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� Compact and nanogranular ZrCu/O
films were deposited by pulsed laser
deposition and annealed to
investigate thermal stability.

� Nanogranular films crystallize at 300
�C, while the crystallization of
compact films occurs >420 �C.

� The Young’s modulus and hardness
increase with annealing temperatures
due crystallization process, reaching
180 and 14 GPa for nanogranular
films.

� The residual stresses of compact films
increase with annealing temperature,
while for nanogranular ones they
reach a maximum at 420 �C,
indicating a complete crystallization.

� The evolution of structural/
mechanical properties is studied,
considering film morphology, local
chemistry and free volume.
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Binary ZrCu nanocomposite amorphous films are synthetized by pulsed laser deposition (PLD) under vac-
uum (2 � 10�3 Pa) and 10 Pa He pressure, leading to fully amorphous compact and nanogranular mor-
phologies, respectively. Then, post-thermal annealing treatments are carried out to explore thermal
stability and crystallization phenomena together with the evolution of mechanical properties. Compact
films exhibit larger thermal stability with partial crystallization phenomena starting at 420 �C, still to
be completed at 550 �C, while nanogranular films exhibit early-stage crystallization at 300 �C and com-
pleted at 485 �C. The microstructural differences are related to a distinct evolution of mechanical
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Pulsed laser deposition
Annealing treatments
Mechanical properties
Residual stress
properties and residual stress, with compact TFMGs showing the highest values of Young’s modulus
(157 GPa), hardness (12 GPa), strain rate sensitivity (0.096), and local residual stress (+691 MPa) upon
annealing at 550 �C, while nanogranular films reach the maximum values of mechanical properties at
485 �C followed by relaxation at higher temperatures due to complete crystallization. We show that
PLD in combination with post-thermal annealing can generate different families of amorphous films with
varying nanoscale morphologies, resulting in tunable mechanical properties and thermal stability, which
can thus be used for designing novel film configurations for different fields of application.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Metallic glasses are characterized by many unique mechanical
properties such as high yield strength (>2 GPa) and large elastic
deformation (�2 %) compared to crystalline metallic alloys coun-
terparts [1–4]. However, they suffer from premature failure caused
by the early formation of localized shear bands (SBs, �10 nm thick-
ness) that propagate nearly instantaneously leading to catastrophic
brittle fracture [5]. Nevertheless, this behavior can be mitigated by
reducing the thickness of the metallic glass down to the sub-
micrometer scale, activating mechanical size effects that could pre-
vent the formation of SBs [6,7]. This finding paved the way to the
study of thin film metallic glasses (TFMGs), showing homogenous
deformation with suppression of SBs as well as an improvement of
the mechanical properties [4,8], while leading to new paths for the
development of nanostructured metallic glasses by adopting
strengthening strategies so far applied for crystalline materials
such as multilayer formation [9–11] and grain refinement in the
so-called ‘metallic nanoglasses’ paradigm [12–14].

Recently, it has been discovered that pulsed laser deposition
(PLD) enables the synthesis of a novel class of ZrCu nanocomposite
amorphous films with a unique nanolayered structure, while con-
trolling the morphology by simply changing the background gas
pressure in the deposition chamber, resulting in the synthesis of
compact or nanogranular films [15]. This results in a tunable
mechanical behavior with a yield strength up to 3 GPa for compact
films and ductility > 9 % for nanogranular films [15].

The mechanical properties and thermal stability of ZrCu TFMGs
deposited by traditional methods like magnetron sputtering have
been extensively studied by the articles of Apreutesei et al.
[8,16], Zeman et al. [17] and Musil et al. [18].

