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Close-Coupled Gas Atomization (CCGA) is often used to produce spherical metal powders with a 
wider Particle Size Distribution (PSD) (10 – 500 µm) compared to that required by the main Additive 
Manufacturing processes (10 – 105 µm). This work presents an accuracy evaluation of a mathematical 
model based on the Lubanska equation to predict the d50 for CCGA. Atomization experiments of 316L 
steel were conducted to evaluate the tip diameter and atomization gas pressure effects on PSD and, 
the d50 experimental results were used as the reference to the mathematical model evaluation. The 
mathematical model accuracy could be improved by: (i) considering the backpressure phenomenon 
for the metal flow rate calculation, since it was an important inaccuracy source; (ii) reviewing the tip 
diameter effect, which had a lower impact on d50 than that predicted by the Lubanska equation. The 
atomization gas pressure was the most influential parameter on d50 and d90 and the increase of the 
gas pressure led to a significant reduction in PSD and, consequently, increased yield.

Keywords: close-coupled gas atomization, additive manufacturing, 316L powder, Lubanska 
equation, process parameters.

1. Introduction
Close-Coupled Gas Atomization (CCGA) is often used to 

produce fine and spherical metal powders, highly needed for 
Additive Manufacturing (AM) of metallic alloys. Nevertheless, 
the Particle Size Distribution (PSD) of these powders produced 
by gas atomization is wide (10 – 500 µm)1, and the main 
AM processes use narrower ranges, for example, 10 – 45 µm 
for Powder Bed Fusion (PBF) and 45 - 105 µm for Direct 
Energy Deposition (DED). As a consequence, the powder 
residue rate is between 65%2 to 85%3. Anderson et al.3 affirm 
that, currently, one of the main research objectives in the 
powder production process for AM is to duplicate the yield 
in the particle size range 10 – 105 µm.

In CCGA with discrete jets, the metallic alloy is melted 
in a reservoir that contains a tube that guides the metal 
flow to the atomization chamber, which consists of a melt 
feed nozzle and a gas die around the melt tip feed. In this 
chamber, the gas flow (e.g. air, nitrogen or argon) exits 
through individual jets in a matrix just below the tip of the 
melt feed nozzle and the gas expands around the melt stream, 
leading to a strong depressurization and disintegration of 
the liquid metal. The high-speed gas jet transfers kinetic 
energy to the metal flow and forms liquid metal droplets, 
which subsequently solidify to form spherical particles4,5. 
Short distances between the gas exit and melt stream favor 
energy transfer and, hence, the smaller droplets formation. 
In this type of nozzle, the volume of gas consumed is small 

due to the small gas outlet area, allowing the use of high 
pressure of atomization gas and better control and refinement 
of the particle size6-8.

The median particle size (d50) given by Lubanska 
equation is dependent of process variables, such as liquid 
metal outlet area, gas outlet area, gas pressure, pressure in 
the fusion chamber and melt superheat. The gas and metal 
temperature and their chemical compositions influence 
physicochemical properties (e.g. viscosities, densities and 
melt surface tension) and, consequently, the particle size, 
because it determine the heat exchange4,9-11.

The d50 is also influenced by Gas-Metal Ratio (GMR). 
Particle size decreases by increasing GMR. The gas mass 
flow rate ( G ) is adjusted by the gas outlet area and the gas 
pressure. Increasing the gas pressure, the gas kinetic energy is 
also increased which leads to a higher action distance of the 
gas on the melt stream, increasing the secondary atomization 
and, thus, reducing the particle size. The liquid metal mass 
flow rate ( M ) can be adjusted by some process parameters: 
melt tip diameter, metallostatic pressure and pressurizing the 
fusion chamber6,12. The tip diameter reduction increases the 
resistance to metal flow and, consequently, the metal flow 
decreases. The fusion chamber pressure is mainly applied 
to maintain the metal flow constant and avoid clogging due 
to the backflow caused by the effect of the backpressure on 
the tip in close-coupled nozzles.

The backpressure is one of the main causes of the metal 
flow clogging in the guide tube by pushing the metal in the *e-mail: flavia.costa@outlook.com
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opposite direction to its flow and freezing the metal due to 
the high speed of the gas at a low temperature near the metal 
nozzle13,14. According to Mates and Settles15, the backpressure 
is formed when the gas jet exits the Convergent-Divergent 
nozzle (C-D), accelerates and expands reaching supersonic 
velocity, generating a radial pressure gradient along the 
metal delivery tip base and forming a gas recirculation zone 
downstream of the tip. The gas pressure in the centerline, 
below the tip, also forces the metal to the edges where the 
gas flow with high kinetic energy reaches the metal and the 
atomization is more vigorous.

