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ABSTRACT: Vacancy injection and selective oxidation of one species in bimetallic
alloy at high temperature is a well-known phenomenon. However, detailed
understanding of the behavior of the injected vacancies and consequently their effect
on oxidation remains elusive. The current research examines the oxidation of high-purity
Ni doped with 4.1 at. % Al using in situ transmission electron microscopy (TEM).
Experiments are performed on nanoposts fabricated from solution-annealed bulk
material that are essentially single crystal samples. Initial oxidation is observed to occur
by multisite oxide nucleation, formation of an oxide shell followed by cavity nucleation and growth at the metal/oxide interface.
One of the most interesting in situ TEM observations is the formation of a cavity that leads to the faceting of the metal and
subsequent oxidation occurring by an atomic ledge migration mechanism on the faceted metal surface. Further, it is directly
observed that metal atoms diffuse through the oxide layer to combine with oxygen at the outer surface of the oxide. The present
work indicates that injection of vacancies and formation of cavity will lead to a situation where the oxidation rate is essentially
controlled by the low surface energy plane of the metal, rather than by the initial terminating plane at the metal surface exposed
to the oxidizing environment.
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■ INTRODUCTION

Oxidation of metals and alloys has been well-studied and
-documented in the literature.1−4 Microscopically, an oxidation
process can be generally described as the reaction of oxygen with
the very surface layer of the metal to form a thin layer of oxide.5

Upon the initial formation of an oxidation layer on the metal
surface, the subsequent oxidation progresses by a combination of
inward diffusion of oxygen and outward diffusion of metal ion
through the oxide layer.6−8 The rate of oxidation and
consequently the microstructure of the oxidized product depend
critically on the relative diffusivity of oxygen and metal ions
through the oxide. If the diffusivity of metal ions through the
oxide layer is faster than that of oxygen, the oxidation process will
lead to the injection of vacancies into the system (commonly
referred to as Kirkendall effect9). As a result, cavities may form by
condensation of the vacancies.10−18 As compared with a pure
element, the oxidation behavior of a metallic alloy is further
complicated by the presence of different cations, such as possibly
involving selective oxidation of one component of the alloy.15

Selective oxidation can be a disadvantage or an advantage for
materials in oxidizing environments. For example, the oxidation
and corrosion resistance of superalloys relies on the selective
oxidation of Cr and Al to form protective surface layers of Cr2O3
and Al2O3, respectively, that significantly slow any oxidation of
the underlying metal.3,19 However, this same selective oxidation
mechanism has also been linked to intergranular oxidation and

susceptibility to stress corrosion cracking in high-temperature
water environments in similar alloys when a protective film fails
to form.20 Oxidation of pure metals and its corresponding
structural and chemical changes are determined by the dynamic
interaction of diffusing species and defects, such as vacancies and
grain boundaries. It has been generally realized that the oxidation
rate is affected by the terminating crystallographic surface of the
metal.21 Despite these generalizations, it is not clear how the
injection of vacancies and subsequent cavity formation affect the
oxidation rate or process. It has been speculated that the
formation of cavities may cut off the mass transport route and
therefore slow the oxidation process.10 However, the specific role
of cavity has never been clearly visualized. On the other hand,
formation of cavity upon oxidation will also directly affect the
properties of the material. Formation of cavity will lead to a
porous material or even peeling off the oxide shell, therefore
leading to the weakening of the materials. This will directly affect
the mechanical properties of the materials from the point of view
of structural applications. It is of great importance to probe into
details of the fine structural features of the oxide layer formed on
metal surface upon oxidation.
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In this work we report the direct in situ TEM observation of
microstructural evolution of Ni doped with 4.1 at. % Al during
oxidation. The oxidation experiment was carried out using
aberration-corrected environmental TEM (ETEM), which
allows establishing of up to 20 mbar pressure around the sample
while in imaging mode. The sample is a nanopost that is
machined out of a single-phase, bulk alloy in the solution-
annealed and water-quenched condition. Due to the large grain
size of the material, the microfabricated nanopost is essentially
either a single crystal or a bicrystal at the tip of the nanopost.
Therefore, the in situ TEM oxidation experiments provide us the
opportunity for direct visualization of the dynamics micro-
structural and chemical evolution of a single crystal metallic
material during high-temperature oxidation.15,22,23 The present
in situ TEM work gained unprecedented information regarding
the role of cavity formation on the metal oxidation.

