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A B S T R A C T

Synthesis of high-purity and ultrafine amorphous nanoparticles (AmN) is critical for nanoglass fabrication. 
Herein, high-purity Fe67B33 AmN with an average particle size of ~12.5 nm were synthesized for the first time 
via a soft-mechanochemical method. These AmN were consolidated into a partially dense Fe–B nanoglass with a 
crystallization temperature of ~450 ◦C. Nanoindentation tests reveal that the nanoglass has an average hardness 
of 6.6 ± 0.3 GPa and an elastic modulus of 114 ± 4 GPa, and undergoes homogeneous deformation without 
shear band formation. This work demonstrates the soft-mechanochemical method as a promising route for 
preparing ultrafine AmN for nanoglass fabrication.

1. Introduction

Nanoglass is a novel type of bulk non-crystalline materials composed 
of nanoscale non-crystalline cores and low-density interfaces, in which 
the interfaces contain more free volume than the cores and the tradi
tional non-crystalline materials [1,2]. Due to such a unique nano
structure, nanoglasses exhibit many properties different from those of 
the traditional non-crystalline materials with similar chemical compo
sitions [1–8]. For instance, Fe90Sc10 nanoglass prepared by consoli
dating Fe90Sc10 glassy nanoparticles is ferromagnetic at room 
temperature, while Fe90Sc10 melt-spun ribbons are paramagnetic [3].

Nowadays, the main approach to prepare a nanoglass is to prepare 
high-purity and ultrafine glassy or amorphous nanoparticles (AmN) 
first, and then consolidate these nanoparticles into a non-crystalline 
bulk block [1,2]. High purity of AmN is a prerequisite for obtaining 
high-purity nanoglass, while the small particle size is beneficial for the 
preparation and performance improvement of nanoglass [8,9]. For 
example, for some metallic nanoparticles with an average particle size of 
50 nm, if we assume the thickness of the interfaces within nanoglass as 2 
nm, the corresponding volume fraction of the interfaces may be smaller 
than 12% according to the estimation [8,10]. For the 12.5 nm Fe–B AmN 

synthesized in this work, the interface volume fraction is calculated to be 
~48% based on the same interface thickness assumption, which is much 
higher than that of 50 nm nanoparticles. Thus, as the particle size of 
AmN increases, the volume fraction of the interfaces decreases, leading 
to inferior properties of nanoglasses [8,9]. Additionally, it is harder to 
consolidate the larger amorphous particles into dense bulk amorphous 
materials. For instance, Wang et al. consolidated submicron-sized Fe–B 
amorphous particles with average particle sizes of 116 to 576 nm at 300 
K for 1 h, but the obtained samples were partially crystallized and 
contained big pores inside [11].

Until now, the inert gas condensation (IGC) seems the best approach 
to prepare high-purity and ultrafine non-crystalline nanoparticles [1–8,
10]. However, few research groups have been able to prepare nano
glasses via this route, probably because the IGC equipment is too 
expensive and inefficient. Moreover, the IGC method features extremely 
poor scalability, hindering large-scale industrial production, and its 
compositional tunability is low because the vapor pressure differences 
between different elements lead to inaccurate compositional control. 
Chemical methods can be applied for any research group, however, it is 
hard to synthesize AmN and most of the synthesized AmN were neither 
clean nor small enough [12–14]. This may be because the AmN are in a 
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metastable state with higher energy than the crystalline nanoparticles, 
and their surface energy will further increase with the decrease of their 
particle sizes [15]. Therefore, the adhesive force between nanoparticles 
increases, leading to severe aggregation of small nanoparticles and the 
formation of large particles [16]. For instance, the average particle size 
of Fe–B AmN synthesized by liquid-state chemical reduction without 
using surfactants was generally larger than 50 nm [17–21], and these 
particles suffer from severe aggregation, which limits their application 
in nanoglass preparation. Although some ultrafine AmN could be syn
thesized by absorbing surfactants to decrease their surface energy 
[12–14,16], these AmN also could not be used for preparation of 
nanoglasses since their surfaces were not clean.

Nowadays, the soft-mechanochemical method is used to prepare 
AmN without any surfactants [22–25], which indicates its potential for 
synthesizing high-purity AmN for nanoglass preparation. Fe–B AmN 
have been intensively studied due to their wide applications in catalysis, 
magnetorheological fluids, magnetic devices, anodes et al. [12,13,
17–21,26]. Since Fe–B AmN have been synthesized via several other 
methods [12,13,17–21,26] except the soft-mechanochemical approach, 
these methods for Fe–B AmN have the defects of large particle size and 
severe aggregation, forming a scientific gap in the preparation of 
high-purity and ultrafine Fe–B AmN. Herein, we attempted to synthesize 
Fe–B AmN to prove the potential of the soft-mechanochemical method 
and further improve the properties of Fe–B AmN. This method is applied 
for the first time to successfully synthesize high-purity Fe–B AmN with 
an average particle size of ~12.5 nm. It breaks through the limitations of 
traditional liquid-phase reduction and mechanical alloying in the 
preparation of Fe–B AmN (large particle size, easy aggregation, high 
impurity content), and provides a new approach for preparing 
high-purity and ultrafine AmN for the preparation of nanoglasses.

