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ARTICLE INFO ABSTRACT

Keywords: W/EUROFER functionally graded material (FGM) coatings have application in the First Wall of fusion plants as a
Tungsten coatings shielding layer. In this work, a novel castellation of W/EUROFER coatings has been developed. Castellation is
Castellation

defined as cuts or notches created in material to reduce the thermal stress. Finite element simulations of
castellated coatings were performed to evaluate the advantage of the castellation. Simulations suggested a
reduction in the bending of coated components as well as a reduction of residual stress. Afterwards, simulations
were performed to find out the optimized depth of castellation. Simulations of castellated and non-castellated
coated sections under a heat flux cycle showed a reduction in bending of the coated section with castellation
as compared to the non-castellated coating section. Castellation experiments were executed on coated samples
using the optimized depth. After castellation, recovery in the original coating-induced deflection of the samples
indicated the feasibility of the castellation approach. Additionally, thermal fatigue tests were performed on
castellated coated samples to determine the thermal load stability of the notch. Neither cracks at the notch tip
nor the interface are observed for at least 5000 cycles of thermal load typical for the envisaged fusion

Thermal fatigue test
Plasma spraying

Finite element simulations
Plasma-facing components

application.

1. Introduction

Tungsten has high sputtering resistance, high thermal conductivity,
high melting point, and low neutron activation properties [1,2], which
make it a suitable candidate for a protection layer in the First Wall of
future fusion plants. EUROFER97 steel has been selected as a structural
material in the DEMOnstration Power Plant First Wall, with a tungsten
(W) coating as a shielding over it. Some recently developed tungsten
coating methods include plasma spraying, chemical vapor deposition
(CVD), laser cladding, field assisted sintering technique (FAST), cold
spray, and physical vapor deposition (PVD) [3-10]. Apart from coatings,
tungsten fiber-reinforced tungsten [11] was also developed as a plasma-
facing material.

However, high thermal stresses will be induced between W and steel
due to the difference in the thermal expansion coefficient of W and
EUROFER steel. Thermal stresses can be developed during the coating
deposition and operation of the fusion plant, which will be the limiting
factor of the lifetime of these plasma-facing components. These thermal
stresses can be reduced by a functionally graded W/EUROFER interlayer
between the W top coating and steel. Weber et al. [12] demonstrated a
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reduction in thermal stress due to a gradient interlayer during thermal
cycles using the finite element method. VaBen et al. [4] showed a
gradient in residual stress across the gradient coating thickness after
deposition, measured by the incremental hole drilling method. W/
EUROFER FGM coatings have already been achieved on the laboratory
scale and the industrial scale [4-6,13-16]. An additional way to reduce
thermal stress in plasma-facing components is castellation. Castellation
has been used for plasma-facing components for various materials as
reported in the literature [7,17-23].

Li et al. [19] have discussed about the castellation of W coating by
spraying a vacuum plasma spray (VPS) coating (W/Cu gradient inter-
layer and pure W) over a castellated CuCrZr heat sink. They analyzed the
reduction of thermal stress by castellation. However, the optimized
study of castellation in coatings was not performed. Xu et al. [20] have
experimentally examined the castellation in the W/oxygen-free Cu
(OFC)/CuCrZr mock-up in which the notch was machined in the top W
layer. They observed cracks near the notched end in the W tile during a
high heat flux test. The maximum stress accumulated in the region was
reported as a cause of these cracks by simulations. Bobin Vastra et al.
[21] have performed a thermal fatigue test on a W coating with a
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castellation and a uniform W surface. In both cases, the number of
sustained cycles was found to be the same. Sharafat et al. [22] have
developed a micro-engineered textured tungsten coating that acts as a
micro-castellation of coating using chemical vapor deposition (CVD).
Cui et al. [7] have deposited W coatings with vertical cracking which
acts similar to castellation. However, in the case of vertical crack
coating, the depth of the crack and position cannot be precisely
controlled. Zammuto et al. [23] have found cracks close to the tip of
the notch in castellated ASDEX Upgrade (AUG) W tiles. They also re-
ported the possibility of micro-cracks at the tip of the notch during the
manufacturing process.

Although the W/EUROFER functionally graded coating has reduced
the residual stress, the remaining residual stress is still responsible for
the bending of larger coated components (half-meter scale), as observed
in [6]. Castellation can reduce the residual stress developed dur-
ing deposition and hence the bending of coated components. This is of
particular importance when considering the size of future First Wall
elements in DEMO (scale of multiple meters) [24].

