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Abstract: The effect of depositing 8YSZ between serving as an intermediate layer of the P92/Al,O3
was analyzed via finite element analysis. The result shows that depositing an 8YSZ buffer coat beneath
the Al,O3 will dramatically decrease the maximum principal stress in the coating system in thermal
shock. The stress intensity factor, K; and J-integral are also decreased which indicates the crack
propagation resistance is improved. Inserting a 100 nm 8YSZ buffer layer could reduce the Ky and
J-integral by 2 orders of magnitude. Thus, cracks are less likely to initiate and propagate. Moreover,

check for coating an 8YSZ layer between the P92/ Al,O3 can significantly change the stress distribution pattern

updates in the Al,O3 coating. The 8YSZ with a proper coefficient of thermal expansion between that of the
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Al;O3 and P92 and good deformability is an ideal buffer layer to improve the thermal cycle endurance
and prolong the service life of the Al,O3 coating.
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13121999 1. Introduction

Coal is increasingly demanded as a power source and it is expected that by the year

Academic Editor: Angela De Bonis 2030, coal consumption will exceed 6000 million tons of carbon equivalent and contribute
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to 42% of the electricity supply worldwide according to International Energy Agency [1].
A large percentage of carbon dioxide emissions would result from the coal burning in
power plants, leading to severe global warming problems [2]. Therefore, there is an urgent
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request to reduce carbon dioxide emissions. Increasing the efficiency of the steam power
plants is urgently required and can be achieved by operating with a super-critical or ultra-
supercritical working medium [3]. The efficiency of an ultra-supercritical plant (e.g., 300 bar
and 630 °C) can reach over 48%, while that of a subcritical plant (below 220.6 bar and 374 °C)
is below 35% [4]. The ultra-supercritical power plant is more efficient and environmentally
friendly compared to the traditional coal-burning power plant and has been widely put
into service. However, the extreme working condition in the plant requires components
with high corrosion resistance in presence of the water vapor and CO;. Many kinds of
Attribution (CC BY) license (https://  Materials have been developed to construct facilities that could withstand high pressure
creativecommons.org/licenses /by / and temperature in the long term [5]. Among them, Ferritic-martensitic P92 was chosen in
40/). the steam pipes, headers, and superheater of many facilities for application at up to 650 °C
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because of its high strength, low expansion coefficient, high oxidation resistance in ultra-
supercritical steam, and excellent creeping resistance [6-9]. But for long-term service, Al,O3
protective coating is needed to prolong the service life. Research on the creep behavior of
the P92 shows that under 650 °C, the P92 welded joints can only withstand about 10* h
operation, while the P92 base metal can survive about 10° h [9]. Preparing a protective
coating, especially on the welded joint is an ideal option to prolong the service life or
increase the service temperature of components. Al;Oj is an excellent candidate for this
application due to its high strength, good corrosion resistance, and thermal stability in the
presence of water vapor [10-15]. B.A. Pint conducted a long-term performance experiment
of aluminide-coated T91 and 304 L SS. The result shows that, compared to the uncoated
specimen, the alumina-forming coating could successfully prevent the accelerated attack of
the substrate in humid air at 650-800 °C [16]. However, little research was conducted about
the optimization of the coating preparation and nano-thick Al,O3 coating in this specific
application. For long-term service of Al;O3 coating, the most critical problem is the huge
thermal mismatch of the coating and the substrate. However, the huge thermal mismatch
of the Al;O3 and P92 could result in residual stress during the operation of the plant. It
could result in tremendous thermal residual stress, causing crack initiation and the final
failure of the coating when the coating-substrate system experiences thermal cycles during
the operation of the power plant. Preparing a double or multiple-layer system is a solution
to the problem [17]. Preparing an 8YSZ intermediate transient layer with intermediate
thermal expansion performance between the Al,O3 coating and the substrate and good
high-temperature endurance can be a way to reduce the thermal residual stress of the
coating and prolong its lifespan [18,19]. However, little research analyzes the improvement
of fracture resistance by introducing the buffer layer, which is somewhat similar to the
notch effect of the fatigue behavior of materials [20]. In this paper, simulations of the
P92/ Al,0O5 and P92/8YSZ/ Al,O3 were conducted to investigate the effect of preparing
a nano-thick intermediate coat beneath the Al,O3. The effect of the buffer layer on the
reduction of the thermal stress and improvement of the thermal cycle endurance of the
coating-substrate system was analyzed by finite element analysis. The result was also
verified by experiment. This work is a preliminary work to find the relationship between
the topcoat and the thermal stress of the nano-thick composite coating and the preparation
and optimization of protective Al;O3z on the P92 steel in an ultra-supercritical power plant.