In CCGA, the main influence of GMR is on the width of 
the particle size distribution curve, given by the Inter Decil 
Range (IDR) of the cumulative curve16,17. The distribution 
curve can have a larger or smaller width depending on the 
frequency of oscillation and pulsation movements in the 
metal jet stream, which is also caused by the effect of the 
gas in this type of nozzle16,18,19. Therefore, gas atomization of 
liquid metal alloys is a process with many variables acting 
simultaneously that influence the resulting particle size, and 
it is important to understand the influence of atomization 
parameters process on the powders properties.

The comprehension of the particle formation process in 
gas atomization currently can be supported by Computational 
Fluid Dynamics (CFD) simulation. However, these simulations 
deal mainly with the study of gas flow, since the simulation 
of two fluids with different properties such as liquid metal 
and gas are considered complex20-23. Due to the difficulty 
of associating particle size with atomization parameters, 
analytical models based mostly on the Lubanska equation 
or equations derived from it are widely used to evaluate the 
influence of process variables on particle size, represented 
by d5024-29. The Lubanska equation is considered the most 
popular to predict the d50 presenting reasonable accuracy 
under various experimental conditions in gas atomization. 
Many authors suggest new equations or modifications in 
the Lubanska equation in order to predict d50 in different 
types of atomizers. These modified Lubanska equations 
consider the GMR as an input parameter that is often difficult 
to calculate because the existing empirical equations for 
gas and metal mass flows do not consider the phenomena 
occurring in CCGA. Urionabarrenetxea et al.30 affirm that 
the Kishidaka equation (modified Lubanska equation), 
which presented four adjustment parameters, is the most 
accurate for CCGA. However, it is crucial to consider that 
this equation was developed for water atomization in which 
backpressure phenomenon does not occur.

This work aims to present an empirical analytical model 
based on the Lubanska equation, which consists of a set 
of equations selected from the literature that best fit for a 
CCGA with discrets jets C-D nozzle. After the application 
of the model, experiments were applied to verify the model 
accuracy. In addition, the influence of the process parameters 
on the particle size distribution was verified by analyzing 
d10, d50 and d90 of the 316L atomized powder. Moreover, 
due to the rising demand for metal alloy powders for AM 
and the need to increase the yield for the particle size range 
for AM process such PBF and DED, the yield was evaluated 
as a function of the parameters.

2. Materials and Methods

2.1. Mathematical model
The mathematical model evaluated in the present work 

consists of a set of equations (Table 1) selected from the 
literature and applied to calculate the median particle size 
(d50). The equation used to calculate the d50 was the Lubanska 
equation31 (Equation 1) and is often used because takes into 
account the main parameters that influence the formation of 
particles in the gas atomization process and usually can be 
used for all types of atomizers as a first analytical approach 
for process evaluation32.

The physicochemical properties of the liquid metals in the 
Lubanska equation are temperature dependent. Equations 2 to 
4 also presented in other works33,34 to calculate the 316L steel 
properties at high temperature were used to estimate the viscosity 
ηm (m2/s), surface tension σm (N/m) and density ρm (kg/m3) at 
the temperature used in the present atomization experiments.

The calculation of the gas jet velocity (Ug) is done by 
applying Equation 5. The gas flow is an isentropic process, 
which means that the gas velocity is a function of the type 
of atomizing gas (nitrogen, argon, etc.), its temperature and 
the atomization pressure. This equation can be used in gas 
atomization analytical models for convergent-divergent 
nozzles, and its results were considered as a reference to 
estimate the gas velocity at the outlet point of the nozzle35. 
It is known that the gas velocity is also a function of the 
position considering the atomization nozzle as a reference29,36,37, 
but this is not taken into account in Equation 5. Thus, this 
equation should be considered an estimative for atomization 
gas velocity and, therefore, it is a limitation of this model.

The liquid metal mass flow ( M ) was calculated by 
Equation 638, which is based on Bernoulli equation considering 
losses due to friction ϕ  (Equation 7) and takes into account 
the metallostatic pressure effect on the metal exit velocity. 
However, the atomizer used in this work does not allow the 
automatic control of these parameters and, therefore, the 
metal mass flow calculation is considered as an estimative.

The gas mass flow ( G ) was estimated using 
Equation 925,39,40, which presented a good agreement with 
the gas consumption mass measured experimentally during 
the atomization process for the close-coupled nozzle in the 
present work. It is known that the gas mass flow can be 
calculated using numerical models. However, in the present 
work, it is proposed an analytical approach as a useful tool 
to be applied in the atomization experiments planning and, 
in its results general analysis.

2.2. Experimental procedure
The 316L powder was produced by gas atomization in a 

laboratory-scale atomizer (Phoenix Scientific Industries Ltd, 
model Hermiga 75/3) using argon as atomizing gas. The gas 
nozzle was a close-coupled type with 20 holes of 0.4 mm 
in diameter of a convergent-divergent discrete jet nozzle. 
The 316L alloy was melted in a ceramic crucible using an 
induction furnace, and the batches weight were nearly 3 kg. 
The melt delivery tube was a 2.5 mm internal diameter 
alumina tube.

