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Abstract High-entropy alloys (HEAs) have great potential

to be used as high-temperature materials and in coating

material applications due to their combination of strength,

ductility, thermal stability, wear, and oxidation resistance.

In this work, a new HEA alloy based on NiCoCrAlSi

composition was designed and deposited into metallic

coatings by high-velocity oxy-fuel (HVOF) and air plasma

spray (APS) processes, with the aim of developing new

HEA bondcoats for thermal barrier coating (TBC) systems.

The HEA coatings were analyzed for phases, microstruc-

ture and composition using X-ray diffraction (XRD),

scanning electron microscopy (SEM), and energy disper-

sive spectroscopy (EDS). The results showed that the BCC

phase is the major phase present in the as-applied HVOF

coating that was vacuum diffusion treated at 1080 �C. APS
coatings of the same composition HEA alloy showed a

two-phase structure consisting of the L12 and BCC/B2

phases. The HEA bondcoats produced by HVOF were

tested for oxidation resistance at 1050 �C in air, and for

thermal cycling resistance of the TBC comprising of the

HVOF-applied HEA bondcoat and standard 8YSZ ceramic

topcoat. The results showed internal oxidation in the HEA

bondcoat during the high-temperature oxidation exposure,

but no significant coating failure after 100 thermal cycles at

1150 �C.

Keywords bondcoat � coating characterization � high-
entropy alloys phase structure � thermal barrier coating �
thermal spray

Introduction

Thermal barrier coatings (TBCs) for high-temperature

operation of propulsion and power generation systems have

enabled substantial improvements in the performance and

efficiency of gas turbine engines. A typical TBC comprises

a metallic bondcoat for high-temperature oxidation pro-

tection of the substrate and a ceramic topcoat layer for

thermal barrier insulation purposes [1-5]. The bondcoat

serves two primary functions: (1) to improve the adherence

of the TBC and (2) to protect the substrate from environ-

mental attack if the topcoat does spall. This is achieved by

making the bondcoat composition such that it is a reservoir

from which elements such as Al can diffuse outward to

form a protective a- Al2O3 thermally grown oxide (TGO)

layer while maintaining cohesion with the topcoat without

reacting with it. The TGO layer should remain elastic to the

highest operating temperatures and not creep to prevent

‘‘rumpling’’ or cavitation during thermal cycling that can

lead to the development of local separations at the TGO/

TBC interface. At the same time, a TBC has to operate at

the highest temperature possible to minimize the amount of

air used to cool the critical hot-section components such as
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vanes and blades, without reacting with the underlying

substrate material, which is Ni-base superalloy typically for

high-temperature turbine engines. Overlay coatings of

MCrAlY, where M is either Ni, Co, or a mixture of these

elements are generally used as bondcoats. The metallic

bondcoats are generally applied by thermal spray, mostly

plasma spray, and high-velocity oxy fuel spray.

The drive toward higher efficiency engines is demand-

ing higher performance TBC coatings, both bondcoat and

topcoat. High-entropy alloys (HEAs) have the potential to

be used as high-temperature materials and in coating

material applications due to their combination of strength,

ductility, thermal stability, wear, and oxidation resistance

[6-8]. HEAs typically refer to alloys that are comprised of

five or more elements, at or near equi-atomic composition.

Some of these alloys are solid solution alloys on simple

underlying lattices such as face-centered cubic (FCC) or

body-centered cubic (BCC). The basic principle behind

HEAs is that solid-solution phases are stabilized by their

significantly high entropy of mixing compared to inter-

metallic compounds, especially at high temperatures. This

allows them to be synthesized and manipulated to result in

possible compositions and combinations of properties

required for a metallic bondcoat. Several HEAs have been

shown to have very sluggish diffusion kinetics [9, 10] and

improved oxidation resistance in their bulk form [11]. Not

much work has been done on coating deposition of HEAs,

in particular, for applications as bondcoats in TBC systems.

