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Abstract

A new class of materials: Au-based nanograined metallic glasses (NGMGs) were synthesized using magnetron sputtering 
with powder targets. A detailed study by x-ray diffraction and high-resolution transmission electron microscopy (TEM) 
documents the unique nanoscale granular structure of the Au-based NGMG. This material inherited the good mechanical 
properties of metallic glasses, showing a high hardness of ∼5.3 GPa and a low elastic modulus of ∼79 GPa. In addition, in 
contrast to most MGs the nanoglassy particles can deform along the loading direction, exhibiting unique tensile elongation up 
to 100%. During thermal crystallization of NGMG material, even smaller sized Au solid solution nanocrystals are formed 
within the glassy nanograins, offering a new way for production of the nanocomposites with tailored structural length scales.

1. Introduction

The properties of a material are determined by its internal

structure. This relationship has guided numerous attempts

to produce new structures for improving the performance

of materials. In light of this, the birth of metallic glasses

has triggered intensive research on their physical, chemical

and mechanical properties due to their distinct structural

difference from the crystalline counterparts [1–6]. The

usual way to produce a metallic glass is cooling of a

viscous metallic liquid, which can yield bulk metallic

glasses (BMGs) [7, 8]. Owing to their attractive mechanical

properties such as high strength and relatively low elastic

moduli, BMGs hold tremendous promise for applications in

engineering fields [9–12]. However, few BMG alloys exhibit

macroscopic tensile ductility, which dramatically reduces

their utility for load-bearing structural applications [13, 14].

This undesirable property stems from the unavoidable shear

localization associated with the BMGs’ macroscopically

uniform microstructure. To address this issue, the most

successful way is to develop metallic-glass-matrix composites

by introducing ductile crystalline phases [15–17], but the

improved ductility, unfortunately, is always accompanied by

a trade off in the strength.

Nanocrystalline materials, with a grain size of typically

<100 nm, show unique properties derived from a large

fraction of grain boundaries compared to coarse-grained

polycrystalline counterparts. Usually with decreasing the
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grain size nanocrystalline metals show higher strength,

in accord with the Hall–Petch relationship [18, 19]. In

light of the grain size–strength effect in nanocrystalline

materials, one can expect that a material with nanometer-sized

grains having a glassy structure may show enhanced

strength and ductility [20, 21]. Recently, we produced

such a Au52Ag5Pd2Cu25Si10Al6 nanograined metallic glass

(NGMG) with clear glass–glass interfaces [22]. In this

paper, we report on the interrelationship between the atomic

structure and the enhanced mechanical properties of this

Au-based NGMG material.

2. Experimental procedure

The Au46Ag6Pd2Cu27Si14Al5 (NGMG1) and Au52Ag5Pd2

Cu25Si10Al6 (NGMG2) were prepared using conventional

magnetron sputtering. The detailed procedure for the

formation of the NGMGs can be found in [22]. The role of the

synthetic parameters on the structure of the film is discussed

below.

The structure of the Au-based thin films was investigated

by synchrotron radiation x-ray diffraction in transmission and

high-resolution transmission electron microscopy (HRTEM)

methods. The mechanical testing was carried out by using

both a nanoindentation technique (Ubi 1, nanomechanical test

instrument, Hysitron, Inc., USA) and a NEC MH4000 tester

(a mechanical properties tester for thin films). Annealing

treatment on the samples was done in a vacuum furnace

at 463 K. The surface morphological evolution after the

annealing was investigated by scanning electron microscope

(SEM) examination. The chemical compositional analysis

was conducted by an energy dispersive x-ray spectrometry

(EDS) device attached to the SEM. The thermal properties

of the samples were measured by a differential scanning

calorimetry (DSC) method. The density measurements

using the Archimedean principle were performed with a

microbalance having a sensitivity of 0.01 µg. N-Tridecane

was used as a liquid for measurements. The weight of every

sample was measured three times in both the liquid and air and

then the average values were applied to calculate the densities.

