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Abstract
The service of protective coatings at high temperature will lead to interdiffusion 
between the coating and superalloy. The occurrence of interdiffusion not only 
reduces the oxidation resistance of the coating but also reduces the mechanical 
properties of superalloys, especially single crystal superalloys. At present, the main 
methods of suppressing interdiffusion are: adding a diffusion barrier layer between 
the coating and superalloy, a so-called “equilibrium” (EQ) coating, and a nanocrys-
talline coating. In the current review, the advantages and disadvantages of  these 
three methods for suppressing interdiffusion are discussed, and an attempt is made 
to determine the best method for suppressing interdiffusion to improve the service 
life of high-temperature components.
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Introduction

Nickel-based single crystal superalloys have been specifically developed for high-
temperature applications in industrial gas turbines, aircraft, and jet engines [1–3]. 
The operating efficiency of the engine is closely related to the working stability. 
In other words, the higher the operating temperature of the engine, the higher 
the working efficiency. In order to improve the service life of superalloys, high-
temperature protective coating technology must be applied, which can prevent the 
fast oxidation of superalloys.

Traditional aluminide coatings prepared by chemical vapor deposition (CVD) 
and MCrAlY (M = Ni and/or Co) overlay coatings prepared by physical vapor 
deposition (PVD) have been shown to enhance the oxidation resistance of super-
alloys at high temperatures [4–6]. Wang et  al. [7] reported significant improve-
ment in the oxidation resistance of cast Ni-based superalloy IN100 at 900 °C and 
1000 °C using a NiCrAlY coating prepared by arc ion plating (AIP). The weight 
gain rate of IN100 is an order of magnitude higher than the one of NiCrAlY coat-
ing at 900 and 1000  °C. In another study, Xu et  al. [8] investigated the high-
temperature oxidation behavior of aluminide coating on Inconel 783 at 650, 750 
and 850 °C for ultra-supercritical steam turbine application. The aluminide coat-
ing provided effective protection, significantly reducing the oxidation rate of the 
alloy. These high-temperature protective coatings are characterized by a high alu-
minum content, which acts as a source of aluminum for the formation of a protec-
tive α-Al2O3 scale on the component’s surface.

Although aluminide coatings and MCrAlY coatings demonstrate excellent 
high-temperature oxidation resistance, they face significant challenges due to 
interdiffusion caused by the composition gradient with superalloys [9–13]. This 
interdiffusion primarily involves the diffusion of Al and Cr from the coating into 
the superalloy and the diffusion of the alloy elements (Ni, Co and refractory ele-
ments) from the superalloy into the coating. The affected regions in superalloy 
substrates due to interdiffusion are categorized into two zones [14, 15]: The inter-
diffusion zone (IDZ) and the secondary reaction zone (SRZ). The IDZ is located 
near the interface between the coating and the superalloy, while the SRZ forms 
beneath the IDZ and encompasses a recrystallized substrate with a high density of 
needle-like topologically closed-packed (TCP) phases. The formation of the TCP 
phases is caused by the precipitation of refractory elements (Mo, W, and Re) in 
the γ matrix phases [14, 16]. Both the diffusion of Ni to the coating and diffusion 
of Al to the substrate will transform γ-Ni phases into γ’-Ni3Al phases, resulting 
in the precipitation of refractory elements. Hence, the formation of TCP phases 
can adversely impact the mechanical properties of nickel-based single crystal 
superalloys [17–21]. Simonetti et al. [22] observed that the precipitation of TCP 
phases can affect the creep strength by disturbing the regularity of the γ/γ’ rafted 
microstructure. Research by Sugui et  al. [23] demonstrated that an increase in 
the content of W and Re in single crystal superalloys leads to an increase in TCP 
phase formation, resulting in reduced creep strength and service life.
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In general, interdiffusion resulting from differences in the chemical compositions 
of coatings and superalloys can significantly impact the service life of components. 
Therefore, finding solutions to suppress interdiffusion have become an urgent need. 
The current review paper provides a concise overview of approaches to mitigate 
interdiffusion arising from the distinct chemical compositions of high-temperature 
protective coatings and superalloys. Among them, the development of a diffusion 
barrier is considered to be one of the most direct and effective methods.

The Hazards of Interdiffusion

The hazards caused by the interdiffusion mainly include reducing the oxidation 
resistance of the coating and reducing the mechanical properties of the superalloy.

As interdiffusion occurs, the concentrations of Ni and Al in the coating increase 
and decrease, respectively. The increase in Ni concentration and the decrease in Al 
concentration will transform the β-NiAl into the γ-Ni and the oxidation resistance of 
γ-Ni is lower than that of β-NiAl [24].

