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The steerable launcher mirrors, essential for directing microwave beams into the plasma, play a pivotal role in
the Electron Cyclotron Resonance Heating (ECRH) system of the Divertor Tokamak Test (DTT) facility, currently
under construction in Frascati, Italy. Due to the substantial heat loads acting on the mirrors, internal water-
cooling channels are necessary to control temperature and deformation. A variable-depth complementary spi-
ral cooling channel was considered in this study. A dielectric material with high thermal conductivity was

CFD selected as a potential candidate to reduce eddy currents, this mitigating magnetic torques and mechanical stress,
FSI while guaranteeing adequate cooling. Thermo-structural simulations (FSI) were conducted to assess the mirror’s
ECRH resistance to induced stresses, its deformations, and cooling performance. A transient analysis showed that

thermal steady-state is the worst-case thermal loading condition during the entire experiment. Additionally, the
thermo-structural behavior of various materials was analyzed to demonstrate the superior performance of the
selected dielectric material. The cooling channel was subsequently adapted to a prototype mirror, on which CFD
and FSI simulations were performed to validate the numerical model against future real-world experiments.
Finally, crack propagation analysis confirmed the feasibility of using technical ceramics for the launching mirror,
paving the way for dielectric materials in the ECRH system of DTT.

1. Introduction equatorial and upper antennas, with six and two launchers per sector,

respectively [3]. The gyrotrons are organized into four clusters, each

The Divertor Tokamak Test (DTT) facility [1], currently being built
in Frascati, Italy, is designed to investigate various divertor configura-
tions under conditions relevant to DEMO. To ensure applicability to
future fusion devices like DEMO, the divertors tested at DTT will be
exposed to intense heat fluxes. Achieving this requires a powerful
Heating and Current Drive system, integrating techniques such as
Neutral Beam Injection, Ion Cyclotron Resonance Heating, and Electron
Cyclotron Resonance Heating (ECRH). Specifically, the ECRH system
will provide 32 MW of installed power, utilizing a 32 gyrotrons rated at
1 MW, operating at 170 GHz with a pulse duration of 100 s. A possibility
to increase installed power is open, by considering the second batch of
16 gyrotron at 1.2 MW each [2]. The system includes 32 front-steering
launchers, arranged across four machine sectors and featuring
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comprising eight sources. The power generated by each cluster is
transmitted through a quasi-optical, evacuated multibeam transmission
line [4] to two antennas positioned at the equatorial and upper ports of
the DTT. The beams are directed into the plasma using independently
adjustable mirrors [5]. During beam reflection, conductive materials
experience ohmic losses, leading to significant thermal loads on the
mirror surfaces. These thermal effects are further exacerbated by plasma
radiation and nuclear loads. Due to the relatively long plasma pulse
duration, an active water-cooling system is required to maintain mirrors
temperature under control and minimize deformations [6]. Typically,
cooling is achieved via dedicated internal channels. For instance,
launcher mirrors in EAST [7] and KSTAR [8] incorporate S-shaped
cooling channels, whereas W7-X [9,10] and some of the ITER [11]

Received 13 May 2025; Received in revised form 20 June 2025; Accepted 5 August 2025

Available online 13 August 2025

0920-3796/© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



A. Pagliaro et al.

launcher mirrors adopt a spiral design. Other configurations employ
serpentine cooling paths [12,13]. Each launcher consists of a fixed
focusing mirror (M1) and a planar steering mirror (M2), both of which
will be exposed to nuclear and radiative heat loads from the plasma, as
well as additional heating from microwave absorption. The aim of this
work is to analyse the thermo-mechanical stresses acting on the M2
mirror, investigating the feasibility of a Tungsten-coated dielectric
substrate capable of eliminating the presence of eddy currents, thus
preventing magnetic torques that exacerbate stress. Accordingly, elec-
tromagnetic analyses for dielectric components may be omitted, as the
residual electrical conductivity is sufficiently low to prevent the occur-
rence of significant electromagnetic stresses on the component. In
particular, this work focuses on the thermo-mechanical analysis of the
dielectric substrate [14]. Among the possible alternatives for the sub-
strate material, dielectric ceramics with high thermal conductivity — up
to 170 W/(m-K) - like Silicon Carbide (SiC) and Aluminum Nitride (AIN)
have been identified as potential candidates, considering both thermal
and mechanical aspects. In particular, the case of SiC was analysed due
to of its higher mechanical strength. Thermal performance of a new
configuration of the M2 mirror based on a Variable-Depth Comple-
mentary Spiral (VDCS) cooling channel [15] has been simulated for
various metallic materials and compared with the ceramic material.
Transient thermo-structural analyses demonstrated that the steady-state
condition is the most critical scenario along the entire experiment,
enabling to focus the computationally expensive Fluid-Structure Inter-
action (FSI) simulations on the steady-state case.