Based on the available literature, the castellation of W/EUROFER
coating has not been explored. The problems with the existing cas-
tellation of W tiles call for an optimization study. The objective of this
work is to propose an optimized castellation of W/EUROFER FGM
coatings. Initially, the finite element method is used to study the
reduction in residual stress and bending of steel by castellation. After-
ward, simulations are performed with various notch depths to determine
the optimized notch depth without any plastic deformation in the steel.
Then, a thermo-mechanical simulation was performed with and without
castellation coating under the DEMO First Wall relevant heat flux cycle
conditions to compare performance. Subsequently, experimental cas-
tellation of the coated component is performed to check the reduction in
bending of the coated component which indicates the relief of residual
stress developed during deposition. This validates qualitatively the hy-
pothesis that castellation relieves residual stresses in the coating and
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reduces the bending of coated steel. This is followed by a thermal fatigue
test of W/EUROFER FGM coating samples with optimized notch depth to
analyse the effect of the notch under thermal stress.

2. Simulation and experimental procedures
2.1. Finite element modelling

Two-dimensional (2-D) finite element simulations were performed
using ABAQUS CAE 2022. A small, coated section (22 mm x 5 mm) was
simulated here, as shown in Fig. 1. The 2-D model consists of a 0.8 mm W
top layer, then 1.2 mm of functionally graded W/EUROFER coating, and
finally 20 mm of EUROFER steel substrate. Functionally graded W/
EUROFER coating consists of 5 interlayers, each of equal thickness (240
um) and varying W contents from 25, 37, 50, 63, and 75 vol% from
interlayer-1 (IL-1) to interlayer-5 (IL-5).

XY directions are shown in Fig. 1a. The boundary conditions of the
small, coated section in FEM were provided such that it becomes
equivalent to a small section of a large, coated plate. The lower left node
is restricted from moving in the y-direction to provide stability in the
model. An x-symmetry boundary condition was applied to the left side of
the model, as shown in Fig. 1a. The edge effect doesn’t exist in a small
section of a large, coated component. Hence, a kinematic coupling
constraint was applied to the right side of the model to prevent edge
effects in the FEM model and simulate stress conditions for a small
section in a larger coated section. By this constraint, the right side can
move (translate and rotate) with its nodes remaining on a straight line.
Generalized plane strain elements (CPEG-4) are suitable to simulate the
behaviour of plates using a representative 2D section of it. The elastic-
ideal plastic material properties and thermal expansion coefficient
properties of W [12,25] and EUROFER [12,26,27] were used in the
simulations from the literature. Properties of the interlayer were taken
by the rule of mixture using the fraction of W and EUROFER in each
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Fig. 1. FEM model of a coated section a) without notch showing details of boundary condition and mesh b) with a notch during deposition c) with a sub-section of a

notch for simulating a notch machined after deposition.
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interlayer. The rule of mixture was used to determine the gradient
coating interlayer properties for FEM simulation, as suggested in the
references [28-30].

Three sets of simulations were performed as shown in Fig. 1. The first
case simulation was performed without any notch for the comparison.
The whole model was homogeneously cooled from a stress-free state at
750 °C to 20 °C to obtain the residual stresses developed during coating.
Simulations were performed to determine the residual stress during the
cooldown process, without considering possible temperature variation
during the deposition. A similar way of simulation was used in the
literature [13,30] to determine the residual stresses in the coating. In the
second case simulation, a notch was introduced in the model as shown in
Fig. 1b. The simulations were performed by cooling the whole model
from a stress-free state at 750 °C to 20 °C to get the residual stresses
similar to the coating condition. In the third case, a sub-section was
defined as a notch as shown in Fig. 1c. For the third simulation, the
whole model was first cooled from a stress-free state at 750 °C to 20 °C to
get the residual stresses similar to the first case. Then, in the next step,
the notch sub-section was deactivated, allowing stress relaxation. The
third model was to represent the condition when the notch was
machined after the coating. At the same time, the second model repre-
sents the notch during the deposition. In both cases, the notch depth was
2 mm and its width 0.3 mm. In the FEM model, the notch width is 0.15
mm because of the symmetry boundary condition. A small sub-section
was created on the left side of the model, to create a refined mesh at
the notch root. The third case of simulation was repeated with varying
notch depth to determine the optimized notch depth suitable for
castellation.

