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Abstract: Gas atomization is a widely used method to produce the raw powder materials for addi-

tive manufacturing (AM) usage. After the metal alloy is melted to fusion, gas atomization involves 

two relatively independent processes: liquid breakup and droplet solidification. In this paper, the 

solidification behavior of powder during solidification is analyzed by testing the powder’s proper-

ties and observing microstructure of a martensitic stainless steel (FeCrNiBSiNb). The powder pre-

pared by gas atomization has high sphericity and smooth surface, and the yield of qualified fine 

powder is 35%.The powder has typical rapid solidification structure. Collision between powders 

not only promotes nucleation, but also produces more satellite powder. The segregation of elements 

in powder is smaller as the result of high cooling rate which can reaches 4.2 × 105 K/s in average. 

Overall, the powder prepared by gas atomization is found to have good comprehensive properties, 

desired microstructure, and accurate chemical component, and it is suitable for various additive 

manufacturing techniques. 
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1. Introduction 

Metal powders are increasingly used in powder metallurgy [1], 3D printing [2], laser 

cladding [3], and powder injection molding [4]. In order to obtain better products, it is 

necessary to use powders with better properties, including high sphericity, appropriate 

particle size distribution, and low impurity element contents. Gas atomization is currently 

one of the most widely used methods to prepare metal powders. These metal powders 

have good sphericity, small particle sizes, concentrated particle size distributions, and can 

be conveniently controlled by adjusting process parameters. Although the gas atomiza-

tion method has been studied for more than 90 years [5], the breakup mechanism during 

atomization is still not clear. The fast fluid velocity, high temperature, and the lack of an 

effective observation method make it complex and difficult to research. It is generally 

belbived that the gas atomization process involves four stages [6,7]: (1) the break-up of a 

liquid column into ligaments; (2) the break-up of ligaments into droplets, which is known 

as primary breakup; (3) the breakup of droplets into smaller droplets, which is called sec-

ondary breakup; (4) the spheroidization and solidification of the droplets into powders. 

The process of gas atomization can generally be divided into two processes: atomi-

zation breakup and droplets solidification. Atomization breakup is often studied by com-

puter numerical simulation. Many studies have used computational fluid dynamics 

(CFD) software [8], like Fluent of ANSYS (ANSYS, Inc., Canonsburg, PA, USA), to calcu-

late the influence of various parameters on atomization flow fields [9–11]. There are also 
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some analysis methods based on optical principles for measuring the shape and velocity 

of particles in a flow field, which is called visualization research, e.g., high-speed imaging, 

particle imaging velocity field meters, etc. [12–14]. 

The droplets will solidify after completely broken. Due to the small particle size and 

fast heat transfer rate, the cooling rate can usually reach 105 K/s. At present, it is generally 

calculated by numerical simulation, as the result of the difficulty to determin the cooling 

rate during the atomization process. When the cooling rate of a droplet is fast enough, it 

exceeds the critical rate of rapid solidification [15,16], and the resulting microstructure 

displays unique characteristics. However, the smaller particle size of the powder not only 

increases the cooling rate, but also decreases the nucleation probability. And, the nuclea-

tion probability decreases with the decrease of the diameter. After a large number of at-

omization experiments, Libera et al. [17] proposed that the solidification during an actual 

atomization process is mainly heterogeneous nucleation. Shi et al. [18] studied the influ-

ence of different parameters on powder shape, such as atomization gas, metal composi-

tion, nozzle structure. Pan et al. [19] studied the effect of particle size on the microstructure 

of the powder. Few studies [20] have investigated the nucleation mechanism during drop-

let solidification. Studying the nucleation mechanism during rapid solidification of pow-

ders helps to understand the reasons why droplets have high solidification rates. It is nec-

essary to research the nucleation of powder because nucleation is related to the rapid so-

lidification process. The existence of satellite powder will seriously affect the fluidity and 

other properties of powder. How to reduce the number of satellite powder is a concern of 

researchers. The rapid solidification of powders results in a unique metallographic struc-

ture, and the rapid cooling rate also influences the distribution of elements in the powders. 

Studying the microstructure and segregation of powders is helpful to better study the 

rapid solidification process. 

