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Poor oxidation resistance is a key contributor to material failure within extreme environments. Un-
derstanding oxygen solubility is important for computation aided design of new high strength, high-
temperature oxidation resistant alloys. Oxygen solubility within pure metals, such as Ni, has been studied
using a multitude of techniques, but Atom Probe Tomography (APT) has not been used for such a mea-
surement to date. APT is the only technique offering both a high chemical sensitivity (<10 ppm) and

Keywords: resolution (<1 nm) allowing for a composition measurement within nms of the oxide/metal interface.

Atpm Probe Tomography APT was employed to measure the oxygen content at different depths from the oxide/metal interface as

g'?l‘;d‘ well as grain boundaries for a high and low purity Ni sample oxidized at 1000 °C for 48 h. The results
Xidation

Grain Boundaries
Oxygen Solubility

reveal <10 s of ppm oxygen solubility within Ni metal at all depths and 100 s of ppm oxygen within GBs.
© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
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The demand for efficiency enhancements and emission reduc-
tions in the power generation and transportation industries is
driving operating temperatures higher than before [1,2]. Enabling
multiple energy sources requires new high temperature materials
that can withstand increasingly harsher environments [3]. Conse-
quently, high temperature corrosion is amongst one of the life-
limiting degradation mechanisms that must be addressed during
alloy development.

Recent progress in computation hardware and software has en-
abled computation aided alloy design to be an efficient and ef-
fective method for designing new alloys [4-9]. However, modeling
high-temperature corrosion is extremely challenging due to the lo-
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cal nature of the processes that can be influenced by a combina-
tion of factors. Although there has been significant progress in pre-
dicting oxidation induced degradation [6,10,11], there is no com-
prehensive model to predict multicomponent alloy high tempera-
ture oxidation behavior. Most high temperature alloys rely on sur-
face chromia or alumina scales for oxidation protection [12]. For-
mation of the desired scale depends on the oxide thermodynamic
stability, oxygen solubility, diffusivity of oxygen and element(s)
forming the oxide scale, temperature, oxygen partial pressure, and
oxide particle nucleation density [13,14]. Quantitative information
on each of these parameters is essential to oxidation resistant al-
loy development. Yet, the experimental determination of dissolved
oxygen has received limited attention because of challenges with
detecting light elements in low concentration with high spatial
resolution [15-18].

There are several studies that measured oxygen solubility in
pure Ni metal, including those by Seybolt and Fullman [15], Alcock
and Brown [19], and Park and Altstetter [16]. These three pivotal
studies showed 100 s of ppm oxygen solubilities for temperatures
ranging from 700-1200 °C, agreeing well with expected theoreti-
cal solubilities in Ni (Sievert’s equation) [20]. The Ni was polycrys-
talline in these studies making the delineation of GB effects im-
possible.
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Perusin et al. [21] used time-of-flight secondary ion mass spec-
trometry (TOF-SIMS) to study the oxygen solubility in Ni, which
has a spatial resolution able to delineate grains from GBs. The re-
sults showed 50-100 times less (~1-10 ppm) intragranular dis-
solved oxygen than those reported previously, and that the oxy-
gen did not diffuse greater than ~1 pm into the metallic grains.
Furthermore, um sized voids with high surface oxygen contents
and NiO particles were found within grain boundaries (GBs) us-
ing SIMS and transmission electron microscopy (TEM), but oxygen
within pristine GBs was unable to be detected due to spatial res-
olution constraints. Woodford and Bricknell showed GB embrittle-
ment after oxidation in Ni and detected NiO particles on fractured
surfaces, but this study also lacked a direct measurement of oxy-
gen within pristine GBs [22,23]. A higher resolution technique such
as atom probe tomography (APT) is better suited for directly iden-
tifying oxygen within GBs.

