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Abstract: Nickel-based superalloy powders have been produced by high pressure argon gas and nitrogen gas atomization, separately. 

The microstructural characterization of nickel-based alloy powders has been performed by a scanning electron microscope equipped

with an EDS microanalysis unit. Based on a Newtonian cooling model, the flight speed and the cooling rate of two kinds of alloy

droplets were calculated. The results show that the droplet cooling rate, which depends on atomization medium and droplet size, has

an effect on the solidification microstructure. For argon-gas atomized powders, the developed dendrite structure is predominant at a 

lower cooling rate and a mixed microstructure composed of dendrite structure and cellular structure is observed at a higher cooling 

rate. For nitrogen-gas atomized powders, the dendrite structure is predominant at a lower cooling rate and a full cellular str ucture can 

be observed at a higher cooling rate. According to calculation, the cooling rate of argon-gas atomized droplets is in a range from

1.0×10

5

 K·s

-1

 

to 4.24×10

6

 K·s

-1

, while the cooling rate of nitrogen-gas atomized droplets is from 1.0×10

5

 K·s

-1

 

to 4.8×10

6

 K·s

-1

. The 

cooling rate increases with decreasing of droplets diameter. Two kinds of atomizing gases have a slight influence on the cooling rate 

of droplets. The dendrite axis is rich in elements such as Cr, Co, W, Ni and Al while the inter-dendrite region is rich in Ti element.
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Nickel-based alloy powders produced by gas atomization 

process are key raw materials for the fabrication of critical 

aircraft structural components subject to high temperatures. 

The nickel-based powder metallurgy (PM) superalloy 

possesses a high volume fraction of γ'-strengthening phase 

and shows excellent mechanical properties at an operation 

temperature above 650 ºC, such as chemical stability 

properties, high corrosion resistance, no macro-segregation, 

and resistance to thermal fatigue and thermal shock

[1-5]

. It is 

also an ideal material for jet engines or gas turbine engines 

of the advanced aero-engine. Gas atomization is a preferred 

method for powders production. During the gas-atomization 

process, a liquid stream is typically disintegrated into a 

large number of various sized droplets by high-speed gas 

jets. As all of the solid state materials such as minerals, 

ceramics and metals may be converted into the liquid state 

by melting, and powders from all of these materials may be 

produced via atomization of the liquid melt followed by a 

rapid solidification of the droplets in the spray chamber

[6]

. 

The powders have outstanding properties which cannot be 

obtained by conventional processing routes. Commonly, 

owing to the very high cooling rate achieved in the 

atomization process, there are decreased segregation, 

increased solid solubility, new metastable phases and a finer 

microstructure of powders or of consolidated products

[7-9]

. 

The properties of gas-atomized powders are strongly related 
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to particle size and particle shape, which in turn are 

believed to have an apparent effect on the mechanical 

performance. The microstructure evolution is also 

important because it provides valuable information on 

particle size and droplet cooling rate, for example, the 

secondary dendrite arm spacing is closely associated with 

particle size and droplet cooling rate. The powder 

microstructures are of fundamental importance to optimize 

the atomization process parameters. A widespread research 

on the gas-atomization of various alloys has been performed, 

such as Cu-Sn

[10]

, Al-Cu alloy

[11]

, Al-Fe

[12]

 and Fe-Ni 

alloy

[13]

. However, at present, there are few studies focusing 

on the effect of different atomization media on the powders 

microstructure and the cooling rate of nickel-based 

superalloy system. Up to date, it is still a great challenge to 

measure the cooling rates of flying droplets in a spray 

chamber by a measuring instrument. Thus, the aim of this 

paper is to study the effect of different atomization media

like argon gas and nitrogen gas on powders microstructure, 

flight speed, cooling rate and micro-segregation of 

nickel-based alloy powders. This is accomplished through a 

series of experimental investigations involving by use of 

scanning electron microscope (SEM) and energy dispersive 

spectrometer (EDS). A Newtonian cooling model is 

employed to calculate the droplet cooling rate during the 

flight process. Thermal history calculation of atomized 

nickel-based alloy droplets and microstructure 

characterization of the final alloy powders performed. The 

present work is helpful to optimize the atomization process 

parameters for the production of nickel-based alloy 

powders. 

1 Experiment

Nickel-based superalloy powders have been obtained

through argon-gas  a tomizat ion  and n i t rogen-gas

atomization, separately. The detailed chemical composition 

(wt%) is listed in Table 1. The master alloy was melted in a 

magnesia  crucible  by induction heat ing and was 

superheated at 200 K to ensure a smooth flow of the melt. 

