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A B S T R A C T

The effects of reactive elements (RE) in MCrAlX alloy (M: Metals, X: RE) as the bond coat for thermal barrier
coatings durability were investigated by both experimental evaluation and density functional theory (DFT)
calculations. Cyclic oxidation tests showed that the lifetime of the sample with Y, Hf, and Si as RE displayed
approximately twice of the sample with Y only. Furthermore, the interface energies between oxide (α-Al2O3) and
bond coat with various RE (Si, Sc, Ti, Y, Zr, Hf, La, and Ce) were calculated by DFT. DFT results indicate that Hf
and Si doping effectively reduce the interface energy.

1. Introduction

Thermal barrier coatings (TBC) are applied to high-temperature
components of gas turbines to protect the metal components from
combustion gases [1–7]. TBC have become an indispensable technology
for aero engines as well as for industrial gas turbines used for power
generation. Recently, social demands to reduce carbon emissions have
caused increased demands for improving power generation efficiency,
and the turbine inlet temperature (TIT) of the industrial gas turbine has
been markedly increased. In addition, with the increase of renewable
energy share, gas turbines are required to operate to fill in gaps between
demands and renewable energy power output, which is inherently un-
stable. As a result, the frequency of starts and stops in operation is
anticipated to rise. Such an increase in TIT and thermal cycles should
have a negative impact on TBC durability; however, current TBC does
not have sufficient durability to satisfy these operational requirements.

Generally, TBC consists of two layers: a top coat and a bond coat [1].
The top coat is a thermal barrier layer and usually consists of yttria
stabilized zirconia (YSZ) [8], which has a high coefficient of thermal
expansion and low thermal conductivity. The bond coat provides
oxidation resistance and adhesion with the top coat [1,9]. MCrAlX alloys
are commonly used as the bond coat. M presents a base metal compo-
sition, such as Ni, Co, or both. X is called “Reactive elements (REs)”,
including Y, Hf, Si, etc, and is added to improve the oxidation resistance

[10]. The bond coat is deposited by thermal spray using low-pressure
plasma spray (LPPS) or high-velocity oxi-fuel (HVOF) process.

Although various factors have possibilities to cause damage to TBC
[11,12], the oxidation of the bond coat is considered the major issue that
ultimately limits the lifetime of the TBC. Because the top coat of YSZ,
which is a well-known good oxygen ion conductor, cannot avoid
high-temperature oxidation of the bond coat, thermally grown oxide
(TGO) is formed at the interface between the top coat and the bond coat.
Because TGO, which consists of α-Al2O3, has a lower coefficient of
thermal expansion than the bond coat and the top coat [13], the
mismatch of thermal expansion causes thermal stress during thermal
cycling [3]. Cracks at the interface between the TGO and the bond coat is
generated owing to thermal stress. Such clacks or micro spallation of the
TGO from the bond coat will propagate to the surrounding area and
finally reach complete spalling of the top coat[2].

Considering this spalling mechanism of TBC, the lifetime of TBC will
be increased if the adhesion of the TGO to the bond coat is improved by
modifying the bond coat composition. RE are known to be effective in
improving the adhesion of TGO [14], and if the composition of RE
addition can be optimized, the durability of TBC will be improved. In
particular, several previous studies have investigated the durability of
TBC with MCrAlX bond coat with different species of RE doping
[15–17]. For example, Haynes et al. evaluated TBC with bond coat of
different RE addition (Y only or YHfSi) by cyclic oxidation test, and
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reported that TBC with YHfSi bond coat displayed approximately 20～
40 % better cycle life [15]. However, the crack propagation process to
TBC spalling was not analyzed in detail in their study, and it is unclear
how the additional doping of Hf and Si affected the lifetime of the TBC.

Moreover, there is controversy about the mechanism by which the
REs improve the adhesion of the TGO [10]. It has been almost 80 years
since the publication of the patent on the effect of RE on oxidation
resistance [18,19], and the studies on the effects of RE have been pub-
lished [10,14,20]. Several mechanisms were proposed to explain
adhesion improvements. Oxide pegging is a known mechanism, in which
particles of RE oxides called “peg” at the interface improve adhesion
owing to their anchoring effect [21]. Sulfur gettering is another mech-
anism in which RE traps impurity sulfur, which segregates to the
interface and causes deterioration of interfacial adhesion [22,23]. These
mechanisms have been experimentally confirmed and are widely
accepted. However, these mechanisms are indirect mechanisms of
improving the adhesion of TGO. Although it has been observed that RE
segregates at the interface between the alloy and TGO [24–26], the ef-
fect of segregated RE on the adhesion strength is not fully understood. In
addition, conventional mechanisms do not sufficiently explain the dif-
ference in quantitative adhesion strength depending on the RE
composition.

