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Thin film metallic glasses (TFMG) provide rich information on plastic phenomena owing to a more ductile 
behaviour than bulk counterparts. However, correlation between the macroscopic and the atomic strain 
for sub-micron scale specimens remains a challenge which is essential towards unravelling the origin of 
the mechanical properties. Here, complementary results were obtained combining high-resolution X-ray 
synchrotron scattering and in situ annealing transmission electron microscopy measurements on ZrNi 
thin freestanding films showing remarkable strength/ductility balance. The evolution of the structure 
factor shows the occurrence of spatially homogeneous and isotropic atomic dilatancy without shear 
banding upon tensile loading at room temperature. The in situ TEM results reveal that such dilatancy is 
also triggered during thermal annealing but only in undeformed samples. The discussion aims at linking 
this behaviour to the specific microstructure of the films, which involves nanoscale chemical/density 
heterogeneities inherited from the deposition process, and to the mechanical properties.

Introduction
Metallic glasses (MG) are reputed for their exceptional tensile 
strength involving large elastic strain. However, they suffer 
from a limited capacity to develop homogeneous plasticity at 
room temperature, especially in tension. Brittleness essentially 
stems from premature strain localization events leading to the 
propagation of catastrophic shear bands and to the subsequent 
failure. Hence, a major lever to enhance the capacity of MG to 
produce more homogeneous plastic flow lies in the mitigation of 
the shear banding nucleation and/or propagation process [1–3] 
to suppress or at least delay fracture.

The early work of Volkert et al. reported the absence of cata-
strophic shear banding during plastic deformation when com-
pressing pillars with diameters below 500 nm [4]. This study was 
at the origin of a relatively recent research focus on the mechani-
cal response of MG at small dimensions that differ from the bulk 

counterparts [5–7]. This is intriguing because the absence of 
grains in MG, and therefore of grain boundaries, should imply 
mechanical properties independent of the specimen size. How-
ever, differences are observed on the elastic response [8], on the 
yield stress [9–11], on the elastic-to-plastic transition [9, 12], 
on the plastic deformation mechanisms (i.e. shear banding) [11, 
13] and on the fracture behaviour [11, 14, 15], with non-obvious 
correlations between the different regimes.

Still, the “size-effect” term remains an equivocal shortcut 
to encompass various underlying physical features influenc-
ing the transition between shear-band dominated to homo-
geneous plastic yielding. Therefore, caution must be advised 
when attributing unexpected mechanical behaviour to a scale 
effect only when it can be connected to a switch in the under-
lying mechanisms when down-sizing, either intrinsically 
or extrinsically [5, 6, 16]. Indeed, in addition to energetic 
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considerations showing the existence of a critical dimension 
below which mature shear bands cannot nucleate or propagate 
[4, 9, 11], surface stresses [17], e-beam irradiation [18], strain 
rates [10, 18], surface roughness [19], surface-to-volume 
ratio [20] and/or a lack of structural defects [9, 13] are also 
reported to influence the mechanical response at small scales. 
In parallel, other studies claim for the size-independency of 
the mechanical properties [21] or for a size dependency sub-
ordinated by the cohesion of the atomic bonds [22]. A clear 
element of complexity in the quest to separate and quantify 
these possible effects is the extreme difficulty to characterise 
experimentally MG at small scales. This is a challenge both in 
terms of sample processing, mechanical testing and structural 
characterization. More specifically, there is a major need for 
(i) producing pristine metallic glasses with small dimensions 
and (ii) correlating the macroscopic mechanical response to 
the affine and non-affine atomic structural changes activated 
inside the material upon loading.

In a previous study, Ghidelli et al. reported that decreasing 
the thickness of Zr65Ni35 TFMG leads to larger yield stresses 
as well as to homogeneous and large plastic deformation when 
tested in tension using an on-chip platform [9]. More recently, 
using advanced high-resolution transmission electron micros-
copy (HR-TEM), Idrissi et al. demonstrated that, beyond sample 
dimensions, the intricate structure at the atomic cluster length 
scale also plays a key role [23]. Indeed, Zr65Ni35 (At.%) TFMG 
were found to display atomic density and chemical heteroge-
neities of 2–3 nm in size as well as continuous disruption of 
the local atomic order with increasing plastic deformation. This 
heterogeneous atomic organization associated to a local varia-
tion of excess energy is at the origin of the mediation of the local 
shear providing a stress delocalization principle, hence confirm-
ing that structural heterogeneities also have a pivotal role in the 
structure–property relationship in MG [24–26]. Bridging the 
macroscopic [9] and the atomic cluster [23] scales is an impor-
tant step towards understanding the structural changes arising 
during the deformation of TFMG. To address this challenge, 
Gammer et al. developed strain mapping in metallic glasses in 
TEM using precession nanodiffraction [27, 28]. However, this 
technique is not suitable for the characterization of wide areas 
and samples with thickness larger than few nanometers. Con-
cerning X-rays, the early work of Poulsen et al. revealed that the 
use of X-ray scattering on metallic glasses is a powerful tool to 
measure atomic strain [29]. Generally, high energy X-rays are 
used to probe relatively thick bulk metallic glasses (BMG) [30] 
and to expand the accessible reciprocal space range [31], but 
at the expense of spot size and/or flux. For instance, Scudino 
et al. successfully analysed the atomic strain distribution inside 
BMG in the near crack tip region [32], across shear bands [33] 
and around structural heterogeneities [34], but with a limited 

spatial resolution preventing the study of very small specimens, 
such as thin films.

