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Visualizing oxygen transport pathways during intergranular

oxidation in Ni-Cr

Martin Weiser @', Matthew J. Olszta>*, Mark H. Engelhard @**, Zihua Zhu@** and Daniel K. Schreiber @**

The transport paths of O during intergranular oxidation in binary Ni-Cr were investigated. To isolate the selective oxidation of Cr,
oxidation was performed with a CO/CO, gas mixture in which the oxygen partial pressure was kept under the NiO dissociation
pressure. A combination of electron microscopy and atom probe tomography (APT) was used to study the nanometer-scale details
of the passivation and penetrative intergranular oxidation processes at high-energy grain boundaries. Oxygen transport towards
the terminating oxidation front is elucidated with dedicated usage of oxygen tracer exchange experiments. Secondary ion mass
spectroscopy and APT support classical theories of internal oxidation, revealing preferred transport paths at the oxide/alloy

interface with sub-nanometer resolution.
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INTRODUCTION

Various Ni-base alloys rely on the formation of protective oxide
scales to enhance their durability in applications at elevated
temperatures. On the other hand, exposure of similar alloys with
an insufficient concentration of desirable oxide-forming elements
(e.g., Cr, Al), can lead to fast internal oxidation with concomitant
negative effects on the material performance and mechanical
properties'=. Even with sufficiently high concentrations of these
alloying elements, severe localized attack can result from the local
loss of initially protective behavior. In these cases, internal
oxidation can be detrimental to material lifetimes in oxidizing
atmospheres at intermediate and high temperatures*>.

In 1959, an idealized treatment to predict the transition from
internal oxidation towards the growth of a continuous protective
layer®. Besides the free energy of formation, diffusivities of
elements and the solubility of O are important parameters that
predict the oxidation behavior of alloys®’. Although various
studies investigated and discussed internal oxidation phenomena
in detail for decades, conclusive evidence of the exact oxygen
transport paths is still missing. The usage of Rhines packs is a
dedicated approach to isolate internal oxidation by reducing the
oxygen partial pressure below the equilibrium dissociation
pressure of the base metal and its pure oxides (e.g., Ni/NiO)&.
Stott and co-workers followed this strategy to investigate the
internal oxidation of binary Ni alloys with up to 5 wt.% of alloying
elements®. Faster internal oxidation in diluted Ni-Al and Ni-Cr
alloys was attributed to accelerated oxygen transport along the
interfaces between alloy and internal oxide precipitate®'. For
binary Ni-Cr alloys exposed at low oxygen partial pressures, the
morphology of oxidation attack ranges from continuous oxides
and/or formation of discrete oxide precipitates''~'3, depending on
the parameters of exposure. Besides transport, a second crucial
mechanism in Wagner's theory of internal oxidation is the
supersaturation of oxygen, which has been more difficult to verify
and quantify experimentally. A recent atom probe tomography
(APT) study by Poplawsky et al. took an important step in this
direction by revealing the enrichment of oxygen on grain

boundaries (GBs) in pure Ni below the oxidation front'. However,

the measured O concentration was surprisingly low, which
indicates the need to revise classical model descriptions.

For Ni-base alloys, diffusion along GBs and other interfaces
represents a particularly important mechanism during oxide scale
growth in the intermediate temperature range (32-600°C)'>""7,
More generally, this temperature regime corresponds to type B or
C diffusion’®, in which matrix diffusion is essentially frozen out.
Owing to the enhanced transport of both, oxygen and alloying
elements, detrimental corrosion scenarios are known to originate
and proceed preferentially along GBs and interfaces. For example,
intergranular (IG) oxidation is oftentimes a precursor to the
initiation of stress corrosion cracking (SCC)'®-2'. Similarly, heat
treatment of Cr-containing alloys can lead to the severe local
depletion of Cr that sensitizes the material to SCC by inhibiting
protective oxide formation?%23,

In both internal and IG oxidation, a detailed understanding of
elemental transport is critical to elucidating the controlling
mechanisms of corrosion. Two-stage exposure to oxygen isotopes
(first %0, and subsequently '30,) is an effective approach to
visualize the transport paths of oxygen. Since labeled ('0)
isotopes are only present during the second step, their distribu-
tion directly informs the dominant oxygen transport pathways
and reaction sites relative to the initially formed oxide ('°0)
through the growing oxide scale. The majority of classical
approaches for two-stage oxidation experiments used secondary
ion mass spectroscopy (SIMS)'724-2° or secondary neutral mass
spectroscopy (SNMS)>’28 to analyze the distribution of labeled
oxygen. While powerful in interrogating the isotopic distribution
as a function of depth, neither technique possesses sufficient
lateral resolution to investigate the three-dimensional distribution
of oxygen isotopes through the oxide layer(s). To do so, we have
deployed APT after two-stage oxidation experiments to directly
visualize the 3D O isotope distribution accompanying IG oxidation
of diluted Ni-Cr alloys. Another important contribution demon-
strated the usage of an '80 tracer together with high-resolution
analysis to elucidate the propagation of oxide growth along GBs
below crack tips°. Similar to the Rhines pack method, the present
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Fig. 1 Micrographs of Ni-Cr model alloy surfaces after exposure at 600 °C in CO-CO,. a, b SE micrographs of Ni-5Cr. ¢, d SE micrographs of
Ni-20Cr. e, f BSE micrographs of identical regions (Ni-5Cr) as in top row. g, h BSE micrographs of identical regions (Ni-20Cr) as in top row.
Specimens after two-stage exposures are indicated. Inset images show, respectively, a FIB-SEM cross-section view of IG attack (b) and a higher
magnification of extruded Ni nodules (d) on the oxidized sample surface.
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Fig.2 STEM-HAADF micrographs of representative GB regions in Ni-5Cr after 1 h exposure at 600 °C. a Protected GB. b Internally attacked
GB. ¢ Detailed view on oxide region that is indicated in b. d FFT of the displayed region and corresponding Cr,O3 lattice reflection with high-