More importantly, interdiffusion can degrade the mechanical properties of super-
alloys. This can be mainly explained from three aspects:

(1) Precipitation of refractory elements: Re, W, Mo, and other refractory elements 
exhibit the strongest solid solution strengthening effect in superalloys. This 
strengthening is mainly achieved through the lattice distortion caused by the 
size difference between these elements and Ni. Additionally, the addition of these 
elements reduces the stacking fault energy of the face-centered cubic matrix, 
making it easier for dislocations generated during deformation to decompose 
into extended dislocations. This restricts the movement of dislocations and thus, 
increases the strength of the matrix [25]. Therefore, the precipitation of refrac-
tory elements reduces the mechanical properties of superalloys;

(2) Destruction of the γ/γ’: The cubic γ’-Ni3Al phases in superalloys is arranged in 
an orderly array, and they are often coherent with the matrix γ-Ni phase to play 
a role in precipitation strengthening. Destruction of the γ/γ’ structure reduces 
the mechanical properties of superalloys [26];

(3) The formation of TCP phases: The formation of the TCP phase not only increases 
the crack sensitivity but also accelerates crack propagation [22, 23].

Sato et  al. [27] investigated the influence of interdiffusion on the high-temper-
ature creep performance of superalloys, which were coated with aluminum diffu-
sion coatings. Experimental results indicated that the creep-rupture lives of coated 
superalloys were shorter than those of the bare superalloys, as depicted in Fig. 1. In 
particular, the coated superalloy TMS-138 had an 86% reduction in creep-rupture 
life, which had the widest zone affected by interdiffusion.

In addition, Kirkendall voids are easily formed at the interface between the coating 
and the superalloy, which is caused by interdiffusion. During the interdiffusion process, 
the number of Ni atoms and other types of atoms that diffuse out is relatively large, 
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and the number of Al atoms that diffuse into the matrix is not enough to supplement 
the number of Ni, Co, Cr, Mo and other elements that diffuse from the superalloys into 
the coating. Therefore, Kirkendall voids are formed near the interface between coatings 
and superalloys.

In general, interdiffusion poses significant challenges to coatings and superalloys. 
Finding methods to inhibit interdiffusion between elements are currently a top priority.

Diffusion Barrier System

Concept

In order to solve the issue of reduced coating life and alloy mechanical properties 
caused by interdiffusion, extensive research has been conducted in the field, with 
a strong emphasis on improving coating structure and activity, as well as enhancing 
interfacial diffusion resistance, etc. Among them, the development of diffusion barrier 
is considered to be one of the most direct and effective methods [28–30].

The diffusion barrier coating system comprises an alloy superalloy, a diffusion bar-
rier layer, and a high-temperature protective coating, as illustrated in Fig. 2. According 
to Fick′s first law, the diffusion flux JAl of Al through the barrier layer is given by the 
following Eq. (1) [31]:

(1)J
Al

= D
Al
�C

Al
∕�

x

Fig. 1  Creep rupture life at 1100 °C–137 MPa of the bare and coated TMS-138, TMS-75 and CMSX-4 
[27].  Reproduced from Refs. [27] with permission from the Japan Institute of Metals and Materials
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where DAl and SAl are the diffusion coefficient and solubility limit of Al in the bar-
rier layer, respectively. CAl is the concentration of Al in the coating. The driving 
force δCAl/δx will be given by the concentration difference across the barrier δCAl 
divided by the thickness of the barrier layer δx. According to Eq. (1), a slow diffu-
sion flux can be obtained by using low values of DAl and SAl. Therefore, it is crucial 
to select a barrier coating with low DAl and SAl.

An effective diffusion barrier should meet the following three conditions: (1) the 
diffusion rate of Al or matrix element in it is low; (2) good temperature stability; (3) 
excellent bonding force with the coating and the superalloy. Diffusion barriers are 
generally divided into two categories: ceramic diffusion barriers and metal diffusion 
barriers.

Ceramic Diffusion Barrier

Ceramic materials have great potential as diffusion barriers due to good high-tem-
perature stability and reduced diffusion coefficients. The main reasons for the low 
diffusion coefficient of elements in ceramic materials are [32–34]:

(1) Crystal structure: Ceramics have a highly ordered and tightly packed crystal 
structure. The atoms or ions are arranged in a specific pattern, which limits the 
movement of atoms and slows down diffusion. The regular arrangement of atoms 
makes it difficult for them to move and find open spaces to diffuse;

(2) Strong atomic bonding: Ceramic materials have strong chemical bonds between 
atoms or ions, such as ionic or covalent bonds. These bonds require a significant 
amount of energy to break, hindering the movement of atoms and reducing the 
diffusion rate. The high bond strength results in higher activation energy required 
for atoms to migrate through the crystal lattice;

(3) Lack of free vacancies: Diffusion in ceramics relies on the availability of vacan-
cies, which are empty spaces within the crystal lattice. However, ceramics tend 
to have a low number of vacancies compared to metals or polymers. This scarcity 
of vacancies restricts the movement of atoms, resulting in slower diffusion rates;

Fig. 2  Schematic diagram of the structure of the diffusion barrier system
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(4) Defects and impurities: Ceramic materials typically have fewer defects and impu-
rities compared to other materials. Defects, such as dislocations, grain bounda-
ries, or vacancies, can act as diffusion paths for atoms. The limited presence of 
such defects in ceramics restricts the pathways available for atom diffusion and 
slows down the diffusion process.

