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In order to improve the oxidation resistance of TiAl alloys, NiCoCrAlY coatings with different
amounts of Sm2O3 were prepared by laser cladding on TiAl alloys. The microstructure and
oxidation behavior of the coatings were investigated by isothermal oxidation tests at
900°C. The results indicated that the grains of the coatings were refined by Sm2O3. The fine
grain reduced the crack sensitivity of the doped coatings and promoted the transformation
of θ-Al2O3 to α-Al2O3. Therefore, the internal oxidation of the coatings and the growth rate
of the oxide films were reduced. The segregation of Sm at grain boundary inhibited the
outward diffusion of Ti, thus reducing the excessive oxidation of Ti. In addition, the
oxidation mechanism of the coating was changed from simultaneous diffusion of Al
and O to predominant inward diffusion of O. The oxidation resistance of the doped
coatings was significantly improved. However, excessive Sm2O3 is detrimental to the
improvement of the oxidation resistance. The oxidation resistance of 3 wt% Sm2O3 is
the best.
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INTRODUCTION

TiAl-based alloys are promising structural materials due to their low density, high specific strength,
and good creep resistance. They are considered a replacement for heavy nickel superalloys
(Yamaguchi et al., 2000; Djanarthany et al., 2001; Wu, 2006; Perrut et al., 2018). However, the
application of TiAl alloys is limited by their insufficient oxidation resistance at high temperatures
(above 800°C). Alloying elements have been proposed to improve oxidation resistance at high
temperatures, for example, V, Cr, Mn, and Nb (Lee, 2005; Vojtech et al., 2011; Raji et al., 2020).
Excessive alloying may degrade the mechanical properties of the alloys. Furthermore, the mixture of
TiO2 and Al2O3 is formed on the surface of TiAl alloys in the oxidizing environment. The mixed
oxide scale is non-protective. The porous TiO2 deteriorates the adhesion between the oxide film and
the alloy (Kim et al., 2014; Song et al., 2014). In this case, surface coating is an effective approach to
improve the oxidation resistance of TiAl alloys.

MCrAlY (M �Ni, Co, or NiCo) is a typical class of oxidation-resistant coatings. It has been widely
applied in turbine blades and other components for high-temperature applications. MCrAlY
coatings are usually used as a single overlayer or a bond coating of thermal barrier coatings
(TBC) (Liu et al., 2015; Shen et al., 2015; Zakeri et al., 2020; Hu et al., 2021). The concentration of Al
in MCrAlY coating is very important because it directly affects the formation of the protective Al2O3
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film. However, the inward diffusion of alloying elements will lead
to a depletion of Al and instability of alloy during long-term
service. In addition, the outward diffusion of alloying elements in
the substrate can reduce the adhesion of the oxide scale. The
oxidation resistance and lifetime of MCrAlY coatings are limited
by severe elemental interdiffusion. Efforts have been made to
modify the MCrAlY coatings in recent years. Previous studies
(Haynes et al., 2007; Liu et al., 2008; Xu et al., 2009; Liang et al.,
2011; Galiullin et al., 2018; Ghadami et al., 2020) have found that
the oxidation resistance of MCrAlY coatings was improved by Re,
Si, Pt, and Co. Compared with other elements, rare earth (RE)
elements exhibit a more prominent effect due to their reactive
element effects (REEs). Li et al. (2013a) and Pint et al. (2010) have
found that the addition of REs can enhance the adhesion of the
oxide scale on the alloy, thereby reducing the oxidation rate. (Li
et al., 2006; Gil et al., 2009) have reported that the addition of
Y2O3 inhibited the growth of columnar grains and promoted the
formation of equiaxed grains. They also have found that the
Y-distribution has a great influence on the morphology, growth
rate, and mechanical stability of the Al2O3 scale, directly affecting
the service life of theMCrAlY coatings. (Li et al., 2013b; Guo et al.,
2014) have investigated the effect of REs on the oxidation
resistance of NiAl alloys. The results have shown that Dy, La,
Gd, Nd, Sc, Yb, and Sm contributed to improving oxide scale
adhesion. Yb and Sc also reduced the oxidation rate of NiAl
alloys. However, a large number of studies have been focused on
the effect of Ce, La, and Y on the oxidation behavior of the
coatings. Few studies have been done on the other rare earth
elements, especially for Sm. Although Guo et al. have investigated
the effect of Sm on the oxidation resistance of NiAl alloy, the
effect of NiCoCrAlY coating has not been explored until now.
Therefore, it is necessary to investigate the Sm-doped NiCoCrAlY
coating systematically. Moreover, the effect of different
concentrations of Sm on the oxidation behavior of NiCoCrAlY
coating on TiAl alloy should be investigated.

