VCDE

ENERGY IS US

vgbe Technical-Scientific Report

Strain induced corrosion
cracking in fossil-fired
power plants

State of knowledge, operating experience,
testing and integrity concepts for findings

VGBE-TW-532 (2024)

www.vgbe.energy




vgbe Technical-Scientific Report

Strain induced corrosion crack-
ing in fossil-fired power plants

State of knowledge, operating experience,
testing and integrity concepts for findings

VGBE-TW-532e

Publisher:
vgbe energy e.V.

Publishing house:

vgbe energy service GmbH

Verlag technisch-wissenschaftlicher Schriften
Deilbachtal 173 | 45257 Essen | Germany

Phone: +49 201 8128-200
E-mail: sales-media@vgbe.energy

ISBN 978-3-96284-366-3 (print, English)
ISBN 978-3-96284-367-0 (e-book, English)
ISBN 978-3-96284-364-9 (print, German)
ISBN 978-3-96284-365-6 (e-book, German)

All rights reserved, vgbe energy.

www.vgbe.energy | www.vgbe.services



--- Single-User-Version | Einzelplatzversion ---

The GTC of vgbe energy service GmbH apply.
Es gelten die AGB der vgbe energy service GmbH.
All rights reserved! | Alle Rechte vorbehalten!

Any modification of this document is not permitted.
Jegliche Anderung dieses Dokuments ist nicht gestattet.

Single-User-Version One printout allowed
Einzelplatzversion Ein Ausdruck erlaubt

No electronic copy allowed No network storage allowed
Keine elektronische Kopie erlaubt Kein Einstellen in Netzwerke erlaubt
(D)
Passing on of print-outs or electronic copies No further rights are granted.
to third parties is not permitted. Es werden keine weiteren Rechte eingeraumt.

Die Weitergabe von Ausdrucken und/oder elek-
tronischen Kopien an Dritte ist nicht gestattet.

Notice: Any further use of contents requires a written agreement with vgbe energy.
Please contact us at sales-media@vgbe.energy.

Hinweis: Jegliche weitere Nutzung von Inhalten bedarf einer schriftlichen
Vereinbarung mit vgbe energy.
Kontakt und Ruckfragen an sales-media@vgbe.energy.




\V/dn1c VGBE-TW-532e

Copyright notice

vgbe reports, hereinafter referred to as “work”, and all articles and illustrations con-
tained in the work are protected by copyright. It is the exclusive responsibility of vgbe
energy to ensure the utilisation of rights.

The term “work” includes this publication in both printed and digital form. Copyright
protection covers this work as a whole as well as parts or extracts.

Any use outside the limits of copyright law is not permitted without the written authori-
sation of vgbe energy. This applies to any form of reproduction, translation, digitisation
or modification.

Disclaimer

vgbe reports are recommendations whose application is optional. They take into ac-
count the known state of the art at the time of issue. However, they do not claim to be
complete or correct.

Use is at your own risk and responsibility. vgbe energy e.V. excludes any liability in
this respect.

The German-language version of this vgbe report is the authoritative reference edition
for translations.

Note on the treatment of proposed amendments

Suggestions can be sent to the e-mail address vgbe-standard@vgbe.energy.
The subiject line should contain the short name of the document in question so that the
content can be clearly assigned.

Notes on the translation

In English-language texts, the “dot” is generally used as the decimal separator with the
‘comma” as the thousands separator. In graphics originating from the German speak-
ing world, the “comma” character may be used as the decimal separator with the “dot”
as the thousands separator.

American English is the main language used in this vgbe publication.



VGBE-TW-532e vche

Foreword

The design of components in the water-steam cycle of conventionally fired power
plants is carried out according to the principles of strength theory, considering the
specifications for the operation of plants. This considers the loads caused by mechan-
ical stresses. As repeated cases of damage have shown, the interaction of liquid me-
dium, material and alternating mechanical stress must be considered. In the case of
pronounced operational stress or strain changes, unexpected damage has repeatedly
occurred despite formal compliance with the permissible stresses, which in recent dec-
ades and to this day has repeatedly led to serious damage with high downtime and
replacement costs in fossil fuel power plants and, until the 1990s, also repeatedly in
nuclear power plants. One of the reasons for this is that mechanical nominal stresses
can still be determined relatively easily with knowledge of the geometry and load. The
determination or measurement devices for recording of strain rates in systems and
components is much more demanding and is generally not part of the usual scope of
operational monitoring. Non-destructive testing to determine damage caused by these
mechanisms is challenging, too.

This shows that the damage mechanisms, which in the Anglo-American language area
are recorded under the generic term of environmentally assisted cracking, were de-
tected comparatively late on the real component. The three leading damage phenom-
ena in the water-steam cycle are strain induced corrosion cracking (SICC), stress cor-
rosion cracking (SCC) and corrosion fatigue (CF), more recently designated as envi-
ronmentally assisted fatigue (EAF).

This technical-scientific report focuses on strain induced corrosion cracking (SICC).
This mechanism forms the transitional area between stress corrosion cracking and
corrosion fatigue cracking. A distinction is important to be able to define effective mon-
itoring and remedial measures.

The authors would like to enable the reader to build up a basic understanding of the
following points, based on information on the development of technical knowledge on
SICC:

e current knowledge of the damage mechanism

e damaging influencing factors

e possible consequences of damage in the components

e possibilities for non-destructive testing

e remedial measures

e detection options to ensure temporary continued operation
in the event of findings

Essen, July 2024
vgbe energy e.V.
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1 Introduction

Due to their typical stresses, power plant components are subject to typical damage
mechanisms which — if properly understood — can be avoided or at least suitably mon-
itored to prevent unacceptable damage consequences.

One of these damage mechanisms is strain induced corrosion cracking (SICC), with
its variant of hydrogen-assisted strain induced corrosion cracking (H-SICC) reported
in conventional power plant technology. Strain induced corrosion cracking can occur
under unfavorable design and operational conditions in the water phase of the water-
steam cycle on the inside of the pressure-bearing wall of pipes, tanks, apparatus, and
fittings made of unalloyed and low-alloy steels. Due to the formation of cracks on the
inside, this mechanism poses a potential risk to the integrity of the pressure-retaining
wall, which must be adequately controlled during operation.

Since the beginning of the 218t century, conventional power plants have been operated
more and more cyclically. This means that there are more and more short shutdowns,
low-load periods, and peak-load periods. As a result of this change in operation, dam-
age caused by SICC/H-SICC is occurring more frequently. This now also affects plant
components that were previously considered to be at low risk, such as discharge lines.

Based on an orderly technical-scientific summary of the current state of knowledge,
this paper is intended to provide practitioners with a good basis for technical decisions
on appropriate ageing management for potentially affected components of conven-
tional power plants.

1.1 Changed operating modes

The role of coal-fired conventional power plants has changed significantly because of
the energy transition. On the one hand, they are increasingly only playing a marginal
role in the base load when there is wind and sunshine, but on the other hand they must
reliably supply electricity and keep the grid stable when renewables are unable to sup-
ply sufficient power during calm wind and darkness.

This means that there are four different key operating modes that increasingly need to
be considered:

- Short-term standstill / long-term standstill

Cyclical operation (recurring transients)

Low-load operation (minimum load over a longer period)
Peak load (short-term or longer period)
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The technical report VGB TW-530e “Recommendations for the operation and monitor-
ing of boiler circulation pumps” [1-1] is the first to deal in depth with the consequences
of these new operating modes. It describes particularly clearly that the boiler circulation
pumps can hardly be operated differently due to process engineering constraints. This
means that the damage mechanism of the SICC/H-SICC in the pressure-bearing wall
can become active.
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2 State of knowledge of strain induced crack corrosion
(SICC)
21 Definition of strain-induced crack corrosion

Systematic investigations of the corrosion systems relevant to the application, consist-
ing of material, medium and mechanical load, have shown that medium-supported
cracking only occurs for certain materials in specific strain rate ranges. This means
that no cracking can be detected above or below this strain range. This form of damage
is referred to as strain induced cracking corrosion (SICC) or “strain corrosion cracking”.
This distinguishes it from other mechanisms of crack corrosion such as stress corro-
sion cracking (SCC) and corrosion fatigue (CF). It should be noted that the more cor-
rect term is “strain-rate-induced” crack corrosion, as the change in strain at the critical
strain rate is the relevant influencing factor. First time the term “Strain-induced corro-
sion cracking” (SICC) was used by Hickling and Lenz in the 1980s, see e.g. [2-8].
The terms for the various forms of corrosion with cracking are described in the relevant
standards (e. g. formerly in DIN 50900, now in DIN EN ISO 8044, as well as interna-
tionally, e. g. in ASTM G15-97a). Nevertheless, the classification, description and def-
inition are not yet uniform and clear. This applies to both national and international
publications.

Various approaches are available for differentiating the types of crack corrosion: The
MPA Stuttgart classifies analytically using mathematical formulations (Tab. 2-1, [2-1])
and the Paul Scherrer Institute (PSI) uses application-related delimitations [2-1].

Tab. 2-1:  Overview of the types of crack corrosion according to the MPA Stuttgart ap-
proach and their criteria for the strain rate at the crack tip (de/dt)CT [2-1]

Designation Type of mechanical stress

Stress corrosion cracking (SCC) static with (de/dt)cr =0
(up to crack initiation)

static with (de/dt)ct > 0
Strain induced crack corrosion (SICC) | (limited in time)

static or slowly rising
with (de/dt)ct > 0 (permanent)

Corrosion fatigue (CF) cyclic with high or low frequency
with (de/dt)ct > 0

10
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2.2 Mechanism of the SICC and the H-SICC variant'

Strain induced crack corrosion (SICC)

Strain-induced crack corrosion is based on repeated cracking of the magnetite layer
because of localized plastic deformation of the steel with subsequent electrochemical
dissolution of the locally exposed metal surface. The dissolution continues until re-
passivation of this area has occurred. The magnetite layer is a non-metallic oxide layer.
The tearing and complete rupture of the magnetite layer down to the base metal de-
pends on the thickness and structure of the magnetite layer. It can generally be as-
sumed that failure of the magnetite layer only occurs above the elastic yield point, i.e.
when the steel plastically deforms.

As an engineering rule of thumb, it can be said that stresses are required for crack
initiation that lead to significant plastic deformation of the steel, i.e. typically stresses
at the level of the yield or elongation limit.

After failure of the magnetite layer, a localized corrosion element forms. The dynamics
and mode of action of the corrosion cell depend on the composition of the medium
(e. g. oxygen content, chloride, and sulfate content) and the temperature. The effect of
certain proportions can already be relevant in the range of a few “parts per billion”

(ppb).

SICC is possible in certain media if the mechanical stresses acting at the location of
crack initiation (material surface) or crack growth (crack tip) maintain continuous plastic
deformation of the material at a low strain rate. Usually, this process is generated by
an externally applied stress or strain that increases continuously over time, e.g. in ten-
sile tests with a slow strain rate (constant extension rate tensile test CERT, also called
slow strain rate test SSRT) or in practice, e.g. during the start-up of thermal power
plants. The processes on the specimen during CERT or SSRT tests basically include
both the crack initiation starting from the surface and the subsequent crack growth up
to mechanical failure. Depending on whether these tests — as is generally the case —
are carried out until the specimen breaks or are interrupted earlier, the behaviour of
the crack initiation can be either timely limited or the crack growth can be estimated
from the respective results.

From a mechanistic point of view, the processes that lead to crack nucleation at the
surface and crack growth at the crack tip are basically the same for all types of crack
corrosion. According to the generally recognized “film rupture” mechanism and the very
similar “slip-step dissolution” mechanism, the oxidic surface layer formed during oper-
ation in hot pressurized water (T > 100 °C), which in itself protects against further cor-
rosion, is repeatedly ruptured under the applied stress and the locally exposed bare
metal areas are subsequently dissolved anodically until repassivation occurs.

" Hydrogen-supported strain induced crack corrosion

11
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- In the film rupture mechanism, the local rupture of the oxide top layer is caused
solely by the elongation of the metallic substrate, as the elongation at break of
the oxide is significantly lower than the elongation at break of the metal;

- In the slip-step dissolution mechanism, the cracking of the oxide surface layer
occurs at slip steps, provided these are greater than the thickness of the oxide.

The kinetics of crack nucleation and crack growth depend on which of the steps dom-
inates in the repeated interplay.

With regard to the influence of strain rate on the values of the relative fracture elonga-
tion or the reduction of area measured in tensile tests with a slow strain rate as a
function of the strain rate, two variants of the behaviour of materials in the medium that
differ in detail are shown here, which are labeled alloy “A” and alloy “B” in Fig. 2-1.
Alloy “A” refers to the behaviour of metals or alloys that are susceptible to stress cor-
rosion cracking in the medium under consideration. With decreasing (imposed) strain
rate, alloys of this type show an increasing effect of surface cracks initiated by crack
corrosion, which becomes maximum under static stress.

This contrasts with the alloy “B” variant, in which the values of the relative deformation
parameters increase again at very low strain rates (see Fig. 2-1, alloy “B” curve). This
means that there is no susceptibility to crack corrosion at very low strain rates. This
behaviour is a typical feature of purely strain induced cracking corrosion (SICC), which
is only triggered by externally acting strain rates. This phenomenon can be explained
based on the slip-step dissolution mechanism. In the interaction of the competing pro-
cesses in the corrosion system under consideration, repassivation is dominant over
surface layer damage. This means that no continuous crack growth is maintained.

12
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Fig. 2-1:  Schematic diagram of deformation parameters of the tensile test (elonga-
tion at break, reduction of area at fracture) as a function of the strain rate
in SSRT tests in an inert atmosphere and in the medium [2-3].

The quantitative, theoretical description of the kinetics of crack corrosion was pre-
sented by Ford & Andresen, [2-4], [2-5]. They theoretically modeled the crack growth
according to the so-called “slip-step dissolution” mechanism and finally adapted it to
existing measured values by parameter fitting. In a deterministic approach, basic prin-
ciples of local plastic deformation under external load (crack tip strain rate as a function
of the stress intensity factor) and electrochemistry (kinetics of repassivation and FAR-
ADAY's law) were used for modeling. The result of the modeling leads to two limiting
cases, the so-called “low-sulfur line” and the so-called “high-sulfur line” (see Fig. 2-2)
[2-6].

e “High-Sulfur Line” according to Ford & Andresen (1991):
da/dt = 9.6 x 108 K4 mm/s, [K] = MPavm

e “Low-Sulfur Line” according to Ford & Andresen (1991):
da/dt = 3.29 x 104 K* mm/s, [K] = MPaVm

13
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Fig. 2-2:  Graphical representation of the crack growth limit curves “low-sulfur line” and
“high-sulfur line” based on the “film rupture” and “slip-step dissolution” model from
Ford & Andresen [2-4] [2-5].

14
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These theoretical limit curves are based on the knowledge that a minimum concentra-
tion of sulfur-containing anions (sulfate or sulfide) is required in the crack to maintain
crack growth (low sulfur line). This is provided either by a correspondingly contami-
nated medium or by the progression of the crack itself, which leads to the continuous
supply of sulfur-containing anions in steels with manganese sulfide precipitations. On
the other hand, the possible crack growth rate is limited upwards by a corresponding
maximum concentration, above which no further acceleration is possible (high sulfur
line).

Hydrogen-assisted strain induced crack corrosion (H-SICC)

The mechanism of strain induced crack corrosion is a damage mechanism that has
been observed for a very long time in conventional power plant technology in the water-
steam cycle area exposed to water, see Chapter 3.3.1, Fig. 2-3. A relevant step in the
technical interpretation of this mechanism was the publication by Lenz et al. [2-8]. A
key point of this paper is the finding that a reduction in ductility occurs in all the mate-
rials investigated under medium and very slow strain rates.

This embrittlement effect can be attributed to hydrogen [2-12]. It is important to note
that the influence of sulfur as an alloy impurity is not required for the damage mecha-
nism. A change in the crack propagation rate can thus be derived on the one hand
from the different sensitivity of the materials to hydrogen and on the other hand from
the supply of hydrogen through the electrochemical reaction in the crack.

The effect of an electrochemical reaction in the crack area is easy to understand. The
electrolyte is water. The electrochemical reaction is the formation of a magnetite layer
on the still free surface, parallel to the surfaces already covered with magnetite.

In order to draw a clear distinction from the theory discussed in the previous subchap-
ter, the mechanism thus understood is called “hydrogen-assisted strain induced crack-
ing corrosion” (H-SICC).

Current investigations into the damage mechanism on T24 (7CrMoVTiB10-10) de-
scribe this relationship.

H-SICC is characterized by the non-negligible influence of local electrochemical pro-
cesses, because of which material embrittlement occurs before the crack tip due to
local hydrogen ingress. In general, it must be assumed that H-SICC is always present
in high-temperature water and that the embrittling effect of hydrogen takes place before
the crack tip. Quantitative statements regarding the effect on crack propagation are not
yet possible due to the large number of influencing parameters.

15
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Schematic of the H-SICC

The initial state is generally a surface imperfection, which develops into a crack
with oxidized flanks. In the water-steam cycle, this oxide is generally magnetite,
which acts as a protective layer of the metallic surface against the medium (high-
temperature water).

If the crack or the discontinuity is opened further, the surface near the crack tip is
initially bare metal and electrochemical reactions for magnetite formation occur
(Schikorr-Reaction). The metallic base material always acts as the anode due to
the release of electrons. Atomic hydrogen is released [2-13]. This subsequently
penetrates the metallic material and diffuses preferentially into areas with in-
creased tensile stresses. Within the material, it orients itself in front of the crack
tip, favored by local strains [2-14].

The hydrogen atoms lead to local embrittlement of the material and facilitate
crack propagation. Subsequent cracks are usually oriented as quasi-collinear
crack propagation or at an angle of approx. 45° in the locally embrittled zone. Re-
combination of the hydrogen atoms in the material can be largely ruled out with
these materials and temperatures, as the material cohesion works against the
pressure build-up and prevents gas phase formation.

Translation

German

English

Metallischer Werkstoff Metallic material

Unganze mit geschlossener Magnetitschicht | Discontinuity with closed magnetite layer

Wasserstoffsenken Hydrogen sinks
Moglicher Rissfortschritt Possible crack propagation
Kathode Cathode

16
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Lenz et al. [2-8] already described indications that crack growth in HT water is favored
by hydrogen from the anodic corrosion process, whereby this effect increases with
increasing strength of the material. Thus, SICC and H-SICC are not fundamentally
different mechanisms but are to be regarded as related variants in a common physical
spectrum, in which the material and the corrosion system influence whether hydrogen
becomes rate-determining for crack growth (H-SICC) or not (SICC).

