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U W N

Abstract: Al,O3-Y,03 laminated coating can be applied in fusion reactors to prevent fuel leakage
and radiological hazard. However, the residual stress induced by the thermal cycles during the
operation of the reactor can cause the failure of the coating. In order to analyze the problem, finite
element models of Al,O3-Y,0O3 laminated coatings with 600 nm of total thickness and different layout
were analyzed. The max principal stress site in the coatings is located at the sub-top layer. The max
principal stress in laminated coating with the Y,03 sub-top decreases from 657 MPa for a two-layer
coating (300 nm) to 598 MPa for a four-layer coating (150 nm). On the contrary, if Al;Oj3 is the sub-top
layer, the max principal stress increases from 463 MPa for a two-layer coating (300 nm) to 495 MPa
for a four-layer coating (150 nm). The result shows that the more deformable amorphous Al,O3 layer
in the laminated coating system is more influential to the thermal stress.

Keywords: deuterium permeation barrier; finite element analysis; laminated coating; thermal stress

1. Introduction

Fusion energy has become attractive as a clean energy source to solve future energy
issues [1,2]. However, tritium, the fuel of the fusion reactor, is radioactive and can easily
permeate through structural materials such as 316L stainless steel, resulting in fuel leakages
and hydrogen embrittlement of the structure, and thus threatening the safe operation of
the fusion reactor [2,3]. In the tritium cycles of fusion reactor as shown in Figure 1, tritium
loss is mainly due to its leakage into the coolant and forming tritiated water (HTO) then
exhausted to the outside environment [2,4].

Hanchar and Kazim analyzed the tritium leakage of starfire-Interim tokamak reactor
and obtained a stunning result that the tritium losses in the primary coolant loop exceed
10° Ci/day, obviously unacceptable by any standard [4]. The HTO molecule can easily be
incorporated into the human body, where it has a half residual life of 10 days according
to ICRP Publication 71 [5]. Tritium permeation is dangerous and must be prevented.
Currently, the most used solution to this critical problem is preparing a ceramic coating
on the structural steel. Because tritium is strictly controlled, deuterium and hydrogen
are commonly used as substitutes to analyze the performance of coatings in experiments.
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Oxide ceramics such as Al;O3, Cry,O3, Y203, Ery O3, TiO; and their composites are the
most common choice because they can effectively suppress the deuterium permeation
and their cost is acceptable [6-13]. Among them, Al,O3 has a high permeation resistant
factor (PRF), high strength, strong thermodynamic stability, and relatively low cost and
easy deposition method. Thus, Al,Oj3 is an ideal candidate for preparing a deuterium
permeation barrier. Al,O3 has been applied in fusion industry acting as highly radiation-
resistant material for optical and dielectric windows [14,15]. However, the vast thermal
mismatch between the Al,O3; coating and the substrate, 316L stainless steel, e.g., can
cause huge residual stress in the system, resulting in the peeling-off of the coating [16-19].
Many studies have been conducted to analyze the residual thermal stress and failure
behavior of the coating/substrate system in order to determine the failure mechanism
and the optimization procedures. Preparing multiple-layer coating or gradient coating
is the most widely used solution to the thermal mismatch problem currently [20-28].
Some researchers found that cracks and defects in the coating could produce a significant
effect on the fracture of the coating. Low density micro crack will dramatically degrade
the coating [29,30]. However, most of them focus on monolayer or bilayer micron-thick
coatings. Resent findings showed that nano-thick coatings have better performance than
micron ones [31,32]. Furthermore, our previous findings [33] indicates that the interface
between layers in a bilayer Al,O3/Y,0Os3 coating if not introducing much defects can act as
a barrier that blocks the permeation of tritium. Thus, the composite coating has a higher
permeation resistance than the single layer ones. To explore the effect of introducing
multiple interfaces in a nano-thick laminated coating on the thermal cycle behavior of the
coating, the residual thermal stress in AlO3-Y,O3 laminated coatings was investigated via
finite element analysis. The effect of the layer thickness, coating lay-out, and temperature
difference on the residual thermal stress of Al,O3-Y,03 laminated coating were analyzed.
This research is a preliminary work for understanding the thermal cycle behavior of a nano-
thick laminated deuterium permeation barrier and the optimization of the preparation of
such coating.

