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ARTICLE INFO ABSTRACT

A promising new bond coat using CuAINiCrFe high-entropy alloy was proposed in this paper. The difference in
pre-oxidation conditions between the traditional thermal-sprayed MCrAlY bond coat and CuAINiCrFe high-en-
tropy alloy bond coat deposited using high-speed laser cladding was investigated. The result confirmed that the
CuAlNiCrFe high-entropy alloy bond coat deposited using high-speed laser cladding can complete the pre-oxi-
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gﬁi}gﬁf :mer coatin dation faster and form a continuous a-Al,O3 thermally grown oxide (TGO), which shortens the initial oxidation
Bond coat 8 stage, thereby avoiding the formation of other oxides and spinel structures. In the subsequent isothermal oxi-

dation process, the block-like structure of the high-speed laser cladding layer and the sluggish diffusion effect of
the high-entropy alloy work together to ensure the slow and continuous supply of aluminum element to TGO
layer and obtain a low growth rate. Also, the diffusion between the bonding layer and the substrate is controlled
at a low level, and the new CuAINiCrFe bond coat exhibits excellent oxidation and diffusion resistance. With the
consumption of aluminum, the phase structure of the high-entropy alloy bond coat changed from BCC to FCC,
but it still maintained a stable simple solid solution structure.

1. Introduction

Thermal barrier coatings (TBCs) are an important thermal protec-
tion system for propulsion and power generation that are composed of a
top ceramic layer and a bond coat between the ceramic layer and
substrate [1]. The TBCs utilize the high-temperature resistance of
ceramics, and they reduce the operating temperature of the metal parts,
extend the service life and improve the working efficiency of an engine
[2]. Currently, the advanced TBCs are typically fabricated on the sur-
face of a nickel or cobalt based super-alloy substrate. The entire
structure is constituted using a Y,O; stabilized ZrO, (YSZ) top coat,
thermally grown oxide (TGO) layer, and an MCrAlY (where M is Ni, Co,
or a mixture of Ni and Co) bond coat. Each layer has its own role: the
top coat provides thermal insulation, while the thermally grown oxide
(TGO), from the bond coat thermal growth, helps in preventing further
oxidation and diffusion. The bond coat is critical to avoid the direct
contact between the top ceramic layer and substrate, thereby acting as a
connector and protector. Essentially, it is the most significant compo-
nent of the TBC system to influence durability using the TGO layer
formed as the bond coat oxidizes [3]. A traditional MCrAlY bond coat
material usually chooses Ni, Co or Ni + Co as the matrix element,
which mainly determines the thermal corrosion resistance; when the

percentage of Co is between 20% ~ 26%, the MCrAlY coat combined
with Ni can have better corrosion resistance and the best ductile
property. Al, Cr determine the oxidation resistance property of the coat.
During the high-temperature oxidation process for a long duration, a
layer of uniform and dense aluminum oxide layer is formed on the in-
terface which resists further oxidation of the bond coat [3,4]. Moreover,
the ratio of Al to Cr is important for alumina production; aluminum
oxide is formed when the ratio is lower than 4 [5]. Some reports have
shown that 0.3% ~ 1.0% addition of Y can improve the adhesion be-
tween the alumina and substrate. Further, the thermal shock perfor-
mance and oxidation resistance of the coating can also increase.
Typically, each interface damage may lead to the failure of the
entire TBC system. However, through a number of experiments, the
researchers have discovered that the interface between the top ceramic
coat and the bond coat is the weakest part, the spallation of YSZ usually
appears nearby the TGO layer. The TGO layer is mainly alumina. As the
oxidation process proceeds further, aluminum is consumed con-
tinuously, resulting in insufficient supply of aluminum and appearance
of spinel-type structures and other oxides. This is harmful for the ser-
vice life of the TBC [6]. The stress increases sharply, leading to the
weakening of the bond between the top ceramic layer and the bond
coat, and finally the ceramic layer falls off and the TBC system fails [7].

Abbreviations: TBCs, thermal barrier coatings; TGO, thermal growth oxide; HEA, high-entropy alloys; SEM, scanning electron microscopy; XRD, X-ray diffraction
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Fig. 1. (a) Schematic diagram of high-speed laser cladding process compared to traditional laser cladding and (b) the morphology of CuAINiCrFe high-entropy alloy

powder.