resolution electron micrograph as inset.

study uses a controlled oxygen potential via a mixture of CO/
C'80, gas to bias the system towards selective oxidation of Cr and
IG oxidation. By monitoring the penetration and distribution of
80 from C'80, using APT, we can directly observe short-circuit
diffusion of '80 towards the oxidation front along the IG oxide/
metal interface.

RESULTS

Morphology of oxide scales formed during exposure in CO-
CO, mixtures at 600 °C

Figure 1 displays SEM micrographs of representative surface
regions of Ni-Cr model alloys after exposure to a CO-CO, mixture
at 600 °C. The same locations are characterized with SE and BSE
contrast to demonstrate as many details as possible.

The focus lies on the appearance of GBs and directly adjacent
regions. All specimens demonstrated comparable oxidation
behaviors, with significant oxidation confined to regions close to
GBs. Depending on the individual GB, the width of the surface
oxide varies significantly. FIB cross-sections (inserts Fig. 1b)
indicated that GBs that demonstrate a narrow dark contrast in
the BSE micrographs were attacked by penetrative IG oxidation,
while a wider stretch of surface oxide correlates with a protective
oxide preventing penetrative oxidation along GBs. The latter
revealed minor penetration of IG oxide phases, less than 50 nm
below the original surface. Consequently, these GB with broader
dark-appearing oxide caps were classified as protected GBs (e.g.,
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Fig. 1a, h). After 1 h exposure, the width of these protective oxide
caps is asymmetric, spreading further into one adjacent grain over
the other. Lateral extensions of protective GB oxide phases appear
less dependent on the grain orientation after 2 h exposure to CO/
CO,. Additionally, it has to be noted that low-energy (twin)
boundaries did not exhibit any oxidation. Consequently, no
significant oxide on the surface of these characteristic interfaces
could be recognized from to top view SEM micrographs (Fig. 1f).
The grain interiors are covered by bright-appearing features.
These nearly circular phases on the surface can be identified as Ni
nodules that have already been observed in previous oxidation
studies performed in atmospheres with particularly low P02”~ The
classical oxidation theory associates the growth with metallic
nodules on the surface of binary alloys with considerable internal
oxidation and associated internal stress*°. The density of these
features increases with the time of exposure.

Site-specific TEM samples were prepared for a more detailed
consideration of elemental distribution in oxidation-affected
regions. Figure 2 displays high-angle annular dark-field (HAADF)
micrographs of a Ni-5Cr GB that is protected by Cr,03 and one GB
that formed IG oxides after 1 h exposure at 600 °C. The protective
oxide (Fig. 2) spreads laterally along the sample surface of both
adjacent grains. The oxide layer covering the left grain is thicker
than that formed on the opposite grain. To a minor extent, oxide
penetrations (depth > 50 nm) at both termination sides are visible.
However, the micrograph only displays the penetration of the
protective oxide into the interior of the left grain. Above the oxide
are extruded Ni-rich nodules that exhibit a bright contrast in

Published in partnership with CSCP and USTB



Ni
extrusion

I
|
| oxide Som
: penetration
: — DIGM
i ™GB
LEREEDX st
50nm 50nm 10nm

M. Weiser et al.

Fig.3 STEM-HAADF micrographs of representative GB regions in Ni-20Cr after exposure at 600 °C. a GB with protective oxide cap after 1 h
in natural CO/CO,. b Internally attacked GB after two-stage exposure (2 h). ¢, d Detailed view on oxide directly below the crack.
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Fig. 4 Elemental distribution maps of O, Ni, and Cr taken from regions marked in STEM-HAADF micrographs of Ni-Cr model alloys after
exposure for 1 h at 600°C. a IG attack in Ni-5Cr and b protected GB in Ni-20Cr.

HAADF imaging. The GB below the oxide cap appears unaltered in
the HAADF image. Figure 2b—d demonstrates the morphology of a
GB exhibiting IG oxidation. As suggested from the top view SEM
images, no significant oxide formed across the exposed surface.
Instead, a porous IG oxide extends = 220 nm into the GB (Fig. 2b).
Tilt series (shown in the supplementary material) demonstrated
the interconnected nature of the porosity. The interface of the IG
oxide with the left alloy grain is displayed in higher magnification
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in Fig. 2c, d. Fast Fourier transformed (FFT) of the atomically
resolved HAADF is consistent with an M,Os structure, and likely
Cr203.