Afterward, a steady state thermo-mechanical finite element simula-
tion was performed for the first case and the third case (optimized notch
depth) under a heat flux cycle. The purpose of this simulation was to
compare the effect of castellation during a heat flux cycle resembling the
DEMO First Wall conditions. Generalized plane strain thermally coupled
(CPEG4T) mesh elements were used for the simulation. In addition to
elastic-ideal plastic material properties and thermal expansion coeffi-
cient properties, a thermal conductivity of W [31] and EUROFER [27]
was used in the model. Boundary conditions were the same as previous
simulations, as shown in Fig. 1a.

Simulation of the first case (without a notch) was performed in three
steps. In the first step, the whole model of the first case was cooled from
750 °C to 20 °C to simulate the residual stresses, similar to deposition
conditions. Then in the second step, the whole model was heated to
300 °C. In the third step, a surface heat flux cycle was applied on the top
surface of the coating, while the bottom surface of the steel was main-
tained at 300 °C (coolant temperature in the DEMO First Wall). The heat
flux cycle consists of a heating phase (10 s) and a cooling phase (10 s).
Three different maximum heat fluxes of 0.25, 0.34, and 0.35 MW/m>
were applied as a thermal load to determine the maximum temperature
in the FEM model. The heat flux cycle, which generates a maximum
temperature of less than 550 °C, was chosen as a representative of the
heat flux cycle in the DEMO first wall. The planned maximum temper-
ature for DEMO First Wall is 550 °C. Chelihi et al. [32] have recently
demonstrated a thermo-mechanical simulation of DEMO First Wall
using a heat flux of 0.25 MW/m?2. In our case, the simulation was per-
formed at three different values to determine the maximum tempera-
ture. The difference is due to the absence of a cooling channel in our
FEM model.

Similarly, simulation of the third case (optimized notch depth) under
a heat flux cycle was performed in four steps. The first step was similar to
the previous case, cooling the whole model from 750 °C to 20 °C. In the
second step, the notch sub-section was deactivated, allowing stress
relaxation while maintaining the model temperature at 20 °C. Then the
third and fourth steps were heating the whole model to 300 °C and
applying a surface heat flux cycle on the top surface of the coating while
maintaining the bottom surface of the steel at 300 °C, respectively. This
model represents the condition in which the notch was machined after
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the coating process and then subjected to a heat flux.
2.2. Experimental procedure

W/EUROFER functionally graded coatings were deposited using a
low-pressure plasma spraying method on a P92 steel substrate of di-
mensions 50 x 50 x 20 mm?> and 500 x 250 x 20 mm°® (with cooling
channels) by the company COATEC GmbH (Schliichtern, Germany).
Deposition details were given in reference [6]. Although EUROFER will
be used in the DEMO First Wall, P92 was instead used due to its higher
availability and similar properties [27,33-35].

Five large samples/strips of the dimensions 224 x 20 x 22 mm® were
machined using electric discharge machining from the large coated plate
(500 mm x 250 mm) for the initial experiments of castellation. These
large samples were prepared to measure the recovery in deflection due
to castellation notches, which indicates the relief of residual stresses.
Fig. 2a shows one of these samples before the castellation. The thickness
of the W coating and FGM layer was 790 ym + 26 ym (standard devi-
ation, S.D) and 1196 um =+ 67 pm (S.D), respectively. The desired notch
depth in 3 samples (S.1 to S;.3) was 1388 ym + 43 um (S.D), nearly half
of the FGM layer. While in 2 samples (S;.4 and S 5), an optimized notch
depth of 1627 ym + 54 pm (S.D) was machined. Accordingly, the notch
depth of S.3 was further increased to 1627 um + 54 pm. The optimized
notch depth was based on the FEM results (section 3.1.2). These notches
were machined between the cooling channels at a distance of 13 mm
from each other. In total 16 notches were machined in every sample. The
deflection of the samples was measured using a 3D coordinate
measuring machine (Crysta-PlusM 574, Mitutoyo, Neuss, Germany).
These measurements were performed at the center of the bottom side of
the samples before and after machining notch.