The experiments were planned with the support of a full 
factorial design of experiments (DoE), initially considering 
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3 levels and 5 parameters: atomization gas pressure, fusion 
chamber pressure, tip outlet diameter, liquid metal height 
and superheat temperature. The first round of DoE analysis 
indicated an expressive number of experiments. To reduce the 
number of experiments, a statistical analysis calculated by the 
relative standard deviation was performed considering each 
level and calculated the mean, standard deviation and mean 
standard error of the d50 values. This made it possible to 
obtain in percentage the degree of influence of each parameter 
in the d50 from the mathematical model. Liquid metal height 
and superheat temperature were the parameters with less 
influence and then, were fixed at constants values, allowing 
to reduce the number of experiments. The liquid metal height 
(hm) was fixed at 90 mm, and the superheat temperature (Ts) 
was set at 200 K leading to a casting temperature of 1913 K. 
This temperature is close to the limit of ceramic crucible 
material, and it was chosen to avoid clogging by freezing 
the metal at the tip. Moreover, the fusion chamber pressure 
(Pf) choice aimed to guarantee the continuous liquid metal 
flow and avoid clogging due to the backpressure effect. 
Setting these parameters, the factorial design was reduced 
to 3 levels for each of the 2 parameters: tip outlet diameter 
(d0) and atomization gas pressure (Pg). Table 2 presents all 

experimental conditions and the experiment identification. 
In summary, the experimental conditions are:

•  Atomization gas pressure (Pg: 30, 40 and 50 bar);
•  Fusion chamber pressure (Pf: 0.2 and 0.3 bar);
•  Tip outlet diameter (d0: 1.5, 2.0 and 2.5 mm);
•  Liquid metal height in the fusion chamber 

(hm: 90 mm);
•  Superheat temperature (Ts: 200 K).

Table 1. Proposed mathematical model (set of equations) used to calculate the median particle size d50 based on Lubanska equation.
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d50=median particle size (μm)
K = a constant that depends on the type of atomizer
ηm = kinematic viscosity of the metal (m2/s)
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ρm = density of the metal (kg/m3)
ρg = density of the gas (kg/m3)
ηg = kinematic viscosity of the gas (m2/s)
σm = surface tension of the metal (N/m)
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P2 = atmospheric pressure in the atomization chamber (Pa)
T1 = gas temperature inside the nozzle (298.15 K)
Pg = gas pressure (bar)
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A0 = tip area (m2)
Pf = pressure in the fusion chamber (bar)
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Table 2. Parameters used in gas atomization of 316L alloy experiments 
and applied in the d50 calculation by the mathematical model.

Experiment Code Pg (bar) d0 (mm) Pf 
(bar) hm (mm) Ts 

(K)
A 30

1.5

0.3

90 200

B 40
C 50
D 30

2.0E 40
F 50
G 30

2.5
0.2

H 40
I 50 0.3
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The powder obtained in each atomization experiment was 
sieved according to ASTM B214, using a mechanical vibrator 
for 20 minutes and a sieve set with the following meshes: 18, 
20, 30, 40, 50, 70, 100, 140, 200, 230, 325, 635 and 1250. 
With the sieving procedure, it was possible to plot the particle 
size distribution curves. From the distribution curves, it was 
possible to calculate the percentiles d10, d50 and d90 from 
which it was calculated the IDR of the distribution curves 
( 90 10IDR d d= − ). Considering the particle size range for 
PBF (10-45 μm) and DED (45-105 μm), the yields were 
calculated (%wt) for each AM process for all experiments.

In addition, the 316L powders from those experiments 
that presented the highest yield were characterized regarding 
the particle shape and morphology considering the range 
for PBF and DED using two techniques: Scanning Electron 
Microscopy (SEM) and Dynamic Image Analysis (DIA). 
The DIA results made it possible to quantify shape aspects such 
as Circularity and Feret Aspect Ratio, which is complemented 
by SEM analysis that provides information about morphology 
and surface quality of the particles, including the satellites.

2.3. Mathematical model analysis
The accuracy of the mathematical model (Table 1) 

was evaluated by comparing the d50 values calculated by 
mathematical model and that obtained from the distribution 
curves generated from the sieving of the 316L atomized 
powder obtained with the parameters conditions presented 
in Table 2. The accuracy of the mathematical model was 
evaluated through the R2 (coefficient of determination), mean 
and mean absolute errors. The R2 was calculated using linear 
regression of the plotted data comparing the d50 values from 
the mathematical model and from the experiments.

The analysis of variance (ANOVA) was used to 
evaluate whether the difference between the results from 
the mathematical model and experiments are significant, 
as well as to analyze the parameters influence on the d50. 
The P-value and F-statistic were used as indicators and the 
model was considered inaccurate for a P-value lower than 0.05.

