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h i g h l i g h t s

� The mechanical properties and
thermal stability of nanostructured
columnar Zr100-xCux thin film metallic
glasses were investigated and
compared to those of homogeneous
films.

� Crystallization temperature, hardness
and elastic modulus were found to be
mostly dependent on composition
and local atomic order rather than
from film nanostructure.

� Viscoplastic behavior show high
influence on both film composition
and nanostructure, with columnar Zr-
rich films showing higher tendency
toward serrated flow deformation.

� Resistance to cracking is higher for
Cu-rich and homogeneous films
thanks to the higher density of full
icosahedral atomic packing, while
interfaces favored crack initiation.
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a b s t r a c t

Thin film metallic glasses (TFMGs) are a novel class of materials showing a mutual combination of large
plastic deformation in tension (>10% strain) and superior yield strength up to � 3.5 GPa, which make
them ideal candidates for applications such as flexible electronics. Nevertheless, a clear relationship
between the atomic structure and mechanical properties of TFMGs has not yet been achieved. In partic-
ular, the role of composition in determining a different local atomic order and the effect of nanostructure
on TFMGs properties must be further investigated. In this work, the mechanical properties and thermal
stability of several amorphous Zr100-xCux TFMGs with either compact or fine columnar nanostructure
were studied. The mediating role of composition in controlling crystallization temperature and hardness
is here reported, which was found to increase from 4.6 to 7.7 GPa with increasing Cu content from 26 to
76 at.%. Moreover, plastic behavior and fracture resistance are shown to be highly dependent on both
composition and nanostructure, with the Cu-rich and homogeneous film able to withstand elongation
up to 2% strain before crack initiation. These results underline how atomic structure changes induced
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by composition can effectively influence TFMG properties, while demonstrating an approach to tune their
behavior for various technological applications.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Bulk metallic glasses (BMGs) represent an exciting class of
metallic alloys with unique mechanical properties such as elevated
yield strength up to 2 GPa combined with large elastic
deformability � 2% [1]. Unfortunately, the application of BMGs as
structural materials is hindered by their lack of ductility at room
temperature due to the activation of narrow � 10 nm thick shear
bands (SBs) during plastic deformation in tension [2,3]. However,
this macroscopically brittle behavior can be drastically reduced
by decreasing the sample size down to the micrometer scale [4].
Indeed, thanks to the activation of these mechanical size effects,
catastrophic SBs can be delayed or even suppressed. For these rea-
sons, thin film metallic glasses (TFMGs) report high hardness in
combination with impressive yield strength up to � 3.5 GPa, but
also a retained ductility, sustaining plastic deformation up
to � 10% strain in tension [5]. These properties make TFMGs out-
standing candidates for applications such as flexible or wearable
electronics [6]. Molecular dynamics (MD) simulations and experi-
mental works on metallic glasses, including ZrCu alloys, have
shown that composition affects local atomic order, which can sig-
nificantly influence the mechanical behavior [7-9] and thermal sta-
bility [10-13]. However, a strong fundamental understanding of
the link between atomic structure and mechanical properties has
not yet been achieved. For example, a key unanswered question
concerns the precise role of metallic glass composition, affecting
atomic structure and consequent influence on mechanical proper-
ties and thermal stability against crystallization.

Binary ZrCu alloys represent an ideal candidate to address this
fundamental question, due to their lower complexity compared
to multi-component alloys, their wide amorphization range
from � 30 to � 85 at.% Cu, and the established sensitivity of their
properties to composition [7,10]. Moreover, ZrCu TFMGs have been
reported to show excellent mechanical properties such as large
tensile yielding strength and elongation to failure up to 2.6 GPa
and 9% respectively [14].

Recently, attention has also been given to the synthesis of
nanostructured MGs, often referred as nanoglasses (NGs), usually
obtained by compaction of MG powders [15,16], but also via
nanostructured TFMGs reporting columnar morphologies [17,18].
This specific class of amorphous materials show different struc-
tural characteristics compared to their homogeneous counterparts,
such as an increased free volume content due to the higher degree
of disorder present at glass-glass interfaces [15,16]. The nanostruc-
ture can also influence the mechanical behavior, in particular the
plasticity, where uniform plastic deformation occurs in contrast
to homogeneous MGs [16,19-21].

In this work, the effect of composition and nanostructure on
mechanical properties and thermal stability of ZrCu TFMGs is stud-
ied extensively, combining different characterization techniques.
Films having either a homogeneous or a nanocolumnar morphol-
ogy, with average column diameter of � 20–50 nm, were deposited
by magnetron sputtering enabling precise control over composi-
tion through fine regulation of process parameters. Scanning elec-
tron microscopy (SEM) and electron dispersive X-ray spectroscopy
(EDX) were used to investigate sample morphology and chemistry,
while material structure, thermal stability and devitrification pro-
cesses were studied by X-ray diffraction (XRD) (i.e. from room tem-
perature up to 600 �C). Hardness (H) and elastic modulus (E) were
2

evaluated by nanoindentation and surface Brillouin spectroscopy
(SBS).

