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High fracture toughness is crucial for the application of metallic glasses as structural materials to avoid cata-
strophic failure of the material in a brittle manner. One fingerprint for fracture toughness in metallic glasses is
the fraction of hybridized bonds, which is affected by alloying Pds 4Al»35Y78M11.3 with M = Fe, Ni, Co, Cu, Os,
Ir, Pt, and Au. It is shown that experimental fracture toughness data is correlated to the fraction of hybridized
bonds which scale with the localized bonds at the Fermi level. Thus, the localized bonds at the Fermi level are uti-
lized quantitatively as a measure for fracture toughness. Based on ab initio calculations, the minimum fraction of
hybridized bonds was identified for Pds; 4Al»3 5Y7.gNij1.3. According to the ansatz that the crystal orbital overlap
population at the Fermi level scales with fracture toughness, for Pds; 4Al;35Y7gNij13 a value of around 95 +
20 MPa-m®? is predicted quantitatively for the first time. Consistent with this prediction, in micro-mechanical
beam bending experiments Pds 4Al,35Y7gNiq13 thin films show pronounced plasticity and absence of crack

growth.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Some metallic glasses envisaged for mechanical applications have a
high strength [1-3] and show the capability of plastic deformation,
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especially in geometries confined to the size of the plastic zone [4,5],
which can be in the range of millimeters [6]. Plasticity in metallic glasses
is especially reported to occur under bending load [7-10]. Lewandowski
et al. put the Poisson's ratio v forward as a design criterion for brittle-
ness and toughness by reporting a brittle to ductile transition at v =
0.31-0.32 [11]. However, as this brittle to ductile transition is not uni-
versal [9,12,13], Schnabel et al. proposed the fraction of hybridized
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bonds compared to the overall bonding as an electronically motivated
measure for high fracture toughness [12] as covalent bonding induces
brittleness in metallic glasses [10,14]. Decreasing the fraction of hybrid-
ized bonds [12] is therefore proposed to serve as a guideline for increas-
ing fracture toughness. Based on this approach the high fracture
toughness of 49.0 MPa-m®® reported for a Pds; ¢Al>36Y77Cuy1 4 glass
can be rationalized by a comparative analysis of densities of states and
bonding with brittle metallic glass systems such as Cugg¢Zr30.4 [12].
For the design of though metallic glasses, Schnabel's proposal lacks,
however, predictive capability since a quantitative relationship be-
tween fracture toughness and electronic structure has not been
established so far.

Hence, the quantitative model to predict the fracture toughness of
metallic glasses based on the fraction of hybridized bonds presented
here enables the quantitative prediction of fracture toughness of metal-
lic glasses for the first time. In this model, the crystal orbital overlap
population [15] at the Fermi level is utilized as a measure to quantify lo-
calized bonds. By correlating the localized bonds with fracture tough-
ness values reported in literature, the fracture toughness of
Pds7.4Al35Y7gNiq1 3 is predicted. The prediction from this quantitative
model is validated experimentally. Due to its fracture toughness of
49.0 MPa-m®? reported by Schnabel et al. [12], the Pds70Aly3 0Y77CU11.4
metallic glass is chosen as a reference and Pds; 0Al>39Y77M11.4 (M = Fe,
Ni, Os, Ir, Pt, and Au) as the model system with the aim to understand
the relationship between electronic structure and fracture toughness
by quantification of the fraction of hybridized bonds.

