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The oxidation resistance of additively manufactured (AM) Ni-base alloy Inconel 625 (IN625) has been evaluated
in air at 900 °C and compared with that of the conventionally manufactured (CM) forged alloy. The AM alloy
suffered from intergranular oxidation (IGO) in contrast to CM. The Cr0j3 scales thermally grown on both CM and
AM were analyzed with SEM/EDX, EBSD, GD-OES, TEM and APT. A new mechanism of IGO in AM alloys is
proposed. Oxide scale decohesion over the alloy grain boundaries is believed to be the key trigger of IGO
originating from minor differences in the alloy compositions (Al, Mn, Si, Ti) between AM and CM, rather than the

1. Introduction

Ni-base superalloys are state-of-the-art structural materials for high-
temperature applications requiring both high creep strength and envi-
ronmental resistance, e.g., in power generation, jet-engine technology,
petrochemical industry, nuclear technologies, heat processing, etc. [1].

Additive manufacturing (AM) of high-temperature alloys has been
booming in the past decade, especially in aeronautics, where AM offers a
significant flexibility of shaping components as well as decreasing ma-
terial waste [2-6]. The wrought Ni-base alloy IN625 is a
well-established, commercially available Ni-base superalloy widely
studied in AM [5]. The creep strength of AM alloy IN625 [7,8] has been
reported to be close to that of the conventionally manufactured (CM)
alloy IN625. At the same time, the oxidation resistance of AM IN625
[9-21] and IN718, a further development of IN625 based on the same
strengthening concept, [22-25] is systematically inferior to that of CM.
The following empirical observations can be summarized based on the
available literature:

I) AM alloys usually oxidize 25-30 % faster than CM.
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II) No oxidation rate anisotropy has been reported.

III) AM Ni-base alloys suffer from intergranular oxidation (IGO)
attack, i.e., internal oxidation of Cr at the alloy grain boundaries
(GBs).

In our previous publications [12,13], AM alloy IN625 was shown to
suffer from IGO attack in agreement with literature [9-11,14,16-19,21].
Changing the alloy microstructure via homogenization heat-treatments
and/or hot-rolling to recrystallize the alloy did not affect the oxide
scale morphology [12]. IGO was thus believed to originate from minor
differences in chemical composition between the tested batches of AM
and CM within the specification, i.e., the Si content in AM was a factor of
3 lower compared to that in CM [13]. At the same time, the exact role of
the missing Si in the IGO of AM alloy IN625 remained rather vague,
while the mechanism and triggers of IGO in AM Ni-base alloys are still
lively discussed in the literature [9-11,22,23]. It is still unclear where
exactly IGO is initiated: the CryO3 scale, the underlying AM metal, the
oxide-metal interface, alloy grain boundaries (GBs), IG voids, etc.
Furthermore, a study involving an AM and a CM alloy with as identical
chemical compositions as practically possible (composition may change
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during the AM process) would be the best way to prove the
batch-to-batch variation hypothesis.

In the present work, a special emphasis was put on a comprehensive
microstructural characterization of the thermally grown CrO3 scale to
better understand the origin of the differences in oxidation behavior
between AM and CM alloy IN625, elucidate the mechanism of IGO in AM
Ni-base alloys and suggest potential mitigation strategies against IGO in
AM high-temperature metallic materials. The AM IN625 alloy batch
studied in [12,13] was compared with the CM IN625 alloy batch from
[26] in air oxidation exposures performed for up to 1000 h at 900 °C.
The oxide scales were characterized with scanning electron microscopy
(SEM), energy dispersive X-ray analysis (EDX), electron backscatter
diffraction (EBSD), transmission electron microscopy (TEM) and atom
probe tomography (APT).

2. Experimental
2.1. Materials

Cubes of AM IN625 measuring 15 x 15 x 15 mm® were manufac-
tured by Powder Bed Fusion — Laser Beam (PBF-LB) and provided by
Siemens Energy AB (Finspéng, Sweden) in the as-built condition. To
analyze the microstructural anisotropy of the obtained AM material, the
AM IN625 cubes were sectioned in two directions: parallel (AM-Y) and
perpendicular (AM-Z) to the build axis. In our previous work [12], it was
shown that no significant differences between the longitudinal X and Y
cuts were detected, both parallel to the build direction, hence, herein-
after only AM-Y is compared vs. the transversal AM-Z cut. EBSD inverse
pole figure (IPF) maps in Fig. 1a,b show that non-equiaxed columnar
grains were formed in AM IN625 as a result of rapid solidification. The
elongated grains are aligned along the build axes with an average width
of 30 um (Fig. 1a).

The CM alloy IN625 was a forged bar supplied by Huntington Alloy
Corp (New York, USA). The same CM alloy batch was studied in [26].
The CM IN625 consists of equiaxed grains with the average grain size of
12 pm (Fig. 1¢). The chemical compositions of AM and CM IN625 ob-
tained by inductively coupled plasma optical emission spectrometry
(ICP-OES) and, for carbon, infrared combustion (IR) spectrometry are
given in Table 1.
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The alloy coupons of AM IN625 were machined to 15 x 15 x 2 mm?>
dimensions. 1 AM IN625 cube was hot-rolled by HMW Hauner GmbH
(Rottenbach, Germany). The as-built AM alloy cube was heated to 980
°C and rolled to a 2.5 mm thick sheet. Hot-rolling the AM material
resulted in a finer and more equiaxed grain structure (Fig. 1d). The
average grain size in AM-HR was 23 pym. The alloy coupons of AM IN625
were machined either to 15 x 15 x 2 mm® for furnace exposures or
20 x 10 x 2 mm? for experiments in a thermobalance. The surfaces were
ground with SiC papers and polished to 0.25 pm with diamond pastes.

2.2. Thermobalance exposures

The in-situ oxidation kinetics measurements were isothermally per-
formed with a SETARAM thermobalance in flowing synthetic air for up
to 72 h at 900 °C. The heating rate was 90 K min~* and the cooling rate

was 10 K min~'. The gas flow in the system was 2Lh™* or 0.2 cm s~ .

