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Abstract: Two kinds of NiCrAlY coatings (Ni—25Cr—10A1-0.5Y) were prepared on K417 superalloy using ion plating
(AIP) and magnetron sputtering (MS), respectively. The isothermal and cyclic oxidation behaviors of the two NiCrAlY
coatings were evaluated at 1323 K in stair air. The results revealed that the nanocrystalline NiCrAlY coating exhibited
better isothermal and cyclic oxidation resistance compared to the conventional NiCrAlY at 1323 K. The mass gain and
parabolic rate constant K, of the nanocrystalline NiCrAlY coating were 45.2% and 44.7% lower than those of the
conventional NiCrAlY coating, respectively. During cyclic oxidation, the tendency for spallation of the oxide scale was
evidently decreased by nanocrystallization due to the formation of a continuous, compact, adherent, and slow-growing
exclusive a-Al,O3 scale. The mechanism responsible for the improvement of the nanocrystalline NiCrAlY coating was
discussed.
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1 Introduction

Driven by the continuous demands for less
emission and higher power out efficiency, advanced
thermal barrier coatings (TBCs) are applied to the
hot components of gas turbines to increase the inlet
gas temperature [1-3]. TBCs are usually composed
of two layers: the ceramic top coat (TC) composed

of  yttria-partially-stabilized  zirconia (YSZ)
providing thermal insulation, and the metallic bond
coat (BC) usually made of MCrAlY (M=Ni and/or
Co) and Pt-modified aluminide coatings. A
thermally grown oxide (TGO) will inevitably form
at the TC/BC interface during high-temperature
exposure [4—7]. It is widely accepted that the
formation and growth of TGO during service is
one of the most vital issues responsible for the TBCs
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failure [8—10]. An ideal TGO should be continuous,
compact, adherent, and slow-growing oxide scale,
which has excellent resistance to elevated
temperatures and hot corrosion [11-13]. The
exclusive a-AlOs scale is considered as the most
desirable oxide scale, due to its stable nature and
low growth rate [14—17].

MCrAlY has a good balance of high-
temperature oxidation and hot corrosion resistance
[12—14]. During thermal exposure, however, the
effective component (Al element) in the coating
will be consumed out rapidly due to the formation
of the oxide scale and elemental interdiffusion
between the coating and the substrate. Non-
protective oxides, such as spinel with a loose
porous structure and fast growth rate, will then form
on the surface, leading to the premature failure of
TBCs [18—20]. Therefore, the way to inhibit the
formation of detrimental spinel phases and improve
the high-temperature oxidation resistance has
attracted the attention of many researchers.
Nanocrystalline coating with columnar nanosized
grains can favor the outward diffusion of Al
element and the release of thermal stress, which
results in high resistance to oxidation and scale
spallation [16—18].

In our current work, a nanocrystalline
NiCrAlY coating was deposited on K417 superalloy
by magnetron sputtering. The isothermal and cyclic
oxidation behavior of mnanocrystalline NiCrAlY
coating was investigated at 1050 °C in static air
compared with the conventional NiCrAlY coating
prepared by arc ion plating (AIP). The effect of
nanocrystalline  structure on high-temperature
oxidation behavior of the NiCrAlY coating was
intensively discussed. Although there is some
literature available on the effect of nanocrystalline
structure on the high-temperature oxidation
behavior of NiCrAlY coating, previous research in
this area is not very systematic. The innovation of
the current study lies in the systematic comparison
of the isothermal and cyclic oxidation behavior of
the nanocrystalline NiCrAlY coating with that of
the conventional one, which can guide the design of
coatings in the future.