However, the structural and mechanical properties of PLD-
deposited nanocomposite amorphous films have not been deeply
explored, especially regarding the effects of thermal treatments.
Thermal treatments constitute the simplest way to enlarge the
range of possible microstructures and properties that can be
reached for a given composition. Usually, thermal treatment of
bulk metallic glasses (BMGs) can be carried out above or below
the glass transition temperature (Tg) [19,20]. Specifically, if the
annealing is carried out at T < Tg, relaxation phenomena through
free volume annihilation leave the atoms more closely packed,
leading to a slight improvement of the mechanical properties
[21]. Zhu et al. [22] performed nanoindentation on Zr53Cu36Al11
after performing sub-Tg annealing at 553 K (0.8 Tg), reporting a
slight enhancement of the hardness and Young’s modulus from
5.6 and 99.2 GPa up to 6.1 and 105 GPa, respectively due to local
densification. Similar results are reported by Gu et al. [21] for Cu36-
Zr48Al8Ag8 BMGs, after annealing at 743 K for different times [21].
However, in-situ SEM compression test of micro-pillars reveal a
mechanical brittle behavior for highly relaxed specimens, with a
limited ductility [22]. This embrittlement is due to the reduced
probability of nucleation of multiple shear bands due to the reduc-
tion of free volume [23]. This has been confirmed by Murali et al.
[23] for bulk Zr41.2Ti13.75Cu12.5Ni10Be22.5 with a maximum stress
2

at fracture dropping from 11.2 down to 2.8 GPa after annealing
at 500 K (0.8Tg).

On the other hand, annealing treatments performed above Tg
lead to the growth of nanocrystals inside the amorphous matrix
which can have both positive and detrimental effects [19,24]. In
the work of Hajlaoui et al. [24], the fracture strain in compression
of a ZrCu-based BMGs increases from 2 up to 10%, after a controlled
annealing treatment generating a fine dispersion of nanocrystals.
The ductilization is associated to the nucleation of multiple com-
peting SBs which require high energy to percolate into a single
band, while acting as deflectors and improving fracture toughness.
On the other hand, Kumar et al. [19] found that crystallization
severely embrittles BMG with the average fracture strain decreas-
ing from 7.5 down to 1 % after annealing.

Despite these studies, a definitive understanding of the effects
of annealing treatment on TFMGs remains a very open field. Addi-
tionally the PLD films possess a unique structure which could be
affected by the annealing treatment in unexpected ways. Further-
more, there is no study which effectively includes the investigation
of atomic and microstructure structure mechanical properties and
residual stresses for such nanocomposite films as a function of the
annealing treatment.

In the present work, we focus on the effects of annealing treat-
ment (from 300 up to 550 �C) on thermal stability and devitrifica-
tion process, by investigating the evolution of atomic structure in
relationship with mechanical properties for ZrCu nanocomposites
deposited by PLD with different initial microstructures. The struc-
tural and morphological properties of the films are investigated by
X-ray diffraction (XRD), scanning electron microscopy (SEM) and
atomic force microscopy (AFM). Brillouin light scattering (BLS)
and nanoindentation are performed to determine the mechanical
properties such as the elastic constants, hardness and strain rate
sensitivity, while focused ion beam and digital image correlation
(FIB-DIC) are used to extract local residual stresses. We show a dif-
ferent thermal stability behavior with compact films that have not
completed their crystallization process while the nanogranular
films are completely crystallized. Our results pave the way to the
use of amorphous films possessing a combination of large mechan-
ical properties and controlled thermal stability by simply tuning
the deposition conditions and thermal treatment. Such materials
will have large potential impact in the future as protective coatings
to increase the wear resistance and fatigue life of engineering
alloys as well as for the design of new stretchable electronics and
memory storage systems such as resistive random access memory
[25].
2. Materials and methods

2.1. Thin film deposition and annealing treatment

Zr50Cu50 (%at) thin films were deposited by ablating a Zr50Cu50

(99.99% pure, produced by ‘MaTeck’) target with a ns-pulsed laser
(Nd:YAG, 1st harmonic, k = 1064 nm, repetition rate 10 Hz, pulse
duration 5–7 ns). The laser fluence on the target was set around
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20.0 J/cm2 and the laser pulse energy was 1850 mJ. Si (100) and
soda lime glass were used as substrates after being cleaned in
ultrasonic bath with isopropanol. The substrates were mounted
on a rotating holder with a fixed distance from the target equal
to 70 mm. All depositions have been carried out at room tempera-
ture in vacuum (2.1 � 10�3 Pa) or within a pure He atmosphere at a
pressure of 10 Pa to induce respectively the formation of compact
[26] and nanogranular cluster-assembled films [15,27]. The thick-
ness of the films is �800 nm, while the deposition rate was, respec-
tively, equal to 1 and 1.3 nm/s for compact and cluster-assembled
films. Post deposition thermal treatments were performed in a
custom-made oven in high vacuum (7.0 � 10�5 Pa) with both
ascending and descending thermal ramps equal to 10 �C/min and
an isothermal dwell time equal to 1 h. The examined annealing
temperatures were 300, 420, 485 and 550 �C.

