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The early-stage oxidation of Ni (001) thin films alloyedwith 10 or 20 at.% Cr at 700 °C has beendirectly visualized
using in-situ TEM. Independent of Cr concentration, the oxidation initiates via nucleation of surface NiO islands
and subsurface Cr2O3. The NiO grows and transitions into a continuous film, followed by the nucleation and
growth of NiCr2O4 islands. For Ni–20 at.% Cr, a continuous Cr2O3 was developed, but not for Ni–10 at.% Cr. NiO
whiskers are observed to preferentially nucleate/grow from the NiCr2O4 islands through a short-circuit diffusion
of Ni along the NiCr2O4 interfaces in Ni–10 at.% Cr.
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Oxidation of Ni–Cr alloys is of both scientific interest as amodel alloy
system to understand passivation mechanisms and technological
importance in applications such as high temperature corrosion resis-
tance [1–3], heating elements, wear resistance [4] and steam reforming
catalysts [5–7]. Alloy oxidation often involves two ormore oxide phases,
which is complicated by the different diffusion paths and rates for
different elements in the metal or in oxides. Traditional oxidation studies
usually focus on steady state oxidation where all oxide phases have been
developed to form a thermodynamically stable oxide scale. Oxide scale
kinetic studies and post-mortem examination of their microstructures
are insufficient to understand the oxidation mechanisms. For example,
adding a small amount (b8%) of Cr to Ni has been shown to increase
the oxidation rate rather than passivate the alloy [1]. The canonical
oxidation theory [3] attributes this to small additions of Cr increasing
the number of cation vacancies in the NiO film and causing a
concomitant increase in the diffusion rate of Ni2+ through the film.
Current understanding is that the oxidation rate, especially for high
temperature oxidation, is primarily determined by the diffusion
paths (e.g. grain boundaries and cavities) in the oxide scale and is
highly dependent on its microstructure [8–10]. Therefore, studies of
the early stages and dynamic processes of alloy oxidation are critical
to understand controlling mechanisms.

Early stages of puremetal oxidation typically involve nucleation and
growth of oxide islands and then the formation of a continuous oxide
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layer or multi-layers [11]. For alloy oxidation, multiple oxide phases
are formed as islands, layers and possibly precipitates in layers.
Although a few in situ transmission electron microscopy (TEM) studies
[12,13] have been carried out for Ni–Cr oxidation, studies of the early-
stage of oxidation are largely limited by the technological difficulties
to track the structural and composition evolution during the oxidation.
Environmental TEM (ETEM) equipped with heating and gas injection
system is capable of monitoring the formation of oxide phases in situ
with both high spatial and temporal resolution, which provides an
ideal platform to study the early-stage oxidation of metals and alloys.
The early-stage oxidationof Cu andCu alloyshas been extensively studied
at both the nanoscale and atomic scale [14–19]. It is intriguing to perform
similar studies to explore themore technologically relevantNi–Cr system.
It is generally believed that Ni–Cr alloys rely on the formation of a contin-
uousfilm of Cr2O3 orNiCr2O4 to significantly slowdown further oxidation
of the alloy. Prior work [20,21] has indicated that the oxide scale on a
Ni–Cr alloy often has a multilayered microstructure with either continu-
ous or dispersed oxide phases formed in the early stages of oxidation.
How the layered structure of oxide scale develops and how it affects the
oxidation kinetics is relatively unknown. Here, in situ TEM is used to
investigate the early stages and dynamic processes of Ni–Cr alloy oxida-
tion to elucidate the effect of Cr concentration on the evolution of the
layered oxide structure.