In order to further investigate experimentally the link 
between atomistic strain and macroscopic deformation, we 
combine, as shown in Fig. 1, three cutting-edge techniques to 
jointly study both the macroscopic response and local atomic 
mechanisms: (i) “on-chip” tensile tests with specimens processed 
by physical vapour deposition providing consistent and repro-
ducible mechanical data [35, 36], (ii) highly focussed synchro-
tron X-ray beam [37] for the acquisition of the spatial distribu-
tion of the local atomic strain and (iii) advanced in situ heating 
HR-TEM experiments revealing the evolution of the atomic 
structure with temperature [23] (see the Materials and Methods 
section). We show that both strain- and temperature-induced 
homogeneous atomic dilatancy can develop in the pristine 
microstructure of 360-nm-thick Zr42Ni58 and Zr65Ni35TFMG 
suggesting complex atomic rearrangement arising from the 
pristine as-deposited microstructure. The detailed discussion 
aims at answering the following scientific questions: how does 
the spatial distribution of the atomic strain evolve inside TFMG 
deformed in tension at RT? How does it correlate to the macro-
scopic strain and to the mechanical properties? Does the pristine 
deposited atomic structure play a role?

Results
X‑ray diffraction

Figure 1(b) shows the stress–strain response of the Zr42Ni58 
360-nm-thick film. In a previous study, Ghidelli et al. revealed 
that increasing the Ni content decreases the atomic density 
due to the larger amount of Zr–Ni bonds and to an increase 
of stronger atomic bonds [38]. Therefore, compared to the 
Zr65Ni35 composition published elsewhere [9], the Zr42Ni58 
TFMG is expected to be less ductile. This is indeed the case 
as the Zr42Ni58 composition shows an ultimate strain of 7%, 
whereas it is almost equal to 10% for a Zr65Ni35 specimen of 
same thickness and geometry (width: 2 µm, length: 50 µm, see 
Fig S1). The last unbroken specimen in the present series is the 
33rd (noted S33) for the Zr42Ni58 films and the 40th (noted S40) 
for the Zr65Ni35 composition. A 7% total elongation is still a 
high value for a metallic glass involving significant plastic defor-
mation. For the Zr42Ni58 films, the ultimate stress is equal to 
2200 MPa. This value is comparable to the ones found for the 
Zr65Ni35 compositions (Fig S1 and [9]) but were expected to be 
higher compared to previous studies [38, 39]. The structural 
investigation under mechanical loading of these two composi-
tions offers the possibility to investigate the impact of the Zr/
Ni ratio as well as the relationship between the atomic and the 
macroscopic strain up to failure.
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Figure 2(a) superimposes the averaged elliptical fit of the 
scattered intensities measured at each location within the three 
Zr42Ni58 increasingly deformed specimens [S9, S17 and S33, see 
Fig. 1(b)]. For the Zr42Ni58 films, the signal from the unloaded 
state was acquired on free beams (Fig S1). The perfect ring shape 
of the scattering signal (Fig S3(a)) confirms the lack of anisot-
ropy in the reference state and a higher atomic density com-
pared to the Zr65Ni35 composition due to a higher amount of 
Ni–Ni bonds [39]. When zooming at the top of the ellipses, i.e. 
along the loading direction qy in reciprocal space, the averaged 
maximum of intensity shifts closer to the origin of the recipro-
cal space with increasing macroscopic deformation. This indi-
cates that, as expected, the mean interatomic distances increase 
along the loading direction, i.e. atomic bonds are stretched. 
Along the transverse direction qx, a shift of the maximum of 
intensity towards higher values with increasing macroscopic 

strain is usually observed in bulk metallic glasses [30, 40] due 
to Poisson transverse contraction, which is observed here if the 
scattered intensities between the S9, S17 and S33 specimens are 
compared [Fig. 2(a) and Fig S4]. However, the contraction is 
not observed when comparing to the unloaded state: the S9, 
S17 and S33 average intensity maxima are all positioned at lower 
qx values compared to the unloaded state. Therefore, the three 
deformed states exhibit larger averaged interatomic distances 
with respect to the unloaded state along the transverse direction 
qx [see Fig. 2]. This evolution of the scattering signal was unex-
pected. This finding means that the Zr42Ni58 thin films undergo 
atomic expansion in the transverse direction upon tension at 
small to moderate stretching levels (< 2%) still within a globally 
elastic regime. This indicates that the pristine microstructure of 
the glass contains features that are susceptible to undergo such 
atomic reorganisation.

