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ABSTRACT
Oxygen-affected cracking commonly presents on thin Ni-based single crystal superalloy compo-
nents serving in high temperature and oxidizing environments. This study uses a newly developed
in-situ thermal-stress environmental transmission electron microscope to investigate the oxida-
tion and fracture behaviors of Ni-based single crystal superalloy at 650°C under stress. The in-situ
oxidation was found to change the tensile fracture mode from the close-packed {111} planes of
plastic fracture to {001} planes adjacent to γ /γ ′ interfaces of brittle fracture. The microanalysis also
revealed that the γ ′ cuboids, γ phase, and γ ′/γ interface exhibit different oxidation behavior, thus
underscoring the thickness debit effect.
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Introduction

Ni-based single crystal superalloys are exclusive materi-
als used for turbine blades of modern aircraft engines
[1–3]. In the modern design of turbine blades, blade
wall thickness has been continuously reduced to reduce
overall weight and enhance cooling efficiency [4,5]. The
reduced blade wall thickness causes shortening of the
creep rupture life of the blades, known as the thickness
debit effect [6–8]. The thickness debit effect has been
mainly ascribed to oxidation, which reduces the effective
load-bearing area of a blade [4,9]. However, this factor
has been demonstrated to be insufficient to explain the
difference in creep rate in different atmospheres. Several
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other factors have also been suggested, e.g. vacancy for-
mation due to selective leaching, conversion of γ to γ ′
due to depletion of Al by selective oxidation, preferential
oxidation along the γ /γ ′ interfaces [10–12].

Oxidation of Ni-based single crystal superalloys does
not happen uniformly. The L12 γ ′ phase and the face-
centered cubic (fcc) γ phase in Ni-based single crystal
superalloys are known to have different element con-
centrations, e.g. Al, Ti, and Ta prefer to segregate into
the γ ′ phase. In contrast, Cr, Co, W, and Re prefer
to segregate into the γ phase [13–15]. Ta, Ti, and Al
have the highest affinity to oxygen and thus tend to
oxidize first [16,17]. This leads to selective oxidation
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among the different elements and between the γ ′ and
γ phases [18,19]. Another characteristic of oxidation is
the behavior of the {100} γ /γ ′ interfaces [18,20]. Ding
et al. observed oxygen segregation in the γ /γ ′ inter-
faces using electron energy loss spectroscopy mapping
analysis, indicating preferential oxidation along with the
γ /γ ′ interfaces [12]. This is likely to cause local weaken-
ing of the alloy matrix and promote local crack forma-
tion and propagation, contributing to the thickness debit
effect.

Previous studies on the oxidation of Ni-based superal-
loys have mainly focused on the structure and morphol-
ogy of oxidation products, oxidation kinetics, and the sta-
bility of the oxides at different temperatures [21–23]. Few
studies have been conducted to investigate the oxidation-
assisted cracking of these alloys. To fill this knowledge
gap, an in-situTEMstudy of the oxidation process of aNi-
based single crystal superalloy was conducted in an oxi-
dation environment at elevated temperatures in an envi-
ronmental transmission electronmicroscope (ETEM), as
reported here.

Experiment

A homemade Ni-based superalloy was used in this study.
Its nominal composition is 5.9 at. % Co, 2.3 at. % Cr,
0.7 at. % Mo, 3.7 at. %W, 11.4 at. % Al, 1.0 at. %
Ta, 2.9 at. % Re and with Ni in balance. The alloy
was fabricated into a single crystal cylindrical ingot in
the [001] axial direction via directional solidification
using the conventional Bridgman method. The ingot is
φ15× 150mm3 in dimension. The ingot was solution-
treated at 1365°C for 24 h in a flowing Ar atmosphere,
then aged in a two-stage process involving heating at
1150°C for 5 h followed by a second stage at 870°C for
24 h. The ingot was cooled in the air after the aging
treatment.

