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Effect of Powder Recycling in Electron Beam Melting
on the Surface Chemistry of Alloy 718 Powder

HANS GRUBER, MIKAEL HENRIKSSON, EDUARD HRYHA, and LARS NYBORG

Process-induced degradation of the powder feedstock in additive manufacturing may have a
negative influence on the final properties of built components. Consequently, it may lower the
cost-effectiveness of powder bed additive manufacturing, which relies on recycling of the
nonconsumed powder. This is especially the case for production of high-performance aero
engine components where high material and process reliability is required. This study comprises
a detailed investigation on the degradation of Alloy 718 powder during multicycle electron beam
melting (EBM). The surface-sensitive analysis methods, X-ray photoelectron spectroscopy
(XPS) and Auger electron spectroscopy (AES), were combined with scanning electron
microscopy (SEM) to depict the differences in surface morphology, and surface composition
of powder samples exposed to varying numbers of re-use cycles. The results show a significant
change in surface characteristics after exposing the powder to the process and the environment
in the build chamber. The virgin powder is covered mainly by a relatively thin and homogeneous
oxide layer. The re-used powder, however, has undergone transformation to a heterogeneous
oxide layer, rich in thermodynamically stable Al-rich oxide particulates, which started already
during the first build cycle. Significant growth of the Al-rich oxide occurs via selective oxidation
of Al under the conditions in the build chamber, including both pick-up of oxygen from the
process atmosphere and redistribution of initial surface-bound oxygen from less-stable products
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like Ni-oxide and/or hydroxide.
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I. INTRODUCTION

ALLOY 718 (also known as Inconel® 718 or IN718)
is a well-known age-hardenable Ni-Fe-base superalloy.
Owing to its high Nb content, Alloy 718 is primarily
strengthened by the disk-shaped gamma double prime
phase (Niz;Nb) which maximizes its strength at temper-
atures up to around 650 °C. As Alloy 718 also contains
Al and Ti, the cuboidal or spherically shaped, matrix-co-
herent gamma prime (Niz(Al, T1)) also contributes to the
precipitation strengthening. Alloy 718 exhibits excellent
mechanical properties, corrosion resistance and oxida-
tion resistance, at a wide range of temperatures. Besides
being extensively used for gas turbine disks and com-
pressor blades in aircraft engines, it finds service in a
wide range of industrial application areas such as rocket
motors, nuclear reactors, as well as in the oil
industry.[H]
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To date, Alloy 718 is predominately produced using
the ingot-metallurgy route, including double melting
(VIM + VAR/ESR) or triple melting (VIM + VAR +
ESR) followed by homogenization, forging, and finally
machining: a squuence associated with high cost and
long lead times."! Even though Alloy 718 is considered
to have a relatively good fabricability, its high strength,
poor thermal conductivity, and work-hardening char-
acteristics make both forging and machining challenging
steps in the production chain. In addition, high material
costs and increasing demands on sustainable production
routes further incentivize minimal machining and
improved buy-to-fly ratio.!'”

The foregoing aspects motivate the recent rising
interest that electron beam melting (EBM), a member
of the powder bed fusion additive manufacturing (AM)
family, has seen from both industry, and research
community. Being able to produce complex-shaped
metal components without tooling and extensive
machining, while also reducing the total lead time,
EBM has been recognized as a potential candidate for
the aerospace industry as a means of obtaining
high-performance, light-weight components through
structural optimization.[") However, to fully utilize the
potential that AM offers, high reliability, and robustness
is required from both material and process. In
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particular, the amount of material imperfections must
be held at a minimum to meet the requirements for
fatigue and fracture mechanical properties, especially
under the hostile conditions at which aerospace engine
components operate.

Even though additive manufacturing has been sub-
jected to extensive research during the recent years, there
is still lack of knowledge in many different aspects. One
such area is the effect of the powder feedstock material
on the process stability, and/or quality of the produced
components. While several powder characteristics have
been suggested as being critical for maintaining a
reliable process, too few direct correlations have been
established to express which of these characteristics are
significant or not.”* Furthermore, a possible degrada-
tion of the excess, nonconsumed powder that has been
exposed to the process environment in the build
chamber has initiated another branch within the addi-
tive manufacturing research area, namely powder recy-
cling. Considering that the nonconsumed powder has to
be re-used to reach high material efficiency, any possible
powder degradation issues induced by multicycle re-use
have to be thoroughly addressed.

