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Abstract: Due to their unique property combination of high strength and toughness, metallic glasses
are promising materials for structural applications. As the behaviour of metallic glasses depends on the
electronic structure which in turn is defined by chemical composition, we systematically investigate the
influence of B concentration on glass transition, topology, magnetism, and bonding for B concentrations
x =2 t0 92 at.% in the (Cog 8+39Ta)100-xBx system. From an electronic structure and coordination point
of view, the B concentration range is divided into three regions: Below 39 + 5 at.% B, the material
is a metallic glass due to the dominance of metallic bonds. Above 69 + 6 at.%, the presence of
an icosahedra-like B network is observed. As the B concentration is increased above 39 + 5 at.%,
the B network evolves while the metallic coordination of the material decreases until the B concentration
of 67 + 5 at.% is reached. Hence, a composite is formed. It is evident that, based on the B concentration,
the ratio of metallic bonding to icosahedral bonding in the composite can be controlled. It is proposed
that, by tuning the coordination in the composite region, glassy materials with defined plasticity and
processability can be designed.

Keywords: metallic glass; composite; metalloid network; bonding

1. Introduction

Metallic glasses are promising materials for structural applications due to their unique property
combination of high yield strength and fracture toughness [1-5]. While they are capable of plastic
deformation at the microscale [5], the glass forming ability (GFA) poses often formidable challenges
for both, processing and application [6]. Alloying with metalloids such as B can enhance the GFA
in metallic glasses [3,7,8]. Co-B based metallic glasses with boron concentrations in the range of
35 at.% have been reported to exhibit yield strengths larger than 5000 MPa [9,10]. With increasing B
concentrations up to 50 at.%, the fracture strength reaches values up to 11,000 MPa [11]. Simultaneously,
between 28 and 50 at.% B the reduced Young’s modulus increases from 280 to 345 GPa, hardness
from 10 to 13 GPa, and fracture toughness from 2.5 to 6 MPa-m?%5 [11]. Based on ab initio calculations,
a stiffness of 263 GPa is predicted for Cosz 0Taz5Bg35 [12]. On the other hand, amorphous borides with
B concentrations >90 at.% form icosahedra-like B networks [13] and are reported to be ultra-hard [14,15],
exhibit low friction due to self-lubrication [15], and show catalytic properties [16]. However, those
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covalent borides exhibit brittle behaviour [13] in contrast to metallic glasses. For Co-Ta-B, the range of
B concentration for which the transition from metallic glass to covalent glasses occurs has not been
studied. Furthermore, the impact of B additions on the electronic structure and properties of Co-Ta-B
has not been investigated systematically. Hence, to identify and to rationalise the composition induced
changes in the electronic structure of metallic and covalent Co-Ta-B glasses as well as within their
transition regime, we vary the B concentration of (Cog g+39Ta)100-xBx supercells between x = 2 and
92 at.% in ab initio calculations and between x = 22 and 85 at.% in experimental samples. Specifically,
we probe the B concentration induced changes in glass transition, topology, magnetisation, and
bonding by ab initio calculations as well as high energy X-ray scattering, magnetometry, and X-ray
photoelectron spectroscopy. Thereby, we reveal that the transition from a metallic to a covalent glass is
associated with the formation of a composite.

