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Résumé

Les aciers martensitiques & 9-12% Cr sont utilisés pour applications & haute température
notamment comme composants dans des centrales thermiques de production de 1’électricité.
Ces composants sont soumis a des phénomenes de fluage, vieillissement thermique, fatigue,
oxydation, corrosion. Cette étude vise une meilleure compréhension de 1’évolution
métallurgique a long terme des aciers martensitiques & 9-12% Cr, ainsi que de son influence
sur la résistance en fluage a 600 et 650°C. Le matériau de I’étude est 'acier Grade 92.

La littérature manque de données quantitatives sur la microstructure de ’acier Grade
92 apres des temps prolongés d’exposition au fluage ou au vieillissement thermique (temps
supérieurs a 10000h) & 600°C et 650°C. Par conséquent, dans un premier temps une expertise
d’éprouvettes de fluage testées a 600°C et 650°C pendant des temps allant jusqu’a 50.000h a
été réalisée par microscopie électronique en transmission (MET) sur des répliques extractives,
microscopie électronique a balayage (MEB) et par diffraction des électrons rétrodiffusés.
Cette expertise a révélé une précipitation significative de phase de Laves, une restauration
de la matrice et une tres faible précipitation de la phase Z-modifiée. Une quantification de
I’endommagement et des phases de Laves a été réalisée a partir des micrographies MEB.

La précipitation significative des phases de Laves et la restauration de la matrice semblent
étre les mécanismes prédominants de I’évolution métallurgique a 600°C et 650°C de ’acier
Grade 92. Afin d’étudier séparément l'influence de chacun de ces deux mécanismes sur la
résistance au fluage, des essais de fluage ont été réalisés sur des éprouvettes pré-vieillies et
sur des éprouvettes pré-fatiguées. Des éprouvettes entaillées ont été également utilisées.

e L’intérét des éprouvettes pré-vieillies est d’étudier 'influence de grosses phases de Laves
sur la résistance au fluage. Le temps a rupture des éprouvettes pré-vieillies est quatre
fois plus faible que celui des éprouvettes standard pour les mémes niveaux de contraintes.
Ceci n’est toutefois pas confirmé pour les contraintes les plus faibles.

e Deux essais de fluage ont été réalisés sur des éprouvettes pré-fatiguées a 550°C pour
étudier l'effet de I'état de la matrice sur la résistance au fluage. Un temps a rupture
deux fois plus faible a été observé a 600°C sur une éprouvette pré-fatiguée comparée
a une éprouvette standard pour le méme niveau de contrainte. Cet effet n’a pas été
observé a 650°C pour les contraintes faibles.

e Des éprouvettes entaillées ont été également utilisées pour étudier 'influence du taux
de triaxialité des contraintes sur le développement de ’endommagement par fluage.
Pour des temps de fluage comparables, I’endommagement est plus développé dans une
éprouvette entaillée que dans une éprouvette lisse.

Un modeéle mécanique qui prend en compte ’évolution métallurgique de l'acier a été
développé pour estimer la résistance au fluage a long terme Le modele prend également en
compte le taux de triaxialité des contraintes. A ce titre, il peut étre utilisé pour estimer la
durée de vie des composants en service ou pour analyser les composants avec une géométrie
complexe qui serait plus sensible au développement de ’endommagement par fluage, du fait
d’une triaxialité des contraintes plus élevée.



iv

Abstract

9-12%Cr tempered martensite steels are used for high temperature (400-600°C) especially
applications in components of fossil power plants, such as tubes, pipes, heaters. These
components are exposed to creep, thermal aging, fatigue, oxidation, corrosion. The
development of advanced heat resistant steels with improved long-term creep strength relies
on a better understanding of the long-term microstructural evolution and of its influence on
the creep strength. This study aims at better understanding of the effect of microstructural
evolution on long-term creep strength at 600°C and 650°C of a Grade 92 steel.

There are rather few published data on the microstructure of the Grade 92 steel after
long-term creep or thermal aging exposure (times higher than 10,000h) both at 600°C and
650°C. Thus, in a first part, P92 steel specimens that had been creep tested for times up
to 50,000h at 600°C and 650°C were investigated using transmission electron microscopy
on extractive replicas of precipitates, scanning electron microscopy and electron backscatter
diffraction to get data on the microstructure of the Grade 92 steel after long-term exposure.
These investigations revealed significant precipitation of Laves phases, recovery of the matrix
and little precipitation of modified Z-phase. A quantification of the Laves phases and creep
damage were realized by image analysis of scanning electron micrographs.

Significant precipitation of Laves phase and recovery of the matrix seem to be the most
prominent microstructural degradation mechanisms. To separately investigate the effect of
each of these two mechanisms on creep strength, creep tests were conducted on thermally
aged and thermo-mechanically prepared creep specimens. Creep tests were also conducted
on notched specimens.

e Thermally aged creep specimens enable to study the effect of large Laves phases on
the creep strength. A time to rupture four times lower was observed on the aged creep
specimens compared to a standard creep test for same testing conditions. This seems
not be confirmed, however, at low stresses.

e Two creep specimens thermo-mechanically prepared by creep-fatigue prestraining at
550°C were used to study the effect of the matrix substructure on the creep strength.
A time to rupture twice lower was observed at 600°C (short-term creep) on a thermo-
mechanically prepared creep specimen compared to a standard one for the same testing
conditions. No such effect was detected at 650°C in the low stress regime.

e Creep tests were also conducted on notched specimens with various notch shapes to
study the effect of stress triaxiality on creep damage. In notched specimens higher
amounts of creep damage were observed compared to smooth specimens for similar
testing time.

A finite element mechanical model coupling microstructural evolution and creep damage
was proposed to estimate the long-term creep strength of the Grade 92 steel at 600°C and
650°C. The model taking stress triaxiality into account might also be used to estimate
the remaining life of service components and to analyze service components with complex
geometry more sensitive to creep damage due to stress triaxiality.
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General introduction

Problematics

Design of components operating at high temperatures in fossil power plants requires creep
data for long-term exposure. The stress level corresponding to a lifetime of 10°h is generally
used as the allowable stress. It is, however, difficult to obtain experimental creep data for more
than 10°h (almost 12 years). Therefore, long-term creep behavior is predicted by numerical
extrapolations based on shorter-term experimental creep data.

Most of extrapolation methods lead to an overestimation of long-term creep strength. It
was reported in literature that extrapolation of creep data for times lower than 10%h leads to
an overestimation of the long-term creep strength (Abe, 2004). This overestimation is often
explained by a degradation of the microstructure during long-term creep exposure, which is
not taken into account in the extrapolation methods. However, the effect of the metallurgical
evolution such as growth of precipitates, precipitation of new phases or recovery of the matrix
on the creep strength is not fully understood.

An objective of this study is to propose a mechanical model coupling damage and
metallurgical evolution to estimate the creep strength of the Grade 92 steel after long term
creep (times higher than 50,000h) at 600°C and 650°C. To this aim, complementary creep
tests were conducted at the mentioned temperatures to better understand the influence of
metallurgical evolution on the loss of creep strength and the influence of stress triaxiality on
the creep damage development.

Metallurgical evolution of Grade 92 during long-term creep
exposure at 600°C and 650°C

As will be shown in this manuscript, there are rather few quantitative data on the
microstructure of the Grade 92 steel after long-term creep exposure both at 600°C and 650°C.
Also, there is a scatter of data from one study to another concerning the size evolution of
precipitates in the Grade 92 steel during creep or thermal aging.

To increase the available database, specimens that have been creep tested for times
up to 50,000h at 600°C and 650°C were investigated with regard to their microstructural
evolution and creep damage. These investigations aimed at deeper understanding of the
microstructural evolution of the Grade 92 steel during long term creep and at identification of
major microstructural evolution mechanisms. Available published data on the creep behavior
and the microstructure of the Grade 92 after creep are thus reviewed in this manuscript.



