ray diffraction
(XRD) and quantitative microanalysis by using electron microprobe with wavelength dispersive spec-
trometry (SEM-WDS). The existence of two three-phase fields (C36(Zr1-xNbx)Fe2 þ Fe(a) þ C15) and
(C36(Zr1-xNbx)Fe2 þ Fe(a) þ C14) and three two-phase fields (C36(Zr1-xNbx)Fe2 þ Fe(a)), (Fe(a) þ C14)
and (Fe(a) þ C15) are proposed in the present work.

© 2018 Elsevier B.V. All rights reserved.
1. Short communication

Zirconium based alloys are widely used as fuel cladding in nu-
clear pressurized water reactors for their excellent mechanical
properties, irradiation stability and resistance to corrosion. To meet
the requirements of higher burnup of the nuclear fuel, a new
generation of Nb containing zirconium-based alloys, such as Zirlo®

[1e3], M5®, E110® and E635® [3,4] was developed. A greater
knowledge of the effect of the alloying elements will allow
advancing in the understanding of their microstructure; mechani-
cal properties and corrosion depend strongly on it.

The information on the ternary phase diagrams of the main
components of the Zirlo type alloys (Fe-Sn-Zr, Fe-Nb-Sn and Fe-Nb-
Zr) is still incomplete and, according to many authors, some un-
certainties persist. A systematic study should include the study of
all binary, ternary and even quaternary systems of these metal-
lurgical systems at different temperatures.

One of the first experimental studies on the Fe-Nb-Zr phase
diagram systemwas performed by Gruzdeva et al. [5] in 1968. They
focused on the Zr corner in Gibbs triangles regarding these phase
diagrams at 700, 800, 900 and 1000 �C. In 1989, Korotkova and
Alekseeva [6,7] proposed seven isothermal sections along the
Tolosa), nnieva@herrera.unt.
temperature range from 850 to 1600 �C [6] and from 500 to 800 �C
[7] spanning the whole composition range, except for the Fe-rich
corner. Later on, Korotkova [8] presented two isothermal sections
in the Fe-Fe2Zr-Fe2Nb region at 1315 and 1337 �C.

Between 1990 and 2008, several authors researched this system
in different areas at several isothermal sections [9e23] but they did
not study the Fe-rich corner adjacent area.

In 2013, Tang et al. [24] studied the system at 1200 �C. Among
other results, they found the compound Fe23Zr6 in the iron-rich
alloys they used. This compound was described for the first time
in 1962 b y Svechnikov et al. [25,26] and to date, its existence re-
mains controversial.

In 2015, Liang et al. [27] studied the system experimentally at
700 �C and, like Tang et al. [24], they also found the compound
Fe23Zr6 in iron-rich alloys.

In 1969, Kanematsu et al. [28] reported that the crystal structure
of (Zr1-xNbx)Fe2 phase is MgCu2(C15) type for x� 0.3, MgNi2,
holding (C36) structure type for 0.35< x< 0.5 and MgZn2 being
(C14) structure type for x> 0.5. For the (Zr1-xNbx)Fe2 phase, the six-
layer structure has a MgNi2 structure, which has similar X-ray
patterns to MgZn2 type. Hence, both Tang [24] and Liang [27]
concluded that it is hard to differentiate MgNi2 from MgZn2
structure type by using XRD techniques.

As was previously mentioned, there is scarce experimental in-
formation on the Fe-Nb-Zr ternary system in the Fe-rich corner. The
present work deals with the experimental phase diagram of this
region in the Fe-Nb-Zr system at 800 �C.
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Fig. 1. Zr-rich corner of system Fe-Nb-Zr. Tentative isothermal section proposed by
Raghavan [16] at 800 �C (dotted lines). The compositions synthesized in the present
work are shown as small black circles.

Fig. 2. Back scattered electron SEM images of sample M1: Fe (dark), C15 (dark grey)
and C36 (grey).
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For the experiments, four ternary alloys were designed to
analyze the area of interest. They were melted and submitted to
heat treatments at 800 �C for 3720 h. The raw materials were zir-
conium (99.9 wt %), niobium (99.98wt %) and iron (99.95wt %).
Buttons (~7 g) were prepared in an arc furnace with a non-
consumable tungsten electrode and a water-cooled copper cruci-
ble, in a high purity argon atmosphere (99.999%). To reduce the
contamination of oxygen, a Zr-Ti getter wasmelted prior tomelting.
The alloys were melted at least four times and turned upside down
between each melting. No significant weight losses were regis-
tered. The samples were carefully cleaned, wrapped in tantalum
sheets and placed in a silica glass tube previously cleaned and
dried. The tube was purged with high purity argon gas and sealed,
keeping internal pressure of Ar. At the end of the heat treatment,
the samples were quenched in water without breaking the seal.