Figure 1:   (a) SEM images of an unreleased and a released specimen illustrating the extraction of the macroscopic strain together with (b) the strain–
stress response of the Zr42Ni58 (at%) 360-nm-thick film. The highlighted dots correspond to the specimen 9, 17 and 33 of the series probed by X-ray 
scattering (see main text). (c) Illustration of the ESRF ID01 set-up to probe the samples in transmission. (d) Wildfire heating stage from DENS solutions. 
Cross-sectional foil is fixed and thinned on the heating chip by FIB. (e) High-resolution HAADF-STEM micrograph and (f ) its FFT on as-deposited 
Zr65Ni35 (at%) TFMGs.
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A similar behaviour is observed for the Zr65Ni35 composi-
tion. In this case, the reference state (unloaded) was taken far 
from the deformed area, at the bottom of specimen 40 (Fig S1), 
so that a slight anisotropy of the scattered intensity differing 
along y and x in the unloaded state are recorded (Fig S3(b)). This 
slight degree of anisotropy of the reference state for the Zr65Ni35 
films can potentially induce more scattered atomic strain val-
ues (εa) but the trend confirms the observation made for the 
Zr42Ni58 composition: the mean elliptical scattered intensities 
from the three deformed specimens (S11, S19 and S40) remain 
inside the scattering signal of the unloaded specimen indicat-
ing that the bond spacing is increasing along both qy and qx for 
this composition [see Fig. 2]. Again, this behaviour is observed 
in the small deformation regime. The increase of the atomic 
bond lengths both in the longitudinal and transverse direc-
tions for both compositions is further highlighted in Fig. 2(c) 

and (d) showing the evolution of the atomic strains εa with the 
macroscopic strain εm along qy (εyy) and qx (εxx). For the two 
compositions, εyy steadily increases with increasing macroscopic 
deformation in order to accommodate the imposed displace-
ment, while εxx increases at first and then decreases. Note that 
the average values of εxx remain positive even for the last unbro-
ken specimens (Zr42Ni58-S33 and Zr65Ni35-S40). It is remarkable 
that this behaviour is also captured macroscopically (Figure S4) 
even if accurate measurements of the specimen’s width by SEM 
can be difficult and that a discrepancy between εa(x) and εm(x) is 
not yet fully elucidated.

The X-ray data of Fig. 2 reveal several key features: (i) the 
atomic strain inside these TFMG can reach very high values (up 
to about 0.04 in the specimen Zr42Ni58-S33), (ii) on average, the 
atomic density is lower in the deformed specimens compared to 
the unloaded state, (iii) the positive atomic strain contribution 

Figure 2:   Averaged elliptic fit* of the scattered intensity recorded in (a) the unloaded state (black), S9 (red), S17 (blue) and S33 (green) specimen for 
Zr42Ni58 and in (b) the unloaded state (black), S11 (brown), S19 (violet) and S40 (cyan) specimen for Zr65Ni35. Evolution of the average atomic strains 
εyy (along the loading direction y) and εxx (along the transverse direction x) as a function of the macroscopic strain εm for (c) the Zr42Ni58 and (d) the 
Zr65Ni35 compositions. The vertical bars indicate the two extrema measured in each sample. *The ellipses were plotted using the average parameters 
computed from the 2D elliptical fit of all the 2D images recorded in each specimen.
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in the transverse direction is larger for the less deformed speci-
men for both compositions suggesting an increase of excess free 
volume during the early stages of deformation followed by a 
relaxation mechanism and (iv) the composition with the largest 
amount of Zr (Zr65Ni35) exhibits a less pronounced decrease of 
εxx with εm.

In Fig. 2(c), the vertical bars give the local minimum and the 
local maximum of εyy and εxx measured in the probed area for 
each specimen. The dispersion around the mean values widens 
with the increase of εm. However, there is no information on how 
this dispersion is spatially distributed inside the specimens. To 
do so, for each specimen, the spatial distribution maps of the 
local normalized deviation ε̃yy =

εyy−εyy

εyy
 are plotted in Fig. 3(a), 

with εyy the average atomic strain along y and εyy the local 
atomic strain. These maps show that, even if the dispersion 
increases (mainly because of more distant extrema), the spatial 
distribution remains quite homogeneous, displaying areas of 
similar length scale and shape for positive (0 < ̃εyy< + 0.5, in yel-
low) or negative (− 0.5 < ̃εyy<0, in violet) values of ε̃yy.

Therefore, while the atomic strain along y inside the film 
can vary from one location to another, there is a priori no 
visible sign of specific spatial localization events that could 
be related for instance to shear bands. This confirms that 
the ZrNi TFMG deforms in an homogeneous way in tension 

before failure, at least above a length scale of the order of the 
probe size (200 nm). On the other hand, the major finding 
concerning εxx, beyond its magnitude, is its positive value. 
Indeed, Fig. 2(c) shows, as already indicated before, that εxx 
displays positive average values up to the last unbroken speci-
men S33. Interestingly, the vertical bars show that inside the 
probed area, εxx can locally reach negative values (both for S17 
and S33). Figure 3(b) gives the εxx spatial distribution maps for 
each specimen. Only few small spots inside S17 involve local 
negative εxx values (blue spots), while in S33, these regions of 
negative εxx correspond to about 28% of the analysed area. The 
presence of spots with negative εxx correlates with locations 
corresponding to large εyy values, i.e. where atomic bonds are 
more stretched along the loading direction (bottom right of 
the S33 map). By extrapolating these results, we hypothesize 
that the next specimens (from S34 to S40, which are all bro-
ken) have thus been deformed at least slightly more than the 
S33 involving a structural state with an even larger amount 
of locations with negative εxx values, which is the atomic 
behaviour commonly observed in bulk metallic glasses [29, 
30, 41]. This statement is further supported by the fact that in 
specimen S40 of the Zr65Ni35 composition, only 0.7% of the 
analysed area was found to display negative εxx values and it 
remains unbroken.