Since the appearance and growth of TGO is inevitable, it is necessary to
regulate the composition and structure of the bond coat, so as to control
the growth rate of TGO [8]. At present, spraying is the primary method
of preparation of the bond coat; the atmospheric plasma spraying
(APS), flame spraying (FS), and arc spraying (AS) methods usually have
poor oxidation resistance because of the presence of more pores and
oxides in the as-deposited samples [9,10]. Comparatively, electron
beam physical vapor deposition (EB-PVD), high velocity oxygen fuel
spraying (HVOF), low pressure plasma spraying (LPPS) or vacuum
plasma spraying (VPS), multi-arc ion plating (MAIP), and cold gas dy-
namic spraying (CGDS) can make more dense samples with less oxi-
dation; the growth rate of the TGO layer of these coatings is slower
[11-15]. After the preparation of the bond coat, post-treatment is ne-
cessary for the improvement of the bond coat properties to make it
effective enough [1,16]. Presently, the most effective treatment is pre-
oxidation. This is a diffusion treatment carried out in a furnace filled
with Ar, and the low-oxygen partial pressure ensures that only one layer
of dense a-alumina is generated on the surface of the bond coat during
post-treatment with no other oxides. Therefore, alumina can continue
to grow and reach a certain thickness in the following atmospheric
oxidation process; thus, the oxide layer formed by pre-oxidation plays a
protective role for the matrix and has a low TGO growth rate and long
service life [17].

Both terrestrial gas turbines and aviation gas turbines have in-
creasingly high requirements for operating temperature due to the high
demand for power. As a very important aspect of the thermal barrier
coating system, the metal bond coat must further improve the high-
temperature oxidation resistance to increase the operating temperature
of the thermal barrier coating system. The high-entropy alloy (HEA), a
new material system that has emerged in the recent years, with single-
phase solid solution structure, has far more thermal stability and high-
temperature oxidation resistance than the traditional alloys [18,19].
Through the composition design of the high-entropy alloy, the bond
coat surface can be controlled to generate a continuous and dense oxide
layer. The oxidation behavior of FeCoNiCrAl, FeCoNiCrMn, and FeCo-
NiCrSi HEAs was investigated at 900 °C for 48 h. Among them, FeCo-
NiCrAl showed good oxidation resistance due to the formation of the
oxide layer consisting of Al,O3 and FeA;0, with a thickness of
2.15 = 0.15 um [20-22]. In summary, the high-entropy alloy for bond
coat has higher thermal stability and the sluggish diffusion effect re-
duces the oxidation consumption rate of Al and Cr elements in the bond
coat. Meanwhile, the degradation due to the diffusion of elements be-
tween the bond coat and the metal substrate can also be alleviated.
High-entropy alloy is a promising material for application in bond
coating [23]. Further, the lamellar bond coat structure formed using
plasma-spraying technology is not conducive to the continuous

diffusion of aluminum element, and it is not easy to control the pro-
portion of elements in the vapor deposition of multiple components
technology. Hence, high-entropy alloy with high thermal properties and
an effective control on TGO thickness poses a challenge for the me-
tallurgical bond between the thin bond coat and metal substrate.

Traditional laser cladding technology can obtain a cladding layer
combined with the metal substrate metallurgically, but the thickness of
the traditional laser cladding layer is usually more than 500 pum, and
the thermal impact on the substrate is another problem that needs to be
addressed [24,25]. The ultra-high-speed laser cladding technology was
jointly developed by Fraunhofer ILT and RWTH aachen university
(Aachen) in 2017 which solved the bottleneck problem of low coating
processing efficiency and thus provided the possibility for large-scale
applications of laser cladding technology [26]. The coating surface
prepared by ultra-high-speed laser cladding was well formed, with
dense internal structure, no defects, high bonding strength with the
matrix, excellent mechanical properties and corrosion resistance. This
could meet the needs of surface strengthening and functionalization of
most high-end equipment. As an extension and development of
spraying technology, ultra-high-speed laser cladding technology greatly
improved the bonding strength between the coating and substrate. At
the same time, it overcame the shortcomings of the traditional laser
cladding layer, which was extremely thick and the heat input to the
substrate was large just shown in Fig. 1(a). The high laser cladding rate
and the fact that most of the laser energy was applied to the powder
made it possible to achieve a thin coat with a thickness of less than
50 pm and with a dilution rate as low as 1%. Even the thermal effect of
laser cladding on matrix could be neglected. In addition, ultra-high-
speed laser cladding had the advantages of high cooling rate and easy
regulation of laser cladding powder composition, which helped in ob-
taining ultra-fine coating grains and precise coating composition con-
trol.

