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Spray Forming of al Alloys: Experiment and Theory
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Close coupled gas atomization has been studied. Pitot tube gas flow measurements support a 
postulate of transition from an initial sonic to a supersonic and a final sonic state along the convergence 
region of the jets. Predictions of the d

50
 median diameter utilizing a two phase model for primary 

and secondary break up correlate strongly with experimental results from He-atomized Al alloys by 
a factor of 0.8216.
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1. Introduction
In gas atomization a liquid metal stream is perturbed 

by a number of high velocity gas jets and is broken up into 
fine drops1 which solidify in flight. In the first stage, that 
of primary atomization, the surface of the melt is disturbed 
by a sinusoidal oscillation2 and is subsequently broken up 
into large drops or unstable bodies, the ligaments3. During 
the subsequent stage of secondary atomization, the drops/
ligaments may further disintegrate in flight, either via a low-
turbulence mechanism4 or in a more chaotic high-turbulence 
stripping fashion5. In spray deposition the particles 
inside the atomization spray are allowed to impinge on a 
substrate positioned at a certain distance below the point of 
atomization, producing a preform. Gas flow characteristics at 
the point of atomization as well as further downstream affect 
the modes of metal break up and consequently determine 
the size and mass distribution of the resulting spray. Drop 
size and mass distribution, two-phase turbulence effects 
and heat transfer during solidification in turn determine 
the metallurgical quality of the preform. Preform quality 
factors include the level of porosity, the grain size and the 
distribution of intermetallic phases. Atomization process 
control has been considered in earlier phenomenological 
studies6-14 in respect to atomization parameters – such as 
nature of the gas and melt phase, gas injection pressures 
and melt superheat. More recently, experimental treatises of 
atomizing geometries have been presented15-17. Solidification 
modeling and process control frequently rely on powder 
size calculated from empirical equations, e.g. the Lubanska 
equation31. However, such empirical equations do not yield 
drop size or mass distributions inside the spray cone. Liquid 
break up phenomena – although described in the macro scale 
early on18-21 - have not been reflected on rigorous modelling 
implementations. Modern atomization modeling appears to 
be focusing on CPU-intensive stochastic simulation of the 
liquid jet and primary atomization in terms of Reynolds-
averaged Navier-Stokes mixing22. Recently, the more 

realistic cases of turbulent atomization conditions have 
been addressed, e.g. by CFD23-25 and integrated models17,34 
have been proposed.

This study considers the case of close coupled 
atomization of Al alloys and builds upon a theoretical 
two-phase model for melt fragmentation32. The gas phase 
produced by the atomizer is recorded by Pitot tube pressure 
measurements of Argon and Nitrogen flows and tested 
against model predictions. The model yields powder size 
and mass distributions and is compared to close coupled 
atomization data of Al alloys.

2. Experimental
A number of Al alloys were spray formed by Helium. 

The atomization conditions are presented in Table 1 and 
the atomizer configuration used is shown in Figure 1. The 
melt was delivered via a tube of diameter D

m
, normally 

equal to 2 mm. The atomizing gas was fed through inclined 
jet nozzles arranged in a ring configuration (eighteen such 
nozzles are considered in this paper). The internal diameter 
and angle of inclination of each gas jet was 0.75 mm and 
20° respectively. Geometry indicates that the point of initial 
atomization is located approximately 7 mm downstream the 
tip of the melt tube. Figure 2 is a schematic diagram of the 
geometry of the die and of the generated flow.

The atomized melt was deposited onto a copper substrate 
able to move along the vertical direction of the spray forming 
assembly. At the end of each experiment, the overspray, i.e. 
the powder that did not impact on the substrate, was collected 
and sieved. A few grams of the of the sub-200 µm spray 
fraction for every run were dispersed in water containing a 
drop of Nonidet P42 dispersant and agitated in an ultrasonic 
bath for 5 minutes to reduce particle agglomeration. The 
d

50
 mass median diameter was then estimated from the 

cumulative particle size distribution obtained via analysis 
by a Malvern Master Sizer.*e-mail: gantipas@metal.ntua.gr
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2.1. Experimental evaluation of gas velocities

Pitot tube gas pressure measurements were recorded. 
The diameter of the tube head was 2 mm. The measurements 
were taken along the central axis of the jet formed below the 
convergence region. During this study no melt phase was 
used and measurements were made for Argon and Nitrogen 
injected by the atomizer at a back pressure of 0.69 MPa. 
Evaluation of gas velocities from the measured pressures 
took into account compressibility of the gas phase26.

3. Theoretical Model
In order to simulate the gas flow produced by the 

atomizer, a model33 was developed for which input 
parameters were the initial conditions of the gas phase 
(temperature, pressure, and density), the atomization 

Table 1. Experimentally measured and model predicted values of mass median d
50

.

