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Abstract

For the future fusion demonstration power plant, DEMO, several blanket designs are currently under consideration. Despite ge-
ometric and operational differences, all designs suggest a first wall (FW), in which tungsten (W) armour is joined to a structure
made of Reduced Activation Ferritic Martensitic (RAFM) steel. In thermo-mechanical analyses of breeding blankets, this joint
has received limited attention. In order to provide a basis for better understanding of thermally induced stresses and strains in the
FW, the thermo-mechanical behaviour of a water-cooled test component is explored in the current contribution. The model aims
at providing a simple geometry that allows straightforward comparison of numerical and experimental results, while trying to keep
boundary conditions as realistic as possible. A test component with direct RAFM steel-W joint, and a test component with a stress-
redistributing, functionally graded RAFM steel/W interlayer in the joint is considered in the current contribution. The analyses take
production- and operation-related loads into account. Following a detailed analysis of the evolution of stress components and strain
in the model, a parameter study with respect to geometric specifications and loads is presented.

The analyses show that, even in a small test component, a direct RAFM steel-W joint causes enormous plastic deformation.
The implementation of a functionally graded interlayer reduces stresses and strains significantly, but vertical normal stresses at the
joint’s circumference remain considerable. With the component geometry considered here, the graded interlayer should be at least
1 mm thick and contain 4 sublayers to appropriately redistribute stresses. Beyond a component width of 14 mm, stresses increase

strongly, which may pose a risk to the applicability of large-scale FW components, too.
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1. Introduction

The first wall (FW) of future fusion reactors like DEMO
will likely be realized of mixed-material components. While
tungsten (W) is a promising plasma facing material due to its
thermal and physical properties [1], a high neutron capture cross
section and long cooling down time, required before mainte-
nance, limits its thickness to af few millimetres [2]. Suitable
FW structural materials, that the W armour is attached to, are
summarised as the group of Reduced Activation Ferritic Marten-
sitic (RAFM) steels, among them Eurofer and F82H [3]. Due
to the discrete transition of material properties accompanying a
macroscopically direct RAFM steel-W joint, localised loads at
the interface are generated in production and operation. In par-
ticular, these loads are thermally induced macroscopic stresses
and strains arising from different coefficients of thermal ex-
pansion, @. Thermally induced stresses and strains may either
spontaneously or in the long term yield pre-mature failure of
the FW component requiring feasible ways to reduce the loads
[4, 5]. For W and Eurofer (representing the class of RAFM
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steels here), @ is given in tabs. 1 and 2 along with other temper-
ature dependent materials properties used in this work.

Several approaches to create resilient RAFM steel-W joints
are currently being investigated. Implementing a vanadium foil
(ay ~ 8,4-107°K ') in the joint could reduce the mismatch of
thermal expansion between RAFM steel and W, and make the
production technique (uniaxial hot pressing) possible at fairly
low temperatures (700°C) [6-10]. However, this results in for-
mation of the brittle o phase FeV during subsequent ageing
[10]. An additional Ti foil (e ~ 8,6-107° K’l) in between the
RAFM steel part and the V foil delivers favourable properties
at the V side and is an effective diffusion barrier preventing the
formation of FeV [10-12]. Yet, in this layered system, other
brittle intermetallic precipitates like Fe,Ti- and FeTi establish
during uniaxial hot pressing [11, 12] and hot isostatic pressing
[13-15]. Weakening intermetallic precipitates were also ob-
served for other approaches, e.g. replacing the Ti foil by Ni
[16] or using only a Ni interlayer [17]. Cu based interlayers
(@cy ~ 16,5-107° K™, e.g. realized by Cai et al. and Pintsuk
et al. [18, 19], show good bonding to steel and W, but may
be unsuitable for high FW heat loads due to low solidus tem-
peratures and high plastic strains, causing failure upon cyclic
loading. Brazing of fusion relevant components is generally
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problematic as most investigated brazes based on Cu, Ag, or
Ni develop long-living radionuclides under fusion relevant neu-
tron loads. Work done by Chehtov, Kalin and Ma [20-23] in
addition reveals weak features like partial recrystallization of
the steel, intermetallic precipitates or pores along the joints.

Summarising the aforementioned aspects, none of the named
interlayer systems is technologically reliable yet to join RAFM
steel and W, and effectively reduce stresses and strains within
a FW component. Functionally graded RAFM steel/W materi-
als (in the following: FGMs) are another promising interlayer
option. The class of materials exhibits a compositional grading
across the material’s height. Given this, RAFM steel/W FGMs
are able to gradually approximate homogenized materials prop-
erties, such as the coefficient of thermal expansion, across the
FGM layer’s height and, thus, smoothly re-distribute macro-
scopic stresses. The combination of W and Fe base materials
may be accompanied by the formation of brittle intermetallic
phases, Fe; W, and Fe, W [4, 24], similar as to the above named
interlayer developments. Yet, to date these phases do not seem
to harm the joint more than precipitates observed in the other
interlayer developments while favourably simplifying the ma-
terial mix within the FW component. The latter may in par-
ticular be interesting for recycling of activated and transmuted
FW components. Moreover, FGMs may re-distribute and level
macrostresses more smoothly compared to homogeneous inter-
layers. Localised microstress peaks may still be present, par-
ticularly in powder metallurgically produced FGMs, containing
both pure RAFM steel and W volumes. However, microstresses
abate within very short distances, e.g. the mentioned pure vol-
umes, instead of superposing along the macroscopically flat in-
terface of a direct RAFM steel-W joint like macrostresses do.

Several studies on the processing and the impact of FGMs
for Cu-W and RAFM steel-W joints of different divertor de-
signs, e.g. the thin-walled finger module design, were already
carried out with experimental [7, 19, 25-32] and numerical [33—
35] approaches. In contrast, FGMs particularly used for larger-
area RAFM steel-W joints of the FW have received less con-
sideration, only by Qu [36-38] and Emmerich [39]. Qu in-
troduced a 2D model (plane strain) of a rectangular piece of
the FW with variable FGM thickness. The model takes elasto-
plastic and elasto-viscoplastic material properties into account,
but neglects cooling and assumes a homogeneous temperature
field [36]. Emmerich further developed the aforementioned
model towards a more realistic geometry of the FW. While a
greater plate with several cooling pipes allows the considera-
tion of an inhomogeneous temperature field across the FW, the
model does not include an FGM thickness variation [39]. Both
models take fabrication-related loads into account, but they ap-
ply fixed temperatures as boundary conditions (decoupled from
operational heat loads) and focus on von Mises stresses and
plastic deformations of the W-FGM-Eurofer joint in a central
region of the FW (away from edges) over the FW lifetime.

