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a b s t r a c t 

Gas atomization is now an important production technique for Fe-based amorphous alloy powders 

used in additive manufacturing, particularly selective laser melting, fabricating large-sized Fe-based bulk 

metallic glasses. Using the realizable k- ε model and discrete phase model theory, the flow dynamics of 

the gas phase and gas-melt two-phase flow fields in the close-wake condition were investigated to es- 

tablish the correlation between high gas pressure and powder particle characteristics. The locations of 

the recirculation zones and the shapes of Mach disks were analyzed in detail for the type of discrete-jet 

closed-coupled gas atomization nozzle. In the gas-phase flow field, the vortexes, closed to the Mach disk, 

are found to be a new deceleration method. In the two-phase flow field, the shape of Mach disk changes 

from “S ”-shape to “Z ”-shape under the impact of the droplet flow. As predicted by the wave model, with 

the elevation of gas pressure, the size of the particle is found to gradually decrease and its distribu- 

tion becomes more concentrated. Simulation results were compliant with the Fe-based amorphous alloy 

powder preparation tests. This study deepens the understanding of the gas pressure impacting particle 

features via gas atomization, and contributes to technological applications. 

© 2021 Published by Elsevier Ltd on behalf of Chinese Society for Metals. 
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. Introduction 

Additive manufacturing (AM) is a speedily developing manufac- 

uring technology, which is also known as direct digital manufac- 

uring and 3D printing. Different from the traditional manufactur- 

ng technologies (TMT), AM is a procedure of adding feedstock ma- 

erials (powers, wires, etc.) to manufacture the final products layer 

y layer [1–7] . Thus, it has the potential to produce more compli- 

ated parts-on-demand with a fast manufacturing rate, low energy 

onsumption, and capitalized cost [ 8 , 9 ]. In addition, the products 

anufactured by AM are better than those produced by TMT in 

ome diverse factors, such as the complex geometries, the rela- 

ively low number of parts, and the shorter timescales. However, 

he quality is significantly influenced by the features of the raw 

aterials [ 4 , 10 ], such as the powder size distribution, composition, 

hape, and surface morphology [ 2 , 11 , 12 ]. Therefore, an assessment

f the manufacturing routes of alloy powders and their respective 

erformances during the AM processes is of utmost importance. 

In general, the characteristics of the particles are closely related 

o the production technique. Techniques that are frequently uti- 

ized include gas atomization [13] , water atomization (WA) [14] , 
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lasma atomization (PA) [3] and others. A few atomization tech- 

iques produce powders with irregular appearances ( e.g. , WA), 

hile others may not be economically friendly ( e.g. , PA) [8] . Gas

tomization manufacture in powder metallurgy has been eluci- 

ated as the fragmentation of molten metal into a large number 

f liquid metal droplets by the impingement of gas flow with high 

peed [15] . The molten alloy droplets subsequently will go through 

pheroidization, cooling and solidification into alloy particles, typ- 

cally ranging from several to hundreds of micrometers in diam- 

ter [16] . The high cooling rate (10 4 –10 6 K/s) and deep under- 

ooling of gas atomization make it possible to produce powders 

ith reduced segregation and desirable microstructure [7] . In addi- 

ion, the amorphous structure alloy powders or metallic glass (MG) 

owders, which exhibit better characteristics such as great tensile 

trength, hardness, wear resistance, and corrosion resistance [17] , 

an also be obtained under the above cooling condition. Because of 

heir superior properties, a number of MG powders have been in- 

estigated and synthesized by ambient and hot gas atomization at 

arious melt flow rates [18] . However, the detailed physical behav- 

or during the production of MG powders has not been completely 

nderstood. The difficulty mainly stems from the lack of in-depth 

erception of the gas-metal interactive effect, the disintegration of 

elt, and distribution of the molten alloy flow within the atomiza- 

ion region. 

https://doi.org/10.1016/j.jmst.2021.06.075
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jmst
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmst.2021.06.075&domain=pdf
mailto:jqwang@imr.ac.cn
https://doi.org/10.1016/j.jmst.2021.06.075
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Extensive studies in recent years focused on elucidating the 

