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Abstract: The bond coat of a NiCrAlY thermal barrier coating plays an important role in solving
the thermal expansion mismatch between a metal matrix and a ceramic layer and in improving the
oxidation resistance of the whole thermal barrier coating. However, the NiCrAlY bond coat prepared
by low-pressure plasma spraying is not conducive to its oxidation resistance because its lamellar
structure is loose, porous and the surface is rough. To improve the oxidation resistance of the bond
coat, the NiCrAlY bond coat prepared by plasma spraying was modified by high-current pulsed
electron beam with different energy densities. Under the electron beam irradiation, the surface of
the coating became smooth, and there was a 3–5 µm thick remelting layer on the surface. Under the
irradiation, the thickness of the thermal growth oxide layer decreased, and the oxidation resistance
was significantly improved, the oxidation product being mainly Al2O3.

Keywords: bond coat; high-current pulsed electron beam; oxidation resistance

1. Introduction

With the development of aerospace technology, the service temperature of hot-end
components, such as engine turbine blades, is getting higher. Adding thermal barrier
coating (TBCs) is one of the effective methods to improve the resistance to elevated temper-
atures of the engine. The thermal barrier coating system consists of a superalloy substrate,
a ceramic layer, a bond coat and a thermal growth oxide (TGO) layer between the ceramic
layer and the bond coat. The role of the bond coat is to solve the thermal expansion
mismatch between the metal matrix and the ceramic layer and to improve the oxidation
resistance of the entire coating. The thermal barrier coatings have a development history of
nearly 40 years, and their preparation process is constantly improving. From the initial
atmospheric plasma spraying (APS), to low-pressure plasma spraying (LPPS), in addition
to high velocity oxy-fuel spraying (HOVF), laser cladding, electron beam physical vapor
deposition (EB-PVD) and other methods [1–7]. The bond coat of thermal barrier coatings
prepared by atmospheric pressure and low-pressure plasma spraying methods has a lamel-
lar structure, which is conducive to the improvement of thermal insulation performance of
thermal barrier coatings. It has also the advantages of rapid and cheap coating preparation
process, so it has a wide application prospect [8–11].

However, the coating prepared by plasma spraying technology has also its disadvan-
tages. First, the lamellar structure, loose and porous, of the thermal barrier coating prepared
by this method, can easily lead to the coating falling off during service, despite improving
the thermal insulation performance of the coating. Second, the surface roughness of the
bond coat prepared by this method is relatively large, which makes the interface between
the bond coat and the ceramic layer uneven. This may easily cause an uneven growth of
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the TGO layer, leading to the degradation of the oxidation resistance of the coating. To
improve the oxidation resistance of the NiCrAlY bond coat and the porous structure of the
coating, the energy beam irradiation can be used to reduce the surface roughness, while
the high-current pulsed electron beam technology is a good choice [12–15].

The interaction between high-current pulsed electron beam and the material surface
is a process of rapid heating and rapid cooling, the heating rate is as high as 109 K/s, and
the material surface can be heated to melt instantaneously at a certain depth. The formed
maximum temperature gradient (107–8 K/m) can make the surface layer cool sharply under
the heat conduction to the matrix, and the cooling rate can also reach 104–9 K/s. Thus,
the surface of solid materials remelts to improve the surface properties of materials [16].
Compared with laser beam and pulsed ion beam, high-current pulsed electron beam
technology has a high degree of monitoring and adjustment of the injected energy, which
is conducive to a high degree of local energy distribution and a high effective action
coefficient. Moreover, the high-current pulsed electron beam irradiation is a pure energy
transport process, which overcomes the impact of ion impurity on the material during the
ion beam irradiation; the depth of the modified layer is much larger than that of the high
intensity pulsed ion beam, and its energy utilization rate is much higher than that of the
laser beam [17–21].

In this paper, the NiCrAlY bond coat prepared by low-pressure plasma spraying
was irradiated by high-current pulsed electron beam, and the effects of electron beam
irradiation on the structure and oxidation resistance of the coating were studied.