2.3. Long-term air exposures

Discontinuous exposures were performed in tube furnaces (¢ 44 mm)
at 900 °C in lab air in an open quartz tube without forced flow for up to
1000 h. The temperature calibration was performed by an external Pt/
Rh-thermocouple placed next to the specimens. The specimens were
degreased in ethanol and acetone prior to exposure and directly intro-
duced into the hot zone of the tube furnace. After a certain exposure
time, the specimens were removed from the hot zone of the furnace and
cooled down in air. After weighing, the alloy coupons were reintroduced
into the hot zone of the furnace. All exposures were repeated two times
to assure reproducibility. The mass gain curves were obtained by
gravimetric measurements prior and after the exposures using Mettler
Toledo XP6 microbalance with a 1 pg resolution.

2.4. Electron microscopy

Electron backscatter diffraction (EBSD) maps were obtained on the
oxidized specimens using a Zeiss Merlin scanning electron microscope
(SEM) equipped with a mounted Nordlys Elec- tron backscattered
diffraction (EBSD) system (Oxford Instruments, UK). An FEI Quanta 200
SEM equipped with an Oxford X-max 80 energy dispersive X-ray (EDX)

001 101

Fig. 1. EBSD inverse pole figure maps of as-built (a) AM-Y, (b) AM-Z, (c) conventionally manufactured CM, and (d) hot-rolled AM-HR alloy IN 625.
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Table 1
Chemical composition of CM and AM alloy IN625 determined by ICP-OES and IR [wt%].
Alloy Ni Cr Mo Nb Fe Mn Ti Al Si C
CM IN625 Bal. 21.6 8.9 3.5 3.6 0.11 0.33 0.32 0.27 0.02
AM IN625 Bal. 21.5 8.7 3.9 0.8 0.04 0.38 0.28 0.12 0.01

spectrometer 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 conventional mechanical polishing with dia-
mond pastes (to 0.25um) and colloidal silica (= 50 nm) after hot
mounting into a conductive mounting resin PolyFast (Struers,
Denmark). The specimens were gold sputtered and electroplated with
nickel prior to hot mounting.

2.5. GD-OES

GD-OES (Glow Discharge Optical Emission Spectrometry) concen-
tration profiles were obtained using a Horiba Jobin Yvon spectrometer
(Palaiseau, France). The GD-OES depth profiles were quantified
following the procedure described in [27-29].

2.6. Focused ion beam/scanning electron microscopy, FIB/SEM

An FEI Versa 3D combined Focused Ion Beam/SEM (FIB/SEM)
workstation was used to produce cross-section thin-foils from the oxide
scale and subjacent metal. In order to protect the oxidized surface during
the subsequent ion milling, a thin Pt layer (25 x 5 pm?) was first
deposited on the surface using Electron-Beam Induced Deposition
(EBID) from a Pt-containing precursor gas. Then a thicker Pt layer (with
a thickness of ~2 pm) was deposited on top using Ga lon-Beam Induced
Deposition (29]). At the initial stages of the milling, higher ion currents
were used, while lower currents were chosen at the final stages to pro-
duce finer milled surfaces. Lower ion energies (2 and 5 kV with ion
currents of 49 and 27 nA, respectively) were selected in the final stages
of polishing to minimize the potential artefacts from FIB milling.

2.7. 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 EDX detector and a Field Emission Gun (FEG) to acquire
STEM micrographs in High Angle Annular Dark Field (HAADF) and
Bright Field (BF) modes, as well as to obtain chemical composition and
EDX concentration maps.

2.8. Atom probe tomography, APT

The FEI Versa 3D dual-beam FIB-SEM workstation was also used to
prepare samples for atom probe tomography (APT). A well-established
in situ lift-out specimen preparation was employed as in [30]. 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
pJ laser pulse 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.

3. Results
3.1. Thermogravimetry, TG

Fig. 2 shows the in-situ recorded oxygen uptake by alloy IN625: as-
printed AM (Y- and Z-cuts), AM alloy after hot-rolling and CM alloy
during exposure in synthetic air at 900 °C. All AM variants of the alloy
demonstrated a higher oxidation rate compared to CM. The oxidation
kinetics for CM is parabolic and agrees well with the literature TG data
for alloy IN625 [15,31]. The parabolic rate constants in terms of oxide
thickness assuming an exclusive formation of CryOs were calculated
from the curves in Fig. 2 and summarized in Table 2.

The AM alloys demonstrated a weak oxidation rate anisotropy, i.e.,
the mass change recorded for the Z-cut specimen was slightly higher
than that for the Y-cut specimen. The oxidation rate for the hot-rolled
specimen (AM-HR) was even higher than those of AM-Y and AM-Z. A
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Fig. 2. In-situ weight change of AM-Y and AM-Z, and hot-rolled AM-HR, together with CM alloy IN625, exposed for 72 h in synthetic air at 900 °C in a

thermobalance.
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Table 2
Kinetic parameters of oxidation and Cr depletion in CM and AM alloy IN625 during air oxidation at 900 °C: experimental parabolic rate constants and calculated
interdiffusion coefficient of Cr in the alloy.

Experimental values Wagnerian calculation
k2% [m?s1] k2% m%s ] Do [m?*7]
Thermogravimetry Microscopy
short-term long-term long-term up to 1000 h
upto72h up to 1000 h
cM 9.1x 1078 5.0 x 10718 5.5 x 10718 5.5 x 10718 2.5 x 10710
AM-Y 1.9 x 10777 9.6 x 10718 4.1 %1078 1.0 x 1077 4.7 x 10710
AM-Z 2.1 x 107" 9.9 x 1077 4.4 x 10718 1.0 x 10717 4.7 x 10716
AM-HR 2.7 x 107V 1.1 x 1077 5.5 x 10718 1.0 x 1077 4.7 x 10710
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Fig. 3. Weight change of AM-Y and AM-Z , hot-rolled AM and CM alloy IN625 during discontinuous long-term air exposure at 900 °C. The lines are cubic fit curves
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Fig. 4. SEM BSE images illustrating the temporal evolution of oxide scales on AM, hot-rolled AM and CM alloy IN625 after 24 h, 72 h, and 168 h air exposure at
900 °C.
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clear correlation between the GB density and the oxidation rate can be
concluded from the TG-curves, i.e., the higher the GB density (AM-HR >
AM-Z > AM-Y, see Fig. 1), the higher the oxidation rate. The same effect
of grain size on the oxidation rate of these alloys was found during ex-
posures in Ar-Hp-H50 gas mixture at 900 °C [12].

