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Abstract

This work describes crystallization mechanisms in a model ZrCu thin film metallic glass, synthesized
through magnetron sputtering. Global-scale characterization techniques, including differential scanning
calorimetry and X-ray diffraction, are compared with local-scale characterization obtained through in
situ transmission electron microscopy during isothermal heating. This multi-scale approach establishes
the crystallization sequence of ZrCu thin film metallic glasses. Furthermore, it highlights the role of
oxidation as a nucleation site, initiating the crystallization process. Once initiated, crystallization
progresses as a propagating front, scanning and transforming the amorphous matrix. The combination
of both global and local approaches yields consistent key thermodynamic values. Additionally,
monitoring the advancing crystallization front during in situ high-temperature transmission electron
microscopy provides access to crucial kinetic parameters, such as diffusion coefficients.
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1. Introduction

The amorphous state of metallic glasses (MGs) and their overall chemical homogeneity, provide them
with unique properties, such as outstanding mechanical properties with large elastic domains and high
hardness, as well as excellent corrosion resistance. This makes metallic glasses materials of great
interest for various applications such as biomedical [1-4], sports and luxury [5, 6] or various other
industrial applications [7]. Thus, since their discovery in the 1960s [8], metallic glasses have been widely
studied. The main part of published works on MGs is related to bulk materials [2, 3, 5-10], but there has
been a recent increasing interest in thin film metallic glasses (TFMGs) [1, 4, 11-16]. Indeed, due to the
rapid cooling rate from the liquid state required to obtain a MG, only relatively small pieces of bulk
material can be formed. This manufacturing can be facilitated by the use of multicomponent alloys
involving a significant atomic size mismatch and negative heats of mixing [5, 7]. However, this results
in highly specific multi-component bulk metallic glasses (BMG), with only little room for optimization
of the chemical composition in view of targeted properties. In addition, the presence of multiple
components may also pose biocompatibility issues, as in the case of Ni, which is often added in Zr-
based BMGs [3]. As an alternative, physical vapor deposition (PVD) is associated with very high
quenching rates (up to 10° K.s%) [17]. It allows the production of large areas of thin film metallic glasses



(TFMGs) with a wide range of accessible chemical compositions, even for model binary or ternary
systems [4, 12].

Nevertheless, as out-of-equilibrium materials, the properties of MGs (bulk or thin) change significantly
during heating. Thus, the ductility of MGs is highly enhanced above the glass transition temperature Tj.
This allows the thermoplastic forming of MGs at high temperature, which provides access to the design
of specific shapes of MGs or to surface patterning [6, 18, 19]. The low crystallization temperature of
MGs can also be an advantage to obtain composites materials: a mixture of metallic glass with crystalline
phases. This crystalline phase can either hinder the rapid propagation of shear bands, deflect the shear
bands orientation away from the maximum shear direction, or act as preferential site for shear band
initiation, resulting in the multiplication of shear bands [20, 21]. This modifies the toughness and the
ductility of amorphous/crystalline composites. Outstanding properties of MGs are also observed under
thermal cycling, with relaxation and rejuvenation mechanisms [22].

The study of the in situ thermal evolution of MGs is then a crucial point. In the literature, thermally
activated phenomena of MGs, such as structural relaxation, glass transition or crystallization, have been
studied using differential scanning calorimetry (DSC) [6, 23], dynamic mechanical analyses (DMA)
[24], thermomechanical analyses (TMA) [24-26], X-ray diffraction (XRD) [23], and mechanical testing
[5, 9, 23]. Although these techniques are well adapted to BMGs, the study of TFMGs is more
problematic due to the small amount of material available, and thermal study are most often limited to
X-ray diffraction and to DSC measurements [12, 14, 27]. These techniques allow structural
characterization of TFMGs during heating at the global scale, and can give general trends on the
crystallization kinetic. However, those techniques do not provide access to the real physical changes
occurring locally in TFMGs.

In order to determine structural changes in TFMGs, new methodologies must be developed. A method
based on high-temperature nanoindentation has recently been proposed to track structural
transformations in materials [28]. It allowed the investigation of the metallic glass to supercooled-liquid
transition as well as the crystallization in a model ZrCu TFMG [29]. However, this study, which relies
on monitoring of mechanical properties, is carried out indirectly, without any direct observation of the
microstructural evolution. Within the past few years, several studies have been published on direct in
situ observations of physical changes in TFMGs using transmission electron microscopy (TEM)
analyses [30-36]. Those studies were of great interest in visualizing chemical heterogeneities upon heat
treatment below the crystallization temperature [31], identifying the observed crystallized phases [36]
or to investigating different crystallization steps or grain growth in multicomponent Au-, Zr-, Al-, Fe-
or Pd-based BMGs [30, 32-35].