In addition to the mechanical strain rate, the H-SICC can therefore be described with
three additional boundary conditions:

- local supply of hydrogen in the crack tip area as a result of the local electro-
lytic reaction (medium, new free metal surface, temperature);

- local material embrittlement in the crack tip area because of the aforemen-
tioned local hydrogen absorption;

- imposed mechanical strain rate.

It can be seen that the time factor is essential for the mechanism in an interaction with
an electrochemical reaction. This means that the chemical reaction requires time to
produce sufficient hydrogen. The produced atomic hydrogen must enter the metal lat-
tice via the medium/metal phase boundary and then diffuse to the crack tip in the area
of the expanded lattice, in particular the plastic zone. Therefore, as the strain rate de-
creases, the influence of the hydrogen becomes increasingly effective. There are nu-
merous studies and observations on the influence of the strain rate on the reduction of
elongation at break and embrittlement [2-9] [2-10]. For ferritic materials, i.e. typical
materials for stressing in the water vapor cycle at 200 °C to 300 °C, this influence
reaches a maximum value in the range of 10 s to 107 s™'. A relationship to the diffu-
sion rate of hydrogen in the metal lattice of approx. 10> m?s-" [2-11] is consistent. Since
the absorption of hydrogen and its effect is linked to the lattice expansion, no further
significant reduction in ductility is to be expected below a lower limit value of the strain
rate. This is because as soon as the plastic zone in front of the crack tip is saturated
with hydrogen, only a very limited hydrogen absorption of the areas behind it is possi-
ble. In laboratory tests with a constant supply of hydrogen, no further significant de-
crease in ductility can be determined. Under practical conditions, the tendency to em-
brittlement can apparently decrease, as the hydrogen supply is reduced by boundary
layer changes, for example, and the amount of hydrogen in the microstructure can be
reduced by continuous removal.

Lower strain rates do not lead to a further intensification of the damage process.
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2.3 General parameters influencing the SICC

At the typical operating temperatures of thermal power plants with a water-steam cycle,
a protective oxide coating forms on unalloyed and low-alloy steels in oxygen-containing
high-temperature water (HT water) from approx. 20 ppb to 50 ppb dissolved oxygen at
temperatures above approx. 150 °C, a protective oxide coating is formed which pro-
vides sufficient protection against attack by uniform surface corrosion (i.e. without ad-
ditional mechanical stress) and also against erosion by flow-assisted corrosion (FAC,
also known as erosion corrosion EC).

In order to trigger crack corrosion, critical values of specific parameters of the corrosion
system must be present at the same time, which is determined by the combination of

e material or material condition,
¢ medium and
e mechanical stress.

A prerequisite for the existence of susceptibility is the simultaneous exceeding of criti-
cal threshold values for material, medium and mechanical stress.

The main influencing or effect parameters for the various types of crack corrosion are
shown in Tab. 2-2.
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Tab. 2-2: Crack corrosion relevant parameters for low-alloy steels in HT water

Material Medium Mechanical Stress

e S dose or form, e Temperature e Tension and stretching
size, density, homo-
geneity, orientation
of the MnS precipi-

e Concentration of dis- | e Stress state
solved oxygen
(or corrosion poten-

¢ Residual stresses

tates tial) e Notch effect
(for crack initiation)
* Strength e Electrical conductiv- s , i £
e Sensitivity to Dy- ity and concentration * Stress intensity factor
, ) : . (for crack growth)
namic Strain Age- of impurities such as
ing (DSA), espe- sulfate and chloride | ® Typeofstress
ciallv with weld (“active” or “passive’, i.e.
metZI e Flow velocity force-controlled or displace-

ment-controlled)

e Tensile force-time curve
(constant load, cyclical load,
load transients)

o Relaxation

e Crack closure effects

Detailed information on the influence of the individual parameters has been presented
elsewhere (e.g. [2-15][2-16][2-17]). The following is therefore only a summary of the
key aspects.

2.3.1 Mechanical stress

First of all, some general findings on the influence of mechanical stress on the initiation
and growth of cracks due to types of crack corrosion should be pointed out.

Stress and strain

From the point of view of mechanical stress, the driving force is the globally acting
mechanical stress, which can cause plastic deformation with a low strain rate locally
on smooth surfaces or at crack tips. Crack corrosion is only possible if tensile stresses
are present in the component at the metal/medium phase boundary.
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Stress state and notch effect

Regarding the occurrence of crack initiation on smooth sample and component sur-
faces, the level of stresses resulting from the superposition of any residual stresses
present and the operating stress is decisive. With technically smooth surfaces, rough-
ness, or small, production-related notches, e. g. as a result of welding, are neverthe-
less to be expected. This may result in a multi-axial stress state and a stress-increasing
notch effect.

Stress intensity factor

In the case of cracked surfaces, e. g. fracture mechanics specimens with fatigue
cracks or postulated cracks in components, crack growth may be determined by the
stress intensity factor, which describes the stress level at the crack tip.

Type of stress (“active” or “passive”)

As already mentioned, in the corrosion system of unalloyed and low-alloy steels in
high-temperature water under consideration, the way in which the force is applied is
decisive. In plant operation, “active” stress corresponds in particular to stresses gen-
erated by pressure differences, e. g. internal pressure (“primary stress”). Stresses that
are generated by temperature differences, e. g. deflections caused by thermal expan-
sion or impeded thermal expansion (“secondary stresses”), correspond to “passive”
stresses in a stationary state.

Force-time curve (constant load, cyclic load, load transients)

In a given corrosion system, the initiation of cracks and their growth through types of
crack corrosion depends decisively on the type and level of mechanical stress. In prin-
ciple, as the level and variation of the mechanical stress increases, e. g. high static
load values or cyclic load, critical parameters of the medium recede into the back-
ground as criteria, and vice versa.

Residual stresses

Production-related residual stresses, e. g. resulting from welding-related shrinkage
processes, cold forming, or surface treatment, contribute to the overall stress level of
a component subsequently subjected to operational stresses by superposition of op-
erational stresses with residual stresses. The magnitude, sign and direction of residual
stresses determine whether the susceptibility to crack corrosion is either increased or
decreased under the relevant operating conditions, i.e. whether the stresses are (un-
desirable) tensile or (desirable) compressive stresses, and whether the residual stress
contribution has a significant value. Residual stresses must therefore always be in-
cluded in the evaluation of the operational behaviour of parts and components regard-
ing crack formation and crack growth.
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Crack closure effects

Crack closure effects are the effect that occurs when the two opposing surfaces of a
crack can no longer fully contact each other as a result of changes in the crack due to
decreasing mechanical stress, i.e. the crack is no longer fully closed. This effect is
caused, for example, by increased surface roughness or as a result of the formation of
thick oxide deposits, as can be the case in crack gaps in HT water. The plasticization
of the crack tip can also prevent the crack from closing if the plastically deformed zone
in front of the crack prevents it from closing completely when the load is removed. As
a rule, crack closure effects lead to a significant reduction in the stress intensity factor
acting locally on the crack and are therefore to be considered fundamentally favorable
for the reduction of crack corrosion sensitivity. They are sometimes held responsible
for the fact that unexpected crack arrest is repeatedly observed in laboratory tests.

2.3.2 Strain rate

From the perspective of practical engineering terminology, the SICC is understood
here as a mechanism that is generated by a strain rate imposed on the material due
to system conditions. This includes in particular the strain rates generated by changes
in pressure or temperature in the system under consideration.

Local strain rates, which can also occur with correspondingly high static loads and
which are subject to the same basic laws, are not considered here.

Friedrich et al. [2-18] were not only able to confirm the known dependency at strain
rates down to approx. 107 s' (Fig. 2-4), but also showed in particular that the sensitiv-
ity for SICC decreases again with further decreasing strain rates below a certain value,
which is reflected in the increase in the relative fracture constriction. This leads to the
conclusion that at the very low local strain rates that can occur locally under constant
static loading, there is no longer any sensitivity to SICC. This conclusion is clearly sup-
ported by the tests under constant load, which under these circumstances show prac-
tically no sensitivity to cracking in the medium.
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Fig. 2-4:  Dependence of the elongation at fracture of a low-alloy reactor pressure vessel
steel on the strain rate in SSRT tests in HT water [2-18]

In addition, the work of Rippstein et al. [2-19] has shown that crack initiation in
SSRT/CERT tests with a low-alloy fine-grained structural steel in HT water only occurs
close to the tensile strength (approx. 95 % Rm) and the correspondingly high strains.
A control experiment with an initially faster strain rate showed that the observed crack
depths do not depend on the total test duration, but on the time from the onset of crack
initiation, Fig. 2-5.
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Fig. 2-56:  Crack depth in tensile specimens from SSRT tests of a low-alloy steel in HT
water as a function of the test time; the control specimen marked with * was
elongated at a faster elongation rate with a significantly shorter test time up to
the suspected crack initiation point and then elongated further at a correspond-
ingly slower rate [2-19]

Note on Fig. 2-5:

In the “Check” test, the time axis with slow elongation only begins at 11 h. Prior to this,
an elongation corresponding to the elongation of the other tests at 11 h was generated
with a significantly faster elongation rate in a correspondingly shorter time.

For practical evaluations, SICC can also be regarded as a limiting case of CF under
LCF conditions at very low frequencies (“very Low Cycle Fatigue” — vLCF), in which
extreme mechanical stresses due to plastic deformation with low strain rates in com-
bination with the medium ensure crack initiation and growth in every load increase
phase.

2.3.3 Material

Sulfur content or size, density, shape, distribution, orientation of the MnS precipitates

Laboratory tests to investigate crack corrosion have shown that the S content of the
medium is a significant influencing factor for crack initiation and growth (see [2-15]
[2-16]). This is also reflected in the theoretical considerations and the resulting quan-
titative calculation model for crack growth rates developed by Ford & Andresen (see
e. g. [2-4] [2-5]). The content of sulfur-containing anions, which, depending on the
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corrosion potential, are present as sulfide or sulfate ions at the site of crack nuclea-
tion or at the tip of a growing crack, is therefore decisive for the speed of the reaction
that takes place. It is fundamentally irrelevant whether these sulfur-containing anions
are produced by chemical or electrochemical dissolution of the MnS precipitates con-
tained in the steel or are supplied via corresponding impurities in the medium. If the
steel itself is the source of the sulfur, its effect depends decisively on how quickly
manganese sulfide precipitates are released in the microstructure by a growing crack
(e. g. in [2-20] [2-21] [2-22]) and thus on how these are originally distributed in the
microstructure of the steel. Rippstein et al. [2-19] have shown that in slow tensile
tests in HT water with samples from a very impure, high-sulfur, inhomogeneous test
melt in oxygen-containing HT water, crack initiation occurs preferentially at MnS in-
clusions, which are located on the polished sample surface.

Accordingly, for the same sulfur content, the susceptibility in materials with coarse,
inhomogeneously distributed MnS inclusions is significantly higher than in batches with
a very fine and homogeneous distribution of precipitates. This applies in particular if
the crack plane lies in a plane of MnS lines.

Strength

The dependence on strength is of marginal importance for plant operation as long as
the hardness does not exceed a value of 350 HV10 or the yield strength a value of at
least approx. 900 MPa (cf. [2-23]).

Sensitivity to dynamic strain ageing (DSA)

The sensitivity of materials to dynamic strain ageing is a key influencing parameter ([2-
24] [2-25] [2-26] [2-27]). In principle, the susceptibility to Environmentally Assisted
Cracking (EAC) in oxygen-containing high-temperature water increases with increas-
ing sensitivity to DSA, which is due to the greater tendency to local deformation and
thus to the formation of higher slip levels.

Influence of DSA on crack corrosion

Since the mechanism of crack corrosion of low-alloy steels in oxygen-containing high-
temperature water is essentially determined by the local plastic deformation behaviour,
e. g. at the tip of growing cracks, an influence of dynamic strain aging on the speed of
the processes occurring during crack corrosion can also be assumed.

Detailed investigations of the surface of samples from SSRT tests under simulated
medium conditions in oxygen-containing high-temperature water [2-28] show that the
appearance of crack initiation clearly depends on the degree of sensitivity to DSA. The
materials with low susceptibility to DSA typically show clusters with the initiation of
many cracks (Fig. 2-6), whereas with high susceptibility to DSA the initiation of single
cracks dominates (Fig. 2-7).
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Fig. 2-6: Initiation of multiple cracks in a Fig. 2-7: Initiation of single cracks in a low-
low-alloy steel with low DSA sus- alloy steel with high DSA suscep-
ceptibility [2-28] tibility [2-28]

It was shown that the formation of individual cracks occurs particularly in areas with
coarse slip (Fig. 2-8) or intersecting slip bands (Fig. 2-9).

05-499-132.1it SEl  30.00 hV e 06-005-215.il T L ee—— A

Fig. 2-8:  Local crack initiation by SICC Fig. 2-9:  Local crack initiation by SICC at

on a coarse sliding strip in a an intersection of slip bands in a
low-alloy steel with high DSA low-alloy steel with high DSA
sensitivity [2-28] sensitivity [2-28]

The susceptibility to DSA on the one hand and the susceptibility to crack corrosion on
the other can be regarded as experimentally proven. Increasing susceptibility to DSA
leads to an increase in susceptibility to crack corrosion.
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2.3.4 Temperature

The temperature of the medium has a significant influence on the speed of the pro-
cesses that take place during crack corrosion (see Fig. 2-10, Fig. 2-11). This occurs
on the one hand via the temperature dependence of the electrochemical reactions
themselves, and on the other hand via the temperature dependence of other influenc-
ing factors such as mass transport, conductivity, pH value, solubility of oxides and yield
strength of the material.

80 | - 28.8
o .
e in Air x
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60 ~121.6 9
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Tempergture, °C
Fig. 2-10: Dependence of time to fracture (corresponding to elongation at fracture) on tem-

perature in SSRT tests with a low-alloy steel in HT water, as a function of oxy-
gen content up to saturation content in ppm [2-29]
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Fig. 2-11: Progression of the relative fracture necking of low-alloy steels as a function of
temperature in SSRT tests in HT water [2-8]

Translation

German English

Relative Brucheinschniirung Relative reduction of area at fracture
Luft Air

Temperatur Temperature

2.3.5 Medium

Concentration of dissolved oxygen (or corrosion potential)

Dissolved oxygen, temperature and local flow conditions of the medium are the param-
eters that directly and primarily influence the electrochemical corrosion potential of
steels in HT water (Fig. 2-12).
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Fig. 2-12: Summarized presentation of literature data on the dependence of the corrosion
potential of steels in HT water on dissolved oxygen content, temperature and
flow velocity, according to [2-30]

Translation

German English
Sauerstoffgehalt Oxygen content
Strémung Flow

Literatur Literature
quasistagnierend practically stagnating
stromend Flowing

As the mechanism of crack corrosion is based on electrochemical reactions, a direct
dependence of the kinetics on the corrosion potential is to be expected. This results,
among other things, in indirect dependencies on dissolved oxygen, temperature and
local flow velocity. The transition from low to high potential values takes place over a
few hundred millivolts within a limited range of oxygen content. This transition essen-
tially depends on temperature, flow velocity and the composition of the medium.

Electrical conductivity or concentration of ionic impurities

Under free corrosion conditions, the sum of anodic and cathodic partial currents must
compensate each other in order to maintain the principle of electroneutrality. This
means that the value of the respective partial current sums also depends in particular
on the respective sizes of the anodically and cathodically active surfaces on which

28



\V/dn1c VGBE-TW-532e

these occur (“surface rule of corrosion”). Therefore, an influence of the electrical con-
ductivity, regardless of its cause (ionic impurities or temperature effects on the self-
dissociation), on the corrosion rate is generally to be expected.

lonic impurities can affect the kinetics of crevice corrosion in three different ways.
Firstly, ionic impurities can have a conductivity-increasing effect, i.e. they accelerate
the corrosion reaction, which results in an increase in the cathodically effective surface
area. Secondly, depending on their nature, ionic impurities can act as additional oxi-
dizing or reducing agents, which may have an additional influence on the corrosion
potential alongside oxygen. Thirdly, ionic impurities can also intervene directly in the
kinetics of anodic and cathodic partial reactions through chemical interactions. On the
one hand, this is possible by changing the composition of the oxide, which can influ-
ence the kinetics of the cathodic partial reaction. On the other hand, they can have an
influence on the stability of the oxide (e. g. due to chloride) or its repassivation rate
(e. g. due to sulfate).

Flow

The kinetics of the corrosion reactions that take place depend on the local composition
of the medium, which determines both its oxidizing effect and the stability of the oxide.
In addition to diffusion, migration and convection, the local concentration of the medium
is influenced by the flow of the medium. The geometric condition of the surface is also
a decisive influencing factor. Cracks and geometrically similar crevice-like defects,
e. g. design- or production-related crevices, notches, or folds, represent flow dead
zones in which the chemical composition of the medium can change locally, depending
on the geometry, largely independently of the composition of the so-called “bulk vol-
ume”. Enrichment and depletion processes are therefore determined by the local flow
conditions. A significant influence of the flow is therefore generally to be expected if
the corrosion sensitivity is determined either by the transport-controlled delivery of the
oxidizing agent or by the local change in ionic concentrations. It therefore depends on
both the flow velocity and the flow direction whether and to what extent the kinetics of
the crack corrosion are influenced. In principle, corrosion is accelerated if corrosion-
causing species, e. g. oxidizing agents such as dissolved oxygen, are transported
faster due to a favourable flow direction and/or higher flow velocity. In this case, there
is also a flow-induced shift in the corrosion potential. However, this effect applies more
to corrosion systems with a low oxygen content, e. g. when conventional fossil-fired
thermal power plants are operated accordingly. Conversely, the corrosion rate is
slowed down or completely suppressed if the flow direction and speed accelerate the
removal of corrosion-causing species, e. g. sulfate/sulfide anions, from cracks or other
geometric surface defects, thus reducing existing local accumulations of ions or pre-
venting their formation in the first place.
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24 General assessment of the characteristic dependencies of the SICC

Critical values for the key parameters for SICC in laboratory tests were derived from
the test results presented. The prerequisite or favourable conditions for crack initiation
of unalloyed and low-alloy steels by SICC on smooth sample surfaces in HT water
determined based on laboratory tests (CERT/SSRT tests) are

e Temperature 150 °C < T <250 °C
e Dissolved oxygen content (O2)

(above 30 ppb — 80 ppb, depending on the flow velocity)
e Strain rate de/dt = 103 s*! ... 107 s”" in the plastic range.