2 Experimental

2.1 Preparation of materials and coatings
Ni-based superalloy K417 was used as the

substrate material, with the following nominal
composition: Co 9.5-14.0; Cr 8.5-9.5; Al 4.8-5.7;
Ti 4.5-5.0; Mo 2.5-3.5; V 0.6-0.9, minor C, Fe
less than 1.0, Ni in balance, wt.%. Cylindrical
specimens of 2 mm in thickness and 15 mm in
diameter were machined using a spark discharge
machine. Subsequently, specimens were ground
down to a 400-grit surface finish and humidly
blasted with 300 mesh alumina grits. The samples
were degreased by boiling in a 30 g/L NaOH
solution, followed by ultrasonic cleaning in ethanol
for 20 min. After that, a NiCrAlY layer with a
thickness of 30 um was deposited onto the prepared
samples by a high-vacuum AIP machine (DH—15,
Beiyu Vacuum Technology, Shenyang, China) and
a middle-frequency magnetron sputtering (MS)
system (5115D, Beiyu Vacuum Technology,
Shenyang, China), respectively. For the AIP
parameters, the arc current was 200 A, the bias
voltage was —100V, the N, flow rate was
30 mL/min, the O, flow rate was 30 mL/min, and
the operation temperature was 180—200 °C. In
comparison, the sputtering parameters were as
follows: argon pressure 0.2 Pa, sputtering current
3.2 A, and substrate temperature 200 °C.

2.2 Isothermal and cyclic oxidation test

An isothermal oxidation test was performed in
a muffle furnace in static air at 1050 °C for 200 h.
Prior to the experiment, alumina crucibles were
pre-heated at 1200 °C until no mass change was
observed. A cyclic oxidation test was carried out in
open air using an automated vertical furnace. Each
cycle consisted of maintaining coated samples at
1050 °C for 1 h, followed by cooling them in air for
10 min. The mass change for both the isothermal
and cyclic oxidation tests was obtained from three
parallel samples using an electronic balance
(BP211D, Sartorius, Germany) with an accuracy of
0.01 mg.

2.3 Characterization

The fractured sample was prepared by first
cutting a slit with a wire cutting machine and then
breaking it off. The morphology and chemical
composition were characterized using a tungsten
filament scanning electron microscopy (10kV,
TFSEM, JCM—-7000 NeoScope, JEOL) equipped
with an energy dispersive X-ray spectrometer
(EDS). X-ray diffraction (XRD, PANalytical
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Empyrean Series 2, Britain) with Cu K, radiation
(26 range: 10°-90°, step size: 0.014°) was used for
phase identification. The detailed grain micro-
structure was examined using a transmission
electron microscope (TEM, JEM—2100 F, JEOL,
Tokyo, Japan).

3 Results

3.1 Microstructure and composition of as-
deposited coatings
Figure 1 shows the surface morphologies of
the AIP NiCrAlY coating after annealing. It can be
observed that the AIP NiCrAlY coating became
homogeneous with dark particles scattering in a
relatively light base after vacuum annealing. This

typical microstructure is often considered as
S-NiAl in p/y’ matrix, as reported in Refs. [19-24],
which might be due to the precipitation of the S
phase from an oversaturated y’ phase during the
preparation processes.

Figure 2 shows the surface and fractured
sectional morphologies of the as-deposited MS
nanocrystalline coating. The surface morphologies
in Figs.2(a) and (b) show randomly dispersed
bulges and a detailed cluster composed of abundant
irregular  granules.  Simultaneously, fractured
sections cut by wire electrical discharge machining
(WEDM) exhibited a typical columnar micro-
structure with a thickness of 30 pm. The coating/
substrate interface was successfully chemically
bonded after vacuum annealing (see Figs. 2(c, d)).
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The composition of the two coatings were detected
by EDS and listed in Table 1. The selected areas
(Area 1 in Fig. 1(b) and Area 2 in Fig. 2(b)) proved
that the element compositions were basically in
accordance with the target material.

