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duce AM powders.

In this study, the flow characteristics and behaviors of virgin and recycled Inconel powder for powder-bed
additive manufacturing (AM) were studied using different powder characterization techniques. The results
revealed that the particle size distribution (PSD) for the selective laser melting (SLM) process is typically in
the range from 15 pm to 63 pm. The flow rate of virgin Inconel powder is around 28 s:(50 g)™. In addition,
the packing density was found to be 60%. The rheological test results indicate that the virgin powder has
reasonably good flowability compared with the recycled powder. The inter-relation between the powder
characteristics is discussed herein. A propeller was successfully printed using the powder. The results sug-
gest that Inconel powder is suitable for AM and can be a good reference for researchers who attempt to pro-

© 2017 THE AUTHORS. Published by Elsevier LTD on behalf of the Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Inconel 718 (IN718) is a well-known nickel-based superalloy that
is extensively used in high-value-added engineering applications
such as jet engines in aerospace and steam generators in nuclear
power plants, as well as in the defense and marine sectors, due to
its excellent mechanical properties, fatigue resistance, and corrosion
resistance [1-4]. This material has a relatively medium hardness
but becomes hardened when subjected to work. The tradition-
al fabrication method is through vacuum induction melting and
high-precision machining [5]. However, the machining of Inconel is
a major challenge because the cutter wears down quickly due to the
work-hardening effect, in which Inconel becomes hardened after a
few layers of material removal.

Additive manufacturing (AM), also known as three-dimensional
(3D) printing, forms a part layer by layer, and is thus the best
solution to fabricate a near-net-shape component made of Inconel
materials with minimal post treatment or without post machining
[6-8]. On the one hand, the printing process parameters, such as
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laser power, scanning speed, powder layer thickness, and hatch
spacing, play a vital role in producing a dense part [9-12]. On the
other hand, raw Inconel powder has considerable influence on
the printing process and on the quality of the parts. A literature
search reveals that a considerable amount of work has been done
thus far on process optimization to print Inconel powders success-
fully; however, a limited amount of research has been carried out
to study powder characteristics, and particularly those of Inconel
powder, for AM [13,14].

The present study presents insights into the characteristics and
behaviors of IN718 powder for AM, and pays particular attention to
the particle shape, particle size distribution (PSD), surface texture,
rheological or flow characteristics, and packing behavior of the In-
conel powder.

2. Experimental procedures

A virgin IN718 powder with the chemical composition shown in
Table 1 was used in this study. After 10 repetitions of printing cycles,
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the recycled powder was sampled to observe its changes as com-
pared with the virgin powder.

These powders were characterized using various powder char-
acterization techniques and equipment, such as a laser particle size
analyzer HORIBA LA-960, a Hall flowmeter, a nominal density cup,
a tapping apparatus, an FT4 powder rheometer, and a field emission
scanning electron microscope (FESEM). In addition, an EOS-M400
selective laser melting (SLM) system was used to print the demon-
stration samples.

2.1. Particle size analyzer

A HORIBA LA-960 laser particle size analyzer was used in ac-
cordance with the ISO 13320-1 standard to quantify the particle
size, PSD, and particle fraction at specific particle sizes using the
laser-scattering technique. A small quantity of each IN718 powder
sample, with a refractive index of 1.958, was poured into deion-
ized water with a refractive index of 1.333. The powders were
mechanically and ultrasonically stirred, circulated, and degassed
before measurement. Five consecutive readings were taken in the
automatic mode and five measurements were carried out in the

manual mode to confirm the consistency of the results. The results
are shown in Table 2.

2.2. Microscopy analysis

A FESEM was used to examine the shape, size distribution, sur-
face morphology, surface texture, and satellite effects of the IN718
powders. In addition, optical microscopy was employed to observe
the internal porosity, defects, and cross-section of the powders. The
results are presented in Fig. 1 and Fig. 2.

2.3. Flow rate measurement using a Hall flowmeter

The Hall flow rate of these powders was measured in accordance
with the ASTM B213 standard test method. A 50 g mass of each pow-
der was weighed to an accuracy of 0.0001 g and gently poured into
the Hall flowmeter funnel. The discharge orifice at the bottom of the
funnel was then unlocked to let the powder flow naturally. A timing
device was started simultaneously to record the flow duration. Five
measurements using virgin powders were carried out; these values
were taken into average and the results are shown in Table 2.