The susceptibility area of parts and components for SICC can be represented graph-
ically in a three-dimensional diagram as a function of the primary parameters strain
rate, oxygen content and temperature (Fig. 2-13).
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Fig. 2-13: Susceptibility diagram for SICC of low-alloy steels in HT water [2-8]

Operating experience shows that the simultaneous presence of these critical condi-
tions in laboratory tests alone is not sufficient to trigger SICC. This can be explained in
particular by the fact that the mechanical stresses on components during plant opera-
tion are significantly lower than in the usual SSRT/CERT laboratory tests, in which the
samples are mechanically stretched until they break.
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Based on operating experience, the following additional factors must be present for the
development of SICC:
¢ Pitting corrosion with surface layer formation or

e geometric disturbances (e. g. notch effect due to weld imperfections, wall
thickness transitions, stiffness transitions in tight curves, edge misalignment,

etc.) or

e residual welding stresses (in addition to operational stresses).

241

rosion

Common test techniques for investigating the different types of crack cor-

In order to test the simultaneous effect of medium and tensile stress on a material,
suitable specimens are mechanically stressed in the relevant operating medium or in
a relevant model medium during laboratory tests. Tensile specimens with smooth,
macroscopically crack-free, and defect-free gauge lengths are generally used to inves-
tigate crack initiation. Crack growth is usually investigated using fracture mechanics
specimens with an existing fatigue crack. The loading with a tensile stress (or strain)
is constant or variable over time. An overview of typical test methods shows Tab. 2-3.

Tab. 2-3: Types of crack corrosion and their testing for crack initiation and crack growth in
the laboratory
Mechanisms SCC SICC CF
Type of test constant load or | constant load or SSRT VLCF LCF LCF
constant constant (also for SCC)
deflection deflection
Type of specimen unnotched precracked unnotched unnotched unnotched precracked
Loading mode &Y by By q Fw A
yé &34 e

t t t t t t

Result time to failure da/dt reduction of cycles to initiation | A stress/strain da/dN
area to fracture to initiation
t to failure da/dt T\ T c[ e, TldN

c Keee K derah t Ny AK
Objective, susceptibility, safety margins susceptibility, optimization of design evaluation of Aa
application material selection mat’l selection, start-up and safety

env. parameters procedure margins
Height of loading variable (up to full linear elastic increase to variable (up to full | variable (up to full linear elastic
plastic load) fracture plastic load) plastic load)

Applicable to yes yes, qualitative yes yes yes
component if conditions of indications
behaviour LEFM are fulfilled
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The aim of the investigations to determine the crack corrosion behaviour is either to
make quantitative statements on the time until crack initiation on smooth surfaces as
a function of the acting stress or on the speed of growth of existing cracks as a function
of the stress intensity factor. This usually results in typical curves in technically com-
mon corrosion systems, e. g. materials in chemical industry media (see. Fehler! Ver-
weisquelle konnte nicht gefunden werden. and Fehler! Verweisquelle konnte
nicht gefunden werden.).

Stage Il

Tth

Time to failure——»

Log (environment-controlled propagation rate)

i Catastrophic
fq—Subcriticaf crack propagation—s-t- fa"u,g

Kisee Kie
for Ky)

Stress-intensity, K

Fig. 2-14: Schematic representation of the  Fig. 2-15: Typical progression of the crack

usual progression between ap- growth rate as a function of the
plied stress and failure time in stress intensity factor with sub-
stress corrosion cracking [2-3] critical crack propagation due to

stress corrosion cracking [2-3]

A well-known test method for investigating the SICC is the tensile test with a slow strain
rate in the medium, which is referred to in the technical literature as Slow Strain Rate
Test (SSRT) or Constant Extension Rate Tensile Test (CERT). These tensile tests, in
which smooth or notched tensile specimens are deformed at a very low strain rate,
typically in the range of 10° s'... 10”7 s™!, with continuously increasing elongation until
the onset of forced fracture, are suitable both for the basic, conservative determination
of the medium effect in a corrosion system and for parameter studies of relevant influ-
encing variables.

Extensive and systematic investigations using the SSRT technique in HT water have

been carried out, for example, by Lenz et al. [2-8], Choi et al. [2-29] and Congleton et
al. [2-31].
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It is generally shown that the medium influences the macroscopically measured defor-
mation behaviour of unalloyed and low-alloy steels and leads to reduced values of the
macroscopically measured deformation parameters, see Fig. 2-16 (Note: at a constant
strain rate, the “Time” parameter is proportional to the strain).
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Fig. 2-16: Stress-strain curves of SSRT tests (de/dt = 106 s7') in air and in oxygen-containing,
high-purity HT water (8 ppm O3) [2-29]

It should be expressly pointed out that the measured, apparent reduction in elongation
at break and constriction at break does not represent a change in the plastic material
behaviour per se, but that it is an effect of the deformation behaviour of the sample.

2.5 lllustration of possible crack growth rates

251 General preliminary remarks

The conditions and criteria that lead to crack growth due to SICC or low-frequency and
low-cycle corrosion fatigue depend on the relevant boundary conditions of the corro-
sion system with material, medium and mechanical stress.
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The following chapters show examples of which cyclic crack growth rates occur in the
case of SICC or the physically corresponding cyclic crack growth and can therefore
serve as a basis for conservative crack growth considerations. Crack growth analyses
and evaluations of components are not included in the regulations for fossil-fired ther-
mal power plants with a water-steam cycle.

For this purpose, a technical-scientific limit analysis of the SICC crack growth rates
possible under laboratory conditions is carried out and subsequently compared with
values from component damage and da/dN values.

These values are to be regarded as overly conservative for real pressurized compo-
nents in steam power plants due to the design and construction-related lower or only
short-term possible stresses and should therefore not be used as constant values over
time for the evaluation of these components.

For the pressurized, water-flow components in fossil-fired steam power plants, a hy-
drogen influence on the mechanism of the SICC and thus the H-SICC can generally
be assumed as a potential mechanism. Quantitative statements regarding the influ-
ence of hydrogen are not yet available. A separation between the merging mecha-
nisms SICC and H-SICC is more of an academic nature here, as in practice a separa-
tion of the mechanisms in fossil-fired power plants is not possible and is also not nec-
essary regarding the remedial measures.

252 Crack initiation by SICC

According to the findings from laboratory tests, cracking can occur due to SICC if the
three primary parameters for strain rate, temperature and dissolved oxygen in the me-
dium are exceeded simultaneously. However, operational practice has shown that
these are necessary, but not sufficient conditions for triggering SICC in real compo-
nents. The mechanical deformation of pressurized components and systems is limited
by design (stress) and function (kinematics). In practice, further SICC-promoting fac-
tors are therefore required for the occurrence of SICC damage, as described above.

253 Crack growth estimation based on the Ford-Andresen model

The Ford-Andresen model [2-17] is based on sulfur as the key to the entire electro-
chemical process.

From the illustration of the Ford-Andresen model (see Fig. 2-2), it can be deduced that
crack growth is maximized at a strain rate applied externally to the sample or compo-
nent because the Mn Sulfides present in the microstructure are exposed more quickly.
Accordingly, the theoretical crack growth rate for this load, which is basically only pos-
sible in the laboratory, is between approx. 4 x 10°®* mm/s and 8 x 10-®> mm/s (equivalent
to between approx. 130 mm/a and 2500 mm/a) depending on the stress intensity fac-
tor.
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254 Theoretical crack growth rates from SSRT/CERT tests

In SSRT/CERT tests, very high crack growth rates in the order of magnitude of the
theoretical high sulfur line (see Fig. 2-2) are theoretically possible for short periods. In
individual cases, however, the crack growth rates cannot be determined precisely with-
out knowledge of the crack depth and the proportionate test time for active crack
growth.

Rippstein et al. [2-19] have found that crack initiation in SSRT/CERT tests (i.e. under
high loading exceeding operational conditions!) only occurs shortly before the tensile
strength is reached. This considerably shortens the time of possible crack growth. The
maximum crack growth rates determined by Rippstein et al. on this basis are approx.
6 x 10 mm/s or approx. 200 mm/a (Fig. 2-17).
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Fig. 2-17: Crack growth rates determined from SSRT tests with a low-alloy steel
in HT water [2-19]

The crack opening rate has the main influence, whereby the measured crack growth
rate can shift by around three orders of magnitude from approx. 10° m/s to 10 m/s
under otherwise identical conditions. Specifying a SICC crack growth rate for certain
environmental conditions does not appear to make sense if the crack opening rate of
a defect to be evaluated is not precisely known.
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25.5 Findings that can be derived from operating experience

In a SICC case that occurred in practice, which led to leakage in a BWR feedwater
pipe with a wall thickness of 18 mm in at least 3 to 5 load cycles (start-up processes)
[2-32], the crack growth rate can be narrowed down as follows:

e Penetration of the wall thickness occurred in at least 5 stages with an average
of 3.6 mm crack propagation each time.

e Evaluations of the operating data show that the primary parameter values for
O2 content, temperature and strain rate required to trigger SICC are present
for at least 10 h during start-up. A particularly “gentle” slow start-up can extend
this time and therefore be counterproductive.

If it is assumed that existing defects or cracks immediately show crack growth, the
crack growth rate required to produce this finding is calculated as follows

3.6 mm /10 h =1*10* mm/s » 3200 mm/a Equation 2-1

This value is in the range of the theoretically determined high-sulfur line (see Fig. 2-4)
and corresponds to the range of maximum crack growth rates that can be estimated
from laboratory tests and that can be achieved in the short term.

In summary, it can be concluded that with SICC the maximum possible short-term
crack growth rates in the component can be at the level of the high-sulfur line of the
laboratory samples, which is why this can be regarded as a conservative enveloping
limit curve for the physically possible crack growth due to SICC.

However, it is not technically sensible or expedient to use these short-term maximum
possible values as constant values over time for the evaluation of real components,
but their use for limit considerations may be adequate in individual cases.

2.6 Proposals to reduce the SICC/H-SICC

Effective remedial measures against SICC result from the known effect of the individual
parameters for material, medium and stresses.

2.6.1 Material selection based on the sulfur influence theory

e Use of a low-S steel or a steel with a fine, homogeneous distribution of Mn sul-
fides. Steels with an S content of < 0.005 mass-% are generally referred to as
“low sulfur” in the literature;

e Use of a steel and a weld metal with a low susceptibility to DSA. The degree
of susceptibility can be qualitatively determined in tensile tests with a slow
strain rate in air at elevated temperature.
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2.6.2 Material selection based on the H-SICC theory

e H-SICC leads to a decrease in elongation at break in the SSRT test for all
common materials for the water vapor cycle at 200 °C to 300 °C
(e. g. P-steels, 15Mo3, 13CrMo4-5, WB 36). This can be interpreted as an H
embrittlement effect. The analysis of SICC damage regarding different materi-
als still shows no significant differences in frequency. Although materials have
different elongation at break values under the same SICC conditions, this is of
no practical benefit. This means that changing materials is not a viable option
for reducing susceptibility to SICC.

¢ In principle, materials with a sensitivity to H-SICC, e. g. higher-strength materi-
als such as X20CrMoV12-1 or 10CrMo9-10 welded without post-weld heat
treatment, cannot be used in this area of application. See also [3-21].

2.6.3 Constructive and procedural measures

e Avoid tearing of the magnetite layer (low-alloy materials) through soft inner
contours and homogeneous temperature distribution and not too high temper-
ature transients, resulting in corresponding thermal stresses (magnetite pro-
tective layer criterion according to TRD 301, Annex 1 [3-5]).

o |If a cracked magnetite layer is detected (usually visually via hematite bleeding)
without crack formation in the material, these must be ground while avoiding
material hardening (localized removal of the magnetite layer) and the absence
of cracks confirmed with Surface Crack Testing;

e Achieve a temperature distribution that is as uniform as possible with few,
small temperature transients that are as short as possible;

e The SICC/H-SICC-relevant temperature range should be passed through as
quickly as possible; a gentle approach can be counterproductive here;

e Avoidance of excessive stress and strain relief;

¢ Minimization of residual welding stresses and notch effects in weld seams
(e. g. through design, weld seam preparation, weld seam geometry, welding
technology and appropriate heat treatment);

¢ Avoidance of mechanical overloads (with plastic deformations).
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26.4 Medium

¢ Avoidance of local increases in conductivity, e. g. by maintaining a slow flow
and avoiding stagnant medium;

¢ Avoidance of stagnant corrosion through suitable preservation;

e Maintaining the limit concentration of dissolved oxygen, depending on the
steel and medium conditions, including flow velocity, i.e. minimizing corrosion
potential, but maintaining the formation of a surface layer to avoid flow-as-
sisted corrosion (FAC, also known as erosion corrosion EC);

e Avoidance of the critical temperature range (approx. 150 °C < T < 250 °C) if
this is technically possible.

2.7 Conclusions for SICC from test results and operating experience

Despite the large number of studies, there is currently no scientifically founded and
complete overview of all influencing parameters and their interactions that allows an
analytical, quantitative, and unambiguous assessment of the susceptibility of compo-
nents to crack growth in the context of SICC. Practical predictions and assessments
have therefore not yet been possible without an engineering assessment.

Specifically, there are still gaps in the database regarding the influence of strain re-
straint and thus the influence of local strain rates, which are significantly affected by
this.

A large number of cases of damage due to environmentally assisted crack formation
on components made of unalloyed and low-alloy steels in German power plants can
be attributed to SICC, as it has been proven that crack initiation and growth occurred
in particular during the start-up of the plant. During this time, strain changes are caused
by the increase in temperature and pressure. These already existing and unavoidable
stresses can also be superimposed by additional strain changes caused by thermal
stratification of cold and hot media. These additional stresses can be reduced by de-
sign and operation.

An engineering criterion of 80 % of the hot yield strength at operating temperature was
used as the threshold value for susceptibility to SICC for the evaluation of Nuclear
Power Plant (NPP) components regarding crack initiation by SICC. This can be derived
both from the results of laboratory tests and from operating experience, as crack initi-
ation only occurs at stresses in the range of the respective hot yield strength of the
material or above.

If crack growth occurs due to SICC, then due to the short-term, locally extreme me-
chanical stress, it can be conservatively assumed that the theoretical maximum crack
growth rate is quickly reached, which results in the form of the high-sulfur line from the
slip-step dissolution model. In plant operation, such stresses are always limited to a
few hours.
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In the international discussion outside of Central Europe, SICC, which represents a
borderline case of fatigue corrosion cracking at very low loading frequencies, does not
play an independent role as a separately considered type of crack corrosion. The ef-
fects observed in the laboratory, which can be attributed to the influence of strain
changes at a slow rate, are considered abroad in the context of fatigue. This applies
both to crack initiation, which is considered as part of component design, and to crack
growth, which is analysed and evaluated as part of in-service measures.
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3 Operating experience
3.1 Regulations
General

Historically, the consideration of corrosion effects on fatigue strength in nuclear regu-
lations (ASME Code, JSME-CODE, RCC-M Code, KTA regulations) was first and still
today primarily considered in the fatigue life calculation of components and systems of
nuclear power plants under the specific material-side, temperature-side (characteristic
relevant temperature range between 150 °C and 300 °C) and medium-side operating
conditions (pressurized water reactor, boiling water reactor). Due to publications by the
Argonne National Laboratory (USA) from the beginning of the 1990s, the question of
the discrepancy between the design fatigue curves provided in the regulations for ver-
ification — derived from laboratory tests in air — and the medium conditions actually
prevailing locally at the component to be verified was raised. Even the simple assump-
tion that the fatigue strength of the materials used under reactor coolant conditions
would not differ greatly from the behavior in air due to the fact that high-purity water
would be used could not be substantiated. Two Japanese studies [3-1] and [3-2] in-
vestigated the question in depth and proved on the one hand the sensitivity of the
materials to this corrosive medium effect. However, there has been no evidence in
practice worldwide of premature, fatigue induced component failures of properly de-
signed and manufactured NPP components under operating conditions that conform
to specifications.

The main influencing parameters in the laboratory test with clear and strong influence
were

e Temperature;

e Strain rate;

¢ Dissolved oxygen content in water and

e Sulfur content in the case of ferritic steels.

The EPRI “Fatigue Management Handbook” from 2009 [3-3] refers to the significance
of environmental effects and corrosion fatigue in accordance with the correlation

Corrosion fatigue = interaction between corrosive environment and cycling

is referred to. The interaction of both effects can be more damaging than the separate
effect of both mechanisms. On the one hand, the cyclic load can increase the corrosive
effect and on the other hand, the corrosion effect can accelerate the mechanical fatigue
process. The reduction in fatigue strength under the influence of the medium is shown
qualitatively in the Wohler diagram in Fig. 3-1. It is also clear from this diagram that
medium-free conditions are only guaranteed in a vacuum and that, strictly speaking,
the air environment — for which the fatigue curves (“in air” fatigue curves) are usually
recorded — already represents a medium with a potential for reduction. Nevertheless,
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the “in air” fatigue curves are still regarded as a pragmatic reference for quantifying
medium-related corrosive reduction effects in the form of reduction factors Fen.

Alternating Stress, S,

10 10° 10 10 10 10
Applied Cycles to Failure, N

Fig. 3-1:  Wobhler diagram under different ambient conditions according to [3-3]

These are defined — established in the NUREG/CR-6909 Guide [3-4] as an essential
technical basis of the above-mentioned current nuclear regulations — as the quotient
of the achieved number of load cycles at room temperature in air to the achieved num-
ber of load cycles at operating temperature in the medium

Fen = (NRT,air/NMedium) (Equation 3-1)

and when determining degrees of exhaustion (CUF = Cumulative Usage Factor) for
each load spectrum k and the associated actual number of load cycles nk multiplica-
tively according to

Nk

CUF = Y}, “Feonk (Equation 3-2)

Nk,RT,air

linked. NkRrr air represents the permissible number of load cycles to be taken from the
fatigue curve according to the stress level of the load spectrum k. This is exemplified
for two load spectra of the equivalent stress ranges AOeqv,1 und AGeqv,2 cOrresponding
to

—yn M, M2, Tk i -
CUF = k=11v1+1v2+ +Nk (Equation 3-3)

shown in Fig. 3-2.
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Fig. 3-2:  Exemplar determination of the degree of exhaustion CUF for two load spectra

An example of the formula set for austenitic CrNi steels according to [3-4] shown in

Fig. 3-3.

