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Grain boundary energy affected initial
oxidation on Ni-based superalloy revealed
by in situ environmental TEM
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Inconel 718 Ni-based polycrystalline superalloys exhibit excellent mechanical properties, while the
type and nature of the grain boundaries are important for their corrosive properties. The effect of grain
boundaries on initial oxidation is decisive for degradation, and the conventional method has difficulty
revealing nanoscale grain boundaries with different angles. Atomic-scale initial oxidation on different
boundaries in Inconel 718 alloys was systematically investigated by in situ environmental transmission
electron microscopy (ETEM) with high spatial and temporal resolution. This study reveals the
mechanism of intergranular oxidation in polycrystalline alloys and provides a new idea for improving

the oxidation resistance of polycrystalline materials.

The Inconel 718 Ni-based superalloy, one of the most utilised high-
temperature superalloys, has been widely used extensively in the gas turbine,
aeroengine, spacecraft and nuclear reactor industries due to its excellent
high-temperature mechanical properties and good creep resistance'™. In
general, the Inconel 718 superalloy has good oxidation resistance and cor-
rosion resistance below 650 °C°. An elevated working temperature and
prolonged service time are increasingly needed with the development of
modern industry. Inconel 718 superalloys are sensitive to oxygen at both
high and low temperatures. Severe oxidation of short-term alloys during
service can lead to premature failure at elevated temperatures, for example,
in turbine discs. Long-term exposure also induces severe oxidation even at
low temperatures, such as in nuclear applications.

Grain boundaries (GBs), as defects, are basic structures in poly-
crystalline alloys. The GBs in the alloy enhance the diffusion of alloying
elements and oxygen atoms, which are preferential diffusion channels’.
Since the diffusion rate of external oxygen atoms at the grain boundary is
faster than that inside the grain, metal oxides are first formed at the grain
boundary, which is called intergranular oxidation. The structure of the GBs
in alloys is an important factor affecting the diffusion rate of solute atoms
and the intergranular oxidation properties’". In general, intergranular
oxidation is often the root cause of stress corrosion cracking in materials'' ™,
this is because the intergranular brittle oxides provide a way for the material
to crack, which leads to a decrease in mechanical properties'*. Therefore, it is
very important to understand the intergranular oxidation behaviour of
polycrystalline Inconel 718 superalloys and the mass transport mechanism
of elements at different GBs.

The thickness, morphology and preference of the oxide layers were
affected by the GBs for most of the component elements. Multilayered
oxides usually form in long-term oxidised Inconel 718 superalloys at high
temperatures according to the oxidation time, and some layers act as
important protective agents for the alloy. In most cases, the outer layer is a
NbCrO,-rich layer with voids and microcracks, the middle layer usually
contains only a discontinuous thin layer of Al,O; within a limited oxidation
time, and the inner layer is mainly a combination of complex carbides'. The
most important protective oxide Cr,Oj3 layer is the decisive oxide scale, and
its thickness continuously determines its corrosion resistance. Under-
standing the boundary-affected Cr,O; layer formation mechanism is key to
its application. A previous study revealed that Cr scales are formed mainly
by diffusion along GBs at high temperatures'®. Other oxide layers are also
affected by GBs, and long-term exposure of the Inconel 718 superalloy at
high temperatures causes NbC to decompose on the surface and generate a
large amount of Nb,Os, especially at the GBs"”. Other important oxides,
such as Al oxide a-AL,O5'®" and Ti oxide rutile-TiO,”, in the GBs of
oxidised alloys are also severely affected.

Furthermore, it has been reported that different kinds of GBs exhibit
different oxidation preferences and speeds. Deep intergranular oxidation in
Ni-based superalloys has been reported, and oxidation preferentially occurs
randomly along high-angle GBs™'. Twin boundaries can effectively slow the
propagation of intergranular corrosion cracks by reducing the number of
potential initiation sites™. Lin investigated the relationship between grain
boundary diffusivity and GB characteristics and reported that the diffusion
activation energy of ordered GBs is greater than that of disordered GBs™.
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Many intergranular oxidation phenomena related to Ni-based superalloys
have been reported in previous articles, but the effects of different types of
GBs on the oxidation behaviour have not been revealed in these studies due
to the nanoscale of some GBs.

However, some issues at the nanoscale and atomic scale, such as the
effects of the grain boundary structure or grain boundary energy on pre-
ferential oxidation, are still under debate. The effects of temperature on the
oxidation of GBs provide experimental data for preparing polycrystalline
alloys. These studies are based on ex situ oxidation studies of bulk samples,
which cannot provide a full oxidation scene from the adsorption of oxygen
to the formation of an oxide layer. Environmental transmission electron
microscopy (ETEM) with spherical aberration correction can be used to
directly and dynamically observe the reaction process of materials at the
nanoscale or even the atomic scale™, which is helpful for understanding the
role of different GBs in the full oxidation process and provides a full scene for
oxidation.

