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Synthesized from ultrafine particles with a bottom-up approach, nanoglasses are of particular

importance in pursuing unique properties. Here, we design a metallic nanoglass alloy from two
components of ~Cug,Scsg and ~FegScqg nanoglasses. With nanoalloying mutually immiscible Fe and Cu,
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the properties of the nanoglass alloys can be tuned by varying the proportions of the ~FeqScyg

component. This offers opportunity to create novel metallic glass nanocomposites and sheds light on
building a structure-property correlation for the nanoglass alloys.

Introduction

Metallic nanoglasses (MNGs) or nanostructured metallic
glasses are created by inert gas condensation, sputter deposition or
nanomoulding with metallic glasses."” With unique nanogranular
structures, the MNGs show very promising properties, such as
highly catalytic activity, excellent biocompatibility or room
temperature ferromagnetism superior to their nanodomain-free
metallic glass counterparts.”® & ° Basically the volume fraction of
atoms located at the glass-glass interfaces increases with reducing
the granule size, which plays an important role in determining the
performance of these MNGs. Similar to nanocrystalline materials,
varying the granule size of the MNGs thereby modifies their
properties.’ This may offer an effective way to improve the
extremely low tensile ductility of bulk metallic glasses (BMGs),
which is considered a bottleneck to hinder their widespread
applications.* %2 In addition, the inert gas condensation, as one of
the representative approaches for producing nanoglasses, enables a
mixture of immiscible elements in the solid states.®

Alloys with immiscible elements are of both scientific and
technological importance due to the potential creation of new
structures for tuning the properties.***® Exploring the existing non-
equilibrium processes such as vapour deposition, liquid quenching or
mechanical alloying, alloying immiscible elements has been realized
in a number of systems including Ag-Cu, Pt-Au and Co-Cu alloys.*”
¥ In particular, formation of amorphous alloys from these
immiscible systems has raised tremendous interest ascribed to their
significance in understanding the glass nature and the drastic
property change from the crystalline counterparts. Usually
introducing immiscible elements to the glass-forming alloy systems
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promotes nanoscale phase separation and enhances the global
plasticity of BMGs.2*?2 To date, most of the MNGs are formed from
one alloy, in which the nanoglass cores and the glass-glass interfaces
share the same composition.*® This raises a concern about the
possibility to create a MNG alloy from two nanoglasses with
immiscible elements. The Feg,Scy alloy is recognized to be a model
nanoglass system with room-temperature ferromagnetism.> ® To
achieve the above target, we need to develop a new nanoglass
system that contains at least one element mutually immiscible with
Fe in the FegScyy nanoglass. Owing to a positive heat of mixing
(AH=13 kJ/mol) between Fe and Cu, a binary Cu-Sc system is
selected and proves to be a nanoglass former. Accordingly, the MNG
alloys are created from the two nanoglass components of ~CugsSCsg
and ~FegyScyo. Furthermore, the ferromagnetism of the MNG alloys
can be tuned by varying the proportions of one nanoglass component.

Results and discussion

The experimental setup for formation of the MNG alloys from
two nanoglasses is illustrated in Fig. la and b, respectively.
Nanometer-sized particles evaporate from the independent ingots of
Fe-Sc and Cu-Sc alloys (Figure 1(a) and (b)). By rotating the cold
finger, the nanometer-sized glassy particles with different chemical
compositions are collected and mixed. A transmission electron
microscopy (TEM) is applied to confirm the glassy nature of the
condensated particles, which are directly deposited onto the gold
grid coated with holey amorphous carbon film and additional
complete 2 nm thin carbon films. The very thin 2 nm-film support
beneath the nanoparticles enables clear imaging with little
interference from the contrast of support. As shown in Figure 1(c),
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the particles have an average size of about 10 nm. The selected area
electron diffraction (SAED) pattern (Figure 1(c) insert) consists of
two broad diffraction haloes without sharp diffraction rings or spots
resulted from crystalline phases. This indicates that these nanometer-
sized particles are mostly glassy. A high resolution (HR)TEM image
shows one individual particle and several particles in contact with
each other. All of them have maze-like patterns in the projected view,
typical for glassy structures (Figure 1(d)). In some regions few
crystallized nanoparticles are also observed, which can be indexed to
be Sc,03 (not shown here).
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Figure 1 Schematic diagrams for formation of a MNG alloy from two ingots in the
tungsten boats (a) located in two pairs of Cu electrodes and (b) located in one pair
of Cu electrodes; (c) The TEM image of the MNG alloy powders. The inset is the
selected area electron diffraction (SAED) pattern, revealing the sample’s glassy
nature and (d) the HRTEM image showing formation of one glassy particle and
several glassy particles contacting with each other.