For comparison, representative regions of Ni-20Cr specimens
after exposure at 600 °C in CO-CO, were analyzed in the TEM. The
micrographs in Fig. 3 display a protected GB after 1 h exposure
and IG oxidation in a sample after 2 h total exposure during tracer
exchange experiments. Generally, the Cr concentration of 20 at.%
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Fig. 5 Depth profiles (ToF-SIMS) of Ni-20Cr samples after. a 1 h exposure in natural CO-CO, mixture and b two-stage tracer exchange
exposure in CO-C'®0, (40 min) and CO-C'80, (80 min). Insets in b show the lateral distribution of cumulated O intensities.

Cr leads to a higher number of protected than unprotected GBs,
although the response is qualitatively quite comparable with the
5 at.% Cr oxidation. However, the displayed surface oxide is thicker
compared to the one found on Ni-5Cr specimens, while the IG
oxidation is shallower. Porosity developed in the region directly
above the GB. Additionally, diffusion-induced grain boundary
migration (DIGM) can be recognized in the HAADF image (Fig. 3a).
The protective oxide layer on the Ni-20Cr sample (Fig. 3a)
developed during the same length of exposure as the one
displayed for Ni-5Cr (Fig. 2a). The internal oxidation front (IOF)
penetrated =60 nm into the alloy. Both, the protective as well as
the IG oxide, reveal considerable porosity, and a comparably thick
surface oxide formed on top of the displayed IG oxidized GB
(Fig. 2b). The increase of oxidation time caused a thicker surface
oxide over a comparably wide section. The IOF terminates =
140 nm below the surface. For each cross-section, a region directly
below the pore in the IG oxide is displayed with higher
magnification in Fig. 3c, d. Oxide at the termination of the
protective cap penetrated both grains and reached a comparable
depth as the IG oxide section along the GB. The surface of the Ni-
20Cr sample is also covered with Ni nodules that nearly reach the
region directly above the GB.

Additional STEM-EDX data were collected for representative
regions of Ni-5Cr and Ni-20Cr after 1 h oxidation, as indicated in
the HAADF micrographs (Figs. 2b and 3a). The resulting elemental
distribution maps of O, Ni, and Cr are displayed in Fig. 4.

During IG oxidation of Ni-5Cr, the majority of Cr is supplied
along the GB. High intensities of O do not exhibit considerable Ni
enrichment, which excludes the formation of Ni-Cr spinel oxides.
Both Ni maps confirm Ni nodules extrusion above the oxide layers,
as speculated about previously in Fig. 1). Directly below the IOF,
the Cr-depleted zone that surrounds the GB of the Ni-5Cr sample
exhibits a width of = 20 nm. This is broader than in the protected
GB of the Ni-20Cr sample (= 12nm) at the same depth.
Additionally, Cr depletion adjacent to the lateral sections of the
GB is recognizable in both grains of the Ni-20Cr sample. This
finding indicates that lattice diffusion of Cr occurs at the
considered temperature, however to a limited extent. The
elemental distribution adjacent to the selectively oxidized GB of
Ni-20Cr (Fig. 3b) during tracer exchange experiments in the CO-
CO, mixture was also investigated by means of STEM-EDX.
Detailed results can be found elsewhere®'. Again, Cr depletion is
confined to the GB. However, the grain interiors adjacent to the
oxide do not indicate any significant depletion in Cr. The growth
of Cr,03 has to be sustained by a Cr flux along the GB. In both
cases, Ni is enriched along the GB as a consequence of Cr
consumption during oxidation. With the demonstrated conven-
tional electron microscopic analysis we confirm that the current
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experimental conditions evoke selective IG oxidation of Cr at
select GBs in both Ni-Cr alloy compositions. In the next section, we
further investigate these behaviors using isotopic tracers in the
two-stage oxidation method.

Oxygen tracer exchange in CO/CO, mixture at 600 °C
Two-stage isotopic tracer exchange experiments with labeled
C'80, were conducted at 600°C to visualize O diffusion paths
during |G oxidation. ToF-SIMS depth profiles were first recorded to
document the average depth profile of the '®0 incorporation.
Figure 5 shows the measured intensity for relevant ion signal
intensities versus sputter time for Ni-20Cr after 1 h with no '®0
introduction and a total of 2 h in the two-stage '°0/'80 oxidation.
Since the morphological investigation indicated an inhomoge-
neous depth of oxide penetration, the sputtering time was not
calibrated. Therefore, no specific (sputter) depth for the elucidated
model alloys is given in the figure. For the applied Biz™" beam
characteristics (50 keV acceleration voltage and 77 nA beam
current), the sputter rate on a pure Ni sample can be
approximated with 0.20 +/- 0.01 "™/,

The selection of conclusive components of the SIMS signals can
be quite tedious for complex oxides that developed in gaseous
atmospheres. TEM-EDX confirmed Cr,0s as the only relevant oxide
phase that needs to be considered after exposure to binary Ni-Cr
alloys in CO-CO, mixtures. Intensity (depth) profiles of >2Cr'60~
and >2Cr'80~ (68 and 70 Da) are shown along with peaks for the
two most-abundant oxygen ions ("0~ and '80™) at M/e values of
16 and 18 Da. Owing to the significantly lower isotopic abundance
of >*Cr (0.024) compared to >2Cr (0.838), the peak at 70 Da can be
attributed to labeled >2Cr'80~ with sufficiently high confidence.
As Ni did not exhibit meaningful oxidation under these low pg,
conditions, the Ni~ signal (58 Da) can be used to represent the
substrate. The increase of the Ni signal indicates the transition to
mostly oxygen-free sample regions below the IOF of the included
GBs. This was similarly suggested in previous work that used ToF-
SIMS to characterize oxide layer growth on Ni-Cr alloys?®.