Here, we have employed APT to understand the oxygen solu-
bility in high and low purity Ni. APT is a direct projection mi-
croscopy technique with sub-nm resolution and aa <10 ppm sen-
sitivity [24-28]. Unfortunately, oxygen quantification is challeng-
ing because some field evaporated oxide molecules can be unde-
tectable due to multi-hit detection events or molecular ion disas-
sociation after field evaporation [29-32]. On the other hand, the
detection of residual oxygen gas from the ultra-high vacuum (~10-
11 Torr) analysis chamber can increase the measured oxygen con-
centration. Despite these challenges, dissolved oxygen within nms
of the oxide scale interface and within GBs in oxidized high and
low purity Ni was measured with APT. This information can be
used to improve computational models and accelerate material de-
velopment designed for extreme environments.
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Table 1
Measured composition of the investigated alloys. Ni is in wt.% or at.% and the rest
of the elements are in wppm or appm.

Alloy Ni 0 Si Mn Cu Fe Na
Pure Ni (wt.) 99.999 14 0.04 0.003 0.015 - 0.03
Ni200 (wt.) Bal. 5 200 2400 600 400 -
Pure Ni (at.) 99.89 51.3 0.084 0.003 0.014 - 0.009
Ni200 (at.) Bal. 183 418 2564 554 420 -

The chemical compositions of the studied alloys are given in
Table 1 using inductively coupled plasma atomic emission spec-
troscopy (ICP-AES), combustion-infrared absorbance (carbon), and
inert gas fusion (oxygen). Alloy coupons (10x20x1.5 mm) were
ground to a 600-grit finish and ultrasonically cleaned in acetone
and methanol prior to oxidation. The pure Ni sample was placed
in a quartz ampoule backfilled with 80, gas at 1 atm. The Ni200
sample was exposed to dry laboratory air. Both samples were
isothermally annealed for 48 h at 1000 °C. The pure Ni sample
(80-Ni) was oxidized in an 180,/160, environment due to slight
160, contamination. 1 atm 80, gas was used to ensure that the
partial pressure did not fall below 0.21 atm during the test. The
oxidation kinetics (scale thickness) for each sample were similar.

APT specimens were fabricated with an FEI Nova 200 dual beam
scanning electron microscope (SEM)/focused ion beam (FIB) instru-
ment using the method described by Thompson et al. [33]. The
APT experiments were run using a CAMECA LEAP 4000XHR in laser
mode with a 30 K base temperature, a 60-70 p] laser power, a
0.2% detection rate, and a 200 kHz pulse repetition rate. The APT
results were crytallographically calibrated [34], and analyzed using

40 nm

Fig. 1. APT atom maps of the oxide/metal interfaces of (a) '60-Ni200 (Ni200) and (b) ®0-Ni (Pure Ni) samples oxidized at 1000 °C for 48 hrs. The Ni, O, and NixOy ions are

displayed as green, light blue, and magenta dots, respectively.
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Table 2

The O composition for the ¥0-Ni and '0-Ni200 samples measured at differ-
ent distances from the metal/oxide interface calculated from the mass spec-
tra shown in Fig. 2. The compositions were calculated using only the 60+,
58Nil60+, 6ONj160+, 58Ni'®0+, and S°Ni'®0* mass spectral peaks only when
present in the mass spectrum. All vacuum gas peaks, such as HO, H,0, CO,
etc., were ignored. All reported values are background corrected using IVAS's
local range assisted background subtraction method. The “noise” was calcu-
lated by ranging regions before and after the mass spectral peaks used for
oxygen quantification. This value is also background corrected. The error is
the standard error and does not account for non-quantifiable error [36].

Location Sample APT measured
oxygen (ppm)
~20-200 nm from int. 180-Ni 44+3
160-Ni200 4943
~10 pm from int. 180-Ni 16+1
>1 mm from int. 160-Ni200 26+2
Noise N/A ~10

CAMECA’s IVAS 3.8 software. The misorientation of the APT dataset
grain boundaries were measured using the protocol outlined by
Breen et al. [35]. The error presented in the proximity histograms
and Table 2 is the standard error [25]. This value does not repre-
sent the total error because phenomena such as residual oxygen
in the vacuum chamber and preferential loss of oxygen can add to

error but is difficult to quantify.
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Fig. 2. Mass spectra for (a)'0-Ni200 close to the oxide/metal interface, (b) '80-Ni close t
the interface. The insets of (a) and (b) are zoomed in regions of the NiO* peaks with the
millions of ions were used to increase the sensitivity of the measurement. The dashed
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APT atom maps for the metal/oxide interface for 80-Ni and
160-Ni200 are shown in Fig. 1. Much care needs to be taken
when determining the low metal oxygen content because there are
mass spectral peak overlaps that need to be considered. 180, and
160, oxidation experiments were conducted to differentiate resid-
ual APT chamber vacuum gas from oxygen within the specimen
and to determine the molecular state oxygen is detected. Mass
spectra from volumes in the APT data are displayed in Fig. 2.

