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Fast development of metallic glass films with high toughness has
been a long-sought goal of humankind in view of their superior
properties and great potential for application in the field of soft
electronics. However, until now, there has been no effective experi-
mental strategy because of the lack of suitable and precise tough-
ness measurement technology. In the present work, we introduced
a feasible route for developing tough metallic glass films using
combinatorial material library preparation and high-throughput
toughness measurement via nanoindentation. Based on this route,
tough metallic glass films for the quaternary Zr—Ti—Cu—Al system
were successfully screened out. The corresponding electron work
function map was detected to uncover the physical mechanism for
the composition dependence of toughness. In addition, the pre-
liminary assessments of the screened tough metallic glass films as
strain-sensing materials were also conducted. Our current research
not only provides a versatile toolbox for high-throughput develop-
ment of tough metallic glass films, but also exemplifies their
potential as strain-sensing materials.

Introduction

Metallic glasses (MGs), also known as amorphous alloys, are a
class of metallic alloys with a long-range disordered atomic
structure.'” Different from traditional crystalline metals, there
do not exist structural defects in MGs, such as point defects,
dislocations and grain boundaries. These structural character-
istics endow MGs with a series of excellent properties like large
elastic strain, high strength, outstanding catalytic activity and

“ Ningbo Institute of Materials Technology and Engineering, Chinese Academy of
Sciences, Ningbo 315201, China. E-mail: gaomeng@nimte.ac.cn,
huojuntao@nimte.ac.cn, jgwang@nimte.ac.cn

b School of Materials Science and Chemical Engineering, Ningbo University, Ningbo
315211, China

¢ Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

+ Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4mh00815d

1 These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2025

¥ ROYAL SOCIETY
PP OF CHEMISTRY

High-throughput development of tough metallic

Yuzhou Wu,?® Yue Huang,*° Yebei Wang,#® Fuchao Wang,® Yunhe Gao,’
Yingying Sun,® Meichen Jian,? Lijian Song,® Yu Tong,
< Jun-Qiang Wang,

@ Yan Zhang,® Chao Wang,*

*@ Juntao Huo (2 *? and Meng Gao (2 *@

New concepts

Strain-sensing materials are the key materials for various soft, stretchable
and wearable electronics. Metallic glass films have an excellent
combination of good electrical conductivity, extremely low roughness,
large elastic limit and high corrosion resistance, and exhibit competitive
potential as strain-sensing materials. Herein, we present an experimental
framework for high-throughput development of tough metallic glass films
aiming to use them as strain-sensing materials. In this framework, one
effective high-throughput toughness measurement method based on
nanoindentation was applied to metallic glass films for the first time.
What is more, the electric work function map was precisely detected to
uncover the physical mechanism of the composition dependence of
toughness. The outcome of the current research not only opens up a
window for high-throughput discovery of tough metallic glass films
universally and flexibly, but also inspires a new wave of research studies
for the development of metallic glass films as strain-sensing materials.

good magnetic properties.*® Compared to bulk MGs, thin MG
films (MGFs) with micro- and nanoscale dimensions display
superior performance, such as extremely low roughness, high
corrosion resistance and extremely low temperature coeffi-
cients of resistance.”> Especially, owing to their excellent
combination of good electrical conductivity, large elastic limit
and exceptional biocompatibility, MGFs have become a class of
promising strain-sensing materials for soft electronics (stretchable
and wearable electronics).""*® What is more, MGFs can be formed
in a broad range of compositions, providing abundant choices of
adjustable properties and desirable functionalities.'”"'® However,
the intrinsic brittleness is the Achilles heel for the application of
MGFs as strain-sensing materials.’®>' The dominant mechanical
properties that are being directly related to the brittleness problem
of MGs are plasticity and toughness.””** While the improvement
of the plasticity for MGs has been extensively studied and
reported,”*® the research on fracture toughness of MGs is rare
due to the multiple dependence on various internal and external
factors.”**° Until now, there have been few reports on tough MG
systems, such as Pdg, sPSissGe, (200 MPa m'?)*! Pty sCuy, .
Nis 3P5,5 (80 MPa m'?),*? Zry, Ti,Cu,sAl;, (130 MPa m*?),*® and
TisoZt,5Cu;,NizBe,, (100 MPa mY).** Considering the rapid
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replacement and upgrading for strain-sensing materials for appli-
cation in stretchable and wearable electronics, these limited MGFs
are obviously not enough. Therefore, it is crucial to rapidly develop
more tough MGFs to meet the potential requirements for soft
electronic applications.

