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Abstract

The Wendelstein 7-X modular advanced stellarator has started operations at the Max Planck Institute for Plasma Physics in
Greifswald, Germany, in 2016. In the first phase, the machine operated restricting the plasma pulses to low power and short
lengths. Plans to achieve actively cooled components are scheduled to start in 2020 when the machine will operate in steady-state
at full power. FEM simulations for steady-state operations revealed high plastic strains at several locations, for most of all the
rigidly supported Plasma Facing Components; therefore, there is the risk of a premature fatigue failure before the end of the
scheduled operations of the machine. The aim of this study is to analyse, by means of the commercial code ABAQUS, the
behavior of such critical components estimating, eventually, their fatigue life by means of the commercial code fe-safe.
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1. Introduction

At the Max Planck Institute for Plasma Physics, Greifswald, Germany, the world’s largest nuclear fusion
experiment of stellarator type, Wendelstein 7-X (W7-X, Fig. 1a), is currently in operation. The hot hydrogen plasma
(torus shaped with major radius of 5.5 m and minor radius of 0.53 m) is confined in a Plasma Vessel (PV) by an
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Nomenclature

G Hardening parameter for ix linear component
E Young’s modulus

K thermal conductivity

N number of fatigue cycles

b Coffin-Manson fatigue strength exponent

c Coffin-Manson fatigue ductility exponent

Cp specific heat

o thermal expansion coefficient

a deviatoric part of the total backstress

ai deviatoric part of the iy backstress

Vi Hardening parameter for i, non linear component
€ Coffin-Manson fatigue ductility coefficient
&t equivalent plastic strain rate

&t plastic strain rate

v Poisson’s ratio

p mass density

or Coffin-Manson fatigue strength coefficient
Go initial yield surface size

ovs yield stress

electromagnetic (EM) field reaching a magnitude up to 3 T, generated by 50 non-planar and 20 planar
superconducting coils (Fig. 1b). The Magnet System (MS) is very rigid to minimize deformations caused by the
huge electromagnetic Lorentz forces; this is necessary in order to limit unwanted variation of the magnetic field. The
first measurements (Pedersen et al., 2016) of the magnetic field confirmed both accuracy of magnetic field and
rigidity of magnetic cage structure.

Fig. 1: (a) W7-X Plasma Vessel, (b) W7-X superconducting coils.

In the vacuum created inside the cryostat, the superconducting coils are cooled down to superconducting
temperature, close to absolute zero (4 K), using liquid helium. The magnetic cage keeps the 30 cubic meters of ultra-
thin plasma suspended inside the PV. Such plasma is heated up to fusion temperature by microwave heating,
generated by gyrotrons capable to output up to 1 MW each, allowing for the separation of the electrons from the
nuclei of the helium or hydrogen atoms. During the initial operations (Klinger et al., 2017), Operational Phase 1.1
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(OP1.1), limiter plasma was produced, with pulse lengths varying from half a second to six seconds and
temperatures inside the plasma reaching up to 100 million degrees Celsius.

The subsequent stage to achieve, OP2, adopts actively water-cooled Plasma Facing Components (PFCs) (Fig. 2),
in order to protect the PV against the radiative and convective heat fluxes coming from the hot plasma. Depending
on the expected heat loads on the different regions of the PV, four types of PFCs will be used:

o highly loaded divertors: made of water-cooled CuCrZr fingers, covered with Carbon Reinforced Composite tiles
(Qian et al., 2016);

e moderately loaded heat shields,

o moderately loaded baffles (Fig. 3), both made of CuCrZr heat sinks, brazed on water-cooled steel pipes and
covered with bolted graphite tiles. The heat shields are flexibly supported with a few pins onto the PV whereas
the baffles are supported by rigid steel structures;

o lowly loaded wall panels, consisting of two parallel steel plates welded together and filled with cooling water.

In the present work the fatigue life of the most critical baffle modules (Fig. 4) is estimated by means of
thermomechanical FEM simulations whose outputs are post-processed by the commercial code fe-safe.