2.2. Structural characterization

The crystallographic structure of the films was investigated by
XRD using a h-2h Bruker D8 Advanced system with Cu Ka radiation
(k = 0.154 nm). The measurements were carried out in grazing inci-
dence geometry with an incidence angle of 0.95� to avoid substrate
signal with a scan range 20-90�. Data were acquired overnight by
Lynx Eye detector in continuous scanning mode with a step size
of 0.14�.

A field emission scanning electron microscope (FE-SEM) Zeiss
Supra 40 equipped with energy dispersive X-ray spectroscopy
(EDX) was used to perform morphological and elemental charac-
terization of the films deposited on Si (100) substrates. The topog-
raphy and surface average roughness (Ra) was characterized by
using a Bruker atomic force microscope (AFM Dimension Icon, Bru-
ker�, Billerica, MA, USA) operating in standard tapping mode. The
AFM is equipped with a TESPA-V2 Bruker silicon probe featuring
a nominal cantilever elastic constant of 42 N m�1 and a tip with
a nominal radius of 8 nm. The AFM images were analyzed using
the software Gwyddion�. The surface roughness was determined
by measuring the average surface height of 10 � 10 lm2 scans.

2.3. Mechanical characterization with Brillouin light scattering (BLS)
and nanoindentation

In a BLS experiment, a monochromatic incident light beam is
inelastically scattered by the thermally excited acoustic waves
with a frequency shifted by ±F that can be analyzed with a Sander-
cock tandem Fabry-Pérot interferometer. The BLS spectra were
obtained in air at room temperature with an incidence angle of
65�with acquisition times of 1 h and 200 mW of a p-polarized inci-
dent light (wavelength k = 532 nm). For our opaque films, the scat-
tering mechanism is restricted to the scattering of light by the
dynamical corrugation of the free surface by surface acoustic
waves (SAWs) travelling parallel to the film plane [28] and having
a vertical displacement (uz(z = 0) – 0). The sound velocity of SAWs
is defined as VSAW = Fk/(2sinh). For our films, the Rayleigh surface
wave (R) was observed. The Rayleigh sound velocity (VR) is closely
related to the transversal sound velocity VT (VR � 0.92VT) [29]. From
VT, the shear modulus G (=C44) can be obtained through the rela-
tionship G = qVT

2 with q being the density of the film. From a fit
of higher frequency (Si), surface modes having a dispersive sound
velocity VSi, the second elastic constant C11 (C11 = qVL

2) is extracted
and then the longitudinal velocity, VL (the information regarding
the fits of the annealed ZrCu films can be found in the section 3
of the supplementary). Based on C11 and C44, we can obtain the
Young’s modulus (E) of the film with the equation:

E ¼ C44ð3C11 � 4C44Þ
ðC11 � C44Þ ð1Þ
3

The BLS characterization is justified by its nondestructive nat-
ure to determine the elastic properties of our films without extrin-
sic effects from the substrate, enabling also independent
assessment of the nanoindentation results.

Nanoindentation experiments have been carried out using a
KLA-Nanomechanics G200 with a Berkovich diamond indenter
operated in continuous stiffness measurement (CSM) mode to
determine the Young’s modulus (E) and hardness (H) as a function
of the indentation depth. A standard fused silica sample was tested
before and after the measurements for tip and frame stiffness cal-
ibrations. A minimum of 25 indentations were performed and the
Oliver and Pharr model [30] was applied to extract E and H at
indentation depth equal to 10 % of the film thickness [31].