Current research and development studies of various materials
including MGs heavily rely on a conventional “trial-and-error”
strategy. It generally requires decades of studies to develop an
optimal material for industrial applications. For MGs, the design of
new systems with desirable performance is quite challenging due
to the enormously large number of potential compositions avail-
able. The vastness of the combined composition-processing space
makes the fast screening of new MGs based on trial-and-error
experiments difficult and expensive. In contrast, one new materials
genome initiative based on high throughput experiment, calcula-
tion and a big data project has been proposed.*® A high-throughput
strategy has been applied to rapidly screen a series of the physical
and chemical properties of MGs, such as glass forming ability,*®
thermal stability,”” thermal plastic processability,”® corrosion
resistance,®® mechanical properties,’®*' and catalytic activity.*>
Combinatorial synthesis of material libraries has emerged as a
powerful strategy for the fast development of new materials. Among
various techniques employed for combinatorial synthesis, magne-
tron co-sputtering has proven to be a highly effective and versatile
method for depositing MGFs with controlled compositions and
structures.*>**

For high-throughput development of tough MGFs based on
the combinatorial synthesis of material libraries, it is critical to
propose one suitable experimental characterization method for
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toughness. For bulk MGs, toughness is usually characterized
via single-edge notched three-point bending tests or compact-
tension tests under tensile loading, which are not applicable for
MGFs.*? For small samples, there are two other methods based
on nanoindentation: the crack length-based method***® and
the fracture initiation point characterization method.*” The
crack length-based method utilizes one nanoindenter to press
the sample to create a crack and then statistically analyze the
crack length via SEM to calculate the toughness. However, this
method faces many challenges because the crack lengths
produced under different stress conditions are uncontrollable.
In the fracture initiation point characterization method, the
initiation of the first crack is difficult to confirm at lower
stresses.’®° In addition, the high cost and low efficiency of
the above methods make them unsuitable as fast screening
methods for high-throughput development of MGFs. Recently,
one new toughness characterization method based on the
conversion between elastic deformation energy and fracture
energy during nanoindentation was adopted.”">* This method
has advantages of low cost, high efficiency and high data
duplication, and can be seen as one applicable method for
high-throughput development of tough MGFs.

In the present work, we propose a facile and flexible frame-
work for high-throughput development of tough MGFs by
combining the combinatorial synthesis of a material library,
structural characterization, composition analyses and tough-
ness determination (see Fig. 1a). Considering that the composi-
tion of Zre;Ti,CuysAly, has excellent toughness, there should
exist the largest possibility to develop more new MG materials

Structural Toughness i
characterization testing

Composition
analysis

Incident Nanoindenter

Fig. 1 (a) A schematic diagram of high-throughput development strategy of tough MGFs. (b) The optical picture of the fabricated Zr-Ti—Cu—Al MGF
material library and the surface morphology of one marked subregion by AFM. The red dashed circle marks the selected subregion. (c) XRD patterns for
37 subregions within Zr-Ti—Cu—-Al MGF material library. The right plot gives the detailed XRD patterns corresponding to the 7 selected subregions along
the blue dashed line. (d) The distribution diagrams of the elements of Zr, Cu, Ti and Al in the fabricated Zr-Ti—Cu—Al MGF material library.
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with large toughness. Meanwhile, for the applications of strain-
sensing materials, the cost for the chemical elements within
the MGs should be low and the Zr-Ti-Cu-Al system well meet
the low-cost requirements. Thus, the MG system of Zr-Ti-Cu-Al
with potential large toughness and low cost was chosen as the
research object. The map of toughness within the wide compo-
sition space was determined. To clarify the physical mechanism
of the dependence of toughness on the chemical composition,
we utilized Kelvin peakforce microscopy (KPFM) to measure the
electron work function (EWF) of the same MGF material library.
It was found that the MGs with high EWF exhibit high tough-
ness; that is, there exists one positive relationship between
toughness and EWF. This result may provide a new idea to
reveal the physical origin of toughness in MGs from the
perspective of the electronic features. Finally, we selected three
MG compositions based on the above screening results and
fabricated three single-composition MGFs. For these three
MGFs, we tested the electrical signal stability after different
stretching cycles to check if the MGFs could be considered as
strain-sensing materials. The results demonstrated that the
MGF with high toughness has no surface cracks after 5000
cyclic stretching and displays high electrical signal stability,
making it an excellent flexible strain sensitive material. The
related assessment processes will provide effective guidance for
the future applications in the field of strain-sensing materials.

Materials and methods

Fabrication of MGF material libraries and single-composition
MGFs

The combinatorial MGF material libraries were fabricated via
magnetron co-sputtering deposition with four different elemental
sputtering targets including Zr, Ti, Cu and Al targets (99.99%
purity, purchased from ZhongNuo Advanced Material, Beijing).
Single crystal silicon wafers (diameter of 50 mm) were used as the
substrates for the deposition, which exhibit good bonding with
the MGF material library. In order to make the structure and
property tests more accurate, each MGF material library was
divided into 37 circular subregions with a diameter of 5 mm by
placing one designed mask plate on the silicon wafer during
deposition. The composition gradient of combinatorial MGF
material libraries was adjusted by tuning the height and angle
of the sputtering guns. The deposition time for each combinator-
ial MGF material library was about 2 hours. The sputtering power
ranges were 50-80 W for the Zr target, 10-40 W for the Ti target,
30-50 W for the Cu target, and 20-30 W for the Al target. After the
base pressure in the chamber becomes lower than 1 x 10~ Pa,
argon gas rushed into the chamber. Then, the working pressure
was adjusted to 0.5 Pa. The flow rate of argon gas during
deposition was set as 40 standard cubic centimeters per minute
(SCCM).

