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Abstract 

The mechanical behavior and propagation of shear bands (SBs) in fully amorphous ZrCu/ZrCuAl9 

nanolaminates with different nanoscale bilayer period (Λ, from 200 down to 50 nm) was investigated. 

The combined effect of local chemistry variation and nanointerface density influences the propagation 

of SBs and the mechanical behavior, reporting nanoindentation hardness values above the rule of 

mixtures, due to severe shear displacement and strong compositional intermixing along the SB-

deformed zone with diffusion of Al into ZrCu layers. Enhanced plastic deformation (> 10%) is observed 

for Λ = 100 and 200 nm during micropillar compression, but accompanied by a reduction of the yield 

strength. In contrast, for Λ=50 nm, deformation is dominated by catastrophic SB events, while the 

yield strength returns to that of the monolithic films of ∼2-2.5 GPa. Our results can be utilized in design 

of nanostructured metallic glasses with tailored mechanical performance. 

 

Keywords: Thin film metallic glasses; Nanolaminates; Mechanical properties; Micropillar compression; 

Atom probe tomography. 
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Metallic glasses (MGs), also known as amorphous metals, exhibit an appealing combination of 

mechanical properties, such as yield strength and toughness, reaching up to 2 GPa and >80 MPa m1/2  

for Zr-based compositions, respectively, making them interesting for several applications in the fields 

of MEMS, micro-gears, biomedical devices and flexible electronics [1-3]. However, the plastic 

deformation at Troom of bulk MGs is highly localized with the formation of shear bands (SBs), leading to 

catastrophic failure and negligible ductility in tension and limited (up to 2%) plastic deformation in 

compression [1, 4]. 

Nevertheless, when the intrinsic size of MG samples is reduced below ∼500 nm, as for thin-film 

MGs (TFMGs), size effects are activated enabling the mitigation of SB localization accompanied by 

homogeneous plastic deformation [5-7] as shown in micropillar compression tests [5] and tensile tests 

of freestanding TFMGs [6, 7]. This strategy is often combined with the synthesis of nanolayered 

architectures that alternate nm-sized crystal and glass sublayers, featuring a high density of interfaces, 

which further suppress the propagation of SBs, while benefiting from the intrinsic ductility of 

crystalline layers [8-10]. As an example, Wu et al. [10] deposited Cr-Co-Ni (crystalline)/Ti-Zr-Nb-Hf 

(glass) nanolaminates (NLs) with 10 nm bilayer period, reporting superior yield strength up to 3.6 GPa 

and significant homogeneous deformation up to ∼15% strain in compression without fracture. Studies 

on fully amorphous NLs also highlight the potential of glass–glass interfaces and local heterogeneities 

to mitigate catastrophic SBs and enhance the mechanical properties such as yield strength, hardness, 

and plasticity compared to the monolithic counterparts [11-13]. Chen et al. [11] observed high 

hardness (up to 8.4 GPa) for NiNb/ZrCuNiAl NLs with bilayer period (Λ) of 50 nm, exceeding the value 

of the rule of mixtures (ROM). Sharma et al. [13] performed micropillar compression of fully 

amorphous Zr-based/La-NL and they reported larger plasticity compared to the monolithic 

constituents. They resolved SBs confinement within the softer La-based layer which requires higher 

critical shear stress to penetrate the harder Zr-based sublayers. Recently in Ref. [14], the authors of 

this study fabricated fully amorphous Zr24Cu76/Zr61Cu39 NLs with controlled Λ (from 400 down to 5 nm), 

with a focus on the SB nucleation and propagation processes, demonstrating extensive chemical 
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intermixing within SB-deformed regions and a brittle-to-ductile transition when Λ ≤ 50 nm, achieving 

high yield strength (∼2 GPa) and plastic deformation (∼16%) in compression. 