Nitride ceramics were among the earliest ceramic materials used as diffu-
sion barriers. Zhu et al. [35] applied a 400 nm AlN diffusion barrier layer to the 
nickel-based superalloy K417/Ni + CrAlYSiN coating system. The AlN diffusion 
barrier layer prepared using AIP is formed by reacting a pure aluminum target 
with nitrogen gas. After exposure at 1000 °C for 100 h, the AlN diffusion barrier 
layer effectively hindered the diffusion, as depicted in Fig. 3. Moreover, the oxide 
scale formed on the coating surface consisted of pure α-Al2O3. In contrast, the 
coating without the AlN diffusion barrier exhibited a two-layered oxide scale: an 
inner layer of α-Al2O3 and an outer layer of  NiCr2O4. The diffusion of Al into the 
substrate in the coating without AlN diffusion barrier layer leads to a decrease in 
the coating oxidation resistance. Zhu et al. [36] also introduced TiN as a diffusion 
barrier layer between the Ni + CrAlYSiN coating and the superalloy K417. The 

Fig. 3  Surface SEM image of a coating system without AlN diffusion barrier, b coating system with AlN 
diffusion barrier; and cross-sectional BSE images of c coating system without AlN diffusion barrier, d 
coating system with AlN diffusion barrier [35].  Reproduced from Refs. [35] with permission from the 
Corrosion Science©2012, Elsevier
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results demonstrated that it did not improve the oxidation resistance of the coat-
ing, although the TiN diffusion barrier layer inhibits the interdiffusion.

Li et al. [37] applied a CrN diffusion barrier between the NiCrAlY coating and 
the superalloy DSM11, also by AIP. The inclusion of the CrN interlayer effec-
tively restrained the interdiffusion between the NiCrAlY coating and the superal-
loy DSM11. This phenomenon can be attributed to the occurrence of interdiffusion 
reactions within the diffusion barrier during vacuum heat treatment and high-tem-
perature exposure.

The ionic bonds between metal cations and oxyanions are typically stronger in 
oxide ceramics than in nitride ceramics, leading to higher energy barriers for atomic 
diffusion. Consequently, diffusion coefficients are generally smaller in oxide ceram-
ics when compared to nitride ceramics. In other words, oxides diffusion barriers are 
more effective in inhibiting diffusion than nitrides diffusion barriers.

Li et al. [38] conducted a study in which they prepared CrO150N and CrO50N 
as diffusion barriers between the NiCrAlY coating and the superalloy DSM11 using 
AIP. The diffusion barriers were deposited from a pure Cr target in a reactive atmos-
phere  (N2 +  O2). Two different  O2 flow rates were used, 150 ml/min and 50 ml/min. 
The CrON diffusion barriers consisted of both  Cr2O3 and CrN phases. The CrO150N 
diffusion barrier exhibited a columnar structure and had a higher  Cr2O3/CrN ratio 
compared to the CrO50N diffusion barrier. Notably, the NiCrAlY coating with the 
CrO50N diffusion barrier displayed superior oxidation resistance when compared to 
the coating without the CrO150N diffusion barrier. This improved performance was 
attributed to the slower depletion of Al in the coating. The enhanced barrier ability 
of the CrO50N diffusion barrier can be attributed to its lower density of defects. 
Additionally, the CrO50N diffusion barrier effectively addressed the limitations of 
CrN in hindering the in-diffusion of Al.

Peng et al. [39] conducted a study where they prepared an α-Al2O3 diffusion bar-
rier layer by controlling the oxygen influx rate during the deposition of NiCoCrAlY 
coating on the nickel-based superalloy DZ125 using electron beam physical vapor 
deposition (EB-PVD). The findings demonstrated that α-Al2O3 effectively hindered 
the diffusion of elements, as depicted in Fig. 4.

Cremer et al. [40] prepared an Al-O-N diffusion barrier layer between the nickel-
based superalloy CMSX-4 and MCrAlY coatings using magnetron sputtering. Fol-
lowing annealing at 1100 °C for 4 h, the Al-O-N diffusion barrier remained in an 
amorphous state, while the nanocrystalline γ-Al2O3 transformed into crystalline 
α-Al2O3. Notably, there was no observed diffusion of Ti, Ta and W from superalloy 
CMSX-4 into the Al-O-N or MCrAlY coating. These results indicate that Al-O-N is 
highly effective as a diffusion barrier at 1373 K.

Knotek et  al. [41] prepared a Ti–Al-O diffusion barrier layer using magnetron 
sputtering in a nickel-based superalloy (CMSX-6, IN100)/MCrAlY coating system. 
Their findings revealed that the stable amorphous structure of the Al-O-N layer, with 
a thickness of 1–1.5 μm, effectively prevented interdiffusion between the coating and 
the base alloy even after annealing at 1100 °C for over 400 h. However, the bonding 
strength of the Al-O-N layer within the system still requires further enhancement.