Some mass spectral peak overlaps of concern are the 160,,
64Ni2+ peak overlap at 32 Da and the 80, 'H,60 peak over-
lap at 18 Da 'H!60 (17Da) because 'H,160 (18 Da) mass spectral
peaks are commonly found in APT data due to residual water va-
por ('H,'60) in the vacuum chamber ionizing at the specimen sur-
face. In addition, the specimen’s oxygen can bind with vacuum H
before field evaporation. It is impossible to delineate residual vac-
uum water vapor from the sample’s oxygen binding with residual
vacuum H when the sample contains '60; however, the absence of
mass spectral peaks at 19 and 20 Da relating to H'30*+ and H,'80+
for the '®0-Ni samples (Fig. 2b and d) proves that it is unlikely
for residual H to bind to oxygen on the Ni surface before field
evaporation and subsequent detection, and therefore, the peaks
at 17 and 18 Da can be ignored. Unfortunately, a reliable 80+
measurement is impossible at 18 Da due to residual water vapor

detection.
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o the interface, (c) '0-Ni200 1 mm from the interface, and (d) '®0-Ni 10 pm from
expected isotopic abundancies marked by the red lines. Large volumes containing
black polygons show the volume used for producing the mass spectra in (a) and

(b). All oxide related peaks used for calculating the composition are marked with blue dotted arrows. From left to right: 10 (16 Da). *Ni'®0 (74 Da), °Ni'®0 and %¥Ni'®0
(76 Da), and 5°Ni'®0 (78 Da). The red arrows indicate vacuum gasses and FIB Ga ions, which were not used for the compositional analysis. From left to right in (a), the red
arrows identify CN2+, NO%*+, HO*+, H,0*, N,*, NiH, 02+, CO,*, and Ga*. The Nit/Ni+* charge-state-ratios are displayed for each mass spectrum.
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The 180 oxidized samples (Fig. 2b and d) do not show mass
spectral peaks for 160180+ or 180,* at 34 Da and 36 Da, respec-
tively, proving that molecular O, in the metal solid-solution is
not a field evaporation product. The 60-Ni200 specimen shows
58Njl60+ and 69Njl60*peaks at 74 and 76 Da (Fig. 2a) while the
180-Ni specimen shows 8Ni'®0+ and %°Ni'80* peaks at 76 and
78 Da (Fig. 2b). The mass spectra do not show 6!NiO, 62NiO, and
64NiO peaks due to the low abundance of these Ni isotopes. The
NiO peaks are the dominant oxide peaks as they have 2 and 4
times more counts than the 160 peak for 1%0-Ni200 and 180-Nj,
respectively. The 160-Ni200 mass spectrum also shows a peak at
38 Da (Fig. 2a), which can only be *#Ni'H,'60 as this sample was
exposed to 160,. Therefore, the 38 Da peak is interpreted as a
vacuum gas and is ignored for the O concentration measurement.
These results indicate that O is predominately detected as NiO*
when within the metal solid solution at low concentrations.

APT specimens were also made from an intermediated depth
and the center of the sample (~10 pm and 1 mm from the ox-
ide scale, respectively) for the ¥0-Ni and '60-Ni200 samples. The
58Ni'60+* and 8Ni'80* or 6ONi'®0+mass spectral peaks are present
in the specimen made 10 pm from the interface (Fig. 2d), while
the sample made ~1mm from the interface does not show the ex-
istence of NiO* peaks (Fig. 2c). The measured O content calculated
from all samples and depths are displayed in Table 2.