hysical process during atomization. Utilizing a computational 

uid dynamics (CFD) method, Ting et al. [ 19 , 20 ] calculated the gas

ow field of an annular-slit high-pressure gas atomization nozzle 

nd analyzed the stagnation pressure fronts in the open-wake and 

he closed-wake conditions. It was found that the flow field pre- 

ented an open-wake situation at low atomization gas pressures 

nd the closed-wake phenomenon occurred when an atomization 

ressure is as high as 4.82 MPa. Zeoli et al. [ 12 , 16 , 21 ] computed

he fragmentation and solidification behavior throughout the sec- 

ndary atomization of a molten alloy. They found that, the melt 

tarted to disintegrate immediately when hit by the high velocity 

as, the large droplets burst into smaller particles and the initial 

mall droplets were atomized to micro-size particles with highly 

arrow ranges of size distribution throughout the secondary dis- 

uption. Li and Fritsching [22] presented a widespread approach to 

ccomplish integral of modeling and simulation for metal powder 

roduction. Narrower droplet-size distributions compared to the 

xperimental measurements were obtained by the three droplet 

reakup models, Taylor analogy breakup (TAB) model, Enhanced 

aylor analogy breakup (ETAB) model and empirical model. In ad- 

ition, Thompson et al. [23] made a 3D axi-symmetric simulation 

f a close-coupled atomizing melt-nozzle. Based upon the two-way 

oupling of the CFD with the discrete phase model (DPM) and the 

uler-Lagrange method, they demonstrated that the eventual diam- 

ter distributions of the manufactured metal powders were sensi- 

ive to the process parameters. In order to understand the atom- 

zation procedure and theory of vacuum induction melting gas at- 

mization accurately, a novel method was supported by the com- 

lex of VOF and DPM [24] . A contrast of the SST k- ω model and

ES model was researched and Wei et al. utilized the TAB model 

o compute the particle diameter distribution throughout the sec- 

ndary breakup. However, it is noteworthy that although the sim- 

lation of the open-wake atomization and the transition from the 

pen-wake to the close-wake atomization have been extensively 

nvestigated, the characteristic of high-pressure gas atomization in 

he close-wake condition has been largely neglected. 

Herein, to fulfill this gap, we aimed at simulating and un- 

erstanding the atomization process of Fe-based amorphous alloy 

owders under different gas pressures ranging from 5 to 8 MPa. 

he characteristics of the gas flow and gas-melt flow field, in the 

losed-wake condition, were analyzed using CFD. Further, the un- 

table breakup model (WAVE model) based on Eular-Lagrange DPM 

as implemented to calculate the diameters and distributions of 

lassy powder particles. The calculated simulation outcomes and 

ctual results were compared. Eventually, the influence of gas pres- 

ure upon the wake-closure atomization and the disruption of MG 

owders were elucidated. 

. Numerical modeling 

.1. Gas atomization model and boundary conditions 

Since the modeling involved a discrete-jet, close-coupled gas at- 

mization type nozzle, a half of a 2D central cross-section of the 

rifice with the melt pour tube was selected to represent a ro- 

ational symmetry atomization flow field ( Fig. 1 ). The number of 

iscrete-jets for gas is 18, with symmetrical distribution, and the 

ngle is 30 °. The nitrogen (N 2 ) and molten metal were injected 

nto the atomization chamber respectively through the gas exit and 

he melt orifice. The computational region was oriented horizon- 

ally with the atomizer molten alloy pour and N 2 delivery on the 

eft and the axis of symmetry boundary on the bottom of the at- 

mization flow field, separately. Gambit 2.4.6 was used for mesh- 

ng. The triangular mesh was employed at the gas inlet, and the 

uadrilateral mesh at other zone. A part of computational domain 
204 
ncluding high velocity gradients and close to symmetry boundary 

ad a refined grid during the CFD simulations. The total number 

f nodes is 97,323, and the number of cells is 158,275. The mini- 

um cell size is 0.1 mm. After meshing, Fluent 19.2 was used for 

olving, and post processing. 

The walls of the computational domain were all hypothesized 

o keep a sustained temperature of 300 K, while the melt orifice 

as assumed to be 1500 K. The outlet boundary with ambient 

ressure was applied at the external domain. Finally, atomization 

as pressures of 5–8 MPa were used in the CFD model to initialize 

he pressure in the gas delivery system, upstream of the discrete 

et gas die. The default data of N 2 in Fluent 19.2 were used in this

ork. As listed in Table 1 , the main thermodynamic parameters of 

e-based glassy alloy were from the literature [25–27] . 

.2. Modeling the fluid 

The ‘realizable k- ε model’ has been widely applied in the gas 

tomization calculation. The basic relationships for the 2-D model 

n the Cartesian tensor rely on the equations: 

Mass conservation equation: 

∂ρ

∂t 
+ 

∂ 

∂ x i 
( ρu i ) = 0 (1) 

Momentum conservation: 

∂ 

∂ x i 
( ρu i ) + 

∂ 

∂ x i 

(
ρu i u j 

)
= − ∂ p 

∂ x i 
+ 

∂ 

∂ x j 

(
τi j 

)
eff 

+ 

∂ 

∂ x j 

(
−ρ

−−−→ 

u 

′ 
i u 

′ j 
)
(2) 

Energy transport equation: 

∂ 

∂t 
( ρE ) + 

∂ 

∂ x i 
[ u i ( ρE + p ) ] = 

∂ 

∂ x j 

(
k eff 

∂T 

∂ x j 
+ u i 

(
τi j 

)
eff 

)
+ S h (3) 

τi j 

)
eff 

= μeff 

(
∂ u j 

∂ x i 
+ 

∂ u i 

∂ x j 

)
− 2 

3 

μeff 

∂ u i 

∂ x i 
δi j (4) 

here the effective thermal conductivity is given 

 eff = k + 

c p μ

σt 
(5) 

In Eqs. (1) –(5) , the index i, j indicate the two coordinates of 

roplet position and velocity components; u i is the fluid phase ve- 

ocity. μ is the molecular viscosity of the gas. ρ refers to the den- 

ity of the fluid phase. c p is the specific heat capacity. σ t is the sur-

ace tension of the liquid; t is time; p is pressure. The convention 

ill be used here that τ ij denotes a stress in the j direction exerted 

n a plane perpendicular to the i axis. E is the sum of both internal

nd kinetic energy; k is the thermal conductivity of the Fe-based 

lloy melt; T is temperature; S h is the source term. Subscript eff

epresents the effective value, and subscript t represents the value 

hanges with the temperature, not a constant. δ is Kronecker sym- 

ol. 

