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Abstract: In this study, the microstructure evolution of rapidly solidified ASP30 high-speed steel particles was predicted using a simulation 
method based on the cellular automaton-finite element (CAFE) model. The dendritic growth kinetics, in view of the characteristics of ASP30 
steel, were calculated and combined with macro heat transfer calculations by user-defined functions (UDFs) to simulate the microstructure of 
gas-atomized particles. The relationship among particle diameter, undercooling, and the convection heat transfer coefficient was also inves-
tigated to provide cooling conditions for simulations. The simulated results indicated that a columnar grain microstructure was observed in 
small particles, whereas an equiaxed microstructure was observed in large particles. In addition, the morphologies and microstructures of 
gas-atomized ASP30 steel particles were also investigated experimentally using scanning electron microscopy (SEM). The experimental re-
sults showed that four major types of microstructures were formed: dendritic, equiaxed, mixed, and multi-droplet microstructures. The simu-
lated results and the available experimental data are in good agreement. 
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1. Introduction 

Gas atomization is an important rapid solidification tech-
nique with many advantages compared with traditional 
casting techniques. In the atomization process, the liquid is 
acted by gas and then broken into small droplets. These 
small droplets are subsequently solidified on a substrate to 
form the object in the desired shape. Particles produced by 
gas atomization exhibit excellent characteristics such as re-
fined grains, reduced microsegregation, and extended solu-
bility of alloying elements [12]. These characteristics are 
largely a consequence of the remarkable undercooling and 
cooling rate, which are, in turn, caused by the containerless 
solidification in the gas atomization chamber and the high 
velocity of the moving cold gas stream [3]. To date, numer-
ous alloys with excellent characteristics have been produced 
by the gas atomization technique.  

Because of the excellent characteristics of gas atomiza-
tion, investigations of the solidification behaviors of 

gas-atomized alloy particles have attracted much attention 
[46]. Behúlová et al. [4] investigated the solidification mi-
crostructure of gas-atomized Ch12MF4 tool steel particles 
and reported that the transition from a dendritic to a cellular 
microstructure occurs via the mechanism of fragmentation 
of metastable austenite dendrites. Rokni et al. [5] demon-
strated that the microstructure of rapidly solidified 
gas-atomized 7075 aluminum powder comprised two dif-
ferent particle types that were differentiated by their grain 
boundary structures and solute element distributions. Song 
et al. [6] investigated gas-atomized Fe–6.5wt%Si powders 
with different nucleation abilities and reported that the nu-
cleation ability of the melt could influence the solidification 
microstructure of gas-atomized droplets. Although numer-
ous experimental investigations have been conducted over 
the past several years, the temperature field and the solidifi-
cation microstructure evolution in the rapid solidification 
process are very difficult to obtain experimentally in real 
industrial production environments because of the rapid ve-
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locity of the droplets during the gas atomization process. 
Recently, great attention has been focused on using numeri-
cal simulations to predict the solidification behaviors of the 
droplets during atomization [79]. Tourret et al. [7] simu-
lated the phase transformations of gas-atomized Al–Ni 
powders during solidification and observed that the phase 
fractions depend on particle size. Kusý et al. [8] investigated 
the thermal history of gas-atomized droplets with different 
diameters using the thermokinetic Newtonian model and 
reported that the nucleation temperature, recalescence tem-
perature, and the duration of the quasi-isothermal plateau are 
the most important parameters that influence the micro-
structure development during gas atomization. Moreover, 
Xu et al. [9] used a numerical approach to analyze the heat 
transfer of an individual droplet.  

Although previous research has provided valuable infor-
mation about the temperature histories of droplets, no 
equivalent research into predicting the microstructure of 
gas-atomized particles has been reported. The ability to pre-
dict the microstructure of gas-atomized particles would be 
useful for achieving the final desired casting microstructure, 
which, because of the primary microstructure of the particle, 
could influence the final microstructure and the properties of 
alloy objects [10]. Thus, improvement of the predictive ca-
pability for gas-atomized alloy droplets’ microstructures is 
necessary in industrial production.  

