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1. Introduction
In recent decades, spray forming has become an 

important technology in the field of metallurgical materials1-3. 
Combination of atomization and deposition makes it possible 
for preparing high-performance materials and near-net shape 
billets with minimal steps. However, the presence of some 
porosity is inevitable in spray formed materials, which brings 
extremely negative impact on material properties, especially 
for ductility and toughness4,5. In order to eliminate porosity 
defects, secondary processes, such as extrusion, rolling, hot 
isostatic pressing and forging, are necessary for achieving 
full densification.

The formation of porosity during spray forming is a 
complex process and controlled by a series of processing 
parameters, such as metal superheat, gas-liquid ratio, spray 
distance, as well as the growth and heat transfer model of 
the deposition billets6-9. The influences of these parameters 
on porosity must be further studied in order to obtain the 
billets with high relative density. Accordingly, in this article, 
a porosity model is proposed based on the analysis of the 
movement and heat transfer of droplets, particle packing 
theory and fluid mechanics at the surface of the deposition 
layer. By using this model, the formation and distribution 
laws of porosity for sprayed aluminum alloy have been 
investigated and the influence of temperature on porosity has 
been analyzed. Based on this, the applicability of the model 
was assessed through a porosity detection of spray formed 
7075 alloy which was produced with pre-set processing 
parameters.

2. Model Description
The porosity in billets can be divided into three types 

according to different formation mechanisms: gas porosity, 
interstitial porosity, and solidification porosity10,11. The formation 

schematic view of gas porosity is shown in Figure 1a. 
This type of porosity is often presented in materials with 
large size and rounded morphology. It is formed due to the 
presence of relatively excessive amount of liquid phase of 
the billet. When a particle with very high speed impacting 
directly into the deposited layer, a channel will be form 
and subsequently covered by following particles. Figure 1b 
shows the formation schematic view of interstitial porosity. 
As particles reached at the deposited layer which contain 
a large amount of solid, these particles can not completely 
spread out, thus leading to the accumulation of interstices. 
In the subsequent solidification process, these interstices can 
not be completely filled by liquid and result in the formation 
of interstitial porosity. The third type of porosity is formed 
due to the solidification shrinkage. Since it usually exists 
together with gas porosity and it is difficult to distinguish 
from each other, both of them are treated as one single 
porosity source.

The adhesion and spreading of the droplets during 
deposition process are depending on the solidification status 
of the arriving droplets and the deposition layer12, as is shown 
in Table 1. Billets with high density can be obtained when 
the arriving droplets and the deposition layers are all within 
a certain range of solid-liquid phase ratio. Conversely, an 
excess of solid or liquid phase will reduces the density of 
the deposited layer. Therefore, in order to obtain a dense 
billet, the liquid fraction of the deposited layer should be 
maintained within the range from 20 to 50%, while the liquid 
fraction of the droplets should also be between 40 and 60%.

The solidification status of the arriving droplets and the 
deposition layer are mainly influenced by the temperature of 
the arriving droplets and the heat transfer condition of the 
billet. In a long spray forming process, the heat transport of 
the billet will be in equilibrium, so the temperature and the 
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solid-liquid phase ratio of the arriving droplets ultimately 
affect the status of the deposition layer. The movement and 
heat transfer of droplets in the spray cone are controlled by 
the high speed atomization gas. In order to figure out the 
average solid fraction of the arriving droplets under different 
process parameters, droplet dynamics and thermal model 
in-flight process were established.

Once a droplet detached from the atomizer, the speed 
difference between the droplet and the atomizing gas will 
result in a drag force which leads to the droplet acceleration. 
Until the speed of the droplet exceeds the gas, it starts to 
slow down. Equation of the droplets motion can be expressed 
as follows13:

( ) ( )d D d g
g d g d

g d

dv 3 C v v v v g 1
dt 4 d

ρ ρ
ρ ρ

= − − + −  (1)

where ρd is the density of droplets, CD is the drag coefficient 
of gas to droplets. This equation assumes that the droplets 
motion is only affected by gravity and the adjacent fluid 
drag.

During the atomization process, the temperature of the 
droplets is much higher than surroundings, witch will lead to 
intense heat exchange between the droplets and atomization 
gas. The heat exchange process is mainly dominated by 
convection heat transfer since the volume of the droplets is 
extremely small. Along with the temperature decreasing, the 
droplets gradually solidify and release latent heat. The heat 
balance equation can be expressed as follows14:
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dT dfC V h T T A H V
dt dt

ρ ρ= − +  (2)

By using the mathematical model above, the velocity 
and temperature distribution of the droplets of 7075 alloy 
are calculated and the average solid fraction of the droplets 
can be obtained.