Recently, several attempts have been made to reveal the atomic-scale
effect of doped RE for the scale-alloy interface by first-principles cal-
culations based on density functional theory (DFT) [27–32]. For
example, Jiang et al. evaluated the effect of Hf addition to α-Al2O3/Ni
interface and reported that the addition of Hf increases the work of
separation. This result provides evidence for improved adhesion by
Hf-doping. Moreover, they showed that the presence of sulfur decreases
the work of separation [29]. However, the differences in the effects of
various RE, their systematic understanding, and the origin of the
adhesion improvement have not been fully elucidated.

Our final goal is to improve the durability of TBC by optimizing the
RE of MCrAlX used as the bond coat. The first step toward this goal, we
aimed to clarify the effect of RE doping from both experimental and
computational approaches in this study.

First, as an experimental approach, we prepared TBC samples with
bond coats of two different RE doping (Y only or YHfSi) and compared
their durability as the cyclic oxidation test, and attempted to clarify how
the RE doping contributes to the improvement in durability by observing
the damage processes.

Moreover, DFT calculations were performed to reveal the adhesion
enhancement effect of various RE, such as Si, Sc, Ti, Y, Zr, La, Ce, and Hf,
on the interface between γ-Ni and α-Al2O3. We verified whether the
experimental results could be explained by theoretical calculations, and
clarified the origin and trend of the adhesion improvement by RE
doping.

2. Experimental methods

2.1. Samples

A Ni-based superalloy (CMSX-4) was used as substrates. NiCoCrAlY
alloy or NiCoCrAlYHfSi alloy was thermally sprayed onto the substrates
using HVOF method as the bond coat. The chemical composition of each
alloy is shown in Table 1. After applying the bond coat, pre-oxidation
heat treatment was performed under the conditions described in our
previous report (under vacuum atmosphere conditions (PO2 = approx.

10− 14 Pa) at 1080◦C for 4 hours) [33]. Subsequently, 8 wt%
yttria-stabilized zirconia (8YSZ) powder was thermally sprayed as the
top coat using atmospheric plasma spray (APS) methods. The sample
size was 20 × 20 × 5 mm3.

2.2. Cyclic oxidation test

Cyclic oxidation tests were conducted to evaluate the durability of
TBC samples. These tests were based on ISO 14188:2012 (E) [34]. An
atmospheric furnace equipped with an automatic sample loading and
unloading mechanism was used. For cyclic tests, the samples were
maintained at 1100◦C for 30 min in the furnace and cooled outside the
furnace for 10 mins for each cycle. During cooling, the samples were
forced to cool in the air by a fan. The damage of the samples was
examined every 25 cycles, and the number of cycles to failure was
defined as the cycles at which TBC has spalled more than 30 % of the
surface area.

Seven specimens were tested for each sample type (NiCoCrAlY of
NiCoCrAlYHfSi), and four of them were removed at 50, 100, 200, and
400 cycles for cross-sectional observation. The remaining three speci-
mens were tested until spalling.

The surface roughness of the bond coat was measured with a laser
microscope (VK-260, Keyence). This measurement was performed on
the bond coat sample prepared under the same process conditions as the
TBC samples.

Cross-sectional observation of the samples before and after the cyclic
oxidation tests was performed using a scanning electron microscope
(SEM, SU5000, Hitachi). The composition maps of the bond coat were
investigated using energy-dispersive X-ray spectroscopy (EDX, Octane
Elect Plus, EDAX) after polishing by ion milling.

The TGO thickness was measured from cross-sectional backscattered
electron (BSE) images using the following method: Three images with
130 μm (after 50, 100, and 200 cycles) or 350 μm (after 400 cycles) were
taken for each oxidation condition, and then a TGO thickness of five
points with equal spacing was measured. The TGO thickness was
determined for each sample by averaging the thickness values obtained
at 15 observed points.

