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A new method was introduced to fabricate porous coating and control its porosity 
by changing spray parameters. Two models were constructed to simulate the de-
formation of droplet and the deposition process of splats on substrate. Considering 
the gap-pore, step-pore and shield-pore in the presented models, the influence of 
spray angle on the porosity of coating was mainly investigated. The simulation and 
experimental results show that the presented method is suitable for fabricating 
controllable-porosity coating. The porosity of coating can reach 49%. When the 
spray angle is lower than 30°, the porosity of coating rapidly increases because of 
shielding effect. Moreover, powder size and impact velocity also influence the po-
rosity. Besides, a new forming method of graded porous coating was simulated by 
continuously changing the spray angle. 

plasma spray, porosity, spray angle, porous material, functional gradient material 

Porous materials are widely used in modern industry fields such as fuel cell, biological tissue en-
gineering, medicinal slow-release carrier, catalytic carrier, ceramic dust filter, water purifier, ce-
ramic thermal insulating layer, and so on[1―8]. At present, the porous materials are mainly fabri-
cated by powder casting and electrochemistry deposition. However, not only is the period long and 
the cost is high, but also it is difficult to control the porosity of coating through the above forming 
method. Plasma spray is suitable for rapidly forming coating for almost all kinds of materials. 
Many researches on plasma spray are devoted to increasing the density of coating by improving the 
spray technology or spray device. On the other hand, little attention has been devoted to the rapid 
forming of porous material and even gradual porous material. In principles, porous coating can be 
fabricated by controlling technical condition of plasma spray. Robot-based plasma spray is ap-
propriate for fabricating the porous coating by controlling or changing the spray parameters. Based 
on plasma spray robot, we present a new method to fabricate the target porous material by con-
trolling the parameters closely relate to porosity. Firstly, the growth models of coating are devel-
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oped to investigate the generation of pores in coating and the influence of spray parameters on 
porosity of coating. Then some experimental results are obtained to compare with the relevant 
simulation results. Finally, the fabrication method of graded porous coating is discussed by con-
tinuously changing plasma spray parameters related to the porosity of coating. 

1  Theory  

1.1  Deformation of droplet 

In plasma spray, the molten degree of particle largely influences its deformation[9]. In the same 
impact condition, for example, semi-molten droplet would not flatten out entirely, and over-molten 
droplet would splash because of the rapid decrease on viscosity. According to the experimental 
observation, the shape of splat is approximately a thin cylinder when droplet impacts the substrate 
normally. If the spray angle, which indicates the closed angle between the axis of spray gun and the 
sprayed plane, is lower than 90°, the splat is approximately a shape of ellipsoid. Particles are 
melted and accelerated in plasma jet, impact substrate to form solid splats and deposit a coating on 
substrate. Regarding droplet as Newtonian, incompressible flow, its deformation on substrate 
obeys the conservation of mass and momentum[10,11]: 
 0,∇ ⋅ =v  (1) 
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where v is the velocity vector of mass point in the droplet,  f the gravity, p the pressure, ρ the 
density and µ the viscosity of droplet.  

The deformation of droplet also obeys the conservation of mechanical energy: 
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where Ek is kinetic energy, Ep potential energy of particles and Lf dissipation power of inner friction. 
While a droplet normally or obliquely impacts the substrate, the power flattening the droplet in-
cludes its kinetic energy gained from plasma flow and its gravitational potential energy. In fact, the 
gravitational potential energy is several orders less than the kinetic energy, so the gravitational 
potential energy is ignored in the simulation. According to the conclusions in ref. [12], the relation 
between Weber and Reynolds of droplet meets the following criterion: 
 ( ) 0.440.0 1 ,We m Re> −  (4) 

where m is wetting coefficient. The surface tension is ignored as the mechanical energy of droplet 
is consumed mainly by the viscosity resistance in the deformation process. Based on experimental 
measurement of splats, a fit model is built to evaluate the minor equatorial radius of splat b as 
follows: 
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where r is the radius of the droplet, u impact velocity, and α spray angle. The splat is regarded as a 
cylinder when the droplet impacts the substrate normally. When the droplet obliquely impacts the 
substrate, it lengthens along its fly direction. According to the conservation of mechanical energy, 
the major equatorial radius of splat a is evaluated by the following equation: 
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where ρ is the density of droplet and µ the viscosity. Suppose there is no splash in the deformation 
of droplet, the thickness of splat h is evaluated by the following equation according to the con-
servation of mass: 