2. Materials and Methods 

This study is based on an iron-based multi-component alloy powder (FeCrNiBSiNb) 

for laser cladding. This material is newly developed and often used as a coating material 

for workpieces with high loads such as hydraulic supports, and its service state is marten-

site. The particle size, spherical degree and composition of powder have a great influence 

on the subsequent use. The particle size distribution of the powder is determined by laser 

particle size and particle shape analyzer (Bettersize 3000 plus, Bettersize Instruments Ltd., 

Dandong, China). And the surface morphology and sphericity of the powder are observed 

by SEM (SUPRA55, ZEISS, Stuttgart, Germany), and the elemental content of the powder 

is determined by atomic absorption spectrometer and oxygen-nitrogen-hydrogen ana-

lyzer. Through the test of these properties, the quality of the powder can be reflected bet-

ter. In addition, the phase, microstructure, and element distribution of the powder were 

analyzed to study the solidification process of the droplet. The phase of the powder is 

detected by XRD (SmartLab, Rigaku, Japan). The content of alloying elements, oxygen 

elements, and hydrogen elements is measured by atomic absorption spectrometer 

(MKIIM6, THERMO, Waltham, MA, USA) and oxygen-nitrogen-hydrogen analyzer 

(ONH-2000, ELTRA, Retsch-Allee, Germany). Metallographic samples were prepared 

from the crosssection of the powder and corroded with ferric chloride-hydrochloric acid. 

The metallographic structure of the powder was observed and the element distribution of 

the powder was analyzed by EPMA (JXA-8100, JEOL, Tokyo, Japan). 

3. Results 

3.1. Size Distribution of the Powder 

The powder obtained by atomization is shown in the Figure 1. The particle size dis-

tribution of the powder is wide, and the powder size is between 0 and 800 μm. There are 
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large size powder particles and unbroken sheet metal which can be distinguished by na-

ked eyes. The existence of sheet metal also proves that there is a process in which the 

liquid flow decomposes into film and then breaks into strips. 

 

Figure 1. Original powder. 

The particle size distribution of the original powder produced by gas atomization 

generally follows the normal distribution, and the range of particle size distribution is 

wide. The powder that meets the particle size requirements can only be obtained after 

multi-stage screening. The particle size distribution of powder was detected by laser par-

ticle size and a particle shape analyzer, and the results are shown in the Figure 2. The 

mean (average) particle size d50 is 159 μm with a standard deviation of 1.63. According to 

the application requirements of laser cladding, the target powder size should be between 

53 μm and 149 μm, and the powder yield is about 35%. 

 

Figure 2. Particle size distribution of original powder. 

3.2. Sphericity and Surface Morphology of the Powder 

The surface morphology of the powder was observed by SEM, as shown in Figures 3 

and 4. The powder has good sphericity, smooth surface and most of the powder is close 
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to spherical shape. At the same time, there are some non-circular powders and satellite 

powders, which become less round with the increase of particle size. And the powder is 

almost round when the particle size is small enough. Before the powder has not com-

pletely solidified, the droplets gradually become spherical due to the surface tension. If 

droplets solidify before spheroidization, they retain their previous shape and form ellip-

soidal or other powders. By comparing powders of different sizes, as shown in the Figure 

3, the smaller the particle size, the higher the sphericity of the powders, the less likely the 

abnormal or satellite powders are to occur. This is due to the shorter cooling and spheroi-

dizing time of the powder with small particle size. After spheroidizing cooling, the impact 

of other particles on the morphology of the powder is relatively small. However, the cool-

ing time and spheroidizing time of larger powder particles are more, and the collision of 

other particles will greatly affect the surface morphology of the powder when it is not 

fully solidified. At the same time, with the increase of particle size of the powder, the 

probability of collision of the powder increases greatly. Satellite powder is almost una-

voidable for powder particles with a certain size. According to a large number of obser-

vations and statistics, this critical diameter is about 100 μm. 

 

Figure 3. Morphology of original powder. 
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Figure 4. Single-particle morphology of powder: (a) d = 17 μm; (b) d = 69 μm; (c) d = 144 μm; (d) d = 

229 μm. 

3.3. Phase Analysis of the Powder 

The powder is divided into three groups according to grain size, powder A (d50 = 

11.81 μm), powder B (d50 = 103.3 μm) and powder C (d50 = 337.4 μm). Group B is the target 

powder of the product, group A and group C are the powder with particle size less than 

and greater than the target powder, respectively. And a group of as-cast alloy samples 

with the same composition are added. The XRD was used to test the samples separately 

and the material of the tube anode is Cu. The peak image is shown in the Figure 5. 