The detailed microstructure between the TGO and bond coat was
characterized using a scanning transmission electron microscope
(STEM, Talos F200X, FEI) operated at 200 kV equipped with an energy
dispersive X-ray (EDX) analyzer. Cross-sectional TEM specimens were
prepared using focused ion beam (FIB) thinning.

3. Theoretical methods

First-principles calculations were performed using the Quantum
ESPRESSO software, which is the plane wave-based implementation of
DFT [35]. We employed the projector augmented wave (PAW) method
[36] to represent the interactions between electrons and ions while the
exchange correlation was described using the Perdew–Burke–Ernzerhof
(PBE) parametrization of the generalized gradient approximation
(GGA) [37].

Because the MCrAlX coating has the two-phase structure consisting
of γ-Ni phase and β-NiAl phase, both α-Al2O3/γ-Ni interface and
α-Al2O3/β-NiAl seem to be candidates for the calculation to evaluate the
interface between the TGO and the bond coat. However, after relatively
short-time exposure in high-temperature environment, the microstruc-
ture of the bond coat near the TGO changes to only γ-Ni phase because of

Table 1
Chemical composition of Ni-base superalloy used for substrates and MCrAlX used for bond coat of TBC samples (wt%).

Cr Ni Co Mo W Ta Ti Al Y Si Hf Re

CMSX− 4 6.5 Bal. 9 0.6 6 6.5 1 5.6 - - 0.1 3
NiCoCrAlY 17 Bal. 23 - - - - 13 0.45 - - -
NiCoCrAlYHfSi 17 Bal. 22 - - - - 12 0.5 0.4 0.45 -
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Al depletion for forming TGO. Our previous study revealed that the
β-NiAl has already disappeared from the interface in contact with TGO
only after 50 h oxidation at 1050℃ [38]. Therefore, we targeted the
α-Al2O3/γ-Ni interface for the DFT calculations.

To evaluate the adhesion strength between α-Al2O3 and γ-Ni inter-
face, we used the model shown in Fig. 1. In this model, the Al-terminated
α-Al2O3(0001) and γ-Ni(111) are in contact at two interfaces. The
α-Al2O3(0001) plane was selected due to its preferential orientation on
MCrAlY surface [39]. γ-Ni(111) was selected due to its structural simi-
larity to α-Al2O3(0001). <110>γ-Ni is parallel to < 1210>α-Al2O3. γ-Ni
consists of nine layers, and each layer has 12 Ni atoms. α-Al2O3 consists
of seven layers of Al, and each layer has eight Al atoms. This model
consists of 236 atoms.

Although the O-terminated structure seems to be another possibility,
we selected the Al-terminated structure for the following reason. We
conducted preliminary calculations for both the Al-terminated and the
O-terminated structure, and confirmed that the interface energy of the
O-terminated structure was larger and more unstable than that of the Al-
terminated structure. It is consistent with the results of Jarvis et al.[40].

The in-plane lattice mismatch between α-Al2O3(0001) and γ-Ni(111)
is approximately 9 %, with γ-Ni under tensile, and the gap between
α-Al2O3(0001) and γ-Ni(111) was initially set to 1.5 Å. The interface
area is approximately 74 Å2.

Brillouin zone integrations were performed using a set of 2×2×1 k-
points for this 236 atoms model (Fig. 1). The cut-off energy for the plane
wave expansion was set at 50 Ry. Gaussian smearing was used for the
energy calculation with a smearing width of 0.01 Ry. The total energy
was minimized over the degrees of freedom of the electron density and
the ionic positions and structural parameters. Convergence threshold for
energy and atomic forces was set to 10− 6 Ry and 10− 3 Ry/bohr,
respectively.

By employing the above parameters, we performed structural
relaxation calculation for a 108-atom model of γ-Ni (only the Ni part of
the interface model with 236 atoms, shown in Fig. S1), and the lattice
parameter (3.51 Å) was in good agreement with the experimental value
(3.52 Å) [41] within 1 %. Structural relaxation calculations for a
120-atom model of α-Al2O3 (only the α-Al2O3 part of the interface model
with 236 atoms, shown in Fig. S2) was also performed, and the lattice
parameter (a, b = 4.83 Å, c = 13.18 Å) was in good agreement with the
experimental value (a, b = 4.76 Å, c = 12.98 Å)[42] within 2 %.

Structural relaxation calculations were performed for all atomic
positions to obtain the ideal stable interface structure. Subsequently, the
relaxed structures were used for the calculation of interface energy.