Although oxide diffusion barriers are effective in inhibiting interdiffusion, they 
have poor adhesion to coatings and superalloys. In addition, their coefficient of 
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thermal expansion (CTE) is much lower than that of metallic coatings and superal-
loys, which would easily result in the delamination of the protective coating during 
the high-temperature service. Müller et al. [42] reported that the α-Al2O3 diffusion 
barrier successfully prevented noticeable interdiffusion between superalloy CMSX-4 
and NiCoCrAlY coating, but the adhesion still requires improvement. Similarly, 
Knotek et al. [43] highlighted the need to strengthen the bonding force of the Al-O-
N diffusion barrier in the CMSX-6/NiCrAlY system. To address the bonding force 
issue between superalloys and coatings, gradient diffusion barriers and self-formed 
diffusion barriers have been developed.

Ren et  al. [44] developed a NiCrAlYSiHf coating on K417G using magnetron 
sputtering. After post-annealing, the coating consisted of γ’-Ni3Al matrix and α-Cr 
precipitates. Notably, no coating spallation was observed even after subjecting the 
coating to 100 cycles of a water-quenching test ranging from 1000 to 25 °C. During 
high-temperature exposure, a continuous  Cr23C6 interlayer spontaneously formed 
between the coating and the superalloy. This interlayer effectively suppressed inter-
diffusion between the coating and the superalloy, as demonstrated in Fig. 5.

In order to enhance the bonding force of the Al–O–N diffusion barrier in the 
CMSX-6/NiCrAlY system, Knotek et al. [43] incorporated Cr to create a Cr-Al-O-N 
diffusion barrier by magnetron sputtering. The introduction of Cr leads to the forma-
tion of tooth-like oxide precipitations through a reaction with Al present in the coat-
ing/substrate interface. Tooth-like oxide precipitation is similar to oxide pegging. 
This reaction significantly enhanced the bonding force of the diffusion barrier within 
the CMSX-6/NiCrAlY system.

Cai et al. [45] deposited a gradient Zr/ZrN/Zr layer as a diffusion barrier between 
the NiCrAlYSi coating and the nickel-based superalloy DZ125. The gradient Zr/
ZrN/Zr diffusion barrier layers were prepared by AIP. The results demonstrated 
that this diffusion barrier exhibited excellent oxidation resistance when oxidized at 

Fig. 4  Element distribution across the thickness of the coated specimens after oxidation at 1323 K for 
160 h: a NiCoCrAlY; b OD NiCoCrAlY (100 sccm); c OD NiCoCrAlY (300 sccm) [39].  Reproduced 
from Refs. [39] with permission from the Journal of Alloys and Compounds©2010, Elsevier
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1100 °C. However, it is important to note that nickel-based superalloys do not typi-
cally contain Zr. Consequently, over prolonged exposure to high temperatures, Zr 
from the diffusion barrier may diffuse into the nickel-based superalloys, leading to a 
decline in their mechanical properties.

In summary, ceramic diffusion barriers typically exhibit effective performance in 
hindering the diffusion of elements between coatings and superalloys. However, the 
application of ceramic diffusion barriers is somewhat restricted, particularly in cases 
involving long-term thermal shocks at high temperatures, which can result in coat-
ing cracking or decomposition failure.

Metal Diffusion Barrier

Compared with ceramic diffusion barriers, metal diffusion barriers have better adhe-
sion to coatings and superalloys. The main reasons are:

(1) Coherence type: The combination of the metal diffusion barrier with the coat-
ing and superalloy belongs to the metallic coherence, after exposure at high 
temperatures;

(2) Coefficient of thermal expansion: Compared with ceramic, metallic diffusion 
barriers have less thermal expansion coefficient mismatch with coatings and 
superalloys. Coefficient of thermal expansion mismatch leads to the formation 
of thermal stress in the diffusion barrier, according to Eq. (2) [46–48]:

where EDB is Young’s modulus of diffusion barrier; vDB is the Poisson’s ratio 
of diffusion; αDB and αmetal are the CTEs of the diffusion barrier and coating or 

(2)�
th
=

E
DB

(�
DB

− �
metal

)

1 − v
DB

Fig. 5  a Cross-sectional BSE image of the coating after 100 cyclic thermal shock at 1000 °C; b element 
mapping of Cr, Ni and Cr-rich interlayer; c and d SAD patterns of Cr-rich interlayer [44].  Reproduced 
from Refs. [44] with permission from the Corrosion Science©2015, Elsevier



460 High Temperature Corrosion of Materials (2023) 100:451–473

1 3

superalloy, respectively; and ΔT is the temperature difference between the oxi-
dation temperature and the room temperature. Hence, Therefore, the thermal 
stress caused by the mismatch of CTE in the metal diffusion barrier is smaller.

Metal diffusion barriers primarily consist of refractory metals, such as Ta, Re, 
Ru. This choice is mainly due to the small diffusion coefficient of elements in 
refractory metals. Currently, Ru is the most commonly used metal diffusion bar-
rier material. In a study reported by Bai et  al. [49], a layer of Ru was electro-
plated as a diffusion barrier between the first-generation single crystal superalloy 
DD3 and NiAlDy coatings. High temperature oxidation behavior of this system 
was investigated at 1100 °C. The results demonstrated that the utilization of a Ru 
diffusion barrier effectively hindered the interdiffusion between the coating and 
the substrate. Notably, no SRZ formed in the DD3 single crystal substrate, and 
the high-temperature oxidation resistance of the coating was improved. Because 
the formation of SRZ is caused by interdiffusion, where Al in the coating diffuses 
into the superalloy. This reduces the oxidation resistance of the coating. Thus, 
inhibiting the formation of SRZ will improve the oxidation resistance. We have 
added it in the manuscript.