Atomiza t ion  o f  the  me l t  a l loy  was  ca r r i ed  ou t 

under the melt-nozzle exit by argon gas at 3.9 MPa and 

nitrogen gas at 3.6 MPa. Here, considering the fact that the 

pressure to yield of fine fraction of argon gas atomized 

powders was 3.8~3.9 MPa, nitrogen gas atomized powders 

was about 3.6 MPa according to our atomization process. 

For this reason, in this study, we did not choose the totally 

same pressure to conduct our experiment. Gas atomization 

usually produces a broad range of particles size. In the 

present work, the powders with a size range between 10µm

and 200 µm were selected for investigation. As the cooling 

rate of powders varied with particle size, a sieving 

procedure was applied in order to ensure the relationship 

between cooling rate, microstructure and powder particle 

size. Particles in the size ranges of <44 µm, 44~80 µm, 

80~125 µm and 125~200 µm were selected for further 

analysis. A certain amount of powders were taken into a 

beaker and anhydrous alcohol was added for ultrasonic 

cleaning. The detailed microstructures of the atomized 

powders were characterized by QUANTA200 scanning 

electron microscopy (SEM), and the dendrite segregation 

was analyzed with a Phoenix energy dispersive 

spectroscopy (EDS). The cooling rates and the flight speeds 

of atomized droplets were calculated by MATLAB10.0.

2  Results and Discussion

2.1 Surfaces morphology of powder particles

SEM observations of the powders atomized by argon gas 

are given in Fig.1a and 1b. It can be observed that all of the 

powders are spherical and ellipsoidal in shape, and these 

powders have a good surface smoothness. Besides, several 

satellite powders adhere to some large powder particles 

surfaces (Fig.1b), which are induced by the collision of the 

droplets during the flight process in the spray chamber. 

Fig.1c and 1d show the surface morphology of nitrogen-gas 

atomized powders. Direct observations of nitrogen-gas

Table 1 Chemical composition of studied Nickel-based 

superalloy powders (wt%)

Cr W Co Mo Nb Al C Ti Ni

12.84 3.65 7.98 3.62 3.37 3.45 0.06 2.45 Bal.

Fig.1 Surface morphologies of the nickel-based alloy powder: (a,b) argon-gas atomized powders; (c,d) nitrogen-gas atomized powder
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atomized particle surfaces show that several small powders 

are spherical in shape. Most particles, especially the large 

particles, are coarse and are not really spherical. 

Furthermore, a lot of small satellite particles stick on the 

surface of large particles. The comparison between two 

kinds of powders indicates that the appearance of the 

argon-gas atomized powders is much more regular and 

spherical than that of the nitrogen-gas atomized powders.

2.2  Calculation of droplets flight speed and cooling 

rate

The cooling rate of single alloy droplets depends on the 

gas flow velocity and flight distance during the atomization 

process, and the axial gas flow velocity is described as

[14]

:

15 0.033

0

[1 ( ) ]

x

u u

λ

−

= +

                       (1)

where u and u

0

are the axial gas flow velocity and the initial 

axial gas flow velocity at the nozzle exit, respectively, x is 

the axial distance, and λ is a constant related to the 

attenuation of gas flow velocity in the axial direction which 

can be expressed as

e

Aλ α=

, 

where α is an empirical 

constant related to gas dynamics viscosity, taking α=10.5, A

e

is 

the nozzle exit area, taking A

e

=π

2

0

R

and R

0

being the nozzle 

exit radius. The initial velocity u

0

can be written as
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where J

g

 is the gas flow, ρ

g

 is the gas density, A

t

 is the 

nozzle throat area, taking

2

t t

πA R=

, R

t

 is the nozzle throat 

radius, P

0

is the pressure of atomizing gas in the atomizer 

(i.e. static pressure), T

0

 is the gas temperature in the 

atomizer (i.e. static temperature) and γ is the specific heat 

ratio. During the initial stage, metallic droplets are

accelerated due to the action of the drag force of the 

atomizing gas stream. The role of the drag force on the 

acceleration of melting droplets can be expressed by the 

Newton's second law

[16]

:
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where v is droplet velocity, C

D

 is drag coefficient, d is 

droplet diameter, ρ

g

 is gas density, and ρ

d

 is droplet density. 