Moreover, the d50 values obtained using the mathematical 
model and the experimental results were evaluated as a function 
of GMR. The GMR was calculated using values for metal 
mass flow rates and the gas mass flow rates calculated using 
equations 6 and 9 (Table 1), respectively. In the experimental 
GMR the experimental metal flow rate ( expM⋅ ) was obtained 
by the ratio between the weight of the metal and the total 
atomization time. Consequently, the experimental metal flow 
rate is not an instantaneous measurement, but an average 
flow rate. The experimental gas flow rate was determined 
by Equation 9, because of the agreement with previous 
experiments, as mentioned.

3. Results and Discussions

3.1. Mathematical model evaluation
The Lubanska equation (Equation 1) includes an adjustable 

parameter that is a constant (K). The value of parameter K 
obtained in this study was 180, which is different from reported 
by Lubanska (K = 40 – 80)31,38. This parameter depends on 
the type of atomizer and Lubanska has determined this value 

using a free-fall atomizer that, therefore, could explain this 
difference between the K values. Other works showed that 
higher values were necessary (K =123 – 162)25,30 in order to 
adapt to modern models of gas atomizers, considering that 
this constant incorporates not only the characteristics of the 
type of atomizer but the properties of the liquid metal28 and 
the gas pressure applied41.

The d50 calculated by the model based on the Lubanska 
equation (Table 1) was compared to the experimental 
d50 in Figure 1. The data labels represent the gas pressure 
and tip diameter of each experiment. The accuracy of the 
mathematical model was evaluated by the R2 from a linear 
regression and the P-values and F-statistic were used as 
indicators. In Figure 1 the dotted line represents the ideal fit 
line where the d50 calculated by the model would be equal 
to the experimental d50. Large dispersion of the values was 
observed in the graphic and confirmed by the low R2 (0.05). 
The Lubanska and experimental d50 values and their 
respective errors were shown in Table 3. The mathematical 
model presents a mean error of 9 μm, and a mean absolute 

Figure 1. Experimental v.s. Lubanska d50 values. The data labels 
represent the gas pressure and tip diameter of each experiment.

Table 3. Lubanska and experimental d50 values with their mean 
and mean absolute error.

Experiment 
Code

Lubanska 
(μm)

Lubanska 
with M exp 

(μm)

Experimental 
(μm)

A 84 85 103
B 78 72 76
C 74 59 62
D 118 102 111
E 108 77 73
F 100 70 65
G 149 110 104
H 135 77 71
I 131 80 63

Mean Error 
(μm) 9.0 5.3 6.6

Mean 
Absolute 

Error (μm)
68 18 -
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error up to 68 μm was observed between calculated and 
measured values. The mathematical model inaccuracy was 
confirmed by the analysis of variance results obtained by 
ANOVA. The low P-value (0.02) and high F-statistic (6.28) 
showed that the difference between the d50 calculated by 
the mathematical model and the experimental d50 obtained 
from the distribution curves are statistically significant.

Investigating the discrepancy between d50 values calculated 
using the mathematical model based on the Lubanska equation 
and experimental values, it was identified that the metal flow 
rate calculated by Equation 6 differs significantly from that 
observed in the experiments. This can be observed in the data 
presented in Table 4, which presents the calculated metal flow 
rate by the mathematical model ( calM ) and the experimental 
metal flow rate calculated by the ratio of atomized metal 
mass and atomization time ( expM ). The Equation 6 of the 
mathematical model suggests that the metal flow depends 
on the tip diameter, as show in Figure 2, i.e. the metal flow 
increases with the tip diameter. For the atomizer used in the 
present work, the metal flow values obtained experimentally 
indicate that the metal flow depends on tip diameter, but the 
gas atomization pressure and fusion chamber pressure also 
have a significant influence.

The general behavior observed for all tip diameters is that 
by increasing the atomization gas pressure the experimental 
metal flow rate decreases. There is only one exception 
that is the experiments H ( 40 gP bar= ) and I ( 50 gP bar= ). 
However, experiment H used 0.2 bar on the fusion chamber 
while experiment I used 0.3 bar and, thus, the metal flow 
rate increased for the experiment I.

Equation 6 does not consider oscillations in metal flow 
rate caused by the proximity of the gas to the metal nozzle 
in close-coupled type atomizers. This equation proved to be 
more adequate for free-fall type atomizers in which the metal 
flow is not affected by the gas. It is well established in the 
literature that the backpressure phenomenon is common in 
close-coupled nozzles, and it is related to the gas atomization 
pressure, however, information about backpressure equation 
are limited14,15,19,21,38,42. In CCGA with discrete jets, there is 
a gas recirculation zone or wake downstream of the metal 
nozzle tip, which generates a stagnation point near the melt 
exit hole. This stagnation point generates a backpressure in 
the descendent melt flow. The wake can oscillate, opening 
and closing, increasing and decreasing the metal flow, 
respectively, which makes it difficult to control the metal flow 
in close-coupled atomizers, and it is one of the explanations 
for the wide PSD obtained in this type of atomizer7,16,43.

