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Abstract: The SORGENTINA-RF project aims at developing a 14 MeV neutron source based on a
deuterium/tritium ion accelerator and a rotating target where fusion reactions take place. Among the
different research fields, the most interesting and promising is medical radioisotope production. In
this framework, intense research work on the design of the rotating target has been carried out. More
in detail, to define the optimal design configuration, a sensitivity analysis on the mechanical perfor-
mance of the rotating target considering the influence of some relevant parameters, such as material
type, thickness, and presence of internal stiffeners, was carried out. Among the materials analyzed,
aluminium alloy represents the best compromise to efficiently address all the critical requirements
in the design phase. One of the most demanding project requirements that the conceptual design
must fulfill is the ability of the target to dissipate a thermal power of 250 kW without precluding its
mechanical properties and resistance. To investigate the performance of the rotating target, some
thermo-mechanical analyses were undertaken with finite element method under some thermal tran-
sients and mechanical loads able to simulate the working conditions of the system. The numerical
results emphasise the target’s ability to withstand operating conditions. The main outcomes of the
present study have been implemented as engineering solutions in the project design.

Keywords: thermal-mechanical analysis; finite element model; fusion; neutron source

1. Introduction

The SORGENTINA-RF project aims to develop a 14 MeV neutron source from
deuterium-tritium fusion reactions with an expected power of 250 kW with the main
purpose of producing medical radioisotopes as highlighted by some recent experimental
evidence obtained at ENEA laboratories [1,2]. The neutron source is based on an ion source
and accelerator which, from a gas of deuterium (D2) and tritium (T2), produce, extract, and
accelerate D+ and T+ ions up to 300 keV against a rotating target fusion reactions occur
thus producing 14 MeV neutrons.

In particular, the 14 MeV neutron source will be used to assess the production of
99 Mo as a precursor of 99 mTc, widely used in medical diagnostics for SPECT (Single-
Photon-Emission Computed Tomography).

The project represents a step towards a plant where relevant quantities of molyb-
denum can be irradiated and in turn radiochemical treatment at the same site. For its
complexity, the project is divided into two main steps: in the first phase, the so-called
thermo-mechanical demonstrator, composed of a rotating target equipped with the heat
removal system and the ion source will be developed and tested separately; in the sec-
ond, the ion source and the radiochemical facility for molybdenum treatment will be
fully developed.
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More in detail, the assembly depicted in Figure 1 is composed of the rotating target
and its auxiliary components (i.e., vacuum chamber, reservoir, etc.). The rotating target has
a double scope, allowing the implantation of deuterium and tritium into a thin titanium
layer (about 3 µm) properly deposited on the target surface and dissipating the thermal
power (250 kW) delivered by the accelerator.
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Figure 1. Thermo-mechanical demonstrator.

The heat source for the rotating target consists of an ion source (currently in a design
stage) accelerating both deuterium and tritium against the external cylindrical surface of
the rotating target. The colliding particles are collimated in a circular shape (150 mm in
diameter) by the accelerating grids while the ion source is inclined by 45◦ on the vertical
plane. This layout generates an elliptical footprint on the external surface of the rotating
target. Regarding the homogeneity of the heat generated, the ion source will grant a ±10%
difference all over the impact surface that is simulated with a uniform heat flux boundary
condition in the FEM analyses.

The rotating target is a prototypical out-of-scale rotating heat pipe (RHP) (Patent
PCT/IB2019/051,972). The RHP mainly consists of three regions: the evaporator where a
fluid is heated up (by the ion source) to its evaporation/boiling (in the upper region), a
lower conical condenser region where the vapour previously generated finds a cold surface
to condensate and then moves back to the evaporator thanks to the centrifugal effect of the
rotation, an adiabatic region between the two previous ones where the condensate moves
back to the evaporator.

The general description of the project and the main activities can be found in further
detail in [3] while a set of specific studies is presented in [4–10].

In this paper, the methodology and main outcomes from the analysis for the design
and optimisation of the prototype of the rotating target are discussed.

The rotating target can be essentially divided into three regions: the upper part,
henceforth named the evaporator, the lower part, named the condenser connected to the
external cooling system for heat removal, and the mid-region in between the two.

