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Abstract

This work reports the use of a new high-temperature scanning indentation (HTSI) technique to
monitor the physical changes occurring in thin-film metallic glasses (TFMGs) in situ during heat treatment
at the local scale. Using this technique, based on high-speed nanoindentation performed during thermal
cycles, the entire mechanical evolution with temperature of a binary model ZrCu TFMG was characterized
in only a few hours. This approach enabled clear identification of the physical evolutions of the amorphous
coatings in only one indentation experiment, highlighting in particular the metallic glass-to-supercooled
liquid transition and crystallization process. In addition, the brittle-to-ductile transition was precisely
characterized, with remarkable agreement with the literature. Moreover, the mechanical response of the
ZrCu thin film was assessed in situ throughout the entire supercooled liquid stage, providing key kinetic
information. Nanohardness measurements also enabled the crystallization fraction to be computed over time
during the crystallization process. In addition, differential scanning calorimetry and high-temperature X-ray
diffraction were performed for comparison purposes, with excellent agreement with the HTSI results.
Through this model out-of-equilibrium thin-film study, both the efficiency and robustness of HTSI were
demonstrated, providing a better understanding of the thermally activated mechanisms of small-scale

systems.

1. Introduction

Bulk metallic glasses (BMGs) were discovered in the 1960’s [1]. They consist of metallic alloys in
an amorphous state, resulting from a fast solidification from the liquid alloy. In this out-of-equilibrium state,
the atomic structure of the alloy is frozen without undergoing crystallization. Thus, metallic glasses are
characterized by the absence of crystallographic defects and a global intrinsic chemical homogeneity. This
structure gives them exceptional properties, including outstanding mechanical and magnetic properties,
super-formability at high temperature, and high corrosion resistance [2-8]. These characteristics make them
excellent candidates for use in various fields, including the sport and luxury industries [8-10] and biomedical

applications [11-15].



The astonishing mechanical properties of BMGs have been extensively studied in the literature [16-
19]. In particular, BMGs exhibit high yield strength at room temperature, close to the theoretical limit, with
Young’s moduli of the same order of magnitude as that of their crystalline counterparts, resulting in a high
maximal elastic strain of approximately 2%. However, BMGs are generally not capable of work-hardening,
inducing sharply localized deformation into shear bands, which is responsible for catastrophic failures. In
the past two decades, this limitation has been overcome by incorporating heterogeneities, such as crystalline
phases in metallic glass/crystalline composites [20-22] or glass/glass interphases [23], in BMGs. This leads
to easier and more homogeneous nucleation of shear bands as well as continuous multiplication of the shear
bands during deformation, further extending the numerous potential fields of applications for metallic

glasses.

Nevertheless, the applications of BMGs remain limited by the fast quenching (typically current rates
from 10>-10° K s~! for bulk pieces to 10°~10° K s™! for ribbons) necessary to limit the crystallization during
the manufacturing process. As a result, only small pieces of multicomponent materials can be obtained in the
bulk state. As an alternative, condensation from the vapor phase to form a solid film using physical vapor
deposition (PVD) is another way to design metallic glasses. PVD is inherently associated with very high
quenching rates (10°-10° K/s) [24]. As a result, large surfaces of thin-film metallic glasses (TFMGs) can be
obtained. Thanks to this rapid cooling rate, a large range of chemical compositions can also be accessed in
the metallic glass state, allowing the physical study of model binary systems [25, 26]. However, because of
the thin-film nature of the obtained metallic glass, dedicated characterization techniques, which are well

adapted to small-scale systems, must be used for the characterization of TFMGs.

Nanoindentation is undoubtedly the technique of choice to measure the mechanical properties of thin
films. Nanoindentation testing was specifically developed to study small-scale materials, such as thin films
[27-30], as it allows control of the indentation depths to as little as tens of nanometers, with nanometer-scale
sensitivity. This was a technological breakthrough compared with previous hardness or microhardness tests
such the well-known Brinell, Vickers, and Rockwell tests. In addition, the direct monitoring of both the load

applied to the sample and the indentation depth of the sample during indentation allow both the hardness and



Young’s modulus to be determined without any imaging technique, thanks to the elastic analysis of the
unloading part of the indentation curve [27, 31-33]. With the development of the continuous stiffness
measurement (CSM) mode in nanoindentation, the mechanical properties can also be continuously measured

as a function of depth during the entire loading segment of the nanoindentation test [32, 34].

Thus, benefitting from the numerous advantages of this technique, including its precision and ease of
use and the wealth of data provided by these tests [35-37], TFMGs have been extensively tested using

nanoindentation at room temperature over the past two decades [38-43].

However, because of their out-of-equilibrium nature, the mechanical properties of metallic glasses
are strongly temperature dependent. In particular, they are deeply affected by thermally activated
mechanisms, such as structural relaxation, glass transition, or crystallization [8, 18, 44, 45]. For BMG:s,
these transitions are usually investigated using differential scanning calorimetry methods (DSC), dynamic
mechanical analysis (DMA), thermomechanical analysis (TMA), or even high-temperature X-ray diffraction
(HT-XRD) [8, 9, 46-48] as well as by tensile or compression tests at high temperature [10, 17, 49-53].
However, although these methods are well suited for BMGs, it is difficult to adapt them to small-scale

systems such as thin films.