Meghwal et al. reviewed the early-stage development

works for thermal spray HEA feedstock materials and

coatings, as well as coating properties of friction, corrosion

and oxidation [12]. Thermal spray processes including

plasma spray, HVOF and cold spray (CS) had been

employed to manufacture those HEA alloy coating. Hsu

et al. developed an overlay coating of NiCoFeCrSiAlTi

HEA alloy by APS process [13, 14]. The as-deposited HEA

coating has a phase structure of supersaturated BCC with

some oxide stringers formed during the APS process. The

oxidation test demonstrates that the coating exhibits oxi-

dation resistance as good as typical NiCrAlY coating.

Huang et al. have studied the HEA coatings of the com-

positions of AlSiTiCrFeCoNiMo0.5 and

AlSiTiCrFeNiMo0.5 alloys deposited by thermal spray [15].

The as-sprayed coatings showed the same primary phase as

the as-cast alloys except that the X-ray intensities of

coatings were much lower than those from as-cast alloys.

This was interpreted as due to rapid solidification induced

saturation in solute concentration resulting in severe lattice

distortion in the simple solution phase of BCC structure. It

was found that the hardness of the as-sprayed material was

about one-half of the hardness in the as-cast state. The

authors stated that this is reasonable since hard phases were

inhibited by rapid solidification and lost their contributions

in precipitation strengthening and composite strengthening.

Aging at high temperatures up to 1100 �C resulted in an

increase in hardness closer to the as-cast values. Oxidation

studies revealed good oxidation resistance up to 1000 �C.
The oxidation protection was due to the formation of alu-

minum and or chromium oxides. Recently, Yue et al. have

fabricated an AlCoCrCuFeNi HEA coating using a two-

step method involving plasma spray processing and laser

re-melting for application on Mg alloys for corrosion

resistance [16]. The as-sprayed coating was found to con-

tain micro-porosity that disappeared after laser re-melting.

The XRD results showed that both the as-sprayed and the

laser re-melted coatings were composed of a BCC solid

solution phase with a small amount of FCC phase, and no

intermetallic compounds were found. The laser melting

method was reviewed by Zhang et al. to modify

microstructures of HEA alloy layers to achieve different

properties [17]. The coating demonstrated increasing

hardness after holding at temperatures in the range

of 400–700 �C compared to the as-produced state. This

was explained by the decomposition of a supersaturated

solid solution and the formation of intermetallic precipi-

tates. Thus, it is clear that the previous studies on HEA

coatings did not directly address the requirements of

bondcoats for TBC systems.

In this paper, we report the development of HEA

alloy bondcoats for TBC systems using novel high-tem-

perature HEA compositions. The selection of alloy com-

position was made from thermodynamic calculations.

High-velocity oxy-fuel (HVOF) and atmospheric plasma

spray (APS) processes were used to deposit the coatings.

Experimental

High Entropy Alloy Powder

Firstly, calculations of the equilibrium phase diagram of

Alx(Co,Cr,Ni)88-xSi2 system for 8%\x\35% and

26%\x\50% was conducted to determine a composition

range where no phase transformation occurs (details to be

described in result section). Thermodynamic modeling

using CALPHAD (CALculation of PHAse Diagrams,

thermodynamic databases developed by CompuTherm

LLC) was used for calculating the HEA phase diagram as

described in the references [18, 19]. Then, powders of

Al30Co22Cr23Ni23Si2 (at.%) of two sizes, - 75/?45 lm
and - 45/?20 lm were obtained from F. J. Brodmann &

Co., L.L.C., made by a method of mechanical alloying

according to the supplier. Post thermal treatment for the

powders at 1250 �C for 6 h was conducted mainly for

particle sintering, diffusion, densification, and chemical
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homogeneity. The morphologies of the two powders are

shown in Fig. 1. They are non-spherical powders and are

characterized by a fine-grained agglomeration structure.

