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A B S T R A C T   

The combination of conventional physical vapor deposition and a gas aggregation nanoparticle source enabled 
the study of model systems of unique material combinations and dimensions. Zr50Cu45Ag5 thin film metallic 
glasses with varying contents of single-crystalline 5 nm tungsten nanoparticles were synthesized using this 
technique. This approach provides precise control over nanoparticle shape, size, distribution, and concentration. 
The films were later annealed at 150 ◦C, 250 ◦C, 350 ◦C, and 450 ◦C. 

At room temperature inclusion of 0.01 vol% tungsten nanoparticles caused a 15% increase in the nano-
indentation hardness of a thin film metallic glass, while having no significant effect on pop-in length or fre-
quency, as seen in the loading curves. Even more remarkably, at 450 ◦C a control film containing no 
nanoparticles experienced significant segregation and subsequent crystallization, whereas this effect was 
repressed in the tungsten nanoparticle composite thin film metallic glass. Unobstructed by nanoparticles, at high 
temperatures zirconium diffused to the surface of the film, forming a crystalline layer of up to 80 nm. In contrast, 
this layer is kept to below 30 nm when the nanoparticles are present. The stabilization of the microstructure is 
also clear from indentation results, while the hardness of the reference sample changes significantly due to the 
undesired crystallization, the hardness of the composite remains constant.   

1. Introduction 

Recently, through combining physical vapor deposition and gas ag-
gregation nanoparticle (NP) sources, the additive incorporation of 
crystalline inclusions has become possible into micron scale thin films as 
an alternative to co-sputtering and subsequent solute aggregation [1] or 
nanocluster inclusion through sequential thin interlayers [2]. Immis-
cible tungsten NPs incorporated into copper thin films stabilized the 
microstructure at temperatures as high as 500 ◦C [3]. Subsequent im-
provements in the methodology allowed for the synthesis of micron 
thick copper nano-composite films, where the crystalline particles were 
homogeneously distributed throughout the film thickness. Successful 
preservation of indentation hardness was shown through effective 
pinning of grain growth and retention of the highly twinned 

microstructure up to 400 ◦C [4]. Aluminum NPs incorporated into 
metallic (Cu) or metallic glass thin films, also synthesized with the 
co-deposition method, have been used as model systems demonstrating 
the high resolution limits of analytical methods like time-of-flight sec-
ondary ion mass spectrometry [5,6]. 

The non-equilibrium nature of physical vapor deposition attracts 
considerable interest to thin film metallic glasses (TFMGs), widening 
their composition range compared to bulk processing routes [7,8]. 

Due to their amorphous structure, metallic glasses have exception-
ally high yield strengths. Within their widespread application, they are 
limited by two main inherent properties: their inhomogeneous and 
sudden plastic deformation leading to catastrophic failure, and struc-
tural changes at much lower temperatures than their crystalline 
counterparts. 
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The pursuit of global ductility has driven the metallic glass com-
munity to consider a composite microstructure instead of attempting to 
tailor the composition of a bulk metallic glass (BMG). Second phase 
additions are expected to promote shear band initiation, and reduce 
shear band propagation, preventing strain localization and failure in 
BMG composites. BMG composites can be classified as follows: (a) in situ, 
(b) devitrified, and (c) ex situ composites. In situ composites are formed 
by inducing crystallization of the liquid alloy by means of cooling at 
rates lower than those required for glass formation and allowing the 
remaining liquid of altered composition to form the glassy matrix [9, 
10]. The devitrified composites are formed by annealing the glassy alloy 
above the glass transition temperature to induce desired volume frac-
tions of the crystalline phase [11–14]. Finally, as the name suggests, ex 
situ composites borrow the approach used in conventional metallurgy of 
adding nano-/micro-/millimeter sized crystalline second phases into the 
liquid alloy, which forms the glass matrix on cooling [15–19]. 

Extensive research into the mechanical performance of Zr-based 
BMG composites reinforced by tungsten was driven by a) shearing and 
hence ’self-sharpening’ behavior of metallic glasses akin to depleted 
uranium used as kinetic energy projectiles [20] and b) the high thermal 
stability of Zr-based BMGs prevents the tungsten reinforcements from 
forming heterogeneous crystallization sites and changing the amor-
phous alloy matrix composition locally [21]. 

Particle reinforced metallic glasses are widely investigated and have 
shown promise in facilitating enhanced mechanical properties like 
ductility and strength [12,15,22]. Like ex situ metallic glass composites 
[23,15,24], the homogeneously distributed reinforcement crystalline 
phase in the thin films presented in this publication are not composed of 
any of the metallic glass constituent species, and they retain their 
crystalline nature in the amorphous matrix. 

