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Abstract

To improve the high-temperature resistance of the key hot-end parts of the steam turbine, NiCoCrAlY coatings were depos-
ited on a 304 stainless steel substrate by laser cladding. The microstructure and high-temperature oxidation behavior of the
NiCoCrAlY coatings were analyzed. The results showed that the NiCoCrAlY coatings contained y/y" and § phases, and the
microstructure was mainly composed of elongated columnar crystals. In addition, after 100 h of oxidation at three different
oxidation temperatures (750, 850 and 950 °C), the coatings showed a relatively low oxidation rate, which was approximately
a quarter of the oxidation rate of the substrate. At the same time, the protective Cr,05 scales were formed on the coating
surface. When the oxidation temperature was 850 °C, the FeCr,0, spinel formed and internal oxidation zone appeared,
when the oxidation temperature reached 950 °C, the FeCr,0, spinel gathered in the local area on the surface of the Cr,0;
scale and the internal oxidation was aggravated. In other words, as the oxidation temperature increased, the Fe element in
the matrix formed the FeCr,O, spinel, which accelerated the consumption of Cr element in the coatings and reduced the

overall oxidation resistance of the NiCoCrAlY coatings.
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1 Introduction

Currently, coal-fired power generation still occupies an
important and irreplaceable position in the world. Improv-
ing the thermal efficiency of steam turbines during coal-fired
power generation and reducing the energy consumption and
harmful gas emissions have become important issues to be
solved. The steam temperature of ultra-supercritical steam
turbines usually exceeds 600 °C, which obviously places
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stringent requirements on the performance of high-strength
heat-resistant stainless steel, which is a key component of
steam turbines [1]. Therefore, it is a simple and effective
method to prepare heat insulation or protective coating on
its surface [2, 3]. Thermal insulation coatings can effectively
reduce the temperature of hot-end components, and the pro-
tective coating has excellent resistance to high-temperature
oxidation, thermal corrosion, wear resistance and sealing.
Thermal insulation coatings have been widely used in aero-
engines and other fields. They are expected to improve the
efficiency of steam turbines and the high-temperature resist-
ance of key-hot end components in steam turbines, such as
blades, valves, and boiler pipes, to extend the service life.
MCrAlY (M is transition group metal Ni or Co or a mixture
of them) alloy coatings have good adhesion, a high modulus,
a high strength and excellent high-temperature oxidation and
corrosion resistance [4]; these materials can not only be used
as a heat barrier layer (thermal barrier-coatings (TBCs)) on
the substrate and ceramic surface layer of the combination
layer but can also be used in many protective coatings for
high-temperature alloy components [5, 6].
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At present, atmospheric plasma spraying (APS) [7], high-
velocity oxy-fuel (HVOF) [8], low-pressure plasma sputter-
ing [9], and electron beam physical vapor deposition [10] are
the most important preparation methods for MCrAlY coat-
ings. However, regardless of which of the above methods
are used, there are problems with the coatings, such as poor
density and easy oxidation [11], which obviously have a very
adverse effect on the high-temperature oxidation and corro-
sion performance of the coating. The research results show
that oxide impurities in the coating increase the growth rate
of TGO, which leads to early failure of the coating [12, 13].
For example, due to high-temperature sputtering techniques,
including APS and HVOF, oxide impurities are inevitably
formed during the deposition process, while low-pressure
plasma sputtering and vacuum plasma sputtering techniques
can effectively avoid oxidation during the deposition pro-
cess, but their cost is high. In contrast, laser cladding under
the protection of an inert gas contributes to solving the above
problems. It can prepare a metal coating with a dense and
fine structure that metallurgically combines with the sub-
strate and reduces the internal and surface coating defects
[14—17], which effectively blocks the diffusion of oxygen
into the coating in a high-temperature environment [18, 19].