As in traditional powder metallurgy, the high specific
surface area of the AM powder feedstock makes it
susceptible to surface reactions such as oxidation. Even
though EBM is marketed as a process with high
reliability on the material properties, the high temper-
atures at which the powder bed is held during the
process may have an effect on the powder surface
chemistry, with subsequent formation of damage-rele-
vant oxide inclusions and bonding defects in the built
components.”'”? A number of studies have been
performed to assess the recyclability of Alloy 718
powder, mainly in laser beam processes. In this case,
only minor changes in both physical and chemical
powder properties are generally reported. An increas-
ing oxygen content in the AM fabricated material has,
however, been identified as a limiting factor for the
permitted number of re-use cycles, due to the resulting
reduction in component ductility.'! For Ti-6Al-4V,
which is the most widely studied material for EBM, it
has been shown that the bulk oxygen level of powder
as well as EBM fabricated material increases progres-
sively along with powder recycling.!">'¥ The main
source of oxygen has in this case been described as
adsorption of water on the powder surface during
powder handling, grit blasting, and sieving, followed
by a pick-up of oxygen during high-temperature
exposure in the build chamber.'*™ Also in the case
of EBM processing of Alloy 718, increasing oxygen
levels have been reported in both powder and solid
samples after a few build cycles.'”! In line with these
findings, indications of both powder surface oxidation
during powder recycling and a corresponding increase
in oxide-rich defects in the built components, have
been observed.”) However, no systematic and detailed
studies regarding the mechanisms behind surface oxi-
dation of Alloy 718 powder during progressive EBM
processing have been published yet, which is therefore
the objective of this study.
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II. MATERIALS AND METHODS

This study comprises a detailed comparison between
virgin and re-used Alloy 718 powder for EBM. The term
re-used (or recycled) refers to the nonconsumed powder
that has been exposed to the process for varying
numbers of machine cycles. The material under obser-
vation was commercial prealloyed powder with a
chemical composition conforming with the specification
of Alloy 718, presented in Table I. The concentrations
of oxygen and nitrogen in the powder, as measured by
combustion analysis, were both in the order of 150 ppm
(see Table I11). The powder was produced by plasma
atomization of a wire precursor material in an argon
atmosphere, as described in Reference 15, and had a
particle size distribution of 45 to 105 um. The powder
was provided by Arcam EBM, Sweden.

The re-used powder samples were collected from an
Arcam A2X EBM system, with a 4.2 melting theme
version, located at University West, Trollhdttan, Swe-
den. All powder samples were collected from the process
chamber after operating the machine at standard melt
strategies and process parameters, provided by the
machine supplier. To work efficiently, the electron beam
requires a partial vacuum. Therefore, before the electron
beam was started, the pressure inside the process
chamber was lowered to around 10~® bar. During beam
operation, a small quantity of grade 5 purity helium (< 2
ppm O,) was injected, which raised the pressure in the
build chamber to around 107¢ bar.'® From this, an
oxygen partial pressure of around 4 x 10~ bar inside
the build chamber has been estimated. For Alloy 718, a
powder bed temperature of 975 °C + 25 °C has been
noted as optimal to reach a stable process.'”? This
temperature is maintained in the powder bed through-
out the whole build process. Furthermore, as a slight
bonding between the metal particles is required to avoid
repulsion of the powder from the negative charge
induced by the electron beam, every powder layer was
preheated by the electron beam, resulting in powder
sintering before the actual melting."®!'”! After the
process, the nonconsumed powder above the start plate
was in the form of a “cake” of sintered powder,
surrounding the built components, as indicated in the
schematic overview of the EBM machine interior
illustrated in Figure 1. The position of powder sampling
has been indicated in this figure as well.

In total, this study comprises 14 build cycles, span-
ning over a total build time of around 500 hours (not
including time for heat-up and cool-down), and initially
involved 80 kg of virgin Alloy 718 powder that was
loaded into the EBM machine before the start of cycle 1.
After each build cycle, small samples of loose powder
(below 10 g), scraped from the outer wall in the lower
end of the sintered cake (see Figure 1), were collected for
microscopy and chemical analyses.

