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C14 Laves phase Zr(Fe,Nb)2 was fabricated and oxidized in a subcritical environment. Electron energy loss
spectroscopy was used to study the migration and chemical state evolution of the elements. The oxidation
process was accompanied by the formation of multilayered oxide scale, consisting of a crystalline oxide layer,
amorphous oxide layer (Fe-poor) and Zr-Nb-Fe-O amorphous layer. The formation of closely bonded, semi-free
and metallic iron species as well as the out diﬀusion of Fe contribute to the multilayered structure growth. The
amorphization of the C14 phase occurred with the incorporation of oxygen, which preferentially bonded with Zr
and Nb.

1. Introduction
Materials with Laves phases are mainly used as high-temperature
functional materials in bulk form, or for coatings and as dispersive
nanoparticles. In a high-temperature working environment, the oxidation behaviour plays a signiﬁcant role in the retention of the material
performance and structural integrity [1–5]. Laves phases consist of the
largest group of binary and ternary intermetallic compounds. Among
them, the C14 type Zr-Fe-Nb compound is particularly attractive.
However, except for research on dispersive nanoparticles, the oxidation
mechanism is not thoroughly investigated [6–10].
The C14 type Zr(Fe,Nb)2 has a composition range of 6–34 at.% Nb,
28–59 at.% Fe, and 34–38 at.% Zr [11], which is a common precipitate
in advanced Zr alloys such as Zirlo. It is generally accepted that the
oxidation resistance of precipitates plays an important role in the performance of Zr alloys. Researchers have reported that intact precipitates
were embedded in the oxide layer at the very ﬁrst stage and were
oxidized with prolonged oxidation time [9,12–20]. According to the
thermodynamic data, Zr(Fe,Nb)2 exhibits the lowest oxidation free
energy among the common intermetallics in Zr alloys, which places it in
the spotlight [16]. The corrosion behaviour of Zr(Fe,Nb)2 was mainly
analysed in the simulated reactor core environment. De Gabory et al.
[9] found that Zr-Fe-Nb precipitates with a C14 structure appeared to
remain unoxidized for a longer time compared to β-Nb precipitates.

⁎

Although research on the C14 type precipitate showed a strong oxidation resistance, the precise threshold of oxygen incorporation to
maintain the C14 structure in this phase is not yet ascertained.
It should be noted that during the oxidation process, the migration
of cations plays a signiﬁcant role. Both Zr and Nb are 4d transition
elements and are located near each other in the periodic table. Thus,
similar physical and chemical stabilities are expected. A study of the
ZrO2-Nb2O5 system has indicated the existence of considerable solid
solubility of Nb2O5 in ZrO2 [17]. It has also been reported that during
oxidation, β-Nb ﬁnally dissolved into a matrix to form Zr-Nb oxide [6].
The ability to substitute a Nb cation for a Zr cation in the zirconia
structure is attributed to their perfectly matching ionic radii.
As for Fe, which is a 3d transition element, the electron conﬁguration in the orbits is diﬀerent from that of Zr and Nb, resulting in different oxygen aﬃnity and selective oxidation behaviour in the Zr-Nb-Fe
phase. According to the Galvanic Series, the ﬁrst constituent to be
oxidized is zirconium (−1.45 V), followed by niobium (−1.09 V), and
ﬁnally iron (−0.44 V). Iron is designated as a noble element with low
potentials. Couet et al. analysed the chemical state evolution of Fe, Zr,
and Nb in the oxide layer of a Zr alloy using microbeam X-ray absorption near-edge structure (XANES) spectroscopy [15]. The delayed
oxidation of Fe in both the matrix and precipitates is reported as well as
iron migration during oxidation. Indeed, many studies have conﬁrmed
that during the oxidation process, Fe is redistributed from the oxidized
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Fig. 1. (a) XRD diﬀractograms of the fabricated samples with diﬀerent compositions. The
standard PDF is also presented for comparison
[11]. (b) Bright-ﬁeld image of the Zr(Fe,Nb)2
compound with 38 at.% Fe. The SAED pattern
and EDS result are shown as insets. (c) Rietveld
plot of sample 34Zr-38Fe-28Nb (at.%). Structure type is MgZn2 (C14); Space group is P63/
mmc (194). Observed (Iobs), calculated ((Ical),
diﬀerence (Idif) and background (Ibkg) curves
are shown. The digital image of the as-cast
ingot is shown as an inset.

