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Additively manufactured Ni-base alloy IN625 suffered from intergranular oxidation (IGO) during air
exposure at 900 °C. IGO is triggered by oxide buckling over the alloy’s grain boundaries (GBs),
followed by oxidation of the open intergranular voids. Application of a 10 nm thick PVD coating of Ce
induced a slower inward growth of the Cr,O3 scale, better oxide adherence and as a result strongly
suppressed IGO. The main beneficial effect provided by Ce is improved oxide adherence preventing

oxide buckling and oxidation of intergranular voids.

Due to their optimum combination of superior mechanical properties and
high corrosion resistance, Ni-base superalloys find numerous high-
temperature applications in power generation, jet-engine technology, pet-
rochemical industry, nuclear technologies, heat processing, etc'.

Additive manufacturing (AM) of Ni-base superalloys has been
increasingly attracting attention, especially in the aeronautic branch, where
AM of complex shaped components offers significant advantages™”.
Wrought Ni-base alloys IN718 and IN625 are commercially available Ni-
base superalloys that are also widely studied in an AM context. The
mechanical properties, primarily creep strength, of AM IN718" and
IN625% are reported to be close to the baseline of their conventionally
manufactured (CM) counterparts although a significant microstructural
anisotropy is commonly reported. Additionally, the oxidation behavior of
AM IN625'"** and IN7187° has been extensively studied over the past
decade resulting in three main observations systematically reported in the
literature:

I In most case studies, oxidation rates for AM are 20-30% higher
compared to CM.

II. The anisotropic AM microstructure has minimal effect on the oxida-
tion kinetics, i.e, no oxidation rate anisotropy in contrast to
mechanical properties” ™.

III. AM IN718 and IN625 suffer from severe intergranular oxidation

(IGO), ie., oxidation of metal grain boundaries.

In our previous publications'***’, AM IN625 was found to suffer
from IGO attack, in agreement with most reported data in the
literature'*"'>'>"72***, Manipulations of the AM alloy microstructure,
e.g., homogenization heat-treatment and recrystallization via hot-
rolling, were demonstrated to have no effect on the oxidation

morphology”. IGO was thus believed to occur in AM IN625 due to
differences in chemical composition between AM and CM, e.g., a
lower Si content in AM compared to CM'. However, the exact
mechanism triggering IGO in AM Ni-base alloys is still actively
debated in literature'*™>*****, while more evidence is required to
prove the batch-to-batch variation hypothesis.

Even though the nature of the IGO damage in AM Ni-base alloys is
still not fully understood, available mitigation methods can be tested on
existing materials to evaluate their potential efficiency. Rare-earth or
reactive elements (REs) such as Y, Hf, La, Ce have been known to
improve oxidation properties of both chromia- and alumina-forming
high-temperature alloys’ ™ for around 80 years. It is generally accepted
that REs in chromia scales (a) lower the oxidation rate, (b) segregate to
GBs in the oxide scale and suppress outward cation transport, and (c)
improve scale adhesion. It is thus fathomable that REs may also suppress
IGO of AM IN625, lowering the overall Cr consumption rate and thereby
mitigating the enhanced outward Cr transport through the alloy grain
boundaries (GBs) in AM alloy.

In the present work, the AM IN625 alloy batch studied in
refs. 13,14 was PVD coated with 10 nm Ce and exposed in air for up to
1000 h at 900 °C. The obtained oxidation morphologies were com-
pared with those on exposed uncoated AM IN625. The oxide scales
were characterized with scanning electron microscopy (SEM) with
energy dispersive X-ray spectrometry (EDX), electron backscatter
diffraction (EBSD), transmission electron microscopy (TEM), electron
energy-loss spectroscopy (EELS) and atom probe tomography (APT).
The outcome of this work may lay ground for an industrial application
of RE-coatings to AM materials and stimulate further research on the
introduction of REs in the AM route.
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Results
Effect of Ce on the oxidation of AM alloy IN625
Figure 1 shows the oxygen uptake by uncoated AM IN625 (circles) and Ce-
coated AM IN625 (squares) after exposures at 900 °C in air. The Ce-coated
material shows a markedly lower oxidation rate (~40%). Very similar mass
changes were measured for the Y- and Z-cut specimens, which is consistent
with previous reports in multiple studies for alloy 625'*'**' and alloy 718***,
where it was found that AM alloys do not demonstrate oxidation rate
anisotropy in discontinuous long-term exposures.

The SEM micrographs in Fig. 2 demonstrate the temporal evolution of
the oxide scale morphologies on uncoated and Ce-coated AM alloy IN625.
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Fig. 1 | Area-specific weight change of AM alloy IN625 during air exposure at
900 °C. the Ce-coated (Ce-AM) alloy (squares) is compared with uncoated (AM)
alloy (circles). AM-Y and AM-Z refer to the cutting direction in relation to the
build axis.