Subsequently, different materials are compared in terms of thermo-
mechanical resistance to the foreseen thermal loads, and a crack prop-
agation analysis was conducted, based on the fracture toughness of the
ceramic material. Finally, the customized VDCS cooling channel was
adapted to a prototype mirror geometry with a distinct shape and size, to
be tested experimentally for assessment and validation purposes.
Computational Fluid-Dynamic (CFD) and FSI simulations were per-
formed on the test mirror configuration to assess thermo-mechanical
performance.

2. M2 mirror

The steerable mirrors (M2) of all DTT launchers will have the same
geometry to increase modularity. The M2 mirror is an elliptic plate with
a minor axis of 69 mm, a major axis of 132 mm and a thickness of 10
mm, as illustrated in Fig. 1 [4]. The thickness is selected to ensure
adequate structural strength; in this study, a minimum thickness of 2
mm was considered for both the frontal and rear plates, while 6 mm are
occupied in-between by internal channels. The internal VDCS channel
geometry, characterized by a single inlet and a single outlet with a
diameter of 5.5 mm, was designed to maximize heat exchange [15] by
increasing the surface area, allowing the use of materials with lower
thermal conductivity with respect to copper, such as advanced ceramic
like SiC or AIN. The cooling channel features a Gaussian shape combined
with a sinusoidal function to accelerate the fluid in the central section,
enhancing heat exchange between the solid and water. The fluid is
decelerated in the peripheral region to mitigate pressure losses along the
conduit. This approach resulted in satisfactory thermal performance,
enabling the use of the selected ceramic materials [15]. Additionally, the
mirror, including the internal channel, would be made entirely of
dielectric material, and the possibility of manufacturing the mirror using
3D printing technologies with the selected ceramics is currently under
evaluation. The opportunity offered by dielectric materials, specifically
ceramics, is that of suppressing the electromagnetic loads on the mirror
and on the supporting system both during operation and, most impor-
tantly, during disruptions. The tokamak’s magnetic fields are constantly
changing, from plasma formation and ramp-up to when the plasma
current is ramped down. The dynamic behaviour of the magnetic fields
induces eddy currents in nearby conductors such as metallic structures
or components. Any un-mitigated instability in the plasma, like
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Fig. 1. (a) Internal variable-depth complementary spiral (VDCS) cooling
channel. (b) M2 Mirror size and section view.

magnetohydrodynamic (MHD) instabilities, can cause abrupt changes in
the magnetic field configuration called disruptions. These variations
create strong transient magnetic field fluctuations, inducing high cur-
rents in surrounding metal parts [14]. The main possible consequence is
the interaction between the magnetic fields and eddy currents generates
Lorentz forces, creating mechanical stress on the tokamak’s metallic
structures. These forces can be substantial, especially during disrup-
tions, potentially leading to structural failure or fatigue over time. As
mentioned in Section 1, Tungsten-coated SiC was identified as a po-
tential candidate as M2 mirror material. Specifically, a conservative
value of thermal conductivity equal to 100 W/(m-K) was considered.
Additionally, the M2 mirror was modeled including two lateral pins to
simulate the constraints imposed by the supporting system and allowing
for a more accurate estimation of the thermo-mechanical stresses. Fig. 2
shows the configuration of the M2 mirror including the supports and the
customized cooling channel.

outlet

s

inlet

|
a1

Fig. 2. M2 mirror with lateral supports.
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3. Steady-state thermo-mechanical analysis of M2

Thermal simulations are conducted using STAR-CCM+ with the
Finite Volumes Method (FVM) [16]. As shown in Fig. 3a polyhedral
mesh is specifically created for the geometry under examination, tuning
the turbulence model parameters to maximize the accuracy of the results
[15,17]. The crucial parameters to study are the intensity and the tur-
bulence length scale, as well as the boundary layer required to accu-
rately capture the fluid dynamic behaviour at the wall.