After 1 h oxidation in CO-CO,, the Ni-20Cr sample did not exhibit
significant surface oxide apart from the protective Cr,O3 cap that
covered certain GBs. Consequently, a maximum in the Ni~ signal is
visible after = 58 s of sputtering in Fig. 5a. The intensity maximum
of CrO™~ lies at = 30 s of sputtering. Increasing the oxidation time to
2 h resulted in considerably thicker surface oxides as demonstrated
with STEM-EDX. Consequently, the intensity maxima of Cr'%0~ (=
525s) and Ni (= 141 s) were detected after longer sputtering times.
Even more interesting is the depth distribution of labeled 80 in
the ToF-SIMS data. Figure 5b indicates clear maxima of %0~ and
Cr'80~ signals after = 95 s of sputtering. Since only the atmosphere
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of the second stage of exposure contained a significant '80
content, this shows that O has diffused through the pre-formed
160 oxide to the deeper IOF. Additionally, the lateral distribution of
%0~ and 80~ was analyzed in more detail. The insets in Fig. 5b
show the intensity distribution of the 16 Da (blue) and 18 Da (red)
peaks between 60 and 500 s sputtering. Significant 80~ signal is
confined along GBs, showing '80 penetration to the leading IG
oxidation front.

The deliberate deviation from the natural isotopic abundance of
oxygen during the second stage of the oxidation experiments
added complexity to the interpretation of APT mass spectra. A
custom treatment of the APT mass spectra was therefore needed.
Figure 6 shows typical mass spectra that were collected after 1 h
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Fig. 6 Representative mass spectra of Ni-5Cr after exposure to
natural (blue) and labeled (red) CO/CO, 600°C. Colored labels
indicate species that are only included in the respective dataset.
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5
exposure to natural CO-CO, and after 2h tracer exchange
experiments with labeled (CO-C'®0,) oxygen. Intensities for both
datasets were normalized to the '°0 peak.

For both datasets (Fig. 6), the peak at 16 Da can unambiguously
be allocated to '%0*. The mass spectra after exposure to
isotopically labeled C'®0, exhibit a significantly increased peak
intensity at 18 Da. The relative peak intensities at 17 Da are nearly
identical and can therefore be allocated to '®*O'H™. In contrast, the
peak at 18 Da after two-stage exposure exceeds the '®O'H+*
natural abundant oxide by two orders of magnitude. This is an
explicit indication of the presence of labeled oxygen in the
dataset. Additionally, it was stated in the literature, that a
significantly higher 18 Da peak without considerable contribution
at 17 Da excludes the formation of O,"*32. Since combinations of
Cr isotopes with both 0 and 80 have to be examined the
treatment becomes complex. Peaks are indicated that correspond
to contributions from CrO** jons with the distinctions of all
isotopes are indicated in Fig. 6. Since combinations of Cr isotopes
with both %0 and '®0 have to be examined the treatment
becomes complex. For more details, the reader is referred to the
supplementary section of the paper. After considering contribu-
tions from the most-abundant Cr and O isotopes the expected
exclusive growth of Cr,0O3 in the investigated APT data can be
confirmed. Furthermore, the applied procedure for peak identifi-
cation delivers relevant and accurate information about the
distribution of natural and labeled contributions in the Cr,0;
region.

After reconstruction, the distribution of Cr'®0 and Cr'30 along
with Ni is represented as 3D ion maps. Figure 7a displays the oxide
alloy interface of Ni-5Cr after two-stage exposure in the CO-CO,
mixture. For a more detailed analysis of the interface between
oxide and alloy, a 6at% O isoconcentration surface was
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Fig.7 APT analysis of Ni-Cr,05 interface in Ni-5Cr after 2 h oxidation at 600 °C in CO/CO, mixture. 3D reconstruction (a) and local proximity
histograms (b, ¢) considering different regions of the displayed O isoconcentration surface (6 at.%).
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Fig.9 APT analysis of Ni-Cr,0; interface in Ni-20Cr after 2 h oxidation (600 °C) in CO/CO, mixture. 3D reconstruction (a) and local proximity

histogram (b) of the displayed O isoconcentration surface (6 at.%).

