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Introduction

316L(N) austenitic stainless steels have been chosen as structural material for primary and
secondary circuits components of 4" generation nuclear power plants, including Sodium-
cooled Fast Reactor (SFR) [1]. During the nuclear power plant life-time, such structural
materials are continuously exposed to temperatures between 345 and 600 °C and non-
negligible mechanical loads. The 316L(N) steel is also foreseen to be used as structural
material for the International Thermonuclear Experimental Reactor (ITER) project [2].
Although mechanical and chemical properties of the 316L(N) steel are well-known, the
available data are not sufficient to confidently predict the durability of the material for
long period of time. Typically, 60 years of life-time service is considered for the 4 nuclear
reactor generation. Therefore, long-term experimental tests and numerical simulations
must be conducted in order to assess the material performance and predict any probability
of mechanical failure.

In this context, the welded joints of structural materials are of high interest as they
present mechanical and microstructural discontinuities within the structural material due
the successive torch passes during the welding process. Consequently, these weld regions
are more prone to damage issues and particularly to a phenomenon called stress relaxation
cracking. This issue has been observed since the 1950s and affects several industrial fields,
notably the nuclear industry.

Stress relaxation cracking in industry

The production of energy via steam, nuclear or solar power plants requires the use of ma-
terials capable of operating at high temperatures and internal pressures [3]. Components
necessary for the completion of such structures are usually assembled by welding, aiming
for both mechanical integrity and proper sealing during the exploitation of the plant. The
welding process and further use of the welded components may result in numerous cases
of failures, which presents new challenges for fabricators and operators [4]. One of the
main issues associated to welded components is the cracking of the welds, later distin-
guished into three main groups of cracking: (i) hot cracking, (ii) warm cracking (solid
state cracking) and (iii) cold cracking [5] (Figure 1). Hot cracking refers to cracks in
welds in the presence of liquid films. This regroups solidification cracking and liquation
cracking issues. Warm cracking failures specifically refer to solid state cracking with an
exposure to elevated temperatures. Finally, cold cracking is distinguished from the two
others as occurring at room temperature. It is mainly associated to the hydrogen cracking
phenomenon and the presence of brittle microstructure. The present work is exclusively
focused on phenomena belonging to the second group of failures, warm cracking.

Warm cracking includes different phenomena as well as different designations of the
same phenomenon, according to the literature: stress relaxation cracking (SRC) [9-11],
strain relaxation cracking [7], stress relief cracking [4], stress-induced cracking [11], stress-
rupture cracking [4], strain-age cracking (SAC) [5], reheat cracking (RC) [6], post-weld
heat treatment (PWHT) cracking [9], underbead cracking and underclad cracking [7].
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Cracking in welds
| |

Hot cracking Warm cracking Cold cracking
‘ (Solid-state cracking) ‘

Solidification cracking  Liquation cracking Hydrogen-induced cracking Corrosion cracking
Ductility-dip cracking Strain-age cracking Reheat cracking Lamellar cracking Cu-contamination cracking
(DDC) (SAC) (RC)
PWHT cracking Stress relaxation cracking
(SRC)

Figure 1: Classification of main cracking phenomena in welds, according to [6-8].

Sometimes, these mechanisms are also associated to ductility dip cracking (DDC) [5]. Also,
some of these failures were misidentified as stress corrosion cracking (SCC) mechanism [12],
which can actually act as a secondary mechanism to warm cracking [13]. Lastly, some
authors mentioned that the failure mechanism is the same as type IV [14] or type III [15]
cracking. Type III is associated to cracks initiated in the heat affected zone (HAZ) of
weld microstructure close to the fusion zone, thus generally in the coarse-grained region of
the heat affected zone, while type IV cracks initiate away from the fusion line in the fine
grain region of the HAZ [15]. Most of these phenomena are highly related to each others
because of their similar mechanisms and driving factors, however the exact definition and
use of each of these names widely differs from one author to another. Nevertheless, a
differentiation is proposed here according to most common usages:

e DDC mainly occurs during the reheat or upon cooling of an anterior weld pass during
a multipass welding process. Because ductility dips of steels are most often observed
between 700 and 1400 °C, DDC is generally used to refer to cracks appearing in this
temperature range [5].

e PWHT cracking, sometimes called stress relief cracking, is by definition exclusively
related to cracking occurring during short heat treatments (several hours) conducted
at high temperatures (>750 °C) after the welding process to remove/reduce the resid-
ual stresses or to temper martensitic microstructures. Strain-age cracking is often
described as a type of PWHT cracking, specific to Ni-base precipitation-strengthened
alloys which can also occur during multipass welding, similarly to DDC [5].

e SRC in contrast is used to refer to cracking occurring at temperatures between 500
and 775 °C during service, for relatively long duration (several weeks to years) [5].

The term reheat cracking is generally used to either refer to PWHT or SRC [6]. Finally,
the terms "underbead" or "underclad" cracking simply refer to the type of components and
cracks localization, however it should not be confused with hydrogen-induced cracking
occurring in the same region but at room temperature [6]. Since most warm cracking
present similar mechanisms and driving factors [16], they will be discussed all together
under the term of stress relaxation cracking, or SRC, for simplification.

The earliest observations of relaxation cracking were reported by Poole in 1953 [4],
who investigated failures of welded 347 (niobium-stabilized) stainless steel, following nu-
merous welding difficulties encountered by major stainless steels fabricators. Out of all
failed welds, 22% of cracking occurred after a PWHT. Later in 1957, Curran et al. [17]
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(a)

f Original weld

Figure 2: Occurrence of stress relaxation cracks between two repair welds of a 347H steel
pipe after 47 months of service at 565 °C. (a) Location of the failed weld in the schematic
drawing of the turbine main steam piping system, (b) micrograph of cracks and welds [17].

published a review of damaged piping systems joints of a steam turbine. These damages
were observed after periods of 6 months up to more than 5 years of service at 565 °C in
pressurized environment. Analyses showed that failures were induced by the nucleation
of cracks near welded joints made of 347 and 321 (titanium-stabilized) steels. Curran et
al. [17] even reported cracks detected after 34 months of service being repaired by grind-
ing and additional welding, followed 47 months later by new cracking between the repair
welds (Figure 2). Following the Phénix nuclear power plant shutdown in 1989 after 90000 h
of service, similar defects were also observed in welded 321 steel joints [18]. More recently,
occurrences of stress relaxation cracking were reported in welds of molten salt hot tanks
made of 347H steel after operating at 565 °C in a concentrating solar power plant [19].

These examples of failures imply that SRC is a serious concern for power industries,
an issue that is still not completely understood, despite the numerous studies carried out
on the phenomenon. The ongoing interest regarding relaxation cracking is illustrated in
Figure 3, showing the number of referenced journal articles related to SRC since 1964.
Note that earlier academic works on SRC are not included in Figure 3 as SRC had not
been identified as such before this date; industrial reports are not included either as most
of them are confidential.

Throughout the years, similar failures were observed during the industrial use of many
other austenitic steels and nickel-based alloys, as in the 304, 304H, 316, 316H, 321H, 601,
617, 625, 740H, 800, 800H, 800H(T) and 803 steels [7,17,20-29]. These appeared either
in service after 15 days to 20 years of operation at temperatures comprised between 500
and 775 °C, or directly after PWHTs performed at solutionizing temperatures (750 to
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Figure 3: Number of scientific documents related to SRC as a function of years. Data
gathered from Scopus website, for reports containing "reheat cracking', "stress relaxation

cracking", "stress relief cracking', "post weld heat treatment cracking" in the title, abstract
or keywords.

1400 °C) [30]. After repair, SRC is susceptible to occur again in even shorter times [12].
High carbon steels were found to be particularly subjected to SRC, while no industrial
case of SRC was reported for low carbons steels to this day. Characteristic features of the
cracks observed in the failed welds were described by many authors, which are summarized
thereafter.

Main features of stress relaxation cracks

Stress relaxation cracks were found to form at grain boundaries, mostly located just below
the fusion zone (FZ), in the coarse-grained heat-affected zone (CGHAZ) of the weld and
generally initiated at the toe of the weld bead from the outer surface as illustrated in
Figure 4 (a) [7,12,15,21,31-43]. In some cases, cracks are initiated in the inner side of
pipes [18]. Cracks propagation are in majority parallel to the FZ/CGHAZ boundary [33,37,
42], even though Lancaster et al. [7] have also reported cracks penetrating the heat-affected
zone and then propagating into the base metal as in Figure 4 (a). SRC was also observed
to form in the FZ, however, these represent rare cases and are generally more associated to
DDC failures [6,7,28,38]. Intergranular cracks observed in the FZ were typically associated
to columnar grains normal to the weld surface and to thin ferritic layer on grain boundaries
(GBs), increasing strain localization in these areas [6]. Observations of regions affected by
SRC revealed the presence of GB cavities similar to those forming during creep (Figure
4 (b) to (d)), near the crack tips [3]. These cavities were often observed on grain boundary
precipitates, and mostly on GBs with a perpendicular direction to the principal direction
of residual stresses induced by welding [11,23,25,34,41,44]. In some cases, crack faces
were covered by Cr and Fe oxides and filled with a metallic filament rich in Fe and Ni,
as illustrated in Figure 4 (b) [10-12,23,25,26,35,41]. The exact chemical composition of
the filament is dependent on the alloy [12]. The presence of the filament in only some of
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Figure 4: Stress relaxation crack in a failed 800H vessel after 2000 h of service at tem-
peratures between 600 to 650 °C with (a) micrograph image, (b) close-up showing Cr-rich
oxide layer (in black) along the intergranular crack and Ni-rich filament within the crack,
(c) and (d) close-ups of the grain boundary cavities responsible for cracks initiation [22].
Scale was not indicated by the author, however for reference a common 800H grain size is
of 65 um in average.

the cracks showed that oxidation is a non-necessary secondary mechanism for SRC [13].
Chabaud-Reytier [18] also mentioned cracks were found to be in chromium-rich regions.
Finally, some authors reported that cracks were only present in areas where the Vickers
hardness exceeds 200 HV10 [12,13]. Note that the presence of high residual tensile stresses
can offset this statement since they may significantly decrease hardness, as suggested by
Pommier [45]. As a result, the measure of hardness is not considered to be a good indicator
of SRC-susceptible regions.

These numerous works allowed identifying factors which can potentially influence the
initiation of damage during stress relaxation (Figure 5). Typically, it was found that
the chemical composition, the microstructure and mechanical properties of the steel can
affect its resistance to SRC. The welding process itself induces changes of the microstruc-
ture (precipitation, phase transformation) but is also responsible for the rise of residual
stresses. During service, temperature and time will affect the material sensitivity to cavity
nucleation, eventually leading to stress relaxation cracking. In order to better understand
the phenomenon, some of the main factors such as the effect of sample geometry, resid-
ual stress, pre-hardening (cold-rolling), grain size, welding (microstructure, precipitation),
stress relaxation time and temperature will be investigated in this study.



CONTENTS 9

Mechanical properties E— Steel —~| Thickness ‘
G

rain size

~| Pre-hardening (cold-rolling) ‘

Welding *{ Welding parameters |
\

[ |
Residual stress ‘ | Stress concentration ‘
\ \

SR treatment

‘ GB embrittlement v_|

Precipitation
‘ Matrix hardening Stress relief

|
GB cavitation | Grain boundary sliding
|

!

SR cracking

Figure 5: Factors associated to stress relaxation cracking mechanism, summarized from
Ito et al. [46] and Lippold [5] works. "SR" stands for stress relaxation.

Objectives of the present work

The majority of previous works investigating SRC on different steels were carried out by
experimental testing using homogeneous materials, with microstructure and mechanical
properties representative of heat affected zones [13,45,47], which were considered as most
prone to SRC. While this relatively simple approach allows straightforward interpretation
of obtained results, particularly for mechanical simulations and damage characterization,
it does not capture the complex behavior of a heterogeneous microstructure regarding
stress relaxation of stainless steels. Specifically, although industrial observations found in
technical reports [9,48,49] often describe the coarse-grained region of the HAZ as the most
prone to SRC, data found in the literature do not provide clear explanations for this sen-
sitivity, especially for austenitic steels. In addition, there are few scientific journal articles
that indicate the crack location and even less that provide an explanation for the preferen-
tial location. Therefore, this work aims investigating SRC in a highly SRC-resistant steel,
by introducing controlled levels of residual stresses and plastic strain, subjecting all weld
zones to similar mechanical conditions. The use of the Turski compression approach [47]
is necessary since SRC cannot be expected to occur in a welded 316L steel, especially in
laboratory conditions. This will then allow studying the resistance of each weld zone to
SRC and further understand the effect of weld microstructure on SRC.