Fep = exp (-T* O* %) for g, > g4, = 0.1 %,

T*=0 (T <100 °C)
T*=(T—100)/250 (100 <T <325 °C)

g5 =0 (> 10 %/s)
¥ =In(¢/10) (0.0004 < €< 10 %/s)
&% =1n (0.0004 / 10) (£ < 0.0004 %/s)

0*=0.29 (DO < 0.1 ppm) all wrought and
cast SSs and heat treatments
0*=0.29 (DO > 0.1 ppm) sensitized Hi-C
wrought SSs and cast SSs
0*=0.14 (DO > 0.1 ppm) all wrought SSs
and treatments except sensitized Hi-C

Fig. 3-3: Set of formulas for determining Fe, factors for austenitic CrNi steels [3-4]
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Conventional requlations

Conventional regulations essentially specify calculation formulas that are intended to
ensure the preservation of the magnetite protective layer on parts made of non-aus-
tenitic steels that come into contact with water. Section 5.1.4 of TRD 301 states that
[3-5]:

In the case of parts made of non-austenitic steels that come into contact with water,
particular attention must be paid to the preservation of the magnetite protective layer.
The stress limits for these parts are therefore additionally restricted as follows:

&; = 0y, — 600 N/mm? (Equation 3-4)
;< 0y, +200 N/mm? (Equation 3-5)
Oip, = @m (p,) D, -Zd—;’; (Equation 3-6)

Here, ps stands for the operating pressure in N/mm?, am represents the associated
stress increase factor and dm and sp denote the mean diameter and wall thickness in
mm.

In section 13.4 of AD-Merkblatt S2 [3-32], a corresponding reference is made to TRD
301 Annex 1 [3-5]:

For parts in contact with water made of ferritic and martensitic steels that are operated
at temperatures above 200 °C, care must be taken to preserve the magnetite protec-
tive layer. See TRD 301 Annex 1.

This is also confirmed in the explanations to AD-Merkblatt S2 [3-6]:

For the design of components in contact with water made of non-austenitic steels (e.g.
waste heat boilers in chemical plants, rock hardening boilers), reference is made to the
corresponding stress-limiting regulations in accordance with TRD 301, Annex 1.

The criteria of TRD 301 Annex 1 [3-5] were also adopted in DIN EN 13445-3 [3-7] in
section 18.4.6. A note is added in [3-7]:

NOTE: It is assumed that the protective layer is stress-free under the operating condi-
tions under which the magnetite protective layer is formed.

This also applies analogously to DIN EN 12952-3, section 13.4.3 [3-8].
Environmentally Assisted Fatique (EAF) in nuclear requlations
KTA-Codes

In the current Western nuclear codes and standards for light water reactors, reference
is made to the principles addressed in the “General” section.

In the context of the German safety standards of the Nuclear Safety Standards Com-
mission (KTA), information on the consideration of the influence of the medium was
introduced for the first time with the November 2013 edition of KTA safety standard
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KTA 3201.2 (“Components of the Primary Circuit of Light Water Reactors, Part 2: De-
sign, Construction and Calculation”). In Section 7.8.3 concerning fatigue analyses, “at-
tention thresholds" based on typical operating transients are defined for the first time
by applying the criteria from NUREG/CR-6909 [3-4] to consider the influence of the
medium as follows:

If a medium-induced reduction in fatigue strength cannot be ruled out, consideration of
the medium on fatigue is required from an attention threshold D = 0.4 by the following
measures:

a) inclusion of the affected component areas in a monitoring program in
accordance with KTA 3201.4 or

b) experiments close to operation or

c) mathematical verifications considering medium-related reduction factors
and realistic boundary conditions.

Possible measures in power operation are therefore linked to KTA safety standard KTA
3201.4 ("Components of the primary circuit of light water reactors. Part 4: In-service
inspections and operational monitoring”), version November 2010. Parallel to KTA
3201.2, a corresponding regulation was also introduced in the November 2013 edition
of KTA 3211.2 (“Pressure- and Activity-Retaining Components of Systems Outside the
Primary Circuit, Part 2: Design, Construction and Calculation”). These regulations were
also integrated into KTA Safety Standard 3204 (“Reactor Pressure Vessel Internals”),
version November 2017.

The attention threshold is therefore based on the degree of depletion “D” (correspond-
ing to the Cumulative Usage Factor (CUF)). This should not be confused with the
thresholds that apply to the activation of the medium-induced stress factors Fen accord-
ing to [3-4] with regard to temperature, strain rate and strain amplitude, see Fig. 3-3
(there for austenitic CrNi steels).

The methods for considering the influence of the medium on the fatigue analysis that
are anchored in the KTA rules are discussed in detail in [3-9].

ASME-Code

Within the framework of the ASME Code, the formulae of NUREG/CR-6909 Rev. 1 [3-
4] are used to determine the Fen factors to take into account the influence of the me-
dium on fatigue in accordance with equation (3-1). Code Case N-792-1 “Fatigue Eval-
uations Including Environmental Effects” [3-10] covers this procedure.

Note: The ASME Code Case N-917 “Fatigue Crack Growth Rate Curves for Ferritic
Steels in Boiling Water Reactor Environments, Section XI, Division 1” contains optional
fatigue crack growth curves for ferritic steels under BWR conditions for various water
chemistry operating modes [3-11].
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RCC-M-Code

Like other nuclear codes, the French AFCEN RCC-M Code has responded to interna-
tional developments regarding the consideration of the medium effect on fatigue and
has integrated two “Rules in Probationary Phase” (RPPs), called “RPP-2” and “RPP-
3”, with the 2016 edition [3-12]. RPP-2 consists of an adaptation of the design fatigue
curve for austenitic and duplex steels as well as nickel alloys and at the same time
represents the basis for RPP-3, which contains guidelines for the inclusion of Fen fac-
tors in the calculation of damage levels CUF. Compared to the already addressed NU-
REG/CR-6909 [3-4] methodology, however, the Fen factor is reduced by a factor of 3,
based on years of targeted experimental investigations. This margin, known as the
“integrated Fen factor”, is made possible by the proven over-conservative quantification
of the surface influence under medium conditions, which is already part of the “in air”
design fatigue curves as one of several margin factors. This was demonstrated on the
basis of numerous targeted investigations under medium conditions on small samples
with rough surfaces [3-13] to [3-16]. The application of this alternative calculation
method is currently being consolidated based on a comprehensive benchmark [3-17].

3.2 Design

The damage mechanism of strain-induced crack corrosion occurs exclusively in the
area of the water vapor cycle, in which water is also at least temporarily present in the
liquid phase. It requires a complex combination of boundary conditions in order to be
effective. However, this also means that it is difficult to take this mechanism into ac-
count in the design.

The following case studies provide information on the selection of remedial measures:

Case 1: SICC on the inner housing of a boiler circulation pump

A boiler circulation pump will always be exposed to increased temperature gradients.
Likewise, according to the boiler formula, increased wall thickness is required due to
its large internal volume. For this reason, it is advisable to design and manufacture the
inner contour with as few notches as possible. In addition, temperature gradients
should be reduced in the process.

Case 2: SICC in drain pipes

In drainage pipes, pipe bends and horizontal pipe sections are particularly affected.

Pipe bends exhibit ovality after being produced by cold bending. The diameter in the
area of the neutral fiber is increased and reduced in the tension and pressure area.
Due to the ovality, an internal pressure load causes increased tensile elongation in the
area of the neutral fiber. The increased elongation can cause the magnetite layer to
fail and gradually promote a SICC crack. For this reason, the ovality should be kept as
small as possible.
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In the horizontal straight pipe area, the duration of exposure to standstill corrosion is
often relevant. Inadequate drainage can cause the medium to stand for longer, leading
to a concentration of corrosion-promoting water constituents and thus trigger pitting
corrosion during standstill phases. If sufficiently deep pits are created, the SICC can
start from there with crack propagation. For this reason, the process engineering con-
cepts for the discharge lines must be reviewed. Stagnant medium with an air cushion
should be avoided, as this accelerates corrosion when cold.

Countermeasures can be derived from the consideration of favourable boundary con-
ditions:

- Limit the mean stress by limiting the stress utilization during dimensioning;

- If condensate forms, do not lay pipes horizontally, but with a sufficient gradient
for draining. The gradient must be maintained in cold and warm operating con-
ditions;

- If condensate forms, a sufficient number of drainage positions must be
planned;

- Drain lines must be laid in an optimized manner to reduce the length of the
pressurized line;

- Avoiding large notches on the inside to reduce local expansion amplitudes in
alternating operation;

- If possible, provide weld seams with low edge offset and low root notch. This
can be implemented, for example, by specifying assessment group “B” in ac-
cordance with DIN EN ISO 5817 for discontinuities in the root area;

- Develop and implement heat retention concepts for affected lines/compo-
nents;

- The so-called “magnetite protection criterion” [3-5] is a quantitative boundary
condition that can be used.

The magnetite protection criterion evaluates the damage step “thermomechanical failure
and tearing” of the magnetite layer. Here, the influence of thermal transients in connection
with the wall thickness of the component on the thermally induced differential strain be-
tween magnetite and metal is evaluated. If the strain limit is exceeded, the magnetite may
crack or flake off and strain induced corrosion cracking may occur (see [3-5]).

3.3 Cases of damage
Two extreme cases of SICC damage frequency have been observed.

1. A system, for example a circulation circuit, experiences SICC damage to a
large number of components over a period of years.
2. Only one single component in the system is damaged by SICC.

In case 1), process-related boundary conditions are the main cause.

In case 2), the design and operating mode of the component are relevant and must be
questioned and, if necessary, optimized. Some case studies are presented below.
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3.3.1 Historical cases of damage from 1960 onwards

In recent decades, a large amount of damage, including serious accidents, has been
caused by SICC in fossil-fired power plants. As already described in the presentation
of the state of knowledge on SICC in Chapter 2, damage due to SICC has also oc-
curred in nuclear power plants, some of which have required extensive retrofitting. In
the following, a categorization of the main components and systems in which histori-
cally relevant damage due to SICC has occurred is made. Reference is made to lead-
ing systems and the associated further literature as examples. As the damage in nu-
clear power plants has led to international R&D projects and an international exchange
of experience that continues to this day, these are also included.

A systematic overview of historical cases of damage can be found in the EPRI report
TR-106696 from 1997 [3-18]. It describes significant case studies from fossil-fired
power plants as well as from nuclear power plants, each with a chapter on damage in
German plants.

Damage in fossil power plants

Typical components and systems made of unalloyed and low-alloy steels with SICC
damage worldwide are according to [3-18] (p. 2-1f.) state 1997:

e Feed water tanks and their degassing tanks;

o Feedwater preheater shells;

e Feedwater pump housing;

e Feed water pipes (see note);

e Economizer inlet manifolds and pipes;

e Boiler drum;

e Downpipes;

¢ Membrane wall of the boiler;

e Distributor in the lower membrane wall area (evaporator).

Note: A closer look at the cases of damage in German fossil-fuel power plants since
1960 shows that feedwater pipes are not affected in [3-18]. One possible explanation
for this is the conservative design with avoidance of high-strength steels [3-18].
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An evaluation of cases of damage in German fossil-fuel power plants as of 2000 [3-
19] shows the following components and systems that are more or less fully exposed
to the conditions leading to the occurrence of SICC, see Fig. 3 4:

Steam generator heating surfaces and collectors in the eco-evaporator and
separator system,;

Boiler drums;

Circulation circuit;

Start-up and shut-down system;

Feed water tank;

Injection cooler and lines;

Minimum flow lines;

Relief water lines;

Emergency drain lines (secondary condensate);
Draining and venting of the above systems.
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Fig. 3-4:  Systems (in red) with conditions that can preferentially lead to SICC [3-19]
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From today's perspective, the following should be added in particular:

e Boiler circulation pump housing [1-1]
e Drain lines, see chapter 3.3.2

According to [3-18] (p. 2-43 to 2-59), the main damage in German and European power
plants from 1960 onwards with SICC as the cause of damage should be mentioned in
particular:

Feedwater tanks with the connected degassing tanks:

Following cracks first discovered in 1966 in the feedwater tank/deaerator intersection
area and a tear-off of a deaerator in 1971 in a southern German power plant with con-
siderable consequential damage, systematic investigations were carried out on 55
feedwater tanks in the RWE lignite-fired power plants and published in 1977 [3-20].
Cracks were found in 16 of the 55 tanks. Operational cracking is therefore typical for
this type of construction. Prior to the introduction of the term SICC in 1982 [3-21], the
damage mechanism was referred to as stress-induced corrosion in conjunction with
corrosion fatigue. The cracks were located exclusively at points with exceptional stress
concentrations due to the design. The structural design was identified as being deci-
sive for the occurrence of damage.

Systematic evaluations in Germany by VGB [3-22] and by NACE from 1984 onwards
due to severe damage cases in the USA [3-23] and by EPRI [3-24] show the compo-
nents potentially affected.

Boiler drums:

Beginning with damage in 1960 at the large power plant in Mannheim, damage was
reported in boiler drums [3-25]. These were cracks on the inside of the drum in the
perforated field area, preferably on the edges of the downpipe holes and in some cases
also on the perforated surface. As of 1985, the merging concepts of stress-induced
corrosion, SICC and crack corrosion at low expansion rates were named as the cause
of the damage [3-25].

Piping:

Some examples of damage from 1960 onwards starting from the inside in piping in
contact with water due to longitudinal cracking in pipe bends or due to circular cracks
near rolling points are compiled in [3-19] as of 2000. This repeatedly led to the failure
of downpipes with serious consequences. In the 1980s, areas of boiler systems that

were difficult to access were increasingly affected, which led to the specification of
inspections in VdTUV Code of Practice 451 and in VGB Guideline VGB-R 5009.
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Four examples of damage from the 1990s, [3-25] and [3-19]:

e Bonn thermal power station: 1994 serious accident due to rupture of a boiling
pipe directly under the drum, DN 80, 280 °C / 68 bar;

e 475 MW hard coal block in Saarland: 1995 longitudinal crack and pipe rupture
of a drain pipe behind the water separator, ID 300 mm, 216 °C / 310 bar, see
Fig. 3-6 upper part;

e 300 MW hard coal-fired unit in Denmark: 1995 tear-off of a flat bottom in a fit-
ting of the start-up low load system, ID 300 mm, 300 °C / 210 bar;

e 300 MW hard coal block in Saarland: 1996 longitudinal crack with leakage in
the bend of a blowdown pipe, ID 250 mm, 290 °C / 75 bair,
see Fig. 3-6 lower part.

In the first two cases of damage, puddle formation in conjunction with prolonged shut-
downs and inadequate shutdown preservation was one of the causes of the damage.
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Damage process:
e Longitudinal crack
200 mm long
e Pipe deflection
Strong vibrations
Pipe shell tears off
and hangers, too
e Tear off after 2 days

vom Trenn-
gefaB

Schaden

24-11-1995/12.50 pm after 4,5 h full load

Mess- 107.850 Oh/1123 starts/year of construction
blende A9 ] Pipe 300Li @x20MdWd, 15NiCuMoNb5
/ Entwaés- Design parameters: 250 bar/420 °C
serung Operation: 216 bar saturated steam = 272 °C
zum Ent-
spanner
Translation
German English
Schaden Damage
Ausschlag etwa 2 m Deflection about 2 m
vom Trenngefal® from the separator vessel
Messblende Orifice plate
Entwasserung Drainage
zum Entspanner to the relaxer

Fig. 3-5 (1): SICC damage cases in pipelines
above: Longitudinal crack and rupture of a drain pipe ID @ 300 mm
below: Longitudinal crack and leak of a blowdown pipe ID 250 mm [3-19]
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e Flash tank valve
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strong steam development
Crack 110 mm long in Pos. 06.00 o"clock
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Fig. 3-6 (2): SICC damage cases in pipelines

above: Longitudinal crack and rupture of a drain pipe ID @ 300 mm
below: Longitudinal crack and leak of a blowdown pipe ID 250 mm [3-19]

Translation:

German

English

zum Trenngefal}

to the separator vessel

Risse

Cracks

Schaden

Damage

zum Entspanner

to the flash tank

vche

As of the year 2000, reference [3-19] contains recommendations for monitoring pipe-

lines regarding SICC with NDT (equivalent to NDE):

e Selection of pipe systems with a higher probability of damage;

o Definition of representative test points where SICC is most likely to be ex-
pected, preferably in the 6 o'clock position, if possible, supported by visual in-
spection (VT) of the inner surface;

e Radiographic testing (RT), ultrasonic testing (UT) for wall thicknesses from ap-

prox. 30 mm.
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Damage in nuclear power plants

Typical components and systems made of unalloyed and low-alloy steels with SICC
damage in NPPs internationally are according to [3-18] (p. 2-59 to 2-92) as of 1997:

¢ Thermosleeve welding areas in PWR components

(reactor pressure vessel, steam generator);
e RPV feedwater nozzles and feedwater distributors in BWRS;
e Feedwater pipes in PWRs.

The experience with corrosion fatigue in German LWRs as of 1997 is described in [3-
18] (p. 2-92 to 2-101). A current summary of the operating experience of LWR compo-
nents and systems from Siemens/KWU LWR as of 2019 in [3-19] mentions the follow-
ing major systems with damage caused by SICC:

e RPV feedwater nozzles in BWRS;
e Steam generator feedwater nozzles in PWRs;
e Feedwater pipes in BWRs.

Parallel to damages to feedwater tanks made of high-strength fine-grained steels in
conventional plants, extensive cracking was found in the feedwater tank of the Biblis
A PWR due to steam leakage, which led to early replacement in 1977 after only three
years of operation with a change of material [3-20], [3-27]. As of 2005, [3-28] describes
damage without and with leakages due to pitting corrosion and SICC on measuring
lines in the water-steam cycle of PWRs. The three systems mentioned above must
therefore be supplemented by:

e Feed water tanks made of high-strength fine-grained steels;
e Measuring lines in the water-steam circuit of PWRs.