A comparison is then made with previously reported mechani-
cal properties and crystallization temperature of homogeneous
ZrCu TFMGs [7,10,11] and the effect of nanostructure is discussed.
In addition, deep investigations on the films plastic and viscoplas-
tic behavior by nanoindentation and a study of the fracture resis-
tance of ZrCu TFMGs during tensile tests performed on flexible
substrates are presented. The obtained results are discussed both
on the basis of the effect of composition and related changes in
the local atomic order, together with the role played by nanostruc-
ture in influencing films mechanical behavior. Overall, this study
paves the way for a better design of ZrCu TFMGs and their applica-
tion in growing domains such as high resistance coatings and
stretchable electronics.
2. Experimental

2.1. Film synthesis

ZrCu TFMGs were deposited by magnetron sputtering (Bestec
GmbH) using pure Cu (99.999% pure) and Zr (99.2% pure) targets
both purchased from Kurt J. Lesker�. Cu was placed on a RF cathode
due to its higher sputtering rate, while a DC cathode was used for
Zr, enabling precise composition control. Prior to deposition the
chamber was pumped down to a base vacuum pressure < 10-6

Pa, after which Ar gas was introduced at a rate of 20 cm3/min to
reach a target of 0.5 Pa. ZrCu TFMGs were grown on either Si
(100), Si (100) coated with 50 nm thick amorphous SiNx, or on
flexible Kapton� substrates. Substrates were placed at a distance
of 239 mm from the cathodes and rotated at 30 rpm to obtain
higher thickness homogeneity. The control of power values applied
to RF and DC cathodes, ranging from 20 to 300 W, enabled a fine
tuning of film composition. Films were deposited with thicknesses
of both 400 nm and 1 lm, with deposition times varying between
15 min and 1 h.
2.2. Structural characterization

Scanning electron microscopy (Zeiss-Gemini 500 SEM) was
used to measure film thickness and inspect morphology, while
the atomic composition was determined by energy dispersive X-
ray spectroscopy (EDX), setting the acceleration voltage of 15 kV
and using the EDAX Genesis spectra analysis software. EDX mea-
surements were performed on several areas of the samples with
1 lm thick film thickness without observable signal from the Si
substrate. The deviation between multiple SEM-EDX measure-
ments for a specific ZrCu film composition was always below 0.4
at.%. All EDX data reported in this paper are given in at.%.

Atomic force microscope (AFM) measurements were carried out
with a Digital Instruments Dimension 3100 AFM, to evaluate the
surface topology and the roughness. The measurements were car-
ried out in tapping mode with a tetrahedral silicon tip of 7 nm
diameter. Scans were performed in air at 0.5 Hz.

Structural investigation of the films deposited on Si (100) was
carried out by grazing incidence X-ray diffraction (GIXRD, Cu Ka
radiation, k = 0.154 nm), with a Rigaku SmartLab 9 kW diffrac-
tometer. Measurements were performed at 45 kV and 200 mAwith
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Fig. 1. Influence of composition on ZrCu atomic structure: XRD spectra of ZrCu
films with different Cu contents, showing amorphous atomic structure for
compositions between 26 and 85 at.% Cu. The shift in peak position toward higher
2h is due to a decrease of the average atomic distance with Cu enrichment.
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XRD acquisition in the 20�-100� 2h range using continuous scan
mode, with step size of 0.01� and scanning speed of 0.75�/min.

Thermal stability and the onset of crystallization were evalu-
ated through acquisition of in situ XRD spectra and increasing the
temperature from Troom up to 600 �C. In order to prevent possible
thermally activated interdiffusion phenomena and Zr-Si reactions,
these films were deposited on Si (100) wafers coated with an
amorphous SiNx diffusion barrier layer. The heating ramp was set
to 30 �C/min and diffractograms were recorded at constant tem-
peratures every 30 �C. Samples were placed in a stable controlled
He atmosphere at 1.35 � 105 Pa to avoid oxidation. Measurements
were performed with the same set-up as for the as-deposited films,
but using Bragg-Brentano geometry (h/2h scan axis) with a short-
ened range from 25�-90� scanned in continuous mode, a step size
of 0.01� and scanning speed of 3�/min. An offset of 3� was intro-
duced to avoid the Si substrate signal.

2.3. Nanoindentation

Nanoindentation tests were carried out using a diamond Berko-
vich tip (Synton-MDP AG, Switzerland) mounted on a KLA G200
Nanoindenter XP head. Prior to testing, the tip area function was
calibrated on fused silica. Measurements performed at room tem-
perature under load-control mode, using continuous stiffness mea-
surement (CSM) method provided values of hardness (H) and
elastic modulus (E) with increasing penetration depth. The allow-
able maximum drift rate was set to 0.05 nm s�1 and the load rate
( _P=PÞ fixed to 0.05 s�1. The maximum indentation depth was lim-
ited to 500 nm and values of H and E were extracted for depths
between � 50 nm and 100 nm (i.e. below � 10% of film thickness)
to avoid substrate influence, using the Oliver and Pharr method
[22].

The time-dependent mechanical response of ZrCu films was
analyzed using a standard indentation method imposing different
load rates ( _P=PÞ. Applied load rate is given by the ratio between
maximum load and indentation duration. Maximum target load
was fixed to 50 mN (i.e. corresponding to maximum penetration
depths of � 550 nm and � 620 nm, depending on film composi-
tion) and the total indentation duration varied from 2 to 30 s,
resulting in load rate values spanning from 1.6 to 25 mN/s.