During the bending of Ni-based composites in hairpin configurations, 
dispersions of 2–3 μm WC particles of about 7 vol% improved the 
Young’s modulus in agreement with the rule of mixtures, and almost 
doubled the yield strength [23]. 17.5 vol% of 5 ± 8 nm sized W in-
clusions in Zr based metallic glass alloys facilitated an almost 9% in-
crease in Vickers hardness [15]. However, additions of larger (3 μm, 7 
vol%) inclusions realized no significant change in compressive strength 
during quasi-static compression of cast rods [18]. While in ex situ 
composites, the crystalline phase is foreign to the matrix material and is 
introduced separately, in in situ composites, the typically 1–10 nm in-
clusions are formed by inducing partial crystallization during the cool-
ing of the melt. For example, in a Zr based alloy a 30% fraction of 
crystallites caused an 8.7% improvement in tensile fracture strength 
[12]. In another case, 50% fraction of 15 nm inclusions produced 11% 
Vickers hardening [22]. Bian et al. also showed that increasing volume 
fractions of the crystalline phase led to thinner and denser shear banding 
behavior [25], however, more than 60 vol% results in decreased 
strength and ductility [13]. 

The metallic glass composite thin films containing W NPs in the 
present study can be classified as ex situ composites, as described earlier. 
The novel conceptualization in synthesis led to radical alterations in the 
deposition chamber geometry, and new equipment enabled the additive 
synthesis of these unique composite thin films. The basic premise of 
improving the mechanical behavior of amorphous alloys by forming 
’tough’ glass-matrix composites was to promote shear band nucleation 
and prevent catastrophic shear band propagation to fracture. These ex 
situ composites were synthesized by drawing parallels to crystalline 
matrix composites assuming minimal or negligible chemical interactions 
between the crystalline reinforcements and the glassy matrix. Another 
approach lies in reducing the detrimental hardness or brittle response 
and inducing the capability for plastic flow accommodation in the glassy 
matrix. 

Several metallic glass composites reinforced by tungsten particles or 
wires, and tungsten pressure infiltrated preforms, exhibited superior or 
enhanced mechanical properties in terms of strength [17,18,26–33]. 
The micrometer or millimeter sized tungsten particle or wire 

reinforcements promoted shear banding within the glassy matrix, and 
efficient load transfer because of high interfacial strengths, multiple 
cracking, and crack bridging. Shear bands are nucleated in the glass 
matrix at stresses lower than required in a monolithic amorphous alloy 
due to different sources of stress concentrations. 

Dispersion hardening on more confined systems like thin films holds 
great potential for their applications. Co-deposition of the matrix ma-
terial and crystalline NPs makes understanding and controlling the 
deformation mechanisms significantly less complicated, as recently 
demonstrated for crystalline Cu films with varying amounts of W NPs 
[4]. The motivation for this work is to additively combine crystalline 
NPs and amorphous metallic glasses, resulting in unique and novel thin 
film composites, enabling the study of their strengthening mechanisms 
at a deeper and more fundamental level. The absence of heating, 
quenching and mechanical milling during synthesis of our novel mate-
rial system isolates the contribution to hardness from the crystalline 
inclusions. This is important, as it allows for a deeper understanding of 
BMG reinforcement and paves the path for the development of more 
effective reinforcement synthesis. 

2. Materials and methods 

2.1. Synthesis 

A ZrCuAg metallic glass and tungsten NP composite thin film (2.6 ±
0.05 μm thick) and a ZrCuAg metallic glass thin reference film (2.12 ±
0.37 μm thick) containing no NPs were synthesized by co-deposition of 
physical vapor deposition and a gas aggregation NP source. The film 
thicknesses were determined from Scanning Electron Microscopy (SEM) 
images of the film cross-sections, Fig. 2 shows representative cross- 
section images of both the composite and reference films. 

The ultra-high vacuum chamber setup, depicted in Fig. 1, houses 
both the magnetron used for sputtering the matrix material (Fig. 1 detail 
A), which is an alloy target with a nominal composition of Zr45Cu45Ag10 
(at.%) and a Mantis Nanogen 50 source, an attachment aimed at the 
sputtering and simultaneous aggregation of tungsten NPs. The Mantis 
Nanogen 50 source is made up of a magnetron for sputtering the ma-
terial that builds the NPs (Fig. 1 detail B), which is tungsten, located 
inside a smaller separate chamber, the aggregation zone (Fig. 1 detail C). 
Both deposition targets were supplied by HMW Hauner, Germany, with 
99.99% purity. 

The substrates were pre-cut chips of 525 μm thick Si(100) wafer 
placed radially across the substrate holder to ensure coverage of the 
tungsten NP concentration gradient arising due to the off-axis NP 
deposition, depicted schematically in Fig. 1 detail E. Prior to deposition, 
the substrates were ultrasonically cleaned in acetone and isopropanol 
for 5 min each. For depositing the reference TFMG without NPs, the Si 
(100) chips were covered with a 100 nm stack of SiO2 and Si3N4 as 
diffusion barriers for the consequent annealing steps. The process gas 
was argon. 

