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1. INTRODUCTION
Metallic glasses (MGs) are amorphous materials characterized
by an atomic structure lacking long-range order leading to the
combination o high yield strength (>2 GPa) and elasticity
(∼2%).1 However, in their bulk orm, they deorm through the
ormation o very thin (∼10 nm) shear bands (SBs), localizing
the shear strain and leading to a macroscopically brittle
behavior once the yield stress is exceeded.2 To ace this issue,
the control o local heterogeneities at the atomic or microscale
has a key role, enabling a mitigation o the SB process. A rst
approach is represented by the modication o the atomic
arrangement through compositional segregation or by the
control o ree volume in order to hinder and deviate the
nucleation/propagation o SBs.3,4 As an example, ZrCu

nanoglasses5,6 and cluster-assembled MGs7 show a high
density o amorphous interaces, chemical uctuations and
higher ree volume content, resulting in a higher yield strength
(≥3 GPa) and ductility (∼10%) even in tension with the
ormation o numerous (non-percolative) SBs that manage to
accommodate the deormation.
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A second strategy aims at reducing the intrinsic size o the
specimen below the micrometer scale, activating mechanical
size eects, resulting in homogeneous deormation because o
the reduced likelihood o deects acting as stress concentrators
which can trigger the SB process.8 In this line, the synthesis o
multilayers represents an interesting approach combining the
layer connement (size eects) with the possibility to control
the local heterogeneities by tuning the composition/structure
between the layers (i.e., amorphous and crystalline), while
beneting o a high and tunable interace density which can
block SB events. For example, a Cu/ZrCu crystal/glass
multilayers with a bilayer period o 20 nm deorms plastically
up to 10% without ormation o SBs, while still maintaining a
yield strength o ∼2.4 GPa.9 This is due to a co-deormation
mechanism in which the embryonic SBs (generated in the glass
layer) cannot reach the levels o stress required or nucleation/
propagation due to the thickness connement and the
presence o the adjacent Cu layers, while the dislocations
within Cu require more energy to propagate, overall resulting
in an increment o both strength and ductility.9,10

However, the research on the control o local heterogeneities
in MGs presents many challenges, resulting in a limited control
o the SB process and the overall mechanical behavior. For
instance, an easy and ast method to deposit ultrane
nanolayered structures is lacking (sublayer thickness <10
nm), enabling extensive chemical intermixing and high density
o interaces enhancing the mechanical behavior. Specically,
multilayers are usually deposited by magnetron sputtering with
limitations resulting rom the need o ultraast speed or
shutters opening/closing (1 cycle every 2−10 s) in
combination with a ast regulation o the power applied to
the targets required to produce U-NL with dierent
composition and structures (i.e. amorphous/crystalline).
Moreover, at present it is not possible to couple dierent
nanostructuring strategies (i.e., abrication o compact/nano-
granular morphologies) within the same deposition step,
preventing an advanced synthesis approach crystal/glass U-
NLs with controlled microstructure and enhanced and tunable
mechanical properties beyond the average o their single
components together with a controlled deormation behav-
ior.11

In this paper, we use pulsed laser deposition (PLD) to
abricate new Zr50Cu50/Al ultrane nanolaminates (U-NLs)
with compact or nanogranular morphologies and ultrane
bilayer periods (down to 10 nm) leading to a unique
combination o strength and ductility. The local structure
and mechanical properties are extensively characterized by
scale-bridging techniques including X-ray diraction/reectiv-
ity (XRD/XRR), scanning and transmission electron micros-
copies (SEM/TEM), optoacoustic techniques, nanoindenta-
tion, and in situ SEM micropillar compression with post-mortem
TEM to precisely investigate the eects o local heterogeneities
on the strength and deormation mechanisms. Among the
main results, we show that the Zr50Cu50/Al U-NLs are stronger
than magnetron sputtered (MS) ZrCu-based thin lm metallic
glasses (TFMGs) and multilayers, reaching a yield strength o
σy > 3.4 GPa or compact U-NLs which than ail through
percolative SBs. However, cluster-assembled nanogranular U-
NLs show large homogeneous deormation up to 6% (in
compression), ollowed by the ormation o supercial SBs
which do not percolate through the sample even at larger
deormations (>15%) as a result o the complex interplay

between the enhanced ree volume within crystal/glass
nanoclusters and the ultrane nanolayered structure.