.3. The discrete particle model 

To simulate the melt breaking-up and droplet tracking, a DPM 

as implemented by the commercial finite volume code Fluent [1] . 

s for DPM, normally, there are a continuous phase and a discrete 

hase. The continuous phase takes the space point as the object 

nd calculates its pressure, temperature and density. While the dis- 

rete phase tracks the particle and calculates its force, velocity and 

rajectory. The discrete phase can exchange momentum, heat, and 

ass with the continuous phase. In this work, N 2 is the continuous 

hase, and the liquid is the discrete phase. Given the movements 

f the droplets, their paths were simulated by the integration of 

 force balance on the respective droplet. There is an equivalence 
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Fig. 1. (a) Schematic drawing of the atomization process, (b) schematic diagram of the atomizer and the computational field (shaded dotted area). 

Table 1 

The main thermodynamic parameters of Fe-based glassy alloy. 

Density 

(kg/m 

3 ) 

Specific heat 

(J/(K mol)) [25] 

Viscosity 

(Pa s) [26] 

Surface tension 

(N/m) [27] 

7820 44.09 5.8 × 10 −5 0.8 
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etween the particle’s inertia and the forces which work on it. The 

ollowing equation is given in the Lagrangian reference frame on 

he x reference axis [28] 

d u d 

d t 
= F D ( u − u d ) + 

g x ( ρd − ρ) 

ρd 

+ F x (6) 

here F D ( u - u d ), the initial term on the right side of the equation,

s the drag force among the droplets, and the following term is 

ravity. Subscript d represents droplets; subscript g represents gas; 

ubscript x represents the x axis. The last term is additional force. 

he coefficient F D is expressing as 

 D = 

18 μ

ρd d 
2 
d 

C D Re 

24 

(7) 

here the droplet Reynolds number (Re) is defined as 

e = 

ρg d d | u d ,i − u i | 
μd 

(8) 

In Eqs. (6) –(8) , the index i represents the two coordinates of 

roplet position and velocity components; u i is the fluid phase ve- 

ocity, while u d, i shows the velocity of droplet. μd is the molecular 

iscosity of the droplet. ρg refers to the density of the gas and ρd 

epresents the droplet density. d d is the droplet diameter. C D is the 

rag coefficient and the F x is a term that allows the incorporation 

f additional forces [28] . 

 x = 

1 

2 

ρ

ρd 

d 

d t 
( u − u p ) + 

ρ

ρd 

u p 
∂u 

∂x 
(9) 

On the right side, the initial term is a ‘‘virtual mass’’ force that 

ccounts for the acceleration of the fluid surrounding the parti- 

le and the second term is a pressure gradient that is due to the 

‘local’’ pressure gradient in the fluid surrounding the particle. The 
205 
irtual mass becomes important when ρ > ρd . Obviously, the sur- 

ounding gas density is less than the droplet density in this calcu- 

ation, therefore, the initial term can be ignored. 

The wave breakup model, according to Reitz [29] , is appropri- 

te for great Weber-number gas flows (We > 100), which insists 

hat the collapse of the droplets is produced by the relative ve- 

ocity between the gas and liquid phases. This model hypothesizes 

hat the fastest-growing Kelvin-Helmholtz instability determines 

he time of disintegration and the newly-formed droplet diameter. 

he wavelength and growth rate of this instability are applied to 

alculate details of the resulting droplets. In the wave model, dis- 

uption of large droplets is simulated by supposing that the radii 

f the resulting particles are proportional to the wavelength of the 

astest-growing unstable surface wave on the initial particles. This 

elationship can be described with the following equation, 

 = 9 . 02 B 0 a 

(
1 + 0 . 45O h 

0 . 5 
)(

1 + 0 . 4T a 0 . 7 
)

(
1 + 0 . 87 W e 1 . 67 

2 

)0 . 6 
(10) 

here B 0 is a model constant set equal to 0.61 according to the 

ork of Reitz, and a is the radius of the liquid jet. Oh = 

√ 

W e 1 / R e 1 

s defined as the Ohnesorge number and Ta = Oh 

√ 

W e 2 refers to 

he Taylor number. Besides, the Weber numbers, which are de- 

ned respectively as W e 1 = ρp U 

2 a/ σt and W e 2 = ρg U 

2 a/ σt , and 

 e 1 = U 

2 a/ ν1 is the Reynolds number. ν1 is the liquid kinematic 

iscosity. The symbol U is for the relative velocity between gas and 

elt. 