Katsumata et al. [50] electroplated a Re diffusion barrier in the Hastelloy-X/NiAl 
system. After 100 h of oxidation, the diffusion barrier coating system exhibited a 
duplex structure comprising an inner σ-(Re, Mo, Cr, Ni) layer and an outer β-NiAl 
layer, covered by a protective  Al2O3 scale. In contrast, the NiAl coating degraded, 
forming a reaction diffusion zone of γ-Ni(Cr, Mo, Fe, Al) with voids, while the 
external scale extensively spalled. After 400 h of oxidation, an intermediate reac-
tion–diffusion zone was observed in the diffusion barrier coating system. The Mo 
present in the alloy substrate enriched the inner σ-layer, transforming it from a Re-
based alloy to a Mo-based alloy. The Mo-based alloy appeared to facilitate both 
inward diffusion of Al and outward diffusion of alloying elements such as Mo, Fe 
and Cr, resulting in the formation of the intermediate reaction–diffusion zone.

Considering the susceptibility of sing-component metal diffusion barriers to 
decomposition at high temperatures, researchers have turned to the development of 
two-component and multi-component diffusion barrier systems. These systems often 
incorporate refractory elements, such as Ta–Nb, Ta–Ir and W–Ni. Burman et al. [51, 
52] prepared metal Ta and Nb diffusion barriers by vacuum plasma spraying and 
sputtering techniques. It was observed that a single Ta or Nb diffusion barrier alone 
could not effectively hinder the diffusion of elements such as Ni and Fe. Moreover, 
the presence of Ta or Nb diffusion barriers had an impact on the bond strength of 
coatings during thermal shock tests, resulting in cracking after a few cycles, specifi-
cally between the diffusion barrier and the substrate. However, the introduction of 
a Nb–Ta diffusion barrier led to the formation of intermediate compounds, such as 
 Fe3Ta7 and  Ni3Ta, which exhibited an improved diffusion barrier effect.

Wu et al. [53] prepared a diffusion barrier layer of Ta-Ir in the nickel-based super-
alloy TMS-75/aluminide coating system. The incorporation of the Ta-Ir diffusion 
barrier resulted in enhanced cyclic oxidation resistance of the aluminized coating at 
1100 °C. Notably, the depth of distribution of TCP phases was reduced from 300 to 
180 μm, as illustrated in Fig. 6.
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Cavaletti et al. [54] investigated the impact of a Ni–W electrolytic diffusion bar-
rier layer on the oxidation behavior of the MCNG/Pt-modified aluminide coating 
system at 1100 °C. While the Ni–W diffusion barrier effectively suppressed interdif-
fusion, the inclusion of W resulted in a reduction in oxidation resistance, as depicted 
in Fig. 7. The main reason for the decrease in oxidation resistance is that the solu-
bility of W in the bonding coating is quite high, resulting in low purity of the oxide 
scale formed on bonding coating. In addition, the volatility of W oxide leads to 
reduced adhesion of the oxide scale.

Fig. 6  SEM images of the cross-sectional microstructure. a Ir-Ta-Al coated TMS-75, and the observed 
area is approximately 180 μm in depth from the surface; b simply aluminized TMS-75, and the observed 
area is approximately 300 μm in depth from the surface [53].  Reproduced from Refs. [53] with permis-
sion from the Surface and Coatings Technology ©2003, Elsevier

Fig. 7  Microstructure and chemical composition of the systems without (a) and with a DB (b) [54].  
Reproduced from Refs. [54] with permission from the Surface and Coatings Technology ©2009, Elsevier
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The multi-component diffusion barrier is mainly Re–Cr–Ni–Ta/Mo/W system. 
Lang et al. [55] electroplated a Re–Cr–Ni–Mo diffusion barrier in the nickel-based 
superalloy IC6/aluminide coating system. The presence of this diffusion barrier sig-
nificantly reduced the depth of the IDZ from 200 to 15 μm in the superalloy IC6. 
Moreover, it led to improved oxidation resistance of the coating. Similarly, Narita 
et al. [56] examined the impact of a Re(W)–Cr–Ni diffusion barrier on the oxidation 
behavior of the TMS-82/aluminide coating system at 1150 °C. The incorporation of 
W in the diffusion barrier resulted in a reduction in the Cr content, thereby enhanc-
ing the ability of diffusion barrier to prevent diffusion.

