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Abstract: Centrifugal atomization is a rapid solidification technique for producing metal powders.
However, its wide application has been limited to the production of common metal powders and
their corresponding alloys. Therefore, there is a lack of research on the production of novel materials
such as metallic glasses using this technology. In this paper, aluminum-based glassy powders
(Al86Ni8Y4.5La1.5) were produced by centrifugal atomization. The effects of disk speed, atomization
gas, and particle size on the cooling rate and the final microstructure of the resulting powder were
investigated. The powders were characterized using SEM and XRD, and the amorphous fractions
of the atomized powder samples were quantified through DSC analysis. A theoretical model was
developed to evaluate the thermal evolution of the atomized droplets and to calculate their cooling
rate. The average cooling rate experienced by the centrifugally atomized powder was calculated
to be approximately 7 × 105 Ks−1 for particle sizes of 32.5 µm atomized at 40,000 rpm in a helium
atmosphere. Amorphous fractions from 60% to 70% were obtained in particles with sizes of up to
125 µm in the most favorable atomization conditions.

Keywords: metallic glasses; centrifugal atomization; amorphous fraction; cooling rate

1. Introduction

Metallic glasses have attracted the interest of the scientific community for their possi-
ble applications due to their unique properties over their crystalline counterparts. Within
amorphous metal alloys, Al-based metallic glasses have gained attention since their dis-
covery in 1988 [1,2] because of their high specific strength [3,4] and high resistance to
corrosion [5] compared to general-use aluminum alloys, which makes these materials an
important target for their potential development in engineering applications.

Al-based metallic glasses have been proven to be very difficult to obtain due to their
low glass-forming ability (GFA) compared to other metallic glasses [6,7]. The vast majority
of the studied alloys are within the AL-RE-TM (aluminum, rare earths, and transition
metals) system because they exhibit a higher GFA [8]. Yang et al. [4] produced glassy rods
of 1 mm in diameter using copper mold casting, which is the largest product reported for
Al-based metallic glasses with a composition of Al86Ni6Y4.5Co2La1.5.

Low GFA suggests a higher critical cooling rate, therefore limiting the sample size
that can be achieved in a fully amorphous structure. The cooling rate necessary to obtain
amorphous Al-based alloys is in the order of 103–106 K s−1 [9]. Thus, the most viable
way to manufacture these metallic glasses are through rapid cooling processes, with the
most common including melt spinning [10] and gas atomization [11–13]. Although melt
spinning is popular for scientific research, the maximum achievable size for specimens is
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restricted [14]. On the other hand, for gas atomization, it has been found that the largest
completely amorphous particle size obtained for these alloys are powders of less than
25 µm [15,16].

Although the resulting product of atomization methods is a powder, these techniques
have maintained scientific interest due to the possibility of producing amorphous or
partially amorphous powder that can be further processed using various technologies.
Al-based metallic glass powders have been successfully deposited by cold gas spraying,
demonstrating that is possible to maintain amorphous structure and to create functional
coatings with high hardness and corrosion resistance [5,17,18]. Additionally, selective
laser melting [19,20] and spark plasma sintering [21] had been demonstrated to be good
techniques to maintain a partially amorphous structure of consolidated bulk specimens,
but studies on Al-based amorphous alloys in these fields are still incipient.

Today, the production of Al-based metallic glasses is still challenging. An alternative
technique to gas atomization for generating these materials is centrifugal atomization.
During this process, molten metal is dropped onto a high-speed rotating disk. The liquid
spreads out onto the disk by the centrifugal force and finally breaks into small droplets that
solidify during their flight in the presence of an inert gas atmosphere. Cooling rates between
103 and 105 K s−1 can be reached using this method [22], thus providing an appropriate
range of cooling rates for the generation of Al-based metallic glasses. However, a review of
the literature reveals that although there are several works on the centrifugal atomization
process [23–25], studies on the production of metallic glasses using this technique are not
found in the literature.

In addition, centrifugal atomization has significant advantages compared to tradi-
tional gas atomization technology. The particle size distribution of the batch produced is
narrower, resulting in a higher yield process. The powder that is produced has a highly
spherical form, with better roundness and a smooth surface. Unlike gas atomization, satel-
lites, which are adhesions of small particles on larger ones, are minimized. All of these
powder characteristics significantly improve powder flowability, a key factor in additive
manufacturing or thermal spraying technologies. Additionally, inert gas consumption and
the energy consumption associated with it is significantly reduced, making centrifugal
atomization highly beneficial in terms of sustainability and cost reduction.

In the present work, an Al86Ni8Y4.5La1.5 alloy was centrifugally atomized, and its
microstructure and the amorphous fraction that were obtained were investigated as a
function of gas composition and rotational disk speed. Al86Ni8Y4.5La1.5 was chosen be-
cause it showed a strong capacity in the formation of metallic glasses, as derived from an
extensive study of aluminum-based bulk metallic glasses [26]. However, the centrifugal
atomization of the powder resulting from this composition has never been reported on
before. This research is aimed at characterizing the glass formation ability of the atomized
Al86Ni8Y4.5La1.5 and at expanding our understanding of metallic glass preparation via the
centrifugal atomization technique.

2. Materials and Methods
2.1. Powder Synthesis

A schematic diagram of the centrifugal atomization unit is shown in Figure 1. This
equipment consists of three main parts: an atomization chamber to provide a controlled
atmosphere; an induction melting system with a crucible that allows the metal to be
melted in an inert gas atmosphere; and a spinning disk, which disintegrates the melt into
fine particles.
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Figure 1. Schematic diagram of the centrifugal atomization equipment.