. Experimental procedure 

The material applied in this study was 

e 50 Cr 18 Mo 7.5 Ni 3.5 P 12 B 3 C 3.5 Si 2.5 (at.%) alloy. This alloy with the 

bove metal and nonmetallic composition was cast by induction- 
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Fig. 2. CFD model of the high-pressure gas atomization nozzle at gas pressures 

ranging from 5 to 8 MPa in the closed-wake condition. The velocity magnitude 

increases with decreasing shades of darkness in the CFD figures. (a) The primary 

and the second recirculation zone at 5 MPa; (b) the primary and the enlarged sec- 

ond recirculation zone at 6 MPa; (c) the primary, the second and third recirculation 

zone at 7 MPa; (d) the primary, the second the enlarged third recirculation zone at 

8 MPa. 
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elting pure elements (Fe: 99.7, Cr: 99.9, Mo: 98.5, Ni: 99.9, FeB: 

9% (22.06 wt.% boron), FeP (21.20 wt.% phosphorous), C: (99.9%), 

i: (99.9%) under a high-purity N 2 atmosphere. The amorphous 

owders were prepared by high-purity N 2 atomization at different 

tomization pressures of 5–8 MPa and the highest temperature 

as about 1500 K using a close-coupled discrete-jet nozzle. The 

nternal diameter of the melt pour tube was 3 mm. The batch size 

s about 20 kg, and the mass flow rate of melt is about 0.067 kg/s.

s for the mass flow rate of gas, it depends on the gas pressure,

bout 0.032–0.046 kg/s. So the gas-to-melt mass flow rate ratio 

anges from 0.48 to 0.69. The atomized glassy powders were 

ieved and separated into different size ranges. The measurements 

f the particle size distributions were made with a laser diffrac- 

ion particle size analyzer. The microstructure of the powders was 

haracterized by a Supra 55 scanning electron microscope (SEM). 

-ray diffraction (XRD) analysis of the powders was examined by 

 Rigaku D/max 2400 diffractometer with monochromated Cu K α

adiation ( λ = 0.1542 nm). 

. Results 

.1. Simulation of gas flow field 

The simulation began with the computation of N 2 flow before 

he molten metal was poured. Profiles under the gas pressures of 

–8 MPa are illustrated in Fig. 2 (a–d), respectively. At the gas pres- 

ure of 5 MPa case in Fig. 2 (a), the gas flow expands through inter-

al shocks and recompression shocks hitting the atmosphere inside 

he atomization chamber. At the corner of the melt tube, the gas 

ow separates and part of it forms a vortical recirculation zone. 

his zone is located next to the bottom of the melt tube and de- 

ineated by the sonic line. In the recirculation zone, there are up- 

tream and downstream gas flows, with a turbulent layer in the 

iddle. The gas flow along the central axis is observed to move to- 

ard the melt orifice and shifts outward radially close to the melt 

ube. Encountering the turbulent layer, the gas flow is pushed out- 

ard and flows downstream. It should be noted that the end of the 

rimary circulation zone is a single stagnation point, where the ve- 

ocity of gas flow is zero in the centerline. Downstream this point, 

he gas flow accelerates in the forward direction, and reaches su- 

ersonic speed. In this case, the internal shock suddenly collapses 

o a smaller size, forming a “bowed” Mach disk. Further, the sec- 

nd recirculation zone appears at the downstream of the Mach 

isk. Obviously, inside this zone, there are two other stagnation 

oints and a diminutive subsonic region close to the Mach disk. Af- 

er the third stagnation point, the velocity re-accelerates followed 

y deceleration throughout a variety of Prandtl-Meyer waves in the 

treamwise direction along the central axis. 

When the gas pressure increases to 6 MPa, both the second and 

he third stagnation points move downstream from the melt ori- 

ce. It is noted that the second recirculation zone is lengthened, 

orming an hourglass-like contour as a result of a recompression 

hock that enhances strength ( Fig. 2 (b)). As the atomization gas 

ressure increases to 7 MPa ( Fig. 2 (c)), a new small Mach disk ap-

ears and cuts off the enlarged hourglass-like second recirculation 

one. Accordingly, the second recirculation zone becomes shorter 

nd the third recirculation zone appears. At a pressure of 8 MPa, 

he primary and second recirculation zones remain stable, while 

he third recirculation zone becomes lengthened ( Fig. 2 (d)). 

The velocity profiles along the axis of symmetry starting from 

he melt orifice position at gas pressures ranging from 5 to 8 MPa 

re shown in Fig. 3 . Obviously, with the increase of gas pressure, 

he magnitudes of velocities and the locations of stagnation fronts 

emain the same in primary recirculation zones, reflecting similar 

eatures occurring in this zone. All the primary stagnation fronts 

re located at about 1 nozzle diameter length (NDL) (blue arrows). 
206 
fter crossing the stagnation front, the velocity of gas increases 

long the axis and the velocity is up to the maximum value when 

t approaches the Mach disk. That is augmented gradually from 

27 m/s at 3 NDL at 5 MPa ( Fig. 3 (a)) to 674 m/s at 5 NDL at 8 MPa

 Fig. 3 (d)). The Mach disks and stagnation points in the second re- 

irculation zones locate downstream successively at each gas pres- 

ure (red arrows). Herein, the boundaries of the second recircula- 

ion zone are two stagnation points, and the length of this zone 

s much larger at 6 MPa than those at other gas pressures. After 

assing the second recirculation zone, the velocity profiles cross 

he zero velocity axis (green arrows) again at about 7 NDL, indi- 

ating the emergence of the third circulation zone, only when gas 

ressure is as high as 7 or 8 MPa. The length of this zone is longer

t 8 MPa than that at 7 MPa. After passing this recirculation zone, 

he gas focuses its flow and oscillates at a velocity of 350 m/s until 

eaving the simulation domain. 