Recently, strong improvements have been made in high-temperature nanoindentation, providing
access to hardness, Young’s modulus, and creep properties at temperatures as high as 1373 K [54-57]. These
developments have opened the way to study thermally activated mechanisms [58, 59]. However, the time-
scale of standard continuous stiffness measurement (CSM) nanoindentation does not allow the precise
monitoring of these mechanisms. Very recently, a new technique, high-temperature scanning indentation
(HTSI), has been developed. It is based on very fast indentation applied during a thermal cycle [60]. This
technique is able to overcome the limitations of CSM nanoindentation associated with thermal drift during
non-isothermal cycles, allowing the real-time monitoring of recrystallization in cold-rolled pure aluminum
alloy during heating. Benefitting from this technique, it is now possible to use nanoindentation as a local

probe to access thermally activated physical changes within a material. In this context, HTSI appears to be a



key technique to study the mechanical properties of TFMGs at high temperature and to link these properties

with the thermally induced physical changes occurring within the material.

Herein, we report the first real-time observations of physical changes occurring within a TFMG
during a thermal cycle and assessed by HTSI. For this purpose, HTSI measurements were performed on
model binary ZrCu TEMGs, and the different transitions occurring within the coatings (i.e. metallic glass-to-
supercooled liquid transition and crystallization) are discussed in light of hardness and strain-rate sensitivity
responses. The HTSI results are also compared with those obtained using conventional techniques, including

differential scanning calorimetry (DSC) and high-temperature X-ray diffraction (HT-XRD).

2. Experimental

2.1 Film synthesis

ZrCu thin-film metallic glasses were deposited using DC magnetron co-sputtering of Zr and Cu
metallic targets in the presence of argon. The sputtering chamber was pumped down via mechanical and
turbo-molecular pumps, resulting in a base vacuum of 107® Pa. To ensure good lateral homogeneity of the
film composition and thickness, the depositions were performed with the substrate holder in rotation mode.
The cathodes were mounted in a confocal configuration, and the target-to-substrate distance was fixed at 9
cm. An argon flow rate of 30 sccm and a working argon pressure of 0.5 Pa were used. Zirconium and copper
targets (50.8-mm diameter, 3-mm-thick, and purity higher than 99.9%) were powered by a Maxim 1000 DC
generator. Under these conditions, ZrCu thin films with a Cu content of 50 at% were obtained by applying
discharge currents of 0.3 A to the Zr target and 0.056 A to the Cu target. The films were deposited without

external heating.

The thin films were deposited onto different substrates, depending on the characterization technique.
For the nanoindentation, X-ray diffraction (XRD), and scanning electron microscopy (SEM), 6-um-thick
ZrCu TFMGs were deposited onto fused silica and silicon substrates during the same deposition batch. The
soft film on hard substrate configuration, together with the thickness of the deposited film ensure a limited

contribution of the substrate on hardness measurements during indentation [61, 62] (Fig. S1).



In addition, samples for differential scanning calorimetry (DSC) measurements were deposited onto
sodium chloride substrates, ensuring 5 mg of material for each sample. Substrate-free samples for DSC were
then easily obtained by dissolving the NaCl substrate in distilled water. Furthermore, a 70-nm thin film was
deposited onto a dedicated Nano-Chip from DENS solutions for transmission electron microscopy (TEM)

observations [63].

2.2 High-temperature scanning indentation

High-temperature scanning indentation (HTSI) tests were conducted on ZrCu TFMGs to assess the
evolution of their mechanical behavior with temperature. This new technique is based on high-speed

nanoindentation performed during thermal cycles [60].

HTSI tests were performed using an InNSEM HT nanoindentation system (KLA Nanomechanics) and
a Berkovich sapphire tip. The measurements were conducted in a VEGA3 scanning electron microscope
(Tescan), ensuring a 10~ Pa vacuum. For high-temperature measurements, the tip and sample were
independently heated by conduction. The tip and sample temperatures were measured by thermocouples on
the backside of the fused silica substrate and ahead of the indentation tip and were independently controlled
by specific proportional-integral-derivative (PID) loops. The tip and sample temperatures were calibrated to
perfectly match those during isothermal tests using the method described by Minnert et al. [57]. The
temperature offsets observed during these calibration steps were then extrapolated to adjust temperatures
during the heating ramp, ensuring good agreement between the sample and tip temperatures during the entire

thermal cycle.