2. Methods

2.1. Theoretical Methods

Density-functional-theory (DFT) [17] based ab initio molecular dynamic calculations were
conducted on a supercell containing 115 atoms of composition (Cog g.+39Ta)100-xBx (X = 2 to 92 at.%).
Following the modelling routine for metallic glasses developed by Hostert et al. [18], the supercell
was heated up to 4000 K for 400 fs in an NVT ensemble and subsequently quenched to 0 K by
geometry relaxation using the openMX code (version 3.8) [19,20]. Electronic potentials with the
general gradient approximation were employed [21]. The following basis functions were applied:
Co05.5-s2p1d1, Ta7.0-s2p1d1fl and B4.5-s2p2. The first symbol designates the chemical element followed
the cutoff-radius. The primitive orbitals are defined by the last set of symbols. A k-grid of 1x1x1
and a cutoff-radius of 150 Ry were used. The temperature was controlled by scaling of velocities.
After quenching to 0 K, the volume was relaxed employing the Vienna Ab initio Simulation Package
(VASP) [22,23] with projector augmented-wave potentials [23,24] using the Perdew-Burke-Ernzerhof
functional [21] and integration over the Brillouin zone on a 3x3x3 Monkhorst-Pack k-grid [25].
The iteration cycle of heating-quenching-volume relaxation was repeated until the volume change
was smaller than 2%. To calculate the pair distribution function G(r) from the atomic positions, the
relaxed structure was hold at 300 K for 200 fs. G(r) was averaged over time. The crystal orbital overlap
populations (COOP) [26] and crystal orbital Hamilton populations (COHP) [27] were calculated using
the LOBSTER code (version 3.2.0) [28-30].

2.2. Experimental Methods

Magnetron sputtering was utilized to synthesize (Cogg+39Ta)100-xBx (x = 22 to 85 at.%) thin
films on Si, NaCl, and polyimide substrates for the characterization of chemistry, magnetic, and
binding properties; glass transition; and topology, respectively. Therefore, an ultra-high vacuum
combinatorial growth system [31] with a base pressure lower than 2 x 1078 Pa and a target-to-substrate
distance of 10 cm was employed. Floating substrate potential and non-intentional heating were used.
For depositions on Si and polyimide substrates, the substrate was not rotated to obtain combinatorial
samples. For depositions on NaCl, substrate rotation was used to obtain homogeneous films. The NaCl
substrate was subsequently dissolved in deionized water. The resulting thin film flakes were cleaned
in isopropanol and acetone for usage in in situ heating high energy X-ray scattering experiments. Up to
three 2-inch B targets with a purity of 99.9% and one 2-inch CoggTaj, target with 99.9% purity were
used. The working gas during deposition was Ar (purity 6.0) with a pressure of 0.4 Pa. The B targets
were sputtered in RF mode with up to 10.2 Wem ™2, while the CoTa target was sputtered in DC mode
with up to 1.5 Wem 2.

The chemical composition was determined using standard-based energy dispersive X-ray
spectroscopy with a Bruker Quantax75 EDS system in a Hitachi TM4000plus scanning electron microscope.
The EDX measurements were calibrated with a Coz;TagBy3 thin film which was characterized by ion
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beam analysis using time-of-flight elastic recoil detection analysis (ToF-ERDA) at the tandem accelerator
laboratory of Uppsala University. Recoils were generated by 218+
36 MeV. The detector telescope, consisting of thin carbon foils for the ToF [32] as well as a gas ionization
detection system [33], was situated at an angle of 45° with respect to the primary ions and both the
incidence as well as exit angles were 22.5° with respect to the specimen surface. Time and energy
coincidence spectra were converted into a depth profile using the CONTES software package [34]. The O
concentration of the Coy TagBy; thin film was <1 at.%. Meanwhile, the statistical uncertainty of the
concentration was with 2% relative deviation maximum for B and maximum systematic uncertainties of
10% relative deviation are assumed due to uncertainties of the specific energy loss of primary ions and

primary ions with a kinetic energy of

recoiled species.

High energy X-ray scattering was carried out at beamline P02.1 [35] of the PETRA III electron
storage ring at Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany, utilizing X-rays with a
wavelength of 0.20701 A. To measure the topology along the CoTa-B compositional gradients, samples
deposited on polyimide were measured [31]. To determine the structural changes and the glass
transition temperature Tg, powder samples sealed in fused silica capillaries under Ar atmosphere were
heated in situ by a Si3gNy heating element (Bach RC GmbH) to temperatures up to 1400 K with a heating
rate of 15 K/min. Data were collected with a Perkin Elmer XRD 1621 plate detector and integrated
by the FIT2D software [36-38]. The background-corrected data were used to calculate the structure
factor as well as the pair distribution function G(r) by a fast Fourier transformation implemented in the
PDFgetX3 software package [39].