Fig. 3 demonstrates the long-term oxidation kinetics measured for
AM-Y, AM-Z, AM-HR and CM during a discontinuous air exposure at 900
°C for up to 1000 h. The AM alloy specimens, as well as AM-HR, oxidize
faster than CM in agreement with the TG-curves in Fig. 2. Unlike the
short-term in-situ measurements in Fig. 2, the oxidation kinetics over
1000 h are sub-parabolic and can be well approximated, e.g., with a
cubic time law demonstrating that the oxidation rate gradually de-
creases with time.

No significant differences were found between the transversal (AM-
7) and the longitudinal (AM-Y) sections of the AM specimen. Hot-rolling
had a minimal effect on the overall long-term oxidation kinetics. The
discontinuous long-term air exposure was unable to resolve the grain
size effect on the oxidation rate as in Fig. 2 or in [12] presumably due to
some oxide spallation during exposure interruptions for weighing and
limited Cr-evaporation in air containing ambient humidity.

3.2. Oxide scale morphology

Fig. 4 illustrates the temporal evolution of the oxide scale mor-
phologies on AM-Y, AM-Z, AM-HR and CM alloy IN625. The interme-
tallic phase 8-NigNb is precipitated at the oxide metal interface in all
specimens, which is a common feature for alloy IN625 [26]. The AM
alloy specimens develop a distinctive oxide scale morphology upon
oxidation, as reported in our previous publications [12,13] as well as in
literature [9-11,16,17].

The Cr,03 scale grown on AM IN625 is prone to buckling. This occurs
primarily above the alloy GBs and is already observable after 24 h. A
hollow void forms underneath the buckled oxide. After longer oxidation
times, the void is filled with newly grown CryOs and appears as a
compact ridge in the cross-section after longer exposure times. The oxide
ridge is accompanied by a network of elongated intergranular voids
along the alloy GBs. After even longer oxidation times, these voids are
often filled with Cry03 and Al,O3 [12]. The voids were differentiated
from internal CryO3 via cross-checking BSE with SE images (not shown
here) and EDX maps.

The hot-rolled AM alloy specimens demonstrated virtually the same
oxide scale morphology as the as-printed AM material, i.e., the buckled

_ Ni-plating

H .'.) ,‘ b \.‘.'. 2 \’_ 4_" ,
(O Tl
AGO :

§-dissolution zone
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Cry03 scale is accompanied by subscale porosity. The pattern of this
porosity differed from AM-Y and AM-Z due to a smaller grain size, e.g.,
the IG voids do not appear elongated in AM-HR. At the same time, the
void depth is similar to that in AM-Y and AM-Z while the voids in the
outer part, close to the oxide-metal interface, are filled with oxide
already after 168 h of oxidation.

Finally, the CM specimens reveal a totally different oxidation pattern
compared to the AM specimens. The external CroO3 scale appears
corrugated, i.e., growing under compressive stresses. However, no signs
of a massive oxide decohesion as in the AM specimens have been
detected in any CM specimens up to 1000 h. Sporadic oxide decohesion
was observed only after 24 h (see the CM column in Fig. 4), which did
not develop further into oxide ridges after longer exposure. The CM alloy
IN625 demonstrated a characteristic oxide scale morphology revealing
all well-documented phenomena such as:

i) dissolution of 8-NigNb and its re-precipitation at the oxide-metal

interface

ii) dissolution of MgC carbide (not present in the microstructure of
AM due to the lower C content, see Table 1)

iii) coarsening of the alloy grains in the subsurface precipitate-free
zone

iv) internal precipitation of Al;O3 at the alloy GBs underneath the
Cry03 scale

The SEM back-scattered electron (BSE) images in Fig. 5 show the
oxide scales grown on the CM (Fig. 5a), AM (Fig. 5b,d) and hot-rolled
AM (Fig. 5¢) specimens after 1000 h air oxidation at 900 °C. After this
exposure, the CrpO3 scale grown on the CM specimen is morphologically
very similar to the scales observed at shorter exposure times (Fig. 4). On
the AM alloy specimens, thick and pronounced oxide ridges can be seen
above the GBs in the alloy (Fig. 5b,d). Apart from the elongated voids at
the metal GBs, spherical voids are present within the grains in the
oxidation affected zone. The voids tend to condense mainly at the GBs
albeit several in-grain voids can be seen in the hot-rolled specimen.
Additionally, the oxide ridges formed on AM-HR merge into a contin-
uous layer of Cry0O3 that appears thicker in the BSE images compared to
the AM-Y and AM-Z specimens due to a higher GB density in hot-rolled
AM. An unwrinkled section of the Cro0j3 scale can be seen in the right-
hand part of Fig. Sc.

EBSD maps in Fig. 6 illustrate the grain structure of the Cr,O3 scales
shown in Fig. 5. On all four alloy specimens, the CryO3 scales reveal a

AM-HR 10 um

1G voids
AM-Y —

Fig. 5. SEM BSE images of oxide scales grown after 1000 h air exposure of (a) CM, (b,d) AM and (c) hot-rolled AM alloy IN625 at 900°C.
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Fig. 7. Kernel misorientation maps of oxide scales grown after 1000 h air exposure of (a) CM, (b,d) AM and (c) hot-rolled AM alloy IN625 at 900 °C.

grain size distribution typical for air grown CryOs, i.e., smaller Cr,O3
grains are visible at the oxide-metal interface while the larger CryO3
grains are in the outer part of the scale.

In the AM specimens (Fig. 6b-d), small grains of the newly formed
Cry03 are present at the base of the oxide ridges in the immediate vi-
cinity of the oxide-metal interface and the corresponding GBs.