The uncoated AM alloy demonstrates a characteristic oxidation morphol-
ogy reported in our previous studies of this AM alloy batch'*'*”, as well as in
other oxidation studies on AM IN625'*'*!#171%,

The Cr,O; scale grown on uncoated AM IN625 is prone to buckling.
This mostly occurs over the alloy GBs and is already visible after 24 h. A
hollow void forms underneath the buckled oxide. After longer oxidation
times, the void is filled with newly grown Cr,O; and appears as a compact
ridge in the cross-section. The oxide ridge is accompanied by a network of
elongated intergranular voids along the alloy GBs. After longer oxidation
times, these voids are often filled with Cr,O; and AL,O5". The intermetallic
phase 6-NizNb is enriched at the oxide metal interface, which is common for
alloy 625”.

Applying a 10 nm Ce coating dramatically improves the oxidation
behavior of the AM alloy: (i) the Cr,Oj3 scale appears thinner than on the
exposed uncoated alloy; (ii) neither oxide buckling nor pronounced oxide
ridges are observed although the Cr,O; layer is convoluted; (iii) the
occurrence of voids is essentially suppressed, which can be quantified in
terms of the porosity depth, as well as the apparent volume fraction of the
IG voids.

The effect of Ce on the growth kinetics of Cr,05 on the alloy is illu-
strated in Fig. 3. Flat sections (away from alloy GBs) of the Cr,O; scale were
measured in SEM images and the oxide thickness is presented as a function
of exposure time. Coating with Ce resulted in thinner Cr,Oj scales (see also
Fig. 2). However, the immediate effect of Ce on the Cr,O; thickness is
weaker than the overall effect of Ce on the mass change (Fig. 1); approxi-
mately 20% vs 40% difference. This difference is attributed to the more
extensive oxidation of voids in the uncoated case.

The strongest effect of Ce is found for the observed depth of porosity
(Fig. 4), which is a factor of two lower in the Ce-coated specimens of AM
IN625, as compared to the uncoated AM material.

Figure 5 shows Cr concentration profiles measured with EDS in
uncoated (circles) and Ce-coated (squares) AM alloy IN625. The Cr-
depletion profiles are similar for the longitudinally (Y-cut) and transversally
(Z-cut) sectioned specimens. The interface Cr concentration in uncoated
AMIN625 is 15 wt%, which has also been reported for CM IN625 exposed

Fig. 2 | Temporal evolution of oxide scales during
air exposure at 900 °C. SEM BSE images illustrate
uncoated and Ce-coated AM alloy IN625 (Z-cut).
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Fig. 3 | Temporal evolution of smooth Cr,0j; scale thickness on flat surface area.
Determined from SEM images of uncoated (red circles) and Ce-coated (blue
squares) AM alloy IN625 specimens exposed in air at 900 °C. Lines denote a power-
law fit X, o = kt" with k* = 1.4 x 10 * m s ** and n = 0.4 for uncoated alloy as
well as kK*M1=% =25 x 10 m s and n = 0.5 for Ce-coated AM alloy IN625.
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Fig. 4 | Kinetics of subscale void propagation in AM alloy IN625. Determined
from SEM images of uncoated (circles) and Ce-coated (squares) AM alloy IN625
exposed in air for up to 1000 h at 900 °C. Lines denote parabolic fits with
k;“id'AM =3.6x10""m*s ' for uncoated and k;”id'AM’Ce =73x10""m?s ' for
Ce-coated AM alloy IN625.

inairat 900 °C*. Applying Ce to AM IN625 resulted in a higher Cr-interface
concentration, 18 wt%, as well as a shallower Cr-depletion zone: 60 um in
the Ce-coated specimen compared to 80 um in the uncoated AM IN625.
Integration of depletion profiles, as described e.g., in ref. 37, allows deter-
mining a cumulative Cr loss due to selective oxidation of Cr and yields 3.4
and 1.7 mg/cm’ for uncoated and Ce-coated alloy, respectively. The cor-
responding oxygen uptakes are 1.56 and 0.78 mg/cm’, the latter numbers
agreeing well with the experimentally measured mass gains in Fig. 1.

