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• Close-coupled gas atomisation is a
highly reproducible manufacturing
method.

• The gas-to-metal volumetric flow rates
ratio is more relevant than the com-
monly employed mass flow rates ratio.

• Determining the minimum superheat is
complex and helium requires higher su-
perheats.

• Atomising with higher melt superheats
can favour the formation of aggregates.

• Kishidaka'smodified correlation reliably
predicts the median particle size of the
powders.
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The effect of several operational and geometric variables on the particle size distribution of powders produced by
close-coupled gas atomisation is analysed from a total of 66 experiments. Powders of three puremetals (copper,
tin and iron) and two alloys (bronze Cu-15 wt% Sn and stainless steel SS 316 L) have been produced. Nitrogen,
argon and helium were used as atomising gases. It is shown that the gas-to-metal ratio of volume flow rates
(GMRV) ismore relevant than the ratio ofmass flow rates (GMR) in order to analyse the effect of atomisation var-
iables on the particle size. Kishidaka's equation, originally proposed for water atomisation, is modified to predict
themedian particle size in gas atomisation. The accuracy of the new equation is comparedwith that of Lubanska,
and Rao and Mehrotra. Kishidaka's modified empirical correlation is the most accurate in predicting the median
particle size of the powders produced in this work. Themorphology of the produced powders is studied by scan-
ning electron microscopy (SEM) and it is observed that the melt superheat can play an important role in the ag-
gregation of fine particles (< 10 μm), which increases the fraction of large particles (> 100 μm).

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The use of a gas to break up a molten stream is termed gas
atomisation and is an effective method of producing fine spherical
metal powders. The principle of this process is to transfer kinetic en-
ergy from a high-speed gas jet to a liquid metal stream, which in
turn becomes unstable. The gas expanding around the melt causes a
dramatic depressurisation and the disintegration of the liquid into
droplets, which finally solidify as metal particles. The gas atomiser de-
signs most commonly employed in industry are the close-coupled and
free-fall types. The gas exit is next to the melt nozzle exit in close-
coupled atomisation, while a distance varying from 10 to 30 cm is
maintained between them in the free-fall atomisation units. Despite
the drawbacks of backflow and freeze-up, which do not normally
occur during free-fall atomisation, close-coupled atomisers are able
to produce finer powders because the proximity of the gas and melt
streams favours energy transfer [9].

Scientific research on gas atomisation can be divided into experi-
mental and numerical studies. Since the computational power and
mathematical models that existed decades ago were scarce, the most
practical tool was to conduct experiments. Ayers and Anderson [5] con-
firmed that the use of higher gas pressures favoured the obtaining of
finer powders. Ünal [33] showed that helium produced the finest
powders, argon gave the coarsest and nitrogen yielded powder sizes
in-between. Furthermore, he fitted the particle size distribution to a
log-normal distribution and deduced that themean particle sizewas di-
rectly proportional to the square root of themeltmassflow. Snyder et al.
[28] workedwith different liquids and reported that the particle size in-
creased when liquids with a higher viscosity and surface tension were
sprayed. Later, the use of visualisation systems such as Schlieren's pho-
tography, high-speed cinematography and holography revealed addi-
tional phenomena occurring during the process. Ünal [33] stressed
that atomisers producing longer supersonic gas plumes allowed for
the obtaining of powders with finer size distributions, since they
favoured a more effective secondary atomisation. Mates et al. [16] ob-
served that increasing the pressure of the atomising gas produced lon-
ger supersonic plumes. Mates and Settles [17] demonstrated that the
convergent atomisers always provided strongly under-expanded
flows, while over-expanded or very slightly under-expanded flows
were obtained with convergent-divergent gas nozzles. Due to the im-
proved expansion achieved with the convergent-divergent nozzles,
they claimed that these atomisers were more efficient. Their photo-
graphs demonstrated that the secondary atomisation persists well
away from the region where primary atomisation occurs, therefore
global atomisation is not limited to a region close to the impingement
point between both flows [18]. A rapid variation of the instantaneous
melt flow has been observed by different researchers employing differ-
ent visualisation techniques such as high-speed cinematography [31] or
the Particle Image Velocimetry (PIV) technique [22]. This chaotic nature
of the interaction between both phases in a real atomisation affects the
particle size distribution of the resulting powder. Ting et al. [32] postu-
lated that this fluctuation of themelt flow could be related to changes of
the aspiration pressure in the melt feed tube due to the presence of the
liquid. Their pulsatile atomisation model predicts fluctuating aspiration
pressures between suction and overpressure values which create varia-
tions in the liquid flow rate. This would also explain why the melt flow
rates in close-coupled atomisers tend to be lower than in free-fall atom-
isers, even when high suctions are measured. Miller et al. [21] had
previously shown that there was little correlation between the mea-
surements of the aspiration pressure and the resulting liquid flow
rates. Nowadays, the simplest correlation between the atomising vari-
ables and the particle size distribution states that a higher gas-to-melt
mass flow rates ratio (GMR) contributes to produce a finer powder as
demonstrated for Ni-based alloys by Ting et al. [32], for tin by Ünal
[34], for aluminium by Saleh et al. [25] or for copper by Anderson
et al. [3]. When the gas pressure rises, in addition to increasing the gas
2

mass flow rate, the melt flow will usually decrease. Both effects
help produce finer powders, since the GMR parameter increases.
Superheating the melt decreases its viscosity and prolongs the solidifi-
cation time, which subsequently produces finer powders, too [23].
Since the calculation capacity of modern computers provides more pre-
cision and reduces the required computational time, the interest for ap-
plying Computational Fluid Dynamics (CFD) techniques to the analysis
of the gas atomisation process is increasing considerably. Simulations
reveal details of the flow that are not experimentally accessible, but
which have an impact on the powder properties. In recent years, certain
researchers have made important advances in the modelling of the pri-
mary and secondary atomisation stages, along with the solidification of
liquid droplets during their flight time in the atomisation chamber. The
works of Zeoli and Gu [39], Wei et al. [38] and Hanthanan Arachchilage
et al. [10] are examples of these types of numerical studies. However,
simulating this kind of multiphase flow is still challenging due to the
complex interaction between two fluids with very different physical
properties. As a result, most articles are mainly focused on modelling
the gas flow dynamics in the absence of the liquidmetal to gain a better
understanding of key aspects of the process.

Using the accumulated experimental evidence, several authors have
tried to link the median particle size of a powder (D50) with the
atomisation conditions through empirical correlations. Lubanska's
Eq. [14] is probably the most well-known and most commonly quoted
for free-fall, ring-like atomisers due to its reasonable accuracy under
various experimental conditions. In order to make Lubanska's corr-
elation applicable to more general conditions (e.g. close-coupled atom-
isers with sonic-supersonic-sonic transitions), Rao and Mehrotra [24]
proposed substituting Lubanska's exponent 0.5 by an adjustable
parameter “m”:

D50 ¼ K2dm 1þmm

mg

� �
νm

νgWem

� �m
ð1Þ

Wem ¼ dmρmU
2
g

σm
ð2Þ

where dm is the melt stream diameter; mm and mg are the mass flow
rates of melt and gas, respectively; νm and νg are the kinematic viscos-
ities of melt and gas, respectively; Wem is the dimensionless Weber's
number; Ug is the gas velocity in the atomisation zone; ρm the density
of the melt; and σm its surface tension. K2 and “m” are two parameters
calculated by fitting the experimental data from a given atomiser with
eq. (1).