Kernel average misorientation (KAM) maps presented in Fig. 7 allow
to qualitatively estimate dislocation densities in CM and AM IN625
specimens after 1000 h of air exposure at 900 °C. An increased KAM
value (light green signals on the dark blue background) is indicative of a
locally increased dislocation density. In CM, the KAM values are
increased only in the internal oxidation zone of Al, i.e., at the alloy GBs
where Al,O3 precipitated. The AM specimens reveal an extensive
network of lattice misorientations in the entire material, which is
common for AM alloys [32]. Interestingly, hot-rolling and the following

recrystallization did not completely remove lattice misorientation in the
alloy (see Fig. 7¢).

Fig. 8 shows EDX elemental maps for AM, AM-HR and CM alloy
IN625. The EDX maps of Nb and Mo illustrate the dissolution/re-
precipitation process of the 3-NisNb phase in all versions of alloy
IN625. The elongated voids underneath the oxide scale in the AM
specimens contain oxides, both Cr and Al being present in the voids. In
other words, the AM alloy specimens suffered from IGO.

3.3. Transport parameters

Fig. 9 displays the kinetics of the CroO3 scale growth in terms of oxide
thickness for AM, AM-HR and CM alloy IN625 during air oxidation for
up to 1000 h at 900 °C. The thickness of the smooth, unwrinkled scales
was measured in the SEM BSE images. The oxide thickness growth
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Fig. 8. EDX maps of oxide scales grown after 1000 h air exposure of AM, hot-rolled AM, and CM alloy IN625 at 900°C.

2

kinetics is parabolic, kg’203 =5.5 x 1078 m%s~!, and matches well the

parabolic constant available in literature, kg’203 =8x10" ¥ m% 1 [26].
The parabolic constants were calculated using the following expression:

XZ

20, = 2 M

here Xcr,0, is oxide thickness in m, t is exposure time in s.

Remarkably, the growth rate of the unwrinkled CrpO3 scale is not
sensitive to the metallurgical state of the alloy, i.e., AM, AM-HR or CM.

Fig. 10 shows Cr depth concentration profiles measured with SEM
EDX in CM, AM and AM-HR alloy IN625. The experimental measure-
ments (symbols) are compared with the calculated Cr-profiles (lines)
computed using the Wagnerian depletion model [33] as described e.g. in
[34].

According to the classical selective oxidation model [33], the para-

. . . . . ~alloy .
bolic rate constant k§’203 and Cr interdiffusion coefficient DaC,OY (in
m?2s™1) are related to the Cr depletion at the oxide metal interface, i.e.,
the difference between the initial Cr concentration in the alloy,C% in

wt%, and the time-independent Cr-interface concertation, c‘g; in wt%,

by the following expression:

Mg, 100 [k @
Malluy PBR 2521:03’

ulk int __
Clé‘r _CCr -

here Mc, = 52.0 molar mass of Cr, My, = 57.1 averaged molar mass of
the alloy, PBR is Pilling-Bedworth ratio, i.e., the ratio of the formed
oxide molar volume to the consumed metal molar volume. For Cry03/
Cr, PBR = 2.1.

The experimental values of k§r203 calculated with Eq. (1) as well as

the calculated Eacl,luy values using Eq. (2), are summarized in Table 2. An
averaged kg’203 value of 1.0 x 1077 determined from the long-term
experiment was used for the Wagnerian calculation.

For CM alloy IN625 (Fig. 10a), the measured Cr depletion profiles are
in very good agreement with the calculation, as well as with the previ-
ously published data [26]. The parabolic constant k, employed in the
calculation is identical to the experimental fit parameter in Fig. 9. The
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Fig. 9. Temporal evolution of smooth CryO3 scale thickness on flat surface
areas of AM, hot-rolled AM and CM alloy IN625 exposed in air at 900°C. Line

denotes parabolic fit with k§'203: 5.5x 10718 m? s

interface Cr concentration in CM is 15 + 0.3 wt%, as reported for this
alloy batch exposed in air at 900 °C [26].

Remarkably, the interface Cr concentration in the AM specimens is
also close to 15 wt% (Fig. 10b) despite the higher oxygen uptake (see
Fig. 2 and Fig. 3) and, thus, a higher Cr consumption rate. This may
indicate faster Cr diffusion in the AM alloy compensating for the
enhanced Cr removal from the alloy. Indeed, the Cr depletion depth after
1000 h oxidation at 900 °C in CM (Fig. 10a) is 80 pm while that for AM
increased to 140 pm (Fig. 10b). This acceleration of both Cr consump-
tion and supply is reflected in both respective kinetic parameters, k, and

bﬁﬁ”, increased by a factor of 2 (see Table 2).The Cr-depletion profiles in
the AM alloy are very similar for both the longitudinal (Y-cut) and
transversal (Z-cut) sections, i.e., no anisotropy of Cr diffusion was
detected.

Finally, the measured Cr depletion profiles in AM-HR (Fig. 10c) were
in good agreement with the profiles calculated for AM Y and Z cuts
implying that hot-rolling and, hence, the grain size in the AM alloys
studied had a limited effect on the overall Cr transport. In other words,
the experimental Cr depletion profiles in the hot-rolled AM alloy were
well fitted with the kinetic parameters for AM.

Fig. 11 presents the temporal evolution of the void depth in AM and
AM-HR alloy IN625 during air oxidation at 900 °C. The void propagation
kinetics is diffusion-controlled and parabolic, the parabolic rate being

k;"id =3.5 x 107 1® m%~1, which is close to the Cr interdiffusion coef-
ficient in IN625 (Table 2).

3.4. Minor elements

Fig. 12 presents GD-OES profiles of the minor alloying elements with
a high affinity to oxygen, i.e., Al, Si, Mn and Ti. These elements are
commonly found in high-temperature alloys for melt deoxidation and
impurity (e.g. S, N) gettering purpose and have different explicit effects
on oxidation behavior of NiCr-base alloys [35].

The Al profiles (Fig. 12a) demonstrate an enrichment zone beneath
the Cro0O3 scale, which is well correlated with the internal oxidation
zone of Al (Fig. 8). AlyOs is precipitated at the GBs in CM and in the
subsurface voids in the AM specimens. In contrast to the profiles of Si,
Mn and Ti, the Al profile shape is sensitive to the alloy microstructure,
primarily the grain size indicated by the difference between AM-HR and
the two samples AM-Y and AM-Z.