The oxidation experimentswere conducted using a FEI® Titan ETEM
equipped with an objective-lens aberration corrector. Single crystalline
(100) Ni–10 and 20 at.% Cr alloy thin films (~50 nm in thickness) were
prepared on a NaCl (100) substrate by dual-beam evaporation. The
samples were then removed by floating in de-ionized water, washed
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in acetone andmethanol, and thenmounted on a holey Si TEMwindow
for observation. The ETEM enables the observation of in situ oxidation
with a partial pressure up to a few mbar and at the temperature of up
to 1000 °C using a Gatan® double-tilt heating holder. Before oxida-
tion, the alloy thin films were annealed at 700 °C in high vacuum of
~3 × 10−8 mbar, resulting in a clean surface. The sample cleanliness
was checked by electron diffraction showing no additional diffrac-
tion spots other than those of Ni–Cr alloy. Pure oxygen (~99.999%)
was introduced into the TEM column through a leak valve to oxidize
the thin films at 700 °C and pO2= 1 × 10−5 mbar if not specified. The
TEM observations for in situ oxidation experiments were made in
planar view. Energy-dispersive x-ray spectroscopy (EDS) attached
to a FEI® Helios Nanolab dual-beam focused ion beam (FIB) scanning
electron microscope (SEM) and a FEI® Titan scanning TEM (STEM)
equipped with a probe aberration corrector was used to collect ex situ
SEM and STEM images and analyze the chemical composition of the
oxide islands. The general FIB method of producing a cross-section
TEM specimen from a plan-view TEM specimen has been described
previously [22,23].

The bright-field TEM images and corresponding selected-area
diffraction (SAD) patterns in Fig. 1A–C reveal the structural evolution
of the Ni–10 at.% Cr (100) during oxidation. The pristine alloy before
oxidation is shown in Fig. 1A. The island-like texture observed in the
images is caused by non-uniformity in the thickness of the thin films.
The inset image is a typical SADpattern,which confirms the crystallinity
of the foil and absence of any significant oxidation. Fig. 1B shows the
morphology of alloyfilm following severalminutes of oxidation, featuring
the formation of oxide islands with a size of approximately 5–10 nm
(dark contrast dots) on the surface of the alloy film. The SAD pattern
indicates that these small oxide islands are NiO crystals epitaxially
nucleating on the alloy substrate. Upon continued oxidation (~30 min),
the oxide film continues to grow, exhibiting a fine grained oxide film
decorated with larger oxide islands of typically a few hundred nanome-
ters in diameter as shown in Fig. 1C. The SAD pattern (inset in Fig. 1C)
reveals that the fine-grained film consists of both NiO and Cr2O3 oxide
phases.

Close examination reveals that the large oxide islands in Fig. 1C are
composed of two parts: a primary oxide and a secondary oxide. Spatially,
the secondary oxide sprouts from the primary oxide.Morphologically, the
Fig. 1. (A–E) Bright-field TEMandHigh angle annular darkfiled (HAADF) STEM images showing
Ni–10 at.% Cr and (F–H) Detailed SAD and chemical mapping analysis to reveal the structur
B) oxidation leads to the formation of small oxide islands (small dark contrasted particles); C
where the SAD was taken). The insets are corresponding SAD patterns. D) Time-resolved
E) HAADF STEM image of a typical large oxide island with the primary oxide and secondary ox
and the secondary oxide H) is NiO. F) SEM image and corresponding elemental mapping of a
oxide has a whisker-like morphology and grows out of the oxide plane.
primary oxide is large and compact, while the secondary oxide is whisker
like. These morphological features are illustrated by time-resolved TEM
images shown in Fig. 1D, which were captured from supplementary
Video S1, depicting the growth process of the whisker-like secondary
oxide from the compact primary oxide in the sample of Ni–10 at.% Cr.
Further EDS compositional mapping and SAD analysis, as illustrated in
Fig. 1E–H, identifies the primary oxide as NiCr2O4, while the whisker-
like secondary oxide is NiO. These observations reveal the dynamic oxida-
tion process of Ni–10 at.% Cr with the initial formation of NiO and Cr2O3

across much of the specimen surface, followed by the formation of larger
NiCr2O4 compact islands from which NiO whiskers rapidly grow as a
secondary oxide phase.