Fueling System

refining
system

T Leakage

Pumping System

Figure 1. Tritium cycle and leakage in fusion reactor [2,4].

2. Materials and Methods

Static structural analysis via ANSYS 19 was used to simulate the thermal stress of the
coating/substrate systems under thermal cycles. Max principal stress was selected as the
major evaluation factor, because oxide ceramics are brittle and sensitive to b tensile stress.
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2.1. Analytic Model

The finite-element analysis model settings are similar to our previous work on bilayer
AlyO3/Y,03 and Y,03/Al,O3 coatings [33]. Static structural finite-element analysis was
applied and displacements are defined as solution factors corresponding to each nodal
element. Loads are derived from forces and displacements. The finite-element analysis
software uses interpolation functions to figure out the elemental stiffness matrix to calculate
the stress and strain increments at any point in the model.

The total strain vector, {A¢}, is the sum of elastic strain increment vector, {Asd }, and

thermal strain increment vector, {Aeth }:

{Ae} = {Asel} + {Asfh}. 1)
Within each element, the displacement, {J}, for any given element, (e) can be calculated

using following equation:
{Ac} = {B}{d}", 2

where {B} is the strain matrix.

Hooke’s law can be applied to figure out the elastic stress increment vector, {AO’EZ }:

{AU"’Z} - {D}{Asd}, 3)

where {D} is the elastic matrix for any given material that defined by its elastic modulus,
E, and Poisson’s ratio, v, at a given temperature.

The relationship between the thermal stress increment vector, {Asth }, and the temper-
ature increment, AT, can be calculated as follows:

{Asfh} = {a}AT, (4)

where « is the thermal expansion coefficient.
The principle of virtual work is applied to figure out the stress:

(6YT{AF) = / / / (e} {o)dxdydz. 5)

Substitution of Equations (3)—(5) derives:

(AF) = / / / (B)T{D}{Ae Y dxdydz. ©)
The equilibrium equation can be applied to calculate the element stiffness matrix, {K}:

{K}{o} = {F} @)

The load vector {AF}. only includes the thermal force in the thermal shock condition,
Thus, the thermal stress can be derived as follows:

(arys = [ [ [{BY'{D}{B}{w}dxdydz. ®

2.2. Model Geometry and Material Properties

The modeling was based on the composite coatings in our previous study [25]. The
scanning electron microscope (SEM) (Hitachi-54800, Hitachi, Tokyo, Japan) images of the
coatings deposited on 316L stainless steel by radio-frequency magnetron sputtering are
shown in Figure 2. As the figure shows, the interface between each layer is considerably
smooth and clear with no visible defects. It indicates that each layer of the coating is dense
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10.0kV 8.1mm x100k SE(U)

and homogeneous. Further description about the deposition and the performance of the
coatings can be found in [32].

(b) Y,0,

' 500nm  10.0kV 8.0mm x100k SE(U) ' 500nm

(c) 316L SS/ALO/Y O, | (d) 316L SS/ALO,/Y,0,/ALO,/Y,0,

10.0kV 7.9mm x100k SE(U)

100 nm

USalae b — 100nm GLABAT  5/20/2020
500nm %100, 000 10.0kV LED SEM WD 11.1lmm 11:05:43

Figure 2. SEM images of the nanoscale coatings: (a) Al,Os; [32]; (b) Y03 [34]; (c) 316L
SS/Al,053/Y,03 [32]; (d) 316L SS/Al,O3/Y,03/ Al O3/Y,05.