In this study, to improve the predictive capability for the 
microstructure of rapid-solidified particles, we used a simu-
lation method based on the cellular automatonfinite ele-
ment (CAFE) model to predict the temperature fields and 
the microstructure evolution of rapidly solidified gas-ato-
mized ASP30 high-speed steel particles. This high-alloy 
steels with high wear resistance can be used as tool materi-
als because of the densification of rapidly solidified droplets, 
which is enhanced by the gas atomization technique [11]. 
The dendritic growth kinetics, in view of the characteristics 
of ASP30 high-speed steel, were calculated and used to 
simulate the microstructure of the particles. The effects of 
particle diameter on undercooling and on the convection 
heat transfer coefficient were then investigated to provide 
the cooling conditions for use in the microstructure simula-
tion. Finally, the morphologies and microstructures of the 
particles were investigated experimentally.  

2. Experimental procedure 

ASP30 high-speed steel particles with a chemical com-
position of 1.28 C, 4.2 Cr, 5 Mo, 3.1 V, 6.4 W, 8.5 Co, 0.5 
Mn, 0.5 Si, 0.01 P, 0.01 S, and balance Fe (wt%), manufac-

tured by nitrogen-gas atomization at a pressure of 2 MPa at 
1717 K, were supplied by Baoshan Iron & Steel Co., Ltd., 
Shanghai, China. The particles with different diameters were 
mounted with epoxy and then polished to 0.5 μm. An etching 
solution of 5vol% HNO3 in alcohol was used for the final 
cross-section microstructure examination. The morphologies 
and the microstructure of ASP30 high-speed steel particles 
were investigated using scanning electron microscopy (SEM) 
(JSM6700F at an accelerating voltage of 10 kV). 

3. Simulation methods 

The CAFE model [12], combined with the finite element 
method (FEM) and the cellular automaton (CA) method, 
was used to simulate the microstructures of gas-atomized 
particles. The CAFE model includes a nucleation model and 
a dendritic growth model, which are described as follows. 

3.1. Nucleation model 

The nucleation model assembled within the CAFE model 
is a continuous nucleation model based on a Gaussian dis-
tribution [12]. It can be expressed as [13] 
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exp
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where dn/d(T) is a continuous nucleation distribution func-
tion, dn is the change in grain density, d(T) is the increase 
of undercooling, Tmax is the mean undercooling, T is the 
standard deviation of undercooling, and nmax is the maxi-
mum density of nuclei.  

3.2. Dendritic growth model 

The dendritic growth model in the CAFE model, as im-
plemented in the CALCOSOFT software, was developed by 
Kurz et al. [14]; it is referred to as the KGT model. The pre-
viously used KGT model is not suitable for rapid solidifica-
tion processes because it disregards non-equilibrium effects 
in the rapid solidification process. Thus, in the present work, 
the model developed by Boettinger et al. [15], referred to as 
the BCT model, was used in place of the KGT model; 
user-defined functions (UDFs) were used to describe the 
dendritic growth in non-equilibrium rapid solidification 
processes. 

In the BCT model, the total bulk undercooling T of the 
dendrite tip is generally composed of four contributions 
[16]: 
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where Tt is the thermal undercooling, Tc is the solutal 
undercooling, Tr is the curvature undercooling, Tk is the 
kinetic undercooling, Γ is the Gibbs–Thomson coefficient, 
H is the heat of fusion, cpL is the specific heat, Pet = VR/2 
and Pec = VR/2D are the thermal and solutal Péclet numbers, 
respectively,  is the thermal diffusivity, and D is the 
chemical diffusion coefficient. Parameter IV(Pet) is the so-
lutal Ivantsov function of thermal Péclet number, IV(Pec) is 
the solutal Ivantsov function of solutal Péclet number, m is 
the liquidus slope, m L is the actual liquidus slope under 
non-equilibrium conditions, c0 is the nominal alloy compo-
sition, V0 is the velocity of sound as an upper limit for the 
solidification velocity, Rg is the gas constant, and kv is the 
actual solute partition coefficient.  

In the microstructure simulation process, consideration of 
the relationship between growth velocity and undercooling 
is necessary because it can reflect the dendritic growth ki-
netics. Eq. (2) shows the relationship among dendritic 
growth velocity, dendrite radius, and undercooling. How-
ever, the relationship between dendritic growth velocity and 
undercooling cannot be expressed well using only Eq. (2); 
therefore, the following equation was adopted to describe 
the dendrite radius and growth velocity according to the 
solvability theory [1719]: 
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Here, * is the stability constant, k is the solute partition 
coefficient, and t and c are the thermal and solutal stability 
functions, respectively. The analytical solutions are difficult 
to obtain though complex Eqs. (2)–(9). Consequently, nu-
merical solutions of the BCT model were obtained by 
mathematical treatment in present work. First, we defined 
parameters f(R,V) and F(R,V) expressed in Eq. (7) by Eqs. 