2. MATERIALS AND METHODS
2.1. Synthesis o Zr50Cu50/Al U-NLs with Controlled Bilayer

Periods and Nanostructures. Zr50Cu50 (% at.) lms were
deposited by ablating a Zr50Cu50 target (99.99% pure, produced by
Mateck), while the abrication o Zr50Cu50/Al U-NLs was carried out
by covering part o the target surace with Al (99.99% pure) stripes o
dierent widths, as shown in Section S1. The target was ablated with a
nanosecond-pulsed laser (Nd:YAG, rst harmonic, λ = 1064 nm,
repetition rate 10 Hz, pulse duration 5−7 ns) with a pulse energy
equal to 1650 mJ, ocused on the target to obtain a uence o 14 J/
cm2. Si (100) was used as the substrate ater being cleaned in an
ultrasonic bath in isopropanol. The substrates were mounted on a
rotating substrate holder with a xed distance rom the target equal to
70 mm. All depositions were perormed at room temperature in
vacuum (1 × 10−3 Pa) or under pure He atmosphere at a pressure o
5 Pa to deposit compact and cluster-assembled nanogranular U-NLs,
respectively. The total thickness o the U-NLs is ∼800 nm, while 2
μm thick samples were deposited or micropillar compression tests.

The U-NL structures were abricated by controlling the target roto-
translation and the width o the Al stripes mounted on the Zr50Cu50 in
order to tune the number o the laser shots on the ablated materials,
while taking into account the dierence in the deposition rates
between Al and Zr50Cu50, which are, respectively, ∼2 and ∼1.1 nm/s.
Specically, 55−80 laser shots ablate the Zr50Cu50 target (correspond-
ing to 6 and 9 nm sublayers, respectively), while a xed number
(∼20) o laser shots ablate the Al strip (corresponding to ∼4 nm
sublayers). This results in U-NL with two dierent periods,
corresponding to Al volume ractions o 30 and 40% (Section S1).
TEM analyses were carried out on selected samples to precisely
determine the bilayer period o Zr50Cu50 and Al. Then, a calibration
was perormed by combining both XRR and XRD to identiy the
thickness o each sublayer. This methodology has the advantage to be
aster with respect to more time-consuming TEM investigations, while
enabling to accurately extract the thickness o the single sublayers, as
shown in Section S2. The total thickness as well as the thickness o
the crystalline (tc) and amorphous (ta) sublayers are presented in
Table 1. In this study, we ocus on U-NLs with a ta/tc > 1, expecting a

high strength due to the larger raction o amorphous phase, while
keeping a high plasticity due to the presence o FCC Al sublayers, as
ound rom molecular dynamics simulations12 and observed in ZrCu/
Cu 100/50 nm multilayers (ta/tc = 2) reporting a combination o a
yield strength (σy) o 2.1 GPa and ductility around 12%.10

2.2. Structural Characterization. The crystallographic structure
o the U-NLs was investigated by X-ray diraction (XRD) using a θ-
2θ Bruker D8 Advanced system with Cu Kα radiation (λ = 0.154 nm)
operated in grazing incidence geometry with an incidence angle o
0.95° and a 2θ scan range o 20−90°. Data were acquired overnight
by a Lynx Eye detector in continuous scanning mode with a 2θ step
size o 0.14°.

A eld emission SEM (Supra, Zeiss) 40 equipped with a Bruker
energy dispersive X-ray spectrometer (EDX) was used to perorm
morphological and elemental characterization o the U-NLs deposited
on Si (100) substrates.