The aim of this paper is to propose a dual analysis combining macroscopic and local scales, to enhance
the understanding of the transformation mechanisms from the metallic glass state to the crystallized state
in a ZrCu TFMG. For this purpose, characterizations recorded at the macroscale through conventional
global methods (DSC and XRD) are coupled with complementary local scale in situ TEM observations
during an isothermal treatment at 400°C.

2. Experimental details

2.1 Thin film deposition

The ZrCu film was directly deposited onto various substrates using DC magnetron co-sputtering of Zr
and Cu targets adopting a confocal configuration. The sputtering chamber was pumped down via
mechanical and turbomolecular pumps allowing a base vacuum of 10 Pa. Prior to the deposition,
substrates were sputter-etched using a radiofrequency plasma during 5 minutes. A rotating substrate
holder was used to ensure good lateral homogeneity of the film composition and thickness. The target-
to-substrate distance was fixed at 9 cm. Using a throttle valve, the deposition pressure was fixed to 0.5
Pa using an argon flow rate of 30 sccm. 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. A Cu content of 50 at%
was targeted by applying target currents of 0.3 A to the Zr target and 0.056 A to the Cu one. The film
was deposited without external heating. As expected, the chemical composition of the film, determined
by EDX analysis, is Zrs:Cuae. The vocable ZrCu will be deliberately used in the following text, to make
more simple reading of the paper.

Substrates-free samples for DSC measurements were prepared by depositing the ZrCu TFMG onto
sodium chloride (NaCl) substrates. Then the substrates were dissolved in distilled water, leaving the
ZrCu TFEMGs free-standing for analysis. For XRD analyses, 6 pm-thick ZrCu TFMGs were deposited
onto amorphous silica. TEM observations were performed on 70 nm-thick ZrCu TFMGs deposited on
a Nano-Chip from DENSsolutions for TEM observations [37].

2.2 Characterization methods

DSC measurements during non-isothermal testing were first performed to obtain key transformation
parameters, such as the glass transition temperature (Ty) and the onset of crystallization temperature
(Tx). Measurements were conducted with a Perkin EImer DSC-7 under high-purity dry nitrogen at a flow
rate of 20 mL.minon 5 mg substrate-free samples from 30 to 550°C with two different rates (3 and 15
°C min™). Results for ZrCu-TFMGs have been provided in a previous work [29] and show a T, of 385
°C and 395 °C for the 3 °C min! rate and the 15°C min rate samples, respectively, and a Tx of 407 °C
and 429°C. These results justify the choice of the selected isothermal temperature of this study (400°C),
which is between Ty and Ty.

X-ray diffraction analyses during 400°C-isothermal heating were conducted using an AXS Bruker D8
Advance diffractometer with Cu K, radiation (A= 0.15406 nm) in Bragg—Brentano geometry, with an
Anton Paar HTK 1200 oven chamber operating under vacuum (102 Pa). Locked coupled scans with 26
from 27° to 47 ° were used during the isotherm, with a resulting duration of about 10 min for each
measurement. Heating from room temperature to 400°C was carried out at the maximal heating rate of
the device, i. e. 0.5 °C s. Subsequently, the temperature was maintained at 400°C for 240 min. Cooling
was performed at 0.5 °C s™.

In situ TEM observations during 400°C isothermal heating were conducted with an FEI-TITAN Cs-
corrected eTEM operating at 300 kV under high vacuum (10°® Pa). Heating was achieved using a
MEMS-based sample holder from DENSsolutions. The isothermal temperature was reached in a few
seconds, as was the room temperature after cooling. During the isotherm, TEM images were acquired
every 30 s. Two samples were tested, in order to obtain two different magnifications (x4900 and
x43000).

High resolution TEM (HR-TEM) was also performed after the heat treatment to determine the nature of
crystallized phases. The detailed procedure for phase identification is given in supplementary
information S1. This procedure is based on matching the fast Fourier transform (FFT) patterns of the
experimental HR-TEM images with the theoretical diffraction patterns of potential phases using the
CrystTBox software [38].