Ce-doping and microstructure of Cr,0; scales
The SEM BSE images in Fig. 6 show the oxide scale grown on uncoated
(Fig. 6a,b) and Ce-coated (Fig. 6¢, d) specimens of AM IN625 after 1000 h
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Fig. 5 | Cr depletion profiles in AM alloy IN625 after 1000 h air exposures at
900 °C. measured with EDX from the oxide -metal interface into the alloy bulk in
uncoated (red circles) and Ce-coated (blue squares) alloy.

air oxidation at 900 °C. On the uncoated alloy, thick and dense oxide ridges
are visible over the GBs in the alloy. Apart from the elongated IG voids,
spherical Kirkendall voids can be seen within the grains underneath the
oxide scale. The Cr,O5 scales grown on the Ce-coated specimens are thinner
and did not produce massive oxide ridges above alloy GBs. The void
occurrence in the alloy subsurface is shallower and less intense in this case.

The EBSD maps in Fig. 7 illustrating the grain structure of the Cr,O3
scales shown in Fig. 6 demonstrate that on uncoated AM IN625 (Fig. 7a, b)
Cr,O; grows outwards, i.e., the smaller Cr,O5 grains are located at the oxide-
metal interface while the larger Cr,O; grains are located in the outer part of
the scale. Small grains of the newly formed Cr,O5 can be seen in the bulk of
the oxide ridges in the immediate vicinity of the oxide-metal interface and
the corresponding GB. The latter is an indication of healing of the void
underneath the Cr,0j; layer buckled over the alloy GB.

After 1000 h exposure, the IG voids are filled with Cr,O; as previously
reported in refs. 13, 30. The 8-Ni;Nb phase precipitated at the oxide-metal
interface, as well as in the IG voids along GBs, but not in the spherical in-
grain pores.

In contrast to the uncoated AM alloy, in the Ce-coated specimens
Cr,O; apparently grew inwards (Fig. 7c, d) as there are smaller Cr,O; grains
in the outer part of the Ce-doped scale, at the gas-oxide interface, while
larger grains can be seen at the bottom of the oxide film. In addition to the
changed oxide growth direction, the Ce-doped Cr,O; is more adherent and
reveals no signs of oxide delamination and re-healing. Underneath the
tightly adherent outer oxide scale, the elongated IG voids do not contain any
Cr,0;. Finally, the 6-NizNb phase segregated to the oxide-metal interface,
with IG voids at the GBs in the alloy subsurface. The black continuous layer
between the Cr,0; and the metal (8-Ni;Nb and FCC-Ni) in Fig. 7 is a
specimen preparation artifact. Polishing with colloidal silica etches the metal
faster than Cr,Oj; creating a step that appears black in EBSD maps.

Figure 8 shows SEM EDS maps for uncoated and Ce-coated AM
IN625. The elongated voids underneath the oxide scale grown on both
specimens contain oxide. The uncoated specimens reveal both Cr and Al
enrichment in the voids, while the voids in the Ce-coated alloy do not
contain Cr. This additionally confirms that the application of Ce prevents
the voids from opening due to increased oxide adhesion to the metal, which
is a well-known consequence of RE doping (compare also oxide ridges in
coated and uncoated specimens in Fig. 2), hindering oxidation of Cr by the
incoming gas from the atmosphere. With the Ce coating the voids are
isolated from the atmosphere and contain exclusively Al,O; formed due to
internal oxidation (Fig. 7c, d).
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Fig. 6 | SEM BSE images of oxide scales after
1000 h air exposure at 900 °C. a, b uncoated and
¢, d Ce-coated AM alloy IN625.
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Fig. 7 | EBSD maps of oxide scales after 1000 h air
exposure at 900°C. a, b uncoated and ¢, d Ce-coated
AM alloy IN625. The gray top part is a Ni-coating
due to sample preparation.

Tracing Ce at Cr,03 grain boundaries

Figure 9 shows SEM SE images of oxidized surfaces of uncoated (a) and Ce-
coated (b) AM alloy IN625 after 24 h of air oxidation at 900 °C. Massive
oxide ridges protrude above the GBs of the uncoated AM alloy. Oxide ridges
on the Ce-coated alloy surface are less pronounced. For more details, TEM
lamellas were sampled across ridges in both specimens.

Figure 10 displays BF and HAADF TEM images of the Cr,0O5 scale
thermally grown on uncoated alloy after 24 h in air at 900 °C. The oxide scale
is around 1.2 um thick. The average grain size of Cr,O; in the outer part of
the scale is approximately 200 nm, decreasing to tens of nm towards the
bottom of the scale. The scale contains small (10-20 nm) bright inclusions
in the inner part close to the metal-oxide interface (Fig. 10a). EELS analysis
of these inclusions (Fig. 11) shows that the particles are primarily rich in Ni,
as Ni L is the only large edge, in addition to the O K and Cr L edges.