Table 1
Chemical composition of virgin and recycled IN718 powders.
Material Ni Ti Cr Mo Nb C Mn Si Al Co Cu
Virgin (wt%) 52.35 0.85 20.12 3.04 5.10 Balance 0.013 0.09 0.08 0.60 0.16 0.012
Recycled (wt%) 52.32 0.83 20.15 2.96 5.05 Balance 0.019 0.08 0.08 0.55 0.15 0.011
Table 2
PSD and Hall flow rate of virgin and recycled IN718 powders.
Material Dyo (um) Dso (nm) Dyy (um) Hall flow rate (s-(50 g)™')
Virgin 21.37+043 31.24+0.97 49.52 +0.76 28.35+0.32
Recycled 21.92 £0.54 32.35+0.78 50.71 +0.85 29.47 £0.42

"Dyy", “Dso”, and “Dgy” mean the particle sizes at 10 vol%, 50 vol%, and 90 vol%, respectively.
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Fig. 1. Cross-section of (a) virgin and (b) recycled IN718 powders.
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Fig. 2. PSD and surface morphology of (a) virgin and (b) recycled IN718 powders.
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2.4. Rheological measurement

To date, the FT4 powder rheometer is the most powerful univer-
sal powder tester to quantitatively measure a powder’s resistance
to flow while it is in motion. Different conditions such as stability,
variable flow rate, tapped condition, compressibility (CPS), aeration,
permeability, and wall friction can be performed. In the present
study, the stability and variable flow rate modes were carried out.
The basic flow energy (BFE), stability index (SI), flow rate index (FRI),
specific energy (SE), and conditioned bulk density (CBD) were ob-
tained, and are presented in Table 3 and Fig. 3.

2.5. Apparent, tapped, and true densities

Apparent density was measured according to the ASTM B212
standard. A nominal density cup of 25 cm® was placed under the
Hall flowmeter funnel. The powder was subsequently poured into
the funnel such that it flowed down and filled the cup completely. A
non-magnetic blade was used to level off the powder with the top of
the cup. The weight of the powder inside the cup over the nominal
volume (25 cm’®) provides the apparent density of the powder. The
experiments were repeated five times to ensure consistency.

A tapping apparatus was used to measure the tapped density in
accordance with the ASTM B527 standard. The powder was weighed
and poured into a graduated cylinder. A total of 3000 taps were
conducted with a tapping frequency of 300 taps-min™". The average
volume between the highest and lowest readings on the graduated
cylinder was taken as the tapped volume of the powder. Five meas-
urements were carried out with the virgin powder, and the average
value was determined.

An AccuPyc Il 1340 gas displacement pycnometry system was
used to measure the true density of the powders according to the
ASTM B923 standard. The powder was weighed and poured inside
a calibrated aluminum cylinder (10 cm?). Helium gas was used as a
displacement medium, as it is able to penetrate into the very small
gaps between powder particles. The difference in pressure before and
after the gas expansion was measured to calculate the volume of the
powder. Each powder sample was measured 20 times to ensure the
accuracy of the measurement. The results are presented in Table 4.

2.6. Selective laser melting (EOS-M400)

An EOS-M400 SLM machine with a build size of 400 mm x
400 mm x 400 mm and laser power of up to 1 kW was used to build

Table 3

Rheological results of virgin and recycled IN718 powders.
Material BFE (mJ) SI FRI SE (mJ-g™) CBD (g:mL™") CPS (%, at 15 kPa)
Virgin 1032 + 11 1.03 £ 0.04 1.09 £ 0.03 3.32+0.06 4.63 £0.05 2.8+0.2
Recycled 1091+ 13 1.07 £0.07 1.15 £ 0.06 3.75+0.09 4.37 +0.07 43+03
Material Cohesion (kPa) UYS (kPa) MPS (kPa) FF AIF (°) WFA (%)
Virgin 03+0.1 0.9+0.1 125+ 06 151+0.3 23.4+0.2 151+04
Recycled 0.5+0.1 1.5+0.2 131+0.8 8.8+0.5 23.7+0.2 174+ 0.4

CPS: compressibility; UYS: unconfined yield strength; MPS: major principle stress; FF: flow function; AIF: angle of internal friction; WFA: wall friction angle.
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Fig. 3. The results of rheological tests for virgin and recycled IN718 powders. (a) Stability and variable flow rate (VFR) test; (b) CPS test; (c) shear test; (d) wall friction test.
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Table 4

Results of apparent, tapped, and true densities, and packing capability of virgin and recycled IN718 powders.