Creep tests

The creep rupture behavior of the Grade 92 steel at 600°C and 650°C has largely been
studied on smooth specimens. In this study, complementary methods were used to test the
creep behavior of the Grade 92 steel such as: thermally aged, thermo-mechanically prepared
and notched specimens. The purpose of these complementary tests is two-fold: (i) a better
understanding of the microstructural and mechanical features that control creep flow and
damage and (ii) an assessment of possible methods to assist alloy design by giving, in a
rather short time, indications about the long-term creep behavior of this steel family. The
detailed purpose of each of these tests is briefly presented in the following.

Thermally aged and thermo-mechanically prepared specimens intended to separate the
metallurgical evolution mechanisms of matrix and precipitation, respectively, and to study
their individual influence on the creep behavior. To quantify the effect of each metallurgical
mechanism on the loss of creep strength, most of creep tests are iso-stress (same engineering
stress on each kind of specimen). The results of these tests were then used to define the
internal variables of the creep model, which also takes the metallurgical evolution of the steel
during creep into account.

More precisely, the interest of thermally aged creep specimens is to study the influence
of large precipitates (mostly Laves phases) on creep flow and creep damage of the T92 steel.
The purpose of the creep tests conducted on thermo-mechanically prepared specimens was to
estimate the influence of the recovery of the matrix on the creep strength. These specimens
were prepared by creep-fatigue cycles at rather low temperature (i.e. 550°C) for a short
time (~11 days) to change the substructure of the matrix without changing the size of
precipitates. Due to experimental difficulties only three creep tests were realized on the
thermo-mechanically prepared specimens. The results of these tests does not allow to conclude
on the effect of the matrix substructure on the loss of long-term creep strength. Thus, for
clarity reasons and to facilitate reading of this manuscript all data concerning the creep
tests on thermo-mechanically prepared specimens are gathered in Appendiz A. Details about
thermo-mechanical preparation of specimens, results of creep tests as well as investigation of
these specimens after creep testing can thus be found in Appendiz A.

Notched creep specimens were used to accelerate creep damage mechanisms that normally
occur in long-term creep only. The presence of a notch increases the stress triaxiality ratio
in the minimum cross section of the specimen. For a given engineering stress, the von Mises
stress is lower in a notched specimen than in a smooth specimen, leading to a decrease
in the strain rate (thus, promoting diffusional creep) and an increase in creep damage due
to the high stress triaxiality. Creep damage observed after long term creep (low stresses)
in a smooth specimen could possibly be achieved in a notched specimens within a shorter
time. In addition, the size of the creep-damaged area, together with accurate assessment of
stress and strain fields within the notched creep specimen, allowed damage initiation criterion
parameters to be more finely tuned than from a limited set of smooth creep specimens. This
requires building a model and identification of corresponding parameters to analyze stress
and strain fields in notched creep specimens. In the present study, an existing model was
adapted and used together with the finite element simulation method.
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About the manuscript

This manuscript is divided into nine chapters and three appendices.

A general literature survey is presented in chapter I. This chapter intended to fix the
background of this study and to gather available published data related with the present
work. The loss of the creep strength loss of the 9-12%Cr steel, improvement of their creep
strength and effect of thermal ageing on the creep behaviour of the Grade 91 and Grade 92
steels are discussed from available published data. Quantitative available published data on
the microstructure of the Grade 92 steel during long-term creep or thermal ageing at 600°C
and 650°C are given in this chapter.

The materials under study- two Grade 92 steels are presented in chapter II. General
features about their microstructure as well as comments about the alloying elements in the
9-12%Cr tempered martensitic steels are given in this chapter.

In this study creep tests were realized on different kinds of specimens with various
geometries (i.e. smooth, notched) and various state of microstructure before creep testing (i.e.
thermally aged, thermo-mechanically prepared). The geometry of the smooth and the notched
specimens as well as a microstructural characterisation of the thermally aged specimens before
creep testing are given in chapter III. Details about the thermo-mechanical preparation of
specimens is given in the beginning of the Appendixz A. The data processing of the creep
curves is explained in chapter IV.

The results of creep tests conducted at 600°C and 650°C are presented in chapter V and
chapter VI, respectively. The creep results were analysed using well known relationships
such as Norton power-law and Monkman-Grant equations.

The chapter VII is dedicated to investigations of the specimens after creep testing.
Great interest was paid to quantitative data regarding the microstructure evolution and
creep damage of these specimens. A quantification of creep damage and size of Laves phases
was realized for the P92 steel specimens tested for long-term creep at 600°C and 650°C. TEM
investigations on extractive replicas of precipitates were also conducted on these specimens.
These results are presented in the beginning of chapter VII.

Complementary investigations of specimens in Grade 91 steel, also crept for very long time
(i.e. 113,431h) which were realized as a first part of the Phd. work is reported in Appendiz
B and Appendiz C in the form of published articles.

Based on the experimental results a mechanical model was developed in this study. This
model is presented in chapter VII.

This manuscript ends with the general conclusions of this study.



Introduction Générale

Problématique

Des données sur le comportement a long terme des matériaur sont mécessaires pour le
dimensionnement des composants dans les centrales thermiques a production d’électricité.
Généralement la contrainte correspondant d une durée de vie de 10°h est utilisée dans les
calculs. Cependant il est industriellement inenvisageable de réaliser des essais de fluage d’une
telle durée. Par conséquent, le comportement a long terme est estimé a partir des résultats
expérimentaur plus couts.

La plupart des méthodes d’extrapolation meénent a une surestimation de la résistance en
fluage. Il a été signalé dans la littérature que lextrapolation des données inférieures a 10*h
surestime la résistance en fluage a long terme. Cette surestimation est souvent expliquée par la
dégradation de la microstructure pendant l’exposition prolongée au fluage, ce qui n’est pas pris
en compte dans les méthodes d’extrapolation. Néanmoins, l'effet de I’évolution métallurgique
telle que la croissance des précipités, la précipitation de nouvelles phases ou la restauration
de la matrice sur la perte de résistance en fluage n’est pas complétement compris.

Un objectif de cette étude est de proposer un modéle mécanique qui prend en compte
l’endommagement et ’évolution métallurgique pour estimer la résistance en fluage de l'acier
Grade 92 pendant des temps prolongés (temps supérieurs a 50000h). Pour ce faire, des essais
de fluage complémentaires ont €té réalisés pour mieur comprendre l'impact de [’évolution
métallurgique sur la perte de résistance en fluage et leffet du tauxr de triaxialité sur le
développement de l’endommagement.

Evolution métallurgique de [l’acier Grade 92 pendant des
temps prolongés d’exposition au fluage a 600°C et 650°C

Comme il sera montré dans ce manuscrit, la littérature manque de données sur la
microstructure de l’acier Grade 92 aprés des temps prolongés d’exposition au fluage a 600°C et
650°C. Il y a également une dispersion dans les valeurs concernant I’évolution de la taille des
précipités dans Uacier Grade 92 pendant l’exposition au fluage ou le vieillissement thermique.

Pour enrichir les données publiées existantes, la microstructure et ’endommagement ont
été étudiés dans des éprouvettes testées en fluage a 600°C et 650°C pendant des temps
allant jusqu’a 50000h. Les objectifs de ces observations ont été de mieux comprendre
Uévolution métallurgique de l'acier Grade 92 pendant le fluage et d’identifier les mécanismes
prépondérants de [’évolution métallurgique pendant le fluage. Les données disponibles
concernant le comportement en fluage ainsi que la microstructure de l’acier Grade 92 pendant
le fluage sont revues dans ce manuscrit.

Essais de fluage

Le comportement en fluage de lacier Grade 92 a été largement étudié sur éprouvettes
lisses. Dans le cadre de cette étude des essais complémentaires ont €été réalisés pour
étudier le comportement en fluage de cet acier, a savoir sur des éprouvettes pré-vieillies,
des éprouvettes pré-fatiguées et des éprouvettes entaillées. L’intérét de ces essais est double:
(i) mieur comprendre les éléments microstructurauz et mécaniques contrélant la déformation
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et l’endommagement en fluage et (ii) tester des méthodes complémentaires pouvant étre
utiles dans le développement de nouvelles nuances d’aciers, du fait qu’elles apporteraient
des informations sur le comportement en fluage a long-terme des mouveaux aciers dans un
temps relativement plus court. L’intérét de chaque type d’éprouvette est détaillé brievement
1Cl.