The analysis of variance results obtained by ANOVA for 
the influence of the parameters on the experimental metal 
flow rate showed that the tip diameter has low influence on 
the experimental metal flow, the high P-value (0.93) and 
low F-statistic (0.08) indicate that the variation of the tip 
diameter does slightly alter the metal flow rate and there 
is another factor influencing it. Indeed, the metal flow is 
strongly affected by the gas pressure, as can be seen in the 
experimental results presented in Figure 2, confirmed by the 
low P-value (0.001) and high F-statistic (21.48).

In order to verify the mathematical model accuracy, the 
metal flow rate calculated by Equation 6 was replaced in the 
model by the values of metal flow obtained experimentally 
(Lubanska with expM⋅ ). The mathematical model based on 
Lubanska equation has its accuracy increased, as can be seen 
in Figure 3, by the approximation of the data to the dotted 
adjustment line and the higher R2 = 0.729. Besides that, the 
mean and the mean absolute error were reduced to 5.3 μm 
and 18 μm, respectively. These errors values were lower 
than those presented by Urionabarrenetxea et al.30 for the 
Lubanska equation (mean error = 9 μm and mean absolute 
error = 43 μm) and are similar to the Kishidaka equation 
(mean error = 4 μm and mean absolute error: 18 μm), which 
considers four adjusted parameters and was more accurate 
in predicting the d50 in their work. In addition, the P-value 
(0.96) and F-statistic (0.003) confirm the accuracy of the 
mathematical model. The high P-value indicates that the 
d50 calculated by the mathematical model modified by the 
experimental metal flow is not statistically different from 
the experimental d50.

Figure 2. Influence of the tip diameter and gas pressure on the 
experimental and calculated metal flow.

Table 4. Calculated and experimental metal flow rate for each experiment.

Experiment Code Pg (bar) d0 (mm) Pf (bar) M cal (10-3kg/s) M exp (10-3kg/s)
A 30 1.5 0.3 37.5 39.5
B 40 1.5 0.3 37.5 27.3
C 50 1.5 0.3 37.5 10.5
D 30 2.0 0.3 67.7 43.5
E 40 2.0 0.3 67.7 18.9
F 50 2.0 0.3 67.7 12.6
G 30 2.5 0.2 92.7 39.4
H 40 2.5 0.2 92.7 9.1
I 50 2.5 0.3 106.3 14.7
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Another way to evaluate the accuracy of the mathematical 
model to predict the d50 is by analyzing this parameter 
as a function of gas-metal ratio (GMR), as presented in 
Figure 4. It is clear in the data presented in Figure 4 that 
there is a significant difference between the data obtained 
experimentally and those predicted by the mathematical 
model. When experimental metal flow rate data are used 
in the model (Lubanska with expM ), the mathematical 
model results are closer to the experimental. This evaluation 
corroborates the analysis of the metal flow rate presented 
previously indicating an important effect of the backpressure 
on the metal flow rate and in the d50.

From the evaluation of these results, it was verified 
that a modification in the equation for the metal flow rate 
is necessary to increase the accuracy of the mathematical 
model to predict the median particle size. An equation for 
metal flow rate calculation should consider the backpressure 
effect acting in the opposite direction to the metal flow and, 
thus, the metal flow rate would be a function of the gas 
pressure as well as another parameter.

3.2. Process parameters influence on d50
The present analysis intends to identify the most influential 

parameter in the median particle size by evaluating the 
percentage of individual influence of each atomization process 
parameters on d50. This statistical analysis was conducted 
using DoE tool in MatLab software and the results are shown 
in Figure 5, which compares the parameters influence on 
d50 calculated by the mathematical model (Lubanska), the 
d50 calculated by the mathematical model modified with 
the experimental metal flow (Lubanska with expM ) and the 
d50 measured experimentally (Experimental).

The first analysis was performed on the mathematical 
model (Lubanska) using the parameters in Table 2. The relative 
standard deviation of the process parameters indicated a low 
influence of the liquid metal height (hm = 0.7%) and fusion 
chamber pressure (Pf = 4.6%) when compared to the superheat 
temperature (Ts = 8.5%), atomization gas pressure (Pg = 8.3%) 

and tip diameter (d0 = 29.5%). Hence, as mentioned in the 
experimental procedure, three parameters (hm, Pf and Ts) are 
taken as constants for the experiments and for the other two 
statistical analyses of the most influential parameter on d50. 
For the mathematical model modified with the experimental 
metal flow (Lubanska with expM ) the gas pressure would be 
the most important parameter (19%), and the tip diameter 
still would have a significant influence (10%) on the d50.