Fig. 4 reveals the static pressure curves along the centerline of 

tomizer at each gas modeling pressure. A sub-ambient pressure 

ppears before the stagnation front in primary recirculation zone. 

n a very short length, the static pressure sharply increases, reach- 

ng the maximum pressure at the stagnation front at about 1 NDL. 

t pressures ranging from 5 to 8 MPa, they are 613, 665, 863, and 

68 kPa (blue arrows), respectively. Downstream of the stagnation 
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Fig. 3. The velocity profiles along the geometric centerline of the gas atomization 

nozzle at gas atomization pressures ranging from 5 to 8 MPa. The blue arrow points 

to the stagnation front in the primary recirculation zone, the black arrow points 

to the Mach disk, the red arrows point to the stagnation points in the second re- 

circulation zone, and the green arrows point to the stagnation points in the third 

recirculation zone. 
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Fig. 4. The static pressure profiles along the geometric centerline of the gas at- 

omization nozzle at gas atomization pressures ranging from 5 to 8 MPa. The blue 

arrow points to the stagnation front in the primary recirculation zone, the black ar- 

row points to the Mach disk, the red arrows point to the stagnation points in the 

second recirculation zone, and the green arrows point to the stagnation points in 

the third recirculation zone. 
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ronts, the pressures fall sharply. Afterwards, the pressure drops 

radually along the centerline until arriving at the Mach disk. Af- 

er the Mach disk, the pressure curve reaches two minor static 

eaks (red arrows) at the stagnation points of the second recir- 

ulation zone. After crossing this zone, the static pressure curves 

scillate around atmospheric pressure at 5 and 6 MPa ( Fig. 4 (a) 

nd (b)). While, at higher gas pressures of 7 and 8 MPa ( Fig. 4 (c)

nd (d)), after the second recirculation zone, two other minor static 

eaks (green arrows) appear downstream. Further, the static pres- 

ure is found to oscillate at 7 MPa, but the subsequent Prandtl- 

eyer wave is not observed at 8 MPa, due to the limit of compu- 

ational domain. 

.2. Simulation of gas-melt field 

Fig. 5 depicts temporal evolution of the gas-melt flow at 

 MPa gas pressure. Firstly, injected into the atomization chamber 

hrough the melt orifice ( Fig. 5 (a)), the liquid melt encounters the 

pstream gas in the primary recirculation zone and spreads later- 

lly close to the orifice. Later, it is squeezed to a thin circular sheet 

 Fig. 5 (b)). At 30 μs, the initial break-up of the melt sheet occurs

t the edge of the orifice tip, due to the impingement of the high-

peed gas stream ( Fig. 5 (c)). Then the liquid droplets flow with the

as to the centerline ( Fig. 5 (d)). At 50 μs, the large melt droplets

ollide and coalesce at the centerline ( Fig. 5 (e)), and flow down- 
207 
tream along the centerline at 60 μs as shown in Fig. 5 (f) and at

00 μs in Fig. 5 (g). 

Some apparent variations of CFD model of the gas atomiza- 

ion nozzle appear after taking the melt droplets into considera- 

ion. Fig. 6 elucidates the velocity field in the gas-melt flow condi- 

ion. At 5 MPa ( Fig. 6 (a)), the size of the primary recirculation zone

s reduced due to the low-speed and incompressible features of 

roplets. Beyond this zone, the droplets traverse the intermediate 

ntersection of the gas flow, forming a triangle-shaped high-speed 

hock pattern at the centerline. Then, they impact upon the Mach 

isk, forming “S ”-shaped Mach disk. When the modeled pressure 

eaches 6 and 7 MPa ( Fig. 6 (b) and (c)), the Mach disks extend

ownstream, turning into “Z ”-shape. Meanwhile, the second recir- 

ulation zones are elongated. At an atomization pressure of 8 MPa, 

he triangle-shaped shock is up to the maximum both in width 

nd length. The second recirculation zone downstream is divided 

nto two portions along the centerline. At this time, the vortexes 

re located on both sides of the central axis ( Fig. 6 (d)). 

Fig. 7 demonstrates the velocity profiles along the axis of sym- 

etry of gas-melt flow field at each gas modeling pressure. These 

rofiles manifest different amounts of velocity loss under differ- 

nt gas pressures. Upstream locations of stagnation fronts are in- 

icated by blue arrows. After the stagnation front, the gas stream 

peeds up along the axis to the maximum. Apparently, there are 

teep down gradients occurring during the acceleration. In addi- 

ion, the Mach disk and stagnation point in the second recircu- 

ation zone (red arrows) extend downstream successively. Mean- 

hile, the length of the second recirculation zone is enlarged when 



Y. Shi, W. Lu, W. Sun et al. Journal of Materials Science & Technology 105 (2022) 203–213 

Fig. 5. Temporal evolution of the gas-melt flow at 8 MPa gas pressure. (a) A little melt at the orifice; (b) a thin circular sheet at the bottom of the melt delivery tube; (c) 

the initial break-up of the melt sheet at the edge of the tube; (d) the flowing liquid droplets to the centerline; (e) collision at the centerline; (f) flowing downstream along 

the centerline; (g) fine droplets after the second recirculation zone. 