In this paper this approach will provide the crack nucleation times, then, further developments are already under
implementation for the calculation of the crack propagation times up to the critical crack sizes. The latter
calculations refer to the fracture mechanics as implemented through numerical methods as FEM (Citarella et al.,
2017), DBEM (Citarella et al., 2015) or coupled FEM-DBEM (Giannella, Fellinger et al., 2017; Giannella, Perrella
et al., 2017; Citarella, Lepore et al., 2016, Citarella, Vivo et al., 2016, Citarella et al., 2013), adopted for crack
propagation simulations.

Fig. 2: W7-X PV internal view (graphite tiles are not yet assembled).
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Fig. 4: Analysed baffle modules (BMxx) with the related submodelled locations (LRxx).
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Fatigue cracks typically nucleate due to cyclic elastic and plastic strains; therefore, an accurate cyclic plastic
hardening assessment is mandatory when dealing with both Low-Cycle (LCF) and High-Cycle Fatigue (HCF).

Several hardening models have been proposed along the years to model the material behavior under LCF
conditions. Prager (1956) proposed the simplest kinematic hardening rule, describing the plastic response of
materials with a linear correspondence between the yield surface translation and the plastic strain. An improvement
was then proposed by Mroz (1967) by adopting a multilinear rule that allowed for a more realistic hysteresis loop
simulation. Moreover, several nonlinear kinematic hardening models have been proposed, as instance by Armstrong
and Frederick (2007), introducing a nonlinear term to the linear rule allowing for a non-closed hysteresis loop (then
resulting in a constant ratcheting rate). Chaboche et al. (1979, 1986) proposed then a “decomposed” nonlinear
kinematic hardening rule superimposing several Armstrong and Frederick terms with the intention to describe a
more realistic material behavior. Such model significantly improved the hysteresis loop description but still
overpredicted the ratcheting behavior. Improvements to the original Chaboche model (1991) have been proposed
but, however, the correct cyclic plasticity characterization is still a subject of ongoing research (Bari et al., 2000).

A nonlinear kinematic hardening model (Chaboche-type) has been adopted in this work for the characterization of
the steel behavior, whereas a simpler linear kinematic hardening rule has been assumed for describing the behavior
of CuCrZr alloy and braze.

2. Approach description

The proposed approach leverages on transient thermal-stress FEM analyses (ABAQUS FEM code was adopted in
this work) of the most critical Baffle Modules (BMs, Fig. 4, Tab. 1), in order to extract the stress-strain results
needed for the fatigue life estimate. The applied thermo-mechanical loads were those scheduled for the W7-X OP2:
a pipe internal pressure (25 bar) of the coolant water and a uniform heat flux (250 kW/m?) radiated by the hot plasma
on the graphite tiles.

Several critical positions were pointed out by preliminary FEM analyses and, for each of the ten most critical
ones (the criticality was preliminary considered as the highest plastic strain), a FEM submodel was built up, in order
to get the local stress-strain results with the highest possible accuracy, as needed to provide a reliable estimate of the
related fatigue life.

Due to rigid interconnections among some BMs, the BM3h has been solved together with BM4h and BM5h (in
order to take into account for the mutual interactions) whereas BM1v has been solved together with BM2v. The
latter two modules exhibited a very low fatigue life in the interconnection when solved in the rigidly jointed
configuration. Thus, it was necessary to redesign such interconnection and the previously adopted rigid connection
was substituted by a flexible one, allowing for relative displacements between BMs 1v-2v without modifying the
existing pipe framework. The results here presented are referring to those obtained solving BMlv and BM2v
separately: the flexible interconnection was then approximated by FEM with a complete disconnection between the
two modules.

Table 1: Critical locations submodelled by FEM.
Baffle Module BM 1h 5h 1v 2v Sv v 8v
Analysed location LR 4 la 5 1,2 4c 2d, 3d, 6¢ 3a

3. FEM input data

Baffle FEM models involve five different materials: stainless steel EN 1.4404 (SS316L), CuCrZr alloy, braze,
sigraflex® and graphite. The thermomechanical properties (ITER, 2008; RCC-MR, 2007; Weil et al., 2008) for all
the considered materials are listed in Tabs. 2-6, whereas, the elastic-plastic constitutive laws considered for copper
alloy, steel and braze are shown in Figs. 5-7 respectively. Since the graphite tiles are loosely bolted onto the heat
sinks, they do not contribute to the stress state of heat sinks and pipes and therefore were not modeled for the FEM
stress analyses (no need of graphite and sigraflex® mechanical properties). In addition to the properties of Tabs. 2-6,
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the orthotropic thermal conductivities of sigraflex® layers, modeled just as an interface condition between CuCrZr
heat sinks and graphite tiles, are provided: (K, K22, K33) = (100, 3, 100) W/m/°C.