Figure 12 shows BF and HAADF STEM images of the Cr,O; scale
grown on the Ce-coated AM IN625 after 24 h in air at 900 °C. Application of
Ce resulted in a thinner scale (0.6 um) and grain refinement of the oxide.
The average grain size of Cr,0O; in the Ce-doped scale is approximately
40 nm and does not vary through the scale thickness.

Figure 13a shows HAADF STEM image of the Cr,O; scale grown after
24 h air exposure at 900 °C (Fig. 12) along with an EELS spectrum from
Fig. 13a, highlighting the presence of Ce (Fig. 13b) and a linescan across a
Cr,0; GB (Fig. 13c), demonstrating a Ce-enrichment.

Chemistry of Cr,0; grain boundaries
The Ce-enrichment at the oxide GBs is further confirmed by APT.
Reconstructions of APT data collected from the Cr,O; scale grown after
1000 h air exposure at 900 °C are presented in Fig. 14 and Fig. 15 for
uncoated AM IN625 and Ce-coated AM IN625, respectively. From these
images, it is possible to determine that the Cr,O; scale grown on the
uncoated material contains significant amounts of most alloying elements,
both at GBs and in the grain interior. Among these elements, Ti, Al, Si and
Nb appear to segregate preferentially at GBs. Ni, Ti and Al seem to pre-
ferentially enrich specific grains and regions, which may indicate that these
segregations emerged during the initial transient oxidation stage as
explained e.g,, in ref. 38.

Ni can be also found forming particles in the 3-15 nm size range with
total compositions around 60 at% Ni, 15 at% Cr, 25 at% O. Interestingly,
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Fig. 9 | SEM SE top-view image of oxidized alloy
surface after 24 h air exposure at 900 °C.
a uncoated and b Ce-coated AM IN625 alloy.

Fig. 10 | STEM images of oxide scale grown on t-coating
uncoated AM alloy IN625.a HAADF and b BF after -
24 h exposure in air at 900 °C.
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Fig. 11 | TEM and EELS analysis of Ni-rich particles in Cr,O3 grown on
uncoated alloy. a BF STEM image of oxide scale on uncoated AM alloy IN625 after
24 h exposure in air at 900 °C and b EELS spectrum of a Ni-rich particle marked with
a cross in (a).

these Ni-rich particles were not found in the Ce-doped Cr,O5 (Fig. 12 and
Fig. 15). The most plausible explanation of their origin is the transient
oxidation stage during which all alloy elements oxidize on the alloy surface.
Once the protective oxidation regime is established, the NiO particles were
occluded in the Cr,O; grains and further reduced to pure nickel due to the
low oxygen potential at the NiO/Cr,0O; boundaries. According to Whittle
and Stringer’' REs shorten the transient stage and promote the transition to
the selective oxidation regime. This would explain the much cleaner Cr,0;
scales observed for the Ce-coated alloy.

Quantitative composition profiles across oxide GBs and the interface
between the oxide matrix and Ni-particles are plotted in Fig. 16. A sig-
nificant difference is obvious when comparing the uncoated AM IN625
Cr,05 scale with the scale obtained under identical conditions on the Ce-
coated AM IN625. In the Ce-coated specimen, very little impurities can be
measured both at GBs and inside the grains. Ni-particles are virtually absent,
with only very small signs of Ni clustering around the GB triple point region.
Small amounts of Ti and Al can be found doping different oxide grains, but
their concentration is more homogeneous across the measured volume.
Most importantly, significantly lower enrichment of Ti, Al, Siand Nb can be
found at GBs where Ce accumulates instead.

Discussion
The oxidation kinetics of CM and AM alloy IN625 has been recently ana-
lyzed and reviewed by Chyrkin et al.’. Thickening of the flat and unwrinkled

Fig. 12 | STEM images of oxide scale grown on Ce-
coated AM alloy IN625. a HAADF and b BF after
24 h exposure in air at 900 °C.
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Fig. 13 | TEM and EELS analysis of Ni-rich particles in Cr,0; grown on Ce-uncoated alloy. a BF STEM image and b EELS spectrum of Ce at an oxide GBs of oxide scale
grown on Ce-coated AM alloy IN625 during 24 h exposure in air at 900 °C. ¢ EELS linescan across GB in Cr,O3; marked with red line in (a).
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Fig. 14 | APT reconstruction of the oxide scale

grown on uncoated AM alloy. Cr,0j; scales were
grown on uncoated AM IN625 after 1000 h air
exposure at 900 °C. Box A shows an overview of the
full run, while box B shows Ni, Al, Ti, and Si plotted

separately. The arrow indicates the location and
direction of the 1D composition profile across the
oxide grain boundary, shown in Fig. 16.

