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1 | INTRODUCTION
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Abstract

Simulation of the fatigue crack propagation in a Wendelstein 7-X baffle module
is performed in this study using both a finite element method-based software
and the UniGrow nonlinear model for small-scale yielding (SSY) conditions.
Some experimental fatigue tests of several cracked baffle modules have been
performed through a servo-hydraulic machine. One of these experimental tests
has been considered to simulate fatigue crack propagation in the baffle module.
Before starting the experimental test, a first crack partly contained in the
welding seam and partly in the steel pipe is found. Subsequently, owing to
the applied load, the crack propagated both into the welding seam and into
the steel pipe until the plastic zone in the near field attains SSY conditions.
Finally, owing to the increase in the extension of the plastic zone, SSY condi-
tions are not more valid, and the breakage of the steel pipe is produced by plas-
tic collapse.
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crack length corrective term introduced by Irwin or
Dugdale, namely, the effective crack length (a.g).

Linear elastic fracture mechanics (LEFM) is based on the
small-scale yielding (SSY) hypothesis in the near field. In
LEFM, numerical analyses performed using the finite ele-
ment method (FEM) or dual boundary element method
(DBEM) do not consider plastic zone extension and the

In ductile materials, stable crack growth is associated
with yielding that occurs in a small region immediately
ahead of the crack front. This region is called the “plastic
zone.” Generally, the stable crack growth process is con-
trolled by the local stress and strain fields within the

Nomenclature: A, surface break-through points; B, surface break-through points; b, fatigue strength exponent; C, middle position break-through
point; c, fatigue ductility exponent; CCFT, constrained crack faces technique; CPZ, cyclic process zone; CT, computer tomography; DBEM, dual
boundary element method; E, Young's modulus; EPFM, elastic plastic fracture mechanics; ERR, energy release rate; FCG, fatigue crack growth;
feonvs conversion factor; Ggsgy, ERR for SSY conditions; G, elastic term of Gggy; Gy, plastic term of Gggy; FEM, finite element method; FPZ, fracture
process zone; KE, Kujawski-Ellyin's model; Keg, effective SIF; K., maximum value of stress intensity factor; Kmayxor, total value of Kyay; LCF,
low cycle fatigue; LEFM, linear elastic fracture mechanics; LSY, large-scale yielding; n, strain hardening exponent; nl, cyclic hardening exponent;
PSED, plastic strain energy density; PV, plasma vessel; R, stress ratio; r., radius of cyclic plastic zone; RP, reference point; SIF, stress intensity
factor; SSY, small-scale yielding; UniGrow, unified two-parameter FCG model; VCE, virtual crack extension; W7-X, Wendelstein 7-X; «, material
parameter; (3, Coffin-Manson exponent; v, Poisson's ratio; p*, length of crack extension; p, crack blunting radius; oy,x, maximum cyclic stress; o,
local mean stress; crj'-, fatigue strength coefficient; oy, cyclic yield strength; oy, yield strength; o, ultimate strength; €n,,, maximum strain; e},
fatigue ductility coefficient; AK, stress intensity factor range; Ax, UniGrow driving force; AK,pp, current value of AK; AKy, threshold value of AK;

AKppax th, maximum value of AKy,; AKyy, total stress intensity factor range; A\/ J, energy release rate factor range
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plastic zone where a high damage accumulation occurs.
Thus, a relatively large plastic area affects the propaga-
tion life of the component, ie, extending or reducing its
life.