To understand the adhesion strength of the interface between
α-Al2O3(0001) and γ-Ni(111), we calculated the interface energy (γclean),
which is expressed as

γclean =
Esystem with interface − Esystem without interface

2A
(1)

Here, A is the area of the interface, Esystem with interface is the total energy
of the interface model. Because of the three-dimensional periodic
boundary conditions, two interfaces were introduced in the model
(shown in Fig. 1), and γclean was divided by two, as shown in Eq. (1). In
the present model, Esystem without interface is expressed as

Esystem without interface = EAl2O3 + ENi +EAl (2)

EAl2O3 , ENi, and EAl are the energies of α-Al2O3 with 24 formula units,
γ-Ni with108 atoms, and metallic Al with 8 atoms. EAl was introduced to
correct energy because the Al-terminated model of Fig. 1 has more eight
Al atoms than the stoichiometric composition of α-Al2O3.

For the calculation of the RE doped model, we first determined the
favorable position for doped RE in the interface model. For this calcu-
lation, we used a 118-atoms model (Fig. S3) that was halved in length for
[1210] direction from the model shown in Fig. 1. Brillouin zone in-
tegrations were changed to use a set of 2×3×1 k-points for 118-atoms
model (Fig. S3).

We calculated the interface energy of the RE-doped model in which
one Al atom was replaced for RE atom at the most favorable site. For this
calculation, full-sized 236-atoms model (Fig. 1) was used. The interface
energy γRE of the RE-doped model is expressed as,

γRE =
Esystem with interface+RE − Esystem witout interface+RE − Aγclean

A
(3)

Esystem with interface+RE is the total energy of RE-doped interface model.
Esystem without interface+RE is expressed as

Esystem without interface+RE = EAl2O3+RE +ENi + EAl (4)

EAl2O3+RE is the total energy of α-Al2O3 model with 24 formula units in
which one Al atom was replaced for RE.

To understand the chemical bonding of each atom at the interface,
the charge density (CD) and the charge density difference (CDD) were
calculated as follows:

CDD = CDsystem with interface+RE −
(
CDsystem with interface− RE + CDRE

)

(5)

Here, CDsystem with interface+RE is the charge density of the interface model
with doped-RE, CDsystem with interface− RE is the charge density of the interface
model excluding only doped-RE atoms without changing each atom
coordinate, and CDRE is the charge density of the isolated single RE atom.

Fig. 1. Interface model of α-Al2O3(0001) / γ-Ni(111) with 236 atoms.

Fig. 2. Cycles to failure of TBC samples during cyclic oxidation tests of 30 min
cycles at 1100℃.

M. Negami et al.



Corrosion Science 237 (2024) 112329

4

4. Results and discussions

4.1. Cyclic oxidation tests

Fig. 2 shows the number of cycles to failure in the cyclic oxidation
tests. The number of cycles to failure is defined as the point at which the
TBC has spalled over 30 % of its surface area. The NiCoCrAlYHfSi
sample indicated more than twice higher spallation life than the NiC-
oCrAlY sample. Fig. 3 shows cross-sectional SEM-BSE images of TBC
samples before cyclic oxidation tests. The thicknesses of both the top and
bond coats, formed by thermal spray, were nearly identical. The bond
coat of the NiCoCrAlYHfSi sample contains slightly more oxide particles
(dark spots in SEM-BSE image) than that of the NiCoCrAlY. Fig. 4 shows

the EDX analysis results of NiCoCrAlYHfSi bond coat. Only O and Al are
strongly detected at the oxide position, which indicated that the oxide
mainly consisted of Al2O3. The variations in the microstructures of the
two bond coats are likely due to differences in the particle size distri-
bution of the powder used in the HVOF process. Generally, an increase in
oxide in the bond coat is considered undesirable because it leads to a
decrease in the concentration of Al in the metallic phase. However, no
adverse effects were observed in this study. Another perspective, the
presence of oxide in the bond coat might affected the physical properties
of the bond coat. However, the volume fraction of oxides was approxi-
mately only 5 %. Therefore, it was presumed that oxides did not have a
significant effect on the lifetime of the TBC.

Fig. 4 also shows that the microstructure of the bond coat. The bond

Fig. 3. Cross-section SEM-BSE images of TBC samples before cyclic oxidation tests. (a) NiCoCrAlY bond coat sample, (b) NiCoCrAlYHfSi bond coat sample.