True density (g-cm™)

Packing at apparent density (%) Packing at tapped density (%)

Material Apparent density (g-cm™) Tapped density® (g-cm™)
Virgin 3.8780 £ 0.0172 4.9123 £ 0.0153
Recycled 3.7875 £ 0.0191 4.8755 + 0.0165

8.1794 + 0.0059
8.1803 +0.0035

474+03
463 £0.5

60.0 £0.2
59.2+0.6

* This result was calculated after 3000 taps.

the typical tensile coupons and a propeller using the current pow-
der. A strike-scanning strategy and process parameters including
a laser power of 300 W, a scanning speed of 1500 mm:-s', hatch
spacing of 55 m, and a layer thickness of 40 m were employed. Fig. 4
provides an image of the printed propeller, and Fig. 5 shows the
tensile property and typical microstructure.

2.7. Tensile test

Standard heat treatment was performed on the tensile samples
according to AMS 5664 specifications. Solution heat treatment (i.e.,
heated at 1040 °C for 2 h and then cooled in air) was followed by
precipitation hardening treatments (i.e., aged at 720 °C for 8 h and
then cooled to 620 °C for 8 h) [15]. Finally, a tensile test was per-
formed using an Instron 5982 testing machine equipped with an
automated video extensometer and a strain rate of 10 s™ in accord-
ance with the ASTM E8 standard.

3. Results and discussion
3.1. Particle size distribution

It is very important to know the PSD, as different AM techniques
have their own requirements. For example, SLM currently uses pow-
ders with particle sizes ranging from 15 um to 63 pum, while the PSD
for electron beam melting (EBM) varies from 45 pm to 105 pm, due
to technical challenges such as smoking and sparking effects [7,9].

Table 2 presents the results of the PSD of different Inconel powder
samples using a HORIBA LA-960 laser particle size analyzer, accord-
ing to the ISO 13320-1 standard. In addition, Fig. 1 and Fig. 2 show
the internal defect and morphology of the powders, respectively. In
practice, after gas atomization, the powders would be sieved to the
different size ranges for different applications such as micro-metal
injection molding (micro-MIM), thermal spray, and AM [16].

As shown in Table 2, the mean particle size (Ds,) for SLM appli-
cations is about 31 pm. PSD has a direct effect on the quality of a 3D
built part, and particularly on the surface finishing of the printed
parts. A lower average particle size results in better surface rough-
ness of the printed parts. Fig. 4 shows a built part made from our in-

Fig. 4. A propeller printed using the EOS-M400 machine.

house SLM machine using the IN718 powder. The SLM-built part’s
finishing surface is visibly very smooth, with a surface roughness
value of (7.447 £ 1.683) um. The mean particle size, Ds,, is not the
only factor to affect the quality of built parts; the range of particles
also plays a role. A wide PSD leads to an uneven spread layer, and
creates high surface roughness of the printed part. Spierings et al.
[17] carried out experiments with a narrow PSD (7.12-24.17 pm,
19.84-41.13 pm, and 15.26-55.54 pm) and observed significant im-
provements in both mechanical properties and finishing surface for
the sample with the lowest PSD.

It was observed during the printing process that if the PSD is too
large, the laser power is unable to melt the largest particle com-
pletely, or will over-melt the small particles, leading to spatter/un-
melted particle/pore and balling/swelling effects. In addition, it was
experimentally noted that too-small powder particles (i.e., less than
a few microns) flew up along the vortex turbulence due to the inert
gas flow during the SLM printing process [8]. It is therefore advised
that the PSD for an SLM method should range from 15 pm to 63 pm,
or fall within an even smaller range.