2.4. Surface Brillouin spectroscopy (SBS)

SBS experiments were performed in the standard back scatter-
ing geometry for opaque materials [23,24], with incident laser
beam (single mode solid laser Torus, Quantel) wavelength of
k = 532 nm. The wave vector modulus of the thermally excited sur-
face acoustic waves (SAW) is defined by Q = 4p/kLsin(h). The sound
velocity (V) of SAW is calculated by the relation V = 2pF/Q, with F
being the measured Brillouin frequency shift. In the specific case of
TFMGs, elastic properties are defined by only two independent
elastic constants C11 and C44=(C11-C11)/2, from which the elastic
moduli and Poisson ratio can be calculated. By considering the
scattering of light by the ripple mechanism [25] with known mass
density (q) and thickness (h) of the film, the Brillouin spectra can
be fit by the power spectrum of the vertical displacement Uz
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(z = 0, F) of the free surface of the film. The mass density of ZrCu
TFMGs was evaluated by measuring film mass with a microbal-
ance, while volume was estimated by measuring film thickness
by SEM and knowledge of the substrate surface area. This was
found to be in good agreement with the rule of mixture based on
the film composition (at.%) and Zr, Cu atomic masses. For films
with moderate thickness of � 400 nm, several peaks with decreas-
ing intensity are observed in the SBS spectra. The peak of lowest
frequency (FR) is attributed to the Rayleigh surface wave, which
3

has the particularity to be closely related to the shear sound veloc-
ity VS=(C44/q)1/2 and shear elastic constant [26], and above to the
Sezawa surface waves (Si) [27].
2.5. Tensile test on flexible substrates

Tensile tests were performed on films deposited on flexible
Kapton� substrates, using a 300 N Deben tensile machine com-
bined with a Keyence confocal microscope. The tensile speed was
0.2 mm/min and sample length 30 mm, corresponding to a strain
rate of ca. 1.1 � 10-4 s�1. Objectives of 10 � or
20 � magnification were used to visualize a sufficient number of
cracks and buckles, in order to determine linear or surface density.
Since confocal microscopy acquisitions require a few seconds col-
lection time, tests were stopped for each measurement. The linear
density of cracks (aligned orthogonal to the loading direction) and
the surface density of buckles were estimated by measuring the
number of cracks and buckles over the area of the sample (i.e.
700 lm � 525 lm of size) captured by the microscope objective.
These estimates were performed for each applied strain to measure
the evolution of these parameters with uniaxial loading.
3. Results and discussion

In this section, the film synthesis strategy is firstly introduced,
together with investigation of amorphous structure and morphol-
ogy by XRD and SEM. The results on thermal stability against crys-
tallization and mechanical properties dependence on composition
of ZrCu TFMGs then follows.
3.1. Synthesis of ZrCu TFMGs: Structure and morphology

Fig. 1 shows the XRD spectra of the various as-deposited ZrCu
TFMGs. The presence of the broad peaks between 30� and 45� typ-
ical of metallic glasses, shows that films are X-ray amorphous
within a wide compositional range spanning between 26 and 85
at.% Cu. For Cu contents below 26 at.%, or above 85 at.%, films have
a fully crystalline structure in good agreement with reports in lit-
erature [11]. An exception is found for the film with 93 at.% Cu,
where the amorphous peak at low 2h is still visible together with
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a sharper peak at 73� corresponding to Cu (220) phase, suggesting
the presence of partial crystallization in an amorphous matrix.

A first direct effect of composition on the atomic structure of
amorphous films can be detected by the shift on the peak maxima
position towards higher 2hwith increasing Cu content (Fig. 1). This
corresponds to a decrease of the average atomic distance [7], which
can be calculated through the Ehrenfest equation [28]: 2dsin
(h) = 1.23k, showing that the average atomic distance linearly
decreases from ca. 3.08 to 2.63 Å, for Cu contents of 26 at.% and
85 at.% respectively (Fig. S1 in the supplementary), following a
similar trend to what was reported by Apreutesei et al. [11] and
Zeman et al. [10]. Films with higher Cu content therefore, have a
denser atomic packing. Fig. 2 shows a comparison of top view
and cross-sectional SEM images of three different ZrCu TFMGs
namely: Zr24Cu76 (Fig. 2a-1, a-2); Zr52Cu48 (Fig. 2b-1, b-2); Zr61Cu39

(Fig. 2c-1, c-2). Fracture surfaces generated from cleavage of the
silicon wafer substrate (Fig. 2a-2, b-2, c-2) show a vein-like mor-
phology characteristic of metallic glasses as a further indication
of the amorphous nature of the films [3]. The Zr24Cu76 film displays
homogeneous morphology (Fig. 2a-1, a-2), however, films with Cu
content below 50 at.%, such as Zr52Cu48 (Fig. 2b-1, b-2) and Zr61-
Cu39 (Fig. 2c-1, c-2), show presence of a nanostructured columnar
morphology with an average column diameter of � 20–50 nm,
which are also visible in the top-view SEM images (Fig. 2b-1, c-
1). Even though this morphology resembles that of a nano-
crystalline film, the XRD spectra (Fig. 1) do not show any presence
of crystallization.