In this study, a thin and metallurgically bonded high-entropy alloy
material bond coat deposited using ultra-high-speed laser cladding
method was put forward to achieve the thermal stability and diffusion
resistance of the high entropy [27], and utilize the advantages of ultra-
high-speed laser cladding at the same time. For example, fast pre-
paration, superfine grains, greater solid solubility, the as-cast structure
similar to the substrate and the metallurgical bonding with substrate.
The experiment showed that the growth of the TGO layer on the bond
coat was within a reasonable range. Meanwhile, the new type of bond
coat revealed amazing diffusion resistance and good phase stability, no
spinel structures or other oxides were present during the entire oxida-
tion process. Later, the CuAINiCrFe high-entropy alloy bond coat de-
posited using high-speed laser cladding was examined in a complete
TBC system. They exhibited long high-temperature oxidation life.
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2. Experimental procedures
2.1. Experimental materials

Nickel-based superalloy Inconel718 (¢ 25.4 mm X 3 mm) was used
as the substrate. The nominal composition (wt%) of this superalloy was
51.96Ni-17.98Cr-3.07Mo0-0.95Ti-4.82Nb-0.45A1-Bal.Fe. Prior to the
laser cladding, the substrate was first polished with a file to expose the
fresh metal, and then ultrasonically cleaned with acetone to remove
residual impurities from the surface. Commercial CuAINiCrFe powder
(Zhonghangmaite, China) with a nominal composition (wt%) of
22.78Cu-10.23A1-23.63Ni-19.98Cr-22.02Fe was used as the feedstock
powder. The CuAlINiCrFe powder particles were spherical in shape, and
the particle size distribution was from 45 to 105 pm. A commercial
CoNiCrAlY (Amdry 9951, Oerlikon Metco, Switzerland) with a nominal
composition (wt%) of Co-23.0Ni-17.0Cr-13.0A1-0.5Y was used to pre-
pare a typical thermal spray coating by HVOF method as a comparison
to show the difference of pre-oxidation mechanism between traditional
thermal spray MCrAlY bond coat and high-entropy alloy bond coat
using high-speed laser cladding. The surface morphology of CuAINCrFe
powders are shown in Fig. 1(b).

2.2. Coating deposition

The CuAINiCrFe bond coat with a thickness of about 200 um was
cladded on the surface of the Inconel718 substrate using a combination
of commercial laser equipment and self-made mobile platform. The
high-speed laser cladding parameters are listed in Table 1. For the laser
cladding, high purity argon (Ar = 99.999%) was used as the protecting
gas and powder feeder gas. A 200 um thick traditional NiCoCrAlY bond
coat was sprayed by HVOF as a contrast showing the pre-oxidation
characteristic of thermal spray, Table 2 shows the spraying parameters
of HVOF.

2.3. Pre-oxidation treatment and isothermal oxidation test

The as-cladded CuAINiCrFe bond coats were subjected to a con-
trolled atmosphere pre-oxidation treatment with Ar gas flow (1 h, 2 h
and 4 h at 1050 °C, P(Ar) = 1x10°Pa, P(0,) < 0.001 Pa) in an in-
dustrial tube furnace. The reason for employing such heat-treatment
conditions is that the heat treatment controls the oxygen partial pres-
sure and a layer of alumina is formed. Later, isothermal oxidation tests
were employed at 1100 °C for 4 h, 25 h, and 100 h to characterize the
oxidation resistance properties of the bond coats [28].

