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A novel PSD (particle size distribution)model to calculate the powder yields of plasma rotating electrode process
(PREP) of nickel base superalloys powders was studied. The results showed that the meshing data of the nickel
base superalloys powders like EP741NP and Inconel718 produced by PREP fitted the calculation of the novel
PSD model well. The results also showed that not only rotating speed but also melting rate had significant influ-
ence on the fine powder yield in the centrifugal atomization system. The general PREP nickel base alloy powders
showed characteristics of a bimodal Rosin-Rammler distributionmixed by the ligament disintegrating and direct
drop formation. The fractions of the both mechanisms and the process factors of spraying were discussed. This
fitting can help the engineers make the target powder yield increase by adjusting the process parameters.
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1. Introduction

Nickel base superalloy is a series of materials with excellent perfor-
mances at high temperature, which is applied in the conditions of air-
plane gas turbines [1]. Nowadays, the widely used Ni-base or Ni-Fe
base superalloys (for example Inconel718) applied in higher tempera-
ture conditions are added a larger fraction of niobium or tantalum for
precipitation of the second phases, which support high hardenability
[2]. Complex contents make it difficult to control segregation in casting.
In order to reduce the defects ofmacro segregation andmacro shrinkage
[3] of casting, near-net-shape process like hot isostatic pressing (HIP)
[4] is used,which is themost used powder formingprocess of the super-
alloys. EP741NP, the superalloy developed for powder forming, has
been reported to be one of the most advanced Ni-base superalloys
used in Russian fighters [5].

The superalloys are also suitable for 3D Printing. It has been men-
tioned that the general superalloys like Inconel718 can be laser-printed
from powders with high density and low macro defects [6, 7].

The superalloys spherical powders used for HIP and 3D printing
should have applicable size ranges, high flowability, lower impurity
and extremely lower micro defects (porosity) [8, 9]. In general, the
widely applied spraying methods for producing high purity spherical
metal powders are divided into the gas atomization (GA) and the cen-
trifugal atomization [10, 11]. Method of electrode induction melting

gas atomization (EIGA) [12] is themainly used gas atomization process,
and the most widely used centrifugal atomization method nowadays is
the plasma rotating electrode process (PREP) [13]. For HIP products,
generally, PREP powders are more preferred because powders sprayed
by centrifugal force have higher roundness degree without gas-formed
inner holes, and these defects strongly damage the fatigue performance
[13, 14]. However, compared with the GA methods, the fine powder
yield of the commercial PREPmethod is slightly lower than GAmethods
[15].

It is reported that there are at least 3 different spraying models
existing in the centrifugal atomization, including direct drop formation
(DDF), ligament disintegration (LD), and film disintegration (FD) [16].
The typical applied equation for calculating the mean diameter of the
sprayed powders is based on the view that the drop separates from
the molten pool boundary immediately when getting enough centrifu-
gal force against the liquid surface tension itself [16], which is suitable
for DDF [17]. For LD particles, the average diameter prediction had
been proved, added with viscosity, in Weber's theory [18]. But these
models are not easy to compare with the DDF equation until Kamiya
and Kayano [19] give a simple semi-empirical law to describe the aver-
age diameter of unique LD models for low viscosity liquid.

However, there is few research on the powder yield calculation of
the mixed spraying model of DDF and LD, which is useful for the cost
control of the PREP. It should concern not only the mean diameter, but
also the yield of a selected size range.

This paper aims to derive an applicable particle size distribution
(PSD) model of the PREP superalloy powders via different spray
model factors, especially the powder yield of a random size range. The
model can support/fit a PSD calculating result before atomization

Powder Technology 336 (2018) 406–414

⁎ Corresponding author at: #45 Fengcheng 2nd Road,s Economic and Technological
Development Zone, Xi'an City, Shaanxi Province, China.