The main objective of this work is thus to study stress relaxation cracking in welded
316L(N) steel, by accounting for the effect of microstructure heterogeneity on SRC. For
this purpose, experiments and simulations were used in order to:

(i) develop an approach to characterize the SRC susceptibility of the welded 316L(N)
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(i)

(iii)

CONTENTS

steel employing mechanical tests and simulations as well as microscopic characteri-
zations;

characterize the influence of welding on SRC by identifying the weakest region of
the weld microstructure and comparing the results to homogeneous material states
(without welding). From industrial observations, the coarse-grained region of the
HAZ is expected to be more prone to SRC. However, due to the new approach used
here exposing all weld zones to similar levels of residual stresses, conclusions might
be different;

evaluate the mechanical and microstructural factors influencing the phenomenon.

Approach

To meet these objectives, stress relaxation cracking tests in this work will be carried out
following an approach consisting in four main steps, listed as follows:

(i)

(iii)

(iv)

Prior thermo-mechanical treatments will be applied to as-received plates to
introduce different SRC factors, thereby producing several material states. Specif-
ically, welding (without filler material) will be applied to the material to produce
heterogeneous microstructures. SRC tests will also be carried out on the as-received
material without prior treatment for comparison.

Introduction of residual stresses will be achieved using a self-restrain method
as initially proposed by Turski et al. [47], consisting in a pre-compression at room
temperature using specimen geometries similar to the CT (Compact Tension) ones.
As shown by Turski et al. [47], the unloading following the compression results in high
residual tensile stresses and plastic strain fields near the notch root of the specimens.
The estimation of the post-compression residual stresses and plastic strain will be
performed by finite element method (FEM) simulations.

Relaxation of residual stresses will be carried out applying heat treatments at
575 and 600 °C at ambient air for 580 h (about 1 month) and 1470 h (about 3 months)
to the specimens after the Turski compression. These specific conditions were chosen
as they were found by Pommier [45] to be favorable to SRC for a 316L(N) steel of
composition similar to the one studied in this work. These relaxation treatments
will be followed by cooling at room temperature in ambient air.

For characterization of damage, the reheated samples will be cut into sections
in the regions presenting highest post-Turski compression residual stresses and pol-
ished for microscopical analyses to characterize both the microstructure and stress
relaxation damage.

Thesis outline

The present manuscript is divided into six chapters. In the Chapter 1, a literature review
is proposed where the composition, the microstructure of 316L(N) steel as well as the
microstructural and mechanical effects of welding on steels are reported. Then, the mech-
anism of SRC, the influencing factors as well as the most commons SRC testing methods
found in the literature are discussed.

The experimental methods used to perform the SRC tests using the studied 316L(N)
steel are presented in the Chapter 2. In particular, the different material states tested
for SRC and the process employed to produce them are presented. Besides, the different
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methods used for the characterisation of microstructures, mechanical properties and stress
relaxation damage are described.

In the Chapter 3, the microstructure of each material state produced for this work is
characterised, allowing to reveal the microstructural features expected to influence their
resistance to SRC. In addition, microstructure evolution with temperature is characterized
without the effect of the residual stresses and plastic strain introduced by the compression
test used further for the SRC test, and thus better understand the SRC mechanism for
each material state.

Then, the Chapter 4 presents the Turski compression allowing the controlled intro-
duction of residual stress and plastic strain, necessary for SRC. In this chapter, the ex-
perimental and numerical methods used to predict the mechanical fields are presented,
concluding with predictions of stress relaxation damage hazard for each tested condition.

In Chapter 5, the actual SRC tests of each material state are presented. Characteri-
sation of the nature, levels and distributions of damage are described for each condition
and microstructure. The results for each microstructure are then compared to conclude
on its effect on SRC, particularly the effect of heterogeneous microstructures.

Finally, Chapter 6 proposes an analysis of different SRC influencing factors to bet-
ter understand the sensitivity of weakest microstructures. Conclusions of this work and
perspectives for further researches are presented at the end of the document.



Chapter 1

Literature review

Résumé
La revue de littérature proposée pour cette étude rend compte de la complexité du mécanisme
d’endommagement intergranulaire par la relaxation des contraintes résiduelles, impliquant de nom-
breux facteurs introduits lors de 1’élaboration d’un composant et pendant sa vie en service. La
fissuration par relaxation des contraintes a été observée depuis les années 1950 dans les joints
soudés apres un fonctionnement & des températures élevées, caractérisée par des fissures et des
cavités similaires a celles de fluage formées sur des précipités aux joints de grains, principalement
dans les régions a gros grains des zones affectées thermiquement (ZATGG).

Suite aux nombreuses études conduites sur le phénomene, il a été admis que la fissuration
en relaxation (FeR) est d’abord induite par la présence de contraintes résiduelles, de déformation
plastique, de précipités aux joints de grains (principalement des carbures) et par 1’exposition & des
températures élevées (500-775 °C). Les travaux réalisés sur la susceptibilité des aciers austénitiques
a la FeR ont montré que des niveaux plus élevés de déformation plastique initiale et de contraintes
résiduelles, ainsi qu’un temps de relaxation plus long, entrainent des endommagements plus im-
portants. Spécifiquement pour les aciers 316L(N), 575 °C a été identifié comme la température de
relaxation conduisant aux endommagements les plus importants. Ces conditions de relaxation ont
donc été choisies dans ce travail pour assurer les conditions les plus favorables a la FeR.

Les études de la littérature ont également rapporté les principaux facteurs influengant la FeR,
tels que la composition chimique du matériau, la taille de grain et la géométrie du composant.
Dauns le cas des aciers 316L(N), qui sont particuliérement résistants & la FeR, la teneur en azote et
en carbone sont décrites comme étant tres influentes, en raison notamment de leur implication dans
la cinétique de mouvement des dislocations et donc dans la vitesse de relaxation des contraintes
résiduelles. En outre, une teneur élevée en carbone peut également étre néfaste car elle favorise
la précipitation des carbures. D’aprés un classement basé sur la composition proposé dans la
littérature, l’acier 316L(N) étudié dans ce travail devrait étre plus favorable a la FeR que d’autres
nuances d’aciers 316L(N). Par ailleurs, la littérature a suggéré qu’une taille de grain plus importante
est néfaste a la résistance a la FeR, suite aux fréquentes observations de FeR dans les ZATGG.
Puisqu’il y a trés peu d’'informations expliquant cette haute sensibilité, l'effet de la taille de grain
sur la FeR sera étudié dans ce travail, séparément des autres facteurs.

L’apparition de la FeR dans des conditions industrielles n’a pas encore été rapportée pour les
aciers 316L(N), ce qui est cohérent avec la haute résistance des aciers 316L(N) a la FeR rapportée
dans la littérature. Le seuil de contrainte élevé (740 MPa) proposé pour la FeR dans les aciers
316L(N) dans des conditions de laboratoire nécessite alors de choisir des conditions d’essais séveres
pour I’étude. Cela signifie que les essais de FeR ne peuvent pas étre exactement représentatifs des
composants industriels soudés, dans lesquels des contraintes maximales de 400 a 500 MPa sont
plutét mesurées : les conditions initiales doivent donc étre exagérées pour permettre 1’observation
de la FeR dans lacier 316L(N) étudié et surtout, dans des délais acceptables pour I’étude (quelques
mois pour une campagne d’essai).

La revue de la littérature proposée ici montre que de nombreuses méthodes ont été dévelop-
pées pour tester la FeR depuis les années 1950, soit en utilisant des composants soudés, soit en
reproduisant les propriétés microstructurales et mécaniques d’une zone affectée thermiquement
(ZAT). Pour une meilleure répétabilité et un meilleur contrdle des facteurs déterminants pour la
FeR, les essais sont générallement conduits avec des matériau avec ZAT simulées. L’introduction
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de contraintes résiduelles de traction dans ces matériaux ne peut étre réalisée que par des essais
d’auto-restriction, tels que la compression suivi d’une décharge d’éprouvettes de type Compact
Tension (CT) comme proposé par Turski [47]. Le principal inconvénient de cette approche est
I'utilisation de matériaux homogenes, qui ne permet pas une compréhension compléte du mécan-
isme de FeR se produisant dans les microstructures hétérogenes des soudures. Des travaux récents
ont cherché a combiner 'approche de soudures réelles avec des tests d’auto-restriction, mais n’ont
pas abordé l'effet d’une microstructure hétérogene sur la FeR. En conséquence, il reste encore des
questions majeures sur le mécanisme de la FeR dans les soudures, notamment en ce qui concerne
la grande sensibilité a la FeR des ZATGG.

Enfin, la quantification de 'endommagement induit par relaxation de contraintes est souvent
simplifiée dans la plupart des études FeR, ne prenant en compte que la présence de fissures alors
que les cavités sont connues pour étre a l'origine du phénomene. Une meilleure compréhension
et quantification du mécanisme nécessiterait la caractérisation a la fois des cavités et des fissures
apres relaxation.

Ce travail vise donc & répondre & ces questions en qualifiant et en quantifiant 'impact d’une
microstructure hétérogéne de soudure sur la sensibilité de lacier inoxydable 316L(N) & la FeR, en
étudiant la relaxation des contraintes dans les soudures via un essai de compression Turski.
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1.1 Introduction

Stress relaxation cracking (SRC) is an intergranular type of cracking occurring during the
reheating of welded steels, induced by the relaxation of welding residual stresses at high
temperature in presence of welding-induced hardening and grain boundary precipitates.
Such cracks were observed to be initiated by the coalescence of grain boundary cavities
similarly to creep. This type of failure, firstly observed in the 1950s, is a complex combi-
nation of several mechanical and microstructural factors acting from the macroscopic to
the nanometric scale. The study of the SRC phenomena is a challenge, since it requires
good knowledge about the material metallurgy and mechanical properties, the welding
process and obviously the SRC mechanism itself. To this end, a literature review on the
metallurgy of austenitic steels, welding of austenitic steels and finally stress relaxation
cracking is proposed in the following.

The first section presents in general terms the austenitic stainless steels, then more
specifically the 316L(N) alloy. The chemical composition, microstructure and properties
of austenitic stainless steels are discussed. The chemical composition of steels, influencing
the microstructure, is of high interest as it also affects the material mechanical properties,
especially for long duration mechanical issues. The second section presents the welding
methods used for stainless steels and their impact. Specifically, the evolution of the mi-
crostructure, mechanical properties and the generation of residual stress due to welding
are discussed. A short review of simulating welding is proposed. The third section is
devoted to the review of SRC, considering the mechanism of the phenomenon, the asso-
ciated necessary and influencing factors and finally the experimental method available to

test SRC.

1.2 Metallurgy of austenitic steels

1.2.1 Generalities on the 316L(N) steel

In this work, SRC of 316L(N) stainless steels is investigated. In the following, the met-
allurgy and properties of this alloy are presented. Comparisons with other stainless steel
grades are also proposed, allowing a more complete overview of this material.

