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Abstract

Inthe first line, the aim of the activity represented in this work is an applicafibmo advanced material models
to a simulation of the test blanket module (TBM) undergoing cyclic thermal arxthamécal loadings. The first
model is thereby the ABAQUS standard combined non-linear isotropic-kiemmardening model whereas
the second is a viscoplastic material model considering material damageiagthbwly implemented as an
ABAQUS user material (UMAT).

Material parameters for both models are adjusted using results of isothiensi¢ and cyclic experiments per-
formed at Forschungszentrum Karlsruhe GmbH (FZK) on EUROFER87s generally known, EUROFER
97 is an important blanket material for the future fusion reactor and bgltmgeduced activation ferritic-

martensitic steels (RAFM), which soften under cyclic loading in contrast $teaitic steels exhibiting cyclic

hardening.

Moreover, the work is focused on the application of some existing desigs considered for austenitic steels
and further evaluation of the rules by comparison of their predictions wéhltseof cyclic simulations using
the advanced material models mentioned above. Thereby, some importaatédd@ivess limits are calculated
under consideration of the cyclic softening of RAFM.

Finally, new considerations concerning a mock-up experiment allowingify viee advanced material models
used in the present work and to assess a capability of the actual TBMha@esigepresented here.

key words: blanket; test blanket module; reduced activation; ferritic-martensitic SFE&EROFER 97; struc-
tural design code; cyclic softening; stress categorization; ratchetighg:témperature design rules; fatigue;
first wall materials



Uberpriifung der Rechméssigkeit der Verwendung

von ITER-Designregeln bei Auslegung

von Bauteilen aus RAFM-Sahlen.

Zusammenfassung

Die in dieser Arbeit piisentierte Aktiviat ist ausgerichtet auf die Anwendung von zwei recht komplizierten Ma-
terialmodellen an die Simulation vom Testblanketmodul unter der Einwirkung wsmikchen und mechani-
schen Lasten. Das erste Modell ist dabei ein standasdiges kombiniertes nichtlineares isotropisch-kinemati-
sches Verfestigungsmodell aus der ABAQUS-Bibliotheihvwend das Andere ein gekoppeltes viskoplastisches
Deformation/Schdigungsmodell ist, das als ein anwenderdefiniertes Material (UMAT) ihk@IBS implemen-
tiert wurde.

Die Materialparameteiif beide Modelle wurden aufgrund von Experimentaldaten aus den isofiobien zyk-
lischen Zugversuchen angefittet, die bei verschiedenen TemperatarEarschungszentrum Karlsruhe GmbH
(FZK) an EUROFER 97 durchgélfirt wurden. Es ist allgemein bekannt, dass der Stahl EUROFER 97 ein
wichtiges Material @ir die erste Wand der zukftigen Fusionsreaktoren konzipiert wurde. Dieses Material
geldrt zu den so genannten niedrigaktivierenden ferritisch-martensitisetiklen (RAFM), die im Gegensatz

zu den austenitischen@tlen eine zyklische Entfestigung aufweisen.

Weiterhin ist diese Arbeit schwerpunkéssig auf den Einsatz von einigen existierenden Designregeln fokussier
die urspiinglich fur austenitische &hle formuliert wurden. Die ausgé@hlten Regeln sollen dabei evaluiert
werden, indem ihre Aussagen mit den Ergebnissen der zyklischen Simulatier Verwendung der 0.g. Ma-
terialmodelle verglichen werden. Nebenbei sind auch einige wichtigesgigie Spannungsinterdgén unter
Beruicksichtigung der zyklischen Entfestigung von RAFM hergeleitet warden

Ein Mock-Up-Experiment solldr die Zwecke der Verifizierung der verwendeten Materialmodelle sowie de
Bewertung der Tauglichkeit der vorgeschlagenen TBM-Designs dieNeueUberlegungen beémglich eines
solchen Mock-Up-Experiments sind auch in dieser Arbeit dargestellt.

key words: blanket; test blanket module; reduced activation; ferritic-martensitic SE&EROFER 97; struc-
tural design code; cyclic softening; stress categorization; ratchetigb:tbmperature design rules; fatigue;
first wall materials
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Chapter 1

Introduction

This work is a part of the development activity of the ITER test blanket mo@LBM). A determination
of high-temperature design rules considering creep-fatigue is the fmabfathis activity. According to the
present-day vision, the TBM should be manufactured from a reductadion ferritic-martensitic (RAFM)
steel EUROFER 97, which exhibits severe softening during cyclic loadirgpntrast to austenitic steels. This
abnormal behavior leads to a necessity to revise the traditional formulatisonoé important design rules,
especially related to the protection against the C-type damage such as ttk@oveti3.S,, rule.

Such a revision requests, firstly, a wide experimental data base anddbe@n advanced material model able
to describe the realistic behavior of the material. The fulfillment of both theggresments as well as acute
needs of blanket designers for renewed rules thus form positive icatnalitions for the appearance of the work
presented. We have recently reported the results of first simulationsthsirrglvanced materials models, see
Sunyk & Aktaa [14, 13].

The report is structured as follows. Firstly, we give a detailed descriptionaterial models used for simu-
lations and represent the original experimental data using to adjustwnkmaterial parameters. Then, we
represent the 2D discretized finite element model of TBM and results aoh#iaimulations being performed
to obtain temperature distributions in the model depending on the plasma heatiugdl as the temperature
in cooling channels. After this, we investigate conditions causing an aapsaof any inelastic response in
the structure after the*! operating cycle. In the next chapter, we discuss a behavior of TBMgifirst 600
operating cycles simulated using both material models. In the following chageralculate some important
stress intensity limits under consideration of the material softening mentioned,almrify some important
design rules according to SDC-IC [1] and compare predictions of the wilh results of the cyclic simula-
tions performed separately. Finally, we represent our consideratimteming a mock-up experiment, which
would allow to verify the advanced material models used in the present wmdrkosassess a capability of the
actual TBM design. Numerous additional illustrations and diagrams aredplae@pendix.



Chapter 2

Material Models

To simulate a realistic behavior of the TBM, two different material models haee lnsed in the finite element
simulations: the standard combined non-linear isotropic-kinematic hardening,;ased ABAQUS user’s man-
ual [2] ch. 11.2.2, and a viscoplastic material model accounting also foriedatamage and implemented as
a user material subroutine (UMAT), see J. Aktaa & R. Schmitt [7].

Experimental data stemming from a life time study of the EUROFER 9B@C' (723 K), 550°C' (823 K)
and650°C (923 K) performed by J. Aktaa & R. Schmitt [7] as well as at room temperature RiV)ided by
M. Weick [16] have been used to adjust material parameters requirdnbfiormaterial models. Some chosen
cycles recorded at50°C' (923 K') during isothermal uniaxial tensile tests with the predefined total strain of
1.5% are depicted in fig. 2.1 on the left-hand side. Thereby, the material sajtepate by cycle is evident.
The decrease of the maximum tensile stress with the increasing accumulatedsplas is shown also in fig.
2.1, on the right.

T =650°C (923 K) o 550 %
[-™ £
2 500 E M_@_@_g_ﬁ
- g 0 =RT (293K)
E Z 400 = 450°C (723K)
Py S8 L L L 2 350 ~-550°C (823K)
2 r T & e —— - 650°C (923K
= -08 . i . 5 300 +
s & = i \\M
%7 L. ——Cycle 1 :g 250 ——s
T === Cycle 10
T —— Cycle 100 = 200
L == Cycle 500 e
( —F — -Chele 1000 150 A ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
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Total Strain, % Accumulated Plastic Strain

Figure 2.1:Results of isothermal uniaxial tensile tests: chosen sy@eorded a650°C' (923 K) (on the left) and the
maximum tensile stress as a function of the accumulatediptisformation (on the right).

2.1 ABAQUS Standard Combined Hardening Model

For the metals subjected to cyclic loading, ABAQUS provided a non-linearoictkinematic hardening

model. This model is able to account e.g. for the Bauschinger effect, dyataening/softening with plas-
tic shakedown, as well as for ratcheting. Here, we give a shortigéscrof the model based on the ABAQUS
manual cited above.



2.1.1 Theoretical Background
The total strain rate can be decomposed into the elastic, plastic and thernmalatta:
e - LU (2.1)
whereby the elastic part is captured within the linear elasticity as
o=E": ¢ (2.2)
and the thermal part is given by the following conventional expression:
et =a T -Ty I. (2.3)

Here,E¢ denotes the elastit"-order tangent operatal, is the identity tensor]” and1; are the current and
the reference temperatures respectively; finallys the thermal extension coefficient. The yield condition is
given in terms of the usual von Mises plasticity

F®) =/

with the deviatoric part of the overstrexsdefined as

v s pev = o (2.4)

S0-0 (2.5)

and the backstress or the kinematic skift The size of the elastic range is denotedr&sThe rate of plastic
flow is given here by the associated plastic flow rule

i O (%)~ o)

= (2.6)

with the equivalent rate of plastic flow
. 2
G gépl cerl 2.7)

Equations (2.1) - (2.7) are common for a wide class of plasticity models. Thelmspdcific assumptions
concerning the evolution of hardening and based on the work of LemaitteChaboche [11] are reviewed
below. The size of the elastic rang@ is defined as a function of the equivalent plastic strain

. 2
e = \/ gepl epl,

o (@, T, £i) = olg+Q(T. £) [1 — VT f)

temperaturd” and field variableg;:

&

(2.8)

with the yield surface size at zero plastic straify and material paramete€s andb, which should be adjusted
using experimental data. Therelgy,is the maximum change in the size of the yield surfaceladefines the
rate at which the size of the yield surface changes with the developmelaistitstraining.
The evolution of the kinematic componéntis given by a combination of the linear hardening Ziegler law, see
Ziegler [17]%, and the relaxation or dynamic recovery tefrf2 é”l, which introduces the non-linearity:

Q:%é’”z—yﬂé”%lﬂc (2.9)

o C

Here, the initial kinematic hardening modul@isand the rate of the decrease of the kinematic hardening mod-
ulus with the increasing plastic deformatigrshould be calibrated again from cyclic tests. Note that in general
C'is a function of temperature and field variables. If this dependence oretdevéiriables is omitted, the last
term in (2.9) vanishes.

'Rice [12] generalized this law 83 = i[o — Q] + h QT



2.1.2 Adjustment of Material Parameters

Integration of (2.9) over a half cycle yields the following expression:

a-¢ [1 _ e epl] . (2.10)
Y

Parameterg’ and~ for the kinematic part of the hardening can be determined by fitting of thisesgjum to

1/4 of the first cycle, see fig. 2.2, on the left. Other two paramefeendb defining the isotropic hardening

should be determined by fitting of (2.8) to the overstress curves repeesas functions of the accumulated

plastic strain, see fig. 2.2, on the right. The determined values are colledsaeam.1, see appendix A.1. To
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Figure 2.2:Experimental data used to determine model parametésof the first cycle (on the left) for the kinematic
hardening and the overstress as a function of the accurdybastic strain for the isotropic hardening at four diffetre
temperatures.

verify the adjusted parameters, a strain-controlled cyclic test has beelatgthat three different temperatures
using a simple 2D finite element (FE) model depicted in fig. 2.3. Thereby, tHestian range has been set to
1.5%. Results of the simulation shown evidently a very good agreement with theiepeal data.
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2.2 A Coupled Viscoplastic Material Model

A usual operating mode of ITER contains hold times at high temperatures iigh should be significant
for a formation of creep-induced defects in the TBM. The proposeaplastic model combines a deformation
model suitable to describe the undamaged material and a damage modeliteedbscmaterial behavior up to
the failure. Thereby, the failure of a material point is defined by the maaakdnitiation at that point, i.e. the
life time covers the time needed for micro crack initiation and its propagation up t@eoroack.