 
34 .
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In real plasma spray, the viscosity of droplet is sensitive to its temperature. As the deformation 
time of droplet is extremely shorter than its solidification time, these two procedures are decoupled 
in simulation to simplify the evaluation. The deformation procedure of droplet is assumed to be an 
isothermal procedure. The viscosity of droplet in simulation is an equivalent value based on the 
assumption. The flattening ratio of splat ξ  and its lengthening ratio ξ'  are evaluated from the 
results of eqs. (5) and (6) as follows: 

 ,bξ =
r

 (8) 
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b
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1.2  Distribution of splat 

During plasma spray, if spray gun is fixed to the substrate, droplet impacts the substrate and forms 
a circular area, which is called spray spot or particle footprint. When the spray gun is normal to the 
substrate, the distribution of splats in this spray spot approximately obeys Gaussian distribution as 
follows[13]: 

 
2 2

2
1( , ) exp ,

2π 2
x yp x y

σ σ
⎛ ⎞+

= −⎜ ⎟
⎝ ⎠

 , .x y−∞ < < +∞ −∞ < < +∞  (10) 

Generating some random impact points based on this distribution function on computer, rotating 
and projecting it to the substrate again, a computational model is built to describe the splat dis-
tribution in spray spot when the spray gun is not normal to the substrate (Figure 1). 

 
Figure 1  Computational model of splat distribution in spray spot with spray angle α. 

 
Firstly, the random Gaussian coordinates of impact point of droplet in a unit circle area are cal-

culated via 
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where rx and ry are random numbers within [−1,1] directly generated by computer, and s= 2 2+x yr r  

(s<1).  
The spray plane is regarded as the xoy plane coordinates, and then the 3-D random coordinates 

of splat are expressed as follows: 

 
gr

s r g ,
0 0

v

v

v

xx x
y r y y
z

⎛ ⎞⎛ ⎞ ⎛ ⎞
⎜ ⎟⎜ ⎟ ⎜ ⎟= + ⎜ ⎟⎜ ⎟ ⎜ ⎟

⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠⎝ ⎠ ⎝ ⎠

 (12) 

where rs is the radius of spray spot, (xg yg 0)T the projection of the coordinates of spray gun (xg yg 
zg )T on the xoy plane. Turning the point (xg yg zg)T around the axis that is parallel with y-axis and 
passes through the spray gun point, the rotated coordinates of the point (xrot yrot zrot)T are given via 
the following equation: 
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Projecting the rotated point to the substrate, the impacting point of droplet on the plane is cal-
culated from the following equation: 
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where rot g rot g( )/( )m = x x z z− − , rot g rot g( )/( )n = y y z z− − . 

1.3  Splat quantity within unit length 

On the basis of the Delesse’s stereological principle, the porosity in a cross-section of a coating 
depicts the porosity of the coating. Considering the splats cut by a cross-section (Figure 2), a 
quasi-3D model based on the cross-section is constructed. Estimating the quantity of the splats 
deposited on the cross-section after the spray gun scans once over the substrate, the deposition 
process of splats is then rapidly simulated.  

 
Figure 2  Plasma spray model using the zigzag scan path. 
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Shown in Figure 2 is the spray spot which is indicated by a circle when the spray gun is per-
pendicular to the substrate. After the spray gun scans over the sprayed surface once, the times of 
effectively scanning the cross-section is S=1+2 R l×⎡ ⎤⎢ ⎥  (Figure 2). Taking a cross-section across 

the center of spray spot, the distance from the center of the splat that is cut by the cross-section to 
the cross-section is less than the radius of splat (Figure 3). Supposing = 2m R l⋅ ⎡ ⎤⎢ ⎥ , the quantity of 

deposited particles in the cross-section within unit length is evaluated from the following equation: 
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where F0 is powder feed, pm  average mass of particles, vg gun velocity, k deposition efficiency, l 

scan interval, R radius of spray spot, r radius of splat and p(x, y) the Gaussian distribution function. 
This mathematic model is also suitable for the situation that the spray angle is lower than 90°. 
Using the model, the thickness of coating can be predicted indirectly. Moreover, this equation is 
also used for selecting the proper time step in simulation. 

 
Figure 3  Computational model for the quantity of splats which are cut by cross-section. Splat P0 and P1 are counted rather than 
splat P2 because P2 is too far from the cross-section plane. 

 

1.4  Deposition of splat 

To simplify the numerical simulation process, some assumptions are used in the model: all particles 
are melted equably enough; diameter and position of particles obey Gaussian distribution; droplet 
impacts on the smooth substrate to form a splat of a thin cylinder shape[14―16]; the deformation of 
particle obeys mass conservation law, i.e. there is no splash in flattening process of droplet; splat 
spreads along the outline of the formed coating; both mass and thermal shock of the subsequent 
droplets are neglected. A pore is formed in the coating when the gap between two or more pre-
ceding splats is too narrow to fill or when the space is sheltered by the step at the edge of a pre-
ceding splat along the flying direction of droplet, which are respectively called gap-pore or 
step-pore. The size of gap relates to the material of particle and the condition of spray. At the edge 
of the current splat, the fluid of droplet spreads along its deformation direction without taking into 
account the gap or space under itself (Figure 4). 