Fig. 4. (a) SEM-BSE image of the NiCoCrAlYHfSi bond coat before cyclic oxidation tests. The elemental maps analyzed by EDX for (b) O, (c) Al, (d) Si, (e) Y, (f) Cr, (g)
Co, (h) Ni, and (i) Hf.
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coat consisted mainly of β-NiAl and γ-Ni phases, with a slight σ-(Co, Cr)
phase[43].

The surface roughness of NiCoCrAlY bond coat was Ra = 7.2 μm and
that of NiCoCrAlYHfSi bond coat was Ra = 5.3 μm. Although the in-
crease in bond coat roughness is recognized to have a positive effect on
the lifetime of TBC[44], the opposite result of cyclic oxidation was ob-
tained. This fact suggests that factors other than surface roughness
should have improved the lifetime of the NiCoCrAlYHfSi samples.

Cross-sectional images of the samples after spalling are shown in
Fig. 5. Almost no top coat remained after spalling, which indicated that
delamination occurred at the interface between the top coat and bond
coat. In most areas, the TGO remained on the bond coat, but the TGO
was lost in some areas. At several locations, horizontal cracks in the TGO

or multi-layered TGO were observed. These features at the surface after
spalling were common to the two types of TBC samples, and no clear
difference between NiCoCrAlY and NiCoCrAlYHfSi samples was
observed.

The cross-sectional microstructures of the samples observed after the
cyclic oxidation tests interrupted before spalling are shown in Fig. 6.
Fig. 7 are magnified images of the TGO formed in each sample after 200
and 400 cycles of Fig. 6. First, we focused on the growth behavior of the
TGO. As shown in Fig. 6, the thickness of the TGO increased as the
number of cycles increases. Fig. 8 shows the change in the TGO thickness
versus the number of cycles measured from the cross-sectional SEM-BSE
images. There was no difference in the TGO thickness between NiC-
oCrAlY and NiCoCrAlYHfSi samples up to 200 cycles. Specifically, the

Fig. 5. Cross-section SEM-BSE images of TBC samples after spalling of the top coat by cyclic oxidation tests of 30 min cycles at 1100℃. (a) NiCoCrAlY bond coat
sample, the rectangular area in (a) was magnified for (b). NiCoCrAlYHfSi bond coat sample, the rectangular area in (c) was magnified for (d).

Fig. 6. Cross-section SEM-BSE images of TBC samples after cyclic oxidation tests of 30 min cycles at 1100 ℃. (a) NiCoCrAlY bond coat after 100 cycles, (b) NiC-
oCrAlY bond coat after 200 cycles, (c) NiCoCrAlY bond coat after 400 cycles, (d) NiCoCrAlYHfSi bond coat after 100 cycles, (e) NiCoCrAlYHfSi bond coat after 200
cycles, (f) NiCoCrAlYHfSi bond coat after 400 cycles.

M. Negami et al.
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additional doping of Hf and Si did not affect the TGO growth rate.
(Although the TGO thickness of NiCoCrAlY increased significantly at
400 cycles, this increase was owing to the formation of the multilayered
TGO described later and was not owing to a change of the TGO growth

rate itself.) Note that, it has been demonstrated that the RE can affect the
growth rate of the TGO in previous studies [14,45–47]. However, in this
experiment, the difference of doped RE between the two samples, Y only
or YHfSi, does not affect the TGO growth rate. Therefore, the difference
in TBC lifetime could not be attributed to the TGO growth rate.

In Fig. 6a, c, internal TGO which formed in the open porosity near
the interface was observed. However, the number of such defects is few
and limited, and these defects were not considered to have a noticeable
effect on TBC lifetime.

We focused on crack initiation and propagation behavior. No
obvious crack initiation was observed in either NiCoCrAlY or NiC-
oCrAlYHfSi samples up to 200 cycles (Fig. 6b, e). However, the magni-
fied TGO image of the NiCoCrAlY sample indicated the TGO had
partially detached from the bond coat after 200 cycles (Fig. 7a). In
contrast, in the NiCoCrAlYHfSi sample, the TGO had close contact with
the bond coat at 200 cycles (Fig. 7c).