HTSI requires high-speed nanoindentation tests to limit drift issues during measurements. It is thus
not compatible with the standard CSM indentation methods, as their duration is longer than 1 min and thus
requires a temperature stabilization time of several hours. The method for high-speed nanoindentation is
fully described in [60]. It is based on a quarter sinus loading up to 25 mN with a 0.5-s loading time. This

step is followed by a 0.1-s holding step at maximal load for creep measurements. A 3-step unloading is



finally performed for stiffness computation, with 3 unloading steps at 0.75, 0.5, and 0.25 of the maximal

load. A schematic illustration of the resulting loading curve is presented in Fig. 1a.
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FIG. 1: (a) Schematic illustration of the loading versus time curve during HTSI, involving a quarter sinus loading
up to a maximal load, a creep segment at maximal load, and a 3-step unloading at 0.75, 0.5, and 0.25 of the
maximal load for stiffness computation. (b) Sample temperature during HTSI. The data points correspond to the
temperature during each individual nanoindentation test. The dotted line corresponds to the temperature set-point

during the thermal cycle.

HTSI tests were conducted on ZrCu TFMGs during an entire thermal cycle, including a heating step
from 293 K to 723 K at 3 K min™!, a 2-h plateau at 723 K, and a cooling step from 723 K to 293 K at -3 K

min~!' (Fig. 1b). For comparison purposes, when studying the serrations events on the loading curves,
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nanoindentation testing was also performed during the isothermal plateau at 298 K, 473 K, 573 K, 623 K,
and 673 K. For these tests, the previously described high-speed nanoindentation as well as the standard CSM

method with a 0.05 s~! indentation strain rate were used.

2.3 XRD characterization

The crystallographic structure of films before and after HTSI was investigated using XRD using an
AXS Bruker D8 Advance diffractometer with Cu K, radiation (A = 0.15406 nm) in Bragg-Brentano
geometry. For comparison with high-temperature nanoindentation testing, the thermal stability of ZrCu
TFMGs was also investigated using in situ high-temperature XRD (HT-XRD) in an Anton Paar HTK 1200
oven chamber operating under vacuum (10~ Pa). XRD measurements were performed with a locked
coupled scan (26 from 27° to 47°) during the same thermal cycle as for HTSI (heating up to 723 K with a 3

1

K min~' equivalent rate, 2-h plateau at 723 K, and cooling down to room temperature at a =3 K min™'

equivalent rate).
For each XRD diffractogram, the crystallization fraction F, was estimated using Eq. 1, where I, and

I, correspond to the integrated intensities of the amorphous phase and crystallized phases, respectively, after

deconvolution of each contribution from the total diffraction intensity [64, 65].

F, = Eq. 1

2.4 DSC measurements

The glass transition temperature (Tg) and the onset of crystallization temperature (Tx) were
determined by differential scanning calorimetry (DSC) using a Perkin Elmer DSC-7 under high-purity dry
nitrogen at a flow rate of 20 mL min~!. Substrate-free samples of 5 mg each were heated from 303 K to 823

K at a constant heating rate of 3 or 15 K min™!. The T, and Tx values from the DSC measurements are given



in Table 1, and the corresponding curves are shown in Fig. S2. They are in good agreement with the values

in the literature for similar composition [26, 42].

TABLE 1: Glass transition temperature (Tg) and onset of crystallization temperatures (Tx)

obtained from DSC for two different heating rates.

3 K min~! 15 K min™!
T, 658 K 668 K
Tx 680 K 702 K

2.5 Microstructural characterization

Microstructural observations of the initial state of the ZrCu TFMGs were obtained by SEM using a
field-emission gun from Zeiss (Supra 55 VP) as well as by TEM using a FEI-TITAN eTEM operating at

300 kV under high vacuum.

3 Methodology

HTSI gives access to contact stiffness measurements using the unloading part of the load—depth
curve, which allows hardness computation. It also gives access to creep measurements using the creep
segment at maximal load, which allows strain-rate sensitivity computation. The two independent analyses
enabling hardness calculation, on the one hand, and strain-rate sensitivity determination, on the other hand,

are described in this section.

3.1 Analysis of unloading part

The indentation tests were analyzed using Loubet’s model [33, 66, 67], which is well-adapted for this
system and material [60]. In particular, this model accounts for pile-up that can occur around the contact and
increase the contact area, leading to hardness overestimation if not considered. According to Loubet’s

model, the contact depth h. is given by Eq. 2, where h,,,, and B,,, are the maximal depth and load,
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respectively; S, is the unloading contact stiffness; and hy is the tip defect. Using the methodology described
in [66], the tip defect was evaluated on fused silica (Fig. S3) and found to be around 30 nm. The projected
contact area A, is then given by Eq. 3. The hardness H is finally given by Eq. 4. It is worth noting that
within the framework of this paper, we deliberately focused only on hardness measurements and not on
computation of the Young’s modulus. However, evolution of the Young’s modulus with temperature is

given in Fig. S4.

Pmax
he = 1.2(hmax — "2+ ho) Eq.2
A, =245 h? Eq. 3
Pmax
H= Eq. 4
A, q

These equations are still valid for CSM measurement analysis. In this case, the dynamic stiffness S is
used instead of the unloading stiffness S,;, and the instantaneous load P and depth h are used instead of the

maximal load and depth P, and h; .

3.2 Analysis of creep segment

The creep segment was analyzed using the methodology described by Baral et al. [68]. This

methodology is based on the definition of a representative stress o,- and a representative strain rate €, .