However, investigations into the effect of composition for fully amorphous nanolayered 

architectures, particularly with the addition of plasticity-enhancing elements such as Al [15, 16], are 

still lacking. Here, we synthesize fully amorphous ZrCu/ZrCuAl9 NLs with controlled Λ ranging from 200 

down to 50 nm using magnetron sputtering, focusing on the evolution of mechanical properties as well 

as on the propagation of SBs. The ZrCuAl9 layer composition has been selected since it maximizes the 

density of full and defective icosahedral cluster populations, inducing a more shear-resistant behavior 

to the material [16]. The mechanical behavior was explored through advanced scale-bridging 

techniques focusing on both structural and chemical effects of nanointerfaces and Al addition. Our 

findings demonstrate the activation of significant mechanical size effects, a controlled brittle-to-ductile 

transition for Λ ≥ 100 nm and notable Al diffusion along SBs, leading to strong interlayer intermixing. 

ZrCu/ZrCuAl9 fully amorphous NLs were deposited by magnetron co-sputtering from three (>99.99 

% pure) Zr, Cu and Al targets (Kurt J. Lesker®). The base and the deposition pressures were set equal 

to 10-5 and 0.5 Pa, respectively, with an Ar flow rate of 40 sccm at Troom. The NLs were fabricated 

through an automated deposition process by varying the Al target power and controlling the 

opening/closing of shutters. The power ratio between Zr and Cu targets was calibrated to obtain a 

Zr50Cu50 alloy, while the Al target was periodically switched on/off at 20 W to form ZrCuAl9 [16]. The 

NLs were deposited on Si (100) substrates with a total film thickness equal to 3200 ± 100 nm, with the 

soft ZrCu layer always on top. Structural characterization was carried out using a field emission 

scanning electron microscope (FE-SEM, Zeiss Supra 40) equipped with a Bruker energy dispersive X-

ray spectroscopy (EDX), and by X-ray diffraction (XRD, RIGAKU SMARTLAB 9KW) with Cu-Kα (= 1.5406 

Å) in Bragg–Brentano geometry. The mechanical characterization was performed by nanoindentation 

using a KLA G200 nanoindenter with a DCM head and diamond Berkovich tip, operating in continuous 

stiffness measurement (CSM) mode under load control with fixed proportional loading rate of 0.05 s-

1. For further details see Ref. [16, 17]. The elastic modulus (E) and hardness (H) were extracted using 
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the Oliver and Pharr method [18] at indentation depths ∼10% of the film thickness with a minimum of 

25 indentations performed after calibration on fused silica. The shear (G = C44) and longitudinal (C11) 

elastic moduli were determined by surface Brillouin spectroscopy (SBS), assuming isotropic elasticity 

of the NL (due to the similar chemistry of the layers) whose effective elastic properties can be directly 

extracted from the single constituents, see Refs. [14, 19, 20] and Supplementary Information (SI). The 

stress–strain curves were obtained by compression testing of micropillars, analyzing data for 5 

different micropillars per sample, with details in Ref. [14] and the SI. An atom probe tomography (APT) 

tip was prepared by using focused ion beam (FIB) within a shear band-deformed zone after pillar 

compression to investigate the 3D elemental distribution locally (more details in the SI).  

Figure 1a-c shows the SEM cross-sectional views of the ZrCu/ZrCuAl9 NLs with different bilayer 

periods (), ranging from 50 (a) up to 200 nm (c), and a total thickness of ∼3.2 m. All specimens 

exhibit a corrugation pattern on the fracture surface, a characteristic feature of MGs. For specific TFMG 

compositions, such as ZrCu and ZrCuAl [16], fracture occurs within highly sheared regions of material 

via a nanoscale “corrugated” mechanism associated with atomic cavitation [21]. Moreover, when the 

characteristic size of the sample is reduced (i.e. thickness confinement as for TFMGs), the dimension 

of the veins or corrugations on the fracture surface decreases due to the combined effects of the stress 

field ahead of the crack tip and the free surfaces [14, 16, 21]. The ZrCu/ZrCuAl9 NLs presented an 

average corrugation length (thickness direction) that varies with the thickness of each individual layer, 

ranging from 40 ± 10 up to 150 ± 30 nm, for equal to, respectively, 50 and 200 nm. Notably, larger 

layer thicknesses promote the formation of larger corrugations, reducing stress confinement ahead 

the crack tip and facilitating the propagation of SBs during fracture, despite the high density of 

interfaces. On the other hand, smaller NL thicknesses confine the corrugations, reducing their intrinsic 

size. Figure 1d presents the XRD diffractograms for the different NLs showing a fully amorphous 

structure without the presence of nanocrystallites and confirming the full miscibility of Al within the 

ZrCu alloy. The average interatomic distance, calculated using Ehrenfest equation, is 2.7 Å, similar to 

what is observed in the literature for Zr50Cu50 and ZrCuAl9 MG produced by physical vapor deposition 
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techniques or by casting [16, 17]. Indeed, the small amount of Al does not shift the position of the 

broad amorphous diffraction peak, whose variation is on the order of fractions of Å and can only be 

detected using high-energy diffraction experiments [16]. 