The nucleation of the W NPs was made possible by the increased 
process gas pressure inside the aggregation zone, and continuous flow-
ing of 1 sccm air, which provided nucleation seeds for NP formation. The 
1 sccm air flow was maintained for the reference sample as well. The 
current carried by the charged W NP flux was measured by a quadrupole 
mass spectrometer. Without the 1 sccm air contamination, the stability 
of the NP deposition rate was compromised within a short time, and 
rapidly decreased to a readout comparable to noise. The average 
deposition rate was approximately 0.33 µm/h for all the films, resulting 
from a total deposition time of 8 h for each sample. The base pressure 
was less than 2.8⋅10− 5 Pa for both samples. The working pressure was 
maintained at 3.3⋅10− 1 Pa, supplied by 20 sccm argon flow to sputter the 
matrix and 50 sccm into the aggregation zone. The deposition was 
performed at room temperature with a substrate rotation of 10 rpm. 
Using a cooling jacket, the outside of the aggregation zone was main-
tained at − 50 ◦C to increase the duration for which the NP deposition 
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rate remained stable. 
For the deposition of the composite film, the magnetron inside the 

aggregation zone was driven by a direct current power source with 250 
mA output. The plasma potential was measured to be 306 V, resulting in 

an average power of 76 W. For both films, the magnetron used to sputter 
the metallic glass matrix was also driven by a direct current power 
source; the average current was 200 mA, yielding an average potential of 
409 V, and a power of 82 W. 

Fig. 1. Schematic of the deposition chamber and components. A: Magnetron for sputtering the amorphous alloy matrix, B: Magnetron sputtering the tungsten atoms 
for NP aggregation, C: Aggregation zone, D: Typical size distribution of the NPs as measured by a quadrupole mass spectrometer and the best gaussian fit to data, E: 
Schematic of the placement of samples in relation to the deposition setup, showing the different nanoparticle concentrations within one deposition run. 

Fig. 2. SEM cross-section images of the ZrCuAg metallic glass and tungsten NP composite thin film (A) and a ZrCuAg metallic glass reference film containing no NPs 
(B) for film thickness measurements. 
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For both films, the temperature of the substrate was measured using 
a thermocouple in contact with the substrate mount. During the sample 
deposition the temperature increased from 21 ◦C (room temperature) to 
33 ◦C. The average temperature was 30 ± 4 ◦C and 30 ± 3 ◦C for the 
reference and composite films respectively. 

The composite and reference films were both annealed under a high 
vacuum environment to 150, 250, 350 and 450 ◦C at a heating and 
cooling rate of 0.1 ◦C/s for one hour. The mechanical properties of the 
composite film in the highest W NP concentration region were charac-
terized using nanoindentation following each individual heat treatment 
to 150/250/350/450 ◦C, while the composite in the low W NP con-
centration region and the reference film were measured only after all the 
individual heat treatments were complete. Structural analysis using X- 
ray diffraction (XRD) were used to characterize the film properties 
before and after the complete heat treatments. 

2.2. Structural characterization 

During deposition, the mass distribution of the NP flux was measured 
with a quadrupole mass spectrometer in regular intervals, and was 
constant for all the composite film depositions. The size distribution was 
calculated using the bulk density of the NP material (W), with a repre-
sentative measurement shown in Fig. 1 detail D. The midpoint of the best 
gaussian fit of the size distribution curve was used to estimate the NP 
diameter to be 4.7 nm. Due to the off-axis alignment of the aggregation 
zone, there is a natural radial gradient of tungsten NP concentration 
along the radius of the substrate holder, depicted schematically in Fig. 1 
detail E, with the maximum concentration found at the center. 

The composition of the composite metallic glass thin film was 
measured using Energy Dispersive X-ray Spectroscopy (EDS), using an 
EDX S-UTW-Si-(Li)-detector with an acceleration voltage of 20 kV. 

The structure of the composite and reference sample was measured 
using X-ray powder diffraction with Bruker D8 diffractometer operated 
in the Bragg Brentano geometry, for two-theta 20–110◦, in 4587 steps, 
and 1 s/step. 

The composition and microstructure of both films was characterized 
in high and low NP concentration regions using high-resolution trans-
mission electron microscopy (Titan Themis 200 G3 spherical aberration 
(probe) corrected TEM) using an accelerating voltage of 200 keV. The 
concentration line profiles, and the elemental maps were acquired using 
EDS in STEM mode. The cross-section TEM samples were prepared with 
a standard lift-out procedure using Ga+ in a Tescan (Lyra3) dual-beam 
FIB-SEM microscope. Care was taken to adjust currents during FIB 
machining to reduce artifacts. Samples were imaged within a few days of 
FIB preparation to minimize surface oxidation. 