Furthermore, post-mortem observations of non-exposed sample areas were also performed, which
showed no artifacts linked to a potential electron irradiation effect on the crystallization kinetic of ZrCu-
TFMG (see supplementary information S2).

3. Results and discussion

3.1 Global-scale characterization



Results obtained from XRD measurements during 400°C-isothermal heating are shown in Fig. la.
Despite the vacuum level and due to the high affinity of Zr with oxygen, ZrCu-TFMG shows evidence
of oxidation in the early stages of the heat treatment. The tetragonal zirconia (t-ZrOy) is present from
the beginning, with competition from its monoclinic form (m-ZrO;), which appears after
approximatively 15 min. This initial oxidation was also shown in the literature for similar TFMGs
compositions [27].

Then, intermetallic crystallization starts around t = 36 min, which corresponds to the crystallization
incubation time z. The first intermetallic crystallized phase is the orthorhombic (bco) CuioZr+, which
corresponds to the stable expected phase of ZrCu alloys at 400°C [14, 27]. A slight evidence of cubic
(c) ZrCu is also seen from t = 60 min. This phase is unexpected, since the c-ZrCu is not stable below
715°C [39, 40]. However, evidence of this metastable phase has already been reported in the literature
[29, 41, 42], and is associated with metallic glasses that are rapidly heated and quenched, or that exhibit
a slow diffusion rate and high viscosity [41]. In a previous work from our group [29], this metastable
phase was also observed under heating before it dissociates into stable bco-CuioZr7 and t-Zr,Cu phases
during a 450°C isothermal annealing.

Then, the intensity of bco-CuioZr7 diffraction peaks increases from t = 36 min to t = 93 min, suggesting
that crystallization fraction of bco-CuioZr7 increases up to t = 93 min. From this time, diffraction peaks
do not significantly evolve anymore, which indicates that crystallization has stopped, despite a
remaining amorphous hump at the end of the heating.
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FIG 1: (a) In situ X-ray diffractogram of a ZrCu-TFMG during isothermal heating at 400°C at 10 Pa
with 3D view (top) and 2D view (bottom) of all diffractograms from different time put together and
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(b) associated crystallization fraction against time with corresponding JMAK fit.

From the diffractograms, assuming that the bco-CuioZr; is the highly preponderant phase, the
crystallization fraction F, can be estimated using Eq. 4, with I, and I, the integrated intensity of the
amorphous hump and the crystallization phases, respectively [43, 44]. Results are shown in Fig. 1b, and



they are fitted using JMAK’s modeling described in supplementary information S3. The total
crystallization fraction at the end of the heat treatment is 87+3%.

F, = 4)

Fig. 2 shows the local activation energy against the crystallization fraction (details on the calculation of
the local activation energy can be found in supplementary information S3). The activation energy is
roughly constant during the whole crystallization process, with a value at a crystallization fraction of
50% of E, ~ 440 kJ mol™. This value is in good agreement with the values found in literature for similar
compositions of ZrCu bulk metallic glasses [45].

The Avrami exponent and the reaction rate are found to be 1.9 +/- 0.1 and 6.2 +/-0.1-10* s™%, respectively.
Kinetics values from XRD measurements are summarized in Tab. 1. These values can be compared with
values obtained from non-isothermal DSC measurements, using the analysis described in supplementary
information S4, and shown in Tab. 1 and in Fig. 3. Although crystallization kinetics are not expected to
be the same during isothermal and dynamic tests, close value of Avrami exponents are found. It suggests
that crystallization would be governed by similar mechanisms during non-isothermal testing. Activation
energies of the same order of magnitude can also be calculated.

The interpretation of the value of the Avrami exponent values was extensively discussed in literature.
An approximation of the Avrami exponent is often given as n = a + mb, with m = 0.5 for volume-
controlled crystallization (parabolic growth), i. e. if the crystallization is entirely controlled by long-
range diffusion; and m = 1 for interface-controlled crystallization (linear growth) [6, 45 ,46, 47]. The
b coefficient stands for the dimension of the particle growth, and thus is 3 for 3-dimentional growth, 2
for 2-dimentional growth and 1 for 1-dimentional growth. The a coefficient corresponds to the
nucleation kinetics: its value is 0 when all the nuclei are already present, and no significant formation
of new nuclei occurs during crystallization; 1 when the nucleation rate is constant during the whole
crystallization; above 1 for increasing nucleation rate and below 1 for decreasing nucleation rate.
However, another analytical derivation from llshner [48] gives an Avrami exponent n between 1 and
1.2 for volume-controlled crystallization of 3-dimentional particles with zero nucleation rate and n =
1.7 in case of constant nucleation rate. It also has to be noted that those analytical derivations are
proposed for the crystallization of a unique phase, and the concurrent or successive crystallization of
several phases may still make the interpretation of the Avrami exponent more challenging.