The present contribution tries to support the understand-
ing of DEMO FW loads by filling a gap between the two de-
scribed models. For that, a test component, similar to a di-
vertor monoblock, which is in between the complexities of the
named models, is considered. This design allows straightfor-

ward comparison of the numerical results to experimental data
of a simple test component, meaningful variation of geometric
boundary conditions (FGM thickness, number of FGM sublay-
ers, component size) and dedicated consideration of the edge
effect of the W-FGM-Eurofer joint. With respect to the latter,
the selected geometry is analysed with and without FGM, and
the discussion of the von Mises stress evolution over the life-
time is supported by normal and shear stresses. Temperatures
are related to different heat fluxes and to water cooling capabil-
ities.

Modelling in the present work is carried out in three steps.
First, suitable FGM properties models are selected, secondly,
relevant stress components and the equivalent plastic strain of
the first load cycles within the test component are analysed in
detail. Lastly, parameter studies are carried out that analyse
the number of FGM sublayers, the FGM thickness, the selected
component size and different heat loads.

2. FE model

In this section, first, the geometry of the modelled compo-
nent and boundary conditions are described, followed by the
selection of material property models for the FGM.

2.1. Geometry and boundary conditions

In the current work, the 2D geometry of a test component,
depicted in fig. 1, was modelled, similar to the geometry used
by Igitkhanov [40, 41]. Thermo-mechanical analysis of the
geometry aims at understanding the stress-strain evolution in
a Eurofer-W component with and without FGM with respect
to FW heat loads of the second operational phase of DEMO.
Since no blanket design for DEMO is selected yet, and a realis-
tic (complex) representation of the FW complicates straightfor-
ward comparison of the numeric results to future experimental
test results of a real component, the depicted simplified geom-
etry was selected. For computational efficiency only half of
the geometry was realized and a vertical symmetry axis was
included.

The geometry consists of three components, each insepara-
bly bonded to the adjacent. While the top and bottom pieces
refer to standard tungsten and Eurofer parts made from bulk
material with properties as given in tables 1 and 2, the centre
piece describes a virtually ideal FGM. It is characterized by
a quasi-linear volumetric grading of the pure constituents and,
correspondingly, by a grading of their properties as described
in subsection 2.2.

The W piece is set to 3 mm thickness in the present work.
While the W armour thickness is limited to 2 mm in the refer-
ence component by Igitkhanov [41], recent studies on the ero-
sion of DEMOs FW have shown that the W loss strongly de-
pends on the scrape-off layer (SOL) clearance. Taking a low
clearance like in ITER (Asor. = 5 cm) into account, the W ero-
sion equals 0.54 mm per full power year (fpy) [42]. Greater
clearances cause lower, yet still significant erosion [43]. Con-
sidering an anticipated blanket lifetime of 5 fpy in DEMOs
second operational phase (for which FGMs may be relevant),
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Figure 1: Geometry, boundary conditions and exemplary mesh of the modelled
test component. For picturing reasons, in the FGM part only one percent of the
generated elements are depicted.

uncertainties about the DEMO SOL and erosion safety factors
that will probably have to be taken into account, the present
study regards an increased, conservative W thickness of 3 mm.
Generally, thicker W armour may be problematic due to strong
neutron capture, which lowers the tritium breeding ratio.

The Eurofer part of the present study exhibits a quadratic
cross section with a circular cooling structure. Usually, rect-
angular cooling structures are assumed for implementation in
the FW and are modelled e.g. in [39, 41], but with respect to
comparing numerical results to future experimental results, a
circular cooling pipe is easier to machine and hence applied
here. Width of the entire component and height of the Eurofer
piece are commonly varied from 12 to 24 mm in the context of
a parameter study to gain knowledge about a size effect. The
cooling structure was adjusted correspondingly, giving a conse-
quent minimum wall thickness of the Eurofer part of 2 mm.

The FGM layer is implemented as an additional part in-
stead of replacing portions of the W and/or Eurofer parts. This
increases the component thickness compared to Igitkhanov’s
geometry [40, 41]. Based on a conservative evaluation of the
applicability of the FGM layer in the FW, load bearing duties
of the steel structure were decided not to be transferred to the
functional interlayer. This requires the thickness increase of the
FGM-featured model, which is also most conservative with re-
spect to heat removal capabilities. The FGM thickness is varied
within another parameter study between 0.3 and 3 mm.

Thermo-mechanical modelling was carried out using the
software Ansys. Elements of type PLANE223 were selected
within a plane-stress, transient structural analysis environment.
It should be noted here, that the plane-stress approach is rather
optimistic compared to reality, whereas the plane-strain approach
overestimates stresses in components of limited dimensions.
Mechanical boundary conditions were applied to the bottom
edge of the geometry in the term of suppression of vertical
movement of nodes, and by adding the symmetry axis. This
behaviour allows horizontal expansion of the geometry and pro-

hibits bending. It is assumed to occur in an experimentally
tested component, bonded to a base plate, as well as in the FW,
which is bonded (mechanically coupled) to the blanket.

Thermal boundary conditions were applied to the surface
of the cooling pipe and to the surface of the W tile. For the
cooling pipe an adjusted heat transfer coefficient between the
RAFM steel and the coolant was set. Coolant conditions were
approximated simplifying Di Maio’s and You’s suggestions for
a water cooled divertor cassette [46, 47]. In the present work,
the water temperature is assumed to be 200°C, the pressure 3.5
MPa and the flow velocity 20 m s~!. Depending on the com-
ponent width (12 to 24 mm) and the resulting cooling channel
diameter (8 to 20 mm) this results in heat transfer coefficients
ranging from 139 to 116 W m 2K ! according to the EupITER
code [48]. Thermal loads to the W tile were applied in stepwise
manner: the initial temperature is set to 700°C, assuming that
the FGM is deposited on a bulk W piece and then is joined to
a bulk Eurofer counter part by hot pressing at 700°C. This last
step of production is assumed to release all formerly introduced
residual stresses from FGM production. Subsequent load steps
(LS) are carried out as follows:

LS1 component is homogeneously cooled to 20°C

LS2 cooling is activated, the component homogeneously heated
to 200°C

LS3 a heat load is applied to the top surface of the W piece
while the cooling is active

LS4 when a steady-state heat distribution in the component is
achieved within LS3, the heat load is deactivated, result-
ing in cooling of the component to 200°C

LS5 and LS6 repetition of LS3 and LS4

With respect to the parameter studies, the influence of heat
loads from 2 to 4 MW m~2 was investigated. In the second
operational phase of DEMO heat loads up to 5 MW m 2 are ex-
pected [40], particularly occurring at highly loaded FW areas,
e.g. the upper blanket modules [49]. The temperature, stress
and accumulated plastic strain distributions within the compo-
nent were selected for evaluation of the results.