2  Experimental condition 

The plasma spray device developed by HUST is used in experimental validation. Spray gun is 
installed at the end effector of Motoman UP20 robot to control the spray angle (Figure 5(a)). 
Ni-based substrates with the size of 20 mm × 20 mm × 30 mm are processed by the standard pro-
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gram of rough grinding, fine grinding, polishing and cleaning to capture the flying particles. Before 
the plasma spray, the 45# steel plates with the size of 120 mm × 120 mm × 4 mm are ground, 
cleaned and heated up to 120℃. The spray path is set to be zigzag path, which is shown in Figure 
5(b). The spray parameters are listed in Table 1. 

 
Figure 4  The sketch of deposition of splat and pore forming of coating. 

 

 
Figure 5  Gesture of spray gun in slantwise spray (a) and zigzag spray path (b). 

 
Table 1  Technologic parameters of plasma spray 

Type of  
powder 

Size of 
powder Powder feed Power Temperature of 

substrate Spray distance Gun velocity Type of 
spray gun

45A Ni-based 70 µm 10 g/min 2000 W 120℃ 120 mm 0.3 m/s G781 

3  Results and analysis 

3.1  Influence of spray angle 

3.1.1  Influence of spray angle on deformation and distribution of droplet.  The SEM photos 
shown in Figure 6 indicate the deformation of molten particles on the substrate. Figure 6(a) shows 
the deformation with normal impacting. The splat is a thin cylinder with a few fingers. In Figure 
6(b), a droplet hits the substrate with the spray angle of 30°. The splat clearly lengthens along the 
fly direction of droplet to form an approximate ellipsoid. 

The splats distributions in spray spot are simulated at different spray angles in this paper (Figure 
7). When the spray angle is less than 60° the outline of spray spot obviously presents a shape of 
ellipse rather than a circular area at normally spray. Decreasing the spray angle, splats tend to 
concentrate on the focus of ellipse that is near the spray gun. This trend is more and more obvious 
with the decrease of spray angle. These are consistent with the experimental results. 
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Figure 6  The SEM photos of splats with normal impact (a) and oblique impact (b). 

 

 
Figure 7  Splats distributions and distributional curves at the spray angles of 15° (a), 30° (b) and 90° (c). 

 
3.1.2  Influence of spray angle on porosity of coating.  Setting the spray angles at 15°, 30° and 
90°, the coatings are respectively fabricated by plasma spray robot UP20. From the micrographs of 
cross-section with the amplification coefficient of 100 shown in Figure 8(a)―(c), shapes of pore in 
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coatings are quite different. Many through holes exist in the coating, as seen from Figure 8(a), and 
gradually disappear in Figure 8(b) and (c). The corresponding simulation results shown in Figure 
8(d)―8(f) demonstrate the same characteristics. The simulation parameters are listed in Table 2.  

 
Figure 8  Experimental and simulated films at different spray angles. (a), (b) and (c) are experimental results at the spray angles 
of 15°, 30° and 90°, of which the porosities are 37.2%, 19.6% and 4.5%; (d), (e) and (f) are the respective simulation results, of 
which the porosities are 35.6%, 21.3% and 4.2%, respectively. 

 
Table 2  Parameters in simulation 

Diameter of particle Particle velocity Gun velocity Powder feed Gun distance Radius of spray spot Time step

70 µm 180 m/s 0.3 m/s 10 g/min 120 mm 20 mm 10−4 s 

 
In simulation, the cross-section of size of 1 mm × 100 mm is divided into a grid of 1000×100000 

elements. The size of element is 1 µm × 1 µm. Figure 8(d)―(f) are simulation cross-sections of 
coatings, of which the structures are different from each other. The porosity of coatings decreases 
with the increasing of spray angle, which is in accordance with the experimental micrographs. 
These results are closer experimental results than in ref. [15]. The curve shown in Figure 9 is about 
the influence of spray angle on porosity of coating. It is divided into three segments A1, A2 and A3. 
Segment A1 shows the little influence of spray angle on porosity when the spray angle is more than 
60°, which indicates that the pores in film mainly consist of gap-pore in this part. The porosity of 
coating is very small and is influenced lightly by the spray angle. Therefore this segment is suitable 
for manufacturing compact coating. Segment A2 shows that the porosity of coating obviously 

 
Figure 9  Porosity curve of simulation (a) and top appearance of coating with shielding pores (b). 
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increases when the spray angle decreases, which indicates the obvious influence of step effect on 
the porosity of coating.  