Binding energies were measured by X-ray photoelectron spectroscopy (XPS) in a Kratos Analytical
Axis Supra. Al K« radiation (photon energy 1.4866 keV) was employed. The sample was deposited
immediately prior to the XPS measurement. However, due to the contact to ambient atmosphere during
sample transfer (~15 min), the surface has already been oxidized. To remove the oxide, the sample was
etched using an Ar* ions with an energy of 500 eV for 120 s. The binding energy was corrected for charging
by using the C 1s peak at 285 eV for calibration. CasaXPS software was utilised to analyse the acquired
spectra employing Shirley backgrounds. The B 1s peak was fitted with a mixed Gauss-Lorentz peak
(30/70) and the Co 2p signal was fitted according to Biesinger et al. [40]. The saturation magnetization
was measured at room temperature using the Vibrating Sample Magnetometer (VSM) option at a physical
property measurement system (PPMS) from Quantum Design employing a maximum magnetic field
of 2T.

3. Results and Discussion

3.1. Glass Transition

As a first indicator for differences between high and low boron concentration regimes, the glass
transition temperature Tg as an integral measure for the structure of a glass is considered. Table 1
lists the glass transition temperatures obtained by measuring average atomic volume changes by
high energy X-ray scattering (Supplementary Figure S1) for (Cog g+39Ta)100-xBx with B concentrations
between 22 and 85 at.%. The Co/Ta-ratio is constant at 6.8 + 3.9. Ty increases from 757 + 1 Kt0 900 + 1 K
up to a B concentration of 46 at.%, then decreases to around 595 + 1 K at 59 at.% B, and stays constant
around 590 + 14 K for higher B concentrations. These glass transition temperatures are lower than
those reported in literature (Tg = 975 K for CossTaoBs3s) [9], which may be attributed to the different
synthesis routes.

As Ty is inversely proportional to the configurational entropy Sc [41], S¢ is larger for high B
concentrations above 59 at.% compared to lower B concentrations. The constant Ty and hence a
constant S¢ corresponds to a constant number of degrees of freedom for (Cog g3 9Ta)100-xBx with more
than 59 at.% B, despite the further incorporation of B into the material. This constant number of degrees
of freedom suggests the existence of a B network in the high B concentration regime.
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Table 1. Glass transition temperature Ty for (Cogg+3.9Ta)100-xBx as a function of B concentrations
determined by high-energy X-ray scattering

Composition (at.%) TginK
Cog7Ta11Bon 757 +1
CosgTajpBss 829 +1
C053Ta9B38 899 +2
CoygTagByg 900 £ 5
C040Ta81352 773 £1
C037Ta4B59 595 +1
CossTagBg1 600 + 1
C033Ta5B62 607 £1
CozzTazBes -
CoqgTayByg 573 +1
C012Ta3Bg5 575+ 1

3.2. Topology

To further investigate the structural differences with focus on the short-range order, the reduced
pair distribution functions G(r) of (Cog g+39Ta)100-xBx as a function of B concentration are shown in
Figure 1a. For low B concentrations, the metal-metal (M-M) bonds with a distance of 2.6 Aat22at%
dominate G(r). At3.1 A, bonds with the second nearest neighbour are visible. The metal-boron (M-B)
bonds result in a small peak at 2.1 A for 22 at.% B, while the B-B bonds are not visible due to the low
scattering power of B in X-ray scattering [42].
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Figure 1. Short range order of (Cog g+39Ta)100-xBx- (a) Reduced pair distribution functions G(r) for
(Cog 8+3.9Ta)100-xBx shown as a function of B concentration obtained by high-energy X-ray scattering.
Open circles depict the ab initio G(r) (b) Shift of the first and second peak distances ryip, rvm-m Of
G(r) corresponding to the metal-boron (M-B) and metal-metal (M-M) bonds, respectively. The shift is
relative to the peak position for the sample with a B concentration of 22 at.%.