2. Material and Methods

The simulation of the stress field of the coating system under thermal cycles was
conducted using the commercial software ANSYS 19. Per our previous experimental study,
the coating specimens were all annealed in a vacuum tube furnace for 2 h at 700 °C to
eliminate any residual stress that existed after magnetron coating [21]. All models were set
in a stress-free state at 700 °C which is slightly higher than the operation temperatures of
the ultra-supercritical condition (650 °C). The maximum principal stress was considered the
major factor that impacted the thermal cycle endurance of the coating as both the Al,O3 and
Y03 coatings are brittle and fragile. Moreover, a pre-meshed crack fracture analysis was
also conducted to evaluate the fracture resistance of the composite of the P92/8YSZ/Al,O3
coating system.

The thermal shock experiment was carried out on the P92/ Al,03 and P92/8YSZ/ Al,O3
specimens prepared by radio-frequency magnetron sputtering methods, details of which
were similar to our previous study [22] to verify the calculation result.

2.1. Analytic Model

The detail of constructing the analytic model for the finite-element analysis has been
described in our previous study [23]. In ANSYS, interpolation functions were used to
calculate the strain and stress increment of each element. The software transforms those
mechanical equilibrium equations into simultaneous equations.
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By Applying Hooke’s law and the principle of virtual work, and considering the load
vector {AF} only includes the thermal force, the thermal stress can be derived as follows:

{aF}s = [[[ {BY'{D}{B}{x}dxdydz (1)

where {B} is the strain matrix, {D} is the elastic matrix of the given material which is
determined by the elastic modulus (E), and Poisson’s ratio (v.), « is the thermal expansion
coefficient.

The fracture analysis considers the Model-I stress intensity factor (SIF-1) and the
J-Integral which are associated with the crack resistance of a given material.

The stress intensity factor K; of a given crack-like flaw is determined as follows:

Ky =oYVma (2)

where o is the applied stress, a is the radius of the flaw, and Y is the geometry factor that
represents the geometry of the flaw [24].
The critical stress intensity factor Kjc of a given material can be calculated as follows:

1/2
EG

©)

where E and v are Young’s modulus and Poisson’s ratio of the coating material, respectively.
G is the energy release rate of the crack during mechanical equilibrium cracking [25].
The J-integral represents the energy intensity of the fracture area in the material, which

is defined as follows: 5
u

where W is the strain energy density and T = no is a traction vector pointing outward, 7 is
a unit normal vector and ¢ is the stress. ds is the counterclockwise increment of the fracture
area [26].

For ideal elastic material, the J-integral is linked to the stress intensity factor, which fulfills:

] =K?/E (5)

where E’ is elastic modulus. For plane stress condition the E' = E, and E is the Young’s
modulus. For a plane strain condition E'=E/ (1 — vz), the critical J-integral, Ji, can be
derived if Kjc is substituted in the equation [27].

When K; > Kj¢, or | > Ji, an existing crack can propagate and cause failure. Thus,
for a pre-cracked specimen under certain thermal cycles, the smaller the K; or J, the less
likely the crack would propagate and cause failure, and thus the better the thermal shock
endurance for the materials [28].

2.2. Model Geometry and Material Properties

The composite coating was fabricated on a P92 steel using a radio-frequency mag-
netron sputtering method. The morphology of the composite coating is shown in Figure 1.
It could be seen that the composite coating is dense and homogeneous. The interface
between the coating layer and substrate was smooth. No obvious defects were presented
before the thermal shock experiments.

The model constructed in the finite element analysis consists of two parts. One part is
the P92/8YSZ/ Al,O3 composite coating system as shown in Figure 2. The thickness of the
top alumina layer is 150 nm. The thickness of the 8YSZ interlayer is t. The other model is a
cylinder shape. The P92 steel cylinder is 1 mm in diameter and 0.5 mm in thickness. All
parts are uniform and homogenous. As a result, 2-dimensional axisymmetric models were
carried out to simplify the analysis. The property values that were incorporated into the
simulation are listed in Table 1.
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Figure 1. SEM images of the nano-thick coatings.
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Figure 2. The geometry of the model.

Table 1. Properties of the coating and the substrate (temperature is 25 °C if not noted).