The experiments were conducted on a Bestron-
ThermalFisherTM in-situ thermal-stress environmental
transmission electronmicroscope. The thin plate-shaped
samples of ∼70 nm in thickness for in-situ tensile testing
in TEM were fabricated by the focused ion beam (FIB)
milling method using a Helios Nanolab 600i instrument.
Theywere then cut into a dumbbell shape, with the length
aligned to [010] and the plate normal in [001] direc-
tions. The dumbbell-shaped samples were then trans-
ferred and secured onto a micro-electro-mechanical sys-
tem (MEMS) device specially designed for conducting in-
situ thermal-mechanical testing inside the microscope.
TheMEMSdevice is integrated into a Bestron INSTEMS-
MT-1200 TEM sample holder. It allows the sample to be
heated to and maintained at different temperatures up to
1150°C while applying a tensile deformation [24]. The

in-situ tensile tests were performed under displacement
control mode with a loading rate of 1–2 nm/s.

In-situ oxidation experiments were conducted at
650°C in an FEI-Titan-ETEM operated at 300 kV. A
differential pumping system was used to control the
gas pressure around the sample. After the sample was
heated to 650°C, pure O2 (99.999%) was injected into
the ETEM. Two different O2 partial pressures were
used, i.e. 10−3 and 10−1 mbar. All samples were pre-
conditioned inside the microscope for 10min before
deformation to form a thin oxide surface layer to mimic
the natural condition of the alloy in a real-life situ-
ation. Ex-situ oxidation experiments were conducted
under the same conditions. The cross-sectional samples
were lifted from the micro-bulk sample without elec-
tron beam irradiation for ex-situ observation, as shown in
Fig. S5.

Results and discussion

Figure 1 presents the original microstructure, the sam-
ple preparation, and the testing process of the superal-
loy. Figure 1(a-1 to a-3) shows the high-angle annular
dark-field (HAADF) image and the distribution of the
elements of the original microstructure. The γ phase is
brighter than the γ ′ phase due to its higher concentra-
tions of heavier elements (Co, Cr, Re, and W) than γ ′
phase (Ni and Al). Figure 1(b-1 to b-6) schematically
shows the in-situ test sample preparing process. Firstly,
a micro-bulk sample was obtained from the bulk sam-
ple using ion beam cutting, the Pt protective layer is
deposited on the front side of themicro-bulk. Then theW
needle was used to transfer the micro-bulk to theMEMS.
Finally, the thickness of the micro-bulk was thinned to
∼70 nm in dumbbell shape using the ion beam. The
preparing process in the real sample is also shown in
Figure 1(c-1 to c-3).

Figure 1(c-4) shows a TEM image of the sample after
holding at 650°C for 10min in a vacuum (10−7 mbar).
Figure 1(c-6) shows a selected area electron diffrac-
tion (SAED) pattern, confirming the sample orientation.
The sample was then deformed in tension to fracture.
Figure 1(c-5) shows the sample just before fracture, still
under load. The necking trace on the sample surface
is at 45° from the [010] loading direction. The frac-
tured surface was found to be planar on a surface non-
perpendicular to the sample surface, consistent with the
expectation of a (111) cleavage plane, the close-packed
plane in the fcc structure, as shown in Figure 1(c-7).
Other fractured results of the vacuum tensile test are
shown in supplementary image Fig. S1.

Three dumbbell-shaped samples were also deformed
at 650°C in-situ inside the microscope but in an oxygen
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Figure 1. The original microstructure, the sample preparation, and the testing process of the superalloy. (a) the microstructure and
elements distribution of superalloy in original state. (b) The schematic image of the tensile sample preparation process. (c-1)–(c-3) The
secondary electron images of preparing the real sample. (c-4) TEM imageof the sample after exposure in vacuumat 650°C for 10min. (c-5)
TEM image of the sample after tensile deformation. (c-6) the SAED pattern of (c-4). (c-7) The schematic image of the fractured surface.

atmosphere. Figure 2(a) shows a sample after the pre-
treatment at 10−3 mbar. Some small oxide particles have
formed on the surface (the particles in dark contrast).
Figure 2(b) shows the sample after fracture. The facture
surface is roughly perpendicular to the sample length
direction ([010]). Figure 2(c–f) shows the TEM images of
two other samples pre-oxidized for 10min at 10−1 mbar
O2 partial pressure. Similarly, the factures also occurred
perpendicular to the sample length direction. The oxides
around the γ /γ ′ interface, where the intergranular-like
fracture happened, are added in supplementary image
Fig. S2.