X-ray diffraction (XRD) analysis revealed that the powder

samples consisted of a mixture of the pure elements

(Fig. 2a). However, after sintering these powders at 1250

�C for 6 hrs in a high-purity argon, the diffraction peaks

from pure elements disappeared and an essentially single-

phase BCC structure, with the lattice parameter a = 286.1

pm synthesized (Fig. 2b). A diffraction peak at 2H=50.7�
(d = 179.9 pm), which does not belong to the BCC phase

indicates the presence of a minor secondary (likely silicide)

phase in the produced HEA powder.

Thermal spray

HEA coating specimens were produced by Curtiss-Wright

Surface Technologies (‘‘CWST’’) using a Jet Kote-3000

HVOF torch (Stellite, Goshen, IN) and a 7MB plasma torch

(Metco, Westbury, NY) for the HEA bondcoats. For TBC

test specimens, 8YSZ topcoat was sprayed onto the HVOF-

formed HEA bondcoat using the same 7MB plasma torch.

Coatings were deposited by APS spray of Al30Co22Cr23-
Ni23Si2 (at.%) with powder size of -75/?45 lm. HVOF

Spray of Al30Co22Cr23Ni23Si2 (at.%) was used for powder

size of -45/?20 lm. Primary optimized parameters used

for the APS HEA coating include Ar at 55Psi/100 SCFH,

H2 at 55Psi/20 SCFH, Current 500A and volt 75V, standoff

distance 100 mm; and for the HVOF HEA coating include

H2 at 120 Psi/68 FMR, O2 at 120Psi/34 FMR, standoff

distance 150 mm. Coatings were post heat-treated at 1080

�C for 4 hrs in vacuum for diffusion bonding and compo-

sitional homogeneity by following an internal annealing

treatment procedure for a typical MCrAlY coating. All

coatings were deposited on one side of 1-inch (25.4 mm)

diameter discs of Haynes� 230 alloy. The typical coating

thickness is about 200-250 lm. Coatings were analyzed for

phase, microstructure and composition using x-ray

diffraction (XRD) and scanning electron microscopy with

energy dispersive x-ray analysis (SEM/EDS).

Oxidation and Thermal Cycling Test

Internal test procedures for TBC evaluation were devel-

oped and used for isothermal oxidation and thermal cycling

of the HVOF-formed HEA bondcoats and TBCs in a

CWST facility. The HEA bondcoats and TBC samples

made by HVOF were used in both tests. The isothermal test

was tested at 1050 �C for 200 hrs in air, and for thermal

cycling test of the HEA bondcoat with standard 8YSZ

topcoat up to 100 cycles which are composed of 1 hr at

1150 �C and cooling with an air jet to room temperature

within 15 minutes by following an internal test procedure

for TBC-type coatings. The tested TBC samples were

examined on the coating surfaces after completion of each

cycling at room temperature, respectively. As a rule of

thumb, the spallation percentage of more than 30% is

considered as coating failure.

Fig. 1 Morphologies of the HEA powders made by the mechanical

alloying method. (a) Powder size - 45/?20 lm and (b) powder size

- 75/?45 lm

Fig. 2 X-ray diffraction patterns taken from (a) mechanically alloyed

elemental powder and (b) a sample of the Al30Co22Cr23Ni23Si2 (at.%)

HEA sintered from the powder
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Results and Discussion

HEA Alloy Compositional Design

The technical approach was to synthesize HEA alloys with

compositions that have the following characteristics:

• High oxidation resistance: Must produce thermally

grown oxide (TGO), a-Al2O3 stabilized with a -Cr2O3.

Thus, the alloy must contain sufficient amounts of Al

and Cr.

• Strong bond with the substrate: Since the substrates are

Ni-based alloys, the HEA alloy should contain Ni or

elements forming extended solid solutions with Ni (Co,

Cr, Cu, Fe, Mn, Pd, Pt).

• High fracture toughness: The alloy must contain a

sufficient amount of ductile solid solution phase.

