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Study on the oxidation resistance mechanism of self-healable
NiAl coating deposited by atmospheric plasma spraying
Li Zhang1, Di Wang1, Xian-Jin Liao1, Rui Chen1, Xiao-Tao Luo1 and Chang-Jiu Li1✉

A dense NiAl coating with low oxide content was deposited on the GH4202 superalloy substrate by atmospheric plasma spraying
(APS) using carbon-containing Ni/Al composite powders. Compared with traditional APS NiAl coatings with high oxide content, this
coating exhibits better long-term oxidation resistance at 900 °C in air. For the NiAl coating with low oxide content, it was found that
the improved inter-splat bonding, due to limited oxide inclusions, promotes the formation of a continuous protective Al2O3 layer on
the coating surface during oxidation. During long-term oxidation, the dispersion of oxide scales within the coating and element
diffusion across splats result in the in-situ healing of unbonded inter-splat interfaces.
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INTRODUCTION
Ni-based superalloys are commonly used as structural compo-
nents in gas turbines and aeroengines due to their superior
mechanical properties at elevated temperatures1,2. However,
these alloys often suffer from severe oxidation problems under
high-temperature service conditions, which can adversely affect
their high-temperature mechanical properties3. Improving the
high-temperature oxidation resistance of Ni-based superalloys is
of great importance. A common method to achieve this is by
preparing protective coatings on the superalloy4,5. This can
effectively isolate superalloy substrate from the aggressive
environment, greatly reducing its oxidation rate and achieving
the long life of the component in harsh conditions6,7. NiAl
intermetallic compounds are frequently used as protective coat-
ings due to their excellent properties, such as high melting point,
low density, excellent high-temperature oxidation and corrosion
resistance8–10. The protective effect mainly depends on the
formation of a dense and continuous Al2O3 film on the coating
surface during high-temperature oxidation11. Due to the unique
advantages of the NiAl coatings, they are used as a bond coat in
multilayer thermal barrier coating systems in temperature regions
> 1200 °C12, such as the combustion chambers of gas turbines and
first stages of turbine blading13. Additionally, NiAl coatings are
used as a monolayer coating to provide oxidation protection for
the substrate material14,15. For instance, in compressor blades that
experience temperatures lower than 900 °C, the monolayer
coating can be used without the need for a ceramic topcoat16.
In general, the NiAl coatings can be deposited using various

processes, including thermal diffusion of Al into Ni-based alloys17,
electron beam physical vapor deposition (EB-PVD)18 and thermal
spraying19. Among these processes, thermal spraying is a
versatile, simple and low-cost approach. Among the various
thermal spraying technologies, atmospheric plasma spraying
(APS) has been widely used to deposit various protective coatings
due to its low cost and high efficiency20. However, metal powders
are easily oxidized in the high-temperature plasma jet during
spraying, leading to severe oxide inclusions at the inter-splat
boundaries and resulting in the formation of through-thickness
pores within the coating21,22. Such through-thickness pores can

act as the fast pathway of the oxidative media, making the
porous NiAl coating less protective against high-temperature
oxidation. It has been shown that high oxide content and pores
in APS NiAl coatings easily promote the formation of mixed-oxide
layers on their surfaces during isothermal oxidation23. Therefore,
the APS NiAl coatings usually show poor oxidation resistance at
high temperatures due to the high growth rate of mixed oxides.
This significantly limits the application of the APS process for the
preparation of NiAl coatings. So far, several methods have been
investigated to improve the oxidation of metal elements during
APS and achieve fully dense coatings, such as vacuum plasma
spraying24, shrouded plasma spraying25 and adding elements
with a strong affinity for oxygen into metal powders26. Our
previous work has reported that the addition of the carbon
deoxidizer can effectively suppress the oxidation of APS NiAl
coatings27. According to the proposed theory that carbon can
preferentially react with oxygen at high temperatures
(T > 2000 °C) relative to Ni and Al elements, oxide-free NiAl
molten droplets and thereby dense NiAl intermetallic compound
coating with low oxygen content can be achieved. It is even more
interesting to investigate how the oxide inclusions influence the
oxidation behavior of the NiAl coating in the high-temperature
ambient atmosphere.
In the present work, NiAl coating with a dense microstructure

and low oxygen content was deposited onto GH4202 by APS
technique using diamond-added NiAl composite powder. We
examined the high-temperature oxidation behavior of this coating
in comparison to the traditional NiAl coating with a high oxide
content. The samples were isothermally oxidized at 900 °C at
different periods to study the microstructural evolution, oxidation
kinetics and long-time oxidation resistance of the coatings.
Additionally, the oxidation protection mechanism of the coatings
was discussed.