Figure 3 shows the analysis of a sample oxidized
under 10−1 mbar oxygen pressure at 650°C for 10min.
Figure 3(a) is a [001] cross-section HAADF view of the
sample. Figure 3(b–d) shows the energy dispersive X-ray
spectrometry (EDS)mapping of O, Ni, and Al of the area.
The oxide layer is ∼45 nm thick, with the oxide on the γ ′
surface had amore uniform thicknesswhereas that on the
γ surface wasmuchmore irregular in thickness andmor-
phology. The oxidized thickness of the metal was used as
a reflection of the oxidation rate. After fine processing by

the focus ion beam, the surfaces of the original samples
are smooth. This smooth surface renders an easy thick-
ness detection of the unoxidized region. The γ and γ ′
phases have different unoxidized thicknesses, thus indi-
cating different oxidation rates. Figure 3(e, f) shows the
EDS line scans along the two dashed lines indicated in
Figure 3(a), across the γ and γ ′ phases, respectively. It is
evident that the oxide on the γ ′ phase contained more Al
but less Ni compared to the oxide formed on the γ phase.
Due to the faster oxidation rate of γ ′, the content of Ni
in both γ and γ ′ phases decreased to an approximately
equal level. The elements distribution of a sample under
10−3 mbar oxygen pressure at 650°C for 10min is shown
in Fig. S3.

To identify the oxide species formed, nanobeam elec-
tron diffraction technique was used. Figure 4(a) is a
HAADF image of the area indicated by the yellow dashed
box in Figure 3(a). The area is divided into 10×10 small
square domains, with each being 20× 22 nm2 in size.
Figure 4(b) shows the nanobeam diffraction patterns of
all the small domains in this area. Four phases can be ver-
ified based on their crystal structures, i.e. Pt in white, the
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Figure 2. In-situ TEMexaminationof samples deformedat 650°C in oxygen atmosphere. The sampleswerepre-oxidized for 10min inside
themicroscope before deformation. (a) TEM image of a sample pre-oxidized at 10−3 mbar O2 partial pressure. (b) TEM image of a sample
after tensile deformation in the oxygen atmosphere to fracture. (c) and (d) TEM image of sample II after the initial oxidation and fracture
in tension in 10−1 mbar. (e) and (f ) TEM image of sample III after the initial oxidation and fracture in tension in 10−1 mbar.

Figure 3. TEM analysis of a sample oxidized under 10−1 mbar oxygen pressure at 650°C for 10min. (a) A HAADF image of the cross-
section of the sample. The observation direction is [001]. (b)–(d) EDS mapping of O, Ni, and Al, respectively. (e) EDS line scan along with
line e in (a) across the γ phase. (f ) EDS line scan along with line f in (a) across the γ ′ phase.
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Figure 4. The microstructure analysis on the vertical and horizontal sections of a sample oxidized under 10−1 mbar oxygen pressure.
(a) A HAADF image of the cross-section of the sample. The observing direction is [001]. (b) The nanobeam diffraction patterns of 10×10
local domains of the viewing area. (c) The schematic image of lifting out the sample in (a). (d-1)–(d-6) Enlarged views of a few selected
nanobeam diffraction patterns in different regions. (e) HAADF image of a γ /γ ′ interface region observed from [010]. (f ) Enlarged view
of the rectangle region (e). (g) FFT patterns from the left, the middle (interface), and the right regions in (f ). (h) The schematic image of
lifting out the sample in (e).

oxide in orange, and γ ′ in blue and γ in cyan. Figure 4(c)
shows the schematic diagram of the sampling method in
Figure 4(a). Based on this, Figure 4(a) shows the vertical
section of the sample, and the evolution of oxidation state
in depth direction is shown. Figure 4(d-1 to d-6) shows
some enlarged nanobeam diffraction patterns seen in
Figure 4(b), they can index to polycrystalline Pt (x1y10),
polycrystalline NiO(x10y8), polycrystalline NiO and α-
Al2O3(x3y7), [001] single crystal NiO(x4y6), γ ′(x1y5)
and γ (x6y5) respectively. The formation of them is due to
α-Al2O3 has the lowest Gibbs energy of formation than
NiO and thus is the first to form on the γ ′ phase [25–27].
However, the Al only has a content ∼13 at. % in the γ ′

phase and close to zero in the γ phase. Therefore, the
α-Al2O3 formed is insufficient to cover the full surface
of the γ ′ phase, leaving the opportunity for NiO to form
concurrently.