In this work, laser cladding technique was used to prepare the
NiCoCrAlY-xSm2O3 coatings on Ti44Al6Nb1Cr alloys (x � 0, 1,
3, 5 wt%). The characteristics of laser cladding are concentrated
heat and small heat affected zone (Wang et al., 2020; Wang et al.,
2021). It is an ideal method for the joining of dissimilar materials.
The effects of Sm2O3 content on the microstructure,
morphologies, phase composition, and oxidation behavior of
NiCoCrAlY coating were systematically investigated by
isothermal oxidation tests at 900°C.

EXPERIMENTAL PROCEDURE

Substrate Material and Coating Preparation
The Ti-44Al-6Nb-1Cr (at%) alloys used in this work were
produced by vacuum consumable melting under an Ar
atmosphere. Rectangular samples with a dimension of 30 mm
× 15 mm × 2 mm were used as substrates. In order to produce a
smooth surface without contaminants, the specimens were
progressively polished with SiC papers down to 800-grit,
peened with 200-grid brown fused alumina, ultrasonically
washed with acetone, and finally dried in air. The NiCoCrAlY

powders were provided by the Institute of Metal Research,
Chinese Academy of Sciences. The chemical composition of
the powder is shown in Table.1. Sm2O3 was added to the
NiCoCrAlY powders with 1, 3, and 5 wt %, respectively. The
NiCoCrAlY and Sm2O3 powders were mechanically milled at a
rate of 260 rpm for 3 h in an Ar atmosphere. Stainless steel balls
with diameters of Φ6 mm and Φ10 mm were used. The powder-
to-ball mass ratio was set to 1:18. All the coatings were prepared
by laser cladding. The mixed powder was placed on the
Ti44A6lNb1Cr alloy with a thickness of 1 mm. An Nd: YAG
laser system (FL-Dlight-1500) was used for the cladding. The
process parameters used in the experiment have been optimized.
The laser power is 700W. The laser scanning speed is 300 mm/
min. The spot dimension is 3 mm× 1 mm, and the overlapping
rate is 30%. A shielding of Ar gas was used to protect the melting
region from oxidization.

Oxidation Test
Isothermal oxidation tests of the NiCoCrAlY-xSm2O3 coatings
were conducted. Some specimens with NiCoCrAlY coatings were
used as the benchmark for comparison. The isothermal oxidation
tests were performed in a muffle furnace at 900°C for 100 h. The
specimen was put into a corundum crucible during oxidation.
The mass gain was measured after prescribed time intervals by an
electronic balance (0.1 mg precision). Two parallel specimens for
each composition were used in the test.

The microstructure, morphology, and chemical composition
of the coatings were observed by a Quanta 200FEG scanning
electron microscope (SEM) equipped with energy dispersive
spectroscopy (EDS). The phases of the coatings and oxide
scales were identified by X-ray diffraction analysis (XRD,
Model D/max-B, Japan) with Cu Kα radiation. The specimens
were scanned in a 2θ range of 10-90° with a speed of 4°/min.

RESULTS AND DISCUSSION

As-Deposited Coating Characteristics
The surface morphologies of the as-deposited NiCoCrAlY
coatings with 0, 1, 3, and 5 wt % Sm2O3 are shown in
Figure 1. The surface of NiCoCrAlY coating is uneven. The
surfaces of NiCoCrAlY coatings with Sm2O3 are flat, indicating
that Sm2O3 has a great effect on the morphology of the surface of
the NiCoCrAlY coating. (Gil et al., 2006) have found that the
morphology of the oxide film was greatly affected by the surface
roughness of the coating. The oxide film on the rough surface was
inhomogeneous, and the distribution of Y and Al is uneven. The
reduction of Y at the convex surfaces may lead to the spallation of
the oxide film. The flat surface is conducive to enhancing the
adhesion of the oxide film. The friction performance and fatigue
resistance of the material were also greatly affected by surface

TABLE 1 | Chemical compositions of the powder (wt%).