Fig. 2b shows the SEM image of the deposited coating from a 50 mm
x 50 mm coated plate. The thickness of the top W coating and func-
tionally graded layer were 874 um + 24 ym (S.D) and 1283 um =+ 10 um
(S.D) respectively. 6 cylindrical samples of length 20 mm and 5 mm
diameter were prepared using electric discharge machining from the
coated 50 mm x 50 mm steel plate. 5 cylindrical samples are shown in
Fig. 2c. A desired notch of depth 1772 um + 25 ym (S.D) was machined
in the samples. The desired notch depth was chosen as the sum of the
thickness of the W layer and 70 % of the FGM layer and was decided
based on the FEM results as will be explained in section 3.1.2. The actual
notch depth of all samples was measured and given in Table 1. The
actual notch depth was found very close to the desired one.

Thermal fatigue tests were performed using a customized testing
setup described in the reference [36]. Fig. 3a shows the image of the
thermal fatigue test chamber, which shows the sample and induction
coil.

The thermal fatigue test setup was made of a cylindrical stainless
steel chamber with 2 induction coils (maximum 1.5 kW) for heating the
sample which can hold 2 samples. Samples were held inside the induc-
tion coils with the help of ceramic holders that are not affected by in-
duction heating. This chamber was closed from the top (ISO sealing)
with an inlet for argon gas. Ar gas was used to create an inert atmosphere
and allow fast cooling. Two pairs of thermocouples were attached to two
samples by spot welding. The temperature was controlled by LabVIEW
software. Temperature uniformity within a sample was verified for the
test setup in the reference [36]. The difference between the temperature
at the coating/substrate interface and the center of the sample was
<7 °C. During the thermal fatigue test, a maximum of 120 W of induc-
tion power (8 % of the maximum output of the induction heat system)
was used for heating the sample and 5 1/min of Argon gas was used for
cooling. At the start of the test, the chamber was purged by Ar gas about
5 times the volume of the chamber. The initial five cycles of two samples
are shown in Fig. 3b. The thermal fatigue test was performed by heating
and cooling the samples between 550 °C and 300 °C. These temperatures
are the nominal values input in the LabVIEW software. The actual
temperatures of the samples were measured by the thermocouples. The



A.K. Mishra et al.

—_—
Q
~

22 MM 20 mp,

P~

Materials & Design 260 (2025) 115212

i

Fig. 2. a) Large coated sample with cooling channels used for castellation experiment b) scanning electron microscopy (SEM) image of a cross-section of W/
EUROFER coating and substrate c) cylindrical sample of diameter 5 mm and 20 mm length with notch for thermal fatigue test.

Table 1
Details of notched thermal fatigue samples. The error shows standard deviation.
Sample Notch depth (um) No. of T(min) T(max)
No. cycle °C °C
S1 1825 + 12 0
S2 1805 + 15 500 298 + 1 555 + 3
S3 1801 + 8 1000 270 + 1 551 + 0
S4 1778 + 12 1500 288 + 2 551 =+ 1
S5 1780 + 6 2000 298 + 1 551 + 1
S6 1788 + 16 5000 295 + 4 564 + 14

average maximum and minimum temperatures of the samples are shown
in Table 1. 5 samples were tested with 500, 1000, 1500, 2000, and 5000
cycles. Two samples were tested together such that 1 sample was fixed
for 5000 cycles while the other 4 samples were changed after the cor-
responding number of cycles. Thermal fatigue tests were performed up
to 5000 cycles, which is 5 times the number of operation cycles (1000)
planned for the DEMOnstration reactor [37].

After the thermal fatigue test, these samples were cut perpendicular
to the notch for cross-section imaging. The samples were prepared by the
standard metallographic polishing method. Cross-section images of the
sample were taken using scanning electron microscopy (SEM, EVO

MA10, Zeiss, Oberkochen, Germany).
3. Results and discussion
3.1. Simulation results

3.1.1. Effect of castellation

Fig. 4 shows the residual stress contours (S;; stress) for all three
simulation conditions. The maximum compressive stress in top W
coating was found in the FEM model of the coated section without a
notch (Fig. 4a). In the second case of simulation, where a notch was
considered during deposition, residual stress relief was observed
(Fig. 4b). The residual stresses are developed due to a thermal expansion
mismatch between the coating and the steel substrate. The notch allows
slight deformation in the coating, relaxing the stresses created during
deposition. This yields a decrease in the compressive residual stresses in
the top W coating and all the interlayers. The top W layer becomes
nearly stress-free near the notch. Also, the tensile residual stress in the
substrate near the notch was reduced as compared to without notch
deposition.