The representative stress g, is related to the hardness H by Eq. 5, where y is the constraint factor as
defined by Kermouche et al. [69]. This constraint factor is given by Eq. 6, with 8 = 70.32°, the equivalent
cone apex semi-angle of the Berkovich tip, E = 70 GPa, the Young’s modulus of the material, {; = 0.66,

, = 0.216, and &; = 0.24. The representative strain rate is related to the indentation strain rate A/h by Eq.

7, where m is the strain-rate sensitivity.

Eq.5
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y =$C1 ~cot(0) —(1—-&)H/E Eq. 6

§3 cot(6)

0.2\ .
€, = 0.44 - cot(0) - exp (W) h/h Eq.7

By analogy with a uniaxial tensile test, the representative stress o, can then be related to the
representative strain rate €, by a power-law relation, as expressed in Eq. 8, where a is the strength
coefficient. From those equations, it appears that a linear fit of In(h/h) versus In(g,) gives access to both

the strain-rate sensitivity m and the strength coefficient a.

(%) Eq. 8
A

4 Results and discussion

HTSI measurements were performed on two ZrCu thin films from the same deposition batch. This
method allowed us to independently follow the hardness and strain-rate sensitivity evolutions during an
entire thermal cycle. The resulting hardness values, computed from the unloading part of the indentation
curve, are given in Fig. 2 for the two samples (identified as ZrCu #1 and ZrCu #2). The hardness evolution
is drawn against the testing time (Fig. 2a) as well as against the testing temperature (Fig. 2b). In addition to
these results, the strain-rate sensitivity coefficient m was extracted from the creep segment of each
indentation test. The results are plotted against the testing time (Fig. 3a) and the testing temperature (Fig.

3b).

It appears from Fig. 2 and 3 that the hardness and strain-rate sensitivity evolution during a thermal
cycle can be described in three stages, corresponding to different mechanical responses of the ZrCu
coatings. Thus, during the first stage, from room temperature to ~500 K, both the hardness and strain-rate
sensitivity are roughly constant. Then, the hardness greatly decreases, whereas the strain-rate sensitivity
increases, which consists of the second stage in Fig. 2 and 3. Finally, the hardness starts to increase, whereas

the strain-rate sensitivity decreases, which marks the beginning of stage 3. The purpose is now to discuss
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each of these stages in regard to the physical changes that occur within the coatings and in regard to the
three possible material states for the coatings: metallic glass, supercooled liquid, and crystallized. The

results are then compared and balanced with DSC and XRD measurements.
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FIG. 2: Hardness evolution of two ZrCu thin films from HTSI measurements during the entire thermal

cycle plotted against the testing time (with time = 0 corresponding to the beginning of the 2-h plateau at
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723 K) (a) and the testing temperature (heating ramp only) (b). The results reveal three stages
corresponding to the initial metallic glass state (stage 1), the metallic glass-to-supercooled liquid region
transition (stage 2), and the crystallization step (stage 3). For the clarity of Fig. 2b, the hardness
measured during cooling is not plotted; however, the full hardness versus temperature plots are presented
in Fig. S5. A highlight of stage 2 and the non-isothermal part of stage 3 are given in (c) and (d),
respectively, showing T, and T. In (c), the dotted line corresponds to an Arrhenius fit of the hardness in
the supercooled liquid region. In (d), a hardness plateau suggests a break in the crystallization after a first

crystallization step during the ramp (dark dotted ellipse).
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FIG. 3: Strain-rate sensitivity evolution of two ZrCu thin films from HTSI measurements during an entire
thermal cycle plotted against testing time (with time = O corresponding to the beginning of the 2-h plateau at
723 K) (a) and the testing temperature (heating ramp only) (b). Full strain-rate sensitivity versus temperature
plots are presented in Fig. S6. The same stages as those observed on Fig. 2 can be observed here. T, and Tx can

also be determined from (c) and (d).

4.1 Stage 1: Metallic glass state

14



The purpose of this part is to confirm the initial metallic glass state of the ZrCu coatings and to

discuss the mechanical behavior observed in stage 1 of Fig. 2 and 3 in regards to this state.

First, the initial metallic glass state of the ZrCu coatings was confirmed using multiscale techniques.
At a global scale, the initial amorphous structure of the films was controlled by XRD (Fig. S7). The
maximum of the characteristic hump of amorphous material is centered at 38.6° on the 26 scale, which is
fully consistent with the literature for this composition [26, 42, 70]. At the mesoscopic scale, SEM
observations of the coating revealed a homogeneous surface (Fig. S8), with a submicrometric substructure
due to columnar growth of the film during the deposition. A cross-section of the film fracture after the
substrate cleavage exhibits a vein-like pattern (Fig. S9), which is another characteristic of metallic glass [26,
71-76]. SEM observations also confirm the absence of micrometric precipitates. Finally, examination of the
structure at the atomic scale was conducted using TEM observations (Fig. S10). The results confirmed the

absence of nanocrystallites and an amorphous atomic distribution of the initial state of ZrCu TFMGs.