2.2. FGM modelling

In order to model a virtually ideal FGM, a fine mesh was
applied exhibiting small quadratic elements (0.01 x 0.01 mm?)
within the FGM part. Based on that, realization of the FGM was
achieved applying position-sensitive material properties to each
element of the geometry individually. Taking a linear grading of
the volumetric Eurofer/tungsten composition, Vy /(Vw + V),
within the limits of the FGM into account, the corresponding
material properties progress in a specific manner over the FGM
height depending on the interpolation model that is applied for
each property. Where more than one of the interpolation mod-
els given subsequently seemed applicable, the most conserva-
tive with respect to applicability of the FGM in the FW was
selected.

According to Progelhof [50], e.g. the series model, the par-
allel model and the geometric model are well-established for-
mulae to calculate the temperature sensitive thermal conductiv-
ity A(Vw, T) of a composite material from the base materials



Table 1: Tungsten properties used for the FE simulation [44, 45].

Temp- Young’s Poisson Yield Coeff. of  Th.cond. Heat Density
erature modulus number = stress thermal capacity

expansion
°C GPa - MPa 10°K'  WmK)™' JTkeK)™! gem™
20 397.9 0.3 1360.46 4.4 161.53 131.45 19.3
200 397.3 0.3 1154.17 44 149.34 135.2 19.3
400 394.5 0.3 94747 44 137.79 139.36 19.3
600 389.5 0.3 746.79 44 128.14 143.29 19.3
700 386.2 0.3 681.67 44 123.96 145.28 19.3
900 378.0 0.3 531.74 44 116.76 149.39 19.3
950 375.6 0.3 497.57 44 19.3
1000 373.1 0.3 464.69 44 113.7 151.56 19.3
1050 370.4 0.3 433.09 44 109.2 152.6 19.3

Table 2: Eurofer properties, representing the class of RAFM steels, used for the FE simulation [44, 45].

Temp- Young’s Poisson Yield  Coeff. of Th.cond. Heat Density
erature modulus number stress  thermal capacity
expansion

°C GPa - MPa 10°K"  WmK)™! JTkeK)™' gem™
20 217.3 0.3 545.67 120 28 472 7.8
200 207.3 0.3 483.62 120 30 522 7.8
400 197.1 0.3 44699 12.0 29 541 7.8
600 177.6 0.3 298.32 120 29.7 546 7.8
700 161.0 0.3 13479 120 29.7 549 7.8
900 55.8 0.3 50 12.0 29.7 552 7.8
950 43.9 0.3 36.7 12.0 29.7 7,8
1000 33.8 0.3 29.0 12.0 29.7 553 7.8
1050 30.0 0.3 23.0 12.0 29.7 7.8

properties A;(T). The parallel model, given in eq. (1), results in
the lowest thermal conductivity of any composition and is thus
the most conservative interpolation. In FGMs small volumes of
both constituents are usually located next to each other, e.g. re-
sulting from powder metallurgical production. Heat has to pass
through both constituents successively overall in consequence
further legitimating the applicability of the parallel model.

1-Vw
Arapm(T)

Ve |7
" Awm)

The FGM density progression p(Vyw) is described by a lin-
ear interpolation of the base densities p; as the FGM can be in-
terpreted as thin layers of identical volumes being stacked one
on another while the composition from layer to layer changes
in small and identical increments. The corresponding interpo-
lation model is given in eq. (2). In the current simulation, the
density is considered temperature insensitive.

A(Vw,T) = ( ey

p(Vw) = Vi - pw + (1 = Vw) - prAFM 2)

The interpolation of the specific heat capacity c,(Vw, T) is
based on its physical definition, given in eq. (3), and the as-
sumption that the amount of energy AQ(T) required to heat a
composite of mass m by temperature AT equals the amount of

energy needed to heat the same mass of individual constituents
by the same temperature, eq. (5).

AQ(T)

cp() = m - AT

3

Furthermore, taking the aforementioned density progression into
account, the heat capacity can be expressed as given in eq. (5).

cpw(T) - m(Vw) - AT + cprapm(T) - m(Vrapm) - AT
AT - (m(Vw) + m(Vrarm))

Cp(sz T) =
“

_cpw(T) - pw - Vw + cprapm(T) - prarm - (1 — V)
pw - Vw + prarm - (1 = Vi)

&)

Mechanically, the model considers thermal, elastic and ideal-
plastic strain components. Viscoplastic behaviour (creep), fa-
tigue and transformation induced strains were not taken into
account. In order to connect strains and stresses within the
FGM accurately, Young’s Modulus, E, has to be interpolated
over the FGM height. The series model, the parallel model
and the Halpin-Tsai model are common approaches to calcu-
late Young’s Moduli of composite materials according to Weber
[32]. The series model, given in eq. (6), results in the greatest
values E(Vw) over the FGM height, giving high stiffness. Given



a certain yield strength and assuming high stiffness, only little
strain can be taken up elastically, potentially resulting in higher
plastic deformations when the yield strength is exceeded.