Kishidaka [12] proposed a dimensionless equation for water
atomisation, including four adjustable parameters (K2, “a”, “b”, and
“c”), where the ratio D50/dm is a function of the Reynold's number
(Rem), the Weber's number (Wem), and the ratio of water-to-melt
mass flow rates. The same equation may be applied to gas atomisation
by substituting the velocity and mass flow rate of water for the same
properties of the gas:

D50 ¼ K3dm Re a
mWebm GMRð Þc ð3Þ

Rem ¼ dmρmUg

μm
ð4Þ

where μm is the dynamic viscosity of the melt.
The characteristics of the powders produced by close-coupled gas

atomisation depend on different operational variables, geometrical pa-
rameters and physicochemical properties of gas and melt. In this
work, a systematic set of experiments is conducted to analyse the effect
of the gas inlet pressure, the superheat of the melt, the throat width of
the supersonic nozzle, the overpressure applied to the melt, the gas
type and the melt composition on the particle size distribution.
Moreover, the proclaimed great influence of GMR parameter is



Table 2
Physicochemical properties of the melts at different temperatures.

Material Melting or
liquidus
temperature

Superheat Density Dynamic
viscosity

Surface
tension

Tm ΔT ρm μm σm

(°C) (°C) (kg/m3) (Pa·s) (N/m)

Cu 1083 a) b) a)

0 8000 0.00468 1.303
25 7980 0.00461 1.297
55 7956 0.00450 1.290
100 7920 0.00436 1.280
117 7904 0.00429 1.275
200 7840 0.00410 1.257
350 7720 0.00398 1.225
500 7600 0.00310 1.188

Sn 232 a) b) a)

0 6980 0.00196 0.560
74 6935 0.00174 0.553
186 6867 0.00155 0.543
200 6858 0.00152 0.542
500 6675 0.00145 0.515

Fe 1535 a) c) a)

0 7030 0.00591 1.872
165 6885 0.00460 1.799

Bronze
(Cu-15%
Sn)

960 d) b) e)

0 7847 0.00466 0.850
149 7709 0.00406 0.834
444 7504 0.00340 0.833

SS 316 L 1440 f) g) g)

0 7105 0.00500 1.784
260 6728 0.00405 1.530

a) Extracted from Iida and Guthrie [11].
b) Extracted from Tan et al. [30].
c) Extracted from Sato et al. [26].
d) Calculated from the data for pure copper and pure tin [11].
e) Extracted from Lee et al. [13].
f) Extracted from Fukuyama et al. [8].
g) Extracted from Zhang and Zhang [40].
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re-examined in detail. Finally, the accuracy of the abovementioned em-
pirical equations to predict D50 is compared.

2. Experimental procedure

Experimental atomisations were performed in a two-in-one
small-scale research atomisation unit (PSI model HERMIGA 75/3VI).
The atomiser is a close-coupled type with a convergent-divergent
annular-slit gas nozzle. The rawmaterial wasmelted in a ceramic cruci-
ble using an induction furnace. The atomisation unit allows for the
pressurisation of themelting chamber up to 1.5 bar in order to enhance
the melt flow from the crucible to the atomisation chamber. The batch
size is nearly 3 kg. Melting was conducted under high purity argon.
The atomisation chamber was also evacuated and purged with argon
to minimise oxidation. The diameter of the melt delivery tube used in
the experiments was 2.5 mm. In this study, the following variables
were investigated:

• Gas atomisation pressure (P, varied between 10 and 60 bar).
• Overpressure applied to the melt (ΔP, from 0.25 to 0.4 bar).
• Gas supersonic nozzle's throat width (0.6∙Lo, 0.77∙Lo and 0.91∙Lo). The
throat width Lo the characteristic length used in the CFD simulations
presented elsewhere [35]).

• Melt superheat (ΔT, varied between 25 and 500 °C).
• Atomising gas (nitrogen, helium and argon).
• Melt composition: Three pure metals (copper, tin and iron) and two
alloys (bronze Cu-15 wt% Sn and stainless steel SS 316 L) were used
as raw materials.

The overpressure applied to themelt takes into account both the as-
piration pressuremeasured in themelt feed tube and the pressurisation
of the melting chamber. For example, if an overpressure applied to the
melt of 0.25 bar is desired and a suction of 0.10 bar is measured in the
melt feed tube, the melting chamber is pressurised to 0.15 bar. How-
ever, if an overpressure of 0.10 bar is measured in the melt feed tube,
the melt chamber is pressurised to 0.35 bar.

The physicochemical properties of both the atomising gases and the
melts at different temperatures are listed in Tables 1 and 2, respectively.
The raw materials were chosen to cover a wide range of physicochem-
ical properties relevant to atomisation (density, viscosity, surface ten-
sion and solidification temperature range). In this way, it is possible to
evaluate their effect on the characteristics of the atomisedpowders. Fur-
thermore, they are not highly volatile materials (compared, for exam-
ple, with Zn or Mn) and are not highly reactive (compared, for
example, with Al, Mg or Ti).

Themg value is known fromCFD simulations under steady state con-
ditions [35], whereas mm is calculated dividing the weight of the pow-
der by the atomisation time. Consequently, the mass flow rates, the
volume flow rates and the corresponding ratios used in this article are
always average values, i.e. they are not instantaneous values. After
each atomisation, the particle size distribution was measured by sieve
analysis following the MPIF standard #5 ([20]). For fine powders
(with 90th percentile < 80 μm), the laser diffraction equipment
Sympatec HELOS (model H0852; dry dispersion unit RODOS; vibratory
feeding unit VIBRI; compressed air inlet pressure of 1 bar) was
employed. The statistical descriptors used to compare the distributions
Table 1
Physicochemical properties of the different gases at normal conditions (1 atm, 20 °C) [4].

Property Nitrogen Helium Argon

Density (kg/m3) 1.165 0.166 1.661
Specific heat (J/(kg·K)) 979 5193 520
Thermal conductivity (W/(m·K)) 0.0242 0.152 0.0158
Dynamic viscosity (Pa·s) 1.663e-5 1.99e-5 2.125e-5
Molecular weight (kg/mol) 28.01 4.00 39.95
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are the 10th percentile (D10), the median particle size (D50) and the
90th percentile (D90). Additionally, since the experimental data fit
well to the log-normal distribution, the geometric standard deviation
of the log-normal distribution (σLN) is reported. The morphology of
the particles was assessed qualitatively via the Philips XL30CP Scanning
Electron Microscopy (SEM). The as-atomised powders have been di-
vided into size fractions by sieving in order to analyse shape changes
with particle size.