2. Methods
2.1. Ab initio calculations

The electronic structure of metallic glasses is the basis for the quan-
titative model introduced here to predict fracture toughness. To investi-
gate the electronic structure of Pds70Al»39Y77M;1.4 metallic glasses, ab
initio molecular dynamics calculations were carried out in this study
to determine the fraction of hybridized bonds. Therefore, the density
functional theory [16] based openMX code [17,18] was used by
employing electronic potentials with the generalized gradient approxi-
mation [19]. The following linear combinations of localized
pseudoatomic orbitals [20] were applied as basis functions: Pd5.0-
s2p1d1, Al6.0-s2p2, Y6.5-s3p2d1, Ni6.0-s2p2d2f1, Au8.0-s2p2d1l,
Co5.5-s2p1d1, Ir7.0-s2p2d2f1, Cud.5-s1p1d1, 0Os7.0-s2p2d2f1, Fe5.0-
s1p2d1, Pt7.0-s2p2d2f1. Thereby, the first symbol designates the chem-
ical element followed by the cutoff-radius of the potential in Bohr radii.
The last set of symbols defines the primitive orbitals. A grid of 85x85x85
N-points and a cutoff energy of 150 Ry have been used. The Vienna Ab-
initio Simulation Package (VASP) [21,22] was employed for volume re-
laxation at O K. Therefore, ultrasoft pseudopotentials were employed
and the Brillouin zone was integrated at a 3 x 3 x 3 Monkhorst-Pack
k-point grid [23]. For the calculation of the electronic structure, projec-
tor augmented-wave potentials [22,24] were utilized. The Crystal Or-
bital Overlap Populations (COOP) [15] and Crystal Hamilton Overlap
Populations (COHP) [25] were calculated by the projection of the
wavefunction onto localized orbitals using the LOBSTER code (version
2.2.1) [26-28], taking all atomic orbitals in the supercell into account.
For visualization, all atomic interactions within the first coordination
shell of every atom are considered. To generate glassy structures com-
parable to experimental samples, the procedure introduced by Hostert
et al. [29] was applied. Thereby, a supercell of 115 atoms was heated
for 400 fs to 4000 K by scaling the velocities and then quenched to
0 K. Afterwards the volume of the structure was relaxed. The heating-
quenching-relaxation cycle was repeated until the volume difference
between two subsequent cycles was lower than 2%. To obtain the bulk
modulus, the volume-energy data were fitted with the Birch-
Murnaghan equation of state [30]. From the atomic positions, the re-
duced pair distribution function (PDF) g(r) was calculated [29].

2.2. Sample synthesis and characterization

Metallic glass thin films were synthesized by magnetron sputtering
from elemental targets on silicon and NaCl-substrates in DC mode in
an ultra-high vacuum combinatorial growth system [31] with a base
pressure lower than 8-107> Pa. The substrate potential was kept float-
ing and no intentional heating was applied. The target to substrate dis-
tance was 10 cm. For silicon substrates, no sample rotation was applied
to achieve Pd—Ni and Al—Y gradients, from which the position with
the calculated composition was selected. For NaCl-substrates, the sam-
ple was rotated with 30 rounds per minute to obtain a homogeneous
film. The power densities at the targets were 4.2, 4.8, 1.7 and
1.3 W/cm? for Pd, Al, Y, and Ni, respectively. Ar was the working gas
with a pressure of 0.4 Pa during sputtering [12]. After deposition, the
NaCl substrates were dissolved in water, to obtain thin film flakes
which were cleaned in isopropanol and acetone prior to the synchro-
tron measurements. Thin films deposited onto silicon substrates were
used for micromechanical testing.

High energy X-ray diffraction (HEXRD) was carried out at beamline
P02.1 [32] of the PETRA III electron storage ring at DESY, Hamburg,
Germany. X-rays with a wavelength of 0.20701 A were utilized. Data
were collected with a Perkin Elmer XRD1621 fast detector and proc-
essed by applying the FIT2D software [33-35]. The data were corrected
for background scattering and the structure factor as well as pair distri-
bution functions calculated by a fast Fourier transformation imple-
mented in the PDFgetX3 software package [36]. The composition of
the sample was investigated with an EDAX Genesis 2000 detector on a
JEOL JSM-6480 scanning electron microscope. The electronic structure
was explored by X-ray photoelectron spectroscopy in a JEOL JAMP
9500F Field Emission Auger microprobe.