2. Numerical and Experimental Methods

The temperature evolution of NiCrAlY coating with time and space under high-current
pulsed electron beam irradiation was simulated by the Finite element method.

The matrix of DZ4 nickel-based superalloy was cut into samples with a dimension of
14 mm × 14 mm × 2.0 mm. The samples were pre-grinded, polished and roughed, and
the NiCrAlY bond coat was prepared by low-pressure plasma spraying device (Beijing
Aeronautical Manufacturing Technology Research Institute, Beijing, China) on the sample.
Table 1 shows the composition of this coating. The bond coat was irradiated with a high-
current pulsed electron beam, the width of pulse was 200 µs, the energy densities were 12,
15, 18 J/cm2, and the number of pulses was five. The high-current pulsed electron beam
irradiation was performed on the SOLO device (Institute of High Current Electronics of
the Siberian Branch of the Russian Academy of Sciences, Tomsk, Russia).

Table 1. The composition elements of the coating and corresponding atomic percentages.

Composition Elements Cr Al Y Ni

Atomic percentage (at.%) 24.0–26.0 4.0–6.0 0.4–0.7 The rest

The NiCrAlY bond layers on the samples treated by high-current pulsed electron
beam were subjected to static oxidation at 900 ◦C for 200 h and taken out for weighing
every 10 h. The structural changes of NiCrAlY bond layers before and after electron beam
irradiation were analyzed by scanning electron microscope (SEM) (JSM-5600LV, JEOL Ltd.,
Akishima, Japan) and X-ray diffractometer (XRD) (XRD-6000, Shimadzu, Kyoto, Japan).
The effects of the high-current pulsed electron beam irradiation on the oxidation resistance
of the NiCrAlY bond layer were analyzed based on the oxidation kinetics curve.

3. Results and Discussions
3.1. Computational Temporal and Spatial Evolution of the Temperature Field of the NiCrAlY
Coating Irradiated by a High-Current Pulsed Electron Beam

The finite element method [22] was used to simulate the temperature evolution of
the NiCrAlY coating in time and space under a high-current pulsed electron beam irradia-
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tion. According to the law of conservation of energy, the temperature T(x,t) field can be
expressed as:

ρ× C(T)
∂T
∂t

= λ(T)
∂2T
∂x2 + P− Liδ(T − Ti) (1)

Here, ρ is density, C(T) is specific heat, λ is thermal conductivity. Li and Ti are latent
heat and temperature of fusion or evaporation, respectively. P is the heat source term:

P(x, t) = k× d(x)× f (t) (2)

where k is the energy density, d(x) and f (t) are normalized functions, respectively describing
the distribution of electron beam energy in space and time. d(x) and f (t) are determined by
electron range r (cm) and pulse width τ (µs), respectively. The electron range r is related to
the acceleration voltage U (V) and ρ coating density (g/cm3):

r = 2.1× 10−12 U2

ρ
, 10 keV ≤ eU ≤ 100 keV (3)

d(x) = 1− 9
4

(
x
r
− 1

3

)2
, 0 ≤ x ≤ r (4)

f (t) =
4
τ

(
1− e−

2t
t

)
e−

2t
t (5)

The specific heat capacity and thermal conductivity of the NiCrAlY coating were
obtained from literature [23,24]. Melting and boiling points were 1629 K and 2982 K,
respectively. The initial condition was T(x,0) = 298 K and the boundary condition was
adiabatic. The latent heats of fusion and evaporation of the NiCrAlY layer were weighted
averages of its constituent elements.

Figure 1 shows the temperature evolution of the NiCrAlY coating in time and space
under the high-current pulsed electron beam irradiation with the energy density of 12,
15 and 18 J/cm2, simulated by the finite element method. The maximum temperature
(Tmax) of the coatings under irradiation of 12, 15 and 18 J/cm2 increased with the energy
density, in each case exceeding the melting point. The melting depth of the coatings at
these three energy densities was 3.8, 5.3 and 6.6 µm, respectively. During the irradiation
of 15 J/cm2, due to the latent heat of evaporation, although the coating was continuously
heated by the electron beam, its Tmax did not exceed the boiling point. The Tmax of the
coating was maintained at a temperature near the boiling point for more than 100 µs (red
arrow in Figure 1b). When the energy density reached 18 J/cm2, the higher energy density
enabled the coating to complete the evaporative phase transition, and the Tmax of the
coating exceeded the boiling point.