The presence of the columnar nanostructure for these Zr-rich
compositions can be related to the relatively lower power applied
to the RF cathode on which the Cu target was mounted, compared
to Cu-rich films. This, combined with the relatively large target to
substrate distance (i.e. 239 mm) would cause a less homogeneous
flux of the sputtered atoms, that reach the substrate with lower
energy leading to cluster growth and consequently to a columnar
structure, as also reported by other studies, on Au-based or Ni-
Nb TFMGs [17,18]. Despite the presence of a columnar nanostruc-
ture visible in SEM secondary electron images, all films possess a
Fig. 2. Morphology of ZrCu TFMGs: (top) SEM top view (bottom) and cross-section image
Zr61Cu39 (c-1, c-2) films. Insets in top view images show AFM scans of the corresponding
metallic glass vein-like fracture surface pattern is found for all compositions, while a colu
c-2).
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mirror-like surface, indicating a very low surface roughness. This
was confirmed through AFM measurements, showing that the root
mean square (rms) roughness has comparable values for both
homogeneous Zr24Cu76 (i.e. 1.1 nm) and nanocolumnar Zr52Cu48

(i.e. 0.9 nm) and Zr61Cu39 films (i.e. 0.9 nm) (Fig. 2).
The nanocolumnar morphology of Zr52Cu48 and Zr61Cu39 resem-

bles that of nanoglasses (NGs), a class of metallic glasses struc-
turally modified showing different amorphous ‘‘grains” separated
by amorphous interfaces. Experimental works and MD simulations
on ZrCu NGs, have shown that the glass-glass interfaces possess a
different atomic order as well as a higher free volume compared to
the core glass regions [16,19-21].

To study the effect of composition and nanostructure on the
mechanical properties of ZrCu TFMGs, three compositions were
studied in more detail: i.e. Zr24Cu76, Zr52Cu48 and Zr61Cu39. This is
rationalized as these three compositions belong to different
regions of the amorphous-ZrCu system, the middle of the amor-
phization range (Zr52Cu48), the boundaries of Zr-rich (Zr61Cu39)
and Cu-rich (Zr24Cu76) amorphous regions. Therefore, more pro-
nounced compositional effects on the thermal and mechanical
properties of ZrCu are to be expected.

3.2. Thermal stability and crystallization phenomena

Fig. 3a shows the evolution of the atomic structure, investigated
by XRD, as a function of temperature between Troom and 600 �C for
a film with composition Zr52Cu48. Similar graphs for Zr24Cu76 and
Zr61Cu39 can be found in the Supplementary Information
(Fig. S2). For all three studied compositions (i.e. Zr24Cu76, Zr52Cu48

and Zr61Cu39), the amorphous structure remains stable to at least
300 �C. From this temperature, crystallization starts to occur, ini-
tially preceded by surface oxidation phenomena evidenced
through the emergence at low 2h angles (i.e. � 27� in Fig. 3a) of
a ZrO2 peak, despite the use of a controlled He atmosphere. How-
ever, as seen from Fig. 3b, the sensitivity toward oxidation depends
on film composition, with a higher resistance for Zr52Cu48, where
oxidation appears only at 360 �C. In Fig. 3b the crystallization tem-
s of film fracture surface morphologies of Zr24Cu76 (a-1, a-2), Zr52Cu48 (b-1, b-2) and
surfaces; scale bars for SEM plane view and AFM images are the same. The typical

mnar nanostructured morphology is shown for Zr52Cu48 (b-1, b-2) and Zr61Cu39 (c-1,



Fig. 3. Thermal resistance against crystallization: (a) XRD spectra of Zr52Cu48 as a function of temperature. Oxidation occurs with formation of ZrO2 crystals at 360 �C, while
intermetallic phases start to appear from 390 �C, as indicated by the black arrow; (b) evolution of the oxidation and crystalitzation temperatures as a function of film
composition.
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perature (Tx) of ZrCu TFMGs is observed to initially increase with
Cu content, in good agreement with literature [11,29,30]. However,
structural stability of the glass phase for ZrCu alloys is expected to
show a maximum between 48 and 70 at.% Cu [11], as also con-
firmed by the presented results on Zr52Cu48 showing the highest
Tx among the three compositions studied. The highest thermal sta-
bility within the 48–70 at.% Cu range has several justifications.
From a thermodynamic point of view, formation enthalpy (DH)
of amorphous ZrCu has a minimum around 50 at.% Cu, which
translates in higher stability of the glass phase and therefore higher
resistance toward crystallization [31].

Moreover, thermal stability of the ZrCu amorphous phase can
be also related to the particular atomic packing within the 48–70
at.% Cu composition interval. Indeed, while amorphous, metallic
glasses exhibit a local atomic order within which neighboring
atoms can form clusters and various coordination polyhedra [32].
The topology and the volume fraction occupied by the formed
polyhedra are reported to be dependent on ZrCu composition. In
particular, glass forming ability has been linked to presence of pen-
tagonal Zr–centered clusters, which has a maximum around 65 at.
% Cu, making these compositions less prone to devitrification
[12,13].