RESULT AND DISCUSSION
Microstructural features of the as-sprayed NiAl coatings
Figure 1 shows the microstructures of the NA0 coating and NA1
coatings deposited by APS. The NA0 coating prepared using Ni/Al
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powder has a high oxide content and high porosity of 4.9% (Fig. 1a).
In contrast, the NA1 coating prepared using Ni/Al powder with 2wt%
diamond exhibits fewer oxide inclusions, denser microstructure, and
reduced porosity of 2.3% (Fig. 1b). Figure 1c and d show the
microstructure of the NA0 and NA1 coatings at a higher magnifica-
tion. The NA0 coating shows obvious unbonded splat interface gaps
and oxides between the interlayers (Fig. 1c). When the diamond as a
carbon source is added to the powder, only a small amount of oxide
inclusions were observed within the coating, and weakly bonded
interfaces between the interlayers were limited (Fig. 1d). These oxides
possibly result from the in-flight oxidation of small molten droplets
and the unbonded interfaces were evolved due to limited wetting of
high melting point intermetallic compounds during splatting with
rapid cooling. Due to the in-situ in-flight deoxidizing effect of the
ultra-high temperature carbon-containing NiAl droplets during
plasma spraying, most of the in-flight droplets can maintain oxide-
free state27. The oxygen content of the coatings was measured using
an oxygen, nitrogen, and hydrogen analyzer, and it was found that
the addition of 2 wt% diamond as carbon source significantly
reduced the oxygen content of the coating from 3.23wt% to 0.61wt
%, resulting in a denser microstructure.

Isothermal oxidation behavior of the NA0 and NA1 coatings
XRD patterns of the NA1 and NA0 coatings after isothermal
oxidation for different durations are shown in Fig. 2. As seen in Fig.
2a, a single-phase Al2O3 layer forms on the NA1 coating surface
during isothermal oxidation. Mixed oxides including NiO and
NiAl2O4 were not detected throughout the isothermal oxidation.
The intensity of the peaks for α-Al2O3 showed only a slight increase
with increasing oxidation duration, possibly due to the limited
increase in oxide scale thickness. Furthermore, compared to the
XRD of as-sprayed NA1 coating, a large amount of NiAl phase in the
near-surface layer of the coating transforms into the lower Al-
containing phase Ni3Al after 10 h, and the Ni3Al content increases
with increasing oxidation time. This is due to the outward diffusion
of Al from the near-surface layer of the NA1 coating during
isothermal oxidation, which leads to the formation of Al2O3 on the
coating surface and the continuous consumption of Al.
Figure 2b shows the XRD patterns of the as-sprayed NA0

coating after isothermal oxidation. It can be observed that in
addition to Al2O3, mixed oxides including NiAl2O4 and NiO were
formed on the NA0 coating surface during isothermal oxidation at
900 °C. This could be due to the severe in-flight oxidation of Al
elements during APS, which consumes a large amount of Al and
reduces the Al content in the coating. In addition, the high

Fig. 1 Cross-sectional microstructure of the coatings. a, c NA0 coating; b, d NA1 coating.

Fig. 2 XRD patterns of the coatings after isothermal oxidation for different durations showing the structure of oxide scales on the
coating surface. a NA1 coating; b NA0 coating.
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porosity of the NA0 coating and poor inter-splat bonding caused
by severe oxidation provide channels for the continuous
permeation of oxygen gas into the coating during the isothermal
oxidation, resulting in internal oxidation of the NA0 coating and
further limiting the diffusion of Al towards the coating surface.
When the supply of Al is insufficient, Ni in the coating diffuses
outward and reacts with oxygen to form NiAl2O4 and NiO on the
NA0 coating surface.

Figure 3 shows the cross-sectional microstructure of the oxide
layer formed on the dense NA1 coating with a low oxygen content
subjected to isothermal oxidation for different durations. For
comparison, the cross-sectional microstructures of the GH4202
substrate and the NA0 coating after the same isothermal oxidation
are shown in Fig. 4 and Fig. 5, respectively. As can be expected
from the literature28, severe oxidation occurred in the superalloy,
resulting in the formation of mixed oxide layers on the

Fig. 3 Cross-sectional microstructures of oxide scales formed on the surface of APS NA1 coating with limited oxide inclusion after
oxidation at 900 °C for different times. a After 10 h; b After 50 h; c After 100 h; d After 200 h; e After 500 h; f Low magnification to show the
full image of the coating after oxidation for 500 h.