The raw materials used for alloy formation were commercial-purity Al-Y master
alloy (90%Al-10%Y mass%), Y-La lump (12%Al-88%Y mass%), La-Ni eutectic pieces
(12%Ni-88%La mass %), and commercially pure nickel 201 alloy (>99 Ni mass%). They
were mixed in a molar composition of Al86Ni8Y4.5La1.5 and then induction-melted at
1605 K in an alumina crucible equipped with a stopper rod that allowed the melt to flow
through the crucible orifice. The temperature was measured by means of a thermocouple
located inside the crucible and was kept constant for 15 min to ensure homogenization
and proper dissolution of all of the raw materials. Prior to melting and atomization,
a vacuum pump was run to depressurize the chamber to 10−3 Pa and was subsequently
backfilled with inert gas. During the atomization process, the stopper rod was pulled up,
and the melt was gravity poured through the 3 mm orifice onto a flat 40 mm diameter
316 L stainless steel disk rotating at a high speed. This disk had a 150 µm ZrO2 coating on
the upper surface in contact with the melt. A water-cooling system was used to guarantee
the integrity of the disk due to the high temperatures of atomization.

The main processing parameters for this study were the disk speed and the inert gas
atmosphere. A set of test runs were carried out, melting a total of 350 g of the starting
materials for each experiment. Process conditions consisted of analyzing two different disk
speeds: 30,000 rpm and 40,000 rpm; and three combinations of different gas compositions
(in volume %): 100% Ar (Ar), 50%He-50%Ar (He-Ar), and 100% He (He).

2.2. Powder Characterization

The powder obtained from each atomization run was collected and sieved according
to ASTM-B215 for 15 min with a Filtra FTL-0150 electromagnetic digital sieving machine
with 20, 45, 75, 106, 125, 150, and 180 µm sieves according to the corresponding particle
fraction sizes.

The particles were then embedded in cold-mounting resin, ground, and polished
with diamond suspension solution and finished with a colloidal dispersion of silica (SiO2)
using standard metallographic methods for uncompacted metal powders [27]. The surface
morphology and microstructure of the powders were investigated using an Ultra Plus field-
emission scanning electron microscope (SEM). The chemical compositions of the atomized
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powders were checked by inductively coupled plasma optical emission spectroscopy (ICP-
OES) using Thermo Scientific iCAP PRO. X-ray diffraction analysis of the sieved Al alloy
powder was performed in order to verify the production of amorphous material, even
for high-size powder fractions. XRD patterns were recorded using PANalytical X’Pert
PRO MPD equipment with Cu Kα radiation (λ = 1.5418 Å) from 5 to 100◦ 2θ with a 0.017◦

step, measuring 100 s per step. The differential scanning calorimetry (DSC) technique
was selected to determine the volume fraction of the amorphous (Vf) phase present in
the different powder fractions produced by centrifugal atomization. For this analysis,
a DSC1 Mettler Toledo was used, and the measurements were conducted under a nitrogen
atmosphere using aluminum crucibles. For the test, 20 mg of each powder was heated from
300 K to 800 K at 10 K/min rate.

3. Results

A summary of the test runs performed, their atomizing conditions, and the particle size
distribution of the obtained powders is presented in Table 1. The particle size distributions
of the atomized powders at 40,000 rpm are finer than those atomized at 30,000 rpm. This
result is coherent with the known state-of-the-art of centrifugal atomization [28], as the
higher the disk velocity, the lower the particle size that can be achieved. Regarding the
gas atmosphere used in atomization, no clear tendency was found in the particle size
distribution results, allowing us to conclude that the nature of the gas does not affect the
particle size distribution.

Table 1. Description of atomization runs and particle size distribution obtained.

Run # Disc Velocity (rpm) Gas Composition D10 (µm) D50 (µm) D90 (µm)

1 30,000 He 63 111 165
2 30,000 He-Ar 77 136 231
3 30,000 Ar 78 127 193
4 40,000 He 55 96 156
5 40,000 He-Ar 59 102 155
6 40,000 Ar 51 90 150

Chemical analysis by inductively coupled plasma (ICP) of the final powder indi-
cates that the alloy composition is close to the desired nominal composition. The final
composition of the powder was Ni:8.1, Y: 4.6, La: 1.6, Al: bal. (in atomic %).

3.1. SEM Analysis

SEM images of the powders in the particle size range of 75–45 µm atomized under
different conditions are shown in Figure 2. Most of the powder particles were spherical
in shape. The surfaces of particles atomized in a He atmosphere were very smooth, and
direct observations did not show a crystalline structure, whereas particles atomized in
He-Ar—and to a larger extent, in Ar atmospheres—presented rough surfaces that are
related to the formation of crystalline phases.

Micrographs of centrifugally atomized particle sizes synthesized in a He atmosphere
are shown in Figure 3. Figure 3a shows the cross-section micrograph of the 45–20 µm
particle size range, where the majority of the particles have a featureless structure. In some
particles, small Al2Y crystals (less than 10 µm in length) surrounded by the featureless
structure appear [15]. It is important to notice that for the smaller particle sizes, it cannot
be determined if the particles are completely featureless. SEM observations only show the
cross section of the particles, meaning that they may have a certain degree of crystallization
that remains unknown.
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40,000 rpm: (a) 45–20 µm; (b) 45–75 µm.

A similar pattern is detected in the micrographs of the 75–45 µm particle range. In
Figure 3b, most of the particles also appear to be featureless, but some of them are clearly
crystallized, with high-length crystals and a heterogeneous crystallographic structure that
is typical of the crystallization of Al-Ni-Y alloys [12,16]. High randomness is noticed in
the microstructure between particles for the same particle size range and atomization
conditions, in which some seem totally amorphous, and others are almost totally crys-
talline. Despite this disparity, a clear pattern appears in the proportion of featureless and
crystallized particles depending on particle size and atomization gas. In small particle size
ranges and in particles atomized in He, the majority of the particles present a featureless
structure, while in large particle size ranges atomized in He-Ar and Ar, almost the totality
of the particles are fully crystallized.

