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Intergranular oxide intrusions formed ahead of a crack in a Ni-based superalloy at 650 �C have been examined using three-dimensional atom
probe tomography. Of two scans undertaken, a thin (�5 nm) alumina layer was observed next to the alloy substrate in one, overlaid by a chromia
layer. In the second, chromia penetrated to the alloy interface. The chromia layer contained Ti in solution as well as discrete particles of TiO2.
� 2014 ActaMaterialia Inc. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecommons.org/licenses/by/3.0/).

Keywords: Superalloys; Cracks; Oxide intrusions; High-temperature oxidation; Atom probe tomography
Polycrystalline Ni-based superalloys are used in
aeroengines and land-based gas turbines for components
such as turbine discs. These are exposed to oxidizing
conditions and stress at operating temperatures in the range
500–700 �C and, clearly, the role of oxidation on crack
propagation rates is an important aspect. It has been recog-
nized for some time [1,2] that oxide intrusions could exist
ahead of a crack tip but it is only recently [3] that these have
been examined at sufficient spatial resolution that their
nature and morphology could be reasonably established.
This recent work [3] was performed on RR1000, a cur-
rent-generation, high-strength turbine disc alloy of nominal
composition (wt.%): 15Cr, 18Co, 3.0Al, 3.5Ti, 5.0Mo,
2.0Ta, 0.5Hf, balance Ni. In this recent work, focused ion
beam (FIB) sections through the (intergranular) oxide
intrusions were examined using transmission electron
microscopy (TEM) coupled with energy-dispersive X-ray
spectroscopy (EDX) analysis. The oxides across the intru-
sion width tended to be layered according to their thermo-
dynamic stability which meant that the central region of the
intrusion can be occupied by the less-stable (Ni,Co) oxides,
whereas underlying this was a layer of chromia and/or alu-
mina [3], but there was uncertainty over the distribution of
Ti which may have been associated with either the chromia
or alumina layers. It is important to understand the distri-
bution of Ti since it can exist in Cr2O3 in solution up to
concentrations of 18 at.% at 1000 �C [4] and affects Cr
transport rates [5]. Similarly, protective oxide layers of
http://dx.doi.org/10.1016/j.scriptamat.2014.10.025
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chromia or alumina determine oxygen potentials within
the intrusion [3] and its rate of growth [6]. The purpose
of the present work was to obtain further insight into the
element distribution within an oxide intrusion ahead of a
crack, in a similar RR1000 specimen to that tested previ-
ously [3], using atom probe tomography (APT). Pulsed
laser APT was used and this could provide 3-D atomic-
scale resolution of site-specific features [7].

The microstructure of RR1000 examined in this study
was identical to the study in Ref. [3]. The material was
machined to corner crack test pieces having a square nett
section of 4.5 � 4.5 mm2. These were first subjected to ten-
sile cyclic loading at 650 �C in air in order to initiate crack
growth from a notch (�0.3 mm). The crack was then
exposed at the same temperature in air for �3 h without
applied load, i.e., a stress intensity factor Ki � 0, as defined
in Ref. [3], so that no crack growth occurred during this
hold period. A Zeiss NVision 40 dual-beam FIB was used
for the APT specimen preparation. The extracted speci-
mens were analyzed in a CAMECA LEAP-3000HR instru-
ment at 60 K with a pulse energy of �0.6–0.7 nJ and a
repetition rate of 200 kHz. It is reported by other authors
that the oxides can be field-evaporated preferentially to
the metal matrix [8] or vice versa [9], which can cause ion
trajectory aberrations known as local magnification effects
[10]. To mitigate such effects, the oxide–metal interface
was aligned as closely as possible normal to the direction
of ion evaporation. It is also known that oxygen has a ten-
dency to field-evaporate as molecular-ion species [11]. This
can cause peak overlaps in the resulting APT mass spec-
trum which, in certain instances, make it difficult to resolve
the identity of an ion unambiguously. Hence, each mass
s.org/licenses/by/3.0/).
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Fig. 1. SEM in-lens images of the APT specimen (a,b); APT reconstructions of the specimen (c); concentration profile through the cylindrical ROI in
the reconstruction: the arrow indicates the measurement direction (d) concentration profile from another ROI as indicated in the background (e). The
legend and the unit of the y axis in (e) is the same as in (d).

42 H.S. Kitaguchi et al. / Scripta Materialia 97 (2015) 41–44
spectrum peak was carefully examined by a recently devel-
oped decomposition method based upon inspection of
neighbouring peaks caused by isotopes and knowledge of
their theoretical natural abundance [12]. The method
enables more rigid quantifications for the species detected
as molecular ions, i.e. oxygen. The method has an uncer-
tainty of several per cent for the total counts of oxygen ions
[12]. Hence, it was taken as an error as well as its counting
statistical error and shown in one of the data points in each
figure. With regard to each metallic species, the error agrees
with counting statistics and an error bar is shown for one of
the metallic species.