The Si depth profiles (Fig. 12b) of all AM specimens are uniform,
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suggesting that no precipitation of SiO5 occurs at the alloy GBs. The most
striking difference between AM and CM is a distinct Si peak underneath
the Cry03 scale and the overall higher Si content in CM, as previously
discussed [13].

The concentration profiles of Mn (Fig. 12¢) demonstrate a contin-
uous depletion of this element from the alloy and its incorporation into
the Cry0O3 scale. The highest Mn concentrations are measured at the
outer gas-oxide interface. The Mn enrichment in the oxide is more
pronounced for CM which has a factor of 2-3 more Mn in the alloy
compared to the AM variant (Table 1).

The Ti concentration profiles (Fig. 12d) show that Ti also penetrates
the Cry03 scale and enriches at the upper (gas-oxide) and lower (oxide-
metal) interfaces of the scale. The Ti enrichment in the CryO3 scale is
stronger in CM compared to the AM specimens, although the Ti content
in both alloys is similar (Table 1). Except for Si, the profiles of the minor
elements in CM and AM have very similar shapes.

3.5. Transmission electron microscopy and atom probe tomography, TEM
and APT

Fig. 13 displays BF and HAADF TEM images of the CryOs scale
thermally grown on AM-Y after 24 h in air at 900 °C. The oxide scale is
1.2 + 0.3 pm thick. The average grain size of Cry0s3 in the outer part of
the scale is approximately 300 nm, decreasing to tens of nm towards the
bottom of the scale. The scale contains small (10-30 nm) bright in-
clusions in its middle part, down to the metal-oxide interface.

Fig. 14 shows BF and HAADF TEM images of the CryO3 scale grown
on CM after 24 h in air at 900 °C. The Cr,03 scale on CM is micro-
structurally very similar to that on the AM specimen (Fig. 13), with the
same thickness. Larger grains (200-300 nm) are visible in the outer part
of the scale, while smaller ones (50-100 nm) are found in the vicinity of
the oxide-metal interface. Again, small bright particles are seen in the
HAADF image. Some pores can be found (dark in HAADF) inside the
scale, especially at the metal/oxide interface, where a linkage of pores
can be observed.

A summary of the APT results for chromia, with the tip direction
parallel to the oxide/metal interface, obtained on AM-Y and CM after
1000 h at 900 °C, is presented in Fig. 15 and Fig. 16, respectively. The
two oxide scales differ locally in grain size: multiple grains and GBs are
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visible for the AM scale, while a single GB is crossed in the APT run of the
CM oxide. This matches the findings shown by the EBSD mapping above
(Fig. 6). GBs are highlighted by substantial segregation of elements, as
demonstrated by the 1D concentration profiles plotted in Fig. 15b and
Fig. 16b. Ti is the main segregating element and can reach concentra-
tions of 8-10 at% at the GBs. Other segregating elements are Nb, Si and
Al. The chemistry of GBs found in AM and CM scales is close to identical.
Ni is not found at the GBs, but it forms Ni-rich particles distributed
throughout the oxide matrix in the AM chromia (Fig. 13). A weak ten-
dency for the same phenomenon is visible in the CM case, where Mn-rich
particles are predominantly found instead. As shown by GD-OES, the Mn
concentration in the oxide is higher in CM. The APT data show that Mn is
repelled from the GB-zone and enriches in the regions distant from it,
where substantial presence of small Mn-rich precipitates is present.
Another element displaying an interesting segregation pattern is Al.
Similarly to Mn, Al enriches preferentially in certain regions of the oxide
matrix. The Al-rich and Mn-rich zones do not overlap in the CM oxide.
The differences in oxide matrix composition between AM and CM has
presumably a kinetic nature [36,37]. Once a CryOj3 grain is nucleated, it
sporadically encloses a certain amount of the accompanying minor el-
ements from the alloy such as Mn and Al. At 900 °C, bulk diffusion in
Cry03 is too slow to homogenize the concentration gradients of these
elements between different grains, which is the most plausible expla-
nation of the elemental distribution in the studied chromia scales. The
chemical differences within one oxide grain are fascinating and deserve
further studies which are outside the scope of this paper.

Fig. 17 illustrates the sampling and APT reconstructions from a single
needle specimen extracted at the oxide-metal interface in the CM IN625
specimen exposed in air for 1000 h at 900 °C. Fig. 17 (a) shows the
position from which the needle specimen depicted in Fig. 17 (b) was
extracted. Fig. 17 (b) displays images from intermediate steps in the
annular milling clearly showing the different phases (oxide-metal-
oxide). A 10 nm slice of the reconstruction from the measurement of
phase boundary I (PB I) displaying O and Ni ions is shown in Fig. 17 (c).
In addition, 2 nm slices viewed perpendicular to the oxide-metal inter-
face are displayed, which show that an approximately 20 nm thick layer
in the oxide at the interface is enriched in Ti and Al. The same specimen
was re-sharpened after the first APT measurement. Fig. 17 (d) shows the
reconstruction of the second measurement capturing the interface in the
opposite sequence (PB II), i.e., from the metal into the oxide. The con-
centration profiles in Fig. 17 (e), (f) and (g), (h) are from the re-
constructions in Fig. 17 (c) and (d), respectively. Both cases exhibit an
approximately 20 nm thick layer of oxide that contains ~ 2 at% Ti and
~1 at% Al The fact that the Ti- and Al-rich layer is shown in both cases,
i.e., the oxide-to-metal and metal-to-oxide sequence, rules out APT
related artifacts that can affect measurements when the analysis direc-
tion is from the oxide into the metal [38,39]. This segregation of Ti and
Al at the oxide-metal interface is also observed on the microlevel in the
GD-OES profiles (Fig. 12). Remarkably, Si was not detected immediately
at the oxide-metal interface (compare e.g. with Fig. 12b) suggesting that
SiOs is presumably precipitated as individual precipitates as reported for
a Crp03 forming model alloy FeCr(NbTiSi) [36].