Lintérét des éprouvettes pré-vieillies et pré-fatiguées est de séparer [’évolution des
précipités de [’évolution de la matrice et d’étudier impact séparé de chacune sur le
comportement en fluage. Pour pouvoir quantifier l’effet de chaque mécanisme d’évolution
métallurgique sur la perte de résistance en fluage, la plupart des essais ont été iso-contraintes
(la méme contrainte nominale sur chaque type d’éprouvette). Les résultats de ces essais ont
été ensuite utilisés pour définir les variables internes du modéle, qui prend également en
compte [’évolution métallurgique.

Plus précisément, lintérét des éprouvettes pré-vieillies a été d’étudier 'influence des
phases de Laves sur la déformation et I’endommagement en fluage de l'acier T92. L’intérét
des éprouvettes pré-fatiguées a €té d’étudier 'influence de la restauration de la matrice sur
le comportement en fluage. Ces éprouvettes ont été préparées par des cycles de fatigue-fluage
a une température assez basse (550°C) sur une durée courte (~ 11 jours) pour modifier
Uétat de la matrice sans changer la nature et la taille des précipités. A cause de difficultés
expérimentales, seulement trois essais de fluage ont pu étre réalisés sur ce type d’éprouvettes.
Les résultats de ces essais ne permettent pas de se prononcer sur un possible effet de l’état
de la matrice sur la perte de résistance en fluage. Pour des raisons de clarté et pour faciliter
la lecture de ce manuscrit, toutes les données concernant les essais sur les éprouvettes pré-
fatiguées ont été regroupées dans ’Annexe A. La préparation des ces éprouvettes ainsi que
Uinvestigation des éprouvettes pré-fatiguées apres fluage sont présentés en particulier dans
I’Annexe A.

Les éprouvettes entaillées ont été utilisées pour
accélérer les mécanismes d’endommagement par fluage qui ne sont généralement observés
qu’apres de temps prolongés d’exposition au fluage. La présence d’une entaille augmente le
taux de triaxialité des contraintes dans la zone entaillée de [’éprouvette. Pour un niveau
de contrainte nominale donnée, la contrainte équivalente de von Mises est plus faible, ce
qui diminue la vitesse de déformation et intensifie le développement de l’endommagement di
a un taux de triaxialité élevé. L’endommagement observé dans une éprouvette lisse apres
exposition prolongée au fluage (basses contraintes) pourrait probablement étre obtenu dans un
temps plus court sur une éprouvette entaillée. De plus, la taille de la zone endommagée ainsi
que l’état de contrainte et de déformation dans la zone entaillée permettront de mieux ajuster
les parameétres du modéle décrivant le développement de l’endommagement a partir du nombre
limité d’essais disponibles. Ceci implique la construction d’un modéle et l'identification des
parametres correspondants pour analyser la déformation et I’état des contraintes dans la zone
entaillée. Dans le cadre de cette étude, un modéle existant a €té utilisé et adapté.

Le manuscrit

Ce manuscrit est structuré en neuf chapitres et trois annexes. Les matériauz de I'étude: deux
aciers Grade 92 sont présentés dans le chapitre I. Les éléments de la microstructure ainsi
que le role des éléments d’alliage dans ces aciers sont présentés dans le chapitre I.

Une étude bibliographique est présentée dans le chapitre II. Afin de préciser le contexte
de l’étude et de regrouper toutes les donmnées disponibles dans la littérature en lien avec le
travail de cette thése. La perte de résistance en fluage dans les aciers 9-12%C'r, les solutions
pour améliorer leur résistance en fluage ainsi que effet du vieillissement thermique sur le
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comportement en fluage des aciers Grade 92 et Grade 91 sont discutés dans ce chapitre
a partir des données publiées disponibles. Les données quantitatives disponibles sur la
microstructure de l'acier Grade 92 aprés des temps prolongés d’exposition au fluage sont
également présentées dans ce chapitre.

Dans le cadre de cette étude des essais de fluage ont été réalisés sur des éprouvettes avec
différentes géométries (lisse, entaillées) et avec différents états de la microstructure avant le
fluage (pré-vieillie, pré-fatiguée). La géométrie des éprouvettes lisses et entaillées ainsi que la
caractérisation microstructurale des matériaux vieillis sont présentés dans le chapitre III.
La préparation des éprouvettes pré-fatiguées est présentée dans I’Annexe A. La procédure
de dépouillement des courbes de fluage est expliquée dans le chapitre IV.

Les résultats des essais de fluage réalisés a 600° C et 650° C sont présentés dans le chapitre
V et le chapitre VI, respectivement. Les résultats de ces essais ont été analysés en utilisant
des relations bien connues comme la loi de Norton ou l’équation de Monkman-Grant. Le
chapitre VII est dédié a Uexpertise des éprouvettes apres fluage. Une attention particuliére
a été portée a l'obtention de données quantitatives concernant I’évolution microstructurale et
l’endommagement de ces éprouvettes. Une quantification de la taille de phases de Laves et de
Uendommagement a été réalisée dans les éprouvettes P92 testées pendant des temps prolongés
a 600°C et 650°C. Des observations MET sur des répliques extractives ont également été
réalisées sur ces éprouvettes.

Une étude complémentaire a été réalisée au début de la thése sur une éprouvette en acier
Grade 91 testée pendant 113431h a 600°C ainsi que sur le méme acier a l’état de réception.
Les résultats de cette étude sont regroupés dans ’Annexe B et ’Annexe C sous la forme
de deux articles publiés.

A partir des résultats expérimentaux, un modéle mécanique a été développé pour décrire
le comportement en fluage de l'acier Grade 92 a 600°C et 650°C. Ce modéle est présenté dans
le chapitre VIII.
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Introduction

Great research efforts are being conducted nowadays for solutions to reduce global warming.
Thermal efficiency improvement of fossil power plants is by far the lowest cost method to
reduce all emissions including those of COy (Beer, 2007). Increasing thermal efficiency
involves more sever thermo-mechanical solicitations for components and advanced alloys with
improved long-term creep strength are requested. Thus, development of heat resistant steels
with high long-term creep strength is essential for thermal efficiency improvement.

Experience of steels such as Grade 92, presently successfully used for components in power
plants can play a key role in the development of new heat resistant steels.

This study aims at a better understanding of both microstructural evolution of the Grade
92 steel during long-term creep exposure at 600°C-650°C and its effect on the creep strength
loss. The present study also aims at a modeling various mechanisms involved in the long-term
creep behavior of the Grade 92 steel.

High temperature exposure could enhance metallurgical evolution of the steel and
consequently affect its creep flow. Thus, models are needed to quantitatively describe the
creep behavior of steels during long-term creep exposure at high temperatures.

A literature survey regarding published data mentioning creep behavior or metallurgical
evolution of the Grade 92 steel during creep and/or thermal exposure at 600°C and 650°C was
conducted. As only few data was found on these issues the literature survey was extended to
tempered martensitic ferritic 9-12%Cr steels to better understand the metallurgical evolution
of these steels and its influence on their creep behavior.

In the beginning of this chapter a general background of this study is briefly presented.
Special attention was focused on microstructural quantitative data of the Grade 92 steel
during long-term exposure to creep or aging at 600°C and 650°C which could be further used
in the modeling of the creep behavior.

Models describing the precipitate evolution during thermal/ creep exposure and models
coupling creep deformation to microstructural parameters are presented in the end of this
chapter.

Introduction

D’tmportants travauxr de recherche sont menés partout dans le monde pour prévenir le
réchauffement de la planéte. Les émissions de centrales thermiques de production d’électricité,
parmi lesquelles le C'Os2 responsable de réchauffement climatique peuvent étre diminuée par
une amélioration du rendement thermodynamique de ce type d’installation. Une augmentation
du rendement thermodynamique implique des sollicitations thermo-mécanique de plus en plus
sévéres pour les matériauzr des composants, c’est pourquoi des nouveaur alliages plus résistants
a haute température sont nécessaires.