At 400 cycles, cracks penetrating through the TGO and the top coat
were observed in the NiCoCrAlY sample (Fig. 6c). However, such a large
clack was not observed in the NiCoCrAlYHfSi sample (Fig. 6f).
Furthermore, in the NiCoCrAlY sample, multilayered TGO was observed
everywhere, as shown in Fig. 7b. Such multilayered TGO are considered
to have formed by the following process, shown in Fig. 9. First, the TGO
is locally detached from the bond coat. Second, under the detached
areas, new TGO start to grow. The repetition of such detachment and re-

Fig. 7. Cross-section SEM-BSE images of TBC samples after cyclic oxidation tests of 30 min cycles at 1100℃. (Blow up views of the white rectangular areas of Fig. 6)
(a) NiCoCrAlY bond coat after 200 cycles, (a) NiCoCrAlY bond coat after 400 cycles, (c) NiCoCrAlYHfSi bond coat after 200 cycles, (d) NiCoCrAlYHfSi bond coat after
400 cycles.

Fig. 8. Thickness of the TGO during cyclic oxidation tests of 30 min cycles at
1100 ℃.

Fig. 9. Schematic illustration showing the mechanisms of the multilayer TGO formation and of the TBC spalling.

M. Negami et al.
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growth of the TGO resulted in localized multilayering of the TGO [15,
48,49]. Such localized and significant TGO growth seems to induce
out-of-plane stress in the surrounding area, leading to eventual top coat
spallation. In particular, cracks that propagated into the top coat
occurred around the multilayer TGO (Fig. 6c). Compared to the NiC-
oCrAlY sample, there were fewer multilayer TGO, and the TGO adhered
to the bond coat in the NiCoCrAlYHfSi sample at 400 cycles, as shown in
Figs. 6f and 6d.

Note that no oxide “peg” formation was observed at the interface
between the TGO and the bond coat in any samples in this study. The
formation of oxide peg consisting of RE-oxide is a well-known mecha-
nism that improves the TGO adhesion [21]. Therefore, the adhesion of
TGO in NiCoCrAlYHfSi samples was improved despite the absence of
oxide peg, and additional RE (Si, Hf) doping might increase the adhesion
strength of TGO by another mechanism.

Furthermore, in Fig. 7, “gray” oxides were observed between the
α-Al2O3 TGO and the top coat. Based on the results of our previous study
[38], which investigated oxidation behavior after pre-oxidation, these
oxides seemed to be Cr2O3. Cr2O3 forms in the early stage of oxidation,
so its effect on the TBC lifetime should be limited. Moreover, no dif-
ference in the state of Cr2O3 formation was observed between the NiC-
oCrAlY and NiCoCrAlYHfSi samples.

Fig. 10a shows the cross-sectional STEM image of the TGO formed in
the NiCoCrAlYHfSi sample after 200 cycles. The TGO has the typical

columnar α-Al2O3 microstructure, as reported in the previous research
[26]. The magnified image of the interface between the bond coat and
the TGO as well as the elemental map of Si, Y, and Hf by EDX are shown
in Fig. 10b-e. Si, Y, and Hf maps show segregation on oxide grain
boundaries (Fig. 10c-e). In addition, Y and Hf segregated slightly at the
oxide-metal interface (Fig. 10d, e). This RE segregation at the interface
may have affected the adhesion of the TGO.

To summarize the experimental results, the additional doping of Hf
and Si for the NiCoCrAlYHfSi samples improved the adhesion of the TGO
to the bond coat, and the improvement avoided the formation of
multilayer TGO. Consequently, the lifetime of the TBC samples should
be improved.

4.2. DFT calculations

4.2.1. Segregation stability of RE
To determine the favorable occupation site of the RE atom at the

interface between α-Al2O3(0001) and γ-Ni(111), we calculated segre-
gation energy. The segregation energy Ei

seg is defined as follows.

Ei
seg = EX, i − EX, H (6)

Where EX,i and EX,H are the total energies when RE atom X replaces a Al
atom at i site and H site (shown in Fig. 11b), respectively. Because H site

Fig. 10. (a) STEM bright field image of the TGO of the NiCoCrAlYHfSi sample after cyclic oxidation tests of 30 min cycles at 1100℃ for 200 cycles. The rectangular
area in (a) was magnified for (b) and analyzed by EDX and elemental maps for (c) Si, (d) Y, and (e) Hf.