 

Figure 5. X-ray diffraction results of powders and as-cast alloy. 
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There is only a body-centered cubic structure in the powder A. According to the com-

position of stainless steel, the structure is martensite and ferrite. In the powder B and pow-

der C, in addition to body-centered cubic structure, there is also face-centered cubic struc-

ture, which is austenite. The peaks of two different crystal structures deviate from the 

spectral lines of standard PDF cards to some extent due to the solubility of some Cr and 

Ni atoms in the lattice, which results in the change of lattice parameter. In as-cast samples, 

both body-centered cubic and face-centered cubic structures are ferrite and austenite, with 

the lower peak being carbide (Fe,Cr)7C3. Austenite occurs in powders with a larger particle 

size due to the following three reasons: (1) The cooling process of droplets with larger 

particle size is slower than that of droplets with smaller particle size; the austenite phase 

grows to a larger size; the transformation of austenite is incomplete during subsequent 

martensitic transformation and some austenite is retained; (2) Due to the use of nitrogen 

as atomizing gas, element N diffuses into the droplets at high temperature and is trans-

ferred from N element, it is stable austenite element, austenite zone expands, resulting in 

partial austenite appearing in normal temperature structure; (3) Austenite forming ele-

ments accumulate in the dendritic core, causing austenite content to increase. 

3.4. Composition and Oxygen Content of the Powder 

During metal smelting and solidification, there may be loss of its own elements and 

introduction of impurities. Changes in the content of elements and the presence of impu-

rities may cause the performance of powders to be inconsistent with the design expecta-

tions. The content of alloying elements, oxygen elements, and hydrogen elements is meas-

ured by atomic absorption spectrometer and oxygen-nitrogen-hydrogen analyzer. The 

analysis results are shown in the Table 1. 

Table 1. Element content of powder. 

 O N Cr Ni Nb Si B 

Design content 0 0 16% 4% 1% 1% 1% 

d50 < 53 μm 0.11% 0.10% 17.1% 4.28% 1.02% 0.75% 0.69% 

d50 = 53 μm–149 μm 0.026% 0.13% 16.8% 4.43% 1.22% 0.77% 0.69% 

d50 > 149 μm 0.019% 0.13% 17.1% 4.39% 1.15% 0.76% 0.70% 

It can be seen from the data in the table that impurities of O and N elements are 

introduced into the powder during the milling process. In addition, some losses of Si and 

B elements result in reduced content and other alloying elements contents is slightly 

higher than the design content. Among them, O element may be introduced in the atom-

ization process and subsequent storage and transportation process. With the increase of 

powder size, oxygen content has an upward trend. Because of the larger specific surface 

area of the powder with small particle size, it is easier to oxidize during atomization and 

subsequent storage, but the overall oxygen content of the powder is low, which has little 

influence on subsequent use. Due to the use of nitrogen as protective atmosphere and 

atomizing gas, N element is easy to dissolve in metal melt and may be solid soluble in 

matrix, as gap atom after solidification. In addition, N element is easily introduced during 

screening, storage, and use as impurity elements. A certain amount of N element can im-

prove the mechanical properties of stainless steel [21]. Elements Si and B may react to form 

other compounds during the smelting process, resulting in low element content in the 

final powder. The content of other elements is not significantly different from that of the 

design and is close to that of powders with different grain sizes. 

3.5. The Microstructure of the Powder 

Many results of computer numerical simulations and experiments showed that the 

diameter of the broken droplets is very small, and the flight speed is very fast. The solid-
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ification speed reached 105–106 K/s during the solidification process [22], so the atomiza-

tion is a typical rapid solidification process. The extremely fast cooling rate makes the 

microstructure of the solidified powder different from that obtained at a slow cooling rate. 

The metallographic structure of the sample was observed by a scanning electron mi-

croscope. In the Figure 6, a powder particle with a diameter of about 280 μm is magnified 

by 1000 times. The particle contains a large number of secondary dendrites, as well as 

some primary dendrites and many fine cellular crystals. The secondary dendrite has no 

obvious orientation, so nucleation occurred in several places at the same time when drop-

lets solidified. According to the phase diagram and solidification process analysis, the mi-

crostructure in the grains was martensite, ferrite, and retained austenite, and the interden-

dritic structure was mainly austenite and precipitated phases. 

 

Figure 6. Powder microstructure (d = 280 μm). 