Table 1. Crystal/Glass U-NLs Fabricated in This Work; the
800 nm U-NLs were Used for the Structural
Characterization (SEM, XRD, XRR, and TEM) and
Mechanical Characterization with Optoacoustic Techniques
and Nanoindentation, While the 2 μm U-NLs were Used for
the Micropillar Compression Tests

total thickness
800 nm

total thickness
2 μm

nanolayer period
[nm Zr50Cu50/nm Al]

800/0, 6/4, 9/4 9/4



X-ray reectivity (XRR) scans were obtained with a Seiert XRD
3000 diractometer operating at 40 kV and 40 mA using a Cu Kα
source. The scans were carried out between 0.2° and 2.2° with a step
o 0.05° to determine the density o the U-NLs and estimate the
period o the NL structure structures, as explained in Section S2.

To get high resolution inormation on the layered structures and
elemental distribution o the as deposited nanolayered structures,
cross-sectional transmission electron microscopy (TEM) analyses
were perormed using a JEOL 2200 FS instrument operating at 200
kV. A combination o high-angle annular dark-eld scanning TEM
(HAADF-STEM), selected area electron diraction (SAED), and
STEM-EDX were acquired to characterize the morphology structure
and chemistry at the nanoscale. The lamellae used or TEM
characterization were prepared with a Ga ocused ion beam (FIB)
with an extremely low current equal to 50 pA, while protecting the
sample with a 100 nm Pt layer to minimize damage.

For the post-mortem characterization o the tested pillars, TEM
and STEM-EDX were carried out in an aberration probe-corrected
Thermo Fisher Titan Themis 60−300 equipped with the Chem-
iSTEM Super X EDX detector operated at 300 kV.
2.3. Mechanical Characterization. The elastic properties o the

U-NLs were extracted by Brillouin light scattering (BLS) spectros-
copy and picosecond laser ultrasonics in air, as described in Section
S3 and in the reerences.13,14

The Young’s modulus (E) and the hardness (H) o the U-NLs were
extracted by nanoindentation by using a KLA G200 with a Berkovich
diamond indenter operated in continuous stiness measurement
(CSM) mode to measure their depth prole. A standard used silica

sample was tested beore and ater the measurements or tip and
rame stiness calibrations. The Oliver and Pharr15 model was applied
to extract E and H at indentation depths equal to 10% o the lm
thickness with a xed load rate o 0.05 s−1, a thermal drit o <0.05
nm/S, and 25 indents or each sample. More details can be ound in
Section S4.

Micropillar compression tests were perormed on the 2 μm samples
in a SEM (Merlin Gemini II, Zeiss) with a Bruker Hysitron PI89 SEM
PicoIndenter (maximum orce o 0.5 N and noise oor o 5 μN)
equipped with a 2 μm diamond at punch (Synthon-MDP AG) in
displacement control mode with a strain rate o 10−2 s−1. Micropillars
were machined with a gallium ocus ion beam (FIB, Crossbeam 550L
Zeiss) operated at an acceleration voltage o 30 kV using a three-step
process: coarse milling with a current o 7 nA, 1.5 nA or intermediate,
and 300 pA or ne milling. Four pillars were tested or each sample
with stress obtained as the orce divided by the top area o the pillar.
The pillars have an average diameter o 720 nm and height around 2
μm to avoid substrate intererences and the activation o mechanical
size eects, which increase extrinsically the yield strength and ductility
o the MGs when the diameter o the tested samples goes below 300
nm.16,17 More details regarding the tests and how the yield strength σy
and homogeneous deormation with their statistics were obtained can
be ound in Section S5.