3. Results and discussion

3.1. As-deposited structure

The glassy nature of the as-deposited Au-based NGMGs

was confirmed by (HR) TEM methods as illustrated in

figure 1. Both Au46Ag6Pd2Cu27Si14Al5 (NGMG1) and

Au52Ag5Pd2Cu25Si10Al6 (NGMG2) samples presented a

nanometer-sized granular structure. The microstructure that

is presented in figures 1(a) and (f) illustrates the granular

morphology with both dark and light contrasts. The dark

contrast area represents amorphous regions of high density

(i.e. grains) while the light contrast that was between the

amorphous grains highlighted in figures 1(d) and (i) represents

amorphous regions of low density (i.e. interface). Using a

lognormal fit of the particle size distributions (figures 1(a)

and (f)), the spheroid-like nanoparticles of NGMG1 and

Figure 1. Bright-field TEM images of NGMG1 (a) and
NGMG2 (f); the particle size distribution analysis of NGMG1 (e)
and NGMG2 (j); selected area electron diffraction (SAED) patterns
of NGMG1 (b) and NGMG (g), respectively; the typical nanobeam
diffraction (NBD) patterns of NGMG1 (c) and NGMG2 (h) (probe
size 3 nm); HRTEM images illustrating the interfaces between
glassy particles in NGMG1 (d) and NGMG2 (i). The synchrotron
x-ray radiation measurements in transmission of NGMG2. (k) Pair
distribution functions (PDFs) derived from Q · I(Q) by the usual
Fourier transformation and (l) a part in the first coordination shell
fitted with two Gaussian functions.
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NGMG2 samples have a mean grain size of 21 nm and 29 nm

(figures 1(e) and (j)), respectively. The larger size of the

NGMG2 sample may be attributed to its higher Au content,

which promotes clustering of nanoparticles [23]. The selected

area electron diffraction (SAED) pattern of NGMG1 shows a

weak contrast overlapping on the amorphous ring as indicated

by yellow arrows, possibly due to the presence of nanocrystals

(figure 1(b)). The sharp diffraction spots in the nanobeam

electron diffraction (NBED) pattern confirmed the existence

of the nanocrystals (figure 1(c)). The corresponding layer of

very fine ordered zones is evident at the interfaces among the

particles (marked by yellow arrows in figure 1(d)).

In the case of the NGMG2 sample, no sharp rings, but

only diffuse haloes can be found, as shown in figure 1(g),

implying that the nanograins are indeed glassy (figure 1(f)).

The NBED pattern from the interface structure demonstrates

only a diffuse halo (figure 1(h)), that indicates that a fully

glassy structure is obtained even at the interfaces of NGMG2.

HRTEM images show maze-like patterns that are typical for

an amorphous structure (figure 1(i)), further confirming that

both the nanograins and the grain interfaces are glassy.

To further probe the structural characteristics of the

fully glassy NGMG2 sample, synchrotron x-ray radiation

measurements were carried out in transmission. The intensity,

I(Q) versus scattering vector Q plots were processed and

the resulting pair distribution functions (PDF) were derived

as shown in figure 1(k), revealing a typical feature of an

amorphous structure. The first peak was fitted with two

Gaussian functions (figure 1(l)). The results of fitting indicate

that the first maximum of the pair distribution function

(PDF) consists of two subpeaks: one at 0.2341 nm, the other

at 0.2807 nm, representing the mean first nearest atomic

distances. The first subpeak position is between the sum of

Goldschmidt atomic radii of the Si–Si pair (0.232 nm) and

the Cu–Si pair (0.245 nm), and possibly attributed to these

atomic pairs. The second subpeak position is larger than the

interatomic distance of Au–Si (0.261 nm) and may represent

the Au–Au separation (0.288 nm). For the second maximum

(from 0.35 to 0.61 nm) the positions of subpeaks are at 0.4708

and 0.5408 nm, respectively. The positions of the subpeaks in

the second maximum correspond very closely to those in a

Pd81Si19 alloy studied earlier [24], and are likely attributed to

the atomic size of the main component gold (0.144 nm) that is

also close to that of Pd (0.137 nm). The above results indicate

the formation of a densely packed structure within the glassy

particles.