Approximate NP concentration was determined by counting the NPs 
visible in the images of the TEM lamella (2 images for each concentra-
tion region) and calculating their total volume based on their average 
diameter determined by quadrupole mass spectrometry, which closely 
matches the diameter determined by TEM for tungsten particles [3]. 
This total NP volume was then divided by the total volume of the ma-
terial in the field of view of the images. In total 117 particles were 
counted in the images of the high concentration, and 7 in the low con-
centration lamella. Error was derived from uncertainties in the lamella 
thickness, which was estimated to be 50–90 nm thick. Additional errors 
arise from poor contrast of the NPs relative to the surrounding metallic 
glass components, and their potential obstruction from the silver seg-
regations, which would result in an underestimation of the actual par-
ticle concentration. 

The center to center interparticle distance (d) was calculated by 
assuming an ideal gas law distribution following the approach presented 
by Polyakov et al. [3], from the nanoparticle density by volume (n) as 

measured from the images of the TEM lamella, where d = 0.893
( 3

4πn
)1

3. 

2.3. Mechanical characterization 

To determine the hardness and the elastic modulus of the composite 
film and reference films at both room temperature and after heat 
treatments, the samples were indented using a Hysitron Triboindenter 
(Minneapolis USA) equipped with a diamond cube-corner tip with a 
maximum load of 3.2 mN and a loading rate of 0.4 mN/s. Indentation 
depth was kept as close to 10% film thickness as possible. For better 
statistical accuracy, a total of 100 indents were made at each measured 
region. The Oliver and Pharr analysis was used to calculate the hardness 
and reduced elastic modulus from the load-displacement curves ob-
tained from these tests [34,35]. 

With the aim of pop-in event characterization and postmortem im-
aging of the indents, the composite sample was indented with an ASMEC 
ZHN (ZwickRoell GmbH & Co. KG, Ulm) nanoindenter, mounted with a 
diamond Berkovich tip. At each site, 9–10 indents were made using load 
control to higher maximum loads (F) of 500 mN, and a loading rate of 
0.1 mN/s, resulting in maximum indentation depths (h) of 1.93 ± 0.04 
μm. 

The pop-in events were identified by plotting 1
dF/dh2 vs. h2 and 

finding the local maxima based on the work of Malzbender et al. [36]. 
The indents were imaged with a Hitachi-S4800 SEM. The indent depth 
profiles were characterized with a Sensofar 3D optical profilometer. 

3. Results 

3.1. Room temperature microstructure 

The overall composition of the composite sample was measured to be 
Zr53Cu42Ag5, which is close to the nominal composition of the deposition 
target, which was Zr45Cu45Ag10. The slight differences are due to the 
different sputter rates of the non-homogeneous and crystalline target 
components. The composition is representative of all matrix materials as 
the EDS spectra did not change with varying W concentrations, because 
the concentration of W NPs was below the EDS detection limit. 

Fig. 3 detail A shows a STEM HAADF micrograph of a cross-section of 
the composite sample at room temperature under the indent, before any 
heat treatments, at the region where the W NP concentration is the 
highest, approximately 0.011 vol%. The film displays a uniform distri-
bution of NPs along the cross-section (indicated by arrowheads). Fig. 3 
detail B shows a high magnification HAADF image with the region of 
interest enclosed in a rectangular block for STEM EDS mapping. The 
elemental maps correspond to W NPs, W NPs-Silver, and all four 
elemental components superimposed are shown in Fig. 3 detail C–E. 
There is a clear segregation of the silver component of the metallic glass 
in the form of veins. However, the position of the silver veins was un-
related to the position of the W NPs. The line scans shown in Fig. 3 detail 
F, G were also performed to closely observe the locations of W NPs and 
local elemental aggregation in the metallic glass phase. Local hetero-
geneity in composition could be seen in the film as a slight deviation in 
composition from the bulk measured using the SEM EDS technique 
(Fig. 3 detail G). 

Fig. 4 detail A-E shows the STEM HAADF images and elemental maps 
of the composite films in the lowest concentration region, approximately 
0.0012 vol% corresponding to an interparticle distance of 99 nm. As 
expected, only a few NPs (indicated by arrowheads in Fig. 4 detail A, B) 
can be seen along the cross-section of the film. The identification of 
particle location is slightly uncertain because of silver segregation, local 
heterogeneity, and low concentration of particles in the sample. How-
ever, the location of NPs is confirmed by sharp intensity peaks observed 
in the line scan (Fig. 4 detail E) from the region of interest shown in 
Fig. 4 detail C. 
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3.2. Room temperature mechanical properties 

Before heat treatment, the hardness and reduced elastic modulus 
were measured in the reference film and at two locations on the com-
posite film, corresponding to the maximum and minimum W NP con-
centration. Table 1 summarizes these mechanical properties along with 
the concentration and interparticle distance. 

The hardness of the composite in the highest NP concentration re-
gion was H = 6.75±0.54 GPa, which is close to 15% higher than the 
reference sample. 