In the present study, a NiCoCrAlY coating was prepared
on the surface of 304 stainless steel by laser cladding. First,
the microstructure of the NiCoCrAlY coating was studied,
and then isothermal oxidation experiments were carried out
at 750 °C, 850 °C, and 950 °C. The oxidation kinetics of
the 304 stainless steel before and after LC were compared.
The morphology of the oxide layer was observed, in order
to evaluate their evolution with oxidation temperature. By
analyzing the concentration of elements after oxidation, we
focused on determining the antioxidation mechanism of the
NiCoCrAlY coating prepared by laser cladding, which pro-
vides a theoretical reference for the application of NiCo-
CrAlY coating.

2 Experimental Procedures
2.1 Preparation of the Samples

In this research, the substrate comprised 304 stainless steel
with a size of 20 mm X 20 mm X 10 mm. The chemical com-
position is given in Table 1. The cladding powder comprised
NiCoCrAlY, and the chemical composition is shown in
Table 2. The scanning electron microscope (SEM, S-3400 N
HITACHI) image of NiCoCrAlY powder particles is shown
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Table 2 Chemical composition of NiCoCrAlY
Element Co Cr Al Y Ni
wt% 22.88 17.96 11.82 0.99 Bal.

in Fig. 1a. The particle size distribution was measured using
a laser particle size analyzer (Mastersizer.2000). The par-
ticle size distribution diagram is shown in Fig. 1b, where
D10=38.42 um, D50=68.75 pm, D90 =123.28 pm. Before
laser cladding, the surface of the substrate was mechanically
polished and then cleaned with absolute ethanol to eliminate
residual oils, oxides or other impurities.

The working principle of the laser cladding system is
illustrated in Fig. 2. The powder was transported to the
surface of the substrate through a powder feeding system
(DMS-3). At the same time, it was scanned and deposited
on the substrate by a laser (LDF4000-100, continuous wave
with a wavelength from 980 to 1020 nm, Germany) to form
a cladding layer. After a detailed study of the laser cladding
parameters, they were selected as follows: the laser power
was 1500 W, scanning speed was 10 mm/s, laser radius
was 4 mm, overlap rate was 50%, and powder feed rate was
4500 mg/min. Argon gas was used as the protective and
powder carrier gas, and the flow rate was 20 L/min. After
laser cladding, the sample was cooled to room temperature
in air.

2.2 Microscopic Analysis

The phase analysis of the NiCoCrAlY powder and NiCo-
CrAlY coating was carried out by X-ray diffraction (XRD,
D/Max 2500PC, Japan). To eliminate the adverse effect of
the relatively rough coating surface on the final result, the
coating surface was ground and polished with sandpaper
before the XRD analysis. Scanning electron microscopy
(SEM FEI NovaNano450) and energy dispersive spectros-
copy (EDS) were used to observe the microstructure of the
NiCoCrAlY coating. Before observation, the coating section
was polished and then etched with aqua regia for 30 s.

2.3 High-Temperature Oxidation Testing
of the Coating

The 304 stainless steel was oxidized in a medium- and high-
temperature (500-800 °C) environment. When the tempera-
ture is higher than 800 °C, the oxidation becomes severe.
Therefore, the high-temperature oxidation behavior tests

Table 1 Chemical composition

X . Element C Si
of 304 stainless steel

Mn P S Cr Ni Fe

wt% 0.040 0.378

0.903 0.040 0.004 18.330 8.110 Bal.
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Fig.1 SEM image (a) and
particle size distribution (b) of
NiCoCrAlY powder
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Fig.2 The working principle of laser cladding system

were carried out in a box-type resistance furnace at 750 °C,
850 °C, and 950 °C. The coated and uncoated substrates
were subjected to isothermal oxidation for 100 h. During the
experiment, the weight of the samples was measured using
an electronic balance with a sensitivity of 0.1 mg every 10 h.
After weighing, the samples were returned to the furnace
to continue the remaining oxidation process. To ensure the
accuracy of the outcome, the crucible was weighed before
the experiment, and the samples were weighed together with
the crucible during the experiment. The weight gain of the
coating and substrate per unit area was calculated. The phase
composition of the coating surface after oxidation was ana-
lyzed using X-ray diffraction. The surface morphology and
cross-sectional morphology of the oxide film were observed
with scanning electron microscopy. The composition of the

oxides was determined by energy dispersive spectrometry
(EDS).
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Fig.3 XRD patterns of the NiCoCrAlY powder and NiCoCrAlY
coating