Fig. 3-6 shows an example of the SICC damages to BWR feedwater nozzles found in
the mid-1980s. By using a high-strength fine-grained steel from fossil power plant tech-
nology (17MnMoV64, WB35), the wall thickness of the pipe was minimized while at the
same time achieving high stress utilization. This led to a jump in diameter with a sig-
nificant edge offset and unfavourable weld seam geometry and thus to a significant
local increase in stress. In addition, there were transient operational loads during start-
up due to thermal stratification [3-29].
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Fig. 3-7:  Circumferential crack in a nozzle seam of a thin-walled feedwater pipe made of
WB35 to a RPV nozzle of a BWR [3-29], [3-30]

Fig. 3-8 shows a typical crack formation in the circumferential direction in a steam gen-
erator (SG) feedwater nozzle, as it occurred from the late 1970s onwards. The similar-
ity to Fig. 3-7 is striking. Analogous to the thermal fluctuations at the BWR feedwater
nozzles during start-up, pronounced local cyclic transient loads occurred here during
low-load operation due to thermal stratification at the unfavourably designed and man-
ufactured nozzle seams. During retrofitting at the beginning of the 1980s, the process
technology for start-up operation was substantially optimized by retrofitting newly de-
signed low-load valves directly in front of the SG feedwater nozzles in addition to opti-
mizing the welding technology [3-29].
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nozzle

Fig. 3-8:  Circumferential crack in a connection seam of a thin-walled feedwater pipe to the
feed water nozzle of a PWR [3-27] (Presentation), [3-30]

Fig. 3-9 shows a typical crack formation in the weld metal of a BWR feedwater pipe.
The axial cracks start here at corrosion pits [3-29]. It is worth mentioning that a corre-
lation between the occurrence of SICC and the type of welding electrode used was
established. The main influencing factor is the sensitivity of the weld metal to dynamic
strain aging DSA, which depends on the alloy composition, see chapter 2.3.3.

Fig. 3-9:  Axial crack in the weld metal of a circular BWR feedwater pipe weld. [3-29], [3-
31], left: pronounced surface damage (pit formation) due to water puddles during
standstill phases, right: axial transcrystalline crack growth through the wall

Fig. 3-10 shows an example of SICC cracking in a pressure sensing line of a PWR live
steam line DN 25 mm made of carbon steel St 35.8 caused by pitting corrosion [3-28].
This crack formation mechanism led to leakage elsewhere.
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Fig. 3-10: SICC cracking in a pressure sensing line of a PWR fresh steam line DN 25 mm
made of carbon steel St 35.8 due to pitting corrosion attacks [3-28]

3.3.2 Damage to a drain line

Drain lines for pressure components in the water vapor circuit are usually made from
unalloyed or low-alloy steels such as P265GH, 16Mo3 or 13CrMo4-5. These materials
are easy to weld and can be used well in the application due to the lower operational
temperatures.

Fig. 3-11: Longitudinally torn open pipe of a drain line, crack position at 6 o'clock position in
the horizontally laid pipe section (156Mo3, operating temperature 440 °C and op-
erating pressure 230 bar)
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Drain lines usually run close to stairs or inspection routes in the boiler house. The
damage pattern in Fig. 3-11 shows the personal risk due to the large leakage area.
Until the first damages to the drain lines in the 2010s, only a very low risk was seen,
as the load caused by heat is rather moderate and the internal pressure is usually only
temporary. It is therefore now recommended to include drain lines into the periodic
inspection concept.

The fine linear crack can be seen on the longitudinally cut pipe segment at another
point in the same pipe, Fig. 3-12. The crack is located exactly at the 6 o'clock position
at the low point of the horizontally laid pipe. The crack also shows hematite bleeding,
Fig. 3-11. Otherwise, the pipe appears almost unstressed. The material shows no ab-
normalities. It has a homogeneous ferritic-pearlitic microstructure and the crack is rel-
atively straight, Fig. 3-13, Fig. 3-14. The crack shows no differentiated interaction with
the various microstructural components.

The crack in Fig. 3-13 and Fig. 3-14 starts in a corrosion pit. It grows in a tensile stress-
oriented manner and exhibits the internal corrosion scouring typical of SICC. These
are caused in phases by stagnation corrosion in the crack tip. Fig. 3-15 shows an en-
largement of the current crack tip area. The crack flanks are covered with a thick, partly
porous oxide film.

7‘—-

- e

50 mm

Fig. 3-12: Longitudinally cut pipe (15Mo3, 63.5x7.1 mm) of a superheater 2 drain line with
crack findings at the 6 o'clock position
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Fig. 3-13: Transverse section of the longitudinal crack from Fig. 3-12. The crack starts in a
corrosion pit

It grows in a tensile stress-oriented manner and exhibits the internal corrosion scouring
typical of SICC. In these phases, stagnation corrosion occurred in the crack tip.

Fig. 3-14: The same SICC crack as in Fig. 3-13 etched with HNO3s. A uniform ferritic-pearl-
itic matrix is visible
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Fig. 3-15: Crack tips of the branched SICC crack. The flanks of the crack are covered with a
thick, partly porous oxide film

3.3.3 Damage to a boiler circulation pump

The massive damage to the housings of the boiler circulation pumps (BCP), which has
been known since 2014, is largely due to the damage mechanism of the SICC, see [1-
1]. Fig. 3-16 shows the damaged components from the Staudinger power plant.

Based on an increased expansion behaviour and the corresponding media interaction,
the damage is initiated in the so-called handling groove.

Fig. 3-17 shows a section of the fracture surface of the boiler circulation pump in ques-
tion. The fracture surface is divided into an inner area of cyclic crack growth with a
clear magnetite layer and an outer, larger area with a ductile residual force fracture.
The normally bare residual force fracture surface shows flash rust due to its storage
after the pump was salvaged.
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Fig. 3-16: BCP Staudinger 2014
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Fig. 3-17: Section of the fracture surface of the BCP plant of the Staudinger power plant
from 2014;
Left — residual force fracture (honeycomb-shaped, ductile);
Right — cyclically grown SICC crack with magnetite layer
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Detailed information can be found in VGBE-TW-530 “Recommendations for the oper-
ation and monitoring of boiler circulation pumps” [1-1]. Cracks have also been detected
on the BCP housings in other power plants, as in the example in Fig. 3-18.

.

Fig. 3-18: Sectional drawing of a boiler circulation pump with two associated visual crack
findings on the boiler pump housing
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3.34 Damage to fittings/pipe bends in the circulation circuit

From 2010 to 2012, there were repeated minor leaks in the circulation circuit (240 bar,
388 °C) at a power plant. Various components and fittings in this system were affected.
All components of the circulation circuit were made of the low-alloy steel WB36. The
following illustrations Fig. 3-19 and Fig. 3-20 show a T-piece and a pipe bend with
cracks.

Fig. 3-19: Crack indications (PT) after leakage on a T-piece (WB36) from a recirculation
system. The grinding work shows an increasing crack size towards the inner sur-
face.

Fig. 3-20: Crack indications (PT) after leakage at the end of a pipe bend (WB36) in the neu-
tral fiber from a recirculation system. The grinding work shows an increasing
crack size towards the inner surface (identical system as in Fig. 3-19).
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In another power plant, SICC findings were detected in 2022 with periodic inspections,
particularly on shut-off valves and non-return valves made of low-alloy steel 15Mo3 as
shown in Fig. 3-21 in the recirculation circuit.

Based on these findings, further valves were specifically inspected in 2023. In some
cases, comparable SICC cracks were found.

The main thing here was the systematic, i.e. almost all fittings were affected. The
cracks had reached a significant depth, but there was a sufficient distance to critical
crack sizes. There were no leaks. Slow crack growth is therefore generally assumed
for this damage.

Fig. 3-21: Non-return valve made of 15Mo3 in the circulation circuit
(design: 280 bar, 405 °C, operating data: 245 bar, 400 °C)
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Fig. 3-22: The damaged area is made up of a flat surface in the rear inner area
of the non-return flap, Fig. 3-21

Fig. 3-23: After dismantling the non-return flap from Fig. 3-21, the red-white test showed an
almost circumferential linear indication. This finding was unexpected in terms of
depth and severity. Neither the material, the stress caused by pressure and tem-
perature nor the internal geometry suggested this.
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Fig. 3-24: Non-return flap 2021

3.3.5 Damage to a feed water tank

As described in Chapter 3.3.1, cracks were found in numerous feedwater tanks in Ger-
man power plants from 1966 onwards. In addition to numerous crack formations at the
connections of feedwater tanks and degassers, systematic crack formations in the cir-
cumferential welds up to leakage were found in several feedwater tanks made of high-
strength steels in the 1970s, see also the examples in [3-21].

The following describes a typical case of damage to a feedwater tank made of high-
strength steel.

In 2018, a leak occurred on a circular seam from the shell seam to the curved bottom
of a feedwater tank. The leakage point on the horizontal feed water tank was in the
6 o'clock position. During a subsequent surface crack test on the inside, further crack
indications were detected in all circumferential seams and on two nozzle seams. All
crack indications were located in the water-wetted area of the feed water tank
(4 o'clock to 8 o'clock position). The cracks were largely oriented transverse to the cir-
cumferential welds and therefore perpendicular to the largest main normal stress. Fig.
3-25 shows a sketch of the feedwater tank with the main dimensions. Tab. 3-1 contains
information on the feed water tank and its mode of operation. Tab. 3-2 provides infor-
mation on the material from which the feedwater tank was made.
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Fig. 3-25: Skizze des Speisewasserbehélters
Translation
German English
Dampfausgleich Steam equalization
Entgaser Degasser
Mannloch Manhole
Speisewassersaugleitung Feed water suction line
Wasserausgleich Water equalization
Heizdampf Heating steam

Tab. 3-1: Information on the feed water tank and its mode of operation

Year of construction 1964

Dimension @ 3200 mm x 10 mm x 14,300 mm; V =100 m?
Operating 157 °C
temperature

Operating pressure 4,7 bar(g)

Load change 1x Start-up/shut-down per year

Medium Boiler feed water; alkaline with ammonia; pH 9.5;
02<0.01 mg/L
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Tab. 3-2:

Information on the material and the welding process

vche

Material designation:

BH 36 KW

(Weldable fine-grained structural steel; simi-

lar: WStE 355)

Mechanical-technological properties

Tensile strength Ry, | 490 MPa — 630 MPa Notched bar impact work =239J
KV with -20 °C

Yield strength Re = 355 MPa

Chemical analysis in mass-%

C Mn Si P S N < Al

0.18 1.2 0.45 0.02 0.04 0.05 0.05

Information on welding production (according to documentation):

Welding process

E-Hand (electrode welding)

Welding electrode

Union SH schwarz 3K

Heat treatment after welding

No post-weld heat treatment

Fig. 3-26 shows the position of the leak in the circumferential seam between the shell

course and the curved bottom on the outside of the container.
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Fig. 3-26: Position of the leakage point on the circumferential seam between the casing
course and the curved base

A boat sample was taken from a circular seam between two shell sections at a point
that showed crack-like indications during the MT test. The boat sample is shown in Fig.
3-27 and the position of the microsection made from it is marked.
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Fig. 3-27: Boat sample from the circular seam with MT displays
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The crack shapes characteristic of SICC are already macroscopically recognizable in
the unetched fine section. On the left in Fig. 3-28 a crack with scouring and on the right
a carrot-shaped crack. Both cracks are filled with magnetite.

Fig. 3-28: Unetched fine grinding along the weld seam with typical SICC cracks

The thick magnetite layer is conspicuous in the cracked area of the inner surface.

Fig. 3-29 and Fig. 3-30 show an enlarged view of these two cracks in the etched fine
section. The weld microstructure and the base material show no abnormalities.

A

Fig. 3-29: Etched fine section shows the crack with scouring — detail from Fig. 3-28 left
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Fig. 3-30:  Etched fine grinding shows the carrot-shaped crack — detail from Fig. 3-28 right

The following repair concept was implemented:

The area of the leak was repaired by welding and then ground. Welding was
carried out by the TIG process, using a preheating to 120 °C. The absence of
cracks was then confirmed by means of a surface crack test (MT). In order to
avoid the introduction of stress through local annealing and as it was not pos-
sible to achieve uniform heating of the installed feed water tank along the en-
tire circumference, no post-weld heat treatment was carried out.

All crack indications were ground out until they were free of cracks, whereby
care was taken to ensure smooth transitions.

If, after grinding out the cracks, the calculated minimum wall thickness was un-
dercut, local build-up welding was carried out and then ground again.

After one year of operation, the effectiveness of the repair was checked using
surface crack testing (MT).

Due to the damage, the inspection concept was supplemented by a periodic MT in-
spection of the water-covered weld seams.
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3.4 Remedial measures

The remedial measures are derived from the requirements of the SICC mechanism.
As explained in detail in chapter 2.3, the decisive influencing variables are

e the mechanical stress, particularly the rate of expansion results from the time
course of the pressure, the temperature, and the geometry of the component
(e.g. ovality of the pipe);

e the medium;

e the temperature;

e the material.

If a triggering parameter is omitted, no SICC occurs.

The expansion behaviour of pipes can be influenced by an adapted support concept.
It should be mentioned here that in the case of SICC in pipe bends, a soft installation
may be preferable to reduce the expansion rate or to distribute the necessary expan-
sion clearances over a larger pipe section. It is also an option to use bends with the
lowest possible ovality to reduce the expansion amplitude in the event of pressure
fluctuations. A limited possibility is to slow down the opening behavior of fittings to
reduce the thermal transients (magnetite protection layer criterion).

Standstill corrosion plays a special role. This takes place at standstill, i.e. between
10 °C and 40 °C. It allows pitting corrosion attacks or corrosion cavities to form in the
undamaged and virtually notch-free material, and SICC cracks can form at the base of
these notches. Particularly damaging in this context is the formation of localized fluid
accumulations in the bottom of the incompletely drained pipe or component, which can
also be promoted by a local build-up at the weld seam geometry. This also leads to an
increase in the concentration of corrosion-promoting ionic components.

For standstill corrosion to be possible, a previously created local disturbance in a mag-
netite layer due to overstretching or over-compression of the layer or an only slightly
or poorly formed magnetite layer is a prerequisite. Avoiding standstill corrosion by tak-
ing suitable operational measures (see chapter 3.5) is therefore another method of
preventing SICC.

Detailed information on remedial measures regarding the choice of material and me-
dium is provided in chapters 2.6.1 to 2.6.4.

An additional note due to the increased relevance for conventional systems:

If the systems are ventilated during short shutdowns, the resulting oxygen-saturated
water in these areas increases the potential for SICC damage during the next start-up.
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The temperature range between approx. 150 °C and 250 °C, which is critical for SICC,
should be avoided as far as possible or preferably passed through quickly during start-
up. However, this statement does not refer to operational conditions that are absolutely
necessary for process engineering, but to the avoidable cooling of the systems into the
critical range. This can be ensured by a sufficient minimum flow rate or by improving
the thermal insulation of the component.

3.5 Standstill preservation

In principle, the preservation measures of a pressure device, a pressurized pipeline or
a steam generator cover the entire service life, from production, transport, storage (if
necessary), installation and commissioning to operation, including interruptions.

In this section, the aspect of standstill preservation, i.e. preservation for interruptions
in operation, is presented. See VGB-S-116 “Preservation of power plants” [3-32].

In the case of water-tube boilers for the water-steam cycle of conventional power
plants, it has proven to be a good idea to determine the optimum preservation method
taking the following aspects into account:

e Standstill time;

e Maximum time available until recommissioning;

e Effects on recommissioning;

e Degree of automation of the preservation equipment;
¢ Influence on other plant components;

e Disposal of preservatives;

e Occupational safety;

e Environmental protection.

The following preservation methods have proven themselves in practice, depending
on the application and area:

o Wet preservation;

e Dry preservation;

e Inertization;

e Vapor phase inhibition;

e Preservation with film-forming amines.

All of these methods generally lead to good corrosion protection in the water-steam
cycle when used correctly. Flue gas-side corrosion during system shutdowns must also
be assessed.
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3.5.1 Wet preservation

The wet preservation of systems is characterized by a minimal duration (a few hours)
until recommissioning as well as low financial expenditure. It is not necessary to empty
the system. Corrosion protection is usually ensured by degassed media, such as the
operating medium or deionized water.

It is essential for this method that the system is completely filled, that air or steam
cushions are safely avoided or replaced by inert gas and that the preservation medium
is degassed as far as possible. At the same time, there are system-specific require-
ments for cleanliness to avoid undesirable interactions with the surfaces in contact with
the medium. As a rule, relevant media properties (e.g. oxygen concentration
< 0.05 mg/kg, conductivity <5 pS/cm, pH value > 10) that can be easily determined
using operating measurement technology are defined here.

Wet preservation by heat retention is characterized by particularly short recommission-
ing times. This requires the permanent circulation of the feed water in the water-steam
cycle using sufficiently dimensioned feed water pumps and the maintenance of a min-
imum temperature (usually > 70 °C).

The preserved system also requires cyclical monitoring during shutdown to maintain
preservation to monitor any leaks and carry out appropriate replenishment. The regular
system measurement technology is generally sufficient for this.

Care must be taken to ensure that the preservation medium does not freeze. In gen-
eral, no antifreeze can be added, as there is a risk of acidic decomposition products.

Based on the pressure maintenance, possibly at elevated temperatures, repair
measures on the system are only possible to a limited extent.

3.5.2 Dry preservation

Dry preservation is characterized by a short duration (a few days) for recommissioning
and low financial expenditure. It is necessary to empty the system, but preservation
must be initiated while the system is in operation. Corrosion protection is ensured by
the absence of an electrolyte film on the surfaces to be protected. When the systems
are shut down, the residual heat present is used to evaporate all the water contained.
All drains and vents must be opened for this purpose.

It is essential for this method that the system is completely drained and dried on the
surfaces in contact with water and steam, that there are no hygroscopic deposits on
the surfaces to be protected and that the relative humidity on these surfaces is less
than 30 %.
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A disadvantage of this method is the potential concentration of corrosive ionic impuri-
ties in the residual puddles. These can lead to localized pitting corrosion in unalloyed
and low-alloy steels, which in turn can be potential starting points for the initiation of
SICC. See also the examples of damage in Fig. 3-9 to Fig. 3-15.