The fracture toughness was evaluated using pre-notched micro
specimens [37-39] produced via focused ion beam (FIB) milling in a
Zeiss Auriga® Dual Beam FIB from 1 pm thick metallic glass thin films
deposited onto Si substrates. Single cantilever bending on pre-notched
specimen was used to reduce the possible impact of residual stresses
[40]. The ion beam current was sequentially reduced from 2 nA to 50
pA for notching. The nominal dimensions of the cantilever were 1 x 1
x 10 um> with a crack length of 200 nm and a final bending length of
6 um to meet the geometric requirements [41,42] on the used geometry
factors. Subsequently, four samples were tested in a Zeiss Gemini 500
field emission scanning electron microscope equipped with an Asmec
Unat Il in situ indenter. The indenter operates in an intrinsic displace-
ment controlled mode [43]. Numerous unloading segments were intro-
duced to the applied displacement function to evaluate crack
propagation via the unloading stiffness following the small scale ap-
proach of Wurster et al. [44]. While small scale fracture tests are not in
full geometric accordance with the ASTM K;c measurement standard,
reproducible values for fracture toughness are obtained and reported
here as Kq [43].

Atom probe tomography (APT) specimens were prepared from the
center of the metallic glass thin film deposited on a silicon substrate
using an FEI Helios 600 following procedures described in Ref. [45].
APT measurements were carried out on a Cameca LEAP 3000x HR oper-
ated in voltage mode at a pulse repetition rate of 200 kHz, a pulse rate of
15% and the base temperature was set to 60 K. Data analysis was per-
formed using the IVAS 3.8.2 software package.

3. Results and discussion

Pds; 4Al>35Y78Cuyq3 was reported by Schnabel et al. [12] to exhibit a
fracture toughness of 49 MPa-m®®. Thus, Pds7 4Al35Y75Cuy1.5 Was se-
lected as a reference system in the present study. To investigate the
composition dependence of the fraction of localized bonds on the over-
all bonding, Cu in Pds7 4Aly35Y7.8Cuyq 3 has been substituted by Fe, Ni,
Co, Os, I, Pt, and Au, i.e. by screening group 8-11 elements in the 4th
and 6th period of the periodic table of elements. In the following, the
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results of the ab initio calculations are presented. Based on the calcu-
lated electronic structure and fracture toughness data from literature,
a quantitative model to predict the fracture toughness is introduced.
Thereafter, the theoretical atomic scale topology is contrasted to exper-
imental data. Finally, the predicted fracture toughness data and results
of micro-mechanical bending tests are compared to critically appraise
the prediction.

The total and partial electronic densities of states (DOS) of
Pds74Aly35Y78M113 (M = Cu, Ir, Ay, Ni) are presented in Fig. 1 for the
energy range of —10 to 0 eV below the Fermi level. The total DOS consist
of the sum of the partial DOS of every atom in the supercell of the calcu-
lation. The partial DOS contains the summed DOS of all atoms of a cer-
tain species. For the partial DOS, the DOS for the s, p and d bands are
shown separately to differentiate the individual orbital contributions.
The DOS are smoothed by adjacent averaging with a smooth window
of 7 data points to enhance clarity. Fig. 1a shows the DOS for the refer-
ence material Pds; 4Al»35Y78Cuyq.3 [12]. By comparing peak positions
and shapes for the main constituents Pd and Al between —5 and
—2 eV weak p-d hybridization as well as weak s-d hybridization around
—6 eV is observed. While the Y d-band shows only minor overlap with
the Pd d-band, strong d-d hybridization between Cu and Pd is present
over the complete energy range of —6 to 0 eV populated in the Cu DOS.