computed. To determine an accurate surface, the dataset was
decomposed and all O contributions ('*'80) were considered.
Towards the bottom of the reconstruction, the oxygen signal is
dominated by contributions from Cr'80 (green dots), whereas the
upper region is highly enriched in Cr'®0 (red dots). Therefore, the
displayed sample volume contains oxide that grew during the first
stage ('°O-rich) and oxide that formed during the second stage
with a considerable 80 from the atmosphere. To elucidate the
concentration changes across the oxide/alloy interface, local
proximity histograms were calculated (Fig. 7b, c). The isoconcen-
tration surface was subdivided manually into one section that
separates the alloy and Cr'®O-rich region and a second section
between alloy and oxide that grew during exposure to CO-C'20,.
The conducted workflows to compute local proximity histograms
from a curved interface were adapted from Felfer et al. 3334, The
surface was composed of a mesh of individual vertices
(307 in Fig. 7) to calculate the “local" proximity histogram, only
vertices adjacent to the region of interest are considered. For
more details, the reader is referred to the original publications. To
gain a visual impression of the lateral distribution of considered
vertices (and triangulated faces), the isoconcentration surface is
displayed along with the underlying mesh. The 93 vertices that
were used to calculate proxigrams for the '®0-rich regions are
displayed in the same color (red) as Cr'80 ions, whereas the
remaining vertices are drawn in the color (green) of Cr'®0 ions.
The proximity histogram in Fig. 7b indicates a locally homo-
geneous distribution of '®0 and 80 through the oxide, at an '80
concentration of 45 at.%. Combining the contributions of '®0 and
180, the net oxygen concentration is approximately 60 at.%, which
is consistent with the expected value for chromia. The high 80
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contribution also is consistent with an interpretation that this
region formed during the second stage of the exposure. Both
proximity histograms indicate only minor depletion of
Cr (= 2at.%) in the alloy region directly adjacent to the alloy/
oxide interface. The second proximity histogram shown in Fig. 7c
reveals a more complicated behavior where 80 enrichment exists
for = 8 nm directly against the oxide/metal interface. This zone
with increased contribution of labeled oxygen is hard to locate in
the ion distribution map.

APT analysis of the internal alloy/oxide interface of a second
sample volume is shown in Fig. 8. The targeted region was near
the IOF. In this dataset, the entire IG oxide volume is
homogeneously enriched in '80. A proximity histogram from
the 6 at.% O isoconcentration surface (Fig. 8b) shows no apparent
enrichment of 80 at the oxide/metal interface. The Cr/O ratio (=
2:3) matches the expected ratio for Cr,0s3. A weak depletion of Cr
over approximately 6 nm can be seen in the alloy. However, the
significant concentration of Cr directly at the interface (= 2 at.%)
indicates a negligible contribution of Cr transport from the alloy to
sustain oxide growth.

Further APT analysis on IG oxides in Ni-20Cr after two-stage
exposure was conducted to verify if comparable O transport paths
are present in alloys with a higher concentration of the alloying
element. Particularly interesting is the interface between alloy and
oxide phases that grew during exposure in CO-CO, atmospheres
with natural O abundance (e.g., Fig. 7c) since the enrichment of
labeled oxygen suggests an important role during inward O
transport. Figure 9 displays a representative APT analysis of an
equivalent sample volume in the Ni-20Cr model alloy.
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Fig. 10 APT data from oxide termination adjacent to a Cr-depleted GB. APT data from oxide termination adjacent to a Cr-depleted GB. Cr
concentration maps (a, d) were calculated with a bin width of 2.5 nm and perpendicular to the direction of the analysis. The arrows in the
reconstruction (b) indicate the respective positions in the data set as well as 1D concentration profiles (c).

The IG oxide can be subdivided into two parts. One section
contains a considerable '°0 signal and therefore developed within
the first 40 min of exposure (natural O abundance). A narrow
region of newly formed oxide is located directly adjacent to the
interface. As stated above, Cr,O; with significantly enriched 0
content can only grow during the second stage of the experiment.
This is an additional verification for preferential inward O transport
along the interface between alloy and oxide.

The proximity histogram, displayed in Fig. 9b, quantitatively
confirms the visual impression from the ion map. The newly
formed '80-rich oxide layer extends for 8-10 nm between the
alloy and Cr,'%0;. The proximity histogram reveals a clear
depletion of Cr in the adjacent alloy. The Cr-depleted zone
spreads over approximately 15nm into the base alloy. Interest-
ingly, the Cr concentration directly at the interface remains at a
level of 2 at.%. This minimum in Cr concentration is comparable to
the values measured for alloy/oxide interfaces in APT data from Ni-
5Cr samples.

3D APT data from a different specimen that includes the IG
oxide section directly above the IOF is shown in Fig. 10b. The
displayed terminating portion is expected to be 10 nm above the
IOF. Contributions of CrO™*™ ions that originate from the most-
abundant oxygen isotopes, '°0 and '80, are displayed with
different colors in the ion map. Two 2D concentration maps of the
Cr distribution are presented from different depth slices of the
reconstruction in Fig. 10a, d.

The terminal IG Cr,0;3 is adjacent to a grain boundary and is
18-20 nm thick. A 1D concentration profile through the oxide
section (Fig. 10c) indicates a nearly identical '®0/'0 ratio in
labeled oxides that formed during the second stage in Ni-5Cr
(Fig. 8b) and in Ni-20Cr. Once more, the constant high amount of
labeled oxygen indicates that the displayed Cr,Os section grew
during the second stage of the exposure when '80 was
significantly enriched. A most intriguing feature of the present
dataset is the included alloy GB. The demonstrated Cr concentra-
tion maps (Fig. 10a, d) were calculated from different heights,
17.5 nm apart from each other.