The microstructure of the powder is compared with that of an ingot with the same 

composition, as shown in the Figure 7. Although there are secondary dendrites in both 

powders and ingots, their size in the ingots is much larger than that in powders. Due to 

the slow cooling rate, some pearlite appeared between secondary dendrites in the ingot, 

which was not observed in the powders; therefore, changing the cooling rate led to differ-

ent solidification process. 

 

Figure 7. Microstructure of the (a) powder compared with that of the (b) ingot. 

Analysis of a large number of powder microstructure photos showed many cases of 

collision and combination between large and small particles. There are three kinds of com-

bination forms in Figure 8: not embedded, partially embedded, and completely embed-

ded. 
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Figure 8. Typical combination forms of powders: (a) not embedded; (b) partially embedded; (c) completely embedded. 

In Figure 8a, the small particle powder is completely outside the large particle pow-

der, and there is a transition zone between the small and large particle powders, whose 

grain size is closer to the large particle powder; therefore, collisions may occur when the 

small particles are fully solidified, but when the large particles are not yet fully solidified. 

Under the action of surface tension, the non-solidified liquid phase coats the small parti-

cles and forms a neck-like structure. Due to the late collision time, the small particles could 

not participate in the solidification process of the large particles as external nucleation 

particles, which means that the solidification of the large particles was not affected. Met-

allurgical bonding also formed between the large and small powders, which was not bro-

ken during subsequent screening and other processes. This kind of combination form dis-

plays a typical satellite powder structure, which negatively impacts the powder’s fluidity. 

There are also some partially-embedded powders in the Figure 8b, which have an obvious 

interface but no transition zone. This is similar to the completely embedded powder, but 

with an earlier collision time during solidification. As shown in Figure 8c, there is a com-

pletely embedded powder with a diameter of about 16 μm near the surface. During the 

solidification of the large particle, the small-particle, as an exotic nucleation particle, 

grows a large number of secondary dendritic structures all around. Secondary dendrites 

grown from small-particle displayed an obvious orientation. Secondary dendrites near 

the small-particle powder began to grow after the powders were embedded, and the large 

droplets did not solidify completely. Collisions may occur in the early stage of droplet 

solidification when there is more liquid phase. This may also explain why small-particle 

powders were completely embedded in the droplets. 

According to the analysis of the above powder microstructures, the combination of 

large and small powders after collision was mainly related to the time of collision. In gen-

eral, when collisions occur, small-particle powders are almost completely solidified due 

to their faster cooling rate. If large-particle contains more liquid phase during collision, 

the small-particle is more easily embedded in the droplet and participates in the solidifi-

cation process as an exotic nucleation particle. If there is little liquid phase and the small-

particle is partially embedded or stays on the surface during collision, it becomes partially 

embedded or not embedded, which has limited influence on the solidification of the re-

maining liquid phase. The contact between the small-particle and liquid phase can help 

nucleate the liquid phase and accelerate the solidification process. This influence is related 

to the amount of remaining liquid phase. 
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3.6. Nucleation Characteristics of the Droplet 

Droplet solidification can be divided into nucleation and growth processes. Non-uni-

form nucleation is more likely to occur due to the smaller critical nucleation radius. In 

general, inhomogeneous nucleation requires vessel wall or impurities to act as exogenous 

nucleation particles. The influence of vessel wall can be neglected during gas atomization. 

Therefore, inhomogeneous nucleation is mainly participated by solidified powders and 

impurities of droplets themselves as exogenous nucleation particles. It is generally con-

sidered that there are two ways to nucleate droplets [23]: (1) droplets with a diameter less 

than a certain size nucleate from the point on the surface; (2) droplets with a diameter 

greater than a certain size have many nucleation particles on the surface and grow in-

wards at the same time, as shown in the Figure 9. 

 

Figure 9. Schematic diagram of nucleation in liquid droplet: (a) single nucleation; (b) multiple nu-

cleation. 

A different nucleation mode was observed. As shown in Figure 10, the secondary 

dendrites in the powder show orientation and grow outwards from an origin. The solidi-

fied small-particle powder collides with the non-solidified droplet and enters into the 

droplet. The whole surface of the powder can be equated to the vessel wall participating 

in non-uniform nucleation. The subsequent grain growth direction is perpendicular to the 

surface of small particles, similar to that of dendrites growing perpendicular to the vessel 

wall during general solidification process. Secondary dendrite appears in the structure 

and the secondary dendrite arm space is small, which indicates that the cooling rate is 

faster. This nucleation mechanism differs from the above two in that its nucleation begins 

at the particles inside the droplet rather than the surface of the droplet. The heat transfer 

rate decreases with increasing droplet size. However, the higher probability of collision 

with small-particle powder, more the small-particle powder helps the droplet nucleate 

and ensures the cooling rate of the droplet. It is still possible to achieve rapid solidification. 
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Figure 10. Microstructure of the powder. 