To further verify the performance of this kind of HEA bond coat, a
commercial 8YSZ splats were deposited on the bond coat by atmo-
spheric plasma spraying (APS, 80 kW class, Jiujiang China) at a plasma
arc power of 42 kW (60 V, 700 A). During plasma spraying, the anode
nozzle of an internal diameter of 5.5 mm and a length of 33 mm was
used. Argon at a pressure of 0.9 MPa and a flow rate of 45 L/min was
used as primary gas. Hydrogen at a pressure of 0.4 MPa and a flow rate
of 7 L/min was used as secondary gas. Nitrogen was used as the powder
carrier gas with a pressure of 0.4 MPa and a flow rate of 7 L/min. The
spray powders were injected radially into the anode nozzle by an in-
ternal injector 12 mm away from the exit of the anode nozzle. The spray
distance was fixed to 80 mm. To show its superior performance as

Table 1

High-speed laser cladding parameters.
Power 2.0 kW
Working distance 15 mm
Carrier/inert gas Ar
Gas flow rate 6 L/min
Powder feeder speed 0.3 g/s
Scanning speed 260 mm/s
Overlap rate 80%
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Table 2

Spraying parameters of HVOF.
Oxygen pressure(MPa) 1.0
Air pressure(MPa) 0.7
Propane gas pressure(MPa) 0.8
Powder feeder gas pressure(MPa) 1.1
Spraying distance(mm) 225

compared with that of the traditional TBC systems, it was directly ex-
posed to a heat environment at 1100 °C for 50 h.

2.4. Microstructural characterization

A field emission scanning electron microscope (SEM, MIR 3 LMH,
TESCAN, Czech Republic) equipped with EDS (Aztec, Oxford
Instruments, United Kingdom) was employed to generate secondary
electron (SE) images, backscattered electron (BSE) images, and EDS test
data. Aqueous solution is used as an etchant to show the microstructure
of the cladding layer. In order to ensure the accuracy of the surface TGO
component detection in the pre-oxidation experiment, three areas are
randomly selected for detection to display the standard deviation of the
EDS test data. In addition to this, X-ray diffraction (XRD, D8advance
3.0, Bruker, Germany) was performed to characterize the crystalline
structure of the TGO layer. The analysis parameter of the samples are:
the 26 range is 10-90° and the step size is 0.1°. Further, in order to
protect the TGO layer from being damaged during grinding, a layer of
Ni was deposited by electroplating.

3. Result and discussion
3.1. Dense and uniform high-speed laser cladding layer

High-speed laser cladding technology ensures that the laser energy
predominantly acted on the powders by adjusting the relative positions
of the focus point of the laser, focus point of the powders flow, and the
substrate. The high-speed laser cladding technology has lesser influence
on the substrate i.e. less melting of the substrate and lower dilution of
the elements as compared to that of the traditional laser cladding
technology, which has a high dilution rate. Fig. 2(a) and (b) shows the
cross-sectional microstructure of the CuAINiCrFe high-entropy alloy
bond coat after the initial high-speed laser cladding. The BSE image
confirms the existence of an evident interface between the cladding
layer and matrix. The EDS line scanning in Fig. 2(c) shows that the
element transition zone is only a few dozen microns wide and the effect
of laser cladding on the substrate was small. These SEM results indicate
that a dense and uniform laser cladding bond coat can be prepared
without any cracks using the high-speed laser cladding. Moreover,
Fig. 2 (d), (e) and (f) show that the microstructure of the cladding layer
is mainly columnar crystals and a small amount of dendrites and
equiaxed crystals. The growth direction of the columnar crystals is re-
lated to the direction of heat dissipation and the formation of a small
amount of equiaxed crystals near the surface layer is due to the ex-
tremely fast surface cooling rate. Overall, the microstructure of the
cladding layer is similar to the block material, and there is no layered
structure similar to thermal spraying.

3.2. The pre-oxidation behavior of traditional MCrAlY bond coat deposited
by HVOF

The traditional NiCoCrAlY bond coat prepared using HVOF was
selected as an example of thermal spraying to show the pre-oxidation
difference between the traditional thermal spray MCrAlY bond coat and
new high-entropy alloy bond coat using high-speed laser cladding. The
conventional bonding coats usually require 4-8 h to complete the pre-
oxidation process and a summary of the pre-oxidation parameters of
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Fig. 2. The cross-section morphology of continuous and dense CuAINiCrFe laser cladding layer in a large (a) and usual scale (b); (c) EDS line scanning of Ni, Al
elements vertically down from the top of the coating; (d) the microstructure of the whole CuAINiCrFe laser cladding layer; (e) and (f) show the enlarged micro-

structure in (d).

