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Abstract: CrN, AlN, TiN layer were prepared as diffusion barriers between the K417 substrate
and Ni+CrAlYSiN nano composite coatings via vacuum arc evaporation. Oxidation kinetics and
microstructure evaluation of these nano coating systems at 1000 ◦C after 100 h were studied. Results
show that the AlN layer showed good thermodynamic stability, effectively inhibited the interdiffusion
between the coating and the substrate, improved the oxidation resistance of Ni+CrAlYSiN nano
composite coatings, and a single-layer Al2O3 film was formed on the coating. The CrN layer was
decomposed, which did not block the diffusion of elements and had little effect on the oxidation
resistance of the Ni+CrAlYSiN nano composite coating. The TiN layer effectively prevented the
interdiffusion between the coating and the substrate. However, it deteriorated the oxidation resistance
of the composite coating. Similar to the Ni+CrAlYSiN coating without a diffusion barrier, a double-
layer oxide film structure with Al2O3 as the inner layer and Ni(Al,Cr)2O4 as the outer layer formed
on the Ni+CrAlYSiN nano composite coatings with the CrN or TiN diffusion barrier.

Keywords: oxidation; nano; diffusion barrier; K417; interdiffusion

1. Introduction

High temperature protective coatings, such as MCrAlY (M is Ni, Co or NiCo) coatings,
with outstanding high-temperature oxidation resistance, have been widely used to protect
gas turbine components [1–5]. The content of Al in the temperature protective coating
must be high enough to form a protective Al2O3 film and maintain its growth [6–8], due to
the long-time exposure to the high-temperature environment. Considering the oxidation,
corrosion resistance and consumption life of Al and Cr, the contents of Al and Cr should
be increased as much as possible, but they are also subject to the embrittlement of MCrAlY
coatings. According to the comprehensive requirements of oxidation resistance, heat
corrosion resistance and coating plasticity, the Al content should range from 6 wt.% to
12 wt.%. There are two consumption modes of the beneficial elements Al and Cr in high
temperature protective coatings. One is the outward diffusion oxidation of Al and Cr to
form a protective oxide film and maintain its growth [9–12]. The other is the diffusion of Al
and Cr into the substrate, which reduces the content of beneficial elements in the coating
and affects the service life of the coating [13–15].

Since interdiffusion is one of the key factors affecting the service life of coatings, a
diffusion barrier was introduced between the coating and substrate [16,17]. The basic
requirements of a diffusion barrier between the coating and substrate [16] are as follows:
(1) Low diffusion coefficient of elements in the diffusion barrier; (2) No reaction between
the coating and substrate with the diffusion barrier; (3) Good thermodynamic stability of
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the diffusion barrier at service temperature; (4) Good adhesion between diffusion barrier
with the substrate and coating; (5) Low thermal stress at the interface between the substrate
and coating. However, it is difficult to find a diffusion barrier that meets all the above
conditions. Therefore, when the first condition is met, the diffusion barriers, such as
TiN [18], CrN [19], Al2O3 [20], Al–O–N [21] or Cr2O3 [22], are selected by appropriately
choosing other conditions.

In our previous work, a Ni+CrAlYSiN nano composite coating was prepared with
high hardness, good wear resistance [23], good oxidation resistance [24] and thermal
corrosion resistance [25], and the AlN diffusion barrier was introduced to effectively
inhibit the interdiffusion between the coating and the substrate. It is well known that
the Gibbs free energies of CrN, AlN and TiN are −198.38 kJ/mol, −378.95 kJ/mo and
−416.78 kJ/mol, respectively [26]. It is not clear whether TiN is more suitable for the
diffusion barrier between Ni+CrAlYSiN nano composite coating and substrate. It has
not been studied whether the TiN or AlN diffusion barrier can be formed in situ when a
thin layer is deposited between the Ni+CrAlYSiN nanocomposite coating and substrate.
Therefore, in the present work, TiN, CrN and AlN diffusion barriers were prepared, and
the effects of the above diffusion barriers on the interdiffusion and oxidation behavior of
K417/Ni+CrAlYSiN nano composite coating system were discussed.