Figure 3:   Zr42Ni58 spatial distribution maps of (a) the normalized deviation of the local atomic strain along the loading direction y ( ̃εyy ) and (b) the local 
atomic strain along the transverse direction x for S9 (1.4 × 8 µm2), S17 (1.4 × 10 µm2) and S33 (1.4 × 10 µm2) specimens.
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In order to investigate deeper if this intriguing finding of 
transverse dilatancy in the first stage of deformation could be 
related to a specific pristine microstructure of the as-depos-
ited TFMGs, a strain-temperature equivalence approach was 
applied on the Zr65Ni35 composition.

In situ high temperature transmission electron 
microscopy

An undeformed specimen and a 12% deformed specimen, taken 
from another series, were gradually heated in situ inside the TEM 
in order to track structural evolutions with temperature (from RT 
up to 500 °C). FFT images obtained on high-resolution HAADF-
STEM images acquired at different temperatures (RT, 100 °C, 
200 °C, 300 °C, 400 °C and 500 °C) before and after deforma-
tion at 12% are shown in Figs. 4 and 5, respectively. These FFTs 
were angularly integrated over 360° to extract the position of 
the scattered intensity with temperature [Fig. 6 (a) and (c)]. The 
maximum intensity along the ring was also extracted to track the 
evolution of the local order with heating (Fig. 6(b) and (d)).

This method was adopted instead of classical selected area 
electron diffraction in order to reveal very local phenomena 
associated to the nanostructured character of the ZrNi films 
containing Zr-rich and Ni-rich regions (Figure S2) [23].

In the undeformed sample, the maximum of intensity is ini-
tially positioned at around 2.5 Å−1 at RT [Fig. 6(a)] in agreement 
with the X-ray results and NBED analysis (Fig S2). The intensity 
profile is almost flat [Fig. 6 (b)] suggesting the absence of any par-
ticular atomic order anisotropy inside the film after deposition 
and FIB milling. When the temperature is increased up to 100 °C, 
no change of the position of the q peak is detected in Fig. 6 (a). 
However, in Fig. 6(b), the orientation distribution is clearly less 
uniform, indicating the emergence of a nanotexture related to the 
emergence of some atomic order anisotropy. At 200 °C, the peak 
substantially shifts to lower q values revealing a significant increase 
of the mean interatomic distance compared to RT [Fig. 6(a)]. This 
important peak shift cannot be attributed to thermal expansion 
only as a variation of q values of only 1% is expected between RT 
and Tg [42]. Interestingly, this unusual large atomic expansion of 
the material at relatively low temperature is also accompanied by a 
decrease of the atomic order anisotropy compared to 100 °C with 
a more uniform orientation distribution in Fig. 6(b). At 300 °C, 
the main peak of Fig. 6(a) splits into two side peaks revealing that 
two distinct atomic bond lengths coexist at this temperature. The 
degree of atomic order anisotropy remains low at this temperature 
but is different when compared to 100 °C [Fig. 6(b)]. In Fig. 6(a), 
the vanishing of the low-q peak together with the maintained pres-
ence of the high-q peak with further annealing (at 400 °C and 
500 °C) suggests that 300 °C corresponds to a transition step from 

Figure 4:   HAADF-STEM images acquired during annealing of a Zr65Ni35 sample from RT to 500°C before deformation. The FFT images used to produce 
Fig. 6 (a) and (b) in the main manuscript are shown in inset.
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the lower temperature atomic expansion to a higher temperature 
atomic densification of the glass arising before reaching the glass 

transition temperature (Tg ~ 410 °C [43]), at which the atomic 
order anisotropy becomes again more obvious.

Figure 5:   HAADF-STEM images acquired during annealing of a Zr65Ni35 sample from RT to 500°C after deformation up to 12%. The FFT images used to 
produce Fig. 6 (c) and (d) in the main manuscript are shown in inset.

Figure 6:   (a) Main peak position and (b) intensity variation along the ring as a function of temperature, before deformation. (c) Main peak position and 
intensity variation along the ring, as a function of temperature, after deformation. For (a) and (c), the lines are obtained by fitting the experimental 
data points with a Pseudo-Voigt function. For (b) and (d)  , the raw curves are plotted together with the corresponding smooth curves as a guide to the 
eyes.
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The shift of the intensity peaks with increasing tempera-
ture has already been studied by X-ray in the past [42, 44, 45], 
mainly to determine the thermal expansion coefficients (TEC) of 
metallic liquids or glasses. Such procedures have recently been 
contested by Gangopadhyay et al. who suggested that careful 
attention must be paid in the extraction of accurate quantitative 
TEC values as significant errors can arise due to the overlap of 
the partial structure factors associated to multi-element alloys 
[46]. Nonetheless, below the glass transition temperature and 
for binary systems, the direction of the shift of the principal 
intensity peak remains a consistent footprint of the expansion or 
of the contraction of the short and medium range order [45]. For 
instance, Yavari et al. [42] revealed by synchrotron X-ray scatter-
ing the slight shift of the first peak of the structure factor towards 
low-q values due to thermal expansion. Interestingly, the same 
procedure applied to a sample already annealed at Tg displayed 
a weaker peak shift. This observation is explained by the fact 
that the excess free volume contained in the as-cast sample was 
annihilated during the first heating step and does not participate 
to the peak shift during the second annealing.