Fig. 4 Cross-sectional microstructures of oxide scales formed on the surface of the Ni-based GH4202 superalloy substrate after oxidation
at 900 °C for different times. a After 10 h; b After 50 h; c After 100 h; d After 200 h; e After 500 h.
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GH4202 surface after oxidation at 900 °C, as shown in Fig. 4. The
EDS results in Table 1 suggest that the oxide scale on the
GH4202 surface consists of the Cr-rich and Ti-rich mixed oxides, as
well as the internal Al-rich oxide. Although Cr2O3 film can prevent
further oxidation of alloy, its protective function for superalloy
oxidation may degenerate, because the Cr2O3 film becomes loose
due to the presence of Ti oxide. It can be seen that the oxide layer
generated on the surface of GH4202 appears to be continuous
during isothermal oxidation. However, the GH4202 substrate is not
well protected. Even in the early stages of oxidation, oxidation has
already developed into the substrate below the oxide layer and
formed an internal oxidation zone. As the oxidation duration
increases, the thickness of the oxide scale gradually increases and
the internal oxidation along the grain boundaries of the
GH4202 substrate becomes increasingly severe. Such oxidation
along grain boundaries can significantly degrade the strength of
the superalloy.
For the dense NA1 coating, as shown in Fig. 3, a uniform oxide

scale formed on the coating surface. The oxide scale consisted of a
monolayer oxide throughout the isothermal oxidation, and its
thickness gradually increased with increasing oxidation time. The
EDS results in Table 1 show that this monolayer oxide contains

only Al and O elements, which indicates that this monolayer oxide
is Al2O3. This is consistent with the XRD results in Fig. 2a. The SEM
image of the whole coating after 500 h of oxidation, shown in Fig.
3f, demonstrates that further diffusion of oxygen into the coating
is prevented due to the protective Al2O3 scale formed on the
surface of NA1 coating. Therefore, even after 500 h of oxidation,
no significant internal oxidation occurs within the NA1 coating.
In contrast, for the NA0 coating with a high content of oxides, as

shown in Fig. 5 after oxidation, the oxide scales formed on the
coating surface are divided into two layers with significantly
different contrasts. The EDS results in Table 1 show that Ni, Al and
O elements are present in the outermost layer, while the inner
oxide layer mainly consists of O and Al. This suggests that the
outer oxide layer is NiAl2O4, and the inner layer is Al2O3, being
consistent with the XRD results in Fig. 2b. As the oxidation time
increases to 200 h, non-uniform protrusion appears on the
outermost layer of the oxide scales. Combined XRD and EDS
results (point 7) indicate that the protrusion is NiO. This result
indicates the insufficient amount of Al content within the coating
to maintain the formation of the protective Al2O3 scale on the
surface. The non-uniform NiO on the NA0 coating surface
becomes more significant with a further increase in the oxidation
time to 500 h. Moreover, visible pores are present in the oxide
scale, indicating that the mixed oxides formed on the surface of
the NA0 coating did not provide reliable protection and permitted
oxygen permeation to occur9. As a result, severe oxidation of the
metal coating occurs throughout the splats beneath the porous
oxide scale and within the coating. The whole cross-sectional
image of the coating after 500 h of oxidation, as shown in Fig. 5f,
clearly demonstrates that severe internal oxidation has occurred in
the coating and even occurred at the coating/superalloy substrate
interface.
Generally, materials with excellent high-temperature oxidation

resistance are attributed to the formation of a dense Al2O3 layer
which does not permit the permeation of gaseous oxygen with a
low atomic oxygen diffusivity. Figure 6 shows the relationship
between the isothermal oxidation time and the oxide layer
thickness on the surface of dense NA1 coating, compared to the

Fig. 5 Cross-sectional microstructures of oxide scales formed on the surface of APS NA0 coating having high content oxides after
oxidation at 900 °C for different times. a After 10 h; b After 50 h; c After 100 h; d After 200 h; e After 500 h; f Low magnification to show the
full image of the coating after oxidation for 500 h.