4



2.2.1 Theoretical Background

To describe damage, a simplified version of the ISRM (inelastic strain rate nthdifiedel used by Aktaa
and Schinke [6] has been applied in the present work. The simplificatioasisdbon the assumption using
experimental observations that damage accumulates linearly under vimaitigg. The ISRM model has been
applied successfully to numerous simulation of metallic alloys at HT also in a padidted state , see e.g.
Aktaa and Schinke [6] and Aktaa et al. [4]. The model is thus capable doritbe creep, fatigue as well
as the creep-fatigue interaction. In the simplified ISRM model, the evolutioneointernal state variabl®
describing damage and ranges betweéor the undamaged material ahdor the totally damaged material is
given by the following expression, see Aktaa et al. [4]:

D= <X(A")> " [1-D " (2.11)

with the unknown damage parametdr,s- andx and the equivalent rate of inelastic fleW defined as in 2.7).
x (o) is thereby given by the following expression:

x(@) =aor+ago: IT+[1—a —ag)oe (2.12)

with the maximum principal stregs, the equivalent von Mises stress

§o-dev . a-dev

2

Ueq =

and two additional material parametersandas. Here,o%V is the deviatoric part of the stress tensorThe
brackets() denote that damage does not vary {b) becomes negative. Finally, damage remains constant if
no inelastic deformation occurs.

Within the continuum damage mechanics approach, deformation and danmalge caupled by substitution
of the stressr by an effective stres&. Both tensors are connected by the following expression, see Lemaitre
[10]: o

C=1"p- (2.13)
The elastic-viscoplastic material model proposed is the model of Chab8th&th a modification capturing
the complex cyclic softening behavior of RAFM, see Aktaa & Schmidt [7}e Wodel belongs to the so called
unified deformation models describing viscoplasticity without the separationthetdime-dependent creep
and the time-independent plasticity, see Walker [15], so&Hashould be substituted by™ in (2.1). Under

consideration of damage, the elasticity law (2.2) can be rewritten as
o=[1-D]E: (2.14)
In general, equations (2.3) and (2.4) remain unchanged. Howevaydhstress: in (2.4) has another defini-

tion than in (2.5):
o

Y=———-——--—-0Q 2.15
J-D] (219
with the isotropic softening variablé described below. The following flow rule is used within the model
instead of (2.6):
n_ 3 /f(E)-0"\" =
=3 < 7 1> (2.16)

with the unknown material parametesandn 2. The isotropic softening variablg is subdivided into two
partsy; andy allowing a description of the non-saturating part and the non-linear ptreafyclic softening
respectively:

Y= 4y 0 Prlg =0 and |, =1 (2.17)

The operatox ) is defined as follows(z) = [z + |z|] /2




The change of each part is given by a separate evolution equation:

—y (2.18)
o = ¢ [ihs — 2] € — 1y |2 — ™ 02 — ] (2.19)
with .
—cs max €"(7)
s =1 — 1500 [1 —€ —oosT<t (2.20)

to capture the memorized increase of the cyclic softening capacity with imgessplitude of inelastic strain,
the equivalent inelastic strain

en(r) = \/iem(ﬂ L en(T)

and seven material parametelisc, 1., Vs oos Ty My, Cs.
Finally, the change of the kinematic hardening is described by an apgepvialution equation, cf. (2.9):

[m—1]/2
} Q (2.21)

Q:%Hém—DQé"n—R BQQ

with the new unknown parametels D, H andm. Last terms in (2.19) and (2.21) represent static recoveries
of the isotropic softening and the kinematic hardening respectively, witiald e observed under creep,
relaxation or a cyclic loading with a hold time.

2.2.2 Adjustment of Material Parameters

For the determination of the set of material parameters, they have beevidetdihto several subsets. Thereby,
members of each subset exhibit a strong correlation with respect to (ach)ather and cannot be determined
separately. A stepwise identification of parameters is performed by a minimizstitve error between the
model and the material response using the following error function, seaA&]:

(2.22)

X2 _ Z mn mn

m=1 n=1

Nexp Mgt experiment 2
atm Jmodel — 0 P
Ndat, m

with a number of experiments for each subsgt, and a number of data points from the experimentised
for the fitting. The optimization code MINUIT from the CERNLIB has beendise

The parameter identification has been performed according to the stratspnted above in the following
order3:

step 1 determine parametefs Z, n, H and D by fitting the model response to the first cycles (stress-strain
curves) of the LCF tests without and with the hold time; thereby other parasmiedse been set to
negligible values and fixed;

step 2 determine parameter® and m by fitting the model response to the stationary creep rates data; the
parameters, Z, n, H andD are thereby set to their values adjusted during the step 1; other parameters
remain fixed at negligible levels;

step 3 determine parameters c, Vs » andc, by fitting of the model response to the cyclic softening curves
(peak stress vs. number of cycle) of the LCF tests without the hold time up toeathéailure time;
thereby all already determined parameters are set to their values adjustegitbe step 1 and 2 whereas
other parameters remain fixed at negligible levels;

3Initial values have been estimated on the basis of experience and $essagents of experimental data.



step 4 determine parameters,, 1, andm,, by fitting of the model response to the cyclic softening curves of
the LCF tests with hold times up to the half failure time; other parameters are hasdiethe previous
steps;

step 5 determine parameter, r andx by fitting of the model response to the cyclic softening curves of the
LCF tests without hold times up to the failure time; other parameters are handiethagprevious steps.

Parameters determined for the EUROFER 9758 C (723 K) and550°C (823 K) as well as for F82H at
450°C (723 K), 550°C' (823 K') and650°C' (923 K') according to the procedure described above are listed
in appendix A.1.

Fig. 2.4 demonstrates the quality of the adjustment for EUROFER 9fideed, the stress-strain behavior
within the first cycle can be quite well captured by the model for differetal ttrain ranges, see fig. 2.4, on
the left. On the other hand, the complex softening behavior is also wellideddry the model, see fig. 2.4, on
the right.

A good agreement between the simulation and experiment can also be dcfuevke damage (lifetime)
behavior, see fig. 2.5. The differences between the calculated andinegadisetimes lie within a range of
factor two except for the tests with the lifetime lying in the transition range to thedyigle fatigue (HCF), see
fig. 2.5, on the right. In the HCF regime, the ISRM damage model is expectettiarestimate the lifetime,
see also Aktaa & Munz [5], and is however a conservative save picaic

400 -
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Figure 2.4:Comparison between material (markers) and model (ling)areses for the stress-strain hysteresis for dif-
ferent strain ranges (on the left) and for the variation efgtress amplitude with the increasing number of cycleshen t
right) of a strain-controlled LCF tests.

4For more plots we refer to the report [7].
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Chapter 3

Determination of the Elastic Limit

3.1 Finite Element Model

To verify the material model described above, a 2D model of a quarteedf®M has been created according
to the current design and meshed using PATRAN. The model is shown ii3.figtogether with mechanical

constraints (symmetry boundary conditions). The only external mechdméchin the non-accident operating
mode is the hydrostatic pressurelobar = 8 M Pa in all cooling channels.

First simulations using plain strain elements CPE8 have exhibited non-phydiggtilyout-of-plane stresses,

which have a numerical source. For those simulations where thermalestressur, ABAQUS provides a

so called generalized plane strain element formulation, which accounts &lpagation in the out-of-plane

direction and thus avoids enormously high non-physical out-of-plasssss , see ABAQUS user’'s manual [2]
ch. 13.1.2. The 8-node generalized plane strain elements CPEG8 havesieehere for this reason.

+8.48e+02
— | +8.42e+02 D
+8.36e+02
G +8.30e+02
+8.23e+02
e .
+8. e+
500 kKW/m? (G +8.04e+02
2 +7.98e+02
—_— 60 KW/m 790040240
+7.866+02
+7.79e+02
— +7.736+02
—p]
2
35 kW/m

Figure 3.1:The FE model of the TBM with mechanical and thermal constsaamd loadings; the represented temper-
ature distribution (K) is due to the depicted thermal caxists and loads; the paths AB and KL are used for the stress
categorization as described below.

3.2 Thermal Simulation

During the operating mode, the model should account for a heat fl@s@®ip to 500 kW /m? (peak) on
the plasma-facing side as well as a heat flus@f1//m? and of35 kW /m? on the vertical and horizontal
interior respectively due to breeder units, see fig. 3.1. For reasamplicity, temperature boundary conditions



depicted in fig. 3.1 have been considered in the simulatibns.

In order to determine acceptable loads, the behavior of the TBM shouldhidased under consideration
of different temperature distributions. To obtain such distributions, thesmallation has been performed
for four values of plasma heatin@50 kW /m? (the usual operating mode))0 kW /m?2, 750 kW /m? and
1000 kW /m?, as well as for three different temperatures in the cooling chanf&f3: (673 K, 773 K and
873 K. The heating due to the breeder unit remains thereby constant. Resultsesfreal computation for
the plasma heating &f00 kW /m? andT = 773 K are shown also in fig. 3.1 as an example of the typical
temperature distribution with the constant temperature in the cooling channels.

3.3 Mechanical Simulations using various Plasma Heating and Pressure in
Cooling Channels (no cycling)

By variation of both the temperature in cooling channels and plasma heatintical pressure has been de-
termined using both material models. The critical pressure is thereby defirted minimum pressure causing
any inelastic deformation after the first heating i.e. after half of the firdedpe the ABAQUS-own material
model and after the whole first cycle for the viscoplastic material model.

The critical pressure is shown in fig. 3.2 for both material models as a funatithe plasma heating and the
temperature in the cooling chann€l§*. Evidently, the critical pressure is strongly dependent on the tempera-

ABAQUS UMAT

D

S
[\
9]

£ 50 g 20
2 40 2
g g < 15 D —
£ & 30 N o
37 20 3 = 10
© 0 773 o 0 773
T, K T, K
250 500 250 673 250 500 250 673
1000 1000
Plasma Heating, kKW/m’ Plasma Heating, KW/m’

Figure 3.2:The critical pressure as a function of plasma heating antkthperature in cooling channels obtained using
the ABAQUS-own material model (on the left) and the UMAT (b tright).

ture in the cooling channels and relatively slightly on plasma heating éite- 500 kW /m? approximately.
Increasing plasma heating takes however a leading influence on the @itsalire whereas the temperature in
the cooling channels plays a decreasing role and, finally, plastic defomuatonirs for alll’“ without pressure
due to the temperature gradient alone if plasma heating reaches approximatéyy’/m? or 1000 kW /m?
for the UMAT and the ABAQUS-own material model respectively.
For this heating, plastic deformation is localized in a narrow band along thegl&ecing side, see fig. 3.3 (on
the left). A high pressure causes an additional plastic deformation locatetéfhbottom or left top corners
of the 1% or 2"? cooling channels if the pressure in the channels reaches a critical Vatussed above, see
fig. 3.3 (on the right). The magnitude of the pressure-induced plastic seammes thereby higher than the
magnitude of the pure thermal plastic strain.

With the aim of better understanding, the data are also presented in dArslets. For instance, fig. 3.4
shows the critical pressure depending on plasma heating for differapttatures in the cooling channels ob-
tained using both material models.

In the reality, the temperature distribution in the cooling channels is not henemys; the inhomogeneity can cause additional
temperature gradients, see section 6. However, the considerationptfehemenon is a challenge for further simulations.
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Figure 3.3: Distribution of the equivalent plastic strain in the moshded region of the TBM for plasma heating of
1000 kW /m? atT° = 773 K in the absence of pressure (on the left) and at the pressifeMdfPa obtained using the
ABAQUS-own model.