Figure 2a and 2b show the relationships among the initial 
temperature of liquid metal, spray distance and solid fraction. 
The solid fraction is zero when the flying distance is less 
than a certain value, then it increases with flying distance 
increasing until the droplet completely solidified. Figure 2c 
is the planar projection view, from which the influence of 
superheat and spray distance on solid fraction can be clearly 
seen. Line 1 in the figure shows the solid fraction of 50%.

During the flying process, the convective heat transfer 
coefficient of droplets of different sizes can be calculated, and 
the temperature change can be further calculated by analyzing 
the transfer conditions of the droplets. The temperature 
change curves with different sizes of droplets are shown 
in Figure 3, in which the temperature of the liquid metal is 
1048 K. It can be seen that the larger the droplet size, the 
lower the cooling rate is. The solid fraction of the droplets 
at different spray distances can be confirmed by the cooling 
curves. For smaller droplets, they would completely become 
solid particles after a short distance of flying, however, when 
the diameters of the droplets are greater than 200 μm, they 

Figure 1. Porosity formation schematics of sprayed billets (a) Gas porosity; (b) Interstitial porosity.

Table 1. The deposition effect influenced by the status of droplets 
and deposition layer.
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remain liquid at the distance of 200 mm away from the 
atomizer. Under the condition of this study, the average size 
of the spray droplets is between 80 and 100 μm. At the spray 
distance of 500 mm, the average temperature of the droplets 
is 813 K, accomplished with the average solid fraction of 
about 50%, which is suitable for the deposition of a dense 
billet. It can be calculated that when the temperature of the 
liquid metal increases 50 K, which reaches 1098 K, the 

temperature of the droplets at the distance of 500 mm is 
about 823 K, and the average solid fraction is about 45%.

According to the porosity formation mechanism mentioned 
previously, the formation of porosity has a direct relationship 
with the temperature of deposition layer. A lower temperature 
of the deposition layer will lead to the formation of interstitial 
porosity, while a higher temperature of the deposition layer 
may cause gas porosity and solidification porosity. Therefore 
the spread effect of droplets on the deposition layer is very 
important for the purpose of obtaining a dense structure. 
The spread ability of the droplet is related to its viscosity 
according to the rheological theory. The viscosity of the 
droplet is proportional to the liquid fraction of –5/2 power, 
and same for the temperature. In the deposition process, 
there exists a temperature range in which the droplets can 
be spread out with strong ability to make sure the deposition 
layer has a sufficient strength to maintain its shape. Through 
experiments, we can find that with liquid fraction of 50%, 
the impact deformation rate of a spherical droplet can reach 
300%, while at the same condition of liquid fraction, the 
viscosity of the deposited layer is equivalent to seven times of 
the pure liquid metal. When droplets impact on the deposition 
layer, the deformation of the layer is small and will not form 
pits. If the deposition layer exceeds the temperature at which 
the liquid fraction of 50%, the viscosity of the deposition 
layer decreases with a rate of 2.5 power to the temperature 

Figure 2. Relationships between initial spray temperature, spray distance and solid fraction (a); (b) Three dimensional stereogram; 
(c) Projection drawing.

Figure 3. Temperature variation regularity during spray process.
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increase, and porosity will increase at the same rate. If the 
deposition layer is lower than this temperature, the time 
for spreading out becomes shorter since the deposition 
layer has a cooling effect on the droplets. For the case of 
the deposited layer temperature decreases, the porosity 
increase rate can be approximately inversely proportional 
to the temperature change.

According to the experience and analysis above, the 
porosity model is established based on the temperature 
difference between the droplets and the deposition layer in 
different deposition stages. The empirical equation of porosity 
formation in spray forming billets can be expressed as:

( )
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where TB is the temperature of the deposition layer, TD is the 
temperature of the droplets with liquid fraction of 50%, TE 
is the eutectic temperature of the alloy. From the foregoing, 
it can be known that the value of C1 is 2.5. Other values 
are repeatedly modified by experiments, and the suitable 
experience values are shown as follows:

A1 A2 0,  B1 B2 B3 1/10000,
A3 0.0289,  C2 2,  C3 1.1

= = = = =
= = =

 (4)

By using this model, the porosity distribution can be 
simulated and quantitatively calculated.

3. Results and Discussion
The shape model of spray formed billets was established by 

tracing surface coordinates of the billets, and the temperature 
distribution model of the billets was further established by 
coupling the heat transfer model with shape model. The porosity 
formation probability of different regions for the billets could 
be predicted based on the numerical relationship between the 
temperature of the deposition layer and the porosity forming 
probability. For easy comparison, this study fixed the spray 
distance (500 mm), atomization pressure (1.2 MPa) and 

catheter diameter (4.0 mm) as constant, the temperature of 
the liquid metal as variable.