Due to deep supercooling, droplets with very small particle size can complete homo-

geneous nucleation by component fluctuation and energy fluctuation; larger droplets 

mainly rely on their own impurities and small particle size powder as foreign nucleation 

particles to complete non-homogeneous nucleation. These nucleation methods ensure suf-

ficient nucleation rate during droplet solidification, so that the cooling rate of droplets is 

higher than the critical cooling rate for rapid solidification, in order to obtain the rapid 

solidification structure at room temperature. Therefore, in the process of gas atomization, 

the nucleation of droplets is mainly non-uniform nucleation with a few droplets which 

may be uniform nucleation due to deep supercooling. 

3.7. Elemental Distribution of Powders 

During solidification, the redistribution of solute elements makes the composition of 

the newly-formed solid phase different from that of the surrounding liquid phase, result-

ing in an inhomogeneous chemical composition, which is called segregation. Segregation 

is often divided into macroscopic segregation and microscopic segregation, and it can lead 

to different properties of a material, including material failure. For example, a low chro-

mium content at the grain boundary of stainless steel readily causes intergranular corro-

sion. Rapid solidification can prevent segregation to a certain extent due to its fast cooling 

rate and short diffusion time. The elemental distribution of the powder was analyzed by 

EPMA. 

To compare differences in the elemental distribution of the powder and common so-

lidification metal, a stainless steel ingot with the same composition was cast. A powder 

with a diameter of 19 μm, a secondary dendrite in a powder with a diameter of 104 μm, 

and a secondary dendrite in an ingot were selected to analyze the elemental distribution. 

The results are shown in Figure 11. 
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Figure 11. Distribution of elements: (a) powder with a diameter of 19 μm; (b) secondary dendrite in 

a powder with a diameter of 104 μm; (c) secondary dendrite in an ingot. 

In the powder with a diameter of 19 μm, every element is well-distributed, mainly 

because the cooling rate is very fast, and the powder solidified before solute diffusion. 

According to the empirical formula [22], the average cooling rate is about 4.2 × 105 K/s. 

Here is the empirical formula: 

�̇ = �
��

�.��������.����
�
�

, (1)

The content of Cr in the interdendritic region is higher than in the dendrite, while the 

contents of Ni and Si in the interdendritic region are lower than in the dendrite. Si is en-

riched at some points in the ingot with the slowest average cooling rate of 2 K/s. To rep-

resent the degree of segregation of alloy elements, the ratio of the content of alloying ele-

ments in the core of dendrites, CS, to that in the interdendritic region, CL, is defined as the 

segregation coefficient k. The expression of k is: 

� =
��
��

 (2)

When k < 1, the solute elements are positively segregated, which indicates that the 

elements tend to gather in the interdendritic region, and the smaller the k value, the 

greater the degree of segregation; when k > 1, the solute elements are negatively segre-

gated, which indicates that the elements tend to gather in the dendrites. The higher the k 

value, the greater the degree of segregation; and if k = 1, there is no segregation. 
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The mass fraction of several easily-segregated elements in the dendrite core and in-

terdendritic region was obtained, and the segregation coefficient of the elements was cal-

culated. The results are shown in Tables 2 and 3. Due to the faster solidification rate and 

shorter solute diffusion time of each element, the segregation of the powder was obviously 

improved compared with that of the ingot. 

Table 2. Elemental contents of the powder and their segregation coefficients. 

Microstructure Fe Cr Ni Si 

Dendrite 75.97% 15.35% 4.59% 1.09% 

Interdendritic region 76.40% 16.43% 3.32% 0.85% 

Segregation coefficient - 0.93 1.38 1.28 

Table 3. Elemental contents of the ingot and their segregation coefficients. 

Microstructure Fe Cr Ni Si 

Dendrite 76.32% 14.15% 5.46% 1.19% 

Interdendritic region 73.41% 20.38% 1.90% 0.59% 

Segregation coefficient - 0.69 2.87 2.02 

4. Discussion 

In this study, the particle size distribution, morphology and phases of the FeCrN-

iBSiNb stainless steel powder were investigated. From a production point of view, the 

yield of qualified fine powder (15–53 μm) produced by gas atomization can reach 35%. 