The HTSI measurements enable the mechanical properties of the ZrCu coatings from this initial
metallic glass state to be followed. Fig. 2 and 3 show that both the hardness and strain-rate sensitivity are
first roughly constant from room temperature to roughly 500 K, which corresponds to ~0.76T (based on the
T, obtained by DSC at 3 K min~'). This corresponds to the so-called “stage 17, where no detectable physical
changes occur within the sample. The constant hardness of metallic glasses up to roughly 0.7T; has already
been established in the literature [16, 71, 77, 78]. These results confirm that within this stage, the sample

remains in a metallic glass state.

Quantitatively, the hardness and strain-rate sensitivity are observed to be approximately 3 GPa and
close to zero, respectively: the material is hard, and its flow stress does not depend on the strain-rate
sensitivity. The value of hardness is slightly lower than the values in the literature for similar composition at
room temperature [41, 70, 79, 80]; however, the computation of the hardness is contact-model dependent,

which explains such differences.
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4.2 Stage 2: Metallic glass-to-supercooled liquid transition

Above 500 K, the hardness strongly decreases from 3 GPa down to values as low as 0.1 GPa at
approximately 700 K (Fig. 2c). At the same time, the strain-rate sensitivity increases up to values close to
unity at approximately 690 K (Fig. 3c). This corresponds to stage 2 in Fig. 2 and 3. This strong decrease of
the hardness and increase of the strain-rate sensitivity is the signature of a transition that occurs within
TFMGs at high temperature. In this stage, the metallic glass starts to behave more like a fluid: the material
becomes softer, and its flow stress highly depends on the strain rate. This behavior characterizes the change
from a metallic glass to a supercooled liquid that occurs around Te. The purpose of this part is to fully

characterize this transition, as well as the supercooled liquid state, based on the mechanical results.

4.2.1 Identification of the glass transition temperature

The first-level analysis of the hardness and strain-rate sensitivity curves at stage 2 allows us to
estimate Ty of the ZrCu coatings. The sharp change in hardness and strain-rate sensitivity between the
metallic glass region and the supercooled liquid region (Fig. 2c and Fig. 3c) can be analyzed based on
thermomechanical analysis methods [9, 81]. The intersection of the tangents of the curves in the metallic
glass region and in the supercooled liquid region gives a reproducible transition temperature of
approximately 645 K from the hardness curve, and 661 K from the strain-rate sensitivity curve. It is worth
noting that these values are close to the glass transition temperature obtained by DSC measurements, with Ty
= 658 K for the 3 K min! heating ramp (Table 1). These results confirm the clear ability of nanohardness

and strain-rate sensitivity measurements during HTSI to be used as “DSC-like” techniques.

It should be noted that the hardness results near T, were not perfectly reproducible between the two
tested samples. Both transition temperatures are the same; however, the decrease in the hardness of ZrCu #2
was much less abrupt than that for ZrCu #1, indicating that the metallic glass-to-supercooled liquid
transition was much slower for ZrCu #2 than for ZrCu #1. This result suggests that this transition depends
on additional factors, such as local heterogeneities [82]. In this case, HTSI could provide information on the
local heterogeneity of samples, given the locale nature of the measurements. However, more analysis would

be required to confirm it.
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4.2.2 Brittle-to-ductile transition (T< Tg)

During heat treatment, BMGs are characterized by a brittle-to-ductile transition that occurs between
0.7Tg and 1.1Tg, according to the literature [8, 16, 53, 71, 77, 78, 83]. This brittle-to-ductile transition is
responsible for the hardness loss and the increase in strain-rate sensitivity, which is shown in Fig. 2c and
Fig. 3c, respectively, for temperatures from 500 K to 700 K (i.e. 0.76 T, and 1.06 Tg). Thus, the mechanical
evolution of these ZrCu TFMGs is similar to the mechanical evolution of metallic glass in bulk state. This
was expected, since the thickness of the investigated films (~ 6 um) is well above the characteristic size of

initial shear bands [84].

This brittle-to-ductile transition can also be investigated by a quantitative study of the serrated plastic

flow during nanoindentation. Indeed, nanoindentation curves of metallic glasses are characterized by an

inhomogeneous plastic flow and the presence of numerous discrete plastic events [51, 83, 85-87], as shown

in Fig. 4a. These serrations result from the dynamic of the activation of individual shear bands during
deformation [78, 88-91]. As evidence of this shear band dynamic, some emerging shear bands can be
observed in post-mortem SEM observations near the indentation imprint, as shown in Fig. 4b. Following the
analysis of Schuh and Nieh [51, 78, 86], the contribution of these serrations to the total plastic deformation
can be computed as the sum of the total length of each event (Ahg;screte) divided by the final plastic depth
(hpiastic)- The results during the heating ramp of the two tested samples are presented in Fig. 4c with respect

to the normalized temperature T/T, (with Tg = 658 K ). Bell-shaped curves are obtained.

