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Abstract The purpose of this investigation was to evaluate

the microstructure, high-temperature oxidation behaviour,

and hardness of a seal coating under controlled exposures

at 750 �C with different exposure times. The results reveal

that the main phases in the coating are Ni, FeNi3, and

hexagonal BN, with a-Al2O3 peaks appearing after 2-h

oxidation. As the exposure time increases, the diffraction

peak intensity of a-Al2O3 begins to decrease and Cr2O3

peaks appear after 200 h. After 1000 h, Cr2O3 becomes

dominant with only small amounts of a-Al2O3 remaining.

The high-temperature oxidation process of the coating

includes three stages: the fast stage, transition stage, and

slow stage. The oxidation rate is constant in each stage, and

in the fast stage and slow stages with values of

7.59 9 10-4 and 8.37 9 10-5 mg2�cm-4�s-1, respec-

tively. Initially, a-Al2O3 forms near the pores in the coat-

ing, followed by the formation of Cr2O3. As the exposure

time increases, oxidation penetrates into the interior of the

coating along phase boundaries to form island-shaped inner

oxide layers with high concentrations of Cr, Ni, and Fe.

Additionally, hardness increases with increasing oxide

percentage.

Keywords NiCrFeAl-hBN; Seal coating; Oxidation;

Microstructure; High temperature

1 Introduction

With the rapid development in the aviation industry, large

propulsive force, high efficiency, and low fuel consumption

have become the main objectives of the design and manu-

facture of aircraft engines [1, 2]. However, the gap between

engine blades and the engine casing is an important factor that

reduces the overall efficiency of an engine and increases fuel

consumption [3, 4]. Based on various factors, such as thermal

expansion of the engine assembly and elongation of the blades

caused by high-speed rotational centrifugal force, this gap

cannot be controlled to zero [5, 6]. Therefore, abradable seal

coatings are deposited onto the shrouds aircraft engines using

thermal spray technology to minimize blade-tip clearances

and enhance the efficiency of engines. Such coatings have

many advantages, such as simple manufacturing processes,

easy to repair, adjustable properties, and good sealing effec-

tiveness [7]. Abradable seal coatings operate in highly

demanding environments and are required to exhibit certain

properties, including abradability, corrosion resistance, high-

temperature stability, erosion resistance, and sufficient bond

strength with the underlying material [8–10]. To meet this

complex combination of requirements, such coatings are

largely composed of metal phases (e.g., Ni, Cu, Al, and var-

ious alloys) and self-lubricating non-metal phases (e.g., gra-

phite, hBNdiatomite, and highmolecular polymers)with high

porosity [11]. Metal phases provide high strength, oxidation

resistance, and hot-corrosion resistance. Self-lubricating non-

metal phases mainly provide lubrication for coatings and

enhance porosity to reduce the hardness of coatings [12, 13].
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The structures and properties of thermally sprayed

coatings depend heavily on their level of oxidation, which

is one of the key characteristics of such coatings. The

working environment of a seal coating is a high-tempera-

ture oxidation atmosphere and oxidation is one of the main

failure modes of such coatings. Therefore, it is important to

study the microstructure changes in seal coatings after

exposure to a high temperature to research this failure

process and improve service life [14–17].

However, most previous studies have focused on other

properties, such as abradability and anti-erosion ability

[18–22], meaning fundamental investigations of

microstructure and thermal properties are still lacking

[23, 24]. In this study, the microstructure and high-temper-

ature oxidation behaviours of a NiCrFeAl-hBN seal coating

were investigated at 750 �C with various exposure times.

2 Experimental

The seal coating system studied in this work (Fig. 1a)

consists of a GH4169 substrate, APS-deposited NiCrAl

bond coating, and NiCrFeAl-hBN top coating (* 1.5 mm

in thickness) that was applied using a flame spray process

(Table 1). The feedstock powders for the top coating were

supplied by Beijing General Research Institute of Mining

and Metallurgy (China). Their chemical compositions are

listed in Table 2. The size of the top coating powders was

relatively uniform, as shown in Fig. 1b. The NiCrAl

powders were pre-sprayed onto the surface of the GH4169

substrate to a thickness of * 60 lm to improve the

adhesive bond strength of the seal coating.