3.2. Influence of a High-Current Pulsed Electron Beam Irradiation on the Micro-Morphology and
Structure of the NiCrAlY Bond Coat

Figure 2 shows the surface morphological SEM image of the NiCrAlY bond coat
prepared by the low-pressure plasma spraying method before and after irradiation by a
high-current pulsed electron beam. The surface of the original coating was lamellate and
loose with many holes and cracks (depicted by the arrows in Figure 2a). The principle of
NiCrAlY coating by low-pressure plasma spraying is that the molten coating components
are ejected with high-speed plasma jet and deposited on the surface of the substrate to form
a lamellar coating. The lamellar structure of the coating is relatively loose. At the same
time, due to the high spraying temperature of the coating, stress occurs during cooling,
leading to the existence of cracks and holes on the surface of the coating. Oxygen can enter
along these pores and voids, accelerating the oxidation of the coating and shortening its
service life. After the high-current pulsed electron beam irradiation with an energy density
of 12 J/cm2 (Figure 2b), the surface of the NiCrAlY bond coat partially remelted.
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According to the calculated temperature field, the thickness of the remelted layer
increased with the increase in energy density; thus, the surface became more and more flat.
Especially when the energy density reached 18 J/cm2 and the maximum temperature of the
coating exceeded the boiling point, the evaporation of coating elements accelerated the mass
flow of the molten layer, the loose porous structure disappeared, and the surface became
flat. Meanwhile, circular granular structures with different sizes appeared. According to
electron probe micro-analysis (EPMA) (EPMA-1600, Shimadzu, Kyoto, Japan) analysis, the
major components in the large bulge (as shown by the arrow in Figure 2d) were Al, Y and
O. In the process of electron beam irradiation, the low melting point component of the
coating evaporated first and erupted to the surface. O was introduced by the preparation
process and pollution of the coating. As can be seen from the area pointed by the arrow in
Figure 2c, after the irradiation of 15 J/cm2, the surface bulges were separated by cracks,
indicating that the cracks formed behind the protrusions. When the coating was remelted
by pulsed electron beam, bulges were formed on the surface of the coating. After the
irradiation, the temperature of the coating surface dropped sharply, and cracks formed
when the surface stress exceeded the material strength, resulting in the morphology of the
coating bulges separated by cracks. The irradiation by the high-current pulsed electron
beam made the surface of the NiCrAlY coating smooth and almost without pores. The
reduction in the surface roughness of the coating may affect the bonding properties of the
ceramic layer, which is a limitation of this technique, but the life of thermal barrier coating
(TBC) can be extended by reducing the thickness of the thermal grown oxide layer and
improving the oxidation resistance [13,25,26].

The cross-section morphology of the NiCrAlY coating irradiated by a high-current
pulsed electron beam with a pulse width of 200 µs and energy density of 18 J/cm2 is shown
in Figure 3. A clear boundary can be seen between the remelted layer and the original
coating, depicted by the dashed line in the figure, and the remelting layer had a thickness
of about 3–5 µm, a dense structure and lacked holes. The structure of the area below the
remelting layer was relatively loose, with many holes. The NiCrAlY coating formed by
a low-pressure plasma spraying had a loose structure, and there were many pores inside
the coating, while the high temperature caused by the electron beam bombardment of
the sample enabled the coating surface to remelt (Figure 2b–d). In a high-temperature
environment, the dense remelting layer can prevent oxygen from entering the interior
of the coating. In a thermal barrier coating system, the thickness of the TGO layer can
be reduced to decrease the stress in the coating, thus prolonging the service life of the
coating [14,27]. The thickness of the remelted layer was lower than the theoretical calculated
value because the temperature of the NiCrAlY coating reached the boiling point when the
energy density was up to 18 J/cm2, and the influence of mass loss could not be considered
in the temperature field calculated by the finite element method; therefore, the theoretical
calculated value was higher than the measured remelted layer thickness.