Table 2. CuCrZr thermomechanical properties.

T [°C] 20 100 200 300 400 600 700
E [GPa] 130 - 120 - 110 95 -
oYS [MPa] 297 286 268 246 222 161 125
a [1E-5/°C] 1.59 1.63 1.68 1.73 1.78 1.88 1.94
K [kW/m/°C] 0.379 - 0.351 - - 0.372
cp [J/kg/°C] 388 - - - - - 473
p [kg/mm3] 8.92E-6 - - - - - -
v[-] 0.3 - - - - - -

Table 3. Braze thermomechanical properties.

T [°C] 20 100 200 300 400 600 700
E [GPa] 214.3 - - - 183.3 - 158.3
cYS [MPa] 300 - - - 220 - 190
a [1E-5/°C] 1.59 1.63 1.68 1.73 1.78 1.88 1.94
K [kW/m/°C] | 0.01 - - - - - R

cp [J/kg/°C] 388 - - - - - 473
p [kg/mm3] 8.9E-6 - - - - - -
v[] 0.3 - - - - - -

Table 4. SS316L thermomechanical properties.

T [°C] 20 100 200 300 400 500 700
E [GPa] 158 152.7 146.15 139.04 | - 133.51 -
oYS [MPa] 208.38 203.83 | 202.9 194.14 | - 186.69 | -
a [1E-5/°C] 1.59 1.63 1.68 1.73 1.78 1.88 1.94
K [kW/m/°C] 0.015 - - - 0.021 - -
cp [J/kg/°C] 472 - - - 520 - -
p [kg/mm3] 7.96E-6 - - - - - -
v[-] 0.3 - - - - - -

Table 5. Graphite thermal properties.
T [°C] 20 100 300 500 700 1000 2200

K [kW/m/°C] 0.116 0.083 0.052 0.039 0.031 0.029 0.017
cp [J/kg/°C] 672 - - - 1830 1920 -
p [kg/mm3] 1.83E-6 - - - - - -

Table 6. Sigraflex® thermal properties.
T [°C] 20 800 1000

cp [J/kg/°C] 740 1850 1950
p [kg/mm3] 1.1E-6 - -
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Fig. 5. Elastic-plastic true stress-strain curves for EN1.4404 (SS316L).
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Fig. 6. Elastic-plastic true stress-strain curves for CuCrZr alloy.
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Fig. 7. Elastic-plastic true stress-strain curves for braze.

E is the Young’s modulus, oys is the yield stress, a is the thermal expansion coefficient, K is the thermal
conductivity, c; is the specific heat, p is the mass density and v is the Poisson’s ratio.

A nonlinear kinematic hardening model (Chaboche-type) in combination with the Mises yield surface was
adopted to model the SS316L steel hardening. Such model is suitable for modelling inelastic deformations in most
metals subjected to thermal and/or mechanical cycles, since its features allow accounting for Bauschinger effect,
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cyclic hardening and mean stress relaxation. The model consists of a nonlinear kinematic hardening component that
describes the translation of the Mises yield surface in the stress space through the backstress a. The stress is then
computed as E * &,; until the yield surface is reached (E is the stiffness matrix and &, the elastic strain vector),

whereas, the yield surface shift is governed by the backstress @ = ),; a; where each a; is incrementally computed
by means of the relation

. 1 . .
a, = CL' 6_0 (0' - a)gpl - ]/iaigpl ) (l)

where i is the number of backstresses a; (i = 3 as for the Chaboche model), ¢ is the deviatoric part of the stress
tensor, C; and v; are the hardening parameters (listed in Tab. 7) calibrated on the SS316L cyclic curves (Fig. 5) and
&p1 is the equivalent plastic strain rate computed as