Alloy Atomizing 
pressure (MPa)

Gas to melt 
mass flux

Melt tube 
diameter (mm)

Measured d50 
(µm)

Model d50  
(µm)

Lubanska dm 
(µm)

Al-Cr-Hf 0.86 0.59 2.00 20.98 20.54 20.85

Al-Cr-Fe 1.03 0.59 2.00 34.94 28.50 20.80

Al-Fe-V-Si 1.03 0.63 2.00 25.79 28.50 19.34

Al-Si-Cu 1.03 0.72 2.00 18.77 22.80 20.29

Al-Cr-Hf 1.03 0.76 2.00 25.35 23.00 18.86

Al-Cr 1.03 0.80 2.00 23.39 23.05 18.46

Al-Cr 1.21 0.85 2.00 22.67 24.20 18.10

Al-Fe-V-Si 1.03 1.10 2.00 18.85 20.60 16.49

Al 1.72 1.23 2.00 28.01 28.35 15.84

Al 1.03 1.70 2.10 24.11 22.15 14.23

Al-Fe 3.62 2.44 2.01 34.95 31.56 12.94

Al 1.38 3.25 1.50 16.89 24.00 12.13

Al-Li-Hf 1.03 3.57 2.00 17.56 21.90 11.85

Figure 1. Configuration of the atomizing die.

Figure 2. Convergence of the gas jets.
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pressure and the geometric characteristics of the die. The 
model takes into account the flow characteristics upstream 
and downstream as well as within the convergence region. 
An analytical expression by Szekely27 was employed to 
simulate the gas flow below convergence. In Szekely’s 
empirical derivation, the expressions for the axial, U

z
, and 

radial, U
r
, components of gas velocity are (Equations 1a,b):

12.36
1

z
z 22

g

J =  U
z (  + 0.25 )nρ

 
(1a)

1

2
z

r 22
g

n - 0.253 nJ =  U  x (  + 0.25 )nπ ρ
 

(1b)

where n = l5.18 r/z, z and r are the axial and radial distance 
from the origin of the jet respectively, J

z
 is the momentum 

flowrate of the jet and ρ
g
 is the gas density. Figure 3 shows 

the measured central axis velocity components for the flows 
of Nitrogen and Argon injected at a pressure of 0.69 MPa, 
against the predictions of the current model. As can be seen, 
the agreement is satisfactory and strongly suggests that the 
gas flow downstream the convergence area behaves in a 
manner similar to that of a single turbulent free jet.

3.1. Calculation of particle velocity profiles

Particle tracking inside the flow was performed in a 
Lagrangian fashion. The forces considered to act upon the 
drops were the drag force due to the velocity difference 
between the gas and liquid phase and the gravitational force 
for a particle of mass m

p
 (Equation 2):

21
2

p
D g d p

dU
m  = C  U A m g

dtρ ρ +
 

(2)

where U
p
 is the velocity of the particle, C

d
 is the drag 

coefficient27, ρ
g
 is the gas density, U

d
 is the relative velocity 

between the gas phase and the particle, A is the area of 
the particle seen by the gas flow and g is the gravitational 
acceleration. The velocities of aluminium droplets of varying 
diameters were calculated, assuming no break up modes and 
no solidification of the melt.

3.2. Primary and secondary break up

A summary of the basic fragmentation mechanisms 
involved in atomization is given by Burger28. A linear 
analog of the fragmentation process is based on work 
concerning the wind-induced surface waves on liquid 
bodies. An original study by Squire29 is an example of the 
early efforts to correlate surface instabilities to the gas 
phase flowing parallel to the free surface of a liquid film. 
Following basic wave mechanics, Squire in this linearized 
approach considered antisymmetric traveling waves which 
followed an exponential growth mode. The wave with 
the largest growth rate was calculated and the subsequent 
break up history of the liquid film was assumed to depend 
on that, in spite of the fact that the gas phase yields an 
array of different wavelengths and growth rates. In this 
derivation liquid viscosity was not taken into account. In 
addition, gas components normal to the free liquid surface 

as well as gas compressibility were not considered. A 
somewhat different approach of the same problem was that 
of Bradley30. He considered the Navier-Stokes equations 
for the wave disturbance as well as the continuity equation 
and taking into account the compressibility of the gas phase, 
he solved this system for the overall pressure exerted on an 
infinitesimal displacement of the liquid surface. His work 
yielded a criterion for the growth of a sinusoidal traveling 
wave as well as the wavelength having the maximum growth 
rate which was assumed to dominate break up.