Following the approach of Schnabel et al. [12], the hybridizing con-
stituent Cu in the reference Pds; 4Al>35Y7.8Cuyq 3 was substituted in
the simulations by Ir, Fe, Os, Pt, Au, Ni to identify a less hybridizing con-
stituent. All compositions discussed here have in common that the main

(@) Pdg; JAly35Y75CuUyy 5 (D) Pdg; Al Y7 glry 5

alloy constituents Pd and Al show weak pd- and sd-hybridization be-
tween —6 and —2 eV and that the Y d-band overlaps only slightly
with other bands (Fig. 1b-d), as has already been discussed for the ref-
erence material above. Therefore, the focus will be on the differences in-
duced by the Cu-substituting element.

The partial DOS of Pds; 4Aly35Y7 glr11.3 (Fig. 1b) resemble those of
Pds7.4Al235Y7.8Cuqq 3. The Ir d-states are more evenly distributed be-
tween —6 eV and the Fermi level compared to Cu (Fig. 1a). But as for
Pds; 4Al»35Y7.8Cuqq 3, hybridization is evident from the partial DOS of
the Ir and Pd d-bands. This type of electronic structure of
Pd57_4A123_5Y7.8lr11_3 and Pd57_4A123_5Y7.8CU1]_3 is representative for
Pd57V4A123'5Y7'8M11'3 alloyed with M = Fe, Os, and Pt (Flg S1in the sup-
plementary information).

In contrast to Pds; 4Al35Y78Cuy1 3, the energy range populated by
the Au d-band between —6 and —2 eV in Pd57A4A123'5Y7A8AU11'3
(Fig. 1c) is rather narrow and only weak hybridization with the Pd d-
band is found between —6 and —4 eV. In this energy range, however,
the total DOS is dominated by the Au d-band. Around —4 eV, sd-
hybridization is observed between Al and Au. Due to the small overlap
of the Au d-band with the populated states of the other constituents
and its domination of the total DOS between —6 and —4 eV, Au should
be a suitable candidate element for the substitution of Cu in
Pds; 4Al>35Y78Cuq 3 to obtain a metallic glass with high fracture tough-
ness through a low fraction of hybridized bonds.

In the DOS of Pds7 4Aly35Y7 gNiq1 3 (Fig. 1d), the Ni d-band populates
a small energy range between —4 eV and 0 eV similar to
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Fig. 1. Total and partial DOS of Pds; 4Aly35Y78M113 (M = Cu, Ir, Au, Ni) (a) DOS of reference metallic glass Pds; 4Al»35Y7.sCuy1.3 and metallic glasses where Cu is replaced by (b) Ir, (c) Au
and (d) Ni. The top panels show the total DOS. In the panels of the partial DOS, the states of the s, p and d band are shown with black, red and green lines respectively. The grey line
represents the total DOS to relate the partial DOS to the total DOS. In the case of the Ni-containing alloy, the different spin orientations due to spin polarization are summarized. The
Fermi-level is shifted to 0 eV. Blue dashed lines indicate hybridization, blue boxes the dominance of the partial DOS of the M elements and are a guide for the eye. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Pds; 4Al»35Y7 8Auq 3. In this energy range, the Pd d-band becomes less
populated, which leads to less hybridization while the Ni d-band dom-
inates the total DOS. In contrast to Pds; 4Aly35Y7 8Auy1 3, due to the vi-
cinity to the Fermi level, the hybridizing states of Ni form weaker
bonds compared to the hybridizing states of Au in Pds; 4Al35Y78Au113
that are located at lower energies [15].

Based on the qualitative DOS analysis above, Ni is identified as the
most promising candidate to substitute Cu in Pds;4Al>35Y78Cuy13
with respect to fracture toughness. While Ir hybridizes strongly with
Pd, Au populates only a narrow energy range around —6 eV. However,
Ni shows qualitatively the lowest fraction of hybridized bonds on the
overall bonding of the transition metals studied here and the hybridiz-
ing states of Ni form weak bonds due to the vicinity to the Fermi level
[15], thereby promoting shear relaxation.

