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Super-clean and super-spherical FGH4095 superalloy powder is produced by the ceramic-free electrode induction-
melt inert gas atomization (EIGA) technique. A continuous and steady-state liquid metal flow is achieved at high-frequency
(350 kHz) alternating current and high electric power (100 kW). The superalloy is immersed in a high-frequency induction
coil, and the liquid metal falling into a supersonic nozzle is atomized by an Ar gas of high kinetic gas energy. Numerical
calculations are performed to optimize the structure parameters for the nozzle tip. The undesired oxidation reaction of
alloying elements starts at 1000 °C with the reaction originating from the active sites on the powder surfaces, leading
to the formation of oxides, Me,O,. The role of active sites and kinetic factors associated with the diffusion of oxygen
present in the atomization gas streams are also examined. The observed results reveal that the oxidation process occurring
at the surface of the produced powders gradually moves toward the core, and that there exists a clear interface between the
product layer and the reactant. The present study lays a theoretical foundation for controlling the oxidation of nickel-based
superalloy powders from the powder process step.
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1. Introduction

Powdered metals are the basis of powder metallurgy in a
variety of applications including sintering and thermal spray
coatings, and in aerospace, automotive, biomedical, and other
areas.!'# Originally, the technique of powder metallurgy
(P/M) was introduced for consolidating the superalloys to hin-
der them from being segregated, and also for fabricating the
products with intricate shapes.[’! However, other problems
such as gas porosity and undesired precipitation along previ-
ous particle boundaries (PPBs) were also found to occur in
P/M superalloys.[~ There is a great interest in preparing the
ultra-clean metal powders due to the extensive use of (P/M) su-
peralloys in the production of high performance components
in advanced gas engines.!®) Although the ceramic-free method
of electrode induction-melt inert gas atomization (EIGA) is
still a preferred technology for preparing the ultra-clean metal
powders, '%-12] there is a necessity for further improving it and
enhancing its efficiency. For example, Feng et al. have de-
veloped a Chinese-EIGA technique for preparing ultra-clean
nickel-based superalloy powders.[!3]

In general, special measures to be taken in the powder
metallurgy processing of nickel-based superalloys in order to
reduce the adverse effects of PPB precipitation.!'*! The prob-
lem results from the surface contamination of the produced

powders, where the contamination originates from oxidation
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during solidification due to surface adsorption.''>! In the EIGA
technique using argon atomized FGH4095 powder, the re-
action of alloying elements produces oxides and other by-
products on the surfaces of the superalloy powders. The oxide-
enriched surfaces of the powders have defects due to PPB at
hot isostatic pressing (HIP), hot isothermal forging (HIF) and
heat treatment (HT).[!®! The defective PPB destroys the conti-
nuity of the matrix and causes the local stress to concentrate in
a disk, and gives rise to an obvious influence on the mechan-
ical properties, especially the low cycle fatigue (LCF) perfor-
mance of the produced P/M superalloy, which later leads to
the initiation of fatigue cracking and accelerates crack propa-
gation under certain conditions, which in turn severely reduces
the quality and reliability of the material.[®-17-18]

In this work, we study the advantages of immersing the
superalloy electrode in a high frequency conical induction coil
which induces an electro-magnetic field to heat the FGH4095
superalloy up to its melting temperature, yielding a continu-
ous and steady-state liquid metal flow. Furthermore, we in-
vestigate the degree of oxidation and oxidation kinetics of the
alloying elements in atomization and the formation of oxides
on the surfaces of FGH4095 superalloy powders. This study
also lays a theoretical foundation for the inhibition of the ox-
idation of FGH4095 superalloy powders and the reduction of
defects arising from PPB. The theoretical results may also be

useful in designing suitable parameters for controlling the ox-
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idation of nickel-based superalloy powders in the atomization
process.

2. Experiment
2.1. Principle of induction melting and material properties

The working principle of the EIGA atomization technique
The FGH4095 superalloy electrode is

immersed into a conical induction coil and a high-frequency

is shown in Fig. 1.

electro-magnetic field, and induction melting was induced.
The dimensions of the feedstock electrode are 40 mm in di-
ameter and 500 mm in length for achieving a maximum feed
rate of 100 mm/min.

In the induction melting process, the superalloy is heated
from room temperature to a higher temperature. The chemi-
cal compositions of this FGH4095 superalloy are given in Ta-

ble 1. Temperature-dependent physical properties of the melt

superalloy, namely, the heat capacity (Cp), density (p), vis-
cosity (u), diffusivity (o), conductivity (4), surface tension
(o), and resistivity (R) are used in the melting experiments.
Listed in Table 2 are the physical properties of the superalloy

at liquid temperatures.

atomization gas

nozzle three-turn coil

liquid metal flow|

atomized
powders

Fig. 1. (color online) Working principle of the EIGA atomization system.

