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Atom probe analysis of Ni–Nb–Zr metallic glasses
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Abstract. Atomic short arrangements of two Ni–Nb–Zr glassy alloys (doped and undoped) were examined through the
3D atomic reconstruction technique, atom probe tomography (APT). The chemical short configurations predicted according
to two distinct theoretical models were compared with APT reconstructions, and inconsistencies were found. Additionally,
diffraction experiments confirmed that the alloys under investigation were amorphous in nature.
Keywords.

Atom probe tomography; Ni–Nb–Zr system; metallic glasses.

1. Introduction
Metallic glasses present exceptional mechanical, magnetic,
chemical and physical properties and consequently they are
useful in a large variety of applications such as corrosion resistant coatings, low-loss magnetic transformer cores,
bioimplants and moulding die [1,2]. The absence of longrange atomic periodicity in metallic glasses is the basis
for these interesting properties. However, in some cases,
metallic glasses can have a topological and chemical short
range arrangement [3]. In other words, the three-dimensional
arrangement of atoms in an alloy system is described by their
topology and chemistry.
Statistical tools such as the radial distribution function
(RDF) are used in order to describe the structure of amorphous alloys due to their lack of periodicity. Conventional
scattering techniques such as X-rays, electrons or neutrons
are used to obtain these functions. The RDFs provide only
spherical averaged information related to atomic positions
without specifying the unique atom positions and chemical
identities of atoms for amorphous materials mainly for multicomponent systems [4–7]. Efforts have been made to solve
this issue and currently one experimental alternative to obtain
spatial and chemical information at the atomic scale is atom
probe tomography (APT). This technique allows, in some
cases, quantitative descriptions of the packing of atoms in
amorphous solids [8,9].
The amorphous alloys (Ni67.3 Nb28.4 Zr4.3 and Ni65.4 Nb27.9
Zr4.3 Y2.4 ) analysed in the present study were taken from
previous work where a selection criterion was used as a
guide for the glass forming ability. This criterion combines topological and thermodynamic parameters. In addition,
the amorphous nature of the alloys was characterized by
X-ray diffraction (XRD) and differential scanning calorimetry [10].
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In this research, the possibility of some atomic short-range
ordering in the mentioned alloys was investigated by APT
reconstructions. The results were compared with two classical theories of short-range ordering. The first theory is
a RDF description proposed by Miracle [11]. This model
can only be applied to ternary and quaternary alloys. In the
case of four topologically distinct atomic constituents; one
is the solvent () and other three are the solutes for cluster
coordination. The three possible solutes are: α (primary), β
(secondary) and γ (ternary). The solute α coordinates solvent
atoms, , creating primary clusters with centre surrounded
by the largest number of . Primary clusters form a facecentred cubic (f.c.c.) in a three-dimensional structure and
solvent atoms are shared and a short-range order amorphous
structure is obtained. The gaps between primary clusters are
coordinated by smaller atoms β and γ . These solute atoms
occupy cluster-octahedral interstices and cluster-tetrahedral
interstices, respectively. The case of three topologically distinct atomic constituents is analogous to that with four distinct
atomic constituents; however with one less solute constituent
(γ ). The second theory considers a thermodynamic contribution in order to predict the preferred atomic pairs in the
packing structure of the analysed metallic glasses. It is known
that the clustering of specific atomic pairs is preferred when
they have large negative values of mixing enthalpies [12]. The
structural and thermodynamic predictions were compared as
well as the APT reconstructions.