Interestingly, the presence of nanocolumns and glassy inter-
faces seem not to affect the thermal stability of Zr52Cu48 and Zr61-
Cu39. Indeed, the nanostructured films show Tx values similar to
reports by Apretusei et al. using equivalent high temperature
XRD measurements [11], indicating that thermal stability of the
films is mainly affected by the strength of Zr-Cu bonds and the
composition.

When Cu content increases, for Zr24Cu76 films Tx drops to much
lower values (i.e. 330 �C, Fig. 3b). This can be attributed to a further
change in the atomic packing distribution and free volume caused
by the higher amount of Cu. Indeed, the volume fraction of icosa-
hedral clusters continues to increase with Cu content (but only
to � 75 at.% Cu), while the concentration of Zr–centered clusters
beneficial to glass forming ability start to already decrease
from � 60 at.% Cu, affecting the structural stability of Cu-rich
alloys.

Strengthening this assertion, Zr24Cu76 is the only composition
for which a sharp and intense Cu peak corresponding to the fcc
(200) phase appears from 330 �C (see Fig. S2). Furthermore, Zr24-
Cu76 has both the lowest oxidation and crystallization tempera-
tures among the alloys examined in this study, occurring
respectively at 300 �C and 330 �C (Fig. 3b).
5

3.3. Elastic properties and nanoindentation hardness

The hardness (H) of ZrCu TFMGs was evaluated using continu-
ous stiffness measurement (CSM) nanoindentation, while for elas-
tic properties, a comparison between nanoindentation and surface
Brillouin spectroscopy (SBS) was made. Nanoindentation values of
H and elastic modulus (E) were evaluated for 1 lm thick Zr24Cu76,
Zr52Cu48 and Zr61Cu39 films, at penetration depths between � 5–
10% and � 4.5–7% of their film thickness, respectively.

Fig. 4a shows the effect of composition on H and E evolution. It
can be noticed that E initially drops from � 87 GPa to � 76 GPa for
films with 5 at.% and 26 at.% Cu, as a consequence of the transition
from crystalline to amorphous structure. In contrast, within the
amorphous interval (marked by the grey background in Fig. 4a)
both E and H increase with Cu content, respectively, from 4.6 up
to 7.7 GPa and from 76 up to 116 GPa, in good agreement with
other studies on sputtered ZrCu TFMGs [7,33,34]. This behavior
can be explained by the shortening of interatomic distances and
the denser atomic packing, as Cu content increases, which induces
the increase in E [7]. This is in agreement with the shift of the
diffraction hump toward higher 2h (Fig. 1). Additionally, it has been
shown that the formation of full-icosahedral atomic packing
increasing the Cu at. %, which induces higher resistance toward
shear instability, and further supporting the increment of H [8,9].

Presence of nanocolumnar structure, for Zr52Cu48 and Zr61Cu39,
seems not to play a key role for the values of E and H, which are
comparable to those reporteded in literature for films with similar
compositions, but compact morphologies [7,33,34]. Further, it is
observed that despite the presence of very fine interfaces, within
the film nanostructure (possibly associated with higher free vol-
ume content), the average atomic distances, obtained from XRD
(see Fig. 2 and Fig. S1) are equivalent to those of homogeneous
films from other studies [7,34]. Therefore, it can be concluded that
in a first approximation, the mechanical behavior is mainly dic-
tated by the intimate atomic structure and strength of Zr-Cu bonds
even if a fine nanocolumnar structure is present.

To have a more complete investigation of elastic properties,
nanoindentation results were compared with SBS. The latter tech-
nique, based on laser interaction with surface acoustic waves, is
able to provide an accurate measure of elastic constants with the
advantage of not being affected by the presence of a substrate
[35]. Illustration of representative Brillouin spectra measured on
Zr52Cu48 and their fitting are shown in the Fig. S5. The Rayleigh
surface wave frequency (R) increases continuously versus the Cu



Fig. 4. Effect of composition on elastic moduli and hardness: (a, b) evolution of the elastic and shear moduli (extracted by nanoindentation and surface Brillouin
spectroscopy) and H, as a function of Cu content. All quantities increase within the amorphization interval for Cu-rich specimens.
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content; consequently, Rayleigh surface wave sound velocity (VR-
� bVS) and shear wave velocity (VS) increase as well. The variation
of the shear velocity is affected by the relative change in mass den-
sity and, thus, does not reflect in a direct way the evolution of the
shear elastic constant. As mass density monotonously increases
with Cu concentration (i.e. from 7.45 g/cm3 to 8.36 g/cm3 for Zr61-
Cu39 and Zr24Cu76 compositions), it is deduced that the shear mod-
ulus C44 = qVS

2 also increases as reported in Fig. 4b. The remaining
C11 elastic constant (through which E and Poisson’s ratio can be
calculated) is determined from the fitting of Sezawa surface wave
(Si) frequency positions. As expected from the decrease in the aver-
age interatomic distance (Fig. 1 and Fig. S1), E increases with Cu
concentration (see Fig. 4a) while Poisson’s ratio remains roughly
constant and equal to � 0.38 (Table S3).