1.2.1.1 Microstructure

Steels are specific iron alloys with a maximum of 2.1% wt. of C [50]. Stainless steels were
specifically created adding 11 to 26% wt. of Cr to these alloys [51,52]. The presence of
Cr in stainless steel allows the formation of a chromium-oxide CroO3 passive layer on the
surface of the material when exposed to oxygen, creating a natural protection to corrosion
issues [53]. However, at high temperature the addition of Cr is also susceptible to allow
the precipitation of undesirable secondary phases, such as chromium carbides, which are
detrimental to mechanical strength performances. For these reasons, carbon content must
be limited. The stainless steels group is divided into five different categories, depending
on their microstructure: austenitic, ferritic, martensitic, duplex and precipitation hard-
ened stainless steels [54, 55] (Figure 1.1). Austenitic stainless steels are used for many
applications, especially for structural components, particularly in the energy sector [56].
Despite their higher initial cost, austenitic stainless steels, known as the 300 series, are
used because of their better performance regarding corrosion resistance, formability and
good properties at high temperatures. This make them particularly interesting for nuclear
applications, where the safety and integrity of the structures must be ensured for long
duration service at high temperature, with generally little to no possibility of repairing in
case of failure.
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Austenitic steels are characterized by an austenitic matrix, meaning it is largely com-
posed of the Face Centered Cubic (FCC) austenite phase [55]. This differs from the other
types of stainless steels, with ferritic steels being composed of a Body Centered Cubic
(BCC) ferrite matrix, and martensitic steels of a tetragonal body centered martensite
matrix [55]. Duplex steels are composed of both ferrite and austenite phases, in compa-
rable proportions. Precipitation hardening steels can either be martensitic, martensitic-
austenitic or austenitic. These are hardened through thermal treatments carried out be-
tween 400 and 700 °C, allowing age strengthening.

The microstructure of stainless steels is the direct result of both the chemical com-
position and the elaboration process. Particularly, austenitic phase is stabilized by the
addition of elements such as Ni, N and Mn even though ferrite stabilizing elements such as
C, Cr, Mo, Si and Nb can also be present in austenitic steels. These are either additions to
improve the material performances or can be simply impurities resulting from the elabora-
tion process. The numerous different grades of the 300 austenitic stainless steels series are
usually described as being variants of the most common austenitic grade, the 304 steel, by
changing the constituting elements and their contents to better fit the aimed application
(Figure 1.1). The role of major elements present in stainless steels are described in Table
1.1.

Steels

T

Low alloys High alloys

Tool steels Stainless steels

Martensitic  Ferritic ~ Austenitic =~ Duplex  Precipitation

Hardened
347 321
+Nb +Ti
| 304H |-+ C| 304 |- c—{304L |
+ Mo

\3me+AL{56}~(L{3mL\
\ |

Figure 1.1: Simplified classification of steels with the main variants of 300 austenitic
stainless steels, according to [18,54-56].

Addition of carbon (from 0.04 to 0.10% wt.) improves mechanical strength, as in
the 304H and 316H steels. However, the high carbon content favors the precipitation
of undesirable chromium carbides. This precipitation weaken the grain boundary and
can cause a local depletion in chromium. This phenomenon, called sensitization, results
in regions more susceptible to corrosion issues [53]. A way to avoid chromium carbides
precipitation is to force the carbon atoms to form other types of carbides, without affecting
the chromium content. This approach is employed in the stabilized steels. In 347 stainless
steels for instance (Figure 1.1), the addition of niobium is performed, leading to the
formation of NbC and NbyCs carbides when exposed to thermal treatments, preventing
chromium carbides precipitation. In 321 steels (Figure 1.1), an addition of titanium is
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Table 1.1: Alloying elements in austenitic steels, their effect on ferrite (BCC) or austenite
(FCC) stabilization and impact on the material properties [18,57].

Element Stabilized | Impact on properties
structure
Chromium BCC Prevents corrosion issues through CryOj3 oxide layer

formation. Susceptible to form carbides which alter
mechanical strength and corrosion performances.

Nickel FCC Increases the corrosion resistance and improves weld-
ing properties.

Molybdenum | BCC Highly increases the corrosion resistance and material
strength at high temperatures, making it a suitable
alloy for welding process and nuclear applications.

Carbon FCC Improves thermal and mechanical properties (mate-
rial strength). Responsible for intergranular carbide
precipitation, and facilitates corrosion issues through
sensitization.

Nitrogen FCC Improves material strength through solid solution
hardening.

carried out in order to form preferentially TiC carbides [18]. Another approach is to
decrease the carbon content to limit carbide precipitation, then called low carbon alloys,
such as the 304L and 316L (Figure 1.1). These were specifically developed to decrease
intergranular corrosion sensitivity and improve Cr203 passive layer development as more
chromium content is available. However, compared to high carbon steels the low carbon
content degrades the mechanical strength.

The addition of molybdenum can also be carried out to improve the mechanical
strength of low carbon steels, and more specifically creep resistance. Molybdenum also
slows down carbides precipitation at temperature below 700 °C, especially for low carbon
steels (less than 0.03% wt.) [57]. This led to the development of the 316 type steels (Fig-
ure 1.1). In low carbon steels, an addition of nitrogen can also be performed to improve
the steel mechanical strength through solid solution hardening, as for 316L(N) type steels
(Figure 1.1). The chemical composition requirements for 316L(N) steels as described by
the RCC-MRx (2012) are reported in Table 1.2. Chemical compositions of industrial
316L(N) used by the CEA as reference are also given as examples.

Table 1.2: Chemical composition (%wt.) requirement for 316L(N) steel alloy, according to
RCC-MRx (2012) [58], as well as composition for K46-T9, EDF-SQ and AVESTA indutrial

alloys.
Element C Si Mn P Cr Mo Ni N Co Cu
RCC-MRx
Min 0.000 | 0.00 | 1.60 | 0.000 | 17.00 | 2.30 | 12.00 | 0.060 | 0.00 | 0.00
Max 0.030 | 0.50 | 2.00 | 0.035 | 18.00 | 2.70 | 12.50 | 0.080 | 0.25 | 1.00

K46-T9 0.025 | 0.19 | 1.7 | 0.019 | 17.38 | 2.39 | 12.12 | 0.069 | 0.04 | 0.16
EDF-SQ 0.030 | 0.44 | 1.88 | 0.028 | 17.54 | 2.48 | 12.46 | 0.077 | 0.15 | 0.175
AVESTA | 0.026 | 0.31 | 1.74 | 0.025 | 17.27 | 2.54 | 12.13 | 0.069 | 0.09 | 0.29

Austenitic stainless steels may also contain some ferrite additionally to the austenitic
matrix, then called residual ferrite or d-ferrite. It is important to account for the presence
of ferrite: while it can increase the weldability of austenitic steels, it can also deteriorate
the steel thermal and mechanical properties. For instance, ferrite can lower the resis-
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tance to stress corrosion cracking [59]. Limiting the content of residual ferrite in steels
is thus necessary, which can be achieved by adjusting the heat treatment used to obtain
an austenitic material. To produce the austenite phase, an isothermal treatment of a few
hours at temperatures between 1000 and 1200 °C is usually carried out [60]. This spe-
cific heat treatment is commonly called austenitization, solution treatment or annealing
treatment. Such treatment also allows the dissolution of undesirable secondary phases
such as the o-phase or carbides [57], detrimental to the steel mechanical properties. The
final fraction of austenite phase depends on the austenitization time, temperature and
cooling rate. Usually, the thermal treatment does not allow to obtain a fully austenitic
microstructure and residual ferrite is often observed as a result, as shown in Figure 1.2. A
way to predict the final ferrite content is by calculating nickel equivalent and chromium
equivalent contents such as proposed by Schaeffler [61] and Long et al. [62].

- / ~

i GRS ~ -ferrite '// \_<

O

Figure 1.2: Optical micrograph of a 316L steel annealed at 1070 °C for 1 h, showing §-
ferrite bands (or "islands") in the austenitic (y) matrix [63]. "RD" stands for the rolling
direction.

1.2.2 Precipitation in austenitic stainless steels

Phase precipitation in austenitic stainless steels is a fundamental industrial problem, since
it influences mechanical properties, especially crack initiation and propagation in service.
During mechanical and thermal loading, undesirable precipitates in the material can induce
local concentrations of stress, and can particularly weaken the material if these are located
at grain boundaries [64]. Chromium carbides are very often cited in the literature [45]
as preferential sites for the initiation of stress relaxation cracks. For these reasons, the
study of the SRC sensitivity of a steel requires a proper knowledge of the phases prone to
precipitate during the processing of the material (austenitization, welding) or during its
service. In addition, it is important to identify the factors influencing this precipitation.

Despite the low carbon content, reducing the susceptibility for the precipitation of
undesirable secondary phases, carbides can still be observed in 316L(N) steels. From their
processing to application in nuclear reactors, components made of austenitic stainless steels
can be subjected to phase precipitation at four different stages. They can either be formed
during the elaboration, during the welding process (see Section 1.3), post-welding heat
treatment or later during service. These correspond to different time/temperature ageing
treatments, which may be favourable to the precipitation of carbides and intermetallic
phases, as summarized below:

o welding process induces high temperature gradients in the material (from 25 to
more than 1400 °C) and thus induces important microstructure transformations.
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Precipitates with fast nucleation kinetics can then nucleate and grow in the heat
affected zones of the welded component [13,18];

o post-welding heat treatment is not foreseen for 316L(N) steels by the RCC-MRx
[65], even though dimension stabilization treatment may be applied to relax welding
residual stresses. It usually consists in a rapid thermal treatment (a few hours) at
temperatures varying from 400 to 800 °C [66]. Particularly for the 316L(N) steel,
the RCC-MRx [65] suggests a treatment at 650 °C for 50 h to relax residual stresses,
which constitute favorable conditions for carbides precipitation [67];

e service temperature and time depend on the application. Typically, for the 4
generation of nuclear reactors, the life-time is expected to be at least 60 years for a
service at temperatures near 550 °C. These long ageing times are also favorable to
the formation of precipitates with very low precipitation kinetics.

During thermal treatment of austenitic stainless steels, numerous secondary phases
may form. In the literature, these phases are often discussed under different names
and groups. To clarify this, a classification of the most common phases observed in the
austenitic stainless steels is proposed in Figure 1.3, according to data reported by different
authors [67-73]. Characteristics of the main phases of interest are detailed in Table 1.4.
Precipitating phases are generally found to be intermetallics, carbides, nitrides, borides
and sulphides. The intermetallics group includes the o-phase, Laves phases, x-phase, G-
phase, R-phase and p-phase [69,71]. Laves phases, often reduced to the hexagonal C14 (n
phase), actually also include the cubic C15 and hexagonal C36 compounds [72,73]. Most
of intermetallics (o, pu, M, P and R phases) and Laves phases along with A15 phases
constitute the most common members of the larger Frank-Kasper (FK) phases group [74].
It is worth noting that the y-phase does not belong to the FK group while being an inter-
metallic [75] as it does not follow the FK phases rules. The carbides group includes MC,
MgC (also called n-carbide), M7Cs and Mg3Cg phases. MX carbonitrides, such as NbN,
NbC, TiC, TiN or the Z-phase can also be found [69]. Borides and sulphides are less often
observed in austenitic stainless steels [67].

Knowing the chemical composition of a steel, thermodynamics simulations can be
carried out to make predictions about the most stable phases for different temperatures
and determine what secondary precipitating phase to expect during the material exposure
to thermal treatments. Typically, for a 316L steel such computation predict the stability
of austenite, ferrite, M23Cg, o and x phases for temperatures between 500 and 1000 °C
accounting for the effect of elements contents, such as carbon as illustrated in Figure 1.5.

These phases can thus be expected to be observed after welding or after stress relax-
ation heat treatment which will be carried out to test the 316L(N) resistance to SRC.
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Precipitates in austenitic stainless steels

Frank Kasper (FK) Carbides Nitrides Borides Sulphides
\ MC, M,C, My;C, M;C,s
AlS Intermetallics
~ Non-FK ‘ ‘ Carbor‘utrldes
G,y o, U, M,PR Laves phases MX (NbC, NbN, TiN, TiC), Z

Cl4 (), C15, C36

Figure 1.3: Classification of major precipitating phases found in austenitic stainless steels,
according to [67-73]. Note that not all intermetallics are part of the FK group, such as

the G and x phases.