The concentration profile in Fig. 10a originates from a region
nearer the exposed alloy surface. A stripe of approximately 14 nm
width is completely depleted in Cr (< 0.05 at.%), proving that Cr
diffusion through the metal interior is negligible at these exposure
temperatures. As a consequence of the rapid transport of Cr along
the GB, DIGM initiated®. The original location of the GB is
approximated by a dashed line in the Cr concentration map. in
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addition, the Cr distribution map emphasizes a negligible
contribution of Cr diffusion in the matrix. Neither the interface
of the chromia with grain02 nor the interface of the original GB
with grain01 exhibits a considerable gradient in Cr concentration.
Closer to the IOF, the Cr depletion in grain02 appears less regular.
Even though, the transition between the depleted region and the
matrix is equally sharp, only a section of the IG oxide is connected
with the Cr-depleted zone.

DISCUSSION

The transport of oxygen through a complex surface oxide of a Ni-
base alloy after exposure to pressurized water was previously
reported?. The study underlined the potential of SIMS depth
profiling in combination with labeled oxygen isotopes to prove
inward transport. However, no conclusive results on the diffusion
paths could be reported. The ToF-SIMS analysis presented in Fig. 5
aims to sustain model predictions by providing information on the
lateral distribution of the respective oxygen isotopes. The
limitations due to the insufficient resolution of the maps
demonstrate the importance to use APT for the investigations.
The high concentration of '80 in oxide portions that formed in the
vicinity of the IOF (Fig. 10) added further indirect proof for inward
oxygen transport. Nevertheless, only a detailed analysis of
interfaces between the alloy and oxide phases that formed during
the first stage of exposure reveals the transport path. Considerable
80 enrichment at these interfaces (Figs. 7 and 9).

As outlined above, several acclaimed studies aimed to explain
oxygen transport during internal oxidation. Stott et al. reported
discrepancies in the relative depth of oxygen penetration from
estimated values using bulk diffusivity of oxygen in Ni-Cr system
during internal oxidation®3®. Considerable enhancement of
diffusion along alloy/oxide interfaces was proposed. The model
predictions were also adapted by other groups®® for the
unexpectedly fast IG corrosion of Alloy 600 in hydrogenated
steam. Nevertheless, direct and unambiguous proof for preferred
O diffusion along the interface of internal oxide phases could not
be delivered until today. To our knowledge, the demonstrated APT
analysis of distinct sample regions after two-stage oxygen tracer
exchange is the first visual evidence for the proposed transport
mechanism. In more general cases, APT was demonstrated to
reveal the enrichment of elements along metal/oxide interfaces
that could be connected to elemental transport. For example, the
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outward transport of Ni in alloy 600 during severe internal
oxidation was proven by Langelier and Co-workers®’.

Another morphological feature of the formed oxide is the
apparent porosity. It cannot be stated with certainty to which
extent pore networks developed already during the exposure. In
general, interconnected pores could allow the access of molecular
species to the oxidation front3®-4°, The phenomena were also
observed for IG oxide formed during exposure to hydrogenated
water®®. The diffusion of O along the alloy/oxide interface was
unequivocally proven. However, the additional contribution of
gaseous transport cannot be excluded.

Cr-depletion in alloy regions adjacent to the oxide interface is
scarcely detectable in proximity histograms of Ni5Cr. After 2h
oxidation at 600°C, samples with 20at.% exhibit a region of
approximately 15nm length that is depleted in Cr. Closer to the
termination of the oxide network, Cr concentration maps (Fig. 10)
indicated no apparent consumption of the solute from the matrix.
This is interesting since this oxide portion depicts the early stage of
IG oxide growth. One possible explanation for the delayed onset of
Cr depletion in the alloy could be negligible diffusion of the solute
to the surface. In other words, at this stage of oxidation, the Cr flux
that arrives at the IOF is immediately consumed by the expansion
of IG oxide along the GB. In contrast, the STEM-EDX maps in Fig. 4
of both alloys demonstrate depletion of Cr along the GB. This leads
to the conclusion that the majority of Cr originates from the GB far
below the IOF. Alloy regions neighboring penetrating oxide in grain
interiors of the surface oxides are scarcely depleted in Cr. The
formation of Cr,0s is therefore solely sustained by transport along
the GB. In accordance with severe Cr depletion, Ni is enriched along
the GB. DIGM was also observed on some of the protected GBs,
especially in the Ni-20Cr specimens (Fig. 3). Since the focus of this
study was the understanding of O transport, the well-explained
mechanism is not considered in detail. Briefly summarized, the
short-circuit diffusion of Cr towards the IOF is non-symmetric3>*',
During consumption of Cr and simultaneous depletion, the GB
migrates towards the IG oxide (Fig. 10). For more details, readers
are referred to previous studies on the oxidation behavior of Cr-
containing alloys in the intermediate temperature regime*' =4,