Fig. 6. CFD model of the gas atomization nozzle at gas atomization pressures rang- 

ing from 5 to 8 MPa in the closed-wake condition with multiple phase flows (gas 

and melt). The velocity magnitude increases - shades of darkness decreases. (a) “S ”- 

shaped Mach disk; (b) “Z ”-shaped Mach disk; (c) “Z ”-shaped Mach disk; (d) vortex 

off the central line. 

Fig. 7. The velocity profiles along the geometric centerline of the gas atomization 

nozzle respectively at gas atomization pressures ranging from 5 to 8 MPa with mul- 

tiple phase flows (gas and melt). The blue arrow points to the stagnation front in 

the primary recirculation zone, the black arrow points to the mach disk, and the 

red arrows point to the stagnation points in the second recirculation zone. 

208 
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Fig. 8. The static pressure profiles along the geometric centerline of the gas atom- 

ization nozzle, respectively at gas atomization pressures ranging from 5 to 8 MPa 

with multiple phase flows (gas and melt). The blue arrow points to the stagnation 

front in the primary recirculation zone, the black arrow points to the Mach disk, 

and the red arrows point to the stagnation points in the second recirculation zone. 
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Table 2 

Comparison and relative errors of the mean values ( μG ) and standard de- 

viations ( σ G ) of experimental and simulated frequency density distribu- 

tion. 

Pressure (MPa) Experiment ( μm) Simulation ( μm) Error (%) 

5 μG 78.47 ± 1.02 76.52 ± 1.22 2.49 

σ G 60.56 ± 2.02 64.80 ± 2.55 7.03 

6 μG 60.30 ± 0.58 62.14 ± 0.51 3.05 

σ G 41.10 ± 1.15 44.21 ± 1.26 7.57 

7 μG 52.86 ± 0.48 56.02 ± 1.11 5.79 

σ G 33.07 ± 0.94 34.41 ± 2.55 4.05 

8 μG 39.91 ± 0.28 36.79 ± 0.45 7.82 

σ G 25.23 ± 0.55 28.48 ± 0.99 9.23 
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he gas pressure raises from 5 MPa to 7 MPa. However, at 8 MPa, 

he second recirculation zone is off the central line. 

The static pressure curves along the axis of the atomizer at each 

as modeling pressure are shown in Fig. 8 . At the melt orifice po-

ition, the static pressure increases from 200 to 350 kPa as the gas 

ressure increases from 5 to 8 MPa. On the stagnation fronts in 

rimary recirculation zones, the static pressures reach the maxi- 

um at 0.8 NDL. At gas pressures ranging from 5 to 8 MPa, they 

re 287, 338, 390, and 477 kPa (blue arrows), respectively. Beyond 

hese maximum points, the pressures decrease steeply along the 

enterline, and the Mach disks are established subsequently. Be- 

ond the Mach disks, two minor static pressure peaks (red arrows) 

re encountered at the stagnation points of the second recircula- 

ion zones ranging from 5 to 7 MPa. Meanwhile, the lengths be- 

ween two minor static peaks are increased. However, at 8 MPa, 

he minor static peak is off the central line ( Fig. 8 (d)). Beyond this

one, the pressures float above and below the atmospheric pres- 

ure irregularly in the computational domain. 

Fig. 9 shows the complicated geometric and velocity distribu- 

ion of droplets at the modeled pressure of 8 MPa. Obviously, the 

roplets undergo a sectionalized fragmentation process with rapid 

eduction of their sizes. There are apparent changes in the diame- 

ers of droplets during atomization in three regions. At the edge of 

he orifice tip, the droplets start to form and accelerate (Inset A). 

nd the molten alloy particles converge at the gas stream intersec- 

ion position, moving downstream with lower velocities (Inset B). 

fterwards, the droplets are disintegrated into fine particles as a 

esult of high velocity gas flow (Inset C). 
209 
Plotted in the form of frequency curves at diameter scales, 

ig. 10 demonstrates the simulation results of Fe-based alloy pow- 

er. It exhibits a good log-normal size distribution at each pres- 

ure. It is observed that, with the increment of gas pressure, the 

entroid of the particle size distributions move left and tend to be 

arrower, indicating that the diameter of powders becomes smaller 

nd more concentrated. 

.3. Verification 

Mathematical information of the frequency density distribution 

n experimentally-generated atomization is essential to assess the 

erformance of atomizers. Fig. 10 compares the experimental and 

imulation values of the frequency density distribution. The experi- 

ental and simulation results fit well and the detailed information 

bout the mean values ( μG ) and standard deviations ( σ G ) of pow- 

er particle sizes are given in Table 2 . As shown, μG of particles 

ecreases with increasing gas atomizing pressure, suggesting a fa- 

orable part on the refinement of the powder with gas atomization 

ressure. In addition, σ G tends to be reduced with the increase of 

tomization pressure, implying that the particle size distribution 

f powders becomes more concentrated as the gas pressure is in- 

reased. The errors between the simulation values and the experi- 

ental data are always less than 10%. 