Table 1. Chemical compositions of FGH4095 superalloy (wt.%).

C Cr Co Mo w Al

Nb Ta Zr Fe B Ni

0.06 12.24 8.54 3.65 3.46 3.525

3.49 0.01 0.03 0.43 0.0075 Bal.

Table 2. Physical properties at liquid temperature.

Heat capacity Density Viscosity Diffusivity Conductivity Surface tension Resistivity
Cp/J/g-K) pl(g/cm?) U/mPa-s o/(N/m) A/(N/m) o/(N/m) R/Q-cm
0.413 8.03 5.5 4.243 14.010 1900 1.485x 1074
2.2. Characterization and supersonic nozzle 7 1+ KT_ Ma%
A Mettler/Toledo TGA/DSC (1HT/1577) was used to an- T 1+ K12
alyze the oxidation characteristics of the FGH4095 superal- 2 g .
loy powders in the atomization process. Confocal laser scan- v Ma 14+ K 5 1 Ma% /
ning microscopy (CLSM) was used to analyze the oxidized w Ma K—1_, )
layers on the surfaces of superalloy powders. The finite ele- 1+ TM )
ment COMSOL Multiphysics®software was used to simulate - K-1 M k/(k—1) @
the output parameters of the supersonic gas nozzle, and the P2 _ 2 !
nozzle shape is shown in Fig. 2. The compressible gas flow in P 1+ k-1 Ma% 7
the supersonic nozzle, and the gas flux are then considered to Ki 1 1/(k-1)
have a steady equal entropy flux, and therefore the numerical P 1+ TM ay
model is described by the continuity equations as follows: ol . L_l a2 )
) 2

dp du dA
- 2t T 1
> Tt 0, (0

where p (in units kg/m?) is the gas density in the atomization
nozzle, u (m/s) is the gas velocity in the atomization nozzle,
and A (m?) is the cross sectional area of the atomization noz-
zle. The boundary conditions of the gas flow in the atomiza-

tion nozzle can be written as

where T (K) is the temperature of gas in the atomization noz-
zle, u (m/s) is the gas flow velocity, p (Pa) is the pressure, and
p (kg/m3) is the density of gas flow. Compressible flows can
be characterized by the value of the Mach number, Ma, which
is given by

Ma=ujc. (3)

Here, ¢ (m/s) is the speed of sound in the gas, which is ex-
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pressed as:

c=+/YRT, “)

where 7 is the ratio of specific heats, R (8.314 J/mol-K) is the
universal gas constant, and 7' (K) is the temperature.

nozzle inlet nozzle gas exit

=====10

10 =15

.

Fig. 2. (color online) Shape of supersonic gas nozzle.

3. Results and discussion
3.1. Optomization of induction melting power parameters

The optimization and selection of suitable induction melt-
ing parameters for producing the FGH4095 superalloy is an
important step. The nickel-based superalloy displays various
melting characteristics during melting. The melting viscos-
ity of a nickel-based superalloy is high and the magnetic
permeability of the material is low. The experimental pro-
cess consists of two key steps, namely high frequency in-
duction melting and the atomization of an inert supersonic
gas. Figure 3(a) shows the melting experiment performed
with a 350-kHz alternating current (AC) with an electric
power of 100 K. In a typical experiment, the FGH4095 su-
peralloy electrode is immersed into a conical induction coil.
The high-frequency electromagnetic field produces an eddy
current at the tip of the superalloy, which heats up and in-
duces melting. Consequently, the liquid metal begins to
flow downward along the tip of the superalloy electrode.

Fig. 3. (color online) EIGA process, showing (a) high frequency induction
melting and (b) inert gas atomization.

As shown in Fig. 3(b), the liquid metal flows into a gas noz-
zle, where it is atomized with a stream of Ar gas having a high
kinetic energy. This method possesses the induction melting
characteristics of FGH4095 superalloy and other types of su-
peralloy, and is conducive to obtaining a continuous and stable
liquid metal flow. Thus, super-clean and super-spherical su-

peralloy powders are produced by using the EIGA technique.