These bell-shaped curves are evidence of two thermally dependent competing mechanisms [17, 78]:
with increasing temperature, the energy barrier to produce shear bands is lowered, leading to an increase in
the contribution of the shear bands to the total deformation. However, upon further increasing the
temperature, the metallic glass starts to behave like a fluid: the deformation becomes homogeneous, and the
contribution of the shear bands to the total deformation decreases. This point corresponds to the brittle-to-
ductile transition. According to Fig. 4c, this transition occurs between 0.8T; and 0.9T,, which is consistent

with the literature [8, 16, 53, 71, 77, 78, 83].
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It has also been shown in the literature that these serrations are also strain-rate dependent [16, 51, 78,
83, 86, 87] and vanish for high indentation strain rates. To highlight this effect, the HTSI measurements in
Fig. 4c are compared with those obtained for ZrCu TFMGs tested under isothermal conditions with the same
nanoindentation testing conditions as well as with a lower and constant nanoindentation strain rate of 0.05
s™! (CSM measurements). It should be noted that the strain rate during high-speed nanoindentation is not
constant because of the quarter sinus loading but rapidly decreases toward a roughly constant value close to

257L

As shown in the literature, Fig. 4c provides evidence that the contribution of the serrations to the
total plastic deformation is much lower for the highest strain rate. This strain-rate dependency of the
serrations is explained in the literature by the dynamic of the nucleation and propagation of individual or
multiple shear bands during deformation. For low strain rate, once a single shear band is initiated, the
deformation is slow enough that this individual shear band has enough time to grow and accommodate the
deformation. This leads to a visible strain burst in the nanoindentation curve. In contrast, at high strain rate,
an individual shear band does not have time to grow and entirely accommodate the deformation. This leads
to the nucleation of simultaneous operating multiple shear bands during the deformation, which is
responsible for a more homogeneous flow [17, 78, 85]. These explanations have been correlated to post-

mortem observations of indentation imprints [91, 92].

Thus, the results from the HTSI tests are perfectly consistent with the literature and especially with
the temperature and strain-rate deformation map proposed by Schuh et al. [17, 78]. This shows the ability of
HTSI to follow the brittle-to-ductile transition in metallic glass, not only using the hardness and
nanoindentation strain-rate sensitivity but also from the study of the serrated plastic flow during loading. In
addition, with the high nanoindentation speed of HTSI, numerous tests can be performed during a thermal

cycle, allowing real-time monitoring of these events with temperature.
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FIG. 4: Example of typical serrated flow during indentation of a metallic glass (CSM mode at 473 K), with
several discrete events indicated by black arrows (a) and resulting emerging shear bands on post-mortem SEM
images (b). The contribution of these serrations to the total deformation of the ZrCu TFMG indented under

different testing conditions (strain rate and temperature) is given in (c). Ty = 658 K.

4.2.3 From HTSI to kinetic... (Tg<T< Ty)

Above T,, ZrCu coatings are in a supercooled liquid state, which is characterized by fluid-like
behavior with low hardness and high strain-rate sensitivity. It is worth noting that in the supercooled-liquid
region, the strain-rate sensitivity values suggest that the supercooled liquid behaves first as a non-Newtonian
fluid (m < 1) and becomes increasingly Newtonian with increasing temperature, with the strain rate

sensitivity finally reaching 1 nearly at the end of stage 2.

Going even deeper in the study of this physical state, the Sherby and Armstrong analysis of creep and
self-diffusion in metallic crystalline materials [93] can be used to estimate the activation energy responsible
for the thin-film deformation at this state. This analysis relates the strain rate to the stress using an Arrhenius
law, as given by Eq. 9, where @, is the activation energy for lattice self-diffusion, n is the creep stress
exponent, R is the gas constant, and B is a material constant. By extending this analysis to amorphous
materials, it leads to an Arrhenius dependency of the ratio €./6™. One can notice that within these

conditions, n = 1/m.
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The activation energy @, involved in Eq. 9 corresponds to the energy required for the activation of

the mechanism responsible for the accommodation of the plastic deformation during the indentation creep

segment. This energy can be obtained by fitting In(€,/c™) versus the reverse temperature over the

supercooled liquid region, i.e., from Ty to Tx. The results for the two tested samples are presented in Fig. 5.

Although results appear to be a bit noisy, due to cumulative noise of both hardness and strain rate sensitivity

measurements, the expected trend is observed and the resulting activation energy is measured to be

approximately 150 £ 30 kJ mol—-1, or 1.6 eV +/- 0.3 eV. This result is close to values obtained by Faupel et

al. for the activation energy of the diffusion of copper atoms in ZrNi metallic glasses [94]. It also

corresponds to the same order of magnitude as the activation energy of relaxation processes linked to the

diffusion motion of the smallest constituent atom in metallic glasses [82, 95].
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FIG. 5: Determination of the activation energy for creep deformation for the supercooled liquid region of ZrCu

1000/RT (mol.kJ™")

TFMGs from the linear fitting of In(€,./a™) versus 1/RT.
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4.3 Stage 3: Crystallization

The third stage in Fig. 2 and 3 corresponds to the increase in hardness and decrease in strain-rate
sensitivity from 703 K to the end of the 723-K plateau. This stage can be divided into two parts depending
on the thermal cycle applied: a part from 703 to 723 K, which corresponds to the end of the heating ramp

(non-isothermal conditions), and a part that corresponds to the 2-h plateau at 723 K (isothermal conditions).