In the third case, the notch was formed after the coating process
which similarly helps in the relief of residual stresses (Fig. 4c). Residual

Argon
purge

Time (min.)

Fig. 3. a) Inside view of the thermal fatigue test chamber b) first 5 cycles of 2 thermal fatigue samples tested.
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Fig. 4. Residual stresses (S;11) contour of a) coated section without notch b) coated section with notch during deposition c) coated section with notch after deposition.

stress relief was expected due to the removal of material. Similar to the
second case, in the third case also, the compressive stresses in the top W
coating and interlayers were lower than coating without a notch (case-
1). Reduction in the tensile stresses in the steel substrate near the notch
was also similar to the 2nd case of the simulation. A tensile stress in steel
away from the notch was increased for cases 2 and 3 as compared to case
1. The tensile stress in steel was maximum in case 2 and minimum in
case 1, while intermediate in case 3. However, the tensile stress in steel
was lower than the yield stress in all cases, so no plastic deformation was
observed because of that. Therefore, this slight increase in tensile stress
should not be a critical problem.

Comparing the 2nd and 3rd cases, the maximum compressive

(a)

residual stress at the notch tip was similar. There was more reduction in
compressive residual stress in the top W coating in the 3rd case as
compared to the 2nd case, as shown in Fig. 4b and c. The residual
stresses in the coating lead to the bending of the coated parts. Relaxation
of the residual stresses will reduce the bending of these components. A
reduction in bending can be used as a parameter for comparison of the
different cases here. Fig. 5a shows the deflection of these simulated
coated sections vs the distance along the length of the section. Deflection
was measured on the bottom side of the section. It can be seen that the
maximum deflection was observed in the case of the coated section
without any notch, as expected. In other cases, the deflection was
reduced due to the relief of residual stresses. Coated sections with a

(b)
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Fig. 5. a) Plot of deflection vs distance along the length for the coated section without a notch, with a notch during deposition, and with a notch after deposition.
Equivalent plastic strain (PEEQ) contour at the notch tip for coated section b) with a notch during deposition ¢) with a notch after deposition.
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notch during deposition and a notch after deposition, both have similar
deflection. Based on this, it can be concluded that both strategies are
effective in reducing residual stresses and recovery of bending in the
coated sections. So, the strategy of castellation will be effective for large,
coated components.

Apart from the advantage of stress relaxation, there was a
compressive stress concentration in front of the notch tip as shown in
Fig. 4b and c. Fig. 5b and c show the equivalent plastic strain at the notch
tip for the coated section with notch during deposition and after depo-
sition, respectively. It was observed that in both cases there was plastic
deformation in the substrate at the notch tip which is not favorable for
component stability. Since these components will be subjected to ther-
mal cycling during operation, the plastic deformation will get higher. To
gain the advantage of stress relaxation without risking the component
stability, a shorter notch can be created.

3.1.2. Optimization of notch depth

It was feasible to make the notch after deposition by machining, so
further simulations to find the optimized notch depth were performed
using the third case model in this work. Five FEM simulations were
performed with a notch after deposition with a depth of 1.16, 1.4, 1.64,
1.67 and 1.88 mm. These notch depths were chosen to position the notch
tip in IL-4 to IL-1. The purpose of these simulations was to determine the
notch depth that does not create plastic strain in the steel substrate.
Fig. 6a shows the equivalent plastic strain vs the distance along the
thickness. An undeformed model shape was used for a distance along the
thickness. It was observed that the notch in interlayer (IL) 3 and 4 does
not create any significant plastic strain in the steel substrate. While a
notch depth of 1.67 mm in IL-2 ends the zone of significant plastic
deformation just before the steel substrate. So, the notch depths less than
and equal to 1.67 are considered optimized for castellation. Fig. 6b
shows the deflection in the coated section for the notch of different
depths. Coated section deflection was found to be increasing with
decreasing notch depth. However, with the notch depth of 1.67 mm, a
recovery in bending without producing any significant plastic defor-
mation in the steel substrate is possible. So, the maximum notch depth of
1.67 mm will be suitable for large, coated plates. This optimized notch
depth corresponds to nearly 70 % of the FGM layer, and it ends nearly at
the middle of interlayer 2.