The drag coefficient can be expressed as

[17]

:
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Re is droplet Reynolds number, µ

g

is gas dynamic viscosity, 

d is droplet diameter and |u-v| is the relative velocity 

between metallic droplets and gas flow. The thermophysical 

parameters of argon gas (Ar) and nitrogen gas (N

2

) are 

listed in Table 2

[18,19]

. Some atomization process parameters,

as well as properties of nickel-based superalloy used in 

calculation, are evaluated as follows, R

e

=0.0014, R

t

=0.0012,

γ=1.4, T

0

=300 K, ρ

d

=8280 kg/m

3

, C

l

=434 J/(kg·K), T

d

=1573 K

[20]

. By Eqs. (1)~(3), the atomization gas velocity 

along the axis can be obtained. By Eqs. (1)~(7), the droplets 

flight speed can be calculated. The variations of droplets 

velocity along the flight distance are shown in Fig.2 and 

Fig.3, respectively.

Fig.2 and Fig.3 show the changes in droplet velocity with 

the axial distance of argon gas and nitrogen gas atomization, 

respectively, for nickel-based superalloy droplets of 5, 25, 

45, 65, 85, 105, 125 and 145 µm in diameter. The gas 

velocity slows down gradually with the flight distance. 

Each metallic droplet is accelerated up to the maximum 

velocity where the droplet velocity becomes equal to the 

instantaneous velocity of atomizing gas, i.e. the slip

velocity between droplet and gas is zero. The droplet size 

has a direct influence on the flight speed. The smaller 

droplets have a lower value of the Reynolds number and 

this implies stronger drag force for the smaller droplet 

because the drag coefficient is inversely proportional to the 

Reynolds number as seen from Eq.(6). Hence, the small 

droplets are more easily influenced by the gas-dynamic 

drag force, and the maximum velocity for the smaller droplet

Table 2 Some parameters about atomizing gas

[18,19]

Parameter Argon gas (Ar) Nitrogen gas (N

2

)

C

pg

/J·kg

-1

·K

-1

 540 1050

ρ

g

/kg·m

-3

 1.78 1.25

µ

g

/×10

-5 

kg·m

-1

·s

-1

2.25 1.77

K

g

/×10

-2 

W·m

-1

·K

-1

1.8 2.5

Fig.2 Calculated velocity of different sized metallic droplets 

atomized by argon gas
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Fig.3  Calculated velocity of different sized metallic droplets 

atomized by nitrogen gas

is obtained not only in shorter flight time but also at smaller 

flight distance. Beyond the flight distance where the 

maximum velocity is reached, the droplet travels faster than 

the atomizing gas and consequently it is decelerated. On the 

other hand, the diameter for the droplets larger than 85µm 

do not exhibit a marked deceleration because of their inertia 

force. Therefore, larger droplet velocities keep roughly 

constant after the maximum velocity, resulting in an 

approximately linear relation between the flight time and 

the flight distance except an initial period. The argon gas 

atomized droplets more rapidly attain their maximum 

velocity assuming the same droplet diameter. For example, 

the maximum velocity for 25 µm droplets atomized by 

argon gas is 287 m/s at a distance of 0.23 m, whereas the 

maximum velocity for 25 µm droplets atomized by nitrogen 

gas is 278 m/s at a distance of 0.27 m from the atomizer.

Assuming that the heat transfer between spherical 

metallic droplets and atomizing gas flow field follows a

Newtonian cooling condition, the cooling rate of droplets 

can be expressed as

[20,21]

:

d g

d

d 1

6 ( )

d

d

h T T

T

t C dρ

−

= −

                        (8)

where T

d

and T

g

are droplets temperature and gas

temperature, respectively, ρ

d

is the density of droplet, C

t

is 

the specific heat of droplet, d is the droplet diameter, t is the 

time and h the heat transfer coefficient. According to 

Szekely model

[22]

, the heat transfer coefficient h can be 

expressed as:

g

3

( 2 .0 0 .6 )

K

h R e P r

d

= + ⋅

           (9)

where K

g

is the heat transfer coefficient of gas, d is the 

droplet diameter, Re is the Reynolds number, and Pr is the 

Prandtl number which is given by

[23]

:

pg g

g

C
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                               (10)

where C

pg

, µ

g

and K

g

are the gas specific heat, the gas 

dynamic viscosity and the gas thermal conductivity, 

respectively. |u� v| is the relative gas-droplet velocity 

which can be expressed as

[23]

:

d g

2

0

i

| | ( )

T T

u v u

T

−

− ≈

                      (11)

where µ

0

is the initial axial gas velocity at the nozzle exit, 

being 560 m·s

-1

 for argon gas and 580 m·s

-1

 for nitrogen gas. 