3. Results and discussion

A total of 66 experiments under different atomising conditions have
been performed, as shown in the Appendix. Using the characterisation
results of these powders, subsequent sections discuss the reproducibil-
ity of the process, the influence of the different variables and, finally, the
accuracy of three empirical correlations to predict the median
particle size.

3.1. Study of the reproducibility of the process

Before drawing any conclusions about the influence of each opera-
tional or geometric variable, it is essential to verify that those powders
produced under the same nominal atomisation conditions have equiva-
lent particle size distributions. Multiple experiments with copper under
the same conditions were performed to study the reproducibility of the
process (see atomisations Cu-1 to Cu-11 in the Appendix). Table 3
shows the mean and standard deviation of the gas flow rate (mg), the
melt flow rate (mm), the resulting GMR and the main descriptors of
the eleven particle size distributions. When the atomisations are
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performed under the same conditions, the gas flow rate is constant.
However, the control of themelt flow rate in close-coupled atomisation
is quite difficult because of the aspiration effect on the melt feed tube,
contrary to what occurs in free-fall atomisation. In order to control the
melt flow rate, the aspiration pressure in the melt feed tube was mea-
sured before each atomisation and the pressurisation of the melting
chamber was regulated accordingly until identical overpressures were
applied to the melt. This methodology allowed for better process con-
trol, thus providing low standard deviations of melt flow rate and
GMR, and consequently of D50 and σLN. The range of D50 is only 7 μm
(from 35 to 42 μm) and σLN takes values between 1.9 and 2.1, which
are typical for gas atomised powders [1]. Therefore, it can be stated
that the atomisations present a high reproducibility.
3.2. Effect of the atomisation variables on the particle size distribution of the
powders

3.2.1. The atomising pressure
The inlet pressure of the gas is one of the parameters with the stron-

gest influence on the particle size distribution. In order to analyse the ef-
fect of this operational variable, ten experiments with copper have been
performed using nitrogen at 6 different inlet pressures (runs from Cu-
12 to Cu-21 in the Appendix). Fig. 1 illustrates the three different situa-
tions observed. At the lowest pressure (10 bar), droplets are so coarse
that they reach the collector without solidifying, thereby producing a
deposition instead of loose powder. At the highest pressure (60 bar),
the melt freezes at the tip, so the atomisation is blocked. Loose powder
was obtained between these two limits.

In agreement with the literature, Fig. 2 indicates that finer powders
are achieved by increasing the atomising pressure, since the D50 value
decreases [29]. As σLN values decrease, powders with narrower particle
size distributions are obtained too. CFD techniques have revealed that
an increase of the inlet pressure provides a higher gas mass flow rate,
higher velocities in the atomisation chamber and a longer supersonic
plume [36], which explains the observed trend. However, the tendency
is not conclusive due to the great disparity of liquid flow rates obtained
at 50 bar. As indicated in the Appendix, the overpressure applied to the
melt was not controlled in these initial experiments.

Fig. 3 shows that a better correlation is obtainedwhen the same data
is displayed as a function of GMR, proving that this is amore fundamen-
tal variable than the inlet pressure. Higher GMR values contribute to
obtaining finer powders with narrower particle size distributions (D50

and σLN decrease with this ratio). A further factor was not revealed by
the simulations, since they were carried out in the absence of the liquid
phase; when the atomising pressure is increased, the melt flow rate is
reduced and, consequently, smaller GMR ratios than expected are
obtained.

3.2.2. The melt overpressure
The overpressure applied to the melt affects the resulting melt flow

rate. The influence of this operational variable has been studied by
performing the atomisations Cu-22 to Cu-29 listed in the Appendix.
Two atomisations have been carried out at each inlet pressure, the dif-
ference between them being the applied overpressure (either 0.25 or
0.4 bar). Fig. 4 shows that the melt flow rate increases with the
Table 3
Gas andmeltmassflow rates, GMR ratio andmain parameters of the particle size distribu-
tions of the Cu-1 to Cu-11 powders (Cu, gas N2, P=55 bar,ΔP=0.25 bar, throat width=
0.6∙Lo and ΔT = 117 °C).

mg

(g/s)
mm

(g/s)
GMR D10

(μm)
D50

(μm)
D90

(μm)
σLN

Mean 41.74 25.31 1.69 14 39 100 1.96
Standard deviation 0 3.97 0.27 3 2 11 0.06
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overpressure. This effect is more evident at lower inlet pressures of
the gas. Moreover, it is observed again that the melt flow rate tends to
decrease when the atomising pressure is increased, even if the same
overpressure is used. Since the overpressure is regulated considering
both the aspiration pressure in themelt feed tube and the pressurisation
of themelt chamber, it should be constant irrespective of the atomising
pressure. This variation has been also reported by other authors such as
Miller et al. [21], which confirms that a precise control of the melt flow
rate is challenging in close-coupled gas atomisation. The reduction of
the melt flow rate with the atomising pressure can be due to different
factors. On the onehand, CFD simulations showed that the gasflowgen-
erates a recirculation zone orwake under themelt nozzle and that there
is a stagnation point near themelt exit hole.With higher inlet pressures,
the size of the wake is reduced and the pressure at the stagnation point
is increased (Urionabarrenetxea et al., 2013). The combination of both
factors may hinder the flow of the melt from the crucible, thus decreas-
ing its mass flow rate. On the other hand, the aspiration pressure can
only be measured in the absence of the melt stream; the presence of
the liquid metal during the atomisation will also affect this variable.

Figs. 5 and 6 display themedian particle size andσLN of the atomised
powders as a function of the inlet pressure and the GMR, respectively,
for both overpressures. In Fig. 5, it is observed that higher overpressures
produce slightly coarser powders and the experimental data of D50 lay
in two different lines. On the other hand, Fig. 6 demonstrates that the
experimental data of D50 from both overpressures lay on a single line
when they are represented as a function of GMR. This fact suggests
that GMR is a more fundamental variable than the inlet pressure or
the melt overpressure. These latter operational variables affect the par-
ticle size indirectly through their effect on the mass flow rates of the
melt and the gas. The correlation of σLN with GMR is also slightly better
than with the atomising pressure. In general, the lower the GMR values,
the lower the particle size and the width of the distribution.