■ MATERIALS AND METHODS
The material studied in this work is high-purity Ni doped with 4.1 at. %
of Al (thereafter designated as Ni−4Al). The alloy was hot-forged, then
solution-annealed at 900 °C and water-quenched, resulting in a
homogeneous single-phase alloy with a grain size of ∼100 μm. The
bulk Al concentration was determined by inductively coupled mass
spectroscopy to be 4.1 at. %, in good agreement with matrix
measurements by atom probe tomography (APT).24 Conventional
focused ion beam (FIB) lift-out methods were used to extract and sculpt
nanopost specimens of Ni−4Al in the same manner as ordinary
specimens for APT with an apex diameter ∼ 100 nm.25 Annular FIB
milling was performed with 30 kV Ga+ ions followed by 2 kV cleanup.
Prior to in situ TEM experimentation, the nanoposts were field-
evaporated by APT to remove residual Ga damage and implantation
from the specimen surface. The ∼100 nm diameter and ∼3 μm long
nanopost was nominally prepared as either a single crystal or bicrystal
when selectively targeting inclusion of a grain boundary.
The in situ oxidation experiments utilized a dedicated field-emission

ETEM (FEI Titan 80-300). The ETEM is equipped with an objective-
lens spherical aberration corrector and controlled gas pressure around
the sample using a differential pumping system. All of the oxidation
experiments for in situ TEM were imaged at 300 kV. The specimen
temperature was maintained at 375 °C using a resistant coil heating
holder (Gatan, Pleasanton, CA, USA), and a pureO2 atmosphere was set
at 0.5 mbar around the sample. Note that, at these oxidizing conditions,
both Ni and Al are expected to oxidize. The structural evolution of the
nanoparticle during oxidation was continuously recorded at a rate of 2
frames/s.
Ex situ TEMwas also performed with two probe aberration-corrected

S/TEMmicroscopes (FEI Titan 80-300 operated at 300 kV and a JEOL
JEM-ARM200CF operated at 200 kV). Selective area electron
diffraction (SAED), high-resolution transmission electron microscopy
(HRTEM), scanning TEM (STEM), high-angle annular dark field
(HAADF) observations were conducted on an FEI Titan 80-300
microscope to probe the structure and chemical evolution at multiple
scales. The STEM-HAADF images were collected by the annular
detector in the range of 55−220 mrad. The electron beam has a
convergence angle of 17.8 mrad. The elemental distribution in the
nanopost before and after oxidation was mapped using energy dispersive
X-ray spectroscopy (EDS). EDS was conducted on a JEOL JEM-
ARM200CF microscope equipped with a JEOL SDD-detector with a
100 mm2 X-ray sensor, enabling 10 times faster X-ray collections than
traditional detector with excellent noise-to-signal ratio. The EDS
quantification was performed using Analysis Station 3.8.0.52 (JEOL
Engineering Co., Ltd.).

■ RESULTS AND DISCUSSIONS
The structural feature of the as-fabricated Ni−4Al nanopost is
shown in Figure 1a. Due to the large grain size of the bulk
material, this nanopost contains two grains with the grain