Fig. 11. (a) Relationship between segregation energies and the RE atom distribution. Alphabetical characters indicate the site where an Al atom is replaced with a RE
atom. (b) Schematic illustration that indicates assigning letters for Al atom position near the interface.
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is the furthest from either of the two interfaces, (shown in Fig. 1) we
considered that the doping RE to H site is equivalent to the doping to the
bulk α-Al2O3. A negative value of Ei

seg indicates that it is more favorable
for the doped-RE to occupy that site. The variation of Ei

seg as a function of
RE position in the 118-atoms size model is shown in Fig. 11a. The
segregation energy decreases when RE atoms are doped closer to the
interface, which is lowest at site A, closest to the interface. Therefore,
the RE atoms segregate at the interface. The reason for the segregation of
Y and Hf at the oxide-metal interface of NiCoCrAlYHfSi sample, shown
in Fig. 10 in Section 4.1, can be explained by this calculation results.
This result indicates the possibility of Si segregation, which could not be
observed by STEM-EDX analysis.

Although segregation energy was calculated only for three types of
RE (Y, Hf, and Si), A site was the most stable for all three RE. Thus, we
assumed that the A site would be the most stable site for all other RE
atoms, and subsequent calculations were performed with doping RE at
only A site.

4.2.2. Effect of RE-doping for adhesion strength
The structure of the fully relaxed interface without and with various

doped-RE (Si, Sc, Ti, Y, Zr, La, Ce, and Hf) is shown in Fig. 12. In the case
of a clean interface (Fig. 12a) and RE with a small ionic radius (such as
Si, shown in Fig. 12b), the FCC structures of γ-Ni at the interface are
almost completely maintained. The doping of RE, which has a relatively
large ionic radius compared to Al, such as Y (Fig. 12e), La (Fig. 12g), and
Ce (Fig. 12h), causes changes in Ni-atom position in the lattice around
the RE, and the structures of γ-Ni near the interface changed slightly
from the ideal FCC structure. However, these changes are limited to the
second layer from the interfaces, and the structures of γ-Ni beyond the
third layer are preserved as the FCC structure. However, the structure of
the α-Al2O3 side was almost maintained in all RE-doped models.

The interface energies of RE-doped interfaces are listed in Table 2. It
is indicated that all interface energies are decreased by the doping of RE
compared to the clean interface. This result suggests that the interface
becomes more stable with doped RE and that the bonding strength of the
interface should be improved. However, the amount of reduction in
interface energy varies significantly depending on the doped RE

21

21

21

21

)d()a(

(f)

(e)(c)

(i)(g) (h)

(b)

Ni

O

Al

Si

Sc

Ti

La

Zr

Y

Ce

Hf

Fig. 12. Optimized structure of the α-Al2O3/γ-Ni interfaces. (a) clean interface, (b) Si-doped, (c) Sc-doped, (d) Ti-doped, (e) Y-doped, (f) Zr-doped, (g) La-doped, (h)
Ce-doped, (i) Hf-doped.

Table 2
Interface energies γ of the clean and RE doped α-Al2O3/γ-Ni interfaces.

Dopant Clean Si Sc Ti Y Zr La Ce Hf

γ (J/m2) 2.50 1.62 2.47 2.15 2.31 1.80 2.04 2.15 1.84
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elements. The Si-doped interface shows the lowest interface energy
value of 1.62 J/m2, followed by Zr and Hf (1.80 J/m2 and 1.84 J/m2,
respectively). Y, which is the most common RE, shows a relatively high
interface energy of 2.31 J/m2, which is close to the value of the clean
interface (2.50 J/m2). Some trends, including the greater effect of Hf
compared to Y and the fact that there is a slight difference between Hf
and Zr doping, are consistent with the previous studies on α-Al2O3/
β-NiAl [28,30,32].

These calculated results indicating that Si and Hf doping significantly
increase the adhesion strength of α-Al2O3/γ-Ni compared to Y doping
are in good agreement with the differences in lifetime and spalling
behavior between NiCoCrAlY and NiCoCrAlYHfSi samples in the
experimental results. The agreement between the experimental and
analytical results presents strong evidence that Hf and Si improve TGO
adhesion and oxidation resistance through their segregation at the
interface.

To clarify the trend of the interface energies, we plotted interface

energies of the RE-doped interface as a function of Pauling electroneg-
ativity [50] of RE as shown in Fig. 13. RE of Group IV elements (Ti, Hf,
and Zr) indicate relatively smaller interface energies than that of Group
III elements (Sc, Y, La, and Ce). Furthermore, as the electronegativity of
RE decreases, interface energies become more negative between RE of
the same group (Group III and Group IV), respectively.