Another cross-section of the 3D plot in fig. 3.2 is shown in fig. 3.5. Here,cfiitical pressure is plotted
as functions off*c for different values of plasma heating. The plots confirm the propositiutthe slight
dependence of the critical pressure on plasma heating up to agofokIV/m?.

3D plots in fig. 3.6 illustrate the maximum von Mises stress in the model correspptadthe critical pressure
again as a function of plasma heating &rfd; figs. 3.7 and 3.8 represent 2D cross-sections of these plots. Evi-
dently, the user-defined material model (UMAT) leads to lower values ahtisedmum stress due to relaxation
during hold times. Diagrams in fig. 3.7 show a dominant influence of plasma geatithe maximum von
Mises stress for high values of plasma heating (at least @i/ /m?2. The UMAT yield even an absolute
independency of the maximum von Mises stress fidihfor 7 > 773 K, see additionally the right-hand side
diagram in fig. 3.8. Furthermore, both diagrams in fig. 3.8 show that the txitoaVises stress corresponding
to 1000 kW /m? changes in a relatively narrow band. It means fff4tplays a secondary role in this case. This
proposition concerns also the cas&d k1V/m? computed using the UMAT.

The UMAT leads evidently to more conservative results, which should diegiaty more correct due to taking
into account of a high-temperature creep.

The maximum von-Mises stress as a functiorif6f is shown in fig. 3.9 at the constant pressure af Pa
corresponding to the usual operating mode and for different valyglasrha heating. Except fa600 kW /m?2,

the maximum von Mises stress depends rather on plasma heating and is almeshaitive to the variation of
T at this pressure. Note that both models lead thereby to quantitatively wellacalip results.

This particular result can however be generalized using the following: plloesmaximum von-Mises stress
vs. the pressure in cooling channels for differéfit represented separately for each value of plasma heating,
see fig. A.1in appendix A.2. It is easy to see that, excepT30rk1V/m? and 1000 kW /m?, the von Mises
stress remains independentisf and is controlled by the pressure in cooling channels up to a pressuof, wh
is characteristic for each value of plasma heating. This characteristisupeedecreases with the increasing
plasma heating and remains higher ti8aw Pa up to500 kW /m?2. Both models lead to quantitatively similar
results for7ec > 773 K and heating values up to at ledst0 k1W/m?. Simulations with a higher plasma
heating exhibit however a dependency on a material model.

To illustrate the plots presented, we give some contour plots of the distributithe @on Mises stress over
a most loaded region in the model. These plots are intended to show, howewiar influences the stress
distribution and also to detect critical regions where the von-Mises steessites maximum and causes plastic
deformation. For instance, fig. 3.10 illustrates a distribution of the von Misessscorresponding to the critical
pressure al'** = 773 K under consideration of plasma heatin@d6 £V /m? (on the left) and 000 kW /m?,

11



see also the 3D plot on the left-hand side in fig. 3.2.

As shown in the left-hand side in fig. A.2 in appendix A.3, plasma heating witheytrisssure causes a high
equivalent stress along the plasma-faced side. The value of this stséssigly dependent on plasma heating.
On the other hand, an overlaying of the pressure leads to a shift of theshipaded area to corners of the
cooling channels, see fig. A.2, the right-hand side. The dependertby ofiaximum values on the heating
becomes thereby not as strong as if the pressure is absent.

ABAQUS UMAT

60 ¢ 60 +
[ C o ] C
s T~ = 673°K g f ~673°K |

50 orr 50 +
R ~ T3k = =773°K
5 40 ¢ N \* 5 5401 < §73°K [
% 30 330
320 N N 20
T 10 | 10 |
© M \E

250 500 750 1000 250 500 750 1000
Plasma Heating, KW/m’ Plasma Heating, KW/m’

Figure 3.4:The critical pressure as a function of plasma heating fdedifit temperatures in cooling channels obtained
using the ABAQUS standard model (on the left) and the cougéfdrmation-damage model.
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Figure 3.5: The critical pressure as a function of the temperature idimpa@hannels for different values of plasma
heating obtained using the ABAQUS standard model (on thgdetl the coupled deformation-damage model.
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Figure 3.7:The maximum von Mises stress corresponding to the criticzdsure as a function of plasma heating for
different temperatures in cooling channels obtained usiegABAQUS standard model (on the left) and the coupled

deformation-damage model.
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Figure 3.8:The maximum von Mises stress corresponding to the criticedgure as a function of the temperature in
cooling channels obtained using the ABAQUS standard natexddel (on the left) and the coupled deformation-damage

model for different values of plasma heating.
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Figure 3.9: The maximum von-Mises stress as a function of the temperatucooling channels obtained using the
ABAQUS standard material model (on the left) and the UMAT different values of plasma heating at the constant
pressure o8 M Pa.
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Figure 3.10distribution of the von Mises stress corresponding to tlhtecat pressure ai’*¢ = 773 K under considera-
tion of plasma heating df50 kW /m? (on the left) andl000 kW /m?2.
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Chapter 4

Simulations of the Cyclic Behavior of TBM

The cyclic behavior of the TBM model has been studied again using bothBR&AS-own material model
described above and the UMAT. Thereby, the following load case feasdmnsideredl = 600° C' (873 K);
the plasma heatingh0 kW /m? and the coolant pressufe= 50 M Pa (500 bar). It was assumed on the basis
of the study reported in the previous section that such abnormal highdbad#d cause an important amount
of inelastic deformation.
Each cycle consists of four steps: (1) heating and application of theyee80 sec; (2) holding at the high
temperature (HT)400 sec, (3) cooling to RT,100 sec and, finally (4) holding at RT foit 400 sec. Note that
steps (2) and (4) are not relevant for the ABAQUS-own time-indepandaterial model.

We have simulated a few hundred cycles using both material magi#saith the ABAQUS-own material

ABAQUS UMAT

I - ¥
1300 ) :180 ¢
260 = 160

240 140

220 120

200 100

180 |
I160 |8O
I140 I6O

1120 40

F100 150

g o

I6o I

40 '
:20 TR
1’ l.

o™ = 987 M Pa o™ = 154 M Pa

Figure 4.1:A distribution of the von Mises stress after the heating initihe cycle300 obtained using the ABAQUS
standard material model (on the left) as well as the UMAT urd@sideration of plasma heating @0 kW /m?, T =
873 K and the pressure in cooling channel$0f\V Pa

and 600 with the UMAT). Because of the high computing time and huge memory capacitiedeé seems
unrealizable to continue such a simulation until the material fails (approximé@élyto 10000 cycles). For-
tunately, the method proposed in [9] by Kiewel, Aktaa & Munz allows the simulatf@uch number of cycles

by extrapolation of simulation data. However, it is a challenge for a furtttarity.

Figs. 4.1 and 4.2 show distributions of the von Mises stress and the equivalent plastic stsiactively after

the heating within the cycl800 obtained using the ABAQUS standard material model (on the left) as well as

1A change of the distributions step by step is shown in appendix A.4 for tie 890.
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the UMAT under consideration of loadings described above. Both mateddels yield qualitatively similar
stress distributions. However, the ABAQUS standard model leads to dedsiuess compared to the UMAT,
see fig. 4.1. On the other hand, the maximum equivalent plastic strain obteimegdUMAT is considerably
(approx. factor 10) higher than the corresponding value providedh®sr material model, see fig. 4.2. This ob-
servation can be explained in terms of the stress relaxation due to the catisinef creep within the UMAT.
The results have been also generated in a table format along the pathsl AR depicted in fig. 3.1. An ex-

ABAQUS UMAT

I 2415-18
I 22581
.209E-1
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.802E-2§
L641E-2 [
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.318E-2
.157E-2,

g_Dx

€ =13TE -3 €' =2.5TE =2

Figure 4.2: A distribution of the equivalent plastic strain after theatieg within the cycle300 obtained using
the ABAQUS standard material model (on the left) as well as WMMAT under consideration of plasma heating of
750 kW /m?, T°¢ = 873 K and the pressure in cooling channel$6f\/ Pa

amination of the contour plots has shown that the most loaded region in the mduel/isinity of the point L
in the path KL. Fig. 4.3 shows a change of the damage variable near thigipaimg first600 cycles. Thereby,
distributions of the damage varialiffieare shown additionally for the cyclég0 and300. A damaged area lies
thereby again near the point L.

Additional plots in appendix A.5 depict the change of both the von Misesssaed the equivalent plastic

cycle100 cycle300
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Pl T=873 K.,PZSO MPa,2 A/* i iiggs
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s ; Path KL, Point L, 3998-3
:;; 3 600 Cycles 278E-3
1.0E-03 Cycle 600 § -238E3
g L Cycle 100 / Bers
£ [ / .116E-3
\ 1 1 B
& 5.0E-04 / Cycle 300 75
[ I s569E-5
I 462e-5
0.0E+00 ey :m868E7
Y
0.0E+00 4.0E+05 8.0E+05 1.2E+06 A NN
Time, sec ;_D S
mar
maz 1.82E — 4 5.22F — 4

Figure 4.3:A change of the damage varialflenear the point L during first00 cycles together with its distribution in
the most loaded region after the cyclé®) and300 obtained using the UMAT under consideration of plasma hgatf
750 kW /m?, T<¢ = 873 K and the pressure in cooling channel$6f\/ Pa
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Figure 4.4:The change of the maximum equivalent plas-  Figure 4.5:Von Mises stress as a function of the ac-
tic strain among all values along the path KL, see fig. 3.1, cumulated plastic strain computed using the UMAT for
cycle by cycle during the firs300 and 600 cycles com- the first600 cycles.

puted using the ABAQUS-own material and the UMAT re-

spectively.

strain along KL for some chosen cycles ugtm and600 for the ABAQUS standard model and for the UMAT
respectively. The ABAQUS standard model yield only a negligible increifee accumulated plastic strain as
well as a negligible relaxation of the von Mises stress. Contrariwise, dicappn of the UMAT leads to both
an increase of the equivalent plastic strain and a relaxation of the vors Blisss. However, both parameters
seem to reach saturated values corresponding to a non-ratchetingpipeha

This convergence can be also observed in the plot representing gecbthe maximum equivalent plastic
strain near the point L within the fir§00 and600 cycles for the ABAQUS-own material and the UMAT re-
spectively, see fig. 4.4. Furthermore, a presentation of the equisstess as a function of the accumulated
plastic strain shown in fig. 4.5 corresponds rather to a non-ratchetirayioeh However, to get a definite
answer, the extrapolation method mentioned above should be applied.

It is difficult to compare both material models on the basis of the simulation peefibidue to relatively long
hold times at HT, which are significant for creep. For this reason, we kismulatedl 00 cycles without the
hold time at HT and RT i.e. each cycle consists of only two steps: the heatimggdlrsec and the cooling
during100 sec. A follow-up examination shows however that even in this case both materagisigield quite
different results. Indeed, diagrams in fig. 4.6 show that the UMAT yietifsiclerably greater plastic strain
even without the hold time. Note that both models lead to quite similar values of thé [@ain after the
first heating, see the right-hand side diagram in fig. 4.6. As follows frasndimgram, the hold time at HT
provides for a significant amount of plastic strain. Nevertheless, thereifte between results obtained using
the UMAT becomes not as dramatical as between results yielded by diffacetels already after the firs00
cycles.

Fig. 4.7 illustrates the change of the von Mises stress near the point L dofirgycles. It it easy to recognize
that a gap between the results obtained using different material modelnégsignificant already after the
first five cycles.