3.2.3. The throat width of the convergent-divergent gas nozzle
The throat width of the supersonic nozzle is considered to be one of

the most critical geometric parameters of the gas atomiser.
Atomisations Cu-12 to Cu-21 have been performed using the 0.6∙Lo
gas nozzle whereas the 0.77∙Lo gas nozzle has been used in the
atomisations Cu-22 to Cu-29. Themedian particle size of these powders
as a function of the inlet pressure is compared in Fig. 7,wherefiner pow-
ders are commonly obtained at the same atomising pressure when the
throat width of 0.77∙Lo is employed. Differences of up to 20 μm can be
noticed in the D50 of the powders produced at the same inlet pressure.
Similar to what occurs with the atomising pressure, an increase of this
geometric variable provides higher mass flow rates of gas, higher veloc-
ities in the atomisation chamber and longer supersonic plumes, so the
fragmentation process is enhanced [35]. It is observed in Fig. 8 that
the experimental data of D50 and σLN correlate better once again with
GMR thanwith the inlet pressure. However, if the data of D50 at the low-
est GMR values are carefully examined (inset in Fig. 8), it is detected
that some powders produced under practically identical GMR present
quite different median particle sizes. Consequently, there must be
other variables, apart fromGMR, that affect the particle size distribution
of gas atomised powders.

When the simultaneous influence of the inlet pressure and the
throat width on the gas flow dynamics was studied numerically, it
was observed that the predicted mass flow rates and velocities always
varied proportionally, regardless of the specific combination of values
of these two variables. The smaller the amount of gas introduced into
the atomisation chamber, the smaller its velocity and vice versa [35].
Therefore, it was suggested that the simplest option to compare pow-
ders produced with different gas atomisers was to use the mass flow
rate (or the velocity) as the main variable of the gas. Fig. 9 shows D50

as a function of GMR for different values of themassflow rate (or the ve-
locity) of the gas. The values of the velocities in the legend correspond to
the maximum velocities in the axis of the computational domain



Fig. 1. Photographs taken during the experiments and the resulting products (Cu, gas N2, throat width = 0.77∙Lo and ΔT = 200 °C).
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calculated numerically. It is observed that the use of low gas flow rates
always provides low GMR values, so it is very difficult to obtain fine
powders under these conditions. Thanks to this graph, it is also clear
that finer powders are obtained at the same GMR ratio when the mass
flow rate (or the velocity) of the atomising gas is increased. The arrows
in Fig. 9 visually indicate this effect. This point can be explained by con-
sidering that higher gas flow rates also mean higher velocities and lon-
ger supersonic plumes, so they enable more kinetic energy to be
transferred to the melt. The influence of this variable gradually de-
creases at higher values. CFD simulations have already demonstrated
that there is a point at which a systematic increase of the gas flow rate
barely affects the velocity of the gas. Consequently, even if the melt
flow rate could be adjusted to achieve identical GMR values with two
very different gas flow rates, the produced powder would present dif-
ferent particle size distributions due to the influence of the gas velocity,
which is not considered inside the GMR. Therefore, it is fair to conclude
Fig. 2. D50 (left) and σLN (right) of Cu powders as a function of the

5

that the GMR parameter does not fully capture the complexity of the
atomisation process.

3.2.4. The melt superheat
The superheat of themelt decreases its density, viscosity and surface

tension and prolongs the solidification time of the droplets, thus
enhancing the secondary atomisation stage. In order to analyse the
influence of the superheat on the particle size distribution, five
atomisations with identical processing variables and increasing super-
heat temperatures are compared in this section (atomisations Cu-30
to Cu-33 and Cu-16 listed in the Appendix). No powder was produced
in the experiment with a superheat of 25 °C because the melt froze at
the exit of the melt nozzle. The minimum superheat for a successful
atomisation was 55 °C. The reduction in melt viscosity associated with
higher superheats hardly affected the resulting metal mass flow rate.
Therefore, the GMR values obtained in these experiments were
inlet N2 pressure (throat width = 0.77∙Lo and ΔT = 200 °C).



Fig. 3. D50 (left) and σLN (right) of Cu powders as a function of GMR (gas N2, P = 10–60 bar, throat width = 0.77∙Lo and ΔT = 200 °C).

Fig. 4.Measuredmeltmass flow rates (mm) in Cu atomisations as a function of the inlet N2

pressure at two different overpressures ΔP = 0.25 bar or 0.4 bar (throat width = 0.6∙Lo
and ΔT = 200 °C).
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practically identical and the differences found in the particle size distri-
bution are directly linked to the superheat. As shown in Fig. 10, the cop-
per powders show a decrease of D50 and D90 with the superheat for
values below 100 °C. However, no further refinement beyond this
value is noted. Ünal [33] also observed that a higher superheat slightly
reduced the particle size of the powders. Somewhat wider particle
size distributions are also measured when the superheat is increased,
as σLN increases in Fig. 10.

Powders produced by gas atomisation present a near-spherical par-
ticle morphology. Some satellites are usually observed attached to the
surface of coarse particles [15] and some powders could also present
Fig. 5. D50 (left)and σLN (right) of Cu powders as a function of the inlet N2 pressure at two di

6

aggregates of fine particles [27]. These defects are produced by the re-
entry of fine particles into the atomisation zone during the process
[37]. Satellites are formed when small solid particles weld on a large
semisolid particle, whereas aggregates are formed when many small
semisolid particles weld together. The height and diameter of the
atomisation chamber could affect their formation [29]. The presence of
satellites and aggregates is undesirable because they widen the particle
size distribution, increase the median particle size, increase the irregu-
larity of the powders, and reduce the effective packing and flowability
of the resulting powders. Moreover, they can become an important
source of defects in final components.

Fig. 11 displays micrographs of several size fractions separated by
sieving two copper powders produced using different superheats. By
inspecting the copper powders produced with a superheat of 200 °C, it
is observed that the particles of the finest fractions have a predomi-
nantly spherical shape and a smooth surface, and they are practically
free of surface defects. However, the particles of the coarsest fractions
are more irregular, their surface is not smooth, they show a high num-
ber of satellites on their surface and fewfineparticles aggregates are vis-
ible. In contrast, the copper powder obtainedwith a superheat of 500 °C
presents a much higher concentration of aggregates, even in the fine
fractions. In other words, the tendency to form satellites and aggregates
increases with the superheat. The previously remarked lack of further
refinement when higher superheats are employed (see Fig. 10) can be
related to this increasing aggregation of fine particles. Although the
number of large spherical particles is reduced, the formation of aggre-
gates is favoured with higher melt pouring temperatures. For this rea-
son, lower D90 values are not actually obtained when the superheat is
increased. The aggregation also explains the slight increase of σLN

in Fig. 10.
fferent overpressures ΔP = 0.25 bar or 0.4 bar (throat width = 0.6∙Lo and ΔT = 200 °C).



Fig. 6.D50 (left) andσLN (right) of Cu powders as a function of GMR at two different overpressuresΔP=0.25 bar or 0.4 bar (gasN2, P=30–60 bar, throatwidth=0.6∙Lo andΔT=200 °C).
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Another interesting feature related to themelt superheat is detected
by comparing the particle size distributions of the tin powders produced
in atomisations Sn-6 and Sn-8. In these experiments, two different su-
perheats were employed (74 and 500 °C, respectively), but practically
identical GMR values of 3.2 were obtained, so any difference in the par-
ticle size distributions is linked to themelt pouring temperature. Fig. 12.
a reveals that an increase of themelt superheat slightly reduces theme-
dian particle size. However, the decrease of D90 is more important. This
means that the number of tin coarse particles is clearly reduced and, as a
result, a narrower particle size distribution is also obtained. The same
trend is observed when comparing the powders of atomisations Sn-3
(186 °C), Sn-5 (74 °C) and Sn-7 (200 °C), in which fairly similar GMR
values between 1.47 and 1.76 were obtained (see Fig. 12.b).