When the yielding area in the vicinity of the crack
front is extended such that LEFM cannot correctly
describe the stress-strain field ahead of the crack front,
the SSY conditions must be considered. Brocks defined
SSY conditions as an extension of LEFM,> while
Newmann,'® Kuna,?® and Zhender*® defined SSY condi-
tions within the elastic plastic fracture mechanics
(EPFM). According to these authors, EPFM can be
divided into SSY and large-scale yielding (LSY). It is note-
worthy that modelling the crack using an FEM-based
approach in SSY permits to stay that the relation
J = K%/E is still valid, namely the stress-strain field near
the crack front still depends on the elastic material behav-
iour surrounding the crack. In the literature and for SSY
conditions, several models for fatigue crack propagation
exist; however, only a few of these can be introduced in
commercial codes for fracture mechanics such as
Zencrack™ or Franc3D.'* Among the latest models, the
UniGrow model for fatigue crack propagation® can pro-
vide a good approximation of the propagation life of a
structural component. Similar to Kujawski-Ellyin's
model,'® UniGrow is a two-scale model because it con-
siders both microstructural and macrostructural damages
that occur within the plastic zone. Nevertheless, before
executing a numerical simulation, plasticity must be acti-
vated, and nonlinear material properties must be
modelled. Furthermore, the absence of volume forces
and stress-free crack surfaces must be considered to pre-
vent J-integral path-dependence.’

By employing the deformation theory of plasticity and
introducing the “path-independent integral” by
Cherepanov® and Rice,*" a perfect analogy to LEFM can
be established in EPFM. The J-integral is subsequently
referred as an intensity parameter of the crack-tip fields
as well as a plastic energy release rate.” The determina-
tion of J-integral in FE codes is based on the domain inte-
gral method in contour integral evaluation, which was
first suggested by Parks®”*® and further improved by
DeLorenzi.'”'" This method has been proven to be
robust, and accurate values are obtained even by
employing relatively coarse meshes.** As the domain
integral is based on energy quantities and is over a finite
region of elements, discontinuities of stresses or any other
numerical imprecisions of local field quantities do not
cause significant deviations.” Furthermore, the J-integral
is defined in terms of the energy release rate associated
with a fictitious advancing small crack. Because of this
interpretation, the domain integral method is also known
as the “virtual crack extension” (VCE) method.’

To calculate the size of the plastic zone, an effective
crack length, a.g, is obtained corresponding to an effec-
tive stress intensity factor (SIF), Keg. In these conditions,
an effective energy release rate” for SSY conditions can be
written as Gssy ® G + Gp,, where G, and G, are the elas-
tic and plastic terms of ERR, respectively.’

The SIF range, AK expressed by models proposed for
SSY conditions, is equivalent to an elastic plastic term
obtained by the conversion of the effective ERR, A\/ G,
via a conversion factor (f.ony).>>

Currently, Wendelstein 7-X (W7-X) is the world's larg-
est modular stellarator to conduct nuclear fusion experi-
ments at the Max Plank Institute (Greifswald,
Germany). A hydrogen plasma is generated inside a
plasma vessel (PV), and extremely high heat fluxes are
radiated on the first wall of the plasma facing compo-
nents.””3* The associated baffles and heat shields are
both made of graphite tiles that are bolted with low pre-
stress onto a heat sink of CuCrZr.”*** The heat sink
was brazed onto a water-cooled steel pipe of 12-mm outer
diameter and 1-mm thickness. The baffles are needed to
cool the PV under operative conditions, and they were
supported rigidly on a steel structure while the heat
shields were connected flexibly with pins onto the PV
wall.

The heat sinks were brazed onto the steel pipes that
were subsequently bent and twisted into the desired
shapes to replicate the complex three-dimensional inter-
nal shape of the W7-X PV. This process was performed
on a bending machine in which the force was transferred
from the machine via the heat sinks onto the pipes
(Figure 5). A soon as the one of the brazed samples expe-
rienced the onset of cracks during bending, all baffles and
heat shields were inspected to assess the presence of
cracks.

It was found that 144 cracks had developed in the root
of the braze in 31 different locations. None of the cracks
directly caused a loss of leak tightness; however, it was
feared that these first cracks might jeopardise the fatigue
life of the baffles and heat shields.

It is important to notice that baffles are supported
more rigidly than the heat shields; thus, they are sub-
jected to the highest mechanical stresses during the oper-
ations of the machine. Therefore, it is paramount to
implement, accurately, damage tolerance assessment
tools in order to avoid a costly remanufacturing and even
redesign processes of the components.