Figure 4a shows the shape and the temperature distribution 
of the billet at atomization temperature of 1048 K. It can 
be seen that there exists a large solid-liquid mixing area at 
the deposition layer of the billet, in which the temperature 
is evenly distributed between 773~783 K and close to the 
temperature of droplets. Therefore, interstitial porosity 
could not form due to the rapid solidification of the droplets. 
Meanwhile, the solid fraction of this area is about 57%, with 
a sufficient strength and no significant deformation can be 
found under the impaction of the droplets.

The prediction of porosity distribution of the billet under 
this process conditions is shown in Figure 4b. The deeper the 
color, the greater the porosity forming probability is. From the 
curve of the scan line, it can be seen that the porosity is more 
than 10% at the bottom of the billet, and then the porosity 
decreases rapidly with deposition continuous. When the height 
of the billet is more than 50 mm, the porosity remains the 
same magnitude of ~1%, and at the edges of the upper areas, 
the porosity increases to 2%~3%. The porosity distribution 
law can be analyzed as follows: In the area of the bottom of 
the billet where contacted with the deposition apparatus, large 
shrinkage porosity can be formed when droplets impacting the 
cold deposition layer and rapidly solidifying with short time 
to spread out. As deposition continuous, the temperature of 
the deposition layer increases and gradually stabilizes, thus 
making the porosity decreases to only about 1%. In the edge 
of the billet, the porosity will increase slightly due to the 
longer flying distance of the droplets and lower temperature 
of the deposition layer.

Figure 5a shows the porosity distribution at the spray 
temperature of 1133 K. Under this condition, the superheat 
of the liquid metal is 225 K, and the temperature of the 
deposition layer is about 817 K with the liquid fraction 
of about 52%. Thus the strength of the deposition layer 
decreases, and gas porosity will be generated in the middle 
area. The final porosity is about 2~3%. Compared with 
Figure 4b, the high porosity area in the initial stage of the 
billet is slightly smaller, which indicates that the deposition 
process is entered faster into stable stage.

Figure 4. (a) The contour of the billet and the temperature distribution at longitudinal section; (b) Porosity distribution of billet at the 
spray temperature of 1048K.
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Figure 5b shows the porosity distribution at the spray 
temperature of 938 K. Under this condition, the superheat 
temperature of the liquid metal is 30 K, and the temperature 
of the deposited layer is about 754 K with the liquid fraction 
of about 19%. The deformation ability of the droplets is so 
weak that it influences the spreading out of droplets. As seen 
from the figure that the porosity of the billet is as high as 
about 3% and the porosity type is interstitial porosity.

Through the research findings above, conclusions can 
be gotten that the selectable sprayed temperature range of 
7075 aluminum alloy is narrow. A denser billet can obtained 
only when the superheat is among 120~190 K. At the initial 
stage of the spray forming process, more porosity is generated 
and then gradually decreases in stable growth stage.

To validate the porosity model, a 7075 aluminum billet 
was prepared by spray forming process with the spray 
temperature of 1048 K. A slice with thickness of 10 mm 
was taken in the central portion of the billet and 9 samples 
were taken at different positions of the slice in the order of 
1-9 (Figure 6a). Microstructural observations of the alloy 
were carried out by using an Olympus optical microscope 
(OM) after etching with Keller’s reagent (1% HF, 1.5% HCl, 
2.5% HNO3, 95% H2O, vol. %).

The porosity of the nine parts is shown in Figure 6b, the 
order of the metallographic pictures is consistent with the 
sampling sequence in Figure 6a. As can be seen from the 
pictures that the porosity of the upper areas of the billet is 
significantly less than the bottom areas, which presents the 

Figure 5. Porosity distribution of billets at different spray temperature (a) 1133 K; (b) 938 K.

Figure 6. Porosity observation of sprayed 7075 billet (a) Sampling locations; (b) Metallographic observation.
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regularity of increasing from top to bottom, center to edges. 
Image-pro plus software of measurement and analysis was 
used to calibrate the porosity in the metallographic pictures. 
Each sample was measured in four different positions, 
and the average porosity rate is shown in Figure 7. These 
experiment results above are basically consistent with the 
porosity distribution law obtained by the numerical simulation, 

which illustrate that the established porosity fuzzy model is 
reasonable and suitable for the simulation and calculation 
of aluminum alloys in spray forming process.

4. Conclusion
In this research, numerical simulation methods have been 

used to investigate the porosity forming and distribution 
mechanism of sprayed aluminum alloys. It is found that 
the status of solidification for the arriving droplets and the 
deposition layer is the key factor in determining the porosity 
formation. Under the same condition, even a higher or lower 
spray temperature will lead to the increasing of different 
types of porosity. For sprayed 7075 alloy, a denser billet can 
be obtained with the spray temperature of 1048 K. In this 
condition, the porosity of the billet presents the regularity 
of increasing from top to bottom. At the bottom of the billet, 
the porosity type is mainly solidification shrinkage porosity 
of about 10%, and at the upper area,the porosity is about 
1% or less with mixed types.
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Figure 7. The vertical map of porosity distribution.
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