The same refinement observed with tin powders was not observed
with copper due to the detected aggregation. In fact, the micrographs
in Fig. 13 show that tin powders do not show aggregates and they also
present fewer satellites.

Fig. 14 shows the morphology of an iron powder. It is corroborated
that this material does not form aggregates of particles as copper does.
The micrographs also illustrate that coarse particles present a higher
amount of satellites attached to their surface than fine particles. This is
explained by considering that the gas atomised particles of different
size cool at different rates, typically in the range from 104 to 106 K/s
[6]. The coarse particles need more time to solidify, so the probability
of colliding with the fine particles dragged by the internal recirculation
loops is clearly enhanced.

3.2.5. The atomising gas
Previous atomisationswere conductedwith nitrogen. Ten additional

experiments, atomisations Cu-34 to Cu-43, have been performed with
argon and heliumat increasing inlet pressures. Althoughmany different
Fig. 7. D50 (left) and σLN (right) of the Cu powders as a function of the inlet N2
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inert gases can be used as atomising fluids, the most common ones are
nitrogen, argon and helium. Due to its lower cost, nitrogen is the pre-
ferred choice. When atomising materials reactive with nitrogen, argon
is usually employed. The use of helium is expensive, but its high thermal
conductivity enhances the cooling rate of the particles, helping to obtain
amorphous structures [2]. As shown in the Appendix, the runs with
helium at 50 and 60 bar using a superheat of 200 °C were unsuccessful
because themelt solidified at the nozzle exit. Two photographs of a cop-
per freeze around themelt nozzle are presented in Fig. 15, showing that
the strong cooling power of helium caused the solidification of the liq-
uid melt during the process. Additionally, the σLN of the powders pro-
duced with helium at 30, 40 and 45 bar using a superheat of 200 °C is
much higher than those obtained in the rest of experiments, suggesting
a premature solidification of the droplets. When the superheat was in-
creased to 350 °C (experiment Cu-43), the melt did not freeze even
though the atomisation was conducted with helium at 60 bar. More-
over, the resulting powder showed a normal σLN value of 1.99. There-
fore, it is corroborated that higher superheats are necessary when
atomising with helium.

Fig. 16 shows the variation of D50 andσLN of all copper powderswith
respect to the GMR parameter. The abnormally high values of σLN ob-
tained using helium with a superheat of 200 °C stand out (encircled).
Finer powders and narrower particle size distributions are obtained
when GMR increases for the three atomising gases. It is worth
remarking the great influence of the atomising gas on the particle size
distribution here. For a given value of GMR, helium provides the finest
powder and the narrowest distribution, argon yields the coarsest pow-
der and the widest distribution, and nitrogen gives values in-between.
This trend is directly related to the molecular weight of the gases,
since helium is the lightest, argon is the heaviest and nitrogen is in-
between. This suggests that the GMR parameter, despite its usefulness
pressure for two different throat widths = 0.6∙Lo or 0.77∙Lo (ΔT = 200 °C).



Fig. 8. D50 (left) and σLN (right) of Cu powders as a function of GMR for two different throat widths = 0.6∙Lo or 0.77∙Lo (gas N2, P = 20–60 bar and ΔT = 200 °C).
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when comparing powders produced under different atomising condi-
tions, does not capture such essential differences in the atomisations
carried out with different gases.

CFD simulations predicted that themass flow rate of argon is slightly
superior to that of nitrogen, whereas the helium mass flow rate is the
lowest under the same atomising conditions. However, the opposite
trendwas obtained for the volumetric flow rates.Whereas the volumet-
ric flow rates of argon and nitrogen were relatively similar, the simula-
tion with helium predicted a consumption of gas that was practically
three times larger (Urionabarrenetxea et al., 2013). These facts suggest
that the particle sizemay correlate better with the gas-to-metal volume
flow rates ratio (GMRV) than with the gas-to-metal mass flow rates
ratio (GMR). The GMRV parameter is easily calculated through the fol-
lowing expression:

GMRV ¼ GMR ∙
ρm

ρg
ð5Þ
Fig. 9. D50 of the Cu powders as a function of GMR obtained with different gas mass flow rates
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The density values of the atomising gas (ρg) under normal condi-
tions and the melt (ρm) at the furnace temperature are listed in
Tables 1 and 2, respectively. When D50 and σLN are represented as a
function of GMRV, the graphs of Fig. 17 are obtained. These descriptors
of the particle size distribution correlate very well with GMRV, even if
the powders were produced under different conditions, including the
use of different atomising gases. The only data that does not properly
match is that coming from the atomisations with helium using a super-
heat of 200 °C due to the premature freezing of the melt, as previously
explained.

Dunkley [7] proposed almost two decades ago that the analysis of
atomisation on the basis of a dimensionless volume gas/volume metal
would prove more interesting in the future. This work clearly confirms
Dunkley's hypothesis and the usefulness of the GMRV parameter.

The use of the average GMRV as a fundamental variable to describe
the gas atomisation process exhibits several limitations. Firstly, while
GMR is constant throughout the process, GMRV closely depends on
(or velocities) (gas N2, P= 20–60 bar, throat width = 0.6∙Lo or 0.77∙Lo and ΔT = 200 °C).



Fig. 10. D50 and D90 (left) and σLN (right) of Cu powders as a function of melt superheat (gas N2, P = 50 bar, ΔP = 0.25 bar and throat width = 0.77 Lo).
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the density of the gas, which in turn depends on the average (or “effec-
tive”) temperature of the gas in the atomisation zone. This effective
temperature is very difficult to obtain either experimentally or by nu-
merical methods. So far, there is not reliable data or model [41]. In this
study, the problem was overcome by calculating the density at the
same temperature of 20 °C in all the experiments. Nevertheless, it is ob-
vious that the real effective temperature should be much higher. Addi-
tionally, it is not the same for the different gases, since the effective
heat transfer coefficient depends on the velocity field and other proper-
ties such as viscosity, heat capacity and thermal conductivity, which are
gas dependent.