The bonding and anti-bonding contributions in the Pd-based me-
tallic glass were investigated by the COHP depicted in Fig. 2a. The
COHP of Pds7 4Al>35Y78lr11 3 is smoothed by a Savitzky-Golay [46]
filter to enhance the clarity of the graphical representation. Accord-
ing to Rempp [47], these oscillations for Pds; 4Aly35Y7 glr 1.3 could

be caused by the energy difference between the Ir d- and both s-
and p-bands.

Fig. 2a shows, that the COHPs of the Pd-based metallic glasses from
Fig. 1 resemble each other. Below approximately —2.4 eV, the COHPs
are negative, indicating bonding contributions to the overall bonding.
Above —2.4 eV, all Pd-based metallic glasses show anti-bonding contri-
butions to the bonding. Comparing the COHPs of Pds; 4Al>35Y7glr113 to
the reference system Pds; 4Al»35Y7.8Cuy1 3, a slight shift of the COHP
above —2.8 eV towards the Fermi level is identified, while it resembles
the reference COHP of Pds;4Al35Y75Cuq13 below —2.8 eV. The
resulting higher population of anti-bonding states at the Fermi-level in-
dicates weaker bonding. Pds 4Al23 5Y7 gAuq 3 exhibits fewer bonding
contributions than the reference Pds; 4Aly35Y7gCuq13 between —5
and —3.3 eV, which is part of the energy range dominated by the Au
d-band, while its anti-bonding states resemble the reference material.
Thus, the lower population of bonding states and the lower fraction of
hybridized bonds observed in Fig. 1 results in weaker localized bonds
between —5 and —3.3 eV, which may, in turn, enable shear relaxation
upon mechanical loading. In contrast to this, the COHP of

Fig. 2. Crystal Orbital Hamilton Populations (COHP) of (a) Pds7.4Al3 5Y7.8M11.3 (M = Cu, Ir, Au, Ni) metallic glasses shown on Fig. 1 and (b) selected Pds; 4Al>3 5Y7.8M;1.3 in comparison with
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CuUgo 621304 [12], Pts7.4Cu148Nis2P226 [4] and CossTaz oBaoo [49] metallic glasses.
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Pds7 4Aly35Y7 gNijq 3 resembles the COHP of the reference material in
the bonding region, while the anti-bonding contributions are smaller
than the reference and shifted to the Fermi-level similar to
Pds; 4Aly35Y7 glrq1 3. Taking into account the integrated COHP (ICOHP)
as a measure of bond strength [48], Pds7 4Al»3.5Y7.gNi; 1.3 exhibits weaker
bonding than Pds; 4Al,3 5Y7 gAuy 3 as its ICOHP of —0.509 eV is less neg-
ative and hence indicates weaker bond strength than —0.589 eV for
Pds7.4Al»35Y7.8Auqq 3, which is consistent with the qualitative DOS anal-
ysis above.

Comparing the COHP of Pdsy4Alx35Y78Cuiy3  and
Pd57_4A1235Y7_3N11 13 with the COHP of brittle Cu59_52r30_4 [] 2], the simi-
larly tough but nearly twice as strong Coss gTaz,0B40.0 [49] and tough
Pt5744CU14_8Ni5_2P22.5 [4] shows that Pd57_4A123A5Y7‘8Ni] 13 is similar to
the Pt-based metallic glass. Contrary to Pds74Alx35Y78Nijq3,
Pts7.4Cuq4gNis»Po; 6 exhibits more bonding states between —8 and