2. Materials and Methods
2.1. Sample Preparation

Nickel-base superalloy, K417 (nominal composition: 8.5–9.5 wt.% Cr, 14.0–16.0 wt.%
Co, 4.8–5.7 wt.% Al, 4.5–5.0 wt.% Ti, 2.5–3.5 wt.% Mo, 0.60–0.90 wt.% V, minor C, balanced
Ni) was used as the substrate alloy. Specimens of approximate dimensions 20× 10× 2.5 mm
were ground to 2000-grit SiC paper and polished with diamond paste (1.5 µm), then
ultrasonically cleaned within ethanol and acetone for 20 min. The AlN, TiN, CrN and
Ni+CrAlYSiN nano composite coatings were prepared by vacuum arc evaporation. The
chemical compositions of the cathode targets were Ni-21Cr-10Al-0.5Si-0.5Y (wt.%), Cr,
Al and Ti with purity of 99.99 wt.%, and typical deposition parameters are given in
Table 1. During the coating deposition, the argon–nitrogen mixture with a total pressure of
0.2 Pa was introduced, and the reactive gas (N2, 99.99%) and inert gas (Ar, 99.99%) were
introduced into the chamber using two independent mass-flow controllers. The detailed
preparation process was described in our previous work [24]. Some specimens were coated
with thick Ni+CrAlYSiN coatings only, while other specimens were coated with a CrN,
AlN, or TiN thin film and then a Ni+CrAlYSiN coating via serial depositions using Cr, Al or
Ti and then NiCrAlYSi targets, respectively. In order to avoid droplets that are commonly
observed in the coatings deposited by vacuum arc evaporation, the CrN, AlN, and TiN
thin films were prepared by filtered vacuum arc evaporation.

Table 1. Typical deposition parameters.

Arc-Voltage
(V)

Arc Current
(A)

Bias Voltage
(V)

Bias Duty
(%)

Temperature
(◦C)

CrN layer 19 70 −600 20 195–215
AlN layer 30 70 −500 20 195–215
TiN layer 19 70 −600 20 195–215

Ni+CrAlYSiN
coating 19 70 −300 20 195–215

2.2. Oxidation Test

Cyclic oxidation tests of the specimens, uncoated K417, K417coated with the composite
coatings only, and K417 coated with the diffusion barrier layer and a composite coating,
were conducted in static air in a muffle furnace for 5 cycles. In each cycle, the specimens
were exposed at 1000 ◦C for 20 h, taken out from the furnace, cooled down at room
temperature, and then weighed using an electronic balance with sensitivity of 10−5 g.
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2.3. Characterization

Surface and cross-sectional morphologies were observed using a field-emission scan-
ning electron microscope (SEM, Inspect F50, FEI Co., Hillsboro, OR, USA) equipped with
an energy dispersive X-ray spectrometer (EDAX, X-Max, Oxford Instruments Co., Oxford,
UK). To observe surface morphology, a second electron (SE) mode was adopted, while the
back-scattered electron (BSE) mode was utilized to characterize cross-sectional morpholo-
gies of coating samples. The microstructures of the as-prepared diffusion barrier layers and
the oxide scales were identified by X-ray diffraction (XRD), the reference codes of phases
were checked from JCPDS. An electroless-nickel layer was applied on the surface of the
cross-section specimens to prevent TGO (thermally-grown oxide) scales from spalling off
in the specimen preparation process.

3. Results
3.1. Coating Morphology and Microstructures

Figure 1 shows the initial cross-sectional morphologies and elements depth profile of
K417/CrN/Ni+CrAlYSiN and K417/TiN/Ni+CrAlYSiN. There are grey phases mainly
along with a few bright phases and dark voids in the Ni+CrAlYSiN nano coatings, consis-
tent with our previous results [24]. The grey phases comprised mainly γ-Ni, fcc-AlN and
fcc-CrN with average size less than 30 nm [24]. The bright phases contained nanocrystalline
solid solution γ-Ni (CrAlYSi) [23]. The almost un-nitride γ-Ni(CrAlYSi) was the splashed
micro-droplet formed during vacuum arc evaporation. CrN, and TiN barrier layers, shown
as thick dark lines in Figure 1, are about 300 nm and 500 nm thick, respectively. The barrier
layer was quite smooth as it was prepared by filtered vacuum arc vacuum arc evaporation.
According to the EDX results, the atom ratio of Cr:N, and Ti:N of the barrier layers were
about 1:1. K417/Ni+CrAlYSiN and K417/AlN/Ni+CrAlYSiN samples were also prepared
for the comparative study. The thickness of the AlN diffusion barrier is about 400 nm.
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Figure 1. Cross-sectional BSE images (a,c) and elements depth profile (c,d) analyzed by EDX of the 
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Figure 1. Cross-sectional BSE images (a,c) and elements depth profile (c,d) analyzed by EDX of the
as-deposited K417/CrN/Ni+CrAlYSiN (a,b) and K417/TiN/Ni+CrAlYSiN (c,d) nano composite
coating systems.