3.2. Flowability of AM powder

Flowability is an important parameter for powders in AM

S
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Fig. 5. Typical microstructure of IN718. (a) 3D view; (b) higher magnification showing
column structure in XZ plane.
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because it simulates what happens during the powder-raking pro-
cess. Among the various shapes of powder particles (irregular, angu-
lar, and spherical), only spherical-shaped particles can provide the
highest flowability, as the particles of such powders have minimal
contact areas with neighboring powder particles, thus creating less
internal friction force and requiring the minimal raking force in or-
der to flow [18].

Table 2 shows the Hall flow rate of virgin and recycled powders
according to the ASTM B213 standard. The recycled powders had a
slightly lower flow rate of 29.47 s-(50 g)™', compared with the flow
rate of 28.35 s:(50 g)' for the virgin IN718 powder. This is because
the recycled powder particles became slightly deformed over time
and were no longer spherical in shape. Some of the recycled pow-
ders also tended to stick together (Fig. 2). In addition, recycled pow-
ders may come into contact with moisture during the powder-re-
covery process, for example, due to blasting, sieving, storage, and
reloading processes. High moisture, which can rise to 90% in a trop-
ical environment, is of great concern in a powder’s characteristics. It
strongly affects a powder’s flow behavior during the powder-raking
process, and thus results in negative effects on the printing parts. In
this study, the powders were always stored in a moisture-controlled
dry cabinet with a moisture content that was constantly maintained
at 23%. In addition, it would definitely be beneficial to bake the
powders in a vacuum oven before carrying out the tests [8].

Rheological tests were carried out to determine the stability and
variable flow rate, CPS, shear, and wall friction of the virgin and re-
cycled powders; the results are summarized in Table 3 and Fig. 3 [19].
In general, the virgin powder had better rheological properties (flow
characteristics) than the recycled powder as compared over four dif-
ferent tests—namely, the stability and variable flow rate, CPS, shear,
and wall friction tests. It was observed that both the virgin and recy-
cled powders were practically stable in a seven-cycle test, as seen in
the stability region in Fig. 3(a), and had an SI close to 1, as shown in
Table 3.

In addition, the results of the BFE and/or SE tests revealed that a
much higher energy was required to move the virgin and recycled
powders (1032 m] and 1091 my], respectively). Lighter powders such
as aluminum alloy powders require less energy (about 150 mJ) to
move than these heavier powders. Moreover, the variable flow rate
simulates what happens during the powder-raking process, when
there is a change in the raking speed. The results of the FRI indicate
that more energy was required to move the powders when the rak-
ing speed was lower.

Table 3 and Fig. 3 also show that the recycled IN718 powder has
a much higher CPS percentage (4.3%) than the virgin powder (2.8%).
This indicates that some of the virgin powders adjacent to the melt
tracks were re-melted and deformed during the printing process
(Fig. 2). A higher CPS percentage would affect the density and qual-
ity of printed parts. This result was further confirmed in the shear
and wall friction tests, as the deformed powders needed more ener-
gy to move against each other, and caused higher friction against the
blade [19].

3.3. Powder density and packing capability

Some AM powders flow easily while others flow less easily;
however, the way in which the powder particles are tightly packed
together during the powder-raking process is also of the utmost

Table 5
Mechanical properties of parts printed using the virgin and recycled IN718 powders.

importance for AM, in order to achieve dense built parts. There are
several ways to measure the density of powder; in particular, these
methods include measuring the apparent density, tapped density,
true density, and powder-bed density. The apparent density simu-
lates the loosing packing state of powder, and is measured accord-
ing to the ASTM B212 standard. The tapped density demonstrates
the self-powder stress-packing state, whereby powder particles sit
tightly together after a number of taps; it is measured according
to the ASTM B527 standard. The true density expresses the bulk
density of a powder, and is measured using a pycnometer accord-
ing to the ASTM B923 standard. The most practical way to measure
the density of a metallic powder in AM is the powder-bed density.
Although a few researchers have attempted to study powder-bed
density, no standard exists for this measurement as yet [20,21]. The
challenges are: O to determine the actual layer density during the
printing process; and @ to determine how to optimize the relevant
AM processing parameters in order to achieve the highest powder
packing and obtain higher quality built parts.