The internal oxide scale morphologies in Ni-5Cr and Ni-20Cr
samples after oxidation in CO-CO, mixtures were consistent.
Despite the reduction of O availability, both compositions
revealed GBs that were protected by Cr,0; on the surface as
well as GB that were decorated by interconnected IG oxide. Owing
to the overall lower Cr reservoir, more GBs were attacked in
samples with 5 at.% Cr. Especially GBs below protective oxide caps
(Fig. 3a) demonstrated migrated interfaces and were more
frequently observed in the alloy with 20at.% Cr. However, APT
analysis of IG oxide termination exhibited traces of a migrated GB
(Fig. 10). Literature studies reported DIGM in Ni-5Cr model alloys
after long-term exposure (100-1000 h) in hydrogenated water at
330 °C3>*, Therefore, it appears plausible to assume that also
DIGM will initiate in Ni-5Cr samples at longer oxidation in CO-CO,.
A particularity of IG attack in Ni-Cr alloys during exposure to
hydrogenated water is the formation of oxide branches that reach
into the alloy®'*6, Even though not every IG oxide was only
confined to the GB line, apparent growth of oxide branches that
reach into the alloy was not observed during our analysis. One
reason for the absence of these features might be sufficient Cr
supply at 600 °C that ensures expansions along the IG region and
thereby prevent the accumulation of growth stresses that would
be suspected to cause transgranular expansion of oxide lattices.

For both Cr contents, specimens formed Ni extrusions during IG
oxidation. These phases appear homogeneously distributed in
individual grains. The density of Ni nodules varies depending on
the grain characteristics. Additionally, the surfaces of Ni-20Cr
samples exhibited more Ni extrusions than the ones of Ni-5Cr after
the same experiments. As initially stated, Ni diffusion to the
surface was attributed to intense internal oxidation'". Studies that
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are more recent also demonstrated extensive growth of metallic
Ni extrusions in the course of IG oxidation in hydrogenated steam
or water*’=%°, Growth of internal Cr,O; is suggested to block
diffusion of Ni to the termination of GBs on the surface.
Additionally, the Ni transport is sustained by the evolution of
compressive stress fields within the alloy during volume increase
due to oxide growth®”. These assumptions are also supported by
an older study on the internal oxidation of binary Ni alloys under
load. At moderate strain rates, Ni-Cr alloys demonstrated an
increased Ni flux to the surface and deeper penetration of the (IG)
oxidation front®°. Internal oxidation can occur in Ni-base systems
even with very high Cr concentrations. For example, dislocation
networks in Alloy 690 (30 at.% Cr) were demonstrated to facilitate
O penetration that resulted in the growth of Cr,0s3 in grain regions
below the surface®’. The present study could not reveal a
significant contribution of further short-circuit pathways, espe-
cially sub-surface dislocations. It is emphasized once again, that
their relevance is well-documented in literature and a minor role
also in the analyzed model system cannot be excluded.

Oxidation of model Ni-Cr alloys under controlled low pg,
conditions at a moderate temperature was beneficial to isolate
interfacial atomic transport mechanisms during selective oxidation.
Several studies of similar model systems in gaseous atmospheres at
reduced oxygen partial pressure are also available in the literature
for comparison with the observed oxide scales using oxygen
isotopic tracers. Especially during confined oxidation along
interfaces, the growth of precipitates can severely alter the
oxidation response during exposure to reduced oxygen availabil-
ity*#>2, A well-established explanation suggests the reduction of GB
diffusivity by dissolved C as the main reason for the improved
resistance against IG corrosion®>=>>, The alloys used in the present
study did not form unwanted precipitates such as carbides. The
slightly increased N content in Ni-5Cr (Fig. 6) can be mostly
retracted to minor accumulation within the oxide. Nevertheless, the
TEM diffraction indicates the expected lattice parameters of Cr,0s.
It can be assumed that the N impurities do not significantly alter
the oxidation mechanism. To differentiate internal and external
oxidation, Rhines packs were generally adapted in the litera-
ture®'% The oxide networks along GBs were furthermore
reported to be mostly continuous. This aligns well with our results
after exposure at significantly lower temperatures (600 °C).

Additionally, the investigation of model compositions with
20at% Cr increases the comparability of the results with
commercial alloy systems (e.g., Alloy 600). The exact mechanisms
of 1G attack in Alloy 600 samples during moderate temperature
exposure in hydrogenated water or steam are still under
debate?'**49, This is unsatisfying since oxidation is considered a
precursor event to component failures via more deleterious
effects, including stress corrosion cracking®'#>. A consensus
developed that transport fluxes of O and Cr decide if a fast
penetrating Cr,03 network develops along GBs or if the regions
remain protected by a protective cap on the surface®*. The
present study proves the immense value that is reached by the
combination of APT with oxygen tracer exchange studies. The
reduction of complexity comes with the reward of direct access to
transport mechanisms on the near-atomic scale. The demon-
strated results indicate the potential to address research questions
that could not be solved over decades. Admittedly, the insight
into oxygen transport of this well-defined model scenario
provided a number of additional tasks that can be elegantly
addressed with the developed research strategy. For example, its
elucidation of the correlation between individual grain boundary
characters on the susceptibility to |G attack is of high relevance.
For modeling, access to individual diffusivities of GBs is valuable.
This is also supported by the recent study in which Poplawsky
et al. concluded that O diffusion along alloy GBs must be
considered to foresee oxidation resistance during the develop-
ment of high-temperature alloys'*.
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METHODS

High-purity alloys

High-purity Ni-Cr binary alloys were fabricated by SAES Smart
Materials. Both elements, Ni and Cr were high-purity precursors
leading to an as-cast purity of 0.99x%. The nominal alloy
compositions were measured by ICP-MS and APT, and supple-
mented by glow discharge mass spectroscopy (GDMS) for the low
level of impurities (320 appm Fe and 13 appm S being the most
significant). Small coupons (= 8x8x2mm) were prepared for
oxidation experiments. The faces of the coupons were ground
with SiC paper and polished to a mirror-finish with colloidal silica.