In this work, the initial oxidation process of Inconel 718 superalloys
was studied by in situ ETEM at high temperatures to reveal the effect of the
grain boundary energy on the oxidation resistance. The main factors
affecting the initial oxidation behaviour of different types of GBs were
determined by observing the microstructure and elemental evolution of the
GBs during the oxidation process, and the mechanism of intergranular
oxidation was revealed. The purpose of this study is to provide a reference
for the structural design of antioxidant polycrystalline superalloys.

Results

Microstructure and boundary extraction

The Inconel 718 alloy used in the experiment is a polycrystalline alloy, and
the EBSD orientation map that was chosen for cutting is shown in Fig. la.
Three different locations of GBs at b, c and d are selected in the figure, and
local magnified images of these three regions are shown in Fig. 1b;-d;.
Owing to the high symmetry of the face-centred cubic structure in Inconel
718, the angle adjacent to 45° can be attributed to the high-angle boundary.
The orientation map reveals that the grain boundary of region b is a high-
angle grain boundary, the grain boundary of region c is a low-angle grain
boundary, and the grain boundary of region d is a twin boundary. To clarify
the difference in the initial oxidation behaviour of different types of GBs, FIB

was used to extract TEM lamellas from the surfaces of parallel samples in
these three regions. The HAADF images of the extracted samples are shown
in Fig. 1b,—d,. The grain boundary angle can be obtained by calculating the
orientation difference between adjacent grains via OIM analysis software
(V2.1.5). The final angle obtained for the grain boundary in region b is
approximately 36.2°, which is a high-angle grain boundary, and the angle of
the grain boundary in region c is approximately 11.6°, which is a low-angle
grain boundary, which is consistent with that observed in the orientation
map. The grain boundary in Fig. 1d, is a typical twin boundary, which is a
2D boundary and was verified by TEM data. The HADDF images and key
element distributions of the original samples are shown in Fig. S1 of the
supplementary file. It can be observed that, whether at a high-angle or a low-
angle grain boundary, the elemental content at the boundary is essentially
identical to that within the grain, with elemental segregation at the boundary
being negligible.

Oxidation of high-angle grain boundary

The thermal oxidation process on high-angle grain boundary (region b in
Fig. 1a) was carried out by in situ ETEM, and typical images from 20 °C to
800 °C with a constant oxygen pressure of 0.5 mbar are shown in Fig. 2. The
heating was started from 300 °C, and the heating step was 50 °C. The sub-
sequent experiments were carried out under the same conditions. The
detailed thermal oxidation process can be found in Supplementary Movie 1.
As shown in Fig. 2a, the original sample contains two grains, with the grain
boundary in the middle clearly visible, and there is a line defect shown by the
red arrow inside the grain. The internal stresses and defects on the sample
surface caused by FIB milling were repaired by thermal annealing at 350 °C.
There is no obvious change in the sample when the heating temperature is
below 400 °C. A slight degree of oxidation gradually appeared at the edge of
the sample due to the increased temperature. When the temperature was
increased to 550 °C, an oxide layer appeared at the oxidation front at the
edge of the sample, as shown by the red circle in Fig. 2g, and the growth rate
of the oxide was relatively low. The oxide grew rapidly inwards along the
grain boundary at 700 °C, and preferential oxidation at the grain boundary
occurred, as shown by the red circle in Fig. 2j. When the oxidation agent
diffused to the intersection of the grain boundary and line defects, it tended
to spread to the defects. As the temperature continues to increase, the

GB angle=59.6°

Fig. 1 | Microstructural Characterisation of Inconel 718 Alloy. a EBSD orientation map of the chosen area in the Inconel 718 alloy. b;~d, Local zoom image of the same

region in (a). b,—d, HAADF images of FIB lamella for in situ thermal oxidation.
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Fig. 2 | In situ oxidation process of high-angle grain boundary. a-1 Typical TEM images of the in situ oxidation process on the alloy at high-angle grain boundary from
20 °C to 800 °C, the detailed data can be found in Supplementary Movie 1. m,n EELS spectra of the grain and grain boundary.

interior of the grains is gradually oxidised. The complete oxidation of the
sample occurred at 800 °C, and oxide aggregates appeared inside the grains,
as shown by the red circle in Fig. 21. The EELS spectra of the grain edge and
grain boundary of the sample from 20 °C to 800 °C are shown in Fig. 2m, n.
The acquisition positions for the EELS spectrum are indicated by the square
markers in the TEM images. The strength of the L; and L, edges is calculated
by integration, and the strength ratio (hereinafter referred to as the Ls/L,
ratio) can be used to further distinguish the valence states of the elements.
Studies have shown that for Cr, Fe and other elements, with the increase of

oxidation valence, the Ls/L, ratio increases”*. The valence states of Cr and
Fe increase with the increase of temperature. The contents of O and Cr at the
grain boundary were significantly greater than those at the grain at 700 °C.
The valence states of Cr and Fe increased with increasing temperature.
When the temperature increased to 800 °C, all the Fe ions were transferred
to Fe’".