discrepancy in the literatures. This work discloses a novel oxidation
resistance model and indicates that the C14 type intermetallic has the
potential for utilization as cladding or other high-temperature structural material.

second phase to the matrix oxide, which would aﬀect the properties of
the surrounding zirconia [12–19]. Annand et al. reported that in the
oxidation of Zr(Fe,Cr)2, Zr and Cr were oxidized while Fe-rich nanobands were formed by iron migration, which was almost oxygen free
[12]. A unique enhancement mechanism resulting from the iron redistribution was built in our previous study. It was found that iron redistribution could stabilize t-ZrO2 during the oxidation of the
(Zr,Nb)2Fe ternary phase (Ti2Ni type) [20]. From the above, it can be
concluded that the iron migration during oxidation is a common phenomenon, but how this process is triggered and terminated is still unknown.
The structural change during the oxidation process is also interesting. Pecheur et al. [13] found that amorphization and iron redistribution of C14 type Zr(Fe,Cr)2 took place after 40 days of oxidation.
The oxidation-induced amorphization of C14 type Zr(Fe,Nb)2 precipitates in Zr alloys without identifying Fe migration has also been
reported [9,10]. To the best of our knowledge, no further details were
discussed regarding element migration, amorphization, and their interplay. What is less well understood is the triggering and priority occurrence of the aforementioned phenomena. The discrepancy mentioned above demonstrates that the nature of the oxidation behaviour
for C14 compounds requires further study.
In the present work, the Zr(Fe,Nb)2 compound was fabricated and
oxidized under simulated pressurized water reactor (PWR) conditions
(320 °C and 16.4 MPa) [21]. The oxidation-induced multilayer structure
was observed and the interplay between amorphization and Fe redistribution was analysed. Special attention was also paid to the reaction
frontier of the oxidation process. An oxidation-induced amorphization
with diverse Fe chemical states was conﬁrmed for the ﬁrst time. Advanced characterization techniques were employed based on high-resolution transmission electron microscopy (HRTEM) and electron energy loss spectroscopy (EELS) in this work to help diminish some of the

2. Experimental section
C14 type Zr(Fe,Nb)2 intermetallic compounds were fabricated by
vacuum nonconsumable arc smelting. Sponge zirconium (nuclear
grade) and high-purity niobium (99.99 wt.%) and iron (99.8 wt.%)
were used to fabricate the compound ingots. The ingots were smelted
six times to ensure compositional homogeneity. Subsequently, the ingots were cut into sheets of approximately 2 × 3×1.5 mm3. The sheets
were ground and polished and then ultrasonically cleaned in deionized
water. A corrosion test was performed in a static autoclave (Anhui Kemi
Machinery Technology Co., Ltd.) with deionized water (conductivity:
0.1 μS/cm) under a simulated PWR environment (320 °C, 16.4 MPa).
The material of the autoclave wall is Hastelloy alloy. The rate for increasing the temperature of the autoclave is 6 °C/min. The corroded
samples were cleaned in deionized water and then dried.
The crystallographic information of the bulk intermetallic was obtained by X-ray diﬀractometer (XRD, Rigaku Ultima IV) in the range of
20°–90°. The cross-sectional TEM foils of the oxidized samples were
prepared by a Precision Ion Polishing System (PPIS Model 691, Gatan,
Inc.). The microstructure of the oxide layer was studied using an energy-ﬁltered transmission electron microscope (TEM, FEI Tecnai G2
F20) equipped with an energy-dispersive X-ray spectrometer (EDS,
Oxford XMAX 80 T). HRTEM images from the region of interest in the
oxide layer were recorded by a charge coupled device camera. The
EELS information was obtained to clarify the hybridization condition
between the oxygen and the transition elements. The EELS experiment
was conducted in the diﬀraction mode using the Tecnai G2 F20 TEM
2
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equipped with an imaging ﬁlter (GIF Quantum 965, Gatan, Inc.) operated at 200 kV. The camera length was 100 mm and the entrance
aperture was 5 mm. EEL spectra were acquired at an energy dispersion
of 0.1 eV/channel using a collection half-angle of 17.4 mrad. The energy resolution at the zero-loss peak was approximately 0.9 eV. The
low-loss and core-loss regions were collected separately for all sample
regions studied. The samples were tested from the selected regions with
relative thicknesses of t/λ < 0.5.