Fig. 1a and b show scanning electron microscopy (SEM)
in-lens detector images of different stages in the preparation
of the APT specimen, which was welded with tungsten (W)
to a specimen stage, which is not included in the image.
Fig. 1a shows a grain boundary with an oxide intrusion.
The crack propagation direction is indicated by the white
curly arrow. The tip of the oxide intrusion is located
beyond the area shown in Fig. 1a, �10 lm towards the
curly arrow. The crack tip, which is defined as the furthest
extent of material separation [3], is located several microns
beyond the image towards the opposite direction of the
arrow. In this study, an oxide morphology similar to the
previous results, cf. Fig. 8 in Ref. [3], was deliberately
chosen to compare results between the APT and EDX
methods. Although the stress intensity factors used in the
two oxides are different, the distributions of the oxygen par-
tial pressure across the two oxide intrusions, which is an
important parameter to study oxide morphologies, are con-
sidered to be comparable with each other by observing the
size of the (Ni, Co)O in the centre of the oxide intrusion
(see Fig. 1b). Fig 1b shows the prepared needle-shaped
sample prior to the APT measurement. Analysis of the
entire specimen was attempted but the (Ni,Co)O region in
the central region of the intrusion fractured during the data
acquisition. Only the region indicated by the trapezoidal-
shaped box was analyzed successfully; however, this con-
tains the more stable (Cr, Ti, Al) oxides of interest.

Fig. 1c shows the 3-D reconstructed specimen in which
the oxide, �70 nm thick, is the upper part of the image
and the unoxidized alloy (substrate), identified by the green
particles, Ni atoms, forms the lower part. Cylindrically
shaped regions of interest (ROIs) were defined in order to
examine the elemental concentrations across the oxide–
metal interface. The diameter of the ROI was �20 nm
and this was divided lengthwise into 1.5 nm intervals.
Two representative results are shown in Fig. 1d and e,
where, for the sake of clarity, only the key elements are
shown. In Fig. 1d, the chemistry profile starts from the
top of the specimen. Very little Ni and Co was found in
the oxide and the concentration of Al and Ti decreased
towards the oxide–metal interface which is indicated by
the broken line at 60 nm. The oxide formed in this scanned
region is dominated by Cr and has a measured composition
near the oxide–metal interface of (Cr90Al05Ti05)2O3. The
incorporation of Al and Ti [4] into chromia is not surpris-
ing since substantial solubility is possible. No evidence of
an underlying alumina layer was found in this scan.
Fig. 1e shows another example of a chemistry profile taken
through the same sample. Ni and Co are again essentially
absent but the Cr content gradually decreases from over
30 at.% to <10 at.% at the oxide–metal interface (located
at 70 nm). The Al concentration in this scan clearly
increases (to >20 at.%) at the interface and indicates a layer
of �5 nm thickness. These element distributions were also
confirmed in the previous investigation [3] but the improved
spatial resolution of the APT technique demonstrates how
thin (�5 nm) the interfacial alumina layer is. Additionally,
in the scan of Fig. 1e, there is a region at �53 nm where the
Ti concentration increases at the expense of Cr and Al. The
apparent composition of this feature, as taken from these
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Fig. 2. APT reconstruction of specimen containing Cr-based M2O3 (Cr and O 75 at.% isosurface), shown by the pink isoconcentration surface, and
Ti-based (Ti and O 80 at.% isosurface) oxide, shown by the dark green isoconcentration surface (a); a concentration profile across the two oxides (b);
and the same concentration profile as (b) with only the oxygen profile (c), which also includes the cylindrical ROI of the concentration profile and the
morphology of oxides looking head-on at the specimen tip (the left shows the isosurfaces of the two oxides and the right shows only the isosurface of
Ti-based oxide to show its morphology). The legend and the unit of the y axis in (c) is the same as in (b). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Reconstructed APT tip (the same tip as in Fig. 1) with TiO2

(Ti and O 80 at.%) isosurface side view (a) and the head-on view (b).
The orange isosurface delineates TiO2 particles close to the oxide–
metal interface (<20 nm). Elemental profiles for the TiO2 isosurface for
the coarse TiO2 (c) and fine TiO2 close to the oxide–metal interface (d).
The legend and the unit of the y axis in (d) is the same as in (c).
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traces, suggests a phase of the type Cr2Tin-2O2n-1 may be
present. Work by Naoumidis et al. [4] has reported these
in bulk samples from the Cr2O3–TiO2 system, albeit at
the higher temperature of 1000 �C.