The strain rate sensitivity (m) of the hardness has been calcu-
lated using @lnH=ð@ln _eÞ where _e is the representative indentation
strain rate [2,32,33]. This strain rate can be estimated as equal to
_P=2P where _P=P is the (constant) loading rate [32]. Three different
loading rates equal to 0.02, 0.05, and 0.1 s�1 have been used. The
activation volume (Va) is equal to 3

ffiffiffi

3
p

kT=mH where k is the Boltz-
mann constant, T is the test temperature and H is the mean hard-
ness over the range of strain rates.

2.3.1. Residual stress measurements
The residual stress was determined combining focused ion

beam and digital image correlation (FIB-DIC) micro-ring core
method and using a specifically developed automated procedure
within a FEI Helios Nanolab 600 dual beam FIB/SEM [34]. All the
films were deposited with conductive gold particles (thickness
� 10 nm) by sputter coater (Emitech K550) to acquire better reso-
lution SEM images with surface features, which are needed for DIC
analysis. The pillar milling was performed using an annular trench
with inner diameter of 6.5 lm, while employing a current of 48 pA
with an acceleration voltage of 30 kV. The high-resolution sec-
ondary electron images were obtained before and after each
milling step using an integral of 105 images at a dwell time of
50 ns. The milling process was carried out until the h/D ratio of
0.2 was achieved, where h and D represent the milling depth and
the pillar diameter, respectively. The h/D ratio of 0.2 ensures an
optimal strain relief, as demonstrated in Refs. [35,36]. After the
milling cycle, all images were post-processed with a customized
MATLAB based DIC code to determine the relaxation strain over
the pillar [34]. Assuming an equi-biaxial stress distribution, the
average stress r in the film was calculated by using the interpo-
lated relaxation strain at h/D = 0.2, E from the nanoindentation
experiments and m equal to 0.35 for compact films and 0.323 for
nanogranular films according to the following relationship [37]:

r ¼ � EDe
1� mð Þ ð2Þ

where De is the experimental relaxation strain at h/D = 0.2. The film
thickness was also measured on the same micrographs adopted for
the relaxation strain analysis. The step-by-step milling procedure,
highlighting the different stages of milling process along with the
film cross-section, is represented in Fig. 1.

3. Results and discussion

3.1. Structural and morphological properties

The X-ray diffraction patterns for compact and nanostructured
ZrCu films deposited under vacuum and 10 Pa He are reported in
Fig. 2a-b, respectively. Compact films are completely amorphous
up to 300 �C with a hump positioned at �38� in agreement with
Apreutesei et al. [8] for ZrCu TFMGs deposited by sputtering. At
420 �C films are still mainly amorphous, but small peaks are



Fig. 1. Representative micrographs of as deposited compact films from (a) to (e) of the step-by-step milled pillar used to determine residual strain as a function of milling
depth.

Fig. 2. XRD scans for compact (a) and nanogranular (b) ZrCu nanocomposite glass films annealed at different temperatures.
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emerging at 30.3� and �60� due to surface oxidation and thus the
formation of tetragonal ZrO2 [8]. Upon further annealing at 485 �C,
four peaks related to the tetragonal phase of ZrO2 appear together
with amorphous hump, indicating a progressive depletion of the
amorphous phase. The small shift of the amorphous hump position
(at �39�) can be associated to the depletion of Zr in the ZrCu amor-
phous matrix caused by the formation of ZrO2 due to the slight
presence of oxygen in PLD films which leaves a Cu-rich matrix with
shorter bond distance respect to the as deposited matrix (see sup-
plementary Fig. S1). The beginning of the crystallization process at
T > 420 �C is in line with the works of Apreutesei et al. [8,16],
reporting a crystallization temperature equal to 443 �C for ZrCu
TFMGs deposited by magnetron sputtering with a similar composi-
tion. Finally, at 550 �C the film has completed the transition from
amorphous to crystalline as observed by the disappearance of the
amorphous hump and the formation of crystalline peaks related
4

to monoclinic ZrCu, cubic Zr2Cu and tetragonal Zr2Cu, as expected
for composition close to Zr50Cu50 [38] (see supplementary Fig. S2).