. Young’s Modulus . , . Coefficient of Thermal
Materials (GPa) Poisson’s Ratio Expansion (10-6 K1)
P92 125 [10] 0.3 [10] 11.5 (100 °C) [6]
a-Al,O3 370 [14] 0.22 [14] 8.8 [14]
8YSZ 48 [24] 0.1 [24] 1.04 [24]
2.3. Meshing

In order to construct nano-thick models with adequate size for meshing, a micron-
meter was set as the standard unit of length. All related property values were converted to
a similar unit. For example, the Young’s modulus of the P92 steel is set to 0.2 N/um?3. A
nano-thick model that is large enough and could properly mesh with an adequate number
of elements was built. The element of the coating was set as a square with 25 nm side
length. While the elements of the substrate were quadrilaterals with edge lengths varied
from 25 nm to 50 pm. The total number of elements for all models is approximately 400,000.

2.4. Boundary Condition and Load

Static structural analysis was chosen to simulate the stress field. Frictionless support
constraints were applied to the left edge and the bottom edge of the model to prevent any
translation of each edge along its normal direction. The bond constraint was applied to each
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contact pair to prevent any relative tangential translation on the interfaces between them.
In other words, all nodes of the contact surfaces will not change their relative positions.
Those nodes located at the same point at the initial stage will always contact together. The
temperature considered in the simulation increases linearly from 25 °C to 700 °C. Under
this circumstance, the top coating would more likely peel off from the surface. The mesh,
loading, and boundary conditions of the finite element modeling are shown in Figure 3.

pport

]

frictionless suj

7.5¢-005 0.00023
frictionless support

Figure 3. Mesh and boundary conditions of the finite element.

2.5. Fracture Toughness Analysis

Pre-meshed crack analysis was applied to analyze the fracture toughness of the com-
posite coating system. As shown in Figure 4, a 250 nm-long crack with a depth of 0.5% of
the total depth of the coating was placed into the coating model where the highest stress
was present and hence the crack was most likely to initiate and propagate. The crack tip
was placed right in the nodal at the interface. The origin of the coordinate system for
carrying out the crack propagation simulation is anchored at the edge of the interface with
the X-axis pointing inwards leading to the crack growing direction.

2e-007 (m)

1.5e-007

Figure 4. The pre-mesh crack of the finite element.
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3. Result and Discussion

The stress fields of single-layer Al,O3 (150 nm) coating and 8YSZ/Al,O3; (150 nm)
nano-thick composite coatings with different thicknesses of 8YSZ interlayers cooling from
700 °C to 25 °C were analyzed. As shown in Figure 5, the max principal stress decreases
abruptly from 862 MPa to 256 MPa when 50 nm of the YSZ layer is introduced between the
P92 and Al,O3. Then, the max principle stress increases evidently from 250 MPa to about
450 MPa when the thickness of YSZ changes from 50 nm to 100 nm. The further thickness
increase of the YSZ layer causes an insignificant rise of the max principle stress and a stress
plateau at around 500 MPa appears when the thickness of the YSZ layer increases further
from 100 nm to 150 nm. The result indicates that introducing an 8YSZ buffer layer into the
P92/ Al,O3 coating can greatly reduce the max principal stress owing to its intermediate
CTE and good deformability due to its relatively low Young’s modulus and Poisson’s ratio.
The shear stress of the coating system decreases slightly from 453 MPa to 431 MPa when the
8YSZ layer with a thickness of 50 nm is placed between the P92 substrate and alumina layer.
With the further thickness increase of the 8YSZ layer, the shear stress increases slightly and
gradually levels at 500 MPa, which should be caused by the accumulation of the plastic
deformation along the circumferential direction of the thicker 8YSZ could result in more
stress along the same direction. The max Mises stress remains almost the same at around
850 MPa when the thickness of the 8YSZ interlayer increases, indicating that inserting an
8YSZ interlayer into the P92/ Al,O3 imposes an insignificant effect on the total stress or
strain if all 3 axes were taken into consideration. Thus, before a crack is initiated, the elastic
behavior of the 8YSZ/Al,O3 composite coating and the monolayer Al,O3 coating would
be roughly the same.

900 |- A A 4
. At
800 |
A700 -
©
o
= 600 |
(2] “x\
= 500 \ P _—8——18
n \ =
o
e}
400 \
—#&— Max Principal Stress
300 \“\ ®  Max Shear Stress
/ —A— Max Mises Stress
00 b oy
0 50 100 150 200 250
Thickness of YSZ (nm)

Figure 5. Effect of thickness of 8YSZ interlayer on the stress of the coating system.