L’expérience des aciers déja utilisés pour applications a haute température, comme l’acier
Grade 92, peut jouer un réle important dans le développement des nouvelles nuances d’aciers
avec une résistance au fluage a long terme améliorée.

Cette étude porte sur une meilleure compréhension de I’évolution métallurgique de l'acier
Grade 92 pendant des temps prolongés d’exposition au fluage a 600° C et 650°C et son influence
sur la perte de résistance au fluage. Cette étude porte aussi sur une modélisation des différents
mécanismes impliqués dans le comportement en fluage de l'acier Grade 92.

L’exposition a haute température intensifie [’évolution métallurgique de l’acier ce qui peut
diminue sa résistance au fluage. Par conséquent des modelés quantitatifs sont nécessaire pour
estimer la résistance au fluage pendant des temps prolongés.
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Une étude bibliographique concernant le comportement en fluage a 600°C et 650°C
de lacier Grade 92 et son évolution métallurgique pendant le fluage ou le wvieillissement
thermique a été réalisée. Comme la littérature manque de données a ces sujets, [’étude
bibliographique a été étendue sur la famille des aciers martensitique a 9-12%Cr pour une
meilleure compréhension de I’évolution métallurgique des ces aciers et leur influence sur la
résistance au fluage.

Le contexte général de cette étude est présenté dans le début de ce chapitre. Des données
quantitatives disponibles dans la littérature sur la microstructure de l’acier Grade 92 aprés
exposition au fluage a 600°C et 650°C sont regroupées dans ce chapitre.

Des modeéles décrivant [’évolution des précipités pendant [’exposition au fluage ou le
vieillissement thermique ou des modéles permettant de lier les parameéetres microstructuraux
a la déformation sont mentionnés a la fin du ce chapitre.

I.1 General background of the study

In our days, great interest and significant efforts are shown worldwide to energy conservation
and environmental protection. As can be seen in figure 1.1 fossil fuels such as oil, gas or coal
are dominant in the production of electricity in the most of European countries.
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Figure 1.1 : Fuel mix power generation by country in 2005 (Graus and Worrell, 2009)

Low emissions together with a more efficient way of fuels consumption are wanted for fossil
power plants. There are two main ways for reducing the carbon dioxide (COz) emissions from
fossil power plants.

The first one consists in capture and storage of COy which can lead to almost zero
emission power plants (Oliver, 2008), (Rubin et al., 2007). This involves capture, compression,
transport and storage. COs can be stored in oil or gas fields and deep saline aquifers
(Vangkilde-Pedersen et al., 2009). Geological sequestration sites are required to be at depths
higher than 800m bellow surface or sea bottom while the uppers layers consists of impermeable
rocks (Koukouzas and Typou, 2009).

Gas separation membranes, which consist of selective membranes with high permeability
for COg, 02 or Ha, are under development (Czyperek et al., 2009). This technology can allow
high purity COg in a readily condensable form.

A solution aims at improvement of thermal efficiency of fossil power plants by increasing
steam conditions to higher ranges of temperature and pressure. This imposes more severe
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service conditions for heat resistant steels and materials with optimized properties are needed.
Figure 1.2 shows the evolution of the plant steam operating conditions in the last fifty years
together with the research programs conducted for the development of the heat resistant
steels. The historical development of the chromium heat resistant steels together with their
service temperatures were presented previously, see figure I1.1.
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Figure 1.2 : Historical and projected future trends in plant steam conditions with relatile
indication of efficiency improvement (Perrin and Fishburn, 2008)

Research programs have been simultaneously conducted in the United States (EPRI),
Japan (EFDC), and Europe (COST 501 and 522, ECCC, PIPPE). Most results of COST
research programs have been reported at a series of COST conferences held in Liege, Belgium,
in 1990, 1994, 1998, 2002, 2006 and most recently to be held in 2010.

The COST actions 501 and 522 have developed firstly 9-12% Cr steels with various
contents of W and/or Mo and secondary steels with a moderate level of boron (Scarlin et al.,
2004). The COST 536 actions aim at the development of 9-12% Cr steels by increasing the
boron content.

The ECCC (European Creep Collaborative Committee) generated and provided data
packages for the analysis of creep properties of base materials and weldments under study in
COST and other programs (Merckling, 2008).

Thermie AD700 is an ambitious project which aims at increasing the steam temperature
of USC plants up to 700°/720°C, primarily through the use of nickel base alloys (Millich et al.,
1994).

I.2 The creep strength loss of the 9-12%Cr heat resistant
steels
The creep strength of the 9-12%Cr heat resistant steels combines provided by the W and Mo

atoms in solid solution in the matrix and precipitation-aided strengthening given by both
MX type carbo-nitrides (M=V, Nb, Cr; X=N, C) and My3Cg type carbides (M=Cr, Fe, Mo,
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W; X=C(B)). High dislocation density before creep testing and fine matrix substructure also
contribute to the creep strengthening of these steels.

Microstructural evolution during long-term creep exposure may impair the creep strength
of heat resistant steels. The main microstructural degradation mechanisms of the 9-12% Cr
steels reported during creep exposure at 600°C and 650°C precipitation of new phases (Laves
phases; Z-phases), coarsening of precipitates and recovery of the tempered martensite matrix.
One of these mechanisms could be predominant with respect to the other microstructural
degradation mechanisms as a function of the steel chemical composition and/or the creep
testing conditions.

This section aims at briefly presenting causes of the creep strength loss of the 9-12%Cr
heat resistant steels. This is a wide and complex subject and there are rather few published
data about it. A fairly complete review of the strengthening mechanisms in 9-12%Cr heat
resistant and loss of their creep strength can be found in reference (Maruyama et al., 2001).

In this section the creep strength of some 9-12%Cr heat resistant steels is analyzed together
with their microstructural evolution during creep. Only few cases of creep strength loss are
considered and complementary data are given in this section compared to these in reference
(Maruyama et al., 2001).

1.2.1 11-12%Cr heat resistant steels

A sudden loss of the creep rupture strength is often observed in some 11-12%Cr heat resistant
steels compared to that of the 9%Cr heat resistant steels. This is illustrated in figure I1.3.
The creep strength of the T91 and T92 steels (9%Cr tempered martensitic steels) considered
in figure [.3a,b is representative for the creep behavior of the Grade 92 steel and Grade 92
steel, respectively.

The creep behavior of the T122 steel is typical for the 11-12%Cr steels which exhibits a
premature loss of the creep strength. T122 steel shows a severe loss of the creep strength
after about 10%h at 600°C (i.e. 873K) and after about 2,000h of creep exposure at 650°C (i.e.
923K). Note that the creep strength of the T122 steel is higher compared to that of T91 and
T92 steels for testing time lower than 1,000h both at 600°C and 650°C, for longer testing
time the creep strength of the T122 steel decreases and become lower than that of the Grade
91 or Grade 92 steels.

The premature loss of creep strength observed in some 11-12%Cr steels is often explained
by the precipitation of modified Z-phase which leads to partial or complete dissolution of MX-
type precipitates (Danielsen and Hald, 2006), (Sawada et al., 2007). Thus, the precipitation
of this phase could have a detrimental effect on the long term creep strength of the steel since
MX-type precipitates are considered to have a significant contribution to the creep strength.
The precipitation of modified Z-phase is also observed in 9%Cr heat resistant steels but in
lower amount and after longer exposure times compared to that in 11-12%Cr heat resistant
steels (Danielsen and Hald, 2007).