Fig. 15 | APT reconstruction of the oxide scale

grown on Ce-coated AM alloy. Cr,0j5 scale grown
on Ce-coated AM IN625 after 1000 h air exposure at
900 °C. Box A shows an overview of the full run,

while box B shows Ni, Al, Ti, Si, and Ce plotted 100 nm
separately. The arrow indicates the location and
direction of the 1D composition profile across the ’ : :i Isosurface (0.5 at.%6) B
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Cr,0; scale was demonstrated to be independent of the alloy substrate (CM
or AM) and to be sub-parabolic. The slowing down of the oxide thickening
over time is related to the grain size distribution in the scale. The Cr,03
scales shown in Fig. 7a, b and Fig. 10 demonstrate that the Cr,0O; grain size
gradually increases from the oxide-metal towards the oxide-gas interface.
The sub-parabolic oxidation kinetics is well-documented for slowly growing
a-Al,O;-scales in which transport is governed by inward diffusion of oxygen
via oxide GBs. The columnar grains in the Al,O; scale are wider at the
bottom of the oxide scale. The GB density decreasing over time leads to a
slower oxide growth”. A similar mechanism prevails in Cr,O; at 700-
900 °C, i.e., the outward diffusion of Cr cations is the dominating transport
mode in air-grown Cr,O3 scales®’, which makes the oxide growth kinetics
sensitive to the GB density and, hence, the grain size distribution in the scale.

In the present study, Cr,O; scaling on the uncoated AM alloy
IN625 is also sub-parabolic Fig. 3. Application of the Ce-coating
resulted in a more homogeneous grain distribution (Fig. 12) and the
parabolic scaling kinetics prevails for up to 300 h. Further thickening
of the Cr, 05 scale resulted in larger grains in the inner part of the scale
after 1000 h (Fig. 7¢, d) and some deceleration of the scaling process
(see sub-parabolic fits in Fig. 3). However, the overall oxide growth
kinetics for the Ce-coated alloy was much closer to the parabolic time-
law than that for the uncoated alloy. Further beneficial effects of
coating with Ce will be discussed below.

IGO is common for chromia-forming AM Ni-base alloys and has been
reported for IN625'">"71%2 IN718”* and other AM Ni-base alloys'™*.
IGO is a complex phenomenon involving (i) oxide buckling over the alloy
GBs and formation of oxide ridges, (ii) formation of voids in the alloy
subsurface, (iii) internal oxidation of alloy components with a higher affinity
for oxygen than Cr, e.g., Mn, Ti, Al Si, (iv) oxidation of open intergranular
voids after oxide cracking and/or spallation.

The relevance of these phenomena for IGO as well as the current
hypotheses explaining the occurrence of IGO in AM alloys were assessed by
de Leon Nope et al.””: (i) grain boundary misorientation**, (ii) minor
differences in chemical composition of CM and AM"™", (iii) void
formation'®***. Both spherical and elongated voids are interpreted as
Kirkendall effect* arising from a supersaturation of vacancies due to a
mismatch of Cr- and Ni-flux induced by the Cr-depletion”’. These vacancies
tend to condense at available interfaces, i.e., (i) oxide/metal interface, (ii)
alloy GBs and (iii) internal precipitates. The authors' believe that the void
formation and thus IGO is promoted by internal oxidation and excess
interstitially dissolved oxygen resulting from the atomizing process.

In the present study, the microstructural evolution of the oxide scale on
the uncoated AM alloy in Fig. 2 allows reconstructing the timeline of these
events and summarize the IGO mechanism in Fig. 17:

a. Oxide growth and formation of voids. The voids appear in the
early stages of the Cr,0j; scale growth, as demonstrated already
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Fig. 16 | APT 1D concentration profiles across grain boundary of chromia scales.
Cr, 05 scales were grown on uncoated (AM) and Ce-coated (Ce-AM) AM alloy IN625
exposed for 1000 h in air at 900 °C. a Main segregating elements in GB of Cr,O; on AM,

b trace elements found in GB of Cr,O; on AM. ¢ Main segregating elements in GB of Ce-
doped Cr,05 on Ce-AM, d trace elements found in GB of Ce-doped Cr,O; on Ce-AM.
Proxigram across Ni-isosurface (3.5 at.%) found in the Cr,O3 grown on AM IN625 (e).

after 2 h exposures in ref. 13. It is evident that the void formation
is related to oxidation-induced Cr-depletion. Based on the
available literature, voids are inevitable in AM alloys such
as IN625.

b. Oxide delamination/buckling comprises the second important step in
the IGO mechanism. Thermally grown Cr,Oj3 is known to be under
compressive stresses because the molar volume of the oxide is twice as
high as that of the consumed metal***”. These stresses can be dissipated
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Fig. 17 | Schematic mechanism of intergranular
oxidation and its mitigation by Ce-coating. a oxide

delamination over alloy GB, b oxide buckling and d ; @ ° > (] [}

ecohesion
opening of the interfacial voids, ¢ oxidation of IG oxide buckling A IGO0 —»
voids. White dotted lines in the lower part of the N (Bt bulk void
scheme depict the CeO, particles in the Ce-doped
Cr, 05 scale.