Secondly, the influence of the gas velocity, which was remarked in
section 3.2.3, must be discussed in more detail. One of the reasons
why GMRV seems to be a better variable than GMR is because it some-
how includes the influence of the gas velocity. The average volumetric
flow rate in GMRV is equal to the cross-sectional area of the gas flow
multiplied by the average velocity magnitude. CFD simulations pre-
dicted that helium would give much higher velocities and longer
Fig. 11. Micrographs from different size fractions of two Cu powders obtained applying diff
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supersonic plumes than nitrogen and argon, so it may enable the trans-
fer of more kinetic energy to the melt and produce finer powders
(Urionabarrenetxea et al., 2013). The reason for this is related to the
high sonic velocity of helium, which practically triples the sonic veloci-
ties of nitrogen and argon (for example, at a temperature of 0 °C, the
sonic velocity of helium, nitrogen and argon is 970, 334 and 319m/s, re-
spectively). Excluding the atomisations with helium using a superheat
of 200 °C, Fig. 17 shows that the hypothetical curve for helium (red di-
amonds) may be located slightly below the nitrogen line due to its
higher velocity. On the other hand, the curve for argon (green triangles)
may be located slightly above due to its lower velocity. Of course, these
small jumps may be also attributed to the fact that the calculated aver-
age GMRV does not account for thedifferent effective temperature of the
gases. Nevertheless, the possible influence of the different velocityfields
circumscribed to the atomisation zone should not be excluded in future
analyses.

Despite the limitations explained in the previous paragraphs, the use
of GMRV as a main variable to describe the principle trend of particle
erent melt superheats (gas N2, P = 50 bar, ΔP = 0.25 bar and throat width = 0.77 Lo).



Fig. 12. D50 and D90 of Sn powders as a function of melt superheat.
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size in gas atomisation is endorsed by the clear correlation shown in
Fig. 17.

3.2.6. Effect of melt composition
The results presented in previous sections have allowed for

analysis of the influence of the most important operational and
geometric variables of the gas atomisation process during the
production of copper powders. However, it is a well-known fact
that the physicochemical properties of the melt also affect the
resulting particle size distribution. Therefore, the influence of
melt composition has been studied by performing other experi-
ments using tin, iron, bronze Cu-15 wt% Sn and stainless steel SS
316 L, as shown in the Appendix. The three iron atomisations
using helium (experiments Fe-5, Fe-6 and Fe-7) were blocked
Fig. 13. Micrographs from different size fractions of two Sn powders obtained applying dif
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due to melt freeze-up even at a low inlet pressure of 30 bar (see
Fig. 18). The applied superheat of 165 °C is clearly insufficient,
but it was not possible to increase it due the melting equipment's
limitations.

Fig. 19 shows D50 and σLN as a function of the new parameter GMRV.
The influence of GMRV is more noticeable at lower values, i.e. the slope
of the curves decreases graduallywith this ratio until it barely affects the
particle size. For the same GMRV, tin produces the finest powders with
the narrowest distributions, whereas the SS 316 L gives the coarsest
with the widest distributions, and copper values are in-between. This
trend correlates with the surface tension and the viscosity of the melts
reported in Table 2, i.e. the fragmentation of the melt is easier (or re-
quires less energy transfer from the gas) when the surface tension and
viscosity are lower.
ferent melt superheats (gas N2, P = 60 bar, ΔP = 0.25 bar and throat width = 0.6∙Lo).



Fig. 14.Micrographs of an iron powder (gas N2, P = 60 bar, ΔP = 0.25 bar, throat width = 0.6∙Lo and ΔT = 165 °C).

Fig. 15. Atomisation blocked due to Cu freeze around the melt nozzle (gas He, P = 50–60 bar, ΔP = 0.25 bar, throat width = 0.6∙Lo and ΔT = 200 °C).
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3.3. Empirical correlations

In this section, the accuracy of Lubanska's, Rao and Mehrotra's
and Kishidaka's modified empirical correlations to predict the median
particle size of the powders, depending on the atomising condi-
tions, is analysed. The following data is required in order to use these
expressions:

• The melt stream diameter dm, which coincides with the diameter of
the melt nozzle and is 2.5 mm in all the experiments.
Fig. 16. D50 (left) and σLN (right) of Cu powders atomised with different gases as a function of
55–200 °C).
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• The melt and gas mass flow rates (mm and mg, respectively) of each
atomisation, which are listed in the previous Appendix.

• The kinematic viscosities of both fluids (νm and νg), which have been

calculated from the values in Tables 1 and 2, since νm ¼ μm
ρm

and νg ¼ μg

ρg
.

• The melt density (ρm), dynamic viscosity (μm) and surface tension
(σm), which are given in Table 2.

• The gas velocity, which has been obtained from CFD simulations.
Table 4 shows the velocities used in the calculations as a function
GMR (P= 10–60 bar, ΔP = 0.25 bar or 0.4 bar, throat width = 0.6∙Lo or 0.77 Lo and ΔT =



Fig. 17. D50 (left) and σLN (right) of Cu powders atomised with different gases as a function of GMRV (P= 10–60 bar,ΔP= 0.25 bar or 0.4 bar, throat width= 0.6∙Lo or 0.77 Lo and ΔT=
55–200 °C).

Fig. 18. Atomisations blocked due to Fe freeze around the melt nozzle, conducted at different inlet He pressures (ΔP = 0.25 bar, throat width = 0.6∙Lo and ΔT = 165 °C).

Fig. 19. D50 (left) and σLN (right) as a function of GMRV of Cu, Sn, Fe, bronze Cu-15 wt% Sn and SS 316 L powders produced under diverse atomising conditions (see Appendix).
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Table 4
Gas velocities used in the empirical correlations.

Nitrogen Argon Helium

mg (g/s) Ug (m/s) mg (g/s) Ug (m/s) mg (g/s) Ug (m/s)

19.6 325 29.8 325 8.9 1090
22.8 390 39.8 355 11.8 1180
29.4–30.4 470 49.7 375 16.6 1250
34.1 485 59.6 380 17.8 1290
37.9–39.2 500 68.2 400
41.7 510
45.5 520
49.0 550
52.0 570
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of the gas mass flow rate. These velocities are the maximum values
calculated in the axis of the computational domain.

Lubanska's correlation contains one adjustable parameter (K1), Rao
and Mehrotra's two parameters (K2 and “m”) and Kishidaka's correla-
tion modified to be used in gas atomisation has four parameters (K3,
“a”, “b” and “c”). These parameters are calculated by fitting the experi-
mental data using the least squares regression techniques available in
Matlab software [19]. Table 5 presents the values of the different param-
eters which provide the best fitting, mean and maximum absolute er-
rors, and the coefficients R2 and Radj

2 , which measure the goodness of
the adjustment. The main difference between R2 and Radj

2 is that the
Radj
2 takes into account the number of parameters used to achieve the

adjustment, while R2 does not. For this reason, it is more convenient
to compare the accuracy of the three correlations using Radj2 . Themedian
particle size of the different powders is comparedwith the values calcu-
lated using the empirical correlations in Fig. 20.