Table 3
Summary of the pre-oxidation parameters of MCrAlY coatings prepared by
different thermal spraying processes.

Material Preparation Pre-oxidation parameters Ref
CoNiCrAlY APS 1100 °C for 10 h in the presence of Ar [1]
CoNiCrAlY EB-PVD 1050 °C for 4 h in an Ar flow [29]
CoCrAly HVOF 1050 °C for 4 h in an Ar flow [30]
1050 °C for 4 h + 950 °C for 10 h
1050 °C for 4 h + 1000 °C for 10 h
NiCoCrAlY EB-PVD 1050 °C for 4 h in controlled atmosphere [31]
CoNiCrAlY APS 1100 °C for 4 h and 10 h in vacuum [32]
CoNiCrAlY VPS 1050 °C for 4 h in an Ar flow [33]

MCrAlY coatings prepared by different thermal spraying processes is
shown in Table 3 [1,29-33]. The bond coat needs time to complete the
initial surface oxidation nucleation process and form a protective and
stable oxidation film according to the Wagner's selective oxidation
theory [34]. A2 h, 4 h and an 8 h pre-oxidation experiment showed the
transformation process of the surface morphology and the surface
components. We can directly see the process of generation of Al,O3
from 2 h to 8 h of the pre-oxidation process in Fig. 3(a)-(c). When the
samples are under 1050 °C for 4 h, aluminum oxide is formed in some
areas of the surface, but most of the areas are not completely oxidized.
This indicates that the pre-oxidation process needs an additional 4 h to
form a protective oxide film on the surface of the bonding layer. The
upper surface of the bond coating under the 8 h pre-oxidation condition
is completely coated with alumina, The EDS map scanning result in
Table 4 has affirmed this point. Of course, pre-oxidation also helps to
improve the performance of the MCrAlY coating deposited by HVOF,
such as density, hardness and bond strength, and here we mainly focus
on the formation and evolution of the TGO layer [35,36]. In addition,
some things need to be explained clearly that a small amount of other
elements appear in the EDS map scanning results and this is because the
penetration depth of the electrons emitted by the scanning electron
microscope is about a few microns, which is greater than the thickness
of the pre-oxidized surface alumina. Some elements in the bond coat
can be detected, but it can still be determined that alumina is indeed
formed on the surface after pre-oxidation. The cross-section image after
plating nickel on the upper surface of the sample in Fig. 3(d) also

confirmed this and the map scanning results indicated the composition
of TGO is O and Al elements, which further confirmed that the alumina
film was formed. In addition, the lamellar interfacial oxide between the
splats inside the coating was observed. There are two types of lamellar
interfacial oxide, one is oxide inclusions, interaction of the in-flight hot
powder particles with their surrounding environment leads to forma-
tion of oxide inclusions between the splats [37].The other is due to the
existence of pores in thermal spray coat, oxygen enters the interior of
the coating through the pores, and selective oxidation occurs under low
oxygen partial pressure to form oxides.

3.3. A new pre-oxidation behavior exhibited by CuAINiCrFe bond coat
deposited using high-speed laser cladding

Different from the traditional MCrAlY bond layer, the high-entropy
alloy bond layer formed using high-speed laser cladding show com-
pletely different characteristics of pre-oxidation as seen in Fig. 4(a). A
thin film of alumina is formed in a shorter time for a CuAINiCrFe HEA
as compared to that for a traditional one [38] and the EDS test result of
CuAINiCrFe bond coat surface after pre-oxidation for 1 h in Table 5
proves the oxide composition. A continuous and dense large-area alu-
mina covers the surface of the bond coat in 1 h, 2 h and 4 h shown in
Fig. 4(b)-(e) which act as a protective layer. This can be explained as
Fig. 5. The bulk-like structure of high-entropy alloy bond layer using
high-speed laser cladding is different from the lamellar structure of the
traditional MCrAlY [1,39,40]. The lamellar interfacial block effect of
the unbound interface, surface oxide and partial metallurgical bonding
due to the thermal spray technology leads to a slow diffusion of alu-
minum in MCrAlY coat. When the coat is exposed to a high tempera-
ture-atmospheric environment, the oxidizable elements diffuse into the
coat surface. The Al element content in a single splat is not enough to
form a continuous layer of alumina oxide on the surface of the bond
coat and the lamellar interface hinders the element diffusion from the
nearby splats. Therefore, unpre-oxidized MCrAlY coatings sometimes
produce a spinel-type structure at high temperatures [1]. However, the
high-entropy alloy bond coat using high-speed laser cladding shows a
continuous structure resembling a metal block and complete me-
tallurgical bonding with the substrate. This helps in providing con-
tinuous element supply during the whole oxidation process to prevent