The Ni'80 peaks at 76 and 78 Da shown in Fig. 2b proves that
O within solid solution is detectable by APT, which has been speci-
fied with an approximately 10 ppm sensitivity. An underestimation
of the O content due to the preferential loss of O was previously
discussed, but we must also consider an overestimation of O in
this case because the measured O content is close to APT’s detec-
tion limit. O* at 16 Da can be a result of O in the analysis chamber
despite the UHV conditions. Additionally, FIB specimen preparation
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and sample transfer could induce oxidation [37], although we care-
fully selected regions that were least affected by FIB damage in the
APT data to mitigate this concern. To this end, the oxygen content
from these APT measurements is interpreted as having the same
value (10 s of ppm) to compensate for non-quantifiable error.

This result is consistent with the SIMS work published by Pe-
rusin et al. [21] (~1-10 ppm), adding confidence. SIMS has a
higher chemical sensitivity than APT meaning that the SIMS mea-
sured intragranular oxygen content is probably more reliable, how-
ever, APT has a much higher spatial resolution. Large volumes
within the APT data were used to calculate the oxygen content dis-
played in Table 2 to increase the measurement sensitivity, which
decreases the resolution.

A closer investigation of the metal/oxide interface was achieved
using proximity histograms with 2 nm bins (~200,000 ions/bin)
from planar 15 at.% O isoconcentration surfaces (the oxide metal
interface) for 60-Ni200 and '80-Ni (displayed in Fig. 3). Sigmoidal
functions, f(x) = —9max were fit to the proximity histograms

_XEXg
with 4t defined aerethe interfacial width [38]. The measured in-
terfacial widths from the sigmoidal fits are 3.5 and 4.3 nm for the
160-Ni200 and '80-Ni samples, respectively. These measured inter-
facial widths were relatively the same using <1 nm bins. The APT
measured interfacial widths are most likely wider than the actual
interface width due to APT aberrations [39-43].

The voltage curve for the 160-Ni200 APT experiment displayed
in Fig. 3(b) maintains a parabolic shape indicating that there is no
noticeable difference in the evaporation field of the NiO and Ni
metal, and therefore, trajectory aberrations at the interface should
be minimal [41]. In Fig. 3(c)-(f), the O profiles match the sigmoidal
fits almost perfectly for both samples, and at closer inspection
(Fig. 3(d),(f)), it is clear that the O content reaches its baseline
value immediately after the interface, which is tabulated in Table 2.
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Fig. 3. (a) An APT atom map of the '®0-Ni200 sample with arrows showing the proximity histogram location. (b) The voltage curve for the '®0-Ni200 sample with the green
rectangle highlighting the presence of the interface on the needle surface during the experiment. (c) A proximity histogram across the Ni200/NiO interface from the 60-
Ni200 sample. (d) The proximity histogram in (c) with adjusted y-axis values. (e) A proximity histogram across the NiO/Ni interface for the'30-Ni sample. (f) The proximity
histogram in (e) with adjusted y-axis values. The proximity histograms were calculated from a 15 at.% O isoconcentration surface using 2 nm bins and a local range assisted
background subtraction. Sigmoidal fits to the data are also displayed with the interfacial widths denoted by 4tau.
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Fig. 4. Ni GB oxygen measurement. HAGB: (a) The APT detector event histogram showing a clear GB in the field of view with the poles highlighted. The inset is an EBSD
inverse pole figure (IPF-Z) with the grains in the APT field of view marked. The black lines are HAGBs, and the red line is a £3 GB. b) APT density map of Ni to highlight the
GB region in the reconstruction and a NiO atom map with the 1DCP region of interest indicated. (c) A 1DCP of the HAGB displayed in (a) and (b) showing the oxygen and
oxygen background concentrations. Mass spectra of the (d) full dataset and (e) extracted GB region. *3Ni'®0 and *®Ni'®0 or 5°Ni'®0 peaks are only visible in the extracted

GB region. X3 GB: (f) the APT detector event histograms for 2 grains captured in the dai
atom map with the 1DCP region of interest indicated. (h) The corresponding 3 GB 1DC|

Overall, a low oxygen content (10 s of ppm) has been detected
within Ni metal from within nms and up to 1 mm from the ox-
ide interface using APT.