According to the series of TEM images obtained during in situ
thermal oxidation, obvious structural changes can be found at the four
typical temperatures, which clearly vary, and the elemental distributions
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Fig. 3 | HAADF images and typical elemental distributions of high-angle grain boundary during oxidation at different temperatures. a 400 °C, b 550 °C, ¢ 700 °C

and d 800 °C.

were characterised at the temperatures shown in Fig. 3. The four typical
oxidation conditions are as follows: no oxidation (<400 °C), obvious
oxidation at the edge (>550°C), preferential oxidation at the grain
boundary (> 700 °C) and critical oxidation in the grain ( > 800 °C). The
HAADEF images and element distribution maps of typical regions under
these four conditions are shown in Fig. 3. All the element distribution
mappings can be seen in Fig. S2 of the supplementary file. The data indicate
that the elements are uniformly distributed within the samples at 400 °C
without any obvious segregation (Fig. 3a) before oxidation. The results of
the quantitative EDS analysis of the line distribution also reveal that the
elemental contents at the grain boundary and inside the grains are nearly

equal. The Ni content of the original alloy is 50%, the Cr content is 20%, the
Fe content is 18%, and the Nb content is 3%. At this point, a small amount
of enriched oxygen appeared at the edge of the sample. The content var-
iation after initial oxidation only occurs at the sample edge at 550 °C.
Compared with that at 400 °C, the oxygen content at the edge of the sample
increases at 550 °C. The elemental distribution inside the sample after
initial oxidation at 550 °C did not change significantly, and the elemental
content also remained the same as that at 400 °C (Fig. 3b). The oxide layer
at this temperature has a double-layered oxide structure at the edge of
the sample, with a Ni/Fe-rich outer layer and a Cr-rich inner layer,
and aggregates of O, Cr and Nb also appear at the grain boundary.
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Fig. 4 | The preferential oxidation process of high-angle grain boundary. a-g
Series of time-dependent TEM images of a typical high-angle grain boundary during
in situ oxidation in ETEM at 700 °C/0.5 mbar of oxygen. The dashed contour lines
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indicate the positions of the metal-oxide interface. h Relationship between the
oxidation depth and time between the grain boundary and interior grain.

After oxidation at 700 °C, obvious oxidation can be observed at the edge
and grain boundary of the sample at this temperature, and substantial
changes in the microstructure and elemental distribution are observed, as
shown in Fig. 3c. A high quantity of Fe was detected at the edge of the
sample, and the contents of Cr and Nb at the grain boundary increased
significantly compared with those at other temperatures, reaching 40% and
12%, respectively. The contents of Ni and Fe at the grain boundary,
however, decreased significantly to 14% and 13%, respectively. The con-
trast of the HAADF images indicates the composition of the sample, which
is proportional to the square of the atomic number”’, that is, a bright region
means that the region has more heavy elements than its adjacent regions.
The weak contrast at the grain boundary in Fig. 3c indicates that the
average atomic mass in this area is low compared with that in its adjacent
region. This phenomenon indicates that oxidation promotes the diffusion
of Crand Nb to form oxides at the grain boundary. Diffusion of Ni from the

grain boundary to the interior of the grains also occurs at the same time,
and this reverse diffusion leads to an increase in the Ni content at the grains
of up to 57% compared with that at the grain boundary (14%). After
complete oxidation of the sample at 800 °C, large quantities of Fe-rich
oxides formed and extruded from the edge of the sample, and the Fe
concentration inside the sample decreased from the original 18 to 10%,
indicating that Fe diffusion occurred from the inner alloy to the sample
edge during the oxidation process. At this point, the oxygen covered the full
surface of the sample, and many Ni aggregation zones appeared inside the
grains. Interestingly, the Ni content at the grain boundary increased to
35%, whereas the Cr and Nb contents decreased to 30% and 7%, respec-
tively. This elemental variation can be attributed to the fast oxidation of the
grains at this time, where many oxygen atoms occupy the lattice positions
of the grains, and the excess Ni atoms rediffuse to the grain boundary,
leading to a decrease in the relative concentrations of Cr and Nb.
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Fig. 5 | In situ oxidation process of low-angle grain boundary. a-p Typical TEM images of the in situ oxidation process on the alloy at a low-angle grain boundary from

20 °C to 800 °C, the detailed data can be found in Supplementary Movie 2.