In addition to refractory metal, high-entropy alloys also show promising potential 
as thermal barrier layers. High-entropy alloys are composed of five or more metal 
elements, with approximately equal mole fractions of each element. One key advan-
tage of high-entropy alloy is their slow diffusion rate, which is a critical charac-
teristic for an effective diffusion barrier. Xu et al. [57] deposited an AlCrCoNiMo 
high-entropy alloy diffusion barrier between a NiAlHf coating and the N5 superal-
loy. The AlCrCoNiMo high-entropy alloy diffusion barrier effectively prevented the 
formation of IDZ, SRZ, and TCP phases in the superalloy N5, as demonstrated in 
Fig. 8. This can be attributed to the significantly reduced diffusion coefficients of 
alloying elements (such as Re) and Al in the AlCrCoNiMo high-entropy alloy dif-
fusion barrier, as shown in Table  1. Furthermore, Xu et  al. [57] also investigated 

Fig. 8  Cross-sectional morphologies of the specimens after static isothermal oxidation 1373 K: NiAlHf/
N5 specimen after a 50 h and b 100 h oxidation; NiAlHf/AlCrCoNiMo/N5 specimen c 50 h and d 100 h 
oxidation [57].  Reproduced from Refs. [57] with permission from the Surface and Coatings Technology 
©2021, Elsevier
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the use of an AlTiCrNiMo high-entropy alloy diffusion barrier. Although it did not 
entirely inhibit the formation of IDZ, it successfully limited the width of the interdif-
fusion zone to approximately 10 μm.

In summary, metal diffusion barriers have advantages in terms of adhesion to 
alloys or coatings. However, their performance in hindering diffusion is generally 
less effective compared to ceramic diffusion barriers. Metal diffusion barriers may 
be difficult to completely suppress the interdiffusion of elements. Additionally, 
metallic diffusion barriers are more susceptible to decomposition failure compared 
to ceramic diffusion barriers.

Equilibrium Coating

In order to solve the issue of interdiffusion caused by the chemical potential dif-
ference between coatings and single crystal superalloys, Japanese researchers have 
proposed and developed a phase equilibrium (EQ) coating. The concept behind EQ 
coatings is based on achieving a γ and γ’ phase equilibrium state in nickel-based 
single crystal superalloys. The coating is designed to predominantly consist of the γ’ 
phase, aligning the chemical potential of the elements in the coating with that of the 
superalloy. This approach effectively inhibits interdiffusion between the superalloy 
and the coating.

Different coatings including NiCrAlY, γ phase and γ’ phase were applied to the 
superalloy TMS-82+ by Sato et  al. [58]. Experimental testing was conducted at 
1100 °C, and the results revealed the formation of an IDZ with a width of approxi-
mately 150 μm and an SRZ with a width of 85 μm in the superalloy with NiCrAlY 
coating. However, in the case of the superalloy with the γ phase coating, the IDZ 
width was reduced to 5 μm, and for the superalloy with the γ’ phase coating, the 
IDZ width was further reduced to 20 μm. These findings indicate that the γ and γ’ 
phase coatings effectively inhibit the diffusion of elements and minimize the extent 
of interdiffusion between the superalloy and the coating.

In another study, EQ coating and NiCrAlY coating were applied on TMS-138 sin-
gle crystal superalloy for comparative experiments by Kawagishi et al. [59]. The coat-
ings were prepared by HVOF technology and the nominal compositions of substrates 
and coatings are shown in Table 2. The results showed that the EQ coating not only 
effectively inhibited the formation of the SRZ, but also ensured that the creep strength-
ening the performance of the superalloy TMS-138 remained unaffected. This is illus-
trated in Fig. 9, where the EQ coating demonstrated superior performance in terms of 

Table 1  Diffusion coefficients of Al and alloying elements (Re) in the NiAlHf coating and NiAlHf/AlCr-
CoNiMo coating at 1373 K [57]

Diffusion coefficient NiAlHf NiAlHf/AlCrCoNiMo

Al 10–14  m2/s 10–17  m2/s
Re 10–14  m2/s 10–20  m2/s
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both interdiffusion suppression and maintaining the creep strength of the single crystal 
superalloy TMS-138.

While the preparation process of γ phase and/or γ’ phase EQ coatings has become 
relatively mature and can effectively inhibit interdiffusion between the coating matrix 
and the substrate, there are still some limitations compared to traditional MCrAlY coat-
ings and aluminide coatings. One major drawback of EQ coatings is their insufficient 
high-temperature oxidation resistance. During prolonged high-temperature service, EQ 
coatings tend to degrade. This is primarily due to the low Al content in the EQ coat-
ing, which cannot provide a sustained source of Al for the formation of a protective 
α-Al2O3 scale over an extended period. As a result, the protective oxide scale may not 
adequately form or may not be able to maintain its integrity, leading to decreased oxi-
dation resistance of the EQ coating.