2. Methods

Powders of NaBH4 (98 wt%), FeCl2 (anhydrous, 99.5 wt%) and NaCl 
(99.99 wt%), purchased from Shanghai Aladdin Reagent Co. Ltd, were 
used for the soft-mechanochemical synthesis without any purification. 
The whole process of powder preparation was carried out under oxygen- 
free conditions. First, in a Mikrouna glove-box filled with high-purity 
argon (5 N), the raw materials (3.8025 g FeCl2, 2.2700 g NaBH4 and 
0.6000 g NaCl) were put into a 250 mL agate jar. The agate milling balls 
with a diameter of 10 mm were then added into the jar, and the weight 
ratio of milling balls to materials was about 15:1 (an appropriate ratio 
for soft-mechanochemical synthesis, ensuring sufficient grinding and 
mixing without excessive particle collision). The jar was then tightly 
sealed with an O-ring. In this process, both O2 and H2O content in the 
glove-box were kept below 1 ppm. The sealed jars were then loaded in 
the planetary ball mill (QM-3SP2 mill from Nanjing University Instru
ment Company, the ratio of rotation speed to revolution speed is − 2:1) 
for ball milling. The rotation speed was set at 160 rpm (a low speed 
determined by pre-experiments to avoid particle aggregation and crys
tallization), and the milling was stopped for 10 min every 20 min 
(intermittent pause avoids excessive system temperature rise). The total 
milling time was 9 h (pre-experiment verified that this time is sufficient 
for complete solid-state reaction, further milling may cause crystalliza
tion). After the ball milling, the jars were opened in the glove box to 
collect the gray powder. The powder was washed (in the glove box) with 
deionized water for 4 times, and then washed with acetone and deion
ized water for another 6 times alternately, and the last time was washed 
with acetone. Prior to this, the deionized water and acetone were 
bubbled with high-purity argon (5 N) for several hours to remove the 
dissolved oxygen. Subsequently, the washed powder was dried in the 
vacuum oven (in the glove box) at 60 ◦C for 12 h to obtain the dry Fe–B 
powder. The final yield of Fe–B AmN after washing and drying is ~75%. 
The mass loss is mainly attributed to the dissolution of a small amount of 
unreacted raw materials and incomplete centrifugation.

In the glove box, 0.15 g Fe–B powder was consolidated in the 

powder-consolidation mold to obtain a metallic pellet. The consolida
tion pressure was increased very slowly, and was held for 2 min at 1 GPa 
and 2 GPa, respectively. Finally, the consolidation pressure was held for 
3 min at 3 GPa and then was released slowly to zero to obtain a metallic 
pellet with a diameter of 10 mm and thickness of ~0.4 mm. The stepwise 
pressure increase mode reduces interparticle porosity and prevents 
crystallization of AmN induced by one-step high pressure. The holding 
time is determined by pre-experiments to ensure uniform pressure 
transfer and avoid crystallization.

The amorphous structure of the powder was characterized by X-ray 
diffraction (XRD). The dried powder was sealed with Kapton tape in the 
glove box to prevent it from contacting the air. Then the sealed powder 
was taken out of the glove box for the XRD measurement. At the same 
time, in order to distinguish the influence of Kapton tape, the blank 
Kapton tape was measured in the same way for comparison. The metallic 
pellet was taken out of the glove box directly for testing. The XRD 
measurement was carried out using the Bruker D8 Advance X-ray 
diffractometer equipped with a cobalt target source. The data acquisi
tion range was 20-80◦, the scanning rate was 4◦⋅min− 1, and the scanning 
step was 0.02◦. The sample for transmission electron microscopy (TEM) 
was also prepared in the glove box. After cleaning as described above, a 
small amount of wet powder was dispersed with acetone to make a 
suspension, which was dropped onto a copper grid loaded with carbon 
film. The TEM characterization was carried out on a Talos F200X elec
tron microscope with an accelerating voltage of 200 kV. The particle size 
statistics of Fe–B AmN were completed by counting 240 nanoparticles 
from the TEM images via ImageJ software. The composition identifi
cation of AmN was characterized using an Agilent 5110 inductively 
coupled plasma optical emission spectrometry (ICP-OES). The absolute 
detection limits of this ICP-OES for Fe, B, Si, and Na are 0.02, 0.40, 0.10, 
and 0.12 ppm, respectively. The digestion step for ICP-OES test is as 
follows: ~10 mg of the sample was accurately weighed using an 
analytical balance, then wetted with a small amount of deionized water, 
followed by the addition of 10 mL of aqua regia as the digestion reagent. 
The digestion tank was tightly sealed and placed into the microwave 
digester with a protective outer tank. A pre-digestion step was first 
performed at 120 ◦C for 30 min, and then the multi-step microwave 
digestion program was initiated. First, the temperature was raised to 
130 ◦C over 5 min and held for 3 min, subsequently it was raised to 
150 ◦C over 3 min and held for 10 min, and finally it was raised to 180 ◦C 
over 3 min and held for 30 min. After the digestion program was 
completed, the tank was naturally cooled down to 60 ◦C, and the 
resulting digest solution was transferred to a volumetric flask and 
diluted to the 25 mL mark with deionized water for subsequent ICP-OES 
testing.