Exposure to environments below Ni/NiO equilibrium

Oxidation exposures at controlled p,, were carried out in a vertical
furnace equipped with a turbomolecular pump for efficient change
of atmosphere. A mixture of CO/CO, with a ratio 1:10 leads to an
oxygen partial pressure below the dissociation pressure of NiO at
600 °C. The flow rates were controlled by mass flow controllers at
high accuracy. At the target temperature, the total pressure in the
system remained constant at 800 mbar. Heating and cooling rates
were 10 %/in. Baseline exposure to document the expected IG
attack had a duration of 1h. Oxygen isotopic exchange experi-
ments followed a classical two-stage approach. In the first step, the
model alloy samples were exposed for 40 min to a mixture of CO/
CO, mixture with natural isotopic abundances. Subsequently, the
atmosphere was changed to a mixture of CO and C'®0,
(c("®0) = 97%) with the same ratio (1:10). The sample was oxidized
for an additional 80 min, for a total oxidation time of 2 h.

Material characterization

Scanning electron microscopy (SEM) and site-specific preparation
of specimens for transmission electron microscopy (TEM) and APT
were accomplished using two dual beam SEM/focused ion-beam
(FIB) systems: an FEI Quanta 3D and FEI Helios 3D. SEM imaging
was performed at 5kV in both secondary electron (SE) and
backscattered electron (BSE) imaging modes. For sample prepara-
tion, oxidized GBs were first protected by a Pt cap deposited by
the FIB’s gas injection system. FIB lift-outs were then prepared for
TEM and APT using well-established protocols®®. During prepara-
tion, the specimens were shaped and/or thinned using a 30 kV
Ga' ion-beam, followed by a 2 kV Ga™ ion cleaning procedure to
minimize ion-beam damage. For APT samples, the clean-up step
lasted until the region of interest (metal/oxide interface) appeared
within 100 nm below the specimen apex.

Scanning transmission electron microscopy (STEM) was per-
formed using an aberration (CS) corrected, JEOL ARM200CF
operated at 200keV equipped with a JEOL Centurio energy
dispersive spectrometer (EDS) with a 0.9 sR collection angle.
Annular dark-field (ADF) data were collected with a convergence
angle of 20mrad and a collection angle ranging from
79-294 mrad. Digital imaging data collection was performed
using Gatan Microscopy Suite (GMS) version 3.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
measurement was performed at Environmental Molecular
Sciences Laboratory (EMSL), which is located at Pacific Northwest
National Laboratory. A TOF.SIMS5 instrument (IONTOF GmbH,
Munster, Germany) was used. Dual-beam interlaced mode depth
profiling was used. A 1.0 keV Cs™ beam was used as the sputtering
beam and a 50 keV Bi;'* beam was used as the analysis beam for
signal collection. The Cs* sputtering beam (= 77 nA) was scanned
over a 300*300 pm? area. The Bis™" beam was focused to be about
5um diameter with a beam current was about 0.10 pA with a
10 kHz frequency. The Bi;* beam was scanned over an area of
100%100 um? at the Cs* sputter crater center.

The APT analysis of oxidized Ni-Cr alloys was limited to sample
volumes that included significant oxide below the original sample
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surface. Material transport along oxide/metal interfaces was
suspected to contribute extensively to the overall oxidation
mechanism and was the primary target for APT analyses. APT
measurements used a LEAP 4000X HR in laser pulsing mode
(A=355nm, pulsing frequency 125-250 Hz). The pulse energies
were adjusted to 80 pJ to maintain a Cr™*/Crt ratio of = 2. 3D
reconstructions of APT data were performed with the commercial
Integrated Visualization and Analysis Software (IVAS) package
from Cameca, v 3.8.12. Further analysis and visualization of the
reconstructed data were conducted with the open-source soft-
ware GNU Octave. A custom dedicated toolbox, adapting many
routines initially developed by Peter Felfer in MatLab.

APT data handling

The analysis of APT datasets was conducted in multiple steps. 3D
reconstruction of ion positions was performed with the commer-
cial Integrated Visualization and Analysis Software (IVAS) package
from Cameca. The visualization of data and all additional analysis
were conducted with the open-source software GNU Octave. A
dedicated toolbox adapting the general routines suggested by
Peter Felfer was implemented for the advanced handling of
isotopes within the analyzed data.

DATA AVAILABILITY

All data that support the results of the present study are available from the
corresponding author upon reasonable request.
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