3.2. Thermal stability

The DSC curve of NGMG2 demonstrates a clear glass

transition temperature Tg of 420 K, the initiation crystal-

lization temperature Tx of 453 K, the peak crystallization

temperatures Tp1 of 463 K and Tp2 of 520 K, respectively

(figure 2(a)). The supercooled liquid region 1T (=Tx − Tg)

is 33 K. Based on these data, NGMG2 was annealed at

463 K for 15 min and 1.5 h, respectively. The XRD patterns

of the as-deposited and the annealed samples are shown in

figures 2(c)–(e). After annealing for 15 min the sample still

Figure 2. DSC curves of (a) the as-deposited Au-based NGMG2
and (b) the corresponding glassy ribbons. XRD patterns of (c) the
as-deposited Au-based NGMG2 and the samples annealed at 463 K,
(d) for 15 min and (e) for 1.5 h; (f) and (g) are the corresponding
SEM images of samples (c) and (d).
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shows the same broad peak as the original sample, indicating

that no obvious crystallization takes place at this stage. With

increasing annealing time to 1.5 h, the first broad diffraction

peak becomes apparently narrower and the peak position

shifts to a lower diffraction angle, clearly demonstrating

the crystallization of the Au-based NGMG2. The crystalline

phase is indexed to be a fcc Au-rich solid solution as

shown in figure 2(e). The evolution of structural morphology

accompanying the precipitation of nanocrystals is shown in

figures 2(f) and (g). The crystalline phase nucleates at the

grain interfaces and within the grain interior. Voids are formed

between the glassy grains if nucleation takes place at the

interfaces due to volume contraction, as illustrated by the

red arrows in figure 2(g). As indicated by the white arrows

in figure 2(g), the nanocrystals also precipitated within the

nanometer-sized glassy grains. Basically, the length scale of

the precipitated crystals depends on the original glassy grain

size, which offers a new option to produce very fine crystals

with controllable size. It is important to stress here that the

nanograined glassy particles are very stable compared to the

conventional homogeneous glassy structure since no clear

structural difference can be detected even after annealing at

the peak crystallization temperature for 15 min (figure 2(d)).

Such a high stability of NGMG2 is also supported by

the DSC curve of the corresponding Au52Ag5Pd2Cu25Si10Al6
ribbons (figure 2(b)). Compared to NGMG2, the glassy

ribbon samples prepared by melt-spinning display much lower

Tg of 405 K, Tx of 430 K, Tp1 of 436 K and Tp2 of

494 K, respectively. A significantly narrower 1T of 25 K

shown by the ribbons suggests their reduced thermal stability

in comparison with NGMG2. Very recently, Priestley and

co-workers reported a similar nanoglobular structure formed

in a polymer glass which demonstrated ultrahigh kinetic

stability [25]. Distinct from the usual way of cooling a liquid,

the alternative route to make a glass from a gaseous phase may

significantly alter the molecular packing by allowing surface

deposits to reside in low energy configurations, thereby giving

rise to a dramatic change in both structure and properties [26].

Simultaneously the annealing-induced nanocrystals are also

quite stable against coarsening as evidenced by the SEM

image shown in figure 2(g).

3.3. Nanograin synthesis

The sputtering technique used in the present study can provide

a cooling rate of up to 1012 K s−1, which is around six

orders of magnitude higher than the typical cooling rate

for the melt-spinning method. At a cooling rate of this

order, a computer simulation result predicted that single

component Cu glassy droplets may be formed [27]. Usually

high cooling rate leads to a less stable glassy structure due

to the short relaxation time during the preparation process.