Table 1. Elements percentage in different regions of the NA0 coating,
NA1 coating and GH4202 superalloy substrate in Fig. 3, Fig. 4 and Fig. 5.

Regions Ni/at.% Cr/at.% Ti/at.% Al/at.% O/at.%

1 2.77 0 0 38.93 58.30

2 2.35 37.66 0 0 59.99

3 2.52 8.54 23.42 0 65.52

4 29.29 6.06 1.20 25.69 37.76

5 14.16 0 0 29.84 56.00

6 2.12 0 0 37.56 60.32

7 47.01 0 0 1.02 51.97
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GH4202 superalloy substrate. The linear fitting to each set of data
points against the square root of time indicates that the growth of
the oxide layer substantially follows the parabolic growth law. The
NA1 coating exhibits a parabolic growth rate constant of
0.23 μm/h1/2, which is comparable to that of the NiAl-based alloy
reported in other studies29. In contrast, the GH4202 substrate
shows a high oxidation rate constant of 0.64 μm/h1/2, which is
about three times that of the NA1 coating. This is typical of the
cyclic oxidation kinetics of chromium-forming superalloys like

GH202 and Rene-8028,30, and can be attributed to the higher
diffusivity of oxygen through the Cr2O3 scale than through the
Al2O3 scale30. Therefore, the uncoated GH4202 substrate exhibited
poor oxidation resistance at 900 °C. It is difficult to measure the
oxide layer thickness of the NA0 coating at different oxidation
times due to the severe oxidation of the metal elements below the
oxide layer during the isothermal oxidation.

Transient internal oxidation and inter-splat interface oxide
healing behavior
Traditional plasma-sprayed metallic coatings inevitably experience
internal oxidation when exposed to high temperatures, due to
severe oxidation and high porosity that create through-thickness
passages for the gaseous or liquid substances to penetrate to the
substrate-coating interface, which will influence the durability of
the coatings31–33. Figure 7 shows the cross-sectional microstruc-
ture of the NA1 coating after isothermal oxidation at 900 °C for 1 h,
10 h, 50 h, 100 h, 200 h and 500 h. Compared to only very limited
lens-shaped oxides in the as-sprayed coating (Fig. 1d), many dark
gray oxide films are observed at the interlayer interfaces in the
coating after short-term oxidation for 1 h (Fig. 7a), and the EDS
line scanning result indicates the formation of an Al oxide (Fig. 7g).
Such oxide films are formed when the coating is exposed to the
ambient high-temperature oxidation atmosphere. As mentioned
above, although the in-flight oxidation of the spray particles is
successfully suppressed by adding diamond as a carbon source,

Fig. 7 Cross-sectional microstructures of the interlayer oxides in NA1 coating after oxidation at 900 °C for different durations and EDS
results. a After 1 h; b After 10 h; c After 50 h; d After 100 h; e After 200 h; f After 500 h; Line scanning of interlayer oxides in the coatings in
Fig. 7a (g) (Line 1) and Fig. 7f (h) (Line 2).

Fig. 6 Curves of oxide layer thickness varying with isothermal
oxidation time.
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the temperature of the in-flight particles is limited by Al
evaporation. Therefore, fully metallurgical bonding across all
inter-splat interfaces is not formed when the molten NiAl droplets
impact on the deposited NiAl coating. Because the droplets
generated during plasma spraying can create impact-induced
melting and subsequently metallurgical bonding only if they are
overheated to a high enough temperature. Weakly bonded
interfaces are still present in the NA1 coating (Fig. 1d). During
early isothermal oxidation, these weakly bonded interfaces act as
channels for the permeation of oxygen into the coating. Thus,
oxygen permeates into the interior of the coating. These oxygens
react with the surrounding active metal elements on the splat
surface. Compared to Ni, the reaction of Al with oxygen has low
free energy, leading to the selective oxidation of Al occurring first
at the weakly bonded interface during the early stage of
isothermal oxidation. As the oxidation time increases from 1 h to
10 h (Fig. 7b) and 50 h (Fig. 7c), there is no aggravation of internal
oxidation of the coating, indicating that the diffusion of oxygen
into the NA1 coating is prevented during this period. This is mainly
attributed to the formation of a continuous protective Al2O3 layer
on the NA1 coating surface (Fig. 3). Additionally, it can be
observed that the NiAl phase adjacent to the oxide in the coating
gradually transformed into the Ni3Al phase due to the consump-
tion of Al element. It is worth noting that the dispersion of some
thinner oxide films at the inter-splat interfaces occurred as the
isothermal oxidation time increased to 100 h (Fig. 7d). The oxides
changed from a smooth film (Fig. 7a and b) to discontinuous oval-
shaped oxide inclusions. However, the thicker oxide film still
maintained a smooth and continuous morphology. When the
isothermal oxidation time was increased to 200 h (Fig. 7e), the
thicker oxide film maintained its continuity, and its morphology
became uneven and exhibited a jagged shape. It is not until 500 h
that the dispersion of some thicker oxide film in the coating also
occurred, and it experienced a longer breaking period compared
to the thinner oxide film (Fig. 7f). When the continuous oxide
scales at the inter-layer interfaces transformed into isolated oxide
particles, the interface between the lamellar splats was healed and
the metal elements could diffuse freely within the coating.
Due to the high porosity and oxide inclusion content of the NA0