The following boundary conditions are set for the problem:

o the inlet flow rate is set at 10 [/min;
e the inlet temperature is set at 50 °C;
e the outlet pressure is set at 4 bar;

The heat fluxes from microwaves Py, plasma irradiation P, and
volumetric neutron heating P, are included as follows:

2 2
((#)(2))
e Py = % e Wy wy MW /m2

e P,y =0.1768 MW/m?
e P, =10 kW/m?

With beam power Q = 1 MW, and beam radii wy and w, evaluated
for a 58° incident angle (worst case scenario) equal to 43 mm and 81.1
mm, respectively, resulting in a central peak power density of 1.874 MW
/m? [15,18,19]. Furthermore, it is assumed that the presence of the
micrometric Tungsten coating has no effect on the thermal performance
of the mirror, given its very low thermal resistance. In Fig. 4, the thermal
and fluid dynamic results at steady state are shown [15]. Both the
maximum mirror temperature of 138 °C and the maximum pressure of
8.89 bar are acceptable, given a maximum pressure limit of 12 bar.

The structural analysis of M2 is carried out through a Fluid-
Structure-Interaction (FSI) simulation, where the fluid dynamic part is
coupled with the thermo-structural aspect of the component to obtain a
comprehensive set of output fields. The simulations are conducted using
ANSYS with the Mechanical APDL tool, solving the problem through
Finite Elements Method (FEM). The same geometry used in STAR-CCM+
is imported into ANSYS; a tetrahedral mesh is created, as shown in Fig. 5
(a), consisting of triangular faces. The pressure field from the fluid
acting on the internal wall of the cooling channel and the temperature
field of the solid component are imported.

The following mechanical boundary conditions are imposed on the
lateral supports, as shown in Fig. 5(b):

Cell size: 3 mm

Cell size:
0.5 mm
30 prism layers

Fig. 3. Mesh configuration for CFD simulation with section view perpendicular
to mirror minor axis.
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e One support is fixed in all directions, both for displacement and
rotation.

e The other support is left free to translate and rotate only along the x-
direction.

The objective of the FSI analysis is to estimate the thermo-
mechanical stresses acting on the component and the resulting defor-
mation. As SiC is a brittle material, the Rankine criterion is considered
for the evaluation of the critical stress [20]. This criterion states that
failure of a component occurs when the maximum principal stress equals
the material’s uniaxial tension strength, or when the minimum principal
stress equals the material’s uniaxial compressive strength. For ceramics,
and for SiC in particular, the compressive strength (~ 2000 MPa) is
much higher than the tensile stress (~ 200 MPa). Moreover, compres-
sion is not associated with crack propagation. Therefore, the most
representative design figure for thermo-mechanical assessment is the
ratio between the ultimate tensile stress of the material and the
maximum tensile stress resulting from simulation. This parameter is
called the safety factor 5. The condition 5 > 2 is considered for design
assessment.

We can define the tensile and compressive fields as:

O'M(xvyvz) = max{‘fl(x»}’»z)» Gz(X,%Z)v (73()(,_}',2)}
O'm(X,y,Z) = min{ﬂl(xvyvz)v Gz(x»)’7z)7 53(3(’}’72)}

where 01, 02 and o3 are the principal stress fields. Failure occurs when
one of the following conditions is met:

oM 2 Ot Om < O

where o, is the ultimate tensile stress and o, is the ultimate compressive
stress. The safety factor is hence defined as:

Ot

oM

Using Weibull theory, the failure probability F of ceramic materials
can be associated to the safety factor 5 via the following distribution
function [21]:

F=1-¢""

where m is the Weibull modulus. The higher the Weibull modulus, the
more similar the defects in the material are to one another, and the
narrower the probability curve of the strength distribution.