For the parameters influence evaluated from the experimental 
d50, the atomization gas pressure was the most influential 
parameter (28%), while the tip diameter had a low influence 
(2.4%) on the d50. These results are in agreement with what is 
established in the literature for close-coupled atomization8,38,44 and 
are similar to the results presented by Pariona et al.45 who used 
the fractional factorial method to determine the effects of the 
main parameters and identified that the gas pressure has the 
most significant effect on the d50, followed by the opening 
area of the gas nozzle and tip diameter.

A different way to analyze the influence of the parameters 
comparing the mathematical model and the experimental 
results is presented in Figure 6 that presents the median 
particle size (d50) as a function of atomization gas pressure 
(Figure 6a) and as a function of tip diameter (Figure 6b). 
Once more, the experimental results show clearly that the 
atomization gas pressure had a greater impact on reducing 
the particle size than the tip diameter. Moreover, the 
variation of the experimental d50 results was less affected 
above 30 bar, as seen in Figure 6a, indicating that possibly 
from this point, the used nozzle system is getting closer to 
its limit capacity to reduce the d50 with increasing the gas 
atomization pressure.

Figure 3. Experimental v.s. Lubanska d50 values with experimental 
metal flow. The data labels represent the gas pressure and tip diameter 
of each experiment.

Figure 4. d50 versus GMR.

Figure 5. Parameters influence in the median particle size d50.
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Considering the d50 as a function of atomization gas pressure 
(Figure 6a) the analysis of variance results resulted a low 
P-values (0.00 and 0.02) and high F-statistic (161.97 and 7.73) 
for the experimental and calculated (Lubanska with expM ) 
d50, indicating a d50 statistically different when the gas 
pressure was altered, mainly for the experimental results. 
On the other hand, when the mathematical model (Lubanska) 
was used to calculate the d50, a higher P-value (0.82) and 
a lower F-statistic (0.21) were obtained from the statistical 
analysis indicating no significant difference between the 
d50 when the gas pressure varies from 30, 40 and 50 bar.

The mathematical model results showed an important 
influence of tip diameter on d50 (Figure 6b) confirmed by low 
P-value (0.00) and high F-statistic (39.90) what disagrees with 
the experimental results. However, as discussed in item 3.1, 
this conflict between the mathematical model and experimental 
results can be partially related to the backpressure effect on 
the metal nozzle tip, that has a major influence on the metal 
flow rate neglected by the model. Without the backpressure 
phenomenon, the metal flow would increase with tip diameter 
increasing and, as a result, the Lubanska d50 would increase, 
as seen in Figure 6b. However, in the experimental results, 
it can be considered that there was no statistical difference 
of d50 as a function of tip diameter (P-value was 0.98 and 
F-statistic was 0.02) and, therefore, it can be stated that 
there is no significant influence of this parameter on the 
d50 (standard deviation was 2.4%). Figure 6b shows that 
increasing the tip diameter increases the d50 (calculated 
with experimental metal flow in the mathematical model – 
Lubanska with expM ), but less intense than indicated by the 
original model (Lubanska), confirmed by the P-value (0.47) 
and F-statistic (0.85), representing more accuracy than the 
original model (Lubanska).

Baram et al.18 indicated that the tip diameter does not 
affect the d50 because the change in tip diameter is not 
enough to change the metal flow rate. The present work 
experimental results show that the metal flow rate was 
influenced by the tip diameter, but these changes did not 
affect the d50 results significantly. The comparison between 
experiments B, E and H (Figure 2) is an example of this result. 
The experimental results of the present work indicate that the 
effect of atomization gas pressure prevails on the d50 over 
the tip diameter. Therefore, as it was identified that the tip 

diameter has a low influence on the d50, for future works 
its effect should be revised within the Lubanska equation 
to reduce its impact on the calculated d50 and increase the 
equation accuracy for discrete jet CCGA.

3.3. Process parameters effect on the particle size 
distribution

Since the tip diameter presented low influence on the 
median particle size, the following discussion will focus on 
the atomization gas effect. In this regard, the production of 
fine particles was due to two possible reasons reported in 
fluid dynamic studies46,47: 1) reduction of metal flow rate due 
to backpressure generated by overexpanded atomization gas, 
causing an increase in GMR and 2) the expansion waves 
transfer more kinetic energy to the metal, favoring the break 
of the droplets. These two effects taking place simultaneously 
are present above 30 bar, and, above this pressure, the nozzle 
system is more effective to reduce the particle size. There 
was a reduction of about 30% on the d50 with atomization 
gas pressure increasing from 30 to 40 bar observed in the 
experimental results (Figure 6a and Table 3). However, the 
effect of gas pressure on experimental d50 was not constant 
and, above 40 bar the nozzle starts to reduce its ability to 
decrease d50 (when the gas pressure increases from 40 to 
50 bar the d50 decreases 14%).