3.2. Oxidation of FGH4095 superalloy powders

The oxidation of superalloy powders is a complex
chemical reaction in the EIGA atomization process. The
TGA/DSC technique is employed to analyze the oxidizing
of the FGH4095 superalloy powders during induction melt-
ing and inert gas atomization steps. The atmosphere of the
TGA/DSC module is consistent with the atomization gas. Ex-
act quantities of the superalloy powders (12.7713 mg) are
adopted in the TGA/DSC module, and the thermal analyses
are performed at an atmospheric pressure in a temperature
range of 30 °C—1550 °C at a heating rate of 10 °C/min under
a steady flow of Ar gas (50 MI/min with the purity of 99.9%)
for the complete oxidation. A representative TGA/DSC curve
is shown in Fig. 4. As can be seen from the curve, the oxida-
tion of alloying elements in the FGH4095 superalloy begins at
1000 ° C with a gradual gain in mass. The average mass gain
is about 23%. The relatively low concentration of oxygen in
the inert atomization gas flow gives rise to oxidation resulting

in a small increase in mass.
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Fig. 4. (color online) TGA/DSC measurement curve showing the ox-
idative characteristics of FGH4095 superalloy powders.

The major oxides and other by-products formed in the
atomization process are listed in Table 3. Equation (5) rep-
resents the oxidation reaction of the superalloy powder and
equation (6) is used to determine the change in Gibbs free en-
ergy change (AG®) as described below

2 2
ZMe+0, = “Me,0,, (5)
y y

AG’ = —RTInK = A +BT. (6)
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The formation of metal oxides Me,O, and the oxidation of powder are related to AG? and temperature. The alloying elements

have close affinities to oxygen in the processes of induction melting and gas atomization. On the basis of AG? values, the affinities

of the alloying elements increase in the following order: Ni, Co, Fe, W, Mo, Cr, Nb, Ti, and Al close to the melting point of

FGH4095 superalloy.

Table 3. The major oxides formed during the atomization process.

Oxidation reaction A/T-mol ! B/T-mol~ ! .k~! Temperature range/K
4/3Cr+ 0, =2/3Cr,03 -746800 170.3 298-2176
2Co+0; =2Co0 477800 173.2 298-1768
2/3Mo + 0, =2/3Mo0; —448100 177.6 1068-1530
2/3W +0, =2/3WO0s3 —-556500 158.6 298-1743
4/3A1+ 0y =2/3A1,0;3 -1120500 211.2 932-2345
Ti+ 0, =TiO; -943500 179.1 298-1940
2Nb+ 0, = 2NbO -803300 158.6 298-2218
2Fe + 0, = 2FeO -519200 125.1 298-1642
2Ni+ 0, = 2NiO —477000 168.6 298-1725

3.3. Degree of oxidation

The oxidation reation of the FGH4095 superalloy pro-
gresses from the liquid phase to a solidification phase of the
reactant. The fine powder particles on the surface layers are
more exposed to the gas flow than the cores of powder parti-
cles. In the supersonic gas atomization process, various de-
grees of oxidation layer occur on the surfaces of the powders
as shown in Fig. 5. The oxidation reaction starts from the sur-
faces of powder particles, which then gradually moves toward
the core, forming a clear interface between the product layer
and reactant. The rapid solidification leads to the formation of
an interfacial layer structure. Specifically, the oxidation reac-
tion originates from the active surface sites of powder. Such
active sites are marked as 1 and 2 (Fig. 6) and the entrance of
oxidation into the core is determined by kinetic factors asso-
ciated with the oxidation reaction of superalloy powders. The
degree of oxidation (R) of the FGH4095 powder is given as
follows:

my o 4 -
gﬂrgp

where mg (mg) is the original mass of powder, ry (um) is the

47t3p 47r3p 3

_ STryp — S Tr

p=T0—m_3 3 1—<r> 0
ro

radius of original FGH4095 powder, m (mg) is the mass of un-
reacted core of the powder, r (um) is the radius of unreacted
core and p (kg/m?) is the density of FGH4095 superalloy pow-
der.

Figure 7 shows the oxidation process of FGH4095 pow-
der, which can be divided into the following steps: the ad-
sorbed oxygen on the surface of the FGH4095 powder and its
external diffusion, the interfacial chemical reaction between
oxygen and alloy elements, and the internal diffusion of oxy-

gen passing through the reaction product layer. The internal

diffusion rate J and the chemical reaction rate between the

product layer and the interface u. can be expressed as

dc

dc
J==DeA~ = —47rr2DeE, 8)

U = 47rr2k(c — Ceq)s 9)

where k is the reaction rate constant (m/s), D, is the effective
diffusion coefficient (m?/s), c is the oxygen concentration at
the internal interface of reaction (mol/m3), Ceq 18 the equilib-
rium concentration of reacting oxygen (mol/m?), r is the ra-
dius (um) of unreacted FGH4095 superalloy powder, ¢ is the

reaction time (s), and A is the interfacial surface area (m2).

Fig. 5. (color online) Oxidation layers of FGH4095 powder.