Figs. 4.8 and 4.9 illustrate an influence of the hold time on simulation results if theTUsAsed. Not later
than at this place, it becomes plausible that the ABAQUS own material moddbigwmately inappropriate to
describe the component behavior under cyclic loadings partly at HTs€cpently, only the more conservative
results obtained based on an application of the UMAT are used below feetlieation of some design rules.
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Figure 4.6: On the left: a change of the equivalent plastic strain nearpthint L during first100 obtained using
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Chapter 5

Verification of Design Rules

The aim is now to compare the results discussed above with a prediction ofdesge rules based on linear-
elastic simulations. To apply the design rules, different material limits should/ddaated. There are the
allowable primary membrane stress intensity, the allowable primary plus secondary membrane stress in-
tensity S., the allowable total stress intensity; for low temperature rules as well as the primary stress creep
usage fractiort; for high temperature rules.

5.1 Calculation of Material Limits

Firstly, we calculate the material limits mentioned above under consideration eXpleeimental data obtained
in the uniaxial cyclic tensile tests represented in section 2.

5.1.1 The allowable primary membrane stress intensity

According to ITER SDC-IC [1], subsection IC 2728, is the lowest stress intensity at a given temperature
among the time-independent strength quantities:

.1 2
Sm—mln{35u,35’y} (5.1)
with the minimum? ultimate tensile strength,, as well as the minimum yield streng#h.

Available S,,, values do not consider a change of the tensile strength and yield stoessanyclic loading. This
change can however be taken into accoust,ifis calculated on the basis of the experimental data reported by
J. Aktaa and R. Schmitt in [7]. Note that the available maximum achieved tengits $tas been used here for
calculations instead of the ultimate tensile strength. To obtain the needed temsifgtiss; isothermal tensile
tests should be performed after e1g, 20 etc. cycles.

The new value,calculated in such manner, is represented in fig. 5.1 togéihéne availableS,, values from
ITER SDC-IC [1], appendix A. It was thereby assumed that each ¢gdl@30 sec = 0.54 h long. To avoid a
misunderstanding, the value has been labelesfas

As follows from the diagrams in fig. 5.1, ITER SDC-IC [1], appendix Apdes too high values of,,.
Unfortunately, it is not straightforward to compare directly cycles in tengipeements carried out at a constant
temperature on small specimens with operating cycles of a component inclndai@nical pressure in cooling
channels and possibly high temperature gradients. For this reasonyevedieulated only ong’, value for
each temperature and labeled it$fs, whereby the subscrigt’ denotes that the value should be applied if
C-type loadings appear in contrastdg, values valid for M-type loadings. This value corresponds to a cycle
numberN /2 highlighted in fig. 5.1 and is representative for the given temperafifyebecomes therewith a
transient value and is not applied below. As follows from diagrams departetie left in fig. 5.2, the value

1A dependence on the neutron fluence in not considered here.
2The minimum value between the values at the room and at the given temmpera
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exhibits a very similar behavior as a function of temperature with the refergpwalues. A gap between the
curves increases with increasing temperature as shown again in fign3t2, wght. Thereby, the gap increases
almost linearly at HT beginning with50°C' (723 K). The reduction of the allowable stress intensity due to
cyclic softening should definitively be considered in design estimations ip€{tyadings are considered.

—O—EXP, 20°C _
(293K) Figure 5.1: Change of
—— EXP, 450°C S, under cyclic loading
(723K) at RT, 450°C (723 K),
¢ 550°C  (823K) and
~5— EXP, 650°C 650°C (923 K); available
(923K) data for these tempera-
*SDC, 20°C tures are also given for
(293K) comparison.
*SDC, 450°C
(723K)
. *SDC, 550°C
0 L E R, S IRSERENEANESEENESHMTNRASEENS ¢ SNENETS (823K)
- 0
0 500 1000 1500 s
Number of Cycles
200 80 i
70 | S - Sm

160% —
\\ 60 | /

80 I s<, \D\ \ 50 fo— / /j
40% \ 40% /
N

0 100 200 300 400 500 600 0 100 200 300 400 500 600
T, °C T, °C

X

Stress MPa
o
()
Stress MPa

Figure 5.2:0n the left: the change &f¢ with temperature up t650°C (923 K) ; available data for these temperatures
S, are also given for comparison; on the right: the differenevieens¢ ands,,,.

5.1.2 The allowable primary plus secondary membrane stressiensity
The allowable primary plus secondary membrane stress intefisisydefined as, see ITER SDC-IC [1], sub-
section IC 2724,

Su(
Su(

)+ 5 leu(Tm) = 0.02]  if €u(Tm) > 2% (5.2)

) if €,(Tn) < 2%

T,
Se = "
T

LI

with the minimum ultimate tensile strengfh,, the Young’s modulugZ, the minimum uniform elongatiohe,
and the elastic follow-up factor, = 4 (the conservative value). All the parameters should be evaluated at the

3The plastic component of the engineering strain at the time when the newmdgiugs; the values are reported in ITER SDC-IC [1],
appendix A for the EUROFER 97.
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thickness averaged temperat(ig. It turned out that, (7)) < 2% if T,,, > 425° (698 K). The change of the
elastic modulus with temperature obtained from the cyclic experiments repdxbed & depicted in fig. 5.3.
The allowable stress intensity calculated according to (5.2) under coatideof theS,, values from the cyclic
experiment and labeled &5 similar to S$ is shown in fig. 5.4 as a function of temperature together with the
values based 0§, available in ITER SDC-IC [1], appendix A. Note that the limit must not be evaluated for
ductile materials. Nevertheless, here we check also the fulfillment of thisienter

1.9E+05 + 400

SEi0s \ :D\ Elastic follow-up factor r;=4

. L7E+05 |
& i \\
= 16E+05 - \
= 1sE+o0s ¢ \
1.4E+05 + N
1‘3E+05 :\ [ { [ { [ { [ { [ { [ { [
0 100 200 300 400 500 600 700

T, °C

Figure 5.3:Change of the elastic moduldswith ~ Figure 5.4: Change of S¢ with temperature up to

the increasing temperature. 700°C (973 K); data computed on the basis of available val-
ues for the ultimate tensile strengtt) and the minimum uniform
elongatione,, for these temperatures are also given for compari-
son.

5.1.3 The allowable total stress intensity

According to ITER SDC-IC [1], subsection IC 2725, the allowable totasstintensity is given by the following

expression:
.2 E(Ty) e (Tm)
= - T,

Sa= 3 |Sullm) + == 77
with F, S, andT,, are defined in the previous section and the minimum true strain at rugtuig given
for EUROFER 97 in ITER SDC-IC [1], appendix A. The triaxiality factor T¢defined as the ratio of the
hydrostatic stress to the von Mises norm and normalized to unity for an uhi@ex&on. In the calculation of
Sq4, we have used’'F' = 2.01, which is the maximum positive TF value within the fifi§i0 cycles simulated
using the UMAT, see fig. 5.5. The elastic follow-up factor takes diffevaiies in dependency on whether the
peak stres$’ is included to the total stress intensity:

(5.3)

e the peak stresg'is includedl,, + P, + Q + F

ro = max {Kp,4} (5.4)

e the peak stresB' is excludedP,, + P, + @

L oo ifeu(Th) <2%
e { 4 if ey(Tm) > 2% 5-3)
wherebyK is the elastic stress concentration factor. Here, we have assymed for all calculations. The
change ofS; calculated usings,, values from both the cyclic tests and ITER SDC-IC [1], appendix A as a
function of temperature is depicted in fig. 5.6. The value calculated on the dfathe cyclic tensile tests is
labeled again a§§. It turned out that values correspondingrto# oo are very sensitive with respect tg.
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andT'F. In the case if the peak stress is not considered in the total stress intertsity ia less thar% i.e.
T >~ 425°C (698 K), r3 = oo and (5.3) takes an especially simple format depending neithey. ovor on
TF:

Similar to theS, limit, the S, limit also must not be evaluated for ductile materials. Nevertheless, here we
check also the fulfillment of this criterion for the particular case describete

22 ¢ 600 *Wﬁpeak stress\%
i 500 © /
g A S A
& 400

1
S
5 -
.‘? 0.0 = = - 1T g 300
= Z [
'g 0.0 /3 %‘F% 6l0E+05|/ 9/OEH05|/ [I.2E+06 % 200 +
o1 [
= 100
— TF path KL 0
2.2
0
Time, sec

Figure 5.5: Change of the triaxiality facto?’ /' Figure 5.6: Change of S¢ with temperature up to

along the path KL within the first00 cycles com-  700°C (973 K); data computed on the basis of available values

puted using the UMAT. for the ultimate tensile streng$}, and the minimum true strain at
rupturee,, for these temperatures are also given for comparison.

5.2 Stress Categorization

To separate primary and secondary stresses, linear-elastic simulatiertselea performed for three load cases:
thermal and mechanical loads acting together and separated. A compriserresults obtained allows the
recognition that the influence of plasma heating is partially compensated bgpdlentpressure. Results of
these simulations have been linearized automatically along the paths discbegedising the corresponding
option of the ABAQUS VIEWER.

5.3 Design Rules chosen for Evaluation

Within the frame of the work presented, the following low-temperature desigs have been evaluated:
e rules for prevention of immediate plastic collapse and plastic instability (M-typeada)
Py < S (5.7)
Pt Py < Kegy Sm (5.8)

e the rule for prevention of immediate plastic flow localization (M-type damage)

Pn+Qn < S. (elastic analysis) (5.9)

(elastic-plastic analysis) (5.10)

ml —=

Epl < €y (211771)
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e the rule for prevention of immediate local fracture due to exhaustion of dudtilitfype damage)

P+ P+0Q <S5y (5.11)

e the rule for prevention of progressive deformation or ratcheting (€-tgmage)

Pp + Py + [APraz + AQpuae] < 35,  (elastic analysis) (5.12)
effd < 0.5\ %in {e. (T1n)} (elastic-plastic analysis) (5.13)

Note that all overlined expressions above mean the von Mises normdiene

) 1/2
o =+/1/2 [[011 - 022]2 + [o22 — 0’33]2 + [o33 — 0’11]2 +6 [0%2 + 053 + U?%IH

Furthermore K. is the effective bending shape factor, which ranges in general betweeand2.0. In

the case of an irradiated materi&l.;; = K = 1.5, whereK is the usual bending shape factor used in the
RCC-MR and in the ASME codeef?i1 denotes the significant mean plastic strain defined in ITER SDC-IC
[1], subsection IC 2616 as the greatest positive principal strain of tinelmae strain tensey,. Furthermore,

A1 = 0.3 is the safety factor for the level A. Besides these three factors, the fatjaenventional notations are
used hereP,,, P,, + P, andP,, + Q,, denote the primary membrane stress intensity, the primary membrane
plus bending stress intensity as well as the primary plus secondary menshnesseintensity excluding plasma
disruption loadings, respectively,,, + P, + Q is the total stress intensity excluding the peak stfésadQ, ...
andAP,,.. are the maximum in the thickness secondary (thermal) stress intensity rahtpe atress intensity
range due to disruption loadings (here not considered). Posaibly,... should also include the stress intensity
range due to the change of the pressure in cooling channels. Furtieetimiow-temperature Bree-diagram

rule has been also evaluated:
v < JUX if 0.0< X <05
| 41-X] if05<X<1.0

(5.14)

Thereby,

X = P,/S,

Y = Wmaa: + mmax] /Sy
Here, S, is the average of the minimum yield strength evaluated at the minimum and maximumetgsekn
averaged temperatures and fluences during the cycle calculated al@upfueting line segments.
We have also evaluated two high-temperature rules based again on theslawtar analysis:

(5.15)

e Creep effects
U, (P) < 1 (5.16)

Up (P B/EKG) < 1 (5.17)

with the creep usage fraction for primary strégs see ITER SDC-IC [1], subsection IC 2764 and the creep
bending shape factdk; = [K ;¢ + 1] /2.