The 700 °C temperature is a particular temperature under which high-
angle grain boundary begin to oxidise during our in situ oxidation experi-
ment, and typical TEM images are shown in Fig. 4. In this study, the average
oxidation rate was defined by the average rate at which oxygen diffuses from
the edge of the sample to the inside of the sample in a direction parallel to the
sample and continuously reacts to form oxides. The oxidation rate of the
grain boundary is significantly greater than that of the other regions on the
surface. Oxidation initiated at the sample edge and continued to diffuse
internally along the grain boundary. The depth-time curves of the oxides on
the grain boundary and interior grain are compared in Fig. 4h. The oxi-
dation depth of the grain boundary increased linearly in the early stage of
oxidation, whereas the oxidation speed of the grains nearly remained stable
as the oxidation proceeded from 0 to 24 min. At 700 °C for 24 min, the
oxidation depth at the grain boundary reached 415 nm, whereas the max-
imum oxidation depth at the grain was only 73 nm. This phenomenon

indicates preferential oxidation at high-angle grain boundary, and its
average oxidation speed (17 nm-min™) is approximately 5.7 times greater
than that at the grain surface (3 nm-min™"), this can be attributed to the fact
that the high-angle grain boundary provides preferred diffusion channels
for O, and the rapidly formed loose porous Fe;O,, as indicated by the EDS
data, accelerates the diffusion of oxygen inwards along the high-angle grain
boundary.

Oxidation of low-angle grain boundary

During the oxidation process, the low-angle grain boundary exhibits
obvious structural and elemental variation that is markedly different from
that occurring in the high-angle grain boundary. Typical TEM images
during the in situ thermal oxidation process of the alloy at low-angle grain
boundary (region c in Fig. 1a) from 20 °C to 800 °C with a constant oxygen
pressure of 0.5 mbar are shown in Fig. 5. The grain boundary was located in
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Fig. 6 | HAADF images and typical elemental distributions of low-angle grain boundary during oxidation at different temperatures. a 400 °C, b 550 °C, ¢ 700 °C

and d 800 °C.

the centre of the images indexed by the red arrow and was obvious because
of the orientation-induced contrast difference. The crystal structure of the
alloy and the grain boundary angle can be determined via selected-area
electron diffraction (SAED). The SAED pattern at the grain boundary is
shown in Fig. 5b. The selected area contains two grains; thus, two sets of
diffractions in the pattern are indexed. The diffraction image shows that the
two grains have the same structure, both of which have FCC structures in
the [110] plane, indicating that they are low-angle GBs. The full oxidation
process can be seen in Supplementary Movie 2. The starting oxidation
temperature is similar to that of the high-angle grain boundary alloy, and
slight initial oxidation begins from the thin edge of the sample at 400 °C. The
dimension of the oxide particles increased gradually with increasing

temperature up to 600 °C, with the highest rate. The main oxidation mode of
the alloy, however, changes from “outwards growth” to “inwards diffusion”
at 700 °C. Since then, the main form of oxidation of the alloy changes from
outward oxidation to alloy-oxide interface oxidation, and then the oxidation
continuously migrates inwards with continuous diffusion of oxygen. The
oxidation interface after oxidation at 700 °C is shown as the dashed line in
Fig. 5j. Unlike the oxidation behaviour of the high-angle grain boundary, the
low-angle GBs did not show drastic preferential oxidation, but only a wedge-
shaped oxide structure appeared at the grain boundary when oxidised at
750 °C for 4 min. As the oxidation time increased to 14 min, the inwards
migration of the alloy-oxide interface increased significantly, and the
interface gradually became smooth from serrated to basically parallel to
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Fig. 7 | In situ oxidation process of twin boundary. a-h Typical TEM images of the oxidation process on the alloy with a twin boundary from 20 °C to 800 °C, the detailed
data can be found in Supplementary Movie 3. i HAADF image and typical elemental distributions during oxidation at 800 °C.

the edge of the sample, as shown by the red arrow in Fig. 50. The oxidation
phenomenon at 800 °C is similar to that of high-angle grain boundary,
where the sample is completely oxidised and the same degree of oxide
particle aggregation appears inside the grains, as shown by the red arrow
in Fig. 5p.

The morphology and elemental distributions of the low-angle grain
boundary after oxidation at different temperatures are shown in Fig. 6. All
the element distribution mappings can be seen in Fig. S3 of the supple-
mentary file. A very small amount of nanoscale Fe oxides initially formed
quickly at the edge of the sample at 400 °C, while the elements were uni-
formly present in the grain at the same time. When the temperature was
increased to 550 °C, similar to the oxidation behaviour of the high-angle
grain boundary alloy, Fe and Ni oxide began to appear at the edge of the
sample. The difference between the oxidation behaviours at high-angle and
low-angle boundaries is that no elemental aggregation was found at the low-
angle grain boundary. As the temperature increased to 700 °C, there was still
no obvious aggregation of Cr at the grain boundary compared with the high-
angle boundary. It is interesting to note that preferential oxidation of Nb was
also observed at the low-angle grain boundary, which is similar to that which
occurred in the high-angle grain boundary. The EDS quantitative analysis of
the line distribution reveals that the content of Nb at the grain boundary is
12%, which is much greater than that in the grains. On the other hand, the
content of Cr at the grain boundary remains stable, similar to that in the
grain. Correspondingly, the contents of Ni and Fe at the low-angle grain
boundary appeared to decrease to 40% and 10%, respectively.