With increasing B concentration, the intensity of the M-B bonds increases, while the intensity of
the M-M peak decreases as it is expected for larger B concentrations and the corresponding lower
metal concentrations in the sample. Hence, as the B concentration is increased, the metal atoms bond
more often with B than with each other. Moreover, the bond lengths ryr.g and ry.y increase with an
increasing B concentration (Figure 1b). Between 34 and 59 at.% B, the bond lengths increase by 4% for
M-B and by 10% for M-M bonds. Above 59 at.%, rppv remains constant, while ryg.g decreases by 2.3%.
This is consistent with the evolution of a B network, surrounding the metal atoms and separating them



Condens. Matter 2020, 5, 18 50f 13

at a constant distance once the B network completely evolved at 59 at.% B. Simultaneously, the M-B
bond length decreases upon further incorporation of B into the network, as the additional B atoms
populate the B network and thereby surround the metal atoms more closely.

This B network evolution notion is supported by the calculated total and partial coordination
numbers (CN). The total CN (Figure 2a) remains constant around 12 up to 40 at.% B, then decreases
between 40 and 70 at.% B down to 10 and stays constant at 7 for B concentrations larger 77 at.%. The low
total CN above 77 at.% B is consistent with the formation of a B network structure. Further evidence for
the B network evolution is given by the B concentration induced changes in partial CNs. Focusing on
the metal coordination in Figure 2b,c, a continuous decrease of metal-metal coordination is observed
upon B addition. The decrease of Ta-Co coordination occurs predominantly between 40 and 70 at.%. B.
Above 70 at.% B, the metal-metal CN is 0, since the metal-metal bonds are no longer formed and all
remaining metal atoms form metal-B bonds. The opposite is observed for the metal-B coordination that
increases from 0 to 9 for Co-B and from 0 to 10 for Ta-B in the composition range of 2 to 70 at.% B, being
constant at 9 (Co-B) for larger B concentrations. The Ta-B CN above 70 at.% B scatters strongly, as only
3,2 and 1 Ta atoms are present in the simulation cells for 77, 83, and 92 at.% B, respectively. Hence,
these CN may not be significant due to lack of statistics. Finally, the B concentration induced changes
in the B-B CN (Figure 2d) give the strongest evidence for the formation of a B network. While the CN
for B-B ranges from 0 to 1 for B concentrations lower 40 at.%, a jump of the B-B CN to 3.5 is observed at
40 at.%, which is consistent with the initiation of the B network formation proposed earlier based on
the G(r) data shown in Figure 1a. With further increasing B concentration, the CN increases up to 6 for
92 at.% B. The CN of 6 is close the CN of 5.6 for a perfect icosahedron in a crystalline structure [43].
As an icosahedra-like structure with imperfect icosahedra has been predicted and experimentally
verified for the amorphous Aly 75Y( 75B14 [13], amorphous B4C [44], as well as for amorphous B [45,46],
the partial coordination numbers obtained here give evidence for the formation of an icosahedra-like B
network starting to form at 40 at.% B.
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Figure 2. Ab initio coordination number (CN) as a function of B concentration. (a) Average CN taking
all bonds into account. (b—d) Partial CN. Lines between the data points serve as a guide to the eye.
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Based on the short-range order and topology analysis carried out above, (Cog s+39Ta)100-xBx
is identified as metallic glass for B concentrations lower 40 at.% as the metals are predominantly
coordinated with metals, while for B concentrations larger 70 at.% a network glass is present due to
the presence of an icosahedral-like B network with metal atoms surrounded by B only. Within the
concentration range of B concentrations between 40 and 70 at.%, the existence of a glass composite
containing metallic glass and covalent glass-like regions is proposed, as the B network evolves in this
region and the metal atoms are still coordinated with metals.

To compare physical and in-silico samples, G(r) of the ab initio models are depicted in Figure 1a
with open symbols. As the ab initio model can only cover the first coordination shell, bond distances
smaller than 3.5 A should be considered in the ab initio G(r). In the first coordination shell, however,
the calculated G(r) exhibits peaks at the M-B, M-M and 2nd bond peak position of the experimentally
obtained G(r). It is evident that the M-M peak splits into two peaks, indicating the presence of Co-Co
and Co-Ta bonds. For large B concentrations, only the M-B are visible due to the low number of metal
atoms in the cell. Considering the small cell size and the associated statistical limitations of the ab
initio G(r), the ab initio configurations are consistent with the experiment. However, in contrast to the
experimental G(r), also the B-B bonds at 1.71 A for large B concentrations can be analysed. The B-B
bond distances are consistent with icosahedral bonding, as reported in [13,44,46].