Figure 4 presents the XRD pattern of the NiCrAlY bond layer before and after the
high-current pulsed electron beam irradiation. The original NiCrAlY bond coat was mainly
composed of γ/γ′ phase and β phase (Figure 4a). However, after the irradiation, the phase
structure of the coating changed, the ratio of the β-NiAl phase decreased or the preferred
orientation of (200) for the γ/γ′ phase occurred. Since the peak positions of (110) plane
for the β-NiAl phase and (111) plane for the γ/γ′ phase are close to each other, it was
impossible to distinguish them. There are many reasons for the change of the phase, but it
must be related to the preferred orientation during the rapid non-equilibrium solidification
of the surface remelting layer in the electron beam energy injection.

The diffraction peak position of the coating did not move significantly after the
irradiation (Figure 4). Irradiated by a high-current pulsed electron beam, a coating is
rapidly heated to extremely high temperatures and then rapidly cooled. During the cooling
process, a large temperature gradient occurs near the surface of the coating, resulting in a
residual microscopic internal stress in the coating, which leads to the XRD peak shift. The
reason why the diffraction peak did not significantly shift (as can be seen in Figure 4) might
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be that the NiCrAlY coating prepared by the low-pressure plasma spraying process had a
loose lamellar structure, which could effectively relieve the stress caused by the electron
beam irradiation. A small number of cracks in the coating was also conducive to the release
of stress. The reduction of residual internal stress in the coating could reduce the crack on
the surface and was helpful to improve the service life of the coating.

Coatings 2021, 11, x FOR PEER REVIEW  6 of 12 
 

 

 

Figure 2. Surface morphology of the NiCrAlY bond coat before and after a high‐current pulsed elec‐

tron beam irradiation: (a) nonirradiated, the arrows point to the holes and cracks (b) 12 J/cm2; (c) 15 

J/cm2, the arrow points to a crack; (d) 18 J/cm2, the arrow points to a circular granular structure. 

 

Figure 3. Cross‐sectional morphology of the NiCrAlY coating irradiated by a high‐current pulsed 

electron beam with an energy density of 18 J/cm2. 
Figure 3. Cross-sectional morphology of the NiCrAlY coating irradiated by a high-current pulsed electron beam with an
energy density of 18 J/cm2.

Coatings 2021, 11, x FOR PEER REVIEW  7 of 12 
 

 

 

Figure 4. XRD patterns of the NiCrAlY bond coat before and after a high‐current pulsed electron 

beam irradiation: (a) nonirradiated coating, (b) 18 J/cm2. a.u.—arbitrary units. 

3.3. Effect of a High‐Current Pulsed Electron Beam Irradiation on the Oxidation Resistance of 

the NiCrAlY Bond Coat 

Figure 5 shows the SEM image of the samples before and after electron beam irradi‐

ation after static oxidation at 900 ℃ for 100 h. TGO formed on the NiCrAlY coating surface 

after the 100 h static oxidation made its surface more uneven (Figure 5a). The surface of 

the original coating was loose and porous before oxidation, and the surface area of the 

coating was larger than that of the coating irradiated by the electron beam. As a result, the 

oxidized area was larger in the static oxidation process, thus the TGO was generated un‐

evenly, and the oxide grain size reached more than 10 μm. After 100 h of static high tem‐

perature oxidation, the TGO generated on the NiCrAlY coating surface  irradiated by a 

high‐current pulsed electron beam with different energy densities (Figure 5b–d) was rel‐

atively smooth, and the oxide formed was relatively dense. The oxide size was reduced to 

a few μm after the electron beam irradiation of 12 J/cm2 (Figure 5b). The size of the oxide 

on NiCrAlY coating decreased with the increase in energy density. When the energy den‐

sity was 18 J/cm2 (Figure 5d), the grain size of oxides was reduced to less than 1 μm and 

the size was uniform. It can be concluded that after a 100 h static oxidation, on the surface 

of the coating, a layer of a dense oxide formed, which could prevent oxygen from further 

oxidation reaction with the coating. Figure 5e shows the result of the energy dispersive X‐

ray spectroscopy  (EDS) composition analysis after static oxidation of  the nonirradiated 

coating, and the corresponding result of the 18 J/cm2 irradiated coating is shown in Figure 

5f. It is evident that both coatings contained many oxides of Al, whereas, compared with 

the coatings after irradiation, the untreated coatings contained relatively more oxides of 

Ni and Cr. 