T

d

, T

g

and T

i

 are the droplets temperature, gas temperature 

and the initial melting temperature (T

i

 = 1573 K), 

respectively. So the initial gas-droplet relative velocity is 

390 m·s

-1

 in the argon gas environment and is 404 m·s

-1

 in 

the nitrogen gas environment. The cooling rate of droplets 

can be calculated by substituting the relevant parameters

listed in Table 2 into Eq. (8). The relation curves of cooling 

rate and powder diameter are shown in Fig.4 for two kinds 

of atomizing gas. The cooling rate of argon-gas atomized 

powders ranges between 1.0×10

5

and 4.24×10

6

 K·s

-1

, and 

the cooling rate of nitrogen-gas atomized powders ranges 

between 1.0×10

5

and 4.8×10

6

 K·s

-1

.

It seems that the atomizing medium has a slight influence 

on the cooling rate of droplets. The cooling rate depends on 

the droplets size. The cooling rates decease with increasing

of droplets diameter. When the droplets diameter is less 

than 40 µm, the cooling rate elevates quickly with 

decreasing of droplets diameter. When the droplets diameter 

is between 40 and 80 µm, the cooling rate increase slowly 

as the droplets size decreases. When the droplets diameter 

is more than 80 µm, the cooling rate curve flattens out with 

increasing of droplets size.

2.3 Dendritemorphology and segregation at different

cooling rates

Fig.4  Relation of cooling rate and powders diameter
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The comparison indicates that the appearance of the 

argon-gas atomized powders is much more regular than the 

nitrogen-gas atomized powders. The small powders have a 

better sphericity compared with the large powders. The 

powders morphology depends on spheroidization time and 

solidification time after the metallic droplets are crushed by 

atomizing gas. If the spheroidization time is much shorter 

than the solidification time, the metallic droplets are more 

likely to get regular shapes and show more superior surface 

smoothness. This may be further explained by the 

spheroidization time of atomized droplets which can be

empirically expressed as:

2

4 4 4

L

shp 1 2

3π 1

( ) ( )

4 2

d d

V

µ

τ

σ

= ⋅ −

            (12)

where d

1

and d

2

are the droplet diameter after 

spheroidization and the smallest diameter before 

spheroidization, respectively, µ

L

is the liquid metal 

viscosity, V is the droplet volume and σ is the surface 

tension of liquid metal. According to Eq..(12), the 

spheroidization time is correlated with liquid alloy viscosity, 

droplet volume and surface tension. If the viscosity and the 

surface tension are given fixed values, the small sized

droplets are more easily to be spheroidized.

The variation of cooling rate with droplets diameter may 

has an effect on the solidification microstructure. In order to 

study the effect of alloy powder diameter on the solidification

microstructure, the microstructural characteristics of different

sized powders atomized by different gaseous media have 

been performed. Fig.5 shows the dendrite morphology of 

different sized alloy powders atomized by argon gas. The 

surface microstructure of the powders in the size range of 

125~200 µm is shown in Fig.5a. The nucleation core is on

the droplet surface and a clear network of dendritic arms is 

visible. Secondary, tertiary and higher order arms can be 

developed in the cross section from the primary arms. The

analysis of the surface microstructure of the droplets in the 

size range of 80~125µm enables us to clearly distinguish the

primary dendrite arms. The location of the nucleation center

is identified as the intersection of the primary dendrite arms 

in Fig.5b. The surface microstructure of the powders in the 

range of 44~80 µm has the formation of a mixed 

microstructure composed of dendrite structure and cellular 

structure, which is shown in Fig.5c. With decreasing of

powder size, a large proportion of cellular structure can be 

observed as shown in Fig.5d. The surface microstructure 

analysis of argon-gas atomized powders indicates that 

dendrite growth takes priority over cellular structure. The 

surface microstructure of small particles is composed of 

dendrite structure and cellular structure due to higher cooling 

rates of small droplets.

Fig.6 shows the microstructure characteristics of 

different sized alloy powders atomized by nitrogen gas. The 

microstructure of the powders in the size range of 125~200

Fig.5  Surface morphologies of argon-gas atomized powders in different size ranges: (a) 125~200 µm, (b) 80~125 µm, (c) 44~80 µm,

       and (d) <44 µm

Fig.6  Surface morphologies of nitrogen-gas atomized powders in different size ranges: (a) 125~200 µm, (b) 80~125 µm, (c) 44~80, µm,

       and (d) <44 µm
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µm is characterized by primary and secondary dendrites, as

shown in Fig.6a. The powders in the size range of less than 

125 µm indicate a nearly full cellular structure. Based on 

the solidification nucleation theory, the nucleation critical 

size of the undercooled droplets relies on the competition 

between the driving force for the phase transformation and 

the energy barrier that is required for forming a new 

interface

[24]

. The energy barrier resulting in the formation of

a spherical critical nucleus can be expressed as:

3

*

2

m

16π

( ) ( )

3

G f

G

σ

θ∆ =

∆

                     (13)

where

m m m

/G H T T∆ =∆ ⋅∆

is the Gibbs free energy, and 

T∆

is the undercooling temperature of the melt alloy. The 

nucleation velocity is considered to depend on the 

undercooling degree of the melt

T∆

, which increases 

linearly with the cooling rate for a given composition. For

the nickel-based alloy system in the present experimental

conditions, the formation of developed dendrites of large

sized particles can be accounted for by a low cooling rate.