This increase of shear constant C44 with addition of Cu is clearly
correlated to a strengthening of the plastic deformation resistance
[36]. Besides, Plummer et al. [37] demonstrated that the ratios of
elastic constants C44/C11 and C12/C11 can qualitatively describe
basic glassy properties for bulk metallic glasses, such as the fragi-
lity or interatomic bonding. For ZrCu TFMGs C44/C11 and C12/C11

remain close to values of 0.2 and 0.6, respectively (See Table S1).
This corresponds to a fragile-intermediate metallic glass behavior,
above the covalent region threshold defined by the Cauchy relation
C12 = C44, valid for central force acting between atoms (see Fig. S6),
similar to amorphous MoSi films [27]. The shear over bulk modulus
ratio (or Pugh’s ratio, G/B) remains between � 0.24–0.27, i.e. below
the brittle threshold value for amorphous materials, and therefore
plastic deformation is expected [26,38]. The Cauchy pressure is
positive, indicating a metallic bond character and potential for
plastic deformability [39].

The energetic driving force and resistance for shearing and
cracking in metallic glasses has been quantitatively evaluated by
Liu et al. [40] with a thermodynamic criterion, the cooperation
parameter d = (1 + m)2/12.65(1-2m)2, for better understanding the
intrinsic correlations between fracture toughness and Poisson’s
ratio. This quantitatively depicts the relative propensity of shearing
(d > 1) versus cracking (d < 1). The ZrCu films here investigated
have d � 1.5–1.9 (see Table S1), again indicating an aptitude for
plastic deformability.

3.4. Load dependent deformation and serrated flow behavior during
nanoindentation

To study the deformation and serrated flow behavior of ZrCu
TFMGs, standard nanoindentation measurements were performed
6

using different loading rates (i.e. from 25 mN/s down to 1.67
mN/s). The load–displacement (P-h) curves for 1 lm thick Zr24Cu76,
Zr52Cu48 and Zr61Cu39 films are shown in Fig. 5.

When high load rates are applied (Fig. 5a), no evident sign of
serrated flow is present except for Zr61Cu39. However, once the
load rate is decreased (Fig. 5b,c,d) serrations start to appear in
the form of sudden bursts of displacement increase at constant
load. In metallic glasses serrated flow is proven to be directly
linked to plastic deformation through the formation of shear bands
[3]. It has also been reported how indentation load rate below a
critical threshold would allow metallic glasses to accommodate
deformations through local atomic rearrangement occurring with
the activation of single shear bands [41]. Consequently, this gives
rise to serrated flow to appear in the form of displacement bursts
in the P-h curves (Fig. 5b). However, at indentation speeds above
the critical value, one single localized shear band will not be able
to quickly accommodate the applied strain, therefore multiple
shear bands must be generated and serrated flow is suppressed.

Therefore, the P-h curves appear more uniform (Fig. 6a). Notice-
ably, the critical load rate for appearance of serrations depends on
the ZrCu composition and nanostructure (Fig. 5). Zr61Cu39 shows
clear signs of serration at 10 mN/s (Fig. 5b), while for Zr52Cu48

and Zr24Cu76 (i.e. the latter shows a homogeneous morphology)
they start to appear only at lower load rates (i.e. 5 and 1.67 mN/
s, Fig. 5c, d).

Further, the nanoindentation strain rate curves can be exam-
ined (Fig. 6), following the methodology in Ref. [41]. When a con-
stant load rate is applied, strain rate varies during indentation
following a non-linear monotonic decreasing function of time, or
equivalently, of indentation depth. This can be described by e_i =
(1/h) (dh/dt), where h corresponds to penetration depth and t to
time [42].

However, strain rate curves in Fig. 6 show several peaks and no
continuous monotonic tendency. These peaks represent rapid
accelerations of the strain rate, which are directly linked to the
bursts present in load–displacement (P-h) curves and serrated flow
events in Fig. 5 [41]. From Fig. 6 it is observed that peak heights
increase for lower loading rates, but also that film composition
has an influence on strain rate: Zr61Cu39 shows higher peaks for
each of the considered indentation velocities (Fig. 6a). This can
be quantified by evaluating the strain rate peak intensity A = e_i,max/
e_i,base, as the ratio between maximum peak height (i.e. e_i, max) and
baseline strain rate value at the peak location (i.e. e_i, base). There-
fore, peak intensity (A) represents the factor by which the deforma-
tion is accelerated during serrated flow [41].



Fig. 5. Serrated flow behavior dependence on composition: nanoindentation load–displacement (P-h) curves with decreasing load rate values from (a) to (d). As load rate
decreases, single serrated flow events become more evident through the appearance of displacement bursts at constant loads. The Zr-rich Zr61Cu39 is the most prone to
serrated flow, which is already evident at higher load reate values (i.e. 10 mN/s, Fig. 5b) than for Zr24Cu76 and Zr52Cu48.