TAF650 steel (wt.%: 0.1C-0.55Mn-0.07Si-10.84Cr-0.14Mo-0.55Ni-2.63W-0.19V-0.06Nb-
0.016N-0.019B-2.86Co, 1100°C/1h/0il+750°C/2h/air) also shows a pronounced drop in the
creep strength after about 3,000h at 650°C (see figure 1.4). Quantitative microstructural
investigations of the Z6 (¢ = 70MPa, t,=18,870h), Z4(c = 135MPa, t,=4,379h) and Z4(c =
100MPa, t,=5,888h) specimens quoted in figure 1.4 revealed that the subgrain size increases
markedly in both head and gauge length of the Z6 specimen compared with Z4 and Z5
specimens (Sklenicka et al., 2003).

In addition substantial amount of relatively large particles of My3Cg carbides, Laves phases
and Z-phases together with very rare fine particles were observed in the Z6 specimen. It was
thus concluded that precipitation and coarsening of Z-phase promote recovery of the tempered
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Figure 1.3 : Creep rupture strength of the T91 steel (a), T92 steel (b) and T122-d steel
(c). d) Chemical composition and heat treatments of the investigated steels (Sawada et al.,
2007).

martensite microstructure and results in a decrease in the creep strength (Sklenicka et al.,
2003). However, no quantitative data on precipitates and subgrains size are reported in
reference (Sklenicka et al., 2003).

Quantitative microstructural investigations of specimens in TAF650 steel after creep
testing at 650°C for times lower than 6,000h were also conducted by (Sawada et al., 1999),
specimen referenced [17] in figure I.4. The authors reported an increase in lath width from
about 0.4 um in the as-received state to about 2 pm after about 2x107s (i.e. ~25,600h) of creep
exposure at 650°C, 98.1MPa and a decrease in dislocation density from about 1 x 10°m™2
to 2 x 10¥m~2 after creep exposure (Sawada et al., 1999).

(Sawada et al., 1999) did not mention the precipitation of modified Z-phase in TAF650
steel after creep exposure; the formation of this phase probably only occurs during longer
temperature exposure times than that of the investigated specimens.

Available published data on the precipitation of modified Z-phase in the 9-12%Cr heat
resistant steels are gathered in section 1.4.4

Quantitative microstructural characterization of a 12%Cr tempered martensite steel
(German Grade X20, see chemical composition in table 1.18) during long-term aging and creep
using interrupted creep tests loaded for 12,456h, 51,072h, 81,984h and 139,971h-ruptured
at 550°C under 120MPa revealed that long-term creep mainly affects subgrain coarsening
(Aghajani et al., 2009b). An increase in subgrain size, an increase in fraction of low-
angle boundaries and a decrease in carbide-induced stabilization of subgrain boundaries were
reported to be the dominant degradation mechanisms in this steel (Aghajani et al., 2009b).
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Figure 1.4 : a) Creep rupture strength of the TAF650 steel compared to that of T91 steel,
b) Microstructure of the Z6 specimen (gauge) (Sklenicka et al., 2003)

1.2.2 9%Cr heat resistant steels

The long-term creep strength loss of 9%Cr heat resistant steels such as Grade 92 and Grade 91
is believed to be due to precipitation of Laves phases (Seung et al., 2006), (Yoshizawa et al.,
2009), growth of My3Cg carbides rather than precipitation of modified Z-phase. However,
there are rather few quantitative data on the microstructure of the Grade 92 steel after
long-term creep exposure (testing time higher than 2x10%*h) both at 600°C and 650°C.

The formation of a completely recovered band free of subgrains along the prior austenitic
grain boundaries (PAGBs) was reported to be another possible cause of the creep strength
loss of these steels (see figure 1.5, Grade 91 steel).

Significant recovery along the PAGBs was related to the precipitation of modified Z-phase
which occurs preferentially at PAGBs. Precipitation and growth of modified Z-phase put into
solution the MX-type precipitates in the vicinity of PAGBs and thus promoted recovery close
to PAGBs (Abe, 2004). The formation of a recovered band is not observed at high stresses,
this mechanism is characteristic of low stress and long time creep. However, it has been only
scarcely reported so far.

1.3 Improvement of long-term creep strength

This section aims to present some new alloy-design concepts that have been proposed to
develop heat resistant steels operating at 650°C. Note that only relatively short-term creep
data are available for these new-concept steels and their better creep strength is not confirmed
for long-term exposure.

Figure 1.6 shows the time to rupture (t,) and minimum creep rate (¢45) of 9Cr-3W-3Co-
VNb-0.05N steel with various carbon contents at 650°C under 140MPa. Lifetime (t,) and
€ss are independent of the carbon content between 0.05 and 0.15 wt.%. The t, significantly
increases when the carbon content decreases below 0.018wt.%.

The 9Cr-3W-3Co-VNb-0.05N steel with 0.002 wt.%C exhibits a lifetime of about 10%h at
650°C under 140MPa (see figure 1.6) which is almost one hundred times higher than that of
the Grade 92 steel under the same testing conditions. The microstructure of this steel consists
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Figure 1.5 : a) Creep rupture strength of a Grade 91 steel (T91), b) Completely recovered
band in the vicinity of prior austenitic grain boundaries in a Grade 91 steel after 34,141h of
creep at 600°C, 100MPa (Abe, 2004), (Kushima et al., 1999), (Kimura et al., 2000)

of a fine dispersion of nano-sized MX-nitrides of vanadium and niobium along boundaries as
well as in the matrix without Ms3Cg carbides.

Note that the high amount of W and Co in these steel provides significant strengthening.
Even the 9Cr-3W-3Co-VNb-0.05N steel with carbon content similar (i.e. 0.1 wt.% C) to that
in Grade 91 and Grade 92 shows a t, much higher than that of the Grade 91 and Grade 92
at 650°C under 140MPa.

The superior creep strength of the 9Cr-3W-3Co-VNb-0.05N steel with 0.002 wt.% C was
tried to be further improved by increasing the amount of MX-type precipitates. To aim this
the nitrogen content was increased up to 0.1 wt.%. Increasing nitrogen content promotes
coarsening of the MX nitrides and precipitation of Z phase leading to a decrease in the creep
strength, see figure 1.7. Precipitation of modified Z-phase occurs for shorter times in the 0.07N
and 0.10N steels compared to that in 0.05N steel (Sawada et al., 2004). After tempering large
CraN as well as fine MX nitrides were distributed along all kinds of boundaries although the
amount of CraN was slight. The coarsening rate of the CroN during exposure at elevated
temperature is usually larger than that of MX nitrides (Abe et al., 2007). Coarsening of MX
nitrides observed in the 0.07N and 0.10N steels during creep is thought to be mainly due to
an effect of Z-phase precipitation, which puts the smaller MX precipitates into solution (Abe
et al., 2007).

The premature loss of creep strength observed in some 11-12%Cr heat resistant steels
was associated with the growth and/or coarsening of modified Z-phase rather than with the
beginning of its precipitation (Sawada et al., 2007). As precipitation of modified Z phase was
observed in 0.05N, 0.07N and 0.10N steels after creep exposure at 650°C, these steels could
probably exhibit a sudden loss of the creep strength after about 10%h.

The modified Z-phase is the most stable nitride thus the steels strengthened by MX-type
precipitates could be affected by Z-phase precipitates after more or less exposure times.

12%Cr heat resistant steels strengthened by finely dispersed Z-phase could be another new
alloy concept for development of high chromium heat resistant steels. This concept is similar
to that of finely dispersed nano-size precipitates proposed by (Abe et al., 2007) and it consists
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Figure 1.6 : a) Time to rupture and minimum creep rate of 9Cr-3W-3Co-VNb-0.05N steel
with various carbon contents at 650°C under 140MPa; b) Chemical composition and heat
treatment of the studied steels (Abe et al., 2007)

of alloys with only MX-type precipitates homogeneously distributed whithin the matrix which
transforms into modified Z-phase in a relatively short time (less than 1,000h). This concept
implies that each MX-type precipitates transforms into a Z-phase, thus no change in number
density or size of precipitates occurs during long term creep exposure. The model alloys used
by (Cipolla et al., 2010b) for the study of precipitation and growth of modified Z-phase could
be an illustration of this concept.