A notch width of 0.3 mm was considered for castellation in this work.
A larger notch width corresponds to a larger notch tip radius, which
increases the crack resistance of the material [38]. Rubel et al. [39]
found that the deposition of deuterium and other metals increases with
increasing widths of castellation from 0.5 mm to 2 mm. They recom-
mended using the smallest width of castellation. Although the study
focused on the castellation of bulk material, the trend of deuterium
deposition will be the same in coatings. The minimum width studied was

(a)

0.06 w IL-5 ] IL-4|IL-3 |IL-2 | IL-1 EUROFER 00 Before notch
= a=1.16 1 After notch
E a=1.4 a=1.16
+ 0054 a=1.64] — 0.2 a=1.4
o a=1.67 g_ a=1.64
45 0.044 a=1.88| ~— -0.44 a=1.67
© c P
= S a=1.88
— 0.03+ + -0.6 a=2

8}
< ()
2 =
' 0.02 © -0.8
2 o
>
T 0.01 -1.04
[T
0.00 T T -1.2 T T T T T T

Materials & Design 260 (2025) 115212

0.5 mm, but no reason was mentioned for not using an even lower width.
A notch width of 0.3 mm was used in this work to enhance the crack
resistance and reduce deuterium deposition. Another reason for
choosing 0.3 mm width was the feasibility of machining using an EDM
wire with a 0.25 mm diameter, which is the most common practical size
available for machining.

3.1.3. Effect of castellation during heat flux

Fig. 7a shows the coating surface temperature under a heat flux cycle
with maximum heat flux of 0.25, 0.34, and 0.35 MW/m?>. A heat flux
cycle with a maximum heat flux of 0.34 MW/m? generates a tempera-
ture close to 550 °C. Since 550 °C is the desired DEMO First Wall tem-
perature, the heat flux cycle with maximum heat flux of 0.34 MW/m?
was chosen for comparison between the coated section without and with
notch simulations. Fig. 7b shows the plot of deflection vs distance along
the length for the coated section without a notch, and with a notch at the
end of the heat flux cycle with maximum heat flux of 0.34 MW/m?.

Fig. 7c shows the thermal stress contour (S1;) for the coated section
without and with a notch (1.67 mm) at the end of the heat flux cycle. The
thermal stress in the coated section with a notch was lower than the
coated section without a notch in most areas. The compressive stress in
the top W coating and interlayers was also reduced due to the notch.
Also, there was a reduction in tensile thermal stress in the steel substrate
near the notch.

A slightly higher tensile stress in steel away from the notch was
developed in the notched coated section as compared to the coated
section without a notch. Also, there was a higher compressive stress in
the coating below the notch than the maximum compressive stress in the
coated section without a notch. The overall effect of castellation in the
coated section during the heat flux cycle can be correlated using a
comparison of deformation (plot of deflection), as shown in Fig. 7b. The
deflection was reduced significantly for the coated section with a notch.

Based on the comparison of the coated section with and without a
notch, it can be interpreted that the castellation helps in reducing re-
sidual stress and deflection after deposition (Fig. 6b) and also at the end
of the heat flux cycle (Fig. 7b and c). This shows the overall advantage of
castellated coatings over the without notch coatings.

3.2. Experimental results

3.2.1. Experimental validation of castellation

Experiments of castellation were performed to verify the recovery in
bending of coated plates as predicted by simulations. Long beams were
taken for castellation to obtain significant recovery making measure-
ments easier. The purpose of this was to measure the recovery in
deflection due to castellation as predicted by simulations in section 3.1.
Fig. 8a shows one of the samples after castellation. The notch depth of
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Fig. 6. a) Plot of equivalent plastic strain vs distance along the thickness for a coated section with different notch depths. b) Plot of deflection vs distance along the

length of a coated section with different notch depths.
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Fig. 7. a) Plot of coating surface temperature under a heat flux cycle with max. heat flux of 0.25, 0.34 and 0.35 MW/m?, b) Plot of deflection vs distance along the
length for the coated section without a notch, and with a notch at the end of the heat flux cycle with max. heat flux of 0.34 MW/m?, and c) Thermal stress (S11)
contour of coated section without notch and coated section with notch at the end of heat flux cycle.