Phase Unit cell Atoms per cell  Space group  Lattice parameters (nm) Composition
Carbides
M,.C, fce 116 Fm3m a=1.057-1.068 (Cr, Fe, Mo),,C,;
(Cr, Fe,Mo,)C,
MC ord fee 8 Fm3m a=04131-0.4698 (Ti,Nb,V)C
M.C fee 112 Fd3m a=1.085-1.128 (Fe, Mo, Nb.Cr.Si),C
M,C, pseudo hex. 40 Pnma a=1.398 (Cr.Fe),C,
c=04523
Intermetallic phases
Sigma (g) bt 30 P4, /mnm a=0.87-0.92 (Fe,Ni) (Cr.Mo)_
’ ¢ =0.4554-0.48 :
Chi () bee 58 143m a=10.881-0.895 Fe Cr Mo, ;
(Fe,Ni), Cr,,Mo,
Laves (n) hex. 12 Pé6, /mmc a=0473-0483 Fe_Mo; Fe Nb; Fe Ta; Fe Ti: Fe W
' ¢ =0.772-0.786 ’ ’ S
G fce 116 Fd3m a=1.115-1.120 Ni, Nb Si; Ni Ti Si_; (Ni,Fe,Cr), (Nb,Ti) Si,
R hex. 53 (159) R3 a=1.090; Fe, Mo Cr, .
c=1934 (Fe.Ni),,Cr,Mo,Si,
Mu (u) rhombohedral 13 R3m a=04762; (Fe,Co).(Mo,W),;
c=2.5015 (Cr.Fe),(Mo),(Cr.Fe,Mo),

Figure 1.4: Crystal structure and composition of the main secondary phases found in

austenitic stainless steels [68,70,71].
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Figure 1.5: Equilibrium pseudobinary Fe-C phase diagram for a 316L steel for tempera-
tures between 500 °C and 1000 °C, computed with Thermo-Calc software [76].
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1.3 Welding of austenitic stainless steels

Stress relaxation cracking issues reported since the 1950s in industry mostly affected
welded steel components [18]. In order to properly understand the causes of stress relax-
ation damage during service, shortly or long after the welding process, it is fundamental
to first understand the impact of welding on the microstructure and properties of a steel.

Large structural components, as used in nuclear applications, are assembled by welding
process, necessary to ensure the integrity of the structure. Whether it is to manufacture
steels joints or to repair failed components, it exist numerous welding methods for struc-
tural materials. Figure 1.6 shows the classification of most common welding methods.
These are divided into two main families, pressure and fusion welding. The fusion welding
family includes the gas, arc and power beam welding.

The most common methods used for stainless steel welding are the Gas Tungsten
Arc Welding (GTAW) and Gas Metal Arc Welding (GMAW) [77], both are part of the
larger groups of gas shielded arc welding and more widely fusion welding. GMAW, which
includes Metal Inert Gas (MIG) and Metal Active Gas (MAG) methods, is widely used in
industry because of its high production rate, facility and versatility of usage [57]. GMAW
is particularly used for thick components while GTAW is more suited for thin materials,
from about 0.5 to 3 mm thick, and less accessible components for repairs [78]. GTAW, also
called Tungsten Inert Gas (TIG), can be performed with or without filler metal and has
the advantage of producing high quality, clean and reliable joints, which makes it suitable
for crucial components as used in aeronautics or nuclear applications. However, GTAW
requires higher experience of the operator and has a lower productivity rate than GMAW
because of a lower speed, inducing a higher overall cost.

For the 316 grade, it was found that GTAW allowed higher tensile strength, toughness
and fracture energy values in impact test than welds obtained by GMAW [79]. Quality and
mechanical properties of weld joints manufactured by GTAW are then often considered
over the cost for structures requiring high safety in the long term, justifying why only
the GTAW is proposed in the RCC-MRx [65] specifications for welding of nuclear reactor
components. Regardless of the arc wielding method, such processes induce thermal cycles
of high amplitudes, affecting the microstructure of the material and, hence, its mechanical
behavior. Particularly in the case of GTAW, these thermal cycles are generally numerous,
since the process often requires several welding passes to manufacture a joint. In order
to understand the mechanism of stress relaxation cracking in weld joints and identify
weak zones, the GTAW process, its influence on both the microstructure and mechanical
properties are presented in the next sections.

1.3.1 Gas Tungsten Arc Welding

The GTAW process, as the other fusion welding processes, allows assembling thermally
conductive materials such as metals and alloys, through the partial fusion of the different
parts. The integrity of the resulting component or structure is then ensured by the solid
joint between both parts, produced from the solidification of the filler metal, then called
weld metal [80].

In order to join the parts, materials are exposed to a high current via a tungsten
electrode (Figure 1.7), inducing an electric arc. When ignited, the electron arc forces the
electrons to migrate from the negative pole to the positive one; however, ions traveling in
the opposite direction result in collisions with electrons. These collisions release high en-
ergy, allowing the fusion of the base metal in regions close to the surface and/or the fusion
of the filler metal. The GTAW equipment is constituted of several parts. A power source
is used to produce the high current transmitted to the GTAW torch, which creates the
electrical arc. Even though the GTAW torch can be controlled manually, its displacement
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Welding methods
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Figure 1.6: Schematic presentation of the most common modern welding methods, ac-
cording to Weman [78].

is usually automatized via mechanical monitoring to ensure continuous and homogeneous
treatment. The welding parameters such as the current, voltage, torch velocity and gas
flow are currently controlled via a numerical monitor. A gas tank connected to the control
unit provides the shielding gas used during the welding process. The choice of the inert
gas is primordial as it prevents the interaction between ambient air and the weld pool,
avoiding oxidation issues. Additionally, it can also improve current conduction and heat
convection in the arc [78]. The choice of inert gas depends on the studied material, the
welding method, the component geometry, accessibility and the foreseen cost for produc-
tion. In the case of stainless steels, argon (Ar) shielding gas is the most used, but Ar/Hs
and Ar/He mix are also commonly used [80, 81].
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Figure 1.7: GTAW process showing (a) the displacement of the welding torch and filler
metal over the base metal plate and (b) a close-up of region near the electrode tip showing
the migration of electrons and ions [82].
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1.3.2 Effects of welding

1.3.2.1 Microstructure of welded steels

Welding processes, and GTAW in particular, induce high thermal gradients over short
periods of time in the welded material. The high temperatures reached during welding in-
duce microstructure transformations, resulting in heterogeneous microstructures because
of the heterogeneous distribution of heat. Figure 1.8 illustrates the typical heterogeneous
and complex microstructure of a steel resulting from a welding process and the corre-
sponding peaks temperatures during welding. Note that the peak temperatures indicated
in the Figure 1.8 can vary by + 100 °C depending on the steel grade. Experimental
measurements or numerical simulations of the thermal fields induced by a welding allows
predicting the microstructure transformations occurring in a welded material. Typically,
it is theoretically possible to estimate the size of the weld pool, the nature of precipitat-
ing secondary phases, grain growth and grain refinement in the heat affected zones as a
function of welding parameters. The thermodynamic stability and precipitation kinetics
of the secondary phases, as presented in Section 1.2.2, can be confronted to the thermal
history of a welded component to identify the phases most likely to precipitate.
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Figure 1.8: Description of microstructure after a single pass welding, showing (a) detail of
zones affected by welding and corresponding peaks temperatures during welding according
to Sloderbach et al., Aucott and Li et al. [83-85] and (b), (¢) and (d) micrographs of the
fusion zone, coarse grain heat affected zone and base metal, respectively. Micrographs
were taken in a GTA-welded 316L steel [86].

From the highest temperatures regions to the lowest, three main zones of the welded
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material can be distinguished based on their microstructure: the fusion zone (FZ) or weld
metal, the heat affected zone (HAZ) and the base metal (BM).

In the fusion zone, the material is exposed to temperatures higher than the melting
temperature. Experimentally, it is very difficult to measure precisely the temperature
peak of the weld pool. Usually, measures of temperatures at the surface of the weld pool
are reported between 1800 °C [87] and 2000 °C [88] for GTAW. These temperatures can be
estimated using infrared thermography. These high temperatures allow the total fusion of
the metal in this region, which is quickly followed by the solidification of the metal during
cooling. In this region, the resulting austenite grains are very large, formed predominantly
by columnar dendritic towards the surface and equiaxed near to the transition zone [89].
A network of J-ferrite cells distributed homogeneously in the austenite matrix and at
austenite grain boundaries is generally observed in welded austenitic steels after cooling
[81], as illustrated in Figure 1.8 (b). The morphology and interconnection of these ferrite
cells often vary throughout the FZ, in the form of vermicular, also called skeletal, but
also in the form of lacy (or lathy) structures [90,91]. The vermicular morphology is the
most commonly observed, corresponding to Figure 1.8 (b). Lacy ferrite is characterized
by interlaced ferrite networks, with parallel cells in some observation plans [91]. Some
lacy ferrite cells can be observed at the bottom of the FZ in Figure 1.8 (c). Precipitation
of secondary phases, either carbides or intermetallics, are not often reported in the FZ of
316 type steels [81,92]. This is due to the high cooling rate after welding which prevents
the precipitation of low-precipitation kinetics phases. However, the thermal ageing of the
FZ during post-welding heat treatment or during service can result in the precipitation
of intermetallics such as o, y-phases and Mo3Cg carbide, at austenite grain boundaries
or from the decomposition of the ferrite cells [81,93]. Farneze et al. [93] also reported
the precipitation of Mo-rich precipitates in ferrite cells in the FZ of a 317L steel after
multipass GTAW process (Figure 1.9 (b)).

The heat affected zones are found below and adjacent to the fusion zone, with its size
being dependent on the welding method and parameters. Heat affected zones are defined
as regions of the base metal which did not melted during welding but whose properties
were still affected by the heat [78,94]. Affected zones can be divided into two main zones,
from the highest peak temperatures to the lowest: the coarse grain HAZ (CGHAZ) and
the rest of the heat affected zone, called HAZ in this work.

The coarse grained zone is exposed to temperatures comprised in the austenite stability
range (1100 - 1400 °C), for duration which allow the growth of austenite grains, resulting
in larger grains than the base metal as illustrated in Figure 1.8 (c¢). Temperatures higher
than 1100 °C were actually reported in the literature to allow an abnormal grain growth
of austenite [95], with much higher grain growth rates than at lower temperatures. In
austenitic steel grades such as the 316L(N), the rest of the HAZ is usually described as one
single zone, consisting in austenite grains affected by the heat by a hardening mechanism
but where grain growth did not occur. In ferritic-martensitic and precipitates hardened
steels, the rest of the HAZ can be divided into three additional sub-zones: the fine grain
HAZ (FGHAZ), intercritical HAZ (ICHAZ) and subcritical HAZ (SCHAZ). These zones
are not observed for austenitic steels, thus are not discussed further here.

The HAZs are particularly prone to precipitation of secondary phases, because of the
favorable temperature range and lower cooling rate than near-surface regions. However,
this is not systematic and this mostly occurs for high carbon austenitic stainless steels such
as the 304H or 316H, since higher carbon content favors the precipitation of carbides [67].
Welding parameters can also strongly affect the probability of phase precipitation. Increase
in both welding current and number of welding passes increase the duration of exposure
to high temperatures, thus resulting in longer time in the temperature range favorable
to carbides and intermetallics precipitation. Typically, Moslemi [96] observed chromium
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carbides and o-phase in the HAZ near the FZ in a multipass welded 316 steel (Figure
1.9 (a)).

Finally, metal exposed to lower temperatures (under 600 °C) is defined as the base
metal, which corresponds to metal unaffected by the heat of the welding process. The
resulting microstructure and mechanical properties are then the same as the as-received
material, as illustrated in Figure 1.8 (d).

(b) FZ

Austenite

Figure 1.9: Precipitation of secondary phases induced by GTA multipass welding in
austenitic stainless steels in (a) the FZ and HAZ of a 316 steel [96] and (b) the FZ of
a 317L steel [93].

1.3.2.2 Welding residual stresses

Besides microstructure transformations, one of the main effect of welding on steel compo-
nents is the rise of residual stresses in the regions affected by welding. Residual stresses
can be beneficial or detrimental to the structure properties, depending on the stress na-
ture, but are generally recognised as harmful to welds. Residual stress can be defined as
restrained stationary stresses induced by differences in thermal expansion, strength and
stiffness and introduced during thermal or mechanical treatments of the material manu-
facturing [97,98]. More importantly, they remain in the material even in the absence of
external loads. Residual stresses are defined as secondary stresses, contrary to primary
stresses which are load-controlled [99]. It exists three types of residual stresses: macro
or bulk residual stress (type I), intergranular stress (type II) related to grain-to-grain
interactions and finally atomic-scale stress (type III) [99,100].