boundary across the middle of the nanopost. Therefore, the tip
region of this nanopost is essentially a single crystal. Electron
diffraction indicated that the tip region is oriented along the
[110] zone axis. The bulk material has a nominal Al dopant
concentration of 4% in atomic ratio. EDS quantitative analysis
indicates that this nanopost contains 5.8% Al. The deviation of
the EDS from the nominal doping level may be attributed to the
errors related to background subjection and using a theoretical k-
factor in the EDS quantification. The as-fabricated specimen was
exposed to room temperature laboratory air after APT field
evaporation, resulting in the formation of a thin layer of
crystalline oxide as revealed by the HRTEM image shown in
Figure 1b. Prior work11,15,26 on nanoparticles has reported that
the initial oxide formed on Ni has an epitaxial orientation
relationship. However, this epitaxial orientation relationship is
not maintained on the whole nanopost as demonstrated by the
HRTEM images in Figure 1b. The nanopost shown in Figure
1a,b was further oxidized in the ETEM column at 375 °C with an
O2 pressure of 0.5 mbar, and the microstructural evolution was
continuously monitored in situ during the oxidation. Figure 1c
shows the general microstructure of the nanopost following in
situ oxidation. The oxide layer has thickened significantly, and a
cavity has formed at the tip region of the nanopost. The oxide
layer formed during the high-temperature oxidation corresponds
to a polycrystalline structure as illustrated in the HRTEM of
Figure 1d. A dense outer oxide layer of ∼8 nm has formed at the
very tip of the nanopost, under which a large cavity with ∼18 nm
thickness has formed due to the condensation of the vacancies
injected during the oxidation process. The polycrystalline nature

Figure 1. TEM images showing the microstructure of the FIB
microfabricated nanopost of Ni−4Al sample for in situ TEM oxidation
study. (a) The as-fabricated nanopost includes two grains with the grain
boundary indicated by the red arrows. (b) HRTEM image of the as-
fabricated post showing a crystalline oxide layer formed during the
exposure of the sample in air (termed as initial oxidation). (c)
Microstructure of the nanopost following oxidation at 375 °C in 0.5
mbar of O2, revealing an oxide shell and cavity underneath the oxide
layer. (d) HRTEM image of the oxidized nanopost, showing a crystalline
oxide shell. The dashed circles in a and b indicate the regsion where the
diffraction was taken.
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of the oxide layer is also clearly revealed by the STEM-HAADF

image shown in Figure 2d.
One of the key questions for the oxidation of metallic alloys is

if the oxidation happens homogeneously for all of the

components or one element is preferentially oxidized over the

other. To explore if there was any selective oxidation for the case
of Ni−4Al alloy, high-resolution EDS was used in a STEM to
map the spatial distribution of Al, O, and Ni in the nanopost
before and after high-temperature oxidation. Figure 2a displays
the STEM-HAADF image and the corresponding elemental

Figure 2. EDS mapping and Al/Ni atomic ratio in the oxide layer before and after the high-temperature oxidation. (a) STEM-HAADF image and
elemental distributionmaps of the as-fabricated nanopost. (b) The line scan intensity of themap along the dashed box indicated on the STEM image and
theOmap. (c) Al/Ni atomic ratio. Note the low concentration of Al in the oxide layer. (d) STEM-HAADF image and elemental distributionmaps of the
nanopost following the high-temperature oxidation. (e) Line scan intensity of the map along the dashed box indicated on the STEM image and the O
map. (f) Al/Ni atomic ratio. Note the low concentration of Al in the oxide layer. The vertical dashed line marks the peak position of the oxygen map.

Figure 3. Captured video frame of time series TEM images showing the structural evolution of the Ni−4Al nanopost during oxidation at 375 °C in 0.5
mbar of O2. Note the gradual thickening of the oxide layer and the formation of cavity due to condensation of injected vacancies. Two cavities indicated
as 1 and 2 were nucleated at the interface between the oxide layer and the metal. Nucleation and growth of the cavity leads to the faceting of the metal
under the oxide layer. The red line in the images after 354 s indicates the atomic ledges on the faceted metal surface.
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maps of the nanopost before oxidation. Figure 2b is the line scan
intensity distribution of the white dashed line box in the O map,
and the Al/Ni ratio is plotted in Figure 2c to indicate the Al
distribution. The ratio of Al/Ni shows a valley within the oxide
layer, suggesting a nonproportional oxidation of Al and Ni even
during the initial oxidation. Similar EDS analyses were performed
after the high-temperature oxidation with the elemental maps in
Figure 2d, the line scan intensity in Figure 2e, and the ratio of Al/
Ni across the oxide layer in Figure 2f. Similar to the initial
oxidation results, the Al/Ni ratio in the oxide layer is lower than
the bulk, indicating nonproportional oxidation of Al and Ni at
high temperature. Another critical question that needs to be
answered is the chemical composition of the oxide layer as it is
Al2O3, NiO, or mixed. Based on the Al map in Figure 2d, it is
apparent that the oxide shell is dominated by Ni and O, but also
incorporating Al (see the very tip of the nanopost on the Al map).
At the same time, as indicated in Figure 2d, there is a Al rich
region near the tip of the oxidized nanopost (but within the
cavity), indicating that accompanying the oxidation of Ni, Al is
also oxidized and clustered together to form Al rich oxide. The
true structural nature of the Al rich region is not determined. It
most likely corresponds to alumina. Therefore, during the
oxidation, Al shows a certain degree of selective oxidation.
Overall, the observation of preferential oxidation of Al at dilute
concentration is consistent with selective Cr oxidation in a Ni−
Cr alloy.1,3,27