Fig. 2b shows the XRD spectra for nanogranular ZrCu deposited
under 10 Pa He pressure. The as deposited film has two amorphous
humps at 32� and 42.6� that can be related to a Zr-O rich phase
(32�) and to a to Cu-rich ZrCu phase (42.6�) as already reported
in Ref. [15]. The presence of several peaks at 300 �C suggests that
formation a crystalline system which is composed by a complex
mixture comprising zirconium oxide either as tetragonal and
orthorhombic phases, a cubic phase of the Cu5Zr and an
orthorhombic phase of the Cu10Zr7 (see supplementary Fig S3).
The appearance of crystalline peaks at a lower temperature with
respect to compact films could be attributed to the presence of a
nanogranular morphology of the films with larger free volume/in-
terface content as well as by different local order. In fact the bond
dilatation due to Zr-O rich layer can favor the nucleation of crys-
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talline phases and atomic rearrangements upon heating [15].
Increasing the annealing temperature, namely from 420 up to
550 �C, the peaks related to tetragonal ZrO2, cubic Cu5Zr and
orthorhombic Cu10Zr7 emerge without leaving any traces of amor-
phous matrix (whose diffraction hump is still visible at 300 �C).
Upon crystallization, most of the Zr of the film has been converted
in ZrO2 with a small Cu5Zr and Cu10Zr7 (see supplementary Fig S4,
S5, S6). This is expected from the microstructure of these films as
reported in Ref. [15] showing that nanogranular films contain a
Zr-O rich phase.

Fig. 3 shows SEM cross-sections of compact and nanogranular
ZrCu films as deposited and annealed up to 550 �C. Compact films
(Fig. 3a) are produced in vacuum (2 � 10�3 Pa) due to the high
kinetic energy of the ablated species also observed for the W crys-
talline materials of Ref. [39], while the film deposited at 10 Pa He
(Fig. 3f) exhibits a nanogranular morphology as a result of in-
plume cluster formation and cluster assembled growth [15]. After
annealing, the compact films show corrugations patterns which are
visible up to 420 �C (Fig. 3b-c) indicating that the films are still
amorphous [40], although a few small crystalline features visible
as small grains can be observed at 420 �C, in agreement with
XRD (Fig. 2a). Finally, annealing at 485 and 550 �C (Fig. 3d,e)
induces a change in the morphology of the film due to crystalliza-
tion occurring at the expense of the amorphous matrix. On the
other hand, for cluster-assembled films, the formation of crys-
talline phase is confirmed by the change in morphology starting
at 420 �C (Fig. 3h). This indicates a lower thermal stability as a
result of the larger free volume content, bond dilatation due to
the high content of O in the Zr-O layers facilitating atomic redistri-
butions at lower temperatures with respect to compact films, thus
enabling the formation of thermodynamically stable crystalline
phase at lower temperatures. Similar mechanisms were reported
for nanoglasses showing a large free volume content with respect
to compact glasses [13]. The ex-situ elemental characterization
after annealing shows that the treatment does not cause any addi-
tional contamination of the film and that all atomic concentrations
are equal to the ones of the as deposited films as in Ref. [15] (See
supplementary Figure S7).

AFM scans of the upper surface of the compact and nanogranu-
lar ZrCu films are shown in Fig. 4 for the as deposited samples and
the ones annealed at 550 �C, the images of the other annealed sam-
ples are presented in the supplementary (Figure S8, S9). AFM pro-
files for each film are presented in the supplementary information
(Figure S10, S11). The surface of the films before annealing (Fig. 4 a,
b) is very smooth with average roughness of 0.6 and 2.6 nm,
respectively for compact and nanogranular nanocomposite glass
films. The larger surface roughness of nanogranular films is related
to the cluster-assembled growth regime and the high concentra-
tion of O that causes earlier nucleation of nanocrystalline grains
and finally induces roughness to the film surfaces. The annealing
treatment for both sets of ZrCu nanocomposite glass films leads
to an increment of average surface roughness (Fig. 4e) due to the
transformation of the amorphous phase into partially crystalline
and completely crystalline at higher temperatures as shown in
the XRD scans (Fig. 2). The surfaces roughness of compact films
increases from 0.6 nm to 1.8 nm during annealing up to 420 �C
(Fig. 4e) in which the films are still mainly amorphous due to
nanocrystallization and the formation of small crystallites of
ZrO2. However, a further increase of the annealing temperature
i.e. at 485 and 550 �C leads to more surface roughening, reaching
3.5 nm due to the nucleation and growth of crystalline grains
(Fig. 4 c,e) [8]. A similar trend is observed for the nanogranular
films in which the surface roughness increases from 2.6 up to 5.6
at 420 �C due to starting of crystallization. Then, when the anneal-
ing temperature reaches 485 and 550 �C, the surface roughness
increases more rapidly from 8.5 up to 11.8 nm (Fig. 4d,e) [41].
5