To examine the medium-range order (MRO), the structure factor S(q) of (Cog 8+3.9Ta)100-xBx as a
function of B concentration is shown in Figure 3a. The S(q) shows clearly that samples are amorphous
over the whole compositional range since Bragg peaks are absent. With increasing B concentration
up to 62 at.% (Figure 3b), the amorphous principal peak of the structure factor at 3.1 A~! shows a
significant increase in full width at half maximum (FWHM), indicating the formation of less medium
range ordered material. This observation is consistent with the higher configurational entropy notion
at these B concentrations discussed in the context of the B concentration induced changes in glass
transition temperature above. The vanishing double peak at 5.2 and 6.0 A~! between 22 and 59 at.%
B underlines this enhanced disorder. In addition, a shoulder to the principal peak arises at 2.3 A~!
and is clearly visible for B concentrations between 59 and 78 at.%, where the width of the principle
peak increases strongly. The onset of the shoulder can already be seen in the asymmetry of the peak at
46 at.% B. This shoulder indicates that two types of medium-range order are present, being consistent
with the glass composite regime proposed above.
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Figure 3. Medium range order of (Cog g.3.9Ta)100-xBx. (a) Structure factor S(q) for (Cog g+3.9Ta)100-xBx
shown as a function of B concentration obtained by high-energy X-ray scattering. (b) Full width at half
maximum (FWHM) of the principal peak q; of S(q).
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3.3. Electronic Structure

In the next step, we critically appraise the glass composite formation notion by analysis of the
electronic structure. According to the free electron model of Nagel and Tauc [47], twice the Fermi
vector k¢, which describes the Fermi sphere in amorphous materials, corresponds to the principal peak
position of the structure factor qp in a stable metallic glass:

2kf = qp (1)

Hence, the Fermi level E¢ can be experimentally determined from S(q) by inserting Equation (1)
into Equation (2) [48]
2
B = 5 k2 @)
where fi is the Planck constant divided by 27t and m the electron mass. As a comparison of experimentally
and theoretically obtained absolute values of Es is not possible, the relative shift of Es as a function of
B concentration is compared in Figure 4. Based on ab initio data, E¢ is constant up to 63 at.% B and
decreases for higher B concentrations. The experimentally obtained E¢ based on the free-electron model
for metallic glasses [47] remains constant for less than 62 at.% B and shifts to larger values for higher
B concentrations. This deviation between the free electron model and the ab initio model indicates
that the free-electron model is not applicable for B concentrations larger 62 at.%. Hence, the metallic
character of the material is lost. This loss of metallic bonding character for B concentrations larger
than 62 at.% is consistent with the proposal of a covalent network glass for large B concentrations
made above.

2 ® free electron model
] v abinito ®
o
o
i R As o Yo
g v
Ly v
24
v
-3
v
_4 T T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100
B concentration (at.%)

Figure 4. Shift of Fermi level E¢ as a function of B concentration. Red triangles are based on the Fermi
level calculated by ab initio calculations, the blue circles represent experimental data points based on
the free-electron model [47].

The orbital overlap and bond strength give further insight into the change from metallic to
covalent character by means of the integrated crystal orbital overlap population (ICOOP) [26] and
integrated crystal orbital Hamilton population (ICOHP) [27] at E¢. The latter is a measure of bond
strength [28]. Figure 5a plots the partial ICOHP at E¢ for Co-B, B-B, Co-Co and Ta-B bonds. While the
Co-Co contribution to the bond strength is low and constant up to 77 at.% (for higher B concentrations,
Co-Co interaction cannot be found), the metal-B bond strength is between 1.5 and 2 eV, decreasing up to
32 at.% B and staying roughly constant for more than 32 at.% B. Significant changes are observed for the
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B-B bond strengths: Up to 32 at.%, the bonding contribution decreases down to —2.9 eV. Subsequently,
the bond strength increases further up to —4.8 eV at 77 at.% and is constant for larger B concentrations
(negative values are bonding, positive values anti-bonding contributions). The orbital overlap as
quantified by ICOOP at E; (Figure 5b) is consistent with the ICOHP.
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Figure 5. Ab initio bonding analysis of (Cog g.39Ta)100-xBx. (a) Integrated crystal orbital Hamilton