However, unusually stable organic glasses and polymer

glasses have been prepared by vapor deposition with low

deposition rates [28–31]. In addition, the increase in stability

of the nanostructured polymer glassy film was confirmed

to originate from the property of the nanoglobules that

constitute the film [25]. With many metallic glasses that

require synthesis by rapid melt quenching, a slow deposition

rate will yield crystalline formation. But the high glass

forming ability of BMGs enables amorphous alloy formation

at low deposition rates. As a result, a slow deposition rate

of around 1 nm s−1 coupled with an enhanced surface

mobility permits the attainment of low energy configurations

of amorphous nanoparticles and thus promotes the formation

of the Au-based NGMG thin films.

It is important to note that we used a cyclic deposition

process instead of the usual continuous sputtering. Namely,

we stopped sputtering for 10 min after every 10 min

continuous sputtering. The purpose of this cyclic deposition

mainly has two aspects. One is to avoid a high temperature

rise of the substrate. The other is to provide sufficient time

for the glassy particles to nucleate and grow due to the high

atomic mobility on the surface.

With the magnetron sputtering technique, the microstruc-

ture of thin films is mainly controlled by the applied

deposition rate, the rotation angle of the substrate and the

substrate temperature. In our case, the substrate surface

orientation is parallel to that of the target. Meanwhile, there

is no cooling or heating system attached to the substrate.

Therefore, the only changeable parameter is the deposition

rate, which can be tuned by two key factors including

the applied power for sputtering and the distance between

the target and the substrate. To simplify the process, the

distance between the substrate and the target is also fixed

to be 110 cm. Hence, the parameter applied to change the

deposition rate is only the input power of sputtering. In order

to clarify the correlation between the sputtering power and

the microstructure, we used different values of the applied

power on deposition. As shown in figure 3(a), the deposition

rate v decreases with decreasing the power P. However, the

basic structural constituents for all the samples are still glassy

particles, at least within the power values used in the present

study (figures 3(b)–(e)). One can also note that in the samples

prepared at lower input power, the particles aggregated into

bigger clusters at the same deposition time.

3.4. Mechanical properties

The density of the Au-based NGMG2 is measured to be

13.33 g cm−3. For an as-cast Au52Ag5Pd2Cu25Si10Al6 rod

sample with a diameter of 3 mm and an almost fully

glassy structure, the density is ∼14.21 g cm−3. The density

difference between NGMG2 and the bulk sample is ∼6.2%,

which is much larger than the density reduction (usually

<0.5%) due to structural relaxation of metallic glasses [32].

The density variation between nanoglasses and relaxed

glasses could reach up to 15% before voids are found, which

may lead to a large property change of the materials [33].

Nanoindentation tests were performed to evaluate

the mechanical properties. For comparison, we pro-

duced Au61Ag5Pd1Cu19Si7Al7 nanocrystalline metallic alloy

(NCMA) thin films. The SEM images of the crystallized

Au52Ag5Pd2Cu25Si10Al6 NGMG2 and the

Au61Ag5Pd1Cu19Si7Al7 NCMA are shown in figures 4(a)

and (b). The inset of figure 4(b) presents the images obtained
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Figure 3. (a) Deposition rate variation with forward power for depositions and SEM images of the thin films deposited at (b) 70 W,
(c) 90 W, (d) 130 W and (e) 150 W.

at high magnifications. The clusters are further composed of

nanometer-sized particles of around 30 nm in diameter. The

cluster size distributions of both samples are displayed in

figures 4(c) and (d). The crystallized NGMG2 shows a mean

cluster size of 143 nm with a narrower size distribution than

NCMA with a mean cluster size of 175 nm (figures 4(c)

and (d)). The shape of the clusters is more spherical-like

than those of the NCMA specimen, possibly due to the

isotropic growth associated with the glassy structure. One

of the typical depth–load curves of the annealed NGMG2

and the NCMA samples is shown in figure 4(e). The

corresponding scanning probe microscopy (SPM) images of

the indenters are shown in figures 4(g) and (h). Based on five

independent measurement points, the average hardness can

be derived to be 4.8 GPa and 3.9 GPa for the crystallized

NGMG2 and NCMA samples, respectively. The hardness

of the as-prepared NGMG2 is around 5.3 GPa [22] while

the hardness of the crystallized sample is about 4.8 GPa.