The particle size reduction can be seen in Figure 7, which 
shows the deciles d90, d50 and d10 as a function of GMR. 
As expected, it was observed a particle size decrease for all 
deciles increasing the GMR, and the reduction of d90 was the 
most noticeable. The more intense reduction on d90 decile 
led to narrow distribution increasing GMR, as can be seen 
in Figure 8. Higher GMR values contributed to obtaining 
finer powders and to narrow particle size distributions, in 
which finer particles were produced by reducing the coarse 
particles size.

The results presented in Figure 7 are an evidence that 
considering the d50 value as a reference for the analysis of 
atomization process parameters effect should be revisited. 
In some cases, changing process parameters will result in 
similar d50 values, but significantly different values of d90 and, 
thus, different distributions. Therefore, a mathematical model 
for d90 prediction would be useful to analyze the atomization 
processes parameters effects on the particle size distribution.

Regarding the process parameters evaluated, the particle 
size reduction represented mainly by the d90 was caused by 
increasing the gas pressure. Figure 9 presents the average 
IDR of the experiments for each atomizing gas pressure and 
shows that increasing the gas pressure, a significant reduction 
in the IDR was observed, which is evidence of the influence 
of this parameter. The reduction of the IDR and the increase 
of finer particles were caused by the two effects mentioned 
above: 1) the reduction of the liquid metal flow, caused by 
the effect of backpressure, and 2) the increase in the kinetic 
energy of the gas, which allows the secondary atomization 
to be more intense.

The general analyses presented above indicates that the 
GMR is a result of simultaneous changes in the gas flow ( G ) 
and in the metal flow ( M ) rates. The increase in the atomization 
gas pressure leads to an increase in G  and, at the same time, 
it reduces M  due to the backpressure effect. However, the 

Figure 6. Median particle size calculated using the mathematical model, 
calculated with the experimental metal flow rate and experimental 
d50 as a function of the a) gas pressure and b) tip diameter.
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fusion chamber pressure is a process parameter that can be 
used to change the flow rate of the metal: by decreasing the 
fusion chamber pressure, the metal flow rate is reduced. This 
effect can be observed comparing the experiments H and I. 
For experiment H the metal flow rate is lower (9.1x10-3 kg / 
s) than that measured for I (14.7x10-3 kg / s), resulting in a 
GMR higher for experiment H, even with a lower atomization 
gas pressure for the experiment H (40 bar) compared to the I 
(50 bar). However, even with a higher GMR, the particle size 
(d90, d50 and d10) was higher for the experiment H compared 
to I. This analysis shows that larger GMR is not always 
synonymous of finer particles, as observed by other authors17,48.

This can be seen by comparing the experimental deciles 
and IDR for the same GMR (GMR = 5.13) from 316L 
experiments performed by Urionabarrenetxea et al.30 on the 

same atomizer model. To estimate the values of deciles for 
the same GMR, the trendlines equations in Figure 7 were 
used. For x = 5.13 was obtained d10 = 20, d50 = 56 and 
d90 = 95. This estimated particle size was larger than 
obtained by others authors30 (d10 = 7, d50 = 33 and d90 = 
83) in its atomization experiment. It is important to note that 
the authors obtained a GMR = 5.13 using Pg = 60 bar and 
TS = 260K (higher than that used in the present work). This 
confirms that the predominant parameter to determine the 
reduction of d50 is the effect of the transfer of kinetic energy 
from the atomizing gas to the metal flow17. Moreover, higher 
superheat of the liquid metal indicates smaller particle size, 
attributed to the changes in metal properties12.

3.4. Powder yield for AM processes
As presented in the previous item, the main influence of 

GMR is on the width of the distribution. Once it is possible to 
control the atomization process parameters to obtain low IDR, 
it is feasible to produce high powder yields within a specific 
range, in the present case, the range for AM (10-105 μm). 
In Figure 10 the powder yield for each experiment was plotted 
as a function of GMR. As expected, the highest yield within 
the specific particle size range (10 to 105 μm) was 87% for 
experiment C (higher atomization gas pressure and smaller 
tip diameter). The yield was above 80% for atomization 
gas pressure of 50 bar (experiments C, F and I). The yield 
results are in accordance with the deciles results which 
indicate that the most significant effect of atomization gas 
pressure was on the d90 results, reducing the IDR (Figure 9) 
of the particle size distribution. The yield reduces to 66% 
and 72% when the gas pressure decreases to 40 bar, but an 
alternative to increase the particle yield was to decrease the 
fusion chamber pressure from 0.3 bar to 0.2 bar (increasing 
GMR) represented by the experiment H (78%).

The powder production for AM by gas atomization usually 
requires a fraction separation from the total powder in a 
specific range of particle size depending on the AM process 
and equipment requirements. In this work, the powder was 
fractionated aiming at the two most common processes in 
AM for metallic alloys: Direct Energy Deposition (DED), 
which requires powders within the range of 45-105 μm, 
and Powder Bed Fusion (PBF), which requires powders 
with particle size between 10-45 μm. Figure 11 shows the 
gas atomization yield accounted for the particle sizes range 
required to DED and PBF as a function of the gas pressure.