. 2 . .
‘c:pl = ;Eepl:gpl' (2)

For sake of simplicity, the cyclic behavior of CuCrZr and braze was modeled assuming pure linear kinematic
hardening (Ziegler, 1959). In this model, a single backstress is computed as for Eq. 1 in which y equal to 0 is
considered; therefore, Eq. 1 changes for this case in

. 1 . g1—0p 1 .
a=C—(0—a)e,; = — (o0 —a)e 3
0_0( ) pl pla 50( ) pl > ( )

where o7 and &, ; correspond to the o and gy values at &€ = 0.04 of curves of Figs. 6, 7.
Further FEM input data were:

. coolant water temperature: 50 °C;

. braze conductance: 290 kW/m?K;

. coolant water conductance: 15 kW/m?K;

. contact conductance: 1 kW/m?K.

Table 7. Temperature-dependent hardening parameters for SS316L.

T[°C] 20 100 200 300 500
CI[MPa] | 26200 | 5200 | 9600 | 40000 | 18500
1] 562 1032 1 4750 1180
C2[MPa] | 10700 | 24100 | 17500 | 19000 | 18500
21 45 208 140 192 190
C3[MPa] | 11750 | 13100 | 18000 | 10300 | 10600
Y3 [-] 54 1 695 16 1

4. FEM analyses

The adopted FEM approach was based on sequentially coupled thermal-stress analyses for both global models
and submodels (Fig. 8). For each of the ten considered locations, the adopted approach is based on a sequence of
four nonlinear FEM analyses:

1.  aglobal transient thermal analysis, to compute the BM temperature field;

2. a global steady-state thermal-stress analysis, to compute the BM stress-strain field using the temperature
field from step 1;

3. alocal transient thermal analysis, to compute the submodel temperature field using the thermal boundary
conditions from step 1;

4. a local steady-state thermal-stress analysis, to compute the submodel stress-strain field using the
mechanical boundary conditions from step 2 and the thermal boundary conditions from step 3.
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The transient thermal analyses are used to compute the time-dependent temperature field on global and sub-
models; it has been necessary to replicate the thermal analysis on the sub-model mesh since: (a) the braze root
modelling has been added to the submodel geometry, (b) the global model meshes were too coarse for the
subsequent analysis of step 4. Finally, the temperature fields of step 2 are applied as input thermal loads for the
steady-state thermal-stress analyses in order to compute the time-dependent stress-strain fields (Fig. 8).

2

Fig. 8. Flowchart of the requested FEM analyses: (1) global thermal analysis, (2) global stress analysis, (3) local thermal analysis, (4) local stress
analysis.

The heat flux, with magnitude equal to 250 kW/m?, lasting an elapsed total time of 360 s, is uniformly radiated
on the graphite tiles, which are explicitly modelled just for the thermal analyses. Such graphite tiles are loosely
bolted on the CuCrZr heat sinks and therefore it is assumed that they do not contribute to the stress field. The baffles
reach the steady-state conditions in less than 360 s, consequently, a 360 s loading application is also representative
of a longer plasma pulse length. As a result, in order to evaluate the cyclic response of the modules, the FEM
analyses consisted of sequences of heating/cooling cycles lasting 360 s each.

5. Multiaxial fatigue assessment

Fe-safe code was used to estimate the fatigue life of the most critical baffles of Fig. 4 in order to obtain a
comparison with results related to the same problem and previously obtained using in house made routines.

Fe-safe code works as a postprocessor for the FEM results previously computed: the code reads the ABAQUS
output files scanning for the stress-strain results either node-by-node or element-by-element. Afterwards, the fatigue
life is estimated by means of the fatigue criterion selected in the fe-safe Graphical User Interface (GUI), reporting
the results directly in ABAQUS log-life plots.

The ten considered submodels were separately imported into the fe-safe GUI and the previously obtained time-
dependent stress-strain fields were imported as datasets for the subsequent fatigue assessments.