In addition to the above, {001} γ /γ ′ interfaces inside
the alloy may also experience a higher oxidation rate.
Figure 4(e) shows a top view of the oxidized sample, i.e.
viewing from [010] direction. The surface oxide scale
had been removed by FIB. The γ /γ ′ interface region is
2∼13 nm in width, and it presents a clear contrast that
is different from either γ or γ ′. Figure 4(f) shows an
enlarged HAADF image of the rectangular region iden-
tified in Figure 4(e). The γ /γ ′ interface region shows
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Figure 5. TEM analysis of two samples oxidized under 10−3 and 10−1 mbar oxygen pressure at 650°C for 100min. (a-1) and (a-2) The
HAADF images of the sample under 650°C-10−3 mbar for 100min in low and high magnification. The observing direction is [011]. (a-3)
The O, Al, and Ni distribution map of the (a-2). (a-4) The schematic image of lifting out the sample in (a-1). (b-1) and (b-2) the HAADF
images of the sample under 650°C-10−1 mbar for 100min in low and high magnification. The observing direction is [010]. (b-3) The O,
Al, and Ni distribution map of the (b-2). (b-4) The schematic image of lifting out the sample in (b-1).

a blurred crystal structure. Figure 4(g) shows the FFT
patterns of the left, the middle (the interface), and the
right regions in Figure 4(f). The pattern from the left
to right regions are indexed to NiO, with no diffraction
spot and γ phase, respectively. The image blurredness
of the interface region may imply amorphization or it is
being off a zone axis. The different oxides type also indi-
cates the γ /γ ′ interface proceeds a different oxidation
behavior than the adjacent γ or γ ′ phases. Figure 4(h)
shows the schematic diagram of sampling method in
Figure 4(e). Based on this, Figure 4(e) shows the hori-
zontal section of the sample which roughly corresponds
to the layer y6, and the different oxidation states of γ ′
phase, γ /γ ′ interface and γ phase in the same depth are
shown.

To further investigate the oxidation behavior of the
γ /γ ′ interface, two samples are further oxidized under
an oxygen pressure of 10−3 and 10−1 mbar at 650°C for
100min respectively, as presented in Figure 5. Figure 5(a)
shows the HAADF image of the vertical section for sam-
ple oxidized under 650°C-10−3 mbar for 100min. It isn’t

easy to guarantee the obtained horizontal section of the
sample corresponds to the y5 layer of Figure 4(b), i.e.
the γ and γ ′ phases remain unoxidized. The sample is
prepared normally to the [011] directional to investi-
gate the distribution of oxides, as schematically shown
in Figure 5(a-4). Figure 5(a-1) shows a HAADF image
in low magnification. The outside oxidation layer can be
seen at the top of the sample. In addition, some par-
ticles in dark contrast with the dimension of ∼5 nm
can be observed at the γ /γ ′ interface, as indicated in
the yellow dash rectangle. Figure 5(a-2) is the enlarged
HAADF image of Figure 5(a-1) selected rectangle. The
particle contains a different atomic structure from the
surrounding γ or γ ′ phase, as the structure changes
to blurry. The EDS mapping results of O, Al, and Ni
shown in Figure 5(a-3) indicate it contains a higher oxide
magnitude, thus the particle should be the oxide. This
further indicates the γ /γ ′ interface can promote the for-
mation of oxides. Figure 5(b) shows the HAADF image
of the horizontal section of the sample under 650°C-
10−3 mbar for 100min. The observation direction is
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[010] as schematically shown in Figure 5(b-4). Under
the condition, the particles have larger sizes (∼100 nm),
distributed preferentially with one side contact to the
γ /γ ′ interface. The atomic structure (Figure 5(b-2))
and EDS mapping (Figure 5(b-3)) analysis also indi-
cate these particles to be oxides. It indicates that,
as the oxidation progresses, the nano-oxide particles
(∼5 nm) in Figure 5(a) will spread out and transform
to bigger nano-oxide particles (∼100 nm) shown in
Figure 5(b). The different morphology of oxide parti-
cles at the interface region under different conditions
and observation directions supporting the statement that
the oxides particles preferentially formed at the γ /γ ′
interface.