Table 1 summarizes material properties required by the simulations
and provided by the manufacturer. After defining material properties in
the FSI software, setting the boundary constraints, and importing the
temperature and pressure fields resulted from the CFD analysis, the
simulation is executed, with the deformation and stress fields as outputs.
First, although the inlet and outlet are positioned asymmetrically, the
resulting pressure distribution along the channel does not induce sig-
nificant rotations or deformations in the mirror. This is due both to the
symmetry of the constrained supports, which helps mitigate the minor
pressure contribution, and because the hydraulic load is not high enough
to cause notable deformations. Secondly, Fig. 6 shows the tensile (a) and
compressive (b) stress fields at steady-state, evaluated by considering
the maximum and minimum among the principal stresses. The fracture
limit of 220 MPa is not exceeded, with a maximum tensile stress of 128.9
MPa and a less critical compressive stress of 90.6 MPa. Moreover, it
should be noticed that the maximum stress occurs at the supports due to
stress concentration near the supports. Since the geometry of the con-
straints can be easily modified and adapted to avoid stress concentra-
tion, it is relevant to check the critical stress values in the central region
of the mirror. In this case, we get a maximum tensile stress of 67.4 MPa
and a maximum compressive stress of —57.8 MPa, respectively, which
are well below the flexural strength. When specifically comparing the
tensile stress with the flexural strength, the ratio shows a safety factor of
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(b)

Absolute Total Pressure (bar)

3.2 4.62 6.04 7.46 8.89

Fig. 4. Mirror temperature (a) and fluid pressure (b) profile.

Free along the x-axis:
Uy=U, =Ry =R, =0

Uy =Ry #0
(b)
Fixed:
Uy = Uy
=U, =Ry
=Ry =R,

Fig. 5. Tetrahedral mesh (a) for the Finite Element Analysis (FEA). Constraints
on the supports set as boundary condition (b).

Table 1

Thermo-mechanical properties of Silicon

Carbide.
p [kg/m®] 2950
cplJ /(kg-K)] 700
KW /(mK)] 100
alk1] 4.10°
E[GPa] 340
V-] 0.18
o, [MPa] 220
m[—] 10

3.26, well above the threshold value of 2 established as the acceptability
criterion.

Fig. 7 represents the trend of the failure probability as a function of
the safety factor for three values of the Weibull modulus. The safety
factor calculated considering the stress experienced by the bulk mirror
without supports corresponds to a failure probability of ~ 107°.

Fig. 8 shows the total deformation in three dimensions under steady-

Tensile field [MPa] (a)

128,88 Max
113,45

98,01

82,58

67,15

51,72

36,28

20,85

542

-10,01 Min

Compressive field [MPa] (b)

20,99 Max
8,59

-3,80
-16,20
-28,60
-41,00
-53,40
-65,80
-78,20
-90,60 Min

Fig. 6. Tensile (a) and compressive (b) stress fields of the M2 mirror.

state condition. The maximum value of approximately 89 pm is suffi-
ciently small to not cause issues related to changes in beam focusing.
Finally, Fig. 9 displays the deformation along the z-axis, perpendicular
to the mirror surface. The maximum deformation in z-direction is 30.25
um along the minor radius and 79.60 um along the major radius.

The results confirm the effectiveness of the heat exchange and the
capacity of the ceramic material to resist thermo-mechanical loads.
Finally, tungsten, with a surface roughness of approximately 0.25 ym,
exhibits thermo-mechanical properties comparable to those of the
ceramic bulk material, particularly in terms of its coefficient of thermal
expansion (CTE), which is critical for minimizing interfacial stresses.
Consequently, it was selected as a potential coating candidate. However,
deposition and adhesion experiments are still ongoing.
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Fig. 7. Failure probability as a function of safety factor.

Deformation [mm]

0,0891 Max
0,079

0,069

0,059

0,049

0,039

0,029

0,019

0,010

0,0002 Min

Fig. 8. Total deformation of the M2 mirror.