3. RESULTS AND DISCUSSION
3.1. Atomic and Microstructure o Zr50Cu50/Al U-NLs.

The microstructure o compact U-NLs deposited in vacuum

Figure 1. Cross-sectional SEM and XRD patterns as a unction o the bilayer period o compact (a and c) and nanogranular (b and d) Zr50Cu50/Al
U-NLs, respectively.



and o nanogranular U-NLs deposited at 5 Pa He has been
investigated by SEM, XRD, and TEM. The SEM cross-section
(Figures 1a and 1b) displays the absence o macroscopic
deects such as porosities and phase segregations, which could
aect the mechanical behavior, while showing the presence o
corrugations, induced by the propagation o SBs typical o
MGs.18 This is expected since the ta/tc is >1, leading to a
deormation process dominated by SBs propagation especially
when perorming cleavage orcing sharp crack propagation
rom the Si substrate to the U-NLs.12,18

The XRD patterns or the compact and nanogranular
Zr50Cu50/Al U-NLs presented in Figures 1c and 1d,
respectively, show that the pure Zr50Cu50 is completely
amorphous with a main peak centered at 2θ = 37.7°, as
expected rom the literature.14 However, the ull width at hal-
maximum (whm) o the nanogranular lm in Figure 1d is
wider (10°) than that o the compact lm counterpart in
Figure 1c (7.5°), indicating a more disordered and
heterogeneous structure due to their cluster-assembled growth
similar to nanoglasses.7,19 The U-NLs also show a peak at 2θ =
38.5°, which corresponds to the (111) plane o FCC Al,
indicating a textured growth o the crystalline layer. The peak
is more pronounced with an increased Al relative raction. The
size o the Al crystallites, obtained by Scherrer’s equation on
the Al (111) reection, is ∼4.0 ± 0.5 nm; see Section S2 or
more inormation.

A more detailed investigation o the nanostructure o the U-
NLs alternating 4.0 ± 0.5 nm o Al and 9.0 ± 0.5 nm o
Zr50Cu50 (reerred as Zr50Cu50/Al 9/4 nm) was conducted by
STEM. Figures 2a and 2b display HAADF STEM images o
compact (a) and nanogranular U-NLs (b), revealing a
nanolayered structure with straight interaces. Such structure
diers rom previously reported nanolaminates with similar
bilayer periods (6−20 nm) deposited by magnetron sputtering,
which usually possess undulating interaces due to the
incomplete coalescence o the islands during the sputtering
o the single interlayers.11,20,21 As a matter o act, PLD enables
larger energy o the deposited species (>15 eV) vs magnetron
sputtering (∼1 eV), allowing a aster percolation o the islands,
orming the dened interlayers with large chemical intermix-
ing.22 Figure 2b also shows that the single layers composing
the nanogranular U-NLs are not homogeneous, but ormed by
nanosize clusters due to the in-plume cluster ormation
induced by the background deposition pressure.7 These
clusters have brighter cores and darker surroundings, indicating
a change in the relative density rom the center (denser) to the
interaces (less dense) due to chemical segregation during the
cluster ormation and the ormation o topological deects
during the bonding o adjacent clusters such as in nano-
glasses.5,6 SAED patterns in the insets o Figures 2a and 2b
reveal a single band in agreement with the XRD, but without
spot patterns expected rom the crystalline Al layers. This
could be related to the elemental chemical intermixing

Figure 2. HAADF-STEM images o compact (a) and nanogranular (b) Zr50Cu50/Al U-NLs showing the nanolayered microstructure with a
Zr50Cu50 layer thickness o 9.0 ± 0.5 separated by 4.0 ± 0.5 nm Al layers. The corresponding SAED patterns in the insets o (a) and (b) highlight
mainly the amorphous structure o both samples. The averaged STEM-EDX line proles across several layers or both compact (c) and
nanogranular (d) U-NLs show a extensive intermixing between the nanolayers.