E(Vw,T) = Vyw - Ew(T) + (1 — V) - Erapm(T) (6)

In order to account for thermal strains correctly, the thermal
coefficient of expansion a(7’) has to be interpolated over the
FGM height. Viable solutions are the series model, the Turner
model and the Kerner model [32]. As the aim of an FGM is
to reduce thermally induced stresses, the model whose second
differential 9%/ 6V§v of the a(Vw, T') progression yields extreme
values at any arbitrary height Vy of the FGM is most conserva-
tive because this indicates a locally great difference of thermal
expansion coeflicients of neighbouring layers. No extreme val-
ues are present for any of the considered models and hence the
simplest, namely the series model given in eq. (7), was selected
for the simulation.

a(Vw, T) = Vi - aw(T) + (1 = Vw) - arapm(T). @)

Upon exceeding a critical yield stress, plastic deformation
has to be taken into account, too. In the present work the yield
stress o-ys is calculated based on the von Mises yield criterion.
In contrast to the Tresca or the Rankine criteria, the von Mises
yield criterion applies for a great range of material behaviour
from ductile deformation to brittle failure, both of which have
to be taken into account for the Eurofer rich and the W rich end
of the FGM at high and low temperatures, respectively. The
description of the yield stress progression over the FGM height
oys(Vw, T) is challenging because the yield stress strongly de-
pends on the interface adhesion strengths of particles within
powder metallurgically manufactured composites. To date no
reliable experimental results, nor models for the investigated
system exist. The yielding of dual phase steels was described by
Petit-Grostabussiat using a theoretically derived solution that
may also be applicable to the description of composites based
on its origin [51]. The model seems suitable for very homo-
geneous micro structures only, however. It outputs a minimum
yield strength for the FGM layer in the range of 15 to 30 vol.%
W (due to local stress intensities) that does neither consider any
phase distribution morphology, nor the quality of interfaces.
Lacking these considerations, a simpler linear interpolation of
the yield stress over the FGM, eq. (8), may equally well be
used. This is only a rough estimation and assumes strong inter-
face bonding.

oys(Vw,T) = Vi - oysw(T) + (1 = Vw) - oysrapm(T)  (8)

For the consideration of plastic deformation, a hardening
model should be taken into account. Kinematic hardening re-
spects cyclic loads that potentially cause the Bauschinger effect
and fatigue. The model is best suited for rather small deforma-
tions, whereas isotropic hardening is suited for greater defor-
mations but neglects load orientations. Since neither a properly
suited hardening model, nor appropriate strain hardening expo-
nents for the different layers of the Eurofer/W FGM exist, the
simplest model, ideal-plastic behaviour, is assumed to represent

the FGM plasticity. Using this model, strain controlled defor-
mation yields lower stresses compared to reality (which should
be taken into account for evaluation of the stress results), but
stress controlled loading yields infinite plastic strain with the
used ideal-plastic material behaviour when the yield criterion
is fulfilled. Based on strain controlled plasticity, the accumu-
lated equivalent plastic deformation is considered an appropri-
ate damage indicator.

Potentially relevant effects like plastic deformation (losses)
due to the reversible a-y transition of RAFM steels, creep (as
suggested in [35]), recovery, neutron damage and thermo shock
loads due to plasma instabilities were not taken into account at
the present stage.

3. Results and discussion

In a first part of the present work, a geometry of medium
size (16 mm width) with respect to the applied limits, loaded by
4 MW m 2, was modelled and examined in detail to understand
critical loads. The model contains a 1 mm thick FGM, which

exhibits 100 sublayers and is thus considered quasi-linearly graded.

A detailed temperature, macrostress and plastic strain analysis
is conducted for the given model to understand which proper-
ties limit the component’s performance over its life time. The
results are then compared to a component model with direct
Eurofer-W joint. Although the hot pressing of a direct Eurofer-
W joint requires higher bonding temperatures than 700°C, the
initial stress free temperature was not modified for the direct
joint model for the sake of better comparability.

The gained knowledge was then used to perform parametric
studies reducing the quantity of sublayers within the FGM from
100 to 1, varying the FGM thickness from 0.3 to 3 mm and
modifying the component size from 12 to 24 mm width, each
with focus on the previously identified performance limits.

3.1. Detailed analysis

Based on the load steps, described in section 2.1, tempera-
ture, stress and plastic strain fields establish across the compo-
nent. The development of these fields over the load steps is de-
scribed collectively in the following. With regard to this, fig. 2
depicts the load step progression of a) the min and max temper-
ature within the component and within the FGM in particular,
b) min and max von Mises stresses within the component and
the FGM, c) the max equivalent plastic deformations, d) - f) the
min and max Stress COmponents oy, 0y, and o y.

3.1.1. LSI - cooling from hot pressing

According to fig. 2 a) the temperature decreases homoge-
neously within the component, which is indicated by overlap-
ping Tyin and Tk progressions. Due to the material mix in the
test component, temperature changes cause stresses that reach
an overall maximum for all stress components at the end of LS1
as can be seen in figs. 2 d) - f), and consequently also for the
von Mises stress, fig. 2 b). The min and max values of all stress
components within the FGM part coincide with the min and
max values of the stresses in the entire component, revealing
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Figure 2: Progressions of temperature, stresses and plastic strains versus load steps. a) temperature minima and maxima within the entire test component and within
the FGM in particular, b) minima and maxima of von Mises stresses, ¢) maxima of the equivalent plastic strains, d) maxima of the tensile and compressive stresses
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that the stress maxima are contained within the FGM. Here,
compressive stresses parallel to the joint, o, are greater than
tensile stresses of the same orientation, fig. 2 d). Furthermore,
the former are greatest at the W rich end of the FGM, given that
the max value of 739 MPa exceeds the yield strength of Eurofer
(approx. 550 MPa) while no plastic deformation takes place in
the test component until the end of LS1 according to fig. 2 c).
Tensile stress maxima o, are always lower than the Eurofer
yield strength and have to be located at the steel rich end of the
FGM in order to balance the overall stress profile. Regarding
stresses perpendicular to the joint, oy, the tensile stress max
reaches 789 MPa and must be located in the W rich FGM area
to accord with non-existent plastification, whereas compressive
stresses are limited to 515 MPa. Shear stresses can only be lo-
calised with the aid of contour plots. Exemplary contour plots
of all mentioned stress components at the end of LS1 are de-
picted in fig. 3.

The plots of fig. 3 confirm the aforementioned results and
furthermore indicate a compact circular shear stress field close
to the component’s vertical edges. The field results from the
normal stress distributions that feature very localised oy, max-
ima at the component’s vertical edges and greater, elongated
0 Stress fields propagating along the component’s joints. Since
0 tensile stresses mainly propagate into the Eurofer compo-
nent and o, compression stresses into the W part, the centre
of the FGM is nearly free of stresses. This situation also be-
comes evident from the von Mises stress distribution addition-
ally shown in fig. 3. In the literature, often times solely von
Mises stresses are investigated in order to assess the stress in-
duced failure risk of fusion relevant components. With respect
to the components manufacture, however, the formation of von
Mises stresses has to be taken into account, too, as e.g. com-
pressive stresses are less detrimental at interfaces and cracks
than tensile stresses. For the given case, von Mises stresses
at the centre of the W-FGM joint pose a less significant threat
compared to the localized von Mises stress max at the outer
edge of the W-FGM joint. The latter has to be considered crit-
ically at all following parameter studies, because it can easily
induce cracks at the potentially weak joint.