Table 1 EDS results from different areas in Figs. 1 and 2

(wt.%)
Area Ni Cr Al Y
1 64.4 25.0 10.0 0.6
2 64.5 25.1 9.9 0.5

Figure 3 shows the XRD patterns of AIP and
MS NiCrAlY coatings. It can be seen that both
types of coatings are composed of S, y/y’ and tiny
o-Cr peaks, indicating that NiCrAlY coatings
prepared by various methods (MS and AIP) both
exhibit the same phase constitution.
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Fig. 3 XRD patterns of AIP and MS NiCrAlY coatings

3.2 Isothermal oxidation behavior

The mass gain and the square of mass gain for
AIP and MS NiCrAlY coatings during the
isothermal oxidation test at 1050 °C are shown in
Figs. 4(a) and (b), respectively. The MS NiCrAlY
exhibited a comparatively lower mass gain than AIP
NiCrAlY during the stable oxidation stage
(30200 h), and its final total mass gain was
0.313 mg/cm?, while that of the AIP NiCrAlY
coating was 0.693 mg/cm?. The squares of mass
gain for the AIP and MS NiCrAlY coatings shown
in Fig. 4(b) were calculated from experimental data
of Fig. 4(a)). To avoid the disturbance of the initial
volatile oxidation stage, the data at the stable
oxidation stage were selected for linear fitting to
obtain the oxidation rate constant K,,. The calculated

K, values for AIP and MS NiCrAlY were 9.88x107*
and 4.41x10~*mg?(cm*-h), respectively. The MS
NiCrAlY exhibited a lower oxidation rate than the
AIP one.
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Fig. 4 Mass gain (a) and square of mass gain (b) curves
of AIP and MS NiCrAlY coatings with oxidation time at
1050 °C

Figure 5 shows the surface morphologies of
AIP and MS NiCrAlY coatings after the isothermal
oxidation test for 200 h. As seen in Figs. 5(a) and
(b), the oxide scale formed on the AIP NiCrAlY
coating exhibited a typical discontinuous bulge, and
the high-magnification image revealed a raised
cauliflower shape. The EDS analysis implied that it
is (Ni,Cr)AlO4 spinel. Comparatively, the oxide
scale formed on MS NiCrAlY was complete,
continuous and dense, without obvious cracks and
spalling. The corresponding EDS analysis (Table 2)
indicates that it is composed of Al,Os.

Figure 6 shows the X-ray diffraction patterns
of both two NiCrAlY coatings after isothermal
oxidation at 1050 °C for 200 h. Based on the
intensity of the diffraction peaks, it can be speculated
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Fig. 5 Surface morphologies of AIP (a, b) and MS (c, d) NiCrAlY coatings after isothermal oxidation for 200 h

Table 2 EDS results of different areas in Fig. 5 (at.%)

Area Ni Cr Al Y (@)
1 12.5 11.9 24.6 0.1 50.9
2 2.4 2.6 42.7 0.2 52.1
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Fig. 6 XRD patterns of AIP and MS NiCrAlY coatings
after isothermal oxidation for 200 h

that the formation of Ni(Al,Cr),Os on the MS
NiCrAlY remains relatively  inconspicuous,
suggesting that its degradation degree is less severe
than that of the AIP NiCrAlY coating.

3.3 Cyeclic oxidation behavior

Figure 7 shows the mass change curves of both
AIP and MS NiCrAlY coatings during cyclic
oxidation test at 1050 °C. The AIP NiCrAlY coating
exhibited a rapid mass increase during the initial
oxidation stage, reaching up to 30 cycles, and then
gradually stabilized until 150 cycles, at which its
maximum value was 0.695 mg/cm?. Subsequently,
mass loss occurred at 180 and 200 cycles,
suggesting that the oxide scale formed on the
AIP NiCrAlY coating underwent noticeable peeling

—0— MS NiCrAlY

Mass loss
/

0.695 mg/cm?
0.337 mg/cm?

Mass change/(mg+cm™2)
=
S

0 50 100 150 200
Number of cycles

Fig. 7 Mass change curves of AIP and MS NiCrAlY
coatings after cyclic oxidation at 1050 °C
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after cyclic oxidation for 180 cycles. Conversely,
the MS NiCrAlY coating did not experience any
significant mass loss throughout the entire thermal
cycling test, and the range of error fluctuations
was narrow, which indicates that the oxide scale
formed on the MS NiCrAlY -coating exhibits
excellent spalling resistance during cyclic oxidation
test.