2 | MATERIALS AND METHODS

To model the AISI 316L steel hardening of the pipe, a
bilinear kinematic hardening model was adopted while



the CuCrZr (heat sink) and brazing material behaviour
were modelled assuming pure linear kinematic harden-
ing."® For a hardening material, the material law can be
modelled both in the known form of the Ramberg-
Osgood equation or in the form of a linear piecewise,
but only for SSY conditions. However, although using a
linear piecewise material law introduces a discontinuity
in the slope (J path-dependence), the contour integral
method can accurately assess the J-integral solution in
SSY conditions. The brazing and heat sink material prop-
erties have been considered for modelling the structural
components; however, they have not been reported
herein for brevity and because they are already available
in the literature.">'> The pipe steel was modelled using
the properties obtained by tensile tests performed in-
house, coupled with a bilinear kinematic hardening
model. In Figure 1, the material properties of the AISI
316L (Table 1) and the Ramberg-Osgood stress-strain
curve are shown.

It is interesting to notice that that in this case, the
strain hardening exponent, n, has been calculated to be
6.02.

As n is less than 10, no ideal plasticity occurs.”® For
assessing the microstructural damage that occurs within
the plastic zone, low cycle fatigue (LCF) properties must
be considered. Such properties for the AISI 316L
(Table 2) have been considered in the literature’>* and
have been introduced in the UniGrow law for fatigue
crack propagation through a special FORTRAN routine
within Zencrack.**

Macro damage is related to the yielding that occurs in
the plastic zone. In the UniGrow model, yielding
increases or decreases as the plastic zone (fracture process
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FIGURE 1 Ramberg-Osgood stress-strain curve for AISI 316L
[Colour figure can be viewed at wileyonlinelibrary.com|

TABLE 1 Material properties of AISI 316L

E (Young's oys (Yield o, (Ultimate ¢, (Strain at
Modulus) Strength)  Strength) Rupture)
200 000 N/mm?* 220 N/mm?® 530 N/mm?>  40%

TABLE 2 Threshold of AK and LCF properties for AISI 316L

’

AKw, (MPaymm) o; (MPa) ¢; n b c

149 565 1.738 0.148 —0.085 —0.575

zone) decreases or increases, respectively. Thus, vigilance
is required when establishing the extension of the plastic
zone to obtain an accurate estimation of propagation life
for the structural component.

The UniGrow model only depends on Ac and oy, ie,
the local mean stress. Hence, the UniGrow is a nonlinear
law for fatigue crack growth prediction. The term Wy,
included in the UniGrow formulation, represents the
averaging constant corresponding to the i-th elementary
block (constant) as described in some recent works>>?®
and is equal to 1.633.

Where, b is the fatigue strength exponent; c is the
fatigue ductility exponent; 0} is the fatigue strength coef-

ficient, and e} is the fatigue ductility coefficient; n’ is the

cyclic strain hardening exponent, and K’ is the cyclic
strength coefficient; and R is stress ratio (R = 0.1). The
length, o, is the fracture process zone, namely the
Dugdale'’s effective crack length based on the Edmund
and Willis formulation."?

In SSY conditions, the elastic strain energy density is
much lower than the plastic strain energy density. In
Figure 2, the elastic and plastic strain energy densities
for a uniaxial cyclic loading are shown for a hardening
material.