Lubanska's correlation fails to predict themedian particle size of the
powders atomised with helium. Moreover, the fitting obtained for tin
and iron powders is not good, either. As a result, the value of Radj2 is
very low. Despite the fact that the mean error made with this equation
is only around 9 μm, high errors of up to 43 μm are observed. The value
of K1 obtained in this study is far from those reported by Lubanska [14],
whichwere between 40 and 50, because this parameter is characteristic
of each atomisation unit. The errors and Radj

2 value obtained with the
correlation of Rao and Mehrotra are quite similar to those of Lubanska.
The mean error is the same, the maximum error is slightly reduced
and the Radj

2 value is slightly higher, but still low. Rao and Mehrotra
[24] reported values between 6 and 12 for the parameter K2 and be-
tween 0.26 and 0.3 for the parameter m, similar to the values obtained
in this case. Finally, Kishidaka's modified correlation provides the best
predictions. The mean and maximum errors are reduced up to 4 and
18 μm, respectively. The sign of each of the parameters is also consistent
with the physical meaning of the corresponding dimensionless num-
bers. Finally, Radj2 is close to 0.9, showing a significant association be-
tween the variables of the model and the median particle size.
Consequently, it is evident that Kishidaka's modified equation is the
most reliable to predict the median particle size of the powders pro-
duced with the atomisation unit used in this study.
Table 5
Values of the parameters that best fit the experimental data and the obtained absolute
errors.

Correlation Parameters Emean

(μm)
Emax

(μm)
R2 R2

adj

Lubanska K1 = 123.82 9 43 0.365 0.353
Rao and
Mehrotra

K2 = 7.33 m = 0.34 9 36 0.428 0.408

Kishidaka K3 = 42.09 a=−0.34
b = −0.18 c = −0.42

4 18 0.885 0.877

Fig. 20. Calculated v.s. experimental D50 values (see Appendix for the experimental
conditions).
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Due to the good correlation observed which describes the
trend of particle size in gas atomisation with the GMRV, new cor-
relations may be proposed using this parameter in the future. It
could lead to simpler correlations with less parameters. However,
it would be convenient to first address the limitations discussed in
section 3.2.5.
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4. Conclusions

a) It is demonstrated the reproducibility of gas atomisation using close-
coupled, convergent-divergent gas nozzles, i.e. the ability of the pro-
cess to produce metal powders with similar properties.

b) It is shown that the GMRV parameter is a more significant variable
than the GMR parameter to describe the variation of the particle
size distribution when other indirect variables are modified (e.g.
the inlet pressure, the throat area of the gas nozzle, the melt over-
pressure or the atomising gas).

c) Determining the minimum superheat to produce powder by gas
atomisation is a complex problem that depends on many different
factors such as the atomising gas, the inlet pressure, the mass flow
rates of melt and gas, the materials, the design of the atomiser or
even themelt liquidus temperature. However, the experiments con-
ducted in this study allow for the stablishing of some general rules.
For example, a minimum superheat of 100 °C is sufficient in the
case of copper atomised with nitrogen, but a superheat of 200 °C is
low with helium because the efficiency of the process is clearly re-
duced or the atomisation is stopped due to freeze-up.

d) Atomising with higher melt superheats reduces the number of large
spherical particles in the powders, so the D90 value should decrease.
However, this effect is not detected with copper powders because
the use of a higher superheat with this material also favours the for-
mation of fine particles aggregates.

e) For the sameGMRV, finer powderswith narrower particle size distri-
butions are produced when the viscosity and surface tension of the
melt is lower.

f) Kishidaka's empirical correlation, modified to be applied in gas
atomisation, is themost reliable equation to predict themedian par-
ticle size of the powders produced in this work.
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g) The particles from the finest fractions have a predominantly
spherical shape, a smooth surface and are practically free of sur-
face defects. However, the particles of the coarser fractions are
more irregular, their surface is not smooth, they show a high
number of satellites and include a significant fraction of aggre-
gates of fine particles.
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Appendix
Details of the atomisation runs performed as well as themass flow rates of both the gas and themelt, the resulting GMR and themain parameters of
the particle size distributions of the produced powders.
Atomisation
 Gas
 P (bar)
 Throat width
 ΔP* (bar)
 ΔΤ (°C)
 mg (g/s)
 mm (g/s)
 GMR
 D10 (μm)
 D50 (μm)
 D90 (μm)
 σLN
u-1
 N2
 55
 0.6∙Lo
 0.25
 117
 41.7
 31.8
 1.31
 13
 40
 109
 2.09

u-2
 N2
 55
 0.6∙Lo
 0.25
 117
 41.7
 22.7
 1.84
 9
 35
 83
 1.97

u-3
 N2
 55
 0.6∙Lo
 0.25
 117
 41.7
 22.2
 1.88
 13
 38
 90
 1.87

u-4
 N2
 55
 0.6∙Lo
 0.25
 117
 41.7
 25.2
 1.66
 17
 42
 115
 1.99

u-5
 N2
 55
 0.6∙Lo
 0.25
 117
 41.7
 24.4
 1.71
 16
 41
 104
 1.93

u-6
 N2
 55
 0.6∙Lo
 0.25
 117
 41.7
 29.8
 1.40
 15
 41
 101
 1.92

u-7
 N2
 55
 0.6∙Lo
 0.25
 117
 41.7
 18.8
 2.22
 10
 36
 87
 1.95

u-8
 N2
 55
 0.6∙Lo
 0.25
 117
 41.7
 22.4
 1.87
 13
 39
 99
 1.95

u-9
 N2
 55
 0.6∙Lo
 0.25
 117
 41.7
 23.8
 1.76
 14
 40
 102
 1.99

u-10
 N2
 55
 0.6∙Lo
 0.25
 117
 41.7
 27.9
 1.50
 16
 39
 98
 1.88

u-11
 N2
 55
 0.6∙Lo
 0.25
 117
 41.7
 29.6
 1.41
 16
 42
 117
 2.03
u-12
 N2
 10
 0.77∙Lo
 –
 200
 9.8
 53.6
 0.18
 –
 –
 –
 –

u-13
 N2
 20
 0.77∙Lo
 –
 200
 19.6
 48.4
 0.41
 28
 77
 211
 2.13

u-14
 N2
 30
 0.77∙Lo
 –
 200
 29.4
 45.5
 0.65
 19
 55
 141
 2.08

u-15
 N2
 40
 0.77∙Lo
 –
 200
 39.2
 49.3
 0.80
 16
 45
 136
 2.22

u-16
 N2
 50
 0.77∙Lo
 –
 200
 49.0
 40.2
 1.22
 10
 39
 103
 2.09

u-17
 N2
 50
 0.77∙Lo
 –
 200
 49.0
 25.4
 1.93
 11
 37
 82
 1.89

u-18
 N2
 50
 0.77∙Lo
 –
 200
 49.0
 22.9
 2.14
 8
 28
 53
 1.77

u-19
 N2
 50
 0.77∙Lo
 –
 200
 49.0
 17.2
 2.86
 8
 26
 52
 1.74

u-20
 N2
 50
 0.77∙Lo
 –
 200
 49.0
 9.3
 5.27
 6
 21
 44
 1.68

u-21
 N2
 60
 0.77∙Lo
 –
 200
 58.9
 –
 –
 –
 –
 –
 –
u-22
 N2
 30
 0.6∙Lo
 0.25
 200
 22.8
 37.5
 0.61
 20
 67
 216
 2.55