Specifically in welded workpieces, residual stresses are caused by the exposure to high
local temperature variations during the displacement of the welding torch over the mate-
rial, illustrated in Figure 1.10 (a), resulting in severe temperature gradients around the
weld pool [101]. At the nose of the weld pool, the high increase in temperature causes
a thermal expansion of the material, which induces compressive stresses in the affected
region [101] (Figure 1.10 (b) and (c)). When the metal cools down after the welding, ten-
sile stresses appear due to thermal contractions (Figure 1.10 (b) and (d)). After welding,
tensile residual stresses remain in the FZ as well as in part of the HAZ near the FZ, while
the rest of the HAZ contains residual compressive stresses away from the weld (Figure
1.10 (e)) and Figure 1.11 (a)). Considering a single-pass welding on a plate, typical tem-
perature and residual stresses profiles can be simplified as in Figure 1.10 (c) to (e), which
shows the progressive increase of compressive and tensile residual stresses as the plate is
cooling down. The distribution of residual stresses is heterogeneous in both longitudinal
and transverse direction (Figure 1.11), with highest magnitudes found towards the middle
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of the plate and weld bead. Peaks of tensile residual stresses in multipass GTAW 316
steels are generally reported to be near 400 to 500 MPa in the affected zones [102].
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Figure 1.10: Formation of residual stresses due to the welding process with (a) simulated
thermal fields during the welding torch displacement [103], (b) close-up view of the weld
pool with compressive and tensile stress fields rising from the thermal expansion and
contraction. Schematic surface temperature and longitudinal stresses profiles (c¢) ahead of
the weld pool, (d) at the tail of the weld pool and (e) after welding. Figures are adapted
from Selvamani et al. [103], Colegrove et al. [101] and Masubuchi et al. [104].
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Figure 1.11: Residual stresses induced by welding in the (a) longitudinal and (b) transverse
directions after the cool-down [105].

The distribution and magnitudes of welding residual stresses can be influenced by the
different welding parameters, which can be tuned to reduce residual stresses and thus
prevent issues associated to it. First, the clamping system, used to mechanically maintain
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the steel plate during welding and hence avoid distortion, can increase the level of residual
stresses because the plate is unable to deform freely (Figure 1.11 (b)) [106]. Particularly,
Choobi et al. [107] showed that clamping a 304 steel plate prior to welding and releasing the
clamps after cooling down to ambient temperature increases transverse and longitudinal
residual stresses. However, if the clamps are removed immediately after welding (then
called hot release), residual stresses are not affected. Elmesalamy et al. [102] results differ,
reporting a slight increase in residual stress when no restrain was used (Figure 1.13 (c)),
as compared to the restrained plate (Figure 1.13 (a)) for the multipass GTAW of a 316L.

Welding residual stresses can also be limited by lowering heat magnitudes through an
adjustment of welding parameters [102]. This can be achieved by increasing the welding
torch displacement velocity or lowering the power energy source [108]. However, the
welding method, either single-sided (welding passes on one side of the plate) or two-sided
(passes on both sides), was reported to have no significant impact of the levels of residual
stresses [102] (Figure 1.13 (a) and (b)).

To lower the magnitude of residual stresses, a prior heating treatment of the plate can
be carried out before welding [109]. Such process allows reducing the thermal gradient
required to enable the steel fusion, thus lower the tensile and compressive stress [110].
Adedayo et al. [110] typically reported reduction of welding residual stresses of up to 75%
thanks to a prior preheat carried out at 200 °C. Pre-heating can also reduce the risk of
hot cracking and the formation of brittle martensite, induced by the rapid cooling of the
welded plate [109]. However, pre-heating can also be detrimental to residual stresses [111].
Indeed, the yield strength of the steel decreases with an increase of temperature, favoring
plastic strain [109]. Consequently, pre-heating method cannot be used systematically and
should be carefully employed depending on the material, welding method and conditions.
Specifically for the 316 grade, preheating is not recommended by the RCC-MRx [65]
specifications.

Asides from the welding parameters, the choice of the filler metal can also influence
residual stresses. Godin et al. [112] typically showed the presence of tensile residual stresses
in the fusion and heat affected zones using an austenitic filler metal for the welding of a
martensitic steel (Figure 1.12(a)). However, when using a martensitic filler metal, the
fusion zone was found to contain high compressive residual stresses (Figure 1.12 (b)), due
to a martensitic transformation occurring during the cool-down, involving a volumetric
expansion and thus compressive stresses [112]. Magnitudes of residual stresses can also
be reduced using low-temperature transformation (LTT) filler metal instead of regular
ones [113].

One way to avoid the influence of the filler metal on the nature, distribution and
magnitude of residual stresses is to operate a simple fusion line on the steel plate without
filler metal, which is possible for GTAW or power beam welding processes. This also allows
simplifying the microstructure of the weld. However, it is important to keep in mind that
a pass of welding torch without filler metal results induces differences in stress nature,
magnitude and location when compared to welding operated with filler metal [114]. As
a result, Yunasz et al. mention that failures in welds with filler metal occur generally in
the region between the base metal and HAZ, while failures in welds without filler metal
rather initiate in the weld metal [114].

While stress relaxation cracking issues are often reported for thick components, Elme-
salamy et al. [102] showed that for multipass GTAW of a 316L steel, the thickness of the
plate has no significant impact on the magnitude of welding residual stresses but rather
on the distribution (Figure 1.13 (a) and (d)).
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Figure 1.12: Residual stress distribution in a welded martensitic stainless steel plate mea-
sured by the contour method. Welding was carried out using a filler metal made of (a)
309L austenitic stainless steel and (b) 13%wt. Cr and 6%wt. Ni martensitic steel [112].
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Figure 1.13: Welding residual stress distribution in a 316L steel plate after mutlipass
GTAW measured by the contour method. Effect of welding strategy with (a) single-sided
and (b) two-sided, (c) effect of clamping and (d) effect of thickness [102].

1.3.2.3 Effects of welding on mechanical properties

Due to the numerous microstructural transformations occurring in the regions affected by

welding and the formation of residual stresses, mechanical properties of the material are
directly affected.

Typically, both fatigue strength [115] and fracture toughness [101] are generally re-
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ported to decrease in regions containing tensile residual stresses. Inversely, the intro-
duction of compressive residual stresses, for instance by the shot penning method, can
improve fatigue strength of stainless steels [116]. Corrosion resistance was also reported
to be decreased by the presence of residual stresses [117].

The mechanical properties are also affected by microstructural transformations. Be-
cause of the coarser grains, the CGHAZ exhibits the lowest toughness [118]. This is true
mainly for single-pass welding, since multi-pass welding results in a much more complex
microstructure and prior CGHAZ can be affected differently during the subsequent passes.
Typically, the CGHAZ can exhibit a higher hardness than the other zones for multipass
welding. The other heat affected zones, with finer grains, are generally characterized by
an increase in hardness [119]. Molak et al. [120] carried out tensile tests of microsam-
ples machined from the FZ, HAZ and BM of a GTAW joint made of a 316L steel. They
showed that the heat affected zone presented a higher yield strength (YS) and ultimate
tensile strength (UTS) than the base metal, while the FZ (weld) was characterized by
lower values.

Affected regions also show a decrease in creep rate at high temperature (around 600 °C)
and an increase in hardness, which is related to the increase of the dislocation density intro-
duced by the various welding passes. Auzoux et al. [13] typically showed that an increase
in number of welding passes resulted in an important increase in Vickers hardness. They
concluded on a cumulative increase in plastic strain, or hardening, by an accumulation of
dislocations in the material due to the successive thermal cycles during welding. Mobile
dislocations can be subjected to several interactions during their displacement, among
which the solute atoms-dislocations and precipitation-dislocations interactions. The low
ductility of the regions affected by welding is rather attributed to solute drag mechanism,
causing intragranular hardening. This is known to be a detrimental factor for the re-
sistance of a steel to stress relaxation cracking [45], where 316L steel grade with higher
content in solute atoms was shown to be more prone to SRC. An increase in hardness may
also be attributed to strain-induced intragranular precipitation, however with much less
impact than dislocations interactions with solutes atoms. Besides, such effect is unlikely
to occur in 316 steels [121].
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Figure 1.14: Effect of multipass GTAW on tensile properties of a 316L steel with tensile
curves corresponding to each affected zone and the base metal (plate) [120].

1.3.2.4 Relaxation of residual stresses

It exists several methods to limit or relax residual stresses before and after welding, in
order to prevent the degradation of the material properties and to avoid distortion during
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welding. These are divided into thermal and mechanical techniques. Limitation of residual
stresses by adjusting welding process parameters are not discussed here as they were
presented previously in Section 1.3.2.2.

Post-weld heat treatments (PWHT) can be applied, allowing the partial relaxation
of residual stresses after welding via heat treatments of several hours between 600 to
800 °C [122]. In a study on welding of the 321 stainless steel, Sadeghi et al. [66] reported a
residual stress reduction of 35% after a PWHT of 2 h at 480 °C. Their results also suggested
that an increase of the PWHT temperature did not significantly improve stress relaxation.
The reduction of residual stresses can be revealed by the decrease in hardness of the HAZ
and BM regions after a PWHT to some extent, as illustrated in Figure 1.15 (a) for a 316L
steel [119]. Similarly to the pre-heating method, PWHT is not an ideal solution. PWHT
were also found to trigger the initiation of cracks in high tensile strength materials [123],
and thus should not be used for materials highly sensible to stress relaxation cracking.

Mechanical techniques for the reduction of residual stresses after welding includes
two main methods, peening and vibratory stress relief [109]. Peening method consists in
the impact and propagation of shock waves in the welded material, aiming for compressive
residual stresses. Due to the very process, peening is limited to near-surface regions of the
material and results in residual tensile stresses deeper in the components [109]. Peening
method is thus less suited for large welds, as defects can initiate at several millimeters deep
from the surface. Vibratory stress relief (VSR) consists in vibrating the welded component.
This method is controversial as there is still a strong disagreement on whether it has an
effect or not on reducing residual stresses [109]. Additionally, the process was found to
induce local plastic straining where it is not desired. VSR can thus negatively affect the
welded component, regarding its fatigue lifetime.
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Figure 1.15: Vickers micro-hardness HV1 measurement of a 15 mm thick welded 316L steel
plate. (a) Comparison of hardness between post-welding and post-weld heat treatment

states. (b) Effect of annealing temperature on hardness: base metal (BM), heat affected
zone (HAZ) and weld metal (WM) [119].

1.3.2.5 Measurement of residual stresses

Measurement of residual stress can be achieved through several methods, either destructive
or non-destructive and are all indirectly derived from the measurement of other properties.
Most common methods are shown in Figure 1.16, classified in function of spatial resolution
and penetration.

The hole drilling method and contour method are destructive approaches for residual
stress measurement. These methods are widely used as they can provide results quickly for
different geometries and materials, not requiring complex nor costly equipment. In both
cases, residual stresses are derived from the measurement of displacement while removing
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successive portions of the material which spontaneously finds a new stress equilibrium.
The main drawback of such methods is obviously the partial or total destruction of the
sample, and the low accuracy of the measure depending on the method for displacement
measure [109].

Non-destructive methods, such as X-ray, neutron or synchrotron diffraction methods,
present the advantage of higher accuracy and are better suited for local analyses or high
amplitude residual stresses. The measurement of strain is allowed by the measurement of
crystal lattice spacing using Bragg’s law, which can traduce the presence of local residual
stresses knowing the elastic modulus and Poisson’s ratio of the material [109]. Such meth-
ods are preferable to the destructive method when possible; however the measurement time
and cost are significantly higher. Also, these methods can be sensible to material texture,
grain size, and may not be suitable for highly strained material and for heterogeneous
microstructures.