Between each machine cycle, the excess powder in the
sintered cake was recovered following a procedure
specified by the machine producer. This involves grit
blasting to separate individual metal particles that are
sintered together in the powder cake, mixing with the
nonconsumed powder from the powder hoppers and

VOLUME 50A, SEPTEMBER 2019—4411



Table I. Chemical Composition of the Alloy 718 Powder as Provided by the Powder Producer

Element Ni Co Cr Mo Ti Mn Nb

Wt Pct 54.1 0.04 19.0 299 1.02 0.12 497
At. Pct 5338 0.04 21.16 1.80 1.23 0.13 3.10

B P Ta Al Fe Si S C
0.001 0.004 <0.01 0.52 17.12 0.06 <0.001 0.03
0.01 0.01 <0.01 112 1775 0.12 <0.001 0.14

Vacuum
Heat chamber
shield
Electron
beam
Powder
hopper | Rake
£2 Sintared
powder\cake
Build
=N
Powder bed—T _! i [“~——Build tank
Powder
sampling Build Start plate
position platform ﬂ

Fig. 1-—Schematic illustration of the EBM machine interior. Position
of powder sampling has been indicated.

finally sieving to remove any powder agglomerates. For
practical reasons, an addition of 20 pct virgin powder
was required to reach the build height of cycle 6. No
further addition of fresh powder was done during this
study.

The surface morphology of the as-received and the
re-used powder samples was characterized using a Leo
Gemini high-resolution scanning electron microscope
(SEM, LEO GmbH, Oberkochen, Germany) equipped
with a secondary electron in-lens detector, which allows
for enhanced phase contrast and lateral resolution
compared to a conventional secondary electron detec-
tor. A solid-state energy dispersive X-ray spectrometer
(EDS) from Oxford Instruments (X-Max, Oxford
Instruments Ltd., High Wycombe, UK) connected to
the SEM was used for qualitative analysis of the phases
present on the powder surface and on the powder cross
sections. Samples for surface characterization were
prepared by slightly pressing the metal powder into
aluminum plates that could be mounted onto an SEM
sample holder. Samples for powder cross section anal-
ysis were prepared from a mixture of powder and
conductive bakelite resin that was mounted using
Struers standard metallography recipe. Thereafter, the
cross sections were obtained either by mechanical
grinding and polishing or by ion polishing using a Leica
TIC3X broad ion beam instrument (BIB).
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An overall chemical analysis of the powder surface
was performed by means of X-ray photoelectron spec-
troscopy (XPS) using a PHI 5500 instrument equipped
with a monochromatic aluminum Ko source (1486.6
eV). The powder samples were prepared by distributing
a thin layer of powder on a carbon tape. The photo-
electrons originate from an area of around 0.8 mm in
diameter (~ 100 particles), which means that the signal
represents the overall chemistry of the analyzed powder
surfaces. Survey spectra were recorded for identification
of chemical elements present on the powder surfaces.
Narrow scan energy regions corresponding to the
elements of interest were selected for detailed analysis
followed by curve fitting to obtain the chemical com-
position of the surface and the chemical state of the
elements. Surface compound thickness and chemical
composition depth profiling from the as-received surface
down to an etch depth of 500 nm were obtained by
altering XPS analysis and argon ion etching using an
accelerating voltage of 4 kV and a beam raster size over
an area of 2.5 x 2.5 mm?. This gave an etch rate of 7.8
nm min~! as calibrated on Ta,Os.

The SEM/EDS and XPS were complemented with
local chemical analysis by means of Auger clectron
spectroscopy (AES) using a PHI 700 AES from Physical
Electronics. Compared with SEM/EDS, AES offers the
possibility to perform laterally resolved surface chemical
analysis with an interaction depth of less than 10 nm
below the sample surface. The electron accelerating
voltage was 10 kV and the beam current was 10 nA,
enabling a nominal analytical lateral resolution of 10 to
20 nm. Image registration was done within intervals of
maximum two minutes to ensure that the data were
acquired at the intended location. Argon ion etching
capabilities of the system allowed for composition depth
profiling. Etch rates of 0.66 nm min~' were obtained by
using an ion gun acceleration voltage of 1 kV and a
beam raster size of 3 x 3 mm? The etch rate was
calibrated on a standard Ta,Os sample and hence is
referring to Ta,O5 units.