The mixed MNG powders shown in Figure 1(c) are
subsequently collected in a small holder and subjected to an external
pressure of 1.5 GPa under a high vacuum condition of around 10
Pa. Using the experimental setup shown in Figure 1(a), the
compacted cylindrical sample of the MNG-1 alloy with a diameter of
8 mm displays a shiny surface as shown in the inset at the bottom of
Figure 2(a). The SAED pattern in the inset of Figure 2(a) is similar
to that obtained for the mixed MNG alloy powders (Figure 1(c)).
The HRTEM image of the MNG-1 alloy exhibits typical glassy
structures with clear contrasts, indicative of its inhomogeneous
structure. The dark-field scanning transmission electron microscopy
(DF-STEM) image displays a nanogranular structure as observed in
Figure 2(b). The compositional mapping derived from the STEM-
EDS spectrum imaging, reveals Cu-rich and Fe-rich regions
separated from each other (see Figure 2(c)-(f)). Using the installed
multivariate data analysis software equipped with a method of
multivariate curve resolution (MCR), the compositions of the two
components Cu-Sc and Fe-Sc nanoglasses can be determined to be
~CugsScas and ~FegoScyg, respectively. MCR is defined as a group of
techniques which help resolve multicomponent systems or mixtures
by determining the variable number, their response profiles and their
estimated concentrations.?® 2* This method is mainly based on a
bilinear model, which allows the decomposition of the raw data
matrix into the product of two data matrices. Each of them includes
the pure response profiles of the n components associated with the
row and the column direction of the initial data matrix, respectively.
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The detailed information for this technique can be found in Refs 23
and 24.

From the above structural characterization one can conclude
that two nanoglasses of ~CugsScas and ~FegsScyq coexist in one alloy
and show clear boundaries between them due to the chemically
immiscible nature of Cu and Fe. The structural inhomogeneity
reaches several hundred nanometers because the aggregation of the
nanoglass particles from the individual nanoglass component occurs
before they intermix with each other on the cold finger. To avoid
formation of such big clusters, we design an alternative experimental
setup as shown in Figure 1(b) to alloy the immiscible Fe and Cu at
the nanoscale.

100 nm
—

100 nm
—

Figure 2 (a) The HRTEM of the bulk MNG-1 alloy with a diamter of 8 mm. The
inset are the SAED pattern and the image of the bulk sample; (b) and (c) The
STEM images; (d)-(f) The corresponding compositional mappings of Fe, Cu and
Sc, respectively.

As shown in Figure 3(a), the produced bulk MNG-2 alloy
shows a typical maze-like pattern without obvious contrast,
indicative of a relatively homogeneous glassy structure. The fast
Fourier transform (FFT) pattern shows two diffuse haloes (Inset of
Figure 3(a)), similar to the SAED pattern shown in Figure 3(b). This
further verifies that the two nanoglasses still exist and are intermixed
at the nanoscale in the MNG-2 alloy. In addition, the granular
structure observed in the MNG-1 alloy is absent in the MNG-2 alloy
(Figure 2(b) and 3(b)). The detailed compositional mapping reveals
relatively homogeneous distributions of Cu, Fe and Sc compared to
those of the MNG-1 alloy (Figure 3(d)-(f)). To confirm that there is
indeed no compositional segregation as large as that observed in the
MNG-1 alloy, we conducted STEM-EDX mapping at different areas
and similar results were observed as shown in Supplementary Figure
1. Nanoalloying of immiscible Fe and Cu is therefore obtained in the
MNG-2 alloy.
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Figure 3 (a) The HRTEM of the bulk MNG-2 alloy with a diamter of 8 mm; (b)
The bright field (BF)-TEM image; (c) The STEM image and (d)-(f) the
corresponding compositional mappings of Cu, Fe and Sc, respectively.