Other methods, such as nano-indentation and hardness measurement, are sometimes
carried out to estimate the presence of residual stress. It is a simple and low cost method,
however the interpretation of the results can be hazardous. For these methods, knowing
precisely the microstructure of the studied material is essential, as the hardness is de-
pendent on the microstructure of the analysed area [112]. Generally, in a homogeneous
microstructure a low hardness values suggests the presence of tensile residual stresses [45].
This was observed by Simes et al. [124] as illustrated in Figure 1.17. Inversely, compressive
residual stresses are generally associated to high hardness values. While this relationship
is often observed for the melted metal and base metal regions, it is not verified for the
HAZ region.
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Figure 1.16: Main methods for residual stress measurement classified in function of spatial
resolution and penetration [109].

1.3.3 Simulation of welding

In order to predict the material distortions, plastic straining and residual stresses resulting
from the welding process, thermo-mechanical simulations can be performed using Finite
Element Method (FEM) computations. Estimations of post-welding residual stresses in
a welded structure and the confrontation with stress relaxation cracking thresholds for a
material can allow evaluating the risk of failure for each weld zone.

Figure 1.18 shows the typical successive steps for the thermo-mechanical simulations of
welding [125,126]. More complex works also account for the microstructural transforma-
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Figure 1.17: Evolution of measured hardness as a function of present residual stress in a
bright drawn mild steel [124].

tions occurring in the material during welding, dictated by the thermal fields [80]. In pure
thermo-mechanical simulations, computed thermal fields are used to simulate the mechan-
ical response during the whole welding process. Thermal and mechanical considerations
are discussed separately thereafter.
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Figure 1.18: Typical Finite Element method simulation process for welding simulation
accounting for thermal and mechanical considerations [126].
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Thermal simulation

Thermal simulations account for conduction and convection phenomena during the dis-
placement of the welding torch [126]. Conduction occurs throughout the material, while
convection occurs between the material and the ambient air. Thermal radiation can also
be considered in the thermal analysis, in order to obtain better predictions of thermal
fields.

The welding arc is generally simplified as an equivalent heat source moving along
the weld centreline (WCL). Many equivalent heat sources exist in the literature, such
as cylindrical, semi-spherical, double-ellipsoidal and conical [127]. It is very common
to consider the heat source with a double-ellipsoidal distribution [125,126,128], as first
established by Goldak et al. [129] (Figure 1.19).

The displacement of the heat source near the material surface is traduced numerically
by high temperature gradients at the front of the source, and smaller gradients at the
rear of the melt pool depending on the convection coefficient of the studied material
(Figure 1.20 (a) and (b)). These high temperature gradients make the measurement of
temperatures near the weld a delicate process when placing thermocouples, leading to
possible differences between experimental and simulated thermal fields [125]. Typically,
temperature differences of several hundreds of °C are often reported between two close
points (a few mm) near the molten metal [125,126] (Figure 1.20 (b)).

Thermal computations of welding allow performing simulations of the mechanical re-
sponse of the material, by associating the predicted thermal fields and the material prop-
erties described as a function of temperature. These are used to predict the distortion and
residual stress fields resulting from the welding process. Additionally, thermal simulations
allow correlating the microstructural zones affected by welding observed experimentally
with ranges of temperature, as illustrated in Figure 1.20 (c¢). This helps understanding the
areas with conditions favorable for secondary phase precipitation as discussed in Section
1.2.2, but also predicting matrix grain growth for more complex models.

Figure 1.19: Goldak double ellipsoid geometry and parameters used to model equivalent
heat source for welding thermal simulation [130].

Mechanical analysis

Mechanical simulations are then achieved using constitutive laws suited to the studied
material (Figure 1.18). Numerous mechanical models have been proposed over the years,
relying on the material mechanical behavior for the considered temperatures, strain rate,
magnitude and nature. During welding, the steel may deform elastically, plastically and
viscously.

Ideally for the 316L(N) stainless steel, the mechanical model should take into account
these three deformation modes, thus an elasto-visco-plastic model. However, viscous mod-
els are more complex as they increase the number of variables (plastic strain rate for in-
stance) and parameters to take into account, but also leads to longer simulation times.
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Figure 1.20: Thermal simulation of single-pass GTAW of a 316L steel plate. (a) Simu-
lated thermal fields during the displacement of the welding torch [131], (b) evolution of
temperature as a function of time for three distance from the weld center line (WCL) [132]
and (c) comparison between predicted maximum temperatures in the section of the plate
showed in (a) and corresponding microstructure of the weld after welding [131].

Moreover, viscoplatic data are usually not easily available. Depradeux [133] indicated that
a precise prediction of welding residual stresses can be achieved simply using an elasto-
plastic model. Such considerations seem to be the most common compromise adopted for
welding simulation in the literature [126,128,134-136].

The choice of an elastoplastic model should result from the understanding of the ma-
terial mechanical response during welding. The welding process exposes the material to
successive mechanical loading and unloading cycles induced by the thermal expansions
and contractions as discussed in Section 1.3.2.2. The induced Bauschinger effect requires
to take into account the kinematic hardening rather than isotropic solely, or ideally a
combined model [137] such as suggested by Chaboche [138]. Indeed, Hemmesi et al. [131]
made a comparison between isotropic, kinematic and combined hardening models for the
simulation of welding of a 316L steel (Figure 1.21). Their results showed that a com-
bined hardening model leads to computed residual stresses values closer to experimental
measures than with other models. Zheng et al. [137] also chose a combined hardening
model (Chaboche) for their mechanical simulation of welding of a 304L steel, with good
agreement with experimental results (Figure 1.22) as well as theorical residual stresses as
shown previously (Figure 1.11).

The estimation of residual stresses through thermo-mechanical simulations of the weld-
ing process could then help predicting the risk for stress relaxation cracking of a compo-
nent, after the identification of the SRC thresholds of a material. Specifically, the identifi-
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cation of SRC thresholds for each weld zone would give precise information on where the
issue can be expected. This requires investigation on SRC mechanism in a heterogeneous
weld microstructure, and the study of SRC microstructural influencing factors.
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Figure 1.21: Comparison of simulated and measured transversal welding residual stresses
through the thickness of a welded 316L steel plate with geometry shown in Figure 1.20
(a). Simulation of residual stresses performed with non-linear isotropic, kinematic and
combined models are compared to the measurements [131].
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1.4 Stress relaxation cracking

1.4.1 Stress relaxation cracking mechanism

SRC was described to appear primary due to the presence of residual stresses generated
during the welding process presented previously, with high stress magnitudes in the HAZ,
particularly in the CGHAZ [13, 18, 33,45,47]. During the service or a PWHT, these
residual stresses cannot be sufficiently accommodated by plastic deformation due to an
exhaustion of ductility of the affected zones at high temperature, eventually resulting in
an intergranular cracking as described in the introduction [3,6,7,12,33,37,139].

SRC is usually reported to be induced by fracture either resulting from intergranular
cavitation assisted by GB precipitates or from a brittle mode, commonly called low duc-
tility intergranular fracture (LDIGF) [5,6]. The first mode, intergranular cavitation, is
the most widely adopted mechanism to explain SRC. During the use of a welded compo-
nent in service, the exposure to high temperatures allows the precipitation of undesirable
secondary phases at grain boundaries and in the bulk. The plastic strain, induced by the
relaxation of residual stresses, is then localised at the GB precipitates (Figure 1.23 (a))
which therefore act as obstacles for both dislocation and vacancies motion [5, 7], mak-
ing them favourable sites for cavity nucleation. These cavities eventually further grow,
coalesce to form micro and macro-cracks, similarly to a creep cavitation mechanism [6].
The mechanism of formation of cavities is still subject to discussion, however from the
knowledge of creep cavities it is commonly admitted that they result from vacancies con-
densation [140-143]. SRC initiated at GB precipitates is generally characterized by in-
tergranular dimples due to the presence of the GB precipitates, as illustrated in Figure
1.23 (c).

The second mode, low ductility intergranular fracture, is rather associated to grain
boundary sliding and accumulation of plastic strain at triple points [5] (Figure 1.23 (d)).
In some studies related to creep cavities, it is also proposed that cavitation at GB triple
points occur when GB precipitates are not present in the neighbour grains [144]. In
contrast to cavitation mode, SRC initiated at GB triple points is generally characterized
by smooth intergranular fractures and relatively featureless grain faces because of the
absence of precipitates, as illustrated in Figure 1.23 (c).

In both modes, plastic strain induced by the relaxation of stresses is responsible for the
formation of cavities at the GBs. Interestingly, Wortel [12] typically showed that plastic
strains of less than 0.2% during relaxation were sufficient to cause stress relaxation damage
if no PWHT was performed on welded components made of SRC-susceptible materials,
such as 304H and 800H steels (Figure 1.24).

The factors inducing the transition from one mode to the other have been subject to
discussion in the literature. Some authors stated that mechanisms are stress dependent,
with cavitation on GB precipitates being characteristic of lower stress levels [5]. Others
stated a temperature dependency, with LDIGF mode occurring at low temperatures as-
sociated to phosphorus and nitrogen GB segregation, and cavitation on GB precipitates
at higher temperatures [5]. According to these authors, the LDIFG mode typically occurs
between 325 and 625 °C [3,5,7] . It is more likely that the transition between the two
modes is both temperature and stress dependent, as suggested by Lippold [5]. It is also
important mentioning that cases of mixed modes of SRC were also reported [3].

1.4.2 Stress relaxation cracking factors

The main factors involved in the SRC mechanism have been investigated by many authors,
testing material with very different sensitivity to the phenomenon. A list of the factors
identified by these authors is proposed in the following, differentiating factors that are
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(a) Cavity nucleation at GB precipitates (b) (c)
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Figure 1.23: SRC mechanisms and fracture features with cavity nucleation at (a) to (c)
GB precipitates and (b) to (f) GB triple point [5].
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Figure 1.24: Relaxation cracks, initial and relaxed plastic strain in the BM of a 304H
bending-tested at 575 °C for 300 h [12].

required for SRC to occur, and factors that influence the material resistance to SRC, but
are not obligatory for triggering this phenomenon [5,45]. More in-depth review of each of
these factors is presented in dedicated sections.

e Necessary factors:

— Residual tensile stresses induced by the welding process [5];

— Material pre-straining or hardening due to cold-rolling, welding, mechanical
solicitation or elaboration process [18,145];

— Reheat in critical temperature range, 500 - 775 °C, allowing stress relaxation [5];

— Secondary phase precipitation at GBs and bulk, generally of carbides and/or
intermetallic phases [5,45, 146];

e Influencing factors:

— Chemical composition, with higher susceptibility of high-carbon steels and sta-
bilized steels;
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— Grain size, with a damage hazard for grain diameter larger than 90 pm [24];

— Geometry and thickness of the component, with damage hazard for thickness
higher than 25 mm [7,18];

— Stress localisation typically due to welding of components of different thick-
nesses, or radii for pipes [18];

1.4.2.1 Stresses

The first characteristic of the relaxation cracking phenomenon is that cracks can form in
the absence of external mechanical load when a susceptible material is exposed to temper-
atures above 500 °C. In favorable conditions, damage results from the presence of tensile
residual stresses, rising from the successive thermal cycles induced by the manufacturing
process, primarily welding [101]. As presented in Section 1.3, the choice of welding pro-
cess and associated parameters are thus key parameters when it comes to reducing SRC
risk [108]. Of course, the geometry of the welded parts and their operation conditions are
very likely to aggravate the state of stress of the material and therefore to facilitate SRC,
but they are not necessary for the phenomenon. During service, additional stresses can be
induced by: internal pressure, difference in the coefficient of thermal expansion between
the base material and weld metal, thermal stress due to temperature gradients across the
components thickness and bending stresses because of the components geometry [147].
Moreover, stresses may also arise locally from phase precipitation during thermal age-
ing, because of lattice mismatch between the precipitates and matrix [5]. Although they
can play a role, Emerson et al. [147] believe these other sources of stresses are negligible
when compared to welding residual stresses in normal operating conditions. According to
them, the peak of residual stresses from welding can reach about 480 MPa in thick-wall
pipe joints. By comparison, Feng et al. [14] mentioned that steam pressures only induce
stresses of about 20 MPa during service.