Fine cellular structure of small sized particles is related to a 

high cooling rate and a directional heat extraction, which in 

principle agrees with the calculated results of the droplets 

cooling rate discussed above.

The impact of atomizing gas has also been investigated 

by considering droplets cooled in argon gas and nitrogen gas. 

The microstructure analysis of the powders in the range of 

125~200 µm shows that all other parameters are similar, and 

the dendrite morphology of atomized powders is promoted in 

argon-gas atomization compared with in nitrogen-gas

atomization, as illustrated in Fig.5a and Fig.6a.

As shown in Fig.4, the droplet cooling rate variation 

tendencies are similar in different atomizing gas media. 

Based on the predicted results by the Newtonian cooling 

model, the nitrogen-gas atomized powders have higher 

cooling rates than the argon-gas atomized powders during 

the rapid solidification. Because the thermal conductivity of 

nitrogen gas is 1.4 times as much as that of argon gas, the 

intensity of the rapid solidification is then larger for 

droplets solidified in nitrogen, which is in agreement with 

the fact that the cellular structure of the nitrogen-gas 

atomized powders in the range of <44 µm is more 

developed than that of the argon-gas atomized powders, as 

illustrated in Fig.5d and Fig.6d.

The variation of alloy element solute concentration in 

different sized particles can be measured by EDS analysis.

Fig.7 and Fig.8 show some main-alloy-element segregation 

characteristics in the different parts of dendrites of argon-

gas atomized powders and nitrogen-gas atomized powders,

respectively. It is obvious to notice that for the two kinds of

powders, the concentration of Cr, Co, W, Ni and Al in the 

dendrite axis is higher than that in the inter-dendrite region. 

But for Ti, it is higher in the inter-dendrite region. The 

element segregation gradually weakens with the decrease of 

powder particle size, which is related to the powders 

solidification process. During the solidification process, a 

smaller droplet has a higher cooling rate. It is reported that 

increasing cooling rate enhances the solid solubility and 

hence decreases the micro-segregation

[25,26]

. The dendrite

segregation is associated with cooling rate, alloy 

composition, powders diameter, and atomizing gas medium.

Fig.7 Element mass fraction of different sized particles atomized by Ar gas: (a) Cr, (b) Co, (c) W, (d) Ni, (e) Al, and (f) Ti
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Fig.8 Element mass fraction of different sized particles atomized by N

2

 gas: (a) Cr, (b) Co, (c) W, (d) Ni, (e) Al, and (f) Ti

3  Conclusions

1) The particle shape of Nickel-based superalloy powders

tends to be more spherical in argon-gas atomization than in 

nitrogen-gas atomization. The microstructure of the 

atomized powders is affected by the atomization medium 

and the droplet cooling rate. For argon-gas atomized 

powders, the developed dendrite structure is predominant at 

a lower cooling rate, while a mixed microstructure 

composed of dendrite structure and cellular structure is 

obtained at a higher cooling rate. For nitrogen-gas atomized 

powders, the dendrite structure is predominant at a lower 

cooling rate, while a full cellular structure is obtained at a 

higher cooling rate.

2) The calculated cooling rate of argon-gas atomized 

droplets is in a range from 1.0×10

5

 K·s

-1

 

to 4.24×10

6

 K·s

-1

,

while that of nitrogen-gas atomized droplets from 1.0×10

5

K·s

-1

 

to 4.8×10

6

 K·s

-1

. The cooling rate increases with 

decreasing of particles diameter, and the cooling rates 

sharply increase when the droplet diameter is below 40 µm.

3) Some alloy elements have some micro-segregation to 

a certain extent. The segregation behaviors of two kinds of

powders prepared by different atomization mediums follow

the same variation orderliness: the elements of Cr, Co, W, 

Ni and Al are rich in the dendrite axis, while Ti element is 

rich in the inter-dendrite region. The alloy-element

segregation in a dendrite is associated with atomization 

medium and particle diameter.
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