4. Transient thermo-mechanical analysis of M2

A transient analysis was performed on the M2 mirror to assess that
the steady state condition is the most demanding from a thermo-
mechanical standpoint. To speed up computation, the CFD simulation
was halted at different time instants, and the stress field was computed
for only those specific conditions. Despite DTT experiments will last up
to 100 s, a simulation time of 3 s is sufficient to capture the transient
thermal behavior of the mirror. The analysis was conducted considering
three time intervals:

e Between 0 s and 0.25 s, water begins to circulate in the cooling

system with a flow rate represented by a ramp that increases from

0 to 10 1/min. This approach helps to avoid issues related to

computational errors that result in extremely high and erroneous

mechanical stress values. Subsequently, the water is allowed to
circulate until it reaches its steady-state condition.

Between 0.25 s and 1.5 s, thermal loads are applied to analyze the

heating phase of the mirror, evaluating the associated mechanical

stress at various points. During this interval, the mirror reaches
thermal steady-state.

e From 1.5 s to 3 s, the thermal load is interrupted, but water continues
to circulate in the channel to cool the mirror. During this interval,
specific points are identified where a structural analysis is performed
to compute the associated mechanical stresses.

The result of the transient analysis is depicted in Fig. 10, where (a)
shows the thermal peak history, while (b) displays the maximum and
minimum principal stresses, representing the tensile and compressive
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Fig. 9. Deformation along z-axis on the minor radius (x-axis, shown in a) and
the major radius (y-axis, shown in b).

values, respectively. Most importantly, the highest stress values corre-
spond to the steady-state condition in which the mirror reaches its
maximum temperature; therefore, the steady-state results can be
regarded as the worst-case scenario for the entire experiment.

5. Thermo-mechanical performances of different mirror
materials

After analyzing the ceramic M2 mirror, a comparison was made
among various materials, including CuCrZr, Aluminum T6, AISI 316 L,
Inconel 718 and SiC. Since the resistance criteria differ for brittle and
ductile materials, to represent the strength values on the same graph the
safety factor was calculated as the ratio between the allowable stress and
the critical stress on the component, as indicated by the failure criterion.
For the brittle material, the maximum tensile stress is considered, while
for ductile materials the equivalent Von Mises stress is taken into ac-
count. The analysis was conducted by first performing steady-state CFD
simulations to obtain the worst-case scenario where the temperature
reaches its peak. The results are then taken as boundary conditions in a
FSI simulation to determine the stresses acting on the component and
the associated safety factor. When the safety factor is greater than 1, the
component is expected to resist thermo-mechanical loads; conversely,
when it is <1, component failure is expected.

Fig. 11 shows a plot of the safety factor as a function of thermal
conductivity, which is used as an index for the material type. It can be
observed that as thermal conductivity increases, the safety factor also
increases, although not necessarily in a proportional manner. The safety
factor, in fact, depends not only on the thermal properties but also on the
mechanical properties of the material. Clearly, the optimal situation is
observed for materials with higher thermal conductivity, which corre-
spond to a lower peak temperature; conversely, materials with low
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Fig. 10. Thermal (a) profile and tensile and compressive (b) profile over time.
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Fig. 11. Safety factor plotter for various materials to compare their mechani-
cal strength.

thermal conductivity are characterized by a safety factor close to or
lower than 1. It should be noticed that these simulations include mirror
supports, where the mechanical stress is enhanced. Higher safety factors
could be obtained by considering only the stress in the central region of
the mirror.

6. Crack propagation analysis

An analytical assessment of the possibility of unstable crack propa-
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gation was conducted. The figure of merit for this kind of analysis is the
fracture toughness of the material Kjc. From this value, it is indeed
possible to calculate the admissible stress to prevent crack propagation.
Based on experimental formulas found in the literature, the limit stress
value o,y that triggers crack propagation can be calculated for different
crack sizes ¢ [22]. The formula used is as follows:

K = Umax'ﬂ' (\/C—”)

The fracture toughness of SiC is assumed to be 2 [MPa,/m], K; is the
stress intensity factor in mode I, while f is a correction factor that takes
into account the geometry of the crack, which in this case is assumed to
be equal to 1.12, corresponding to a crack on the surface [22]. The graph
in Fig. 12 shows the trend of the K; as a function of crack size. Fracture
occurs when K; reaches a critical value: K; = Kic.