the contrast in the HAADF image is in proportion to Z2 and N, where Z
and N are the atomic number and the number of atoms per unit volume,
respectively [22]. Thus, the dark contrast in the HAADF image belongs
to the O-rich capping layers (layer I and layer II). It is interesting to note
that layer II exhibits a Fe-deﬁcient characteristic compared with layer I,
according to the elemental mapping result in Fig. 2a. It should also be
mentioned that layers II and III are in an amorphous state, according to
the SAED patterns in the inset of Fig. 2b. At the interface of I/II in
Fig. 2c, the nucleation of a m-ZrO2 type phase is identiﬁed. The main
phase in layer I can be indexed as α-Fe2O3 (PDF card No: 33-0664), as
shown in Fig. 2d. The rugged interface of I/II in Fig. 2b is due to the
multiphase growth.
The morphology of the oxide scale becomes much more regular as
the oxidation proceeds. Fig. 3a shows the HAADF image of the sample
oxidized for 60 h. The elemental composition of each region is analysed
in the STEM mode. Fig. 3b exhibits the atomic contents of regions 1–4
marked in Fig. 3a. It can be seen that the oxygen content is much higher
in layers I and II than in layer III. On the other hand, there is still
considerable oxygen in region III, which should be an oxygen-enriched
amorphous alloy. Considering that III is in an amorphous state, this
region should also be aﬀected by the incorporation of oxygen. Another
obvious feature is that layer I is Fe-rich oxide scale containing a small
amount of Zr and Nb, while the Fe deﬁciency in layer II is becoming
more obvious as conﬁrmed by the EDS mapping in Fig. 3c.
After 60 h oxidation, the BF image in Fig. 4a shows a multilayer
structure with obvious diﬀraction contrast. The thickness of layer I
increased to approximately 80 nm. The interface of I/II becomes much
more uniform compared with that in Fig. 2. In Fig. 4b, the SAED pattern
of layer I with the nanopolycrystalline characteristic can be indexed as
a mixture of α-Fe2O3, t-ZrO2, and m-ZrO2. The HRTEM images in
Fig. 4(d–f) shows the phase composition of layer I in diﬀerent areas. It
can be seen that m-ZrO2 formed mainly near the interface of I/II, while
α-Fe2O3 formed mainly in the central region of layer I. At the outer

3. Results
The XRD diﬀractogram of as-fabricated Zr(Fe,Nb)2 ingots with a
varied composition range and the standard powder diﬀraction ﬁle
(PDF) [11] are shown in Fig. 1a. It is observed that C14 type Zr(Fe,Nb)2
polycrystalline is presented as the dominant phase and the crystallinity
is optimal when the content of Fe is 38 at.%. Fig. 1b shows the brightﬁeld (BF) image of C14 Zr(Fe,Nb)2 with 38 at.% Fe and the corresponding selected area electron diﬀraction (SAED) pattern can be indexed as the zone axis of [100]. The EDS result demonstrates that the
element composition is nearly the same as the nominal composition.
Rietveld reﬁnement was also carried out based on the XRD spectrum of
35Zr-38Fe-27Nb (at.%) (Fig. 1c). The lattice parameters of the C14
phase are calculated as a = b = 5.26207 Å, c = 8.50262 Å and the
space group is P63/mmc (194). The inset in Fig. 1c shows the image of
an ingot with uniform metal lustre. A corrosion test was carried out in a
static autoclave for diﬀerent lengths of time. The compound of 35Zr38Fe-27Nb (at.%) with the highest crystallinity was employed in this
work.
Fig. 2 shows a set of cross-sectional TEM images after an exposure
duration of 40 h. The formation of a multilayered oxide structure can be
seen from Fig. 2a, b. We denote diﬀerent regions as I, II, and III from the
outer surface inwards. Fig. 2a exhibits the high-angle annular dark-ﬁeld
(HAADF) image of the oxide scale. According to Pennycook’s theory,