GB

a) decohesion b) oxide buckling c) oxidation of voids
i ° o )
eeele bulk void
IG void

through oxide delamination, wrinkling, buckling, blistering, as e.g.,
reported for Cr,O; grown on Fe-28Cr™ or even pure Cr'’. Remarkably,
the Cr,03 scale buckles primarily over the alloy GBs, where oxide
adhesion seems to be the weakest and/or metal creep deformation is
easier (see Fig. 2 and Fig. 9). The underlying void is eventually filled
with the newly grown Cr,0; as evidenced by finer grains in the oxide
formed underneath the buckled layer in Fig. 7a, b. This local re-healing
intensifies Cr-depletion underneath the buckled oxide and promotes
further void formation, oxide growth along the underlying GB and
increases thereby local stresses.

. Voids open and oxidize. Apart from oxide buckling, the stresses in the
oxide scale can be relieved via creep and plastic deformation of the
underlying alloy. Application of external mechanical loads is demon-
strated to exacerbate IGO" through opening the IG voids and letting
them oxidize.

From this perspective, the key trigger of IGO occurring in AM alloys
is poorer adherence of Cr,O; to the alloy substrate compared to CM.
Impairment of adhesion may have various reasons: (i) a different che-
mical composition of the AM alloy batch, namely, lower concentrations
of minor elements with high affinity to oxygen, such as Mn, Ti, Al, Si',
Minor precipitations of SiO, and AL,O; at the scale-alloy interface may
act as anchors and pegs increasing oxide adherence’"”’; (ii) higher con-
centration of interstitial oxygen and nitrogen due to AM process may
have a similar effect reported for carbon and sulfur in FeCrAl-base
alloys™, although this effect seems to be less relevant for Cr,05”; (iii)
higher density of dislocations in the AM material, i.e., the main source of
IG porosity, may also aggravate a supersaturation of vacancies injected at
the oxide metal interface, resulting in poorer adherence and oxide
delamination under compressive stresses”’.

It should be noted though that the exact mechanism of oxide dela-
mination, as well as the effect of AM on adherence of oxide scales thermally
grown on AM high-temperature alloys, is not understood yet and goes far
beyond the scope of the present study. Dedicated experiments tracing the
exact chemical compositions and metallurgical states, e.g, grain size/
orientation, density of dislocations, etc., should be carried out to identify and
clarify these effects. Another important reservation to be made is that the
proposed IGO mechanism applies only to oxidation in air or oxygen. It is
well-known that intergranular attack can occur without any oxide dela-
mination and mechanical ingress of oxygen. IGO may be triggered by more
corrosive species than molecular oxygen such as H,O, CO,, SO,, etc. >,

The effect of Ce on the oxidation behavior of a binary Ni-Cr alloy was
explored through alloying NiCr with Ce as early as in the pioneering work
patented by Pfeil in 1937”. Starting from the late 1960s, the RE effect has

been intensely explored and summarized in numerous fundamental
reviews’'™**®, The RE addition to the alloy can be technically achieved in
different ways. RE can be added during the metallurgical process as a
metallic addition®". The RE can also be added as an oxide dispersion in a
powder metallurgical route, so-called mechanical alloying™. It is also pos-
sible to apply an RE to the alloy surface without alloying via an ion
implantation process or as PVD-coatings, which was demonstrated for
ferritic stainless steels for application as interconnects in solid oxide fuel cell
(SOFC) stacks®**.

In the present work, the 10 nm Ce-coating applied to AM IN625 was
expected to improve the overall oxidation resistance. Four main phenomena
characteristic for the RE effect in Cr,O3 were detected:

L. Reduced growth rate of the chromia scale. The oxide thickness mea-
sured on the flat sections of the scale over the larger alloy grains
indicated a lowering of the oxide scale thickness after the application of
Ce (Fig. 3).

The transport mechanism through the Cr,0O; scale is changed from
predominantly outward Cr transport (without Ce addition) to inward
oxygen transport on the Ce-coated specimens Fig. 7.

The resistance of the scale to buckling is significantly improved.
Reduced growth stresses in the Ce-doped Cr,Os scale (less oxide
rumpling, see Fig. 2) resulting in no ruptures of the underlying metal.