The Finite Element Method (FEM) was adopted to calculate the strength of the rotating
target under complex load scenarios as the one foreseen during the functioning of the
device. Several thermo-mechanical analyses were performed in order to investigate the
mechanical performance of the target and the main numerical results are herein discussed.
The temperature field, resulting from the energy deposition of D+ and T+ ions into the
target and removed by the cooling system, has been evaluated in previous studies [6]
and here used as input in FEM analyses. In addition, a sensitivity analysis to assess the
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influence of some mechanical parameters on the behaviour of the rotating target is presented
and discussed.

2. SORGENTINA RF Rotating Target

The thermo-mechanical demonstrator to be tested in the first phase of the project is
the rotating target assembly shown in Figure 1. The outer side surface of the disk-shaped
evaporator intercepts D+ and T+ 300 keV ions coming from the ion source. The evaporator
has a perfectly cylindrical shape characterised by the major radius.

On the other hand, the condenser has a conical shape and is connected to the external
water-cooling system. The whole scaled system, containing water, dissipates the power
load due to the impinging ion beam by means of a heat transfer mechanism similar to a
heat pipe system. The cooling fluid is at sub-atmospheric pressure due to its well-known
properties in worldwide usage and experience as a coolant in power plants.

More in detail, the cooling system is designed to safely remove a thermal power of
250 kW concentrated over a circular hot spot of about 150 mm in diameter, and thus an
average heat flux of about 14 MW/m2.

The concept of the target cooling system was oriented to a rotating component working
with a closed and localised thermal cycle to avoid any external hazard. The cooling fluid
selected is water at sub-atmospheric pressure due to its well-known properties in the
literature and worldwide usage and experience as a coolant in power plants.

The cooling system identified is a prototypical out-of-scale rotating heat pipe
(RHP) [11–13]. The RHP mainly consists of three regions: the evaporator where a fluid is
heated up to its evaporation/boiling, a conical condenser region where the vapour previ-
ously generated finds a cold surface to condensate and then moves towards the evaporator
thanks to the centrifugal effect of the rotation, an adiabatic region between the two previous
ones where the condensate moves back to the evaporator (Figure 1).

In between the evaporator and condenser, vacuum seals and bearings are located
allowing the machine operation.

The geometrical dimensions of the structures are here summarised: the total height is
2400 mm, the diameter of the evaporator is 1000 mm, and the diameter of the condenser
varies from 200 to 400 mm.

Working conditions foresee the target rotating at a constant speed under irradiation
of 833 mA (total electric current) of deuterons and tritons ions at 300 keV, thus releasing a
thermal power of 250 kW in the target. Thermal power deposited by alpha particles into
the target from fusion reactions is negligible (<100 W). The area enlightened by the ion
beam is circular, with a diameter of about 100–120 mm. The thermal power deposited onto
the target surface diffuses into the device through conduction and represents the main
potential cause of system failure. The frequency rotation of the rotating target is equal to
5.3 Hertz. A schematic representation of the rotating target and the intercepted ion beam is
depicted in Figure 2.

As can be seen from Figure 2 the ion beam is inclined with respect to the external
surface of the evaporator. Due to the projection onto it, the footprint of the ion beam
(150 mm) is different from its diameter (about 100–120 mm).

2.1. Influence of Design Parameters

The influence of some design parameters (type of material, thickness, presence of
internal stiffeners) on the mechanical performance of the assembly has been investigated to
optimise the design, guarantee the required performance, and ensure adequate robustness
of the device. Such analysis allowed us to address the present design as well as optimise
the geometrical and mechanical properties of the structures.
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2.2. Material

Four metal alloys, listed in Table 1, were considered in order to fulfil the strict perfor-
mance requirements described in [3]: titanium (Ti), aluminium (Al), copper–chromium–
zirconium (CuCrZr), and tungsten (W). It is worth underlining that the metal alloy has to
guarantee the following characteristics:

- High thermal conductivity;
- Low neutron activation in order to minimise the production of radioactive waste;
- Good mechanical properties;
- Good chemical compatibility with water.

Table 1. Mechanical properties of metallic alloys selected for parametric study.