5.4 Evaluation of the Low-Temperature Design Rules

The maximum values required for evaluation of (5.7)-(5.12) exceptSdiQj are collected in table 5.1. An
easy comparison shows that none of the five criteria is fulfilled even faesastemming from ITER SDC-IC

[1], appendix A atl'“ = 600°C' (873 K). If a stress intensity limit value at the average temperature along the
path (approx625°C' or 899 K) is considered, the difference becomes more essential. The stres#yriierits
values for this temperature calculated on the basis of the cyclic experimerastasf any competition. How-
ever, we should note that the average temperature appearing in the simpftasented cannot be considered
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as a usual operating temperature lying at approximéately C (773 K)-550° C' (823 K). In addition to the
tables, fig. 5.7 illustrates the changef, K S$ and3 SS, from RT up to650°C or 923 K whenSS becomes
zero. We have also represented all stress limits together for the aim of deampaee fig. 5.8.
An application of (5.14) shows that the less conservative Bree-diagrknis fulfilled for three different tem-
peratures fron873 K to 923 K, see table 5.2. Nevertheless, criterion (5.12) should also be satisfie lb@f
application of the high-temperatuses,, rule, see ITER SDC-IC [1], subsection IC3541.3.

An evaluation of both (5.10) and (5.13) rules requires a calculation ofigmfisant mean plastic strain

450 Fo— 180
400 385 160 > c
< 350 | < L 1404 —— 3%
S 300 | KsC, & 120 {-KsC,
- 250 £ - N\ =100 |
A E ] P~
£ 200 + z 80 <
& 150 f— & 60
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Figure 5.7:Change ofS¢, K S and3 S¢ with temperature. The regioib0° C to 650° C' is shown more detailed in
the right-hand side diagram.
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effll. Fig. 5.9 illustrates the change cﬂil along the path KL within the first00 cycles simulated using the
UMAT. The maximum value corresponds to the last simulated cycle and 1e374%. The rule (5.10) requires
however a maximum significant mean plastic strain obtained under a monotaodilegaaultiplied by a safety
factor given in ITER SDC-IC [1]. Unfortunately, this value is not avaiéabo that we use the more conserv-
ative value reported above. This value should be compared with the hilé einiform elongatior,, at the
thickness-averaged temperatUtg i.e. at approximately25° C' (898 K') in our case. Available values ef,
are represented in fig. 5.10 in dependence on the temperature, wheszhged values are given by the upper
curve whereas the lower curve connects the minimum values. A half of the miniralua corresponding to
T, is approximately.40%. It means that (5.10) is fulfilled even with the conservative valuéiqf

The rule (5.13) requires a minimum value &f for all times during the total operating period. As follows
from fig. 5.10,miny,, {e, (7))} = 0.5 atT,, = 600° C (873 K). Therewith, (5.13) is not fulfilled since
0.5-0.3-0.5=0.075 < 0.370.
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Figure 5.9: Change of the significant mean plas- Figure 5.10:Available values of the uniform elongatien

tic straineﬁi1 along the path KL within the firgi00 as a function of temperature up@00°C' (973 K); the upper

cycles simulated using the UMAT. curve is a result of an averaging among all experimental data
the lower curve connects the minimum values (source: ITER
SDC-IC [1], appendix A).

5.5 Evaluation of the High-Temperature Design Rules

In general, the HT design rules should be evaluated first if the low-tertypereriteria are fulfilled. It is not the
case but nevertheless we evaluate the rules (5.16) and (5.17) to sholit lsan be estimated.

A time-dependent allowable stress intensity for primary streSses needed to calculate; and defined in
ITER SDC-IC [1], subsection IC 2726 as a temperature and time-depesigless intensity limit

R
S; = min {3acrp , 80% 0 tertiary 01%} . (5.18)

Here,o ., is the minimum stress corresponding to average creep rupture airtbe temperaturé, o tiary

is the minimum stress causing the tertiary creep to timethe temperatur® and, finally,o ;¢ is the minimum
stress to cause the creep straimah {1%, e/5} with the total elongation at rupture: determined from
uniaxial isothermal tensile creep tests.

The creep usage fraction for the primary str€sgeneralizes thé, for the case if the stress or the temperature
depends on time. To computg, the operating time should be subdivided idfotime intervals* , whereby
only those time intervals should be considered, for which the temperaturehisrltiigan a defined temperature
corresponding to the beginning of non-negligible creep processek.t&mperature lies d25° C (698 K) for

the EUROFER 97, see ITER SDC-IC [1], appendix A. For each intgreéthe duratiort; should be found the
highest temperaturg; and the highest total stress intensity For these stress and temperature, the maximum
allowable timet, ; should be obtained from th® curves, see fig. 5.11, the left-hand side diagréinis then
defined as the following sum:

U=y tj‘ . (5.19)

In the case of the linear-elastic simulation, all cycles are evidently identidhlatave can consider only one
cycle consisting of four steps described in section 4. The highest tetaperaaches therelifl 5° C' (988 K);

we use here however the thickness-average temperature of apprdyiszieC (898 K). The durationt;

of the interval abovel25° C (698 K) is equal approximately td54.2 sec. The required in (5.16) and (5.17)
maximum stress intensities take the following values within the inte&gl: = 117 M Pa; P,, + P,/ K; =
163.6 M Pa. Simple analysis of the; curves in the right-hand side diagrams in fig. 5.11 shows that the

“For the aim of plausibility, we use heré = 1. Generally, this assumption is however incorrect.
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Table 5.1:Maximum absolute values of the categorized stress comp®aed their
combinations among all values for the chosen paths togeiitlethe corresp. values

of the availableS,,, and calculatedC stress intensity limits; the units are MPa.

P GBBEK GC 88K G8TBK GC 83K
117.0 87.0 14.5 98.0 29.1
P,+ P, KS;Y;LQSK KSTCr'L898K KSTSnZ?)K KSgL873K
179.7 130.5 21.8 147.0 43.6
Pm T Qm S898K SC 898 K SS?SK SC 873 K
129.9 86.6 61.8 97.7 68.4
P,+ P, + Q Sd898K Sg 898 K S§73K Sdc 873 K
260.9 173.1 123.6 195.3 136.8
Pt b+ AQ 3G8BK | 3GC8BK | 3g8BK | 3gUBMBK
179.7+215.8=395.5 261.0 43.6 294.0 87.2
Table 5.2:Application of the Bree-diagram rule.
T,K | Sy,MPa | X |1/X |41-X]]| Y
873 282 0.41] 2.41 - 0.77
898 250 0.47| 2.14 - 0.86
923 214 0.55| - 1.81 1.01

maximum allowable time at the average temperature under the lodd éff Pa is approximately3 hour. The
criterion (5.16) is then fulfilled ifV does not exceeR cycles. The second criterion (5.17) cannot be fulfilled
for the average temperature. It becomes true firsbiof C' (848 K) if N < 16. If we however consider
that the life time of the component should be approximatdly+ 4 cycles, it becomes evident that the high-
temperature criterion is not fulfilled. The result colud be probably erddhifove would subdivide the whole
time interval into several shorter intervals. It would be reasonable fitls¢ ifow-temperature criteria would be

fulfilled.

Thus, the chosen design rules predict (a) the plastic collapse and plasdtuility , (b) the probable plastic flow
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Figure 5.11:S; curves needed to calculate the creep usage fraction foapyistresd/;(P,,,) andU;(P,, + P,/ K;).

localization, (c) the local fracture due to the exhaustion of ductility as wetlashe probable accumulation of
plastic deformation. The prognoses confront however with simulatiotitsassing of the viscoplastic material
model that includes damage, which show rather a non-ratcheting belzMieast for the firs600 cycles.

However, as mentioned above, to obtain a more definite result, the extrapotetbod proposed by Kiewel,
Aktaa and Munz [9] should be applied and, on the other hand, all designia should be checked according
to the scheme given in ITER SDC-IC [1], subsection IC 3030.
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Chapter 6

Considerations concerning the Mock-Up
Experiment

In this section, we propose a relatively simple mock-up model of the TBM anidin an investigation, how
a variation of some geometrical and loading parameters influences an datamaf inelastic deformation as
well as an evolution of the damage in the model. Thereby, we use the cowgdladhdtion-damage material
model described in section 2.2.

6.1 Model Assumptions

According to our proposition, the box-shaped model has three cooliagnetts as depicted in fig. 6.1. The
coolant pressur® is firstly assumed to be constant and equdl@bar = 10 M Pa. The coolant temperature
should vary from channel to channel in accordance with the reality in Bid.Tn the study, we consider the
following four cases:

1. Ty = 300°C (573 K) & Ty = 350°C (623 K)
2. Ty = 350°C (623 K) & Ty = 300°C (573 K)
3. Ty =Ty, = 300°C (573 K)
4. Ty =Ty = 350°C (623 K)

e Figure 6.1: The geome-

P=100 bar =10 MPa QWwWT try of the proposed mock-up
I P model together with the me-
> \_ \T chanical and thermal loads

(on the right).

l

e

IZ

300 kW/m?

T,

: Adiabatic

The cycles are chosen similar to the working cycles of the TBM:(1) heatidgapplication of the pressure,
30 sec; (2) holding at the high temperature (HE}! ., (3) cooling to RT,100 sec and, finally, (4) holding at RT
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for 600 sec. Thereby¢/1' is evidently relevant for the amount of inelastic deformation and has forehson
been chosen as thé! design parameter. The outer wall thickness (OWT) has been chosea ¢ thesign
parameter and changes in the rangé ofm to 5 mm.

Thus, within the frame of the work presented we have simulatedfirsycles forOWT = 1.0 mm; 2.0 mm,;
3.5mm; 5.0mm andthHOfd = 600 sec; 1800 sec; 3600 sec; 7200 sec on the basis of a 2D model. The temper-
ature distribution as well as the linear-elastic behavior have been simulatesidron the basis of a 3D model.

6.2 The Finite Element Discretization

The finite element model includes only a half of the total component. Fig. 6.2tdepFE discretization if
OW'T = 3.5 mm corresponding to the current design of the TBM. We have used 8{imade brick elements
C3D8 and 8-node biquadratic quadrilateral generalized plain strain eler@&tG8 for the 3D and 2D FE
models, respectively. The corresponding diffusive heat tranerents DC3D8 and DC2D8 have been used
for thermal simulations.

Figure 6.2: The discretized 3D finite element
model forOWT = 3.5 mm.

)
\oes =astal

6.3 Thermal Simulations (3D)

For the aim of simplicity, we suppose that the temperature is constant at taeesaf each cooling channel also
for a 3D model. As shown in fig. 6.1, the front side of the model undergdesat irradiation 0800k /m?
remaining constant for all simulations performed. For other outer sfétve adiabatic boundary condition is
considered, see fig. 6.2. Typical temperature distributions in the model veith7 = 3.5 mm computed
for the cases 1 to 4 are shown in fig. 6.3

The maximum temperature in the model is depicted on the left-hand side diagragn &4fias a function of
the OWT for all four cases. It turned however out that the cases 3 @ne uninteresting since they care only
for a small difference between the minimum and maximum temperatures in the mesl#hesright-hand side
diagram in fig. 6.4. Evidently, the temperature gradient becomes highest aasie 2. Thus, only the cases 1
and 2 are used for the modeling represented below.

6.4 Linear-Elastic Simulations (3D)

Using the temperature distributions described in the previous section, weefinstly computed a material
response on the basis of a linear-elastic material model. The influence addlaat pressure and the plasma
heating on the stress and strain distributions has been thereby studied &asts if both these loadings act

For temperature distributions in models with different OWT we refer to agieB.1
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case 2
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+5.73e+0

case 3 case 4

Figure 6.3:An example of the temperature distribution (in K) in the mlagith the OWT = 3.5 mm calculated
for the cases 1 (on the left) and 2.

simultaneously and separate. The corresponding contour plots ard plaaggendix B.1.