Oxygen measurements of the powder samples were
performed by means of inert gas fusion (combustion
analysis) on a LECO ONBS836 elemental analyzer to
quantify the extent of oxidation during powder re-use.
Similarly, the nitrogen level was measured to detect any
possible reactions with nitrogen during the process.
Oxygen and nitrogen measurements were done at
Hogands AB, and were performed in accordance with
the standards SS-EN 10276-2 and SS-EN ISO 15351,
respectively. For each sample set, at least three individ-
ual samples were evaluated.
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III. RESULTS
A. SEMJ/EDS Analysis

Qualitative analysis on a large number of metal
particles in the virgin and re-used state was accom-
plished by means of SEM and EDS analysis. Represen-
tative surface morphologies of the virgin powder are
presented in Figures 2(a) through (c). Generally, the
virgin powder exhibits a surface that is visually free from
secondary phases and contamination species. As already
described in Reference 3, nonmetallic inclusions with a
size of a few um were occasionally observed on the
powder surface and inside the powder. In most cases,

;
|
[— T
’

Yo .
Mags S00KX EMT=1500kV WD = 8.5 mm

their blocky shape and yellow tinge in the optical
microscope identified them as Ti-rich nitride particles.
This was confirmed from EDS analysis which gave rise
to significantly intense peaks from Ti and N, corre-
sponding to a concentration of close to 50 at. pct each
for both elements. Similarly, others were identified as
Al-rich oxide inclusions.”®) Figures 2(d) through (1) show
typical surface morphologies of powder after varying
number of re-use cycles, as observed at different
magnifications in the SEM. In Figures 2(d) through
(f), a sample collected after the first 70 hours of
processing shows that already after the first build cycle,
a significant amount of nanosized particulates has

I‘““ g Mage SO0OKX ENT 1500 kV WD = 85 mm
-, - © <

[t iy Mags J00KX ENT=1500kV Signal A = inLens WD » 8.4 mm

Mags 1000KX ENT=1500kV SignalAsinlens WD« 8.4 mm —_—

Mags 25.00KX BMT=1500kV SignalAsiobens WD = 0.4 mm

Fig. 2—Secondary electron images of the Alloy 718 powder surface morphology (@) to (c) virgin powder; (d) to (f) from bottom of build after 1
cycle; (g) to (/) from bottom of build after 14 cycles; corresponding EDS analysis data are presented in Table II.
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formed on the powder surface. Powder from the
following build cycles [up to cycle number 14, see
Figures 2(g) to (i)] indicates that the average number
and size of these features tend to increase with increas-
ing number of re-use cycles. Furthermore, on occasion,
the recycled powder surface also exhibits areas covered
with thick and porous products, as shown in Figures 2(j)
through (I). In reference to the matrix, EDS point
analysis spectra obtained from a large number of these
features exhibit intense peaks of Al and O, which
indicates that it consists of Al-rich oxide. Compositional
information on the observed features obtained from
EDS point analysis are listed in Table II. Regarding the
data in Table II, however, it should be noted that the
interaction volume from where the EDS signal is
generated is generally much larger than the size of the
particulates features, which means that a significant
contribution of the signal originates from the surround-
ing matrix material. It should also be pointed out that
the accuracy of EDS is generally limited when it comes
to detection of light elements. Therefore, the figures in
Table II should mainly be considered as a preliminary
qualitative assessment of the powder surface chemistry,
preceding the much more accurate analysis by XPS and
AES, presented in Sections III-B and ITI-C below.

On the cross section of the powder after 14 re-use
cycles, see Figure 3, it can be seen that the Al-rich oxide
particulates are present only within a region very close
to the original surface. Usually, their size is in the range
of 50 to 200 nm.

Bakelite resin

Powder particle

1 pm Mag= 2500KX EHT=1500kV Signal A=InLens

WD = 6.6 mm

200 nm
—

The oxygen levels in the virgin and the re-used
powders as measured by inert gas fusion (combustion
analysis) are presented in Table II1. In addition to the
build cycle number, the total (accumulated) process time
of all preceding cycles has been included as additional
information. However, it should be noted that both
build cycle number and process time serve only as rough
indicators of the powder condition.

Nevertheless, as seen in Table III, the increasing
amount of oxide during powder re-use is confirmed by a
continuously increasing oxygen level in the powder
samples collected throughout the powder recycling
study. The nitrogen level on the other hand is relatively
stable at around 150 ppm in all powder samples
irrespective to the condition of the powder.

