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In situ high-temperature X-ray diffraction experiments using high-energy photons and ab initio molecular dynamics simulations are
performed to probe the temperature-induced changes in the topological short-range order in magnetron sputtered Co67B33 metallic
glass thin films. Based on this correlative experimental and theoretical study, the presence of B–Co–B rigid second-order structures
at room temperature and the temperature-induced decrease in the population of these strongly bonded building blocks are inferred.
This notion is consistent with experimental reports delineating the temperature dependence of elastic limit.
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Introduction Co-based metallic glasses are amor-
phous solids with a high degree of topological and
chemical short-range order [1] which exhibit fascinat-
ing structural and functional properties.[2] For exam-
ple, Co–Fe–Ta–B-based bulk metallic glasses have an
extremely high maximum permeability of 500,000 and
very low coercivity of 0.26 A/m.[2] Due to such excel-
lent soft magnetic properties Co,Fe-based bulk metallic
glasses show great potential for consolidated magnetic
cores for power supply applications.[3] Also, Inoue
et al. [4] report with > 5,000 MPa a very large elas-
tic limit. The combination of the high elastic limit and
the smooth surface render these metallic glasses suit-
able for micro components, for example, micro gears
for high-precision endoscopes.[2,5] Furthermore, Co,Fe-
based bulk metallic glasses show a strong temperature-
dependent elastic limit from the ultra-high strength
of 5,185 MPa at room temperature to 1,100 MPa at
873 K, while the elastic modulus of 268 GPa appears
to be preserved.[4] Mechanical properties of metal-
lic glasses at elevated temperatures have been inves-
tigated by a small sample compression test [4,6] or
extrusion.[7] Furthermore, the temperature-dependent
short-range order has been studied by high-energy
X-ray diffraction (XRD) [8,9] or molecular dynamic

*Corresponding author. Email: schnabel@mch.rwth-aachen.de

(MD) simulation.[10–12] However, no correlative dis-
cussion of the temperature-induced changes in the short-
range order and mechanical properties can be found in
the literature. The very high stiffness of Co,Fe-based
metallic glasses at room temperature is according to
Wang et al. [13] and Hostert et al. [14] caused by the
presence of strong, covalent Co–B and (Co,Fe)–B bonds,
respectively.

Since temperature-induced changes in topology
and/or chemical ordering have not been investigated
by theoretical or by experimental means the under-
lying cause of the strong temperature dependence of
the elastic limit in Co,Fe-based bulk metallic glasses
is unknown. The objective of this work is to iden-
tify the temperature-induced topological evolution of the
Co67B33 metallic glass thin films, to enable knowledge-
based design of new metallic glasses with high strength
and plasticity at room temperature. To this end, we
employ in situ high-temperature, high-energy XRD
experiments [9] in combination with ab initio MDs
simulations.[14]

Experimental Methods Co67B33 metallic glass thin
films were synthesized by magnetron sputtering, using
a ultra-high vacuum system with a base pressure of

© 2014 The Author(s). Published by Taylor & Francis.
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4 · 10−5 Pa. Elemental targets, with a diameter of 2 in.
and a purity of 99.95% for cobalt and 99.5% for boron
were used. For cobalt and boron direct current and
radio frequency power supplies were utilized, respec-
tively. The target power densities were set to be 1.6
W cm−2 for cobalt and 8.4 W cm−2 for boron. During
deposition, the argon partial pressure was 0.4 Pa. The
target to substrate distance was 10 cm and the substrate
holder was rotated with 30 rpm. As a substrate, poly-
crystalline sodium chloride was used, which was later
removed from the metallic glass thin film by rinsing it
with demineralized water, acetone and methanol. The
deposition time was 6 h, resulting in a film thickness
of 3 μm. The chemical composition and purity of the
so obtained thin film powder was analysed by standard
less energy dispersive X-ray analysis at an accelera-
tion voltage of 4 kV using a JEOL, JSM-6480 scanning
electron microscope equipped with an EDAX detector
performing a background, atomic number, absorption
and fluorescence correction.

In situ high-energy, high-temperature XRD experi-
ments were performed in transmission geometry using a
Linkam THMS 600 heating stage. The separated metal-
lic glass thin film sample was put into a quartz capillary
with a wall thickness of 20 μm and a diameter of 1
mm. The sample was heated from room temperature
up to 863 K at a heating rate of 10 K/min. Heating
was done under protective Ar atmosphere. The sample
was instantaneously illuminated with a monochromatic
photon beam (wavelength λ = 0.02073 nm). Diffracted
photons were recorded with a fast image plate detec-
tor Perkin Elmer 1621. Two-dimensional XRD patterns
were acquired every 12 s. The sample-to-detector dis-
tance was set to 32.3 cm. Due to heater geometry, the
maximum wave vector q was limited to 14 Å−1.