Table 4 presents the density results of virgin and recycled IN718
powders. It was observed that the apparent and tapped densities
of the virgin powder are relatively higher than those of the powder
that was recycled 10 times; again, this result is due to the effect of
deformed spherical particles after recycling. However, the true den-
sity of the recycled powder was slightly higher than that of the vir-
gin powder because particles with pore defects had been re-melted,
and the entrapped gas had subsequently been removed. It is well
established that spherical particles have the highest packing density
as compared with other forms of particles [22]. Bigger particles have
a higher packing capacity than small ones due to the relative contri-
bution of gravity versus the particle-particle forces. Particles with a
wider PSD have a better packing ability than those with a narrower
PSD.

A literature search revealed that different powder-bed fusion
machines, such as Arcam, EOS, Concept Laser, and 3D Systems, used
different powder-spreading techniques, which resulted in different
powder-bed densities. The current powder-packing density using
soft or hard coaters is 47%-55%, which is similar to the packing ca-
pacity at the apparent density (see Table 4) [4,7]. Other 3D printing
machines use a roller technique to spread and compress the powder,
which is claimed to achieve better powder-bed density and higher
quality built components. It is also true that the building time would
be significantly shorter if the powder-bed density was improved
(from 47%-55% to close to packing capacity at a tapped density of
60%-65%, which accounts for 20%-30% density improvement).

3.4. Tensile property

Tensile coupons were printed and a universal Instron 5982
testing machine was used to carry out the test on the heat-treated
tensile bars. Table 5 presents the mechanical properties of parts
printed using virgin and recycled powders, including an average
microhardness of 325 HV, a yield tensile strength (YTS) of 1210 MPa,
an ultimate tensile strength (UTS) of 1404 MPa, and an elongation
of 18.5% for the parts built using virgin powder. It is clear that the
mechanical properties produced by AM superseded those produced
via traditional methods [5]. This is because a very fine microstruc-
ture (Fig. 5) was achieved due to the super-cooling effect (about
107 °C-s™). It is also notable that when the chemical composition of

Material Microhardness (HV) 0.2YTS (MPa) UTS (MPa) Elongation (%)
Virgin 325+12 1210 £ 25 1404 + 32 185+ 1.6
Recycled 32117 1178 + 31 1369 + 35 17417
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the recycled powder was analyzed, the variation between the virgin
powder and the recycled powder was found to be negligible (Table 1).
An insignificant slip in mechanical properties was observed when
the virgin powder was recycled a number of times, as long as the re-
cycled powder was sieved well and stored in a humidity-controlled
environment [8].

4. Conclusions

AM is an emerging technology that will challenge current design
limitations and open up a new way of fabricating components with
complex features. The powder input must pass stringent criteria in
order to meet the printing quality, dimensional accuracy, and fin-
ishing surface requirements, particularly in terms of chemical com-
position and powder PSD, shape, flow characteristics, and packing
capability. The current IN718 powder is generally acceptable for 3D
printing. It is shown that the powder can be recycled for use with
proper handling, sieving, and storage. However, further optimization
of the gas atomization process is essential in order to obtain more
spherical particles and less satellite powder to promote better flow-
ability and packing capability.

Acknowledgements

The authors acknowledge the financial support provided by
A*STAR Additive Manufacturing Centre (AMC) Initiative: Work pack-
age 1—High temperature materials development for 3D additive
manufacturing (142680088).

Compliance with ethics guidelines

Quy Bau Nguyen, Mui Ling Sharon Nai, Zhiguang Zhu, Chen-Nan
Sun, Jun Wei, and Wei Zhou declare that they have no conflict of in-
terest or financial conflicts to disclose.

References

[1] Kulawik K, Buffat PA, Kruk A, Wusatowska-Sarnek AM, Czyrska-Filemonowicz
A. Imaging and characterization of y' and y” nanoparticles in Inconel 718 by EDX
elemental mapping and FIB-SEM tomography. Mater Charact 2015;100:74-80.

