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Powder bed-based additive manufacturing technologies offer a big advantage in terms of
reusability of the powders over multiple cycles that result in cost savings. However, currently
there are no standards to determine the factors that govern the powder reuse times. This work
presents the results from a recyclability study conducted on Inconel 718 and Ti-6Al-4V powders.
It has been found that the Inconel 718 powders are chemically stable over a large number of
cycles and their reuse time is limited by physical characteristics of powders such as flowability.
Ti-6Al-4V, on the other hand, finds its reuse time governed by the oxygen pick up that occurs
during and in between build cycles. The detailed results have been presented.

DOI: 10.1007/s11663-015-0477-9
� The Minerals, Metals & Materials Society and ASM International 2015

I. INTRODUCTION

POWDER bed-based additive manufacturing (AM)
technologies like selective laser melting (SLM) and
electron beam melting (EBM) provide users the ability
to melt selective areas on a uniform powder bed layer by
layer to create a part using a computer aided design
(CAD) model. These technologies offer advantages over
conventional manufacturing technologies in terms of
ease of fabrication of complex parts, reduced process
steps, and potential cost savings including reduction of
machining compared to conventional fabrication tech-
niques such as casting.[1–3] In order to realize these
advantages, the supply chain and reliable feedstock
parameters must be established for use with the equip-
ment. The feedstock properties such as chemistry, size
distribution, porosity, flowability, and apparent density
play an important role in determining the surface finish,
mechanical properties, chemistry, and consistency of the
fabricated parts. The cost affordability of these AM

techniques also relies on the usage of recycled powders
to produce parts with consistent chemistries. The
high-cost powders for specialty applications like aero-
space and biomedical applications make the powder
reuse times a key component in governing their afford-
ability. There has been an increased research interest in
fabricating parts using EBM system commercialized by
Arcam AB, Sweden. However, most studies have
focused on process control, microstructural evolution,
and subsequent mechanical properties. Columnar grains
along the build direction is a typical microstructural
feature of electron-beam fabricated samples and
research is ongoing to control process parameters to
break down the columnar microstructure into a more
equiaxed microstructure.[1,4,5] There have been limited
papers discussing the role of feedstock material in
determining the final material properties.[6] In a typical
production setup, powders are changed often to main-
tain the chemistry of the builds as well as to maintain the
flowability of the powders themselves. It has been
estimated that, in a given batch for selective laser
sintering, not more than 67 pct of the powders should be
from the recycled batch.[7] There is a need for systematic
recyclability studies to demonstrate the stability of the
powders for use over extended time periods as well as
the relation between the powder and the build chemis-
tries for multiple powders and chemistries. The present
study compares the influence of powder reuse times for
two alloys of high interest, Inconel 718 and Ti-6Al-4V
powders, in the EBM process and highlights the
differences in the two alloy powders in terms of the
changes that occur as a result of reuse under the
worst-case scenario.

II. EXPERIMENTAL

Inconel 718 powders procured from Raymor Inc. and
Ti-6Al-4V powders obtained from Arcam AB were used
for the current study thatwas carried out on theArcamA2
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electron beammelter developed byArcamAB in Sweden.
The nominal powder size distribution varied from 45 to
105 lm and 100 kgs of powder was used in the beginning
of the study. Six builds were fabricated for the Inconel 718
alloy and five builds were fabricated for Ti-6Al-4V alloy.
The build dimensions were designed such that at the end
of each build the powder hoppers would completely run
out of powder, thus exposing all the powder to the
electron beam. This experiment was designed to under-
stand the worst-case scenario since keeping the build
heights constant would have required fresh powders to be
added after every build andwould havemade it difficult to
determine the changes in chemistry and physical proper-
ties of the bulk powders due to electron beam interaction.
Figure 1 shows the build geometries that were fabricated
for the present study. After each build, the powders were
vacuumed out of the build chamber and the fabricated
part was blasted in the powder recovery system (PRS) to
recover the partially sintered powders. The powders
recovered were then mixed with the vacuumed powders
and then were sieved on a vibratory sieve with a 100-mesh
(150 lm) screen. Powders greater than 150 lm were
discarded. A sample was collected from these mixed
powders for analysis before loading these powders in the
hopper and the powder bed to prepare the Arcam for the
next build. Figure 2 shows a schematic of the process
employed to conduct this study. Also, some samples were