The lower hardness than the original nanograined glassy

structured sample is likely associated with the voids formed

during the nanocrystallization process, but the crystallized

Au52Ag5Pd2Cu25Si10Al6 NGMG2 sample still exhibited a

higher hardness than Au61Ag5Pd1Cu19Si7Al7 NCMA, which

likely results from their Au concentration difference. It has

been reported that higher Au content yields lower hardness

of the Au-based metallic glasses [34]. Compared with

3.9 GPa for the bulk Au49Ag5.5Pd2.3Cu26.9Si16.3 BMG, the

nanocrystallized Au-based NGMG2 shows a higher hardness,

of almost three times greater than that of conventional

18-karat crystalline gold alloys [35]. This indicates that the

nanometer-sized nanograins having glassy structure indeed

hardened the materials, similar to the grain size–strength

effect in nanocrystalline materials. In addition, from the

depth–load curves, the elastic modulus can be also derived
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Figure 4. SEM images of (a) the NGMG2 annealed at 463 K for 1.5 h and (b) NCMG samples; the inset of (b) is the SEM image at a high
magnification. (c), (d) The cluster size distribution analysis of SEM images (a) and (b), respectively. (e), (f) are the corresponding SPM
images of the indents for the crystallized NGMG2 and the NCMG samples, respectively. (g) One of the typical depth–load curves derived
from nanoindentation tests for both samples. Elastic modulus determination of the NGMG2 based on the principle of a beam-bending test
(h) the load–deflection curve of the Au-based NGMG deposited on the standard quartz glass substrate. The left inset is the schematic
diagram for elastic modulus measurement and the right insets are the parameters of thickness (T), length (L), width (W) and the elastic
modulus (E) of the standard quartz substrate.

to be 108 GPa and 115 GPa for NCMA and the crystallized

NGMG2 samples, respectively. Both values are higher than

∼70 GPa for the Au-based BMGs [36, 37]. Indeed there is a

tendency to overestimate the Young’s modulus of thin films by

nanoindentation due to both the substrate and the indentation

pile up effects [38]. But the elastic modulus increases with the

Au content increase as the hardness changes, which is also

consistent with the results reported in [34].

To obtain a reliable elastic modulus (E) of the

as-deposited Au-based NGMG2, we used an alternative
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beam-bending method [39]. The bending deflection for a

composite beam is calculated using the following equation:

d2Y

dX2
= −M

/

∑

i

EiIi (1)

where M is the bending moment, and Ei and Ii are the Young’s

modulus and geometrical moment for the element i. The

geometrical moments of inertia for a film/substrate composite

are given by

Isub = bh3
sub/12 (2)

Itf = bh2
subhtfEsub(1 + 2α)/4(Esub + 2αEtf) + bh3

tf/12 (3)

where the subscripts sub and tf denote the substrate and thin

film terms, respectively, b is the substrate width, h is the

thickness and α is the thickness ratio htf/hsub. The loading

point deflection dsub+tf at the center of the composite beam

can be written as

dsub+tf = Fl3/48(EsubIsub + EtfItf) (4)

where F denotes the load. By combining equations (2) and

(3), equation (4) can be rewritten as

F = 4bh3
sub[Esub + Etfα

3

+ 3EsubEtfα(1 + 2α)/(Esub + 2αEtf)]dsub+tf. (5)

As shown in figure 4(f), by linear fitting the data of 521

experimental points located within the range between the two

marks, the E of the sample is derived to be ∼79 GPa. The

combination of the high hardness and low E value indicated

that the Au-based NGMG2 maintained the good mechanical

properties of the Au-based BMGs [35–37].