3 Results and Discussion
3.1 Microstructure of the Coatings

Figure 3 gives the results of the XRD analyses of the NiCo-
CrAlY powder and NiCoCrAlY coating. The NiCoCrAI'Y
powder before cladding and the NiCoCrAlY coating after
cladding are composed of y/y" and § phases. The half-widths
of the three strong peaks in the XRD pattern of the powder
are 0.3648, 0.3192, and 0.3534, respectively, and the half-
widths of the three strong peaks in the XRD pattern of the
coating are 0.6726, 0.6635, and 0.8208, respectively. We can
clearly see that the diffraction peak of the coating is wider
than that of NiCoCrAlY powder, which can be inferred that
the grains become smaller after cladding [20-22]. The rea-
son for this phenomenon may be that the cooling rate after
laser cladding is too large, and the grains cannot grow.
Figure 4 presents the macroscopic and microscopic
morphologies of the coating. From the macroscopic
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Coating

Substrate

Fig.4 The cross-sectional morphology of the NiCoCrAlY coating: a
macroscopic morphology, b microscopic morphology

morphology (Fig. 4a), it can be seen that the thickness
of the coating is approximately 917 pm, and no obvi-
ous cracks or pores are found. The microstructure of the
coating (Fig. 4b) is mainly composed of many elongated
columnar dendrites. This is the typical structure produced
by a laser as the heat source under the conditions of rapid
heat and rapid cooling, which greatly reduces the oxida-
tion channels of metal elements compared to that of the
polycrystalline structure. The dark area corresponds to the
Al-poor y/y' phase, and the bright area corresponds to the
Al-rich B phase. These two phases are also confirmed by
the XRD analysis. The § phase exhibits a dendritic micro-
structure with a high aspect ratio. This structure enables
the exclusive formation of alumina and a lower thermally
grown oxide (TGO) growth rate [23].

3.2 Oxidation Behavior

Figure 5 shows the quality change of the coating and sub-
strate after oxidation. After 100 h of oxidation, the weight
gain of the substrate increases rapidly from 2.7219 to
4.5631 mg/cm?, while the weight gain of the NiCoCrAlY
coating increases from 0.91667 to 1.3501 mg/cm?. The
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Fig.5 The weight gain value of the 304 stainless steel (a) and the
NiCoCrAlY coating (b) at 750, 850, and 950 °C

growth is slow, and the coating has better oxidation resist-
ance than the substrate.

According to the weight gain from oxidation as a func-
tion of the time, it can be seen that the weight increase
of the substrate has a linear relationship with the time
(Fig. 5a). However, the weight gain of the NiCoCrAlY
coating has an exponential relationship with the time
(Fig. 5b), which is consistent with Wagner’s oxidation
theory [24-26]. According to Wagner’s theory, the weight
change due to oxidation can be expressed by Eq. (1):

(AW)" = At (1

where AW is the weight increase, n is the oxidation index,
A is a constant (oxidation rate), and t is the oxidation time.
Table 3 lists the fitting equations for the 304 stainless steel
substrate and NiCoCrAlY coating. For the NiCoCrAlY coat-
ing, the oxidation index is 2, which indicates that the diffu-
sion of oxidation is affected not only by the diffusion behav-
ior of oxygen but also by the surface chemical reaction [27].
The oxidation rate (curve slope) of the substrate at 750, 850,
and 950 °C is 0.03256, 0.04585, and 0.04829, respectively,
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Table 3 Parameters of oxidation models fitted to weight gain data of
the 304 stainless steel alloy and the NiCoCrAlY coatings