collected from the partially sintered layer to understand if
there are local chemistry changes in the powder that
encloses the build as compared to the bulk powders. The
chemical analyses for Inconel 718 were carried out in
accordance with ASTM standards ASTM E 1019-11,
ASTME1447-09, andASTME1097-12. The analyses for
Ti-6Al-4V were carried out in accordance with ASTM
standards ASTM E1409-13, ASTM E 1941-10, ASTM E
1447-09, andASTME 2371-13. During the fabrication of
builds, metallization, due to evaporation of low vapor-
ization elementswith higher vapor pressure, was observed
on the heat shields. The metallized layer was removed
from the heat shield for chemistry analysis. The collected
powder samples, metallized layer, and builds were then
subjected for chemistry analysis. The powder samples
were also analyzed for flow characteristics using a Hall
flow meter in compliance with ASTM standard ASTM
B213-03.[8] Powder size distribution analysis was carried
out on a Horiba LA-950 Laser Diffraction Particle
Analyzer that meets or exceeds the ISO 13320 require-
ments. Scanning electron microscopy (SEM) and
energy-dispersive spectroscopy (EDS) were carried out
on the powder samples and the metallized layer using a
Hitachi S3400 environmental microscope. Overall, the
Inconel 718 powderswere subjected to about 267 hours of
build time and Ti-6Al-4V powders were subjected to
about 175 hours of build time.

III. RESULTS AND DISCUSSION

A. Recyclability Study on Inconel 718

Table I presents the chemical composition of as-
received powders, and powders after the Build Cycles 1
and 6. It can be observed that the chemical compositions
of powders after the Build Cycles 1 and 6 are practically
unchanged compared to those of as-received powders
and are within the limits of experimental errors. There is
a slight increase in oxygen concentration from 0.014 to
0.023 wt pct after six build cycles. Table II, on the other
hand presents the chemistries of powder samples col-
lected from different locations of the build table in order
to evaluate the local changes in powder chemistry, if
any. It can be seen that the powder chemistries for
powder samples taken from different locations after
Build 6 are the same as the average powder chemistry

Fig. 1—Schematic of the build design for the recyclability study.

Fig. 2—Schematic of powder cycle during the recyclability study.
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and that of as-received powders. Thus, there are no local
changes in powder chemistry resulting from partial
sintering of powders during the fabrication of the build.
Table III presents the chemistries of Builds 1 and 6 and
contrasted them with the chemistry of the as-received
powders. It can be seen that the build chemistries are
consistent over the build cycles and similar to those of
powder chemistries after subsequent build cycles. These
observations are summarized in Figure 3, which shows a
slight increase in the oxygen concentration in the builds
after six cycles from 0.006 to 0.009-wt pct. Build 0

denotes the chemistry of the as-received powder that
was used as a reference to understand the relation
between powders and build chemistries. The recycled
powders were analyzed for flow behavior as a function
of build cycle and the observations are presented in
Figure 4. No noticeable change is observed in the
flowability of the powders as a function of build cycles.
Scanning electron microscopy was carried out on the
powders to understand the change in morphology of
powders resulting from the reuse and the SEM micro-
graphs are presented in Figure 5. The images are labeled

Table I. Powder Chemistries for Inconel 718 Powders After

Different Build Cycles

As-received
Powder

Powders
After Build 1

Powders
After Build 6

Carbon 0.044 0.043 0.042
Sulfur 0.002 0.002 0.001
Oxygen 0.014 0.014 0.022
Nitrogen 0.020 0.019 0.020
Hydrogen 0.0002 0.0002 0.0002
Nickel 53.03 52.75 53.60
Chromium 18.40 18.36 18.09
Molybdenum 3.10 3.08 2.96
Niobium 4.86 4.95 4.84
Manganese 0.095 0.096 0.088
Copper 0.15 0.16 0.14
Aluminum 0.43 0.41 0.42
Titanium 0.89 0.91 0.86
Silicon 0.19 0.23 0.20
Phosphorous 0.006 0.009 0.0083
Boron <0.0005 <0.0005 0.0013
Cobalt 0.14 0.16 0.13
Iron 18.59 18.80 18.57

Table II. Comparison in Powder Chemistries for Powder at
Different Locations After Build 6

Partially
Sintered Powder
From Bottom of

Build 6

Partially
Sintered

Powder From
Top of Build 6

Powders
After
Build 6

Carbon 0.043 0.042 0.042
Sulfur 0.001 0.001 0.001
Oxygen 0.021 0.023 0.022
Nitrogen 0.020 0.020 0.020
Hydrogen 0.0002 0.0002 0.0002
Nickel 53.79 53.12 53.60
Chromium 17.87 18.09 18.09
Molybdenum 3.05 3.16 2.96
Niobium 4.80 4.79 4.84
Manganese 0.088 0.088 0.088
Copper 0.14 0.14 0.14
Aluminum 0.42 0.42 0.42
Titanium 0.87 0.89 0.86
Silicon 0.20 0.20 0.20
Phosphorous 0.0065 0.0083 0.0083
Boron 0.0010 0.0012 0.0013
Cobalt 0.13 0.13 0.13
Iron 18.84 18.87 18.57