Fig. 2. Structure and elemental distribution of oxide scale
after 40 h oxidation. (a) HAADF image shows a multilayer
oxide structure with each layer named separately. The
elemental mapping result is shown as an inset. (b) The
bright-ﬁeld image shows a relatively uniform part of the
multilayer oxides. The SAED results of layers II and III are
shown as insets. (c) The interface of layer I and II is shown.
HRTEM image of small grain is shown as an inset, which
can be indexed as the m-ZrO2 phase. (d) HRTEM image of
layer I in Fig. 2b. The inset shows the IFFT image, which
can be indexed as the α-Fe2O3 phase.
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Fig. 3. Full view of the oxide scale after 60 h
oxidation. (a) HAADF image shows a multilayer structure with each layer named separately. (b) The plot shows the contents of different elements at diﬀerent areas from Fig. 3a
marked as points 1–4. (c) Elemental mapping
of the multilayer structure, corresponding to
the dotted box in Fig. 3a.

surface, a mixture of t-ZrO2 and α-Fe2O3 is found. It should be mentioned that no niobium oxide is found in Fig. 3b. Some niobium might
have solubilized in ZrO2. It is also possible that the formed Nb-Zr oxide
is in an amorphous state [6,17]. The HRTEM image in Fig. 4c shows
that layers II and III are in an amorphous state and contain a large
amount of Nb. Thus, the addition of Nb in Zr oxides facilitates the
amorphization process in layer II. Positively, the amorphous structure
of layer III and III can eliminate the atomic mismatch at the interface,
which would help diminish the local defects and stress.
It has been reported that the amorphous oxide layer could be a favourable barrier to block the movement of elements attributed to its
dense, boundary-free characteristics and the closely bonded state [23].
Thus, an enhancement of the barrier eﬀect of layer II on elemental
diﬀusion is expected. In Fig. 5a, the gain in the total thickness of layers
I + II is shown and compared with that of ZrO2 in Zr-4 alloy. The results
are found to follow the power law and logarithmic law for Zr-4 alloy
and Zr(Fe, Nb)2, respectively. This demonstrates that the oxidation rate
is much slower for C14 Zr(Fe, Nb)2. Thus, it can be concluded that the

barrier eﬀect of layer II improves the oxidation resistance of C14 Zr
(Fe,Nb)2. Fig. 5b also shows the typical oxide thickness gain of layers I
and II as a function of the oxidation time. It can be seen that the oxidation kinetics of both layers can be ﬁtted by logarithmic law, which is
a characteristic of diﬀusion-related phenomena during the oxidation
process. The oxidation kinetics is controlled by complicated elemental
diﬀusion in this work. The oxygen inward diﬀusion to the oxide/metal
interface is a common phenomenon. However, in this work, the outward diﬀusion of Fe also occurred, which is discussed in the following.
From the EDS measurements, we can see that there is still a detectable amount of Fe in layer II, particularly in the area close to layer I.
Fig. 6a shows the statistical data of the Fe relative content in layers I
and II after 40 and 60 h oxidation. The diﬀerence in Fe content in layers
I and II becomes greater with the increase in the oxidation time. The
line-scan analysis in Fig. 6b shows a sudden drop in the relative content
of Fe in layer II compared with that in region III and a gradual increase
outwards to layer I. Thus, it can be concluded that iron continues to
diﬀuse outwards from layer II to layer I.
Fig. 4. Set of TEM images after 60 h oxidation.
(a) Bright-ﬁeld image of the oxide scale. (b)
SAED pattern of layer I in Fig. 4a, with the
corresponding phases indexed. (c) HRTEM
image of the II/III interface region, corresponding to the dotted square (c) in Fig. 4a.
The insets show the composition in at.%. (d–f)
HRTEM images of layer I. The insets show the
IFFT images of the marked areas.
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Fig. 5. (a) Oxide thickness gain of layer I and layer II as a function of oxidation time. (b) Oxide thickness gain of Zr-4 alloy and C14 Zr(Fe,Nb)2 as a function of
oxidation time.