In the present case, an Avrami exponent close to 2 can be interpreted either as a crystallization driven
by a volume-controlled growth of 3-dimentional particles or as an interface-controlled crystallization of
2-dimentional particles; both with a rapidly decreasing nucleation rate or no nucleation rate. Thus, the
XRD data, alone, cannot be considered sufficient to solve the ambiguity involved in the crystallization
mechanisms.

TAB. 1: Kinetics information extracted from XRD and TEM measurements. For comparison purpose,
results from non-isothermal DSC measurements analyzed with the Various Heating Hate (VHR) method
and the Kissinger—Akahira—Sunose (KAS) method are also shown (more details in supplementary
information S4).
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XRD 400°C isotherm | 36 445 1.9+/-0.1 | 22+/-0.1-10% | 6.2 +/-0.1-10*
TEM 400°C isotherm | 25 441 22+/-0.1 | 1.6+/-0.1-10% | 9.3+/-0.1-10*
DSC 3 °C/min - 1.8+/-0.1 | 3.0+/-0.1-10% | 1.5+/-0.1-10"
. 493
(VHR) 15 °C/min - 1.8+/-0.1 | 3.0+/-0.1-10% | 1.5+/-0.1.10*
DSC 3 °C/min - 23+/-0.1 | 3.8+/-0.2-108 | 3.2+/-0.1-10*
: 354
(KAS) 15 °C/min - 22+/-02 | 7.2+/-0.1-108 | 6.0 +/-0.1-10"
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FIG. 2: Local activation energy obtained from XRD and TEM measurements during 400°C-
isothermal heating. For comparison purpose, results obtained from non-isothermal DSC
measurements analyzed with the Various Heating Hate (VHR) method and the Kissinger—Akahira—
Sunose (KAS) method are shown (more details in supplementary information S4).

3.2 Local-scale characterization

Although XRD measurements provide macroscopic information about crystallization, in situ TEM
observations can bring new insights on the understanding of crystallization mechanisms at a
complementary deeper local scale.

Fig. 3a-1 shows the low magnification microstructural evolution of the film as a function of the annealing
time. Crystallized areas are identified by the manually-adjusted yellow selections in Fig. 3. At this
magnification, first crystallization nuclei are found around t = 19 min. (Fig. 3b). Then, the number of
crystallization nuclei increases until t = 29 min (Fig. 3c) where significant grain growth initiates.
Crystallization seems to be completed around t = 60 min, and the sample does not evolve further until
the end of the heat treatment. The crystallization fraction can be roughly estimated at each time step, as
shown in Fig. 3m. The same approach as for XRD is applied, in order to deduce the Avrami exponent,
the reaction rate, the incubation time and the activation energy for crystallization. All results are gathered
in Tab. 1.

Although crystallization occurs at an equivalent time-scale compared to XRD measurements, it has to
be noted that crystallization starts in advance during in situ TEM, with T = 25 min, compared to T = 36
min during HT-XRD. However, it is worth mentioning that this incubation time is obtained from the
JMAK modeling of the crystallization fraction against the time. In fact, crystallization nuclei are clearly
visible at TEM before this incubation time, around t = 19 min. Indeed, the incubation time would rather
correspond to the time at which significant grain growth occurs, but crystallization nucleation may
initiate much earlier, as shown by TEM observations. As comparison, XRD probably fails to properly



detect those crystallization nuclei due to their small sized distribution and the detection limit of the
technique.

During in situ TEM, crystallization also appears to occur faster than during XRD experiments. Thus,
both the Avrami exponent and the reaction rate obtained from TEM observations are slightly higher than
for XRD measurements. However, the values remain of the same order, suggesting that the
crystallization mechanism is similar. Besides, TEM observations reveal a first incubation time where
nucleation happens, followed by the growth of crystallized areas without evidence of concurrent
nucleation. This is consistent with a strongly decreasing nucleation rate during the grain growth.