Table III. Build Chemistries for Builds 1 and 6 Compared

with the Chemistry of As-Received Powders

As-received
Powder

Chemistry of
Build 1

Chemistry of
Build 6

Carbon 0.044 0.044 0.040
Sulfur 0.002 0.002 0.002
Oxygen 0.014 0.006 0.009
Nitrogen 0.020 0.016 0.015
Hydrogen 0.0002 0.0005 0.0003
Nickel 53.03 53.33 53.27
Chromium 18.40 17.84 18.15
Molybdenum 3.10 3.13 3.15
Niobium 4.86 4.96 4.97
Manganese 0.095 0.080 0.073
Copper 0.15 0.13 0.13
Aluminum 0.43 0.44 0.44
Titanium 0.89 0.91 0.91
Silicon 0.19 0.22 0.23
Phosphorous 0.006 0.008 0.008
Boron <0.0005 <0.0005 <0.0005
Cobalt 0.14 0.15 0.15
Iron 18.59 18.70 18.42

Fig. 3—Change in composition of Inconel 718 builds after each
build cycle.
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0 through 6 with 0 being the as-received powders and 6
being the powders after the Build 6. It can be seen from
the SEMmicrograph for powders after the Build Cycle 6
that there are fines that have sintered into agglomerates
that could not be broken down in the PRS. However,
the volume fraction of the fines does not seem to be large
enough to cause any noticeable change in the flow times.
Figure 6 shows the change in powder size distribution as
a function of build cycles with the inset showing the

change in mean powder diameter as a function of build
cycles. It can be noted that there is a slight increase in
the mean powder diameter and the curve shits to the
right after the cycle 6, though a clear trend is not visible
from the curve as a function of the build cycle. From the
mean powder diameter vs build cycle curve presented in
the inset, it can be seen that though the increase in
powder size is not linear, on an average the mean
powder diameter increases by the end of Build Cycle 6.
This may be a consequence of the removal of loose fines
as the powders are circulated through the PRS. An
independent study was carried out at Arcam AB in
Sweden on an Arcam Ax machine and it was confirmed
that the build chemistries were similar to the as-received
powder chemistry and remain unchanged over six build
cycles. The fact that the two studies concur, affirms the
fact that Inconel 718 powder is stable for use in electron
beam melting-based additive manufacturing.[9]

B. Recyclability Study on Ti-6Al-4V

The recyclability on Ti-6Al-4V was carried out using
EIGA powders. Of the five planned builds, only the final
three builds reached the programed build heights. The
first two builds stopped short possibly due to arc trips
and the runs were terminated. The plots henceforth
show area marked as relevant data that gives a true
picture of the change in powder and build chemistries.

Fig. 4—Change in flowability of Inconel 718 powder with build cy-
cles.

Fig. 5—Secondary electron micrographs of Inconel 718 powders after various build cycles.
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The chemistries of the Ti-6Al-4V as-received powders,
powders after Build Cycle 5 and those of Builds 1 and 5
are presented in Table IV. It can be seen that over the
175-hour exposure to the electron beam the powder
chemistry does not fluctuate much but for the increase in
oxygen concentration which was expected considering
the affinity of titanium to pick up oxygen. However, it is
interesting to note that the aluminum concentration of

Build 1 is different than that of Build 5 and that Build 5
is richer in oxygen than the first one. Since aluminum
and oxygen are known to have a considerable influence
on the alloy properties, all five builds were analyzed for
aluminum and oxygen compositions. The aluminum and
oxygen concentrations steadily increased with each build
cycle as presented in Table V, for Builds 3 through 5
which are the relevant builds for the current study.
However, the oxygen concentration remains within the
specification (<0.20 wt pct) even after five builds, which
was in accordance with ASTM standard ASTM
F2924-14.[10] Figure 7 shows the change in Al and O
concentrations in the fabricated parts as a function of
build cycle. The increase in oxygen concentration is due
to the oxygen pick up during powder changing step as
well as during part recovery in the PRS system. This has
been investigated and presented by Tang et al.[6] The
main source of oxygen pickup is via adsorption of water
molecules on the powder surface as the powder is

Fig. 8—Variation in flowability of Ti-6Al-4V powders with build cy-
cles.

Fig. 6—Change in powder size distribution of Inconel 718 powders
after different build cycles.