4. Discussion

Considering that region III is close to the matrix and contains a small
amount of oxygen, this area should reﬂect what occurred at the reaction
frontier. Fig. 7a is a bright-ﬁeld image of region III after 60 h oxidation.
A series of SAED patterns corresponding to points 5–9 are shown as
insets in Fig. 7a. The SAED patterns demonstrate that close to the interface of II/III, region III is in an amorphous state (point 5). However,
the SAED patterns of points 6–8 demonstrate the coexistence of a same
regular diﬀraction spots and a halo ring. In the deeper area far from the
interface (point 9), regular diﬀraction spots are observed and the zone
axis can be indexed as [210] of the C14 phase. We further named the
pristine matrix as IV. In Fig. 7b, the sequential EDS analysis from points
5–9 demonstrates a negative gradient of the oxygen content toward the
matrix while the atomic ratio of Zr, Fe, and Nb is almost constant. Based
on the above discussion, we can conclude that the pristine matrix
gradually becomes amorphous in the initial stage without evident element migration due to the oxygen incorporation (III). Compared layer II
with region III, the chemical composition is quite diﬀerent despite the
fact that both are in an amorphous state. The element contents of each
side near the II/III interface has been shown in Fig. 4c. The value of
34.28 ± 3 at.% is roughly regarded as a critical value for oxygen,
beyond which the migration of Fe towards the outside surface will be
triggered. The largest content of oxygen incorporation in region III is
obtained and the atomic ratio of Zr, Fe, and Nb on the III side is consistent with the pristine matrix. Cox et al. [24,25] put forward the
hypothesis that iron starts to migrate out as the local pO2 increases, but
this is without direct evidence and a critical value. Some residual iron
would be anchored in layer II by bonding with oxygen, which is discussed later.

In the initial stage of oxidation, oxygen diﬀused inwards and preferentially bonded with Zr and Nb due to the higher critical pO2 for iron
to be oxidized compared to Zr and Nb (8 × 10−69 atm for Zr,
2 × 10−54 atm for Nb, 4 × 10−28 atm for Fe) [16,25]. The formation
enthalpies of Fe-O, Nb-O, and Zr-O are −269.41, –418.50, and
–729.97 kJ/mol, respectively [26]. Thus, it is presumed that at the reaction frontier, most iron still remains in a metallic state. Annand et al.
reported that for the oxidation of C14 Laves Zr(Fe,Cr)2 precipitate, Cr
and Zr monopolized the oxygen supply and Fe was rejected by the
growing oxide, resulting in the segregation of separate bands of metallic
iron [12]. Normally, oxygen would occupy the octahedral and tetrahedral interstitial positions in a hexagonal structure [27]. Our previous
work conﬁrmed that in the C14 Laves phase, Zr occupies the 4f site due
to its large atomic radius; Nb and Fe occupy the 2a and 6 h sites [28].
Oxygen preferentially bonded with Zr and ﬁnally broke the atomic
bond structure of the C14 phase. Decrystallization induced by light
atoms has also been reported by other researchers [29,30]. With the
oxidation proceeding, a complete amorphization occurred and resulted
in the formation of III. When the oxygen content reached a critical value
of 34.28 ± 3 at.% (Fig. 4c), which is considered as the threshold for
the conversion of III to II, the excess oxygen in III triggers the outward
migration of Fe towards the surface and lead to the formation of layer
II.
The chemical state plays a crucial role for the element migration in
diﬀerent regions. Fig. 8a is the EELS analysis of the Fe L-edge in the
oxide scale from diﬀerent regions after 80 h oxidation. In EELS, the L
ionization edges of transition metal usually display sharp peaks at the
near-edge region, which are known as white lines. For transition metals