A similar structural and morphological evolution also occurs for the
Ni–20 at.% Cr alloy as documented in Fig. 2A–D. However, growth of a
whisker-like secondary NiO phase from the primary NiCr2O4 did not
occur. This is shown in the time-resolved TEM images in Fig. 2D
(captured from supplementary Video S2) and the EDS elemental
mapping in Fig. 2E. Instead, the NiCr2O4 islands continue to grow on
the alloy surface with further oxidation. The edges of the NiCr2O4

oxide islands expand primarily on b100N directions with more limited
growth in other directions. Adjacent NiCr2O4 islands merge together
without kinetic hindrance to form a single NiCr2O4 island as illustrated
in the supplementary Video S2. It is noted that the NiCr2O4 islands on
Ni–20 at.% Cr alloy grow much larger than those on the Ni–10 at.% Cr
alloy possibly due to the increased availability of Cr in Ni–20 at.% Cr.

While the in situ TEM observations are necessarily made in the plan-
view orientation of the sample, critical additional ex situ analyses were
conducted in cross section. Spatial correlations and chemical composi-
tions of NiO, Cr2O3, and NiCr2O4 in the alloy film were obtained by
STEM imaging and EDS analysis as shown in Fig. 3 for the Ni–20 at.%
Cr. Since both sides of the alloy film have been exposed to oxygen gas
during the in situ TEM oxidation, a sandwich structure is observed in
Fig. 3A. Through the EDS elemental mapping in Fig. 3B (area shown as
the white box in Fig. 3A), it can be clearly seen that a multilayer oxide
structure has developed. The outermost layer is comprised of NiO,
above a thin layer of Cr2O3 (typical thickness of ~10 nm). Formation of
Cr2O3 layer leads to a Cr depleted zone in the alloy immediate beneath
the Cr2O3 layer as demonstrated by comparing the Cr and Ni distribution
map. The center of the film is composed of a mixture of non-oxidized Cr
the typicalmorphologies of oxides formed at different stages during the in situ oxidation of
e of the primary and secondary oxides. A) The pristine single crystalline alloy thin film;
) continued oxidation leads to the formation of large oxide islands (the red circle marks
TEM images depicting the growth of secondary oxide from the primary oxide islands.
ide and the corresponding SAD patterns, indicating that the primary oxide G) is NiCr2O4,
typical primary and secondary oxide. The SEM image clearly reveals that the secondary



Fig. 2.Bright-field TEM images showing the typicalmorphologies of oxides formed at different stages during the in situoxidation ofNi–20 at.% Cr. A) Thepristine single crystalline alloy thin
film; B) oxidation leads to the formation of small oxide islands (small dark contrasted particles); C) continued oxidation leads to the formation of large oxide islands. The insets are
corresponding SAD patterns. D) Time-resolved TEM images depicting the growth of the large oxide islands. E) STEM image and the corresponding elemental map of the oxide islanding.
Combing SAD and elemental mapping, the large oxide corresponds to NiCr2O4.
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depleted alloy and oxides, which is due to the non-uniformity of the alloy
thin film. Porosity is also seen in the alloy film, which has been filled by
the C/Pt cap deposited during FIB processing exhibiting a characteristic
Fig. 3. Cross sectional STEM analysis on the spatial correlation of the NiO, Cr2O3, and NiCr2O4 in
structure of the oxidized Ni–20 at.% Cr alloy film, and B) the corresponding EDS elemental m
comparing the map of Cr and Ni. The overall spatial correlation of different oxide derived base
speckle-pattern. Note that the cross-sectional multilayer structure is
also illustrated in the schematic in Fig. 3A and the thin region of this
TEM cross-section specimen did not intersect a NiCr2O4 particle.
the sample of Ni–20 at.% Cr. A) STEM image shows the cross-sectional view of multilayer
aps of the white box marked area in A, indicating the depletion of Cr from the alloy as
d on the cross sectional STEM analysis is illustrated by the schematic inset in A.