XRD analysis results showed that the structures of the three diffusion barriers are
fcc-CrN and fcc-TiN with rock salt structure, hcp-AlN with braze zinc structure (Figure 2),
and their reference codes are 11-0065, 38-1420 and 25-1133 from JCPDS, respectively. In
addition, the CrN diffusion barrier contains a small amount of Cr2N (35-0803).
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3.2. Corrosion Kinetics and Corrosion Products

Oxidation kinetics curves of K417 with and without coatings in air at 1000 ◦C after
100 h are shown in Figure 3. The coated specimens with a CrN barrier layer exhibited
oxidation rates slightly higher than those without the barrier layer, while the coated
specimens with an AlN barrier layer exhibited oxidation rates slightly lower than those
without the barrier layer. The coated specimens with a TiN barrier layer exhibited oxidation
rates slightly lower at the initial stage and then slightly higher than those with CrN
barrier layer. Slight mass loss of the coated specimens with a TiN barrier layer after
80 h, was detected, suggesting scale spallation occurrence on the surface. The mass gains
of the K417/Ni+CrAlYSiN, K417/CrN/Ni+CrAlYSiN, K417/AlN/Ni+CrAlYSiN and
K417/TiN/Ni+CrAlYSiN coating systems after 100 h were 0.45, 0.51, 0.28 and 0.46 mg/cm2,
respectively. That is, the nanocomposite coating with an AlN barrier layer exhibited the
lowest oxidation rates.
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oxidation at 1000 ◦C in static air.

XRD patterns of the surfaces of specimens after 100 h oxidation test are displayed in
Figure 4. The TGO scales on the nanocomposite coatings without an AlN diffusion barrier
were composed of α-Al2O3 (50-1496) and Ni(Al,Cr)2O4 (23-1272) (Figure 4a), those on the
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nanocomposite coatings with a CrN or TiN diffusion barrier were composed of Cr2O3
(38-1479), α-Al2O3 and Ni(Al,Cr)2O4 (Figure 4b,d), while those on the nanocomposite
coatings with an AlN diffusion barrier were exclusively alpha-alumina (Figure 4c). For
the nanocomposite coatings, Cr7Ni3 (51-0637) was detected on the specimens without
a diffusion barrier (Figure 4a), while CrN was detected on those with the AlN and TiN
barrier layer (Figure 4c,d).
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3.3. Characterization by SEM and EDS

The morphologies and the element depth profiles of the K417/Ni+CrAlYSiN coating
system after oxidation at 1000 ◦C for 100 h were shown in Figure 5. The oxidation and
interdiffusion behavior of the K417/Ni+CrAlYSiN coating system is generally consistent
with our previous investigation [24,25]. Neither cracking nor spallation of the TGO was
detected on the nanocomposite coatings (Figure 5a). A TGO scale about 2.6 µm was formed
on the surface (Figure 5b). Combined with the results analyzed by XRD, the cross-section
image demonstrates that a double-layered dense oxide scale, inner Al2O3 layer and outer
Ni(Al,Cr)2O4 layer, formed on K417/Ni+CrAlYSiN coating system (Figure 5b). Within the
composite coating, many dark hcp-AlN circles and particles were observed. Congregated
hcp-AlN particles were also observed near the coating/substrate interface. Interdiffusion
between the coating and the substrate was obvious. Many granular and even needle-like
TiN phases were formed in the interdiffusion zone. Diffusion of N from the coating into
the substrate and Co from the substrate into the coating was most evident (Figure 5c).