each sample was measured using an optical microscope image, and the
average values are given in Table 2. The notch depth for samples Sy 1, S;.2
and S;.3_1 was found close to the desired notch depth (1388 pm + 43
um). Sample 3(S;3_1) was notched first up to the desired depth of 1388
um =+ 43 um, similar to samples 1 and 2. Afterward, the notch depth of
sample 3(S.3_2) was extended to the desired notch depth of 1627 um +
54 um, similar to samples 4 and 5. Fig. 8b shows the deflection of long
beams before and after castellation. It can be observed that the deflec-
tion of the beam was reduced after castellation. The deflection before
and after castellation was similar for all 3 samples (S;1, S;.2 and S;.3_1)
with similar notch depth, which shows the enhanced repeatability of
castellation. Similarly, the other 3 samples (Sy3_2, S;4 and S;.5) with

similar notch depth also show repeatability. Some scatter in the data can
be seen due to measurement error. For a better comparison, all the data
were fitted with a 4-order polynomial for all cases as shown in Fig. 8b.
Fitted data was plotted with a 4 mm increase in distance along the length
which is similar to experimental measurements. Deflection before the
notch increases from left to right of the sample with a peak nearly at the
center of the sample. While the deflection of after notch sample initially
increases from left to right, reaches a peak, and then decreases. A peak
and valley were observed in deflection of after notch samples. To un-
derstand this peak and valley in the deflection, points A’ and B’ were
chosen. Point A’ corresponds to the maximum deflection in the fitted
curve of samples before the notch. While point B’ corresponds to
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Fig. 8. a) One of the samples after castellation b) deflection of samples before and after machining the notches measured at the center of the sample.

Table 2

Details of castellation samples. Error bars of notch depth show 95 % confidence interval.

Sample Notch depth (um) Position of A’ (mm) Recovery at A’ (mm) Recovery at A’ (%) Position of B’ (mm) Recovery at B’ (mm) Recovery at B’ (%)
Si1 1263 + 21 —24 0.11 88 32 0.11 104
S12 1232 + 18 —28 0.12 91 36 0.11 112
S13.1 1291 + 22 —28 0.12 95 36 0.12 119
S1.3.2 1541 + 21 —28 0.15 114 32 0.16 146
Si4 1517 + 14 -36 0.13 114 28 0.14 164
S15 1513 + 18 -36 0.13 124 24 0.14 173

minimum deflection in the fitted curve of samples after the notch. Points
A’ and B’ for fitted data of S;1 are shown in Fig. 8b. The recovery in
deflection due to castellation was measured at both points which is
nearly the same (0.11 mm). Similarly, the recovery at A’ and B’ for other
samples was also similar as shown in Table 2. Point A’ and B’ are nearly
symmetric about the center. This shows that the absolute recovery in the
deflection was nearly symmetric for the beam. Here, recovery greater
than 100 % indicates the deflection of the beam in the other direction.
Recovery of samples with maximum optimized notch depth (S .3_2, S;4
and S;5) was higher than the samples S 1, S; 2 and Sy 3_1. The recovery in
the deflection of the beam was increased by increasing the notch depth
as predicted by simulations in section 3.1. Recovery greater than 100 %

can lead to deflection of the beam in the reverse direction, which can be
avoided by optimizing the number of notches. The number of notches
can’t be universal since it will depend on the shape and size of the First
Wall. Hence, an optimization of the number of notches will be required
during the application of castellation in the First Wall components.

Significant recovery was achieved in the beam by castellation.
Reduction in the deflection of the beam shows the decrease of the
coating’s residual stresses which is beneficial for the First Wall appli-
cation of these coatings. This experiment shows successful proof of
principle for the castellation of coatings.

In this work, castellation of coatings was performed by EDM cutting
after the deposition. A castellation of the large, coated sample was
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achieved successfully, indicating the scalability of the castellation pro-
cess using EDM cutting. On the other hand, performing castellation
during deposition can be difficult, especially on a large scale. Machining
of tungsten to create castellation was already used in ASDEX Upgrade
(AUG) W tiles [23], indicating that the castellation of coatings by EDM
will also be economically viable.

3.2.2. Thermal fatigue test

The developed W/EUROFER FGM coatings will be used to protect the
First Wall, where they will be subjected to thermal fatigue. Due to cas-
tellation, a stress concentration will occur near the tip of the notch
created, which can lead to failure. A thermal fatigue test using induction
heating was performed on a small cylindrical coating sample to analyze
the effect of thermal stresses on the notch. A similar induction heating-
based thermal fatigue testing method was used for a cylindrical W
coating sample in the literature [7]. The dimensions of the thermal fa-
tigue sample were chosen based on the heating method used in the ex-
periments, confirming that a uniform heating condition can be
maintained [40]. Uniform heating can occur for 5 mm diameter cylin-
drical samples using induction heating, which was used in this work.
Fig. 9 shows the SEM image of the cross-section of the coating sample
subjected to 0, 500, 1000, 1500, 2000, and 5000 cycles. No crack was
found in all samples after the thermal cyclic tests.