Material Ni Co Cr Al Y Fe Si Ti C

NiCoCrAlY Bal 19.7 20.03 11.3 0.55 0.069 0.04 0.01 0.006
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FIGURE 1 | Surface morphologies of the as-deposited coatings containing (A) 0 wt% Sm2O3; (B) 1 wt% Sm2O3; (C) 3 wt% Sm2O3; (D) 5 wt% Sm2O3.

FIGURE 2 | Cross-sectional morphologies of the as-deposited coatings containing (A) 0 wt% Sm2O3; (B) 1 wt% Sm2O3; (C) 3 wt% Sm2O3; (D) 5 wt% Sm2O3.
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roughness. The smooth surface is helpful to reduce the wear and
fatigue of the coating during service. (Sun et al., 2010) have
studied the laser absorption by metallic materials. The laser
absorptivity is as follows (Djanarthany et al., 2001):

AD � 1 − RD � ( 2ω
πσ0

)
1/2[(1 + ω2τ2)1/2 − ωτ]1/2, (1)

where AD is the laser absorptivity, ω is the frequency of lightwave,
τ is the relaxation time, and σ0 is the conductivity. According to
Eq.1, the laser absorptivity of coating is related to laser
wavelength and metallic conductivity. In this work, since the
same process parameters are used to prepare the coating, the laser
wavelength is the same. Therefore, the laser absorptivity of the
coatings is only inversely proportional to conductivity. The
conductivity of ceramic oxide is lower than that of metal. The
addition of Sm2O3 reduced the conductivity and enhanced the
laser absorptivity of the NiCoCrAlY coating. The high laser
absorptivity increased the fluidity of the liquid metal, thereby
improving the flatness of the coating.

Figure 2 displays the cross-section morphologies of the as-
deposited NiCoCrAlY coatings with different content of Sm2O3.
All the coatings were well bonded to the TiAl alloys. The wavy
morphologies of the interface suggest that the bonding between
the coatings and substrates is metallurgical, which is beneficial to
enhance the adhesion of the coating. For the NiCoCrAlY coating,
two vertical cracks are extended from the surface to the interface.
The vertical cracks have a great influence on oxidation resistance.

It is expected that oxygen can diffuse rapidly inward to the
coating/metal interface through cracks during the oxidation
process. Therefore, the internal oxidation of the metal
substrate will be induced by the vertical cracks. The formation
of the oxides will reduce the adhesion strength between the
coating and substrate. However, the addition of Sm2O3

changed the formation mechanism of the crack. It can be seen
that there are few cracks in the 1 wt% Sm2O3 coating and no
cracks in the 3wt% Sm2O3 coatings. Some transverse cracks are
observed near the surface in the 5wt% Sm2O3 coating. It can be
found that Sm2O3 has a great effect on the formation of cracks.

In order to analyze the effect of Sm2O3 on the crack sensitivity
of NiCoCrAlY coating, the microstructure of the doped coatings
near the surface is investigated. The cross-sectional morphologies
of the as-deposited coatings near the surface are shown in
Figure 3. As can be seen in Figure 3, the addition of Sm2O3

refined the microstructure of the coatings. Moreover, the grain
size of the coating decreased with the increase of Sm2O3. For laser
cladding processing, the material will undergo rapid heating and
cooling. Therefore, heterogeneous nucleation often occurs in
liquid metal. The new phase cores are usually formed on
unmelted particles in the molten pool. The nucleation surface
energy can be reduced by using this nucleation way. In this work,
unmelted Sm2O3 particles play the role of heterogeneous
nucleation sites. The increase of the heterogeneous nucleation
sites decreased the nucleation surface energy, which promoted
the nucleation of liquid metal. Due to the REEs, rare earth
elements will reduce the surface tension of the coating.