When following a similar approach with the 12% deformed 
sample, striking differences are found compared to the unde-
formed reference specimen [Fig. 6(c) and (d)]. Indeed, the 
main peak remains globally at the same position from RT to 
200 °C, confirming that no abnormal atomic expansion takes 
place. The main peak is located at lower q values compared 
to the undeformed sample which also suggest the presence of 
residual strain. Note that, in contrast with the undeformed film, 
clear atomic order anisotropy is observed here at RT indicat-
ing that the amorphous microstructure has undergone atomic 
rearrangement during deformation. Furthermore, slight changes 
of the atomic order anisotropy can be observed at 100 °C. No 
transition step is observed at 300 °C for the q peak position 
in Fig. 6(c). Indeed, only the high-q peak is present together 
with a disappearance of the atomic order anisotropy. At higher 
temperature (400 °C and 500 °C), a behaviour similar to the 
undeformed sample is found with a small shift of the main peak 
towards higher q values, indicating atomic densification also 
accompanied with the reappearance of some atomic order ani-
sotropy. As thermal expansion is a second-order effect in terms 
of the magnitude of the expected thermal strain component, 
these results mainly show that inside the undeformed film, gen-
eration of excess volume takes place at low temperature while 
it does not inside a pre-deformed sample. This indicates that 
the capacity to generate excess volume has been exhausted in 
the deformed specimen during previous deformation. This is 
further highlighted in Fig. 7 showing the evolution of the atomic 
volume Va [45, 47] as a function of annealing temperature: for 
the deformed sample, only a decrease of Va is measured with the 
increase of the temperature.

Therefore, the TEM characterization consolidates the 
X-ray results shown in Fig. 2. More precisely, local atomic 
dilatancy occurs at the early stage of deformation (positive εxx) 
followed by progressive annihilation of excess free volume, as 
illustrated by the negative slope of εxx in Fig. 2(c) and (d). The 
precise nature of the underlying atomic ordering transitions 
is still open for exploration using atomistic simulations, but 
some additional elements of analysis can be proposed to shed 
a first light on these mechanisms as elaborated in the discus-
sion hereafter.

Discussion
Atomic and macroscopic strain

The discrepancy between the atomic and the macroscopic 
strain arises from the fact that strain accommodation takes 
place through the activation of shear transformation zone 
(STZ) which potentially also involve local rotation and/or 
bond stretching [48] and/or exchange or rearrangement of 
atoms of different types [45]. In our case, the X-ray probe 
size remains too large to resolve potential local changes of the 
atomic strain at the length scale of a STZ but also at the scale 
of the chemical and/or atomic density heterogeneities revealed 
by high-resolution TEM (see Figure S2 and [23, 38]). None-
theless, the good overall agreement between εa and εm for the 
specimen Zr42Ni58-S9 for instance points towards affine bond 
stretching as the main deformation mechanism, at least in the 
elastic regime. In the plastic regime, εa can reach relatively 
high values but remains always below those extracted macro-
scopically which is a signature of numerous permanent local 
atomic rearrangements impacting the macroscopic response. 
For Zr65Ni35, when εm reaches 12%, εa is only equal to 4% 
which indicates indeed large plastic strains related to STZ 

Figure 7:   Evolution of the mean atomic volume Va using the relationship 
q.Va 0.433 = 9.3 [47] as a function of temperature for the undeformed and 
deformed films.
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activation, similar to dislocation plasticity in metals that take 
place with significant change in atomic spacing. To go further, 
the links between the observation of homogeneous dilatancy, 
the glass dynamics of the heterogeneous microstructure and 
the macroscopic ductility are addressed and discussed below.

Homogeneous dilatancy in metallic glasses revealed 
by elastostatic loading

While the origin of anisotropic atomic strains is a fundamental 
question already addressed in the field [31, 49–51], the nature 
of the local atomic deformation mechanisms in small scale 
metallic glasses remains obscure. In Chen et al. [20], both the 
ductility and work-hardening in 70-nm-diameter freestanding 
electroplated NiP metallic glass were measured. Using MD 
simulations, the authors explained such results throughout 
complex atomic reorganisation including the decrease of the 
atomic density in the core section of the sample especially 
in the elastic regime alongside the relaxation of the surface 
atoms. In the present work, the measurements provide only 
the first intensity maximum of the structure factor and the 
decorrelation between core and surface atoms is not possible 
but are in line with similar dilatation mechanisms discussed 
in deformed NiP nano-columns [20].