Compared with the oxidation behaviour of the high-angle grain
boundary after oxidation at 700 °C, the content of Ni did not decrease
substantially. This can be attributed to the uniform distribution of Cr and Ni
oxides on the grain boundary during oxidation and the lack of obvious
aggregation. The diffusion of Ni is passive, and it is prompted or activated
by other easily oxidised elements during continuous oxidation-induced

movement. The inward migration and concentration decrease of Ni in the
deep oxidation zone at the edge of the sample are caused by the oxidation
and aggregation of Cr and Nb in this region. A comparison of the oxidation
behaviour at high-angle and low-angle GBs revealed that some key elements
affect oxidation at different types of GBs. Ni and Cr are two key elements,
and there is only a high degree of aggregation of Cr at high-angle grain
boundary (40%), which remains uniform at low-angle grain boundary.
Unlike the aggregation behaviour of Cr, Ni has a weak oxidation preference
at both high- and low-angle GB, which has little effect on its corrosion
resistance during initial oxidation.

Oxidation of twin boundary

In polycrystalline alloys, distortions occur due to the irregular arrange-
ment of atoms at GBs, leading to increased free energy in the system. In
theory, the level of grain boundary energy is related to the degree of
distortion of the atom arrangement on the grain boundary. The energy y
of the low-angle grain boundary mainly depends on the phase difference
0 between grains:

y = ¥,0(A — In0) (1)

where yo = Gb/4n(1-v), depending on the shear modulus G, Burr’s vector b
and Poisson’s ratio v, and A is the integration constant, depending on the
atomic misalignment energy of the dislocation centre. Equation (1) shows
that the grain boundary energy of the low-angle grain boundary increases
with increasing phase difference between the grains. The energy of a high-
angle grain boundary is independent of the phase difference, which is
essentially a constant value, approximately 0.25 ~ 1.0 J/m***. In comparison,
high-angle grain boundary usually has higher grain boundary energies. As a
special type of low-energy grain boundary, the colattice twin boundary has
a lower grain boundary energy than the high-angle grain boundary and
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low-angle grain boundary since the atoms on the twin plane are shared by
two crystals at the same time.

The oxidation behaviour in the twin boundary (d region in Fig. 1a) is
also characterised and analysed, as shown in the typical TEM images in Fig.
7, from 20 °C to 800 °C with a constant oxygen pressure of 0.5 mbar. There
was no preferential oxidation at the twin boundary during the oxidation
process, and the alloy-oxide interface remained smooth even at the twin
boundary. EDS analysis also revealed that there was no accumulation of Cr
or Nb at the twin boundary after oxidation, indicating maximum oxidation
resistance among the three kinds of GBs. In general, the lower the energy is,
the less prone it is to intergranular corrosion”, which is why the twin
boundary has good oxidation resistance.

Oxide characterisation

In situ TEM observation reveals a clear rule: the oxidation behavior and
product strongly depend on the oxidation temperature. When the oxidation
temperature is low, the main oxidation element is Fe. With the increase in
temperature, active elements, such as Al, Cr, and Nb, begin to oxidise on the
surface and at the grain boundary. At this time, competitive segregation of
different elements will occur on high-angle GBs. This is because the higher
interface energy reduces the energy barrier of oxide nucleation, so that a
variety of oxidation reactions that may occur thermodynamically can be
carried out here. The ordered arrangement of atoms at low-angle GBs
provides a low-energy-barrier nucleation site for the selective oxidation of
Nb, effectively inhibiting the segregation of other elements and the for-
mation of oxides. In the later stage of the oxidation process, the remaining
elements also gradually undergo oxidation reactions. With the injection of a
high quantity of oxygen atoms, various elements accumulate on the surface
of the sample and form a composite oxide. The main oxides at different
temperatures were characterised and analysed as shown in HRTEM analysis
and the related fast Fourier transform (FFT) in Fig. 8, and the atomic
relationships with the base were also demonstrated. The phase and structure
of the oxide can be obtained by measuring the lattice spacing and pinch
angle of the oxide, combined with EDS analysis. The atomic relationship
models between oxides and matrix were constructed by CrystalMaker
software. Fig. 8a-c shows that the initial oxide formed on the surface at
400 °C was Fe;0, (view direction [101]), and the orientation analysis
revealed epitaxial growth within the matrix. With increasing temperature,
the nanoscale oxides begin to grow and combine into large oxide particles,
and the observed orientation of the oxides still remains in the [101] plane,
rotated only in the plane parallel to the matrix (Fig. 8d—f). The growth of
Fe;0, ceased at 700 °C, and a large amount of randomly oriented dense
Cr,0; formed at the alloy-oxide interface and at the same time, as shown in
Fig. 8g-1. When the samples were fully oxidised at 800 °C, high quantities of
oxides rich in Fe and Ni could be found on the surface, and they could be
assigned to the spinel oxides of NiFe,0O, (Fig. 8j-1).