3.1.2. LS2 - transition from production to application

LS2 describes the transition from producing the component
to its application in a reactor. The component is homogeneously
heated to 200°C, i.e. brought closer to the original stress free
state. Since no plastic deformations were introduced during
LS1, the stress state does not change qualitatively during LS2,
only the max values decrease as can be seen in fig. 2 b) and

d) - 1).

3.1.3. LS3 - application of the first reactor-relevant heat load
The application of heat loads is modelled to occur in lin-
early increasing manner, aiming for numerical stability. In con-
sequence, the max temperature progression behaves alike, re-
sulting in approximately 850°C in the W part and 763°C in
the FGM when the full heat load of 4 MW m 2 is established,
as shown in fig. 2 a). While the reached temperatures do not
pose any risk to the W part, the FGM is heated close to the

a-y transition temperature of the contained Eurofer (approxi-
mately 820°C [52]) that represents its upper tolerable temper-
ature. Taking engineering safety factors into account, at the
given load a leaner structure may be necessary for actual FW
components that removes heat more effectively. The tempera-
ture contour plot of the end of LS3, depicted in fig. 4, exhibits
isotherms that follow the shape of the cooling channel, caus-
ing the max temperature to be located at the component’s outer
edges. It may be noted here, that rectangular cooling channels,
as anticipated for real FW components of DEMO and modelled
by Igitkhanov and Emmerich [39, 41], may yield lower max
temperatures.

The stress distribution develops in complex manner dur-
ing LS3. According to fig. 2 d) the global o, compression
stress max is contained in the FGM part (coinciding progres-
sions). With increasing temperature, o, compressive and ten-
sile stresses in the FGM are reduced so that the part is virtually
not experiencing o, tensile stresses and 320 MPa compression
stresses only. Particularly interfaces, which will be present in
the FGM joint, are more sensitive to tensile than to compres-
sion stresses, following that the described stress development is
beneficial. While the o, compressive stress max within the en-
tire component behaves alike, the corresponding tensile stress
max progression differs from that behaviour. After slowly de-
creasing during LS3 it spontaneously increases, only being lim-
ited because the Eurofer yield strength is reached, and then pro-
gresses at a constant level. Fig. 5 a) shows the stress distribution
contour plots at the end of LS3 and puts the mentioned stress
development into picture. Due to the inhomogeneous tempera-
ture profile a new o, stress field establishes on top of the cool-
ing structure that exceeds the o, stresses within the FGM. The
counter-developing stress fields cause a shift of the global o,
max and explain the o, progression during LS3. The new oy,
field is a result of the circular cooling pipe that is accompa-
nied by a fairly high stress intensity factor, being responsible
for reaching the 200°C yield strength of Eurofer that occurs at
this location. A rectangular cooling channel, used in the FW of
DEMO, may ease the stress profile, re-distributing stresses to a
lower max.

Stresses perpendicular to the joint, oy, behave similar to
O, tensile stresses. While the oy, compressive and tensile
stress maxima within the FGM decrease throughout LS3, the
compressive stress max of the entire component first behaves
likewise but then slowly re-increases from half of the load step,
later being followed by the tensile stress max o-,. Compressive
and tensile stresses reach 303 and 328 MPa eventually. As can
be seen in fig. 5 b) again a new oy, tensile stress field is estab-
lished right and left of the cooling channel. The shift of the max
oy tensile stress location is even more important than the shift
of the o, max because severe o, stresses are re-located from
the potentially weak W-FGM interface to the homogeneous and
ductile cooling structure, reducing the failure risk at reactor-
relevant heat loads. As a consequence of re-increasing o, and
oy stresses, the global shear stresses behave likewise. Fig. 5 ¢)
shows the shear stress distribution at the end of LS3. The max
is located at the circumference of the cooling structure.

Linking the previously mentioned stress behaviours to the
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global von Mises stress max progression, it becomes evident
that the LS3 peak in fig. 2 b) is related to o, tensile stresses.
The LS1 peak, in contrast, was related to o, tensile stresses.
With regard to failure, this difference has to be taken into ac-
count. Not only does the LS3 peak refer to a less critical po-
sition (the ductile cooling structure) than the LS1 peak (the W-
FGM joint), but also has the stress component causing the LS1
peak a critical orientation with respect to the joint. Following
the explained stress distributions, macrostresses do not seem
to pose a risk of spontaneous failure of the component during
reactor-relevant heat loads.

Besides macrostresses, plastic strain, €, has to be evaluated
with respect to failure risk of the component. As figs. 2 ¢) and d)
indicate, the previously mentioned constant progression of the
global o, tensile stress max is accompanied by plastic defor-
mation. It reaches 0.04 % globally. In accordance with the
stress distribution, given in fig. 5 a), fig. 6 a) indicates that the

max plastic deformation at the end of LS3 occurs right above
the cooling channel. Since the presented model does not take
hardening into account, the question whether plastic deforma-
tion increases cyclically and results in fatigue damage in the
test component remains open. Apart from the global max plas-
tic field, a second smaller field appears at the FGM-Eurofer in-
terface. It is limited to 0.009 % and yet during LS3 it can be
described as point deformation (cf. fig. 6 b)). In a subsequent
heat load (LS5), however, the plastic field increases in size and
then stabilizes as shown in figs. 6 b) and ¢). The max value al-
ways remains unchanged according to fig. 2 c¢). Reason for the
growth of the local plastic field is given reciprocally by further
analysis of the max stresses developments.