• High hardness and wear resistance: The alloy must

contain a sufficient volume fraction of hard intermetal-

lic phases, preferably as fine, homogeneously dis-

tributed precipitates. The goal is to produce an alloy

with a fine mixture of two coherent phases, one of

which is a disordered BCC crystal structure and another

is an ordered B2 crystal structure. The mixture of these

two phases will provide the necessary combination of

mechanical properties (hardness, wear resistance and

toughness). Age hardenable composition is one of the

possibilities.

• Similar coefficient of thermal expansion (CTE) with

substrate and topcoat.

• High thermal stability: No first-order phase transfor-

mations in the temperature range of use.

In order to find a composition range where no phase

transformation occurs, we conducted calculations of the

equilibrium phase diagram of Alx(Co,Cr,Ni)88-xSi2 system

for 8%\x\35% and 26%\ x\ 50%, as shown in Fig. 3.

The results show that there is a wide composition-tem-

perature range, where no phase transformations occur in

the Alx(Co,Cr,Ni)88-xSi2 system. Here, Al can vary from

31 to 42 at.% and temperature from 500 to 1300 �C
retaining the same phase content: B2?BCC?M3Si. We

believe that the alloys in this composition range should be a

good choice for coatings, because oxidation, as well as

heating and cooling cycles, would not cause any phase

transformations. Thus, we have identified Al30Co22Cr23-
Ni23Si2 (at.%) alloy from the analysis as a promising alloy

for the HEA bondcoat.

Microstructure of HEA Coatings

Figure 4 shows the optical views of the cross-sections of

the HEA coatings deposited by APS and HVOF separately

with a typical coating thickness of 200-250 lm. In

Fig. 4(a), the APS-sprayed bondcoat consists of lamellar

splats with the presence of some micro-porosity and oxi-

des, which are typical features resulting from plasma spray

methods. The APS-sprayed coating seems to be uniform

without large unmelts. In Fig. 4(b), the HVOF-sprayed

bondcoat consists of not quite visible lamellar splats, but

with the presence of many small pores and some large

unmelts. It is believed that the small-sized porosity comes

from the originally milled feedstock powders which are not

fully packed with milled fine particles containing a lot of

small porosity, as well as a low degree of melting of the

powder feedstock in the HVOF process. The existence of

large unmelts in the coating also should be attributed to the

Fig. 3 Equilibrium phase diagram of (a) Alx(Co,CrNi)88-xSi2 alloy

for 8%\x\35% and (b) Alx(Co,CrNi)88-xSi2 alloy for 26%\x\
50%
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partial melting of some powder particles, which is often

observed in HVOF-spray coating.

Since the APS-formed HEA coatings showing the

unfavorable phase-constitution (major FCC? minor BCC

?B2 ? in-flight oxidation) were not investigated any fur-

ther, but with a focus on the HVOF-formed HEA coating.

Secondary electron (SE) and backscatter electron (BSE)

images of the HEA coating deposited on the Haynes 230

substrate using HVOF method are shown in Fig. 5. Note

two characteristic layers of the coating. The bottom layer,

which is in contact with the substrate, is denser than the top

layer. Microstructure is representative of standard MCrAlY

bond coat deposited by HVOF process likely due to

‘‘peening’’ effect. It is believed that a more uniform coating

could be obtained with further optimized process condi-

tion. Coating-substrate interface appears adhesive to the

substrate and free from pores and separation.

Phase Analysis of HEA Coating

Figure 6 shows XRD patterns of the APS and HVOF-

formed coatings, respectively, after vacuum diffusion

treatment at 1080 �C for 4 hrs. The APS coating has a two-

phase structure consisting of the FCC and BCC (or B2)

phases. Based on peak intensity analyses of the FCC and

BCC phases, the volume fraction of FCC phase seems to be

comparable with that of BCC. A small amount of Cr-doped

alumina is also recognized. Similarly, Xue et al reported

that the FeCoNiCrAl and FeCoNiCrMn coatings by APS

was composed of micro-nano face-centered cubic (FCC)

and body-centered cubic solid solutions (BCC) and a small

amount of band-like micro-nano alumina formed during

plasma spraying, and the FeCoNiCrMn coating was com-

posed of only face-centered cubic solid solution (FCC) and

dispersed nanocrystalline oxide (Mn1.5Cr1.5O4) [20]. It

seems that the phase compositions of a HEA coating are

quite dependent on HEA compositions.