However, complementary studies are needed to study whether the precipitation
strengthening of the small size modified Z-phase is efficient against matrix recovery.
Complementary studies are also needed to retarded or to suppress a possible growth of
modified Z-phase during long-term creep exposure.

Complementary methods allowing to estimate in a relatively short time the effect of
thermal aging on the creep strength could be useful in allow design of new heat resistant
steels.

In this study creep tests were conducted on thermally aged specimens, thermo-
mechanically prepared specimens and notched specimens to study the effect of microstructural
evolution on the creep strength of Grade 92 steel. These tests have shown that typical long-
term creep damage and microtexture state could be obtained in a shorter creep testing time.
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Figure 1.7 : a) Time to rupture of 9Cr-3W-3Co-VNDb-0.002C steel with various nitrogen
contents at 650°C; b) Mean radius of MX nitrides for the 0.05N, 0.07 and 0.10N steel during
creep at 650°C; ¢) Chemical composition and heat treatment of the studied steels (Abe et al.,
2007)

I.4 Microstructural evolution of the 9-12% Cr heat resistant
steels during creep at 600°C and 650°C

The microstructure of Grade 92 steel consists of tempered martensite matrix with a high
dislocation density (i.e. 7.540.9 x 10*m~2 (Ennis and Czyrska-Filemonowicz, 2002)) inside
subgrains and precipitates (carbides and carbonitrides). Boundaries between prior austenite
grains, packets, blocks, laths are mainly decorated with Mg3Cg carbides (M=Cr, Fe, Mo)
while MX carbonitrides (M=V, Nb and X= C, N) precipitate finely and with a high number
density within the martensite laths.

Details about the evolution of each kind of precipitates during creep or thermal aging at
600°C and 650°C is discussed in the following sections based on the available published data.

1.4.1 M,;C4 carbides

Ms3Cg carbides precipitate during tempering at all kinds of boundaries (i.e. between prior
austenite grains, packets, blocks, laths). The Mg3Cg carbides are enriched in Cr, they also
contain small amounts of Fe, W and Mo.

(Zieliniska-Lipiec et al., 1997), (Ennis et al., 2000) reported an increase in the average
diameter of the Mo3Cg carbides from 72416 nm to 89+12 nm when the tempering temperature
is increased from 715°C to 775°C. This increase could not be considered as significant given
the uncertainty of the measurements.
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1.4.1.1 Chemical composition

Atom probe field ion microscopy (APFIM) analysis revealed the following chemical
composition of Ma3Cg carbides in an as-received P92 steel: (wt. % ) 26.4+2.1Fe-50.04+2.4Cr-
0.44+0.3Mn-0.34+0.2Ni-3.8+1.0Mo- 11.5+2.3W-0.9£0.4V-6.0+0.9C-0.03+.03B (Héttestrand
et al., 1998).

After 10%h of thermal aging at 600°C of the same P92 steel the chemical composition of
carbides becomes: (wt. %) 18.9 4 0.7Fe-57.0+0.9Cr-1.0 £+ 0.2Mn-0.1 £ 0.05Ni-4.2 + 0.4Mo-
12.2 £ 1.0W-0.4 £ 0.1V-6.2 £ 0.4C-0.04 £ .01B (Héttestrand et al., 1998).

An increase in the Cr content and a decrease in the Fe content of My3Cg carbides is
reported during creep exposure at 600°C and 650°C in some 9-12% Cr tempered martensitic
steels (Lundin et al., 1997), (Ghassemi-Armaki et al., 2009), (Kimura et al., 2002). Similar
evolution of My3Cg carbides is expected to happen during creep exposure of the Grade 92
steel. To the author’s knowledge except for the APFIM analysis previously mentionned there
are no published data on the evolution of average chemical composition of M23Cg carbides
during creep exposure at 600°C and 650°C of the Grade 92 steel.

1.4.1.2 Growth during creep or thermal aging at 600°C and 650°C

Due to their small size (average equivalent diameter about 100-120nm) identification of Ma3Cg
carbides can be done using TEM techniques. Usually combination of energy-filtered TEM
(EFTEM), energy-dispersive X-ray spectrometry (EDS) and image analysis are carried out
for size evaluation of My3Cg carbides.

In table 1.1 are summarized published data on the size of Mo3Cg carbides in Grade 92
steels during creep or thermal exposure at 600°C and 650°C for various amounts of time.

For similar exposure time to creep or aging there is a discrepancy between the size of
Ma3Cg carbides published by different studies. This is probably because of the limited sample
area and limited number of particles which can be investigated using TEM techniques.

Table I.1 : Average equivalent diameter (D) of M23Cg carbides in Grade 92 steels during
creep or thermal aging at 600°C and 650°C

Testing Time D [nm] | Chemical composition (wt.%) & heat

.. Observations
conditions [b] of Ma3Cg | treatment of Gr. 92 steel under study
As-received 89+13 0.124C-0.02Si-0.47Mn-0.011P-0.006P- -The levels of stress
1.500 11948 9.07Cr-0.46Mo-1.78 W-0.19V-0.063Nb- .Corresponding to the
. 1(; 000 195410 0.003B-0.043N-0.06Ni-0.002Al; 1nve§t1gated crept
600°C, ’ 2h/1070°C+12h/775°C air cooling. specimens are not
creep 33,000 13112 | (Ennis et al., 2000), (Ennis and e
’ ’ - investigations on
57,000 ~ 170 Czyrska-Filemonowicz, 2002) thin foils &
As-received | 84.1£6.8 | 11(1.0.045i-0.46Mn-0.008P-8.96Cr-
1,000h 83.9£11 | 0.47Mo-1.84W-0.20V-0.07Nb-0.001B-
600°C, 3,000h 88.449.1 | 0.05N-0.06Ni; - EFTEM investigations
aging 10,000h 81.848.3 | annealed+2h/770°C air cooling
26,000h 95.548.6 (Gustafson and Héttestrand, 2002)
1,000h 104 +16 | 0.11C-0.04Si-0.46Mn-0.008P-8.96Cr-
650°C, 3000h | 104 48.7 8.égg/[%-B.gf\LIW-O.20V—0.07Nb-0.001B-
. . -0. i . L
aging 10,000h 124 £16 annealed+2h /770°C air cooling - EFTEM investigations
26,000h 132 £13 | (Qustafson and Hittestrand. 2002)
600°C, As-received ~90 not mentioned Stress- levels are not.
creep ~59,000 100 (Hald and Korcakova, 2003) mentioned; values picked

from figures
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1.4.1.3 Effect of stress

Applied stress and/or strain seem to enhance growth of My3Cg carbides. The size of My3Cyg
carbides measured in the gauge portion of the crept specimen is slightly higher than that
measured in the head of the crept specimens, see figure 1.8. This is also observed by
(Hattestrand and Andrén, 2001).

200

gauge length

specimen head

P92 creep specimens

600°C

50 |
MX

mean diameter of particles in nm

0 L L L L L
0 10000 20000 30000 40000 50000 60000
exposure time in h

Figure 1.8 : Evolution of average equivalent diameter (D) of Ma3Cg carbides in the Grade
92 steel during creep exposure at 600°C, (Ennis and Czyrska-Filemonowicz, 2002), (Czyrska-
Filemonowicz et al., 2006)

The size of Ma3Cg carbides in the gauge part in figure 1.8 corresponds to the values given
in table I.1 for the references (Ennis and Czyrska-Filemonowicz, 2002), (Ennis et al., 2000).

1.4.1.4 Effect of alloy elements

Higher tungsten content of steel seems to limit the growth rate of Ma3Cg carbides. The size
of My3Cg carbides is smaller and the growth rate during thermal exposure decreases when the
tungsten content of the steel Fe-0.1C-9Cr-0.5Mn-0.3Si (%wt.) is increased from 0 to 4 wt.%,
see figure 1.9. The effect of tungsten on the growth of M93Cg carbides is not fully understood
and there are no complementary published data on this issue.