 
Figure 1 – (a-c) SEM cross-section micrographs of a 3.2 μm-thick ZrCu/ZrCuAl9 NLs with Λ equal to a) 

50, b) 100, and c) 200 nm. The different layers can be distinguished with larger corrugation patters for 

Λ = 200 nm. (d) The corresponding XRD, revealing fully amorphous structure. The monolithic 

constituent data were taken from Ref. [16]. 

 

Figure 2 shows the mechanical characterization results from nanoindentation and SBS. ZrCuAl9 

reports a larger elastic and shear elastic modulus (E and G, respectively) and hardness (H) than ZrCu. 

This is the consequence of the formation of shorter bonds (i.e. Al-Zr and Al-Cu) and the strong short 

range order with a higher fraction of full- and defective icosahedra, which are responsible of the large 

shear-resistant behavior [16]. For the NL systems, we show that the values of G and E (Figure 2a,b) are 

constant for the different Λ, and lie close to the rule of mixture (ROM) calculated from the monolithic 

constituents (Zr50Cu50 and ZrCuAl9), similar to what is observed for the case of Zr61Cu39/Zr24Cu76 NLs 

[14]. This indicates the presence of nearly-perfect interfaces which are sharp and with high interlayer 

adhesion due to the similar layer chemistry with high fraction of Zr-Cu bonds as already observed in 

other fully amorphous NLs [13, 14] and discussed later in Fig. 4. Similarly, the H values do not depend 
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on Λ, but they are slightly above the ROM and closer to the harder constituent (i.e. ZrCuAl9), even 

considering that the top layer of the stack is the softer ZrCu. This suggests that the presence of 

heterogeneities and of sharp nanointerfaces with possible local chemical intermixing [14] compensate 

the presence of softer top layer, while affecting the plastic zone ahead the indenter tip and thus the 

H. This observation is consistent with Zr24Cu76/Zr61Cu39 NLs [14], which, however, showed a much larger 

hardness variation of ∼2.5 GPa between the constituents . 
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Figure 2 – a) Evolution of shear modulus measured by surface Brillouin spectroscopy and (b) elastic 

modulus and (c) hardness from nanoindentation for monolith ZrCu and ZrCuAl9 and NLs with different 

bilayer period (Λ). The values of G and E remain close to the rule of mixture (ROM, black dash-dot 

lines), while the values of H are higher and close to those of the harder ZrCuAl9. The dashed lines in 

the graphs represent the values for monolithic reference films (ZrCu and ZrCuAl9) and the shadowed 

regions represent their respective error bars. 
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Micropillar compression was performed to investigate the mechanical behavior of fully amorphous NLs 

under different loading condition (i.e., uniaxial compression) in comparison with nanoindentation, and 

to investigate the role of periodic heterogeneities on plasticity. Figure 3a presents the results of 

compression tests for the NLs, compared with the monolithic ZrCu and ZrCuAl9 counterparts. The 

monolithic films exhibit clear failure through catastrophic SB events upon reaching the yield strength 

(σy), a characteristic feature of MGs [14, 22]. These events are marked by sudden strain bursts in the 

load-displacement data, as the experiments were performed under load control. This behavior is 

illustrated in Fig. 3b, which shows the formation of a major SB oriented at ∼45° of the compression 

direction. The values of σy depends on the composition, with the monolithic ZrCuAl9 layer showing a 

higher value (2.62 ± 0.07 GPa) compared to ZrCu (2.13 ± 0.08 GPa). This increase is attributed to the 

distinct local atomic order and packing of the Al-containing composition, characterized by a larger 

content of full icosahedral atomic clusters, leading to greater resistance against shear deformation 

[16], consistent with nanoindentation results (Fig. 2). 