Material λ α r c E σy

[W/(m K)] [C−1] [kg/m3] [J/(kg K)] [MPa] [MPa]

Al 174 2.35 × 10−5 2.69 × 103 921 69,000 250
CuCrZr 318 1.67 × 10−5 8.90 × 103 376 127,500 220

W 90 5.00 × 10−6 1.85 × 104 134 385,000 800
Ti 17 8.5 × 10−6 4.40 × 103 544 110,000 800

The mechanical properties of these alloys are summarised in Table 1, where the symbol
λ denotes the thermal conductivity, α the linear expansion coefficient, r the mass density, c
the specific heat capacity, E the Young’s Modulus, and σy the yield strength.

The mechanical properties reported in Table 1 allow us to make some considerations:
tungsten has good mechanical properties (i.e., provides a high value of yield strength
and high Young’s Modulus) being a very resistant and low deformable material. On the
contrary, it is characterised by relatively poor thermal properties in terms of conductive heat
transfer due to the low value of linear expansion coefficient and low thermal conductivity.
Moreover, the high density would make the system heavier concerning the other materials.

Similar considerations can be assumed for the titanium alloy that provides a high
value of high strength and good deformability, but poor thermal conductivity.

Differently, aluminium and copper–chromium–zirconium alloys provide lower yield
strength, but good deformability and higher value of thermal conductivity.

To evaluate the materials’ performance concerning thermal distortion, a simple case
was considered, i.e., an element of the structure with a non-uniform power deposition. This



Appl. Sci. 2023, 13, 8967 5 of 18

was modelled as a fixed-ended beam subject to a non-uniform thermal distortion with a
rectangular section as shown in Figure 3.
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Figure 3. Schematic representation of the effects of power deposition by means of a fixed-ended
beam subject to a non-uniform thermal distortion.

Being that the element is hyperstatic, it is possible to calculate the maximum stress
due to the presence of thermal loads as reported in Equation (1). In this equation, the
symbol ∆Tm1 represents the temperature load that produces linear deformation while the
symbol ∆Tm2 is the temperature load that produces flexural deformation, h represents the
height of the beam, and y the distance from the centroid. The results for any material
were expressed in terms of normalised strength obtained by dividing the yield strength
of each metallic alloy for the stress calculated using Equation (1), assuming a thermal
gradient of 30 ◦C from the external to the internal side of the evaporator [6]. The results
are summarised in Figure 4. It is important to underline, that the normalised strength is
expressed in percentage and represents the fraction of the strength of the material used to
withstand the expected loads due to the presence of a non-uniform thermal distortion.
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The evaluation of ∆Tm1 and ∆Tm2 are reported in Equation (2):

σ∆T = E
(

α∆Tm1 +
2α∆Tm2

h
y
)

(1)

∆Tm1 =
∆T1 + ∆T2

2
(2a)

∆Tm2 =
∆T2 − ∆T1

2
(2b)

As shown in Figure 4, the stress due to the thermal effect for CuCrZr exceeds its yield
strength being the normalised strength equal to 106%.

Titanium is the material that provides the lowest value of the normalised strength
with a value of 13%, also exhibiting a considerable resistance (high value of yield strength).
Aluminium alloy provides a value of 71%, meaning that the strength capacity of material
subject to the conditions considered is largely exploited but is still capable of withstanding
increased stresses due to applied forces.

A high value of yield strength is an important requirement that the structure has
to fulfil, but is not the only parameter to consider in the choice of material. Although
tungsten and titanium alloys provide the highest resistance and stiffness, their low ther-
mal conductivity cannot be neglected, as it could compromise the correct operation of
the system.

Furthermore, standard materials such as the CuCrZr alloy show high material activa-
tion, and titanium alloy, which could be a candidate, has a high permeability to tritium.
Using FISPACT-II code the dose trend of different materials after 1 year of exposure of 1 kg
at 1 m distance from the ion source has been quantified [14]. More in detail, the number
of D + T particles onto the target considering 200 days/year is about 9 × 1025 particles
in one activity year. Because of the low D and T energy (300 keV), these are completely
stopped by the titanium layer of the target. The main effect on the Ti layer is physical
sputtering. It is, indeed, foreseen that a Ti deposition plant, as described in [3], can be
used to recover the sputtered Ti layer. Finally, the charged particle beam is not a concern
for dpa. As far as neutron-induced dpa is concerned, the neutron emission rate is in the
range of 5–7 × 1013 s−1. This emission rate may induce a fraction of dpa in aluminium.
Thus, over 200 days/year, the dpa on the target is not detrimental. As a matter of fact,
over a typical lifetime of the target (2–3 years) no primary beam neutron-induced thermal
property changes are likely to occur.