phenomena (ormation o the ZrCuAl) or both compact and
nanogranular U-NLs (Figures 2c and 2d) as well as the
difculty to obtain SAED patterns o the nanocrystalline Al,
which possesses very small intrinsic sizes (≤4 nm). The
thickness o the layers estimated by HAADF STEM and
STEM-EDX line proles are quite similar and can be
considered equal. In both cases, we show chemical intermixing
between the Al and the Zr50Cu50 layers with high
concentrations o Zr and Cu in the Al layers and with the
peaks o Al concentrations (dash vertical lines) being in
counterphase with the Cu concentration (dash−dot vertical
lines) due to the low miscibility between Al and Cu
(ΔHmix Al−Cu = −1 kJ/mol).23 The intermixing between the
layers is avored by the thin thickness o the sublayers o the U-
NLs,11,24 the high mixing enthalpy between Zr and Al
(ΔHmix Zr−Al = −44 kJ/mol),23 the high reactivity o the Al
nanocrystalline grain boundaries,25 and the high surace
mobility o the atoms during the lm growth due to the high
energies o PLD.22 This chemical diusion o Al and ZrCu
between the dierent sublayers generates a ZrCuAl phase with
an interatomic distance close to Zr50Cu50 (2.5 Å).13 However,
a more accurate analysis by using atom probe tomography
(APT) will be necessary to achieve higher spatial resolution,
especially or the case o U-NLs with nanometer-sized bilayer
periods explored in this study. The SAED signal o the ZrCuAl
phase reduces the intensity o the diraction signal o the base
components (ZrCu and Al) such as in TiAl intermetallics
grown during the annealing o Al/Ti multilayers,26 while
slightly decreasing the eective thickness o the crystalline layer
(tc), consequentially increasing the ta/tc ratio, which, however,
remains >1. This results in comparable mechanical properties
and deormation behavior.12
Figure 3 shows the evolution o the mass density or U-NLs

compared to magnetron sputtered (MS) deposited ZrCu

lms.13,27 First, the nanogranular U-NLs are slightly less dense
than their compact counterparts due to the higher amount o
ree volume originated by the cluster-assembled growth.7
Moreover, the density o compact Zr50Cu50 PLD lms (8.35 g/
cm3) is at least 10% higher than their traditional MS
counterparts (7.4 g/cm3).13,27 This phenomenon, already
observed in the literature or oxides28 and carbon lms,29 is

related to the high uence (energy per unit area) used in PLD,
which coners higher amounts o kinetic energy to the atoms in
the plasma plume, allowing the growth o lms with an
enhanced closely packed atomic structure.22 Lastly, or both
compact and nanogranular nanolaminates, the mass density
decreases increasing the Al volume raction (a) varying rom
8.35 and 7.98 g/cm3 or compact and nanogranular Zr50Cu50
down to 7.9 and 7.6 g/cm3 or the corresponding U-NLs
alternating 4 nm o Al and 6 nm o Zr50Cu50. However, such
values are still higher than the density o MS Zr50Cu50 with 7.4
g/cm3 even considering a 40% Al vol. raction within the PLD-
deposited U-NLs. This can be explained by the high energies
o PLD and high chemical intermixing between the Al and
Zr50Cu50 layers orming a denser ZrCuAl amorphous phase
(∼7.1 g/cm3)13,27,30

3.2. Mechanical Properties o Zr50Cu50/Al U-NLs.
Figure 4 presents the evolution o the Young’s modulus (E)
obtained by optoacoustic techniques and the nanoindentation
and hardness (H) obtained by nanoindentation. Both compact
and nanogranular U-NLs ollow the same trend and have
similar values o E and H as a unction o the layer period,
indicating that the transition rom compact to nanogranular
morphology has only a minor eect on the elastic properties o
the U-NLs. This is probably related to the act that elastic
constants are essentially linked to structure (at the bond scale)
rather than microstructure. The small (7%) dierence between
the elastic modulus measured by nanoindentation and
optoacoustic techniques is related to substrate eects present
during nanoindentation31 and have already been observed in
other works.13,14 Furthermore, we observe that the E and H o
our PLD-deposited lms are much higher (30%) than those o
sputter-deposited ZrCu TFMGs14,32 and similar multi-
layers.9,10 This results rom the higher density o the PLD
lms as observed in the W and W−O lms deposited with
dierent densities by Besozzi et al.,33,34 in which the increase o
the elastic moduli is directly proportional to the densication
o the lms.
The introduction o the Al nanolayering increases E and H