Evaluations of SRC threshold were firstly conducted in the 1950s by Curran et al. [17],
who estimated a minimal stress of 135 MPa to cause the failure of a 347 steel at 650 °C
after 62 months of industrial service.

More recently, Pommier [148] evaluated SRC threshold for a cold-rolled (22%) 316L(N)
steel by correlating residual stresses estimated by FEM mechanical simulations to experi-
mental quantification of damage. He found that residual tensile stresses higher than 740 +
30 MPa (formed at room temperature) can induce intergranular damage in a cold-rolled
316L(N) steel after ageing time as low as 580 h carried out between 550 and 600 °C.
Pommier then showed that SRC was strongly related to principal residual tensile stresses,
as illustrated in Figure 1.25. However, damage measures provided by Pommier clearly
show that the 740 MPa threshold is an estimation for macroscopic damage only; residual
stresses magnitudes way below this limit can allow mild damage. Typically, in Figure 1.25
intergranular damage is still present in regions where principal residual stresses are lower

than 500 MPa.

1.4.2.2 Work hardening

Work hardening, or pre-strain, is usually cited in the literature as a necessary factor for
SRC [13, 18], even though some works rather considered it as an influencing factor [3].
Work hardening can be induced by the manufacturing process of components, as in the
case of pipes bends which may require cold-bending work [3,149,150]. Besides from man-
ufacturing, the welding process itself can induce hardening upon cooling, particularly in
the heat-affected zones because of bulk precipitation and/or thermal expansion/contrac-
tion. Typically, Auzoux [13] distinguished three heat-affected regions of a welded 316 steel
according to their relative hardness:
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Figure 1.25: Influence of residual stress magnitude on intergranular damage in CT-like
specimens used to reproduce SRC. Comparison between the computed principal residual
stress and triaxiality distributions and the tomography-measured damage in a 316L(N)
steel at 550 °C, 575 °C and 600 °C [45].

e Non affected material: in this region, welding had no influence because of low temper-
atures (inferior to 100 °C), the resulting hardness was thus similar to the as-received
material.

o Affected material: this corresponds to the first region affected by welding. Temper-
atures between 100 and 600 °C in this region were high enough to induce hardening,
with an estimated plastic strain of about 2%. Experimentally, the measured level of
hardness increases as the distance to the fusion zone decreases.

o Partially restored material: in this region, hardness decreased as the distance to
the FZ decreased. Temperatures in this region (650 to 1450 °C) allowed the partial
restoration of the previous passes.

Heat-affected zones of weld joints and cold-worked components are more prone to
SRC because of several mechanisms. Firstly, pre-work hardening of the material can
increase the risk of SRC by the increase in precipitation kinetics of secondary phase fa-
voring SRC [3,13,18,151]. Indeed, cold-working generates dislocations, which represent
preferential sites for precipitates nucleation [3]. Weiss et al. [67] typically showed that
prior cold-working of 316 steels allowed quicker carbides precipitation, as illustrated in
Figure 1.27. Besides, Nomura et al. [152] also suggested that the higher density of dislo-
cations introduced inside the grain makes them stronger, leading to difference in strength
from the GBs and thereby favoring intergranular cracking. Additionally, cold-rolling at
room temperature can result in the formation of mechanical twins, susceptible to favour
cavity nucleation due to stress concentration as suggested by studies related to creep
cavities [141]. Finally, Auzoux [13] showed that prior cold-rolling induces a decrease of
the stress relaxation rate (Figure 1.26) and a decrease in resistance to crack propagation.
From the analyses of a 316H failed component, Auzoux [13] typically found that relaxation
cracks appeared in the affected region of the component, where hardness values were up
to 30% higher than the base metal ones (230 HV30 against 150). Note that in this case,



40 CHAPTER 1. LITERATURE REVIEW

Auzoux [13] also observed intragranular precipitates which definitely contributed to the
increase in hardness, (see Section 1.4.2.4). Additionally, multipass welding induces the
accumulation of plastic strain, resulting in the hardening increasing as the welding pass
number increases [13].

For Chabaud-Reytier [18], 5 to 10% of pre-strain was necessary to cause relaxation
cracking in a 321 steel (Figure 1.28). In contrast, Wortel [12] reported that 2-3% of cold
deformation is sufficient to make a material susceptible to SRC.
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Figure 1.26: Effect of cold-rolling on stress relaxation at 600 °C of pre-notched CT spec-
imens made of 316L(N) and 316(H) steels. Aa represents the crack propagation length
after the test [13].
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Figure 1.27: Influence of cold-rolling and prior heat treatment on phase precipitation
kinetics in 316L steels (a) without and (b) with prior cold-rolling [67].

1.4.2.3 Service temperature

As discussed previously, stress relaxation cracking was most often observed for compo-
nents which have been in operating at temperatures between 500 and 775 °C. Typically,
stress relaxation cracking in the Phoenix nuclear power plant was observed in more than
50% of the cases in components exposed to 550 °C, but was not observed in components
operating at 350 °C [18]. The service conditions, time and temperature, actually influ-
ence the kinetics of stress relaxation. Service conditions also influence secondary phase
precipitation, but these are discussed in a dedicated Section 1.4.2.4.
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Figure 1.28: Influence of pre-straining (by cold rolling) and prior heat treatment on damage
(crack formation) in a 321 steel at 600 °C [18].

It was shown in the literature [45,145,153] that higher service temperatures allow
faster stress relaxation (Figure 1.29). In the case of 316L(N) steels, Pommier [45] observed
that the temperature of 575 °C led to the highest damage, followed by 550 and 600 °C.
According to Pommier, the SRC mechanism would be dependent on stress relaxation
kinetics and GB degradation, which is directly linked to the chemical composition of the
studied steel (particularly C and N content) and the temperature. In that sense, at 575 °C
the residual stresses would exceed the GB strength quicker than at 550 and 600 °C.

One way of limiting SRC is therefore, if possible, to operate at temperatures outside
of the SRC range. This obviously requires the prior identification of the most damaging
temperatures depending on the material used.
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Figure 1.29: Service temperature influence on stress relaxation kinetics in (a) a low carbon
steel from James [153] and (b) 316L(N) pre-notched CT specimens with a initial load of
Py [145].

1.4.2.4 Precipitation

Grain boundary precipitates is often cited in the literature as a factor necessary for SRC [5].
Typically, Pommier [45] tested the SRC sensitivity of a cold-rolled (20%) 316L(N) steel
at 550 °C and observed no damage after 1470 h. However, by applying a prior thermal
treatment to the same steel at 550 °C during 1225 h which allowed phase precipitation
at GBs, Pommier observed GB cavities subjecting the specimen to the same SRC test.
Similar observations were made in the literature, with different weakening mechanisms
depending on whether the precipitation takes place at GBs or in the bulk.
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Bulk precipitation hinder dislocations motion during relaxation because of the inter-
actions with precipitates [3], depending on the phase coherency with the matrix, size
and shape [3]. Moreover, the matrix hardening can lead to plastic strain localization at
GBs [3,6,36,44,46]. Wortel [22] typically reported an increase of 10% in hardness in 800H
welds after 6000 h of service at 650 °C, due to bulk precipitation of carbides. However,
according to Younger et al. [154], steels with a composition close to the 316L(N) alloy are
not prone to bulk precipitation nor display strain-induced precipitation for ageing up to
1000 h at 650 °C. This effect is thus not expected to influence SRC for the studied 316L(N)
steel.

Grain boundary precipitation degrades the steel ductility by lowering the ability of GB
to accommodate plastic strain [33,155,156], thus restricting strain near GBs. Grain bound-
ary precipitates act as cavity nucleation sites because of strain incompatibility with the
matrix and dislocation pile-ups, which further result in stress concentration [36]. Pommier
et al. [45] carried out TEM analyses in damaged 316L steels showing that cavitation was
directly induced by the decohesion between GB precipitates and their adjacent grains, as
illustrated in Figure 1.31. Additionally, Gao et al. [146] stated that cracks also propagate
faster through a chain of carbides, thus favoring the material failure.

There is still a lot of discussion about the role and nature of the precipitating phases
involved in the nucleation of cavities preceding SRC [6]. According to Swift et al. [157], re-
laxation cracking occurs when partially coherent phase precipitates in the material. When
these precipitates grow in size, they no longer induce coherency strains on the matrix, and
hence their impact on SRC is largely reduced [157]. Inversely, in a conference report about
SRC in 347 weldment, Fen et al. [14] indicated that larger precipitates promote cavity nu-
cleation. They also stated that a greater number of precipitates results in a lower capacity
for the material to carry load. Because precipitates are highly related to SRC susceptibil-
ity, precipitation kinetics can also highly influence SRC [3]: if the precipitates form after
the majority of the residual stresses have relaxed, the influence of precipitates is negligible.

Although residual d-ferrite is known to be accelerate phase precipitation, there is no
much information available on the role of ferrite in SRC. Lippold [5] reported that the
presence of d-ferrite in the weld deposit did not seem to influence the susceptibility of
SRC of 347 type steel, without more details. It is thus expected that the residual ferrite,
often present in 316 steels in low proportion, will not impact the resistance to SRC of the
studied steel.
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Figure 1.30: Evolution of hardness (HV30) as a function of time after ageing at 650 °C
and 850 °C for four austenitic steels 5% pre-strained at room temperature [154].
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Figure 1.31: Scanning electron microscope (SEM) image of a pre-strained 316L steel spec-
imen aged at 550 °C during 4313 h. This reveals the partial decohesion between Ms3C
carbides and the adjacent grains [45].

1.4.2.5 Chemical composition

The influence of steel composition on SRC reported by the literature revealed a harmful
effect of molybdenum, vanadium, boron [7,33], niobium [18], carbon [45], nitrogen [45],
copper [6]. These elements particularly increase the risk of carbides and nitrides precipi-
tation (MagCg, TiC, AIN, V4Cs3), especially in the stabilized steels and high-carbon steels.
Additionally, C and N also slow down the stress relaxation kinetics by dislocation pinning,
allowing high residuals stresses for longer duration [6,18,36,45,145]. Indeed, Auzoux [145]
showed that stress relaxation rate in a high carbon 316H steel was significantly lower than
in the low carbon 316L steel (Figure 1.32). Similarly, the addition of nitrogen in the
316L(N) steel induced a decrease in the stress relaxation rate as compared to the 316L.
The comparison of the three curves suggests that the effect of nitrogen on stress relax-
ation rate is greater than that of the carbon. However, the comparison of crack length
showed that crack propagation was easier in 316L and 316H steels than in the 316L(N)
steel. Pommier [148] specifically studied the influence of carbon, nitrogen and phosphorus
content on SRC susceptibility in 316L(N) steels, concluding that steels with a nitrogen
content higher than 0.06%wt and carbon content higher than 0.015%wt present a higher
relative risk of SRC, when compared to other 316L(N) steels. It is important to remind
though that 316L steels are still highly resistant to SRC due to their low content in C,
as compared to other steels. Phosphorus was shown to have a very low impact on SRC
as compared to C and N. More generally, it has been observed that elements having a
detrimental effect on creep ductility also increase the susceptibility to SRC [7].

In contrast, it has been shown [5] for low-alloy steels that the introduction of calcium,
sulphur-stabilizing elements (titanium, zirconium) and some rare earth elements (REM)
prevented solution of sulphides during welding, delaying re-precipitation during cooling
and thus further cavitation mechanism [6]. The addition of REM also helps in reducing
GB segregation of impurity elements in some cases [6].

1.4.2.6 Grain size

The apparent detrimental effect of grain size on SRC is often reported in the literature
[3,4,33,46,139,158,159], with observations of cracks in industrial components preferentially
initiated in the coarse-grained region of the heat affected zone, adjacent to the fusion
boundary (Figure 4) [15,39]. From these different observations, it was estimated that
steels with grain size larger than 130 pm present a higher risk of SRC [4, 26, 160], even
though SRC was also observed in steels with grain size as small as 65 ym [4].