—5 eV and at the same time more anti-bonding states close to the
Fermi level. Due to the presence of stronger bonding states below
—5 eV, Pts7.4Cuy48NisoPas 6 is expected to be more shear resistant
than Pds;4Aly35Y78Nij13. Nevertheless, as the COHP of
Pt57l4CU]4AgNi5.2P22A6 and Pd57A4A123A5Y7AgNi] 13 are similar, also the frac-
ture toughness is expected to be similar. The brittle Cugg ¢Zr309.4, in cOn-
trast, exhibits anti-bonding states only between —2 and —3 eV and
hence bonding states close to the Fermi level, indicating strong, hybrid-
ized bonds. The COHP of Cossz gTa7 oB4o,0 contains a broad energy range
populated by bonding states, anti-bonding states are only present
above —1 eV close to the Fermi level. Due to the larger amount of bond-
ing contributions and thus stronger hybridized bonding, the shear resis-
tance in the latter two glasses is predicted to be larger compared to
Pts7.4Cuy48Nis P22 6 and the Pd-based glasses. This prediction is consis-
tent with the brittle behavior reported for CugggZrspq [12] and

(a)
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Fig. 3. (a) Fracture toughness as a function of COOP at the Fermi level. Values for fracture toughness were obtained from literature [4,50-54] and COOP calculated by ab initio methods. The
solid red line represents a linear fit. The blue dashed line marks the COOP at E¢ of Pds; 4Al>3 5Y7 gNi;1 3. Dotted blue lines mark the minimum and maximum predicted fracture toughness
values of Pds7 4Al»35Y7gNij1.3. Note that the fracture toughness of all glasses included in the fit was obtained under similar loading conditions. (b) COOP of metallic glasses from
(a) including glasses from Fig. 1. Negative values indicate anti-bonding contributions, positive values bonding contributions. The inset is a magnification of the marked region close to
the Fermi level. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Cos30Ta70B4o0 [49] in contrast to the plastic behavior reported for
Pts7.4Cuy48Nis P22 6 [4] tested under bending load with slightly differ-
ent sample sizes [4,12,49].

Above, Ni was identified as the most promising element to substitute
Cu in Pds; 4Aly35Y78Cuyq 3 to improve fracture toughness. Here, the or-
bital overlap at the Fermi level is investigated to predict the fracture
toughness quantitatively. We assume that for glasses with a low fraction
of localized and hence hybridized bonds the balance to the overall
bonding is given by metallic bonds. Thus, the ideal glass in terms of
toughness exhibits metallic bonds only. By means of Crystal Orbital
Overlap Population (COOP) and COHP, it is possible to characterize lo-
calized bonding [25], but not metallic bonding directly. Therefore, the
fraction of metallic bonding is described indirectly by the absence of lo-
calized bonds. Focusing hence on the orbital overlap by means of the
COOP, for ideal metallic bonding no localized bond overlap and thus a
value of 0 for the COOP at the Fermi level is expected, as all electrons
are shared in an electron gas. Due to the pronounced metallic bonding
character consistent with the absence of hybridized bonds, a high frac-
ture toughness is expected for metallic glasses with a low COOP at the
Fermi level.

The fracture toughness of non-magnetic metallic glasses reported in
literature [4,50-54] is presented in Fig. 3a) as a function of the COOP at
the Fermi level. Therefore, we use the same data set for fracture tough-
ness as Demetriou et al. [50] expanded by the data from Schnabel et al.
[12]. These data are fitted by a linear fit excluding fracture toughness
values of Pd7g_1Ag3_5P5_1Si9V6G61V7 and Pd57_4A123V5Y7_8CU11_3, as these
data may be affected by sample size: The fracture toughness of
Pd,9.1Ag3.5P6.1Sig.6Geq.7 might be overestimated because the plastic
zone size of 6 mm is larger than the actual sample size [50] of 2.1
x 2.1 x 20 mm? in two dimensions [5]. Fracture toughness of
Pds; 4Al235Y75Cuq 3 is determined by the J-integral and might be sam-
ple size dependent [12]. The COOP at the Fermi level of
Pds; 4Aly35Y7 gNijq 3 is indicated by a dashed blue line. Based on the in-
tersection of the dashed blue line with the fit, the fracture toughness of
Pds; 4Aly3 5Y, sNiy 5 is predicted to be around 95 4+ 20 MPa-m®®. Com-
paring this prediction with the Ashby map reported by Demetriou et al.
[50], this predicted fracture toughness corresponds to a plastic zone size
in the orders of 0.1 to 1 mm [50]. Furthermore, this analysis shows that
in addition to the presence of localized bonds, also anti-bonding states
at the Fermi level must be considered for the design of tough metallic
glasses. Antibonding states increase the total bond energy and thus pro-
mote bond separation [55] and hence favor brittle behavior of metallic
glasses. Due to the promotion of bond separation, not only the fracture
toughness is affected by anti-bonding states, but also the cohesive en-
ergy and hence the elastic properties (cf. Fig. S2). The free volume in
ab initio calculations is small and different free volume configurations
were not tested. Hence, the free volume content is smaller than it
might be in physical samples, as shown in Fig. 4 below. However, as a
larger amount of free volume promotes fracture toughness by lowering
the energy barrier for shear transformation and plastic deformation
[56], the fracture toughness predicted based on the electronic structure
serves as a lower bound while free volume affects the variability of frac-
ture toughness observed in Fig. 3a.