3.2. XRD Analysis

XRD patterns of centrifugally atomized powder samples at different gas compositions
and disk speeds are shown in Figure 4. Phase identification in Figure 4 is based on results
from [12]. From these diffraction patterns, it can be verified that the crystalline fraction
increases with the particle size, even for different gas compositions, as previously observed
in the micrographs.
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Figure 4. XRD pattern for centrifugally atomized particles: (a) particles atomized in a He atmosphere
at 40,000 rpm, and (b) particles atomized in an Ar atmosphere at 30,000 rpm. The intensity of the
crystalline peak increases with increasing particle sizes, indicating a higher crystalline fraction.

When comparing the diffraction patterns of particles atomized in He and Ar, it is
clear that particles atomized in an Ar atmosphere have more crystallinity than particles
atomized in a He atmosphere. A broad amorphous halo was observed in the particles
atomized in a He atmosphere at a disk speed of 40,000 rpm, indicating the formation of
an amorphous structure up to a particle class size of 125–106 µm. However, even for small
particle sizes (45–20 µm), small diffraction peaks close to the background signal indicate
that these particles are not fully amorphous. Peaks appear more clearly as the particle
size increases, indicating an increase in the crystalline fraction in larger particles. These
peaks correspond to the α-Al phase [29]. In comparison, the XRD patterns of particles
atomized in an Ar atmosphere at a disk speed of 30,000 rpm show clear diffraction peaks,
even in particle sizes of 45–20 µm. For particles > 75 µm atomized in an Ar atmosphere, the
DRX results correspond to an almost entirely crystalline pattern, as no halo is identified in
these cases.

3.3. DSC Analysis

Figure 5 shows a DSC measurement from room temperature to 800 K (10 K min−1)
for a 45–75 µm particle size range sample atomized in a He atmosphere at a disk speed of
40,000 rpm. DSC curves for the different gas compositions and the same particle range are
shown in the inset in Figure 5. The DSC curve of the ribbon sample is adapted from [26].
For all of the atomization conditions, the DSC curves exhibited a three-stage crystallization
process characterized by three peak crystallization temperatures, as expected for this alloy.
No detailed analysis of the crystallization of the Al86Ni8Y4.5La1.5 glass-forming alloy is
found in the literature. However, other similar compositions are studied in detail. The first
peak corresponds to nano-Al precipitation, the second peak corresponds to the growth
of alpha-phase nanocrystals and the formation of Al3Ni and Al-Ni-Y phases, and the
third peak corresponds to the growth of existing crystals and to the formation of Al-La
phases [4,30]. No sign of glass transition temperature (Tg) was detected from the DSC curve.
For most of the Al-based metallic glasses, the supercooled liquid region is small; therefore,
the glass transition signal and the onset of the crystallization signal tend to overlap [5,31].
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Figure 5. DSC measurements for 75–45 µm particles atomized in a He atmosphere at 40,000 rpm.
∆Hc1, ∆Hc2, and ∆Hc3 are the integrated enthalpies of crystallization for the first, second, and third
peaks, respectively. Inset in the figure shows the DSC curves of the respective samples atomized in
different gas compositions, and DSC curve of ribbon sample is adapted from [26].

3.4. Determination of Amorphous Fraction

The volume fraction of the amorphous phase (Vf) in each atomized particle size
range was evaluated by normalizing the enthalpy released during the crystallization of the
powder with the enthalpy of crystallization of a fully amorphous melt-spun ribbon sample
using the following equation:

Vf = (∆HT,Am − ∆HT, PAm)/∆HT, Am (1)

where ∆HT,Am is the total enthalpy released upon the crystallization of a fully amorphous
sample, and ∆HT,PAm is the total enthalpy released upon the crystallization of a partially
amorphous sample. For this work, the enthalpy of the crystallization of the fully amorphous
melt-spun ribbon sample was taken from Yang et al. and used as a reference [26].

The heat released during the three exothermic reactions was compared with the heat
released from the three exothermic reactions of the fully amorphous Al86Ni8Y4.5La1.5 melt-
spun ribbon of the identical crystallization sequence. Figure 6 gathers the total amorphous
volume fraction present in the atomized particles as a function of the corresponding size
range for the different conditions of atomization.
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Figure 6a shows that for a given particle size range, centrifugally atomized powders
prepared in a He atmosphere have a much higher amorphous fraction than powders at-
omized in an Ar and He-Ar atmosphere, whereas Figure 6b shows that changes in the
disk speed do not seem to have a significant effect on the achieved amorphous fraction
compared to the gas composition. From Figure 6, it can be seen that centrifugally atom-
ized powders prepared in a He atmosphere, either at 30,000 rpm or 40,000 rpm, have
a high amorphous fraction of 60% to 70% in particle size ranges of up to 125–106 µm. To
the authors’ knowledge, there are few data on amorphous volume fractions in atomized
alloys in the existing literature related to the Al-TM-RE system [5,12,13]. The literature
suggests that a high percentage of amorphous fractions have only been found for parti-
cle sizes <40 µm for particles atomized via gas atomization, even for those atomized in
a He atmosphere.