Q.-L. Xu, et al.

Surface & Coatings Technology 398 (2020) 126093

Fig. 3. The surface morphology and one of the cross section EDS mapping under different time pre-oxidation conditions; (a), (b), and (c) show the surface mor-
phology of the conventional MCrAlY bond coat deposited by HVOF after 2, 4, and 8 h of oxidation under the condition of 1050 °C and controlled oxygen partial
pressure P(O,) < 0.001 Pa; (d) shows the cross section BSE image and the EDS mapping of Al, O elements after 8 h oxidation under the above pre-oxidation

conditions.
Table 4
The EDS test result of MCrAlY bond coat surface after pre-oxidation for 8 h.
Element o Al Cr Mn Fe Co Ni
At.% 55.7 = 1.1 20.7 =1 9.3 = 1.5 23 = 0.3 26 = 0.1 5+ 03 43 = 1.1

the formation of some other oxides or spinel-type structure. Of course,
in the initial stages of oxidation, the diffusion of aluminum is easy and a
protective alumina layer can be formed on the surface quickly. Note
that, although the high-entropy alloy deposited using high-speed laser
cladding can form an alumina film on the surface of the bond coat faster
than a traditional thermal sprayed MCrAlY coat, previous reports have
shown that the diffusion coefficient of aluminum element in high-en-
tropy alloy is much lower than that in the traditional Ni-Cr-Fe alloy
[41-45]. A larger lattice potential energy fluctuation in the high-en-
tropy alloy leads to higher normalized activation energies and a lower
diffusion rate. Logarithm of diffusion coefficient (m*s ™) of aluminum
element in high-entropy alloy is approximately —14, and that in the
traditional Ni-Cr-Fe alloy is approximately —10 or — 11.The extremely
low diffusion coefficient of high-entropy alloy due to the lattice dis-
tortion guarantees the slow diffusion and consumption of Al element.
An approximately equal inter-diffusion of Fe and Cr happens between
the CuAINiCrFe coat and the substrate because the Cr and Fe content in
them are similar. The pre-oxidation time was so short that we utilized
just one hour or less to complete the pre-oxidation process.

However, it cannot be said that the aluminum oxide growth was
rapid because the entire oxidation process includes the initial oxidation
stage and stable oxidation stage. The complete oxidation film was not
formed in the initial oxidation stage as the high-entropy alloy bonding
layer greatly shortened this stage. After the formation of the protective
alumina film, the oxidation rate was governed by the Al and O ion
diffusion in the thermal growth oxide (TGO) layer and it was very low
[46,47]. The later TGO growth kinetic curves can be used to help prove
this point.