The COOP of the glasses presented in Figs. 1 and 3a) are shown in
Fig. 3b). While all material systems exhibit a transition between bond-
ing and anti-bonding states between —5 and —3 eV, the amount of an-
tibonding states close to the Fermi level differs significantly. It is evident
that the difference between the COOPs depends mainly on the major
constituent of the alloys. The difference between the Pd-based metallic
glasses is hence rather small (inset Fig. 3b). Nevertheless,
Pds; 4Alx3.5Y7.gNiq13 clearly exhibits the smallest population of anti-
bonding states at the Fermi level (COOP(E¢)n; = —0.01278), whereas
Pds7.4Alx35Y78AuUq 13 — from a qualitative point of view (Fig. 1) also in-
teresting — displays a larger population of antibonding states at the
Fermi level (COOP(Ef)ay = —0.01901). Therefore, the predicted
fracture toughness of approximately 95 4+ 20 MPam®® of

Pds; 4Aly35Y7 gNiqq 3 is the largest within the here considered group of
metallic glasses.

Since the Ni-containing Pd-based metallic glass is the most promis-
ing candidate in terms of fracture toughness, this composition was syn-
thesized by magnetron sputtering in the form of a Pds7.9Al250Y49Nii22
thin film on silicon and Pdeg; 1Aly73Y45Nig 4 for the thin film flakes. The
constituents are homogeneously distributed based on the frequency
distribution analysis performed on data collected by atom probe-
tomography (see Fig. S3 in supplementary information). Hence, chemi-
cal inhomogeneities on the here probed length scale cannot be revealed
by atom probe tomography. To critically appraise the predicted topol-
ogy, the calculated pair distribution function is compared to the exper-
imentally obtained one in Fig. 4a. Considering the slight differences
between the composition of the powder and the calculation, the pair
distribution functions are in reasonable agreement. However, the first
peak of the experimental pair distribution function is shifted to a larger
bond distance compared to the theoretical one. This indicates that the
synthesized material is less frustrated, most likely due to the presence
of free volume. As the energy barrier for shear transformation and
thus plastic deformation, which is required for high fracture toughness,
decreases with increasing free volume content in the sample [56], the
plastic deformation behavior of the experimental sample is expected
to be more enhanced than predicted with the fracture toughness pre-
dicted serving as a lower bound. Fig. 4b compares the theoretical DOS
with the experimental DOS. Due to the high energy of the X-rays in
the XPS (1.49 keV) as well as the temperature in the experiment
(298 K in experiment vs. 0 K in the calculation), the experimental DOS
experiences severe peak broadening. Thereby, one broad hump is ob-
served for the valence band, that covers the energy range of the more
detailed theoretical DOS. The comparison between calculated and mea-
sured topology and electronic structure confirms the significance of the
ab initio modeled structure.
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Fig. 4. (a) Calculated and experimental pair distribution function of Pds; 4Al>35Y7gNij13
and Pdeg;.1Aly7.3Y45Nig 4, respectively. The experimental PDF has already been published
in [57]. (b) Calculated density of states of Pds; 4Al,35Y7gNijq.3 and the valence band of
Pdg2.1Aly73Y42Nig 4 measured by XPS.
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Fig. 5. (a) Snapshot of Pds; 9Alys ¢Y40Niq2, micro cantilever during in situ loading. (b) Post mortem microbeam after 4 um deflection. (c) Detail in-lense-SE micrograph of the region
highlighted in (a). Huge shear bands are formed at the location of the pre-notch. The arrows indicate the additional formation of shear bands at the compression side of the cantilever.
(d) Force versus displacement raw-data. The unloading stiffness (S) shown in red does not significantly change during the experiment indicating an absence of substantial crack-
growth. Plasticity in the vicinity of the pre-notch is observed right from the beginning resulting in a different initial loading slope compared to S. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)