(10)–(11): 
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The available values of V and R were then obtained 
through Eqs. (2)–(11) with the values of F(R,V) set as zero. 
Finally, the values of T were obtained through Eq. (2) us-
ing the previously obtained values for V and R as inputs.  

Usually, these series of values (i.e., T, V, and R) are ob-
tained by program calculations and are subsequently used to 
be fitted by initial certain curves. Previous studies have 
shown that three major types of fitting equations can be used 
to describe the relationship between V and T [2022], as 
shown in Eqs. (12)–(14), where Eq. (15) is introduced as an 
extension of Eq. (14):  

bV a T                                     (12) 

eb TV a                        (13) 
2V a T b T                                   (14) 
2 3V a T b T c T                            (15) 

In the present work, Eqs. (12)–(15) were used to fit the 
obtained series of values (T, V, and R). 

4. Simulation results and discussion 

With respect to the microstructure simulation of ASP30 
high-speed steel particles, three main steps are involved. 
First, the mathematical relationship between dendrite 
growth velocity and undercooling must be solved. For this 
purpose, we developed a mathematical treatment for the 
BCT model in the present work. Second, good knowledge 
of the different cooling conditions and undercooling in par-
ticles with different diameters should be obtained before 
starting the simulation process. In model terms, this step in-
volves calculation of the mathematical relationship among 
the particle diameter, undercooling, and the convection heat 
transfer coefficient. Third, the temperature field of particles, 
which is another important input item for the final micro-
structure simulation, should be calculated using the two pre-
viously established mathematical relationships. The details 
related to these three steps in the present simulation process 
are described as follows. 

The thermophysical ASP30 high-speed steel parameters 
used for the calculation of the mathematical relationship 
between dendrite growth velocity and undercooling are 
listed in Table 1. The calculated results and fitting curves 
are shown in Fig. 1. Figs. 1(a)–1(d) reveal that Eqs. (12) and 
(15) provide better curve-fitting results than Eqs. (13) and 
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(14). However, because the final result calculated using Eq. 
(15) included negative parameters, which is not beneficial 
for the convergence of the simulation, we selected Eq. (12) 
as the most appropriate fitting equation in the present work. 
As shown in Fig. 1(a), the dendritic growth velocity obvi-
ously increases with the increasing of undercooling. The 
power-function relationship shown in Eq. (16) was obtained 
in the present work: 

6 2.952.46 10V T            (16) 
Thus, the dendritic growth velocity V can be attained for a 

given value of undercooling T by solving Eq. (16). Notably, 
this relationship is a significant criterion for simulating the so-
lidification microstructure in the rapid solidification process. 

Table 1.  Thermophysical parameters of ASP30 high-speed 
steel 

Liquidus temperature, TL / (K) 1617 

Specific heat, cpL / (J·kg−1·K−1) 600 

Density of particles, ρd / (kg·m−3) 7332 

Heat of fusion, ΔH / (J·kg−1) 4.7 × 105 

Interface energy, σSL / (J·m−2) 0.331 

Thermal diffusion coefficient, α / (m2·s−1) 7 × 106 

GibbsThomson coefficient, Γ / (K·m) 3 × 107 

Characteristic diffusion length, a0 / (m) 2.5 × 109 

Diffusion coefficient, D / (m2·s−1) 8 × 109 

Speed of sound, Vs / (m·s−1) 2000 

 
Fig. 1.  Relationships between dendritic growth velocity and undercooling. 