The conservated system requires cyclical monitoring during standstill to maintain
preservation to prevent the temperature from falling below the dew point by taking suit-
able measures.

353 Inertization

The inerting of systems is characterized by a minimum duration (a few hours) for re-
commissioning. The system must be drained to replace the inerting agent, usually ni-
trogen. Corrosion protection is ensured by the absence of oxygen.

It is essential for this method that the system is technically oxygen-free (< 0.5 vol. %)
and that there is a nitrogen overpressure (usually > 20 mbar) during the preservation
period.

The conservated system also requires cyclical monitoring during the standstill to main-
tain preservation, in order to monitor any leaks and carry out appropriate replenishment
of the inerting agent.

3.54 Preservation with vapor phase inhibitors

Vapor phase inhibitors can be used where wet or dry preservation is not feasible. For
this purpose, sublimating substances are used, which are deposited on the metallic
surface and thus prevent the corrosion reaction. The vapor phase inhibitors are applied
as a powder or emulsion, for example. Complete dewatering is not necessary, as the
surface reaction also takes place through surface condensates. A prerequisite for long-
term effectiveness is that there is no air exchange in the system to be protected. De-
conservation is generally achieved by rinsing with water.
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4 Inspection concept

One task of non-destructive testing (NDT, equivalent to NDE) within a periodic inspec-
tion program is to detect damage caused by corrosion-supported crack formation
mechanisms in general and by SICC in particular in good time before leakage or seri-
ous damage occurs. In this context, information on the typical manifestations of SICC
in real components and systems is relevant, see the damage cases in chapter 3.3, in
order to assess the effectiveness of NDT.

SICC damage depends on the stress on the component, i.e. the geometry of the com-
ponent and the load characteristics (including internal pressure, temperature, me-
dium). In the following sections, the NDT-relevant characteristics of SICC are pre-
sented and classified in test scenarios in connection with endangered components.
Based on this classification, inspection approaches are presented that systematically
improve the probability of detecting SICC.

4.1 Damage pattern

Crack position:

The SICC always starts from the medium side, i.e. from the inside. In pipelines and
components that are not accessible from the inside, the detection of cracks from the
accessible outer surface is therefore only possible using volume testing methods.
These include ultrasonic testing (UT), radiographic testing (RT) and eddy current test-
ing (ET). Surface testing methods such as magnetic particle testing (MT), dye pene-
trant testing (PT) or visual testing (VT) do not provide any information about the inner
surface. Only wall-penetrating cracks can be detected with these test methods.

If components are accessible from the inside, as is the case with feed water tanks in
particular, the surface test methods can be used to inspect the inner surface.

Crack characteristics and crack detection:

In most cases, a very fine and sometimes slightly branched crack forms starting from
a pitting corrosion attack. The cracks induced by SICC were often detected at locations
with changes in the inner contour, changes in wall thickness and scoring of the inner
surface [1-1]. Crack growth follows the tensile stress state, which is present at stresses
within 150 °C to 280 °C. For a straight pipe, this usually means growth perpendicular
to the inner surface. As these are planar defects, it is difficult to detect them using RT,
as this requires optimum irradiation conditions for each crack.

Crack detection from the inside is possible using endoscopy/videoscopy. Large ves-
sels can be inspected with direct visual inspection. Corrosion cavities and hematite
bleeding provide indications of SICC. It is not possible to test the depth of the cracks
with VT.
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Technical progress in ultrasonic testing technology, including evaluation technology,
in particular phased array testing technology (PA-UT), currently offers additional ad-
vantages in the use of UT for the detection of SICC cracks. In addition, the accessibility
for ultrasonic testing is much easier than for radiographic testing.

The following testing methods have proven themselves to date:

e From the inside: Direct VT in the case of accessible test positions, VT with
aids such as endoscope and borescope; indirect VT with videoscope;

e From the inside: Surface crack testing with MT or PT if accessible;

e From the outside for wall thicknesses from approx. 4 mm: UT preferably using
phased array (PA-UT);

e RT can generally be used locally from the outside, in particular to verify UT
findings.

The difficulty of the UT inspection task due to the fineness of the crack and the possible
form echoes should not be underestimated. This has been shown by the experience
gained from boiler circulation pump (BCP) investigations [1-1]. Where applicable,
mechanized ultrasonic testing is used to improve the test results by means of image-
based evaluations of the ultrasonic data stored true-to-location.

4.2 Test cycles and test ports

According to the German Ordinance on Industrial Safety and Health, all work equip-
ment is subject to periodic inspections. Depending on the inspection task, the inspec-
tion cycle can be within hours or years. For example, routine inspections in the form of
so-called integral visual inspections (VT) are common in power plants at hourly inter-
vals.

The inspection cycles must be defined in such a way that cracks within these intervals
do not lead to component failure.

By selecting representative test locations based on the damage mechanism of the
SICC, the testing effort can be reasonably reduced. At the same time, the reliability of
the tests is significantly improved.

SICC can occur as a systematic active damage mechanism in piping systems if the
design, manufacture, and loading provide the appropriate boundary conditions for trig-
gering SICC. Tab. 4-1 gives a brief overview of possible test areas. Some examples
are also given.
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Tab. 4-1:

vche

Boundary conditions that promote SICC and can therefore be used for a prese-

lection of test locations (no claim to completeness)

Boundary
condition

Value/Areas

Examples

Liquid phase in the
water vapor system

150°C<T<280°C

Circulation system (incl. fittings and pump
housings),

Minimum flow line,

Emptying lines from collectors

Increased local ten-
sile strain or shear
strain, which can lead
to cracking of the
magnetite layer

Ovalized pipe bends

Pipe bends usually have an ovality. The

neutral fiber of the bend is subject to in-

creased tensile elongation under internal
pressure load

Notches

Machining grooves, root notches

Contour notches in fit-
tings

Inner edges, e.g. in slide valve housings,
the handling groove in typical housings of
boiler circulation pumps, perforated edges
of boiler drums

Wall thickness and
contour transitions

Housing of boiler circulation pumps,
dampers, valves, and fittings

Areas in which Shut-
Down corrosion is
possible due to insuf-
ficient condensate
drainage

Horizontal pipe sec-
tions

Condensate can remain in the 6 o'clock
position under unfavourable conditions

Systems that quickly
achieve oxygen satu-
ration of conden-
sate/liquid phase
through aeration,
even when not in op-
eration for a short
time

Leaking valves, open
and wet systems at
Shut-Down

Emptying system

Piping systems with-
out continuous flow

Drain line
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4.3 Test procedure

A combination of tried and tested inspection techniques is recommended for the crea-
tion of a SICC-related inspection plan. The methods that can be used so far are

e VT of the inner surface;

e Surface crack testing (PT, MT) of the inner surface with accessibility;
e UT of the volume up to the inner surface (from the outside);

e Local RT of the volume from the outside.

All methods have their advantages and limitations and can lead to misinterpretations,
which is why professional planning, valid personnel certification (e.g.
DIN EN ISO 9712) for the respective test method and, in particular, practical experi-
ence with the respective test technique in comparable test tasks are essential.

4.3.1 Visual Testing (VT)

Direct visual inspection is the simplest technical option for inspecting accessible inter-
nal surfaces. If accessibility is limited, the technically more complex direct visual in-
spection using an endoscope or borescope as an aid and the indirect visual inspection
using a videoscope are suitable. These are used in particular when inspecting pipe
sections or boiler drums. To do this, an opening must be created, either by cutting a
pipe section or, for example, an inspection nozzle. Pipe pigging systems are also used
for very long pipe systems, but these have not yet been used to locate SICC.

Endoscopy and videoscopy are imaging procedures. This means that optical distor-
tions are possible. Modern systems have an auto-zoom for focus adjustment but can-
not avoid optical distortions. The optical findings can be over-interpreted due to the
different magnification. The certification and experience of the inspector/evaluator from
comparable inspection tasks are essential here.

During the visual search, damage to the magnetite layer is assessed. If these are elon-
gated and also show iron hydroxide or hematite bleeding, a SICC should be suspected.
However, scaling and deposits on the magnetite layer can also lead to misinterpreta-
tion. Alternatively, linear indications can be verified with endoscopy, videoscopy or ul-
trasonic examination. Instead of this verification, the affected pipe section can also be
replaced directly to minimize costs. This was carried out, for example, in the case of
findings on drain lines.
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4.3.2 Ultrasonic Testing (UT)

Ultrasonic testing methods and techniques utilize the reflection of sound waves at in-
terfaces, which are represented with characteristic display patterns. The following re-
flector types are examples of interfaces for ultrasonic testing:

e Crack flanks, planar;
e Porosity, volumetric;
e Pits.

Depending on the ultrasonic testing parameters, such as testing frequency and wave
type, the different reflector types are displayed with different characteristics. Classic
ultrasonic testing is not an imaging test method, such as radiographic testing with X-
ray tubes or isotopes. Special methods of ultrasonic testing, e. g. phased array testing
or ultrasonic testing with mechanized data acquisition, provide visual representations
of the test object by projecting the ultrasonic signals into the test object or onto its
surface.

SICC-typical defects in the form of cracks can be detected using adapted ultrasonic
testing techniques. The testing technique is adapted by selecting test parameters and
scanning directions depending on the shape and wall thickness of the test object. The
usually ferritic material and its acoustic properties remain of secondary importance for
SICC detection. The surfaces to which the ultrasonic probes are coupled must be pre-
pared for testing prior to the test.

Ultrasonic testing for SICC-typical indication patterns is possible with test frequencies
from 1 MHz and can be increased to higher test frequencies of up to approx. 10 MHz
depending on the component and its surface quality. With higher test frequencies, the
requirements for the quality of the surface to which the ultrasonic probe is coupled
increase. The contact surface of the ultrasonic probe must be adapted to the surface
of the component. This applies in particular to positions where, for example, pipes are
tested for cracks that extend longitudinally and are inspected with the probe in the
circumferential direction of the pipe.

Ultrasonic testing as a surface and volume method always includes the entire cross-
section of the test object, including the surfaces. Ultrasonic testing must be adapted to
the zone to be tested and the test sensitivity must be adjusted to detect certain defects.
For the detection of cracks typical of SICC, the inner surface away from the probe is
defined as the test zone and the test sensitivity is adjusted, for example, on repre-
sentative test specimens with artificial reflectors in the form of slots or eroded grooves.
The component contour and the local wall thickness must also be taken into account.

Ultrasonic inspection techniques can be designed as search or analysis inspection
techniques depending on the respective inspection situation. This distinction is helpful
where large areas are tested in a short time and analyses are only required at indica-
tion locations, e. g. to determine the depth of crack indications.
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Adapted ultrasonic tests, also qualified on representative test specimens with artificial
defects, are used to determine and document the lengths and depths of SICC indica-
tions in a traceable manner. The imaging methods of mechanized or partially mecha-
nized ultrasonic testing provide true-to-location projections of the indication positions
and enable optimal testing for alterations in the findings left in place.

The characteristic manifestations of SICC in the form of crack fields with prominent
individual cracks, some of which exhibit typical scouring, can be reliably detected with
ultrasonic testing due to the expected gap widths > 20 um. Initially, the cracks usually
run without branching and are transcrystalline. The following test conditions must be
given:

o Sufficient clearance on the outer surface for coupling and guiding the ultra-
sonic probes;

e The surface must be clean, free of scale, loosely adhering particles, and coat-
ings for coupling the probes;

o Sufficient surface quality (evenness, roughness);

¢ Insulation must be removed.

Nevertheless, there are detection limits and possibilities for misinterpretation. The most
important impairing boundary conditions are:

e Sound-influencing, inhomogeneous, and coarse microstructure in the test area
or in the sound path to the test area (cast microstructure, especially weld
seams);

e Form echoes from the inner contours of the test objects or the roughness of
the inner surface;

¢ limited possibilities for attaching the probes from the outside (edges, changing
radii, poor accessibility).

Above all, experience from tests on boiler circulation pump housings has shown that
correct interpretation is difficult when the aforementioned effects are considered.

Adapted probes, such as SE probes (transmitter-receiver probes), must be used on
thin-walled pipes with small diameters, which are used in particular for drain lines.

The use of phased array ultrasonic testing techniques (PA-UT) and mechanized data
recording increases the reliability and reproducibility of the test results.
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4.3.3 Surface crack inspection (SCI)

Surface crack testing with MT or PT is mostly used to verify visual findings on openly
accessible internal surfaces. Magnetic particle testing (MT) is generally recommended
for ferritic components regarding the test results. For the frequently used dye penetrant
testing (PT), two things should be noted:

e Grinding can cause cracks in soft, easily deformable materials to be smeared
shut and subsequently no longer be detectable using PT;
e The detection limit of PT is inferior to MT.

43.4 Eddy Current Testing (ET)

Eddy current testing (ET) is a test method that uses deviations in electrical conductivity
as a test statement. Eddy current testing is basically a surface method for detecting
discontinuities in the near-surface area. On test objects with wall thicknesses < 5 mm,
eddy current testing can include the mating surface in the test. These include, for ex-
ample, heat exchanger tubes in steam generators, heat exchangers and condensers.
Under favourable conditions and with specially adapted test equipment, test results
are possible down to depths of around 20 mm. For meaningful test results with eddy
current testing, surface quality requirements must be met that are at least equivalent
to those for ultrasonic testing. Under good surface and material conditions, fine cracks
can be detected with eddy current testing. The detection and resolution capacity de-
creases rapidly with increasing depth. As a manual test, eddy current testing is not an
imaging test method, but eddy current data can be recorded with spatial coordinates
using suitable semi-mechanized or mechanized testing equipment and output as dis-
play images in the same way as with mechanized ultrasonic testing.

Reference bodies with identical material and dimensions must be available for the
component to be tested, which make it possible to interpret the electromagnetic devi-
ations.

One advantage of the method is the fast and effective testing of long pipe sections.

A disadvantage is the extensive preparation required, including the creation of refer-
ence test specimens, and the low level of dissemination and experience for mobile
testing in conventional energy systems.

Eddy current testing can only be used to detect typical SICC cracks on very thin pipes
in exceptional situations.
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4.3.5 Radiographic Testing (RT)

X-ray tubes and isotopes can be used to detect typical SICC indications from the out-
side. Radiographic testing (RT), like ultrasonic testing, is an NDT method for volume
testing that can be used to detect imperfections on the surfaces and inside test objects.
RT is an imaging method that uses the blackening of a photographic film or a digital
electronic detector placed on the opposite side of the component to visualize positions
in the test object that are more permeable to X-rays or gamma radiation due to lower
attenuation. Such positions are, for example, smaller wall thicknesses, voluminous
cavities or planar separations. Cracks caused by SICC are planar separations that can
be detected with radiographic testing if they are optimally positioned in the beam path,
i.e. aligned as parallel as possible to the plane of incidence. For the result of the radi-
ographic test, it is favourable if indications of cracks are as close as possible to the film
or to the detector of the digital radiography. The quality of the test results decreases
as the wall thickness of the radiographed test object increases. From a wall thickness
of around 30 mm, cracks can only be detected if they are optimally positioned in rela-
tion to the beam path. Test locations without changes in the wall thickness of the test
object are advantageous for radiography.

Advantages:

¢ Visual evidence of the findings;
e Simple documentation and qualitative testing for alterations possible;
e Low requirements are placed on the surface quality.

Disadvantages:

e Relatively high space requirement when using an X-ray tube;

e Relatively precise alignment to the possible SICC crack required to detect the
crack;

e Several images required when testing the entire circumference of a circumfer-
ential weld;

e Area must be cordoned off during exposure times due to work safety.

4.4 Crack Size Determination

— If an indication has been assessed as unacceptable, the next step is to check
whether grinding until crack-free, temporary continued operation, repair or re-
placement is possible and/or necessary.

— Determining the crack depth can be important for this decision. According to pre-
vious experience, it is possible to determine the crack depth using UT, PA-UT, or
potential probe methods. As described above, the test is influenced by various
boundary conditions. It is therefore important to make a precise estimate of the
detection limit for the areas to be tested in advance. It can be useful to define dif-
ferent test zones on the component that describe different detection limits.
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— As a very fine crack usually forms, it is a particular challenge to analyse the depth
of the upper flaw edge (crack tips). For this purpose, additional display patterns
are evaluated using ultrasound technology, the so-called tip diffraction echoes.

441 Periodic crack size determination

— If a fracture mechanical integrity verification analysis has been carried out on the
basis of a crack size determination (see chapter 5) and the component or system
has thus been released for further operation for a limited period of time, a retest
must be carried out in accordance with the specifications from this integrity verifi-
cation analysis, such as the number of cycles and operating time. It must be en-
sured that the accuracy of the measurement is known and considered. Crack al-
terations within the measurement accuracy are difficult to interpret. A more com-
plex evaluation, such as a comparison of the overall images of both measure-
ments, can be helpful. The same quality of both measurements is a basic prereg-
uisite for this comparative analysis.

— In practical cases, it has already happened that a system with improved accuracy
and detection limit was used for the follow-up measurement. This can make it dif-
ficult to interpret the possibly different measurement results, both positive and
negative. The cause may be due to the change in testing technology.

4.5 Examples of NDT on SICC-damaged components

4.5.1 SICC-damaged valve body

PT was used to determine indications on a gate valve housing (material: 15Mo3, di-
mensions: 450 mm x 45 mm) at positions on the inner contour that are typical for SICC.
To illustrate the initial position, the housing was digitized with a 3D scan, see Fig. 4-1.
The component has larger dimensions, as shown in Fig. 4-2.
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Fig. 4-1: 3D scan for contour mapping of a valve damaged by SICC

Fig. 4-2:  Preparation for the mechanized UT (mPAUT) on the slider housing of Fig. 4-1
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Fig. 4-3:  Sliced housing of the valve damaged by SICC with a superimposed mPAUT
result display

The data from the mechanized PA-UT test (mPAUT) recorded before the housing was
separated was transferred to the cross-section of the housing. The ultrasonic displays
were projected onto the internal contour transition with a good signal-to-noise ratio,
see Fig. 4-3. This housing position is susceptible to SICC due to the contour transition
and the different wall thicknesses.
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Suchtechnik
60° und 72° Transversalwellen
Priaffrequenz 4 MHz

000y

Fig. 4-4:  Component sketch of the valve housing with superimposed mPAUT result display
with beam angles of 60° and 72° and 4 MHz test frequency

Translation

German English
Suchtechnik Search technology
Transversalwellen Transverse waves
Priffrequenz Test frequency

In Fig. 4-4, the shape displays from the component contour and the defect displays
can be interpreted simultaneously on the evaluated sound field images.