The larger increment of roughness of the nanogranular films can
be related to their larger free volume content and nanoscale inter-
face density with a lower thermal stability with respect to the
compact films, enabling a nucleation of a crystalline phase at lower
temperatures [20].
3.2. Mechanical properties

Fig. 5 shows the variation of the shear modulus (G), Young’s
modulus (E), and hardness (H) as a function of annealing tempera-
ture as determined by Brillouin light scattering (BLS) and nanoin-
dentation. The slight presence of O for as deposited compact
films by PLD [15] is presumably responsible of the larger values
with respect to the available literature data for ZrCu produced by
sputtering, which usually have Young’s modulus and hardness
equal to 100 and 7 GPa respectively as found in Refs. [8,42].
Annealing treatments up to 420 �C induce no significant change
in the mechanical properties, which then increase reaching the
highest G, E and H values equal to 54, 157 and 12 GPa, respectively,
at annealing temperature equal to 550 �C. As a matter of fact, com-
pact nanocomposite glass films are still amorphous up to 420 �C
and the following change of mechanical properties is due to the
progressive formation of the crystalline phase, leading to an
increase of around 15% of E and H similarly to the results of Ref.
[43]. The continuous enhancement of the mechanical properties
indicates that the crystallization process is not completed even at
550 �C as also demonstrated by XRD, showing the presence of an
amorphous hump together with crystalline peaks (Fig. 2a).

Nanogranular films involve higher mechanical constants com-
pared to the compact ones, with G, E and H reaching values up to
69, 180 and 14 GPa, respectively, after annealing at 550 �C. This
corresponds to an increment by 25% with respect to the as depos-
ited films, while such high values can be correlated with the high
content of O inside the films which leads to the formation of a
ZrO2 phase, reporting large E and H [15,44]. However, nanogranu-
lar films show a marked growth from 300 to 400 �C followed by a
plateau. This indicates an almost complete crystallization process
at > 400 �C with a stable mechanical behavior as it has been shown
in the XRD spectra. The values of Young’s modulus (E) obtained by
BLS are quite similar to the ones obtained by nanoindentation con-
firming the absence of artifacts caused by the substrate/surface
during nanoindentation.

The rate sensitivity of the plastic deformation process has been
investigated for compact films as a function of the annealing tem-
perature (Fig. 5d). Both as deposited films and films annealed at
300 �C exhibit a strain rate exponent m equal to �0.02 and appar-
ent activation volume (defined as the volume of a material
involved in the process of overcoming the energy barrier to form
the shear bands) equal to �100 Å3 in agreement with literature
values for Zr-based BMGs [32] and TFMGs deposited by sputtering
[4]. This reflects the fact the specimens are amorphous without the
formation of crystalline phases, while having a similar local order
and free volume content [4,45]. Upon crystallization, the strain rate
sensitivity progressively increases up to m = 0.10. This is an extre-
mely large value involving a very small activation volume of �20–
30 Å3. This is supported by the XRD analysis (Fig. 4a) in which it
can be observed that the crystallization is not completed even at
550 �C with crystalline peaks emerging from the amorphous hump.
As a matter of fact, crystallization induces a reduction of free vol-
ume through structural relaxation process leading to a decrease
of the activation volume and the corresponding size of shear trans-
formation zones (STZs) as found in Refs [22,32]. Moreover, such
large values of m have also been found in monocrystalline Mg sys-
tems [46] as well as in Zr75Ni25 (m = 0.06) TFMGs in which the large
amount of Zr (edge of amorphization) induces the reduction of



Fig. 3. SEM micrographs of as deposited compact (a) and nanogranular (f) ZrCu nanocomposite glass films. (b-e), (g-j) Morphological evolution upon annealing treatment
from 300 up to 550 �C.