rom 120 and 8.6 GPa o Zr50Cu50 up to 139 and 9.3 GPa or
the corresponding U-NLs with Zr50Cu50/Al 9/4 nm. These
values are higher than the theoretical average o E and H o the
single Zr50Cu50 and Al layers based on the relative volume
raction o Al, namely 105 and 6.4 GPa, because o the
ormation o a U-NL structure. However, such trend is
opposite to what is observed in the literature o crystal/glass
multilayers reporting the decrement o H or larger ractions o
the FCC crystalline phase such as in the case o ZrCu/Cu
multilayers, which show a reduction o H down 5.9 GPa or a
50% Cu volume raction.10,35 The behavior observed o U-NLs
can be related to a combination o many actors, including the
high density o crystal/glass interaces, which have been
demonstrated to increase the mechanical strength o the
structure24 conning and deviating the propagation o SBs,
while increasing the stress necessary or plastic deormation.36

A second actor to be considered is the large chemical
intermixing with the ormation o a ZrCuAl phase involving
the ormation o strong Zr−Al and Cu−Al bonds and the
creation o short-range order Al-centered polyhedral clustered
structures, providing high strength as well as a delay to the
propagation o SBs.13,37 To sum up, the ormation o the
ZrCuAl phase and the ultrane nanolayered structure
reinorces the overall mechanical properties, despite the

Figure 3. Evolution o the mass density o compact and nanogranular
Zr50Cu50/Al U-NLs with dierent layered structures.



presence o an Al phase, with low E and H values equal to 69
and 1.5 GPa, respectively.38
Micropillar compression tests were carried out on both

compact and nanogranular Zr50Cu50/Al 9/4 nm U-NLs which
had the highest density and H (Figures 3 and 4), thus
expecting higher plasticity. Moreover, the higher raction o
ZrCu (vs the Zr50Cu50/Al 9/4 U-NLs) is expected to provide
enhanced mechanical size eects,8 while the presence o
crystalline Al will have benecial SB booking eects. For the
compact U-NLs, Figure 5a shows that ater the elastic behavior
reaches up to 3.3%, the stress−strain curve is interrupted by
the propagation o the rst SB (the ull stress−strain curve and
additional data/images are reported in Section S5). The yield
stress (σy) is equal to 3.60 ± 0.08 GPa, which is 1.1 GPa higher
than o MS-deposited ZrCu homogeneous TFMGs and o
ZrCu crystal/glass multilayers,9,39 as a result o the high mass
density o the PLD U-NLs, signicant chemical intermixing,
and the large density o crystal/glass interaces.24 The rst SB
starts to appear at 3.60 ± 0.22% strain, a value signicantly
larger than the monolithic TFMG threshold which is usually
around 2%.40,41 This improvement o plasticity is connected to
the presence o Al layers, which conne and block the SBs in
the amorphous ones, promoting a more homogeneous

deormation. This is conrmed in Figures 5b and 5c reporting
the post-mortem SEM and TEM images o the micropillar,
highlighting the SB blocking eect o Al-rich layers, while
showing the nanoscale periodicity o the Al and Zr50Cu50 layers
(Figure 5d). The ormation o through-the-specimen percola-
tive SBs occurring in U-NLs is also expected since the ta/tc
(thickness o amorphous layer/thickness o crystalline layer)
ratio is >1, showing a dominant raction o amorphous
sublayers. As a matter o act, molecular dynamic simulations
show that i ta/tc > 1, the deormation by nucleation and
propagation o SB is predominant with respect to the grain
boundary and dislocation plasticity o the crystalline
sublayer.12 For this reason, the compact U-NLs ail mainly
by SB events, while the chemical heterogeneities and high
density o interaces manage to block and delay their
propagation leading to an increment o the yield strength in
combination with a a modest increase o the overall plasticity
which is however ∼40% higher with respect to monolithic
TFMGs (∼2%).42
Figure 6 shows a representative stress−strain curve in

compression o the nanogranular Zr50Cu50/Al 9/4 nm U-NLs
and corresponding post-mortem SEM and TEM images (the
raw stress−strain curve and additional data/images are