0 cycle

500 cycle
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Fig. 10 shows the magnified image near the notch for the coated
samples subjected to 0, 500, 1000, 1500, 2000, and 5000 cycles. It can
be observed that in the case of the sample with O cycles, there is no
negative effect of EDM machining. Zammuto et al. [23] have reported
micro-cracks in W tiles due to machining. In the case of coating, no
micro-cracks can be observed. No crack at the notch tip was observed till
5000 thermal cycles of the notched coated sample.

Emmerich et al. [36] performed thermal fatigue tests on a similar W/
EUROFER FGM coating and reported durability of coatings for at least
5000 cycles. Based on microstructure of notched samples, no effect on
the interface and substrate was found after the thermal cyclic test. This
verifies that the castellated coating is stable up to at least 5000 cycles of
thermal cyclic load in future fusion-relevant conditions. The same
endurance of castellated coating under thermal cycles was found
compared to non-castellated coatings. These notches were prepared
after optimization by simulation, so there was presumably no effect of
the notch on the substrate which gave the advantage during thermal
cyclic test. The notch tip ends in interlayer 2 which has 37 % tungsten
and 63 % of EUROFER. This makes the interlayer-2 ductile which pre-
vents crack initiation due to the thermal stress induced in front of the
notch tip. Also, stiff W splats in front of the notch tip, strengthen the
material. Castellation helps in the relief of thermal stress developed
during thermal cycling. All these factors resist any crack formation in the

5000 cycle

SOOI BT o

i
|
|

Fig. 9. SEM image of the cross-section of a notched sample after 0, 500, 1000, 1500, 2000, and 5000 thermal fatigue cycles.
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Fig. 10. Magnified SEM image of cross-section near notch after 0, 500, 1000, 1500, 2000, and 5000 thermal fatigue cycles.

coating and at the notch tip.

Castellation of coating was found to be a better way to reduce
thermal stress in coatings as compared to other stress relief methods,
such as micro-engineered textured tungsten coating [22] and vertically
crack W coatings [7]. Micro-engineered coatings [22] were developed
by the CVD method on micron-scale, which have not yet been explored
for thicker coatings required for the DEMO First Wall application. In the
case of vertically crack coating [7], the crack tip was sharp, which de-
creases the crack resistance properties of the coating, leading to early
failure. Also, it’s not possible to precisely control the position and depth
of vertical cracks. Castellation can be performed more precisely by
making a notch using an EDM method, and its implementation is shown
effectively on a large scale in this work.

4. Conclusion and outlook

This work presents a novel approach of the castellation of W/
EUROFER FGM coatings using finite element simulations and experi-
mental validation. The main conclusions are the following:

1. Finite element simulations were performed for coatings deposited
without castellation, with castellation during deposition and cas-
tellation after deposition. The advantage of castellation was a

10

reduction in residual stresses and bending of components. However,
it showed plastic deformation at the notch tip in the substrate.

2. An optimized notch depth was determined by finite element simu-
lation of castellation after deposition, to gain the advantage of cas-
tellation without deforming the substrate. A notch until nearly half of
interlayer 2 (37 % tungsten and 63 % of EUROFER) was found to be
best suited for castellation.

3. Finite element simulations show that the deformation for the
castellated coated section was lower than the coated section without
a notch under the DEMO First Wall relevant heat flux cycle.

4. Castellation was performed on coated samples and their deflection
was measured before and after machining the notch. After the cas-
tellation, a reduction in the deflection of the beam-shaped samples
was found which also indicates a reduction in the residual stresses. A
good reproducibility was obtained for all samples. This proves the
principle of castellation in the coating.

5. Thermal fatigue tests with fusion-relevant temperature conditions
were performed on castellated coating samples, and the notched
samples remained stable and crack-free till at least 5000 cycles.

In the current work, a small, coated section was simulated to find the
optimal notch depth. A large, coated component can be simulated in the
future to optimize the number of notches required. Also, that should be
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based on a specific dimension of the First Wall of a fusion reactor. The
effect of notch width on deuterium deposition and fracture properties of
coatings can be determined experimentally.
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