Finally, the activation energy estimated from TEM experiments is similar to the activation energy value
deduced from HT-XRD, as shown in Fig. 2. It also suggests that mechanisms would be the same for
both experiments, despite their different probed surface over volume ratios. This result is particularly
noteworthy considering the substantial difference in vacuum levels between the two experimental
conditions (10 Pa versus 10 Pa).
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Fig. 3: Bright-field TEM micrographs of ZrCu-TFMG at low spatial resolution during 400°C heating
att=0min (a), t =19 min (b), t = 24 min (c), t = 29 min (d), t = 34 min (), t = 39 min (f), t = 41 min
(9), t =44 min (h), t = 47 min (i), t = 49 min (j), t = 54 min (k) and t = 60 min (I). Crystallized zones
are identified by yellow highlighted areas, assuming a 100% crystallization after grain growth.
Associated crystallization fraction against time and corresponding JMAK fit is given in (m). Full film
in supporting information.



FIG. 4: TEM images of ZrCu-TFMG during 400°C heating at t = 0 min (a), t =2 min (b), t = 9 min
(c), t =19 min (d), t =29 min (e), t = 34 min (f), t = 39 min (g), t = 44 min (h), t = 47 min (i), t = 49
min (j), t = 54 min (k) and t = 60 min (I). The main crystallization front is highlighted in yellow. Full
film in supporting information.

In order to obtain further complementary information on crystallization mechanisms, observations are
also performed at a higher magnification, as shown in Fig. 4. These images reveal that precipitates with
light contrast appear 2 min after the beginning of the heat treatment (black arrays in Fig. 4b-d). HR-
TEM performed after heating on those particles allows their identification as m-ZrO- (Fig. 5a). Thus, as
for XRD, oxidation occurs prior to the crystallization of intermetallic precipitates.

Then, a region with dark filament-like contrasts (bottom red arrays in Fig. 4d-f) appears at t = 19 min.
Its contrast is close to that observed in Fig. 3, which suggests that it could correspond to a crystallization
nucleus. A second crystallization nucleus appears at t = 34 min (top red array in Fig. 4f). It is worth
mentioning that both nuclei nucleate in close vicinity of zirconia precipitates. This could corroborate the
idea that zirconia precipitates would favor the crystallization, as suggested in a previous work by
Apreteusei et al. [27]. Indeed, since zirconium atoms are used to produce Zr-rich precipitates, the
vicinity around zirconia precipitates is supposed to be enriched in Cu. These Zr-depleted zones would
be sites where nucleation of Cu-rich phases may initiate (e.g. bco-Zr-Cuio phase, as indicated by XRD
characterization).

Finally, Fig. 4 shows evidences of crystallization growth. First, the bottom nucleus slightly grows before
being covered by a fast crystallization front, characterized by dark river-like patterns among a middle-
grey matrix, that propagates from the bottom to the top of the picture between t = 39 min and t = 54 min
(Fig. 4f-k). Thus, the time-scale is compatible with the grain growth step observed in Fig. 3. The top
nucleus remains roughly stable up to t = 49 min, and then starts to grow. This growth could be either
due to the growth of the nucleus itself or caused by the propagation of the crystallization front within
the volume of the film.

The analysis of the post-mortem HR-TEM images after heating has confirmed the presence of the bco-
Zr;Cuyo as the preponderant intermetallic phase. In particular, this phase was found in the dark river-
like pattern of Fig. 4, as shown in Fig. 5 b. The middle-grey matrix around those river-like patterns
corresponds to poorly-oriented regions, with some FFT dots compatible with bco- CuioZry. Interestingly,
some regions of this matrix also remain in an amorphous state (Fig. 5 ¢). It has to be noted that this



remaining amorphous region is consistent with the resulting amorphous hump observed after XRD
experiments.

The fast propagation of the crystallization front is really similar to the eutectic reaction observed in
several metallic glasses [42, 49]. This rather suggests a crystallization driven by an interfacial growth
instead of a volume-controlled growth. It has to be noted that in case of interface-controlled
crystallization, the Avrami exponent, which was found to be around 2 for both TEM and XRD results,
appear to be rather weak. It might indicate a 2-dimentional growth of particles, instead of a 3-
dimentional growth, due to the thin film nature of the sample and despite the large micrometric thickness
of the deposited layer for XRD measurements. Interestingly, in the present work, the formed crystals
after the front propagation are mainly Zr,Cuso, with some evidence of ZrCu observed by XRD, and with
a remaining amorphous phase confirmed by XRD and observed between the dark river-like patterns by
TEM. This behavior is close to the observation of a so-called pseudo-eutectic reaction found by Bazlov
etal. [50] in a Al-based metallic glass at slow heating rate. For such pseudo-eutectic reaction a remaining
amorphous phase was also observed around the intermetallic compounds after the passing of the
crystallization front, and thus without common boundary between intermetallic compounds. In this case,
the Avrami exponent was rather low for 3-dimensional interface-controlled growth. Thus, this pseudo-
eutectic reaction could also be responsible for a weak Avrami exponent.