The powder has high sphericity and smooth surface, and it meets the requirements of 

most subsequent processing and forming methods. The phase composition of the powder 

differs from that of the as-cast condition as a result of the rapid solidification and cooling 

effect. It will have an influence on the subsequent forming methods in which powder is 

incomplete melt during process. 

The metallographic structure of the powder was observed, and a typical rapid solid-

ification structure (dendritic/cellular structure) was found. Microstructure is mainly com-

posed of fine secondary dendrites and fine cellular crystals. In the powders with small 

diameter, there are only cellular crystals. Collisions between powders during atomization 

are very common. On the one hand, the solidified small powders provide additional nu-

cleation particles for the non-solidified droplets by collision, which increase the cooling 

rate. On the other hand, excessive collisions also increase the formation probability of sat-

ellite powder, which seriously degrades the fluidity of the powder. Increasing the cooling 

rate of droplets by technology improvement may decrease the collisions at the end of so-

lidification that decrease the formation of satellite powders. Further research is necessary 

in the future. 

The segregation of each element was analyzed. By testing the distribution of powder 

elements, it is found that different elements have different segregation tendencies. Cr ele-

ment is positive segregation element, it tends to concentrate between dendrites; Ni ele-

ment and Si element are negative segregation element and tend to concentrate on dendrite 

branch. By calculating the segregation coefficient of elements, the segregation of elements 

in powder is obviously smaller than that of as-cast alloy. Smaller-sized powders have uni-

form distribution of alloying elements without obvious segregation, and this may attrib-

ute to the fast cooling rate that inhibits solute diffusion. In addition, powder with small 

segregation is helpful to the cladding process of powder incomplete melting on the per-

formance, such as cold spraying. 

5. Conclusions 

1. Gas atomization is a good method to prepare metal powder. The powder has high 

sphericity and smooth surface. And in this research, the yield of qualified fine pow-

der is 35%. 
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2. The powder has typical rapid solidification structure. Collision between powders is 

one of the important mechanisms for droplet nucleation and the formation of satellite 

powders. 

3. The segregation of elements in powder is smaller than that of as-cast alloy. The main 

reason is that the cooling rate of the powder is relatively high. In this research, the 

average cooling rate of the powder can reaches 4.2 × 105 K/s. 

Author Contributions: Calculation and Simulation, atomization experiment, structure analysis, 

and writing-original draft preparation, H.Q.; Research Plan, Methodology, and Project Administra-

tion, X.Z.; Analysis of Atomization Process and Article Structure, L.X., Y.H., J.L. All authors have 

read and agreed to the published version of the manuscript. 

Funding: This research was supported by the National Key Research and Development Program of 

China (Grant No. 2017YFB0306102, Grant No. 2018YFB0703401) and the National Natural Science 

Foundation of China (Grant No. 51271034). 

Data Availability Statement: Data sharing not applicable. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Oke, S.R.; Ige, O.O.; Falodun, O.E.; Okoro, A.M.; Mphahlele, M.R.; Olubambi, P.A. Powder metallurgy of stainless steels and 

composites: A review of mechanical alloying and spark plasma sintering. Int. J. Adv. Manuf. Technol. 2019, 102, 2371–2390. 

2. Nguyen, Q.B.; Zhu, Z.; Ng, F.L.; Chua, B.W.; Nai, S.M.L.; Wei, J. High mechanical strengths and ductility of stainless steel 304L 

fabricated using selective laser melting. J. Mater. Sci. Technol. 2019, 35, 388–394. 

3. Zhang, G.; Liu, H.; Tian, X.; Chen, P.; Yang, H.; Hao, J. Microstructure and Properties of AlCoCrFeNiSi High-Entropy Alloy 

Coating on AISI 304 Stainless Steel by Laser Cladding. J. Mater. Eng. Perform. 2020, 29, 278–288. 

4. Cao, P.; Hayat, M.D. Reactive powder metal injection molding. Feedstock Technol. React. Met. Inject. Molding 2020, 1, 1–42. 

5. Fu, J.H. The Study of Simulation and Exprimental on Effect of Four Kinks of Atomizing Gas on Gas Flow Filed for Supersonic 

Gas Atomization. Master’s Thesis, General Research Institute for Nonferrous Metals, Beijing, China, 2014. 