Fig. 6. Strain rate curves as function of composition and load rate: peaks in strain rate curves represents sudden accelerations in deformation speed coinciding with serration
(strain bursts) events. Peak intensities generally increase when load rate decreases and at higher penetration depths. It is noted that Zr61Cu39 (c) peaks are much larger
compared to those for Zr24Cu76 and Zr52Cu48 (a, b) for the same load rate values.
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From curves in Fig. 7a, which show the average strain rate peak
intensity (A) as function of loading rate, it is further noted how A
increases for all three ZrCu compositions with decreasing loading
rate. Nevertheless, except for the case of 25 Nm/s, Zr61Cu39 always
exhibits larger A values than both other compositions; a further
indication that it is more prone to form serrations and undergo
to shear band deformation. Finally, comparing average serration
7

sizes (Fig. 7) it is observed that they remain constant within error
as a function of loading rate, while composition have an evident
effect; films with lower Cu content present larger serration sizes.
Since serrations can be directly related to micro-plastic deforma-
tion events [43], this last result suggests that film composition
can control not only plastic deformation and serrated flow behav-
ior, but also the size of microplastic deformations.



Fig. 7. Analysis of serrated flow as a function of ZrCu film composition: (a) plot of average values of strain rate peak intensities calculated for all the different nanoindentation
loading rates (referring to strain rate curves in Fig. 5). Peak intensities are highest for films with Zr61Cu39 composition; (b) comparison of average serration sizes. Serrated flow
events are larger for compositions with lower elastic modulus/hardness.
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However, to have a better understanding of these results it is
necessary to discuss both the role of TFMGs composition and also
of the different morphologies, namely homogeneous and
nanocolumnar. First, effect of composition is considered, resulting
in different atomic packing.

Specifically, Cu-enrichment induces a different local atomic
ordering together with variation in average atomic distance, there-
fore affecting the deformation capacity of the films. MD simula-
tions on ZrCu metallic glasses have shown that Cu content can
control the local atomic order, inducing an increase of full icosahe-
dral packing for Cu-rich glasses, which is linked to higher resis-
tance to shear instabilities [8,9]. This strongly aligns with the
results, which show that films richer in Cu have higher resistance
against serrated flow.

On the other hand, it can be considered that a higher content of
free volume is expected due to the presence of glass-glass inter-
faces [16,19-21] within the nanocolumnar structure. Free volume
in MGs structure, has been indicated as the primary source for
shear transformation zones (STZs), from which SBs can nucleate
[3,44]. Therefore, the higher free volume content could justify the
larger plasticity due to micro-SBs activation for nanocolumnar
TFMGs, which translates to a higher tendency toward serrated flow
observed for nanostructured morphologies [44]. Nandam et al. [16]
reported on Zr50Cu50 nanoglasses (NGs), showing nanoindentation
curves without presence of serrated flow in contrast to melt-spun
MGs with homogeneous morphology. This was rationalized by the
large free volume content at the interfaces between the different
amorphous grains, enabling the simultaneous nucleation of
micro-SBs inducing a homogenous deformation of the NGs. How-
ever, it is worth to highlight the difference between the columnar
nanostructure obtained here by magnetron sputtering deposition
and the one of NGs obtained by inert gas condensation (IGC) fol-
lowed by high pressure compaction of the amorphous powder.
Indeed, in NGs free volume is homogeneously distributed among
their structure and can be associated to density fluctuations
between the dense amorphous cores and the interface regions with
lower atomic density and higher free volume content [16]. There-
fore, upon loading, nucleation of multiple micro-SBs could be
homogeneously distributed within the NGs structure, leading to
uniform deformation and smooth nanoindentation curves.

This is however different for nanocolumnar TFMGs, where the
free volume rich interfaces would be located at the boundaries
between the vertically aligned nanocolumns. Consequently, in this
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case free volume would not be distributed within the material as in
NGs, but rather more confined, favoring the nucleation of single
SBs. Therefore, this could justify the localized plastic deformation
and serrated flow behavior during nanoindentation (as in Fig. 5).
In addition, MD simulations have shown how mechanical proper-
ties of ZrCu NGs depends on the size of their nanostructure
[20,21]. Indeed, only NGs with grain sizes below 5 nm show homo-
geneous deformation, while NGs with larger grains showed nucle-
ation of localized SBs [20,21].

3.5. Crack and buckle evolution: Tensile tests on flexible substrates

Fig. 8 shows the surface evolution of damage for 400 nm thick
ZrCu films deposited on Kapton� substrates for three deformation
states: initial state, beginning of multi-fissuring, and buckling. The
experiments initially show an increase of crack density with
applied strain, followed by the initiation and multiplication of
buckles perpendicular to the straining direction due to differences
in lateral contraction of Kapton and ZrCu films [45]. The quantifica-
tion of crack and buckle densities as a function of external strain
are shown in Fig. 9. Fig. 9a shows the crack density as a function
of strain for the three compositions. Appearance of the first cracks
occurs at low deformation strains for Zr52Cu48 and Zr61Cu39

(�0.5%), while it is delayed for Cu-rich Zr24Cu76 film (�2.1%). A first
explanation of this delay with increasing Cu content could be a dif-
ference in the residual stress state. However, by performing an
order of magnitude calculation using the elastic constants mea-
sured by SBS, this would correspond to a difference of � 1.5 GPa
between Zr24Cu76 and the other two compositions, which is not
reasonable based on the small difference in power supply used
on Cu-Zr targets.