The decrease in growth rate of Mo3Cg carbides with the increase of tungsten content in
the steel can be explained by the precipitation of Laves phases which depletes the matrix in
W and other elements which could be otherwise available to the growth of Mo3gCg carbides.
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Figure 1.9 : Size of My3Cg carbides as a function of the exposure time at 600°C and of the

tungsten content of the steel a) (Bhadeshia, 2001), b) (Maruyama et al., 2001)
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Figure 1.10 : Size of My3Cg carbides as a function of the nickel content in 12Cr-0.5Mo-VNb
steels at 600°C (Maruyama et al., 2001)

The scale in figure 1.9b is most probably wrong, also the results in figure 1.9b seem to be
similar to these in figure 1.9a. Thus, the results in figure 1.9b most be used with caution.

Reducing nickel content in the 12Cr-0.5Mo-VNb steels slows down the growth rate of
My3Cg carbides. Nickel content of the steel seem to influence the size of My3Cg carbides in
the as-received conditions. The effect of nickel on the behavior of carbides during aging is
not fully understood.

Boron seems to stabilize the growth of Mo3zCg carbides. The MogCg carbides show a high
growth rate in the Grade 91 steel during creep exposure at 600°C while in the Grade 92 steel
these are relatively stable (Hald and Korcakova, 2003), (Hald, 2008). This is attributed to
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the B content in the Grade 92 steel.
Published data concerning the effect of boron on the microstructural stability of the steels
was discussed in the section II.3.

1.4.2 Laves phases

Laves phases in 9-12%Cr steels are intermetallic (Fe,Cr)2(Mo,W) phases. The precipitation
of Laves phases only occurs during creep or isothermal aging. Laves phases are precipitating
at all kinds of boundaries (i.e. prior austenite grains, blocks, packets, martensite laths).

Laves phase precipitation is not observed during the tempering heat treatment
standardized by ASME (770°C, 2h).

The precipitation of Laves phase causes the depletion of W and Mo in solid solution in
the matrix. Hence, the contribution of W and Mo to strengthening is partially lost and a
decrease in the creep strength of the steel can appear.

Laves phases in Grade 92 steel are relatively large particles, their size can reach the width
of martensite laths, as can be seen in the TEM micrograph in figure I.11a.

Figure 1.11 : (left) Bright field TEM micrograph of P92 steel after aging (600°C, t=1,000 h);
(right) the corresponding elements distribution: vanadium (red), chromium (blue), tungsten
(yellow) showing MX precipitates (red), Ma3Cg carbides (blue), Laves phases (yellow)
(Andrén, 2001)

Due to their relatively large size Laves phases could act as nucleation sites of creep cavities
and thus reduce the long-term creep strength. However, so far, the effect of presence of Laves
phase particles on the creep properties of the steel is not fully understood.

1.4.2.1 Chemical composition

Small amounts of carbon (0.8 at.%), silicon (3.7 at.%) and phosphorus (0.7 at.%)
were revealed by APFIM techniques in the chemical composition of Laves phases in a
10.5 Cr steel (10.6Cr-0.11C-1.03Mo-1.01W-0.2V-0.04Nb-0.56Ni-0.06N-0.002B-0.11Si-0.5Mn-
0.006P-0.005S) that had been creep tested for nearly 1,500h at 600°C (Lundin, 1996).

The chemical composition of Laves phases does not seem to evolve significantly during
thermal or creep exposure (Aghajani et al., 2009a), (Héttestrand et al., 1998).

1.4.2.2 Precipitation and growth mechanisms

The precipitation and growth mechanisms of Laves phases in the Cr bearing tempered
martensitic ferritic steel are not fully understood and various studies were conducted on this
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issue. These mechanisms are apparently strongly depending on the chemical composition of
the steel.

Silicon seems to play a key role in the nucleation and growth of Laves phases. (Hosoi et al.,
1986) observed that reduction of the Si content of a 9%Cr steel (9.22Cr-2.25Mo-1.2Mn-0.78Ni-
0.09V-0.04C-Si) slows down the precipitation of Laves phases. Moreover, no Laves phases
are observed in this 9%Cr steel with negligible amount of Si.

(Aghajani et al., 2009a) reported that Laves phase particles do not reach thermodynamic
equilibrium during almost 140,000h of creep exposure at 550°C of a 12%Cr steel (German
grade X20). This was explained by the slow diffusion of silicon in the steel matrix (Aghajani
et al., 2009a).

(Lundin, 1996) suggested that enrichment in phosphorous and silicon at the interface
between carbides and matrix could favour the nucleation of Laves phases.

(Cui et al., 2001) observed that the size of Laves phases in 10Cr-6W-3Co steels are higher
than that in the 10Cr-6W steel without Co for similar testing conditions. This suggests an
influence of Co on the growth of Laves phases at least in the 10Cr-6W steels.

Copper seems to accelerate the nucleation of Laves phases. A higher amount of Laves
phases is observed in the P122 steel (11Cr, 0.8 Cu wt.%) compared to P92 steel after 1,000h
of aging at 600°C. (Héttestrand et al., 1998) suggested that small copper precipitates might
be suitable nucleation sites for Laves phases.

The alloy elements in steels affect the solvus temperature of Laves phase, this could explain
the influence of different elements on the precipitation and growth of Laves phases. When
creep or aging temperature is close to solvus temperature the nucleation of Laves phases is
difficult and low number of Laves phases will nucleate and will grow rapidly. (Murata et al.,
2005) established a diagram of solvus temperature of Laves phases as a function of Mo and
W content of the steel.

1.4.2.3 Growth during creep or thermal aging at 600°C and 650°C

Figure 1.12 shows the corected mean diameter of Laves phases as a function of aging time at
600°C and 650°C realized both using EFTEM and FEGSEM. The corrected mean diameter
takes into account the truncation of particle and it was evaluated using the following formula
(Korcakova et al., 2001) under the assumption that all particles are spherical.

4
dcorr = *dobs = 1-27dobs (Il)
T

Significant growth of Laves phases is observed in the first 10*h of thermal exposure both
at 600°C and 650°C, see figure 1.12. A higher temperature enhance their growth, larger sizes
are observed after exposure at 650°C compared to 600°C for similar exposure times. The
significant influence of temperature on the growth of Laves phase could possibly explained by
the boundary diffusion of W which is accelerated by increase of temperature (Cermak et al.,
1995).

The corrected mean diameters of Laves phase measured by EFTEM and given in figure
[.12 are in good agreement with those measured by (Héttestrand and Andrén, 2001) using
the same technique (EFTEM).

The results in figure 1.12 show no significant influence of stress on the growth of Laves
phases. This is consistent with results obtained in a P91 steel specimen that had been creep
tested at 600C° for 113,431h and reported in (Panait et al., 2009).

At 600°C, the corrected mean diameter of Laves phase determined by FEGSEM (figure
I.12a) is 20% smaller than the values measured by EFTEM. At 650°C the difference between
the values measured by the two techniques is much higher, the corrected mean diameter of
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Figure 1.12 : Corrected mean diameter of Laves phase as a function of exposure time at
600°C(a) and at 650°C(b); (empty symbols-creep; full symbols-isothermal aging) (Korcakova
et al., 2001)

Laves phase during exposure at 650°C determined by EFTEM is 60% higher than the values
determinated by FEGSEM, figure 1.12b.

The discrepancy between FEGSEM and EFTEM results in figure 1.12 can be explained
as follows. The size parameters of particles such as: the corrected mean diameter or the
average diameter, volume fraction, density are evaluated from FEGSEM or EFTEM images
by statistical methods. Hence, better statistics are achieved if the number of particles is
higher. Errors bars are calculated from the number of analyzed particles and the distribution
of measured values. As can be seen in figure 1.12 error bars corresponding to the EFTEM
measurements are higher than those corresponding to FEGSEM measurements.

At 650°C, the Laves phase particles are so large that the thin foils used for EFTEM
observations contain only few Laves phase particles per image. This causes non-random
sampling which is reflected by the large errors bars. Using FEGSEM images, it is possible
to sample larger areas and obtain more particles per image and better statistics of measured
values.