Single-composition MGFs were also fabricated via magne-
tron co-sputtering deposition with Zr, Ti, Cu and Al targets. The
flexible polyethylene terephthalate (PET) was selected as the
deposition substrate due to its good flexibility and low price.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Communication

Meanwhile, in order to test the substrate effect, we also
prepared several single-composition MGFs by using single-
crystal silicon as the deposition substrate under the same
conditions. The PET films with a thickness of 0.1 mm were
firstly cut into several dog-bone-shaped tensile specimens for
subsequent mechanical property tests. In order to obtain the
totally single-composition MGFs, the PET substrate was kept
rotating at a constant speed of 10 rpm during the deposition.
In the current work, three compositions were chosen as single-
composition MGFs: the ZrzgTi;oCu,eAl,; (at%) MGF with sput-
tering powers of 60 W for the Zr target, 35 W for the Ti target,
45 W for the Cu target, and 25 W for the Al target; the
Zr,5TigCu,,Al;, (at%) MGF with sputtering powers of 65 W for
the Zr target, 40 W for the Ti target, 45 W for the Cu target, and
24 W for the Al target; and the Zre; Ti,Cu,sAl;, (at%) MGF with
sputtering powers of 70 W for the Zr target, 14 W for the Ti
target, 38 W for the Cu target, and 24 W for the Al target. The
deposition times for three single-composition MGFs were also
set as 2 hours.

For comparison, one rod-like bulk MG with a nominal
composition of Zre;Ti,CuysAly, (at%) was prepared by arc
melting pure elements and then was remelted five times to
ensure homogeneity. The ingot was cast into a copper mold
with cyclic cooling water to produce several rod-like samples
with the dimensions of 3 mm x 15 mm (diameter x length).

Structural and compositional characterization of MGF material
libraries and single-composition MGFs

The thicknesses of all of the fabricated MGFs were about 1000 nm
measured using an atomic force microscope in tapping mode
(AFM; Bruker ICON). The diameter of the applied silicon tip was
2 nm (Tap 525A; Bruker). The amorphous nature of the MGFs was
verified via high-resolution micro-area X-ray diffraction with a Cu
Ko radiation source (XRD; Bruker D8 DISCOVER). The diameter of
the X-ray diffraction spot was 1 mm, and the spacing between
each spot for diffraction regions in the MGF material library was
about 7 mm. The surface morphology was observed using an
atomic force microscope in tapping mode (AFM; Bruker ICON).
The chemical compositions of the combinatorial MGF material
libraries and single-composition MGFs, calibrated with bulk
alloys of known compositions, were measured using an energy-
dispersive X-ray spectrometer (EDS; ZEISS EVO18) attached to a
scanning electron microscope (SEM; ZEISS EVO18). The micro-
scopic structural features for different MGFs were characterized
using a high-resolution transmission electron microscope (TEM;
Talos F200x). The fracture morphology for different MGF samples
after uniaxial tensile fracture was observed using a scanning
electron microscope (SEM; ZEISS EVO18).

EWF mapping of the MGF material library using a Kelvin probe
force microscope

The EWF tests were performed on a Kelvin probe force micro-
scope (KPFM) of an AFM (Bruker ICON). The tip radius of the
applied platinum tip was about 25 nm and the nominal spring
constant was 200 N m ™. The sensitivity coefficient of the AFM
tip was determined by the thermal tuning method.*”>®
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The adopted mode between the probe and the surface for KPFM
tests was the intermittent contact mode. The AFM probe
vibrates above the sample surface and makes a brief contact
with the sample surface during each vibration cycle. By mea-
suring the contact potential difference (Vcpp) between the
probe and the sample, the EWF of the sample can be deter-
mined. The EWF tests were separately conducted on the 37
circular subregions. The dimensions of the testing regions were
50 um x 50 um, and the scanning rate was 0.995 Hz. Before the
AFM tests, the contamination of the sample surface should be
reduced, and all of the experiments were performed at room
temperature.

High throughput toughness characterization of MGF material
libraries by nanoindentation

Nanoindentation tests were conducted on the MGF material
libraries at room temperature (Hysitron TI980). The applied
nanoindentation machine was equipped with a Berkovich
diamond nanoindenter. All of the tests were done in the load-
controlling mode. The displacement resolution is about
0.01 nm and the load resolution is about 50 nN. The maximum
drift rate was set to be 0.05 nm s~ before each measurement.
Before the nanoindentation tests, the surface roughness of the
MGF material libraries was confirmed by AFM. To avoid the
errors induced by the surface morphology during nanoindenta-
tion tests, the surface roughness of the MGF material libraries
needs to be below 1 nm. In order to prevent the influence of the
substrate, the nanoindentation depth was set as about 100 nm,
which is 10% of the thickness of the MGFs.>” Before the
nanoindentation tests, the nanoindenter needs to be cali-
brated. For ensuring statistical significance, for each subregion
of the MGF material libraries, the toughness tests were
repeated 9 times with 3 x 3 arrays.