In the gas atomization process, droplets with different 
diameters experience different cooling conditions and dif-
ferent undercooling. Therefore, the convection heat transfer 
coefficient h and the undercooling T of different particle 
diameter Di should be calculated before the microstructure 
simulation. According to the work of Lee and Ann [23], h, 
T, and Di can be calculated using Eqs. (17)–(23): 
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where kg is the thermal conductivity of the gas; Re is the 
Reynolds number; Pr is the Prandtl number of the gas; d is 
the density of the particles; ud is the axial velocity of the al-
loy droplet; ug is the dynamic viscosity of the gas; u0 is the 
initial exit axial velocity of the gas, with a value u0 = 200 
m·s−1 [24]; TN, Tg, and TL are the temperatures of nucleation, 
gas, and liquidus, respectively; cpg is the specific heat of the 
gas, Kv is a kinetic parameter with a value of 1040 m−3·s−1; kB 
is the Boltzmann constant; SL is the solid–liquid interface 
energy; and f() is the catalytic efficiency for heterogeneous 
nucleation. In the present work, two typical values of f() = 
0 for 1200 μm diameter particles [25] and f() = 1 for 1 μm 
diameter particles [26] were set to receive the constant val-
ues of a2 = 8.34  104 and a3 = 1.0008, respectively.  

The thermophysical parameters of nitrogen used for 
cooling condition calculations are listed in Table 2 [9]. The 
values of h and T calculated using Eqs. (17)(23) are 
summarized in Table 3 and Fig. 2. In the present work, the 
particle diameter sizes range from 20 μm to 100 μm and the 
pouring temperature is 1717 K. As evident in Fig. 2, both 
the convection heat transfer coefficient and the undercooling 
increase with decreasing particle diameter. The calculated 
values listed in Table 3 were used as inputs in the final mi-
crostructure simulations. 

Table 2.  Thermophysical parameters of N2 

Specific heat,  
cpg /  

(J·kg−1·K−1) 

Dynamic vis-
cosity, µg / 
(N·s·m−2) 

Thermal  
conductivity, kg / 

(W·m−1·K−1) 

Density, 
ρg / 

(kg·m−3)

1039 1.78 × 10−5 2.6 × 10−2 1.16 

Table 3.  Calculated results of undercooling and convection 
heat transfer coefficient for ASP30 high-speed steel particles 
under an N2 atmosphere 

Particle  
diameter / μm 

Convection heat transfer 
coefficient / (W·m−2·K−1) 

Undercooling /  
K 

 20 11832 131 
 40  7828  89 
 60  6179  71 
 80  5266  60 
100  4649  53 

 
As previously mentioned, the temperature field is another 

important variable for the final microstructure simulation. In 
the solidification process, the temperature T can reflect the 
undercooling T according to the relationship 

LT T T         (24) 

where T can be obtained for a given value of T. The den-

dritic growth velocity V can then be calculated though Eq. 
(16) using T as inputs. The calculated values of V can then 
be used to simulate the final microstructure.  

Fig. 3 presents the temperature fields in cross-sections of 
particles with different diameters at a simulation time of 
0.0004 s. Temperature difference is presented with different 
colors. Apparently, the temperature gradient in ASP30 steel 
particles can be ignored in a rapid solidification gas-atomi-
zation process. As shown in Fig. 3, the temperature at the 
particle surface is lower than that at the particle center. This 
phenomenon indicates that gas-atomized particles cooled 
from their exterior to their interior. In addition, the particle’s 
temperature simultaneously decreased with decreasing di-
ameter, primarily as a consequence of the high cooling rate 
that resulted from the large convection heat transfer coeffi-
cient of the small particle (see Fig. 2). 

 
Fig. 2.  Effects of particle diameter on the convection heat 
transfer coefficient and undercooling. 

The simulation parameters used in the present micro-
structure simulations are listed in Table 4. Fig. 4 shows the 
simulated cross-section microstructures of ASP30 high- 
speed steel particles with different particle diameters. In Fig. 
4, different grain orientations are indicated with different 
colors. As evident in this figure, the microstructures of the 
particles clearly vary with the particle diameter. Refined 
equiaxed grains dominate the particles with diameters of 
100 μm and 80 μm. In the case of the 60 μm particle, a thin 
columnar zone appeared at the surface and the remainder 
was filled with equiaxed grains. As shown in Fig. 4(b), 
equiaxed grains formed only in the center of the 40 μm par-
ticle. Notably, however, very limited equiaxed grains were 
observed in the center of the 20 μm particle. The trans-
granular columnar microstructure was observed in the whole 
cross-section of the 20 μm particle. Similar microstructures 
were reported by Behulova et al. [27], who observed that the 
columnar dendritic microstructure appeared predominantly 
in large Ch12MF4 steel particles, whereas equiaxed and 
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fragmented dendritic microstructures occurred in smaller 
particles during gas atomization. These results are attribut-
able to the size reduction, which leads to an increase of un-
dercooling (see Fig. 2) and a decrease in bulk nucleation. 
These results are similar to previously reported results that 
indicate nucleation often occurs at the surfaces of very fine 
particles [28]. In addition, because of the reduction of the 
particle diameter, the increase in the convection heat transfer 
coefficient and in the cooling rate (see Fig. 2) lead an in-
crease of the dendritic growth velocity. The existing nuclei 
in the surface grow rapidly ahead of the liquid zone along 