The model consists of two major parts. One was the substrate modeled as a cylinder
which was 1 mm in diameter and 0.5 mm in thickness. The other is the laminated coating,
where the thickness of each layer is t;, i is the order of the layer from substrate to the top,
and ¢ is the thickness of the substrate. Laminated coatings with different deposition orders
were analyzed. The model configuration is shown in Table 1.

Table 1. Model configuration.

Structure Series Number Structure Total Thickness (nm) Layer Thickness (nm)
Series 1 1 316L/A1203 /Y203 600 300
(laminated coatings 2 316L/Y,05/A1,05/Y,03 600 200
with Y503 top coat) 3 316L/Al,03/Y,05/Al,03/Y,03 600 150
Series 2 6 316L/Y,03/Al,05 600 300
(laminated coatings 7 316L/Al,03/Y,03/Al, 03 600 200
with Al,O3 top coat) 8 316L/Y,05/Al,05/Y,05/Al,03 600 150




Coatings 2022, 12, 1780 50f 13

Each layer is uniform and homogenous. Thus, it is possible and proper to use two-
dimensional axisymmetric models to simplify the analysis, as shown in Figure 3. The
properties of the materials involved are listed in Table 2.

[ a0, | Dol (a) laminated coatings series 1 (with Y20s top coat)

—— LIl

n=2,t=300nm n=3, t=200nm n=4, t=150nm

(b) laminated coatings series 2 (with Al2Os top coat)

— ) [

n=2, t=300nm n=3, t=200nm n=4, t=150nm

Figure 3. The geometry of the model: (a) laminated coating series 1 (with Y,Oj3 top coat); (b) lami-
nated coating series 2 (with Al,O3 top coat).

Table 2. Model configuration.

Coefficient of
. . Young’s . . Thermal
3 s
Material Density (kg/m”) Modulus (GPa) Poisson’s Ratio Expansion (CTE)
(10-6 K-1)
316L 8000 [24] 200 [24] 0.25 [34] 17.3 [24]
am-Al,O3 3300 [35] 124.3 [36] 0.24 [36] 14.7 [37]
Y,03 5000 [38] 120 [38] 0.26 [8] 8 [38]

2.3. Meshing

In order to build a nano-thick coating model with enough numerical scale for meshing,
same methods applied in our previous study was used [33]. The micron was set as the
standard unit of length in all models. Thus, all related parameters were converted to match
the change (e.g., the Young’s modulus of the Y,0O3 is set to 0.12 N/um?). The elements in
each layer are squares with 25 nm side length, while the element edge length of the substrate
varies from 25 nm to 50 um. Each model consists of approximately 500,000 elements and
the average element quality is over 0.97. The mesh condition is shown in Figure 4.
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Figure 4. Mesh and boundary condition of the finite element.

2.4. Boundary Condition and Load

Frictionless supports were applied to the left edge and the bottom edge of the model,
which prevented each edge from translating along its normal direction or rotating around
itself. Bonded constraints were applied to each contact pair, causing the contacting surfaces
to bond together. In other words, no relative tangential movements would occur on the
interfaces. All models were cooled from a 700 °C stress-free state to a given terminal
temperature, which simulated the condition of specimens in previous study; specimens
annealed at 700 °C for stress relief purposes [32]. The boundary condition is shown in
Figure 4.

3. Result and Discussion
3.1. Max Principal Stress in Laminated Coating with Different Layout, Number of Layers
and Temperature