Fig. 6. (a) Variation of content of Fe in layers I and II after oxidation for 40 h and 60 h. (b) Line scan of Fe content after 40 h and 60 h oxidation.
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Fig. 7. (a) Bright-ﬁeld image of region III after 60 h oxidation. SAED patterns correspond to points 5–9 shown as insets below Fig. 6a. (b) Sequential EDS analysis of
points 5–9 shown as a plot.

amorphous oxides from layer II (Fe-poor) and region III. No obvious
change in the shape of the O peak is found except for the intensity,
which is attributed to the increase in the oxygen content. This also
proves that the iron in region III is not tightly bonded with the oxygen.
The formation of layer II by the conversion process of III→II is due
to the excessive incorporation of oxygen and the outward diﬀusion of
the “semi-free” Fe from III. It should be mentioned that some iron is
oxidized during the conversion process and the excess “semi-free” iron
would be rejected to layer I. The evident decrease of L3/L2 in layer II,
compared with that in layer I, also proves that there are still some
weakly bonded Fe atoms except for the highly oxidized iron. The conditions are ready for them to diﬀuse outwards to layer I with the oxidation proceeding. It should be noted that in Fig. 4c, the Zr/Fe/Nb ratio
at the III side near the interface of II/III is almost identical to the
nominal ratio. At the same time, with the oxidation duration prolonged
from 40 h to 80 h, this Zr/Fe/Nb ratio did not change. Thus, it is

with unoccupied 3d states, the transition of an electron from the 2p
state to the 3d level leads to the formation of white lines. The L3 and L2
lines are the transitions from 2p3/2 to 3d3/2, 3d5/2 and from 2p1/2 to
3d3/2, respectively. Numerous EELS experiments have shown that a
change in the valence state of a cation will result in a dramatic change
in the ratio of the white lines [31–33]. An increase in the ratio of L3/L2
demonstrates a higher valence state of a cation.
In this work, the chemical states of iron in layer I and the pristine
matrix (IV) are demonstrated as a reference for the oxidized and metallic state, respectively. In Fig. 8b, layer I with crystalline iron oxide
had a higher valence state of Fe than regions III and IV. The interface of
II/III can also be deﬁned by the chemical state of Fe in these conjoint
layers. The pronounced decrease of the L3/L2 ratio in region III demonstrated that Fe is in a low chemical valence state. We can call this
“semi-free” Fe, which might have a low diﬀusion activation energy as
well. As for the spectra of the O K-edge in Fig. S1, we focused on the

Fig. 8. EELS analysis of the oxide scale after
80 h oxidation. (a) Fe L-edge spectra after the
background was subtracted. The region where
the spectra were recorded is shown for each
one. The pristine matrix was also measured for
comparison and named as IV. (b) Ratios of L3/
L2 from each region demonstrate that Fe experienced a chemical state evolution.
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Fig. 9. Sketched diagram for the oxidation mechanism of C14 type Zr(Fe,Nb)2 alloy.

reﬁnement.

plausible that the formation of the II/III interface originated from the
outward diﬀusion of Fe in layer II.
In this study, layer I is a “multiphase region” (several crystalline
oxides mechanically mixed), which can contain unlimited iron with the
increase in FeOx content. As for the amorphous region, it is a “multicomponent region,” namely, Zr, Nb, Fe, and O uniformly distributed in
a single system. Up until now, most researchers focused on the thermodynamic calculation of the ternary amorphous system. It is diﬃcult
to calculate the enthalpy diﬀerence in quaternary amorphous systems
[34,35]. However, the least we know is that as a uniform amorphous
system, the constituents of this “multicomponent region” were mainly
controlled by the change in the mixing enthalpy and elastic enthalpy
[36]. With the further incorporation of oxygen and the formation of Zr/
NbeO bonds, the “semi-free” iron migrated out to lower the enthalpy of
this “multicomponent region.” The outward-diﬀused Fe mainly contributed to the formation of the oxide layer (layer I) and the reserved Zr
and Nb in layer II will be totally oxidized in the amorphous state. Fig. 9
shows a sketched diagram for the oxidation mechanism of C14 Zr
(Fe,Nb)2 Laves phase in this work. The elemental diﬀusion and multilayer formation are modelled.

Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.corsci.2019.108218.
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