The coated specimens were treated at 750 �C in an

ambient atmosphere with exposure times of 2, 6, 40, 80,

200, and 1000 h, and then cooled in open air. The oxidized

samples were subjected to a discontinuous weighing

method. Specifically, after a certain period of oxidation, the

samples were cooled and weighed, then returned to the

furnace for further oxidation, then cooled and weighed

again. The samples were weighed by an electronic balance

with an accuracy of 0.1 mg.

The microstructures of the NiCrFeAl-hBN coatings

were investigated before and after high-temperature oxi-

dation by means of scanning electron microscopy (SEM,

FEI QUANTA 600) equipped with energy-dispersive

spectroscopy (EDS), electron probe micro-analysis

(EPMA, JXA-8230) compositional mapping, and X-ray

diffraction (XRD, D8 advance) using a Cu Ka radiation

source. The volumetric porosity and oxide percentage of

the top coat were determined by using an image analysis

technique with the aid of the ImageJ software package.

Hardness measurements were carried out for all specimens

by using an HR15Y device (MODEL 600 MRD-S).

3 Results and discussion

3.1 Phase analysis

XRD patterns of the coatings treated at 750 �C for 0, 2,

200, and 1000 h are presented in Fig. 2. The main phases

Fig. 1 SEM images of a abradable seal coating and b powders

Table 1 Process parameters of flame spraying

O2 flow rate/

(m3�h-1)

C2H2 flow rate/

(m3�h-1)

Powder feeding

rate/(g�min-1)

Spraying

distance/mm

1.2 0.9 40 200

Table 2 Chemical composition of powders of NiCrFeAl-hBN top

coating (wt%)

Elements Ni Cr Fe Al BN

Content Bal. 11–16 6–10 2.5–4.5 4.8–5.6
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in the untreated coating were Ni, FeNi3 and hexagonal BN.

After 2-h exposure at 750 �C, a-Al2O3 peaks appeared in

the diffraction pattern, indicating that the oxidation of

aluminium occurred during the exposure process. As the

exposure time increased, the diffraction peak intensity of a-
Al2O3 began to decrease and Cr2O3 peaks appeared after

200 h. After 1000 h, the oxide phase of Cr2O3 became

dominant, with only a small amount of a-Al2O3 remaining.

3.2 Microstructure

SEM microstructures of the coatings exposed at 750 �C for

different exposure times are presented in Fig. 3. The

coatings are largely composed of hBN phases (dark grey)

of varying size, metal matrices (white), and oxides (light

grey) with significant levels of porosity (black). The

chemical compositions of these regions were determined

via EDS.

A summary of the compositional data of the points

shown in Fig. 3 is provided in Table 3. The main elements

in the light grey area are Al (exposure time C 2 h) and Cr

(exposure time[ 6 h). This result is supported by XRD

results (Fig. 2). After heat treatment for 2 and 6 h (Fig. 3a,

b, respectively), the oxides were largely composed of a-
Al2O3. When the heat treatment time was 40 and 80 h

(Fig. 3c, d, respectively), the oxides were a-Al2O3 and

Cr2O3. When comparing SEM images of these two oxides,

the image of a-Al2O3 was found to be smoother than that of

Cr2O3, as shown in Fig. 3c. After 200 h (Fig. 3e, f), Ni and

Fe began to oxidize, but only to a small degree, so Fig. 2

does not show any peaks for these oxides. The oxides

mainly appeared near the pores in the coating when the

exposure time was short. After 200 h (Fig. 3f), oxides

formed in the metal matrices. The oxides of Ni and Fe in

the coating after 1000 h were more prominent than those in

the coating after 200 h.

EPMA elemental mapping graphs for the NiCrFeAl-

hBN coating after 2- and 1000-h oxidation at 750 �C are

presented in Figs. 4 and 5, respectively. It is difficult to

observe the existence of hBN using XRD or SEM due to its

low content, but EPMA proves the existence of hBN.