The FegSciy MNG has shown room-temperature
ferromagnetism whereas the rapid solidified FegySc;q MG ribbons
are paramagnetic.® Similar to the MG ribbons, the isolated FegyScyg
nanoglass particles are paramagnetic. A further structural study of
the FegSciy MNG shows that the interfaces present a wider
interatomic spacing of Fe-Fe atomic pairs arising from a lower
atomic density than that of the nanoglass cores.”> & % The magnetic
moment is expected to monotonically increase with the lattice
constant.?® 27 Together these studies provide compelling evidence
that the ferromagnetism primarily stems from the interfaces.
Accordingly, one can expect to modify the magnetic properties by
varying the amount of the interfaces in the MNGs. To achieve this,
we produced different MNG-2 alloys by controlling the percentage
of the FegeScig MNG. Increasing the FegySc,y component from 23
at.% to 74 at.%, the magnetization increases from 0.63 pg per Fe
atom to 1.12 pg per Fe atom if subjected to an external field of 20
kOe (Figure 4(a)). The introduction of the ~CugsScss nanoglass
component reduces the opportunity for the ~Feg,Scyg nanoparticles
to contact with each other, thereby leading to a reduction in the
amount of the interfaces between the FegoSciy nanoparticles. This
further confirms that the effect of the interfaces on the
ferromagnetism prevails over the nanoglass cores. As shown in
Figure 4(a), the magnetization of the (FegSCi0)o.74(CUesSC36)0.26
MNG-2 alloy is even better than the pure Feg,Scig MNG (1.05 pg
per Fe atom).® The magnetism increases significantly with the initial
addition of the ~Feg,Sciy component and then increases slowly
(Figure 4(b)). Eventually, it starts to decrease at the compositions
above 75 at.%. For a two-component system, it is statistically
predicted that a 50:50 distribution of the two nanoglass components
could be the transition point as marked in Fig. 4(b). This is almost
the crossover point of the two tangent lines T1 and T2, indicating
that the 50 at.% addition could be the maximum point of the
magnetism. Unfortunately, it is difficult to precisely control the
atomic percentage of the ~Feg,Sc,o component in the MNG-2 alloys
at the present stage. The verification of the existence of such a
threshold value will be our next step work. Provided that the
magnetism of the pure ~FegSc,o MNG is not strongest among the
MNG-2 alloys, it is accepted that the introduction of the ~Cug,Scss
component not only reduces the amount of the interfaces among the
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~FegoScyg Nanoglass particles, but also modifies the structure of the
~FegScig component. Because the magnetic moment of iron is
increased with the interatomic spacing of Fe-Fe pairs, % %' the
enhanced magnetization is supposed to originate from the enlarged
average interatomic spacing of Fe-Fe pairs possibly associated with
the repulse from Cu due to the immiscibility of Cu and Fe. The
detailed interpretation of the magnetism needs a combination of a

thorough magnetic  structural analysis and computational
simulations,?® which is already out of the scope of the present study.

(a) 15
‘-E\ _._(Femsc|n)n,u(cuslscm}nﬁ1

= 1.0 L L '(Fewscm)nm(cuascsu)o.zﬁ e Kk -k k)
E ° Fe‘mscw ao—00~ =
b o5l __e—t—t—8—e—0—0—4
(=%

=
=

— 00t
2

E 0.5
ST | _e—e—t—e—a—e—e—*

g _o0®

) — o0
g -l.ﬂ;- P "

-15 I 1 1 I I 1 It
-20 20

(b) 1.5

£

S

<

& o10r

e

@

=1

=

2

_E 05+

=

S

T

=

& 00l

=

Percentage of ~Fe9"Scm MNG (at.%)

Fig. 4 (a) The M-H curves of the MNG-2 alloys and (b) the magnetization
variation with different atomic percentages of the FegoScio MNG component in the
MNG-2 alloys.