coating, oxygen can quickly penetrate into the coating. Non-
protective mixed oxides are formed on the NA0 coating surface
during isothermal oxidation. Therefore, as shown in Fig. 8a, severe
internal oxidation of the coating occurred even after only 10 h of

isothermal oxidation. Dark oxide films were clearly observed along
the boundaries of splats, and with increasing oxidation time up to
500 h, the internal oxidation of the coating became even more
severe. EDS analysis listed in Fig. 8c showed the presence of Ni, Al
and O elements in the oxides formed within the coating during
isothermal oxidation. The content of these elements in different
areas was not the same. Based on the EDS results, the dark gray
regions were identified as Al2O3, while the gray region corre-
sponded to NiAl2O4. Evidently, the formation of high content
NiAl2O4 with a porous feature does not provide an effective barrier
to suppress the permeation of gaseous oxygen and prevent
coating internal oxidation.
Figure 9 shows the oxide content of the NA0 and NA1 coatings

after the isothermal oxidation for different durations. The
statistical oxide content of the as-sprayed NA0 and NA1 coatings
was 9.1% and 2.2%, respectively. The oxide content in the NA0
coating increased gradually with an increase in the isothermal
oxidation time almost linearly, and after oxidation for 500 h, the
oxide content of the NA0 coating increased to 29.4%. However,
the oxide content in the NA1 coating only increased from 2.2% to
8.1% after oxidation for 10 h, and there is no significant change
was observed in the oxide content of NA1 coating with further
isothermal oxidation. This suggests that a large amount of Al is
retained in the metallic phase of the coating, and sufficient Al is
beneficial to the formation of Al2O3 on the coating surface. The

Fig. 8 Cross-sectional microstructures of NA0 coating after oxidation at 900 °C for different durations. a After 10 h; b After 500 h; c EDS
results in Fig. 8 (b).

Fig. 9 Oxide content of the NA0 and NA1 coatings after the
isothermal oxidation for different durations.
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Al2O3 formed on the NA1 coating surface during isothermal
oxidation provides an effective barrier that prevents the diffusion
of oxygen into the interior of the coating and suppresses the
oxidation of the NA1 coating.

Oxidation behavior of the NiAl coatings/GH4202 substrate
interface
As mentioned above, when the NA1 coating with low oxide
content and dense microstructure is deposited on the Ni-based
GH4202 superalloy substrate, a protective Al2O3 scale can be
formed on the coating surface, and the initial internal oxidation
within the coating is gradually suppressed during isothermal
oxidation. This protection effectively prevents the oxidation of
GH4202 in high-temperature environments. As shown in Fig. 10a,
no oxides were observed between the NA1 coating and
GH4202 substrate interface after 500 h, and the coating became
metallurgically bonded to the substrate through oxide dispersion
and element diffusion across the interface. Figure 10c shows the
EDS line scanning results along line L1 across the NA1 coating/
GH4202 substrate interface in Fig. 10b. It is clear that the Al
element has diffused from the NiAl coating into the
GH4202 substrate with a diffusion depth of about 20 μm. This
may have a negative effect on the formation of Al2O3 on the
coating surface if the Al content in the coating is too low with a
thin coating. In this case, NiAl2O4 and NiO may form on the
coating surface during isothermal oxidation34–36. However, the
present thick NA1 coating, as revealed by the XRD pattern in Fig.
2a, no significant Al depletion was presented near the surface
region. As a result, a single Al2O3 grows on the coating surface,
effectively protecting the GH4202 substrate from oxidation.
Figure 11 shows the microstructures of the NA0 coating/