Figure 4. Evolution o the elastic modulus (a) and hardness (b) o compact and nanogranular Zr50Cu50/Al U-NLs or dierent U-NL
congurations. Data are compared with traditional MS ZrCu and ZrCu/Cu multilayers.



reported inSection S5). The stress increases linearly up to 2.5%
deormation, upon which the pillar yields at σy ≈ 3.40 ± 0.06
GPa, a value slightly below the compact counterpart (Figure 5)
and in agreement with the trend o hardness (Figure 4b). This
is related to the higher amount o ree volume o cluster-

assembled U-NLs, which activates plastic deormation at lower
stresses and strains with respect to the more ordered compact
U-NLs.43,44 However, the nanogranular U-NLs show homoge-
neous deormation up to 6.00 ± 0.36%, and then SBs start to
appear on the surace o the micropillar as revealed by TEM

Figure 5. (a) Engineering stress vs engineering strain curve o compact Zr50Cu50/Al 9/4 nm U-NLs with a black arrow highlighting the ormation
o the rst SB causing brittle ailure. (b−d) Post-mortem SEM, TEM, and EDX-STEM cross-sections o the micropillar showing SB blocking at Al
layers.

Figure 6. (a) Engineering stress−strain curve o nanogranular Zr50Cu50/Al 9/4 nm U-NLs highlighting the dierent deormation regimes
(homogeneous and with supercial SB events underlined by black arrows). (b and c) Post-mortem SEM image o the micropillar and HAADF-
STEM cross-section, highlighting supercial non-percolative shear bands.



observations (Figure 6c). However, these events are not
ollowed by a percolation even at larger deormations (>15%),
as shown in Figure 6b,c, in which only some supercial SB are
ound. This phenomenon is similar to the one observed in
nanoglasses in the literature,6,17 in which the large amount o
ree volume between amorphous clusters prevents the
percolation o embryonic SBs in a single major event such as
in traditional MGs,43,44 while avoring a pseudohomogenous
deormation through the propagation o ne SBs, which are
conned in the external surace.6 Similar deormation
mechanisms are also reported or the CoCrNi/TiZrNbH
18/12 nm crystal/glass multilayers which could achieve σy
values o ∼3.6 GPa and large plasticity (up to 15%) with
nonpercolative cracking events as observed in nanogranular U-
NLs (Figure 6) due to the high density o interaces and
chemical partitioning between the two sublayers, managing to
block crack percolation.45
Figure 7 reports the normalized shear strength τy/G (G =

shear modulus) vs homogeneous deormation or dierent
classes o materials. τy is calculated as σy/2,

46 while G is
obtained by BLS or the U-NLs (Section S3) or as E/(2(1 +
ν)), in which ν is the Poisson’s ratio rom literature data. We
compared our data with homogeneous TFMGs,40,41 MS
multilayers with a similar bilayer period alternating crystal/
glass sublayers,9,47 ully crystalline metallic NLs,26 and
crystalline metal/ceramic NLs.21,48
We show that the PLD U-NLs have very high τy/G values

equal to 37 × 10−3 or compact U-NLs and 34 × 10−3 or the
nanogranular U-NLs, which are roughly hal the theoretical
strength limit (1 + ν)/20 (ν = 0.3−0.4) obtained rom the
theoretical yield strength σth equal to E/20 or metallic
materials.49 Such values are signicantly higher than those o
current MS multilayers and TFMGs reported in literature as a
result o the high mass density (originated by the high plasma
energies o PLD) and the ne nanolayered structure with large