B. XPS Analysis

Figure 4 shows the XPS survey spectra measured on
powder in virgin state and after 14 re-use cycles. The
spectra shown are recorded after slight ion etching,
corresponding to around 1 nm from the as-received
surface, to remove surface absorbed species. As indi-
cated in the figure, photoelectron peaks corresponding
to nickel and the major alloying elements (Ni2p, Cr2p,
Fe3p, Nb3d, Ti2p, Al2p, Mo3d) together with carbon
(Cls), nitrogen (N1s), and a strong oxygen (Ols) signal
were registered for both powder conditions. The nitro-
gen peak corresponds to the presence of TiN, as also
seen in SEM. As previously reported,?*?! segregation

Al-rich oxide particulates

Mag= 7500KX EHT=1500kV Signal A =InLens WD = 6.6 mm

Fig. 3—Broad ion beam cross section of a powder sample collected after build cycle number 14. (a) Field of view; (b) Al-rich oxide particulates

at higher magnification.

Table I1. EDS Point Analysis Data from Areas in Fig. 3
Chemical Composition (At Pct)
Location Structure Ni Cr Fe Nb Mo Ti Al (0] Ca S
A matrix 52.3 21.7 19.8 2.4 1.5 1.3 1.1 — — —
B Al-rich oxide particulate 24.2 11.4 10.1 1.5 0.8 1.2 18.9 31.9 — —
C Al-rich oxide cluster 5.6 2.3 1.9 3.0 — 5.9 28.3 40.1 10.3 2.6
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of sulfur to the metal-gas interface during high-temper-
ature exposure explains the sulfur peak (S2p) in the
spectrum obtained from the as-received surface of the
re-used powder.

Figure 5 illustrates the elemental concentration depth
profiles for virgin and recycled powder, respectively, as
measured by XPS analysis. For improved visualization,
data recorded in the region closest to the as-received
surface are presented separately in Figures 5(b) and (d).

As shown in Figure 4, it is evident that the surface of
both kinds of powder have similar chemistry. However,
a significant difference in element distribution through
the etch depth is observed. Both powder conditions have
a high oxygen content at the as-received surface,
decreasing directly after initial etching, which implies
that they are both covered by a thin oxide layer. The
major differences between the two powder conditions
arise as a consequence of the much thicker oxide
particulates on the re-used powder, in agreement with
the observations by SEM. This is shown by the oxygen
level in the recycled powder which is considerably higher
down to larger etch depths compared to that of the
virgin powder. Also, enrichment of Al on the surface of
the recycled powder is more pronounced as compared to
the virgin powder, which further indicates the selective
oxidation of Al on the powder surface. Mainly, the
strong carbon signal on the original surface corresponds
to adsorbed hydrocarbons and is removed already after
slight ion etching. The remaining carbon signal after ion
etching most likely originates from presence of MC
carbides, which is known to form directly from the melt
during solidification,'**? but is not considered further in
this study.

Curve fitting of the XPS peaks from the high-resolu-
tion narrow scans for oxygen and most of the
oxide-forming elements was performed to determine
the chemical state evolution along the depth from the
as-received surface. As seen in Figures 6(a) and (b),
there is a clear difference between the peaks for Al in the
virgin and re-used powder. For the virgin powder, the
Al peak is positioned at binding energy levels which
could be an indication of Al in a spinel type oxide such
as NiAl,Oy, as reported in Reference 23. In the case of
the recycled powder, the Al peak in Figure 6(b) is closer
to values for Al,O5 positions reported in many refer-
ences.”®! Also, due to a stronger oxidation of Al to the
surface of the recycled powder, the Al oxide peak is
more pronounced compared to the virgin powder, both
at the as-received surface and after ion etching. A clear
difference is also seen in the oxygen peaks after initial
ion etching, Figures 6(c) and (d). A considerable portion
of the oxygen signal of the virgin powder originates
from the transition metal oxides at around 530 eV
(Cr,03, NiO, Fe,03, TiO>, Nb,Os), while the recycled
powder shows a strong shift towards 532 eV binding
energy, corresponding to Al,O;. As noted above, this
signal is present to much larger etch depths in the
recycled powder compared to the virgin powder, indi-
cating that the thickness of the oxidized region/features
is much greater in the recycled powder, and that it is not
connected to any transition metal hydroxide, which
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would have been removed after initial ion etching.
Hence, the detection of Al oxide to greater etch depth in
combination with the O*~ peak indicative for Al,O3 for
the Ols-region suggest that the oxide appearing in
particulate form on the surface of re-used powder is
Al-rich oxide, possibly Al,O;. As indicated in Fig-
ures 6(e) and (f), Ni hydroxide is possibly present on the
outermost surface of both virgin and re-used powder.
The presence of a weak Ni metal peak in the signal from
the as-received surface and its instant rise in intensity
after initial ion etching indicate that Ni mainly exists in
hydroxide/oxide state in a region close to the as-received
surface. Furthermore, this thin layer may also be related
to presence of spinel oxide NiAl,O4 whose peaks for
both Ni2p and Ols cannot be easily distinguished from
those of Ni hydroxide; both the spinel and Ni(OH),
have similar characteristic peak positions at around
856.2 eV.>*! For both kinds of powder, basically all
other metallic elements are mainly present in oxide state
in a region close to the as-received surface. Analysis of
the oxygen peak indicates decreasing contributions from
both transition metal oxide (Ni, Fe, Cr, Ti, Nb-base) at
around 530 eV and Al,O; oxide at approximately 532
eV with increasing etch depths. The changes in relative
amounts of oxide and metal states for other oxide-form-
ing elements as well as the shift from oxide (or
hydroxide) reflect the similar distribution in depth for
their surface oxide products (Figures 6(a) to (j)). In the
case of Ti as shown in Figures 6(i) and (j), the position
of the peaks obtained close to the original surface
indicates the presence of a mixed type of oxide and/or
the presence of several different Ti-oxides. In accordance
with the above SEM observations, besides Ti-oxide,
peaks in Figures 6(i) and (j) correspond also to TiN and
possibly some Ti-metal after extended ion etching. Since
the Ti-oxide is mainly removed already after 3 to 5 nm,
it can be assumed the TiN is the main Ti-compound
present with greater thickness on the surface.