3.1.4. L84 to LS7 - subsequent reactor-relevant heat loads
According to fig. 2 both temperature and max stresses ba-
sically show a reproducible, cyclic behaviour from the end of
the first reactor-relevant heat load. Only at the end of the sec-
ond heat load, when the local plastic field at the FGM-Eurofer
interface increases, discrepancies are apparent that are to be
attributed to the greater plastic deformations above the cool-
ing channel. Since these deformations were caused by high
O tensile stresses at elevated temperatures, slight compression
stresses are formed in this area during cooling (cf. fig. 2 d), LS4).
At the end of the first reactor-relevant heat load they reach 45
MPa. Due to this new compression stress field the o, tensile
and compression stress maxima at the FGM-Eurofer interface
are slightly reduced as compared to the end of LS2. Hence,
during the second reactor-relevant heat load the maxima of all
stress components change locations a bit earlier compared to
the first heat load. The behaviour is especially pronounced for
the max o, and o,, stresses (figs. 2 e) and f)). Since plastic
deformation above the cooling channel occurred already and
no kinematic hardening is considered here, no plateau of the
max o, tensile stresses establishes during the second heat load
(fig. 2 d), LS5). Simultaneously, max o, and oy, stresses de-
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crease less than during LS4 because the plasticised area above
the cooling channel yields an earlier increase of o, stresses,
which also requires the other stress components to increase to
preserve the global stress equilibrium. With this development,
local plastic deformations at the FGM-Eurofer interface increase
in size eventually.

For additional loads, the component shows no other be-
haviour than the mentioned with the applied model.

3.2. Component with direct Eurofer-W joint

Although high heat loads were assumed, modelling of an
FGM-featured test component reveals limited plastic deforma-
tion within the Eurofer-W transition as described in the previ-
ous section. A matching model that exhibits the same boundary
conditions as the previously described, but does not have the
FGM part, was analysed to put the calculated critical loads (T,

o, €) into perspective. Geometries are the same, only the height
of the direct Eurofer-W joint component is one millimetre less
with the FGM part being removed.

The max temperature, max stresses, and max plastic strain
results, present in the direct Eurofer-W joint zone and in the
FGM zone, respectively, are comparatively depicted in fig. 7.
Dashed lines are the previously described results of the “de-
tailed analysis” section 3.1 and serve as guidance.

Fig. 7 a) confirms an identical cooling after hot pressing and
re-heating to 200°C of both models (LS1+2). During reactor-
relevant heat loads, the max temperature of the direct Eurofer-
W joint component is up to 50 K lower than that of the FGM-
featured component, a circumstance that is related to the differ-
ing wall thickness between plasma and cooling channel.

In terms of stresses, figs. 7 d) - f) indicate that max val-
ues of the direct Eurofer-W joint component exceed the FGM-
featured component’s max values significantly over almost the
entire life cycle. Already at half of the first load step this causes
exceedance of the Eurofer 360°C yield strength due to high o,
tensile stresses. Accompanying equivalent plastic deformations
reach 5.5 %, being 600 times greater than max plastic defor-
mations in the FGM-featured component (cf. fig. 7 c)). More-
over, plasticity in the latter only occurs during reactor-relevant
heat loads instead of already during production and does not in-
crease during the first three load cycles. In contrast, fig. 7 c)
shows further gain of plastic strains in the direct Eurofer-W
joint component with LS6. Position of the max plastic strain
field after hot pressing and at the end of each of the first three
reactor-relevant heat loads is shown in fig. 8. Other than in
the FGM-featured component, plastic strain above the cool-
ing channel is negligible compared to the plastification at the
Eurofer-W joint. The latter strain field’s position matches the
local strain max of the FGM-featured component, but reaches
deeper into the component along the interface, eventually caus-
ing more plastification damage. In accordance with the very
small gain of plastification during LS6, the strain field changes
only marginally (cf. fig. 8 ¢) - e)).
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In consequence of early plastic deformations of the direct
Eurofer-W joint component, in particular max o, stresses dif-
fer significantly from the FGM-featured component’s o, stresses
as fig. 7 d) reveals. The max oy, stress progression, inverting
at half of LS3, results in high stresses (475 MPa) not only at
low but also at high temperatures. This is crucial because the
Eurofer part is sensitive to further plastic deformation due to
softening. During the plateau-like progression of the max o,
stresses, the plastic strain field changes in shape (while the max
is constant), that is also evident from fig. 8 b) and c¢). The be-
haviour causes an increase of all stress components at cooling
water temperature, compared to before the first reactor-relevant
heat load.

Based on the detailed loads analysis and the comparison of
component models with and without FGM, the effect of the im-
plemented FGM is evaluated as beneficial at this stage. No un-
acceptably high temperatures are reached in the FGM-featured
component although high heat loads and a conservative heat
conduction model were assumed. Macroscopic plastic defor-
mations within the FGM are limited effectively compared to
within the direct Eurofer-W joint. Production-inherent macro-
scopic stresses however still pose a threat to the test component
and possibly to actual FW components. Based on the given
analyses, they always should be taken into account in detail.

3.3. FGM parameter study

In the frame of parameter studies, the number of sublayers,
the FGM thickness and the component width were successively
varied to assess favourable specifications of the FGM. All other
boundary conditions remained unchanged as compared to the
previously described model. Unless stated specifically, the load
step progressions of temperature, stress components and plas-
tic strain do not change qualitatively compared to the detailed
analysis. Hence, only crucial states of interest were selected
based on damage potentials and analysed. These are

¢ the max von Mises stresses and equivalent plastic strains
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at the end of LS1 because after hot pressing stresses are
the greatest over the life cycle of a FW component.

o the max temperature within the FGM at the end of LS3
because here temperatures are close to the limiting a-y
transition.

o the max plastic deformation at the end of LS3 because
this is when plastic deformations first occur when apply-
ing the linearly graded, 1 mm thick FGM.

Each parametric study is analysed based on an integrated eval-
uation of the named states eventually.

3.3.1. Number of sublayers

Within the detailed analysis of the previous section, the FGM
was composed of 100 sublayers that equals a quasi-linear grad-
ing. Regarding technical feasibility, fewer, thicker sublayers are
preferable as they can be manufactured easier. Based on that
idea, the number of sublayers was successively reduced to one.
Results of the mentioned states of interest are given in fig. 9 in
that a) depicts von Mises stresses and equivalent plastic strains
after hot pressing (end of LS1), and b) temperature and plastic
strains at the maximum heat load (end of LS3).
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Figure 9: Influence of the number of sublayers of an FGM on a) max von
Mises stresses and max equivalent plastic deformation after hot pressing and
on b) max equivalent plastic deformation and max temperature at full heat load
of 4 MW m~2. FGM thickness: 1 mm, component width: 16 mm.