Stretchability and electrical signal stability testing of single-
composition MGFs

To test the stretchability of the MGFs, a series of the tensile
tests were conducted on a 1 KN universal testing machine
(zwick/Roell Z1.0). The tensile specimens were the above pre-
pared dog-bone shaped samples: samples 1, 2, and 3. For
comparison, one same shaped PET tensile sample was also
prepared as the reference. The applied tensile displacement
rate was 0.05 m s~ ' to confirm the detailed elastic strain limit
for each sample. For electrical signal stability testing, a series of
cyclic tensile experiments were performed on the samples 1, 2,
and 3 at a fixed elastic strain of 2% with a displacement rate of
0.05 m s '. The change in the electrical resistance of three
samples during cyclic tensile testing was recorded using four-
probe resistance measurements (4D Model 280). For repeat-
ability and reliability of experimental data, both of the tensile
tests and the electrical resistivity measurements for each sam-
ple were repeated three times for the error analyses. The surface
morphology for each sample was observed using a scanning
electron microscope (SEM; ZEISS EVO18).
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Results and discussion

Structural and compositional analyses of the fabricated Zr-Ti-
Cu-Al MGF material library

Fig. 1a schematically depicts the detailed process for high
throughput development of tough MGFs in the current work.
Here, we selected the Zr-Ti-Cu-Al quaternary MG system as our
primary research subject in view of its low cost, good glass
forming ability and potential large toughness.>**”*® By focusing
on this quaternary composition space, there is a big possibility to
discover new MG compositions with high toughness. Based on
the magnetron co-sputtering technique and the strategy of the
substrate stacking with a mask plate and Si wafer, the Zr-Ti-Cu-
Al quaternary MGF material library was fabricated. The optical
picture of the MGF material library is displayed in the left part of
Fig. 1b. Notably, the applied mask plate with identical dimensions
successfully divides the entire MGF material library into 37
individual sub-regions, facilitating compositional refinement
and subsequent property analyses. For the following structural
analyses and property characterization studies, the surface
morphology is one key factor. For one subregion within the
MGF material library marked by a red dotted circle, the three-
dimensional surface morphology was measured by using AFM, as
shown in the right part of Fig. 1b. In addition, the three-
dimensional surface topography corresponding to one amplified
local region was also obtained and shown in Fig. S1 (ESIf).
Clearly, the surface roughness of the fabricated MGF material
library is 0.18 nm, which well meets the roughness requirements
of the following measurements.

To verify the amorphous nature of the fabricated MGF
material library, a series of high-resolution micro-area XRD
tests were conducted on all of the 37 subregions within the
MGF material library. The detailed XRD patterns are shown in
the left part of Fig. 1c. Clearly, all of the MGs corresponding to
each region are amorphous. Moreover, the chemical composi-
tion distribution of the MGF material library was measured
using EDS. The detailed elemental distributions for Zr, Ti, Cu
and Al are shown in Fig. 1d. The compositional variation within
the prepared MGF library ranges from 35 to 64 at% for Zr, 2 to
14 at% for Ti, 20 to 30 at% for Cu, and 9 to 27 at% for Al It is
obvious that the composition of the MGF material library
shows a gradient distribution, consistent with the initial experi-
mental design. In addition, at around 33°, there appears one
small crystalline peak for all MGF samples. Previous research
has reported that this crystalline peak belongs to the Si wafer
substrate,?”*> which is reasonable considering that the thick-
ness of the MGF material library is only about 1000 nm.

High throughput toughness characterization of the Zr-Ti-Cu-
Al MGF material library based on nanoindentation

One of the main reasons for the limited research on the tough-
ness of MGs is the lack of suitable characterization methods. In
the current work, one energy conversion method based on
nanoindentation was applied and it is suitable for the high-
throughput toughness characterization of the MGF material
library. Fig. 2a illustrates the scheme of the nanoindentation

This journal is © The Royal Society of Chemistry 2025
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(a) Scheme of the nanoindentation deformation on the Zr-Ti—-Cu—Al MGF. (b) One typical hanoindentation load and displacement P—h curve in

the continuous loading mode with a loading rate of 0.3 mN s™%. The blue and red areas give the irreversible energy and the stored elastic energy,
respectively. The red arrow points the applied maximum indentation depth for the energy conversion method. The inset equation gives the detailed
toughness calculation method. (c) Color contours of the toughness with respect to different compositions for the Zr-Ti—-Cu—Al MGF material library.
Three purple stars 1, 2 and 3 stand for three selected MGFs for the following tests as the strain-sensing materials: ZrsgTi;oCus9Alz3, ZragTigCuz7Al7, and

ZrelTi2CU25A112.

deformation on the Zr-Ti-Cu-Al MGF. Fig. 2b shows one typical
nanoindentation load and a displacement P-h curve in the
continuous loading mode with a loading rate of 0.3 mN s .
The nanoindentation energy conversion method to estimate the
toughness is mainly based on the energy conversion from the
irreversible energy during nanoindentation to the critical fracture
energy.”>** The detailed calculation process is described below.
According to the experimentally measured P-h curve, the
total energy (U;) and the stored elastic energy (U.) when
unloading during the nanoindentation process can be calcu-
lated. Then, the irreversible energy (U;) can be obtained by
subtracting the stored elastic energy from the total energy:*®

Ui=U; — U (1)

U. and U; are displayed in Fig. 2b. The irreversible energy (U;)
usually includes two parts: the plastic energy (U,) and the
energy dissipated by critical fracture (Uy):>°

Ui = Up + Uf [2)

and the irreversible energy part dissipated by critical fracture (Uy) is
directly related to the intrinsic toughness of materials. Compared
with the critical fracture energy, the plastic energy (Up) is easier to
calculate based on the measured P-h curves. Previous research
reported that the plastic energy (Up) is usually calculated as follows:*