In Fig. 17 (e) and (f), it is shown that this layer additionally has a
gradient in Cr and O concentration, indicating the presence of a phase
other than chromia at the oxide-metal interface before reaching the
constant Cr: O ratio (right hand side in Fig. 17 (e)). The underestimation
of O in chromia (~ 52 at% instead of the nominal 60 at%) it has been
reported recently [40], hence we are confident that despite the lower
apparent O concentration the oxide is chromia CryOs3.

4. Discussion
4.1. Oxidation kinetics

The oxidation kinetics of alloy IN625 in air at 900 °C are well
documented in literature [12,15,16,26,31,41]: both for CM [15,26,31,
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Fig. 13. HAADF (a) and BF (b) TEM images of the oxide scale grown on AM-Y after 24 h exposure in air at 900 °C.

41] and more recently for AM [12,15,16,26,31]. Some of the [12,16,26,41]. The k§’203 values calculated in terms of oxide thickness in
afore-mentioned studies report in-situ TG-curves [15,26], while most 2.-1

m*“s™" using Eq. (1) are summarized in Table 3. Only data for oxidation
studies present discontinuous or isothermal long-term oxidation data of CM alloy IN625 in dry air at 900 °C were considered. The
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Fig. 14. HAADF (a) and BF (b) TEM images of the oxide scale grown on CM after 24 h exposure in air at 900 °C.
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site, (c) and (d) APT reconstructions, (e,f) and (g,h) element concentration profiles across the interface.

experimental kgfzcs values obtained in the present study agree very well derived from long-term exposures. Furthermore, the short-term data are
with those reported in literature. It is remarkable that the k2% values mu‘c}? betFer fitted “.”th t he p,a ral?ollc time law thar} the long tern'l d?ta‘
. . P This implies that oxidation kinetics of alloy IN625 is sub-parabolic, i.e.,
for the short-term in-situ experiments, both ours and the literature data, . . s .
. . it tends to decelerate after longer exposure times. Sub-parabolic kinetics
are systematically higher by a factor of 1.5 than the rate constants
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Table 3

Comparison of experimentally determined values of parabolic rate constant
k§'2°3 for oxidation of CM alloy IN625 in air at 900°C with the data available in
literature differentiating in-situ exposures in thermobalance and long-term
furnace experiments. The k§'203 values were calculated in terms of oxide
thickness using Eq. (1).

Short-term experiments in Long-term furnace exposures

thermobalance

Source kgfzoﬁ [m%s 1] Source kg’2°3 [m%s 1]

this work 9.1x107'® this work 5.0 x 107'®

Ramenatte et al. 7.2 x 10718 Duthoit et al. [41] 5.5 x 10718
[15]

Contri et al. [31] 7.3 x 10718 Pineda-Arriaga et al. 5.4 x 10718

[16]

are more common for a-AlOs-scales in which transport is limited by
inward diffusion of oxygen via oxide GBs. As the Al,O3 grains in the
bottom part of the oxide scale continue to grow, the GB density de-
creases leading to a deceleration of oxide growth as demonstrated in
[42]. A similar microstructural pattern was observed in the CryO3
thermally grown on alloy IN625 (Fig. 6, Fig. 13, Fig. 14), which is
further discussed in the next section.

Interpretation of the directly measured kg’203 values for the AM
specimens (see Table 2) is difficult. First, the k§r203 values are higher by a

factor of 2 than kg’zof‘ for CM, both short-term and long-term, due to
intergranular oxidation. A mass-balance calculation in [12] showed that
the oxygen uptake by IGO, i.e., oxide ridges and oxide in the voids, may
amount to 50 %, which implies a factor 2 increase of the gravimetric
k§'203 and agrees well with the experimental values (Table 2). However,
it is impossible to single out these IGO contributions based only on the
TG data.

4.2. Cry03 scales

The oxidation behaviour of alloy IN625 at 700-1000 °C is well-
studied highlighting the oxidation kinetics [26,43,44], the
oxidation-driven phase transformations [26,45], as well as the transition
to unprotective behaviour, i.e. formation of NiO [43,44,46]. At the same
time, there is hardly any high-resolution microstructural analysis of the
Cry0s3 scales thermally grown on IN625.

The oxide grain size distribution in the CryO3 scales grown on all
alloy IN625 specimens in this study, i.e., CM, AM or AM-HR, is sys-
tematically reproduced irrespective of the substrate microstructure. The
grain size increases towards the outer gas-oxide interface (Fig. 6, Fig. 13,
Fig. 14). Such microstructures of the Cr,O3 scales, reported mainly for
NiCr-base binary model alloys [47,48], are typical for CryOs scales
grown in high-pO5 environments and indicate outward growth by Cr
cation transport over the oxide GBs. It is evident that neither alloy
microstructure (large grains in AM vs. small grains in CM and AM-HR)
nor the manufacturing route (AM vs. CM) affect the oxide grain size
distribution pattern in the thermally grown CryOg3 scales on IN625.

The chemistry of the GBs in these CrpOj3 scales is fascinating in its
complexity. As can be seen in the APT reconstructions in Fig. 15, Fig. 16,
Fig. 17, virtually all elements from the alloy segregate to the GBs of
Cry03. Especially strong is the segregation of Ti detected within the
Cry03 scale, as well as at the oxide-metal interface. Such a strong
segregation of Ti in the Cry0j3 scales has been reported for Cr,O3 grown
on ferritic steels [36,37,49] and a y-NiCrAl-base alloy [50]. Other ele-
ments with a high affinity to oxygen, such as Al, Si, Mn also tend to
segregate to the GBs of CryO3. At the same time, no significant difference
in measurable segregations of the alloy constituents to the GBs of Crp,O3
can be established between CM and AM. In other words, neither AM

13
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manufacturing nor minor differences in alloy compositions had a sig-
nificant effect on the GB chemistry of the thermally grown CroO3 on
alloy IN625, which is essential for the growth mechanism and growth
rate of the Crp0j3 layer (apart from areas with ridges) and is reflected in
the metallographically measured oxide scaling kinetics (see Fig. 9).