Differential scanning calorimetry (DSC) measurement of nanoglass 
was carried out on a NETZSCH DSC 404F3, and the samples were heated 
from 50 ◦C to 800 ◦C at a rate of 10 ◦C⋅min− 1. The mechanical test of 
nanoglass was carried out in the continuous stiffness mode on the Bruker 
Hysitron TI980 nanoindentation tester. The maximum load was 10 mN, 
and the loading rate was 0.1 s− 1. The vibration frequency was 220 Hz. 
The load was maintained for 2 s, the unloading time was 5 s, and the 
drift control target value was 0.05 nm s− 1. The maximum indentation 
depth in the nanoindentation tests was ~300 nm, and the ratio of 
indentation depth to sample thickness is far less than 1%, which effec
tively eliminates the substrate effect. Prior to the nanoindentation tests, 
the surface of nanoglass sample was polished to a mirror surface with 
oxide polishing suspension. Nanoindentation tests were performed at 8 
different points on the sample surface, and the distance between adja
cent points was more than 10 μm. Scanning electron microscopy (SEM) 
images of the indented areas were obtained using a Zeiss Gemini 300 
scanning electron microscope, and the SEM sample was sputtered with 
gold nanoparticles to enhance conductivity.
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3. Results and discussion

Figure 1 shows the XRD patterns of the blank Kapton tape (black 
curve) and the sealed Kapton tape with the Fe–B powder inside (red 
curve). Comparing these two patterns, it can be seen that there are no 
other diffraction peaks of the Fe–B powder except the main broad peak 
at ~52.5◦ representing the amorphous structure.

Figure 2 shows the -TEM characterization results of the Fe–B pow
ders. From the TEM image in Fig. 2a, it can be seen that the as-prepared 
powder is composed of nanoparticles, and the nanoparticles have near 
spherical shape. These nanoparticles exhibit no obvious aggregation, 
which is favorable for the subsequent consolidation of nanoglass. The 
electron diffraction pattern of these nanoparticles in the inset of Fig. 2a 
shows uniform diffraction rings without any diffraction spots, which 
proves that the as-prepared powder is amorphous. This is consistent with 
the high-resolution TEM image as shown in Fig. 2b, which further proves 
that these nanoparticles are fully amorphous without any lattice. The 
average particle size (DTEM) was counted as ~12.5 nm, and the particle 
size is mainly distributed in 8~16 nm as shown in the particle size 
distribution histogram in Fig. 2c.

The composition of Fe–B powder was quantitatively analyzed by ICP- 
OES. Silicon, as the main component of agate milling balls and jars, was 
not detected. This can be mainly attributed to the gentleness of the 
milling. Since NaBH4 could easily reduce FeCl2 [17–21], ball milling was 
only used to help refine and to mix the materials to trigger the solid-state 
reaction. In addition, agate milling balls have a low density (~2.6 
g⋅cm− 3), and the mill was operated at a very low rotation speed for a 
relatively short time, resulting in low impact and shear forces exerted by 
the balls. Thus, this gentle approach can be called the 
Soft-mechanochemical Method [24]. Meanwhile, the method of milling 
pure iron and boron powders to form alloyed Fe–B amorphous powder 
was called the Mechanical Alloying Method [27,28]. This method re
quires high-energy ball milling with heavy milling balls (normally steel 
with a density of ~7.9 g⋅cm− 3) at a much higher mill rotation speed or 
ball-to-powder ratio to generate large impact and shear forces for 
alloying the metals. This process typically takes more than 200 h and 
thus introduces considerable impurities from the milling balls and jars 
[27,28]. Furthermore, only micron-sized Fe–B amorphous particles can 
be prepared [27,28]. In this work, the agate milling balls and jars were 
not worn during a short time of gentle milling, so additional impurities 
could be avoided. In addition, no Na could be detected, indicating that 
the content of Na impurity in the Fe–B AmN is below 0.12 ppm, which 
fully proves the high purity of the prepared powder. Therefore, it can be 

considered that high-purity AmN with an average composition of about 
Fe2B (Fe67B33) has been successfully synthesized.