After sieving through a vibrating screen, we obtain the amor- 

hous powders with diameters in the range of 25–45 μm in dif- 

erent gas atomization pressures. Fig. 11 illustrates SEM images 

f these Fe-based amorphous alloy powders at pressures of 5 to 

 MPa. On the whole, the powders are spherical and smooth, while 

here are a small number of short bar, spindle shape particles and 

ery limited aggregated powders due to the occurrence of insuffi- 

ient droplet-broken process. Fig. 12 demonstrates the diffraction 

atterns of Fe-based alloy powders with diameters of 25–45 μm 

tomized at pressures of 5 to 8 MPa. They display broad halo peaks 

ithout any apparent crystalline peak, implying their fully amor- 

hous structure. 

. Discussion 

.1. Feature and transition of gas flow field 

Recently, much effort has been devoted to explore the transi- 

ion of “open-wake” and “closed-wake” and its major effect of gas 

tomization [ 20 , 30 ]. This was investigated by Ting and Anderson 

20] , who showed that, in the closed-wake condition, a “bowed”

ach disk structure and a second recirculation zone were formed 

t a gas pressure of 4.82 MPa. Although the physical behavior dur- 

ng the production of MG powders in the closed-wake condition 

as been clearly elucidated up to date, their physical process af- 

er the “closed-wake” condition remains mysterious. Thus, in this 

tudy, at 5 MPa ( Fig. 3 (a)), an augmented gas pressure after the 

closed-wake” condition, illustrating a Mach disk structure and a 
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Fig. 9. The particle diameter (a) and the particle velocity (b) in the gas atomization process simulated via the WAVE model at gas atomization pressure of 8 MPa. Region A: 

the forming and accelerating droplets. Region B: the converging of droplets in the centerline with lower velocities. Region C: the second break-up process. 
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econd recirculation zone. However, unlike the uniform second re- 

irculation zone reported in the previous simulated image [20] , the 

econd recirculation zone simulated in this study provides more 

etailed information. As demonstrated in Fig. 13 , the gas deceler- 

tes downstream at a steep gradient in one part, while it flows 

pstream and accelerates in the other. A vortex shows a varying 

eceleration condition. Such a condition arises from the fact that 

he gas velocity, crossing the “bowed” Mach disk surface, is likely 

o be non-uniform and unbalanced [20] . After passing this Mach 

isk, the gas stream flows straight along the axis, but the velocity 

ectors far away from the axis immediately acquire radial veloc- 

ty components. Therefore, this uneven deceleration causes the gas 

ortex. 

At 6 MPa, the shape of the second recirculation zone is elon- 

ated and transforms into an hourglass shape, in Fig. 3 (b). At a gas

ressure of 7 MPa ( Fig. 3 (c)), the third recirculation zone appears, 

lucidating the second Mach disk structure. When the gas pressure 

s 8 MPa, an enlarged third recirculation zone appears. It should be 

oted that, (1) with the increase of gas pressure, the primary re- 

irculation zones alter little after the “closed-wake” pressure, even 

f the second recirculation zones are enlarged, and the third recir- 

ulation zones appear; (2) the second recirculation zones remain 

table when the third recirculation zone appears. These two phe- 

omena indicated, in gas flow field, only the last recirculation zone 

s affected by the retarded gas pressure, which is consistent with a 

revious report [13] . One explanation is that the Mach disk plays 
210 
s a barrier and stops any upstream gas flow towards the recircu- 

ation zone [31] . Moreover, the stagnation pressures in the primary 

ecirculation zones are almost one order of magnitude larger than 

thers in the second and third zones. This damping is mainly due 

o ambient friction [32] . These high pressures provide supports for 

he existence of high stability of the recirculation zones before. 

.2. Droplet break-up process 

It is realized that the break-up process of the melt can be di- 

ided into two portions: the primary and the second break-up. The 

elt is disrupted into large droplets during the primary break-up, 

nd then divided into small ones during the second break-up. The 

ntire process is shown in Fig. 14 (a). 

The primary break-up is given in Fig. 14 (b–e). In the beginning, 

he molten alloy is poured into the chamber through the melt tube 

 Fig. 14 (b)). Influenced by the gas flow from the forward direc- 

ion in the primary recirculation zone ( Fig. 14 (c)), the molten al- 

oy begins to spread and forms a thin sheet under the bottom of 

he melt pour tube ( Fig. 14 (d)). Afterwards, the molten alloy is im- 

acted by the high-speed gas at the edge of the orifice tip, gener- 

ting large droplets ( Fig. 14 (e)). The simulated primary break-up in 

ur work is observed in Fig. 5 . This prefilming operation was firstly 

resented by Unal, who took pictures using high-speed flash pho- 

ography [33] . But the upturned orifice they used supplied a rel- 

tively low-speed gas flow. An approximate simulation result was 
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Fig. 10. The frequency density distribution obtained via the atomization simulation and actual gas atomization technology: (a) 5, (b) 6, (c) 7, (d) 8 MPa. 