The major phase in the HVOF coating is BCC/B2. Small

peaks from FCC phase and Al2O3 are also identified

(Fig. 6b). The ordered B2 phase is recognized by the

presence of a super-lattice (001) peak at 2H = 31.18�. High
intensity of the fundamental diffraction peaks from BCC/

Fig. 4 Optical views of the cross-section of the HEA coatings:

(a) APS spray, powder size - 75/?45 lm and (b) HVOF spray,

powder size - 45/?20 lm

Fig. 5 Cross-section SEM images of HVOF Al30Co22Cr23Ni23Si2
HEA coating: (a) secondary electron image and (b) backscatter

electron image
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B2 indicates that this phase is the major phase in the HVOF

sample. Compared to the XRD spectra of the powder

particles that showed the characteristics of an elemental

mixture, the sprayed and bonded coating shows that it is an

alloy with a primary BCC/B2 phase characteristic of the

HEA composition.

Isothermal Oxidation Test

Oxidation tests of the HVOF-formed HEA coatings were

performed in a box furnace at 1050 �C for 50, 100 and 200

hrs in atmospheric air. XRD patterns of the HEA coatings

after oxidation showed minimal change from the as-de-

posited pattern. Figure 7 shows the XRD pattern of a

sample oxidation tested at 1050 �C for 100 hrs. Compared

to the XRD spectrum of as-deposited coating in Fig. 6(b),

very little change can be observed after oxidation. Primary

BCC/B2 phase along with small peaks of FCC and Al2O3 is

presented after oxidation. These results indicate that the

coating is thermally stable and Al2O3-type TGO is pri-

marily grown on the surface of the HEA coating during the

oxidation test. Excellent oxidation resistance of the thermal

sprayed HEA coatings has displayed potential in replacing

conventional bond coat materials [21, 22]. Ma et al studied

the oxidation behavior of the CoCr2FeNb0.5Ni high-en-

tropy alloy coatings with and without Si via laser cladding

in N2-44CO2-6H2O gas at 800 �C. It was found that Si

atoms can be doped into Laves phase and improve the

phase stability by reducing the spacing of the crystal plane.

The addition of Si improves the high-temperature oxidation

Fig. 6 X-ray diffraction patterns are taken from Al30Co22Cr23-

Ni23Si2 (at.%) coatings after vacuum diffusion treatment at 1080 �C
for 4 h: (a) APS spray and (b) HVOF spray

Fig. 7 XRD spectrum of HVOF-deposited Al30Co22Cr23Ni23Si2
coating after isothermal oxidation at 1050 �C for 100 h in air

Fig. 8 HVOF coating is made of a high entropy alloy (HEA) after

oxidation at 1050 �C for 50 hrs. (a) Secondary electron and

(b) backscatter electron SEM images
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resistance since the (Cr, Si)Ox amorphous oxide layer can

prevent oxygen from diffusing inward [23]. Therefore, it is

believed that the stable phase structure in our tested HEA

samples can also be explained by the addition of Si in the

NiCoCrAlSi HEA system.