GH4202 substrate interface after isothermal oxidation for 500 h, as
well as the corresponding distributions of major elements. Due to
the high porosity and the poor inter-splat interface bonding
caused by severe oxidation of the NA0 coating, oxygen can easily
enter the interior of the coating from the external air and reach
the coating/substrate interface through these defects. Therefore,
in addition to the severe internal oxidation of the coating, the
GH4202 substrate was also severely oxidized during the iso-
thermal oxidation, the mixed oxides of Ni, Cr, Al and O were
formed at the coating/GH4202 substrate interface, and the
oxidation along the grain boundaries of the GH4202 superalloy
substrate below the mixed oxides was observed, as observed in
Fig. 11. This result indicates that the conventional NA0 coating
with high oxide content is not able to protect GH4202 from high-
temperature oxidation in an ambient atmosphere. Moreover, the
phase with acicular structure was observed to precipitate in a
thickness range of approximately 50 µm below the coating/
GH4202 substrate interface oxides. Based on the relevant
studies37–39 and EDS results in Fig. 11, it can be considered that

the phase of the acicular structure is TiN, which is harmful to the
oxidation scale stability, especially in Ti-containing40.

Discussion on the oxidation protection mechanism
Plasma-sprayed coating always presents a typical lamellar
structure since the coatings are formed by the successive impact
of molten droplets. The oxides in in-flight NiAl droplets and on
previously deposited NiAl splat surfaces degrade the wettability of
the spreading droplet and subsequently hinder the bonding
formation between inter-lamellar interfaces within the coating.
Accordingly, a certain amount of porosity is present in NiAl
coating. In this study, by adding diamond as a carbon deoxidizer
to Ni/Al composite powder, the oxide content of the NiAl coating
is reduced significantly and the compactness of the coating is also
greatly increased. However, sufficient metallurgical bonding
between splat interfaces, which can be effectively achieved by
the spread-fusing mechanism through highly over-heated molten
droplets41, cannot be expected due to the high melting point of
NiAl alloy. Therefore, there are still some weakly bonding
interfaces within the APS NA1 coating despite limited oxide films
between inter-splat interfaces. Interestingly, in-situ healing of
inter-lamellar interfaces was observed during high-temperature
exposure, even under an oxidizing atmosphere. As a result, the
low oxide and dense NA1 coating effectively protected the metal
substrate from high-temperature oxidation. Conversely, internal
oxidation occurred throughout the oxidation test duration for the
NA0 coating with high oxide content, resulting in severe oxidation
of the GH4202 substrate. Thus, conventional NA0 coatings do not
provide effective protection against oxidation. However, even with
the low oxide content NA1 coating, effective protection depends
on the formation of a continuous and protective Al2O3 scale and
inter-splat interface healing. Therefore, the interfacial microstruc-
ture evolution of the coating is of essential importance for its high-
temperature oxidation protection.
Based on the oxidation behavior of two NiAl coatings in this

study, the protection mechanism of the APS NA1 coating can be
shown schematically in Fig. 12, in comparison with the APS NA0
coating. The high oxide inclusion in the NA0 coating (Fig. 1a and
c) results in limited inter-splat bonding and high porosity. The
pores along with porous oxides act as inter-connected channels
for oxygen transportation through the coating to the
GH4202 substrate. During isothermal oxidation, oxygen infiltrates
into the coating and the coating/GH4202 substrate interface
along the inter-connected pores, leading to oxidation of the
coating and superalloy. Then, the internal oxides will form within
the open pores and inter-splat gaps in the coating and the
GH4202 superalloy substrate is oxidized simultaneously (Fig. 12a).
As the oxidation time increases, the open pores within the
coating are not completely closed, allowing oxygen to reach the
coating/substrate interface, and causing more severe oxidation of
the GH4202 substrate (Fig. 12a). The internal oxidation of the NA0

