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a b s t r a c t
Mechanical size effects in Zr65Ni35 Thin Film Metallic Glass (TFMG) are studied with an emphasis on a
transition in failure mechanisms occurring below 500 nm. XRD and TEM analyses of Zr65Ni35 TFMG
conﬁrm the absence of a crystalline phase. The thickness effect on the mechanical properties of Zr65Ni35
TFMGs is investigated using nanoindentation, Brillouin spectroscopy, and fracture tests. Brillouin spectroscopy shows no variation of the elastic constants, while the hardness – measured by nanoindentation
– presents a continuous increase with decreasing ﬁlm thickness. The fracture surface of the TFMGs
involves corrugations which disappear when the thickness is reduced below 500 nm.
Ó 2013 Elsevier B.V. All rights reserved.

1. Introduction
The trend in industry towards miniaturization does not only
apply to microelectronics, but also to domains like micromechanics, optics and medical science. In the case of crystalline materials,
there are many difﬁculties in predicting the mechanical response
when the size of the system becomes close to the internal length
scale of the microstructure (such as the grain size in polycrystalline
materials), impacting the design of reliable systems [13,1]. Compared with conventional crystalline MEMS materials, TFMGs have
structural advantages among which high rupture strength or large
elastic deformation ability, owing to their disordered atomic structure [5]. Furthermore, crystalline materials are limited because of
the stress gradient that usually hinders their possibility to be
released from the substrate without bending, like in the case of
cantilever folding [15]. The physical properties of metallic glasses
can be tuned and mechanical properties can be enhanced by
changing their compositions as well as by the precipitation of
nanoscale particles [18]. As a consequence, TFMGs are good candidates for micro-components fabrication. Nevertheless, several
recent works have shown that their mechanical behavior might depend on the dimension of the tested samples as for their crystalline
counterparts [20,21]. Micropillar compression tests suggest that,
when the size of the sample is reduced below a few micrometers,
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the deformation is localized in shear bands [9,10] as for bulk samples, but with enhanced plasticity. When the size of the sample is
further reduced, another deformation regime is observed in which
metallic glass can deform plastically with no direct evidence of
shear banding [3]. Nevertheless, while this technique has the
advantages to be intuitive and easy to perform, it shows several
drawbacks and especially the Ga-ions surface damaging, when
prepared by focused ion beam (FIB) [8]. As a consequence, a monotonic trend of the main mechanical properties with the reduction
of the pillar diameter has not been demonstrated yet and controversy still exists about a transition of deformation mode from inhomogeneous, with shear bands formation, to homogeneous [4,19].
TFMGs hence are interesting as potential materials for microelectronics, but they also represent an alternative way avoiding
FIB milling to investigate size effects in metallic glasses. Here, we
present a study of elastic constants, hardness and fracture surface
analysis as a function of the thickness in the case of Zr65Ni35
TFMGs.

2. Experimental
Zr65Ni35 (at.%) TFMGs have been deposited with thicknesses from 300 up to
900 nm on a cleaned Si (1 0 0) substrate by means of DC-Magnetron sputtering (Alliance Concept AC450) within a clean room (class 1000) to limit sample contamination. In order to limit impurity contents and to control the ﬁlm stoichiometry, a
composite sputtering target was designed consisting of pure grade Ni rectangular
slices inserted into a pure Zr matrix. The composition of the ﬁlm has been checked
by energy dispersive X-ray spectroscopy (EDX) and electron probe micro analysis
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(EPMA) and found to be close to Zr65Ni35 with a negligible amount of C and O,
whatever the position on the silicon substrate. The ﬁlm atomic structure was
investigated by X-ray diffraction (XRD, Cu Ka radiation) using a grazing incidence
geometry to avoid Si substrate signal. The results were consolidated by cross-section transmission electron microscopy (TEM – CM20 FEG operating at 200 kV).
The elastic constants have been determined using the Brillouin light scattering
(BLS) technique, see [6] for details. The hardness has been measured by nanoindentation with a diamond Berkovich tip mounted on an Agilent G200 Nanoindenter
DCM II head. The force and vertical displacement resolutions are 50 nN and
0.01 nm, respectively. Prior to the beginning of tests, the tip area function was calibrated using a fused silica reference. The nanoindentation measurements were
performed under a load-control mode at room temperature. The allowable thermal
drift rate has been limited to 0.05 nm s 1. Sixteen indents were made within each
sample for statistical analysis and consistency inspection. The measurements were
carried out using the continuous stiffness measurements (CSM) technique providing the continuous hardness with increasing indentation depth with a constant
loading rate imposed equal to 0.05 s 1. The hardness was calculated using the
Oliver–Pharr method [12].
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Fig. 2. Evolution of the Young’s modulus and poisson ratio as function of the
thickness for Zr65Ni35 TFMGs. Both values are found independent on ﬁlm thickness
and equal to 71 GPa and 0.39, respectively.