Two-dimensional XRD patterns were integrated to
the q-space using the software package FIT2D.[15]
These data were then converted to the total struc-
ture factor, S(q), using standard procedures described
elsewhere.[14,16] The integrated data were corrected
for sample absorption, fluorescence contribution and
inelastic (Compton) scattering. The total structural factor
S(q) was obtained from the normalized elastically scat-
tered intensity. The pair distribution functions (PDFs)
were obtained from the structure factor through a sine
Fourier transform using standard procedures described
elsewhere.[14]

Theoretical Methods Ab initio MD simulations based
on density functional theory,[17] using a canonical
ensemble were performed to enable a structure analysis
as a function of temperature. The simulations were per-
formed using the OpenMX code,[18] applying electronic
potentials with the generalized gradient approximation
and basis functions in the form of linear combination of

localized pseudo-atomic orbitals.[19,20] Co5.5-s2p1d1
and B4.5-s2p2 were used as basic functions. The first
symbol denotes the chemical name, followed by the cut-
off radius and the set of primitive orbitals applied. The
energy cut-off of 150 Ry and N-point grid of 72 × 72 ×
72 was used.

A disordered configuration was obtained by heating
the super cell at 4,000 K for 400 fs, by scaling the veloc-
ity. For this initial configuration, the method of Hostert
et al. [14] was applied. The initial configuration was a
body centre cubic super cell with 128 lattice sites. On
these 128 lattice sites, 115 atoms were placed randomly,
thereby yielding to a composition of Co67B33 and 13
vacancies.[14] Afterwards, the super cell was quenched
to 2,000 K and held at this temperature for 1,000 fs.
Thereafter, a stepwise structure analysis was performed.
The temperature step size was chosen to be 100 K and
the time held at each step was 500 fs. This yields in an
approximate cooling rate of 2 · 1014 K/s. For the struc-
tural analysis, the last 250 fs of each temperature step
was taken into account. The MD time step was set to 1
fs. The topological evolution was examined by calculat-
ing total and partial PDFs, bond angle distribution and
Voronoi tessellation.

Based on Voronoi tessellation, the atom-specific
nearest neighbour coordination was estimated [21] by
utilizing the atomic coordinates of the relaxed ab ini-
tio MD data as input, defining the configuration for each
temperature. In this work, the radical plane method was
applied, which takes the atomic radii of the atoms into
account.[22] When projected planes meet, edges and
consequently faces of polyhedra are formed. These poly-
hedra are described by the Voronoi index [n3, n4, n5,
n6], where ni denotes the number of i-edged faces of
the Voronoi polyhedron. For the analysis and visual-
ization of OpenMX data, the ‘Atomic structure analysis
package’ [23] was used.

Results and Discussion The temperature-induced
topology evolution is initially examined by compar-
ing the PDFs obtained from in situ high-energy, high-
temperature XRD experiments with the PDFs simulated
with ab initio MD. Figure 1 shows a series of the struc-
ture factors of the Co67B33 powder as a function of
temperature in a three-dimensional plot at the top and
a colour intensity plot at the bottom. A common feature
for the structure factors below 758 K is that they exhibit
broad principal peak located at 3.21 Å−1 followed by
rather broad peaks of rapidly decaying intensity towards
larger q-values. This is a fingerprint of missing long-
range order in the material studied and confirms its fully
amorphous nature. However, the number as well as the
intensity of the individual structure factor peaks drasti-
cally increase at 758 K as crystallization of the Co67B33
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Figure 1. Structure factor of Co67B33 as a function of tem-
perature (T) measured by in situ high-temperature XRD.

metallic glass powder sets in. The structure of the crys-
tallized material is consistent with the stoichiometric
Co2B phase (JCPDS 25–0241). Hence, the onset of crys-
tallization for Co67B33 is at 758 K, which is lower than
the crystallization temperatures of quaternary Co–Fe–
Ta–B bulk metallic glasses, which have been reported to
be in the range of 940–980 K.[4,24] This is expected as
it is known that for binary systems as compared to sys-
tems with a larger number of components, the number of
possible local atomic configurations is lower leading to
a decrease in glass stability.[3]

In Figure 2, the PDFs obtained by XRD experiments
and MD simulations at selected temperatures are shown.
All the PDFs discussed describe the order prior to crys-
tallization (see Figure 1). Comparing the experimental
PDFs with the ones obtained by MD simulation, one can
see that all main features, such as the peaks’ heights and
their positions, are in very good agreement. Hence, the
computational methodology based on Hostert et al. [14]
and Music et al. [23] appears to be useful to describe the
temperature-dependent topology of Co–B metallic glass
thin films. In Figure 2, the first structural peak at 1.98 Å
corresponds to the first coordination shell of Co–B inter-
atomic bond length distribution, which is learned from
the partial PDFs obtained by ab initio MD (see Figure 3).
The second peak at 2.55 Å corresponds to the first Co–
Co coordination shell. The amplitude of Co–Co bond
length distribution is higher compared to Co–B bond
length distribution, which is due to the larger weight-
ing factor of cobalt compared to boron. Furthermore,
there are no distinct features of B–B bonds visible in the
total PDFs shown in Figure 2. Peaks at distances larger
than 2.55 Å can be attributed to the second and third
coordination shells. The position of the first bond length
distribution maxima does not change by increasing the
temperature from 300 to 700 K. The bond length distri-
bution of the second coordination shell is characterized