6. Motaman, S. High-Speed Imaging and Computational Modelling of Close-Coupled Gas Atomization; University of Leeds: Leeds, UK, 

2013. 

7. Antipas, G.S.E. Review of gas atomisation and spray forming phenomenology. Powder Metall. 2013, 56, 317–330. 

8. Si, C.R.; Zhang, X.J.; Wang, J.B.; Li, Y.J. Design and evaluation of a Laval-type supersonic atomizer for low-pressure gas atom-

ization of molten metals. Int. J. Miner. Metall. Mater. 2014, 21, 627–635. 

9. Zeoli, N.; Tabbara, H.; Gu, S. CFD modeling of primary breakup during metal powder atomization. Chem. Eng. Sci. 2011, 66, 

6498–6504. 

10. Aydin, O.; Unal, R. Experimental and numerical modeling of the gas atomization nozzle for gas flow behavior. Comput. Fluids 

2011, 42, 37–43. 

11. Motaman, S.; Mullis, A.M.; Cochrane, R.F.; Mccarthy, I.N.; Borman, D.J. Numerical and experimental modelling of back stream 

flow during close-coupled gas atomization. Comput. Fluids 2013, 88, 1–10. 

12. Ting, J.; Connor, J.; Ridder, S. High-speed cinematography of gas-metal atomization. Mater. Sci. Eng. A 2005, 390, 452–460. 

13. Mccarthy, I.N.; Adkins, N.J.; Aslam, Z.; Mullis, A.M.; Cochrane, R.F. High speed imaging and Fourier analysis of the melt plume 

during close coupled gas atomisation. Powder Metall. 2009, 52, 205–212. 

14. Meierhofer, F.; Hodapp, M.; Achelis, L.; Buss, L.; Noriler, D.; Meier, H.F.; Fritsching, U. Investigation of atomization concepts 

for large-scale flame spray pyrolysis (FSP). Mater. Werkst. 2015, 45, 765–778. 

15. Charalampous, G.; Hadjiyiannis, C.; Hardalupas, Y. Proper Orthogonal Decomposition analysis of photographic and optical 

connectivity time resolved images of an atomising liquid jet. In Proceedings of the 24th Annual Conference on Liquid Atomi-

zation and Spray Systems, Estoril, Portugal, 5 September 2011. 

16. Anderson, I.E.; Rieken, J.; Meyer, J.; Byrd, D.; Heidloff, A. Visualization of Atomization Gas Flow and Melt Break-up Effects in 

Response to Nozzle Design. In Proceedings of PowderMet 2011, San Francisco, CA, 18 May 2011. 

17. Libera, M.; Olson, G.B.; Sande, J.B.V. Heterogeneous nucleation of solidification in atomized liquid metal droplets. Mater. Sci. 

Eng. A 1991, 132, 107–118. 

18. Shi, L.X.; Li, Q. Mechanism study of producing non-spherical powder in gas atomization. China Weld. 2013, 22, 60–66. 

19. Pan, H.; Ji, H.; Liang, M.; Zhou, J.; Li, M. Size-Dependent Phase Transformation during Gas Atomization Process of Cu–Sn 

Alloy Powders. Materials 2019, 12, 245. 

20. Shukla, P.; Mandal, R.K.; Ojha, S.N. Non-equilibrium solidification of undercooled droplets during atomization process. Bull. 

Mater. Sci. 2001, 24, 547–554. 

  



Materials 2021, 14, 5188 14 of 14 
 

 

21. Bahrami, F.; Hendry, A. Microstructure and mechanical behaviour of nitrogen alloyed martensitic stainless steel. Met. Sci. J. 

2014, 11, 488–497. 

22. Hu, Y.F.; Zhou, X.L.; Xu, L.H.; Li, J.H.; Qi, H.; Du, K.P.; Ma, Y.; Yu, Y.G. Motion and Solidification Behavior Analysis of Fe-

Based Alloy Droplets During Gas Atomization. Metall. Mater. Trans. B 2020, 51, 2935–2945. 

23. Yang, D.Y.; Peng, H.X.; Fu, Y.Q.; Cao, F.Y.; Ning, Z.L.; Guo, S.; Jia, Y.D.; Liu, N.; Sun, J.F. Nucleation on Thermal History and 

Microstructural Evolution of Atomized Ti-48Al Nano and Micro-Powders. Nanosci. Nanotechnol. Lett. 2015, 7, 603–610. 