The thermal stress developed in the coating system can be described using the stress
singularity theory. The sudden stiffness change at the coating interfaces creates the stress
singular point at the edge of the interfaces. When the coating is very thin, and the stress
singular region is small, the thermal residual stress at the edge, 0y, can be calculated
as follows:

Ip

:]7\,1’<1’0 (6)

where 7 is the vicinity zone of the stress singularity and K is the stress intensity factor.
Both K and A are determined by Poisson’s ratio, Young’s modulus, and the contact angles
of the two layers. When the coating thickness is small, the stress singularity zone enlarges
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Max: 8.6224e8
Min: -1.7303e7

with the increase of the coating thickness which reduces the A. Hence, the op at the stress
singularity zone also increases with the decrease of A [29].

The max principal stress fields of the single-layer Al,O3 coating and the 8YSZ/Al,O3
composite coatings are shown in Figure 6, respectively. The results demonstrate that the
max principal stress appears at the interface of the P92/ Al,Os for the single-layer coating.
The principal stress shows up at the interface between the 8YSZ interlayer and the top
Al O3 coating for the composite coating system. Therefore, the 8YSZ interlayer could act as
a buffer layer between the P92 substrate and the Al,O3; topcoat, which could effectively
reduce thermal stress and improve the thermal cycle endurance of the coating.

() ALOS(150nM)  «orne (b) 8YSZ(50nm)/AL0s(150nm)

07 2007 (m)

2e-007

1.5€-007 1.5-007

I: 150-100-0

RYS7(100nm)/Al=0s(150nm)

2€-007 (m)

d) 8YSZ(150nm)/AL20s(150nm)

2e-007 (m)

1.5e-007 1.5e-007

5:150-200-0
aximum Principal Stress

(e) 8YSZ(200nm)/AL:Os(150nm) . o stess () 8YSZ(250nm)/Al205(150nm)

Figure 6. Comparison of max principal stress field in Al;O3 and 8YSZ/Al,O3 coatings, (a) Al,O3
(150 nm); (b) 8YSZ (50 nm)/Al,O3 (150 nm); (c¢) 8YSZ (100 nm)/Al,O3 (150 nm); (d) 8YSZ
(150 nm)/ Al,O3 (150 nm); (e) 8YSZ (200 nm)/Al,O3 (150 nm); (f) 8YSZ (250 nm)/Al,O3 (150 nm).

The stress distribution of the two types of coatings is shown in Figure 7. The results
show that the stress generally shows similar distribution patterns for each type of coating
although the maximum stress values differ. For the single Al,Os layer, the distribution of
the max principle stress is quite uniform. The principle stress in the top Al,Oj3 is generally
larger than that in the substrate. Both the maximum shear stress and the maximum
mises stress are located at the interface near the edge of the single Al,O3 layer. When the
composite coating is constructed, the maximum principle stress appears at the interface
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close to the edge between the top Al,O3 coating and the 8YSZ interlayer. The maximum
shear stress and the maximum mises stress appear at a location similar to that of the
max principle stress. The stress distribution changes when the 8YSZ interlayer is placed
between the Al,O3 coating and the P92 substrate as shown in Figure 7. It is observed that
the locations of the maximum principal stress, shear stress, and mises stress are shifted to
the interface between the top Al,O3 coating and the 8YSZ coating near the edge. Meanwhile,
a large principle stress also appears at the interface of 8YSZ and P95 substrate close to
the edge.

(a) Max pricipal stress of Al203(150nm) (b) Max shear stress of Al203(150nm)

2e .

2e-007 (m)

1.5e-007

A:150-0-0

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 1

Custom

Max: 8.6224e8

Min: 21205

(c) Max Mises stress of Al203(150nm)

2-007 (m) b 2-007 (m)

ax pricipal stress of

1.5e-007

N: 150-150-0
Maximum Shear Stress

(e) Max shear stress of
8YSZ(150nm)/Al205(150nm)

2€-007 (m) 2€-007 (m)

1.5€-007 1.5e-007

Figure 7. Comparison of three kinds of stress distribution, (a) Max principal stress, Al;O3 (150 nm);
(b) Max shear stress, Al;O3 (150 nm); (c) Max Mises stress, Al;O3 (150 nm); (d) Max principal stress,
8YSZ (150 nm)/Al,O3 (150 nm); (e) Max shear stress, 8YSZ (150 nm)/Al,O3 (150 nm); (f) Max Mises
stress, 8YSZ (150 nm)/Al,O3 (150 nm).