This component contour is complex for mechanized ultrasonic testing. Due to the ex-
ternal cone and the circular housing seam, the probe cannot simply be moved up to
the display location. For this reason, the probe must be coupled to the outside of the
conical contour and the ultrasonic signal pass through weld metal so that it reaches
the display location. The evaluation shows characteristic display patterns, see Fig. 4-4:

e from the weld metal of the housing circumferential weld;
e shape indications of the inner surface;
e the indications of the defect with a clear signal-to-noise ratio.
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These defect indications are displayed with different intensities along the entire circum-
ference. The differences result from the locally different coupling conditions on the
outer surface and from the locally different reflectivity of the defect. From the display
position and the characteristic reflection of the flat incident sound field, a planar defect
with a connection to the inner surface is assumed to be the cause of this display pat-
tern. A shape indication from the shape of the housing cannot be the cause of this
pattern at the reconstructed display position. It can be concluded that it is a typical
crack indication.

Fig. 4-5:  Cut surfaces of the fitting housing with PT results

After separating the valve body, the accessible inner surface and the cut surfaces were
tested using dye penetrant testing (PT). As expected, the result of this test shows the
positions on the weld seams with a red background, as these positions were not ma-
chined before the test, see Fig. 4-5. The PT indications on the cut surfaces, which only
become clear in enlarged views, show typical bleeding at the gap positions of the hous-
ing construction. In addition to these indications, linear indications are shown at the
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contour transition of the drive housing to the base body along the entire inner circum-
ference, which are evaluated as a coherent indication.

ey

Fig. 4-6:  Cut surfaces of the valve body and inner surface of the body (identical to Fig. 4-5,
looking from the valve insert connection) with PT results

Fig. 4-7:  Enlarged view of the linear PT indications on the inner surface and on the cut
surfaces of the fitting housing of Fig. 4-5 and Fig. 4-6 at the contour transition of
the actuator housing to the base body
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The two enlarged sections in Fig. 4-7 (with circumferential positions offset by approx.
180°) of the PT indications on the inner surface of the valve housing and the cut sur-
faces at the position of the contour transition from the actuator housing to the base
body of the valve show the linear character of the indications in the housing wall along
the entire inner circumference. The depths of the crack indications of approx. 3 mm to
4 mm can be determined on both sides using the glued-on scales. These crack depths
and the alignment of the crack surface normal to the inner contour are the reason for
the clear ultrasonic indications. Linear defects, which are connected to the inner sur-
face and extend almost vertically in the direction of the wall thickness, are optimal re-
flectors for ultrasonic testing. Due to the complex scanning conditions at this position
of the valve body, ultrasonic testing could only compare the crack depth from the ratio
of the echo heights of the crack indications to that of the alignment reflector. The re-
flectivity of the ultrasonic display corresponds approximately to that of a three millime-
ter deep, eroded rectangular groove in the adjustment body.

452 Housing of a boiler circulation pump with SICC crack indicators

In the forged housing of a boiler circulating pump (WB36), mechanized phased array
ultrasonic testing (MPAUT) detected fault indications. For this reason, the housing was
removed and tested again with mPAUT before further processing (Fig. 4-8). These
tests confirmed the fault indications in the transition from the cylindrical flange to the
spherical upper part of the housing.

Fig. 4-8:  Front view of the boiler circulation pump in dismantled state with mPAUT
test manipulator
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This revealed indications of pits and cracks. The indication locations were recon-
structed in the test zone on the rounded inner surface of the cylindrical flange and the
spherical upper part of the housing. The ultrasonic data stored with location coordi-
nates were evaluated and showed that the indication patterns of the two deepest
cracks can be detected along the entire circumference, see Fig. 4-9. The maximum
determined depth extension reached approx. half the wall thickness at individual cir-
cumferential positions.

After testing in the dismantled state, the housing was cut at the circumferential position
with the determined depth maxima of the two crack indications. The fluorescent surface
crack test of the cut surface with the color penetrant test (PT) confirmed the crack
indications detected with mPAUT in their crack depths and height positions.

The distributions of the mPAUT and PT test results on the inner contour of the housing
show a clear correlation. The two neighboring cracks (Fig. 4-10), which lie “on top of
each other” in the section, are each shown with considerable lengths in the mPAUT
(Fig. 4-11). In addition to the two main cracks at the fillet, further cracks are determined
using both test methods. The crack depths of the secondary cracks are considerably
smaller than those of the main cracks (see Fig. 4-11). The crack depths are not deter-
mined here in the direction of the wall thickness, but in each case along the almost
straight, non-branching course of the crack indications. The macroscopic view of the
sectional plane shows that the cracks are aligned approximately normal to the inner
contour and run approximately perpendicular to the main stress direction, see Fig.
4-11.
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Fig. 4-9:  mPAUT result display of the boiler circulation pump in the installed state
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Fig. 4-10: MT displays on the inner surface and the cut surface of the BCP housing

kugeliges Oberteil

N Riss

zylindrischer Flansch

Fig. 4-11: Measured cracks starting from the inner surface
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Translation

German

English

Kugeliges Oberteil

Spherical upper part

Mulde

Pit

Riss

Crack

Zylindrischer Flansch

Cylindrical flange

VGBE-TW-532e

Fig. 4-12: The same cracks as in Fig. 4-11 visualized by a simple PT

The position of the crack indicators on the rounded inner contour of the boiler circula-
tion pump shows another conspicuous feature. The ultrasonic data recorded on the
installed pump show the indications of the two main cracks simultaneously. This effect
can only be explained by the local permeability of the crack flank for the ultrasonic
signals. This effect is confirmed by the results of the PT test, as parts of the crack are
very difficult to detect. It follows from this that the crack flanks are pressed together
without internal pressure load in such a way that they become permeable to ultrasonic
signals (transverse waves) with test frequencies of 4 MHz and 6 MHz. This effect is
also known as a “kissing bond”. In testing practice, this results in the need to analyse
the ultrasonic data so finely that comparable display patterns can be identified as seg-
ments of connected crack indications, see Fig. 4-13.
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Fig. 4-13: mPAUT result display of the built-in pump

Fig. 4-13 shows the results of the mPAUT test with a 45° transverse wave probe at
4 MHz. The side view visible in it, bottom right, is shown enlarged and optimized for
the component geometry in Fig. 4-14. The superimposed PT result and the sketched
ultrasonic probe illustrate the local permeability of the crack flanks for the ultrasonic
waves.
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Fig. 4-14: Superimposed display of the mPAUT and PT test results with partially
ultrasonic permeable crack indications

Translation

German English

Kugeliges Oberteil Spherical upper part
Bohrung Drill hole

Prifkopf Test head
Zylindrischer Flansch Cylindrical flange
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4.5.3 Screening with an expert system

Knowledge of the plant operation and the typical stresses in the various parts of the
plant allows a preliminary assessment of which damage mechanisms could potentially
be effective in which parts of the plant. To support the know-how of the operating team,
expert systems can also be used to define the test concept for specific damage mech-
anisms, e. g. the COMSY software platform [4-1][4-2][4-3], which was originally devel-
oped for the ageing management of NPPs.

This is a software product with a modular architecture in which each module is used
individually or in combination with other modules to predict damage processes. In ad-
dition to the database and data management function, a series of analytical functions
are provided that allow critical locations to be identified and component-related dam-
age rates and remaining service lives to be determined. On this basis, inspection in-
tervals and maintenance activities can be optimized.

The ageing-relevant component data is linked to an integrated power plant model. This
allows up to seven different groups of damage mechanisms to be addressed, both
below the temperature range relevant for creep and for creep and creep fatigue, Fig.
4-15.
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Fig. 4-15: Ageing management of mechanical components with an expert system [4-1]

Strain induced corrosion cracking is one of these mechanisms. To determine system
areas potentially affected by SICC, a simulation of the water-chemical cycle in each
system and sub-system with respect to pH and oxygen concentrations is carried out,
in which the distribution of alkalizing agents and oxygen is calculated based on the
respective distribution characteristics.
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To perform this analysis, the heat balance diagram of the entire power plant is first
modelled, including the system parameters for all relevant system areas. This model
is then used as the basis for the above-mentioned analysis of the water chemistry
cycle, considering the associated thermal-hydraulic parameters. Taking into account
the materials used in each case and, if applicable, the thermomechanical stress con-
ditions, the system areas can then be examined regarding their degradation potential
for the damage mechanisms as shown in Fig. 4-15.

Screening for strain induced corrosion cracking:

The sub-model used to evaluate SICC and directly linked to the overall power plant
model is shown schematically in Fig. 4-16.

l

- ‘ Material properties

S :
Thermal-hydraulic parameters ‘
‘ Geometry specifications ‘
usage |factor
’ Material category ‘ .
. X probability
Environmental factor : /) <« Materialalloys | o
‘ Water chemical parameters ‘
usage ffctor corr.
Weld joint assessment : /) <« weld material properties |
usage factor corr.
L . /v{ No flaw detected
Examination record exist assess > M) —
\“ Flaw detected |
Crack growth
: high

N

usage factor

Fig. 4-16: Sub-model for screening with regard to strain induced corrosion cracking

The three main influencing parameters — ambient medium (dissolved oxygen), temper-
ature and (estimated or precisely determined) strain rate — can be used to make a local
estimate of the susceptibility to SICC. If a load specification or real load cycles are
available, an approximate degree of fatigue can also be specified or an estimate of the
residual fatigue life can be made.

This provides a computer-aided option to support the screening of an entire power
plant regarding the susceptibility to SICC of individual plant areas, systems, or compo-
nents. Once identified, the test methods and test measures described in subsections
4.1 to 4.4 and, in particular targeted fatigue monitoring based on measured operating
data in the temperature range below the creep range can then be used.
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This expert system is successfully used in several fossil power plants worldwide to
assess the potential for various damage mechanisms such as FAC. Concrete practical
applications for SICC prediction have so far been carried out in the context of NPPs,
taking into account the operating conditions there [4-1][4-2][4-3][4-4].
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5 Integrity assessment for SICC findings

If linear indications are identified on the inside of the component using non-destructive
testing methods (NDT), these can also be assessed by means of an integrity analysis
to determine whether continued operation is permissible for a limited period of time
instead of immediate component replacement. The verification of the integrity analysis
is carried out with non-destructive testing after a defined period of time or after a de-
fined number of cycles or after a defined load collective at a point in time at which the
failure determined by calculation can still be ruled out with a reasonable degree of
certainty.

Literature on the methodology of the fitness-for-service (FFS) analysis can be found in
the FKM guideline [5-1], in the ASME BPV Code Section XI for NPPs [5-2], in BS
7910:2013+A1:2015 [5-3], in API 579-1 2021 ed. [5-4] and in the VdTUV data sheet
MB DAMP 0468:2022-10-15 [5-5].

A specific recommendation of a methodology is not made in this report. In the following,
however, the special features of an integrity analysis are discussed, in which the SICC
is assumed to be the damage mechanism determining the further crack propagation.

The basic procedure of an integrity analysis is to determine the permissible flaw size
resulting from the highest stress to be assumed based on the maximum flaw size de-
termined by means of NDT using fracture mechanics calculation methods. The opera-
tional crack growth for the assumed active damage mechanism is then calculated and
thus the operating time until the permissible flaw size is reached is determined. A suit-
able test interval until the first non-destructive repeat test is then determined. If it is
determined during this evaluation that the defect size has already reached the permis-
sible defect size, a failure cannot be ruled out mathematically. In this case, either a
repair measure must be initiated or the operational stresses must be reduced.

When calculating the permissible defect size, the mechanism that led to the crack
growth is not relevant. Only the fracture mechanical resistance of the material counts
here.

Operational cyclic fatigue crack growth is usually the driving mechanism for crack
growth. Sufficient technically validated material parameters are available for the steels
of pressurized components in steam power plants. The use of crack growth curves in
the medium is generally a suitable basis for evaluating corrosion-supported crack
growth.

The following subchapter 5.1 contains examples of corresponding material parameters
for the evaluation of permissible defect sizes and cyclic crack growth in the medium in
the low-alloy steels WB 36 (15NiCuMoNb5) and GS17CrMoV5-11.

As described in detail in Chapter 2, the level of technical and scientific knowledge on
operational crack growth is currently significantly lower for SICC than for cyclic fatigue
crack growth. The use of SICC crack growth rates determined in the laboratory (see
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Chapter 2), in conjunction with increased safety factors, therefore generally leads to
an overly conservative assessment of the damage mechanism with the possible con-
sequence of unnecessary replacement of the component under consideration.

The assessment of cracked components in conventional power plants due to active
SICC is therefore carried out as a case-by-case analysis with the following possible
components:

e Determination of defect size using an NDT method qualified for the component
geometry;

e Determination of the operational stresses including temperature and medium
in the affected area;

e Determination of the permissible defect size using representative material
properties and, in the case of defects in the weld metal, considering residual
stresses using recognized fracture mechanics evaluation methods;

e Best possible prediction of SICC crack growth in the form of a fatigue crack
growth calculation with characteristic values in the medium;

e Evaluation of the distance between the defect size at the next inspection and
the permissible defect size;

e For cracks close to the permissible dimensions, it is recommended to install a
leakage monitoring system, e. g. using temperature sensors, video monitoring
or acoustic sensors;

e Periodic inspection must be carried out to verify the predictions of crack
growth.

The operating time until the next periodic inspection is determined for the two parallel
criteria:

1. operating time;

2. number of cycles.
With the limited crack growth verified on the real component, the crack growth analysis
and thus also the length of the operating time for the subsequent cycles can be ad-

justed. In the event of increased, progressive crack growth, component replacement is
recommended.

It is recommended that the area in question be checked for access restrictions during
power operation and during start-up and shut-down.
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5.1 Basic input parameters for fracture mechanics calculations

In general, the following input data is required for a fracture mechanics evaluation of
findings (including SICC findings):

Findings size and the crack postulate derived from it;
Dimensions of the component;

Loads (max. load, load in normal operation, load cycles);
Fracture mechanical material parameters.

The fracture mechanical material parameters required for a fracture mechanical eval-
uation of findings are described below. This evaluation generally consists of two cal-
culations:

e Determination of the critical crack size;
e Determination of the crack growth for the planned test interval.

The input variables required to determine the critical crack size depend on the as-
sumed failure mechanism (ductile fracture, brittle fracture, limit load failure) and the
complexity of the analysis. This ranges from conservative analytical evaluations (level
1) to the use of numerical micromechanical models (level 3). The more complex the
analysis effort, the lower the conservatism of the results, see Fig. 5-1 for a ductile
fracture assessment as an example.

Conservatism

Level 1

[~

e
f—]

7

Level 3

Complexity

Fig. 5-1:  Complexity and conservatism of a ductile fracture analysis (Framatome GmbH)
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Depending on the complexity of the analysis, the following material parameters are
required to determine the critical crack size:

e Strength parameters (yield strength, tensile strength);

e Fracture toughness;

e Crack resistance curve (J-R curve);

e Parameters for micromechanical models (e. g. Gurson model).

To determine the crack growth for the planned test interval, the associated material
parameters are required for the relevant stable crack growth mechanisms. The stable
crack growth mechanisms include

e Fatigue crack growth due to mechanically or thermally induced alternating
stress, usually in the form of the Paris law da/dN = C - AK™;

e Corrosion-assisted crack growth (SICC, H-SICC, SCC, etc.), usually as a func-
tion of time da/dt or as a modified dependency da/dN;

e Creep crack growth or creep fatigue crack growth.

5.2 Material characteristics for the materials WB 36 (15NiCuMoNb5) and
GS17CrMoV5-11

The material properties for the materials WB 36 (15NiCuMoNb5) and GS17CrMoV5-
11 are of particular relevance for power plants. This fact is reflected in the well-docu-
mented amount of data for these materials. For this reason, they are discussed in this
subsection as examples of unalloyed and low-alloy steels.

For the copper-alloyed low-alloy steel WB 36 (15NiCuMoNDb5), it has been known since
the end of the 1990s [3-26] that thermal ageing due to finely dispersed copper precip-
itation occurs during long-term operation from around 350 °C, which has an effect on
the mechanical properties.

As part of a research project [5-6], the influence of plastic alternating deformation at
different temperatures on the copper precipitation process and the effects on the ma-
terial toughness of WB 36 (15NiCuMoNDb5) were investigated. The hardening behav-
iour was evaluated in LCF fatigue tests on different precipitation states (recovery an-
nealed, stabilizing annealed and operationally stressed). It was found that the disloca-
tion movement has an accelerating influence on copper precipitation. The behaviour
of the recovery annealed condition approaches that of the operationally stressed con-
dition with increasing strain range. Copper precipitation is promoted in the course of
alternating deformation.

TEM investigations on WB 36 (15NiCuMoNbS) in [5-6] show that the increase in
strength and decrease in toughness observed during long-term annealing or opera-
tional stress in the range of 350 °C are essentially due to precipitation processes of
copper particles in the range of a few nanometres (nm).
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In [5-7], the influence of temperature, the oxygen content of the high-temperature water
and the strain rate on the susceptibility to strain-induced cracking corrosion for low-
alloy steels used in LWR, including WB 36 (15NiCuMoNb5), was described as early
as 1986 using a 3D model.

Fracture mechanical properties for static loading:

In [5-6], JR tests (20 % side-notched CT25 specimens, partial unloading method ac-
cording to ASTM EB813-89) were performed at different temperatures and physical
crack initiation values were determined via the stretch zone measurement and engi-
neering crack initiation values at a stable crack growth of 0.2 mm, Fig. 5-2.

At 0 °C, the material reaches its highest point in its initial state. The crack initiation value
Jiis higher at 340 °C than at 250 °C and corresponds to the room temperature value.

The effect of operational exposure (57,000 h at 350 °C) is to cause the transition tem-
perature to shift to higher values. At 340 °C, Ku (calculation based on the physical
crack initiation value) is 125 MPam'? for the material in the initial state and 84 MPam2
after operational stress.