Table IV. Chemistries of Ti6Al4V Powders After Build 5
and Chemistries of Build 1 and Build 5 Compared to Those of

As-Received Powders

As-Received
Powder

Powder
After Cycle 5 Build 1 Build 5

Aluminum 6.27 6.36 5.82 6.17
Vanadium 4.14 4.39 4.23 4.35
Oxygen 0.138 0.182 0.141 0.168
Nitrogen 0.025 0.025 0.019 0.025
Carbon 0.015 0.018 0.020 0.028
Hydrogen 0.0016 0.0024 0.0025 0.0015
Iron 0.19 0.20 0.20 0.22
Niobium N/A <0.002 N/A N/A
Tungsten N/A <0.002 N/A N/A
Copper N/A N/A 0.015 0.029
Silicon 0.022 0.023 0.024 0.020

Fig. 7—Change in Al and O concentrations of Ti builds as a func-
tion of build cycle.

Table V. Shows the Al, V, and O Concentrations in the
Builds Over 5 Build Cycles

Build 1 Build 2 Build 3 Build 4 Build 5

Aluminum 5.82 5.86 5.68 5.80 6.17
Vanadium 4.23 4.17 4.15 4.24 4.35
Oxygen 0.141 0.145 0.156 0.163 0.168
Hydrogen 0.0025 0.0006 0.0012 0.0011 0.0015
Iron 0.20 0.20 0.20 0.20 0.22
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exposed to the atmosphere during powder change outs
and in PRS. At elevated temperatures, the water
molecule dissociates and the powders can pick up the
oxygen. Muth et al. have discussed this phenomenon in
detail in gas tungsten arc (GTA) welding of pow-
der-metallurgy-produced titanium alloys.[11] After the
recyclability study, the powders were subjected to
flowability measurements and the flow curve is pre-
sented in Figure 8. It can be seen that there is an initial

drop in the flow time, possibly due to removal of fines as
the powder is subjected to PRS. However, there is no
change in the flowability in the relevant area of the study
that comprises builds 3, 4, and 5. Scanning electron
microscopy was carried out on the powders but no
significant difference emerged out in terms of sintering
of fines or changes in powder morphology as seen in
Figure 9. Figure 10 shows that there is no discernible
change in powder size distribution as a function of build
cycles. The inset shows the change in mean powder

Fig. 9—Secondary electron micrographs of Ti-6Al-4V powders for as-received and after build cycles 2, 3, and 5.

Fig. 11—Heat shield inside the Arcam system along with the sche-
matic showing the formation of the rough and smooth sides of the
metallized layers.Fig. 10—Change in powder size distribution of Ti-6Al-4V powders

after different build cycles.
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diameter over the build cycles and there is no significant
change in the average powder diameter in the relevant
data for the study.

C. Metallization

The build chamber in the Arcam consists of four heat
shields, to contain the heat within the build area. As the
electron beam melts the powder, multiple things can
happen which are as follows: (a) small fractions of
powder particles can fly off from the powder bed and
impinge the heat shield as has been captured during
in situ process monitoring, (b) some of the high vapor
pressure elements can vaporize and condense on the heat
shield and, (c) droplets from the melt pool can splatter
and condense on the heat shield. This results in
formation of a metallized layer on the heat shield
during the course of a build cycle. The metallized layer,
during the course of long build times, can crumple and
fall off in the melt pool, thus affecting the local
chemistry and hence understanding the metallized layer
becomes paramount. The metallized layer was scraped
off from the heat shield and consisted of rough and
smooth sides with the rough side being the one facing
the inside of the chamber and the melt pool. The inside
of the chamber with the heat shields and the formation
of rough and smooth sides are schematically shown in
Figure 11. Significant metallization was observed for
both Inconel 718 and Ti-6Al-4V builds. The rough and
smooth sides of the metallized layers were analyzed
using scanning electron microscopy and EDS. Figure
12(a) shows the rough side of the metallized layer
obtained from the Inconel 718 build. It can be seen that
the rough side consists of spherical particles embedded
in a matrix. A similar phenomenon was observed in the
case of Ti-6Al-4V builds as well. Figure 12(b) shows the
secondary electron image of the smooth side of the
metallized layer. EDS analysis was carried out to
determine the composition of the embedded particles
and matrix on the rough side as well as to determine the
chemistry of the smooth side. From the plots in

Fig. 13—Preferential evaporation of Cr and Al from Inconel 718 and Ti-6Al-4V, respectively.