Figure 8 shows the surface morphologies of
AIP and MS NiCrAlY coatings after cyclic
oxidation for 200 cycles. The surface morphologies
of the two NiCrAlY coatings exhibited distinct
characteristics. The MS NiCrAlY coating exhibited
a significant number of unevenly distributed
protrusions, along with numerous cracks and scale
spallation. A further high-magnification image
revealed cauliflower-like and sharp protrusions
accompanied by a sheet-like broken oxide scale. In
contrast, the oxide scale formed on the MS
nanocrystalline NiCrAlY coating was dense and
complete with no visible cracks or spalling pits.
These results effectively confirmed that the
nanocrystalline NiCrAlY exhibited superior oxide
scale adhesion and spallation resistance during the
thermal cycling test. The EDS results shown in
Table 3 verified that the oxide scale formed on the
MS NiCrAlY coating was primarily composed of
Al O:s.

Figure 9 shows the cross-sectional morphologies
and corresponding elemental distributions of AIP
NiCrAlY coatings after cyclic oxidation for 200 h.
As can be observed from Fig.9(a), the
discontinuous black oxide at the bottom and the
loose, porous, light-colored spinel at the top were
distributed throughout the TC/BC interface. Further
analysis of the elemental distributions confirmed
that the spinel oxide was composed of Ni, Cr, Al
and O, while the black oxide primarily consisted of
Al and O, which indicated that both Al,O; and
Ni(Cr,Al),O4 formed simultaneously. Additionally,
a distinct Cr-rich zone was visible at the bottom of
the TGO due to the excessive consumption of
aluminum, suggesting that significant coating
degradation occurred in the AIP NiCrAlY coating.

Compared with the AIP coating, the cross-
sectional morphology and corresponding elemental
distributions of the MS NiCrAlY coating are
presented in Fig. 10. The relevant results confirmed
that a continuous, dense and exclusive Al,Os scale
firmly attached to the coating accompanied with
numerous embedded oxide pegs.

Figure 11 shows the X-ray diffraction patterns
of the two coatings after cyclic oxidation for 200
cycles. The results showed that the oxide scale of
the nanocrystalline NiCrAlY coating consists
exclusively of Al,O3.The degradation of the MS

’

Fig. 8 Surface morphologies of AIP (a, b) and MS (c, d) NiCrAlY coatings after cyclic oxidation for 200 cycles



Chun-tang YU, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1907-1918 1913

Table 3 EDS results in different areas in Fig. 8 (at.%)

Area Ni Cr Al Y O
1 11.9 12.6 23.7 0.2 51.6
2 2.1 2.1 41.8 0.2 53.8

NiCrAlY was slower, thus inhibiting the formation
of the detrimental Ni(Al,Cr),O4 spinel phase.

4 Discussion

4.1 Effect of nanocrystalline on oxidation rate

The maintenance of a continuous, dense and
exclusive a-Al,Os scale can offer excellent
oxidation resistance under high temperature
exposure. To achieve a continuous a-AlOj; scale,
the Al content within the coating interior must reach
a critical value. The critical value (N)) is
expressed as follows [24—28]:

1/2

D

NS ng N,D )V, 1)
2 DAlVox

where NoD, is the oxygen permeability; Da; is the
diffusion coefficient of Al; g is a factor decided by
volume fraction oxide required for transition from
internal to external oxide; Vi, and Vo are the molar
volumes of alloy and oxide, respectively.

To determine the grain size of the MS
NiCrAlY coating, a TEM image and corresponding
grain size distribution are shown in Fig. 12.
The grain size of the MS coating varies between 15
and 60nm, with an average grain size of
(29.21£1.99) nm. Additionally, a significant number
of high-density dislocations are distributed within
some grains. In contrast, the grain size of the AIP
NiCrAlY typically ranges in 700—1600 nm [25—30].