As for the situation after hot pressing, reducing the number
of sublayers by 90 % does not have a detrimental effect on the



stress max according to fig. 9 a). The max von Mises stresses
decrease slightly, which may be attributed to lower Young’s
moduli in the area of the former upper most sublayers that is
represented by only one average Young’s modulus with reduc-
ing the total sublayer quantity to ten. With less than ten sublay-
ers the von Mises stress max increases progressively to 796 MPa
(101 % of the stress max for 100 sublayers) when considering
three sublayers and to 874 MPa (111 %) with only one sublayer.
Reason for that is a less effective redistribution of stresses when
the number of sublayers is reduced (especially below three),
causing stress concentrations at the sublayers’ interfaces. The
highest concentration is again located at the W-FGM interface
as apparent from fig. 10.
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Figure 10: Contour plots of the von Mises stress distribution within the FGM
for a) 100, b) 10 and c) 3 sublayers after hot pressing.

Macroscopic plastic deformations after hot pressing are in-
existent for any number of sublayers in the used model accord-
ing to fig. 9 a). Likewise, the quantity of sublayers has no influ-
ence on the max temperature of the component during reactor-
relevant heat loads, fig. 9 b). This is reasonable as the over-
all thermal conductivity of the FGM remains unchanged with a
modification of the sublayer quantity. In contrast, the influence
of sublayers on the plastification max during reactor-relevant
heat loads has to be taken into account. In both the whole com-
ponent and particularly the FGM, the max plastic deformation
is almost constant when reducing the number of sublayers from
100 to ten. Again, less than ten sublayers cause a progressive
increase of plastic strains within the FGM. With less than four
sublayers local plastification at the FGM-Eurofer interface ex-
ceeds the plastic strain max above the cooling channel. The
global max changes position towards the FGM and eventually
a collective increase to £ > 0.11 % plastification in the entire
component with only one sublayer is caused.

Based on the shown load vs. sublayer quantity progres-
sions, a three-sublayers-FGM seems to be an appropriate com-
promise about performance and manufacturability. The strong
increase of stresses with less than three sublayers does not jus-
tify a slightly easier production, especially as the von Mises
stresses relate to oy, stresses at the weak edge of the W-FGM
interface. The reduction of sublayer quantity to three does fur-
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thermore not affect the max temperature and causes only a small
increase of plastic strains.

3.3.2. FGM thickness

While a thicker FGM interlayer may redistribute macrostresses

more effectively compared to a thinner one, the accompanied
increase of wall thickness may cause an intolerable rise of tem-
perature (and neutron capture in an actual FW part). For a given
component size and heat load, there is hence an ideal FGM
thickness that has to be identified. The thickness subsequently
determines potential FGM production methods such as thin film
deposition or powder metallurgy based processes.

Results of a parameter study that focusses on an FGM thick-
ness from 0.3 to 3 mm are depicted in fig. 11 in analogous
manner as in the previous subsection. The results of the di-
rect Eurofer-W joint test component are indicated by thick-
ness “0.0”. Based on the gained results of the previous sec-
tion, the FGMs were modelled containing three sublayers to
obtain conservative and technologically relevant results. Be-
sides 4 MW m~2 heat load, 2 MW m~2 were modelled to pic-
ture more loading scenarios. Contour plots are not depicted
because T, o, and € distributions correspond to the ones already
given, only stretched or compressed vertically.
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For the state after hot pressing, the von Mises stress max
decreases monotonically with increasing FGM thickness ac-
cording to fig. 11 a). The highest value of approx. 1 GPa is
obtained with a 0.3 mm thick FGM, whereas an increase of
thickness to 3 mm causes a 40 % stress drop. Only the direct
Eurofer-W joint component (thickness 0 mm) deviates from
the stress propagation behaviour, showing a low stress max of
approximately 775 MPa. This however, is only possible due
to plastification already having occurred at this stage, as de-
scribed in the “component with direct Eurofer-W joint” section
3.2 and apparent from the plastic strain progression of fig. 11 a).
Compared to that, plastification in the presence of an FGM is
strongly reduced even with thin interlayers of 0.3 mm thickness.
FGMs thicker than 0.7 mm may even eliminate all macroscopic
plastic strains during cooling from hot pressing. For reactor-
relevant heat loads, the max temperature within the component
and the FGM in particular increases linearly with FGM thick-
ness, fig. 11 b). The global max temperature reaches 1050°C
for 4 MW m~2 heat load and 3 mm FGM thickness. It is lo-
cated in the W part, whose lower and upper temperature lim-
its are 550 and 1300°C (not taking neutron irradiation induced
embrittlement into account) [40]. The FGM reaches approxi-
mately 930°C and thus exceeds the a-y-transition temperature
of the contained Eurofer by about 110 K [52]. In order to re-
main below this threshold in the FGM, the FGM thickness has
to be limited to 1.5 mm for 4 MW m ™2 heat load. This upper
thickness limit is in line with the analysis results of plastic de-
formations taking place during reactor-relevant heat loads, also
shown in fig. 11 b). While the max plastification with FGMs
thinner than 0.7 mm and heat loads of 4 MW m~2 establish
during the cooling stage after hot pressing, FGMs thicker than
1.5 mm also yield significant plastic deformation that develop
upon application of the first reactor-like heat load. In total, for
4 MW m~2 heat load the lower and upper FGM thickness lim-
its are 0.7 and 1.5 mm based on a stress, temperature and strain
analysis. A thickness of 1.0 mm, seeming to be a good compro-
mise, is suggested for production of actual test component, indi-
cating the necessity of powder metallurgical production routes.

A lower heat load of 2 MW m~2 does not pose a risk to
exceed upper temperature limits of Eurofer or W, or to cause
plastic deformation other than during production for any FGM
thickness. In the tungsten part, however, the temperature dips
below the lower, DBTT-related limit of 550°C when imple-
menting FGMs thinner than approximately 2 mm in the sug-
gested design. Given this, thick FGMs of at least 2 mm are
favourable for low heat loads, which is in accordance with the
max von Mises stresses, fig. 11 a), but disagrees with an upper
thickness limit of 1.5 mm for a heat load of 4 MW m 2. It can,
hence, be derived that the FGM thickness has to be adapted to
the expected heat load.