In the current work, the wave mechanism of primary 
disintegration is based on the surface wave formation theory 
as formulated by Antipas32. The model considers a fastest 
growing wavelength to be responsible for the primary 
deformation of the melt stream. The popular assumption 
of a single wavelength is followed here and every other 
wavelength that is probable to rise out of the same flow 
conditions is neglected. The gas velocity responsible for 
atomization is taken as the sonic velocity of the gas jets. 
After determining the fastest growing wavelength the crests 
and troughs of the liquid column are monitored with time, 
allowing for the fact that the wave has a phase (propagation) 
velocity downstream. When the crests reach a certain height 
stripping of a part of the crest leads to the formation of an 
unstable ligament. Due to the inherent cylindrical symmetry 
of this approach the ligament itself has the shape of a ring. 
Unlike similar approaches in the past, the current model does 
not nominate a basic amplitude above which shedding of the 
ligaments commences. Instead, it utilizes a force balance 
criterion to calculate the critical amplitude for specific gas 
and metal properties above which stripping of the tip of the 
crest occurs. In this way, the fastest growing wavelength 
is related to a critical amplitude and for every crest with 
an amplitude exceeding the critical one, the diameter and 
volume of the ring-shaped ligament are determined.

The model of secondary break up – i.e. disintegration 
of the ligament into smaller fragments – is also based on 
the Kelvin-Helmholtz theory. It assumes a cylindrical 
shape of the ligament or drop rather than a spherical one, 
to facilitate the computations. The volume and radius of 

Figure 3. Pitot tube measurements and model prediction of gas 
velocities.
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the cylinder are taken to be the same as those of the drop. 
Rather than utilizing a basic fastest growing wavelength 
to displace the liquid surface, a wide array of wavelengths 
(and their corresponding growth rates) are considered. The 
lower and upper limits of such an array are determined from 
the analysis by Antipas32 taking into account that in this 
particular case the gravity field lies in the same direction as 
the liquid flow. In the modeling of the secondary breakup 
the drops change velocity as they move inside the flow field 
and reduce in size during fragmentation.

4. Results and Discussion
The maximum velocities measured for both Argon 

and Nitrogen on the central axis of the jet (just below 
convergence) approximated the sonic velocities of a flow 
having undergone the transition from supersonic to sonic 
condition, via a succession of shock waves33 as shown 
in Figure 2. This enabled the indirect calculation of the 
diameter of the convergence region, which was found to be 
approximately equal to 4 mm for both flows. Gas velocities 
derived from Pitot pressure measurements and comparisons 
against the model are shown in Figure 3. There is tight 
agreement between experiment and theory, with correlation 
coefficients for Argon equal to 0.9816 and for Nitrogen 
equal to 0.9895. Drop trajectories are presented in Figure 4. 
They indicate that smaller drops, e.g. 1 µm in diameter, 
exhibit a tendency to follow the gas velocity component 
closely. Thus for small diameters there is an insignificantly 
small relative velocity between the gas and metal phase 
which in turn makes secondary breakup of such a fragment 
unlikely. As one considers larger fragments, the drop inertia 
takes over its motion and it follows that the larger the drop 
the slower is its response to excitation caused by the gas 
forces. At the same time, as drop size increases so does the 
time span in which the relative velocity between the two 
faces is adequately large to cause break up. Spray forming 
experimental data various Al alloys atomized by Helium in 
the assembly shown in Figure 1 are presented in Table 1. 
A comparison of these experimental data with the theory is 
shown in Figure 5, in which superimposed are predictions 
of the Lubanska equation. The size of merit in Figure 5 
is the mass median diameter, d

50
, defined as the drop size 

below which lies 50 per cent of the total mass of the spray. 
For completeness, we note that the Lubanska equation is 
defined as (Equation 3):

1m
m m

g

Md  = D K
v W A
ν  +  

 
(3)

where D
m
 is the diameter of the liquid metal stream 

(Figure 1), K is a constant varying in from 40 to 50[31], ν
m
 

and ν
g
 are the kinematic viscosity of the liquid metal and 

gas phase respectively, W = ρ
l
U2D

m
/γ is the Weber number, 

ρ
l
 and γ are the liquid metal density and surface tension 

respectively, U is the gas velocity upon impact on the 
liquid stream and M and A are the metal and gas mass flow 
rates respectively. The results of the model together with 
the predictions of Equation 3 are also presented Table 1. 
The correlation coefficient between experimental spray 

forming data and the Lubanska equation is 0.1646 while the 
theoretical model correlates in particularly tight agreement 
by a factor of 0.8216.

5. Conclusions
A number of Al alloys were spray formed by Helium 

in a variety of conditions in a close coupled atomizer. Pitot 
tube experiments of the gas flow induced by the coupled 
atomizer indicated that there is a transition from an initially 
sonic to a supersonic and a final sonic state of the flow 
along the convergence region of the gas jets. Based on 
the Kelvin-Helmholtz stability theory, a model describing 
primary and secondary breakup was formulated.  The model 
was coupled with gas and melt phase velocity predictions 
and was compared against spray forming experimental 
data. The simulated d

50
 mass median diameter compares 

favorably with experiment and lies in better agreement 
than the corresponding predictions based on the Lubanska 
equation for all sets of the atomizing conditions studied.
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Figure 4. Model prediction of particle velocity histories.

Figure 5. Experimental results and predictions of the mass median 
size d

50
.
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