The nanocrystalline NiCrAlY coating with
abundant grain boundaries facilitates the diffusion
of Al element, significantly enhancing the diffusion
coefficient of Al (Dai). This reduction in the critical
value required for the formation of protective
a-Al,O3 makes it easier to achieve a continuous
and dense ALOs scale. In contrast, conventional
NiCrAlY coatings are more prone to forming loose

Fig. 9 Cross-sectional morphology and corresponding elemental distributions of AIP NiCrAlY coating after cyclic

oxidation for 200 h
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Fig. 10 Cross-sectional morphology and corresponding elemental distributions of MS NiCrAlY coating after cyclic

oxidation for 200 h
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Fig. 11 XRD patterns of AIP and MS NiCrAlY coatings
after cyclic oxidation for 200 h

and porous structural spinel oxide, as seen in
Fig. 13. The earlier formation of a protective
a-Al,O3 scale on the nanocrystalline NiCrAlY
effectively reduces the oxygen partial pressure.
Subsequently, the critical Al content required to
form a continuous, dense a-AlO; scale [31-34].
Conversely, the weak protective Ni(Cr,Al),O4
spinel formed on conventional NiCrAlY in the early
stage can lead a vicious cycle of “spinel formation—
excessive degradation—spinel formation” [35—38].
Furthermore, the abundant grain boundaries of the
MS nanocrystalline NiCrAlY coating provide more
nucleation sites for the oxide scale, allowing initial

= Counts of grain
— Fitted line

Average: (29.21+1.99) nm
Variance: 1.99

0 10 20 30 40 50 60 70 80
Grain size/um
Fig. 12 TEM image (a) and corresponding grain size
distribution (b) of MS NiCrAlY nanocrystalline coating

nucleation particles to grow and connect with each
other, resulting in the formation of a fine-grained
oxide scale [35,38,39].
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Fig. 13 Schematic diagram illustrating nucleation and
growth of oxide scale on MS (a) and AIP (b) NiCrAlY
coatings

According to the classic oxidation theory, the
growth rate of TGO is mainly determined by the
outward diffusion of Al and the inward diffusion of
O. The decisive factor hindering the diffusion rate is
the barrier effect of the early-formed oxide. The
final mass gain of nanocrystalline NiCrAlY
coatings after isothermal exposure at 1050 °C for
200h is 54.8% less than that of conventional
NiCrAlY. Additionally, the oxidation rate constant
(Kp) is notably decreased by 55.3%, suggesting that
nanocrystalline evidently plays a positive role in
reducing the oxidation rate.

4.2 Effect of nanocrystalline on scale adhesion

It is generally believed that the dense alumina
has better spallation resistance than spinel oxide.
Therefore, we believe that the nanocrystalline
NiCrAlY coating can enhance the spalling
resistance of the oxide scale by suppressing
the formation of the harmful spinel phase
(Ni(Cr,Al);04). Furthermore, the scale adhesion is
also directly associated with the internal stress
level.

Usually, internal stress generated in the oxide
scale is mainly due to the oxide growth and the
mismatch in the coefficient of thermal expansion
(CTE) between the scale and the coating during
thermal cycling. There are three main mechanisms
for releasing this internal stress [35,38]: (1) Plastic
deformation of the oxide scale; (2) Plastic
deformation at the scale/coating interface; (3) Cracking
or peeling of the oxide scale. The plastic
deformation of the oxide scale at -elevated

temperature is mainly caused by diffusion creep.
The creep rate (¢) is closely related to the grain
size [35,38]:

Q)

é——(BlewL 2)

d’KT

B,5D, j
d

where B; and B, are constants, o is the stress, Q is
the atomic volume, D, and Dy are intragranular
diffusion coefficient and grain boundary diffusion
coefficient, respectively, ¢ is the grain width, K is
the Boltzmann constant, 7" is the thermodynamic
temperature, and d is the grain size. When grain
boundary diffusion dominates, Eq.(2) can be
simplified as [35,38]

- 50_(32BDb 3)
d°KT
Equation (3) indicates that the creep rate is

inversely proportional to the third power of the

grain size, which means that the finer the oxide
scale grain, the more beneficial it is for creep
deformation [35,38]. The MS nanocrystalline

NiCrAlY coating has finer oxide scale grain than

conventional NiCrAlY, making it easier to release

internal stress through plastic deformation [35,36].