Figure 2. Comparison between the in situ measured and ab
intio MDs, total pair distribution data in the temperature range
of 300–700 K. For better comparison, curves are vertically
offset.

by two, equally temperature independent maxima at 4
and 5 Å, which according to Waal [25] may imply some
spatial orientation coherence between the first and sec-
ond coordination shell as well as the presence of dense
tetrahedral packing.[26]

From the investigation of the structure factors
and the total PDFs, we observe very good agreement
between theory and experiment. However, no cause
of the experimentally observed temperature-dependent
mechanical behaviour could be identified as all total
PDFs, which are dominated by Co–Co interactions
appear to be temperature independent.

To probe the temperature-induced changes in struc-
ture further, the partial PDFs obtained by ab initio
MD simulation shown in Figure 3 are examined. In an
attempt to overcome the limitations posed by the exten-
sive simulation time requirements during ab initio MD
simulations,[27] the analysis of partial PDFs obtained
at temperatures exceeding the experimentally studied
temperature range is performed.

On the left side of Figure 3, the partial Co–B PDFs
are shown in a temperature range of 300–1,600 K. For
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Figure 3. The atomic Co–B (left panel) and B–B (right panel)
partial PDF data obtained by ab inito MDs simulation in the
temperature range of 300–1,600 K are shown. The vertical
lines correspond to the square and the triangular symbol indi-
cates the location of the first and second B–B coordination
shell, respectively.

the partial PDFs, the r-range shown is 1–5 Å. The first
peak at 1.98 Å corresponds to the first coordination shell
of Co–B pairs. With a deviation of 1% such bond length
is in good agreement with the Co–B bond distance as
observed in the case of the quaternary Co–Fe–Ta–B
metallic glass.[14] With increasing temperature, the peak
broadens and its amplitude decreases, which is due to
a wider distribution of Co–B bond lengths. At 300 and
600 K, the second peak and the third peak correspond-
ing to the second coordination shell of Co–B bond length
exhibit maxima at 3.5 and 4.3 Å, respectively. The two
peaks broaden and finally merge as the temperature is
increased, which can be explained by the loss of coher-
ence between the first and second Co–B coordination
shell.[25]

On the right side of Figure 3, the B–B partial PDFs
from the temperature range of 300–1,600 K are shown.
At room temperature, there are three peaks visible,
whereas at 1,600 K, the B–B partial PDF is dominated
by the first peak as the second peak and the third peak

Figure 4. The bond angle distribution of the B–Co–B bonds
in the temperature range of 300–1,600 K obtained by ab
initio MDs simulation is shown (left panel). The fraction
of Frank–Kasper-like Voronoi polyhedra is shown in the
same temperature range (right panel). Furthermore, an exam-
ple of the most dominant boron-centred bicapped square
Archimedean antiprism, with the Voronoi index of (0,2,8,0),
is given in the upper right corner.

have merged to a broad peak which is strongly reduced
in amplitude. The first B–B coordination shell, which
corresponds to the first peak at 1.85 Å, is indicated by
squares. The distance of the second B–B coordination
shell (indicated by triangles) is 2.9 Å. At room tem-
perature, the second B–B coordination shell shows a
higher amplitude than the peak of the first coordination
shell. This observation is consistent with other boron-
containing metallic glass systems.[10,26] It is evident
that the partial distribution functions of both B–B and
Co–B are strongly affected by temperature. However, at
this point, it is unclear which building blocks can be
associated with the decrease in bond length distribution
amplitude that has been observed as the temperature is
increased.