3.2.1. Pop-in investigation 
To investigate the effect of NP concentration on pop-in event fre-

quency, the composite sample was also indented in the lowest and 
highest W NP concentration regions at slower loading rates (0.1 mN/s) 
and with larger maximum loads (500 mN) and indentation depths (1.9 
μm) using a Berkovich diamond indenter tip. The pop-in events were 
easily visible in the indentation curves. 

Fig. 5 shows a representative loading curve obtained during nano-
indentation of the composite film in the highest NP concentration re-
gion. The curve contains multiple displacement bursts, also known as 
pop-in events, indicated by red arrowheads. The pop-in events were 
identified by plotting (dF / dh2)− 1 vs. h2 and finding the local maxima 
based on the work of Malzbender et al. [36]. 

Similar metallic glasses (Zr52.5Cu17.9Ni14.6Al10Ti5) without inco-
herent additions also show frequent pop-in occurrence, change only by 
additional processing steps like electrochemical charging to increase 
hydrogen content [37] or heat treatment that increases the thermally 
favored formation/reactivation of shear band deformation [38]. For 
example, a hydrogen to metal content ratio of 0.11 decreases the chance 
of pop-in events from 100% to 80% because of a transition from pop-in 
or shear banding to homogeneous deformation [37]. 

In our study, the average length of a pop-in events remained the 

same, regardless of NP concentration, averaging 15 ± 9 nm. All 9 in-
dents performed on each particle concentration region of the composite 
showed marked pop-in behavior, like the 100% occurrence in the un- 
hydrogenated reference in the study of Tian et al. [37]. The number of 
pop-in events also did not change significantly, increasing from 13.5 
±2.5 to 15.3 ± 2.1 in the low and high NP concentration regions, 
respectively. 

The frequent pop-in events in the composite film investigated here is 
most like the behavior unaltered metallic glasses in the studies of Tian 
et al. and Wheeler et al. [37,38], the concentration of crystalline NPs is 
likely not high enough to influence these metrics. 

After indentation, the largest indents were imaged using SEM to 
investigate the shape of the remaining imprints. Fig. 6 Top shows planar 
SEM images of three indents from regions with high and low W NPs 
concentrations. Within a region, individual indents have a very similar 
appearance, indicating good homogeneity of the composite material and 
reproducibility of the test method. 

3.2.2. Laser profilometry 
Confocal laser scanning microscopy and subsequent analysis of 

extracted line profiles of the indent pileups (Fig. 6 Bottom) show a 
characteristic step-like morphology. Comparison of the pile-up area and 
length in the line profile and number and length of steps in the pile up 
regions showed no significant difference between areas with varying W 
NPs concentrations. 

Considering a step in the line profile of the pile-up with a slope larger 
than 0.11 to be a shear-band type event, the contribution to the pile-up 
height by shear was estimated. The regions with highest and lowest W 
NP concentration exhibited these shear contributions of ~ 63% and 
62%, respectively. In summary, there is no significant difference in the 
pile-up height, shape, or shear band number between the indents in the 
different W NP concentration regions, therefore no difference in defor-
mation mechanism between samples can be assumed. 

Fig. 3. A: Cross-sectional STEM high-angle annular dark-field (HAADF) micrographs of the film with a high concentration of W NPs. B: High magnification HAADF 
image showing the presence of W NPs in the film. C-E corresponding EDS maps showing W and elemental composition of the thin film matrix. F, G: Elemental line 
scans showing the location of W NPs and local heterogeneity in the film. 
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3.3. Microstructure after annealing 

The reference and composite sample were both annealed to 150/ 
250/350/450 ◦C at a heating rate of 0.1 ◦C/s. Fig. 7 shows the tem-
peratures during the heat treatment of the samples. Nanoindentation 
and XRD measurements were taken after heat treatment and at room 
temperature, as indicated by grey and purple arrows in Fig. 7. 

STEM HAADF images of liftouts taken from the reference sample and 
from the highest NPs concentration of the composite sample show a 
structurally altered region at the surface of both films. The thickness of 
this region was measured from TEM images of the lamella from larger 
fields of view than shown in Fig. 8. EDS maps (Fig. 8 detail C) indicate 
that this region is zirconium and oxygen rich, and 27 ± 5 nm and 83 ±

21 nm tick in the highest NP concentration region of the composite film 
and the reference film respectively. Annealing in high vacuum condi-
tions, contamination during deposition or exposure to air during trans-
portation might be responsible for the oxygen content in the films. The 
thickness of the Zr rich layer is on average close to 3 times thicker in the 
reference sample compared to the highest NP concentration region of 
the composite. This is likely responsible for the increased hardness of the 
reference film after heat treatment. The silver veins seen at room tem-
perature have also dissipated after annealing in both films. 

3.4. Mechanical properties after annealing 

Nanoindentation measurements show improved stability in the 
hardness of the TFMG composite sample as compared to the reference 
sample. The hardness of the reference film increased 22% from5.9GPa to 
7.2GPa. In contrast the hardness of the composite sample with the 
highest concentration of NPs only changed 2%. Table 2 summarizes the 
indentation results after annealing to 450 ◦C. 