Diagrams represented in fig. 6.5 allow the understanding, how the loadihgmice the maximum von Mises
stress and the total strain depending on the OWT. JhWéT = 1.0 mm provides for the highest von Mises
stress placed in the thin outer wall. For the same reason i.e. due to the thickvailfehe von Mises stress
is influenced by the coolant pressure fewegdW'T = 5.0 mm. For all load cases, the temperature gradient
provides for the main amount of the total strain.

6.5 The Behavior under Cyclic Loading (2D)

6.5.1 Dependence on the Hold Time at HT

As mentioned above, we have simulated 50 working cycles with the diffecéditime at the high temperature
tIT', for the 2D models with the different OWT using the UMAT. Distributions of the iises stress, the mag-
nitude of the accumulated inelastic strain and the damage variable after the hatlétiigf /21, = 7200 sec
are collected in appendix B.2. The plots are thereby qualitatively repegsenfor allthHoile checked.

The plots allow the finding some critical points depicted explicitly in fig. 6.6 togetfittrmechanical bound-
ary conditions. Indeed, the pairs of points 1-1 & 4-1 as well as 2-1 &eeZcritical ifOWT = 1.0 mm and
OW'T = 2.0 mm for the case 1 and 2, respectively. EoWT = 3.5 mm andOWT = 5.0 mm, the pairs 2-1
& 3-1 and 2-2 & 5-1 are critical in the case 1 and 2, respectively. Hewelie highest damage occures in the
points 2-1 & 2-2 ifOWT = 3.5 mm and in the points 3-1 & 5-1 iOWT = 5.0 mm. Important is thereby the
fact that the stress/strain/damage distributions are qualitatively similar fa twesOWTSs.
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Figure 6.5:Maximum von Mises stress (on the left) and maximum totalistirathe model caused by both the
coolant pressure and the plasma heating acting togethesegrattate computed as a function of the OWT for the
cases 1 and 2.

An amount of inelastic strain is represented in fig. B.7 for the cases 1 dihiés2asy to see that the inelastic
strain exhibits only a slight dependence on the hold time whereas the OWTgptag# role in this process.
Thereby, the maximum inelastic strain occur®#’T" = 1.0 mm. Note also that the case 2 leads to a signifi-
cant amount of inelastic strain@W7T = 5.0 mm.

The diagrams drown to a larger scale in fig. 6.8 allow the recognitionQWET" = 3.5 mm provides for a
minimum amount of inelastic strain. This fact is important for TBM designers. iwitre frame of the work
presented, we are however aimed to reach a failure of the mock-up matal as short as possible time.
Thereby, the mock-up model and the TBM should have similar critical afeasrding to actual propositions,
the TBM has the outer wall thickness of exacily mm. It means thaOWT = 5.0 mm combined with the
case 2 is more appropriate for the mock-up model &7 = 1.0 mm in combination with the case 1 in
spite of the higher grade of damage in the last case.

The next step is to choose the optimum hold time at HT. Thereby, we complgirevencases providing for a
highest damageOWT = 1.0mm andOWT = 5.0 mm. Diagrams in fig. 6.9 represent an evolution of the
accumulated inelastic strain in the actual critical point during the first 50 €ydith the different hold time at
HT only for two important combination®®WT = 1.0 mm & case 1 (on the left) an@WT = 5.0mm &
case 2. Evidently, the combinatio® W71 = 5.0 mm & case 2 provides for an amount of inelastic strain and

ZSimilar plots containing additionally evolutions of the von Mises stress andgiafoaall combinations are collected in appendix
B.3. The plots show definitely that the combinatio®’T" = 5.0 mm & case 1 is absolutely uninteresting due to the almost elastic
material response even after 50 cycles; the combinal®iT = 1.0mm & case 2 does not provides for as high damage as the
combinationOWT = 1.0 mm & case 1.
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1-1

2-2
Figure 6.6: Critical points and categorization
\ paths in the 2D finite element model where a
- localization of inelastic strain and damage oc-
3-1 -

curs. The mechanical constraints are also de-
picted. Note that only one node is constrained at
the bottom right corner.
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Figure 6.7: The maximum magnitude of inelastic strain in the model depenon two design parametersi?, and
OWT.

damage® , which is absolutely comparable with the amount reached in the combir@iiB@ = 1.0 mm &
case 1. An important conclusion is thereby tHaf, influences the accumulation of inelastic strain slightly so
that it does not make sense to use the hold times longergtinsec.

This proposition is confirmed by evolutions of the von Mises stress depictég. i5.10. Indeed, the stress
becomes almost independent of the hold time already after the first 10 €& ciNote thereby that the cycle
with ¢/71, = 7200 sec is approximatelys times longer than the cycle witt} T, = 600 sec.

6.5.2 Dependence on the Coolant Pressure

Thus, we have chosen the following combination for a further investigatioii'l” = 5.0 mm & case 2 &
tffd = 1800 sec. Next, we investigate the sensitivity of the material response concernirgttent pressure
P,. for the chosen combination. Recall that. = 10 M Pa was used in all previous simulations.

An analysis of diagrams in fig. 6.11 yield a strong dependence of the voesMisess, the accumulated
plastic strain and the damage variable on the coolant pressure. Thaerakiynum values depend oR..

almost linearly, see fig. 6.12. It means that the coolant pressure sheuldasen as high as allowed by the

3The corresponding diagrams for the damage variable are represefig B.14.
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Figure 6.8:Details of fig. B.7: the magnitude of inelastic strain rangpso2E — 4.

experimental set-up, at least howevér— 15 M Pa.

6.5.3 Dependence on the Temperature Difference in the Conly Channels

All previous studies have assumed the constant temperatures in coolimgethaeported in the beginning
of the current chapter?; = 350°C (623 K') & Ty = 300°C (573 K') corresponding to the case 2. In this
subsection, we investigate a change of the material response causedchatiye of; as well as the coolant
pressure. Thereby, we have simulated additionally the following cd$es:450°C' (723 K') & 17 = 550°C
(823 K) as well asP.. = 10 M Pa, 20 M Pa, 30 M Pa. Note thatl; = 300°C' (573 K') remains unchanged
as well agf?, = 1800 sec andOWT = 5.0 mm.

The new computed temperature distributions correspondifig to 450°C' (723 K') andT; = 550°C' (823 K)

are compared with the previously discussed @se 350°C' (623 K) in fig. 6.13.

The surfaces in fig. 6.14 represent a maximum magnitude of the accumulekastimstrain (on the left) and
the damage variable (on the right) as functions of the coolant pressiitbedifference between temperatures
in cooling channels. The surfaces can be seen therewith as a gernienalafahe curves given in fig. 6.12.
For the aim of plausibility, we use cross sections of the surfaces forefustindy, see fig. 6.15. The damage
variable and also the accumulated plastic strain is influenced by chadg€ &z T — 15 evidently stronger
than by change irP... both internal variables lie within the same order of magnitude for all valueg.of

if AT = const and change within approximately 3 orders of magnitudA¥ increases at constatit...
For instance, the maximum damage after 50 working cycles is almost indepterfdae coolant pressure if
AT = 250 K. It means that the experimental set-up should be enhanced rather inytloé wereasing of the
maximum allowable coolant temperature, whereby the coolant pressulie eath0 M Pa (100 bar). Even if
AT becomes 100 degrees, the maximum damage increases by approximatedys2obmagnitude. In other
words, the combinatiodAT = 150 K & P.. = 10 M Pa is more favorable than the combinatidd¥’ = 50 K

& P,. = 30 M Pa and differs insufficiently from the combinatiah7 = 150 K & P.. = 30 M Pa.

The evolution of the accumulated plastic strain and the damage variable dwifigsttb0 working cycles is
shown in fig. 6.16 for different values &f7" and P... The data points used in figs. 6.12 and 6.15 correspond
thereby to the cycle 50. Another argument to use higkiErfollows from the analysis of contour plots depicted
in appendix B.4. Indeed, T = 150 K or more, the highest damage occur in the point 2-1 (cf. fig. 6.6) like
in the caseOWT = 3.5 mm proposed by designers. Recall tisi" = 50 K leads to the appearance of the
highest damage in the point 5-1.
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Figure 6.9: An evolution of the amount of inelastic strain in the actuatical point during the first 50 cycles with
differentt/’% , for the following combinationsOWT = 1.0 mm & case 1 (on the left) an@WT = 5.0 mm & case 2.
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Figure 6.10:An evolution of the von Mises stress in the actual criticahpduring the first 50 cycles with differenf!T,
for the following combinationsOWT = 1.0 mm & case 1 (on the left) an@WT = 5.0 mm & case 2.
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Figure 6.13:Temperature distributions computed using
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450°C (723 K) & T, = 300°C (573 K) (top right fig-
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Figure 6.14:Maximum magnitude of inelastic strain (on the left) and dgeweariable (on the righgt) in the model after
the first 50 cycles depending on the coolant pressureand the temperature differenc€l’ = T} — T, between the
cooling channels; thereby the following combination issidered:OW T = 5.0 mm & case 2 &t1F, = 1800 sec
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Chapter 7

Conclusions and Outlook

In the present work, material parameters required for the non-lineamknc-isotropic hardening ABAQUS
standard material model have been determined. These parameters bavesbd together with a coupled
deformation-damage viscoplastic material model to determine the coolantifgreasising plastic deformation
as a function of the temperature in the cooling channels and the plasma heatitigermore, the cyclic be-

havior of the TBM has been simulated using both material models. It turnethauthe ABAQUS standard

material model used is not appropriate enough to describe behaviomploc@nts undergoing different load-
ings at HT for a longer time. However, this time-independent material moddbeanvolved for simulations

under monotonic loadings to verify the low-temperature rules for the M-tyneadje requiring a pure plastic
strain part without the creep part.

On the other hand, some important design rules have been applied to theamdde¢ir predictions have been
compared with results of the cyclic simulations. It thereby turned out thatritegions are not fulfilled, even
if the conventional limit values of stress intensities are used. The newlyla@dwalues of allowable stress
intensitiess<, S¢ andef accounting for the cyclic softening of the EUROFER 97 lead to a larger giapelen
the target and actual results.

An investigation of the temperature dependence of the allowable stresstieteslows that cyclic loadings
lead to a reduction of conventional values of e5g, by approximatelyl0-80 M Pa. For this reason, we would
recommend to use the available values to design a component underlying to nmohatdings and the pro-
posed values¢ if cyclic loadings occur.

The results of the cyclic simulations exhibit neither plastic collapse nor ratghedtier the firs600 cycles. This
discrepancy could mean that the criterions could be possibly too cotiserfiea EUROFER 97 and should be
revised. The suggestion, however, requires a further in-depth staliging a verification of all (elastic and
elastic-plastic) design rules preventing both the M-type and C-type daraagmsideration of the effects of
irradiation, the hydrogen effect, and corrosion effect by the coalamiell as the possible changes in the actual
TBM geometry.

On the basis of several thermal, linear-elastic and cyclic simulations bassedaupled deformation damage
material model with consideration of creep we propose the following parasrfetehe mock-up model of the
TBM, cf. fig. 6.1:

e case 2 for the surface temperature of the cooling channeldi.e- 450°C (723 K) & T> = 300°C
(573 K) %

o the outer wall thicknes® WT = 5.0 mm,;

Evidently, higherTy = 550°C' (823 K) results sufficiently in a reduction of the number of cycles up to the failuteemodel.
The temperature should be however realizable experimentally.
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e the hold time at the high temperatufé!, = 1800 sec;
e the coolant pressutE.. at leastl0 M Pa i.e. 100 bar.

If 77 = 450°C (723 K) is not realizable and only; = 350°C (623 K') can be reached experimentally,.
should be increased up to at leasSt— 20 M Pai.e. 150 — 200 bar.