Up _ hf‘ 2 hf 3 hf 2
oAy ()] /- ()]} e
where A, is the maximum indentation depth and A is the

residual depth, which can be directly obtained by the nanoin-
dentation test. The critical energy release rate (G.) corresponding

to the fracture occurrence can be calculated as follows:>*%*
Uy
Ge = —& 4
¢ Aln ( )
Ay, = 24.5h,,° (5)

where A,, is the contact area between the indenter and the
sample at maximum depth #,,,. The maximum contact area (4,,)

This journal is © The Royal Society of Chemistry 2025

is determined by the selected indenter. In the current work, the
nanoindenter is the Berkovich tip and A,, is calculated to be
24.5h.,,.>* Thus, the toughness (K.) of materials can be calcu-
lated as follows:

K. = \/G.E, (6)

where E, is the reduced elastic modulus of the materials, which
can be obtained using the nanoindentation test. The detailed
calculation expression is shown in the inset of Fig. 2b.

For the estimation of mechanical properties based on the
nanoindentation, the substrate effect needs to be avoided.*>*®
Here, for the calculation of toughness in eqn (6), the maximum
indentation depth A, is one key parameter. Thus, to check the
effect of the maximum indentation depth on the toughness,
three #,, values corresponding to 5%, 10%, and 15% of the
thickness for the ZrzgTi;gCuseAl,; MGF library were selected.
The detailed nanoindentation P-A curves with different A,
values can be seen in Fig. S2 (ESIt). The values of the corres-
ponding toughness were calculated accordingly, as shown in
Fig. S3 (ESIY). It is clear that the corresponding toughnesses
with different A, values are almost the same with the small
error range, 50 + 4 MPa m"2. This result indicates that the
intrinsic toughness seems to be not dependent on #4,,, and it
confirms that the energy conversion method can give the
intrinsic toughness. On the other hand, it should be noted that
the toughness for A, of 15% thickness is slightly larger than
those of 5% and 10% thickness. Thus, it indicates that the
substrate starts to have an influence on the determination of
toughness when #,, starts to increase about 15% of the MGF
thickness. Herein, the maximum indentation depth of 10% of
the thickness was chosen for the determination of toughness
for all of the MGFs via nanoindentation. To further confirm the
validity of the nanoindentation energy conversion method, we
also prepared one rod-like bulk MG with the reported composi-
tion of Zre,Ti,Cu,s5Al;, and the diameter is 3 mm. Previous
research® reported the fracture toughness of 130 MPa m">.
According to the current method, the obtained toughness is
about 132 MPa m*?, and it is close to the above reported value
(see Fig. S4, ESIY).
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By using the energy conversion method, the color contours
of the toughness across the Zr-Ti-Cu-Al MGF material library
are displayed in Fig. 2c. Clearly, the MGFs with different
chemical compositions have different toughness values, which
display the obvious composition dependence. By comparing
the composition diagrams in Fig. 1d, the composition region
lying in the AlTi-rich side exhibits a higher toughness trend.
Since the Al element among the four metallic elements has the
smallest size, it is speculated that Al atoms fill the interstitial
spaces between other atoms during the deposition process,
leading to a denser atomic packing within the MGF sample.®
This results in significantly enhanced interatomic bonds
and makes fracture less likely to occur, exhibiting a larger
toughness.®® In addition, three specific compositions of
Zr38Ti1gCUyoAlys, Zr,gTigCu,,Aly;, and ZrgTi,Cu,sAl;, were
selected to test the possibility of using them as the strain-
sensing materials as discussed below. They were named as
samples 1, 2, and 3, respectively. The corresponding toughness
values are 64, 53, and 38 MPa m"? Therefore, through the
current nanoindentation energy conversion method, the MGFs
with high toughness in the Zr-Ti-Cu-Al quaternary system have
been fast screened. Compared with traditional methods, this
method significantly reduces experimental costs and shortens
testing cycles. Meanwhile, since the above method does not
have strict requirements for sample size and microstructure, it
is not limited to MGs but is also suitable for various other
materials, including crystalline metals, semiconductors, or
polymer materials, which shows its promising potential for
broad applications in different fields.

To further investigate the microscopic structural features of
samples 1, 2 and 3, a series of high resolution TEM measure-
ments were conducted and the detailed results are displayed in
Fig. S5a, d and g (ESIT). Clearly, all of the three MGF samples
are amorphous, which is consistent with the results shown in
Fig. 1c. In addition, it seems that the microscopic structures for
three MGFs are very similar, which makes it difficult to connect
with their different toughnesses. The correlation between the
microscopic structure and the toughness in MGs is still one of
the hot research topics in the field of amorphous materials. On the
other hand, previous research studies reported that the toughness
of MGs is positive with a typical size of the fracture surface
structure.®*® Here, we also investigated the fracture morphol-
ogy for MGF samples 1, 2 and 3 after tensile fracture and the
detailed results are shown in Fig. S5b, e and h (ESIt). The
corresponding size distributions of the typical dimple fracture
structure are also shown in Fig. S5c, f and i (ESI). First, for
three samples, the typical fracture morphologies are dimple-
like patterns, which imply that the fracture modes are ductile
rather than brittle.®® This result is in agreement with the larger
toughness values for three MGFs. Second, the average sizes for
the dimple structure are: sample 1 (~151.92 nm), sample 2
(~100.63 nm), and sample 3 (~96.67 nm). By comparing the
corresponding toughness values, the larger the size of dimple
structures for MGFs, the greater the toughness of the corres-
ponding MGF sample, which is in agreement with previous
research studies.*"®
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EWF mapping of the Zr-Ti-Cu-Al MGF material library via
KPFM