Materials Equation Time(h)
304 stainless steel
750 °C AW =0.03256t—0.35 10-100
850 °C AW =0.04585t—0.318 10-100
950 °C AW =0.04829t+0.076 10-100
NiCoCrAlY coating
750 °C (AW)?>=0.00838t 10-100
850 °C (AW)?>=0.01142t 10-100
950 °C (AW)?>=0.01696t 10-100
¢ Crn03 @ FeCryOy4
A ALO; myH
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Fig.6 XRD patterns of the NiCoCrAlY coating after 100 h of oxida-
tion at different temperatures

and the oxidation rate of the NiCoCrAlY coating is 0.00838,
0.01142, and 0.01696, respectively. According to the oxida-
tion rate constant (A), it can be concluded that the oxidation
rate of the coating is approximately a quarter of the oxida-
tion rate of the substrate. When these results are combined
with the oxidative weight gain of the coating, it appears that
the coating has excellent antioxidation properties.

Figure 6 displays the XRD analysis results after isother-
mal (750, 850 and 950 °C) oxidation for 100 h. After oxida-
tion at 750 °C, the coating surface contains y/y" and Cr,0;
phases. The Cr,05 phase prevents further oxidation of the
coating [28]. The FeCr,0, phase and Al,O; phase appear
after oxidation at 850 °C. During the laser cladding pro-
cess, a small amount of matrix elements (Fe) diffuse into
the coating [29]. Since Fe has a higher activity than Ni and
Co, it forms the FeCr,0, phase. The high density of the
Al,O; phase has a better ability to isolate oxygen than the
Cr,0; phase [27]. With increasing oxidation temperature,
the peaks from the Cr,0; phase and Al,O; phase increase at

@ Springer

950 °C, indicating that more Cr,0; phase and Al,O; phase
are formed on the coating surface.

Figure 7 shows the micromorphology of the NiCoCrAlY
coating surface after oxidation at different temperatures for
100 h. After oxidizing at 750 °C for 100 h (Fig. 7a, b), the
surface of the coating is divided into planar areas and river-
like areas. The surface of the planar area is composed of a
large number of particulate oxidation products. The size of
the oxidation products deposited on the coating is small, and
the structure is dense, which can effectively restrict the num-
ber of oxygen diffusion channels. The EDS results (Table 4)
show that the main component in the planar area (Point 1)
is Cr,05, which is the result of selective oxidation in a high-
temperature environment. The dense Cr,0; scale isolates
the internal regions from the oxidizing environment. In the
river-like area (Point 2), the Al element content (13.07 at%)
is significantly higher than that in the planar area (1.14 at%).
It can be speculated that the coating in this area contains a
small amount of alumina in addition to Cr,0;. However, alu-
mina is not detected by X-ray diffraction. The main reason
is that the size and quantity of the alumina are very small; it
is difficult to determine the alumina phase composition by
X-ray diffraction [30].

When the temperature is 850 °C (Fig. 7c, d), the coat-
ing surface is stacked with oxidation products that have a
polyhedral structure and granular structure. The surface
structure appears less dense. The polyhedral-like oxida-
tion products (Point 3) are FeCr,0, spinel, and the granu-
lar oxides (Point 4) are Cr,05. The spinel is doped with
Cr,0;. Compared with that at 750 °C, the Cr,05 particle
size increases, indicating that Cr,O5 gradually grows as the
temperature increases.

When the temperature is 950 °C (Fig. 7e—g), the surface
morphology changes substantially. The flocculated oxidation
products are formed, and local areas are also covered with
the polyhedron-like oxidation products. There are obvious
holes and cracks in the flocculated oxidation products, some
of the flocculated oxidation products are peeled off, and a
new scale layer appears. The new scale layer (Fig. 7g) is
composed of stacked particles, and its surface structure is
flat and dense. According to EDS analysis, the polyhedral
oxidation product (Point 5) is FeCr,0, spinel, the floccu-
lated oxidation product (Point 6) is Cr,0O3, and the new scale
(Point 7) is rich in Al and O, indicating that the scale is
alumina. For the new scale layer that appears on the surface
after shedding, it is difficult to identify whether this Al,O,
scale was newly formed or already existed underneath the
spalled scale based on the surface morphology.