Like room temperature measurements, the reduced elastic modulus 
is higher in the composite after annealing as well. The reduced modulus 
of the composite decreases 10% to 101.07 GPa. The reduced modulus of 
the reference sample does not change significantly. 

3.4.1. XRD analysis 
The silver veins visible in TEM micrographs taken from the investi-

gated samples at room temperatures are confirmed by X-Ray diffraction 
measurements. Characteristic Ag peaks [39] are visible in the dif-
fractogram, however only in the reference sample. Presumably the 
concentration of crystalized silver is below the selection threshold in the 

Fig. 4. A, B: Cross-sectional STEM HAADF image of the film with a low concentration of W NPs. C, D: corresponding EDS maps. E: Elemental line scans showing the 
location of NPs in the film. 

Table 1 
W NP concentration, interparticle distance, hardness and reduced elastic 
modulus of the composite and reference films before heat treatment. Shown 
errors are derived from the standard deviation of data from the measurements 
per individual sample.  

Sample Description TFMG Lowest W 
NPs 

Highest W NPs 

Approximate Concentration of 5 
nm W NPs (vol%) 

0 0.0012 ±
0.0007 

0.0110 ±
0 0.0039 

Calculated Interparticle Distance 
(nm) 

– 99 ± 19 45 ± 5 

Indentation Hardness (GPa) 5.89 ±
0.37 

5.83 ± 0.13 6.75 ± 0.54 

Reduced Elastic Modulus (GPa) 72.47 ±
2.60 

87.9 ± 0.9 111.95 ± 4.58  
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composite sample. After annealing at 450 ◦C the silver peaks in the XRD 
profile are no longer visible, and zirconium oxide appears as a crystal-
lized phase. It is apparent from the XRD measurements as well that the 
crystallized zirconium rich phase is more prevalent in the reference 
sample. 

4. Discussion 

The 15% larger hardness of the composite film in the highest W NPs 
region compared to the reference film indicates that the effects of the 
NPs even at room temperature reach beyond rule of mixtures arguments, 
considering the relatively low concentration of the second phase. In 
conventional crystalline alloys, particle dispersions serve to hinder 
dislocation glide, while in amorphous materials, nano-sized particles act 
as barriers to shear band propagation. This is supported by the works of 
Eckert et al. [15], who observed a ~9% increase in the hardness of a 
Zr55Al10Cu30Ni5 metallic glass from 5.6 ± 0.1 GPa to 6.1 ± 0.2 GPa on 
incorporating 17.5 vol.% of 35 ± 8 nm sized W NPs by ball milling. 
Devitrified Zr58Nb5Cu25Al12 metallic glass ribbons also exhibited en-
hancements of ~23% in tensile fracture strength from 1550 MPa to 
1910 MPa and ~12% in hardness from 470 HV to 524 HV respectively at 
50 vol% of < 15 nm sized Zr2Al and Zr2Cu particles [22]. Similarly, a 
devitrified Zr(62-X)TiXCu20Ni8Al10 (3 ≤ x ≤ 5) metallic glass also showed 
~13% increase in compressive strength with insignificant change in 
ductility until up to 54 vol% of the 2 – 5 nm NiZr2 and CuZr2 particles 
[13]. An arc melted Zr53Ti5Ni10Cu20Al12 metallic glass exhibited a 
simultaneous increase in both strength and ductility up to 16 vol% of the 
nanocrystals precipitated by isothermal annealing [22] 

From the previous examples, improvements in the 10–20% range are 
achieved by much larger NPs and orders of magnitudes higher concen-
trations, highlighting the uniqueness of the system presented here. The 
effect on the localized shear band initiation and propagation are 
enhanced in these films, as the surface to volume ratio, thus the free 
volume associated with the larger interfaces, is higher. 

The 1 sccm air flow to the aggregation zone to maintain NP nucle-
ation stability during the deposition of the composite thin films was also 
maintained during the deposition of the reference sample. The goal of 
this was to provide identical contamination with air components for 
both samples. However, the NPs might have a non-negligible gettering 

effect of the oxygen in the aggregation zone. Disregarding gas flow dy-
namics and using a deposition target decay rate of 0.15 mm/MJ, the 
oxygen content of 1sccm air flow could be consumed by merely 2% of 
the sputtered W atoms, if all the W atoms are bonded as WO3. Recently 
the oxygen doped A15 tungsten allotrope has been identified in a subset 
of similarly produced NPs with high resolution TEM [4]. It is therefore 
possible that due to the parallel process of gas phase NP aggregation, the 
microstructure of the metallic glass matrix is slightly different in the 
control and composite film, resulting in different mechanical properties. 