2. Experimental
The alloy compositions investigated in the present study
are as follows: Ni67.3 Nb28.4 Zr4.3 and Ni65.4 Nb27.9 Zr4.3 Y2.4
(at%). These alloys were selected from previous work in
order to their atomic arrangement be investigated through the
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APT reconstructions [10]. The sample surfaces were initially
sanded with sandpapers of 600, 800 and 1200 mesh sizes followed by polishing with alumina particles of 15, 5, 1, 0.3 and
0.05 µm sizes applied with Leco Imperial cloths. A new cloth
was used in each step because of the different alumina sizes.
The polished samples were mounted on aluminium stubs with
conductive carbon sticky tape for APT specimen preparations.
The APT specimens were prepared with a focused ion beam
(FIB)/scanning electron microscope (FEI Co. Quanta 600,
Eindhoven, Netherlands) using the ‘lift-out’ technique [13].
A brief summary of this technique used in the present sample
preparation is described here. The FIB sectioning procedure
involved first sputter coating the specimen with the platinum
line to protect the top surface of interest from subsequent
APT specimen preparation damage. Typical dimensions of the
platinum line were ∼2 µm wide × ∼20 µm long × ∼0.5 µm
thick. The focused Ga+ ion beam was used to melt around
the platinum line and cut out the foil from the desired region
of the bulk samples. The typical foil dimensions were ∼2 µm
wide ×20 µm long ×1 µm thick and these foils were taken at
random locations from the bulk glassy samples. A glass rod
attached to a hydraulic micromanipulator arm was used to
extract the APT specimen from the bulk material and mount
it on a transmission electron microscopy (TEM)/APT compatible holder for cross-correlative analysis. The thin needle
geometries for APT analyses were produced by the annular
milling procedure. In this procedure, the mounted specimens
were oriented precisely to the ion beam. An annular mask was
then used to mill away the edge of the initial samples. This
procedure was performed in a series of steps, with decreasing inner and outer diameters and ion currents to avoid the
generation of multiple sharp protrusions along the shank of
the specimen. Annular milling was continued until the tips
of shaped needles were thinned to ∼150 nm or less. A final
low-energy ‘clean-up’ ion beam was applied to the needles
in order to reduce the Ga+ damage. The Ga+ penetration
depth at 30 keV may be ∼40 nm. Clean-up with either a 5 or
2 keV beam reduces the depth of damaged to ∼5 and <1 nm,
respectively.
Representative bright field (BF) TEM images and selected
area electron diffraction (SAED) of APT specimens were
performed using a Phillips (FEI Company) CM200 microscope operated at an accelerating voltage of 200 kV. The
selected area diffraction patterns were taken from regions
with a diameter of 0.8 µm of the APT glassy specimens.
TEM examination of the specimens pre- and post-APT allows
the parameter acquisition for the accurate determination of
the APT reconstruction volumes. APT analyses were carried
out in a Cameca (Cameca Instruments, Madison, WI) LEAP
4000XSi system with a straight flight path set at 90 mm. The
system is equipped with a UV laser (wavelength, k = 355 nm)
with spot size less than 1.0 µm at full width at half-maximum
when focused at the specimen apex. The effects of the atom
probe run conditions on the cation/oxygen or anion ratio of
the material were explored by varying the laser pulse energy
and acquisition rates, while the laser pulse frequency was
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held constant at 100 kHz and specimen base temperature
at 50 K. Laser pulse energy was varied between 0.2 and
2.2 pJ per pulse. The acquisition rate was set at five ions
per 1000 pulses. The reconstructions of the specimens were
performed using the tip profile option in IVASTM v.3.6.6
(Cameca Instruments, Inc., Madison, WI) with pre- and postAPT information from TEM analyses.
In reconstruction software, the specimen voltages were
used to determine the reconstruction shape, and individual
atom volumes were used to determine the reconstruction volume [14]. Comparing the tip radius values measured from the
TEM images and provided by the reconstructions, they differ
only by ∼3 nm for all analysed samples. This small discrepancy could be due to the small difference in evaporation fields
for Ni and Nb (35 vs. 37 V nm−1 ), the main constituent elements of alloys [15].