Figure 8 shows the cross-sectional morphology of the
samples and the corresponding EDS results for the local
area after oxidation at 750, 850, and 950 °C for 100 h. From
the surface of the coating to the inside of the coating, the
contents of Ni, Co, and Fe gradually increase (Fig. 8d—f),
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Fig. 7 Surface morphology of
the NiCoCrAlY coating after
100 h of oxidation at different
temperatures: a, b 750 °C, ¢, d
850 °C, e-g 950 °C

Table 4 EDS results at each

point marked in Fig. 7 (at%) EDS point Composition (at%)
(0] Al Cr Fe Ni Co Y
1 44.61 1.14 39.22 1.93 5.84 7.26 -
2 33.61 13.07 27.32 8.05 8.21 9.74 -
3 58.21 2.03 26.5 11.32 1.57 0.37 -
4 54.62 1.22 40.99 1.92 0.47 0.77 0.01
5 57.35 0.54 29.31 12.13 0.27 04 -
6 59.11 0.23 36.22 2.26 1.26 0.91 0.01
7 51.82 32.81 10.62 1.85 1.31 1.59 -

indicating that the elements of Ni, Co, and Fe are consumed
by the scale during the early oxidation process [27]. At
750 °C (Fig. 8a), a continuous dense oxide layer is observed
on the surface of the coating. The EDS results (Fig. 8d)
show that the main component of the oxide film is Cr,0;,
and the content of Al increases slightly, indicating that the

oxide layer also contains a small amount of Al,O5, which is
consistent with the surface observation results. At 850 °C
(Fig. 8b), in addition to the oxide film, an internal oxida-
tion zone appears. The oxide film shows a typical double-
layer structure, and combined with the EDS result (Fig. 8e)
and surface morphology, the upper layer of the oxide film
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FeCr,0,+Cr,0;

Cr,0, Al O, Oxide film

Internal oxidation zone

AL O, Oxide film
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Fig.8 The cross-sectional BSE morphology and EDS line analysis of
the NiCoCrAlY coating after 100 h of oxidation at different temper-
atures: a low-magnified image at 750 °C, b low-magnified image at
850 °C, ¢ low-magnified image at 950 °C, d—f high-magnified image
and EDS line analysis showing the oxide scale

is a mixture of FeCr,0, spinel and Cr,0;. Due to the dif-
ferent thermal expansion coefficients of the FeCr,0, spi-
nel and Cr,03;, which form a growth stress, obvious cracks
appear [31, 32]. The lower layer of the oxide film is Cr,0;.
Combined with the surface morphology, it can be seen that
the gap between the Cr,0; particles is large and the struc-
ture is loose. The thickness of the internal oxidation zone
is approximately 2.05 pm, and the oxidation products are
mainly Al,O5. The O enters the interior by the gap between
Cr,0; particles and combines with Al to form the oxidation

@ Springer

products [28]. As the oxidation process progresses, the
Al,O; grows and aggregates, forming an internal oxide layer.
The Al,O; is discontinuous, which is also a typical feature
of internal oxidation. At 950 °C (Fig. 8c), the oxide film
fluctuates greatly, and the internal oxidation zone becomes
thick. Combined with the EDS result (Fig. 8f), it can be
seen that the oxide film is Cr,0j;. It can be found that the Cr
element concentration near the oxide film reaches its lowest
value, indicating that the Cr content is already low and can
no longer generate new Cr,0;, which is the direct cause of
the pores, cracks and shedding phenomena that occur on
the Cr,0; scale. The thickness of the internal oxide zone
is approximately 5.85 pm, indicating that the ability of the
Cr,0; to isolate oxygen is weakened and additional O enters
the interior of the coating. The composition of the inter-
nal oxidation zone is Al,0;, and the discontinuity of the
Al,O; is more obvious than that at 850 °C. According to the
EDS results (Fig. 8f), in the non-Al,0O5 area of the internal
oxidation zone, the O element content rapidly decreases,
indicating that Al preferentially combines with O to form
Al,O3, and the Al element protects other elements from
being oxidized.