To further investigate the oxidation behavior of the

HVOF HEA coating, the oxidized specimens were closely

examined using SEM/EDAX analyses. Figs. 8(a) and

(b) show SE and BSE images of the HVOF HEA coating

after oxidation at 1050 �C for 50 hrs in air. The coating

consists of (1) non-oxidized particles of original material

(they are gray color) in Fig. 8(a), (2) oxide layer on the

surfaces of the deposited particles (oxide is of dark color)

in Fig. 8 and (3) mixed oxide phase (very bright color) in

Fig. 8(a). Higher magnification SE and BSE images of the

same are shown in Fig. 9. Three clearly distinguished

constituents are identified as: non-oxidized particles (A),

Al2O3 oxide (dark phase adjacent to the particles) (B), and

mixed oxide phase (C) (shown as bright regions on the SE

image). Table 1 shows the representative composition of

the phases identified on selected phase areas in Fig. 9. In

the particles area A, high metallic elements (Co, Cr, Ni)

and low O and Al contents are identified, showing thin

TGO formed. In the oxide area B, high O and Al contents

but low Co, Cr and Ni contents are determined, indicating

high purity Al2O3 TGO is grown. In the area C, all alloy

elements are detected and indicate the formation of mixed

oxides, possibly include the (Cr, Si)Ox oxide as reported in

reference [23]. Hsu et al investigated the overlay coating of

NiCo0.6Fe0.2Cr1.5SiAlTi0.2 (C3) via APS and its oxidation

at 800 and 1100 �C [14]. The oxidation weight gain result

demonstrated that the coating exhibited oxidation resis-

tance as good as typical NiCrAlY coating at 1100 �C due

to the formation of a dense thermally grown oxide layer

(TGO) comprising Al2O3 and Cr2O3.

Fig. 10 shows the SEM images of the 1050 �C for

200 hrs oxidized sample. Thickness of the coating

remained unchanged and no measurable thin oxide layer on

the top of the surface, but visible internal oxidation was

found. It is assumed that the initial TGO layer was formed

but not sufficient to stop the competitive formation of

internal oxide in the coating. After internal oxidation

occurred, the TGO growth on surface was suppressed due

to a lack of outward diffusion supply of TGO elements

such as Al and Cr. A darker layer between substrate and

coating is likely an artifact caused by poor sample prepa-

ration (cleaning and drying after polishing). The grey

particles in Fig. 10(b) are original non-oxidized particles.

The dark regions between the particles are aluminum oxide

doped with other alloying elements. The microstructures

were analyzed in details at higher magnifications and will

be described in future publications.

Thermal cycling Test

The TBC specimens with the HVOF-deposited HEA

bondcoat were exposed to laboratory thermal cycle testing

was conducted manually in a box furnace at 1150 �C (± 10

�C) in air. A 60 min isothermal hold at 1150 �C and forced

Fig. 9 HVOF coating is made of a high entropy alloy (HEA) after

oxidation at 1050 �C for 50 hrs. (a) Secondary electron and

(b) backscatter electron SEM images of the coating showing three

distinguished constituents: Non-oxidized particles (A), Al2O3 oxide

(dark phase adjacent to the particles) (B), and pores (C) (shown as

bright regions on the SE image)

Table 1 Representative chemical compositions (in at.%) of regions

indicated in Fig. 9 by letters A, B and C

Element O Al Co Cr Ni Si

Particles (A) 2.01 1.07 42.43 17.21 35.25 2.03

Oxide (B) 50.34 44.96 1.25 2.34 0.88 0.23

Mixed Oxide (C) 36.52 24.77 13.78 9.09 5.14 10.7
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air cooling to room temperature for 15 min after the sample

was transferred to a cold stage was used as the cycle

parameters. Specimens were visually inspected after each

cycle and weight was measured after every 10 cycles.

Fig. 11(a) shows the microstructures of the TBC samples

before and after the cyclic oxidation test at 1150 �C in air

after 100 cycles, as well as top views of the test samples in

Fig. 11(b). No spallation or damage of the TBC was

observed from the top view of the tested TBC sample, but

the microstructure of the tested TBC indicates that the

topcoat tends to crack and separate locally within the

ceramic topcoat near the interface of the topcoat and HEA

bondcoat. Weight gain chart in Fig. 11(b) shows no addi-

tional weight gain after the initial (transient oxidation

stage) gain of about 0.2 mg/cm2. This result can be directly

compared with that of Haynes et al [24] where various

MCrAlY bond coats with standard YSZ top coat on one

side of Rene N5 substrate was evaluated in an exactly

similar manner. Their reported weight gain after 100 cycles

was higher than 1mg/cm2. In conclusion, based on the

results of oxidation weight gain and thermal cycling

resistance, the new HEA bond coat has the potential to

significantly increase the life of the standard APS YSZ top

coat compared with the current MCrAlY bond coat/YSZ

TBC at about equal cost after further coating optimization

is performed.