FIGURE 3 | Cross-sectional morphologies of the as-deposited coatings near the interface: (A) 0 wt% Sm2O3; (B) 1 wt% Sm2O3; (C) 3 wt% Sm2O3; (D) 5 wt%
Sm2O3.
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According to the Guggenheim equation (Kamalyan, 2010), the
decrease of surface tension results in the decrease of critical
nucleation work. In addition, rare earth elements tend to
segregate to grain boundaries during solidification. This is
because the atomic radius of rare earth atoms is large. So, the
distortion energy of rare earth elements is small at the crystal
boundary. The segregation of rare earth elements hinders the
movement of the grain boundary. As a result, the grain sizes of the
NiCoCrAlY-xSm2O3 coatings are reduced. The refinement of
microstructure is beneficial to reduce the probability and degree
of stress concentration in the coating. Meanwhile, it hinders the
propagation of cracks in grains and grain boundaries. The small
grain causes the deformation to be distributed in more grains so
that the difference of strain degree within and near grain
boundaries is reduced. In other words, the deformation degree
becomes uniform. The degree of stress concentration in the
coating is reduced. Therefore, the probability and degree of
cracking in the coating decrease. In the 5 wt% Sm2O3 coating,
a large number of Sm2O3 aggregates at the surface zone, which
reduces the fluidity of liquid alloy in the molten pool. The slags
cannot float before solidification, thereby increasing the crack
sensitivity of the coating. Therefore, some transverse cracks were
formed at the aggregation of unmelted Sm2O3 particles. However,
the direction and depth of the cracks were changed by the
unmelted particles. Compared with the vertical crack, the
transverse crack only induces the internal oxidation of the
surface zone in the coating. It can be concluded that moderate

Sm2O3 can reduce the tendency of cracking by improving the
fluidity of the liquid metal during cladding.

The cross-sectional morphologies of the as-deposited coatings
near the interface are shown in Figure 4. According to the
characteristics of the solidification structure, the zone near the
interface can be further divided into a cladding zone and a
bonding zone. It can be seen that the bonding zones of all the
coatings are composed of planar crystals. Planar crystals are
formed when the ratio between the temperature gradient (G)
and the solidification speed (ν) is high. With the increase of
Sm2O3, the width of the bonding zone increased. This is because
NiCoCrAlY-Sm2O3 coatings absorbed more laser energy and
elevated the temperature of the molten pool. Therefore, the
temperature gradient at the liquid-solid interface increased. In
the cladding zone of the NiCoCrAlY coating, the dendritic
structure can be observed. The growth direction of the
dendritic crystal is perpendicular to the interface between the
coating and alloy. After adding Sm2O3, dendritic crystal decreases
and columnar crystal increases. The melting of dendritic arms is
caused by the enrichment of rare earth elements. Due to the large
atomic radius, it is easy to enrich Sm3+ in the interdendritic and
the front edge of the liquid-solid interface during the deposition
process. The enrichment of the Sm3+ promoted the fusing of the
dendrite crystal and prevented the growth of the columnar
crystals along the vertical direction. The reduction of dendrite
crystal is beneficial to improve the mechanical properties of the
as-deposited coating.

FIGURE 4 | Cross-sectional morphologies of the as-deposited coatings near the interface: (A) 0 wt% Sm2O3; (B) 1 wt% Sm2O3; (C) 3 wt% Sm2O3; (D) 5 wt%
Sm2O3.
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Figure 5 displays the phase compositions of the as-deposited
NiCoCrAlY-xSm2O3 coatings. The phases in the NiCoCrAlY and
NiCoCrAlY-xSm2O3 coatings are mainly composed of γ and γ′.
Because the addition of Sm2O3 is less, the peak of Sm2O3 can not
be detected.