the inverse direction of heat flow. Thus, the large convection 
heat transfer coefficient and the large undercooling lead to 
the appearance of the final columnar zone. Conversely, the 
small convection heat transfer coefficient and the small un-
dercooling in large particles results in a low growth velocity 
of dendrites and in extensive bulk nucleation. These nuclei 
restrict the growth of columnar grains in the surface and re-
sult in the final equiaxed microstructure. Therefore, the 
dendritic microstructure is usually observed in small parti-
cles, whereas the grain-refined equiaxed microstructure is 
always observed in large particles. 

 
Fig. 3.  Simulated temperature fields at 0.0004 s with different diameters: (a) 20 μm, (b) 40 μm, (c) 60 μm, (d) 80 μm, and (e) 100 μm. 

Table 4.  Parameters used in the microstructure simulation 

Droplet diameter / μm Pouring temperature / K nmax,s / m
−2 nmax,v / m

−2 ΔTσ,v / K ΔTσ,s / K 

20–100 1717 2 × 1013 8 × 1019 5 0.1 

Note: nmax,s the maximum density of surface nuclei; nmax,vthe maximum density of bulk nuclei; ΔTσ,sthe standard deviation of surface 

undercooling; ΔTσ,vthe standard deviation of bulk undercooling. 

 
Fig. 4.  Simulated microstructures of ASP30 steel particles with different diameters: (a) 20 μm, (b) 40 μm, (c) 60 μm, (d) 80 μm, and 
(e) 100 μm. 

5. Results and discussion 

ASP30 high-speed steel particles were manufactured by 
nitrogen gas atomization according to the simulation condi-
tions. The process parameters used in the present experi-
ments were the same as those used in the simulations. The 
morphologies and microstructures of gas-atomized particles 
were investigated experimentally using scanning electron 

microscopy (SEM).  

5.1. Morphologies 

The secondary electron (SE) images in Fig. 5 shows the 
morphologies of the gas-atomized ASP30 high-speed steel 
particles. These images reveal that the ASP30 high-speed 
steel particles are spherical or near-spherical in shape. 
However, a few small particles, typically 10–20 μm in di-
ameter, were observed around the larger particles. Similar 
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small satellite particles were also observed in gas-atomized 
SAC305 particles by Wisutmethangoon et al. [29]. They 
may originate from the presence of turbulent flow in the 
atomization chamber, which results in collisions among 
droplets. The small droplets solidify rapidly and collide with 
the larger droplets that have not solidified completely, 
thereby becoming satellite particles of larger particles. 

 
Fig. 5.  Morphologies of gas-atomized ASP30 high-speed steel 
particles. 

5.2. Cross-section microstructures 

Fig. 6 shows SEM images of cross-sections of ASP30 
steel particles with different diameters. As evident in Figs. 
6(a)–6(f), particles with different diameters exhibit different 
microstructures: columnar dendritic, grain-refined equiaxed, 
mixed microstructure (i.e., a mixture of equiaxed grains and 
the dendrite fragments), and multi-droplet microstructures. 
Behulova et al. [27] also observed dendritic, grain-refined, 
and compound (mixture of dendritic and grain-refined) mi-
crostructures in rapidly solidified particles. However, the 
multi-droplet microstructure, as shown in Figs. 6(e)–6(f), 
was not reported by Behulova et al. [27]. The formation of 
the multi-droplet microstructure is due to the collision phe-
nomenon of droplets caused by turbulent flow in the atomi-
zation chamber. This collision phenomenon was confirmed 
by the morphological investigation of particles, as shown in 
Fig. 5. The small particles collide with the incompletely so-
lidified large droplets and become new nuclei of the large 
particles. These new nuclei (see Figs. 6(e)–6(f)) grow rap-
idly and finally form the multi-droplet microstructure. Nota-
bly, multi-droplets are not considered in the present simula-
tion work because of their specificity.  