Dilatancy is a well-known deformation mechanism in 
granular materials and has also been reported in metallic 
glasses at the atomic scale [52]. Indeed, the deformation of 
a particularly dense or constrained amorphous atomic struc-
ture requires, throughout the activation of STZ, a temporary 
volume expansion under load in order to allow atomic shuf-
fling process [3, 53]. The production of free volume generated 
during a STZ initiation then relaxes with time and thermal 
activation [54]. It is commonly assumed that such production 
of free volume is only localized in shear bands and potentially 
in the nearby surrounding matrix.

However, following the work of Park et al. [55], Ke et al. 
[56] showed that a MG sample submitted to a compressive elas-
tostatic load (80% of yield stress for 12 h) deforms homogene-
ously (absence of shear bands) along with a decrease of density 
over time, i.e. with the creation of excess volume (generally 
called rejuvenation). These results indicated that the dilatation 
produced by the homogeneous deformation prevails over den-
sification mechanisms from the hydrostatic component of the 
applied stress [56]. Therefore, during homogeneous flow, even 
at RT, free volume creation (i.e. rejuvenation) can arise even 
without the occurrence of shear bands. Interestingly, Greer 
et al. reported that elastostatic loading in tension is more effec-
tive to trigger rejuvenation than in compression [57].

In the present work, as a result of the implementation 
of the on-chip test method, each specimen is deformed in 
tension and maintained under load in a pseudo-creep test 

experiment (load is not fully constant over time). Therefore, 
in each series, the different specimens are gradually main-
tained at different percentage of the yield stress so that each 
specimen presents different levels and ratio of elastic strain, 
anelastic strain and viscoelastic strain (and plastic strain for 
those in the plastic regime). Owing to the small thickness, 
all specimens are deformed homogeneously [Fig. 3] and the 
present results suggest that transverse dilatation is favoured by 
elastostatic loading at small stresses [Fig. 2 and Figure S4]. As 
it is known that even for very low strains in the elastic regime, 
irreversible local atomic reorganisations can take place [58], 
one central question emerges about a possible intrinsic pro-
pensity of the heterogeneous pristine microstructure to favour 
such local reorganisation.

Role of the heterogeneous microstructure and the link 
with the glass dynamics

It has been shown by molecular dynamics (MD) that during 
elastostatic loading, the percentage of densely packed region 
decreases while the percentage of more loosely packed regions 
increases [59]. More specifically, the loading produces both the 
formation and the annihilation of densely packed clusters but 
the destruction rate is faster. This statement is closely related to 
the dynamics of the glass, especially to the β relaxation [60–62] 
that is activated under stress or annealing (at relativity low T 
below Tg) and is expected to play an important role in dictating 
the deformation of MGs [63, 64]. Indeed, theoretical models 
suggest that the β‑relaxation takes place through the transla-
tional motion of atoms localized in loosely packed regions [65] 
and is therefore linked to the excess free volume of flow defects: 
β-relaxation and STZ have, for instance, similar activation 
energy [57]. This scheme certainly assumes that β‑relaxation 
intrinsically correlates with the presence of structural hetero-
geneities in MGs. Indeed, Zhu et al. recently demonstrated an 
intrinsic correlation between β‑relaxation and spatial heteroge-
neity in MGs using amplitude-modulation dynamic atomic force 
microscopy (AM-AFM) [66].

Similarly, the TEM results shown here shed new light on 
this phenomenon: the presence of two coexisting distinct atomic 
bond lengths in the glass at 300 °C [Figs. 6(a), 7] might be linked 
to the structural heterogeneities. Indeed, the less dense Zr-rich 
clusters are more prone to undergo atomic rearrangement, and 
therefore β relaxation, compared to the denser Ni-rich clusters 
during annealing (and upon deformation). This transition step 
at 300 °C might constitute first-of-kind experimental evidence 
of a two-step β-relaxation in a highly heterogeneous amorphous 
structure. The following scenario can be proposed. After large 
and homogeneous dilatation by generation of free volumes at 
200 °C, the less dense Zr-rich clusters start to densify at 300 °C, 
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while the Ni-rich clusters are not affected by the β-relaxation. At 
400 °C, atomic mobility expands to the Ni-rich domains leading 
to a more homogenous densification of the glass (α-relaxation) 
which continues at 500 °C. Remarkably, the absence of this 
transition in the deformed sample [Fig. 6(c)] confirms that the 
mechanism described above similarly occurred during deforma-
tion. This scenario is also consistent with the observed outcomes 
of studies on metallic glasses investigating shear-induced chemi-
cal segregation [67, 68] which is, as for dilatancy, a comparable 
feature already identified during the flow of granular materials. 
The presence of large (Zr) and small (Ni) atoms could lead to 
element segregation during local shearing and could at some 
point lead to the presence of two characteristic atomic bond 
lengths, similarly to what is observed during thermal treatment 
but throughout deformation. This particular point could also be 
a topic of investigation in the future.