Fig. 11. SEM images of Fe-based amorphous powders ranging from 25 to 45 μm. (a) 5; (b) 6; (c) 7; (d) 8 MPa. 
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t
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d

fl

c

w  
ade in Ref. [34] , and the melt moved upwards due to strong gas

ecirculation. Contrary to this study, they injected the melt into 

he chamber before the gas. Thus, the melt stream was penetrated 

y the following gas steam at the beginning of the disintegration. 

nd the experiment result confirmed this phenomenon in Ref. [34] . 

n our work, the alloy frozen at the nozzle has a hollow cone in
211 
he center, which was formed during the atomization experiment, 

onsistent with the simulation of the primary disintegration. Some 

roplets rotate in the primary recirculation zone, while the others 

y downwards with the gas stream. Consequently, the new recir- 

ulation zone now in the gas-melt flow field is smaller in size as 

ell as weaker in strength than the gas flow condition ( Figs. 3 and
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Fig. 12. XRD patterns of the Fe-based amorphous powders ranging from 25 to 

45 μm at gas atomization pressures ranging from 5 to 8 MPa. 
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Fig. 13. Partial velocity vector and the mirroring schematics of the gas flow struc- 

tures in the second recirculation zone at 5 MPa. Left-vortex downstream; right- 

vortex upstream. 
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 ). A similar phenomenon has been reported in Wei et al.’s paper 

24] . 

Intriguingly, before the second break-up process, the large 

roplets collide with each other at the centerline ( Fig. 14 (f)), re- 

ulting in a decreased velocity. Then, under the impact of gas flow 

ith high speed, the large droplets are disrupted and accelerated, 

ntil encountering the second recirculation zone. In this zone, the 

roplets are forced to slow down, and disintegrate further out- 

ide this zone due to the impingement of the high-speed gas. It is 

orth noting that, the droplets, crossing the second recirculation 

one, are able to get further break-up as a result of the larger rela-

ive speed between the gas flow and the melt particles ( Fig. 14 (g)).

o, we potentially propose a factor, i.e. , the cross section area (CSA) 

f the second recirculation zone (marked in Fig. 6 ). It is in propor-
ig. 14. (a) The droplet break-up process. (b) The injection of melt into the chamber; (c) t

he large droplets; (f) the collision at the centerline; (g) the second break-up. 

212 
ion to the number of droplets through it, herein, it can be used to 

eflect the extent of melt fragmentation. The CSAs are 40.47 mm 

2 , 

3.04 mm 

2 , 76.32 mm 

2 and 83.48 mm 

2 , respectively. It is found 

hat the CSA increases with the increase of gas pressure, resulting 

n finer powders. This indicates that a higher pressure tends to a 

ower CSA, deriving from the increased inner radius and the con- 

tant outer radius. 

Meanwhile, the relatively large droplets spread more widely 

nd dominate the outer part of the atomization region. This phe- 

omenon could be ascribed to that, under the shear force, in the 

eripheral region, the smaller droplets tend to move close to the 

xis, while the bigger ones incline to be entrained to the periph- 

ral domain [35] . Another explanation is that the middle part of 

he spray has a larger velocity and greater turbulence than those 

t the ‘outside’, therefore, it can enhance the atomization disin- 

egration and secondary droplets appear within the center region. 

he decreasing particle size towards the centerline of atomization 

s also observed in the simulated and experimental data of Jing 

t al.’s essay [35] . 
he deformed melt under the upstream gas; (d) a thin sheet of the melt; (e) forming 
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. Conclusions 

Simulation of the gas atomization process for Fe-based amor- 

hous alloy powder production ranging from 5 to 8 MPa was con- 

ucted by employing the numerical method that was the combi- 

ation of Realizable k- ε mode and DPM theory. This study illus- 

rated the anatomical gas profiles of gas flow and gas-melt flow 

elds, and analyzed the break-up process. Besides, the particle size 

istributions were predicted, and compared with the experimental 

esults. The main findings can be summarized as follows. 

1) In the gas flow field, at 5 MPa, the second recirculation zone 

appears under the exit, in the closed-wake condition. Then, the 

third recirculation zone appears at pressures above 7 MPa. The 

last recirculation zone is enlarged and truncated, while the oth- 

ers remain stable with the augmented pressures. 

2) In the gas-melt field, the primary recirculation zone has a 

smaller size and lower upstream velocity, compared to the gas 

flow field. Under the impact of the droplet flow of increasing 

gas pressure, the Mach disk changes from “bowed” shape to 

“S ”-shape and “Z ”-shape, and finally at 8 MPa, it is divided into

two portions along the center. The second recirculation zone at 

7 MPa is twice as large as that at 5 MPa. At 8 MPa, the divided

zones are located on both sides of the central axis. 

3) The experimental results are consistent well with the simula- 

tions. In the primary breakup, the melt spreads and forms at 

the bottom of the melt delivery tube, and large droplets are 

generated at the edge of the tube. In the secondary breakup, 

the droplets, crossing the second recirculation zone, have rela- 

tively low velocities and can undergo further fragmentation. 
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