Initial crack is introduced at the selected locations of
the specimen, in an uncracked FEM model using the
constrained crack faces technique (CCFT).** Such a
defect cannot be considered as a “crack” because of the
enforcement of material continuity by the application of
contact constraints that prevent interpenetration, as well
as the mutual displacement of the crack faces. Hence,
the “cracked” FE model is equivalent to the uncracked
model.*"*

During the simulation of the fatigue crack propaga-
tion, the contact constraints imposed on the crack faces
must be removed to allow for the residual stresses to
redistribute, thus resulting in a new equilibrium condi-
tion. In nonlinear elastic fracture mechanics, the
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FIGURE 2 Elastic and plastic strain energy density for uniaxial
cyclic loading case, for a hardening material and Masing
behaviour [Colour figure can be viewed at wileyonlinelibrary.com]

Hutchinson Rice Rosengren singularity would be consid-
ered'®; however, special crack-tip elements for modelling
this singularity have not been established yet. In the
adopted tool for fracture mechanics, Zencrack, “retained”
tip elements are available. They are similar to the col-
lapsed elements but with an unchanged mid-side node
(20-node hexahedral element). Considering a hexahedral
eight-node element, a mid-side dummy node is set auto-
matically by the Zencrack code, such that an ideal plastic
of singularity 1/r in the strains is obtained.*

2.1 | Geometry, loads, and boundary
conditions

The geometric model of the baffle module specimen is
shown in Figure 3. A straight pipe welded to the heat
sinks by brazing is shown in the configuration preceding
the plastic deformation of specimen N. 6078 (Table 3).
Subsequently, bending is simulated by an elastic plastic
FEM analysis until the final angle of 168° is reproduced.
At the end of this phase, the residual stresses owing to
such preliminary pipe deformation are available for the
next load steps.

Three loading steps are studied to replicate the experi-
mental analyses (Figure 4):

« pipe pre-bending: the straight pipe is bent by rotating
the reference point RP, of 12° (RP, displacement

11 mm

FIGURE 3 Model geometry of the specimen highlighting the
boundary and loading conditions [Colour figure can be viewed at
wileyonlinelibrary.com]

along the local Z-axis is allowed) while RP; remained
clamped. The crack is already inserted, but the crack
face opening is not allowed in this step by means of
the CCFT*"*;

« load releasing: RP, is released, and the final configura-
tion with an angle of 12° representative of the speci-
men N. 6078 deformation is achieved at the end of
this step. The crack is allowed to open between steps
1 and 2 by removing crack faces constraints previously
imposed;

« bending load application: a bending load is applied in
the -X local direction at the RP, (perpendicular to the
related CuCrZr plate). In addition, a spring acts in the
Z local direction (along the pipe axis) at RP;. The bot-
tom surface of the CuCrZr plate below RP; is main-
tained clamped.

Reproducing the experimental pipe bending test, the
initial crack is inserted into the braze root modelled
between the pipe and the heat sink. Such a crack is
maintained closed using the CCFT during step 1%
the opening of the crack faces is enabled only at the
end of step 1. The crack is modelled to be comparable
to one of the real cracks measured by computer tomog-
raphy (CT) scan on the affected components. The geom-
etry of initial crack can already be found in the
literature.'?

In RP,, the applied load was 1000 N, while the rota-
tion along the Y-axis and the displacement along the
Z-axis were free. Furthermore, in RP;, a calibrated spring
of stiffness 17 905 N/mm was applied along the
Z-direction.
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TABLE 3 Tested specimens

CT Braze Imposed Imposed Type of
Number Probe Seam Bending, ° Torsion, ° Type of Initial Crack Test
6091 P5 1i 12 4 Crack over whole perimeter up to and into the steel pipe Static
6090 P5 2i 10 5 Crack over whole perimeter up to but not into the steel pipe Static
6075 P1 2i 17 0 Multiple crack along perimeter seam Fatigue
6078 P3 1i 12 0 Small crack along perimeter seam Fatigue
6087 P4 2i 12 7 Crack over whole perimeter up to and into the steel pipe Fatigue
6093 P6 2a 16 4 Crack over whole perimeter up to and clearly into the steel pipe  Fatigue
flasd dimension, p*, ie, of the process zone length.26 To solve
- s the former problem, the solution provided by Huffman

FIGURE 4 Two distributed couplings are adopted to constrain
the displacements of two CuCrZr heat sinks: All the DOFs of the
CuCrZr bottom surfaces are connected directly to the reference
points RP; and RP, (green arrow) [Colour figure can be viewed at
wileyonlinelibrary.com]