From the results in Fig. 2c, the toughness of the Zr-Ti-Cu-Al
MGF material library exhibits obvious composition depen-
dence. To reveal this dependence, we introduced the basic
physical parameter of EWF. Toughness, one of the important
mechanical properties of materials, is a measure of materials’
resistance to fracture. Basically, it is determined by the electron
behavior that governs the atomic bond strength and ultimately
the integrated mechanical properties.®® Generally, the stronger
the atomic bond between atoms in a metal, the larger the
toughness.>® However, there is no simple but fundamental
parameters to reflect the electron behavior and the atomic
bond of metallic materials. Recently, several research studies
indicated that EWF largely reflects the intrinsic electron beha-
viors and is closely related to various mechanical properties of
metals in the traditional alloys, such as the elastic modulus, the
strength and the toughness.®””””" For toughness, there exists
one positive correlation between the toughness and the corres-
ponding EWF in various crystalline metals and alloys, as shown
in Fig. S6 (ESIT). EWF is the minimum energy required to move
electrons at the Fermi level inside a metal to its surface without
kinetic energy. The fracture of alloys can be considered as a
process in which atomic bonds are broken and electrons
transfer from energy levels to the vacuum. From this view, it
is reasonable that the higher the EWF, the stronger the atomic
bond and the higher the toughness. It should be noted that EWF
is influenced by the composition, the atomic packing structure
and the surface conditions. Under the same surface conditions
and the amorphous structure, EWF is mainly determined by its
composition. Therefore, EWF can be used as an indicator to
screen the optimal compositions with large fracture toughness
within MGF material libraries. The correlation between the
fracture and the EWF for MGFs is illustrated in Fig. 3a.

Indeed, surface oxidation of the thin film samples can affect
the accuracy of the toughness and EWF measurements.
To address the issue of surface oxidation, we performed a
series of HRTEM, EDS and XPS experiments. The element maps
for sample 1 are displayed in Fig. S7 (ESIt), and the detailed
proportions of each chemical element for samples 1, 2, and 3
on single crystal silicon substrate are included in Table S1
(ESIT) (EDS) and Table S2 (ESIt) (XPS). First, from Fig. S7 (ESIt),
one can see that the distributions of different elements for
sample 1 are uniform without any signs of element segregation.
Second, the oxygen contents for samples 1, 2 and 3 are 1.27%,
1.17% and 1.41% based on the EDS results and 1.16%, 1.21%
and 1.08% based on the XPS results. It is clear that the oxygen
contents for all of the MGF samples are close and very low,
demonstrating that the prepared films in this work exhibit
good oxidation resistance. Additionally, the surface roughness
results in Fig. 1b also confirm that the MGF surface is very
smooth and there is no serious surface oxidation. Therefore, for
the toughness and EWF measurements, the influence of sur-
face oxidation should be negligible.

Currently, there are two methods for measuring EWF, ultra-
violet photoelectron spectroscopy (UPS)”> and KPFM. Typically,
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Fig. 3 (a) Scheme of the correlation between the atomic bond breaking during fracture and the electronic energy transitions. (b) Sketch of the KPFM
setup and the EWF measurement principle. (c) EWF map of the Zr-Ti-Cu—Al MGF material library via KPFM. The three purple stars 1, 2 and 3 stand for
three selected MGFs for the following tests as strain-sensing materials: ZrzgTiioCuz0Alr3, ZragTigCus7Al7, and ZrgiTioCussAly,. (d) Plot of EWF and

toughness for a series of Zr—Ti—-Cu—-Al MGFs in this work.

the method chosen for the EWF measurements depends on the
sample type, surface conditions, and measurement require-
ments. Compared with UPS, KPFM is a simple, rapid, high-
resolution, and non-destructive technique for measuring the
EWF. Moreover, KPFM is one preferable method to do the high
throughput measurement in this work. Therefore, herein, we
chose the KPFM method for the EWF measurements. The
scheme for measuring the EWF by KPFM is depicted in
Fig. 3b. When the conductive probe is grounded and contacts
with the surface of the testing material, the potential difference
Vepp can be quickly established. Considering that the EWF of
the applied platinum probe (¢r) is 5.65 eV, the EWF of the
sample (@g) can be determined as follows:”?

¢s = ¢t — eVepp. (7)

Based on the above measurement principle, the EWF map
for the Zr-Ti-Cu-Al MGF material library was obtained and
shown in Fig. 3c. Clearly, the EWF exhibits the evident chemical
composition dependence, which is similar to the toughness in
Fig. 2c. It is interesting to find that the compositions on the
bottom left side (Al-rich MGFs) display the maximum values of
the EWF. This result is in line with the maximum values of the
toughness within the almost same composition space.