Curve fitting of the presented peaks above provides
further indications on the difference in oxidation
between the two powder conditions. Figures 7(a) and
(b) show the concentrations of elements in oxide or
hydroxide state (cation concentration) along the first
100 nm from the original surface of the virgin and
recycled powder, respectively. The insets show the
elements constituting the oxide/hydroxide closest to
the as-received surface. The steep decrease in cation
concentration of all elements except that of Al shows
that they are present as oxide/hydroxide state in a very
thin region close to the surface of both kinds of powder,
rather than in thicker reaction products as in the case of
Al, for which the decay in cation content is much lower
with increasing etch depth. As expected, the largest
difference between the two powder conditions lies in the
Al cation concentration due to the large amount of
Al-rich oxide particulates observed on the surface of the
re-used powder. Consequently, the amount of Al in
oxide state is considerably larger in the re-used powder
down to an etch depth of around 100 nm, where it
stabilizes at a level which is similar for both powder
conditions.
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Oxygen Levels in Virgin and Re-used Powder Samples Measured by Inert Gas Fusion

Individual Oxygen
Measurements (ppm)

Average Oxygen
Level (ppm)

146 131, 148, 159
215 209, 215, 221
266 257, 264, 277

Table III.
Accumulated Process
Powder Sample Time (h)
Virgin —
Re-used, After Cycle #1 70
Re-used, After Cycle #14 500
50000
L] virgin powder
(o]
a - o recycled powder
400004 £Z g
“w o
a @ g
» oM -
S 30000 - S
= » 32
2 z 2 g
& 20000 + o <
= e 3§ Se
2 g = S
10000
0 %thw
T T T T T 1
1000 800 600 400 200 0

Binding energy (eV)

Fig. 4—XPS survey spectra from virgin and re-used powder at a
depth of around 1 nm from the as-received surface.

C. AES Analysis

Areas of variations in the surface oxide layer mor-
phology of the virgin powder surface, as shown in
Figures 8(a) and (b), were analyzed by AES depth
profiling, see Figure 9. In agreement with the overall
chemical analyses by XPS (Figure 7), the high O-level
reflects the oxide character of the surface and hence,
alloying elements on the as-received surface can be
depicted as being present in their oxide state. Further-
more, as seen in the XPS results, the high surface
content of Al is shown in both spectra. Hence,
Figure 9(a) shows that the outermost region of the
visually homogeneous areas in Figure 8(a) (point A)
consist of a Ni-Al-rich oxide, together with Cr, Ti, and
Fe oxide mainly present a small depth below the original
surface. The relatively high Ni/Al atomic ratio in the
outermost surface suggests that this part of the surface
mainly consist of Ni-based hydroxide/oxide, but still
with potential presence of Al in oxidized state. As shown
in Figure 9(b), the flake-like areas in Figure 8(b) (point
B) has a higher aluminum content and a Ni/Al atomic
ratio that is closer to that of NiAl,O4. Together these
two compounds coincide with the overall XPS compo-
sition profile shown in Figure 7(a), for which Al in oxide
state is present as a major element across the whole
surface layer, together with Ni in oxide state closest to
the as-received surface. Furthermore, it shows that the
difference in surface oxide visible in SEM relates to the
extent of aluminum oxide on the powder surface. Based
on the oxygen depth profiles in Figures 9(a) and (b), the
Ni-rich oxide layer is estimated to have a thickness of
around 2 nm in Ta,Os units.
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The AES analysis of the powder after 14 re-use cycles
is shown in Figure 10. Significant peaks from Al and O
in the spectra obtained from the bright particulate
features (point 1, Figure 10(a)) confirms high concen-
trations of Al-rich oxide phase. Compared to the AES
analysis of the virgin powder in Figure 9, there is a low
Al concentration in the spectrum obtained from the
as-received surface in between the oxide particulates of
the recycled powder (point 6, Figure 10(a)). This sug-
gests that growth of the oxide particulates has resulted
in a depletion of Al in adjacent areas.