Discussion

In this study, we investigated the oxidation behaviour of different GBs. The
same conclusion can be obtained by repeated in situ characterisation of
different GBs. There are several factors that affect oxidation, including
thermodynamics, which determines which substance can be oxidized first,
and growth kinetics, which determines the oxidation speed or the oxide
growth curve. During oxide growth, the component and structure are two
additional important factors that affect the oxidation speed and tendency of
the material. In the following, we discuss these factors separately.

The diffusion behaviour of elements in multicomponent alloys is an
important factor affecting their oxidation resistance. Selective initial oxi-
dation is the driving force for the diffusion of alloying elements, which is
mainly controlled by the Gibbs free energy and can be used to reflect the
spontaneity and stability of oxide formation in alloys. When the Gibbs free
energy of the oxide is calculated, it should be regarded as the process of
generating that oxide from the most stable monomer and is therefore cal-
culated on the basis of one mole of monomer. Based on the thermodynamic
data, the Gibbs free energy-temperature diagram of the major oxides in the

Ni-based superalloy was calculated via the HSC Chemistry 6.0 software, as
shown in Fig. 9. The slope of the straight line in the figure reflects the change
in the stability of the oxide with temperature, i.e., a positive slope indicates
that the stability increases with increasing temperature. The lower the Gibbs
free energy of the oxide is, the greater the ability of the corresponding
element to combine with O. Table 1 summarises the detailed information of
element enrichment temperature and location. In the actual oxidation
process, the surface of Fe was first oxidised at 400 °C, depending on the
elemental concentration and ambient temperature. Since the Fe-rich oxide
is very loose, Fe atoms can pass through the surface oxide layer and combine
with O, resulting in the continuous outwards growth of the oxide. At the
same time, O also reacted with Cr at the alloy-oxide interface through the
oxide layer to form Cr,0O;. There is a competitive relationship between the
growth of Fe, Ni oxides and Cr oxides, which also explains why double-layer
oxides appear at 550 °C (Figs. 3b and 6b). With the continuous oxidation of
Cr, Cr,05 in the middle layer acts as a barrier to the diffusion of cations to
the surface®”". Therefore, the outer layer lost the supply of elements, and the
growth rate of the oxide was greatly reduced. After that, the oxidation form
of the alloy changed to anionic diffusion. At this stage, different types of GBs
exhibit different oxidation behaviours. A large amount of Cr and Nb dif-
fused to the high-angle GBs for oxidation, whereas Ni and Fe diffused to
both sides of the GBs. From a thermodynamic point of view, this phe-
nomenon can be attributed to the fact that the activity of Ni and Fe is lower
than that of Cr and Nb, so they are expelled to reduce the stress caused by the
increase in volume during oxide formation'>”. There is no Cr transfer
phenomenon at the low-angle GBs, and more reactive Nb oxides are gen-
erated. The main reason for this difference is that the high-angle GBs are not
well matched with the relatively open disordered structure. Elements diffuse
rapidly at the GBs in this structure, so the oxidation and aggregation of
elements are more likely to occur at high-angle GBs.