E-mail addresses: liangshujin@c-semt.com (S. Liang), wangqxsmt@outlook.com
(Q. Wang).

https://doi.org/10.1016/j.powtec.2018.06.002
0032-5910/© 2018 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Powder Technology

j ourna l homepage: www.e lsev ie r .com/ locate /powtec

http://crossmark.crossref.org/dialog/?doi=10.1016/j.powtec.2018.06.002&domain=pdf
https://doi.org/10.1016/j.powtec.2018.06.002
wangqxsmt@outlook.com
Journal logo
https://doi.org/10.1016/j.powtec.2018.06.002
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/powtec


under the selected conditions. The tested PSD results and the PSD calcu-
lations of the EP741NP/Inconel718 powders produced by PREP were
discussed. The model fitted the results well under the conditions that
the rotating speeds ranging from 14,000–20,000 rpm.

2. Experiments and principle

2.1. Atomization mechanism of the PREP

The atomization model for PREP is based on the centrifugal
models, which was deeply discussed by the high speed camera and
exported 3 elemental spray models: DDF, LD and FD [16, 17], as
shown in Fig. 1. A statistical equation to approximately determine
the actual spray model can be expressed as the Hinze-Milborn num-
ber, Hi [16, 20]:

Hi ¼ μ0:17Qρ0:71ω0:6

γ0:88D0:68 ð1Þ

This equation is suitable for the atomization ofmetals [20]. In the Eq.
(1), the Hi is a dimensionless parameter, the μ (Pa·s) is the viscosity of
the liquid metal, the Q (m3·s−1) is the melting rate, the ρ (kg·m−3) is
the density, the ω (rad·s−1) is the rotating speed, the γ (N·m−1) is
the surface tension of the liquid metal, and the D (m) is the diameter
of the rotating bar.

In the Eq. (1), if Hi b 0.07, the main spray model is DDF; if 0.07 b Hi
b 1.33, the main spray model is LD; if Hi N 1.33, the main spray model
is FD. The commercial PREP often uses the rotating speed of
b15,000 rpm, electrode diameter between b75 mm, and melting rate
lower than 3 × 10−6 m3 s−1 [16, 21] (affected by the max heat power
and the nature of the material), thus, the deduced main spray model
by Eq. (1) is DDF, LD or the mixture of DDF and LD for the majority of
common alloys.

For DDF model the average diameter (similar with the peak diame-
ter, dpeak, or d50 while the distribution is unimodal) can be calculated as
Eq. (2) [16, 17], under the boundary condition that a drop on the rotat-
ing boundary of the molten pool has enough inertial power of centrifu-
gal force to oppose the liquid surface tension [16, 17].

dDDF ¼ 1
ω

ffiffiffiffiffiffiffiffiffiffiffiffi
12ηγ
ρD

s
ð2Þ

In Eq. (2), dDDF (m) is the average diameter under complete DDF
model, η is a dimensionless correct factor (about 1) to fix the error be-
tween calculated and tested DDF main particle diameter. Other param-
eters are same with chapters above.

For LD diameter, the average particle diameter can be calculated by
the Kamiya and Kayano law for low viscosity liquid (b20 mPa·s, appli-
cable for most metals) [19, 22]:

dLD ¼ 2:0D

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ

ρω2D3

s
ð3Þ

In Eq. (3), dLD (m) is the average diameter under complete LDmodel,
other parameters are same with the chapters above.

2.2. Experiments

The structure of the used PREP atomizer is shown on Fig. 2. This atom-
izer (PREP2000), supported by Sino-Euro Materials Technologies of Xi'an
Co. Ltd., used a plasma torch (non-transferred arc) as the heat source.

As shown on Fig. 3, when spraying, the chamber was filled with Ar/
He mix gas, the rotating electrode (bar) melted by high temperature

Fig. 1. The typical centrifugal spray models of DDF (direct drop formation), LD (ligament disintegrating) and FD (film disintegrating).

Fig. 2.A typical schematic diagram of non-transferred arc PREP (plasma rotating electrode
process) atomizer. A rotating bar is molten by the high temperature gas heated by the
plasma arc in the torch, and the droplets are formed by the centrifugal force of the high
angular speed.
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