The morphologies and the element depth profiles of the K417/CrN/Ni+CrAlYSiN
coating system after oxidation at 1000 ◦C for 100 h were shown in Figure 6. Large-sized
particles were formed on the surface of the composite coatings (Figure 6a); however, neither
cracking nor spallation of the TGO was detected. A thermally-grown oxide (TGO) scale
about 2.9 µm was formed on the surface (Figure 6b). Combined with the results analyzed
by XRD, the cross-section image demonstrates that a double-layered dense oxide scale,
inner Al2O3 layer and outer mixture layer mainly dominated by Ni(Al,Cr)2O4, formed on
K417/CrN/Ni+CrAlYSiN coating system (Figure 6b). Similar to the K417/ Ni+CrAlYSiN
coating system, hcp-AlN particles were formed within the composite coating. However,
no large-sized hcp-AlN particles near the coating/substrate interface were observed. The
CrN diffusion barrier disappeared. Interdiffusion between the coating and the substrate
was obvious. Many TiN particles were formed in the interdiffusion zone. Diffusion of N
and Cr from the coating into the substrate, Co from the substrate into the coating was most
evident (Figure 6c).
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In contrast, no such interdiffusion zone was observed on K417/AlN/Ni+CrAlYSiN
(Figure 7) and K417/TiN/Ni+CrAlYSiN coating systems (Figure 8). The ©/©’ microstruc-
ture beneath the AlN and TiN barrier layers remained unchanged, the AlN and TiN
diffusion barrier layer kept continuous and dense (Figures 7b and 8b). However, the
thickness of the diffusion barrier for the K417/TiN/Ni+CrAlYSiN coating system was
changed from 0.5 µm to 1.1 µm with a triple-layered structure after oxidation at 1000 ◦C
for 100 h. The center layer was rich in Ti and N, outer layer near the substrate was rich
in Al, Ti and N, while outer layer near the coating was rich in Cr, Ti and N. Again, the
phenomenon of AlN congregation within the coatings of K417/TiN/Ni+CrAlYSiN coating
system occurred. However, the size of AlN particles was quite smaller than that in the
K417/Ni+CrAlYSiN and K417/CrN/Ni+CrAlYSiN coating systems. A unique alumina
scale about 1.6 µm was formed on the surface of K417/AlN/Ni+CrAlYSiN coating systems
(Figure 7b) and neither cracking nor spallation of the TGO was detected (Figure 7b). In
contrast, a double-layered dense oxide scale, inner Al2O3 layer and outer mixture layer
mainly dominated by Ni(Al,Cr)2O4, was formed on K417/TiN/Ni+CrAlYSiN coating
system (Figure 8b). The thickness of the oxide scale on K417/TiN/Ni+CrAlYSiN coating
system ranged from about 2 µm to more than 7 µm in the bulged oxide zone (Figure 8b).
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cracking nor spallation of the TGO was detected (Figure 7b). In contrast, a double-layered 
dense oxide scale, inner Al2O3 layer and outer mixture layer mainly dominated by 
Ni(Al,Cr)2O4, was formed on K417/TiN/Ni+CrAlYSiN coating system (Figure 8b). The 
thickness of the oxide scale on K417/TiN/Ni+CrAlYSiN coating system ranged from about 
2 μm to more than 7 μm in the bulged oxide zone (Figure 8b). 
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4. Discussion
4.1. Influence of Diffusion Barrier on Interdiffusion

As is abundantly clear, the interdiffusion between the coating and the substrate will
reduce the service life of the coating. Therefore, many compounds, such as TiN [18],
CrN [19,27], Al2O3 [20,28], Al–O–N [21,29] or Cr2O3 [22], are used as diffusion barriers
between MCrAlY coatings and superalloys.

In this study, CrN, AlN and TiN nitride were introduced as the diffusion barrier
between the K417 matrix and Ni+CrAlYSiN composite coating. The standard forma-
tion of Gibbs free energies for each nitride phase at 1000 ◦C is −198.38 kJ/mol for CrN,
−378.95 kJ/mol for AlN and −416.78 kJ/mol for TiN [26]. Therefore, from the perspective
of thermodynamics, TiN diffusion barrier is the most stable.