Fig. 6. (color online) Spots marked as 1 and 2 represent the active sites for
the oxidation.
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Fig. 7. (color online) Oxidation steps of FGH4095 powder.

3.4. Oxidation kinetics of atomization

The nozzle is critical in the atomization process as it can
be used to control the break-up of the liquid melt, where the
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kinetic energy of Ar gas flow affects the oxidation of powders.
A view of the gas atomization process using water is shown
in Fig. 8 for easy visualization. The supersonic nozzle con-
sists of four sections, namely, stable, convergent, throat and
divergent. For successful atomization, it is necessary to opti-
mize the structure factors of the nozzle. The structure factors

calculated for the supersonic nozzle are shown in Fig. 9.

Fig. 8. (color online) Visualization of the water atomization process.
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Fig. 9. (color online) Major structural parameters of supersonic nozzle: (a) temperature, (b) velocity, (c) pressure, and (d) density.

The inlet nozzle gas flow pressure is in a range of
4.0 MPa-8.0 MPa, and the gas purity is 99.9%. The various
parameters for the supply pressure about 7.7 MPa of argon gas
mass flow through the nozzle are numerically calculated, and
they are an outlet temperature of 180 K, a velocity of 550 m/s,
a pressure of 6.0 x 10° Pa, and a density 30 kg/m?> at the exit

of the supersonic nozzle. The parameters of the gas nozzle
exit do not directly affect the liquid metal. The formation of
gas flow from a supersonic gas jet is related to the distance be-
tween the exit of the nozzle and the liquid metal, and shown
in Fig. 10. Upon contact with a supersonic gas jet the liquid

metal is rapidly oxidized. The effect of atomization gas based
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on the laws of energy and momentum conservation in this sys-
tem, and the parameters of gas flow affecting the liquid metal
can be calculated from the following equations:

2 2
us . Pey; 7 P. 1
t exit ffect effect 2
3(1 + 8Zexit + = ezec + 8Zexit + = Euexita
Pexit Peffect
Ueffect = Uexit - SIN35°,  Peffect = Pexit - $in 357,
Peffect = Pexit * Sil’l350, (10)

where Ui (m/s) is the exit velocity at the nozzle, Z;; (m) is
the effective distance of liquid metal (Zeyjr = 0), Pexic (Pa) is
the exit pressure at the nozzle, uesrece (M/s) is the effective ve-
locity, Zegec is the effective distance, Pefrect (Pa) is the effective
pressure, and Pefree; (kg/m?) is the effective gas density. The
main parameter related to the oxidation kinetics in atomization
18 Eoxidation,» Which is defined as

Eoxidation = %”gffect' (11)
In an atomization process, the oxidation Gibbs free energy can
be expressed as

G:AG°+RTIn(pfg°t), (12)

where G is the Gibbs free energy, AGY is the standard Gibbs
free energy, T (K) is the induction melting temperature, Pegfect
(Pa) is the effective pressure, P° is the standard pressure (Pa)
of oxygen in the atomization gas p° (1.00 x 10° Pa), and R is
the gas constant (R = 8.314 J/mol-K).

[
40
H atomization
! nozzle
!

L a2t |

u[[l
effect point

Fig. 10. (color online) Supersonic gas jet.

Fig. 11. (color online) Super-clean and super-spherical FGH4095 su-
peralloy powders.

The applied parameters allow the atomization gas veloc-
ity to reach a supersonic speed, thereby enhancing the yields
of superalloy powders and facilitating rapid solidification. Un-
der the employed conditions the atomizing of super-clean and
super-spherical FGH4095 superalloy powders is feasible by
using the supersonic nozzle as shown in Fig. 11. These param-
eters lead to particle diameters in a range of 6 um-120 pm.
About 80% of the powders have particle diameters less than
50 pum, i.e., d < 50 wm which indicates a narrow size distribu-

tion.

4. Conclusions

In this work, the prepared super-clean and super-spherical
FGH4095 superalloy powders are investigated by using the
EIGA technique. The FGH4095 superalloy is inductively
melted and subsequently a 350-kHz alternating current with
an electric power of 100 kW are used to obtain a continu-
ous and stable liquid metal flow. The alloying elements in
the FGH4095 superalloy begin oxidizing at 1000 °C, with
the gradual gain in mass. The formation of Me,O, oxides is
closely related to the Gibbs free energy and induction melting
temperature. The oxidation reaction originates from the active
surface sites of the powder. The external diffusion and inter-
facial reaction of the oxygen on the surface of FGH4095 and
its internal diffusion through the solid phase product layer also
affect the degree of oxidation. The oxidation reaction gradu-
ally progresses from the surface to the core with forming the
distinct interface between the oxide layer and unreacted core.
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