3.4. Isothermal oxidation behavior of high-entropy alloy bond coat
deposited using high-speed laser cladding

An isothermal oxidation test was carried out after the pre-oxidation
treatment at 1100 °C for different times to verify the oxidation re-
sistance. A layer of electroplated nickel was deposited on top of the
TGO to protect the TGO during samples preparation. The alumina layer
formed on the surface of the bond coat during the pre-oxidation process
continued to grow. When the oxidation time was increased from 4 h to
100 h, the thickness of the pure alumina-TGO layer increased from
0.89 um to 3.2 um due to the diffusion of Al element from the bond coat
to the top surface in Fig. 6(a), (b) and (c). The undulation was observed
in Fig. 6(b) and there may be more than one reason [48,49]. The phase
transformation of bond coat and the residual stress caused by the
growth of TGO may cause this phenomenon [50,51]. The HEA bond
coat using high-speed laser cladding exhibits a medium TGO growth
rate that the oxidation rate constant is 0.264 ym/h'/% The curves in
Fig. 7(a), (b), (c) and (d) representing the difference in element con-
centration in the bond coat during the growth of TGO was provided to
describe the element diffusion between 0 h(as-cladded state), 4 h, 25 h
and 100 h of oxidation and the bond-coat/substrate interface is shown
in figures. The Al element diffuses in the direction of ceramic layer and
substrate at the same time so the concentration of Al element gradually
decreases, but is uniformly distributed throughout the cladding layer
and the gradient of change is small. Fe and Cr are essentially unchanged
in the bond coat due to their similar contents in the metal substrate. Ni
and Cu have something different due to the significant concentration
difference on both sides of the interface. At the beginning, the mass
fraction of Cu in the coating is higher than that of Ni, but as the dif-
fusion progresses, the content of Ni gradually exceeds the content of Cu.
But if make a comparison over a long period of time between oxidation
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Fig. 4. The cross section and surface morphology of HEAs in different time pre-oxidation (a) show the BSE image and O,Al element EDS map scanning of CuAINiCrFe
bond coat after 1 h pre-oxidation at 1050 °C; (b), (c) and (d) show the BSE image of surface morphology of Cu AINiCrFe bond coat after 1 h, 2 h and 4 h pre-oxidation

at 1050 °C; (e) is a partially enlarged view of the (d).

for 25 h and 100 h, it can be seen that the mass fraction did not change
more than 5%. Moreover, the concentration point of Al element under
1100 °C oxidation for 4 h is selected to roughly estimate the diffusion
coefficient in Fig. 7(e). Since the calculation used is the Boltzman-
Matona method, the concentration point is polynomial fitted by
y = — 1.51962E — 4x* + 0.02077x + 9.52107 and the Matona plane
is calculated. The calculation results in Fig. 7(f) show that the diffusion
coefficient of the Al element in HEA at 1100 °C is in the order of 10~ '*
and similar to that calculated in the previous literatures. At the same
time, the diffusion coefficient of the Al element between the bond coat
and the substrate is also controlled in the order of 10 ™%, which is in a

lower level compared with the MCrAlY literature [52] and indicates
that the high-entropy alloy bonding layer has good resistance to dif-
fusion. In general, the 1100 °C high-temperature oxidation test for
100 h has already proved the sluggish diffusion effect in high-entropy
alloy and that the application of high-entropy alloy in the bonding layer
can slow down the diffusion of elements in the bond TGO/bond-coat/
substrate system. Besides, compared with the phase structure trans-
formation from fB-NiAl — y’-NizAl — y-Ni when the aluminum in the
traditional MCrAlY bonding layer is consumed, always maintaining a
simple solid solution structure is another characteristic of HEA bond
coat. The XRD mappings in Fig. 8(a) have exactly shown the excellent

Table 5
The EDS test result of CuAINiCrFe bond coat surface after pre-oxidation for 1 h.
Element (0] Al Cr Fe Ni Cu
At.% 469 = 1.1 28.2 = 0.1 6.7 0.5 6.1 = 09 31 = 08 9 £ 13




Q.-L. Xu, et al.

The pre-oxidation mechanism of

MCrAlY by HVOF
w
: ‘_‘..’_ arf
v | s b

Metallurgical
bonding

Ni-super alloy
I

Unbound interface

Surface & Coatings Technology 398 (2020) 126093

The pre-oxidation mechanism of

HEA by high-speed laser cladding

ta
Y- (C /
oS < )/
BCC
Solid solution

Nii Cu Al

Ni-super alloy
I

Fig. 5. The schematic of pre-oxidation difference between traditional MCrAlY by HVOF and HEA by high-speed laser cladding. The two kinds of lattice structures
lead to different intrinsic diffusion coefficients of the material; The unbound interface, surface oxide and partial metallurgical bonding of the thermal sprayed
lamellar structure lead to the blocking effect on the continuous diffusion of Al element.

phase stability that the bond coat is basically an FCC single-phase solid
solution structure, which is characterized by good plasticity and strong
deformation capacity after 100 h of oxidation [19]. The literature has
shown that the Al content controls the phase structure in an AlxCoCr-
FeNi high-entropy alloy system [53]. Hence, the transformation in the
phase structure can be considered as the result of the decrease in Al
element content in combination with the change in Al element, as seen
in the previous figure. The increment in Ni in the high-entropy alloy
also helps in facilitating this shift. This phenomenon has previously
appeared in the XRD data of high-entropy alloy coatings [23].
Isothermal oxidation at 1100 °C is considered to be a severe ex-
perimental condition. At this temperature, most of the bonding layer
will be rapidly oxidized to form spinel and other structures, and can
even cause the top ceramic layer to peel off. In literature, only a part of
the bonding layer can be found to withstand a temperature of 1100 °C.