The K417 substrate contains elements Ti, Al and Cr, Ni+CrAlYSiN composite coating
contains elements Al and Cr. Therefore, for the K417/CrN/Ni+CrAlYSiN sample, the
following reactions occurred near the interface between the substrate and coating:

Al + CrN→ AlN + Cr (1)

Ti + AlN→ TiN + Al (2)

Therefore, during the oxidation process, the CrN diffusion barrier was decomposed
and granular and needle TiN was formed in the interdiffusion region.

If only from the perspective of thermodynamics, the TiN diffusion barrier should
be more stable than the AlN diffusion barrier. The AlN diffusion barrier will eventually
degenerate to TiN. However, after the K417/TiN/Ni+CrAlYSiN sample was oxidized at
1000 ◦C for 100 h, a Cr rich nitride layer was formed near the coating side of the TiN
diffusion barrier, and an Al rich nitride layer was formed near the substrate side. Therefore,
the thickness of the nitride layer at the coating/substrate interface changes from 500 nm as
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deposited to 1.1 µm. In contrast, the AlN diffusion barrier is very stable after oxidation at
1000 ◦C for 100 h.

Research shows that TiN is an ionic compound with FCC rock salt structure [26]. In
general, the defect concentration of ionic compounds is relatively high. It can be seen from
the Ti-N phase diagram that there are many compounds in TiN, such as Ti2N, Ti3N, etc.
When the content of Al is less than 57%, the (Ti, Al) N can maintain the FCC rock salt
structure. The Ti-Al-N ternary phase diagram [30] shows that there are two ternary phases
Ti3AlN and Ti2AlN at 1000 ◦C. The crystal structures of TiN phase and CrN phase are
completely consistent. In addition, the lattice constants of TiN phase and CrN phase are
0.4242 nm and 0.4148 nm, respectively, which are relatively close. Therefore, the positions
of metal atoms in TiN phase and CrN phase can be replaced with each other to form
(Ti, Cr)N films in the form of alloys. Therefore, when there are elements such as Al and Cr
near the TiN diffusion barrier, the solid soluble Al and Cr in TiN can be transformed into
TiCrAlN composite layer.

According to the element content in the matrix and the atomic size, from low to high
content followed by Ti, Al and Cr, and from small to large size followed by Al, Cr, and
Ti, respectively. Therefore, it is probable that the diffusion rate of Al in the matrix to the
substrate and diffusion barrier interface is bigger than that of Ti and Cr, resulting in the
formation of Al rich Ti nitride layer near the substrate side of TiN diffusion barrier. The
content of Cr in the coating is higher than Al, and AlN is more stable than CrN. Therefore,
a Cr rich nitride layer containing Ti was formed near the coating side of the TiN diffusion
barrier. Due to the diffusion of beneficial elements Cr and Al from the coating to the
interface where TiN is located, the effective content of Cr element in the coating was
reduced, resulting in the formation of nodular oxide with large thickness on the surface of
the coating and the peeling of the oxide film. Therefore, although TiN effectively prevented
the interdiffusion between the coating and the substrate, it deteriorated the oxidation
resistance of the composite coating. The structural transformation of TiN diffusion barrier
in the oxidation process needs to be further studied. It should be pointed out that because
the Ni content in the Ni+CrAlYSiN composite coating is equivalent to that in the matrix, it
is impossible to judge whether TiN can prevent the diffusion of nickel in the present work.
However, Cheng et al. [31] found that the TiN diffusion barrier could not prevent the Ni
diffusion from the NiCrAlY coating into TiAl substrate during the oxidation experiment
at 1000 ◦C.