population at the Fermi level (ICOHP(E¢)) and (b) integrated crystal orbital overlap population at the
Fermi level (ICOOP(Ey)) as a function of B concentration.

Summarizing the ab initio bonding analysis, the change of bonding from metal-metal to metal-B
and B-B interactions is driven by increasing B-B bond strength and orbital overlap. Both the measure of
bond strength ICOHP(E¢) and the integrated orbital overlap at E¢ of B-B as a function of B concentration
change slope two times at 32 at.% B and at 77 at.% B, being consistent with the metallic glass,
composite, and B network glass regions defined above. The constant bond strength and overlap for B
concentrations larger 77 at.% are consistent with the notion of a completely evolved B network in this
composition range.

Investigating the B concentration induced changes in binding energy experimentally (Figure 6),
the results obtained by XPS are more complex to interpret. For samples with 16, 47 and 65 at.% B, the B
1s binding energy (Figure 6a) exhibits a small but significant peak shift of 0.3 eV to larger binding
energies consistent with the ab initio bonding analysis. The peak deconvolution indicates oxidation of
the sample with 16 at.% B due to the presence of 16 at.% O in the sample. The B 1s peak, however,
can neither be attributed to icosahedral nor to octahedral bonding or bonding in a solid solution,
as the binding energies for the B 1s peak in the icosahedral AlMgB4 structure with 188.2 eV [49],
in Co-B bonds with 188.3 eV [50], in Ta-B bonds with 188.7 eV [51] and alpha-B with 188.0 eV [13] are
experimentally not resolvable. The Bls binding energy of icosahedrally bonded B in AIMgBy4 is shown
here as an example for B-rich solids.

The Co 2p3); peak (Figure 6b) for samples with 16, 47 and 65 at.% B at a binding energy of 778.3 eV
shows the presence of Co-B bonds as this binding energy is in between those for Co-B bonds in CoB
(778.2 eV) and Co,B (778.6 e€V) [50]. The observation of Co-B bonds is consistent with the ab initio
bonding analysis. As for the B 1s peak, a small but significant peak shift of 0.2 eV towards higher
binding energies between 16 and 65 at.% B is observed. A similar shift is obtained for the Ta 4f feature
in the binding energy spectrum (not shown). The larger binding energy for the metals indicates an
increased B coordination, consistent with the analysis of the coordination number.
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Figure 6. XPS-spectra of (Cog g.+397Ta)100-xBx- (a) B 1s peak and (b) Co 2p3), peak. The intensity scale is
linear. In black the measured data are shown, in colour the peak deconvolution.

3.4. Magnetization

Itis well known that the soft-magnetism of Co-Ta-B is promising to reduce transformer losses [7,10].
Hence, the influence of the enhanced B concentration on the volume magnetization is shown in Figure 7.
The total volume magnetization as well as the partial contributions of Co, Ta, and B based on ab initio
data are compared with experimental data points of the saturation volume magnetization. The main
contribution to volume magnetization comes from Co atoms, while B does not show a magnetic moment.
With increasing B concentration, a decrease of magnetization is clearly visible due to the dilution of
metal coupling by B. This decrease of magnetization is in agreement with literature [52]. Above 63 at.%
B the volume magnetization is approximately 0 due to the lack of metal-metal interactions, explainable
by a B network surrounding the metals for high B concentrations. During the decrease from 0.1 to
0 up/A3, a change in slope at 40 at.% B is observed, trending with the proposed onset of the region of
the glass composite identified above.
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Figure 7. Volume magnetization of (Cog g.39Ta)100-xBx as a function of B concentration based on
ab initio calculations. The partial contributions are divided into spin-up and spin-down electrons.
Green stars represent experimental values (B concentration 19 and 75 at.%).
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Comparing the ab initio volume magnetization with experimental values, the measured near
zero saturation magnetization for a sample with 75 at.% B agrees very well with the ab initio data.
For a sample with 19 at.% B, the measured saturation volume magnetization of 0.098 up/A3 is 25 %
larger than the ab initio volume magnetization. This enhanced volume magnetization may be caused
by clustering of Co atoms in the physical sample in contrast to the homogenous distribution of Co
atoms in the in-silico sample as well as by a different density. This clustering of Co atoms could lead
to a phase separation as observed by Kontis et al. [11]. The volume magnetization measurement
(Supplementary Figure S2) confirms the soft magnetism reported for the Co-Ta-B system [10].