3. Results and discussion
The SAED patterns of the base and rare-earth doped alloys
in figure 1 consist of several broad amorphous rings consistent with XRD results reported in the previous work [10].
However, the dark field transmission electron microscopy
images from the Ni67.3 Nb28.4 Zr4.3 alloy shown in figure 2
illustrate some crystallization on the specimens. After careful
tilting analyses, it became apparent that this is some gallium
contamination that presumably results from the FIB sample
preparation. The BF-TEM images in figure 3 also show a lack
of contrast consistent with the diffraction results.
The resulting reconstructions from the atom probe data are
shown in figure 4. As expected, no significant phase separation
or devitrification was observed, although some composition
changes appear on the apex of the rare-earth doped alloy.
The atoms are shown as points in the reconstruction and
they are homogeneously distributed in the volumes. The most
probable reason for this apparent apex composition change is
related to the surface oxidation, gallium contamination from
FIB sample preparation as well as the temperature increase
that accompanies laser pulses during APT experiments [15].
The TEM images can be compared with the reconstructed
volumes from APT analyses through figures 3 and 4, respectively. Figure 5 shows the amplified volumes from figure 4 for
a better visualization. These analyses indicate that the alloys
are quite homogeneous and no clustering tendency or atomic
short order of any element is observed.
According to his early work, Miracle suggested a sphere
packing scheme with the efficient filling of space by solute
centred clusters [11]. This model combines random positioning of solvent atoms with an atomic order of solutes,
in other words, it considers only the relative atomic sizes
and positions as previously described. A fundamental feature of this model based on an efficient cluster packing
model for ternary alloys is that the α and β solute atoms
must have larger and smaller radii, respectively, than the
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Figure 1. SAED patterns of (a) Ni67.3 Nb28.4 Zr4.3 and (b) Ni65.4 Nb27.9 Zr4.3 Y2.4 metallic glass APT
specimens.

Figure 2. DF-TEM image of the Ni67.3 Nb28.4 Zr4.3 metallic glass
APT specimen illustrating gallium contamination from FIB sample
preparation.

solvent atoms, . Considering the ternary analysed alloy,
zirconium atoms must be the solute (α) with the highest radius
and the nickel atoms must be the solute (β) with the lowest
radius, while the niobium atoms have intermediary radius and
act as the solvent (). The atomic radii in glassy alloys of

zirconium, niobium and nickel atoms are 158, 146 and
128 pm, respectively, leading to following atomic size ratios:
1.08 (Zr/Nb) and 0.88 (Ni/Nb) [11,16]. These atomic size
ratios lead to the quantitative predictions of nearest-neighbour
partial coordination numbers of 14 and 11, respectively.
According to the Miracle’s model in the studied ternary alloy,
zirconium and nickel atoms should be surrounded by niobium
atoms clustering the Zr–Nb and Ni–Nb atomic pairs.
Considering the thermodynamic contribution, it is expected
that the large negative values of mixing enthalpy enhance
the interactions among the components and promote chemical short range ordering [12]. For the ternary alloy, the
mixing enthalpies of Ni–Nb, Ni–Zr and Nb–Zr pairs are
−30, −49 and 4 kJ mol−1 , respectively, therefore the Ni–
Nb and Ni–Zr pair are expected; however when compared
with the Miracle’s model, some inconsistence is found
[17]. Only the Ni–Nb atomic pair is predicted by both
theories.

Figure 3. BF-TEM images of (a) Ni67.3 Nb28.4 Zr4.3 and (b) Ni65.4 Nb27.9 Zr4.3 Y2.4 metallic glass APT
specimens.
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Figure 4. ATP reconstructions of (a) Ni67.3 Nb28.4 Zr4.3 and (b) Ni65.4 Nb27.9 Zr4.3 Y2.4 (at%) metallic
glasses.

For the quaternary alloy, the α solute atoms must have larger
radii than the solvent atoms, . The β and γ solute atoms
must have smaller radii than the solvent atoms,  and the
β atoms must be larger than the γ atoms. Thus, analysing
the quaternary studied alloy doped with yttrium, the rareearth atoms must be the solute with the highest radius (α)
followed by the other solutes niobium (β) and nickel (γ ). In
this case, the zirconium atoms should act as the solvent ().
Considering the atomic radii in glassy alloys described for
the ternary alloy and the yttrium radius of 180 pm, also in
glassy alloys, the atomic size ratios relative to  atoms are
as follows: 0.81 (Ni/Zr), 0.92 (Nb/Zr) and 1.14 (Y/Zr) [16].
These atomic size ratios lead to the quantitative predictions
of nearest-neighbour partial coordination numbers of 10, 12
and 15, respectively. According to the Miracle’s model, in
the studied yttrium-doped alloy, yttrium, niobium and nickel
atoms should be surrounded by zirconium atoms clustering
the Y–Zr, Nb–Zr and Ni–Zr atomic pairs.
Considering the thermodynamic contribution, the mixing
enthalpies of Ni–Nb, Ni–Zr, Ni–Y, Nb–Zr, Nb–Y and Zr–Y