FIG. 5: Example of indexation of (a) the m-ZrO- (zone axis [-2,1,1]) and (b) the bco-Zr;Cuio phase
(zone axis [17,-7,4]). Evidence of remaining amorphous phase is shown in (c).

Finally, the displacement rate v of the bottom-to-top crystallization front can be measured from each
TEM image. This displacement rate v is found roughly constant with time, and is estimated to be around



0.7 + 0.1 nm.s™. This is highly consistent with an interfacial-controlled crystallization, which is
characterized by a linear growth of the crystallized particles.

Assuming that the diffusion required to separate the different phases of the pseudo-eutectic reaction
occurs ahead of the crystallization front, and since the investigated temperature is far below the melting
temperature, Eg. 5 can be used to estimate the diffusion coefficient at 400°C [51]. In this equation, A
corresponds to the distance between two lamellaes of the pseudo-eutectic products. In the present case,
only the Zr;Cuyo phase have been successively indexed by TEM, and A was measured as the mean
distance between two dark river-like patterns and estimated to be of the order of 100nm. As a result, a
diffusion coefficient D around 3.101" m2 s was deduced. This diffusion coefficient most likely stands
for copper diffusion in the amorphous ZrCu, since it has been shown in literature from both experimental
work and molecular dynamic simulation that below 1.2 Ty, the diffusion is mostly controlled by the atom
size [52- 55].
4D

14 OCT (5)

A value of D within the 10" m2 s* order of magnitude is similar to the values found in the literature for
the diffusion of solute atoms with atomic radii sizes close to that of Cu (Fe, Co, Ni) in Zr-based metallic
glasses and supercooled liquids [56- 59], or in binary systems such as CoZr [58, 60, 61], NiZr [62] or
FeZr [58, 63]. However, the direct comparison with values from the literature should be carefully
considered since the diffusion coefficient may not only depend on the chemical composition, but also
on the atomic packing of the metallic glass [54, 58].

4. Conclusion

In this study, a dual approach involving two complementary scales of investigation, global vs in situ
local, was used in order to better understand the dynamics of crystallization for a model Zr-Cu TFMG.
The crystallization mechanisms of ZrCu-TFMGs can be described as follows:

(1) Firstly, oxidation occurs, with nucleation of well-defined zirconia precipitates. Such
behavior has been proved by XRD at a global scale, as well as locally by TEM.

(i) Secondly, nucleation of bco-Zr;Cuso intermetallic phase arises in the close vicinity of
zirconia precipitates. It suggests that crystallization of bco-Zr;Cuyo is favored by the
oxidation and may be caused by a chemical effect around the precipitates (with rich-Cu and
poor-Zr regions).

(iii)  The following crystallization itself is then illustrated by a fast displacement of a
transformation front of bco-Zr;Cuie grains, which resembles a pseudo-eutectic
transformation. However, at 400°C this crystallization front leaves a part of remaining
amorphous untransformed matrix between the crystallized phases, revealed by both XRD
and TEM technics.

From a quantitative point of view, really close crystallization kinetics were observed with our dual
global-local approach, with close reaction rate (6.2-10* s and 9.3-10* s, respectively) and Avrami
exponents (1.9 and 2.2, respectively). Both measurements also give similar activation energies for
crystallization (441 kJ.mol™ and 445 kJ.mol?, respectively). It suggests that crystallization mechanisms
are the same for both measurements, despite the different sample configurations (micrometric thin film
for XRD versus nanometric thin film for TEM).

Both TEM and XRD techniques lead to comparable results in terms of crystallization kinetics. Besides,
TEM analysis allowed to assess the presence of intermetallic nuclei much earlier than XRD



measurements. It also provided additional information on their sites of nucleation. Finally, it allowed
for the measurement of a diffusion coefficient considering the continuous progression of the
crystallization front.
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