The energy of the grain boundary usually affects the corrosion resis-
tance of the material, which is a key factor in determining the properties of
the material™. There is a systematic relationship between the grain boundary
energy and the orientation difference between the two grains. According to
the different angles and types of GBs, the GB energies corresponding to
high-angle GB, low-angle GB, and twin boundary in Fig. 1 are about 0.981,
0.659, and 0.063 J/m’, respectively*. Different oxidation mechanisms can be
summarised according to the models shown in Fig. 10. In the initial oxi-
dation stage, outwards oxidation is the dominant mode, and the Fe-rich
oxide grows from the surface to the outside due to its fast growth rate.
Subsequently, the oxidation pattern changes to inward oxidation, a Cr-rich
oxide layer is formed between the outer oxide layer and the matrix, and the
alloy-oxide interface continues to move inwards. In the subsequent process,
the effect of grain boundary energy on the oxidation behaviour began to
gradually reflect. After analysing the in situ TEM images, it can be found that
the diffusion rate of oxygen along the high-angle grain boundary is much
higher than that inside the grains (Fig. 4). This shows that some conditions
provide a fast or easy channel for oxygen diffusion, such as high grain
boundary energy, loose structure, or a low diffusion energy barrier. The
change of element distribution in the oxidation process shows an obvious
dynamical segregation at the grain boundary and shows significantly dif-
ferent behaviour on different types of GBs. The high-angle grain boundary
exhibits strong interfacial reactions, and Cr-rich and Nb-rich oxides diffuse
rapidly along the grain boundary. In contrast, only slight oxidation with
significantly reduced oxidation depth occurred at the low-angle grain
boundary, and only active Nb-rich oxides formed at the grain boundary,
while no Cr-rich oxides were observed. The twin boundary has the same
oxidation behaviour with a smooth alloy-oxide interface as the inner grain
does, and there is no interfacial reaction during the oxidation process. The
oxidation in different GBs indicates that the higher the grain boundary
energy, the stronger the driving force for the segregation of alloying ele-
ments. A high-energy grain boundary provides diffusion paths and reaction
sites for oxidation, which is the main driving factor of intergranular cor-
rosion of materials. With the decrease of grain boundary energy, the oxi-
dation resistance of the grain boundary is gradually enhanced. Therefore,
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Fig. 8 | Typical HRTEM images, related fast Fourier transform (FFT) and corresponding atomic relationships with the matrix at different temperatures. a—c 400 °C,

d-£ 550 °C, g-i 700 °C and j-1 800 °C.

oxidation resistance in different GB can be listed as follows: twin GB > low-
angle GB > high-angle GB. During the oxidation process of polycrystalline
materials, the main path of oxygen diffusion into the alloy is along the GBs,
especially at low pressures or temperatures. Oxygen has been found to
diffuse much more slowly in some special GB than in other types of GBs™.

Compared to other regions, nontextured polycrystalline materials contain
numerous high-angle GBs with high energy. Oxygen undergoes short-
circuit diffusion in large quantities at these high-energy GBs, resulting in
high-speed diffusion and oxidation rates at the GBs. Therefore, the anti-
oxidation design is not only to increase the proportion of low-energy GBs
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Fig. 9| Standard Gibbs free energy of major stable oxides in Ni-based superalloys.

Take one mole of monomer as the benchmark.

Table 1 | Element enrichment temperature and location

Element Observed temperature  Enrichment location Structural feature
Fe 400 °C Surface Loose porous
Al 550 °C Surface Continuous dense
700 °C HAGB Continuous dense
Cr 550 °C Surface Continuous dense
700 °C HAGB Continuous dense
Ni 550 °C Surface Loose porous
Nb 700 °C HAGB & LAGB Dispersed particle
Ti 700 °C HAGB Dispersed particle
Mn 700 °C HAGB Loose porous
Outward growth
(@)

)

Interfacial reaction

but also to construct an interconnected low-energy GB network. When
oxidation propagates horizontally, the propagation path is effectively
blocked once the low-energy GB is encountered. Optimising the structure of
the GB network through GB engineering is an effective strategy for retarding
the oxidation-induced failure of superalloys.

The migration of elements across different GBs is crucial for the
varying oxidation behaviors of the GBs. Fig. 11 shows the demonstration of
the migration of elements in the oxidation process on different GBs with
different energies. During the initial stage of oxidation, the O atom gradually
adsorbs at the edge of the sample, and then, the Fe atoms rapidly diffuse
from the inner alloy to the surface and combine with O to form an Fe;0,
oxide layer in a short time. At the same time, O atoms penetrate the inner
alloy through the loose pores of the Fe;O, layer to form Cr,Os in the
intermediate layer. Competitive growth between Cr-rich oxides and Ni-rich
oxides occurs, and Ni atoms diffuse faster than Cr atoms do. A sufficient
number of thick continuous Cr203 layers acts as barriers to the continued
outwards diffusion of cations and hinders further oxidation. At this point,
the main oxidation mode changes from inwards diffusion to outwards
diffusion, and the GBs begin to exhibit different oxidation mechanisms,
which are key factors. The O atoms diffuse the fastest at high-angle GBs
because they have the highest boundary energy, and severe preferential
oxidation occurs. The Gibbs free energy of Ni is lower than that of Cr and
Nb, and large amounts of Cr and Nb first migrate to the GBs to form Cr203
and Nb205 at low temperatures. With increasing temperature, fast diffu-
sion/oxidation of Ni atoms occurs on both sides to reduce the stress caused
by the increase in volume during the formation of the oxide. Owing to the
low energy of low-angle GBs, only Nb migrates to the GBs to form Nb,Os
during oxidation at low temperatures due to its low Gibbs free energy, and
not enough Cr migrates to the GBs at these temperatures. For the lowest
energy twin boundary, the alloy-oxide interface always diffuses inwards
parallel to the sample edge. The internal Cr migrated to the alloy-oxide
interface and oxidised, and no accumulation of Cr or Nb was observed at the
GBs. Thus, the oxidation activity of the element has a direct relationship
with the grain boundary energy; high-angle GBs have a high boundary