The aluminum alloy showed the lowest material activation as reported in Figure 5.
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On the other hand, the aluminium alloy exhibited good mechanical resistance, thermal
conductivity, and chemical compatibility with water [4]. Aluminium alloy has many further
advantages, such as lower cost, light density, good heat dissipation, recyclability, and low
neutron activation.

For these reasons, aluminium alloy represents the best compromise to fulfil the above
criteria and therefore is the most promising candidate as the material for the rotating
target. In fact, thanks to its mechanical properties, it represents the best compromise
between the required performance criteria: thermal exchange, mechanical strength, and low
neutron activation.

2.3. Thickness

The choice of the thickness of the device represents an important issue. In fact, the
wall has to be thin enough to guarantee a sufficiently large heat exchange and, at the same
time, it should be thick enough to provide adequate stiffness and inertia of the structure to
avoid the onset of instability phenomena.

Heat pipes have a working fluid kept at sub-atmospheric pressure. In this way, a
pressure of around 10−3 bar is imposed inside the rotating target. Outside, the presence
of the cooling system and the atmospheric pressure generate a force due to the pressure
gradient across the system’s wall. Due to the pressure gradient between the external and
internal environment of the structure, the critical pressure of instability [15] was calculated
for several realistic thicknesses. In this way, it was possible to define the smallest thickness
of the rotating target able to counteract the instability phenomena.

The critical pressure of instability can be evaluated by means of

pcr =
E

4(1 − v2)

(
t
R

)3
(3)

where E and ν are the Young and Poisson moduli, respectively, t is the thickness, and R is
the radius.

Figure 6 shows the ratio of the critical pressure of instability to the gradient generated,
as a function of the structural thickness, for the maximum radius of the conical condenser
equal to R = 150 and 250 mm, respectively. The variation of radius along the height of the
condenser is accounted for.
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The two curves represent an upper and lower limit within which it is possible to find
a suitable solution. The wall was sized between 7 and 10 mm thick, in turn obtaining a
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reasonable safety coefficient and offering a good contribution to the rigidity and resistance
of the system.

Moreover, it has been demonstrated that the strength of the structure can counteract
the circumferential and radial stress evaluated through the analytical formulas relative to
the elastic problem of geometrically axial-symmetric solids of cylindrical shape, subject to
external loads.

3. FEM Model of the Rotating Target

The mechanical behavior of the rotating target was investigated using a commer-
cial FEM [16] software package [17]. The material properties assigned to the model are
summarised in Table 1 and an isotropic behavior of the structural material was assumed.

In the model, off-plane displacements were inhibited on the lower, upper, and middle
surfaces, thus reproducing the presence of shaft, seals, and bearings.

Four-node thermally coupled tetrahedron, linear displacement, and temperature
elements named C3D4T were chosen to build the mesh. After element type and average
size, a mesh with more than 3 million (3,054,114) elements with a maximum length of 8
mm, able to ensure the accuracy of results, was built and employed for the calculations.
The 3D model for the target is shown in Figure 7.
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In the following section, the external field force and boundary conditions have been
described in detail.

3.1. Boundary Conditions

The rotating target, during its operation, is subject to different types of actions: cen-
trifugal force, pressure gradient, and variable thermal load.

However, due to the presence of the ion beam, the following temperature field was
analytically and numerically estimated on the surface of the target [6] taking into account:

• presence of boiling water inside the device with a saturation temperature of 50 ◦C;
• working pressure inside the component of 0.1 bar;
• boiling water heat transfer coefficient (analytically estimated with Rohsenow correla-

tion [18]) of about 18,165 W/m2/K;
• target thickness of 10 mm of aluminum alloy in the evaporator region;
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• the density of the aluminum is to 2.7 g/cm3, the thermal conductivity of the aluminum
alloy is to 170 W/m/K, and the heat capacity of the material is equal to 900 J/kg/K;

Thanks to all these assumptions, a transient RANS thermal–hydraulic simulation was
performed on the heated region of the rotating target [6] to highlight the periodic temper-
ature profile on the external surface of the evaporator to adopt as BC for the mechanical
simulations. The time step selected for the simulation grants a Courant number lower
than 1 (0.82) for the stability of the numerical simulation. The contour plot of the thermal
field on the external surface of the rotating target is reported in Figure 8; the maximum
temperature, about 135 ◦C, was located in the area exposed to the beam spot while a kind of
“comet effect” was highlighted downstream of it thanks to the cooling effect of the boiling
water inside. The cold spot of about 98 ◦C was located at the opposite side just upstream of
the beam footprint.
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Thanks to these assumptions, the following boundary conditions were fixed for the
FEM analyses:

- the temperature in the zone of incidence of the ion beam T = 135 ◦C;
- the temperature on the rotating disc T = 100 ◦C;
- the evaporator’s internal temperature T = 50 ◦C;
- the internal condenser’s temperature T = 20 ◦C.