IL

IIL.
Iv.

All four mentioned phenomena may in principle be correlated with the
change in the scale growth mechanism by RE-addition suppressing outward
cation diffusion, as discussed by Quadakkers et al.” based on oxygen tracer
experiments. The latter authors suggested that the change from combined
outward metal/inward oxygen transport to predominantly inward oxygen
diffusion would substantially reduce the growth stresses (thereby reducing
scale buckling), not only by reducing the volume of oxide formed per unit
surface area per second, but also by avoiding formation of new oxide within
the pre-formed scale. In addition, oxide scales grown by inward oxygen
transport were claimed to generate reduced vacancy injection to the oxide/
metal interface, thus explaining the improved scale adhesion.

Interestingly, the application of a Ce coating had a relatively moderate
effect on the oxide growth rate, i.e., a factor of 2 after 24 h and 1.3 after 1000 h
(Fig. 3), whereas Ce ion implantation in a binary model alloy Ni-20Cr*
resulted in a much stronger (a factor of 5-6) reduction of the oxidation rate
during air oxidation at 1000 °C. An even stronger effect of the Ce-coating
amounting to an order of magnitude was found for Cr,0O; growing on a
binary model Fe-18Cr alloy in H,/H,O at 900 °C”. At the same time, Ce-
coatings applied to commercial steels™ also demonstrate a moderate effect
not exceeding a factor of 2. Such a big difference between commercial and
model alloys can be explained by segregation of alloy constituents to the GBs
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Table 1 | Chemical composition of CM and AM alloy IN625
determined by ICP-OES and IR [wt%]

Nb Fe Mn Ti Al Si C
39 08 004 038 028 0.12 0.01

Alloy Ni Cr Mo
AMIN625 Bal. 215 87

of the growing Cr,O5 scale. The APT maps in Fig. 15 demonstrate segre-
gations of literally all elements from the alloy at the sampled GB in the oxide.
Similar APT results were reported for Cr,O3 grown on a Fe-22%Cr steel”.
These segregation of e.g., Ti, Mn, Si, etc. apparently play their own role in
impeding the outward transport of Cr cations along the GBs in the Cr,03
scale. It is thus reasonable to assume that a RE effect based on the segregation
of the RE to the oxide GBs should be stronger on “cleaner” model alloys than
on commercial alloys and steels.

The occurrence of intergranular voids was suppressed by the following
beneficial effects of the Ce-coating: (i) a reduced scaling rate resulted in a
lower Cr flux within the alloy towards the oxide-metal interface (Fig. 5); (ii) a
better oxide adhesion prevented the oxide scale from buckling and deco-
hesion thereby suppressing initiation of the interfacial voids; (Fig. 7c, d); (iii)
reduced ruptures along the GBs in the underlying metal due to lower growth
stresses in the Ce-doped Cr,O;.

Application of Ce did not completely suppress the voids in the AM
specimens (Fig. 6¢, d). Apparently, the subsurface oxidation-induced Kir-
kendall voids are an inevitable intrinsic feature of the AM high-temperature
alloys with the characteristic deficient microstructures. However, an
improvement with respect to IGO can be achieved through a better oxide
adherence (Fig. 1), which prevents the IG voids from oxidation attack by gas
penetration through the cracks in the buckled Cr,Os.

In light of the above findings, the question arises whether RE additions
can be used in AM materials to avoid IGO. The coating approach used here
clearly proves effective, but requires an extra processing step, hence adding
RE to the alloy is a more attractive approach. The challenge when it comes to
RE alloy additions in AM is that RE are high oxygen affinity elements and
their oxides possess very low dissociation pressures. Therefore, powders pre-
alloyed with RE, such as Y, will likely be converted into RE-rich oxides, such
as Y,0; or Y3Al;0;, (YAG), during the AM step””. This is not necessarily
problematic, as RE-oxide additions have proven to also show a beneficial
effect on oxidation: Quadakkers et al.””" used isotope tracers to study the
oxidation mechanism of wrought Ni-25Cr and with MA754 (which
includes Y,Oj; additions). Due to the Y,0; addition (0.5 wt%), MA754 alloy
formed a single-phase Cr,O; scale and exhibited much better oxidation
performance with improved oxide adhesion and slow oxide growth rate. In
fact, besides their beneficial effect on oxidation properties, RE oxide addi-
tions (Y,Os) are used to improve the mechanical properties, especially creep
resistance’””. When it comes to AM-produced alloys, the literature on the
effect of RE additions focuses mostly on improving the mechanical
properties™*. Oxidation studies of such alloys are limited and mainly
carried out on Al,O; forming alloys” . In summary, it is not unreasonable
to expect that RE-oxide additions can effectively mitigate IGO in a similar
way as presented here by a Ce coating. However, this remains unknown at
the moment, and further experimental work is needed to confirm this.