)
Ni plating

8

(§

Bond coat

5 pm

Ni plating

Bond coat

5 pm

Ni plating

l

Bond coat

5 pm

It can be seen that the TGO growth rate of high-entropy alloy using
ultra-high-speed laser cladding is better than that of the MCrAlY
coating prepared using cold spraying or APS and is similar to that of the
MCrAlY coating using HVOF or (Ni, Pt) Al coating prepared using EB-
PVD [54-59]. It can be called as a promising method and material
system for preparing the bond coat through the Fig. 8(b).

3.5. Isothermal oxidation test of TBC system with high-entropy alloy bond
coating

In order to objectively evaluate the practical performance of the
high-entropy alloy bond coat, a layer of YSZ ceramic coat was prepared
on the surface of the bond coat after the pre-oxidation of the bond coat.
To confirm the excellent performance of the new thermal barrier
coating system, an oxidation experiment was performed under severe

Fig. 6. The BSE cross-section image and Ni, Al, O element EDS mapping of CuAINiCrFe bond coat after 4 h, 25 h and 100 h isothermal oxidation (a), (b), (c).
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Fig. 7. The concentration curve from the top of the bond coat to the substrate after 0 h (as-cladded state), 4 h, 25 h and 100 h of oxidation (a), (b), (c), (d); (e) shows
the concentration point and polynomial fitting curve of Al element near the interface after 4 h of 1100 °C oxidation in (b); (f) shows the diffusion coefficient of Al

element calculated from the polynomial fitting curve in (e).

high temperature conditions at 1100 °C for 50 h. The experimental
results after 50 h of oxidation in Fig. 9 exhibited excellent high tem-
perature oxidation resistance in large areas. The top YSZ layer, the
3 um-thick TGO layer on the surface of the bonding layer, the bonding
layer and the substrate constituted an evident four-layer structure in the
EDS map scanning. The pure alumina TGO layer acted as a protective
film that blocked the external diffusion of metal elements and the

internal diffusion of oxygen elements. The phase transformation in the
bond coat from a BCC solid solution to an FCC solid solution was one of
the reasons that the TGO layer was not as flat as before. Other reasons
such as the residual stress could also be provided [60,61]. Element
segregation was observed in the enlarged BSE image, but the XRD
proved that the second phase did not appear, and the single-phase solid
solution state of the high-entropy alloy was still maintained. It can be
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Fig. 8. (a) the XRD patterns of CuAINiCrFe after different durations of oxidation.
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Fig. 9. The cross-section and EDS map scanning after isothermal oxidation at 1100 °C for 50 h when CuAINiCrFe is used as the bond coat of TBC.

seen from the partial enlarged view in Fig. 9 that the alumina layer was
tightly coupled with the ceramic layer and the metal bond coat, which
fully demonstrates their further antioxidant potential.

4. Conclusions

(1) A high-speed laser cladding process was used to prepare a high-
entropy alloy bond coat with metallurgical bonding with the Ni-
based super-alloys substrate efficiently similar to the thermal spray
process.

(2) CuAINiCrFe high-entropy alloy bond coat deposited using high-
speed laser cladding requires shorter pre-oxidation time, which
shortens the initial oxidation stage and avoiding the formation of
other oxides and spinel structures.

(3) A block-like structure of the bond coat instead of the thermal
sprayed lamellar structure ensured a sufficient and continuous
supply of Al element, which resulted in good high temperature
oxidation resistance.

(4) The sluggish diffusion effect of high-entropy alloys ensured the slow
growth rate of TGO and slow inter-diffusion between bond coat and
substrate.

(5) The aluminum-containing high-entropy alloy bonding layer can
maintain a simple solid solution structure with reduced Al content.
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