From the above results, it can be seen that the soft-mechanochemical 
method could be used to successfully synthesize Fe–B AmN which are 
finer and better dispersed in comparison with powders prepared by 
liquid-state reaction [17–21]. Since most chemical synthesis (in liquid 
phase) can be replaced by soft-mechanochemical synthesis [23,24], the 
AmN prepared in liquid phase can also be prepared by mechanochem
ical method [22,25]. In other words, the soft-mechanochemical route 
has the potential to become a new approach for synthesizing many other 
high-purity and ultrafine AmN.

Based on the molar ratio of FeCl2 to NaBH4 and the ratio of iron to 
boron atoms in the products, it is hypothesized that the solid-state re
action in the present work may be expressed as [17]: 

NaBH4 +2FeCl2 = Fe2B + 3HCl + NaCl + 0.5H2↑ (1) 

Both the NaCl generated in reaction (1) and the added NaCl act as a 
diluent [25]. Since reaction (1) can release a large amount of heat, NaCl 
dispersed between reactants can absorb heat to lower the temperature of 
the system, thus significantly reducing the reaction rate [25]. Because 
the reaction (1) is much slower than that of the liquid-state reaction, the 
generated nanoparticles are much smaller than those generated in the 
latter case. At the same time, NaCl could also act as an absorbent on the 
surfaces of Fe–B AmN to decrease their surface energy, and also could 
act as a barrier between Fe–B AmN to decrease their aggregation [16]. 
Consequently, the AmN were further refined with improved dispersion.

Figure 3a is the XRD pattern of the metallic pellet (as shown in the 
inset of Fig. 3a) obtained by consolidation of Fe–B AmN. The broad peak 
indicates the amorphous structure of the sample. The DSC curve in 
Fig. 3b shows that the metallic pellet has an obvious crystallization peak, 
and the crystallization temperature is ~450 ◦C. This crystallization 
temperature is close to that of mechanically alloyed Fe70B30 amorphous 
alloys (crystallization temperature is ~465 ◦C, measured by DSC at a 
heating rate of 20 ◦C⋅min− 1) with a similar composition [27]. Therefore, 
it can be concluded that the nanoglass has been successfully prepared by 
consolidation of Fe–B AmN.

Figure 4a shows the nanoindentation load versus displacement 
curves obtained at eight different points of the pellet. Fig. 4b and c 
shows the hardness and modulus versus the displacement curves, 
respectively. From these results, it can be seen that there was little 
scatter between the results of eight tests, which proved that the results 
were reliable. The average hardness and elastic modulus of the sample 
are ~6.6 ± 0.3 GPa and ~114 ± 4 GPa, respectively. In addition to the 
statistical measurement error, the difference between the results might 
be caused by the tiny density fluctuation of the nanoglass sample. The 
density fluctuation may be due to incomplete consolidation of the 
powder. The morphology of the indent of the surface of the nanoglass 
sample was observed by scanning electron microscope, and no shear 
bands appeared around the indentation (Fig. 4d). This is consistent with 
the curves in Fig. 4a that the load-displacement curves are smooth 
without any pop-ins, which indicates that the nanoglass underwent 
homogeneous deformation [6,7]. This is mainly because nanoglass 
contains a large number of low-density interfaces with high free volume. 
These low-density interfaces provide a large number of nucleation sites 
for the shear transformation zones (STZ), which makes the STZ uni
formly nucleate and evolve during the deformation process, thus real
izing homogeneous deformation without shear band formation [6,7].

4. Conclusions

High-purity, ultrafine Fe67B33 AmN (average particle size of ~12.5 
nm) have been prepared via a soft-mechanochemical approach. Partially 
dense Fe67B33 nanoglass was then prepared by consolidation of these 
AmN. The crystallization temperature of the nanoglass is ~450 ◦C. The 
average hardness and elastic modulus are ~6.6 ± 0.3 GPa and ~114 ±
4 GPa, respectively. This nanoglass exhibits notably homogeneous 

Fig. 1. The XRD patterns of the blank Kapton tape (black curve) and the sealed 
Kapton tape with Fe–B powder inside (red curve).
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deformation without the formation of shear bands during nano
indentation. In the future, the consolidation process will be further 
optimized to improve the densification of Fe–B nanoglass, and long-term 
thermal stability and other functional property tests will be conducted to 
expand the application of Fe–B nanoglass in practical engineering.
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