All laminated coatings were 600 nm thick, with the number of layers varying from
two to four. The stress fields of each model were analyzed, and were also compared with
the corresponding monolayer coatings with the same layer thickness. As shown in Figure 5,
the max principal stress in the laminated coating series 1 (with Y,Oj3 top coat) increases
as the layer thickness decreases, from 463 MPa for a two-layer coating to 495 MPa for a
four-layer coating. While the max principal stress in the laminated coating series 2 (with
Al,O3 top coat) decreases as the layer thickness decreases, from 657 MPa for a two-layer
coating to 598 MPa for a four-layer coating. Moreover, the max principal stress in series 1 is
about 25% lower than the series 2. The result shows that the laminated coating series 1 have
better thermal cycle endurance than the series 2, which agrees to the previous experiment
on bilayer coatings [32]. However, the max principal in both composite coatings is much
higher than the monolayer coating with same layer thickness. The max principal stress
in monolayer amorphous Al,O3 coating is only about 68 MPa, while the max principal
stress in monolayer Y,O3 coating is about 230 MPa, which is much lower than that in
the amorphous Al,O;3 coating. The result reveals that the monolayer amorphous Al,O3
coating has better thermal cycle endurance than the monolayer Y,O3 coating, which agrees
with the coefficient of thermal expansion (CTE) differences between the coating and the
substrate in Table 2. The CTE of amorphous Al,O3 is 14.7 x 10~ [37], while the CTE of
Y,05 is 8 x 1070 [36], and the CTE of 316L SS is 17.3 x 10~° [24]. The max principal stress



Coatings 2022, 12,1780

7 of 13

in both kinds of monolayer coating is almost even for the layer thickness from 150 nm to
300 nm. The thermal cycle endurances of monolayer amorphous Al,O3 and monolayer
Y;05 coating show little relevance to the coating thickness in the given condition of the
simulation. Furthermore, the thermal stress of both kinds of laminated coatings is an order
higher than that of the monolayer amorphous Al,O3 coating and about three times higher
than that of the Y,O3 coating. The thermal mismatch between amorphous Al,O3 and Y,03
is so large that becomes the major factor that determines the thermal residual stress in
the coating system. It indicates that preparing this kind of laminated composite for better
tritium permeation resistance comes at the cost of thermal cycle endurance.

Effect of the thickness on the max principal stress

650 J———
600 | =
550 F
N L
& 500 | v v
\2-/4 0 \V
2t
£ 400 | —{)— Max Principal Stress - Al,O,
« [ —@— Max Principal Stress - Y,0,
g 30T ~W/— Max Principal Stress - Series 1 (with Y ,0, top coat)
g 300 L — M- Max Principal Stress - Series 2 (with Al O top coat)
E L
250 -
5 : = ° ° °
S 200 |
150
100 |-
50 t 1 A —
100 200 300
thickness (nm)

Figure 5. Effect of the thickness on the max principal stress of laminated coating and the correspond-
ing monolayer coating.

As shown in Figure 6, the max principal stress in the laminated coating occurs in the
layer adjacent to the top coat. The overall max principal stress in the layer beneath the
top coat is the highest in all layers. The max principal stress distribution result agrees
with the max stress data as shown in Figure 5, both showing that the thermal mismatch
between the Y,03 and amorphous Al,Oj3 is the major impact factor to the max principal
stress in the coating system. The max principal stress site in bilayer Al,O3/Y,O3 coating
is at the interface between the top coat and adjacent layer 25 nm from the edge. That in
the bilayer Y,03/Al,O3 coating is at the edge of the interface between the top coat and the
adjacent layer 25 nm from the interface. On the other hand, the max principal stress site in
three-layer and four-layer laminated coating locates inversely in the layers beneath the top
coat compared with bilayer coating. The max principal stress sites in YoO3/Al,03/Y,03
and Al,O3/Y703/Al,03/Y,03 coatings are at the interface between the sub-top layer
and the adjacent layer beneath it 25 nm from the edge. The max principal stress sites in
Al,O3/Y,03/Al,03 and Y203/ Al,03/Y,03/ Al,O3 coatings are at the edge of the sub-top
layer 25 nm from the edge between the sub-top layer and the layer beneath. The result
indicates that the sub-top layer is the most venerable in the Al,O3-Y,O3 laminated coating
system with the most severe stress concentration. The surface of the sub-top layer is the



Coatings 2022, 12, 1780 8of 13

most likely crack initiation site that causes the final peeling-off of the laminated coating. It
can be concluded that Y,0O3 is not good to be directly composited with amorphous Al,O3
due to the vast thermal mismatch between them.