For the modeling, we have used geometrical parameters correspondatgabpsopositions of TBM designers.
Among all these parameters, we have varied only the outer wall thickn@sg. The heating of the front side

is considered to be constant and equad0 k1W/m?. We recall also another model assumption concerning
the constant temperature over the total surface of a cooling channeebihsurface temperatures in different
cooling channels should not be equivalent, see fig. 6.1.

We also found out that/’T  influences damage amount only slightly in contrasttd’ 7" and P.. and, on the
other hand AT influences damage more sufficient thian.

Further design propositions can occur due to a variation of other geoaigtacameters, plasma heating,
a simulation of more cycles using both the RESTART option and the extrapolatidrocheMoreover, the
temperature on the surface of the cooling channels is not constant and fle determined on the basis of a
thermo-hydraulic simulation.
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Appendix A

Additions to the TBM Part

A.1 Parameters for both Material Models.

Table A.1:Parameters for the ABAQUS standard hardening material mgde 1150 for all 7.

T,K 293 723 823 923
C,MPa | 147200| 153922| 180590| 194900
Q,MPa | -104.00| -133.00| -145.00| -108.77
b 0.89 | 1.05 | 1.80 | 3.70

Table A.2:Parameters for the coupled deformation-damage materidémo

Material F82H mod EUROFER 97
T,°C 450 550 650 450 550
E, MPa 176170| 160000| 137450 166300| 153890
k, MPa 5.57 1.3E-6 | 2.14E-5 175 6E-6
7, MPa - sect/" 391.6 524 600 177.6 428
n 31.8 11.7 6.66 13.7 12.6
H, MPa 104823 | 78708 | 75646 || 115508 | 98391
D 619 692 1046 704 764
R, MPa'™™ . sec™! || 1.0E-21| 9.9E-17| 8.0E-17|| 4.0E-17| 1.0E-16
m 8.67 0.428 0.397 6.1 0.428
h 1.70E-3| 1.87E-3| 4.25E-3|| 1.85E-5| 9.80E-4
c 6.30 5.02 6.21 1.82 3.62
Ty s sec™ ! 8.27E-5| 1.03E-4| 2.00E-5| 7.00E-5| 1.00E-4
Uy 0.501 0.519 1E-4 0.622 0.542
My 1.0 1.0 1.0 1.0 1.0
Y5 00 0.308 0.346 0.377 0.293 0.350
Cs 2452 3000 2814 2764 2507
A, MPa- sect/" 2293 1592 1391 2202 2057
r 2.91 2.64 2.34 2.91 2.25
K 33.51 12.64 12.44 33.51 12.25
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A.2 Maximum von Mises Stress vs. Pressure in Cooling Channels.
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Figure A.1: The max. von Mises stress as a function of the pressure ifngoohannels obtained using the ABAQUS
standard material model (the left column) and the UMAT fdfedent values of the plasma heating and differgfit.
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A.3 Distribution of the von Mises Stress atT = 773 K after the 15 Cycle
for Different Values of the Plasma Heating and two Levels of the Pressar
obtained using the ABAQUS Standard Material Model
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Figure A.2: Distributions of the von Mises stress at¢ = 773 K under consideration of the plasma heating from
250 kW /m? up to 1000 kW /m? without pressure in cooling channels (the left-hand sideroa) and with the pressure
of 50 M Pa.
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A.4 Distribution of the von Mises Stress and the Equivalent Plastic 8ain for
Different Steps of the Cycle300 obtained using both Material Models.

cycle 300 750 kW /m? T =873 K P =50MPa
ABAQUS UMAT
I300 1
j 260 1760

stept j 240

220
I 200
after the heating 15
160
_ I
oo unar = 1594 M Pa 140
100
UvmrsgilBAQ = 287 M Pa :28
Iy
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IO

step2
after the holding at the HT

omat =154 M Pa

step3
after the cooling

step4
after the holding at the RT

Figure A.3: Distribution of the von Mises stress during the cy8l# obtained using the ABAQUS standard material
model (on the left) as well as the UMAT under consideratiothefplasma heating 60 kW /m?, T = 873 K and the
pressure in cooling channels & M Pa
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cycle 300 750 kW /m? T =873 K P =50MPa
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Figure A.4: Distribution of the equivalent plastic strain during thecley300 obtained using the ABAQUS standard
material model (on the left) as well as the UMAT under consitlen of the plasma heating 850 kW /m?, T = 873 K
and the pressure in cooling channel$0f\ Pa
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A.5 Distribution of the von Mises Stress, the Equivalent Plastic $ain for Dif-
ferent Steps of Chosen Cycles obtained using both Material Models.
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Figure A.5: Distribution of the von Mises stress along KL during somesghocycles obtained using the ABAQUS
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Appendix B

Additions to the Mock-Up Part

B.1 lllustrations on the 3D Thermal and Linear-Elastic Simulations

S, Mises
(Ave. Crit.: 75%)
+1.68e+02
+1.54e+02

L +1.40e+02
+1.26e+02
+1.13e+02
+9.86e+01
+8.46e+01
+7.07e+01
+5.67e+01
+4.28e+01
+2.88e+01

[ | OWT = 1.0 mm, von Mises stress +1.49e+01
case 1 case 2

S, Mises
(Ave. Crit.: 75%)
+1.33e+02
+1.23e+02
+1.12e+02
+1.01e+02
+9.02e+01
+7.94e+01
+6.85e+01
+5.77e+01
+4.69e+01
+3.61e+01
+2.53e+01
+145e+01

S, Mises
(Ave. Crit.:
+1.22e+0:
+1.12e+02
+1.02e+02
+9.26e+01
+8.28e+01
+7.30e+01
+6.32e+01
+5.34e+01 2
+4.36e+01
+3.38e+01 1
+2.40e+01
+142e+01

S, Mises
(Ave. Crit.: 75!
+2.22e+02
+2.04e+02
+1.86e+02
+1.68e+02
+1.50e+02
+1.32e+02
+1.13e+02
+9.53e+01 2
+7.71e+01
+5.90e+01 1
+4.08e+01
+2.27e+01

(Ave. Crit.: 75%)
+1.47e+02
+1.35e+02
+1.23e+02
+1.11e+02
+9.94e+01
+8.75e+01

+7.55e+01
+6.35e+01
+5.15e+01
+3.95e+01
+2.75e+01
+155e+01

Figure B.1:The discretized FE model {* row on the left); the v. Mises stress distr. due to only thd@aipressurd’<c
(1%* row on the right); von Mises stress distr. due to only the terafure gradientd 7" (27¢ row) and bothP¢ and AT
acting simultaneously3(? row). The left and the right columns correspond to the casedl2aesp.

46



OWT = 1.0 mm, total strain

E, Max. Princip
(Ave. Crit.: 75%)
+8.71e-04

| +7.99e-04
+7.26e-04

+6.54e-04
+5.82e-04
+5.10e-04
+4.37e-04
+3.65e-04
+2.93e-04
‘ +2.20e-04

+1.48e-04
+7.59¢-05

case 2

NT11 NT11
+6.38e+02 +6.65e+02
+6.32e+02 +6.57e+02
+6.27e+02 +6.50e+02
+6.21e+02 +6.42e+02
+6.16e+02 +6.34e+02
+6.11e+02 +6.27e+02
+6.05e+02 +6.19e+02
+6.00e+02 +6.11e+02
+5.95e+02 +6.04e+02
+5.89e+02 +5.96e+02
+5.84e+02 +5.88e+02
+5.78e+02 +5.81e+02
+5.73e+02 +5.73e+02

E, Max. P

(Ave. Crit.: (Ave. Crit.: 75%)
+4.44e-03
+4.36e-03
+4.28e-03
+4.20e-03
+4.11e-03
+4.03e-03
+3.95e-03
+3.87e-03
+3.79e-03
+3.71e-03
+3.62e-03
+354e-03

+4.19e-03
+4.09e-03
+3.98e-03 2
+3.88e-03

+3.77e-03 1
+3.67e-03

+356e-03

Figure B.2:The discretized FE model {* row on the left); the maximum principal total strain distrilon due to only
the coolant pressurB< (1°* row on the right); temperature distributions (in K) for theses 1 and 22(*¢ row on the left
and on the right respectively); maximum principal totahstrdistributions due to only the temperature gradiexifs (3™
row) and bothP°¢ and AT acting simultaneouslyit” row). The left and the right columns correspond to the cagedl a
2 respectively.
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OWT = 2.0 mm, von Mises stress

+7.13e+01
| +6.53e+01

+5.94e+01
+5.35e+01

s

case 1l case 2

+1.19e+01
+5.380+00

NT11
+6.70e+0.
+6.62e+0.
+6.53e+0.
+6.45e+0.
+6.37e+02
+6.29e+02
+6.21e+02|
+6.13e+02
+6.05e+02
+5.97e+02
+5.89e+02
+5.81e+02

+5.73e+02 +5.73e+02

S, Mises

(Ave. Crit.:
+1.03e+0
+9.49e+01
+8.67e+01
+7.85e+01
+7.03e+01
+6.21e+01
+5.39e+01
+4.57e+01
+3.75e+01
+2.93e+01
+2.11e+01
+1.29e+01

+8.92e+01
+8.07e+01
+7.22e+01
+6.37e+01
+5.52e+01
+4.67e+01
+3.82e+01
+2.97e+01
+2.12e+01
+1.27e+01

S, Mises S, Mises
(Ave. Crit.: 7. (Ave. Crit.: 75%)
+1.02e+02
. +9.34e+01
+1.11e+02 +8.53e+01
+1.00e+02 +7.71e+01
+8.94e+01 +6.90e+01
+7.89e+01 +6.09e+01
+6.83e+01 +5.28e+01
+5.77e+01 +4.46e+01
+4.71e+01 +3.65e+01
+3.66e+01 +2.84e+01
+2.60e+01 +2.02e+01
+154e+01 +1.21e+01

Figure B.3: The discretized FE model { row on the left); the von Mises stress distribution due toydhke coolant
pressureP<e (15t row on the right); temperature distributions (in K) for treses 1 and 22(¢ row on the left and on the
right respectively); von Mises stress distributions duerity the temperature gradientsI” (3" row) and bothP°¢ and
AT acting simultaneouslyi{” row). The left and the right columns correspond to the casedl2aespectively.
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OWT = 2.0 mm, total strain

case 1 case 2

NT11
+6.70e+0.
+6.62e+0;
+6.53e+0,
+6.45e+0.
+6.37e+02
+6.29e+02
+6.21e+02
+6.13e+02]

+6.05e+02|
+5.97e+02
+5.89e+02
+5.81e+02
+5.73e+02

E, Max.
(Ave. Crit.:

Figure B.4:The discretized FE model {* row on the left); the maximum principal total strain distrilon due to only
the coolant pressurBe (1°* row on the right); temperature distributions (in K) for theeses 1 and 22(* row on the left
and on the right respectively); maximum principal totahstrdistributions due to only the temperature gradigxifs (3"
row) and bothP°c and AT acting simultaneouslyi{” row). The left and the right columns correspond to the casedl a
2 respectively.
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OWT = 3.5 mm, von Mises stress

S, Mises

(Ave. Crit.:
+1.01e+
+9.35e+01
+8.56e+01
+7.77e+01
+6.98e+01
+6.20e+01
+5.41e+01
+4.62e+01
+3.83e+01
+3.04e+01
+2.25e+01
+1.46e+01

S, Mises

+7.17e+01

+6.24e+01

+5.32e+01 2
+4.39e+01

+3.47e+01 1
+2.54e+01

+1.62e+01

S, Mises
(Ave. Crit.: 759
+5.99e+01
+5.50e+01
+5.0le+01
+4.52e+01
+4.03e+01
+3.53e+01