While it is widely admitted that coarse-grained HAZs are more prone to SRC, very
few works in the literature tried to provide explanations for this sensitivity. To this day,
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Figure 1.32: Stress relaxation tests at 600 °C for the 316H, 316L and 316L(N) steels.
Specimens were pre-notched and cold-worked prior to relaxation test. Aa represents the
crack propagation length after the test [13]

there is no clear understanding of this trend, particularly for austenitic steels. The most
common explanations proposed by the different authors are reported in the following. It is
important to keep in mind that these suggestions are mostly hypothetical, and that very
few of these studies have tried to provide experimental or numerical evidence to support
them.

The sensitivity of the CGHAZ was first explained by a change in the deformation
behavior of the affected zone from the increase in grain size [12], which decreases the total
grain boundary area and reduces area for strain accommodation but also for precipitation,
increasing precipitates density at grain boundaries [8,27,28,37,161]. Nomura et al. [152]
also found that the effect of pre-strain on SRC increased for an increase in grain size.
Additionally, Auzoux [13] suggested that an increase in grain size allows reducing the
number of obstacles to overcome (like triple points) in order to reach a certain crack length.
Furthermore, Sung et al. [162] suggested that the sensitivity of coarse-grained regions was
due to a much greater phosphorus segregation, thereby weakening grain boundaries. This
explanation, however, is not in agreement with Pommier’s results [45], who demonstrated
the negligible effect of phosphorus content on the risk of SRC in 316L(N) steels.

Indacochea et al. [160] provided, to the author’s knowledge, the only experimental
investigation of the effect of grain size on SRC in a CrMoV steel. They showed by 3-
point bending tests of Gleeble-simulated HAZs that an increase in grain size, while having
comparable hardness, increased the risk of SRC as illustrated in Figure 1.33 (see Section
1.4.3 for details on Gleeble testing method). However, limiting the grain size was not
sufficient to prevent SRC hazard, but it should be controlled in combination with hardness
level. Unfortunately, the authors did not provide explanation for the higher susceptibility
of larger grain miscrostructures.

1.4.2.7 Grain boundary characteristics

Lippold [5] reported that the grain boundary characteristics have a significant influence
on DDC, which presents a similar mechanism to SRC. Straining at high temperature may
result in GB sliding, inducing stress concentration at GB triple points thus favoring the
formation of cavities (Figure 1.23). The characteristics of GBs can significantly impact this
damage mechanism. Indeed, grains can grow freely during welding if no GB precipitate is
present in the CGHAZ, resulting in straight GBs. However, if GB precipitates are initially
present, GBs can be pinned by these precipitates during grain growth and thus GBs tend to
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Figure 1.33: Occurrences of SRC as a function of grain size and hardness of simulated
HAZs by Gleeble tests of CrMoV steels [160].

be more tortuous. GB sliding is then more difficult because of a mechanical locking effect,
increasing the resistance to cracking. If GB precipitates are present after grain growth and
GB sliding occurs, strain might concentrate at the precipitate-GB interfaces [5]. Because
of this mechanism, long and straight GBs free of precipitates are reported to be more
resistant to sliding than short tortuous ones.

Grain boundaries with an average direction perpendicular to the loading axis (or to
the principal residual stresses) were also found to be more favourable to intergranular
damage, due to higher tensile stresses for this configuration [45,64, 163] (Figure 1.34).
Additionally, Pommier [45] and Jin et al. [164] showed that GBs with misorientations
between 25 and 55° are the most favorable to SRC (Figure 1.35). Besides, none of the 33
twin boundaries was found to be damaged, despite representing more than 50 % of the
grain boundaries misorientations. These observations seem to be related to three factors:
GB energy, secondary phase precipitation sites and precipitate morphology. As reported in
the literature, [165-167] coherent twin boundaries ¥3 (60° for <111> rotation axis in FCC
structures) have a particularly low energy compared to any other configuration. This is due
to the perfect atomic fit between the two adjacent grains. In addition, GB misorientation
angle particularly influences the localization of damage since My3Cg carbides precipitate
preferentially at grain boundaries with misorientation angle from 20 to 55° [168]. In
contrast, Tang [168] indicates that misorientation angles from 5 to 20°, and from 55 to 60°
tend to highly delay the Ma3Cg precipitation.

Finally, Hong [163] observed higher cavitation damage during creep-fatigue tests on
random boundaries (X > 29), where grain boundary carbides were mostly triangular
shaped. Hong [163] explained this tendency by a higher interfacial energy of precipi-
tates in this configuration than in 33 and X9 grain boundaries, where carbides present
a plate morphology. Cui [64] confirmed these observations simulating stress fields near
grain boundaries precipitates during mechanical loading. Cui showed that the configura-
tion leading to higher carbide/grain boundary interface stress magnitude correspond to a
semi-coherent carbide with a triangular shape. This would most probably facilitates the
nucleation and growth of cavities at the tip of triangular-shaped precipitates.

1.4.2.8 Geometry of components

Industrial cases of stress relaxation cracks are mainly reported for circumferential parts
such as nozzles or pipes [7, 18,23, 33, 35,41, 169] but also for parts with a significant
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Figure 1.34: EBSD maps of damaged regions in a 316L(N) steel after a thermal ageing of
1455 h at 550 °C. The specimen was pre-aged at 550 °C for 1225 h, and pre-compressed
at 50 kN in the Y direction. IPF maps show the grain orientation and cavities at some of
the grain boundaries [45].
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Figure 1.35: Comparison between the distributions of grain boundary misorientations
measured by EBSD in five 316L(N) steels and 35 grain boundaries damaged by SRC [45].

thickness (greater than 25 mm) [7,18,24,26,28,46,170]. Curran et al. [17] also stated that
notches or edges of welded components represent sources of stress concentration, favoring
the initiation of cracks as illustrated in Figure 1.36.

To prevent SRC in service, these specific features should then be avoided when initially
designing the components when it is possible.
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Figure 1.36: SRC of a 347 slip joint used in steam turbine generator at 565 °C after 16
months of service with (a) schematic sketch of the welded joint and (b) macrographic
cross-section image of failure [17] .

1.4.2.9 Post-welding heat treatment

To relieve residual stresses induced by welding, a post-weld heat treatment, or PWHT, can
be carried out (Section 1.3.2.4). It can be both beneficial and detrimental to the material,
depending on the steel and the conditions of the thermal treatment conditions [154].
The process itself can induce relief cracking directly upon the treatment [5]. PWHT
cracking was reported in several super alloys [171,172] and in the HAZ of the 347 and
321 steels after 2 h of treatment at 850 and 900 °C [24]. To prevent PWHT cracking,
Lippold [5] recommends reheating steels at temperatures which are not favorable to carbide
precipitation, depending on the material. This would still allow partial relaxation of
residual stresses while avoiding GB precipitation and thus preventing stress relaxation
cracking.

When the right PWHT conditions are identified, the resistance of the steel to SRC can
be improved. Wortel [173] typically indicated that post-weld heated austenitic steels can
withstand more than 2% relaxation strain, against 0.2% for non-PWHT, which can prevent
life-time failure in most cases. Auzoux [145] also showed that a prior heat treatment of
2 h at 700 °C carried out on cold-rolled 316L and 316L(N) steels, reduced the final crack
propagation length after a stress relaxation test at 600 °C (Figure 1.37). However, the
heat treatment induced a decrease of the stress relaxation rate.

1.4.3 Stress relaxation cracking testing methods

The difficulty of predicting the risk of SRC before the complete failure of welded compo-
nents in service motivated numerous laboratory studies, aiming for the understanding of
the SRC mechanism and the associated factors. Because of the complexity of the phe-
nomenon and the test duration to trigger the phenomenon (up to several years), the initial
testing conditions are often simplified. Since the 1950s, many methods have been devel-
oped to test the resistance of steels to SRC [3]. These different methods are summarized
in Appendix A. From all of these tests, two main approaches can be distinguished (Figure
1.38).

A first approach to test SRC is to use fully welded components and expose them to
thermal treatments, aiming for SRC similarly to an in-service component. These spec-
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Figure 1.37: Impact of heat treatment on stress relaxation kinetics for (a) a 316L steel
and (b) a 316L(N) steel. Curves show the residual stress relaxation as a function of time
of pre-notched compact-tension specimens at 600 °C. Specimen were cold worked, and
heat treated at 700 °C during 2 hours prior to tests. Aa is the final crack length for each
case [145].

imens present the advantage of being representative of industrial cases: the heteroge-
neous microstructure, residual stresses and plastic strain induced by welding are pre-
served [174,175]. Borland [174] developed such test by performing a multipass welding of
two perpendicular pieces (Figure 1.39 (a)), a chamfered disk and a cylinder. The specimen
is then put in a furnace for stress relaxation, aiming for SRC. The first difficulty for this
method is the identification of damage in very large specimens. Indeed, cavities induced
by stress relaxation can measure less than a micron in length, while Borland specimens
typically have a region of interest of 80x20 mm?. Besides, SRC in these specimens can
only be allowed by the relaxation of welding residual stresses: since no additional residual
stresses are introduced, SRC can be excepted to be triggered only for long duration treat-
ments and thus may not be suitable for short laboratory studies. More than that, highly
SRC-resistant materials such as the 316L(N) steel cannot be tested with this method,
since typical welding residual stresses are lower than the SRC threshold of the steel [45].
Lundin [176] later developed in the 1990s another approach using C-ring specimens ma-
chined from welded components, and further loaded applying a constant displacement
(Figure 1.39 (b)). This second approach allows restricting the high stresses regions to a
lower volume, however it is not representative of an in-service stress relaxation. Similarly,
Wortel [150], in the beginning of 2000s, carried out 3-point bend tests of weld joints, using
a screw as a bending support (Figure 1.39 (c)). The main drawback of this test is the lo-
cation of high stresses and strain during the test, which is not always in the actual weakest
region of the weld and thus not representative of the in-service mechanism. This would
require performing several tests varying the position of the weld relatively to the expected
high-stress region. Another drawback resides in the use of a screw, which may also relax
during the thermal treatment, then biasing the stress relief of the tested specimen.

In addition to these drawbacks, using multipass industrial welds often results in the
variability of residual stresses and strain magnitude/distribution from a welded specimen
to another, being a challenge for the repeatability of results [3,47]. Moreover, the study
of each individual driving forces, as discussed in the previous sections, is much more
challenging. The measurement of residual stresses in such specimens can also be complex,
thus affecting the determination of SRC thresholds.

To simplify the investigation of SRC by avoiding the use of heterogeneous microstruc-
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tures and to improve the tests repeatability, some studies chose to apply mechanical and
thermal treatments on the material in the as-received state, without welding. These treat-
ments aim reproducing the microstructure and mechanical properties of a heat-affected
zone, in a homogeneous manner. Considering that the CGHAZ is the most sensible region
to SRC, the material is generally subjected to treatments similar to the ones attained in
this zone during the welding process. Usually, the material is heated between 1100 and
1300 °C, during few minutes or a few hours [13,18,21,177,178]. This induces austenite
grain growth and even GB precipitation, depending on the type of steel. Since the CG-
HAZ and HAZ also present much higher level of strain hardening than the other regions,
the material is also priory cold-rolled [18,45] or hot rolled between 400 and 600 °C in
some studies [13], with resulting strain between 5 and 40%. These treatments allow pro-
ducing a material representative of a heat affected zone, however residual stresses, which
are necessary for SRC, are not present in these materials and must then be introduced
artificially.

In order to introduce stresses, two methods can be considered: via a constant displace-
ment during the heat treatment, or by introducing residual stresses priory to the heat
treatment (Figure 1.38). Introducing stress by a constant applied displacement can be
performed using the 3 or 4-point bending tests [22], C-ring test, Gleeble and controlled
heat rate (CHRT) test.

| SRC testing methods |
IndustriLl welds Simulat‘ed HAZ
| |
3-point bend test Bor‘land C-r‘ing Constant s‘tress/strain Residual‘ stresses
|
4-point b‘end test GleLble CH‘RT Self-restraint test

Figure 1.38: Common SRC testing methods [3].

1.4.3.1 Constant displacement tests

Saito et al. [180] proposed the 3 and 4-points bending test based on the test first proposed
by Wortel [150], using samples with a simulated HAZ microstructure and machined a notch
in the middle of the specimen to better concentrate stress (Figure 1.40 (a)). The specimen
is loaded using 