J: Copy of Static Structural
Maximum Principal Stress

(a) ALO,, t=300 nm

273

(b) Al205/Y-0s

tensile tensile
] 1e-007 2-007 (M) e— L] 2e-007 4e-007 (m)
— — —
S5e-008 1.5e-007 1e-007 3e-007

F (¢) Y,0,, t=300 nm (d) Y203/Al203

273

tensile
1.5e-007 3e-007 (m) 0_ 20-007_ 4e-007 (m) tenSile
e-007 1e-007 3e-007 _—
'Y: Copy of Copy of Static Structural
(e) AL,O,, t=150 nm Al05/Y203/Al205/Y20s3

Unit: Pa

Seots 0oo0rs

[ 5e-008 1e-007 (m) tensile [ 2e-007 46-007 (m) tensile
25¢-008 7.50-008 1e-007 3e-007
Z:Y203-1!
v i srss (g) Y,0,, t=150 nm (h) Y203/Al205/Y203/Al203

tensile ) tensile

[ 5e-008 A A — 0 2e-007 4-007 (m)
— —
25e-008 7.5e-008 1e-007 3e-007

Figure 6. Comparison of the max principal stress in laminated coatings and single-layer coatings:
(a) Aleg, t =300 nm; (b) A1203 /YzOg; (C) Y203, t =300 nm; (d) Y203 /Aleg,‘ (e) A1203, t =150 nm;
(f) A1203 /Y203 /A1203 /Y203; (g) Y203, t= 150 nm, (h) Y203 /A1203 /Y203 /Aleg.

The decrease of max principal stress in the laminated coating series 2 (with Al,O3 top
coat) as the layer thickness decreases can be explained by the stress singularity theory. At
the edge of the interface, where there is a sudden change of stiffness, exists a stress singular
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point. Furthermore, the residual thermal stress, 0y, at the singular point can be express as
follows when the singular region is small:

0p =3, T <To, )
where ¢ is the vicinity zone of the stress singularity, and K is the stress intensity factor. Both
K and A are functions of the Poisson’s ratio, Young’s modulus, and the contact angles of
the two layers. As the thickness of layers, t, increases, the A decreases, the stress singularity
zone becomes wider and the ), at the edge increases. As a result, for laminated coating
series 2 (with Al,O3 top coat), the more the layers, the thinner the layer, and the smaller
the residual thermal stress will be [39]. However, as the number of layers increases, it
can become increasingly difficult to deposit a laminated coating without critical defects.
Furthermore, a less deformable layer could withstand stress with less deformation and have
less impact to the coating system. In other words, there will be less stress singularity effect.
Therefore, the max principal stress in laminated coating series 1 with more deformable top
coat, Y,03, and a less deformable sub-top coat Al,O3 withstanding the highest local stress
in the coating system is lower than that in the series 2. An opposite effect, the increase in the
max principal stress as the layer thickness increases, occurs due to the thinner Al,Os3 layer
to withstand the extra tensile stress caused by the strain of the adjacent less deformable
Y;03 layer.

The stress field of the model 3 (316L/Al,03/Y,03/Al,03/Y203) cooling from a
700 °C stress-free state to different temperatures was simulated, with the result shown
in Figure 7. It shows that the max principal stress declines linearly as the temperature
difference decreases. This simulation result agrees with Equation (4) for thermal stress.
However, if the crystallization and phase changes are taken into consideration, the actual
result will be different from the simulation [40].

Effect of terminal temperature on max principal stress

500 | \

|—A— Max Principal Stress - Al,0,/Y,0,/ALO;/Y,0;

Max Principal Stress (MPa)
S = £
S S (=}
T T T
/} /

100 F \

0 L M 1 " 1 " 1 " 1 " 1 " 1

0 100 200 300 400 500 600

Terminal Temperature ("C)
Figure 7. Effect of terminal temperature on the max principal stress.