3.5. Thermal Evolution of Atomized Droplets

A mathematical heat transfer analysis was used to quantify the heat transport between
the surrounding gas and the centrifugally atomized droplets. Particle trajectories along
the atomization chamber were computed according to Yule [32] by considering drag force
and gravity force and by assuming an initial velocity equal to the tangential velocity of the
disk [33]. A homogeneous temperature distribution inside the droplet is assumed to be
due to rapid heat conduction within the particle compared with convection heat transfer
from the surface of the droplet and the surrounding gas [34]. Radiation is considered to be
negligible due to the low contribution on the cooling rate compared to convection, which is
around an order of magnitude lower [11,32]. To calculate the effective heat transfer coeffi-
cient h, the Nusselt number Nu from the semi-empirical equation based on the Whitaker
correlation [34] was used [34], which considers the temperature-dependent thermophysical
properties of the gas in an environment with a high temperature gradient [35]:

Nu = h d/kg = 2 +
(

0.4Re1/2 + 0.06Re2/3
)

Pr1/4(µg/µs
)1/4 (2)

where d is the droplet diameter, kg and µg are the thermal conductivity and the viscosity of
the gas evaluated at ambient temperature, respectively, and µs is the gas viscosity evaluated
at the temperature of the surface of the droplet. Nu includes the Reynolds number Re and
the Prandtl number Pr, which are defined as:

Re = ρg v d/µg (3)

and
Pr = Cpg µg/kg (4)

where Cpg and ρg are the specific heat capacity and density of the gas evaluated at the
ambient temperature inside the atomizer, respectively, and v is the droplet velocity.

For simplicity, the thermophysical properties for pure Al liquid were used for the
Al86Ni8Y4.5La1.5 alloy. The glass transition temperature Tg of the Al86Ni8Y4.5La1.5 alloy was
taken as 507 K [26]. Since the experiment involved metallic glass powder, this calculation
was performed by assuming that no phase change takes place during the cooling of
the molten metal from the atomization temperature to the glass transition temperature
Tg [11,36]. Thus, for the cooling rate calculation, it was assumed that undercooling takes
place below the glass transition temperature.

Figure 7 shows the cooling evolution of the atomized droplets from the atomization
temperature to the glass transition temperature in the different study cases. Droplets from
the lower diameter are cooled more rapidly, and He provides the best cooling rate. Compar-
ing the cases of equal atmosphere and different disk velocities, only a slight improvement
in the cooling rate is observed at higher velocities. In the case of He atomization, all of the
droplets reach the glass transition temperature in 20 ms, while in a He-Ar atmosphere, only
particles of around 100 µm in size achieve this cooling time, and only finer particles below
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50 µm reach this condition in an Ar atmosphere. The largest time interval is 150 ms for
droplets of 165 µm in size atomized in Ar.
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4. Discussion
4.1. Cooling Rate Calculation

The cooling rate of the atomized droplets, assuming no phase change appears before
reaching the glass transition temperature, can be evaluated as [32]:

.
T =

6h(Td − T∞)

Cpld
(5)

where Td is the droplet temperature, T∞ is the temperature of the gas atmosphere, and Cpl
is the specific heat capacity of the droplet. In Figure 8, the values of the cooling rate over
time for different particle sizes and atomization conditions are represented. These plots
represent the cooling rate experienced by the particles from the initial melt temperature to
the glass transition temperature Tg. The case studies for 30,000 rpm are not shown due to
similarity with the 40,000 rpm cases. As mentioned before, He provides larger cooling rates,
and Ar provides the lowest cooling rates, and finer droplets are also cooled more rapidly.

A droplet of 33 µm in a He atmosphere experiences a cooling rate between 2 × 106 Ks−1

and 1.5 × 105 Ks−1 from the melt temperature to the glass transition temperature. In the
case of an Ar atmosphere, these values are reduced by approximately an order of magni-
tude. Comparing the different atmosphere gas cases, droplets of 137.5 µm have a cooling
rate approximately an order for magnitude lower than 33 µm droplets. Even finer particles
of 33 µm atomized in an Ar atmosphere have a higher cooling rate than large particles of
137.5 µm atomized in a He atmosphere do.
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of 40,000 rpm.

4.2. Comparison between Cooling Rate and Amorphous Fraction

In order to obtain comparable and interpretable results between the cooling rate and
the amorphous fraction, an average cooling rate is preferred for the entire cooling process
CR instead of

.
T, and this is evaluated as [36]:

CR =
TL − Tg

tL − tg
(6)

where tL − tg is the time between the liquidus temperature TL and the glass transition
temperature Tg.

Figure 9 illustrates the average cooling rate CR as a function of particle size with the
corresponding amorphous fraction obtained from the DSC data for different gas composi-
tions. The amorphous fraction decreases rapidly for cooling rates below 6 × 104 Ks−1 for
all the atomization conditions.

Materials 2022, 15, x FOR PEER REVIEW 10 of 14 
 

 

 
Figure 8. Cooling rate value over time for different particle sizes and different atomization condi-
tions: (a) He atmosphere; (b) He-Ar atmosphere; (c) Ar atmosphere. All cases correspond to a disk 
velocity of 40,000 rpm. 

4.2. Comparison between Cooling Rate and Amorphous Fraction 
In order to obtain comparable and interpretable results between the cooling rate and 

the amorphous fraction, an average cooling rate is preferred for the entire cooling process 
CR instead of Ṫ, and this is evaluated as [36]: 𝐶𝑅 = 𝑇௅ − 𝑇௚𝑡௅ − 𝑡௚  (6)

where tL-tg is the time between the liquidus temperature TL and the glass transition tem-
perature Tg. 

Figure 9 illustrates the average cooling rate CR as a function of particle size with the 
corresponding amorphous fraction obtained from the DSC data for different gas compo-
sitions. The amorphous fraction decreases rapidly for cooling rates below 6 × 104 Ks−1 for 
all the atomization conditions. 