Structural‑and size‑enhanced ductility by PVD

The dilatancy mechanism discussed above, while interesting 
per se for its partly unexpected nature, may also be one more 
important element to add in the global understanding of the 
phenomenology of the plastic deformation and ductility of MG. 
It is shown here that in the ductile heterogeneous ZrNi metallic 
glass thin films, deformation and thermal annealing similarly 
lead to the homogeneous creation of free volume (i.e. rejuvena-
tion) followed by localized relaxation mechanisms. Our results 
support the findings made in other studies showing that reju-
venated metallic glasses [69, 70] and/or metallic glasses (as well 
as nanoglasses) with promoted β-relaxation exhibit enhanced 
microscale tensile plasticity [60, 64, 71, 72]. It is believed that 
the processing of the metallic glass thin films by physical vapour 
deposition is at the origin of both the extrinsic and intrinsic 
features resulting in the enhancement of ductility. Indeed, the 
sputtering process can produce

–	 films free of defects (porosities, crystalline inclusions, etc.) 
together with a low surface roughness, all favourable features 
promoting ductility [9, 19],

–	 films with very low thickness that prevent the formation of 
mature shear bands and therefore promoting homogeneous 
deformation [9, 38],

–	 films with very dense packing structure [73] that are there-
fore more likely to display atomic dilatancy during homoge-
neous deformation, producing free volume [56, 57] in order 
to accommodate deformation and/or thermal strain,

–	 films with highly heterogeneous structures, more prone to 
β-relaxation activation [66], together with limited STZ per-
colation [23, 34]

The last two points, covered by the findings of this work, 
support the scenario into which the presence of the loosely 
packed regions (here Zr-rich clusters), which are favoured by 
the homogeneous dilatancy, are fertile sites for the activation 
of STZs as well as β-relaxations. At the same time, the denser 
Ni-rich clusters act as strong inclusions that retard catastrophic 
shear banding by hindering the percolation of the STZ which 
also restrains the β-relaxation inside the loosely packed region. 
With this picture, the difference in ductility between the two 
compositions can be explained by the increase of Ni content 
between the Zr65Ni35 and the Zr42Ni58 compositions leading to 
a decrease of the amount of Zr-rich soft regions and leads to a 
change of their spatial distribution, limiting both the nuclea-
tion of STZ and the occurrence of β-relaxation and thus limit 
plastic flow. A correlated finding from this work concerns the 
magnitude of dilatation during homogeneous deformation at 
RT in the ZrNi amorphous thin films which seems to be a good 
indicator of the facility to activate β-relaxation. This is a prom-
ising approach to mechanically probe a metallic glass dynamic 
even possibly in bulk samples.

Complementary studies to go further involve more in-depth 
on-chip tests (including the recording of strain evolution over 
time and/or unloading experiments) and the use of atomistic 
calculation to investigate the complex evolution of the atomic 
order anisotropy [Fig. 6] reflecting transitions between different 
metastable glassy phases [74]. Advanced TEM investigations are 
also needed to probe the evolution of the local order and the 
atomic strain directly inside the Ni-rich and Zr-rich clusters. For 
instance, the use of nanobeam electronic diffraction in metallic 
glass thin films designed with well-controlled density/chemi-
cal heterogeneities arranged in nanolayered structure [75] is a 
promising way to facilitate the probe of nanoscale single glassy 
phases and interfaces.

Conclusion
ZrNi 360-nm-thick freestanding films deformed in tension were 
characterized with a highly focussed X-ray synchrotron beam 
along with high-resolution TEM in situ heating measurements. 
The main finding of the work is the unveiling of the room tem-
perature development of atomic and macroscopic homogene-
ous dilatancy under tension inside TFMG. A two-step temper-
ature-driven transition between a structural state of low density 
involving the redistribution of free volumes to a more relaxed 
state with densification is also observed. Such thermal depend-
ency is not observed in deformed films into which only atomic 
densification is detected. It confirms the capacity of the TFMG 
to develop strain- and temperature-induced atomic dilatancy 
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without localisation is an intrinsic property of the as-deposited 
pristine microstructure of the glass. It is believed that the het-
erogeneous structure composed of very small (2 – 3 nm) Zr-rich 
and Ni-rich domains plays a key role in this mechanism and in 
setting the ductility of the systems. The loosely packed Zr-rich 
domains must be prone to developed atomic dilatancy through-
out STZ nucleation as well as to further undergo β-relaxation, 
whereas Ni-rich domains prevent the percolation of STZ, all 
these features being favourable to avoid strain localisation.

Materials and methods
Freestanding ZrNi TFMG preparation and mechanical 
characterization

ZrNi TFMG have been deposited with two different com-
positions (i.e. Zr42Ni58 or Zr65Ni35 At.%) and a thickness of 
360 nm using an Alliance Concept AC450 DC-magnetron 
sputtering machine (target-sample distance: 10 cm, base pres-
sure < 4.10–5 Pa, Ar pressure: 0.3 Pa and DC-power 300 W). 
The specific target is made of very pure Zr with an adapt-
able number of rectangular Ni inserts to reach the desired 
composition.