Nanocrystals in a similar size range to the W NPs in our composites 
have been shown to form under high stresses and were directly observed 
to interact with propagating shear bands thickening them as the nano-
crystal is approached [40]. These nanocrystals also delocalize active 
shear bands, and force new shear bands to be initiated in less favorable 
sites at higher stresses [41]. Typical shear bands are 10–20 nm wide 
[42], so the presence of crystallites smaller than the shear band itself is 
less likely to block the entire propagation of shearing. Instead, Greer et 
al. proposed that nanometer-scale dispersions force the metallic glass to 
flow like a semi-solid slurry of increased viscosity, increasing the flow 
stress and preventing catastrophic failure [41,43]. The larger than ex-
pected strengthening observed in our composites can be accounted for 
by the emergence of the above mentioned high viscosity slurry in shear 
bands in NP rich regions, along with the classic mechanisms showcased 
in the works of among others Eckert, Fan and Xing et al. [13,15,22]. The 
resolution limits of our nanoindentation measurements can account for 
the lack of difference in pop-in behavior between films. 

Upon indentation of amorphous glasses, serrations on the sample 
surface in the proximity of the indents are always present (Fig. 6 Top) 
[44–51]. In general, lower loading rates result in fewer but bigger sur-
face steps [52]. However, a shear band visible on the sample surface can 
be loaded multiple times during one indentation experiment, especially 
in the case of metallic glasses. Reactivation is more prevalent in samples 
that have been annealed and contain a fraction of the crystalline phase 
[52]. Because of reactivation, only limited conclusions about the num-
ber of shear events in each indent can be made, since one step in the 
indented profile can be the result of more than one shear event. The 
characteristics of plastic deformation around the indent might also be 
changed due to the NPs, but this effect can be obscured by the phe-
nomena of reactivation. Figs. 9,10,11 

Fig. 5. Representative force-depth curve showcasing the pop-in events, marked with red arrows, in the highest NP concentration region of the composite film.  
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Literature also presents increased shear band nucleation due to NP 
inclusions. For example, Bian et al. observed plastic deformation 
through shear banding during compression of Zr52.5Cu17.9Ni14.6Al10Ti5 
metallic glass ingots, where the shear bands became thinner and denser 
with increasing vol% of the crystalline phase and disappeared altogether 
after 42 vol% [25]. However, others have shown no effect on pop-ins 
observed directly during indentation in the load displacement curve 
when the crystalline diameter is less than 20 nm [42]. In the case of the 
TFMG metallic glass composites presented here, there was no significant 
change in pop-in event frequency or length as determined from the 
indentation curves. It is possible that the concentration of W NPs is not 
high enough for a measurable effect on the frequency of shear events, 
only on the flow stress associated with each discreet plastic event. 

The growth of crystallites during annealing and subsequent hard-
ening of metallic glasses is also well documented. Gu et al. reported a 
13% improvement in indentation hardness of a Cu36Zr48Ag8Al8 metallic 
glass after annealing at 470 ◦C [53]. TFGMs of similar compositions, like 
in the case of Bouala et al., demonstrate the stability of the X-ray 

amorphous structure at temperatures up to 330 ◦C [54]. Above this (up 
to 600 ◦C), the authors observed the crystallization and subsequent 
oxidation of tetragonal zirconium oxide from the Zr73Cu16Ag11 matrix, 
and later at 400 ◦C monoclinic zirconium oxide. At lower temperatures 
(340 ◦C), Zr and Cu intermetallics also appeared. 

In the same study TEM observations of TFMGs with higher Cu and Ag 
contents were not fully amorphous at room temperature, and their 
microstructure consisted of 5–10 nm Ag and Cu rich crystallites, and 
were presumed to serve as nuclei for crystallization, explaining the 
poorer thermal stability of these films [54]. 

It can be argued that the W NPs, while serving a similar purpose, are 
beneficial to thermal stability, as they may act as nucleation seeds for 
the Zr, localizing the crystalized component deeper in the film and 
preventing it from reaching the surface. Following this reasoning, after 
heat treatment the NPs would have a core-shell structure, a W rich core 
covered by a Zr shell. In the same metallic glass at room temperature, 
silver was found to segregate around the oxide shelled aluminum NPs 
[5], indicating that separation from solution may depend on the surface 

Fig. 6. Top: SEM images of three 500 mN indents in both the low and high W NP concentration regions, Bottom: Line profile of the indent pile-up obtained by 
confocal laser scanning microscopy. Steps in the line profile are indicated by red arrows. The position and direction of this line profile is indicated with a red arrow in 
the third SEM image in the top row in (Bottom). 
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and interface thermodynamics. EDS maps indicate that the oxidized top 
layer is richer in zirconium than the bulk. Assuming that the oxidation 
process is purely based on Zr diffusion to the film surface, to account for 
the observed difference in zirconium content between the surface region 
and bulk of the film, a conservative estimate of the percent of overall Zr 
crystallized is 3%. This would result in a 77 vol% Zr concentration in the 
top layer. In this scenario, the radius of the core-shell NP structure would 
be approximately 9 nm, which is a 4x radial growth. Because of the low 
elemental contrast between species and difficult imaging conditions due 
to lamella thickness, it is possible for the particle growth to be partially 
obscured. The contrast in the TEM images is potentially even lower 
between the supposed zirconium shell and the surrounding, also 
partially zirconium matrix. Partial core-shell type crystallization around 
the 5 nm W NPs could substantially inhibit the diffusion of Zr to the film 

Fig. 7. Illustration of the heat treatment and measurement process of the reference and composite TFMGs.  