[2] Chlebus E, Gruber K, Kuznicka B, Kurzac J, Kurzynowski T. Effect of heat treat-
ment on the microstructure and mechanical properties of Inconel 718 processed
by selective laser melting. Mater Sci Eng A 2015;639:647-55.

[3] Lundstrom E, Simonsson K, Gustafsson D, Mansson T. A load history dependent
model for fatigue crack propagation in Inconel 718 under hold time conditions.
Eng Fract Mech 2014;118:17-30.

[4] Jia QB, Gu DD. Selective laser melting additive manufacturing of Inconel 718
superalloy parts: Densification, microstructure and properties. ] Alloys Compd
2014;585:713-21.

[5] Trosch T, StroRner J, V6Ikl R, Glatzel U. Microstructure and mechanical proper-
ties of selective laser melted Inconel 718 compared to forging and casting. Mater
Lett 2016;164:428-31.

[6] Thompson MK, Moroni G, Vaneker T, Fadel G, Campbell RI, Gibson I, et al. Design
for additive manufacturing: Trends, opportunities, considerations, and con-
straints. CIRP Ann—Manuf Techn 2016;65(2):737-60.

[7] Sadowski M, Ladani L, Brindley W, Romano ]. Optimizing quality of additively
manufactured Inconel 718 using powder bed laser melting process. Addit Manuf
2016;11:60-70.

[8] Herzog D, Seyda V, Wycisk E, Emmelmann C. Additive manufacturing of metals.
Acta Mater 2016;117:371-92.

[9] Helmer H, Bauereif3 A, Singer RF, Kérner C. Grain structure evolution in Inconel
718 during selective electron beam melting. Mater Sci Eng A 2016;668:180-7.

[10] Fox JC, Moylan SP, Lane BM. Effect of process parameters on the surface rough-
ness of overhanging structures in laser powder bed fusion additive manufactur-
ing. Procedia CIRP 2016;45:131-4.

[11] StroBner ], Terock M, Glatzel U. Mechanical and microstructural investigation of
nickel-based superalloy IN718 manufactured by selective laser melting (SLM).
Adv Eng Mater 2015;17(8):1099-105.

[12] Carter LN, Martin C, Withers PJ, Attallah MM. The influence of the laser scan
strategy on grain structure and cracking behaviour in SLM powder-bed fabricat-
ed nickel superalloy. ] Alloys Compd 2014;615:338-47.

[13] Appleyard D. Powering up on powder technology. Met Powder Rep 2015;
70(6):285-9.

[14] Frazier WE. Metal additive manufacturing: A review. ] Mater Eng Perform 2014;
23(6):1917-28.

[15] Raghavan S, Zhang BC, Wang P, Sun CN, Nai MLS, Li T, et al. Effect of different
heat treatments on the microstructure and mechanical properties in selective
laser melted INCONEL 718 alloy. Mater Manuf Processes 2017;32(14):1588-95.

[16] Dawes J, Bowerman R, Trepleton R. Introduction to the additive manufacturing
powder metallurgy supply chain. Johnson Matthey Technol Rev 2015;59(3):243-
56.

[17] Spierings AB, Herres N, Levy G. Influence of the particle size distribution on
surface quality and mechanical properties in AM steel parts. Rapid Prototyping ]
2011;17(3):195-202.

[18] Clayton J. Optimising metal powders for additive manufacturing. Met Powder
Rep 2014;69(5):14-7.

[19] Freeman R. Measuring the flow properties of consolidated, conditioned and aer-
ated powders—A comparative study using a powder rheometer and a rotational
shear cell. Powder Technol 2007;174(1-2):25-33.

[20] Strondl A, Lyckfeldt O, Brodin H, Ackelid U. Characterization and control of pow-
der properties for additive manufacturing. JOM 2015;67(3):549-54.

[21] Karapatis NP, Egger G, Gygax PE, Glardon R. Optimization of powder layer densi-
ty in selective laser sintering. In: Proceedings of 10th Solid Freeform Fabrication
Symposium; 1999 Aug 9-11; Austin, USA; 1999. p. 255-63.

[22] German RM. Particle packing characteristics. New Jersey: Metal Powder Indus-
tries Federation, Princeton; 1989.