 
Figure 9. Cooling rate as a function of particle size atomized in a He, Ar, and He-Ar atmospheres at 
a disk speed of 40,000 rpm. The data points represent the amorphous fraction calculated from the 
DSC results for the corresponding mean particle size range. 

Figure 9. Cooling rate as a function of particle size atomized in a He, Ar, and He-Ar atmospheres at
a disk speed of 40,000 rpm. The data points represent the amorphous fraction calculated from the
DSC results for the corresponding mean particle size range.
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The maximum cooling rate is achieved in a He atmosphere, where particles of 32.5 µm
experience an average cooling rate of 7 × 105 K s−1. In an Ar atmosphere, the cooling rate
decreases an order of magnitude compared to the cooling rate achieved in a He atmosphere
for the same particle sizes. Particles of 32.5 µm have an average cooling rate of an order
magnitude higher than particles of 165 µm atomized in the same atmosphere. Hence,
it is concluded that He has a stronger effect than Ar, resulting in a higher cooling rate,
which is in good agreement with the literature [36,37]. This is mainly due to the thermal
conductivity of He being greater than that of Ar (1.52 × 10−1 Wm−1 k−1 value for He and
1.77 × 10−2 Wm−1 k−1 for Ar, both at 300 K, which is the initial temperature of the gas in
the atomization chamber). The particle diameter also has a strong influence on the cooling
rate and is as important as the gas atmosphere.

In a case where the same cooling rate is taken for any of the atmospheres, a similar
amorphous fraction is obtained independently of the particle size diameter. For example,
a similar cooling rate and a similar amorphous fraction are obtained for 32.5 µm particles
atomized in Ar and 120 µm particles atomized in He. The same pattern is found when
comparing particles atomized in a He atmosphere that are 150 µm in size and particles
atomized in Ar that are 60 µm in size, whereas in this case, both appear to be almost
fully crystalline.

4.3. Effect of Gas Composition in Amorphous Fraction

The cooling rates necessary to achieve completely amorphous microstructures in Al-
based metallic glasses have been calculated theoretically for different techniques such as
gas atomization and melt spinning [11,38]. In both cases, the cooling rate was estimated to
be 106 Ks−1. Figure 9 shows that in a He atmosphere, although particle sizes of 45–20 µm
achieved a cooling rate of near 106 Ks−1, the amorphous fraction obtained in this work is
below 70%. However, in a He atmosphere, the amorphous fraction value is kept relatively
stable, with a slight decrease as the droplet diameter increases in particles of up to 125 µm
in size, after which the amorphous fraction decreases rapidly. In a He-Ar atmosphere, this
rapid decrease appears at particle sizes of 90 µm and at around 40 µm in an Ar atmosphere.
Comparing these results with time intervals in Figure 7, a significant amorphous fraction is
obtained in all cases if the particles are cooled in at least 15 ms, which represents an average
cooling rate of 7.3 × 104 Ks−1. This cooling rate value is larger than those experimentally
determined in a laboratory with melt spinning, which are between 3 × 103 and 104 Ks−1 [9].

The obtention of particles that are not fully amorphous but that achieve the required
cooling rates may be due to impurities or oxide particles from the raw material that act as
nucleation sites that favor the crystallization of the final powder [39]. Consequently, it is
difficult to obtain fully amorphous powders since these impurities may cause crystalline
phases. Commercial starting materials and commercial alumina crucibles were used in
atomization experiments, and these may be the result of a higher presence of impurities
in the atomized melt. The presence of impurities could also justify the wide variability in
the particle microstructure shown in Figure 3b depending on whether the presence of an
impurity acts as nucleation point in the atomized droplet.

Although a fully amorphous fraction has not been achieved in any particle size range,
a significant amorphous fraction is obtained in particle sizes of up to 125 µm atomized in
a He atmosphere. This demonstrates that centrifugal atomization is able to achieve high
cooling rates, even in large particles.

Another aspect that can contribute to crystallization is melt superheat. Some in-
vestigations have concluded that a lower melt superheat temperature contributes to the
cooling path not reaching the crystallization zone in the time–temperature–transformation
diagram [40]. A high melt superheat of 1605 K was used in the atomization runs (400 K
above liquidus temperature) to guarantee the complete melting of the starting materials and
to avoid possible melt solidification in the atomization disk. In this study, the cooling effect
of the atomization disk in the melt is an aspect that has been assumed to have no significant
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influence, but detailed analysis should be required to estimate the initial temperature of
the droplet when it is expelled from the atomization disk.

4.4. Effect of Disk Speed in Amorphous Fraction

Particles atomized at different disk speeds do not show a significant change in the
microstructure. Theoretical results show a minor decrease in the cooling rate at lower
disk speed, and there is also a slight reduction in the amorphous fraction for particles
atomized at 30,000 rpm compared to particles atomized at 40,000 rpm. The experimental
and theoretical results show that disk velocity does not contribute to an increase in the
cooling rate of the particles. An increase of 33% in the disk velocity, and therefore in the
droplet initial velocity, while contributing to the increase in the heat transfer coefficient
between the droplet and the surrounding gas, has no significant effect on the cooling rate
compared to other variables such as droplet diameter and the gas atmosphere. Nevertheless,
disk velocity will have a strong influence on obtaining finer droplets and will contribute to
the overall yield to obtain powders with a higher amorphous fraction.

5. Conclusions

Powder samples of Al86Ni8Y4.5La1.5 glass-forming alloy were atomized by centrifugal
atomization technology. The influence of processing parameters such as disk speed and
gas composition was studied. Most of the powders were spherical in shape, while the
surface morphology was different for the finer and the coarser powders. Powders of
particle sizes below 45 µm mainly had a smooth morphology where no optically detectable
microstructure was identified. However, as the particle size increased, partially crystalline
and fully crystalline microstructures were observed.