u-23
 N2
 40
 0.6∙Lo
 0.25
 200
 30.4
 23.8
 1.27
 17
 44
 104
 2.08

u-24
 N2
 50
 0.6∙Lo
 0.25
 200
 37.9
 21.7
 1.75
 7
 33
 95
 2.11

u-25
 N2
 60
 0.6∙Lo
 0.25
 200
 45.5
 13.8
 3.30
 4
 23
 62
 1.95

u-26
 N2
 30
 0.6∙Lo
 0.4
 200
 22.8
 48.0
 0.47
 28
 74
 234
 2.23

u-27
 N2
 40
 0.6∙Lo
 0.4
 200
 30.4
 39.0
 0.78
 12
 53
 166
 2.43

u-28
 N2
 50
 0.6∙Lo
 0.4
 200
 37.9
 22.5
 1.68
 8
 40
 110
 2.28

u-29
 N2
 60
 0.6∙Lo
 0.4
 200
 45.5
 14.8
 3.08
 4
 22
 57
 1.91
u-30
 N2
 50
 0.77∙Lo
 0.25
 25
 49.0
 –
 –
 –
 –
 –
 –
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continued)
Atomisation
C
C
C

C
C
C
C
C
C
C
C
C
C

S
S
S
S
S
S

S
S
S
S
S
S
S
S

F
F
F
F
F
F
F

B

Gas
 P (bar)
 Throat width
 ΔP* (bar)
 ΔΤ (°C)
1

mg (g/s)
5

mm (g/s)
 GMR
 D10 (μm)
 D50 (μm)
 D90 (μm)
 σLN
u-31
 N2
 50
 0.77∙Lo
 0.25
 55
 49.0
 39.1
 1.25
 21
 51
 130
 1.95

u-32
 N2
 50
 0.77∙Lo
 0.25
 100
 49.0
 38.8
 1.26
 13
 43
 104
 2.01

u-33
 N2
 50
 0.77∙Lo
 0.25
 500
 49.0
 40.5
 1.21
 12
 41
 108
 2.09
u-34
 Ar
 30
 0.6∙Lo
 0.25
 200
 29.8
 51.5
 0.58
 24
 96
 347
 2.48

u-35
 Ar
 40
 0.6∙Lo
 0.25
 200
 39.8
 29.8
 1.34
 14
 58
 148
 2.33

u-36
 Ar
 50
 0.6∙Lo
 0.25
 200
 49.7
 29.0
 1.71
 13
 52
 133
 2.16

u-37
 Ar
 60
 0.6∙Lo
 0.25
 200
 59.6
 12.0
 4.99
 9
 30
 65
 1.91

u-38
 He
 30
 0.6∙Lo
 0.25
 200
 8.9
 30.5
 0.29
 10
 53
 191
 2.87

u-39
 He
 40
 0.6∙Lo
 0.25
 200
 11.8
 35.9
 0.33
 7
 42
 165
 3.00

u-40
 He
 45
 0.6∙Lo
 0.4
 200
 13.3
 30.4
 0.44
 6
 36
 143
 2.97

u-41
 He
 50
 0.6∙Lo
 0.25
 200
 14.8
 –
 –
 –
 –
 –
 –

u-42
 He
 60
 0.6∙Lo
 0.25
 200
 17.8
 –
 –
 –
 –
 –
 –

u-43
 He
 60
 0.6∙Lo
 –
 350
 17.8
 31.2
 0.57
 5
 18
 46
 1.99
S 316 L-1
 N2
 30
 0.6∙Lo
 0.25
 260
 22.8
 48.3
 0.47
 21
 77
 246
 2.63

S 316 L-2
 N2
 45
 0.6∙Lo
 0.25
 260
 34.1
 13.6
 2.52
 8
 37
 103
 2.29

S 316 L-3
 N2
 45
 0.6∙Lo
 0.25
 260
 34.1
 14.9
 2.29
 8
 37
 102
 2.26

S 316 L-4
 N2
 60
 0.6∙Lo
 0.25
 260
 45.5
 11.4
 3.98
 7
 32
 79
 2.13

S 316 L-5
 Ar
 60
 0.6∙Lo
 0.25
 260
 59.6
 11.6
 5.13
 7
 33
 83
 2.17

S 316 L-6
 He
 60
 0.6∙Lo
 0.25
 260
 17.8
 25.2
 0.71
 5
 26
 82
 2.27
n-1
 N2
 20
 0.77∙Lo
 –
 74
 19.6
 80.6
 0.24
 32
 82
 214
 2.18

n-2
 N2
 30
 0.77∙Lo
 –
 74
 29.4
 63.0
 0.47
 25
 56
 137
 1.94

n-3
 N2
 50
 0.77∙Lo
 –
 186
 49.0
 27.9
 1.76
 5
 15
 38
 2.16

n-4
 N2
 30
 0.6∙Lo
 0.25
 74
 22.8
 35.9
 0.63
 11
 44
 105
 2.04

n-5
 N2
 45
 0.6∙Lo
 0.25
 74
 34.1
 23.2
 1.47
 8
 24
 53
 1.89

n-6
 N2
 60
 0.6∙Lo
 0.25
 74
 45.5
 14.2
 3.22
 4
 13
 35
 1.99

n-7
 N2
 60
 0.6∙Lo
 0.25
 200
 45.5
 28.5
 1.60
 4
 14
 44
 2.17

n-8
 N2
 60
 0.6∙Lo
 0.25
 500
 45.5
 14.2
 3.20
 3
 10
 23
 1.36
e-1
 N2
 44
 0.91∙Lo
 0.25
 165
 52.0
 32.2
 1.61
 9
 39
 102
 2.18

e-2
 N2
 60
 0.6∙Lo
 0.25
 165
 45.5
 24.5
 1.86
 6
 33
 74
 1.98

e-3
 Ar
 44
 0.91∙Lo
 0.25
 165
 68.2
 14.3
 4.78
 8
 31
 67
 1.80

e-4
 Ar
 60
 0.6∙Lo
 0.25
 165
 59.6
 18.5
 3.22
 9
 36
 79
 1.98

e-5
 He
 30
 0.6∙Lo
 0.25
 165
 8.9
 –
 –
 –
 –
 –
 –

e-6
 He
 50
 0.6∙Lo
 0.25
 165
 14.8
 –
 –
 –
 –
 –
 –

e-7
 He
 60
 0.6∙Lo
 0.25
 165
 17.8
 –
 –
 –
 –
 –
 –
ronze-1
 N2
 30
 0.77∙Lo
 0.25
 179
 29.4
 44.1
 0.67
 12
 42
 157
 2.76

ronze-2
 N2
 50
 0.77∙Lo
 0.25
 444
 49.0
 35.7
 1.37
 18
 37
 94
 1.81
B
ΔP*: In some experiments, the overpressure applied to the melt is unknown because the aspiration pressure in the melt feed tube was not measured before the atomisation.
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