pairs are −30, −49, −31, 4, 30 and 9 kJ mol−1 , respectively,
therefore the Ni–Nb, Ni–Zr and Ni–Y pairs are expected;
however when compared with the Miracle’s model, some
inconsistency is found [17]. Only the Ni–Zr atomic pair is
predicted by both theories. This inconsistency between both
theories is a clear evidence that there is no universal theory in
the field of metallic glasses in order to understand the amorphous nature, as well as, the glass forming ability tendencies.
In addition, the absence of atomic clustering evidenced from
the APT reconstructions strengthens that amorphous nature
understanding is a particular characteristic of each system
which depends on chemical constituents and the amount of
each element in the alloy.
Thereby, the absence of atomic clustering evidenced in
the analysed alloys is attributed to the overall alloy chemical compositions implying in an inhospitable local chemical
environment for the atomic short order. According to the
Miracle’s model the nearest-neighbour coordination numbers
are predicted as previously described; however, the overall
alloy chemical compositions do not allow these coordination
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Figure 5. Amplified ATP reconstructions of (a) Ni67.3 Nb28.4 Zr4.3 and (b) Ni65.4 Nb27.9 Zr4.3 Y2.4
(at%) metallic glasses.

numbers and consequently the formation of the expected
atomic short order. In the ternary analysed alloy, the solute
atoms (zirconium and nickel) must be in smaller amounts
than the solvent atoms (niobium); however in this studied
alloy, nickel is the main constituent. Analogously in the quaternary analysed alloy, the solute atoms (yttrium, niobium and
nickel) must be in smaller amounts than the solvent atoms
(zirconium); however in both cases nickel is also the main
constituent.
According to Oliveira, a single structural or thermodynamic theory usually is not sufficient to predict the glass
forming ability of alloys; however when properly combined,
both parameters can become a powerful tool for guiding the
search for new glass forming alloys [18]. In this context, it was
expected that the Miracle’s model could be complemented
with the negative heats of mixing among the constituent elements; however a few number of atomic pair were predicted
by both theories and no evidence of the atomic short order
was found in the APT reconstructions in the analysed alloys.
Metallic glasses with the absence of the atomic short order
are classified as ordinary amorphous alloys and high-critical
cooling rates are necessary for the glass formation during
the solidification process. This kind of alloys has a low
glass forming ability [19]. Thus, both analysed alloys in the
present study can be called as ordinary amorphous alloys. In
contrast, metallic glasses with high-dense randomly packed
atomic configurations are named bulk metallic glasses and
low-cooling rates are necessary for the glass formation during
the solidification process. This kind of alloy has a high-glass
forming ability [19]. Therefore, none of analysed alloys in the
present study can be named as bulk metallic glass due to the
absence of atomic short order in the APT reconstructions.

4. Conclusion
The APT reconstructions show the absence of atomic short
order in the analysed alloys. This no clustering evidence is
attributed to the overall alloy chemical compositions; once
according to the structural Miracle’s model some atomic pairs
are strongly preferred in order to form high dense randomly
packed atomic configurations; however this model does not
explain the atomic short order behaviour of the analysed
alloys.
In addition, it was expected that some chemical short range
ordering considering the mixing large negative values of
enthalpies of specific atomic pairs; however this model also
does not explain the atomic short order behaviour of the analysed alloys. Comparing the structural and the thermodynamic
models, some inconsistency was found about the expected
atomic pairs in the short orders. This inconsistency is evidence that there is no universal theory to explain the atomic
short orders in metallic glasses. Finally, due the absence of
cluttering tendency, these alloys can be classified as ordinary
amorphous alloys with low-glass forming ability.
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