During the heating from 703 to 713 K, the hardness increases sharply from 0.1 to 2 GPa before
remaining constant up to the 2-h plateau at 723 K (Fig. 2d). In parallel, from 697 to 710 K, the strain-rate
sensitivity and drastically falls from 1 to 0.1-0.2 before remaining constant up to the 723-K plateau (Fig.
3d). These results are due to crystallization, which occurs within the coatings at this stage. Crystallized
material is obviously harder than the supercooled liquid, which causes the sharp increase in hardness.
Moreover, because of crystallization, the material no longer behaves like a fluid, and the strain-rate
sensitivity falls. The onset of crystallization temperature Tx is measured at approximately 703 K on the
hardness curve (Fig. 2d) and at approximately 700 K (Fig. 3d) on the strain-rate sensitivity curve. These
results are approximately 20-K higher than the Tx obtained by DSC for the 3 K min~! heating rate condition.
This difference can be explained by two factors: first, nanoindentation tests give a mean value of the
mechanical properties of the material over a few square micrometers. Thus, they can lead to a lack of
sensitivity in the first stage of crystallization, where crystallites are too small to be mechanically assessed.
Moreover, the nanoindenter is a local probe, and crystallization may not be detected if the indentation is

conducted on a crystallite-free area.

After this first crystallization step, both the hardness and strain-rate sensitivity remain roughly
constant during the heating from 713 to 723 K (Fig. 2d and 3d), which suggests that crystallization has
stopped. However, soon after the beginning of the 723-K plateau, the hardness increases again from 2 to 4
GPa (Fig. 2a), and the strain-rate sensitivity slowly decreases down to roughly 0.01-0.05 (Fig. 3a); however,
both processes occur with much slower kinetics. This finding suggests that crystallization has started again

during the plateau.
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At the end of the plateau and during the cooling down, both the hardness and strain-rate sensitivity

values are roughly constant, which indicates that crystallization has stopped.

Post-mortem XRD (Fig. 6) reveals that the sample was crystallized at roughly 80% after the entire
thermal cycle. The obtained phases are the body-centered orthorhombic (bco) CuioZr7 and the tetragonal (t)
Zr,Cu; however, surprisingly, there was also evidence of the cubic (c) ZrCu phase. Indeed, both bco-Cui0Zr7
and t-Zr>Cu are the two thermodynamically stable phases at 723 K; however, the c-ZrCu phase is metastable
at temperatures below 988 K and decomposes into bco-CuioZr7 and t-Zr.Cu upon cooling [96]. However,
even though bco-CujoZr7 and t-Zr,Cu are the most common phases in the literature for these compositions
and temperatures [26, 42], there is some evidence in the literature of the presence of the metastable c-ZrCu
phase when a ZrCu metallic glass is rapidly heated and quenched or when it exhibits a slow diffusion rate

and high viscosity [97].

T T
o bco-Cu,Zr,
m t-Zr,Cu
® c-ZrCu
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2 6 (deg)

FIG. 6: Post-mortem XRD diffractogram of partially crystallized ZrCu thin films, showing evidence of body-
centered orthorhombic CuioZr7, tetragonal Zr,Cu, and cubic ZrCu phases. The crystallization fraction is observed to

be approximately 80%.

To better investigate the crystallization kinetics involved during stage 3, the crystallized fraction can

be computed from the hardness measurements. Considering an iso-strain assumption during nanoindentation
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of ZrCu coatings, the effective hardness of the supercooled liquid + crystallites composite can be described
by a mixture law. The crystallized fraction X is then given by Eq. 10, where H is the measured hardness, H,
is the hardness of a theoretically 100% amorphous ZrCu thin film, and H, is the hardness of a theoretically

100% crystallized ZrCu thin film.

X=——2 Eq. 10

Both H, and H, are supposed to depend on the temperature. In particular, it has been shown that the
hardness of the amorphous phase greatly decreases with temperature within the supercooled liquid region.
This trend can be simply fitted with an Arrhenius-like law, as shown in Fig. 2c, and used to model H, during

the entire crystallization process.

Moreover, the roughly constant value of the hardness during the cooling down (Fig. 2b) indicates
that the hardness of the crystallized phase does not evolve within the investigated range of temperature
(from Tx~700 K to 2-h plateau at 723 K). The value of H,, can then be determined by solving Eq. 10 for the

80%-crystallized final ZrCu coatings. The value of H, has been observed to be approximately 4.5 GPa.