Using a different data set, a more detailed compositional
information of the Ti-rich feature mentioned above is
shown in Fig. 2, which is an APT reconstruction of a spec-
imen in which the crack is running through the middle of
the specimen and the propagation direction is as indicated
by the black arrow in Fig. 2a. A tip of the oxide intrusion
exists a few microns away from the APT specimen on the
right-hand side. The pink isoconcentration surface
(isosurface) profile, which delineates the region that the
total concentration of Cr and oxygen is >75 at.%, is
Cr-based, leading to the conclusion that it is M2O3 type;
the determination of the metal to oxygen stoichiometry is
supported by the analyses of the previous study [3]. The
dark green isosurface with the total Ti and oxygen concen-
tration of >80 at.% highlights a Ti-based oxide. Chemical
concentration profiles across the two oxides are shown in
Fig. 2b and demonstrate the transition from the Cr-based
to the Ti-based oxide. (Ni, Co)O was not observed in this
specimen, which suggests that the oxygen partial pressure
in this region is in the region of �10�30 or below [3]. This
is also an indication that the region is close to the tip of
the oxide intrusion [3]. The cylindrical ROI and the direc-
tion of the concentration profile are illustrated in Fig. 2c
in the background, which is the identical isosurface profile
as Fig. 2a but as seen from the APT detector. The concen-
tration profile of Fig. 2c shows a profile identical to that of
Fig. 2b, but with increased oxygen content, which changes
from M2O3 (55 at.%) to Ti oxide (60 at.%). These concen-
trations are smaller than expected for the stoichiometric
ratios for Cr2O3 and TiO2, respectively, but this discrep-
ancy can be explained by the loss in detection of oxygen
ions during the APT experiment. In this study, >45% of
detected events were in the form of multiple hits. This has
previously been reported to lead to an underestimation of
the amount of oxygen, where oxygen in a pure bulk
Al2O3 was determined as 56.5 at.% [13]. It is concluded in
this study that the measured oxygen concentration in
M2O3 is observed to be lower than the stoichiometric ratio
by 10%. TiO2 was identified in the previous study by TEM
diffraction analysis [3] which is comparable in morphology
to the Ti oxide found in this study, as shown in the far right
in Fig. 2c. It is concluded that the Ti-based oxide found in
this study is TiO2.
Fig. 3a shows the same APT reconstruction as Fig. 1c,
but with isosurfaces for total Ti and oxygen concentrations
P80 at.%. The isosurfaces are all defined by the same
chemical limits but the orange isosurface is a region within
20 nm of the oxide–metal interface. Fig. 3b shows the view
as would be seen from the APT detector. In the background
of Fig. 3c, the largest Ti-based oxide has been isolated and
is highlighted with an isosurface. A corresponding proxim-
ity histogram analysis has then been undertaken to calcu-
late the chemical concentration profile as a function of
distance normal to the interface delineating the Ti-based
oxide and the surrounding oxide (M2O3 type). The position
of this interface is defined by the isosurface. Similarly
Fig. 3d shows another proximity histogram for a second
Ti-based oxide, the position of which is less than a few
nanometers from the oxide–metal interface as indicated in
the background. Oxygen clearly increases up to 60 at.%
and Ti dominates the metallic elements in the oxide. The
volume fraction and size of these particles become greater
beyond �50 nm from the oxide–metal interface but are
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fewer and smaller at closer (620 nm) distances. A detailed
analysis of the Ti-rich oxide phases, based on 25 different
particles, gives their composition as (at.%) 59.99 (2.63) O,
29.27 (3.02) Ti, 4.66 (1.65) Cr where the bracketed values
are one standard deviation. No other elements were present
in statistically significant quantities. The ratio of O:(Ti+Cr)
concentrations is �1.8 and again supports the view that the
Ti-rich phase is essentially TiO2 once it is recognized, as dis-
cussed above.

The APT technique has shown that a thin alumina layer
(�5 nm) can be detected between chromia and the RR1000
alloy in an oxide intrusion formed ahead of a crack during
a dwell period in air of 3 h at 650 �C. This layer is not
always present, however, and chromia then forms in direct
contact with the alloy. In each case, the chromia layer con-
tains a dispersion of fine (<10 nm) TiO2 particles, and this
seems to be the first direct observation of such particles.
Their origin remains unclear but one possibility is that
the Ti solubility within the chromia layer has been exceeded
and discrete particles of TiO2 precipitate.
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