Oxidation Kinetics
Figure 6 illustrates the difference in isothermal oxidation
resistance at 900°C between the NiCoCrAlY and NiCoCrAlY-
xSm2O3 coatings. As shown in Figure 6A, the mass gain of the
NiCoCrAlY coatings during the oxidation is reduced by the

addition of Sm2O3. Our previous research has found that
NiCoCrAlY coating helps improve the isothermal oxidation
resistance of Ti44Al6Nb1Cr alloy (Gong et al., 2018). It is
clear that the addition of Sm2O3 further enhanced the
oxidation resistance of NiCoCrAlY coating. The mass gain of
the NiCoCrAlY coating has reached 2.83 mg/cm2 after oxidation
for 100 h. A sharp increase of the mass gain occurs from 60 to
100 h. The mass gain of the doped coatings depends on the
contents of Sm2O3 in the coatings. The mass gain of 3 wt% Sm2O3

coating is the lowest, indicating that it possesses the best
oxidation resistance. The oxidation constant kp is calculated as
follows:

Δwn � kpt, (2)

where Δw represents the weight gain per unit area (mg/cm2), n is
the power exponent, kp is the oxidation rate constant
(mgn·cm−2n·h−1), and t is the oxidation time (h). The values of
n and kp were tested by Origin software based on Eq. 2. In
Figure 6B, the log of mass gain was plotted versus the log of
oxidation time to investigate the oxide scale growth rate. It can be
seen that NiCoCrAlY-xSm2O3 coatings follow a parabolic law
during 100 h oxidation. However, the NiCoCrAlY coating follows
a parabolic law in the first 50 h. Linear growth can be seen from

FIGURE 5 | XRD patterns of the as-deposited (A) NiCoCrAlY coating and (B) NiCoCrAlY-xSm2O3 coatings.

FIGURE 6 | (A) Mass gain vs. time of the NiCoCrAlY-xSm2O3 coatings; (B) plots of lnΔw vs. lnt for the oxidation behavior fitted from the curves in (A).

TABLE 2 | Oxidation rate constants (kp) of the NiCoCrAlY-xSm2O3.

Material Oxidation time(h) N Oxidation rate constant
(mgn·cm−2n·s-1)

0 wt% Sm2O3 0–100 1.63 1.23 × 10–5

1 wt% Sm2O3 0–100 1.85 8.46 × 10–6

3 wt% Sm2O3 0–100 2.08 1.29 × 10–6

5 wt% Sm2O3 0–100 1.96 4.88 × 10–6
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FIGURE 7 | Surfacemorphologies of the coatings containing (A) 0wt% Sm2O3; (B) 1 wt%Sm2O3; (C) 3wt% Sm2O3; (D) 5wt%Sm2O3. (E) Themagnified figure of
zone A after oxidation at 900°C for 100 h.

TABLE 3 | Chemical composition of the oxides on the NiCoCrAlY-xSm2O3 coatings (at%).

Point Ni Co Cr Al Y Sm O Ti Phase

1 6.53 3.36 3.69 17.45 3.17 — 35.29 33.68 TiO2+Al2O3

2 0.40 0.20 0.91 48.5 2.36 6.68 39.0 1.58 θ-Al2O3

3 3.48 0.08 1.54 31.0 5.77 15.4 40.9 1.83 α-Al2O3
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60 to 100 h. The linear growth indicates a high oxidation rate. The
oxidation rate constants are listed in Table.2. The value of kp for
NiCoCrAlY coating is 1.23 × 10–5 mg2 cm−4 s−1. For the doped
coating, the oxidation rate constant of 3 wt% Sm2O3 coating is the
lowest, whereas that of 1 wt% Sm2O3 coating is the highest,
indicates that the oxidation resistance of 3 wt% Sm2O3 coating is
the best. However, the value of kp for 1 wt% Sm2O3 coating is 8.46
× 10–6 mg2 cm−4 s−1, which is lower than that for NiCoCrAlY

coating. By comparing the values of kp, it can be found that the
oxidation rate of NiCoCrAlY coating has been reduced by order
of magnitude by the addition of Sm2O3. In other words, the
addition of Sm2O3 can improve the oxidation resistance of
NiCoCrAlY coating. However, the oxidation resistance of the
doped coating is not proportional to the content of rare earth
elements. Excessive RE leads to the agglomeration of the cladding
powders and reduces the uniformity of particle distribution. The
high oxidation rate of 5 wt% Sm2O3 coating may be attributed to
the transverse cracks in the surface zone. The transverse cracks
will induce severe internal oxidation, which is detrimental to the
oxidation resistance.