In this case, the maximum tolerable crack size for the material under
the peak stress of 67.5 MPa is ~ 0.2 mm. Furthermore, the graph was
created by considering stress values corresponding to various points on
the mirror, subjected to different levels of stress. Indeed, for a constant
K; value defined by the material, the crack size can increase as the stress
decreases. To be conservative, the reference value is the most highly
stressed area of the mirror with a crack size of approximately 2 mm.
Therefore, unstable crack propagation is not expected as defects of large
size could be detected by non-destructive methods during commis-
sioning of the mirror.

7. Thermo-mechanical analysis of the test mirror

Through CFD and FSI simulations, the suitability of a SiC dielectric
substrate for the M2 mirror was assessed. The next step is to procure a
1:1 prototype mirror to be tested in realistic conditions, in order to
validate the design and assess mirror resistance to thermal loads, fluid
dynamic conditions, and mechanical stresses. The experiments are
planned at the FALCON facility of the Swiss Plasma Center at EPFL [23],
under realistic conditions using high-power microwave sources with the
same features as the DTT ECH system ones and a Connection Line section
specifically designed and procured for these tests [24]. For compatibility
with the rest of the microwave transmission line envisioned for the ex-
periments, the prototype has slightly different geometry with respect to
M2. In fact, as shown in Fig. 13(b), the reflective front surface of the
prototype is not flat, but concave; the major and minor radii of the
elliptical perimeter are 89 mm and 63 mm, respectively, while the inlet
and outlet diameters of the cooling channel are 7 mm wide. Four rear
bolted joints will be used to secure the mirror to the supporting struc-
ture. The cooling system developed for the M2 mirror has been adapted
and tailored to fit the different geometry of the test mirror, preserving

T - T
tensile stress = 20 MPa
tensile stress = 31.875 MPa
tensile stress = 43.75 MPa

tensile stress = 55.625 MPa | ]
tensile stress = 67.5 MPa

1 " " " L i
0

0 0.5 1 1.5 2 25 3

crack size [mm]

Fig. 12. Admissible stress as a function of crack size.
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SECTION A-A

Fig. 13. (a) Internal variable-depth complementary spiral (VDCS) cooling
channel adapted to the test mirror. (b) Test Mirror size and section view.

the Gaussian-sinusoidal pattern of the path to accurately reproduce the
system’s fluid dynamics. Fig. 13(a) shows the cooling channel for the
test mirror.

Steady-state CFD and FSI simulations were conducted on the proto-
type mirror following the same steps outlined in Sec. III. However, the
boundary conditions are modified according to the envisioned specifi-
cations of the testing facility:

e The inlet flow rate is set at 5 I/min

e The inlet temperature is set at 15 °C

e The outlet pressure is set at 4 bar.

e The thermal load of microwaves has a Gaussian profile with w, =
31.32 mm, wy = 44.29 mm and a central peak of 2.86 MW /m?

The mesh of the model is shown in Fig. 14(a). In Fig. 14(b and c), the
thermal and fluid dynamic results are shown. Despite the higher heat
flux compared to the M2 mirror, the thermal and fluid dynamic results
fall within the operability range: the maximum temperature on the
mirror is approximately 163.03 °C, while water reaches a maximum
temperature of 117.94 °C, well below saturation conditions and thus far
from the onset of boiling. Finally, the pressure drop along the channel is
1.03 bar. Based on the thermal analysis, FSI structural simulations are
then performed to assess the mechanical resistance of the component,
considering the properties of SiC summarized in Tab. 1. The employed
tetrahedral mesh is shown in Fig. 15(a).

The mechanical boundary conditions represent the rear supports
used to fix the mirror. As shown in Fig. 15 (b, c, d), three alternative
cases were considered in this analysis to study the effect of the con-
straints and to evaluate the stresses acting on the mirror under different
operating conditions:

e Four supports are fixed in all directions (b).

e One support is fixed in all directions and three supports are con-
strained along the z-axis perpendicular to the mirror (c).

e One support is fixed in all directions, and three supports are allowed
to move and rotate freely in all directions (d).