Using Eq. 10 during the entire crystallization process, the crystallized fraction can then be computed
from the hardness values. The results during the ramp and plateau of the thermal cycle are presented in Fig.
7. For comparison purpose, the crystallization fractions computed from in situ HT-XRD measurements are
also shown. The results indicate the remarkable agreement between the techniques. One of the main
advantages of HTSI is the large amount of measurements allowed by this technique in a really short time.
However, because of the local nature of nanoindentation testing, HTSI fails to assess the early stages of
crystallization, in comparison with XRD. Nevertheless, this local nature also gives key-information on the
sample heterogeneity, especially after the partial crystallization, where the span of the results suggests a
difference of the crystallization fraction of roughly 20 points. Thus, HTSI can be seen as a complementary
approach to XRD, which may corresponds to the intermediary scale between mesoscopic and nanoscopic

scales.
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It is worth noting that the iso-strain assumption leading to Eq. 10 corresponds to an upper limit of the
hardness. The literature has shown that this assumption was well verified for soft matrix and hard particle
composites with high volume fraction (typically higher than 40%—-50%) [98, 99]. In the current case, this

condition is rapidly met after the first sharp increase of hardness from 703 to 713 K.
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FIG. 7: Crystallization fraction computed from hardness values as well as from HT-XRD measurements plotted

against the testing time, where time = 0 corresponds to the beginning of the 2-h plateau at 723 K. The error bar on
data points from the XRD measurements corresponds to an estimation of the error made by considering only the

XRD peaks from 27° to 47° instead of the entire 20 range.

In addition, both the HT-XRD and HTSI techniques illustrate the double kinetics of crystallization
within ZrCu TFMGs, with a first fast crystallization during the heating ramp, and then a slower
crystallization during the 2-h plateau. This slowest crystallization that occurs during the 2-h plateau could be

explained by the competition between the nucleation and growth of several intermetallics.
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Indeed, Fig. 8 shows the in-situ HT-XRD diffractograms during a similar thermal cycle. These

results indicate that at the end of the heating ramp and at the beginning of the 2-h plateau, the three

intermetallics bco-Zr7Cuio, t-Zr>Cu, and c-ZrCu crystallized. It should be noted that some oxidation also

occurred at high temperature, with the formation of tetragonal (t) ZrO> and monoclinic (m) ZrO», as also

shown in the literature [26]. However, after a first crystallization of the bct-Zr;Cuio, t-Zr>Cu, and c-ZrCu

phases, the peaks corresponding to the c-ZrCu phase deeply decrease during the 723-K plateau, whereas the

peaks corresponding to the bct-Zr7Cuio and t-ZroCu phases continued to increase. This result indicates that

the metastable c-ZrCu phase disappears and transforms into the two thermodynamically stable phases. In

parallel, the amorphous hump still decreases, which indicates that the crystallization process still occurs.

Thus, both crystallization and phase transformation are involved during the 723 K plateau, which could

explain the slower crystallization kinetics involved at this step. Such phase competition could also be an

explanation for the short pause in the crystallization process at the end of the heating ramp.
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FIG. 8: HT-XRD diffractograms of ZrCu coatings measured during an entire thermal cycle (a) with the color scale

corresponding to the temperature. The diffractograms are shifted along the y-axis according to the testing time,

with time = O for the beginning of the 2-h plateau at 723 K. A zoomed-in version of the diffractograms during the
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crystallization process (end of the heating ramp and plateau) is given in (b).

5 Conclusion

This work reports for the first time the use of a new technique, high-temperature scanning
indentation (HTSI), to measure in real-time and at the local scale the physical changes involved during the
heat treatment of a model TFMG. This high-speed nanoindentation technique overcomes the limitation of
high temperature nanoindentation due to thermal drift, and allows real-time nanohardness and creep
measurements during non-isothermal cycles. The thermal evolution of hardness and strain-rate sensitivity
are interpreted as a “DSC-like” technique to determine in-situ physical changes occurring within the
material. This establishes HTSI as the first stand-alone technique, able to follow the entire mechanical
evolution in temperature of small-scale materials in only a few hours. In particular, hundreds of data point
can be obtained in only one batch, making HTSI a competitive technique compared to tensile or

compression tests in temperature.

Thus, based on the study of ZrCu TFMG, HTSI allowed the three physical states taken by the
material during heat treatment to be clearly identified: metallic glass, supercooled liquid, and crystallized. In
particular, the mechanical response of the ZrCu thin film has been assessed in-situ during the entire

supercooled liquid stage, leading to key information about the kinetics.

The transition from metallic glass to supercooled liquid and the crystallization were successively
detected by HTSI, leading to identification of the glass transition temperature T, and crystallization
temperature Tx, with good consistency with the DSC measurements. Moreover, the brittle-to-ductile
transition has also been precisely characterized, with remarkable agreement with the literature [17, 78].
Similarly, the crystallization fraction deduced from HTSI was found to be very consistent with that obtained
by HT-XRD. This has shown the excellent match obtained for behaviors recorded with a local probe or with

an averaged volume at the meso-scale.
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Finally, the robustness of HTSI to study thermally activated mechanisms in thin films has been
demonstrated. Moreover, because of the local nature of the measurements, HTSI opens up the prospect of
investigating such mechanisms at an even lower scale — by diminishing either the indentation size or the film
thickness — to put in light new small-scale mechanisms. In addition, thanks to the fast indentation rate during
HTSI, which leads to complete in-situ characterization in merely a few hours, it also offers the prospect for

the fast characterization of tailored materials with dedicated properties.
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