Two different fatigue criteria for multiaxial LCF problems were used in this work. All these criteria are so called
“critical plane” criteria since the damage parameter, left term in Eq. 4, is repeatedly calculated (node-by-node) onto
several planes with different orientations, thus leading to the definition of a “critical” plane on which the estimated
fatigue life is the lowest. The adopted methods are:

Max shear strain: the damage parameter is the shear strain amplitude, Ay,,../2, calculated onto the plane
of maximum shear strain amplitude,
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Brown-Miller: the damage parameter is a function of both shear and normal strains, Ae,, /2 + AYpmax/2,
calculated onto the plane that experiences the maximum shear strain amplitude.

Moreover, a Morrow correction was adopted to take into account of the mean stress experienced by the material
during the cycling; with the Morrow mean stress correction, the of of Eq. 4 becomes (crf' - crm) to take into account
such mean stress o, normal to the critical plane.

Mechanical and fatigue properties are shown in Figs. 5-7 and listed in Tabs. 2-7. The fatigue curve of Fig. 9
(RCC-MR, 2007) has been approximated with a Coffin-Manson type law (parameters in Tab. 8):

Aymax/2 } _ U/L b ’ c
Aey)2 + Ay /25 = 1 E (2Np)” + G (20y) 4)
where C; and C, are additional material parameters depending on the chosen criterion, here established as equal
to 1.3 and 1.5 or 1.65 and 1.75 for Max shear strain and Brown-Miller criterion respectively.
Eq. 4 parameters have been inserted into fe-safe to obtain the fatigue life. Nr in Eq. 4 is the number of loading
cycles (2Nr is the number of load reversals), therefore, a full fatigue cycle of heating + cooling was defined in the
analyses.

Table 8. SS316L fatigue parameters.
o‘f[MPa] | E [GPa] ef[-] | b[-] c[-]
560 158 0.08 -0.08 | -0.53

10066¢

1668080
16006

Life cycles N; [-]

16

0.001 0.01
Strain amplitude Ag/2 [-]

Fig. 9. Fatigue data for EN 1.4404 (SS316L) available from RCC-MR 2007 code.
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Fig. 10. Coffin-Manson type law.
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6. Results

Fe-safe results are here reported in terms of fatigue life plots (no results were calculated for the heat sink or

braze elements, Fig. 11). Plots are in logarithm to base 10, therefore a value of 3 stands for a life of 103 cycles.
Finally, the fatigue lives are shown in Fig. 12 for all the adopted criteria and all the submodelled locations.

LOGLife-Repeats S LOGLife-Repeats <
(Avg: 75%) (Avg: 75%) Lowest

value

"‘.

1]

08 16:02:04 W. Europe Standard Tin

ldfie-p FEA;

o W | N 4 J
v Step: fe-sate 08, b Siri 18 b4 Adte-p FEA;
SubM_OP2_i250Td50M.dcli )
Var: LOGUe Repenil

Prima: )
Deforr

Dh.odb; A==

4

OP2_q23071 50 A
Primary Var: LOGL|{¢-Repeats.
Deformed Var: not sét—Déformation Scale Factor: not set

@ (b)

Lowest

value 9>

n-Scale Factor: not set

LOGLife-Repeats
(Avg: 75%)
[

Lowest
value

+7.408¢+00
+7.000€+00
+6.306€+00

20¢+00
00€ +00
+0.000€ +00

+

i

E s‘ & v )
mofiel-A
08 16:27:43 W. Europe Standard Ti ~ODB: SbV1_OR 9 W. Europe Standard
et o T HE = i
Step: tessale 0, fe: (117 f \df;e-p FEA; Step: fé-spfe-a, e sate 70 P Idf;e-p FEA;
SubM_OP2"-250 TS = SubM. 0P {250 odbi gl
/\ Primary Var: LOGHg: |, Primary Vi LOGLifd-Ripeats |
3 N > 5 ¢ Deformed Var:mat 3¢t |0 ™ T Scale Factor: not set
(c) (d)