Further analysis of the fracture toughness of single-layer Al;O3 coating and the
8YSZ/ Al,O3 composite coating are shown in Figure 8. Both K and J-integral are significantly
reduced when the 8YSZ interlayer is inserted. Both two values reach the minimum when
the 8YSZ layer with a thickness of 100 nm is inserted. The K; of the 8YSZ (100 nm)/Al,O3
(150 nm) composite coating is calculated to be 6017.9 Pa-m'!/2, which is two orders of
magnitude lower than that of the mono-layer Al,O3 coating (159 kPa-m!/2). Similarly,



Coatings 2023, 13, 1999

9o0f12

the J-integral of the 8YSZ (100 nm)/Al,O3 (150 nm) composite coating is calculated to be
0.0023 J/m?, which is two orders of magnitude lower than that of the single-layer Al,O3
coating, 0.1115 J/m?. When the thickness of the 8YSZ interlayer increases, the K; and
J-integral of the coatings remain almost at a similar level. When the thickness of the inter-
layer is larger than the stress concentration area around the crack tip, the coating boundary
would have little impact on the stress intensity of the crack tip. It could be concluded that
inserting an 8YSZ buffer layer could greatly improve the fracture resistance of the Al,O3
coating, making it more endurable under thermal cycles.

180,000
= SIF(K) 0.12
160,000 | &g
140,000 0.10
\
120,000 \
& 0.08
S \ —
€ 100,000 .
g £
A 80,000 006 =
Y -‘ =
B 60,000 \ =
) ‘ \m 0.04
40,000 NN
AN n 0.02
N -
20,000 o
‘I
0 0.00
0 50 100 150 200 250
Thickness of YSZ (nm)

Figure 8. Effect of thickness of 8YSZ intermediate layer on the fracture toughness of the system.

The deformation contour of the coating with a pre-meshed crack is shown in Figure 9.
The crack propagates from the edge into the coating along the interface of 8YSZ and Al,O3
coating layers. It was also observed that a minor displacement appears between the 8YSZ
and Al,Os layers, especially at the coating edge. When the thickness of the 8YSZ buffer
layer is less or equal to 150 nm, the buffer layer extrudes out. When the thickness of the
buffer layer is greater than 150 nm, the top Al,O3 layer pops out a little bit and overlaps
with the underneath 8YSZ buffer layer, which hence squeezes the crack end together.

The thermal shock experiment was carried out by air cooling the specimens from
700 °C to room temperature (25 °C). The SEM image is shown in Figure 10, in which the
micro-crack between the interfaces can be seen in the P92/Al,O3 specimens. In contrast,
no obvious crack was observed in the P92/8YSZ/Al,O3; specimens which indicates the
destruction effect of the thermal stress on the coating was largely reduced. The experiment
result agreed with the simulation result that the introduction of an 8YSZ buffer layer could
improve the thermal shock endurance of the coating system.
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(a) Deformation of the (b)Deformation of the
pre-meshed-cracked Al2Os(150nm) D 50-150-001 pre-meshed-cracked

Total Deformation

Type: Total Deformation 8YSZ(50nm)/Al203(150nm)

(c) Deformation of the (d) Deformation of the
pre-meshed-cracked o pre-meshed-cracked
8YSZ(100nm)/AL:05(150nm) [SZ(150nm)/Al20s(150nm)

(e) Deformation of the (f) Deformation of the
ot Betamston pre-meshed-cracked z 10250001 pre-meshed-cracked
8YSZ(200nm)/Al203(150nm) | piiiisiiid BY SZ(250nm)/Al203(150nm)

-007 (m)
3e-007 (m) 4e-007 (m)

Figure 9. The deformation of the models with pre-meshed crack. (a) Al,O3 (150 nm); (b) 8YSZ
(50 nm)/Al,O3 (150 nm); (c) 8YSZ (100 nm)/Al,O3 (150 nm); (d) 8YSZ (150 nm)/Al,O3 (150 nm);
(e) 8YSZ (200 nm)/Al,O3 (150 nm); (f) 8YSZ (250 nm)/ Al O3 (150 nm).

10.0kV 5.0mm x100k SE(U) o 10.0kV 5.0mm x50.0k SE(U)

Figure 10. The SEM image of specimens after thermal shock test. (a) P92/Al,03 (252 nm);
(b) P92/8YSZ (155 nm)/ Al,O3 (266 nm).
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4. Conclusions

1.  The 8YSZ buffer layer with proper CTE between the Al,O3 and P92 and good de-
formability could relieve local stress concentration and decrease the thermal stress in
the coating system.

2. The 8YSZ buffer layer can significantly reduce the K; and J-integral by 2 orders
of magnitude in the coatings, given the coating system’s better crack propagation
resistance. The optimal thickness of the 8YSZ buffer layer was 100 nm.

3. The 8YSZ buffer layer can improve the thermal cycle endurance of the coating system.
The P92/8YSZ/ Al;,O3 coating system can stay intact without cracking after a thermal
shock test, while the P92/ Al,O3 can not.
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