Fig. 6(a) shows the microstructure of a 25 μm particle. 
The major microstructure is columnar dendritic grains, 
which grow from the particle surface to the center, except 
for an equiaxed grain that appears in the particle center. 

Moreover, SEM images of the cross-section of a 58 μm 
particle are shown in Fig. 6(b). A mixed microstructure 
(i.e., a mixture of equiaxed grains and dendrite fragments) 
was observed in most of the particle’s center, whereas 
elongated columnar grains were observed at the particle 
surface. Fig. 6(c) and Fig. 6(d) show the microstructures of 
80 μm and 102 μm particles, respectively. These figures 
indicate that both of the particles exhibit grain-refined 
equiaxed microstructures. These results are in a good 
agreement with the simulated results shown in Fig. 4. 
These results are explained by a reduction of the number 
of bulk nuclei as a consequence of the increase of under-
cooling (see Fig. 2) due to the reduction of the particle 
diameter. Thus, the nucleation occurs mostly at the surface 
of the particle. These nuclei at the particle surface grow 
rapidly toward the particle center, leading to the final 
elongated columnar dendritic microstructure. In addition, 
the increasing convection heat transfer coefficient (see Fig. 
2) leads to an increase of the cooling rate, causing the for-
mation of the final columnar microstructure. Thus, the 
large undercooling and the large convection heat transfer 
coefficient are the two important causes of the formation 
of the columnar dendritic microstructure. By contrast, in 
large particles, because of the small convection heat trans-
fer coefficient and the release of latent heat, the melt tem-
perature increases, leading to dendrite fragmentation. The 
liquid/solid interface becomes locally unstable. The frag-
mented dendrites in droplets form as new nuclei (see Figs. 
6(e)–6(f)), growing and restricting the growth of columnar 
grains, and finally form the equiaxed microstructure. Fur-
thermore, with increasing particle diameter, the increasing 
fragmented dendrites cause the large particle hard to 
achieve large undercooling. Cochrane et al. [30] have con-
firmed that large undercooling is difficult to achieve in 
large particles. The small undercooling in large particles 
results in the low dendritic growth velocity and then leads 
to the final equiaxed microstructure. Zambon et al. [31] 
have shown that dendritic structures are most frequently 
formed in the smallest particles, whereas equiaxed grains 
structure exhibit the opposite trend. Their results are simi-
lar to those reported here. A comparison of the experimen-
tal results in Fig. 6 with the simulation results in Fig. 4 re-
veals that the experimental results are in a good agreement 
with the simulated results. Therefore, on the basis of such 
a comparison of previously reported and the present ex-
perimental results, we conclude that the simulation method 
presented herein provides an effective method to predict 
the microstructure evolution during the gas atomization 
process. 
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Fig. 6.  SEM micrographs of particles with different diameters: (a) 25 μm, (b) 58 μm, (c) 80 μm, (d) 102 μm, and (e) and (f) 
multi-droplet. 

6. Conclusions 

The microstructure evolution of rapidly solidified 
gas-atomized ASP30 high-speed steel particles was investi-
gated in the present work. The following important conclu-
sions were drawn from the present work: 

(1) The convection heat transfer coefficient and the un-
dercooling are influenced by the diameter of the particles. 
Small particles have large convection heat transfer coeffi-
cients and large undercooling.  

(2) Four major types of solidification microstructures 
were identified in the rapidly solidified ASP30 high-speed 
steel particles. They are dendritic microstructure, equiaxed 
microstructure, mixed microstructure, and multi-droplet mi-

crostructure.  
(3) The simulation results reveal that the microstructures 

of gas-atomized ASP30 high-speed steel particles depend on 
the particle diameter. The predicted microstructures show 
that the columnar dendritic microstructure is usually ob-
served in small particles, whereas the grain-refined equiaxed 
microstructure is observed in large particles during the gas 
atomization process. The simulated results were verified 
experimentally. 

(4) The BCT dendritic growth model was successfully 
applied to predict the microstructures of gas-atomized 
ASP30 high-speed steel particles. The simulation results 
agree well with the experimental results, which provide a 
theoretical basis to investigate the microstructure evolution 
in the gas atomization process.  
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