Fig. 4. (a,d) AFM scans for compact and nanogranular films as deposited and after annealing at 550 �C. (e) Evolution of the surface roughness of compact and nanogranular
ZrCu nanocomposite glass films as a function of annealing temperature. (b,c).
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mixing enthalpy and of activation volume as well as the formation
of crystallites embedded within the amorphous matrix [4].
3.3. Residual stress measurement

Fig. 6 shows the relaxation strain for the ZrCu nanocomposite
glass films determined by the FIB-DIC method. Positive relaxation
strain corresponds to compressive stress and vice versa [35]. The
variation of the strain as a function of depth represents a measure
of the variation across the thickness of the residual stress state
[35]. The residual stress comes from the thermal expansion mis-
match between the film and the substrate as well as from
6

microstructural evolution during film growth and atomic peening
phenomena due to high energy of the ablated species as seen in
the tungsten films of Ref. [47]. The relaxation strain for compact
ZrCu films shows negative strain values throughout the entire
thickness (Fig. 6a), which corresponds to a tensile residual stress
state. On the other hand, the as deposited nanogranular ZrCu films
show positive relaxation strain (compressive stress) which is
shifted towards negative relaxation strain (tensile stress) after
thermal treatment, as shown in Fig. 6b. The presence of compres-
sive stresses in the as deposited films might be related to the con-
tributions of background gas within the deposition chamber,
affecting growth mechanisms due to lower energy of ablated spe-



Fig. 5. Variation of shear (a) and Young’s (b) moduli, (c) hardness and strain rate
sensitivity (d) as a function of annealing temperature for compact and nanogranular
ZrCu films.

Fig. 6. Representative relaxation strain data sets, as determined by the FIB-DIC
method for compact (a) nanogranular (b) ZrCu films as a function of milling depth.
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cies [47]. The development of larger tensile stress can be initially
caused by the annihilation of free volume and then from the nucle-
ation and grain growth process related to the annealing tempera-
ture as reported in Ref. [48].

Besides the absolute values, also the slope of individual curves
gives information about the stress evolution in the films. The relax-
ation strain of the compact ZrCu thin films annealed at tempera-
ture as high as 550 �C involves a larger slope as a function of the
milling depth, indicating a higher residual stress gradient through-
out the film thickness. This is likely associated to the polycrys-
talline nature of the film with higher annealing temperature
promoting nucleation and crystal grain growth as also shown in
Ref. [48].

The average residual stresses for ZrCu nanocomposite glass
films as a function of annealing temperature are reported in
Fig. 7. The compact films have residual stress increasing with
annealing temperature from 169 up to 691 MPa. A similar result
was found in the evolution of the residual stresses of FePt films
of Ref [49], which can be qualitatively compared to the one
reported in this work despite being purely crystalline. Such an
increase is caused by the nucleation and crystalline grain growth
during heating [48]. The presence of O inside metallic thin films
has also been shown to increase the magnitude of tensile stresses
inside thin films as observed in the papers by Shen et al. [50] and
Yu et al [51] in which it is shown that different amounts of O can
change the magnitude of tensile residual stresses from few hun-
dreds of MPa to �1 GPa.



Fig. 7. Average residual stresses determined by the FIB-DIC method for compact (a)
and nanogranular (b) ZrCu films as a function of annealing temperature.
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Moreover, additional tensile stresses can develop during the
cooling process after annealing treatment as a results of the mis-
match between the coefficient of thermal expansion of the sub-
strate and film [52]. An average tensile stress of 170 MPa is
present in the as deposited compact ZrCu thin film, which approx-
imately doubles up to 301–330 MPa while the structure remains
amorphous at 300–420 �C. This can be caused by local atomic re-
arrangements, annihilation of free volume and relaxation. As the
structure changes to partially crystalline at 485 �C, residual stres-
ses increase up to 442 MPa to further reach a maximum of
691 MPa at 550 �C.