To summarize, the microstructural analyses in this study clearly
demonstrate that the Cry03 scales thermally grown on both AM and CM
alloy IN625 are chemically (bulk and segregations to the GBs), micro-
structurally (grain size distribution in the scale) and kinetically (growth
rate) virtually identical. Therefore, the trigger of IGO, as well as the
origin of the difference in oxidation behavior between CM and AM,
should be sought elsewhere.

4.3. Cr diffusion in AM

The Cr depletion profiles in Fig. 10 revealed the following important
observations: i) no Cr diffusion anisotropy, i.e., no measurable differ-
ence between AM-Z and AM-Y; ii) hot-rolling did not significantly affect
Cr diffusion (no difference between AM and AM-HR); iii) Cr diffusion is

accelerated in AM (1321” higher by a factor of 2 compared to 52:4); iv) the
measured Cr profiles systematically depart from the calculated ones in
all AM specimens after longer exposure times indicating a faster Cr
supply to the oxide-metal interface.

Additively manufactured metallic materials are well-known to
develop a dense network of dislocations in the alloy microstructure [6,
51-53] due to high cooling rates, large thermal gradients and a
complicated thermal history during printing. Dislocations in metals
provide a short-circuit diffusion path known as dislocation pipe diffu-
sion [54,55]. It is therefore not surprising that Cr diffusion accelerates in
the AM versions of alloy IN625. Improved oxidation resistance via faster
Al diffusion was observed e.g. for AM NiCrAl-base alloy 699XA [56]. At
the same time, the literature on diffusion in AM alloys is rather scarce.
Only a few studies report Cr depletion profiles in AM Ni-base alloys [57,
58] and AISI 316 L [59,60]. Flatter Cr profiles in AM alloys compared to
CM and, hence, a faster transport of Cr, are generally reported. An
overall acceleration by a factor of 2 can be estimated based on the re-
ported Cr depletion profiles [52-55], which agrees well with the find-
ings in the present study (Table 1).

Interestingly, hot-rolling of the AM alloy had a limited effect on the
Cr depletion pattern, i.e., the Cr interface concentration (15 wt%), as
well as the Cr depletion depth (140 pm after 1000 h at 900 °C) are very
close to the corresponding values in AM (compare b and c in Fig. 10). A
negligible difference between the Cr depletion profiles in AM and AM-
HR may indicate a relatively small contribution of GB diffusion in the
AM alloy IN625 at 900 °C as Cr diffusion is presumably dominated by
dislocation pipe diffusion in the entire bulk of the AM material. The
KAM maps in Fig. 7 show that hot-rolling partially reduced the mis-
orientations but did not eliminate high dislocation density in the rolled
AM alloy. This observation needs further research to elucidate the
diffusion mechanism in AM Ni-base alloys and properly quantify the
lattice, GB and dislocation contributions. For instance, the GB contri-
bution to Cr diffusion in IN625 is reported to be significant in the CM
alloy even at 1000 °C [61].

Enhanced Cr diffusion in the AM alloy may have various conse-
quences for the oxidation resistance of the material. Accelerated Cr
diffusion generally implies an improved Cr supply to the oxide-metal
interface and better resistance to breakaway oxidation and is often
intentionally stimulated by cold-work [62] of the surface to promote
protective oxidation [62,63]. On the other hand, higher Cr fluxes
through the dislocation network will produce a larger flow mismatch for
diffusion of Cr and counter-diffusion of Ni [64,65] resulting in more
intense Kirkendall porosity in the Cr depletion-affected zone. The latter
is observed in the present study (Fig. 4 and Fig. 11) and in the literature.
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Fig. 18. Schematic illustrating the evolution of intergranular oxidation (IGO) attack during oxidation of AM alloy IN625: a) Stage 1 - formation of Kirkendall voids at
GBs and initial oxide scale decohesion; b) Stage 2 - oxide buckling and growth of the IG void; c) Stage 3 - oxide cracking and oxidation of the IG void.

Dislocation pipe diffusion in AM alloys resulting in the subscale porosity
is an aggravating factor promoting IGO, however, it is hardly its primary
trigger.

4.4. IGO in AM Ni-base alloys

Additively manufactured Ni-base alloys are known to suffer from
IGO [9-14,16,17,21-24], the mechanism of IGO being actively debated
in this literature.

Recently, de Leon Nope et al. [11] summarized the most discussed
explanations of IGO as follows:

i) grain boundary misorientation [66,67];
ii) minor differences in chemical composition of CM and AM [12,
13];
iii) formation of Kirkendall voids [15,22,23].

The authors in [11] suggest that IGO in AM alloys is triggered by the
excess of interstitially dissolved oxygen due to atomizing which pro-
motes internal oxidation and initiates IGO.

It is evident that IGO is a complex mechanism which includes phe-
nomena such as i) oxide decohesion over the GBs, ii) re-oxidation of the
alloy underneath the buckled oxide leading to formation of oxide ridges,
iii) void formation in the alloy subsurface (within the alloy grains as well
as at the GBs), iv) oxidation of alloy constituents with a higher affinity
for oxygen than Cr, e.g., Mn, Ti (entering the CryO3 scale), Al, Si
(internally precipitating oxides at the GBs or the oxide metal-interface),
v) oxidation of open IG voids after eventual oxide cracking and/or
spallation.

Fig. 18 illustrates the IGO mechanism that we propose based on the
observation in the present study. The evolution of IGO at the triple
junction of the GB and the oxide-metal interface is unfolding in the
following order:

Stage 1. Decohesion. Oxide growth and decohesion over the GBs
(Fig. 18a). A smooth oxide scale forms over the alloy grains, while a
segment of the scale above the GB detaches. Simultaneously, voids form
along the GBs in the underlying alloy. These IG voids appear in the
earliest stages of oxidation, e.g., already after 2 h of exposure as shown
in [12].

Stage 2. Oxide buckling (Fig. 18b) is the second important step in
the IGO mechanism. Thermally grown oxide scales grow under
compressive stresses because of the higher molar volume of the oxide
compared to that of the consumed metal (for CryO3 on a NiCr-base alloy
the Pilling-Bedworth ratio is 2.12) [68,69]. These stresses can be dissi-
pated either through plastic deformation of the metal (relevant for thin
components of e.g. ferritic steels [70,71]) or through oxide decohesion,
buckling, blistering, and finally oxide spallation. Oxide wrinkling has
been observed for CroO3 formed on Fe-28Cr [72] or even pure Cr [73].