What is more, the values of EWF for the samples 1, 2, and 3
were determined to be 5.62, 5.57, and 5.57 eV, which show a
positive correlation with the toughness. In order to further
provide a more comprehensive explanation for the correlation
between the EWF and the toughness, we also prepared another
Zr-Ti-Cu-Al MGF material library with different composition
ranges. The corresponding chemical composition map is

This journal is © The Royal Society of Chemistry 2025

displayed in Fig. S8 (ESIt). Both of the values of the EWF and
the corresponding toughness with the same composition are
plotted in Fig. 3d. One can clearly see that there actually exists a
positive correlation between toughness and EWF. The detailed
physical mechanism of this positive correlation in MGs needs
more experiments and simulations to clarify, which will be the
focus of our future research.

These results confirm that for MGFs, the larger the EWF, the
larger the toughness and the less likely fracture occurs. The
physical mechanism being responsible for such correlation can
be explained. It is known that the activation energies for crack
initiation, which determines the fracture toughness, are closely
related to the electronic state. A higher EWF corresponds to a
higher stability of electrons in metallic bonds within MGFs.
Thus, a larger driving force is required to change the electron
state associated with a high EWF in order to achieve electronic
rearrangement, which corresponds to a certain mechanical
deformation. Therefore, the resistance of a metal to fracture
should be, in general, consequently larger when its EWF is
higher. By combining the XRD results in Fig. 1¢c and HRTEM
results in Fig. S5 (ESIT), it implies that the electronic feature
may be a more key and direct factor than the atomic structure
governing the toughness of MGs. Therefore, the above results
demonstrate that EWF may be considered as a promising and
effective indicator to develop tough MGs, providing critical
clues for element selection and material tailoring.

On the other hand, it should be noted that the parameter of
EWF may be useful to study the size effect or other external
treatments on the various mechanical properties of MGs. For
example, for the bulk MG and MGF with the same composition,
the electron states should be significantly different due to
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different atomic structures. Thus, there should appear one
obvious change for the EWF. Thus, it is expected that this
simple but fundamental parameter may lead to the develop-
ment of new methodologies or supplementary approaches for
designing and tailoring MG materials with improved mechan-
ical properties on a feasible electronic base.

Preliminary assessment of tough Zr-Ti-Cu-Al MGFs as strain-
sensing materials

For strain-sensing materials, the large elastic strain and the
good crack-resistance under cyclic deformation are the key
performance metrics for determining the service life.'>*"”* In
order to explore the potential applications of MGFs in the field
of soft electronics, we did the preliminary assessments of the
elastic strain and the crack-resistance performance in tough Zr-
Ti-Cu-Al MGFs. For simplicity, we selected three screened
samples 1, 2, and 3 as the research subjects considering that
these three samples display significantly different toughnesses.
Meanwhile, the composition of sample 3 has been previously
reported and it possesses a huge toughness like that of the
bulk, which is up to about 130 MPa m*?2.*® Different from the
above combinatorial MGF material library, the MGFs as the
strain-sensing materials were deposited on the flexible PET
substrates. The choice of PET substrates is due to their good
transparency, glossiness, easy availability, low cost, and excel-
lent stretchable properties.”

Fig. 4a shows the optical image of one flexible MGF for
sample 1 with a thickness of about 1000 nm and an area of
about 8 cm®. The fabricated MGFs demonstrate excellent flex-
ibility by easily bending to nearly 180° without noticeable
cracks. What is more, all of the MGFs are smooth and shiny,
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showing their low roughness and good smoothness. To verify
the amorphous nature of three MGFs, XRD tests were con-
ducted and the detailed results are shown in Fig. S9 (ESIf).
Clearly, all film samples exhibit prominent broad diffraction
peaks, which is the characteristic of amorphous MGs. The
slight differences in peak positions are attributed to the varia-
tions in chemical compositions of different MGF samples.

For MGs, the substrate plays a key role in the structures and
the properties of the deposited films.”®”” In this work, all of the
preparations were conducted at room temperature, which
excludes the substrate temperature effect on the MGFs. During
high throughput screening of toughness, the nanoindentation
tests were done on the MGF samples deposited on single-crystal
silicon. In contrast, the MGF samples for the strain-sensitive
materials were deposited on the soft PET substrate. To verify if
the hard single-crystal silicon and the soft PET substrate affect
the composition and the toughness of the prepared MGFs, a
series of XPS and nanoindentation tests were conducted. The
detailed values of the chemical compositions and the tough-
nesses for samples 1, 2 and 3 with two different substrates are
shown in Fig. S10 (ESIt) and Table S2 (ESIt). Clearly, different
substrates do not affect the chemical compositions and the
corresponding toughnesses for all of the three MGFs. Thus, the
substrate effect can be eliminated in the current work.

In order to test the elastic deformation ability and the
electrical signal stability during cyclic deformation of MGFs,
we designed an in situ tensile platform combined with the
electrical signal measurement instrument, as illustrated in
Fig. 4b. Firstly, to determine the elastic strain limit for these
MGF materials, a series of uniaxial tensile tests were conducted
and the displacement rate was set to be 0.05 m s .

d 4
@ 2% strain @ #1
0—#2
3+ o—#3
Q:Q
~ 2+ é__ Y .
* et a1
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Fig. 4 (a) The opticalimage of one flexible MGF for sample 1. (b) The schematic diagram of the in situ tensile platform combined with the electrical signal
measurement instrument. (c) The tensile stress—strain curves of MGF samples 1, 2, 3 and PET material. The inset shows the corresponding elastic strain
limits. (d) The evolution of relative resistivity R/Ro of samples 1, 2 and 3 with different stretching cycles under 2% strain.
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5000 Cycles

Fig. 5 SEM images of the surface morphologies for three MGF samples after different cyclic stretching tests: O cycles (a), (d) and (g), 5000 cycles (b), (e)
and (h). Three yellow rectangles mark the selected regions for three MGFs. The SEM images (c), (f) and (i) give the magnified surface morphologies
corresponding to the selected local regions in (b), (e) and (h). The red arrows point to the formed cracks on the sample surface.