Deep spread

92UE)SISIT UOISO.LIO))

I Alloy Fe;0,

I Cr,0,

@ Nb,O, = NiFe,0,

Fig. 10 | Schematic demonstration of the oxidation modes of different grain boundaries. a high-angle grain boundary, b low-angle grain boundary and ¢ twin boundary.
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Table 2 | Experimental compositions of the Inconel 718 alloy (at.%)

Element Ni Cr Fe Nb C Al Ti Mn Mo
Composition 50.49 19.62 18.17 2.94 3.99 0.92 1.19 0.45 2.23
energy and actively react with oxygen, whereas low-angle GBs have alow Methods

grain energy and slowly react with oxygen.

In summary, to determine the corrosion preference of different GBs in
polycrystalline alloys, the in situ oxidation behaviour of an Inconel 718 Ni-
based superalloy, including high-angle, low-angle and twin GBs, was sys-
tematically investigated via environmental transmission electron micro-
scopy. The microstructure evolution and elemental distribution process
during oxidation at different GBs were investigated in detail, and the key
factors affecting the oxidation resistance of the GBs were elucidated. The
findings indicate that the grain boundary energy is the decisive factor
affecting the corrosive resistance of a material and is directly related to its
angle, and the energy sequence is as follows: high-angle boundary>low-
angle boundary>twin boundary. High-angle GBs exhibit high oxidation
speeds and normal surfaces and act as the main channels for the inward
diffusion of oxygen for intergranular oxidation. The twin boundaries exhibit
the best oxidation resistance, followed by the low-angle GBs, and the high-
angle GBs have the worst oxidation resistance. After high-temperature
oxidation, obvious enrichment of Cr and Nb was observed at the high-angle
GBs, while only Nb was enriched at the low-angle GBs, and no element
enrichment was observed at the twin GBs. With the decrease of grain
boundary energy, the GB gradually exhibits excellent oxidation resistance. A
large number of low-energy grain boundary network should be considered
in the design of anti-oxidation polycrystalline materials.

Samples preparation

The material used in this study is an Inconel 718 Ni-based superalloy, and
the chemical composition is listed in Table 2. The elemental contents
mentioned in this paper are all expressed as atomic percentages. A com-
posite with dimensions of 10 x 10 x 1 mm was taken from the alloy sheet via
wire cutting. The sample was mechanically polished after being ground
sequentially with 150 to 3000 grit paper and then electrochemically polished
in a mixture of 10% HCIO, + 90% C,HsOH, followed by electron back
scatter diffraction (EBSD) analysis. EBSD tests were conducted via a field
emission scanning electron microscope (FEI Quanta 650) equipped with a
detector model EDAX Hikari Camera to obtain information on the types of
GBs. Thin samples containing specified GBs were diced via a focused ion
beam (FIB) dual-beam system (FEI Helios 600i) and then transferred to a
microelectromechanical system (MEMS, Bestronst Co.) heating chip for
subsequent transmission electron microscopy (TEM) testing.

In situ ETEM oxidation experiments

In situ oxidation experiments were conducted in an ETEM (FEI Titan)
instrument equipped with an objective lens spherical aberration corrector.
The ETEM has a maximum accelerating voltage of 300 kV and a spatial
resolution of 0.08 nm. High-purity O, (99.999%) was injected into the
ETEM, and the pressure near the sample was controlled at 0.5 mbar via a
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differential pumping system. At the same time, the sample temperature was
controlled from 20 °C to 800 °C via a chip-based heating holder (BestronST
Cor.). The sample was maintained at each temperature for approximately
25 min until no further reaction occurred. Electron energy-loss spectro-
scopy (EELS) was performed via a spectrometer (Gatan GIF 965) with an
energy resolution of 0.8 eV to reveal the type and valence of the oxides
formed.

Ex situ microstructure and chemical characterisation

For ex situ TEM, a transmission electron microscope (TEM FEI Talos)
with an acceleration voltage of 200 kV equipped with an energy dis-
persive X-ray spectrometer (EDS) system was used to obtain high-angle
annular dark field (HAADF) images and local elemental distribution
information. Quantitative EDS analysis was performed via the con-
ventional Cliff-Lorimer method, and a parabolic model was used to
remove the background. The K series peaks were chosen for O, Ni, Cr,
Fe, Al, Ti and Mn, and the L series peaks were chosen for Nb and Mo to
analyse the elemental distribution.

Data availability
The relevant data is previously unpublished and is herein are available from
the corresponding authors.
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