For all experiments, the powder produced showed a 
higher yield for the DED process. About 50%wt (±10) of all 
powder collected after each experiment presented particle 
size within the range for DED process, while 20%wt (±8) 
of the powder was suitable for use in PBF process.

The gas pressure increasing has a major influence on the 
atomization yield for both ranges, increasing it for PBF from 
12 to 28%wt, and for DED from 39 to 59%wt. As mentioned in 
the literature2,3, the gas atomization process for AM has a high 
rate of powder residues generation, and the main technological 
goal for this process is to duplicate the yield, which today is 
around 15%wt for each size range. According to the results 
presented in this work, the best efficiency of the process was 
achieved by applying 50 bar of gas pressure with 1.5 mm 
of tip diameter, which corresponded to 13%wt of residues.

Figure 7. Deciles (d90, d50 and d10) as a function of GMR.

Figure 8. IDR as a function of GMR.

Figure 9. Atomization gas pressure influence on the Inter Decile 
Range (IDR).
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3.5. Powder morphology
Powders produced by gas atomization present spherical 

particle morphology. Some satellites are usually observed 
attached to the surface of coarse particles. Spherical powders 
without irregular particles and satellites are required for PBF 
process, but this requirement does not prevail for DED3. 
Figure 12 displays micrographs of PBF and DED size fractions 
separated by sieving. It was observed that the particles of the 
finest fractions have a predominantly smooth surface, and 
they are essentially free of surface defects. The spherical 
shape can be analyzed using the Feret aspect ratio. Feret 
aspect ratio closer to 1 indicates a particle more round, 
smooth and equiaxial and, consequently, the inter-particle 
motion is easier, providing better powder packing ability 
and rheology performance. For the powder with particle 
size range measured for PBF, Feret aspect ratio is close to 
1, which is recommended for PBF applications. However, 
the particles of the coarsest fractions used in DED present 
a few fine particles aggregates and accretionary particles 
(indicated in the Figure 12b). The Feret aspect ratio data was 
similar to the finer fraction, but the circularity was lower, 
that is coherent with the more irregular and satellites on 
their surface visible for DED particles compared to the PBF.

The formation of satellites occurs when small particles 
adhere to the surfaces of larger ones due to collisions 
during atomization. The tendency to form satellites and 
aggregates increases with the superheat. The large particles 
need more time to solidify, so the probability of colliding 
with the fine particles dragged by the internal recirculation 

loops is enhanced49-51. The solution to this would be to use 
a superheat below 200 K.

As the powders were produced in a laboratory atomization 
chamber, the number of satellites is smaller than that seen in 
the literature for powders produced in industrial atomizers 
with larger atomization chambers3,12,30.

4. Conclusions
In this work, the applicability and accuracy of a mathematical 

model based on the Lubanska equation was analyzed to 
predict the median particle size (d50). A modification in the 
equation for the metal flow is necessary and must consider 
the backpressure phenomenon to increase the accuracy of 
the proposed model.

The analysis of the most influential parameter in the 
particle size showed that the atomization gas pressure had 
a greater impact on reducing the particle size than the tip 
diameter (Pg = 28% and d0 = 2.4%). Since the tip diameter 
was less influential on the d50, this factor should be revised 
within the Lubanska equation to reduce its impact on the 
prediction of the d50 and increase the accuracy of the equation.

As the d90 is much more affected by changing the 
parameters, the d50 should be revisited as a reference for 
the analysis of the atomization process parameter effect. 
Therefore, a mathematical model for d90 prediction would 
be useful for the analysis of atomization processes parameters 
effects on the particle size distribution.

The powder produced in the experiments showed higher 
yield (59%) for the DED range (45-105μm). The gas pressure 
had a greater influence on both ranges increasing the yield 
for PBF from 12 to 28%wt, and for DED from 39 to 59%wt 
when the applied gas pressure was from 30 bar to 50 bar.

The fine fraction of the powder from experiment C 
had a predominantly smooth surface and are practically 
free of surface defects. The spherical shape was attested 
by circularity and Feret aspect ratio measurements, which 
are recommended for PBF applications, facilitating inter-
particle motion to provide better powder packing ability 
and rheology performance for the powder bed processes. 
The coarser particle fraction powder used in DED presented 
aggregates and accretionary particles. The circularity was 
lower, more irregular and satellites on their surface were 
visible. To elucidate if these defects are a problem in the 

Figure 10. Yield in the range of 10-105 µm as a function of GMR.

Figure 11. Powder yield accounted for the particle sizes ranges 
required for DED and PBF processes as a function of gas pressure.

Figure 12. Powder morphology of sample C produced at 50 bar 
of gas pressure and 1.5 mm of tip diameter of a) PBF (10-45 μm) 
and b) DED (45-105 μm) range.
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processing of these powders in DED, a rheological study 
of these powders is needed.
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