To determine which building block(s) can be associ-
ated with the second B–B peak, the angular distribution
of the B–Co–B structure is examined. On the left side of
Figure 4, the angular distribution of B–Co–B bonds in
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the temperature range of 300–1,600 K is shown. For all
temperatures, there are three peaks visible at 55°, 90°
and 140°. The peak at 90° shows the largest fraction
of B–Co–B bond angles for all temperatures. However,
the peak at 90° broadens, indicating a population density
decrease as the temperature is increased. From the par-
tial PDFs shown in Figure 3, one can learn that the first
Co–B shell distance is equal to 1.98 Å at 300 K. B–Co–
B structures with a Co–B distance of 1.98 Å and a bond
angle of 90°, result in B–B distance of 2.82 Å. This value
is in very good agreement with the second coordination
shell distance obtained in the calculation of the B–B par-
tial distribution function shown in Figure 3. Therefore, it
is evident from the correlative analysis of the partial dis-
tribution functions and the bond angle distribution data
that the population of B–Co–B building blocks with a
90° bond angle that are present at room temperature is
drastically reduced as the temperature is increased. It
is reasonable to assume that this temperature-induced
decrease in the population of covalently bonded [13,14]
and therefore stiff B–Co–B building blocks has implica-
tions for the mechanical properties: as mentioned earlier,
the elastic limit of Co-based metallic glasses shows a
strong temperature dependence.[4] According to Inoue
et al.,[4] the elastic limit of Co43Fe20Ta5.5B31.5 drops by
80% as the temperature is increased from room tempera-
ture to 873 K. The temperature dependence of the elastic
limit is consistent with the temperature-induced loss of
coherence between the first and second Co–B coordina-
tion shell and the temperature-induced decrease in the
population of stiff B–Co–B building blocks, which is
inferred from the partial PDFs and the B–Co–B bond
angle analysis. Even though there is a difference in abso-
lute temperature between the experimentally observed
drop in elastic limit [4] and the observed loss of coher-
ence between the first and second Co–B coordination,
the inferred topology evolution provides insight towards
designing high strength (Co,Fe)-based metallic glasses.
This difference may be due to the different chemistry,
sample size or limitations posed by the extensive sim-
ulation time requirements towards relaxation.

It is proposed by Zhang et al. [28] that plas-
tic behaviour is promoted by decreasing the fraction
of Frank–Kasper-like polyhedra. With a decrease in
the fraction of densely packed polyhedra the fraction
of ready-to-flow region increases, which on the one
hand promotes plastic behaviour and on the other hand
decreases the chance for severe shear localization.[28]
An increase in ready-to-flow regions may cause a change
in deformation mode from shear band-dominated mode
to homogeneous deformation mode as it is seen for
many metallic glasses.[4,29,30] On the right side of
Figure 4, the fraction of densely packed cobalt- and
boron-centred Frank–Kasper-like Voronoi polyhedra is
shown in the temperature range of 300–1,600 K. The

most dominant polyhedron at 300 K is the boron-centred
bicapped square Archimedean antiprism (Figure 4), with
the Voronoi index of (0,2,8,0). Hence, the boron-centred
short-range order present in the crystalline phase is also
present in the glass structure. In contrast to the crystalline
phase, in which every boron atom has the same short-
range order only 12% of the boron-centred polyhedra in
the glass have that particular coordination. The fraction
of densely packed Frank–Kasper-like cobalt- and boron-
centred polyhedra decreases from 50% at 300 K to about
35% at 1,600 K. This implies a significant increase in
the fraction of ready-to-flow regions as the temperature
is increased,[28] which is consistent with the experimen-
tally observed drop in elastic limit.[4] The temperature-
induced decrease in the population of Frank–Kasper-like
polyhedra is also consistent with above presented notion
on the temperature-induced loss of coherence between
the first and second Co–B coordination shell and the
structural changes derived by the partial PDFs.

A key issue in designing ductile metallic glasses is
controlling shear band nucleation and propagation.[31]
The here reported temperature-induced changes in the
topological and chemical order cause an increase in the
population of ready-to-flow regions, which facilitates a
ductile behaviour.[4] Future materials design strategies
may focus on decreasing structural coherence between
the first and second coordination shell, by alloying to
stabilize ready-to-flow regions at lower temperatures.

Conclusions In situ high-temperature XRD experi-
ments using high-energy photons and ab initio MDs
simulations are performed to probe the temperature-
induced changes in the topological short-range order in
magnetron sputtered Co67B33 metallic glass thin films.
Good agreement between the experimentally obtained
PDFs and the PDFs obtained by ab initio MD simula-
tion is observed. The loss in coherence between the first
and second Co–B coordination shell together with the
evolution of the B–B coordination is inferred based on
the observed temperature-induced decrease in the pop-
ulation of rigid second-order B–Co–B building blocks.
This interpretation is also consistent with the thermally
induced decrease in the population of densely packed
Frank–Kasper-like polyhedra, which was obtained by
Voronoi tessellation. The here reported temperature-
induced changes in the topological and chemical order
cause an increase in the population of ready-to-flow
regions inferring a transition from a localized shear
band-dominated deformation mode to a homogeneous
deformation mode, which may explain the extensive
temperature dependence of the elastic limit reported pre-
viously. The here reported temperature-induced changes
in the topological and chemical order may be exploited
in future materials design efforts to enhance the ductility
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of these very stiff solids stabilizing ready-to-flow regions
at lower temperature by alloying.
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