Electron backscatter diffraction (EBSD) and site-selective FIB
sample preparation was used to prepare a high angle GB (HAGB)
approximately 20 pm from the oxide/metal interface in the 180-
Ni sample, displayed in Fig. 4(a). A clear GB between two grains
with different orientations is found within the APT detector event
histogram containing this HAGB. The Ni density map displayed in
Fig. 4(b) shows an increased density in the GB location, which is
common in APT data due to GB trajectory aberrations [41]. The
NiO species (°8Ni'®0 and *8Ni'80 or 5°Ni'®0) atom map, although
noisy, also shows an increased density within the GB. A 1D con-
centration profile across the HAGB shows an increased O content
within the GB with a maximum value of 260 ppm after back-

taset with the poles indexed. (g) Ni density map showing the GB region and a NiO
P indicating an increased oxygen content within the GB.

ground subtraction (Fig. 4(c)). It is likely that the maximum O con-
centration is indeed higher than 260 ppm because broadening of
the GB in the APT data underestimates the GB concentration [44].
Background is also included in the 1D concentration profile (1DCP),
which was ranged before and after the oxide peaks in the mass
spectrum.

Mass spectra for the full dataset and the GB region are dis-
played in Fig. 4(d) and (e). The full dataset mass spectrum shows
several vacuum gas and Ni peaks, but no visible NiO* peaks. The
only non-Ni peaks within the GB mass spectrum are at 14, 74,
and 76 Da, which are Nt (potentially vacuum gas), 38Ni'€0, and
58Ni'80 or 60Ni!60, respectively. The counts within the 76 Da peak
are ~3 times larger than the expected counts for °Ni'60 given the
counts in the 74 Da peak (°8Ni'60*), suggesting that there is a
58Ni'80+ peak overlapped with the ONil®0 peak; however, there
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is not a noticeable 5°Ni'80 peak at 78 Da. Therefore, it is possible
that 180 from the oxidation experiment infiltrated this HAGB. The
58Ni'60+ peak could be oxygen from the oxidation experiment due
to contamination or inherent oxygen in the as-fabricated Ni speci-
men.

APT was also conducted on a symmetric X3 GB with the results
displayed in Fig. 4(f). Direct measurement of the misorientation of
this boundary from the APT data confirmed a 60°/<111> angle/axis
pair, characteristic of this special low energy boundary. The grain
boundary normal for each grain was also directly measured from
the APT data and found to be close to (221) in each case. The com-
mon grain boundary normal in each grain and the relative flatness
of the boundary suggests that it is most likely a symmetric twin
Y.3. Excess oxygen was also detected at this boundary with a sim-
ilar maximum concentration relative to the HAGB (100 ppm after
background correction).

The measured intragranular oxygen content within high and
low purity Ni using APT was found to be on the order of 10 s
of ppm. Proximity histograms of the oxide/metal interface do not
show oxygen diffusion greater than ~1 nm into the metallic grains.
These results are consistent with the SIMS analysis performed by
Perusin et al. [21] and do not reproduce the historic bulk oxygen
solubility studies and oxidation models (>100 ppm oxygen mea-
sured in solution). The key difference between these works is the
spatial resolution of the techniques used to measure the oxygen
concentration, i.e. being able to delineate GBs from grain interiors.
The discrepancy is consistent with the hypothesis that oxygen dif-
fuses and accumulates within GBs.

Excess oxygen was directly measured within pristine GBs by
APT. The oxygen concentration (100 s of ppm) is too low to ac-
count for the bulk metal O concentration after oxidation measured
by inert gas fusion (115 - 367 ppm). The “missing” oxygen is most
likely bound within internal NiO precipitates, which were previ-
ously found in Ni GBs [21-23].

These results highlight that oxygen diffusion primarily occurs
within GBs and there is minimal oxygen diffusion into the Ni
grains even within nanoscale distances from the oxide scale. This
finding provides guidance to the scientific community aiming to
quantify dissolved oxygen in high temperature alloys at oxide/alloy
interfaces. Rethinking oxidation models to include lower oxygen
solubilities in grain interiors and to include GB diffusion mecha-
nisms will be critical to the continuing efforts in the development
of next generation oxidation resistant alloys for future energy land-
scapes.
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