2.2 | Propagation law

The unified two-parameter fatigue crack growth driving
force model (UniGrow)* considers the residual stress
owing to the application of a cycle load and, subse-
quently, the stress ratio effect on the fatigue crack
growth. The driving force, Ax, is expressed as a combina-
tion of the maximum SIF, K., and the SIF range, AK,
corrected for the residual stresses. In its more general for-
mulation that considers the mean stress or the stress ratio
effect on fatigue crack propagation, the deformation at
the crack-tip material is considered as predominantly
plastic. However, for the simulation of this study case,
the adopted driving force formulation is described consid-
ering nonlinear material behaviour and is subject to
cyclic loading. Subsequently, the UniGrow model is writ-
ten with some modifications within a FORTRAN routine
and subsequently passed to Zencrack during the simula-
tion, similar to the previous nonlinear case. Hence, two
primary difficulties arise with this approach: the first is
related to the determination of Kyx tor and AKy,, which
requires substantial fatigue data?®; the second is related
to the determination of the elementary particle of a finite

was adopted.'” Hence, Kmaxtot and AK are calculated
with Equation 1 that, for positive stress ratio, can con-
sider residual stresses:

Kmax,tot = Kmax{l - {M} (1 - R)} (1)

Oep=0.05

where o, = 05 is the stress at 0.05 plastic strain, oy, is the
yield strength, and R = 0.1 is the stress ratio imposed with
a remote load. It is noteworthy that the K, introduced
in the UniGrow model originates from the Zencrack cal-
culation of the ERR and is subsequently converted to
Kmax using the known R-ratio. In other words, in SSY
conditions, a conversion factor, f.,,, expressed with
Equation 2 must be used for calculating AK from the

ERR, expressed in term of 4 4/ J. Thus,

fconv = /E/(1 — aw?) ()

where o is a term to describe the plane stress or plane
strain condition.**
The resulting equation is as follows:

AK = A\/jfconu (3)

Subsequently, Kpax 1ot is calculated using Equation 1, and
Kimin.tot = Kmin because the minimum SIF is unaffected by
the residual stresses and is thus equal to the applied K.
Therefore, AK,, is calculated using Kpaxior and Kpin.
Subsequently, starting from the Paris law, the UniGrow
model can be written as follows:

/oy = C (&) €y

where
Ax = (K’;nax,toz AK?&S) Q)
andy = —'/,. (6)
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, n' 1

Further, C=2p

(7

with :,L, and K = % .
(n"+1) 2\
f
coefficient, obtained analytically.
Subsequently, the crack growth rate can be expressed

in the following form:

is the cyclic strength

=1
A b

KIS BN )
da . 1 L/ <K > D 5\7
= —2p . = K AK®
dN 5 (U}>2 l:( /727173 ) G ( max,tot tot)

®)

where p* can be used with the following formula:

T Ak, )2
p=re=— (/) ©)

Subsequently, r, is the radius of the cyclic plastic zone, oy
is the yield strength of the material, and AK,,, is obtained
as the difference between Kyax or and Ky, as previously
described. Equation 9 resembles the plastic zone size cor-
rection proposed by Edmunds and Willis'® in which,
instead of K;, AKy is used. However, it is worth noting
that for notched components, similar values of r. also
are proposed in the literature.>**° Moreover, in Equa-
tion 9, oy is used instead of oy because AK, in the mod-
ified version of UniGrow model (1) is expressed as
function of R-ratio that depends on the monotonic load.
Finally, it is noteworthy that the fatigue crack propaga-
tion law (8) is written using the Manson-Coffin equation,
in which the plastic term is omitted.”® Additionally, it
should be noted that the driving force (5) results directly
from the mean stress correction model, ie, the Smith,
Watson, and Topper fatigue damage parameter.”®

3 | RESULTS AND DISCUSSION
3.1 | Experimental pipe bending

Various types of cracks are created in the specimens
owing to the imposed bending and torsion to obtain the
desired shapes (Table 3). All the cracks are positioned at
the external surface of the braze roots. Such cracks are
produced by the pipe manufacturing process, because of
the plastic deformations induced while bending the pipes
to cope with the desired shape of the PV. In Table 1, com-
puter tomography scan CT number 6078 is highlighted

(red) because it is the chosen specimen to simulate the
fatigue crack propagation by FEM analysis.