Table 2  Nominal compositions of substrates and coatings [59]

Co Cr Mo W Al Ta Hf Re Ru Y

TMS-138 5.9 2.9 2.9 5.9 5.9 5.9 0.1 4.9 2.0
TMS-138A 5.8 3.2 2.8 5.6 5.7 5.6 0.1 5.8 3.6
TMS-196 5.6 4.6 2.4 5.0 5.6 5.6 0.1 6.4 5.0
TMS-138γ′ 4.3 1.5 1.6 5.5 8.3 8.5 0.1 1.8 1.5
TMS-138A γ′ 4.3 1.6 1.5 5.3 8.1 8.2 0.2 2.1 2.8
TMS-196 γ′ 4.2 2.4 1.3 4.8 7.7 8.1 0.1 2.3 3.9
TMBC-1 6.2 4.0 1.0 4.5 8.1 9.9 0.4 0.1
Amdry9954 38.5 21.0 8.0 0.5

Fig. 9  Larson-Miller parameter 
distribution with various thick-
nesses of creep specimens for 
bare and coated TMS-138 [59].  
Reproduced from Refs. [59] 
with permission from the Japan 
Institute of Metals and Materials
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Nanocrystalline Coating

Concept

The development of diffusion barriers and EQ coatings has indeed been effective 
in inhibiting the formation of SRZ and TCP phases resulting from interdiffusion 
between high-temperature protective coatings and superalloys. However, interdif-
fusion between coatings and superalloys still cannot be completely suppressed.

To solve this issue, Wang et al. [60] introduced the concept of nanocrystalline 
coatings. These coatings consist of a columnar structure with the same chemi-
cal composition as the superalloy and are prepared through magnetron sputtering. 
The nanocrystalline coating exhibits several advantages over traditional metal 
coatings, including the presence of numerous straight grain boundaries. These 
grain boundaries provide rapid diffusion paths for Al and promote the forma-
tion of protective alumina scales at the surface. Consequently, the nanocrystal-
line coating shows promise in mitigating interdiffusion-related issues between the 
coating and the superalloy.

According to Wagner’s theory, the critical concentration of Al for the forma-
tion of an external α-Al2O3 scale is expressed as [61]:

where N∗
Al

 is the critical concentration of Al, NODO is the oxygen permeability, DAl 
is the diffusivity of Al, g* is a factor determined by the volume fraction of α-Al2O3 
required for the formation of an external scale, and VM and VOX are mole volumes 
of the coating and oxide α-Al2O3, respectively. Equation  (3) can be simplified as 
follows:

The diffusivity of Al in metal is the sum of grain boundary diffusivity (DL) and 
lattice diffusivity (DGB). The grain size has a decisive influence on the diffusion 
coefficient of the Al in the coating, according to Eq. (5) [62]:

where f is the area proportion of the grain boundary. Assuming the grains in coat-
ings are cubic, f = 2δ/d (δ is the GB width and d is the grain size). Also, considering 
DGB ≫ DL, Eq. (6) can be simplified as follows:

Considering that Al diffuses mainly through grain boundaries ((2δ/d)·DGB) at 
high temperatures, the relationship between the critical Al content and the grain 
size is expressed by Eq. (7):
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Therefore, grain refinement can reduce the critical Al concentration for the for-
mation of the α-Al2O3 scale. Figure 10 depicts the microstructure of the nanocrystal-
line coating, showcasing the columnar grain structure. The width of the columnar 
grains in the coating is approximately 50 μm.

Inhibition of Interdiffusion

The nanocrystalline coating, with its chemical composition matching that of the 
superalloy, offers a comprehensive solution to the problem of interdiffusion between 
the coating and the superalloy.

(7)N∗
Al

∝ d−1∕2

Fig.10  Typical microstructures of the as-deposited nanocrystalline coating: a fractured morphology; b 
cross-sectional morphology by SEM; c the cross-sectional and d plan-view morphologies by TEM bright 
field and e the corresponding SAED patterns [63].  Reproduced from Refs. [63] with permission from the 
Journal of Materials Science & Technology ©2023, Elsevier
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Wang et  al. [29] prepared a traditional NiCrAlY coating and a nanocrystalline 
coating on the N5 superalloy for comparative experiments, and the chemical com-
position of the nanocrystalline coating was consistent with that of the N5 superalloy. 
After oxidation at 1000 °C for 1000 h, no IDZ, SRZ and TCP phases were formed in 
superalloy N5 that was coated with a nanocrystalline coating, as shown in Fig. 11. In 
contrast, the IDZ width in the N5 superalloy coated with NiCrAlY coating is 75 μm.

In order to further develop the nanocrystalline coating, Wang et al. [64] also pre-
pared a nanocrystalline coating with the same chemical composition as superalloy 
N5 on the superalloy K38G. The chemical composition of superalloy K38 and N5 
nanocrystalline coating in Table 3. After oxidation at 1050 °C for 500 h, the super-
alloy is also free of SRZ and TCP phases, even though there are differences in the 
chemical composition of the coating and the superalloy.

In order to improve the thermal corrosion resistance of the nanocrystalline coat-
ing, Yang et al. [65] designed a double-layer coating: The outer layer is a NiCrAlY 
coating, and the inner layer is a nanocrystalline coating. After oxidation at 1050 °C 
for 1000 h, there was no IDZ, SRZ and TCP phases were formed in the superalloy, 
as shown in Fig. 12.

Oxidation Behavior

As a high-temperature protective coating, the nanocrystalline coating is expected to 
exhibit excellent oxidation resistance. Since its introduction in 1992, nanocrystalline 
coatings have been developed for various superalloys, including K17F [66], IN738 
[67], K52 [68], M951 [69], K38 [60, 70] and N5 [29]. Without exception, all the 
nanocrystalline coatings can promote rapid growth of the protective alumina scale 
and avoid interdiffusion.