The volume fraction of the amorphous phase for various particle size ranges were
determined from DSC analysis. Centrifugally atomized particles synthesized in a He
atmosphere resulted in an amorphous fraction of around 70% for particle sizes <45 µm
and between 50% and 65% for particle sizes <125 µm. However, particles atomized in
an Ar atmosphere resulted in an amorphous fraction of 55% for particle sizes <45 µm,
and this value decreased sharply as the particle size increased. Limitations in achieving a
fully amorphous fraction might be due to the presence of nucleants in the melt during the
atomization process.

The cooling rate experienced by centrifugally atomized powders was determined the-
oretically. As expected, the cooling rate increases as the particle size decreases.
A cooling rate of 7 × 105 Ks−1 for particles of 32.5 µm atomized in a He atmosphere
was obtained, and this value was reduced by one order of magnitude for particles atomized
in an Ar atmosphere. As for the disk speed, no significant increase in the amorphous
fraction was observed as the disk speed increased from 30,000 rpm to 40,000 rpm.

The results show that the centrifugal atomization technique is able to achieve cooling
rates that are high enough to obtain an amorphous fraction above 50% in particle sizes
of up to 125 µm using a He atmosphere. Although more research is necessary to achieve
a higher amorphous fraction, it is demonstrated that centrifugal atomization is a viable
technique for obtaining amorphous powders of larger particle sizes in alloys with a low
glass-forming ability, such as Al-based metallic glasses.

Author Contributions: Conceptualization, J.P., S.D. and M.R; methodology, J.P., S.A.C. and V.A.-F.;
software, J.P. and S.A.C.; validation, J.P., S.A.C. and V.A.-F.; formal analysis, S.A.C. and V.A.-F.;
investigation, J.P., S.A.C. and V.A.-F.; resources, J.P. and S.D.; data curation, J.P., S.A.C. and V.A.-F.;
writing—original draft preparation, J.P. and S.A.C.; writing—review and editing, J.P., S.A.C., S.D. and
M.D.R.; visualization, J.P. and S.A.C.; supervision, S.D. and M.D.R.; project administration, J.P. and
S.D.; funding acquisition, S.D. and M.D.R. All authors have read and agreed to the published version
of the manuscript.



Materials 2022, 15, 8159 13 of 14

Funding: This research was funded by the Agència de Gestió d’Ajuts Universitaris i de Recerca under
grant number 2019 DI-19 and by the European Regional Development Fund in the framework of
Programa FEDER de Catalunya 2014 2020 (COMRDI 16 1 0020). The author V. Albaladejo-Fuentes is
a Serra-Hunter Fellow.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Inoue, A.; Ohtera, K.; Masumoto, T. New Amorphous Al-Y, Al-La and Al-Ce Alloys Prepared by Melt Spinning. Jpn. J. Appl. Phys.

1988, 27, L736–L739. [CrossRef]
2. He, Y.; Poon, S.J.; Shiflet, G.J. Synthesis and Properties of Metallic Glasses That Contain Aluminum. Science 1988, 241, 1640–1642.

[CrossRef] [PubMed]
3. Inoue, A.; Kimura, H. High-Strength Aluminum Alloys Containing Nanoquasicrystalline Particles. Mater. Sci. Eng. A 2000, 286,

1–10. [CrossRef]
4. Yang, B.J.; Yao, J.H.; Zhang, J.; Yang, H.W.; Wang, J.Q.; Ma, E. Al-Rich Bulk Metallic Glasses with Plasticity and Ultrahigh Specific

Strength. Scr. Mater. 2009, 61, 423–426. [CrossRef]
5. Henao, J.; Concustell, A.; Cano, I.; Dosta, S.; Cinca, N.; Guilemany, J.M.; Suhonen, T. Novel Al-Based Metallic Glass Coatings by

Cold Gas Spray. Mater. Des. 2016, 94, 253–261. [CrossRef]
6. Yang, B.J.; Lu, W.Y.; Zhang, J.L.; Wang, J.Q.; Ma, E. Melt Fluxing to Elevate the Forming Ability of Al-Based Bulk Metallic Glasses.

Sci. Rep. 2017, 7, 11053. [CrossRef]
7. Liang, X.; Fan, C.; Fu, J.; Liu, Z.; Zhang, Z.; Ren, S.; Ruan, W.; Shi, H. Improve the Forming Ability of Al-Based Metallic Glass

Under Ultrasonic Vibration at Room Temperature. Front. Mater. 2021, 8, 361. [CrossRef]
8. Fan, C.; Yue, X.; Inoue, A.; Liu, C.T.; Shen, X.; Liaw, P.K. Recent Topics on the Structure and Crystallization of Al-Based Glassy

Alloys. Mater. Res. 2019, 22. [CrossRef]
9. Liao, J.P.; Yang, B.J.; Zhang, Y.; Lu, W.Y.; Gu, X.J.; Wang, J.Q. Evaluation of Glass Formation and Critical Casting Diameter in

Al-Based Metallic Glasses. Mater. Des. 2015, 88, 222–226. [CrossRef]
10. Yang, H.W.; Wang, R.C.; Yuan, X.G.; Li, R.D.; Wang, J.Q.; Tan, M.J. Importance of Chamber Gas Pressure on Processing of Al-Based

Metallic Glasses during Melt Spinning. Philos. Mag. Lett. 2011, 91, 656–663. [CrossRef]
11. Zheng, B.; Lin, Y.; Zhou, Y.; Lavernia, E.J. Gas Atomization of Amorphous Aluminum: Part I. Thermal Behavior Calculations.