Fig. 12—Secondary electron micrograph of the rough and smooth
sides of metallized layer.
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Figure 13, it can be seen that there is a preferential
evaporation of chromium and aluminum from Inconel
718 and Ti-6Al-4V, respectively. Also it can be seen that
the matrix and the embedded particles have similar
chemical compositions. It hints toward the possible
condensation of Cr- and Al-rich vapors that form the
matrix phase for the two alloy systems. Analytical heat
transfer calculations on Inconel 718 by Dehoff et al.
have shown that the peak temperatures can exceed the
boiling point of Inconel 718 under certain processing
conditions, thereby causing preferential evaporation of
high vapor pressure elements.[5] In order to get an idea
of the relative rates of different elements observed on the
rough side of the heat shield, a simple model employing
the Langmuir equation was used. The equation is given
as follows:[12]

J ¼ Poð2pMRTÞ�1=2;

where J is the vaporization flux, Po is the equilibrium
vapor pressure of the vaporizing species over the liq-
uid, M is the molecular weight of the vaporizing spe-
cies, R is the gas constant, and T is the temperature. It
becomes clear that the vaporization rate is directly
proportional to the equilibrium vapor pressures. These
calculations are fairly accurate. Block-Bolten and
Eagar calculated the vaporization rates of different ele-
ments using the Langmuir equation during GTA weld-
ing of aluminum alloys and were able to correctly
predict the evaporation rate of the dominant metal
vapors on weld pools.[13] The vaporization rates for
the relevant elements for Inconel 718 and Ti-6Al-4V
are presented in Figure 14. The partial pressures for
the calculations were obtained from the plots by
Honig.[14] It can be seen that at 2273 K (2000 �C) the
vaporization rate of Cr is nearly six times that of Ni,
whereas at 2773 K (2500 �C) it is about twice that of
Ni. As a result, larger amounts of Cr are evaporated
from the melt pool and that is reflected as an increase
in Cr-to-Ni ratio on the heat shield as compared to
that in the powder particles. The differences between
the vaporization rates are more pronounced in the case

of Ti-6Al-4V, where at all temperatures the vaporiza-
tion rate of Al is at least two to three orders of magni-
tude larger than the vaporization rates of Ti and V.
On the other hand, Ti vaporizes at a faster rate than
V at lower temperatures, while at 2773 K (2500 �C)
the vaporization rates for both the elements are simi-
lar. The manifestation of this can directly be seen from
the plots in Figure 13(b). The ratio of Al:Ti in the
metallized layer is about five times more than that in
the powder particles, thereby causing the metallized
layer to be significantly richer in Al. The ratio of V:Ti
slightly decreases or stays about the same. However, it
is to be noted that the process of melting in the EBM
chamber is a continuous one and the elements keep
vaporizing as the melt pool cools down from the peak
temperature to a solid state. Thus, the ratios predicted
by the model cannot be directly used to determine the
composition of the metallized layer unless a time-de-
pendent equation is used. Current studies are under-
way to model the temperature profiles in a melt pool
during the melting process, which can then be used to
calculate the actual vaporization rates since the vapor
pressures are extremely sensitive to temperature.

IV. CONCLUSIONS

1. Inconel 718 powders can sustain a large number of
cycles without a change in powder and subsequently
build chemistries.

2. Ti-6Al-4V powders are prone to pick up oxygen with
increasing number of build cycles. Their use is thus
limited by amount of oxygen pickup which reflects in
the final builds. The oxygen concentration of the
builds steadily increased from 0.141 to 0.168 wt pct.

3. There is no significant change in the flowability,
morphology, and size distributions of both Inconel
718 and Ti-6Al-4V powders as a function of build
cycles, thus allowing them to be reused over a large
number of cycles.

4. Metallization is observed during the processing of
both Inconel 718 and Ti-6Al-4V builds with the

Fig. 14—Vaporization flux of relevant elements for Inconel 718 and Ti-6Al-4V alloys.
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metallized layer being rich in Cr for Inconel 718
powders and having a TiAl3 composition for
Ti-6Al-4V powders. It is likely that the Cr enrich-
ment on the smooth side of metallized layers is due to
the inter-diffusion between the SS-304 heat shield and
the metallized products.

Based on the above-mentioned points, it is clear that
the initial powder chemistries and the alloy system under
consideration are the key factors in governing the
recyclability of powders in powder bed systems. Metal-
lization has been observed in both the systems with the
similarities being the possible formation mechanism of
the particles in the condensed matrix phase along with
diffusion across the heat shield and the metallized
product, and studies are currently underway to under-
stand the phenomena in detail. Both the alloys can be
recycled over a large number of cycles with oxygen
pickup being the limiting factor.
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