Oxidation Behavior
Figure 7 shows the surface morphologies of the NiCoCrAlY-
xSm2O3 coatings after oxidation at 900°C for 100 h. In Figure 7A,
the spalling of oxide film on the surface of NiCoCrAlY coating is
observed, which indicates that the adhesion of the oxide scale is
poor. According to EDS results, the oxides on NiCoCrAlY coating
are composed of Al2O3 and TiO2. TiO2 is a non-protective oxide
due to its high growth rate. The large amount of TiO2 and
incomplete oxide film is one of the main reasons for the poor
oxidation resistance of NiCoCrAlY coating. For the doped
coatings, the morphologies of oxide films changed obviously.
Figure 7E is the magnified figure of zone A in Figure 7B. As
shown in the figure, the oxide film on the 1 wt% Sm2O3 coating is
composed of granular oxides and needle oxides. According to the
EDS and XRD results, these oxides are α-Al2O3 and θ-Al2O3,
respectively. The refinement effect of Sm2O3 promoted the

FIGURE 8 | XRD patterns of the NiCoCrAlY-xSm2O3 coatings after
oxidation at 900°C for 100 h.

FIGURE 9 | Cross-sectional morphologies of the cotaings containing (A) 0 wt% Sm2O3; (B)1 wt% Sm2O3; (C) 3 wt% Sm2O3; (D) 5 wt% Sm2O3 after oxidation at
900°C for 100 h.
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selective oxidation of the Al element. With the increase of Sm2O3

content, the amount of θ-Al2O3 decreases. When the content of
Sm2O3 reaches 3 wt%, the oxide film is mainly composed of
α-Al2O3, indicating that Sm2O3 promoted the transition from
θ-Al2O3 to α-Al2O3. According to Table.3, the content of Sm in
the oxides on 5 wt% Sm2O3 coating is up to 15.4 at%. The growth
of α-Al2O3 mainly depends on the diffusion of oxygen along the
grains. Therefore, the structure of α-Al2O3 is denser than that of
θ-Al2O3. The rapid transition of θ-Al2O3 to α-Al2O3 significantly
reduces the growth rate of oxide film, thereby improving the
oxidation resistance. In general, the transition of θ-Al2O3 to
α-Al2O3 will induce the volume change of oxides, thereby
increasing the stress in the oxide film. Although the
transformation rate of Al2O3 is fast, the oxide film on the 3 wt
% Sm2O3 and 5 wt% Sm2O3 coatings did not crack. This is
because the addition of Sm2O3 refined the grain size of the oxides.
With the increase of Sm2O3 content, the grain size of oxides
decreases. The fine grain size can promote the release of internal
stress through grain boundary slip. Therefore, the complete oxide
films are formed on the 3 wt% Sm2O3 and 5 wt% Sm2O3 coatings,
which is beneficial for improving the oxidation resistance of the
coatings.

The phase compositions of the oxide scales on the coatings
after oxidation at 900°C for 100 h are detected by XRD analysis,
and the results are shown in Figure 8. The oxide scale of the
undoped coating consisted of NiO, Al2O3, NiCr2O4, Cr2Ti5O13,
and little TiO2. The formation of Cr2Ti5O13 and TiO2 is caused by
the outward diffusion of Ti atoms. The formation of the two
phases not only consumes Ti in the substrate but also consumes
Cr in the coating. It is not conducive to oxidation resistance and
mechanism properties. For the doped coatings, no Ti-oxides were
detected. This is because the segregation of unmelted particles
and rare earth elements at grain boundary can hinder the outward
diffusion of Ti atoms. It is worth noting that SmAlO3 is formed on
the doped coatings. The reaction equations are as follows:

Al2O3 + Sm2O3 � 2SmAlO3 (3)

According to this reaction equation, the formation of SmAlO3

is accompanied by the consumption of Al2O3, which is
detrimental to the oxidation resistance of the coating.