As deposited nanogranular films show a mild compressive
residual stress equal to �146 MPa due to background gas collision
and low kinetic energy of the ablated species, which changes to
tensile (103 MPa) upon annealing at 300 �C due to crystal nucle-
ation and growth. Further increasing the annealing temperature,
an abrupt increment of tensile stress is reached up to 1148 MPa
at 420 �C as the structure changes to fully crystalline. This maxi-
mum is followed by a subsequent drop (down to 148 MPa) of ten-
sile stress with further increase in annealing temperature, a
behavior already seen in the PbTiO3 films of Ref. [53]. This trend
can be explained by the crystallization occurring for cluster-
assembled films which are less thermodynamically stable and con-
taining an high amount of O which can increase the magnitude of
tensile residual stresses to values as high as �1 GPa as observed in
the works of Shen et al. [50] and of Yu et al. [51] on W and Ni films
containing O, accompanied by stress relaxation after completing
the crystallization process [41]. On the other hand, the continuous
increment of residual stress observed for compact films with the
annealing temperature can be related to the crystallization process
which is still not completed, involving (nano)crystalline grains
nucleation and growth from the amorphous phase as the ZnO films
of Ref [54]. As a matter of fact, compact ZrCu TFMGs deposited by
magnetron sputtering are known to have long crystallization kinet-
8

ics with structural changes occurring even after 50 h at an anneal-
ing treatment of 700 K [55]. This is also supported by the
continuous increment of the strain rate sensitivity with the anneal-
ing temperature as well as other mechanical properties with
respect to nanogranular films.
4. Conclusions

ZrCu nanocomposite glass films produced by pulsed laser depo-
sition (PLD) under vacuum and background gas pressure condi-
tions, exhibit compact and nanogranular morphologies,
respectively. Films were annealed at different temperatures from
300 �C up to 550 �C, leading to significant variations of the mechan-
ical properties and thermal stability. The main findings of the work
are:

� The formation of a large variety of micro- and nano-structures,
including fully amorphous compact and nanogranular, amor-
phous embedded with nanocrystal, and fully crystalline by tun-
ing annealing treatment at different temperatures. All films
involve very smooth and crack-free surfaces with maximum
average surface roughness �3.5 nm for compact films and up
to 11.8 nm for nanogranular films owing to complete
crystallization.

� Different thermal stability with compact films showing stable
amorphous atomic structure up to 420 �C followed by partial
crystallization at higher temperatures (T > 420 �C). On the other
hand, nanogranular films show crystallization occurring already
at 300 �C which is completed at 420 �C due to the high interface
density, free volume and O content facilitating structural re-
organizations, relaxation and nucleation of crystallites.

� Elastic moduli and hardness for both sets of films are larger than
the values found in literature, due to the presence of O and
increase with annealing temperatures due to the progressive
atomic relaxation followed by the formation of crystallites as
the microstructure transforms from amorphous to crystalline.
However, the plateau reached for the nanogranular films indi-
cates a complete crystallization process (even at 420 �C), while
the continuous increment for compact ZrCu indicates a crystal-
lization process not fully completed.

� Compact films show tensile stress increasing as a function of the
annealing temperature (from 169 up to 691 MPa) due to relax-
ation and nanocrystalline phase nucleation followed by grain
growth. On the other hand, nanogranular films show a maxi-
mum residual stress equal to �1148 MPa at 420 �C followed
by a decrease at higher annealing temperatures, indicating a
complete crystallization followed by stress relaxation.

The physical origin of these unique mechanical properties has
been related to the local atomic order, free volume content, pres-
ence of O and film architecture (nanoclustering/interfaces), high-
lighting for the first time the mechanisms controlling mechanical
properties and thermal stability for these new families of
nanocomposite glassy films with engineered mechanical perfor-
mances. These results pave the way to future scenarios for engi-
neered films with tunable high structural performances, with key
applications in the field of high resistance coatings for wear resis-
tance, fatigue life improvement and also open new possibilities for
the design of stretchable electronics and memory storage systems.
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