+5.860+00

case 2

S, Mises
(Ave. Crit.:

+8.78e+01
+7.95e+01
+7.12e+01
+6.29e+01
+5.46e+01

+4.63e+01
+3.80e+01
+2.97e+01
+2.14e+01
+131e+01

S, Max. Principal

(Ave. Crit.: 75%)
+1.06e+02
+9.63e+01
+8.62e+01
+7.61e+01
+6.60e+01
+5.59e+01
+4.58e+01
+3.57e+01
+2.56e+01
+1.55e+01
+5.38e+00
-4.726+00

Figure B.5: The discretized FE model { row on the left); the von Mises stress distribution due toydhke coolant
pressureP<e (15t row on the right); temperature distributions (in K) for treses 1 and 22(¢ row on the left and on the
right respectively); von Mises stress distributions duerity the temperature gradientsI” (3" row) and bothP°¢ and
AT acting simultaneouslyi{” row). The left and the right columns correspond to the casedl2aespectively.
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OWT = 3.5 mm, total strain

E, Max. Principal
(Ave. Crit.: 75%)
+3.06e-04
| +2.81e-04
+2.56e-04
+2.30e-04
+2.05e-04
+1.80e-04
+1.54e-04
+1.29e-04
+1.04e-04
+7.84e-05
+5.31e-05
+278e-05

case 2

E, Max. Pri
(Ave. Crit.:

Figure B.6:The discretized FE model {* row on the left); the maximum principal total strain distrilon due to only
the coolant pressurBe (1°* row on the right); temperature distributions (in K) for theeses 1 and 22(* row on the left
and on the right respectively); maximum principal totahstrdistributions due to only the temperature gradigxifs (3"
row) and bothP°c and AT acting simultaneouslyi{” row). The left and the right columns correspond to the casedl a
2 respectively.
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OWT = 5.0 mm, von Mises stress

+5.73e+0p

S, Mises

(Ave. Crit.: 75%)
+1.02e+02
+9.38e+01
+8.59e+01
+7.79e+01
+7.00e+01
+6.21e+01
+5.41e+01
+4.62e+01
+3.83e+01
+3.03e+01
+2.24e+01
+1.44e+01

S, Mises
(Ave. Crit.: 75%)
+1.14e+02

+6.92e+01
+6.02e+01
+5.13e+01
+4.23e+01
+3.34e+01
+2.45e+01
+1.55e+01

Figure B.7: The discretized FE model { row on the left); the von Mises stress distribution due toydhke coolant
pressureP<e (15t row on the right); temperature distributions (in K) for treses 1 and 22(¢ row on the left and on the
right respectively); von Mises stress distributions duerity the temperature gradientsI” (3" row) and bothP°¢ and
AT acting simultaneouslyi{” row). The left and the right columns correspond to the casedl2aespectively.
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bt

case 1l
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+5.26e+01
+4.83e+01
+4.39e+01

+3.96e+01
+3.53e+01

+5.096+00

case 2

S, Mises

(Ave. Crit.: 75%)
+1.19e+02
+1.09e+02
+9.98e+01
+9.03e+01
+8.09e+01
+7.14e+01
+6.20e+01
+5.25e+01
+4.31e+01
+3.36e+01
+2.42e+01
+1.47e+01

S, Mises
(Ave. Crit.: 75%)

+7.74e+01
+6.84e+01
+5.94e+01
+5.05e+01
+4.15e+01
+3.25e+01
+2.36e+01
+1.46e+01




OWT = 5.0 mm, total strain

E, Max. Principal

(Ave. Crit.: 75%)
+2.69e-04
| +2.47e-04
+2.24e-04
+2.02e-04
+1.80e-04
+1.57e-04
+1.35e-04
+1.12e-04
+9.00e-05
+6.76e-05
+4.52e-05
+2.280-05

case 1 case 2

E, Max. Principal

; E, Max. Principal
(Ave. Crit.: 75%)

(Ave. Crit.: 75%)

+4.52¢-03 +4.740-03
e +4.63e-03
0 +4.52e-03
+4.10¢-03 +4.42e-03
+3199¢-03 +4.31e-08
+3:89¢-03 +4.20e-03
+3.78¢-03 +4.10e-03
+3.68¢-03 +3.99e-03
+3.57¢-03 +3.88e-03
+3.47¢-03 +g-ge-8g
- +3.67¢e-
+3.36¢-03 38803
E, Max. Principal E, Max. Principal |
(Ave. Crit.: 75%) (Ave. Crit.: 75%)
+4.58e-03 +4.74e-03
+4.47e-03 +4.63e-03
+4.36e-03 +4.52e-03
+4.25¢-03 +4.42e-03
+4.14e-03 +4.31e-03
+4.03e-03 +4.20e-03
+3.92e-03 +4.09e-03
+3.81e-03 +3.98e-03
+3.70e-03 +3.87€-03 L@
+3.59e-03 +3.76e-03
+3.48e-03 +3.66e-03
+3.37e-03 +3.55e-03

Figure B.8:The discretized FE model {* row on the left); the maximum principal total strain distrilon due to only
the coolant pressurBe (1°* row on the right); temperature distributions (in K) for theeses 1 and 22(* row on the left
and on the right respectively); maximum principal totahstrdistributions due to only the temperature gradigxifs (3"
row) and bothP°c and AT acting simultaneouslyi{” row). The left and the right columns correspond to the casedl a
2 respectively.
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B.2 Contour Plots on the Cyclic Simulations using the UMAT, T} =
350°C' (623 K)

cycle 50, step 2,t7T, = 7200 sec, P =10 M Pa

case 1l von Mises stress case 2

S, Mises

(Ave. Crit.: 75%) (Ave. Crit.: 75%) I
Io) e | - 151e+02
= +1.62e+ +1.51e+
wT +1.47e+02 +1.38e+02
+1.33e+02 +1.24e+02
1.0mm +1.18e+02 | +1.10e+02
+1.03e+02 | +9.66e+01
+8.86e+01 +8.29e+01 |4
+7.39e+01 +6.93e+01|
+5.92e+01 +5.56e+01
+4.45e+01 \, +4.19e+01
+2.98e+01 |} +2.82e+01
+1.51e+01 | +1.46e+01

+4.42e-01 +8.91e-01 |

S, Mises S, Mises
(Ave. Crit.: 75%) \ (Ave. Crit.: 75%,
OWT =
2.0mm
+2.36e+01
+1.21e+01
+6.07e-01
S, Mises S, Mises
(Ave. Crit.: 75%, (Ave. Crit.: 75%)
= +1.26e+
owT . +1.14e+02
+1.04e+02 +1.03e+02
3.5mm +9.24e+01 +9.17e+01
+8.09e+01 +8.03e+01
+6.94e+01 +6.89e+01
+5.80e+01 +5.75e+01
+4.65e+01 +4.61e+01
+3.50e+01 +3.47e+01
+2.35e+01 +2.33e+01
+1.20e+01 +1.19e+01
+5.22e-01 3 +5.20e-01
S, Mises ! S, Mises
(Ave. Crit.: 75%) (Ave. Crit.: 75%
1156100
— +1.29e+
owT +1.18e+02
+1.06e+02
5.0mm +9.44e+01]

+8.28e+01]
+7.11e+01]
+5.95e+01(

+4.78e+01]
+3.61e+01]
+2.45e+01]
+1.28e+01|
+1.19e+00|

+2.37e+01

+1.22e+01
+7.53e-01

Figure B.9:Distr. of the v. Mises stress after the holding at the HT duitime cycle 50 for different values of the OWT
if t2T = 7200 sec and P.. = 10 M Pa. The left and the right columns correspond to the case 1 ardi2.r
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cycle 50, step 2,t1T" = 7200 sec, P = 10 M Pa

holc

case 1 inelastic strain case 2

SDvV18
(Ave. Crit.: 75%) \

0 e
= +8.44e-!

wT +7.616-04

+6.786-04

1.0mm +5.966-04
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+3.47e-04 |
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+1.81e-04
+9.83e-05
+1.54e-05
-6.75e-05

SDv1s
(Ave. Crit.: 75%)

+4.04e-05

= +3.71e-05

owT +3.37e-05
+3.03e-05

2.0mm +2.70e-05
+2.36€-05

+2.02e-05

+1.69e-05
+1.35e-05
+1.01e-05
+6.74e-06
+3.37e-06
+0.00e+00

OWT = +2.34e-05

3.5mm +1.70e-05

+4.25¢-06
+2.13e-06
-3.53e-29

OWT =

5.0mm

+2.42e-06
-3.40e-10

SDv18
(Ave. Crit.: 75%)

+7.39e-05
+1.60e-05

+6.53e-04
+5.95e-04
+5.37e-04
+4.79e-04
+4.21e-04
+3.63e-04
+3.05e-04
+2.48e-04
+1.90e-04
+1.32e-04
-4.19e-05

SDv18
(Ave. Crit.: 75%;

|

+5.90e-05
+5.41e-05
+4.92e-05
+4.43e-05
+3.93e-05
+3.44e-05
+2.95e-05
+2.46e-05
+1.97e-05
+1.48e-05
+9.84e-06
+4.92e-06
+0.00e+00

+8.66e-06
-6.28e-06

Figure B.10:Distributions of the inelastic strain magnitude after tléding at the HT during the cycle 50 for different
values of the OWT it/IT, = 7200 sec and P.. = 10 M Pa. The left and the right columns correspond to the case 1 and

2 respectively.
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cycle 50, step 2,t1T = 7200 sec, P =10 M Pa

case 1 damage variable case 2

SDV17 \ SDV17 \
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Figure B.11:Distributions of the damage variable after the holding atk¥ during the cycle 50 for different values
of the OWT if t/IT = 7200 sec and P.. = 10 M Pa. The left and the right columns correspond to the case 1 and 2
respectively.
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B.3 Evolutions of the von Mises Stress, Magnitude of Inelastic Strain ah
Damage during the first 50 Cycles} = 350°C' (623 K).
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Figure B.12:An evolution of the von Mises stress in the actual criticahpduring the first 50 cycles with differenf’”,.
The upper and the lower rows correspond to the cases 1 angexrteely; the left and the right columns correspond to
OWT = 1.0mm andOWT = 5.0 mm respectively.
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Figure B.13: An evolution of the amount of inelastic strain in the actudlical point during the first 50 cycles with
different¢/’1 .. The upper and the lower rows correspond to the cases 1 arspectevely; the left and the right columns
correspond t@W7T = 1.0 mm andOWT = 5.0 mm respectively.
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Figure B.14:An evolution of the damage variable in the actual criticahpduring the first 50 cycles with differenf’”,.
The upper and the lower rows correspond to the cases 1 angéxtieely; the left and the right columns correspond to
OWT = 1.0mm andOWT = 5.0 mm respectively.
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B.4 Distributions of the von Mises Stress, Accumulated Plastic S&in and
Damage Variable during the Cycle 50 for Different Values ofP,. and T;.

T) =
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Figure B.15:Distributions of the von Mises stress after the holding ettfT (¢/.1, = 1800 sec) during the cycle 50 for
different values off; andP..; T, = 300°C (573 K') remains thereby constant; all displacements are magnifiéaichor
100.
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Figure B.16: Distributions of the accumulated plastic strain after tioédimg at the HT (1, = 1800 sec) during
the cycle 50 for different values @, and P..; T» = 300°C (573 K') remains thereby constant; all displacements are
magnified by factor 100.
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Figure B.17:Distributions of the damage variable after the holding ettfT (¢, = 1800 sec) during the cycle 50 for
different values ofl} andP..; T» = 300°C' (573 K') remains thereby constant; all displacements are magniiéaicior
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