Bruchmechanische Kennwerte in Abhangigkeit von der
4 JISZB, Ausgangszustand Tem peratur
180 JISZB, Betnebsbeanspruchung
u KIJ, Ausgangszustand
160]| oK, Betriebsbeanspruchung
‘Q_ J0,2, Ausgangszustand
E 140 J0,2, Betniebsbeanspruchung
©
[mi
S 120 - _
£ o i = n
~. 100 O
- o O
-~ 80
E A 9 A
£ 60 o a A
Z A A A
[ =
= 40 R A
= A
20 7
0
200 -150 -100 -50 0 50 100 150 200 250 300 350 400
Temperatur in °C

Fig. 5-2:  Stress intensity factor and crack initiation values of WB 36 (15NiCuMoNb5) in the
initial state and after operational exposure (57,000 h / 350 °C) [5-6]

Translation

German English

Bruchmechanische Kennwerte in Abhangigkeit Fracture mechanical properties as a function of
von der Temperatur temperature

Ausgangszustand Initial state

Betriebsbeanspruchung Operational stress

Temperatur Temperature
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In [5-8] and [5-9], these investigations were supplemented by the test temperature of
90 °C, Fig. 5-3. The crack initiation value Ji of 72 N/mm in the initial state is significantly
higher than after the above-mentioned operational exposure (57,000 h / 350 °C) with
Ji = 49 N/mm. The crack resistance curve after operation shows a significantly reduced
resistance to stable crack growth.

1 Werkstoffs 15 NiCuMoNb 5
450 Zustand E60A und E60B
{ CT25 TL - Proben

400 EGOA
009 +.00°c

350
300-
250

200-

J-Integral / N/mm

150

100

50

0-4 . . T
0.0 0.5 1.0 1.5 20 2.5 3.0 3.5 4.0
RiBverlangerung Aa / mm

Fig. 5-3:  Crack resistance of WB 36 (15NiCuMoNb5) [5-9]

Translation

German English
Werkstoff Material
Zustand State

Proben Samples
RiRverlangerung Crack extension

Annex C of KTA 3206 [5-10] contains, among other things, the Jic values available
from research projects and other material tests for WB 36 (15NiCuMoNb5) as a basic
pipe material at elevated temperatures up to 250 °C for various defect positions from
76.2 N/mm to 176 N/mm, which can be formally converted into ductile fracture tough-
ness values according to Eq. 5-1, Tab. 5-1:

JicE .
K;.= (1’_—192) (Equation 5-1)
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Tab. 5-1:  Conversion of the Jic characteristic values of WB 36 (15NiCuMoNb5) as a pipe
base material at elevated temperatures up to 250 °C for various defect positions
into ductile fracture toughness values K,c [5-10]

Defect Orientation Jic Kue
Orientation Type Samples N/mm MPam?'2
Surface crack T-S 76.2 130.0
el Throclr‘ggkwa" T-L 92.9 1435
Circumference Surface crack L-S 197.6

1st |letter — load direction

2nd |etter — crack propagation
direction

In [5-11], the influence of the stress velocity on the fracture toughness Ky was investi-
gated. The fracture toughness Ku of the cyclic pre-cracked samples determined using
the strain gauge method at room temperature shows values of approx. 150 MPam'?
up to a loading rate of 104 MPam'?/s. The impact fracture toughness of the material
15NiCuMoNb5 increases only slightly with the stress velocity. At room temperature,
the transition region from ductile to brittle fracture is reached at a stress rate of more
than 10* MPam'?/s. No results are available at higher temperatures. However, these
highly dynamic stress velocities are not relevant in practice for steam power plants.

Fracture mechanical parameters for cyclic loading:

The da/dN-AK limit curves of low-alloy steels given in [5-12] for determining the re-
maining service life under cyclic loading are mainly based on measured values deter-
mined under PWR primary circuit conditions at low Oz content, Fig. 5-4. While these
limit curves conservatively cover the influence of the PWR medium, higher O2 contents
lead to accelerated crack propagation [5-13].
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Fig. 5-4:  Reference curves for the cyclic crack growth rate of reactor pressure vessel
steels according to ASME Code Section Xl [5-12]

Tests on the cyclic crack growth of the material WB36 (15NiCuMoNDb5) were carried
out in [5-14] on a pipe with a circumferential notch. The load was applied in three
phases with different frequencies (1/15 min, 1/1 min, 4/1 min). The crack growth be-
haviour and the crack growth rate da/dN in the test phases are shown in Fig. 5-5.

By increasing the frequency from 1/15 to 1 load cycle per minute, the load cycle-related
crack growth rate is reduced by a factor of 10, as the influence of corrosion practically
no longer comes into play due to the increased frequency [5-15].

This aspect underlines the great significance of the load frequency on the crack prop-
agation per load cycle and on the type of crack propagation (fatigue or fatigue with
increasing corrosion influence). The phenomenon of slowing down the crack propaga-
tion per load cycle by increasing the frequency is also reflected in the crack surfaces
[5-16]. A cyclic crack growth test on a Compact Tension specimen (specimen 15Ni-
CuMoNb 5 taken from a tube and joined together to form a CT specimen by electron
beam welding) was carried out in an autoclave under operationally similar water con-
ditions at extremely slow load cycles (1/15 min) [5-16]. This showed that crack growth
rates occur at slow load cycles that are about a factor of 5 above the limit according to
ASME XI [5-12], Fig. 5-6.

While a typical corrosion-supported fatigue crack growth appears at low load frequen-
cies, ductile striations appear at high frequencies [5-16].
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Fig. 5-5:  Cyclic crack growth of 15NiCuMoNb5, pipe with circumferential notch [5-15][5-16]

Translation

German English
Leckagestelle Leakage location
Ursprungskerbe Original notch
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Fig. 5-6:  Cyclic crack growth rate da/dN as a function of the amplitude of the stress inten-
sity factor AK;and comparison with ASME Code Section XI [5-12][5-16]

Translation

German English

Autoklavenversuch Autoclave test
RiRwachstumsgeschwindigkeit Crack growth rate

Schwingbreite des Spannungsintensitatsfaktors | Range of the stress intensity factor

Fracture mechanical properties under creep and creep fatigue stress:

Fig. 5-7 shows a creep crack test carried out at the MPA Stuttgart at 350 °C in com-
parison with scatter bands of other materials. Further test results on the creep and

creep fatigue cracking behaviour of the materials WB 36 (15NiCuMoNb5) and
GS17CrMoV5-11 are not known.
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Fig. 5-7:  Creep cracking test WB 36 (15NiCuMoNb5) at 350 °C in comparison to scatter
bands of other materials [5-17]

Translation

German English

Probe Sample

Obere Grenzkurve fir alle Proben Upper limit curve for all samples
Mittlere Grenzkurve fir alle Proben Average limit curve for all samples
Teilstreuband Partial scatter band

Determination of material data in the LCF test:

At the MPA Stuttgart, low-cycle fatigue tests (LCF tests) and da/dN tests at different
R-values under water conditions were carried out on WB 36 (15NiCuMoNb5) and
GS17CrMoV5-11 materials subjected to operational stress [5-18][5-19].

The samples for testing under water conditions (280 °C, O2 = 0.4 ppm) were pre-auto-
claved for 100 h before the LCF test so that a magnetite protective layer could form.
Fig. 5-8 shows the formation of the magnetite layer on WB 36 (15NiCuMoNb5) in the
FIB cut as well as the surface of the layer.

109



VGBE-TW-532e vgoe

MPA Stuttgart

Fig. 5-8:  Formation of the magnetite protective layer for the material

WB 36 (15NiCuMoNbb5)
Translation
German English
FIB-Schnitt FIB cut
Oberflache der Magnetitschutzschicht Surface of the magnetite protective layer
Epitaktische Magnetitschutzschicht Epitaxial magnetite protective layer
Topotaktische Magnetitschutzschicht Topotactical magnetite protective layer

Fig. 5-9 shows the crack and the fracture surfaces of a sample tested under water
conditions. Fig. 5-10 shows the classification of the results in literature values [5-6].
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Fig. 5-9:  Sample L8 (GS17CrMoV5-11) after LCF test under water conditions
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Fig. 5-10: Results of the LCF tests [5-6] [56-18][5-19]

Translation
German English
Dehnungsschwingbreite Strain amplitude
O2-Partialdruck O2 partial pressure
Dehnungsrate Strain rate
Zykluszahl Cycle number
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The tests under water conditions were carried out for WB 36 (15NiCuMoNb5) with
Ag = 0.3 % and Ae = 0.4 % and for GS17CrMoV5-11 with Ae = 0.2 % and Ae = 0.3 %.
The test results of the samples of the cast steel GS17CrMoV5-11 show a larger scatter
band than the results for the forged steel WB 36 (15NiCuMoNb5) [5-18][5-19].

While the WB 36 tests in air are in line with the literature data [5-6], the crack initiation
curve for the GS17 tests is at lower numbers of cycles.

Under water conditions, the crack initiation curves for the WB 36 (15NiCuMoNDb5) as
well as for the GS17CrMoV5-11 cast material are shifted to lower numbers of cycles
compared to the crack initiation curves in air [5-18][5-19].

da/dN tests under pulsating stress

Under water conditions, da/dN tests in accordance with ASTM E647-95 [5-20] were
carried out on CT25 specimens made of WB 36 (15NiCuMoNb5) and GS17CrMoV5-
11 [5-18][5-19]. The stress ratio in these tests was R = 0.1. The crack length during
the test in the autoclave was determined using a direct current potential drop method,
whereby the recorded measurement signal initially only allowed a qualitative assess-
ment of the crack growth. To correlate the measurement signal with the crack growth
during the experiment, the sample is broken open with liquid nitrogen after completion
of the test and the actual crack growth is determined at equidistant intervals on the
exposed fracture surface using a measuring microscope. The relationship between
crack growth and signal change allows the crack growth to be visualized over the du-
ration of the test, Fig. 5-11.
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Fig. 5-11: Fracture surfaces of the CT specimens tested under water conditions; crack
growth based on the potential measurement during the test
Translation
German English

Stabiles Risswachstum wahrend der
da/dN-Versuche unter Wasserbedingungen

under water conditions

Stable crack growth during da/dN tests

Stabiles Risswachstum

Stable crack growth

Lastwechsel

Load cycle

da/dN tests under alternating stress

The da/dN test under alternating stress was performed using corner crack (CC) spec-

imens [5-18][5-19].

After the test, the specimens were cracked under cooling with liquid nitrogen and the
fracture surfaces were measured. The crack growth was calculated based on the po-
tential signal recorded during the test and the crack length before and after the test,

Fig. 5-12.
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vche

Kerb 1. Bruchhilfte 2. Bruchhilfte Mittelwert
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Fig. 5-12: Fracture surfaces of the CC specimens tested under water conditions; crack
growth based on the potential measurement during the test

Translation

German

English

Stabiles Risswachstum wahrend der
da/dN-Versuche unter Wasserbedingungen

Stable crack growth during da/dN tests under
water conditions

Erodierter Kerb Eroded notch
Ermudungsriss Fatigue crack
Versuchsriss Experimental crack
Zeit Time

To be able to compare the results of the tests with R = 0.1 and R = -1, the crack prop-
agation velocity was plotted against AKest in Fig. 5-13 and Fig. 5-14.

The test results of the GS17CrMoV5-11 cast steel samples show a larger scatter band
than the results for the forged steel WB 36 (15NiCuMoNb5).
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Fig. 5-13: da/dN curves for the material WB 36 (15NiCuMoNb5) [5-18]

Translation

German English
da/dN-Kurven fur den Werkstoff WB 36 da/dN curves for the material WB 36

Risswachstumsgeschwindigkeit Crack growth rate

Wasserbed. Water conditions

Obere Streuband Wasserbedingungen Upper scatter band water conditions
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Fig. 5-14: da/dN curves for the material GS17CrMoV5-11 [5-19]

Translation

German English

da/dN-Kurven fir den Werkstoff WB 36 da/dN curves for the material WB 36

Risswachstumsgeschwindigkeit Crack growth rate

Wasserbed. Water conditions

Obere Streuband Wasserbedingungen Upper scatter band water conditions

As a result of the crack propagation tests, upper scatter band limits were defined for
both materials, Tab. 5-2.
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Tab. 5-2: Results of the da/dN tests [5-18][5-19]

Material Sample Sample form m C
Number mm/LW
KUP_D1 2.99 4.10E-08
KUP_D2 CT sample 1.65 2.89E-06
KUP_D3 1.82 1.26E-06
15NICuMoNb5 KUP_C1 2.82 3.44E-08
(WB36) KUP_C2 Comer Crack 2.48 5.28E-08
KUP_C3 5.87
KUP_C4 1.34
Upper scatter band limit 3,07 6.41E-09
WEI_D1 2.00 4.19E-07
WEI_D2 CT sample 2.40 2.18E-07
WEI_D3 3.68 6.72E-09
GS-17CrMoV5-11 WEI_C3 2.36 4.70E-07
WEI_C5 Comer Crack 4.36 6.43E-09
WEI_C6 5.91 1.78E-05
Upper scatter band limit 3.07 1.60E-08
5.3 Calculation methods

As already mentioned at the beginning of Chapter 5, literature on fracture mechanics
calculation methods as part of the methodology of fitness-for-service (FFS) analysis
can be found in the FKM Guideline [5-1], in the ASME BPV Code Section Xl for NPPs
[5-2], in BS 7910:2013+A1:2015 [5-3], in API 579-1 2021 ed. [5-4] and in the VdTUV
data sheet MB DAMP 0468:2022-10-15 [5-5].

54 Requirements for the test report

The NDT test report, which serves as the basis for the fracture mechanics calculation,
describes the geometry of the indications with quantitative variables with the associ-
ated inaccuracy variables.

Proof of integrity:

All input variables used are documented.

When preparing a fracture mechanics calculation, the steps must be documented in
such detail according to the method used that subsequent reproducibility of the results
and validation by the NDT after the next test interval are possible.
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When using FEM, specific details of the model and, if applicable, the sub models and
the calculation program must be documented to ensure subsequent reproducibility:

e Calculation software used with version number;

e Elements used, number per element type, size ratios (large to small);

e Mesh quality overall and in the critical evaluation range;

e Load applications (displacements, forces, temperature fields);

e Boundary conditions (special elements, such as special fixed-point construc-
tions, restraints and degrees of freedom of cut surfaces);

¢ Images that support the above statements;

¢ The choice of special calculation options of the calculation software;

e The use of path evaluations; the paths must be described in a geometrically
comprehensible manner.

5.5 Monitoring concept

The case-specific application of VGB Standard VGB-S-506-00-2019-02-EN “Condition
monitoring and testing of components of steam boiler systems, pressure vessel sys-
tems and water or steam-carrying pipes in thermal power plants” (from 2019 edition)
[5-21] is suitable for establishing an adequate monitoring concept with regard to the
system areas potentially affected by strain induced corrosion cracking. Based on this,
the next inspection interval can be quantified and defined as an effective means of
monitoring. When monitoring the condition during a shutdown (see sections 4.5 and
4.6 in VGB-S-506-00-2019-02-EN), the evaluation of the results from periodic inspec-
tions, i.e. in particular the results of the non-destructive tests using endoscopy and
ultrasound (from the outside), is of crucial importance. Any cracks that occur must be
detected and tracked continuously. Tolerance-related inaccuracies must be consid-
ered conservatively when evaluating the results. The condition monitoring modules
described in section 4 of VGB-S-506-00-2019-02-EN are applicable correspondingly.
Details can be found directly in the reference. Explicit reference is made to the test
procedures described in section 4.3 of this report. Further detailed specifications on
these test methods for the testing of piping systems and their components can be found
in VGB-S-509-00-2019-11-EN [5-22].

118



\V/dn1c VGBE-TW-532e

6 Summary

This technical-scientific report describes the state of knowledge at the time of publica-
tion on the damage mechanism of strain induced corrosion cracking in pressurized
systems and components of conventional power plants.

In recent decades, but also in the recent past, SICC has repeatedly led to high down-
time and replacement costs. In the course of the increasingly flexible operation of con-
ventional power plants, damage caused by this mechanism has increased in recent
years. As the cracks occur on the inside of the components and grow outwards, there
is a risk of active damage not being detected until leakage or even catastrophic rupture.

This report therefore describes the damage mechanism and its triggering influencing
factors, various representative examples of damage, useful avoidance strategies and
suggestions for testing strategies through to proof of integrity for current test findings
and the material characteristics required for this. The explanations and findings are
partly detailed scientific and partly practice-oriented simplified descriptions.

This report raises the awareness of those technically responsible for the damage
mechanism of strain induced corrosion cracking and supports them in mastering it
based on the state of knowledge in 2024.
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7.2 Abbreviations
BWR Boiling Water Reactor
CERT Constant Extension Rate Tensile Test
CF Corrosion Fatigue
CUF Cumulative Usage Factor
DO Dissolved Oxygen
EAC Environmentally Assisted Cracking
EAF Environmentally Assisted Fatigue, equivalent to CF
EC Erosion corrosion, cf. FAC
EPRI Electric Power Research Institute (USA)
ET Eddy Current Testing
FAC Flow Assisted Corrosion cf. EC
FFS Fitness-For-Service
H-SCC Hydrogen-induced Stress Corrosion Cracking
H-SICC Hydrogen-assisted strain Induced Corrosion Cracking
HT High Temperature
KTA Kerntechnischer Ausschuss (German NPP code)
KUP Kesselumwalzpumpe (Boiler circulation pump)
LCF, Low Cycle Fatigue, very Low Cycle Fatigue
VvLCF
LWR Light Water Reactor
mPAUT | Mechanized Phased Array Ultrasonic Testing
MT Magnetic Particle Testing
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NDT Non-Destructive Testing (equivalent to NDE)
NDE Non-Destructive Examination (equivalent to NDT)
NPP Nuclear Power Plant

PA-UT Phased Array Ultrasonic Testing

PT Penetrant Testing

PWR Pressurized Water Reactor

RT Radiographic Testing

SCC Stress corrosion cracking

SCI Surface Crack Inspection

SICC Strain Induced Corrosion Cracking

SSRT Slow Strain Rate Test

TR Transmitter-Receiver (ultrasonic probes)

ut Ultrasonic Testing

VT Visual Testing

WKP Wiederkehrende Priufung (Periodic inspection)
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7.3 Formula symbols
da/dN Crack growth rate: crack extension per cycle
da/dt Crack growth rate: crack extension per time

de /dt Strain rate

K Stress intensity factor
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