For each examined case, the Rankine criterion for brittle materials is
used. The resulting maximum and minimum stresses are displayed in
Fig. 16, representing the tensile and compressive values, respectively,
along with the associated deformation.
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(2)

Cell size: 3 mm

Cell size: —

0.5 mm

20 prism layers

(b)

Absolute Total Pressure (bar)
15 163 3.89 4.18 4.46 4.75 5.03

Fig. 14. Mesh configuration (a) for CFD simulation with section view
perpendicular to mirror minor axis. Mirror (b) temperature and fluid (c) pres-
sure profile.

Temperature (C)
2 89 126

Fig. 15. Tetrahedral mesh (a) for the Finite Element Analysis (FEA). Con-
straints on the supports set as boundary condition for the three different cases
(b, ¢, d).

In this case, the maximum stress is compressive, with an absolute
value of 134.77 MPa for the scenario where the mirror has one fixed
support and the other three are constrained along the z-axis, perpen-
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Fig. 16. Tension and Compressive stress fields and total deformation, respectively, for the three cases of boundary conditions introduced earlier.

dicular to the mirror. This corresponds to a maximum deformation of
18.93 um By progressively relaxing the degrees of freedom of the con-
straints, the mechanical stresses are reduced, resulting in higher de-
formations. Indeed, in the case where only one support is fixed while the
others are completely free, the highest mechanical stress experienced by
the mirror is again compressive, with a value of —126.89 MPa, corre-
sponding to a maximum deformation of 73.21 ym Finally, as with the
M2 mirror, a possible coating material was investigated for the proto-
type. Given the thermo-mechanical properties of tungsten, which are
similar to those of the mirror’s bulk material, it was evaluated as a po-
tential candidate for the prototype as well.

8. Conclusions

This paper illustrates the thermo-mechanical analysis of a dielectric
substrate of the M2 mirror made of Silicon Carbide. The internal cooling
channel of the mirror, featuring an optimized Variable-Depth Comple-
mentary Spiral geometry, was studied along with the proposed substrate
material to suppress the magnetic torques acting on the mirror.

Considering that ceramics are brittle materials, the tensile and
compressive principal stress fields acting on the mirror were compared
with the strength of the material according to the Rankine criterion,
after applying proper boundary conditions.

A transient thermo-mechanical analysis capturing the essential
cooling transients as well as the steady-state condition, was setup. From
this analysis, we observe that the worst-case scenario is the steady-state
condition in which the temperature of the mirror reaches its peak value
along the entire experiment. Therefore, subsequent analyses only
considered the steady-state scenario, thereby lowering the computa-
tional cost.

Steady-state CFD analyses demonstrated that a SiC substrate can
keep the temperature of the mirror and water pressure drops within
acceptable levels. Mechanical resistance was tested through FSI analyses
by coupling the thermo-fluid dynamic solver with the mechanical solver
in ANSYS. The results demonstrate the theoretical integrity of the new
design, both from a thermal and a mechanical perspective.

Subsequently, different materials were compared in terms of thermo-
mechanical resistance to the foreseen thermal loads. The Von Mises
failure criterion was employed to compute the safety factor associated
with ductile materials. The comparison shows that silicon carbide,
despite its brittleness, can withstands thermo-mechanical stresses better
than stainless steel and even Aluminum, further supporting the suit-
ability of the proposed solution.

In addition, an analytical assessment of unstable crack propagation
was conducted. The fracture toughness of SiC was considered and the
graph of the admissible stress as a function of superficial crack size was
obtained. Given the relatively low stresses acting on the mirror, cracks
with size lower than 0.2 mm would not undergo unstable propagation,
while larger cracks would be easily detectable by non-destructive
methods during commissioning.

Lastly, the geometry of a prototype mirror for experimental testing
was developed. CFD and FSI analyses on the prototype geometry
revealed acceptable thermo-mechanical performance, which serves both
as an assessment of the feasibility of the experiments, and as a dataset for
model validation.
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