Additionally, the embedded oxide pegs formed on

the nanocrystalline NiCrAlY further enhance the

adhesion of the oxide scale (see Fig. 10). Therefore,
its oxide scale has better anti-stripping performance
during reciprocating heating and cooling cycle (see

Fig. 8). In contrast, the conventional NiCrAlY

coating generates a coarse, messy and fragile spinel,

which worsens the oxide adhesion during thermal

cycling [34,35-39].

The unique columnar crystal structure of the

MS coating can provide channels for the rapid

outward diffusion of Al, greatly facilitating the

selective oxidation of Al. In addition, the high

density of nanoscale grain boundaries provides a

vast number of nucleation sites for a-AlOs,

promoting the formation of a dense distribution of
oxide islands on the surface. Over a short period,

these oxide islands coalesce and connect, forming a

and dense protective oxide scale

dominated by a-AL,Os. In contrast, the AIP coating,
with its coarser equiaxed crystalline microstructures,
exacerbates the difficulty of outward diffusion.

During the earliest oxidation stage, when the

multicomponent NiCoCrAlY coating is fully

exposed to a high-temperature atmosphere, all

continuous
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components of the coating have a potential to
participate in the oxidation process. The
micron-sized grain boundaries of the AIP coating
lead to a discrete distribution of the oxide islands
nucleated on the surface. These oxide islands are
primarily composed of 6-Al,0O3 and a-Al,O3. When
local microstructural defects in the coating result in
an insufficient supply of Al it becomes challenging
to sustain the exclusive growth of the alumina scale
Ni and Cr diffuse toward the outer surface through
the vacancies left by Al, leading to the formation of
NiCr,04 spinel. As the oxidation continues, the
inherently faster growth rate of transient oxides,
such as 6-Al,0Os; and NiCr,O4 spinel, causes rapid
thickening of TGO. Notably, the severe surface
undulation of the AIP coating is accompanied by
frequent voids and cracks within the oxide scale,
which are mainly due to the volume shrinkage
generated by the phase transformation.

5 Conclusions

(1) The nanocrystalline NiCrAlY coating
exhibits superior isothermal and cyclic oxidation
resistance compared with the conventional
NiCrAlY at 1323 K.

(2) The mass gain and parabolic rate constant
K, of the nanocrystalline NiCrAlY coating are
452% and 44.7% lower than those of the
conventional NiCrAlY coating.

(3) During cyclic oxidation, the spallation
tendency of the oxide scale is evidently decreased
by nanocrystallization, due to the formation of a
continuous, compact, adherent, and slow-growing
exclusive a-Al,Os scale.
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AIP SRFDANFEIE & 5T Ni—25Cr—10A1-0.5Y &=
£ 1323 K THFEMEASIKITA

REE L, R, AR IR F 04,
FERE S, WAL WM, RERLS, RERT, RS

1. ERELT RS MERES TR, K 401320;
2. MRIELTRERZE MEM, WE 264000;
3. hEEREERE RS BN SR 2 SMRRFEESEE, BUM 310024;
4. EFEERE FIEEERREROITONT PR S A M I K SR =, B 200050
5. AERAA MR KRS im0, BN 310023;
6. THRHIAR LIRS, EEK 400039;
7. FERBERE SEFTART BRI G, 0 1100165
8. RALKZE(GER) RBAM RS2 E K 52805, JLFH 110819

W E: K2 I T AP MR I MS) B Fl 7 VA 7E K417 iR & &Rl & Ni-25Cr-10A1-0.5Y
(NIiCrAIY)R 2 TE 1323 K §8 2R N A AP NiCrAlY 32 RSB AE I A AT N7 PN . 25 SRR W, 7E 1323 K
T, 99K NiCrAlY 3)2 He @ NiCrAlY w2 H A B IR M 2 BE . 40K 0 NiCrALY V210 &4
DA R B K, 2 B EAE 58 NiCrALY B2 MG 45.2%F1 44.7%. MR ELLIE RS, TR T Ess. 5
L ROMHE R E KR a-ALOs AN, PIRAAEAF EUL BRI RIT& 5110 B B MG 341, hi8 T 40K & NiCrAly

WRZVEREARTHAOHLEE

LEIA: MCrAIY; 20k AVEKSAUC: TRl R%
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