In the NLs with Λ = 50nm, the mechanical behavior remains brittle, with failure occurring upon 

yielding (blue curve in Figure 3a). This brittleness can be explained by the lower thickness of the harder 

ZrCuAl9 layer, resulting in a reduced blocking effect of SBs propagation. Additionally, smaller bilayer 

periods result in less sharp and distinct interfaces, promoting the nucleation of SBs upon yielding, as 

reported in Ref. [14]. Finally, for very fine NLs, the overall structure of the stack mechanically behaves 

as a monolithic material. This is due to the very similar chemistry between ZrCu and ZrCuAl9, as well as 

to the small mechanical contrast between these layers (hardness variation = ∼0.6 GPa, Fig. 2), reducing 

their effectiveness as barriers against SB propagation and resulting in a value of σy (2.01 ± 0.10 GPa) 

similar to the softer ZrCu layers. Such behavior is very different from micropillar compression tests of 

Zr24Cu76/Zr61Cu39 NLs with the same bilayer period, reporting extended plasticity but stronger chemical 

contrast and hardness variation (∼2.5 GPa) between the layers, Ref. [14], highlighting how mechanical 

performance are significantly connected with both chemistry and NL architecture. 
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Figure 3 – a) Stress-strain curves of monolithic and multi-layered ZrCu/ZrCuAl9 TFMGs. The “X” 

corresponds to a catastrophic failure event. b,c) Post-mortem SEM micrographs of micropillars after 

compression showing (b) typical failure of monolithic (ZrCu) films with the propagation of a major SB 

event and (c) the formation of multiple SBs and deviation and stopping phenomena (red arrows) 

observed in = 200 nm NLs . 

 

On the other hand, the mechanical behavior completely changes for Λ > 50 nm (green and purple 

curves in Fig. 3a), with a substantial reduction of σy down to 0.94 ± 0.03 and to 1.14 ± 0.04 GPa for 

Λ = 100 and 200 nm, respectively. However, this reduction of σy is accompanied by smaller strain 

bursts, avoiding catastrophic failure up to strain values of ∼15 %. The reduction of σy is attributed to 

either the presence of sharper interfaces promoting SBs nucleation (which are originated at free 

volume-rich regions) and/or to the presence of softer ZrCu layers (especially on top of the stack), 

similar to what was observed in Ref. [14]. Due to the extremely fast and stochastic nature of SB events, 
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it is not possible to definitively determine whether they nucleate from the external surface, the 

interfaces, or the lower shear resistance ZrCu layers, which are located on the top layer and in contact 

with flat punch counterbody. However, larger Λ could effectively hinder the propagation of SBs as a 

result of the presence of sharper interfaces and thicker and more shear-resistant ZrCuAl9 layers [16], 

despite the smaller mechanical contrast between the layer constituents. This is also supported by the 

post mortem analysis of the micropillars showing the presence of multiple SBs events which have 

limited percolation (red arrows in Fig. 3c). This can explain the presence of discrete stress increments 

in the stress–strain curves for such NLs as shown in Figure 3a. Finally, the increment of stress at higher 

deformations for NLs with Λ = 200 nm is related to the increment of the load-bearing cross-sectional 

area during compression due to the multiple SB activation. 

APT specimen extracted from a post-mortem deformed micropillar enables the investigation of 

deformation processes, providing in-depth information on the chemical evolution induced by the 

interaction between SBs and the heterogeneities of the NLs structure (Figure 4). The SB has a 

characteristic width of ∼10 nm, which aligns with the reported values in literature for Zr-based MGs 

[23]. Its propagation through the layers results in severe local deformation, similarly to what was 

observed in Ref. [14], indicating the ability of the NL to sustain plasticity through the deformation of 

its individual layers. Moreover, the propagation of SBs leads to a misalignment of the original layer 

stack and result in the presence of Al within the ZrCu layer and its depletion within the ZrCuAl9 layer. 

This displacement by shear is also accompanied by the interdiffusion phenomena mediated by the 

temperature rise in SB process and the activation of shear transformation zones (STZs) [14]. 