The detailed tensile stress-strain curves are displayed in Fig. 4c.
For reference, the single PET material was also tested and this
result is also included in Fig. 4c. These results clearly show that
the elastic strain limits for MGF samples 1, 2, and 3 are 2.05 £
0.07%, 2.31 £ 0.07%, and 2.45 + 0.06%, respectively. In
contrast, the elastic tensile strain limit of the PET material is
only 1.25 & 0.07%. For this lower tensile strain limit of the PET
material, it tends to undergo viscoelastic deformation during
stretching’® and the viscoelastic deformation strain is much
larger than the elastic strain limits of the MGFs. Thus, the PET
material with smaller elastic strain will not affect the elastic
deformation of the MGFs and the following cyclic
performance tests.

According to the above results and discussions, the parameters
for the cyclic stretching tests of three MGFs are as follows: the
fixed cyclic tensile strain is 2%, the stretching rate is 0.05 m s™ %,
and the cycle numbers are set as 1000, 2000, 3000, 4000, and 5000,
respectively. The electrical signal stability of three MGFs was
measured using four probe measurement methods after different
cycle numbers of cyclic stretching under 2% strain. The detailed
results for the relative resistivity R/R, (R, is the resistivity of the not
deformed sample) are displayed in Fig. 4d. With the increase of
the cycle number, three MGF samples display different evolution
trends. For sample 1 with the largest toughness, the relative
resistivity does not increase (1.17 + 0.19 after 5000 cycles marked
by the red dashed rectangle). For sample 2 with medium tough-
ness, there is a slight increase of the relative resistivity (1.51 + 0.12
after 5000 cycles marked by the blue dashed rectangle). In
contrast, for sample 3 with the minimum toughness, there
appears a gradual increase trend with the increase of the cyclic
number (2.52 + 0.13 after 5000 cycles marked by the green dashed
rectangle). And the relative value changes by approximately two
times after 5000 cycles, which indicates that there appears a large
structure change for sample 3.

This journal is © The Royal Society of Chemistry 2025

To check the detailed change for three samples, we observed
the surface morphologies of three MGFs after 5000 cycles. The
detailed SEM images for three MGFs are shown in Fig. 5. Before
cyclic stretching, there were no noticeable cracks on the surface of
all three MGFs, as shown in Fig. 5a, d and g. After 5000 cycles of
cyclic stretching, multiple cracks appear on the surfaces of sam-
ples 2 and 3, while sample 1 remains smooth without cracks (see
Fig. 5b, e and h). To further investigate the detailed crack
morphology on the surface of the MGF samples, three local
regions marked by yellow rectangles are separately selected in
Fig. 5b, e and h. The amplified SEM surface morphologies are
shown in Fig. 5¢, f and i. One can clearly see that there actually are
no significant cracks on sample 1. In contrast, there appear two
kinds of different crack morphologies on samples 2 and 3. For
sample 2, the cracks are long and scattered, exhibiting a stripe-like
distribution, and the distance between the cracks ranges from 400
to 700 nm. The sample 3 displays the denser island-like cracks,
and the distances between cracks lie around 50-200 nm. By
comparing the results of the resistivity for three MGFs in Fig. 4d,
different evolution behaviors of the relative resistivity for three
MGFs are mainly induced by different surface morphologies
during stretching tests. Sample 1 does not have the crack and
thus its electrical signal stability is the best. For sample 3, 5000
cycle stretching leads to a great deal of cracks and then to the worst
electrical signal stability. Therefore, the screened tough MGF
sample 3 based on the current high throughput development
can be used as the strain-sensing materials in view of their
excellent elastic strain limit and good crack-resistance.

Conclusions

In summary, we proposed one effective high throughput strat-
egy to fast screen MGFs with large toughness via the
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nanoindentation energy conversion method. A quaternary Zr-
Ti-Cu-Al MGF material library was fabricated using magnetron
co-sputtering technology and the corresponding toughness
map displays the obvious composition dependence. Consider-
ing that the EWF represents the intrinsic atomic bonding
strength, the combined EWF distribution was detected by
KPFM to understand the composition dependence of tough-
ness from the electronic perspective. It was found that there
exists one positive correlation between the toughness and the
EWEF. A higher EWF corresponds to a higher stability of
electrons in metallic bonds within MGFs, which leads to larger
toughness. Finally, the preliminary assessments of the
screened Zr-Ti-Cu-Al MGFs as strain-sensing materials were
conducted. It was verified that the MGFs with large toughness
can be used as the potential optimal strain-sensing materials
due to their excellent elastic strain limit and good crack-
resistance. The current high throughput development strategy
is simple but effective, and will be useful for developing high-
toughness MGFs aiming to apply them in soft electronics.
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