The standard formation Gibbs free energies of AlN and TiN at 1000 ◦C are
−378.95 kJ/mol and −416.78 kJ/mol [26], respectively, and the driving force of the second
reaction formula theoretically is −37.83 kJ/mol. However, the AlN diffusion barrier is
HCP braze zinc structure with covalent bonding, while TiN diffusion barrier is FCC rock
salt structure with ionic bonding. Therefore, the second reaction formula is not a simple
displacement reaction, but also involves the transformation of crystal structure, which
probably increases the activation energy required for the second reaction. The conversion
of hcp-AlN to fcc-AlN can be completed at a high pressure of 12 Gpa. As described in
our previous work [24], there is no non stoichiometric AlNx. hcp-AlN with braze zinc
structure is a broadband semiconductor with band gap width of 6.2 eV. hcp-AlN is co-
valently bonded, and the defect concentration in covalently bonded semiconductors is
several orders of magnitude lower than that in ionic crystals [32]. In fact, the point defects
in hcp-AlN are almost negligible [33]. Therefore, the AlN diffusion barrier with HCP braze
zinc structure can remain stable and effectively inhibit the mutual diffusion between the
coating and the substrate.

4.2. Influence of Diffusion Barrier on Growth of Oxide Scale

In our previous work [24], the results showed that the K417 substrate suffered catas-
trophic corrosion after oxidation at 1000 ◦C for 100 h, and the Ni+CrAlYSiN composite
coating greatly improved the oxidation resistance of the K417 substrate. In the present
work, the experimental results show that the weight gain of K417/Ni+CrAlYSiN, K417/
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CrN/Ni+CrAlYSiN, K417/AlN/Ni+CrAlYSiN and K417/TiN/Ni+CrAlYSiN coating sys-
tems after oxidation for 100 h is 0.45, 0.51, 0.28 and 0.46 mg/cm2, respectively. The
decomposition of the CrN diffusion barrier has little effect on the oxidation resistance of
the Ni+CrAlYSiN composite coating, and the oxidation weight gain increases slightly. The
AlN diffusion barrier is very stable in the oxidation process, which effectively inhibits
the interdiffusion between the coating and the substrate. A single layer α-Al2O3 film is
formed on the coating surface, and the oxidation weight gain of the coating is reduced
by about 50 percent. Therefore, the application of the AlN diffusion barrier significantly
improves the oxidation resistance of Ni+CrAlYSiN composite coatings. After the TiN
diffusion barrier is applied, the initial oxidation weight gain of the composite coating is
smaller than that of the composite coating with the CrN diffusion barrier, and the oxidation
weight gain is the same when it is oxidized to 60 h. However, after 80 h of oxidation, the
composite coating with the TiN diffusion barrier showed a slight weight loss due to the
peeling of oxide on the coating surface. The TiN diffusion barrier is relatively stable in the
oxidation process, and effectively inhibits the mutual diffusion between the coating and
the substrate. However, due to the enrichment of Al and Cr in the coating, the formation
of nodular oxide with large thickness on the surface of the coating and the peeling of the
oxide film occurred. Therefore, although the TiN diffusion barrier effectively prevented the
interdiffusion between the coating and the substrate, it deteriorated the oxidation resistance
of the composite coating.

5. Conclusions

CrN, AlN, TiN were prepared as diffusion barriers between the K417 substrate and
Ni+CrAlYSiN composite coating via vacuum arc evaporation. Oxidation kinetics, mi-
crostructure evaluation and oxidation performance of these coating systems at 1000 ◦C
after 100 h were investigated, and the following conclusions can be drawn:

1. The CrN diffusion barrier decomposed, which did not block the diffusion of
elements and had little effect on the oxidation resistance of Ni+CrAlYSiN composite
coating. Similar to the Ni+CrAlYSiN coating without a diffusion barrier, a double-layer
oxide film structure with Al2O3 as the inner layer and Ni(Al,Cr)2O4 as the outer layer
formed on the coating.

2. The AlN diffusion barrier showed good thermodynamic stability, effectively inhib-
ited the interdiffusion between the coating and the substrate, and a single-layer Al2O3 film
was formed on the coating. The AlN diffusion barrier significantly improved the oxidation
resistance of Ni+CrAlYSiN composite coating.

3. The TiN diffusion barrier effectively prevented the interdiffusion between the
coating and the substrate. However, it deteriorated the oxidation resistance of the composite
coating. Similar to the Ni+CrAlYSiN coating without diffusion barrier, a double-layer
oxide film structure with Al2O3 as the inner layer and Ni(Al,Cr)2O4 as the outer layer
formed on the coating.
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