After the heat treatments, the samples were prepared for
characterization. For the quantitative microanalysis, samples were
ground with silicon carbide paper and polished with a cloth and
diamond paste down to a particle size of 0.25 mm. Random powder
samples were prepared to carry out a phase-structural character-
ization of the alloys by an X-ray diffraction (XRD) analysis. X-ray
patterns were obtained with a Philips PW diffractometer equipped
with a monochromator. Measurements were performed in the
10�e120� 2Q range using a Cu anode at room temperature.
Table 1
Nominal compositions of the alloys, characterization of the samples: phase identification
the 800 �C HT samples. When calculating was possible, the standard deviation of compo

Samples Nominal composition [at%] Phases Phas

M1 Fe81Nb2Zr17 Fe(a)
C15
C36(Zr1-XNbX)Fe2

Fe98
Fe71
Fe72

M2 Fe80Nb6Zr14 Fe(a)
C15
C36(Zr1-XNbX)Fe2

Fe98
Fe71
Fe72

M3 Fe83Nb8Zr9 Fe(a)
C15
C36(Zr1-XNbX)Fe2

Fe98
Fe71
Fe72

M4 Fe84Nb11Zr5 Fe(a)
C36(Zr1-XNbX)Fe2
C14(Fe2Nb)

Fe98
Fe71
Fe69

n.d.: Not determinate.
The present phases in heat-treated samples were identified by
metallographic techniques (optical microscope Olympus BX-60M),
X-ray diffraction (XRD, PAN Analytical Empyrean diffractometer)
and quantitative microanalysis by using an electron microprobe
with a wavelength dispersive spectrometry (SEM-WDS, JEOL JXA-
8230).

The chemical composition of each sample is indicated in Fig. 1. It
shows the above mentioned compositions in a portion of the phase
diagram corresponding to the Fe corner, in which the phase
boundaries proposed by Raghavan [16] have been delineated.

A summary of the characterization results is shown in Table 1.
The nominal composition of alloys labeled as M1 to M4 is shown.
Also, the identified phases with crystal structure and chemical
compositions of the samples heat-treated (HT) at 800 �C are indi-
cated. Crystal structure was obtained from the results of XRD and
the chemical compositions of SEM-WDS measurements. Fig. 2
shows a typical microstructure of sample M1.

In the case of alloy M4, it was not possible to find the lattice
parameters by using XRD because of two reasons, namely, the low
amount of C14 phase and the fact that the main diffraction peaks
overlay between C14 and C36 phases. As stated before, and in
accordance with Kanematsu et al. [28], the structure of MgNi2 and
MgZn2 types have similar X-ray patterns. Thus, it is hard to see the
difference between them by using XRD techniques. However, using
SEM-WDS allowed separating and measuring them. As shown in
, chemical composition (SEM-WDS), structure type and lattice parameters (XRD) in
sitions was less than 0.3 at%.

e compositions [at%] Structure type [Å] Lattice parameters

.7Nb0.6Zr0.7

.4Nb2.0Zr26.6

.4Nb13.7Zr13.9

W
Cu2Mg
Ni2Mg

a¼ 2.8699
a¼ 7.0155
a¼ 4.9363 c¼ 16.1509

.8Nb0.5Zr0.7

.4Nb6.0Zr22.6

.3Nb12.7Zr15.0

W
Cu2Mg
Ni2Mg

a¼ 2.8724
a¼ 7.0101
a¼ 4.9146 c¼ 16.0393

.5Nb0.8Zr0.7

.5Nb3.9Zr24.6

.5Nb14.7Zr12.8

W
Cu2Mg
Ni2Mg

a¼ 2.8656
a¼ 6.9247
a¼ 4.8610 c¼ 15.9770

.0Nb1.0Zr1.0

.8Nb18.7Zr9.5

.8Nb24.2Zr6.0

W
Ni2Mg
MgZn2

n.d.



Fig. 3. Back scattered electron SEM images of sample M4: Fe (dark), C14 (dark grey)
and C36 (grey).

Fig. 4. Phase diagram of Fe-Nb-Zr proposed at 800 �C Fe-rich corner. (�) Nominal alloy
compositions. Limits of phases: thick lines measured in the present work, (- -)
probable.
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Fig. 3, three phases were found.
The results obtained differ from those proposed by Raghavan

et al. [16]. In the Fe-rich area, Raghavan proposes three schematic
two-phase zones (C14 þ Fe(a)), (C15 þ Fe(a)) and (C36 þ Fe(a)) as
shown in Fig. 1. In the Fe-rich area we found the existence of two
three-phase fields (C36(Zr1-xNbx)Fe2 þ Fe(a) þ C15) and (C36(Zr1-
xNbx)Fe2 þ Fe(a) þ C14) and the existence of three two-phase
fields (C36(Zr1-xNbx)Fe2 þ Fe(a)), (Fe(a) þ C14) and (Fe(a) þ C15).

Results of the present work at 800 �C resemble those proposed
by Liang et al. [27] at 700 �C. The main discrepancy is related to the
homogeneity domain of phases C14, C15 and C36. The Fe23Zr6
phase was not found.

Finally, by using the results of characterization of HT alloys for
long annealing times and the preliminary results published in
previous works [14,16,27,29,30], a phase diagram section at 800 �C
in the Fe rich corner of the FeeNbeZr system has been constructed,
as shown in Fig. 4.
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