Formation of new materials with unique structures is one of the
focused issues in materials science. In particular, interface-induced
drastic property changes offer great potentials for achieving new
functionalities and unprecedented device concepts.” ** However,
resolving the correlation between the interfaces and the properties of
a material remains challenge, particularly in the materials with
diffused interfaces. Nanoscale phase separation is normally explored
to produce a BMG comprising of two MG phases,?* 3 which is
supposed to stabilize the amorphous phase by lowering the enthalpy
and the free energy of the mutually immiscible alloy systems.*2 3 In
the case of our present study, the nanoalloying of immiscible Cu and
Fe helps quantify the role of interfaces and further build a reliable
correlation between the structure and properties. To our best
knowledge, this is the first nanoglass alloy system to show tunable
properties. In addition, there is usually vast solubility difference in
liquid states in comparison to crystalline states for most systems. A
popular example is the solubility of sugar or salt in water but not in
ice. As glasses have essentially similar structures as frozen liquids,
one can expect to produce non-crystalline solid solutions of
components that are totally immiscible in their crystalline states. In
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other words, nanoglass alloys may open an avenue to an entirely new
world of solid solutions and these new solid solutions are likely -
due to their novel chemical compositions - to have properties that are
yet unknown in today's alloys.

Experimental

The ~10 nm-sized nanoglass particles are produced by the inert gas
condensation, from which the bulk metallic nanoglass (MNG)
samples are formed in a diameter of 8 mm using in-situ compaction
at 1.5 GPa. During the production of nanoglass particles, the
evaporation rates of the metals present in the final alloy are different.
This may yield compositions of the nanoglasses at the beginning of
the synthesis largely different from those at the end of the process.
The evaporation rates are mainly determined by the vapor pressure
of the evaporated metals, corrected by the respective heats of mixing
between the constituents. To avoid large compositional differences,
the alloy systems have to be selected based on the parameters
including the saturation vapor pressure, the molecular weight and the
heats of mixing. In the present study, an alloy combination was
selected which is characterized by immiscibility of the two major
components, i.e., Fe and Cu. As a result, the binary nanoglass-
forming systems, for example, Fe-Sc and Cu-Sc alloys, were
selected. Meanwhile, the choice of simple two-component alloys
simplifies the control of the synthesis. In addition, we selected the
components with close values of the saturation pressure and the
molecular weight. For the Fe-Sc system, the evaporation rates of Fe
and Sc are almost the same. It has been demonstrated in previous
experiments that the nanoglasses can be formed with an average
composition of ~Feg,Sc;oaccompanied by a compositional deviation
less than 5 at.% using an ingot with a nominal composition of
~FegsScys. For the Cu-Sc system, the evaporation rate of Cu is higher
than that of Sc. Taken into account the glass-forming compositions
required to be close to their eutectic points, the ingot composition is
determined as ~Cus,Sc,s. Meanwhile, we prepared much larger
ingots than the amount for formation of one piece of MNG alloy to
reduce the effect of different evaporation rates on the residual ingot
compositions. By appropriately controlling the experimental
parameters, for example, reducing the heating power and the inert
gas flow, the Cu-Sc nanoglass compositional difference could be
well controlled within 5 at.% in one piece of sample. The structures
of both nanoglass particles and MNG samples are investigated by a
combination of high resolution transmission electron microscopy
(HRTEM) and aberration-corrected scanning transmission electron
microscopy (STEM) methods. The TEM specimens from the MNG
samples are prepared by grinding the MNG alloys into powders in an
acetone solution. Partial crystallization and oxidation are induced by
the mechanical energy transfer during the grinding. Magnetic
properties of the bulk MNG samples are measured by using SQUID-
VSM of Quantum Design Company.

Conclusions

Using inert gas condensation we have produced different MNG
alloys consisting of two nanoglass components of CugScss and
FegoScig. The incorporation of the ~Cug,Scss nanoglass in the MNG
alloys reduces the amount of the interfaces between the ~FegScyg
nanoparticles, which enables tuning of the magnetic properties. This

4| J. Name., 2012, 00, 1-3

could be useful for building a reliable structure-property correlation
of nanoglasses. Attributed to their controllable properties, the MNG
alloys may trigger intensive studies in design concepts of emerging
materials with unique structures.
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