The mechanical response has been determined using 
the on-chip nanomechanical testing technique developed 
at UCLouvain [35, 36]. Each Zr42Ni58 or Zr65Ni35 dogbone 
TFMG specimen overlaps a Si3N4 actuator beam containing 
large tensile residual stress (~ 1 GPa). Both beams are pat-
terned by lithography. These test structures (Si3N4 actua-
tors + ZrNi specimens) lie on a Si (001) substrate. When the 
Si material under the test structures is chemically etched, the 
test structures are released from the substrate with the actua-
tors pulling on the TFMG specimens until load equilibrium 
is reached [Fig. 1(a)]. Different equilibrium states, i.e. dif-
ferent deformed states, are obtained by varying the actuator 
length. In the present study, series of 40 TFMG specimens 
(2 µm in width, 50 µm in length and 360 nm in thickness) 
were released, each specimen providing one point of the 
stress–strain response [Fig. 1(b)]. The Si etching step was 
performed during 10 min in a 10% vol. TMAH (tetramethyl-
ammonium hydroxide):H2O solution at 80 °C leading to an 
under-etching equal to 10 µm [43]. After release, the displace-
ment between the fixed and the moving cursors is measured 
by scanning electron microscopy (SEM). Subsequently, a post-
treatment of the mechanical and geometrical parameters gives 
access to the tensile stress–strain response of the material (Fig 
S1). For extended details on the on-chip test method, TFMG 
processing and macroscopic evaluation of the stress–strain 
curves, the reader is referred to earlier studies [9, 35] as well 
as to the Supplementary Materials.

Synchrotron X‑ray scattering experiments

The synchrotron X-ray scattering experiments were carried 
out at the ID01 beamline at ESRF (European Synchrotron 
Research Facility). The beam energy was set to 19.6  keV 
with a multilayer mirror at an optimized flux and focussed 
throughout Kirkpatrick-Baez (KB) mirrors with a spot size 
of 200 × 200 nm2 in the vertical (y) and horizontal (x) direc-
tions, respectively. The transmitted signal is recorded with a 
2D Maxipix 2 × 2 detector developed at the ESRF and com-
posed of 4 chips of 256 × 256 pixels each with a pixel size of 
55 µm. The Si die supporting the series of test specimens was 
mounted vertically [Fig. 1(c)]. The mapped area was equal 
to 1.4 × 10 µm2 recorded with a mesh size of the order of the 
spot size in both directions with an exposure time of 10 s. 
This leads to a set of data composed of 350 images recorded in 
about 2 h (acquisition time + dead times) for each specimen. 
The unloaded reference state (Fig S1) was probed using the 
same procedure over 35 images. The raw images were further 
corrected from the Si background signal by subtraction of 
the scattered signal recorded outside but nearby the edge of 
the corresponding specimen. An example image is shown in 
Fig. 1(c). The reciprocal space scale was calibrated using the 
(111) ring from a Si powder probed in the exact same posi-
tion and acquisition conditions. Subsequently, the intensity 
of the ring in each image is fitted using a 2D elliptical func-
tion to extract the length of the main axis and determine the 
magnitude of the atomic strain along the principal directions 
(x and y).

In situ high‑resolution transmission electron 
microscopy experiments

An as-deposited and a 12% deformed Zr65Ni35 TFMGs were 
annealed using the single tilt Wildfire in situ TEM heating 
holder from DENSsolutions.Inc. This instrument enables high-
resolution TEM characterizations at high temperature (up 
to 1300 °C) with optimum stability, thanks to micro-electro-
mechanical systems as shown in Fig. 1(d). Cross-sectional TEM 
foils were prepared using FIB from as-deposited ZrNi TFMGs 
and from a specimen deformed up to 12% (taken from another 
series) using the lift out method in a FEI Helios NanoLab 650 
FIB/SEM dual-beam instrument. A Pt layer was deposited in 
two steps—by electron beam, then by ion beam—in order to 
minimize FIB damage at the sample surface. An ion beam of 
2 kV/0.2 nA was employed for final thinning and to minimize 
defects generated during high voltage FIB thinning on both 
sides of the sample after mounting on the heating chip. High-
resolution scanning TEM (STEM) imaging was performed on a 
FEI Titan “cubed” microscope, operated at a 300 kV acceleration 
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voltage and equipped with both TEM and STEM aberration 
correctors.

High-resolution high-angle-annular-dark field scanning 
TEM (HAADF-STEM) images were acquired using a conver-
gence semi-angle α of 22 mrad and 25 pA probe current, the 
ADF inner acceptance angle β and the EELS acceptance angle 
were both equal to 28 mrad. All high-resolution images have 
been acquired on regions with thickness around 15 nm (in the 
yz plan) as revealed by electron energy loss spectroscopy (EELS), 
see [23]. Figure 1(e) exhibits an example of a high-resolution 
HAADF-STEM image of the Zr65Ni35 TFMG. It shows nanoscale 
heterogeneities involving bright and dark nanodomains with a 
characteristic length scale of ~ 2–3 nm. Such features have been 
identified by EELS as dense (bright) Ni-rich clusters embedded 
in Zr-rich (dark) clusters with lower atomic density, see Fig S2 
in SupMat and [23]. In the present work, nanobeam electron 
diffraction (NBED) patterns recorded on the heterogeneities 
with a probe size of 1.2 nm have shown that the Ni-rich clus-
ters exhibit a smaller average atomic spacing compared to the 
Zr-rich clusters (Fig S2). Figure 1(f) shows Fast Fourier trans-
forms extracted from the image in Fig. 1(e). Changes of nano-
FFTs images with the temperature in the as-deposited and the 
deformed films have been analysed (position and intensity varia-
tion along the ring) in order to unravel the effect of temperature 
on the evolution of the average atomic spacing and atomic order 
(more details are given in the next section).
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