The microstructural evolution characteristics, especially the
nucleation and growth of cavities, from Figure 1a,b to Figure
1c,d, during the oxidation are illustrated by the captured time
series of TEM images shown in Figure 3 and in the Supporting
Information (Movie S1). As oxidation progressed, two cavities
nucleated at the metal/oxide interface. Cavity 1 is clearly visible
at the 36 s image frame and then grows along the interface. A
significant feature of the cavity growth is the faceting of the metal
surface along a certain crystallographic plane. With continued
oxidation and injection of vacancies, cavity 1 grows longer and
wider with the same faceted metal surface. After slightly longer
oxidation times (i.e., image frame of 202 s), cavity 2 is nucleated
at the metal/oxide interface and also leads to the faceting of the
metal surface. Due to the difficulty of judging if the faceted
surface is edge on during the imaging, it is very hard to directly
judge the faceting plane by a single image. A tomographic
imaging and diffraction analysis is needed to determine the
faceting plane. This is impossible for the current experimental
setup of in situ oxidation work. Therefore, we only label the
diffraction plane based on the diffraction pattern. With the
continued oxidation and growth of both cavities 1 and 2, these
two cavities coalesce as shown in the frame image of 354 s.
Apparently, during the oxidation process, the atoms at the sharp
apex were preferentially removed, leading to the morphological
rounding of the apex as schematically drawn in the frame images
of 579, 854, and 1573 s (the red line schematic drawings).
The growth of the cavity is the consequence of removal of

metallic ions from the atomic ledge on the faceted metal surface
and diffusion through the oxide layer to combine with oxygen.
These features are illustrated by the captured time series frames
shown in Figure 4. The images in row a of Figure 4 and the
corresponding video in the Supporting Information (Movie S2)
illustrate atomic ledge migration on the faceted plane that is
approximately parallel with the electron beam direction.
Similarly, the atomic ledge on the faceted plane that is
approximately perpendicular with the electron beam also
migrates as shown by the time series images presented in row

b of Figure 4 and the video in Supporting Information (Movie
S3). Atomic ledge migration has been recently observed on the
very surface of the metal when it is exposed to oxidizing
environment.4 Removal of metallic atoms from the ledge and
subsequently diffusion through the oxide layer not only account
for the injection of vacancies and growth of the cavity but also
most importantly it indicates that the formation of the oxide layer
follows an oxide outward growth model. The outward growth of
the oxide layer is clearly revealed by the captured HRTEM time
series shown in Figure 5 and the corresponding video in the
Supporting Information (Movie S4). As a typical example, the
growth of an oxide bump is marked by the dashed red line and
the red arrows indicate the growth direction. It can be seen that
the oxide directly grows in the crystalline form and follows the
atomic ledge growth mechanism.

Figure 4. Captured video frames of time series TEM images of Ni−4Al
oxidizing at 375 °C and 0.5 mbar of O2 showing that, following the
formation of cavity, the oxidation proceeds by atomic step peeling on the
faceted plane, leading to the migration of atomic ledge. Row a shows the
atomic ledge on the faceted plane and the peeling off atom leads the
ledge migration as marked by the arrows. The insert in the 0 s image at
row a shows a schematic model. Row b shows the atomic ledge on the
plane that is projected on the paper plane. The insert in the 0 s image at
row b is a schematic model.