Instead, a transition metal oxide/hydroxide layer is
found in these regions, as compared to the previously
observed Ni and Al-rich oxide/hydroxide layer as seen
on the virgin powder. The fact that the recycled powder
is partly covered by a thin transition oxide layer is also
expected from Figure 6(d) since the oxygen signal at 530
eV is reduced after initial ion sputtering.

IV. DISCUSSION

Summarizing the above results, the main differences
in surface chemical characteristics between the virgin
and re-used powder are schematically illustrated in
Figure 11. The virgin powder is mainly covered by a
relatively thin and homogeneous Ni-base, Al-containing
oxide/hydroxide layer. The surface of the re-used
powder, however, contains a considerable amount of
Al-rich oxide particulates that grow as a consequence of
exposing the powder to the conditions in the EBM
process chamber. Since growth of the particulates partly
occurs via redistribution of aluminum and oxygen from
the homogeneous oxide layer, a thin transition metal
oxide/hydroxide layer is formed in between the oxide
particulates, most likely during the subsequent exposure
to air at lower temperatures, including the handling.
Similar for both powder conditions is the presence of
Ni-containing hydroxide/oxide in the outermost surface
region. In the case of the virgin powder, this signal may
originate from a thin Ni-hydroxide and/or from Ni-Al
spinel oxide, that is possibly present in areas with higher
aluminum level, which cover parts of the surface
(Figure 8(b)).

In the case of the re-used powder, however, it is
shown that the areas in between the oxide particulates
contain a transition metal oxide, depleted in Al. In this
case, Ni is most likely present in the form of Ni
hydroxide. The Al-rich oxide on the virgin powder has
most likely formed at higher temperatures during
powder fabrication. The Ni-hydroxide/oxide layer on
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Fig. 5—XPS depth profile of chemical elements in the region close to the initial powder surface for (a) and (b) virgin and (¢) and (d) re-used

powder after 14 cycles.

the other hand has most likely formed at lower
temperatures during cooling or as a result of exposing
the powder to the ambient air.?*2>!

Figure 12 presents the temperature dependence of
the equilibrium oxygen partial pressure for the metal/
metal oxide systems that have been encountered in the
above analyses. For each of the curves in the figure,
conditions above the curve are oxidizing, and condi-
tions below are reducing, indicating oxide decompo-
sition. Even though the data in Figure 12 are based
on oxidation of pure metals, it is still relevant for
assessing the relative stability of oxides in an alloying
system. The dotted lines in the figure indicate the
approximate condition for the position of sampling in
the EBM process chamber—a temperature of around
1000 °C at a theoretical oxygen partial pressure of
around 4 x 1072 bar. However, besides from residual
air at the vacuum conditions in the chamber, the
presence of moisture and less-stable oxygen-containing
phases, such as hydroxide and base metal oxides
(NiO, Cr,05, and Fe;0;), on the powder surface,
serve as an additional source of oxygen when released
during heating and melting of the powder. Conse-
quently, the actual oxygen partial pressure in the
vicinity of the powder surface is higher than the
theoretical and can possibly rise to values in the order

METALLURGICAL AND MATERIALS TRANSACTIONS A

of 1077 bar.®® Many of the alloying elements have
much lower equilibrium oxygen partial pressure which
means that thermodynamically, the oxygen partial
pressure has to be kept at much lower values to avoid
formation of oxides on the powder surface. For this
reason, presence of several oxides can be expected at
such conditions.!*”