To investigate the fracture toughness of the Pds7 9Al»s5,0Y4oNii2 > me-
tallic glass, beams were prepared for micro-mechanical testing (Fig. 5a).
The unloading slopes (S in Fig. 5d) performed after 2, 2.5, 3, and 3.5 um
displacement do not change indicating an absence of crack extension.
Also, at the final displacement of 4 um, the beam did not fracture
(Fig. 5b). In contrast, multiple shear-bands are formed not only around
the pre-notch but also on the compressive side of the cantilever (Fig. 5c)
indicating significant plastic deformation. The shear bands do not cross
the neutral axis which indicates that shear band propagation is sup-
pressed by the stress gradient and the change from tensile to compres-
sive stresses across cantilever. Therefore, catastrophic shear band
propagation is prevented because the suppressed shear band propaga-
tion requires the activation of new shear bands (see Fig. 5¢) and allows
the glass to deform plastically without catastrophic crack development
[5] up to the final displacement of 4 um Since no evidence for crack ex-
tension was obtained in post mortem imaging, the fracture toughness
exceeds the constraints of micromechanical fracture experiments. This
is in agreement with the high fracture toughness expected from the
plotin Fig. 3, which would require substantially larger samples to quan-
titatively proof the enormous fracture toughness [5,58]. Such sample di-
mensions are - in light of the chemical composition and technological
constraints — currently not feasible.

4. Conclusions

Inspired by the qualitative notion of Schnabel et al. [12] that the frac-
tion of bonds stemming from hybridized states compared to the overall
bonding can be associated with damage tolerance in thin film metallic
glasses, a correlation between the fraction of localized and anti-bonding
bonds scaling with the crystal orbital overlap population at the Fermi
level and experimental fracture toughness data is identified. It is shown
that a low number of anti-bonding states at the Fermi-level is a necessary
requirement for high fracture toughness. The electronic structures of
Pds7.4Al35Y78M113 (M = Fe, Ni, Cu, Os, Ir, Pt, and Au) have been calcu-
lated by ab initio methods. Pds; 4Alp35Y7gNij1.3 was identified to exhibit

the minimal fraction of hybridized bonds of the materials investigated.
Moreover, the correlation between the fraction of localized anti-bonding
bonds scaling with the crystal orbital overlap population at the Fermi
level and experimental fracture toughness data was identified. This corre-
lation allows the quantitative prediction of fracture toughness of metallic
glasses that is crucial for the design of tough metallic glasses. With this
model, the fracture toughness of Pds; 4Al>35Y7gNiq1 3 is predicted to be
95 + 20 MPa-m®®, being the first fracture toughness value predicted
quantitatively for a metallic glass based on the electronic structure. Consis-
tent with this prediction, micro-mechanical beam bending experiments
show that Pds; 4Aly35Y7gNiyq 3 thin films exhibit superior fracture tough-
ness and form multiple shear bands.
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