Although the content of hBN is low, its distribution is

uniform (Figs. 4e and 5e), which ensures the abradability
Fig. 2 XRD patterns of NiCrFeAl-hBN coatings after exposure for

different times at 750 �C

Fig. 3 SEM images of NiCrFeAl-hBN coatings after different exposure times at 750 �C: a 2 h, b 6 h, c 40 h, d 80 h, e 200 h, and f 1000 h
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of the coating. Ni is the most abundant metallic element in

the coating and mainly exists in metal matrices surrounded

by Cr (Figs. 4b and 5b). As shown in Figs. 4d and 5d, Al

mainly exists in the grey area around the pores (dark area).

As shown by the results of XRD and SEM, it mainly exists

in the form of a-Al2O3. Cr is well distributed in the metal

matrices after 2-h oxidation (Fig. 4c). After 1000 h, it

largely exists around a-Al2O3 in the form of Cr2O3.

Additionally, visible segregation of Cr in the metal matri-

ces of the coating appears after 1000 h (Fig. 5c), which is

considered to be the result of the long exposure time at

750 �C [25].

3.3 Porosity and oxide percentage

Figure 6 presents the changes in porosity and oxide content

of the seal coatings with various exposure times at 750 �C.
The porosity of the coating is approximately 23.5% without

any heat treatment. This value decreases with prolonged

exposure time, reaching 11.75% after 1000 h. The rate of

decrease is rapid initially and then slows after 200 h. The

oxide content in the coating increases with exposure time

increasing. The main reason for the decrease in porosity

over time is the change in the oxide percentage.

3.4 Oxidation kinetics

The oxidation weight change per unit area (mg�cm–2) of the

NiCrFeAl-hBN coating with heat treatment at 750 �C is

presented in Fig. 7a. The oxidation weight change of the

coating exhibits three main stages: the fast oxidation stage

(0–30 h), transition stage, and slow oxidation stage (after

60 h). Figure 7b presents the square of the weight gain per

unit area of the NiCrFeAl-hBN coating versus time. The

fast and slow oxidation stages conform to the parabolic

law, meaning that the oxidation dynamic parabola constant

can be used to evaluate the oxidation rate. The oxidation

rate constant (Kp, parabolic rate constant) was calculated

by using a linear least-square function:

Table 3 Summary of EDS results for areas in Fig. 3 (at%)

Points Ni Cr Fe Al O

1 73.17 17.10 9.73 – –

2 – – – 57.67 42.33

3 – – – 60.77 39.23

4 – 24.35 – 11.14 64.51

5 – – – 60.37 39.63

6 – 35.17 – 19.25 45.58

7 – 27.25 – 15.44 56.11

8 23.43 19.44 1.39 10.05 45.69

9 32.06 17.69 6.21 1.78 42.27

Fig. 4 EPMA elemental mapping graphs for NiCrFeAl-hBN coating treated after 2 h at 750 �C a cp, b Ni, c Cr, d Al, and e B
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DW=Að Þ2¼ Kp � t ð1Þ

where (DW/A) is the weight gain per unit area and t is the

oxidation time in seconds [26]. The parabolic rate constants

for the NiCrFeAl-hBN coating in the fast and slow oxidation

stages are 7.59 9 10-4 and 8.37 9 10-5 mg2�cm-4�s-1,

respectively. The oxidation rate in the fast oxidation stage is

an order of magnitude greater than that in the slow oxidation

stage. Additionally, the oxidation rate constant in the fast

oxidation stage is approximately three orders of magnitude

smaller than that of the substrate metal (GH4169), meaning

that the NiCrFeAl-hBN coating successfully protects the

substrate at high temperatures [27].

The metal elements in the coating largely consist of Ni,

Cr, Fe, and Al, which can be oxidized into NiO, Cr2O3,

FeO, Fe2O3, Fe3O4, and Al2O3 at 750 �C in air. The for-

mula for Gibbs free energy (DGT) is shown in Eq. (2).

DGT ¼ DG0 þ RT ln
a2MxOy

a2xMa
y
O2

 !
; ð2Þ

where DG0 is the change in metal oxidation free energy in

the standard state (T = 298.15 K, p = 101.3 kPa,

R = 8.314 J�mol-1�K-1), and a is the activity of the indi-

vidual components.