The Crp03 scales detach and buckle primarily over the alloy GBs where
oxide adherence is the weakest and/or metal creep deformation is easier
(compare e.g. AM in Fig. 4 with Fig. 18b). Oxide buckling over the GBs
gives rise to large cavities between the oxide scale and the metal. These
underlying voids are further filled with the re-grown Cr203, as illus-
trated by finer grains in the newly grown oxide underneath the outer
buckled layer in Fig. 6¢,d. Additional Cr consumption to locally re-heal
these voids further intensifies the Cr-depletion and promotes formation
and growth of the intergranular (IG) voids. It should be noted that not
only IG voids are present in the Cr depleted zones of the AM specimens.
Individual spherical voids are also present in the metal (see Fig. 4 and
Fig. 5). However, these voids remain closed and unoxidized (see Fig. 6
and Fig. 8).

Stage 3. Oxidation. The cavities between the scale and the metal
over the GBs open and oxidize (Fig. 18c). As mentioned above, the
growth stresses in the oxide scale can be also relieved through creep and
plastic deformation of the alloy. The application of external mechanical
loads has been shown to intensify IGO [10] by opening the IG voids and
letting them oxidize.

According to this mechanism, IGO in AM alloys is the consequence of
two independent, however, overlapping phenomena: a) oxide decohe-
sion and b) intergranular Kirkendall porosity. The latter seems to be an
inevitable factor accompanying oxidation of AM alloys. The poorer
adherence of Crp03 to the AM alloy substrate compared to CM thus is the
key trigger of IGO. Reasons for oxide decohesion in the case of AM can
be listed as follows:

i) Minor elements. The chemical composition of the AM alloy in the
present study (see Mn and Si in Table 1) differs slightly from that
of the CM batch. The elements with a high affinity to oxygen such
as Mn, Ti, Al, Si can be lost due to oxidation during the atomizing
process. At the same time, minor precipitations of SiO5 and Al,O3
at the scale-CM-alloy interface may act as pegs and anchors
increasing oxide adhesion to the metal [74,75];

ii) A higher concentration of interstitial oxygen and nitrogen due to
the atomizing process may have a similar negative effect on the
oxide scale adherence reported for carbon and sulphur in
alumina-forming FeCrAl-base alloys [76] although this effect
seems to be less relevant for CroO3 [76];

iii) Higher densities of dislocations in the AM material, i.e., the main
source of IG porosity, may also intensify the vacancy injection at
the oxide-metal interface resulting in their condensation and
formation of small interfacial voids, poorer adhesion of oxide and
decohesion under compressive stresses in the growing oxide [77].

4.5. Outlook

The mechanism of IGO proposed in this study, i.e., oxide decohesion
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and buckling as the main trigger of IGO, was derived by ruling out dif-
ferences due to AM in the following aspects:

i) Cry03 scale. No significant differences were found between the
scales grown on AM and CM.

ii) Subsurface metal. Cr diffusion in AM is a factor of 2 faster than
in CM resulting presumably in Kirkendall porosity in the Cr-
depleted zone, however no significant differences were detected
otherwise.

iii) Metallurgical states. IGO was observed on various AM speci-
mens irrespective of the microstructural treatment (hot-rolling,
annealing, etc.) [12].

The proposed IGO mechanism requires experimental validation and
thus further studies. Primarily, batch-to-batch variation needs to be
eliminated. In other words, AM and CM alloy versions need to be
manufactured from the same alloy batch. This might shed light on the
role of the minor alloying elements on oxide adhesion and IGO. It should
be borne in mind that AM, to some extent, changes the initial compo-
sition of CM introducing interstitials (C,N,0) and possibly binding some
minor elements thereby reducing their “free” contents in the alloy ma-
trix. Still, comparing CM with AM produced from the same batch is the
best option available to evaluate the impact of the alloy chemistry on
high-temperature oxidation of AM alloys.

Alternatively, reactive elements (RE) such as Y, Th or Ce could be
introduced into the AM alloy. This would significantly increase oxide
adhesion and might prevent the IG voids from opening and oxidation,
proving potentially the key role of oxide decohesion in IGO.

The mentioned experiments may validate the proposed mechanism
and further elucidate the role of AM in the oxidation of high-
temperature alloys. This approach will be investigated in a forth-
coming paper.

5. Conclusions

1. Additively manufactured (AM) Ni-base alloy IN625 oxidizes faster
than the conventionally manufactured (CM) alloy during air oxida-
tion at 900°C due to intergranular oxidation (IGO) attack.

2. The AM process does not affect the oxide scale growth mechanism.
The CryO3 scales grown on AM and CM are microstructurally,
chemically and kinetically virtually identical.

3. The AM process accelerates Cr diffusion in the alloy. The Cr inter-
diffusion coefficient in AM is a factor of 2 higher compared to CM at
900 °C. Accelerated diffusion in AM is believed to produce an
excessive vacancy flow in the oxidation-affected alloy subsurface
producing voids within the grains as well as at the GBs.

4. IGO occurring in AM alloy IN625 is triggered by decohesion of the
oxide scale over the GBs. The proposed IGO mechanism consists of
three steps.

a. The Cry03 scale detaches from the alloy over the GBs due to
compressive growth stresses in the scale and poorer oxide
adherence to the AM alloy compared to the CM alloy.

b. The oxide scale buckles forming a void between the buckled oxide
and the metal. The concurrent Cr-depletion from the alloy gives
rise to IG voids due to faster Cr diffusion in the AM alloy compared
to the CM alloy.

c. The buckled oxide cleaves the IG voids adjacent to the oxide-
metal interface, opens them and leads to their oxidation (IGO).

5. Adhesion of Cry0j3 to the alloy substrate is thus the key phenomenon
triggering IGO in the AM alloy IN625. The difference in adhesion of
the Cry0s3 scale to the metal substrate between the AM and CM alloys
is believed to originate from the differences in chemical composition
of the alloys.
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