In Figure 5, the special machine used for bending the
welded pipe on the heat sink is shown. During the pipe
bending, some cracks could be created within the seam.
These cracks are arranged along the weld seam. The
study proposed herein considers a set of these cracks as
a single equivalent crack. This type of modelling is tech-
nically adequate to describe the problem of the fatigue
crack propagation in a welded assembly.

The failure criterion adopted to stop the fatigue test is
defined as the crack propagating through the pipe thick-
ness that causes a fluid leakage. To automatically detect
such a condition, an under pressure is created inside the
pipe and monitored continuously with a manometer. In
Figure 6, one of the tested specimens is shown that high-
light the cracked weld seam. A strain gauge is used for
monitoring the deformation process. The strain gauge

FIGURE 5 Pipe bending during the manufacturing process,
highlighting the crack locations at the braze roots in between the
two CuCrZr heat sinks (red arrows in the picture) [Colour figure
can be viewed at wileyonlinelibrary.com|

FIGURE 6 The root seam with highlighting of initial crack
[Colour figure can be viewed at wileyonlinelibrary.com]
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was introduced near the weld seam and was used for ver-
ifying the accuracy of the calibrated FE model for the
fatigue crack propagation.

3.2 | Experimental fatigue test

Four fatigue tests were performed considering a maxi-
mum fatigue load of 1 kN (stress ratio R = 0.1, frequency
f = 10 Hz): the related results are reported in Table 4.
Only the P3 and P6 tests contain a crack both within
the weld seam and the steel pipe, while the P4 and P1
tests contain a crack only in the weld seam. The results
from these experimental tests are reported in Table 4.
Among these results, the P3 test is highlighted in red to
represent the numerically simulated test.

The simulation of the fatigue test of specimen P3 was
performed using an FEM-based model, in which a spring
of calibrated stiffness was introduced at the point of load
application. Such a spring has been introduced to match
the numerical and experimental results (Figure 7).

3.3 | FEM-based numerical test

The FEM-based model is related to a straight pipe, in the
configuration preceding the plastic deformation of the
specimen N. 6078 (Table 3). Subsequently, bending is
simulated by an elastic plastic FEM analysis until the

TABLE 4 Fatigue test results

Probe Braze Seam Failure

P4 2i No failure up to 60 000 cycles
P6 2a Failure at 30 530 cycles

P3 1i Failure at 34 346 cycles

P1 2i No failure up to 60 000 cycles

39,87

l| LOAD
__i

DISPLACEMENT

final angle of 168° is reproduced. At the end of this phase,
the residual stresses arising owing to such a preliminary
pipe deformation are available for the subsequent load
steps.

In Figure 8, the FEM-based model at crack insertion
and at the end of the static test is shown. The FE model
has been meshed using 152 430 linear elements with
175 120 nodes, plotted on the deformed scale, magnified
200%, and subsequently undeformed. This deformed
model is required to demonstrate some details of the open
crack more accurately.

In Figure 9, the crack surface between the braze seam
and steel pipe is shown, highlighting only the cracked
region. It is noteworthy that of the mixed mode I-II is
obtained"* and the plastic zone is small compared with
the body dimensions such that the SSY conditions are still
valid. The upper scale of the contour plot is equal to the
yield stress to demonstrate the portion of the material
surrounding the crack that exceeds the yield limit. This
configuration is related to that of the crack insertion step.
Initial crack has a shape clearly visible from observation
of Figure 9. The crack is about 20 mm wide, and the
deepest point along the crack front is at about 0.6 mm
from the welding seam. The remaining ligament is
approximately 0.76 mm in the steel pipe (see Figure 9).
Other information about techniques employed to model
initial crack can be found in the literature.'**""**