The rotating target during its operation rotates at a constant angular speed of
33.15 rad/s. Further assumptions were (1) the absence of pressure inside, (2) the presence
of standard atmospheric pressure outside, and (3) the self-weight of the structure.

Once the model, nominal loads, and boundary conditions were defined, the mechanical
performance of the device was investigated.

A couple of temperature-displacement procedures were implemented. The thermo-
mechanical analysis allows a nonlinear calculation in which the mechanical stress and
temperatures are solved iteratively accounting for the reciprocal action of the temperature
on the stress and vice-versa.

Steady-state thermal analysis for evaluating the temperature at the thermal equilibrium
of the system on the surface where subject to constant heat loads and environmental
conditions over time was set.

The impinging ion beam source was modelled as a surface heat flux and was applied
on the external surface of the evaporator.
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A cylindrical coordinate system was adopted to consider the rotation of the target
concerning the ion beam and to define the variable impact area:

xcord = R cos(ϑ) (4a)

ycord = R sin(ϑ) (4b)

Zcord = Zcenter (4c)

where R is the radius of the evaporator, ϑ the angle defined by the angular velocity and
time, and Zcenter is the coordinate along the vertical axis of the center of the circular
impact area.

A subroutine was implemented in the FEM software to define the dimension of the
area where the thermal power is deposited by the ion beam source.

3.2. Numerical Investigations on the Presence of Internal Stiffeners

The influence of internal stiffeners (inserted inside the evaporator) on the mechanical
behaviour of the rotating target, subject to the actions listed in Section 3.1, was evaluated
by means of FEM (finite element method) analysis.

Two configurations of evaporator were investigated: the first was characterised by the
absence of internal stiffeners, case (a), as depicted in Figure 9a, and the second one by their
presence, case (b), as depicted in Figure 9b.
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Figure 9. Internal view of the evaporator: (a) absence of internal stiffeners; (b) presence of
internal stiffeners.

The internal stiffeners had a rectangular shape with dimensions of 190 mm width,
225 mm height, and 5 mm thickness. The internal stiffeners were placed every 15◦ for a
total of 24 elements. Furthermore, the presence of an internal hole is due to fluid dynamics.

Figure 10 shows numerical results for the configuration without internal stiffeners. In
particular, Figure 10a shows the temperature field, while Figure 10b the von Mises stress
distribution, respectively.

Figure 10a shows the hot spot due to the ion beam power deposition (supposed
uniform) where the maximum temperature reached was 113 ◦C. The temperature moving
towards the condenser was significantly lower due to the presence of the cooling system.

The von Mises criteria [19] were adopted to define the higher value of stress equal to
62 MPa inside the impact area of the evaporator.

In Figure 11a,b, the same calculations are reported for the case of an evaporator with
internal stiffeners. Differently from the previous case, the temperature field does not
appear uniform over the ion beam impact area (Figure 10a) but assumes higher values in
correspondence with the internal stiffeners’ positions.
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The temperature field reached the highest value of 236 ◦C in the proximity of stiffeners.
In the region between two stiffeners, under the application of ion beam thermal load, the
temperature assumed a lower value, equal to 113 ◦C. Following the von Mises stress criteria,
the maximum stress reached was 120 MPa. The internal stiffeners were anchored to the
mantle of the evaporator, therefore representing a constraint that limits the possibility of
displacements. As a consequence, the increment of temperatures and mechanical stress
occurred in correspondence with stiffeners.

In Figure 12, the comparison of the temperature field between the two cases was
made in terms of temperature under the hot spot for the two analysed typologies and for a
different number of cycles. Each cycle represents a complete rotation of the target.
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Figure 12. Comparison in terms of the temperature for case (a) and case (b) for the different number
of cycles.