Fig. 10 Cross-sectional microstructure and EDS result. a, b Cross-sectional microstructure of NA1 coating/GH4202 substrate after oxidation
at 900 oC for 500 h; c Line scanning of NA1 coating/GH4202 substrate interface.
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coating affects the formation of a protective Al2O3 scale on the
coating surface. Previous results42 have shown that the formation
of the protective Al2O3 layer on the coating surface depends on a
continuous supply of Al elements. During APS, some Al elements
are consumed by oxidation. Severe internal oxidation of the
coating during thermal exposure also consumes a large amount
of Al, preventing the continuous supply of Al elements from the
inside to the surface of the NA0 coating. In case of insufficient Al
supply or not quick enough diffusion of Al atoms from the
internal coating toward the coating surface, Ni in the coating
diffuses outward and reacts with oxygen to form mixed oxides
such as NiAl2O4 and NiO due to selective oxidation35. As the
oxidation time increases, the internal oxidation of the coating
becomes more severe, resulting in the further depletion of Al
elements. Additionally, a porous NiO layer grows on the coating
surface (Fig. 12a).
The NA1 coating exhibits a compact microstructure with few

defects due to significantly suppressed in-flight oxidation (Fig. 1b
and d) and thus has excellent oxidation resistance. As shown in
Fig. 12b, during early oxidation, the coating undergoes slight
internal oxidation at some unbonded inter-splat interfaces,
forming a small amount of the Al2O3 scales within the coating.
This hinders further oxygen permeation into the coating (Fig. 12b),
and the coating surface is oxidized continuously at the same time.
Better inter-splat contact leads to the continuous supply of Al from
sub-surface splats towards the surface through diffusion for the
growth of the protective Al2O3 scale on the NA1 coating surface.
In addition, due to the blockage of smaller interfaces by in-situ
formed dense Al2O3 within the coating, internal oxidation mainly
occurs at unbonded splat interfaces with large openings, leading
to the presence of thick oxide scales in the coating. At the same
time, the unbonded interfaces isolated without oxygen access
start to heal.
As the entire top surface of the coating is covered by a

conformal, dense Al2O3 scale, the permeation of gaseous oxygen
from open air is blocked. As the oxidation time further increases,

the continuous oxide film generated by initial internal oxidation
within the coating undergoes breaking (Fig. 12b). Based on
Thompson’s research, the solid films are usually unstable in the as-
deposited state and they break to form islands when heated to
sufficiently high temperatures. This process is driven by surface
energy minimization and can occur via surface diffusion well
below the melting temperature of a film43. Meng et al. also
demonstrated the transformation of lamellar oxides presented
between the splats within the as-sprayed APS coatings into
isolated oxide particles when the heat treatment is carried out in
low oxygen partial pressure conditions44. Meanwhile, the disper-
sion time of the oxide film exhibited a linear relationship with the
thickness of the oxide film45,46. Since a continuous and dense
Al2O3 scale evolves on the NiAl coating surface, preventing the
diffusion of oxygen into the coating, which creates low oxygen
partial pressure conditions within the coating, causing the
continuous oxide scale to break and subsequently disperse during
later isothermal oxidation. For oxide films of different thickness
values, under the same oxidation temperature and time, the
dispersion completes earlier for thinner oxide film, while the
thicker oxide film will also experience breakage as the oxidation
time increases. The dispersion of continuous Al2O3 films between
the interlayer leads to the rapid diffusion of metal elements across
splat interfaces within the coating. As a result, the protective Al2O3

scale continues to grow on the coating surface due to the
diffusion of large amounts of Al element, suppressing the
formation of the mixed oxide such as NiAl2O4 and NiO. Therefore,
the NA1 coating exhibits excellent long-term high-temperature
oxidation resistance.
In summary, we deposited the NA1 coating on the GH4202 Ni-

based superalloy substrate by APS using mechanically-milled Ni/
Al/2wt.%diamond composite powder. The oxidation behavior of
the coating was investigated at 900 °C in an ambient air
atmosphere in comparison with the conventional APS NA0
coating plasma-sprayed with Ni/Al composite powder. The
following conclusions can be drawn:

Fig. 11 Cross-sectional microstructure and EDS result. a Cross-sectional microstructure of NA0 coating/GH4202 substrate after oxidation at
900 oC for 500 h; b Partially enlarged image of Fig. 11a; c EDS result of Line 1.
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By adding 2 wt.% of diamond into the Ni/Al composite spray
powder, a dense NA1 coating with a low oxide inclusion content
of 2.2% and porosity of 2.3% was achieved by APS, through the in-
flight deoxidizing effect of the carbon-containing droplets,
compared to the conventional NiAl coating with the oxide
inclusion of 9.1% and porosity of 4.9%.
A protective Al2O3 scale can be formed on the NA1 coating