The B concentration induced transition from a metallic glass to a covalent B network glass has
been investigated. It is revealed that these two composition regions are separated by a concentration
region where the formation of a glass composite is inferred based on the glass transition temperature Tg,
topology, electronic structure, bonding and magnetization. Table 2 summarizes the critical B
concentrations for the onset of a B network evolution as well as the beginning of a percolating
B network based on each property.

Table 2. Summary of critical B concentrations for the onset and percolation of the B network.

Quantity Onset B Network Evolution Onset Percolating B-Network
(at.% B) (at.% B)
Glass transition 46 59
Topology 40 70
Free-electron model - 70
Bonding 32 77
Volume magnetization 40 70

Comparing the critical B concentrations in Table 2, the critical B concentrations for the of onset
of the B network evolution and percolation are consistent taking the large variety of quantities and
methods as well as the discrete composition changes investigated into account. Hence, we can deduce
from the mean concentration values in Table 2 that (Cog g+39Ta)100-xBx is a metallic glass up to a B
concentration of 39 + 5 at.% B. For more than 69 + 6 at.% B, the material is a network glass dominated
by an amorphous icosahedra-like B network.

In between 39 + 5 and 69 + 6 at.% B, both metallic bonding and indicators for a B-network are
observed. Hence, a glass composite is proposed consisting of metallically bonded regions and B
network fragments. As the glass transition temperature changes in this composite regime, a material
with defined processability may be designed by controlling the coordination and hence the fraction of
icosahedral bonds. Additionally, this glass composite is promising in terms of mechanical properties,
as it allows to combine the high strength and stiffness as well as plasticity of metallic glasses with the
high stiffness and hardness of the amorphous borides. This combination of mechanical properties in
the (Cog g+39Ta)100-xBx system has been reported by Kontis et al. for a self-organized nanostructured
material [11]. The self-organized formation of a nanostructure may be enabled by the coexistence of
metallic and covalently bonded regions in this concentration range.

4. Conclusions

The B concentration in (Cog g+39Ta)100-xBx Was varied systematically from 2 to 92 at% to reveal
the composition induced changes in electronic structure and topology in the transition regime between
metallic glasses and network glasses. Based on topology and electronic structure, the critical B
concentration for the onset of the B network evolution is identified as 39 + 5 at.%. Below this B
concentration the material is a metallic glass. Ata B concentration of 69 + 6 at.% the icosahedral-like
B network is percolating the material, enclosing the metal atoms. Hence, the material is a covalent
glass in this compositional range. Between 38 + 5 and 69 + 6 at.% we reveal the existence of a glass
composite that contains metallic regions and B network fragments. We propose that by controlling
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the coordination in this glass composite, soft-magnetic amorphous materials with defined plasticity
and processability can be designed. Hence, further research should focus on the composition range of
38 + 5-69 + 6 at.% B to enable the design of mechanical properties in the range of the glass composite.

Supplementary Materials: The following are available online at http://www.mdpi.com/2410-3896/5/1/18/s1,
Supplementary Figure S1: Shift of the principal peak of the structure factor with temperature, Supplementary
Figure S2: Hysteresis curve of CogyTajaBig and CoyTasBys measured at room temperature in a vibrating
sample magnetometer
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