LOGLfe-Repeats -2 Lowest
¢ o) ‘

75
Lowest
value vd

value

Submodel,
ODB: SubM_

Thu Mar 09 11:47:23 W. Europe Stat

~1 i H
Step: Te-safk | 12; f&! shfe 201 i _OP2_q250Tc Idf;e-p FEA; v
SubM_OP Primary Va ife- s
v Primary Var: LOGLi g +  Deformed Var: not set Deformation Scale F3
x . Deformed Var: not setl_Beformation Scale Factor: not set x

(e ®



V. Giannella et al. / Procedia Structural Integrity 8 (2018) 318-331

329

LOGLife-Repeats
(Avg: 75%)

Submos /
ODB: SubM_OP2

&
oo Z/J /7:!,‘//(

7
7 £ L
[T FLLT TS /J#/ﬂ

LT L LT
AL
~L L //]]7 %/\/j,///// LLLLTTT //

] 7L /////uz,////f/ 774 zz

T G S L LT TT

ST //ljé/f/%/i

UlitirnsecUirppac

L/ d
:
Yy

==
Lowest " LoGLife Repeats
value 7:503¢+00

Lowest
values

70€+00

319796 +00
7

p \ >
=

L2775 2

R
.},’,/,5"}'&", g

Yo %2

Step: fe-safl
. SubM_OP2.

* Primary V.

12, fe-safe 2017( g
50TcS50h.odb;
1 LOGLife-Repeats

OGLife-Repeats

* Deformed

PS5 e 2
2> % S S e
SZ 752 e s
Zoroes Sooerieeesss

Steps fe-sal )'{{ 7 64 =
: , Te-Safodn i)
Y SR O3 250 Tcsom odty L /,“‘""‘ 2oz

2%
;zO.'..~.-

LOGLife-Repeats
(Avg: 75%)
301e+00
+7.000e+00
+6.5236+00

|

55¢+00 A

219e+00 11/)}5

000e + 01 //u'(»
Y

Lowest v
value

LOGLife-Repeats
(Avg: 75%)

N
Submodel_M

Lowest
value

07 W. Europe § ODB: SubM_OP2_q

Primary V: e-Repeats
Deformed Var: not set Deformation Scale Factor: not set

L q:
£ Primary Var: LOGLife-Repeats
. /4 Deformed Var: not set Deformation Scale Factor: not Sef

(M)

Fig. 11. Fe-safe fatigue life plots (adopting the Brown-Miller + Morrow criterion) for local models: (a) 1h-LR4, (b) Sh-LR1a, (c) 1v-LR5, (d) 2v-
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Fig. 12. Estimated fatigue lives for all the analysed locations; IDs from 0 to 9 are in turn: 1vLRS, 2vLR1, 2vLR2, 5vLR4c, 7vLR6c, 1hLR4,
7vLR3d, ShLR1a, 7vLR2d, 8vLR3a.

7. Conclusions

A multiaxial Low-Cycle Fatigue approach has been used to estimate the fatigue life of the most critical baffle
modules of W7-X when undergoing the OP2 loading conditions. Several critical locations were pointed out on the
baffle modules by preliminary FEM analyses in which the damaging parameter was related to the plastic strain
fluctuation. The most ten critical locations have been furtherly analysed by means of FEM submodels in order to get
the highest accuracy on the results.

A uniform heat flux of 250 kW/m? has been applied on the graphite tiles to simulate by FEM the heat coming
from the hot plasma. Such load has been considered in combination with the coolant water pressure and temperature.
Material data come from come from ITER handbook and RCC-MR 2007 code.

A sequentially coupled thermal-stress FEM approach has been used to work out the transient thermal stress-
strain fields on the entire baffle modules; then, a global-local FEM approach has been adopted to accurately evaluate
the stress-strain fields in the critical areas. Finally, the fe-safe code has been used to estimate the fatigue live
throughout all the submodels. Results in terms of estimated fatigue lives for all the analysed locations have been
obtained with two different multiaxial fatigue criteria.

In case design heat loads of the baffles are confirmed in OP1.2, counter measures are required. One
improvement could be to allow some flexibility between the rigid steel support and the heat sinks. Alternatively, a
copper shield between the support structure and the baffles covering the steel pipes could reduce the thermal
gradient in the cooling pipe so that the thermal deformation of the pipe matches that of the heat sink better.
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