surface during direction oxidation at 900 °C in the air atmosphere,
while no protective oxide scale was formed on the conventional
NiAl coating deposited by NiAl composite powders. The NA1
coating presented an oxidation rate constant of 0.23 μm/h1/2,
which is only about 1/3 of the 0.64 μm/h1/2 obtained for the Ni-
based GH4202 superalloy substrate.
For the dense NiAl coating, the formation of a protective Al2O3

scale on the coating surface resulted in in-situ healing of inter-
splat interfaces during the isothermal oxidation. The healing leads
to the transformation of inter-splat oxide scales into a discontin-
uous distribution of Al2O3 particles, which further benefits the
supply of sufficient Al for continuous thermal growth of the
surface Al2O3 scale and strengthens adhesion for long-term
effective protection of the metal substrate.

METHODS
Powder preparation
The Ni/Al and Ni/Al/2wt.%diamond composite powders were
prepared by the ball milling process. First, the electrolytic Ni
powder (99.9 wt%, −50 μm, Xingrongyuan Ltd, Beijing, China)
and spherical Al powder (99.9 wt%, −50 μm, Quanxin Materials
Ltd, Sichuan, China) with the particle size of approximately
50 μm were mixed in a Ni/Al atomic ratio of 1:1. Without or with
2 wt.% diamond powder (99.9 wt%, Deke Ltd, Beijing, China)
was added to the Ni/Al powder mixed in an automatic mixer for
2 h to obtain uniform mixtures. Then, the powders were mixed
with stainless balls of 6 mm at a ball-to-powder charge mass
ratio of 10:1 and were milled in a planetary ball mill (YXQM-20L)
at a rotation speed of 180 rpm for 5 h. To prevent the oxidation
of the powders, argon was filled into the cylinder of the mill
during the milling operation. To facilitate the generation of
ultra-high temperature molten particles, feedstock powder
particles with a size range from 30 to 50 μm were used in this
study to deposit coatings by APS. Figure 13 shows the cross-
sectional microstructures and morphology of the mechanically-
alloyed Ni/Al and Ni/Al/2 wt%Diamond composite powders. It

can be observed that the powders have an irregular shape and
consist of alternately welded fine Ni and Al layers. Additionally,
the diamond was uniformly distributed within the powders
(Fig. 13d).

Coating preparation and isothermal oxidation test
The NiAl intermetallic coatings were deposited onto a grit-
blasted GH4202 substrate by APS of the Ni/Al composite
powders without diamond or with a diamond content of 2 wt.%
using a commercial plasma spray system (80 kW, Jiujiang,
China) in an ambient atmosphere. The coatings were referred to
as the NA0 coating and NA1 coating, respectively. The nominal
composition (in wt%) of GH4202 superalloy is listed in Table 2.
The spray power and spray distance were set as 46 kW and
80 mm, respectively. The flow rates of the primary gas (Ar) and
the secondary gas (H2) were set as 45 and 6 L/min, respectively.
Subsequently, the GH4202 substrate and prepared coatings
were cut into 10 mm × 10 mm sizes for the oxidation test.
Isothermal oxidation tests were carried out at 900 °C in the air
using a muffle furnace for different holding durations of 1 h,
10 h, 50 h, 100 h, 200 h, and 500 h. To eliminate the surface
oxide layer formed during APS and obtain the same surface
finish for all samples, all the specimens were ground using
silicon carbide abrasive papers with a grit size of 1500.

Characterization
The morphology and microstructure of the powders and coatings
were characterized by scanning electron microscope (SEM, MIRA 3
LMH, TESCAN). The oxygen content of the coatings was measured by
oxygen, nitrogen, and hydrogen analyzer (ELEMENTARC ONH-p). The
porosity and oxide inclusion content of the coatings as well as the
thickness of the oxide scale layers on the coating surface subjected
to isothermal oxidation for different durations were measured by
ImageJ software using SEM images of polished cross-sections of
coatings. To protect the oxides scale from spalling off during the
cutting and polishing of the specimen for metallographic sample
preparation, Ni plating was employed to deposit a protection layer of
Ni on the coating surface. The elemental composition was analyzed
using an attached EDS to SEM. The phase composition of the
coatings were examined by an X-ray diffractometer (XRD, D8
ADVANCE) using a Cu/Kα X-ray source with a step size of 0.1°.

Fig. 12 Oxidation schematic diagram of the APS Ni-Al coatings. a Traditional Ni-Al coating; b Dense Ni-Al coating with low oxide content.
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