Metall. Mater. Trans. B 2009, 40, 768–778. [CrossRef]
12. Dong, P.; Hou, W.L.; Chang, X.C.; Quan, M.X.; Wang, J.Q. Amorphous and Nanostructured Al85Ni5Y6Co2Fe2 Powder Prepared

by Nitrogen Gas-Atomization. J. Alloys Compd. 2007, 436, 118–123. [CrossRef]
13. Cardoso, K.R.; Escorial, A.G.; Lieblich, M.; Botta F, W.J. Amorphous and Nanostructured Al-Fe-Nd Powders Obtained by Gas

Atomization. Mater. Sci. Eng. A 2001, 315, 89–97. [CrossRef]
14. Jassim, A.K.; Hammood, A.S. Sustainable Manufacturing Process for Bulk Metallic Glasses Production Using Rapid Solidification

with Melt Spinning Technique. In Proceedings of the International Conference on Material Science and Material Engineering
(MSME 2014), Chicago, IL, USA, 14–16 March 2014. [CrossRef]

15. Yan, M.; Wang, J.Q.; Schaffer, G.B.; Qian, M. Solidification of Nitrogen-Atomized Al86Ni6Y 4.5Co2La1.5 Metallic Glass. J. Mater.
Res. 2011, 26, 944–950. [CrossRef]

16. Liu, Y.; Liu, Z.; Guo, S.; Du, Y.; Huang, B.; Huang, J.; Chen, S.; Liu, F. Amorphous and Nanocrystalline Al82Ni10Y8 Alloy Powder
Prepared by Gas Atomization. Intermetallics 2005, 13, 393–398. [CrossRef]

17. Sun, C.; Zhou, X.; Xie, C. Effect of Processing Conditions on Al-Based Amorphous/Nanocrystalline Coating by Cold-Spraying.
Surf. Coat. Technol. 2019, 362, 97–104. [CrossRef]

18. Sun, C.; Zhou, X.; Xie, C.; Xu, L.; Li, R.; Liu, B. Formation of Al-Based Amorphous/Nanocrystalline Coatings by Cold Spraying.
Surf. Coat. Technol. 2020, 389, 125644. [CrossRef]

19. Li, X.P.; Kang, C.W.; Huang, H.; Zhang, L.C.; Sercombe, T.B. Selective Laser Melting of an Al86Ni6Y4.5Co2La1.5 Metallic Glass:
Processing, Microstructure Evolution and Mechanical Properties. Mater. Sci. Eng. A 2014, 606, 370–379. [CrossRef]

20. Prashanth, K.G.; Shakur Shahabi, H.; Attar, H.; Srivastava, V.C.; Ellendt, N.; Uhlenwinkel, V.; Eckert, J.; Scudino, S. Production of
High Strength Al85Nd8Ni5Co2 Alloy by Selective Laser Melting. Addit. Manuf. 2015, 6, 1–5. [CrossRef]

21. Scudino, S.; Surreddi, K.B.; Nguyen, H.V.; Liu, G.; Gemming, T.; Sakaliyska, M.; Kim, J.S.; Vierke, J.; Wollgarten, M.; Eckert, J.
High-Strength Al87Ni8La5 Bulk Alloy Produced by Spark Plasma Sintering of Gas Atomized Powders. J. Mater. Res. 2009, 24,
2909–2916. [CrossRef]

22. Öztürk, S.; Arslan, F.; Öztürk, B. Effect of Production Parameters on Cooling Rates of AA2014 Alloy Powders Produced by Water
Jet Cooled, Rotating Disc Atomisation. Powder Metall. 2003, 46, 342–348. [CrossRef]

http://doi.org/10.1143/JJAP.27.L736
http://doi.org/10.1126/science.241.4873.1640
http://www.ncbi.nlm.nih.gov/pubmed/17820894
http://doi.org/10.1016/S0921-5093(00)00656-0
http://doi.org/10.1016/j.scriptamat.2009.04.035
http://doi.org/10.1016/j.matdes.2016.01.040
http://doi.org/10.1038/s41598-017-11504-6
http://doi.org/10.3389/fmats.2021.746955
http://doi.org/10.1590/1980-5373-mr-2018-0619
http://doi.org/10.1016/j.matdes.2015.08.138
http://doi.org/10.1080/09500839.2011.604356
http://doi.org/10.1007/s11663-009-9276-5
http://doi.org/10.1016/j.jallcom.2006.07.032
http://doi.org/10.1016/S0921-5093(01)01197-2
http://doi.org/10.13140/RG.2.1.2315.4723
http://doi.org/10.1557/jmr.2011.13
http://doi.org/10.1016/j.intermet.2004.07.026
http://doi.org/10.1016/j.surfcoat.2019.01.096
http://doi.org/10.1016/j.surfcoat.2020.125644
http://doi.org/10.1016/j.msea.2014.03.097
http://doi.org/10.1016/j.addma.2015.01.001
http://doi.org/10.1557/jmr.2009.0359
http://doi.org/10.1179/003258903225008599


Materials 2022, 15, 8159 14 of 14

23. Denmud, N.; Plookphol, T. Characteristics of SAC305 Lead-Free Powder Prepared by Centrifugal Atomization. Key Eng. Mater.
2018, 777, 322–326. [CrossRef]

24. Mantripragada, V.T.; Kumar, K.; Kumar, P.; Sarkar, S. Modeling of Powder Production During Centrifugal Atomization. J. Sustain.
Metall. 2021, 7, 620–629. [CrossRef]

25. Wolf, S.; Riedemann, T.M.; Barclay, J.; Holladay, J.; Anderson, I.E.; Cui, J. Synthesis and Magnetic Performance of Gadolinium
Powder Produced with Rotating Disk Atomization. Powder Technol. 2020, 359, 331–336. [CrossRef]

26. Yang, B.J.; Yao, J.H.; Chao, Y.S.; Wang, J.Q.; Ma, E. Developing Aluminum-Based Bulk Metallic Glasses. Philos. Mag. 2010, 90,
3215–3231. [CrossRef]

27. Leander, F.; Pease, D.L. Metallography and Microstructures of Powder Metallurgy Alloys. In Metallography and Microstructures
Handbook; Voort, V., Baldwin, W., Eds.; ASM International: Novelty, OH, USA, 2004; Volume 9, pp. 994–1020.