density o nanointeraces, enabling to increase the stress
required or the propagation o SBs. These interaces conne
and deviate the SBs generated within the glassy layers, while
absorbing the dislocation propagating within the crystalline
ones. Finally, the nanogranular U-NLs possess the best
combination o normalized strength and homogeneous
deormation combining the inter-layer chemical heterogene-
ities and the intra-layer density uctuations related to the
cluster assembled growth, preventing the propagation o
mature SB events. Moreover, the high ree volume raction
(originated by the cluster-assembled growth) and the complex
interplay with the local heterogeneities (nanointeraces and
chemical uctuations) provide the ormation o non-
percolative SB events which are arrested in the proximity o
the surace even at larger (>15%) deormations, thus
potentially extending the eld o applicability o such materials
way above MS multilayers.

4. CONCLUSIONS
In this work, we push the limits o pulsed laser deposition
(PLD) to develop crystal/glass (Al/Zr50Cu50) ultrane nano-
laminates (U-NLs) with controllable nanometer-scale bilayer
periods and tunable (compact and nanogranular) morphology.
We show the ollowing:

• Both compact and nanogranular U-NLs are charac-
terized by a ne nanolayering alternating ∼4 nm Al with
6−9 nm Zr50Cu50 sublayers. This results in a high
density o crystal/glass interaces, coupled with signi-
cant interlayer chemical intermixing with the ormation
o a ZrCuAl phase.

• The mass density o the U-NLs is larger than monolithic
ZrCu metallic glasses, despite the addition o Al (∼30−
40% vol.). This is attributed to the high kinetic energy o
the ablated species during the PLD process, leading to

Figure 7. Map o the normalized strength vs homogeneous deormation comparing PLD U-NLs with traditional MGs and crystal/glass multilayers
abricated by magnetron sputtering (MS), as reported in the literature. A black dashed arrow indicates the interval o extended plasticity o the
nanogranular U-NLs in which only supercial nonpercolative SBs appear.



densication and chemical intermixing promoted by the
high out-o-equilibrium conditions.

• The unique microstructure o U-NLs results in
signicantly enhanced E and H values, reaching up to
139 and 9.3 GPa, respectively which are 30% above
literature as a result o the high density o nano-
interaces, the larger mass density, and the ormation o a
ZrCuAl phase, increasing the stress necessary or SB
propagation and improving the mechanical properties.

• Micropillar compression tests reveal that compact U-
NLs exhibit the highest yield strength (σy) o ∼3.6 GPa.
However, the deormation involves the propagation o
SBs, which are partially mitigated by the Al-rich layers,
resulting in ailure ∼3.6% deormation. In contrast,
nanogranular U-NLs have slightly lower σy o ∼3.4 GPa,
but their higher ree volume content and enables to
accommodate more extensive homogeneous elasto-
plastic deormation, without catastrophic ailure even
or deormations >15%.

• Our crystal/glass U-NLs demonstrate a superior balance
between normalized strength τy/G and ductility,
surpassing the majority o multilayers and monolithic
TFMGs reported in the literature. Additionally, we show
the absence o percolative SBs in nanogranular U-NLs,
expanding their range o applicability way beyond that o
sputter-deposited MLs.

Overall, we demonstrate the eective manipulation o
atomic and microstructural heterogeneities within ultrane
crystal/glass (Al/Zr50Cu50) nanolaminates as a successul
approach to nely tune and enhance the mechanical properties
beyond the single-phase constituents, surpassing the traditional
tread-o between strength and ductility. Our ndings oer
crucial insights or the design o new metallic thin lms with
exceptional mechanical perormances capable o resisting
intense and complex loading congurations, which are relevant
across various application domains such as microelectronics
and structural coatings.
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