The cross-sectional morphologies of the coatings after
oxidation for 100 h were examined and the results are shown
in Figure 9. In the un-doped coating, the vertical cracks extend
from the surface to the interface. The penetrating cracks will
accelerate the inward diffusion of oxygen and weaken the
adhesion of the coating. Therefore, severe internal oxidation
occurs in the un-doped coating. The addition of Sm2O3

reduces the number of cracks in the coating. Especially for the
3 wt% Sm2O3 coating, almost no cracks are observed. The results
indicate that the addition of Sm2O3 can improve the growth
resistance of cracks in laser cladding NiCoCrAlY coating. The
refinement effect of Sm2O3 on coating microstructure is the
reason for the good growth resistance of cracks. The refined
grains reduced stress concentration in the coating. However, for
the other coatings, a complete oxide film cannot be formed at the
initial stage of oxidation due to the formation of cracks. The
incomplete oxide film resulted in the increase of the
oxidation rate.

The cross-sectional morphologies of the oxide scales after
oxidation at 900°C for 100 h are shown in Figure 10.
Figure 10A shows that the oxide film on the NiCoCrAlY
coating is loose. Some pores and micro-cracks can be found in
the oxide film, which are induced by the outward diffusion ofmetal
cations. On the one hand, oxygen, Al3+ and Cr3+ diffused
simultaneously through the oxide grain boundaries, which led
to the formation of new oxides within the generated film. This
growth behavior of oxides can result in large stresses within the
oxide film. On the other hand, a large number of voids were formed
at the interface due to the outward diffusion of Al3+ and Cr3+.
Under the action of the two factors, the spalling and plastic
deformation of the oxide film occurred to release the growth
stress in the oxide film. The oxide films become dense by the
addition of Sm2O3. There is no pore and micro-crack in the oxide
film. (Guo et al., 2011) have reported that the addition of Dy can
restrain the growth of the oxide scale on NiAl alloy by decreasing
the diffusion rate. The formation of the dense oxide film is related
to grain boundary segregation and impurity purification of rare
earth elements. The rare earth elements tend to segregate at grain
boundaries during oxidation due to the atomic radius. In this work,
the segregation of Sm inhibited the outward diffusion of Al3+ and
Cr3+. The oxidation mechanism of the coating was changed from

FIGURE 10 |Cross-sectional morphologies of the oxide films on the coatings containing (A) 0wt%Sm2O3 and (B) 3wt%Sm2O3 after oxidation at 900°C for 100 h.
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simultaneous diffusion of Al and O to predominant inward
diffusion of O. The inhibition of the outward diffusion of metal
cations reduced the formation of pores and oxidation rate. In
addition, Sm hindered the aggregation of impurity elements at the
interface, such as S, Cl, and P, which played a role in purifying the
interface. As a result, a thin and dense oxide scale was formed on
the surface of the doped coatings.

CONCLUSION

1) The width of plane crystal at the interface between the coating and
TiAl alloy increased by the addition of Sm2O3. The enrichment of
Sm between the dendrites and in front of liquid-solid boundaries
led to the dendrites fusion, which promoted the growth of
columnar crystals. At the near-surface region, the addition of
Sm2O3 increased the nucleation particles in the molten pool,
thereby refining the grains of the coating.

2) The addition of Sm2O3 enhanced the laser absorptivity of the
NiCoCrAlY coating, thereby improving the fluidity of the
liquid metal. Excessive doping reduced the fluidity of the
liquid metal due to the segregation of Sm2O3 agglomerates.

3) The oxidation resistance of the NiCoCrAlY coating was
improved effectively by the addition of Sm2O3. The
refinement of grains is beneficial to improve oxidation
resistance. However, excessive Sm2O3 addition is
detrimental to the oxidation resistance because it resulted
in internal oxidation. The coating doped with 3 wt% Sm2O3

was the optimized composition.
4) The propagation of the cracks in the doped coatings was

suppressed. The crack sensitivity and residual stress of the

coating were reduced by the addition of Sm2O3. The decrease
of cracks is helpful to reduce the internal oxidation of the
coatings.

5) The oxidation mechanism of the coating was changed by the
addition of Sm2O3. The oxidation mechanism was changed
from simultaneous diffusion of Al and O to predominant
inward diffusion of O. A thin oxide scale was formed on the 3
wt% Sm2O3 coating, which is beneficial to enhance the
adhesion of oxide scale.
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