Methods

Materials

Cubes of AM IN625 measuring 15 x 15 x 15 mm’ were additively manu-
factured by Powder Bed Fusion-Laser Beam (PBF-LB) and provided by
Siemens Energy AB (Finspang, Sweden) in the as-received condition. To
analyze the microstructural anisotropy of the obtained AM material, the
AM IN625 cubes were sectioned in 2 directions: parallel (AM-X and AM-Y)
and perpendicular (AM-Z) to the build axis. As no differences between the
longitudinal X and Y cuts were detected, both parallel to the build direction,
hereinafter only AM-Y is compared with the transversal AM-Z cut. The
chemical composition of AM IN625 obtained by ICP-OES is given in Table
1. The alloy coupons of AM IN625 were machined to 15 x 15 x 2 mm’

dimensions. The surfaces were ground with SiC papers and polished down
t0 0.25 um with diamond pastes. A set of mirror-polished coupons was PVD
coated with 10 nm Ce by Alleima AB (Sandviken, Sweden).

Exposures

Discontinuous exposures were performed in tube furnaces (& 44 mm) at
900 °C in stagnant lab air for up to 1000 h. The specimens were degreased in
ethanol and acetone prior to exposure and directly introduced into the hot
zone of the tube furnace. The temperature calibration was performed by an
external Pt/Rh-thermocouple placed next to the specimens. The specimens
were removed from the hot zone of the furnace and cooled down in air for
weighing. The specimens were re-introduced into the hot zone to continue
the exposure after every weighing step. Selected specimens, e.g., 72, 168, and
300 h, were exposed isothermally, i.e., without intermediate cooling. As no
measurable difference between the isothermal and discontinuous mass
change could be detected, oxide spallation was ruled out.

After exposures, the specimens were removed from the hot zone of the
furnace. The mass gain curves were obtained by gravimetric measurements
prior and after the exposures using Mettler Toledo XP6 microbalance with a
1 pg resolution.

Microstructural characterization

EBSD maps were obtained using a Zeiss Ultra 55 field emission gun (FEG)
SEM equipped with an HKL Channel 5 EBSD detector. EBSD maps of the
as-received material can be found in ref. 30. An FEI Quanta 200 SEM
equipped with an Oxford X-Max 80 energy dispersive X-ray spectrometer
(EDS) was employed for pre- and post-exposure analysis. Aztec software
was used to evaluate the EDS data. Cross-sections were made on exposed
samples by the broad-ion beam (BIB) technique using a Leica EM TIC 3X, as
well as by conventional polishing with diamond pastes (0.25 um) and col-
loidal silica (=50 nm) after hot-mounting into conductive mounting resin
Polyfast (Struers, Denmark). The specimens were gold-sputtered and
electroplated with nickel prior to hot-mounting.

Focused ion beam/scanning electron microscopy, FIB/SEM

An FEI Versa 3D combined Focused Ion Beam/SEM (FIB/SEM) work-
station was used to produce cross-section thin foils from the oxide scale and
subjacent metal. In order to protect the oxidized surface during the sub-
sequent ion milling, a thin Pt layer was first deposited with the aid of
electrons on the surface (25 x 5 um?®) and then a thicker Pt layer (with a
thickness of ~2 pm) was deposited on top using Ga-ions. At the initial stages
of the milling, higher ion currents were used, while lower currents were
chosen at the final stages to produce finer surfaces. Lower ion energies (2 and
5kV with ion currents of 49 and 27 nA, respectively) were selected in the
final stages of polishing to minimize the potential artifacts from FIB milling.

Scanning transmission electron microscopy, STEM

Scanning transmission electron microscopy (STEM) was performed using
an FEI Titan 80-300 TEM/STEM equipped with an Oxford Instruments
EDS detector and a FEG to acquire STEM micrographs in High Angle
Annular Dark Field (HAADF) and Bright Field (BF) modes as well as to
obtain EELS.

Atom probe tomography

An FEI Versa 3D dual-beam FIB-SEM workstation was used to prepare
samples for APT. The APT samples were taken from the fine-grain areas
to ensure the analysis of the oxide GBs. The well-established in situ lift-
out specimen preparation of APT tips was employed’®. The atom probe
measurements were performed using a local electrode atom probe
CAMECA LEAP 6000 XR. The instrument was used in laser pulse mode
at 40 K specimen temperature, 0.5-1.0% evaporation rate, and 50 p]
laser energy. Auto pulse frequency control was implemented and set to
guarantee a minimum mass spectrum range of 180 Da. CAMECA APT
Suite 6 reconstruction software was used to analyze the obtained
APT data.
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