3.3.3. Component width

Since the FGM reduces macrostresses and strains, the pos-
itive impact is to be evaluated with respect to the component
size. In the framework of a parameter study, the width of the
test component is varied from 12 to 24 mm. While the thickness
of the tungsten part and the FGM part are kept constant (3 and
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1 mm), the height of the Eurofer piece and diameter of the cool-
ing channel are modified accordingly, maintaining a quadratic
outer cross section and 2 mm leanest wall thickness. Along
with that, the heat transfer coefficient of the cooling structure
is modified based on results of the EUPITER code. Like in the
previous sections, the FGM consists of three sublayers.

Max von Mises stresses and equivalent plastic strains af-
ter hot pressing of components of different sizes are depicted
in fig. 12 a). While plastic strains are always zero, except for
in the largest component of 24 mm width, von Mises stresses
decrease with increasing component size up to 20 mm width.
In greater test components von Mises stresses increase again,
which may be explained by the stress components causing the
von Mises stresses. As was explained in the detailed analy-
sis section, max von Mises stresses mainly base on the max
O xx compression stresses in the W part and on the max oy,
tensile stresses at outer regions of the W-FGM interface with
oy stresses being slightly dominant. Increasing the component
width, the ratio of Eurofer wall thickness to component width
shrinks, being accompanied by a declining o, tensile stress
max. Simultaneously, the o, tensile and compression maxima
above the cooling channel and the FGM, respectively, grow. For
components up to 20 mm width these opposing trends cause a
decrease of the equivalent stress max. When the width exceeds
20 mm, o, compressive stresses become dominant, causing
a sudden increase of the von Mises stress max in the 22 mm
wide component as apparent from fig. 12 a). Further enlarge-
ment of the component by 2 mm causes the o, tensile stress
max to exceed the Eurofer 200°C yield strength. Plastifica-
tion above the cooling structure yields a lower o, compression
stress max above the FGM, eventually, resulting in lower von
Mises stresses again. In terms of production induced loads, a
suitable component may be 20 mm wide.

Considering the temperature max, the mentioned width limit
may be confirmed for heat loads as high as 4 MW m ™2 accord-
ing to fig. 12 b). Only in components wider than 20 mm, in-
tolerable temperatures are reached in the FGM part. The upper
temperature limit of W is never exceeded for any of the anal-
ysed component sizes. Lower heat loads of 3 and 2 MW m~2 do
not cause the temperature to exceed the upper tolerable limit of
neither tungsten nor Eurofer for any of the examined test com-
ponent widths. The lower temperature limit of tungsten, how-
ever, is gone below for low heat loads of 2 MW m 2 and small
components (< 20 mm). A thicker FGM in this case helps to in-
crease the temperature above the threshold. Although a thicker
FGM is not necessary regarding plastic deformations, as these
are effectively suppressed already by a 1 mm thick FGM at 3
and 2 MW m~2 heat load (cf. fig. 12 c)), a slightly thicker FGM
may reduce the failure risk by keeping the W part in the duc-
tile temperature window while maintaining zero macroscopic
plastic deformation. In contrast, at reactor-relevant heat loads
of 4 MW m’z, plastification has to be taken into account for
components wider than 14 mm. Based on the results of the “de-
tailed analysis” section 3.1, the equivalent plastic deformation
of components as wide as 16 mm seem tolerable, while greater
components suffer from too much deformation damage.

Eventually, the suggested component width depends on the
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Figure 12: Influence of the component width on a) max von Mises stresses and
max equivalent plastic deformation after hot pressing and on b) and ¢) max
temperature and max equivalent plastic deformation at full heat load of 2, 3 and
4 MW m~2, Sublayer quantity: 3, FGM thickness: 1 mm.

expected load again. Greater components of 20 mm width, ex-
hibiting thicker FGMs are preferred for loads < 3 MW m™2,
whereas smaller components of 16 mm width are suitable to
withstand high loads of 4 MW m 2.

4. Conclusion

In the present work, Eurofer-W test components with stress
relieving functionally graded material (FGM) interlayers are
studied. First, existing mathematical models for the calculation
of FGM properties were presented and evaluated. Conservative
models were selected and implemented in a subsequently sug-
gested FE model of a test component. A detailed loads analysis
and comparison with an equivalent model with no stress reliev-
ing interlayer revealed the following:

1. Production related loads in Eurofer/W components may
not be neglected.
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2. Describing the stress state requires the actual stress com-
ponents to be taken into account, since materials and ge-
ometries are sensitive to loading orientations. Consid-
ering von Mises stresses only does not pay attention to
specific weaknesses of a component.

3. Critical loads were identified to be (i) oy, tensile stresses
at the outer edge of the W-FGM interface after manufac-
ture, (ii) the temperature within the FGM during reactor-
relevant heat loads and (iii) the equivalent plastic defor-
mation during reactor-relevant heat loads.

4. Macroscopic plastic deformations within the Eurofer-W
joint of the modelled component may be 600 times lower
when implementing a 1 mm thick FGM compared to a
component with direct Eurofer-W joint.

In subsequent parametric analyses of the model, several proper-
ties were modified, examining production and application based
limits of an FGM-featured test component. The study con-
cluded that

1. Based only on performance, an FGM is ideally composed
of 10 sublayers. More sublayers do not yield better re-
sults. Considering also simple manufacture of the FGM,
three layers are a good compromise that reduces the quan-
tity of differing layers to produce and still keeps plastic
deformations in the component at a minimum.

2. The optimum FGM thickness depends on the thermal loads
to be expected. For the given model and heat loads of
4 MW m~2 the FGM thickness may range from 0.7 to 1.5
mm. A thickness of 1.0 mm, lying well within this mar-
gin, is suggested for production and indicates the neces-
sity of powder metallurgical FGM production routes. For
lower heat loads, the stress-redistributing performance
improves with thicker FGMs of up to 3 mm due to lower
fabrication-related stresses.

3. The tolerable width of a test component also depends on
the expected thermal loads. Due to manufacture related
stresses, the component width must not exceed 20 mm.
While this size is suited for heat loads up tp 3 MW m 2,
heat loads of 4 MW m~2 require the component to be
max 16 mm wide due to heat load related plastic defor-
mation.

The gained knowledge may help to understand the stress-strain
evolution in more complex actual FW components of DEMO,
being larger than the suggested test component, exhibiting cur-
vature and numerous cooling channels.
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