After 34 837 cycles of fatigue crack propagation, the
part of material surrounding the crack that exceeds the
yield limit is increased but insufficient to produce mate-
rial breakage for plastic collapse. It is noteworthy that,
in this calculation, only linear elements were used. Thus,
this result could have poor accuracy. This is the case
shown in Figure 10, in which some elements of the mesh
on the inner surface of the pipe exceed the yield stress.
However, at approximately this level of cycle fatigue,
the leakage phenomenon was observed experimentally.

FIGURE 7 Direction of the applied load is not maintained orthogonal to the pipe axis during the test [Colour figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 8 FE model at the end of the static test (third step) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 Small yielding occurs along
the crack front. The upper scale of the von

Mises stresses is equal to 220 MPa (yield
stress) [Colour figure can be viewed at

wileyonlinelibrary.com]

S, Mises
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FIGURE 10 Cracked zone at

34 837 cycles of fatigue propagation
highlighting the inner surface of the pipe
in which the yield limit is exceeded
[Colour figure can be viewed at
wileyonlinelibrary.com]
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Plastic collapse
i (Large Scale Yielding) |

FIGURE 11 Cracked region highlighting the extended plasticisation. Furthermore, the regions of plastic collapse are clearly shown

[Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 10 shows the penultimate fatigue crack
propagation step, namely the useful step to estimate the
propagation life of the steel pipe. In Figure 11, the last
step of the fatigue crack propagation is shown. The yield
limit is exceeded in a large braze seam and steel pipe, for
which SSY cannot be considered as more valid. The
cracked region affected by a large plasticisation belongs
to the LSY condition. At this level of plasticity, the
leakage phenomenon is remarked experimentally. The
number of end-of-cycles is therefore estimated at
39 830 cycles of fatigue crack propagation.

3.4 | Numerical crack growth rates
In Figure 12, the overall crack growth rates are reported.

The expected propagation life corresponds to 34 346 cycles
of fatigue crack propagation, namely when the leakage

15000 20000 25000 30000 35000 40000
Cycles

Increments of the crack front points A,B,C vs number of cycles [Colour figure can be viewed at wileyonlinelibrary.com]

phenomenon occurs. In the numerical analysis of fatigue
crack propagation, both LSY and plastic collapse occur at
this step of crack propagation. Three measuring points
were considered to plot the crack growth rates, namely
A, B, and C. The A and B points correspond to the surface
break-through point, while C is the middle position
break-through point. This latest configuration of the
crack appears comparable with the postmortem investiga-
tion performed with X-ray from the BAM centre in
Berlin.

4 | CONCLUSIONS

In this study, a crack of considerable size was initially
inserted both into the braze seam and into the pipe of
the baffle module of Wendelstein 7-X. Further, it was
maintained closed wusing the CCFT. During the


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

simulation of the pipe bend test, the constraint previously
imposed on the crack faces was removed, allowing the
crack to open and redistribute the residual stresses, thus
causing the body to reach a new equilibrium.

Subsequently, the crack was modelled to be compara-
ble to one of the real cracks measured by scan tomogra-
phy on the affected components. Additionally, an FEM-
based cracked model was used to simulate a pure bending
test. Furthermore, in the FE model, a calibrated spring
was introduced in the Z-direction to reproduce the behav-
iour of the experimental test. Hence, a two-scale model
for fatigue crack propagation in SSY conditions was
adopted to assess the fatigue crack propagation of the
specimen until plastic collapse occurred, similar to the
experimental tests.

The crack growth rates obtained at the end of the
numerical simulation showed a satisfactory agreement
with the experimental results. In fact, the numerical anal-
ysis indicated that the leakage of the specimen probably
occurred between 34 137 and 39 830 cycles of fatigue
crack propagation very close to the experimental value
of 34 346 cycles.
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