28. Xie, J.W.; Zhao, Y.Y.; Dunkley, J.J. Effects of Processing Conditions on Powder Particle Size and Morphology in Centrifugal
Atomisation of Tin. Powder Metall. 2004, 47, 168–172. [CrossRef]

29. Li, X.P.; Yan, M.; Wang, J.Q.; Huang, H.; Kong, C.; Schaffer, G.B.; Qian, M. Non-Isothermal Crystallization Kinetics and Mechanical
Properties of Al 86Ni 6Y 4.5Co 2La 1.5 Metallic Glass Powder. J. Alloys Compd. 2012, 530, 127–131. [CrossRef]

30. Lay, M.D.H.; Hill, A.J.; Saksida, P.G.; Gibson, M.A.; Bastow, T.J. 27Al NMR Measurement of Fcc Al Configurations in As-Quenched
Al85Ni11Y4 Metallic Glass and Crystallization Kinetics of Al Nanocrystals. Acta Mater. 2012, 60, 79–88. [CrossRef]

31. Sahoo, K.L.; Sahu, R. Glass Transition and Crystallization of Al-Ni-La Based Metallic Glasses Studied by Temperature Modulated
DSC. J. Non. Cryst. Solids 2013, 365, 33–36. [CrossRef]

32. Yule, A.J.; Dunkley, J.J. Atomization of Melts, 1st ed.; Oxford University Press: Oxford, UK, 1994.
33. Zhao, Y.Y. Analysis of Flow Development in Centrifugal Atomization: Part I. Film Thickness of a Fully Spreading Melt. Model.

Simul. Mat. Sci. Eng. 2004, 12, 959–971. [CrossRef]
34. Whitaker, S. Forced Convection Heat Transfer Correlations for Flow in Pipes, Past Flat Plates, Single Cylinders, Single Spheres,

and for Flow in Packed Beds and Tube Bundles. AIChE J. 1972, 18, 361–371. [CrossRef]
35. Wiskel, J.B.; Henein, H.; Maire, E. Solidification Study of Aluminum Alloys Using Impulse Atomization: Part I: Heat Transfer

Analysis of an Atomized Droplet. Can. Metall. Q 2002, 41, 97–110. [CrossRef]
36. Ciftci, N.; Ellendt, N.; von Bargen, R.; Henein, H.; Mädler, L.; Uhlenwinkel, V. Atomization and Characterization of a Glass

Forming Alloy {(Fe0.6Co0.4)0.75B0.2Si0.05}96Nb4. J. Non. Cryst. Solids 2014, 394–395, 36–42. [CrossRef]
37. Shiwen, H.; Yong, L.; Sheng, G. Cooling Rate Calculation of Non-Equilibrium Aluminum Alloy Powders Prepared by Gas

Atomization. Rare Met. Mater. Eng. 2009, 38, 353–356.
38. Guo, S.; Liu, Y. Estimation of Critical Cooling Rates for Formation of Amorphous Alloys from Critical Sizes. J. Non. Cryst. Solids

2012, 358, 2753–2758. [CrossRef]
39. Bolfarini, C.; Srivastava, V.C. Spray Forming of Novel Materials. In Metal Sprays and Spray Deposition, Henein, H.,

Uhlenwinkel, V., Fritsching, U., Eds.; Springer: Cham, Switzerland, 2017; pp. 521–533.
40. Zheng, B.; Lin, Y.; Zhou, Y.; Lavernia, E.J. Gas Atomization of Amorphous Aluminum Powder: Part II. Experimental Investigation.

Metall. Mater. Trans. B 2009, 40, 995–1004. [CrossRef]

http://doi.org/10.4028/www.scientific.net/KEM.777.322
http://doi.org/10.1007/s40831-021-00370-2
http://doi.org/10.1016/j.powtec.2019.09.035
http://doi.org/10.1080/14786435.2010.484401
http://doi.org/10.1179/003258904225015482
http://doi.org/10.1016/j.jallcom.2012.03.083
http://doi.org/10.1016/j.actamat.2011.09.007
http://doi.org/10.1016/j.jnoncrysol.2013.01.031
http://doi.org/10.1088/0965-0393/12/5/013
http://doi.org/10.1002/aic.690180219
http://doi.org/10.1179/cmq.2002.41.1.97
http://doi.org/10.1016/j.jnoncrysol.2014.03.023
http://doi.org/10.1016/j.jnoncrysol.2012.06.023
http://doi.org/10.1007/s11663-009-9277-4

	Introduction 
	Materials and Methods 
	Powder Synthesis 
	Powder Characterization 

	Results 
	SEM Analysis 
	XRD Analysis 
	DSC Analysis 
	Determination of Amorphous Fraction 
	Thermal Evolution of Atomized Droplets 

	Discussion 
	Cooling Rate Calculation 
	Comparison between Cooling Rate and Amorphous Fraction 
	Effect of Gas Composition in Amorphous Fraction 
	Effect of Disk Speed in Amorphous Fraction 

	Conclusions 
	References