Therefore, the high-temperature oxidation behavior of
the NiCoCrAlY coating at different temperatures can be
described by the steps shown in Fig. 9. The antioxidation
mechanism of the NiCoCrAlY coating is based on the for-
mation of protective oxidation products, such as Al,0; and
Cr,0;. During the initial stage of oxidation, due to the rapid
weight gain, it can be speculated that all the elements (Ni,
Co, Cr, Al, and Fe) exposed to a high-temperature envi-
ronment are oxidized while the resulting mixed oxides are
formed on the surface. As the oxidation proceeds, the selec-
tive oxidation of Cr is advantageous due to its high content,
whereas the diffusion of Al is weakened or delayed [33].
After oxidizing at 750 °C for 100 h, the Cr element uses the
grain boundaries as a diffusion channel and preferentially
oxidizes to form Cr,0s3; also, a small amount of Al,Oj is
mixed in the Cr,05 oxidation product. At this temperature,
the NiCoCrAlY coating exhibits excellent oxidation resist-
ance. At 850 °C, the FeCr,O, spinel appears, which is doped
with Cr,O; on the surface of the TGO layer, forming a mixed
oxide scale. The mixed oxide scale contains obvious cracks
and shedding. Below the mixed scale is a less dense Cr,04
scale. The O element enters the interior through the gaps
between the Cr,0; particles. Al begins to oxidize selec-
tively and gradually forms a less continuous Al,0;. When
the temperature is 950 °C, the FeCr,0, spinel gathers in the
local area on the surface of the Cr,0; scale. Cr consump-
tion is accelerated and becomes depleted; thus, it is unable
to generate new Cr,0;. The Cr,0; scale is severely dam-
aged, and defects such as pores, cracks, and shedding appear.
Additional oxygen enters the interior through the cracks and
pores, and additional Al,O5 is generated. The thickness of
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Fig.9 Schematic illustration of high-temperature oxidation processes of the NiCoCrAlY coating

the Al,O; scale increases, and the discontinuities become
very obvious. In short, the matrix element (Fe) diffused into
the coating during the laser cladding process has a certain
effect on the oxidation resistance of the coating. Due to the
higher activity of Fe element and the faster diffusion rate,
FeCr,0, spinel is formed. The FeCr,0, spinel will consume
the protective Cr,05 and accelerate the consumption of Cr
element. Therefore, it can be said that the 304 stainless steel
matrix has a certain negative effect on the high temperature
oxidation performance of the NiCoCrAlY coating.

4 Conclusions

In this study, a NiCoCrAlY coating was prepared on a 304
stainless steel substrate by laser cladding technology. The
structure and oxidation behavior of the coating were studied.
The conclusions are as follows:

1. The NiCoCrAlY powder and the NiCoCrAlY coating
contain y/y" and p phases. The microstructure of the
NiCoCrAlY coating is mainly composed of many elon-
gated columnar dendrites.

2. The NiCoCrAlY coating has good oxidation resistance,
and the oxidation rate of the coating is approximately a
quarter of the oxidation rate of the substrate.

3. The NiCoCrAlY coating is oxidized for 100 h. At
750 °C, Cr,0; in the stable and dense TGO layer plays
a predominant protective role. At 850 °C, the internal
oxide layer appears. Cr,05 and Al,O; play a synergistic
protective role. When the temperature is 950 °C, the
Cr,05 scale is severely damaged, the thickness of the
internal oxidation zone increases, and Al,O; controls
the subsequent oxidation behavior.
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