The latest development of nanocrystalline coating is applied to the nickel-based 
single crystal superalloy René N5. Wang et  al. [29] deposited NiCrAlY coating 
and nanocrystalline coatings on superalloy René N5 for comparative experiments 
at 1000–1150  °C. After oxidation at 1000 and 1100  °C for 1000 h, the oxidation 
weight gain of the nanocrystalline coating was much lower than that of the NiCrAlY 
coating, less than half of it. In Fig. 13, the oxidation rate of the nanocrystalline coat-
ing applied on the single crystal superalloy René N5 and the other two traditional 

Fig. 11  Microstructure of the sputtered nanocrystalline coating after oxidation at 1100  °C for 1000  h: 
a surface morphology; b cross-sectional view; c EDS line scan at interface for elements Ni, Al, Ta, Re 
[29].  Reproduced from Refs. [29] with permission from the Corrosion Science ©2015, Elsevier
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Fig. 12  Microstructures of the nanocrystalline/NiCrAlY coating after oxidation at 1050 °C for 1000 h: 
a surface; b cross-section; c EDS scanning along the yellow line in b [65].  Reproduced from Refs. [65] 
with permission from the Corrosion Science ©2016, Elsevier

Fig. 13  Oxidation rates of the nanocrystalline coating, MCrAlY coating and aluminide coatings applied 
on the nickel-based superalloy René N5 at 1000–1150 °C [13, 64, 71–89]
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high-temperature protective coatings (MCrAlY coating and aluminide coating) are 
compared. The oxidation rate of the nanocrystalline coating was much lower than 
that of the other two coatings. This is because the grain boundary density in the 
nanocrystalline coating is high, favoring high-temperature diffusion and resulting in 
the rapid formation of a complete  Al2O3 scale on its surface.

More importantly, the oxide scale formed on the surface of the nanocrystalline 
coating exhibits excellent adhesion. The α-Al2O3 scale generally exhibits better oxi-
dation resistance and lower oxidation rates compared to the  Cr2O3 scale. However, 
the formation of α-Al2O3 easily induces the formation of voids. There are two ways 
to form α-Al2O3, directly forming α-Al2O3 at high temperature and transforming 
θ-Al2O3 into α-Al2O3. The crystal form of α-Al2O3 is hexagonal close-packed. When 
θ-Al2O3 is transformed into α-Al2O3, the volume decreases by 8–38% [90, 91]. This 
results in the formation of voids in α-Al2O3. In addition, α-Al2O3 scales are often 
prone to cracking and spalling. Indeed, the differential thermal expansion between 
the oxide scale and the alloy is a major factor contributing to cracking and spalling. 
The superalloy typically has a higher CTE compared to the oxide scale [92–94]. 
During cooling, the oxide scale experiences compressive stress due to the difference 
in thermal expansion. If the compressive stress exceeds the fracture strength of the 
oxide scale, it can lead to cracking and subsequent spalling of the scale. And this 
thermal stress can be released by creep deformation. According to the Eq. (8), the 
rate of creep deformation can be obtained as [95]:

σ is the tensile stress, Ω is the atomic volume, d is the average grain size, Db is 
the grain boundary diffusion coefficient, δ is the grain boundary thickness, K is the 
Boltzmann constant, and T is the absolute temperature. The relationship described 
by Eq. (8) reveals that the creep rate of the oxide scale decreases as the cube of the 
grain diameter of the oxide scale increases. In the case of the nanocrystalline coat-
ing, the presence of grain boundaries and defects serves as abundant nucleation sites 
for the formation of the oxide scale on the surface. Consequently, the resulting oxide 
scale exhibits a small grain size [96, 97].

Therefore, nanocrystalline coatings exhibit excellent performance, whether it is 
inhibiting the interdiffusion between coatings and high-temperature alloys or resist-
ing high-temperature oxidation. As a highly promising nanocrystalline coating, its 
current application is not yet widespread, and further development is needed to 
unlock its full potential.

Conclusions

Several different mean of inhibiting interdiffusion between superalloys and high-
temperature protective coatings has been discussed. Diffusion barrier layer is cur-
rently the most widely used method to inhibit interdiffusion. Diffusion barriers can 
be classified into ceramic diffusion barriers and metal diffusion barriers. Ceramic 
diffusion barriers have excellent diffusion resistance but poor adhesion to both 

(8)� = B�ΩDb∕d
3KT
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the coating and high-temperature alloys. On the other hand, metal diffusion barri-
ers have good adhesion to both the coating and high-temperature alloys but exhibit 
lower diffusion resistance. The application of EQ coatings is not yet widely popular, 
and their antioxidation performance is relatively poor. Nanocrystalline coatings pro-
vide a perfect solution to the problem of interdiffusion, and they exhibit better anti-
oxidation performance compared to traditional coatings. The significant application 
potential of nanocrystalline coatings is yet to be fully explored and developed.
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