In the present work, the initial investigation on phase

structures indicated the Al30Co22Cr23Ni23Si2 HEA alloy a

good candidate for metallic overlay or bondcoat and the

effect of HEA alloy design, and thermal spray process. The

addition of Si in the HEA alloy is beneficial for oxidation

resistance as revealed in the similar study [23]. The APS

and HVOF-formed coatings have different phase compo-

sitions, and the HVOF coating has a thermally stable BCC

phase structure. It also is believed that the quality and types

of powder feedstock have a direct impact on the resultant

coatings and their oxidation behaviors of the HEA coat-

ings. The mechanical alloying conditions such as milling

speed, duration, media, and quantity as well as thermal

treatment parameters can be further optimized for better

chemical homogeneity and phase control. Additionally, the

improvement on the feedstock density and particle shape

will result in good powder flowability and desirable coating

microstructure. Internal oxidation was found during both

the oxidation tests, which is unfavorable for oxidation

resistance and coating longevity, therefore, the coating

quality should be further improved by optimizing feedstock

materials, process parameters, and post-treatment such as

annealing and laser remelting as reviewed in literatures

[25-28].

Conclusions

The present work aimed to test and characterize a novel

high entropy alloy bondcoat for thermal barrier coatings.

The main results are summarized as:

• New high entropy alloy (HEA) composition of Al30-
Co22Cr23Ni23Si2 (at.%) was selected from thermody-

namic calculations based on the requirements of a

thermally stable solid solution alloy with a predomi-

nantly BCC structure.

• Bulk alloy of selected material was synthesized and

fully characterized to demonstrate HEA formation.

• HEA bondcoats have been developed to provide

durability to thermal barrier coating system (TBC) for

gas turbine engine components. Results of this research

clearly show promise of a superior oxidation-resistant

HEA bond coat as compared to standard MCrAlY bond

coats.

Fig. 10 (a) Secondary and (b) backscatter electron images of coating

and substrate after oxidizing at 1050 �C for 200 hrs
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• Air plasma spray (APS) and high-velocity oxy-fuel

(HVOF) coating deposition processes were utilized to

manufacture the HEA coatings. APS coatings showed a

mixture of FCC and BCC phases in nearly equal

amounts while the HVOF coating showed primarily

BCC phases.

• HVOF Spray was done by using a powder alloy

composition of Al30Co22Cr23Ni23Si2 (at.%) produced

by mechanical alloying. Coatings were first heat treated

to 1080 �C for 4 hrs in vacuum for diffusion bonding. The

HVOF coatings were predominantly BCC/B2 phase.

These coatings were dense near the interface with the

substrate but had porosity away from the interface. This

has resulted in oxidation around the particle splats after

exposure at 1050 �C in air up to 200 hrs thus densifying

the coating. Besides the internal oxidation around the

splat particles, no other change in microstructure or

phase content was found after the oxidation test.

• Thermal cycling test of the HVOF bond coat with

standard yttria-stabilized zirconia (YSZ) TBC as the

top coat showed no spallation after 100 cycles at 1150

�C in air. Minimal weight gain after the first 10 cycles

and then remaining at the same level clearly indicate

the slow rate of growth of the thermally grown oxide

(TGO) layer.

• The results of this initial study emphasize the impor-

tance of optimizing the HEA composition, powder

manufacture and coating deposition process to fully

define the capability and limitations of HEAs for the

bondcoat in TBC application.
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