These effects are shown in the 2D contour plot for Al (Figure 4a) and the 1D concentration profiles 

across the SB path (Figures 4b,c), indicating localized chemical intermixing and the presence of Al 

within the SB and in the ZrCu layer, while highlighting a negligible O (and other impurities) content. In 

our previous work Ref. [14], we reported shear displacement and local intermixing phenomena in fully 

amorphous Zr24Cu76 and Zr61Cu39, leading to average Zr50Cu50 composition in the SB-deformed zone. 

Here, we report significant presence of Al along the SB as a result of the shear displacement in 
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combination with the compositional gradient across the layers and the activation of STZs, which induce 

appreciable atomic rearrangement between adjacent amorphous nanodomains, facilitating 

homogenization rather than phase separation toward equilibrium, as reported inside some SBs [24]. 

These phenomena can also be boosted by potential local heating effects during SB propagation, which 

may result in localized temperature increments approaching or exceeding the melting temperature, 

thereby promoting interdiffusion [25, 26]. Finally, Figure 4d highlights the presence of local 

compositional oscillations of ∼±10 at. % within 2-3 nm for ZrCu and ∼±2-3 at. % Al in Zr5 0Cu40Al10 layer 

(film growth direction), while reporting the presence of very thin interface (∼2-3 nm) between the 

ZrCu and the ZrCuAl9 layer in which a small chemical gradient can be detected. Such chemical 

fluctuations are results for the extreme out-of-equilibrium condition of sputtering, resulting in nm-

scale compositional fluctuations which minimize the energy of (meta)stable TFMGs, similar to what is 

reported in Ref. [27] for ZrCu TFMGs deposited by PLD. Interestingly, such compositional oscillations 

mitigate during SB propagation as a results of local intermixing (Figure 4b,c). Finally, since these 

fluctuations occur on a ~2-3 nm scale, we can assume a negligible contribution to the measured 

average mechanical properties (nanoindentation and micropillar compression), as these techniques 

probe a larger volume. Furthermore, because the monolithic layer constituents (ZrCu and ZrCuAl) were 

produced using identical deposition parameters, the evolution of the mechanical properties are 

primarily dictated by the thickness/chemistry of the sublayers and the interface density. 
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Fig. 4 – Post-mortem chemical analysis of 3 μm thick ZrCu/ZrCuAl9 NL with Λ = 200 nm after micropillar 

compression. The 2D contour plot of Al (a) and the 1D concentration profiles (i.e., within cylindrical 

regions of interest of Φ4 × 20 nm) of two different positions across the SB path indicated by arrows (1) 

and (2) (b,c) and across the ZrCu/ZrCuAl9 interface indicated by the arrow (3) (d). Color gradients 

highlight the large chemical intermixing and possible Al diffusion between the layers.  

 

In conclusion, we fabricated fully amorphous ZrCu/ZrCuAl9 nanolayers (NLs) with different bilayer 

periods (Λ), with tailored mechanical properties and deformation mechanism governed by the 

chemistry/thickness of the sublayer and density o interfaces. Specifically: 

 For large sublayer thicknesses (= 100 and 200 nm) multiple SBs tend to nucleate either from the 

interfaces or from the low shear resistant and thick ZrCu layer. However, these SBs do not percolate 

through the entire micropillar due to the blocking effects of subsequent interfaces and the presence 

of thick higher shear resistance ZrCuAl layers. This explains the lower yield strength accompanied by 
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a reduced serration flow, while preventing catastrophic failure within a single SB event even for de-

formations >10%. 

 For small bilayer thicknesses (= 50 nm) the mechanical behavior resembles that of a monolithic 

counterpart due less sharp and distinct interfaces with thin ZrCuAl layers which being less effective 

at blocking SB propagation upon yielding. This leads to mechanical behavior similar to monolithic 

films, characterized by yield strength close to pure ZrCu and catastrophic failure with the propaga-

tion of a single SB. 

Moreover, we observed significant compositional variations within the SB-deformed zones (Al 

presence into the ZrCu layers), as a result of shear displacement between layers accompanied by local 

diffusion, while explaining the evolution of the mechanical behavior as a result of layer intermixing, 

severe local deformation processes and the presence of nanointerfaces. Overall, we demonstrate how 

controlling structural and chemical heterogeneities through the fabrication of fully amorphous 

nanolaminates (NLs) opens up new possibilities with interest for their application particularly in the 

field of micro and flexible electronics and of structural coatings. 
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