To underline the different effects of each RE doping on the interface
bonding, the CD and the CDD are compared in Fig. 14. Focusing on the
RE-Ni bond, the CDD plots show that the charge density locally increases
between doped RE and Ni atoms in all interfaces. This result indicates
that the bonding between RE-Ni is covalent. Furthermore, for Si
(Fig. 14b) and Group IV elements (Ti (Fig. 14d), Zr (Fig. 14f), and Hf
(Fig. 14i)), the degree of charge density localization is stronger than that
for Group III elements (Sc (Fig. 14d), Y (Fig. 14e), La (Fig. 14g), and Ce
(Fig. 14h)) as shown in CDD map. This result suggests that the covalent
bonding of RE-Ni of Group IV elements and Si are stronger than those of
Group III elements, which may be the reason for the difference in
interface energies between Group III and IV elements (shown in Fig. 13).

For a deeper understanding of the electronic origin of chemical
bonding at the RE-doped interface needs further investigation of the
projected density of states (PDOS). Fig. 15 presents the PDOS of clean
and different RE-doped interfaces (Si, Y and Zr). In the clean interface,
the Al p-orbital (Fig. 15a) occupies the same energy band as the Ni d-
orbital (Fig. 15b). This result indicates the presence of the hybridization
between the Al-p and Ni-d states. In the Si-doped interface, the Si p-
orbital (Fig. 15c) also occupies the same energy band as the Ni d-orbital
(Fig. 15d); however, Si p-orbital at that energy band is larger than Al p-
orbital of the clean interface, suggesting the formation of stronger co-
valent bonding of Si-doped interface. The difference in the number of
valence electrons in the p-orbitals (Al: 1, Si: 2) may affect the bonding
strength.

Similarly, in the case of Y and Zr doped interface, the Y d- and Zr d-
orbitals occupy the same energy bands as the Ni d-orbital, suggesting
that covalent bonds are formed by hybridization of the d-orbitals.
Furthermore, the DOS at that energy band is higher for the Zr d-orbital
than for the Y d-orbital. Therefore, Zr formed a stronger covalent bond

Fig. 13. Interface energies of doped α-Al2O3/γ-Ni interface as a function of
electronegativity of RE.

Fig. 14. Charge density and charge density difference for the RE doped α-Al2O3/γ-Ni interface. (a) clean interface, (b) Si-doped, (c) Sc-doped, (d) Ti-doped, (e) Y-
doped, (f) Zr-doped, (g) La-doped, (h) Ce-doped, (i) Hf-doped.
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than Y. As in the case with Si-doping, the difference of valence electrons
number in the d-orbitals of RE might affect this difference. The number
of valence electrons in the d-orbitals is one for Group III elements (Sc, Y,
La, and Ce) and two for Group IV elements (Ti, Zr, Hf). This difference is
assumed to affect the strength of the covalent bonding between RE and
Ni, resulting in the difference in the interface energies between Group III
and IV elements as shown in Fig. 13.

5. Conclusions

In this study, we first conducted cyclic oxidation tests on NiCoCrAlY
and NiCoCrAlYHfSi TBC samples to evaluate their durability and un-
derstand the effects of the RE difference of the MCrAlX used as the bond
coat. The NiCoCrAlYHfSi sample showed better durability than the
NiCoCrAlY sample. Cross-sectional observation for each sample
revealed that the NiCoCrAlY sample showed relatively poor adhesion of
the TGO to the bond coat, causing a difference in the lifetime in the
cyclic oxidation tests.

To clarify the effect of RE-doping on TGO adhesion improvement,
DFT calculations were performed for the RE-doped α-Al2O3(0001)/γ-Ni
(111) interface. All doped RE (Si, Sc, Ti, Y, Zr, La, Ce, and Hf) reduced
the interface energies; however, the effect was relatively small for Y,
while Si and Hf were found to be more effective. This calculation result is
consistent with the difference in lifetime between NiCoCrAlY and NiC-
oCrAlYHfSi samples under cyclic oxidation tests. Furthermore,
comparing Group III elements (Sc, Y, La, and Ce) and Group IV elements
(Ti, Zr, and Hf), the reduction in interface energies was larger for Group
IV than for Group III, and for each group, there was a correlation be-
tween the electronegativity of REs and interface energy.
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