As already explained, the presence of internal stiffeners, provides hyperstatic con-
straints on the lateral mantle, thus also producing a higher temperature rise, when the
surface is hit by the ion beam. The larger increase in temperature is due to the inability of
the surface to freely deform out of the plane. On the other hand, the presence of internal
stiffeners for their geometrical dimension increases the inertia in the plane leading to an
improvement of the rigidity of the system and thus enhancing the instability safety factor.

In case (a), the temperature increase occurred when the reference point of the outer
shell of the evaporator passed under the ion beam. However, this phenomenon is much
less relevant concerning the previous case.

Figure 13 shows the comparison in terms of von Mises stresses as a function of the
number of cycles for the two cases considered. Under the hot spot, a sudden increment
of stress was recorded for both cases, but it was more evident in the system equipped
with stiffeners.

In both configurations presented, the stress field did not exceed the strength yield limit
of the material (Figure 13). It is important to underline that the current comparison has the
only scope to provide a qualitative definition of the von Mises stress in both configurations.

The high operational temperature can provoke a reduction of the strength of the mate-
rial with time (ageing) and therefore have a severe effect on the lifetime of the component.

The latter aspect led to considering the rotating target without stiffeners as the
best solution.
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It is important to point out that the presence of the other external forces does not
represent a particular concern from a mechanical resistance point of view.
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Figure 13. Comparison in terms of von Mises stresses for case (a) and case (b) for the different number
of cycles.

3.3. Numerical Investigations on Rotating Target

Boundary and load conditions previously described were implemented in the FEM
model for studying the thermo-mechanical behaviour of the target.

In Figure 14, the temperature field on the target surface is reported. The upper region
of the target is characterised by higher values of temperature. The temperature decreased
towards the condenser region due to the presence of the external cooling system.
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The Von Mises stress map is given in Figure 15. Higher mechanical stress is in the
central region between the evaporator and the condenser (maximum is 111 MPa), with a
corresponding temperature of 62 ◦C.
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Moreover, it can be clearly observed that the maximum von Mises stress in the
target surface did not exceed the yield strength of the material, and thus the global
structural integrity is assured. Furthermore, the conical structure was chosen to reduce
thermal effects.

Furthermore, the presence of cyclic thermal stresses due to temperature changes can
lead to the failure of the rotating target following the formation of macroscopic cracks [20].
Thermal fatigue may occur also without mechanical loads. The cracks, in fact, could
develop after many cycles of heating and cooling. For this reason, thermal fatigue life
represents the major issue for the lifetime of the target.

An estimation of the fatigue effect can be carried out by comparing the stress amplitude
with the allowable limit.

The allowable limit is often proportional to the material strength. The proportionality
factor for metal and alloy is in the range of 0.35 and 0.5 [21]. The allowable limit turns out to
be equal to around 90 MPa. On the other hand, from the numerical simulation performed,
the stress amplitude results are equal to 14.85 MPa in the region of the evaporator (Figure 13).
From the comparison, the stress amplitude is lower than the fatigue limit for a safety
coefficient of about 5.

Finally, in Figure 16, the displacement field is shown: the maximum displacement
reached was 1.164 mm, in the evaporator region. Lower displacements were exhibited in
the condenser.
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Figure 16. Displacement distribution map in mm.

4. Conclusions

Within the framework of project SORGENTINA-RF, some preliminary mechanical
assessment of the performance of the rotating target was carried out. The influence of
some design parameters (type of material, thickness, presence of internal stiffeners) on
the mechanical performance of the assembly was investigated to optimise the design and
to guarantee the required performance and ensure adequate robustness of the device to
optimise the design and allow the fulfilment of the thermal and mechanical requirements.

The numerical results support the following conclusions:

(1) Among the materials analyzed, aluminium alloy represents the best compromise to
efficiently address the critical requirements;
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(2) The von Mises stress distribution on the evaporator surface was lower in the configu-
ration without internal stiffeners;

(3) The rotating target design responded efficiently to the external force field.

The current state of the design seems the most appropriate among the many config-
urations studied so far. Further numerical analysis will be performed, and experimental
tests will be undertaken to validate the models so far employed in the design phase. In
particular, the experimental tests will focus attention on the effects of temperatures and
thermal cycles during a year of operation on the material’s mechanical properties.
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