Based on the evidence presented above, the initial
oxidation process can be summarized below (as schemat-
ically shown in Fig. S4). Firstly, the α-Al2O3 has a rela-
tively lower Gibbs energy than NiO and thus is the first
to form on the γ ′ phase. However, the Al only has a con-
tent ∼13 at. % in the γ ′ phase and close to zero in the
γ phase. Therefore, the α-Al2O3 formed is insufficient
to cover the whole surface of the γ ′ phase, leaving the
opportunity for NiO to form concurrently. Al supply is
much exhausted with the oxidation process, within the
γ ′ phase near the surface, and a continuous NiO layer is
forced to form at the oxide–metal interface. Differently,
the NiO oxides are formed on the γ phase during the
whole process. As shown in Figure 4, the oxides formed
at the γ /γ ′ interface are different from those of γ and
γ ′ phases, suggesting different oxidation behaviors expe-
rienced by the interface. The lattice misfit causes lattice
distortion and a high energy state at the interface renders
it acting as a preferential path for oxygen nucleation and
diffusion [12,28–31]. Thus, the γ /γ ′ interface appears to
experience severer oxidation.

With the above evidence, we may discuss the rea-
son for the change of the fracture behavior upon tension
after oxidation. The fracture surface direction changed
from ∼45° from the tensile loading axis, along the {111}
crystallographic planes of the sample, to ∼90° from the
loading axis, along the {001} planes after oxidation. The
fracture along {111} in the unoxidized sample indicates
plastic deformation and ductile fracture. The fracture
along {001} in the oxidized sample implies a patterned
weakening or lowered ductility. This may be due to three
reasons. Firstly, the different oxidation rates of the γ

and γ ′ phases caused a thickness difference between the
two phases, with the γ ′ phase being more reduced and
being the relatively weaker part. Second, due to selec-
tive leaching of Al, vacancies formed during oxidation in
the γ ′ phase, which further decreases the strength and
reduces the ductility of the γ ′ phase [32–34]. Thirdly,
the γ /γ ′ interface exhibits different oxidation behavior

than its neighboring γ and γ ′ phases, further weaken-
ing the matrix integrity along the orthogonal <001>

directions. In addition, the difference in oxidation depth
between the γ ′ and γ phases causes local geometrical dis-
continuities. Thus, stress concentration forms along with
the γ /γ ′ interfaces. This may also contribute to the frac-
ture along the 001 direction of the thin foil TEM samples.
The oxidation changes crack modes behavior is likely to
cause local weakening of the alloy and further contribute
to the thickness debit effect, e.g. the reduced creep life of
thin turbine blade [35].

Whereas the in-situ TEM study presented above
allowed the opportunity to collect direct evidence of the
oxidation process, the oxide products formed, and the
fraction behavior of the alloy as affected by oxidation,
it ought to be made clear that the observations made
of TEM samples of very small dimensions, in this case,
may not represent the behavior of the real-life Ni-based
superalloy components accurately. Oxidation is a surface
phenomenon. The relative contribution (damage) of sur-
face oxidation to the fracture behavior of a thin foil TEM
sample is much greater than to a bulk sample.

Conclusions

Oxidation changes the fracture characteristics of the
alloy from the dominantly shear deformation rap-
ture along 111 to normal direction breakage rupture
along 001. The γ and γ ′ phases exhibit different oxi-
dation behaviors, apparently related to their different
chemical compositions. The oxide formed on the γ

phase is NiO. The oxide formed on the γ ′ phase is
α-Al2O3/NiO composite. The γ /γ ′ interface appears
to experience more severe oxidation. The change of
fracture mode after oxidation is attributed to several
compounded factors, including the loss of ductility
and strength of the γ ′ phase due to selective leach-
ing of Al, the geometrical non-uniformity between γ

and γ ′ phases due to differential oxidation, and the
weakening of the γ /γ ′ interfaces due to preferential
oxidation.
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