Fig. 4. The schematic showing the evolution of the oxidephase during the oxidation of Ni–10 at.% Cr andNi–20 at.% Cr. Stage I. The formation of continuousNiO layer and subsurface Cr2O3. Stage
II. The formation of large NiCr2O4 islands and continuing growth of subsurface Cr2O3. Stage III. The formation of secondary NiO phase from the NiCr2O4 island (only for Ni–10 at.% Cr).
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Schematics in Fig. 4 illustrate the three early stages of Ni–Cr alloy
oxidation. For the lower Cr concentration (10 at.%), near-surface Cr
quickly oxidizes to formdiscrete Cr2O3 platelets, which are subsequently
buried by the continued growth of an outward-growing NiO layer in
Stage I. During Stage II, NiCr2O4 islands precipitate and grow outwards
from the alloy film leading to Cr depletedmetal. Further oxidation favors
the whisker-like growth of NiO during Stage III due to the extremely
limited supply of additional Cr. The NiCr2O4 island interfaces enable a
short circuit diffusion path from the alloy substrate, resulting in prefer-
ential growth of the whisker-like NiO from the faceted edges of the
NiCr2O4 islands. Increasing the concentration of Cr from 10 to 20 at.%
Cr does not appear to affect the initial Stage I oxidation behavior and
results in a similar mixture of Cr2O3 islands and NiO film. In Stage II the
higher Cr concentration enables the formation of a nearly continues
Cr2O3 film across the sample surface, as demonstrated in Fig. 3, and the
NiCr2O4 islands grow larger. Furthermore, whisker-like NiO are not
observed to precipitate and grow from these islands for the Ni–20 at.%
Cr. It is expected that the formation of a continuous Cr2O3 layer impedes
metal ions diffusion to the surface and the further growth of NiCr2O4.
This expectation appears to be consistent with the experimental obser-
vation of no whisker-like NiO growth for the case of Ni–20 at.% Cr.

Prior work [20] has shown that the steady-state oxide scales on Ni–Cr
alloys are composed of multiple oxide layers, i.e., an inner continuous or
dispersed Cr2O3 phase adjacent to the alloy surface, an outer large
columnar NiO phase, and an intermediate dispersed NiCr2O4 phase. The
formation of a continuous Cr2O3 layer protects the remaining metal film
from further oxidation by blocking the outward diffusion of Ni. This
picture is consistent with our current observations in which a higher Cr
concentration enables the formation of a more continuous layer of
Cr2O3 and reduced oxidation in later stages. However, subcritical concen-
trations of Cr can promote enhanced oxidation. Our observations suggest
that the NiCr2O4 phase may play a role in this effect. Specifically, the
growth of NiO from NiCr2O4 precipitates in Ni–10 at.% Cr suggests that
NiCr2O4 interfaces facilitate oxidation.NiCr2O4 is present as dispersedpar-
ticles between inner Cr2O3 and outer NiO layers. The NiCr2O4 interfaces
may act as short-circuit diffusion pathways in the Ni–10 at.% Cr (where
the Cr2O3 inner layer is not continuous) and promote local oxidation.

In summary, in situ TEM has been used to visualize the dynamic
characteristics of the early stages of oxidation for Ni–Cr alloys at
700 °C. The spatial correlation of different oxide species was identified
with respect to the alloy substrate and their dependence on the Cr
concentration from 10 to 20 at.% Cr. Independent of Cr concentration,
the early stage oxidation proceeds from the formation of surface NiO
islands to a continuous NiO film with subsurface Cr2O3 oxides, followed
by the nucleation and outward growth of spinel NiCr2O4 oxide islands
on the oxide film. For Ni–20 at.% Cr, further oxidation leads to the
formation of large planar NiCr2O4 and a continuous Cr2O3 layer. For
the case of Ni–10 at.% Cr, the NiCr2O4 exists as smaller islands and the
Cr2O3 is discontinuous. The discontinuity of the Cr2O3 layer enables
short-circuit diffusion of Ni along the NiCr2O4 interfaces and causes
further oxidation via NiO whisker growth.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scriptamat.2015.11.031.
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