As discussed in Section 3.1, the AFM measurements show that
rms roughness values are comparable and very low (�1 nm) for
both nanocolumnar and homogeneous films. In addition, the anal-
ysis on crack spacing distribution show that crack bounding ratio is
equal to 2.1 and also that ratio between adjacent cracks spacing
always fall between values of 1 and 2 for all the films. This fulfills
the criteria for shear lag suggested by Taylor et al. [46]; accord-
ingly, it is possible to exclude effects of surface roughness or film
unevenness on the tensile test results.

Therefore, the explanation for the different cracking onsets is
likely found in an increased stiffness (i.e. elastic modulus) and cor-
responding work of separation for Zr24Cu76 due to the Cu enrich-



Fig. 8. Top view optical images of crack evolution during tensile testing of ZrCu films deposited on Kapton� substrates: from top to bottom (a, b, c) Zr24Cu76, (d, e, f) Zr52Cu48

and (g, h, i) Zr61Cu39. The vertical left side of the panel shows images of the films before strain is applied. Images in the central part, highlighted with red frames, show
elongations at which the coatings begin to crack. Cracks form perpendicular to the direction of tensile strain. On the right side are images of the samples after the appearence
of buckling events. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Resistance to cracking and buckling of ZrCu films deposited on flexible polymer substrates: (a) crack and (b) buckle density curves as a function of the applied
deformation. Both data show that with increasing Cu content resistance against crack formation and buckling increases.
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ment. This is in good agreement with results presented in the pre-
vious section and the respective discussion. The larger volume
fraction of full icosahedral atomic packing present in Cu-rich ZrCu
TFMGs increases their mechanical strength, due to the better resis-
tance of this structural configuration against shear instabilities
[8,9], and allows the films to better resist crack propagation. In
addition to this, the interfaces between the nanocolumns of Zr52-
Cu48 and Zr61Cu39 films could present preferential crack initiation
sites [47], and therefore further lower the resistance of the films
richer in Zr.
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Similarly, Fig. 9b shows the evolution of buckle surface density
with applied tensile strain due to lateral constriction. It was found
that the Cu-rich and homogeneous sample (i.e. Zr24Cu76) show a
higher buckling strain (about 12%), in good accordance with Wu
et al. [47]. This is explained by the higher film stiffness (i.e. elastic
modulus), delay in tensile cracking and stronger interface adhesion
[45]. In contrast, Zr61Cu39 shows a very low buckle strain, indicat-
ing low adhesion of the Zr-rich film on the Kapton substrate.

These results show that the control of composition and
nanostructure can help the design of TFMGs with higher cracking
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resistance and more compatible properties for applications such as
flexible electronics.
4. Conclusion

In this work the effects of composition and nanostructure on
mechanical properties and thermal stability of ZrCu TFMGs have
been investigated and compared to the existing literature. It is
showed that the presence of columnar nanostructure does not
have a large influence on elastic modulus, hardness and crystalliza-
tion temperature, which instead are mainly governed by film com-
position which controls both average atomic distances and local
atomic order.

On the other hand, investigations on the plastic, viscoplastic
and fracture resistance show how these parameters are influenced
by both composition and nanostructure. Specifically, it is proposed
that nanostructured Zr-rich films with expected larger free volume
content and interfaces, together with a lower fraction of full icosa-
hedral atomic packing, are more prone to the nucleation of single
SBs with deformation through serrated flow during nanoindenta-
tion and lower cracking resistance during tensile tests on flexible
substrates. In particular it was shown that:

� Despite their columnar nanostructure, and the expected larger
free volume content of glass-glass interfaces, Zr52Cu48 and Zr61-
Cu39 show higher thermal resistance against crystallization
than Cu-rich Zr24Cu76 film, in good agreement with literature.
This indicates that local atomic order, in particular the larger
presence of Zr-centered atomic clusters, has larger impact on
the thermal stability for the amorphous phase.

� Films with a nanostructured morphology do not show signifi-
cant differences in elastic modulus and hardness values (i.e.
compared to homogeneous films with similar compositions),
which continuously increase with Cu at.% content (i.e. between
26 and 76 at.%) due to the induced decrease of atomic dis-
tances and the increase in presence of full-icosahedral atomic
packing.

� On the other hand, viscoplasic behavior and plastic deformabil-
ity are influenced by both film composition and nanostructure.
Homogeneous Cu-rich films have a higher resistance toward
serrated flow, due to the larger presence of stable full-
icosahedral atomic packing, while nanostructured Zr-rich films
show higher tendency to form SBs and to serrated flow, due to
the expected larger presence of free volume located at columns
interfaces and the lower fraction of full-icosahedral atomic
packing.

� Similarly, Cu-rich films deposited on flexible substrates show
higher fracture resistance during tensile deformation, remain-
ing uncracked up to 2.1% strain; while interfaces of nanostruc-
tured films favor crack nucleation.

These findings confirm the key role of composition in control-
ling the structure and mechanical properties of ZrCu TFMGs, and
highlight how the nanostructure can also play a role in the plastic
deformation behavior. This not only underlines that structure and
properties of amorphous metallic films are intrinsically related,
but also how it is possible to rationally tune the mechanical
behavior of TFMGs, improving their suitability for myriad of
applications.
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