3.2. Equivalent Elastic Strain and Neutral Plane in Laminated Coating

As shown in Figure 8, the equivalent elastic strain distribution shows that the neutral
plane with nearly no strain is located at the horizontal center line of the substrate. This
agrees with the theory proposed by Nix and colleagues [40]. However, the max elastic
strain site in laminated coating series 1 is located near the center of the coating due to the
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Strain ||
i S

accumulating of strain while the max elastic strain site in laminated coating series 2 is
located at the edge of the coating system. The more severe elastic strain in coating series 2
agrees with the stress analysis result that it endures greater stress. The result also shows
that the contact surfaces have a great impact on the stress distribution as the elastic stress
distribution differs to the max principal stress distribution.

T (a) Al205/Y203

(b) Y205/Al20s

2e-007 4e-007 (m) 4e-007 (m)

3e-007

1e-007 3e-007

2 203/ Al203/Y 20 3| glicenreiie A 203/ Al203/Y203

0 26-007 46-007 (m)

2e-007 4e-007 (m)
Te-007 3e-007

1e-007 3e-007

Figure 8. Equivalent elastic strain in laminated coatings: (a) Al,O3/Y,03; (b) Y2,03/Al,03; (c)
AlLO3/Y,03/A1,03/Y,03; (d) Yo03/AL03/Y,05/Al,O;.

The bending moment, M, for each layer can be determined by

E \8
M = —(—1_U>EK, (10)

3
where E is the Young’s modulus, v is the Poisson’s ratio, [ = %, is the moment of inertia
for bending, and « is the bending curvature.
By definition, the neutral plane fulfills the condition

n Zi+1
M=0=Y" /Z ¢Bi(z — s)dz, (11)

where B = % is the biaxial modulus of the layers.

By matching the adjacent layers with the same amount of misfit strain, this leads to

11X B (22, —2)

s= = , 12
2 ¥ Bi(zig1 — zi) (12
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which for a bilayer coating leads to

1 Botg + By (# + 2toty)
2 Boto + Bit1

(13)

As the substrate is much thicker and stiffer, Byty > Bjt;, this relation can thus be
simplified to s = ty/2.
It can be derived that the curvature of the multiple-layer coating system is

v B3 (2 — ) — sz —20) ) )
K= — .
B; 3 3
o3 { G -9’ - @ -9’}

The result shows that the model proposed by Nix and his colleague [40] calculat-
ing the stress in multilayer system can predict the strain and stress in the system with
acceptable accuracy.

4. Conclusions

In Al,O3-Y,03 laminated coating, the amorphous Al,O3 layers with lower Young’s
modulus are more influential in the max principal stress in the thermal cycle behavior
of the coating. The max principal stress in the laminated coating series 1, with a brittle
Al,O3 sub-top layer withstanding the highest local stress in the system, increases as the
layer thickness decreases. This is because, as the layer thickness decreases, the stress
singularity zone at the edge of the interface decreases and its stress concentration effect
increases. However, with a ductile Y,0O3 sub-top layer (series 2), the max principal stress
in the laminated coating increases as the layer thickness decreases. This is because the
thinner the Y,03 layers, the less stiffness they have to resist the extra tensile stress caused
by the adjacent Al,O3 layer. The max principal stress in the laminated coating series 2 is
about 25% higher than that in the laminated coating series 1 with the same layer thickness,
meaning it is more prone to failure in dynamic thermal loadings. Thus, this kind of coating
structures should be avoided. Both laminated coatings endure much greater stress than
the monolayer coating, about three times higher than the monolayer Y,Oj3 coating and an
order higher than the monolayer Al,O3 coating. The local stress concentrated most severely
in the sub-top layer in laminated coating indicating the sub-top layer is the most likely
position that the coating begins to fail into under thermal cycles. The residual thermal
stress in the laminated coating declines linearly as the temperature difference declines, if
the crystallization and phase changes are not taken into consideration. The neutral plane
with no strain in the laminated coating is at the horizontal center line of the substrate.
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