Figure 5. Captured video frames of time series HRTEM images of Ni−
2Al oxidation at 375 °C and 0.5 mbar of O2 directly revealing that the
proceeding of oxidation follows the diffusion of metal ions through the
oxide layer and combines with oxygen, leading to an oxide outward
growth mechanism. The yellow dashed line marks approximately the
boundary between the metal and the oxide. One of the growing oxides is
marked by the red arrows.
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Direct in situ TEM observation provides a clear picture of the
oxide layer growth mechanism and how vacancy injection and
clustering induce cavity formation at the metal/oxide interface.
This process is schematically summarized in Figure 6, illustrating

the initial oxidation and subsequent oxidation processes during
high-temperature exposure. One of the most interesting in situ
TEM observations is that cavity formation at the interface
between the metal and the oxide layer can lead to the faceting of
the metal surface. Following the faceting of the metal surface
underneath the oxide layer, further oxidation entails the removal
of metal atoms from the atomic ledge on the faceted metal plane.
Due to the formation of the cavity, the surface diffusion will play a
major role before the metal ion diffusion through the oxide layer
to combine with oxygens.11

It has been generally believed that the oxidation rate of metal
depends on the crystallographic orientation of the exposed metal
surface.21 The present observations that cavity formation leads to
the faceting of metal surface indicates that the oxidation rate is
essentially controlled by the low surface energy plane of the
metal, rather than by the initial terminating plane of the metal
that was initially exposed to the oxidizing environment. It should
be pointed out that, due to the special geometry of the nanopost,
the surface curvature affects the oxidation rate,28 leading to the
gradual thickness decrease when moving along the very tip of the
nanopost toward the root of the nanopost. Therefore, the oxide
layer formed at the apex of the nanopost is thicker than that at
side of the nanopost. Furthermore, due to this curvature effect,
the vacancies appear to preferentially condense at the tip region
and therefore give the formation of the large cavity at the tip of
the nanopost. However, this curvature effect will not affect the
overall conclusion of the work.11 It also should be noticed that if
the oxide shell is not fully dense and the inside of the cavity is
filled with oxidizing gas, consquently the metal surface within the
cavity will be covered by an oxide layer. This is equivalent to the
oxidizing of a fresh metal surface. If the cavity is not filled with the
oxidizing gas, then the metal surface is free from oxide. For the
current case, at the very beginning of the cavity formation, the
surface of the metal is not covered with oxide, but late on, the
surface is covered by oxide layer, leading to the oxide layer
growth within the cavity as shown in Figure 4. For either case, the
oxidation of metal proceeds as a ledge retreating as has been
reported in our previous work.15

Although the cavity effect is manifested by the nanopost
configuration, what is observed here vividly represents what
happens during the metal oxidation. Therefore, the oxidation
process proceeds in the following way. At the initial oxidation of

the fresh metal surface, a dense oxide layer forms, which is
accompanied by the injection of vacancies. Supersaturation of
vacancies in both metal and the oxide layer will lead to the
nucleation and growth of cavity at the interface between the
metal and the oxide layer, leading to the exposure of a fresh metal
surface. At the same time, the oxide shell will continuously evolve
to a granular structure, which leads to the permeation of oxidizing
gas into the cavity; consequently the metal surface was oxidized
and covered by an oxide layer as happens during the initial
oxidation. This process continues and leads to the oxide layer
structure as shown in Figure 1.

■ CONCLUSION
The oxidation characteristics for a high-purity Ni−4Al alloy were
investigated using in situ TEM imaging under dynamic oxidizing
condition of 375 °C and 0.5mbar of O2. A single crystal nanopost
sample was microfabricated out of a large-grain bulk alloy. The
initial oxidation is featured by multisite oxide nucleation,
followed by the formation of an oxide layer through growth
and impingement of the oxides. Supersaturation of injected
vacancies leads to the nucleation of cavities at the metal/oxide
interface leading to the faceting of the metal under the oxide
layer. Subsequent oxidation occurred by the removal of the metal
atoms from the atomic ledge on the faceted plane and their
diffusion through the oxide layer to combine with the oxygen,
indicating an oxide outward growth mechanism. Cavity
formation leading to the faceting of the metal surface indicates
that the oxidation rate will be controlled by the faceted metal
surface, rather than the initial metal surface exposed to the
oxidizing environment.
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