Recently the sample size effect on the mechanical

response of metallic glasses has been the focus of

theoretical and experimental investigations [40–47]. Reducing

the sample size is supposed to drive metallic glasses to

deform homogeneously. Regarding the deformation mode

via homogeneous or inhomogeneous plastic flow, however,

a paradoxical debate has been aroused when the sample

size is reduced to the nanoscale [43, 44]. The main concern

responsible for this controversy is attributed to the size

limitation associated with the focused ion beam (FIB)

fabrication method, which also imposes an extrinsic effect

such as Ga+ implantation on the experimental reliability [48,

49]. An alternative way to produce nanometer-sized samples

for mechanical testing is thus necessary to avoid the unwanted

extrinsic effects. Now, using the deposition approach we have

developed, the Au-based NGMGs were synthesized with a

particle size of only ∼30 nm, which is comparable with the

size scale of shear bands, normally of the order of several

tens of nanometers [44]. Thus, the nanoglassy particles would

be an ideal material to test the size effect on the mechanical

response of metallic glasses. We used a spherical indenter

tip to intentionally deform the NGMA1 sample. Because the

load on the material is asymmetrical due to the surface height

fluctuations, a tensile stress is induced at some sites. Along

the tensile direction, the nanoglassy particles are stretched

and the plasticity mainly originates from the elongation of

Figure 5. (a) An SEM micrograph demonstrating the elongation of
the nanoglassy particles of the NGMG1 sample along the stress
direction (arrow). (b) Enlarged view of the elongated nanoglassy
particles indicated by brackets. (c) Schematic illustration of the
deformation of nanoglassy particles.

the particles (figures 5(a) and (b)). In addition, the particles,

particularly those located at the tip of the deformation front,

are elongated to almost twice the original length along

the deformation orientation (highlighted by the red arrows

in figure 5(b)). It is suggested that nanoglassy particles

have denser atomic packing than the interfaces around them

(figure 5(c)). When the particles are subjected to the applied

tensile stress, the particles would elongate in unison to exhibit

high ductility.

3.5. Nanograin structural morphology

A closer examination of nanoglass morphology as displayed

in images such as that shown in figure 4(a) reveals typical

fractal features of self-similarity at different scales. For

example, a fractal analysis using a known formula:

D = −
d ln N(ε)

d ln ε
≈

ln(m)

ln(r)
, (6)

where N(ε) is the amount of covering of size ε, m is the

number of repetitions of the reduced fractal pattern of size

r, which gives fractal dimension D of 1.8 for 1 bit black and

white images and 2.8 for a grayscale image [50]. Although it

is a 2D representation of a 3D structure, it represents a fractal

(self-similar) nature of the structural morphology. During thin

film deposition, island structure genesis can evolve through

various mechanisms such as diffusion controlled aggregation
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or by physical contact [51]. With the latter process the island

(or grain) size distribution can develop a bimodal character.

In the case of the NGMG, the structures in figures 1(a),

(f), 4(a) and in prior work [22] reveal a bimodal character

composed of nanoglassy grains and nanograin assemblies that

are consistent with the observed self-similar behavior.

In conclusion, the unusually stable Au-based NGMG

having nanoglassy granular structure shows an elastic

modulus of ∼79 GPa and a hardness of ∼5.3 GPa, so that they

are stronger and more elastic than the crystalline counterparts

and display high ductility. The attributes of an optimum

combination of high strength, high hardness and large surface

area are attractive for numerous applications in the areas

of coatings, catalysis and electronics. When subjected to

an annealing treatment, smaller nanocrystals precipitated

from the nanometer-sized glassy grains, which provides an

alternative way to produce new crystalline materials with

tailored length scale.
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