Fig. 8. A: Cross-sectional STEM HAADF image of the reference film, and B: composite film after annealing to 450 ◦C, C: STEM EDS area map of the film with W NPs., 
D: HR-STEM image from the oxidized region and E: FFT generated from the HR-STEM shows spots indexed with [1̄11] zone axis of tetragonal ZrO2 phase, F: 
Composition line profile from the oxidized region showing concentration close to ZrO2. 

Table 2 
W NP concentration, interparticle distance, hardness and reduced elastic 
modulus of the composite and reference films after heat treatment. Shown errors 
are derived from the standard deviation of data from the measurements per 
individual sample.  

Sample Description TFMG Lowest W 
NPs 

Highest W 
NPs 

Approximate Concentration of 5 nm 
W NPs (vol%) 

0 0.0012 ±
0.0007 

0.0110 ±
0.0039 

Calculated Interparticle Distance 
(nm) 

– 99 ± 19 45 ± 5 

Indentation Hardness (GPa) 7.16 ±
0.09 

7.14 ± 0.09 6.60 ± 0.25 

Reduced Elastic Modulus (GPa) 73.09 ±
0.61 

105.89 ±
0.76 

101.07 ±
2.13  
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surface. 
Sputter deposition, such as physical vapor deposition, of metallic 

glasses is equivalent to very rapid quenching from the liquid phase, 
which can result in a “freezing in” of quasi stable amorphous phases, 
causing one or more components to separate from the bulk well before 
the characteristic crystallization temperature. Zr-based TFMGs have 
been shown to facilitate Zr diffusion to and subsequent oxidation at the 
surface, sometimes up to 25% of total film thickness [55]. The overall 
oxygen content in the films also increases with annealing time (below 
crystallization temperature), indicating not only surface diffusion, but 
diffusion of oxygen into the film [55]. Oxidation of Zr-based metallic 
glasses has been shown to follow the parabolic rate law, Wang et al. 
found that in similar metallic glasses, the oxidation was a combined 
process of inward oxygen diffusion and diffusion of the zirconium 
component to the surface [56]. 

Based on the work of Dagdug et al., considering the spacing and size 
of the NPs in the current composite, the diffusion coefficient of any of 
the TFMG elements should not be attenuated by more than a few percent 
[57]. However, the diffusion of Zr to the surface might still be somehow 
inhibited, evidenced by the thinner oxide layer on the reference sample. 
In total the 5 nm sized NPs block close to 8% of the area to the surface in 
the highest concentration sample. Alternatively, scattered tungsten 
atoms homogeneously distributed in the matrix and resulting from 

incomplete NP formation in the aggregation zone [58], can also influ-
ence the oxidation behavior of the composite film. 

These findings suggest a possibility of multiple mechanisms leading 
to a more thermally stable metallic glass, which are subject to future 
work. 

5. Conclusion 

In summary, using our unique deposition chamber we have synthe-
sized a novel TFMG composite, and demonstrated a significant 
improvement in the thermal stability of the mechanical properties up to 
450 ◦C with only 0.01 vol% of W NPs. At room temperature, 0.01 vol% 
W NP concentration resulted in a 15% increase in the nanoindentation 
hardness of the TFMG, while having no significant effect of pop-in length 
or frequency, as seen in the loading curves. Upon annealing the film 
containing NPs developed a thinner surface oxide layer as compared to 
the reference film. 

Data availability 

Data will be made available on request. 

Fig. 9. Nanoindentation hardness of the composite in the highest and lowest concentration regions, and the reference TFMG upon annealing. Shown errors are 
derived from the standard deviation of data from the measurements per individual sample and condition. 

Fig. 10. Reduced indentation modulus of the composite in the highest and lowest concentration regions, and the reference TFMG upon annealing. Shown errors are 
derived from the standard deviation of data from the measurements per individual sample and condition. In the case of “Low W” error is within the symbol. 
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nanoparticles in an inorganic matrix using TOF-SIMS validated with STEM and 
EDX, Anal. Chem. 91 (2019) 11834–11839, https://doi.org/10.1021/acs. 
analchem.9b02545. 

[6] A. Priebe, J.P. Barnes, T.E.J. Edwards, E. Huszár, L. Pethö, J. Michler, Elemental 
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