Fig. 1 shows the X-ray diffractograms of Zr65Ni35. As expected in
the case of amorphous samples, two broad halos are present centered at 37° and 63°, respectively. Diffractograms involve the same
shape whatever the thickness, indicating a similarity in the atomic
structure for all TFMGs. In order to further conﬁrm the amorphous
structure of the ﬁlms, TEM electron micro-diffraction is reported in
Fig. 1 inset for a 900 nm-thick ﬁlm showing no atomic periodicity
as inferred from the presence of diffuse haloes. Fig. 2 reports the
values corresponding to the Young’s modulus and the Poisson ratio
as a function of the thickness of the TFMG. A constant value of the
Young’s modulus equal to 71 GPa is found whatever the thickness of the TFMG. This value is in relatively good agreement with
the value reported by Ristić et al. [16] and Dong et al. [7] who
found an elastic modulus equal to 65 GPa for ZrNi ribbons. Furthermore, Poisson ratio equal to 0.39 is found, independent of the ﬁlm
thickness. Those trends show that the elastic constants do not
depend on the thickness and are an additional proof that the local
atomic environment is the same for all thicknesses.
The hardness of the ﬁlms has been directly calculated on the
rough curve as a function of the indentation depth. In general,
the hardness of a thin ﬁlm is considered independent from the
underlying substrate as long as the penetration depth is shallow
enough, namely when the normalized indentation depth (corresponding to the indentation depth divided by the TFMG thickness)

is smaller than a critical value. This critical value is mainly dependent on the stiffness and strength ratio between the ﬁlm and
substrate [17]. For ﬁlms deposited on a stiff and hard substrate,
the ‘‘10% of ﬁlm thickness’’ rule of thumb is generally valid for
the critical penetration. The evolution of the hardness as a function
of the normalized indentation depth is given in Fig. 3a for Zr65Ni35
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Fig. 1. XRD diffractograms of Zr65Ni35 TFMGs with different thicknesses. A ﬁrst
sharp diffraction peak and a second broader peak at higher h angles are observed,
respectively, around 37° and 63°. In the inset, TEM micro diffraction pattern for the
900 nm-thick ﬁlm showing two diffuse haloes, further proving the ﬁlm’s amorphous structure.
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Fig. 3. (a) Hardness as function of normalized indentation depth for Zr65Ni35 TFMGs
with different thicknesses, vertical back lines represent the region in which ﬁlm
average hardness has been extracted. (b) Average hardness variation with the ﬁlm
thickness for Zr65Ni35 TFMGs on silicon substrate.
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Fig. 4. SEM fracture surface of Zr65Ni35 TFMGs with different thicknesses from (a) to (d), respectively, 300 nm, 400 nm, 520 nm and 900 nm. In all samples, the Si substrate is
located at the bottom part of the image. A corrugation pattern is visible only starting from 500 nm.

TFMGs with different thicknesses. We note that there is a large
plateau to which the indentation test produces substrate independent hardness measurements (black vertical lines in Fig. 3a) [17].
As a consequence, the extracted average hardness values (Fig. 3b)
are not affected by the artefact bump found at low normalized
indentation depth (Fig. 3a) as well as by substrate effects.
Fig. 3b shows the variation of the hardness as a function of the
ﬁlm thickness. The hardness increases with decreasing ﬁlm thickness from 6.4 to 7.2 GPa for the 900–300 nm-thick ﬁlm, respectively. Experimental results have shown an increase of the yield
stress when reducing the sample size [20,9]. Note that Ristić
et al. [17] reported values of around 5.2 GPa for Zr65Ni35 metallic
glass ribbons obtained using micro-hardness measurements, even
if it has been demonstrated that the hardness is dependent on
the applied load [15]. This general trend indicates a moderate ‘‘size
effect’’ associated to the plastic deformation mechanism. But, an
important point here is that the size effect remains present when
the hardness is compared at the same indentation depth (within
the substrate independent regime) and thus at the same indentation volume for different ﬁlm thicknesses. This might indicate
another source of size dependency linked to the ﬁlm thickness.
The origins of this effect is still under investigation.
Lastly we investigated the fracture mechanisms. Fracture tests
on TFMGs were addressed by cleaving both the substrate and the
TFMG, and observing the fracture surface by Scanning Electron
Microscope (SEM). Fig. 4 shows micrographs with various fracture
surfaces depending on the ﬁlm thickness. In all samples, a clear
interface separates the Si substrate (corresponding to the darker
bottom region) from the thin ﬁlm. A transition in the fracture morphology respectively for thin (6400 nm) and large (P500 nm)
thicknesses is observed. The formers show a uniform surface characterized only by a top folded part, whereas in the latter a corrugation pattern covers around 2/3 of the ﬁlm thickness leaving a
folded layer in the proximity of the top surface, likewise the thinnest ﬁlms (see for instance the 520 nm-thick sample, Fig. 3c). The
dimple structure has features similar to other BMGs fractured under compressive stress [2,23]. The small scale of the corrugations
(below 200 nm) is close to values reported by [22,11] for brittle
metallic glasses. According to Xi et al. [22], the corrugation size
is linked to the plastic zone at the crack tip, thus a nm-scale dimple
structure indicates a low fracture toughness.
4. Conclusion
In order to follow an alternative route to address mechanical
size effect in metallic glasses, various thicknesses of Zr65Ni35 thin
ﬁlms were deposited by DC magnetron sputtering. The amorphous
structure was checked by XRD and TEM. The elastic constants were

obtained by Brillouin spectroscopy and do not show any variations
with thickness, providing no evidence of atomic structural change
reducing ﬁlm thickness. On the other hand, it is shown that there is
an evolution of the plastic and fracture behaviors. Indeed, a moderate increase of the hardness is detected when the thin ﬁlm
thickness is decreased. Moreover, thorough observations of the
fracture surfaces of TFMGs were performed for different thicknesses pointing out a morphological transition, in which a corrugation pattern is visible above 500 nm, while a mirror-like surface
appears for thinner ﬁlms. A deeper analysis is in progress to
understand and model this transition.
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