Furthermore, decomposition of the less-stable bulk
metal oxides (as indicated in Figure 11) enables an
additional source of oxygen.”®! At lower temperatures,
when exposing the powder to air or moisture during
powder recovery/handling, additional oxygen pick-up
takes place in form of bulk metal oxides, hydroxides,
and/or from adsorption of water molecules. Upon
heating in the next build cycle, redistribution of
oxygen from these less-stable compounds into more
stable particulate oxides, such as Al,O; takes place at
the high operation temperature. Since the stable oxides
will persist also at very high temperatures and/or low
oxygen partial pressures, as the oxygen level increases
over the re-use cycles, the total amount of stable oxides
such as Al,Os will increase.

As observed in earlier studies, ! during the actual
melting process, there is a risk of transferring of
nonmetallic phases (mainly Al-rich oxide and TiN)
from the powder to the components. Furthermore, since

[3.26,29
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these phases tend to accumulate into larger sized clusters
or oxide flakes, they act as potential damage initiation
sites, especially under cyclic loading conditions.!?¢-"
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It should be noted that the total amount of oxide
phase in the powder supply can be significantly reduced
by regular addition of fresh powder in between the build
cycles. Even so, there is a great benefit in reducing the
amount of nonmetallic phases in the powder to ensure
an acceptable cleanliness also for applications with a low
permissible level of inclusion contamination. Further-
more, the portion of Al tied up in oxide state has also
been made unavailable for its initial purpose as precip-
itation strengthening element through formation of the
gamma prime phase, Ni3(Al, Ti), which further under-
lines the benefit in limiting the oxide formation in
EBM-processed Alloy 718.

As seen in Figure 12, high temperature together with
low oxygen partial pressure (vacuum annealing)
decreases oxide stability and may lower the amount of
oxide that can form on the powder surfaces. However,
the high stability of Al,O3; would require very high
temperatures and/or low oxygen concentrations, which
tend to complicate the process, especially during pro-
duction on an industrial scale. Exposing the re-used
powder to reducing atmospheres is another means of
reducing stable oxides at temperatures lower than those

METALLURGICAL AND MATERIALS TRANSACTIONS A



required for vacuum annealing.*") Another suggestion is
improvement of the oxygen level in the EBM chamber,
as it is done during vacuum sintering of such metal
powder through repeated flushing of the vacuum cham-
ber with inert gas.®'! Similarly, controlled powder
handling and/or possibly by degassing the powder
before the process can lower the amount of adsorbed
moisture and hydroxide available for oxide formation.

Even though the tendency of Al to form Al,Oj3 is very
high, its low concentration in Alloy 718 sets a mass
barrier for the amount that can be transported towards
the surface through solid state diffusion.””) As described
in Reference 31, temperatures around 1000 °C are
extremely dangerous from the perspective of powder
oxidation due to the high diffusion rates in the solid for
the alloying elements and at the same time unfavorable
thermodynamic conditions in terms of oxide dissocia-
tion. Hence, decreasing the temperature to lower diffu-
sivity of, e.g., Al is desirable from this point of view.
However, in the present EBM machine configuration
this is not a feasible option since the process stability is
dependent on maintaining the process around 1000 °C.
For instance, an increased tendency for powder smoking
and spatter from the melt pool has been observed at
temperatures below 950 °C.['"!

V. CONCLUSIONS

Virgin and re-used Alloy 718 EBM powder were
studied to investigate process-induced surface chemistry
alterations during multicycle EBM processing. The
findings can be summarized as follows:

1. The virgin Alloy 718 plasma-atomized powder
surface is covered by a relatively thin and homoge-
neous oxide layer, formed by a mixed Al- and
transition metal hydroxide/oxide layer.

2. Selective oxidation of Al while exposing the powder
to the EBM process and the environment in the
build chamber results in a transformation from the
thin, initial layer to a coarse, heterogeneous oxide
layer  characterized by  thermodynamically
stable Al-rich oxide particulates.

3. A significant amount of nanosized Al-rich oxide
particulates form on the powder surface already
after the first build cycle and tend to grow in
number and size with the increasing number of
re-use cycles. The increasing amount of oxide is
confirmed by the increasing oxygen level with
progressive re-use.

4. Growth of the oxide particulates occurs due to
pick-up of oxygen from the process atmosphere and
from redistribution of oxygen from thermodynam-
ically less-stable oxide and hydroxide compounds
on the powder surface.
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