It is seen from segment A3 that the porosity of coating rapidly increases with the decreasing of 
spray angle. When the spray angle is very small (<30°) droplets comparatively concentrate on the 
focus of spray spot near the spray gun. This situation causes the shielding effect among splats. Thus, 
many pores called shield-pore are formed in the coating. The shield-pore has nothing to do with the 
height of step of single splat. It is gradually formed via affixing one splat to another. Therefore the 
diameter of shield-pore, which is about 100 µm, is greatly larger than the gap-pore. There are many 
through holes in the real plasma spray coating, which demonstrates the related simulation results 
are effective. 

3.2  Influence of other spray parameters on porosity of coating 

3.2.1  Scan velocity of spray gun.  By changing different parameters such as gun velocity, particle 
size and droplet velocity, some simulation results are obtained on computer. The results shown in 
Figure 10(a) indicate that porosity of coating is increased with the decrease of the spray angle. But 
the influence of the scan velocity of spray gun on porosity of coating is not obvious. Commonly, 
the droplet velocity is greatly higher than the gun scan velocity, so the impacting behaviour of 
droplet is hardly influenced by the scan velocity of spray gun.  

 
Figure 10  Influence of scan velocity of spray gun (a) and particle size on porosity of coating (b). 

 

3.2.2  Particle size.  The curves in Figure 10(b) show the influence of particle size on porosity at 
different spray angles. It is statistically obvious that the bigger the size of particle, the fewer the flat 
particles in same space. Therefore it is concluded that the porosity decreases with the increase of 
the particle size.  

3.2.3  Impact velocity of droplet.  Figure 11(a) shows that the porosity of coating decreases with 
the increase of droplet velocity. The increase of droplet velocity is favourable for the spread of 
droplet, so the heights of small gap and step are decreased. But when the spray angle is almost 
vertical or horizontal, the velocity of droplet scarcely influences the porosity of coating. When the 
spray angle is close to 90°, almost all the pores are gap-pores. For all droplets flat enough, the 
thickness of splat at different velocities is narrowly different, so the porosities are close to each 
other. On the other hand, when the spray angle is very small, all the pores nearly consist of 
shield-pores, whose size hardly relates to the thickness of single splat. Therefore the porosity of 
coating is not much different at the different droplet velocities either. In this case, gap-pore is a little 
part of all pores in coating and therefore could even be ignored numerically (Figure 11(b)).  
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Figure 11  Influence of particle velocity on porosity of coating (a) and percentage of gap-pore to total porosity (b). 

 

3.3  Simulation of forming graded porous coating 

During the plasma spray process, the porous coating with variable porosity can be fabricated by 
continuously changing the spray angle. The simulation result of cross-section on graded porous 
coating is shown in Figure 12. It is seen that porosity of coating varies obviously along the vertical 
direction. The results shown in Figure 12(a) and (b) are under the conditions of increasing the spray 
angle from 15° to 90° linearly and non-linearly (Figure 12(c)). The porosity of the latter (26.5%) is 
larger than the former (18.39%). In Figure 12(b), the average porosity of coating is 26.5%, but the 
porosity of its underside part achieves 42.4%. It is a convenient method to rapidly manufacture the 
graded porous coating based on the robot. 

 
Figure 12  Cross-sections of graded porous coating with linear (a) and non-linear (b) variations on spray angle, of which the 
control curves are shown in (c). 
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4  Conclusions  

(i) In this paper, a new method for rapidly forming the porous coating by changing spray angle is 
presented. By this method the controllable-porosity coating are fabricated. According to the related 
simulation results, our models that are constructed to simulate the deformation of droplet and the 
deposition of splats on substrate are effective.  

(ii) The results show that the porosity of coating increases with the decrease of spray angle: 
when the spray angle is greater than 60° the variation of porosity is not obvious; when the spray 
angle is lower than 60° the porosity of coating begins to increase distinctly; especially when the 
angle is lower than 30° the porosity increases rapidly with the decrease of spray angle because of 
shielding effect.  

(iii) When the spray angle is a constant, the porosity of coating decreases with the increase of the 
impact velocity and the size of droplet; but it is not obviously influenced by the scan velocity of 
spray gun. 

(iv) Porosity of the coating gradually varies with the continuous change of the spray angle. It is 
realistically possible to rapidly fabricate graded porous materials. 
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