When comparing the Gibbs free energies of the oxidized

metal elements in the coating, we find that DGAl2O3
\

\DGFeO\DGFe3O4
\DGFe2O3

\DGNiO. Therefore, Al

is oxidized preferentially near the pores in the coating,

followed by Cr. The high stability of these elements means

that the Ni and Fe in the coating can be prevented from

oxidizing during heat treatment. Furthermore, even if Ni

and Fe are oxidized in the presence of Al and Cr, the oxides

of Ni and Fe will become unstable and decompose back

into Ni and Fe [28]. This is why no oxidation of Ni and Fe

occurred in the coatings with short exposure time, as shown

Fig. 5 EPMA elemental mapping graphs for NiCrFeAl-hBN coating treated after 1000 h at 750 �C a cp, b Ni, c Cr, d Al, and e B

Fig. 6 Curves of porosity and oxide percentage of coating versus

exposure time at 750 �C
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in Figs. 2 and 3. After 200 h, based on the limited con-

centration of free Al and Cr, Ni and Fe begin to oxidize in

the metal matrices. However, the peaks of Ni and Fe oxides

cannot be observed in the XRD results, indicating low

concentrations of these oxides.

With a further increase in the exposure time, additional

oxygen ions diffuse into the interior of the coating

through pores. Based on the large amount of defects at

grain boundaries, high oxygen concentrations and low

aluminium concentrations form deficient Al2O3 to prevent

further oxidation. However, oxidation develops in the

interior of the coating along grain boundaries or phase

boundaries to form island-shaped inner oxide layers. The

formation and development of oxides along boundaries

lead to the diffusion of Cr in the matrices into oxides,

which reduces the concentration of Cr in the matrices

[29]. This results in an uneven composition, and the inner

oxide layer is enriched by higher Cr concentrations

(Fig. 5c).

The weight gains of the coatings at 750 �C exhibit three

stages because of the formation of oxides in the NiCrFeAl-

hBN coating, as described above. In the fast oxidation

stage, the main oxidation in the coating is the formation of

Al2O3. Next, Cr2O3 appears and oxides form around pores,

where the chance to bond with oxygen atoms is sufficient.

Based on the protection of these oxides, with oxidation

time increasing, oxidation develops in the interior of the

coating along grain boundaries or phase boundaries, where

the chance of metal elements attaching to oxygen atoms is

lower than that in the pores. The oxidation rate then slows

and the process passes through the transition stage before

reaching the slow oxidation stage. The growth rate of each

oxide obeys parabolic kinetics, resulting in parabolic oxi-

dation kinetics for the coating in each stage of oxidation

[30–32].

3.5 Hardness

Figure 8 presents the change in the hardness of NiCrFeAl-

hBN seal coatings with various exposure time at 750 �C.
One can see that the hardness increases as the heat treat-

ment time increases. Furthermore, the rate of increase is

rapid initially and then slows after 200 h. This phe-

nomenon can be explained by the following reasons. First,

the formation of oxides increases hardness because the

hardness values of metal oxides, such as alumina and

chromium oxide, are greater than those of the base metals.

Second, previous studies have shown that the hardness of

seal coatings can be affected by the changes in porosity

[3, 8].

4 Conclusions

The microstructures and high-temperature corrosion beha-

viours of coatings under controlled exposure at 750 �C

Fig. 7 a Oxidation kinetics curve of NiCrFeAl-hBN coating at 750 �C; b relationship between square of weight gain and time of NiCrFeAl-hBN

coating at 750 �C

Fig. 8 Curve of hardness of coatings versus exposure time at 750 �C
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with exposure time of 2, 6, 40, 80, 200, and 1000 h were

investigated. The main results are as follows. The coating

microstructure is composed of FeNi3, Ni, and hBN. The

high-temperature oxidation process includes three stages:

the fast stage, transition stage, and slow stage. a-Al2O3

peaks appear after 2-h exposure. As exposure time

increases, the diffraction peak intensity of a-Al2O3 begins

to decrease and Cr2O3 peaks appear after 200 h. After

1000 h, Cr2O3 becomes dominant with a small amount of

remaining a-Al2O3. The main oxides of a-Al2O3 and Cr2O3

are formed around the pores in the coating initially. The

inner oxide layer is enriched with higher concentrations of

Cr, Ni, and Fe after 200 h. Finally, the hardness of the

coating increases with exposure time increasing.
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