The sectional SEM backscattering images of the NiCrAlY coating before and after a 

high‐current pulsed electron beam irradiation which was static oxidized at 900 °C for 200 

h are shown in Figure 6. The TGO layer on the surface of the original NiCrAlY coating 

after static oxidation was thick, uneven and discontinuous, and serious oxidation also oc‐

curred  inside the coating (Figure 6a). However, under the  irradiation of a high‐current 

pulsed electron beam (Figure 6b–d), a micrometer scale dense Al oxide layer formed on 

Figure 4. XRD patterns of the NiCrAlY bond coat before and after a high-current pulsed electron
beam irradiation: (a) nonirradiated coating, (b) 18 J/cm2. a.u.—arbitrary units.

3.3. Effect of a High-Current Pulsed Electron Beam Irradiation on the Oxidation Resistance of the
NiCrAlY Bond Coat

Figure 5 shows the SEM image of the samples before and after electron beam irradia-
tion after static oxidation at 900 °C for 100 h. TGO formed on the NiCrAlY coating surface
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after the 100 h static oxidation made its surface more uneven (Figure 5a). The surface of
the original coating was loose and porous before oxidation, and the surface area of the
coating was larger than that of the coating irradiated by the electron beam. As a result,
the oxidized area was larger in the static oxidation process, thus the TGO was generated
unevenly, and the oxide grain size reached more than 10 µm. After 100 h of static high
temperature oxidation, the TGO generated on the NiCrAlY coating surface irradiated by
a high-current pulsed electron beam with different energy densities (Figure 5b–d) was
relatively smooth, and the oxide formed was relatively dense. The oxide size was reduced
to a few µm after the electron beam irradiation of 12 J/cm2 (Figure 5b). The size of the
oxide on NiCrAlY coating decreased with the increase in energy density. When the en-
ergy density was 18 J/cm2 (Figure 5d), the grain size of oxides was reduced to less than
1 µm and the size was uniform. It can be concluded that after a 100 h static oxidation, on
the surface of the coating, a layer of a dense oxide formed, which could prevent oxygen
from further oxidation reaction with the coating. Figure 5e shows the result of the energy
dispersive X-ray spectroscopy (EDS) composition analysis after static oxidation of the
nonirradiated coating, and the corresponding result of the 18 J/cm2 irradiated coating is
shown in Figure 5f. It is evident that both coatings contained many oxides of Al, whereas,
compared with the coatings after irradiation, the untreated coatings contained relatively
more oxides of Ni and Cr.
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The sectional SEM backscattering images of the NiCrAlY coating before and after
a high-current pulsed electron beam irradiation which was static oxidized at 900 ◦C for
200 h are shown in Figure 6. The TGO layer on the surface of the original NiCrAlY coating
after static oxidation was thick, uneven and discontinuous, and serious oxidation also
occurred inside the coating (Figure 6a). However, under the irradiation of a high-current
pulsed electron beam (Figure 6b–d), a micrometer scale dense Al oxide layer formed on the
NiCrAlY coating surface after static oxidation, and the TGO layer was thin, uniform and
continuous. Under the oxide layer, there was a poor Al layer with the thickness of more
than 10 µm. The dense oxide layer is beneficial to improve the oxidation resistance of the
NiCrAlY coating.
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Figure 7 shows the XRD pattern of the NiCrAlY coating before and after electron
beam irradiation at an energy density of 18 J/cm2 with static oxidation for 200 h. After
200 h of static oxidation, the XRD diffraction peak of the original coating showed that the
oxidation products included mainly α-Al2O3, NiCr2O4 and NiO, while the oxides of the
irradiated NiCrAlY bond coat were mainly composed of α-Al2O3 and contained little NiO
but no NiCr2O4. The oxidation products obtained by XRD analysis were consistent with
the results of the EDS analysis. A similar phenomenon was found in the reference [16],
where most of the oxidation products of the bond coat were inhibited after a high-current
pulsed electron beam irradiation. As can be deduced from Figure 6, the dense α-Al2O3
layer formed on the surface of the NiCrAlY coating after electron beam irradiation can
effectively prevent the diffusion of oxygen elements to the matrix and impede further
oxidation of the coating at a high temperature, thus improve its oxidation resistance. The
oxides of the original NiCrAlY coating mainly contain Al oxides, as well as Cr and Ni
oxides, which had adverse effects on the oxidation resistance of the coating. In the thermal
barrier coating system, the improvement of the oxidation resistance of the adhesive layer
can make the generated TGO relatively smooth and compact, thanks to which the coating
becomes difficult to fall off; thus, it significantly improves the service life of the thermal
barrier coating [17,28].
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Figure 8 shows the static oxidation kinetics curves of the NiCrAlY coating at 900 ◦C.
The oxidation kinetics curves of the bond coat before and after the intense current electron
beam irradiation approximately conformed to a parabola (Figure 8). In the initial stage
of the oxidation weight gain (∆W), the oxidation rate was relatively fast. In the first 10 h
of oxidation, ∆W of all the coatings was noticeable. And the oxidation weight gain of
the original NiCrAlY coating was slightly faster than that of the coating irradiated by the
pulsed electron beam. As the oxidation time increased continually to 30 h, the oxidation
weight gain of the original coating was more obvious than that of the electron beam
irradiated coating, while this oxidation weight gain increased slowly from 30 to 110 h.
However, the coating irradiated by electron beams did not gain significant weight after
oxidation for 50 h.
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The oxidation kinetics curve was analyzed according to the following equation [29]:

(∆W)n = kt + c (6)

In the formula, n is the rate index, k is the reaction speed constant, t is the oxidation
time and c is the constant. A linear equation can be obtained by taking the logarithm for
both sides of Equation (6):

ln∆W =
1
n

lnt +
1
n

lnk + c (7)

ln∆W and lnt were substituted into the oxidation kinetics data obtained in the exper-
iment to draw a diagram, the rate exponent n could be obtained by linear fitting. The n
values of the oxidation kinetics curves of the NiCrAlY coating before and after high-current
pulsed electron beam irradiation with the energy densities of 12 J/cm2, 15 J/cm2 and
18 J/cm2 were 2.21, 1.74, 1.67 and 1.53. The oxidation rate index of the coating after electron
beam treatment was significantly lower than that of the untreated coating, but there was no
obvious dependence on the electron beam parameters. The changes of the oxidation rate
index of the coating after different electron beam treatment were within the error range.
From the static oxidation experiment, we concluded that the oxidation resistance of the
coating was significantly improved after the electron beam treatment.

4. Conclusions

The NiCrAlY bond coat prepared by low-pressure plasma spraying has a lamellar
structure, loose and porous. This loose porous structure is conducive to the entry of O and
other elements, thus forming an over-thick TGO layer, which is not conducive to improve
the oxidation resistance of the coating. The interaction between the high-current pulsed
electron beam and the solid is a process of rapid heating and solidification. The strong
thermal effect can make the temperature reach the melting point, even the boiling point,
of the NiCrAlY bond coat. This flattens the surface of the NiCrAlY bond coat, the loose
porous structure disappears, and the remelting layer with the thickness of several µm is
formed on the surface of the NiCrAlY bond coat. After the electron beam irradiation, a
dense, uniformly distributed TGO layer of a micrometer scale is formed on the NiCrAlY
bond coat under the static oxidized; the main component is α-Al2O3, which can effectively
prevent O and other elements from further diffusion into the coating and significantly
improves the oxidation resistance of the NiCrAlY bond coat.
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