To conclude, for the evaluation of relatively large particles (dyps>200 nm) SEM images
are recommended (Korcakova et al., 2001).

(Héattestrand and Andrén, 2001) also pointed out the low accuracy and uncertainty of the
size measurements of Laves phases using EFTEM. This is more problematic for the material
aged at 650°C for which the Laves phases are larger and the number of particles sampled is
very low.

After 103h of creep exposure at 650°C a coarsening of Laves phases is observed in various
9-12% Cr tempered martensitic ferritic steels. This is indicated by a decrease in the number
of Laves phases particles and an increase in their average equivalent diameter, see figure 1.13.

On the basis of the results shown in figure 1.12, it can be concluded that after an initial
fast growth in the first 10*h of exposure at 600°C and 650°C, no significant growth of Laves
phase particles seem to occur.

NF616 is the Japanese denomination of the Grade 92 steel. The results in figure 1.13 show
quantitative results on Laves phases after 1h of creep exposure at 650°C in all investigated
steels. This is relatively surprising and authors do not comment these results. No study
reports precipitation of Laves phase after such a short time creep exposure.
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Figure 1.13 : Size (a) and number (b) of Laves phases particles in some 9-12% Cr tempered
martensitic ferritic steels during creep exposure at 600°C (gauge length) (Dimmler et al.,
2003)

The values for the equivalent diameter of Laves phase in the Grade 92 steel (NF616 steel
in figure 1.13) after 10%h of creep at 600°C reported by (Dimmler et al., 2003) are similar to
those reported by (Korcakova et al., 2001), see figure 1.13 compared with figure 1.12.

Despite the significant precipitation of Laves phases some amounts of tungsten remains
in matrix contributing to strengthening of the steel. In table 1.2 are reported the matrix
content of tungsten measured by APFIM in Grade 92 steel after various aging conditions.
The volume fraction of Laves phases in table 1.2 was estimated under the assumption that all
tungsten that is not dissolved in the matrix is present in Laves phase particles with a content
of 22 at.% (Héttestrand and Andrén, 2001).

(Dimmler et al., 2003) reported an area fraction of Laves phases of about 0.9% and
of about 1.1% in a P92 steel after 1,000h and 10,000h of creep exposure at 650°C,
respectively. The area fraction was estimated by image analysis of FEGSEM micrographs with
a magnification of x10,000. Note that area fraction determined this manner could depend
on the magnification of the micrograph and inhomogeneities in the material microstructure.

The results reported by (Dimmler et al., 2003) are different from those reported by
(Héttestrand and Andrén, 2001) and represented in table 1.2.

Figure 1.14 shows the amount of precipitated tungsten during thermal exposure. The
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Table 1.2 : Measured matrix content of tungsten and calculated volume fraction of Laves
phases in different material conditions of steel P92 (Héttestrand and Andrén, 2001)

W (at.%) | Vol. fraction Laves phase (%)
Unaged material 0.58 -
Aged 1,000h, 600°C 0.43 0.20
Aged 10,000h, 600°C 0.23 0.98
Aged 26,000h, 600°C 0.28 0.78
Aged 1,000h, 650°C 0.39 0.35
Aged 10,000h, 650°C 0.30 0.70
Aged 26,000h, 650°C 0.31 0.66

lines in figure 1.14 represents values predicted by a model developed by (Hald, 1996). Details
about this model can be found in reference (Hald, 1996). Note that for exposure times lower
than 10*h there is no significant difference in the amount of precipitated tungsten at 600°C
compared to that at 650°C, given the scatter in experimental measurements in figure 1.14.
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Figure I.14 : Calculated amount of tungsten precipitated in steel P92. Squares are

measured values at 600°C at Nippon Steel used to calibrate the model and triangles are
measured values in a different study (Héttestrand et al., 1998)

1.4.2.4 Effect on the creep properties

(Seung et al., 2006) reported that Laves phases over a critical size (average diameter of 130nm)
triggers cavity nucleation at boundaries and consequently intergranular fracture. (Seung
et al., 2006) reported also a hardness drop in the head of crept specimens after less than
1,000h at 650°C and after approximately 6,000h at 600°C. The hardness drop was associated
with coarsening of Laves phases (Seung et al., 2006).

The mechanical properties (tensile, creep) of a 12Cr-2W steel (12.4Cr-2W-0.85Cu-
0.35Ni-0.35M0-0.2V-0.047Nb-0.052N %wt.) did not significantly change after one year and
after three years service exposure (570°C, pressure of 19,2 MPa). After service exposure
precipitation of Laves phases with a needle morphology was observed without influence on
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the mechanical properties of the steel (Miyata et al., 2000). A conclusion of that study was
that the service temperature and pressure were not high enough to allow growth of Laves
phase (Miyata et al., 2000).

1.4.3 MX-type precipitates

MX carbonitrides (M=Nb, V, Cr; X=C, N) precipitate within martensite laths during
tempering. MX-type precipitates represent obstacles to the movement of dislocations and
they are believed to have the most significant precipitation strengthening contribution.

The size of MX carbonitrides is of about 20...40 nm and they are very stable against
growth during exposure below 650°C. Due to their small size, these precipitates can only
be studied using TEM techniques or indirect methods such as small angle scattering and
diffraction measurements.

1.4.3.1 Precipitation mechanisms

There are no published data dedicated to the precipitation mechanisms of the MX-type
precipitation in Grade 92 steel. These mechanisms were studied in a P91 steel (Suzuki et al.,
2003), (Yoshino et al., 2005) and they are presented briefly below.

After austenitization of the P91 steel, two types of MX are observed: large MX with a
content of Nb < 70 wt.% and fine MX homogeneously distributed with a high content of Nb
>70 wt.% (Suzuki et al., 2003). Location of the MX is not precisely indicated, it is supposed
that the large MX are located at the austenite grain boundaries and that the fine MX very
rich in Nb are located whithin the grains.

After tempering the large MX with low Nb content are dissolved, only MX enriched in Nb
and MX enriched in V are observed. The Nb content of the larger MX after austenitization is
lower than the content in Nb of the Nb (C, N) observed after tempering. These observations
indicate a dissolution of the large MX (<70 %wt. Nb) which makes available the elements
for the formation of the two types of MX. The formation of the two types of MX is explained
by a miscibility gap in the Cr-V-Nb system (Suzuki et al., 2003).

Dislocations are nucleation sites for the MX-particles (Yoshino et al., 2005). Annihilation
of dislocations due to the recovery of the matrix during tempering can involve the dissolution
of the MX which had nucleated on the dislocation. Recent studies confirm the dissolution and
the final precipitation of MX of type Nb (C, N) and of VN type during tempering (Tamura
et al., 2001), (Tamura et al., 2004).

1.4.3.2 Effect of heat treatment

The tempering temperature does not significantly affect the size of MX-type precipitates.
The average diameter of the MX increases from 144+1nm to 16+1nm when the tempering
temperature increases from 715 to 835°C, respectively (Ennis et al., 1997), (Ennis et al.,
2000). In these studies the austenitization was conducted at 1070°C for 2h.

The creep strength of a P92 steel is significantly improved (see table 1.3) after an
alternative heat treatment consisting in an austenization at a higher temperature (i.e. 1150°C,
1h) followed by double tempering at 660°C during 3h. The better creep strength of the
steel after this alternative heat treatment is attributed to a finer distribution of the MX-
type precipitates compared to that obtained after a conventional heat treatment (Yescas and
Morris, 2005). A high density of MX-type precipitates is obtained after double tempering,
due partially to the high austenitization temperature. Remarkable is also the fact that the
rupture time and the hardness of steel are improved without deteriorating its ductility, see
table 1.3.
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Table 1.3 : Creep strength after double tempering (Yescas and Morris, 2005)

Temp. | Stress Alternative Conventional

[MPa] | Duration [h] | Z[%] | Duration [h] | Z[%]
172 17,235 ub 2,722 66

600°C
156 17,144 ub 8,222 45
110 6,179 35 1,734 35

650°C
92 12,089 27 6,109 15

ub = unbroken specimens

It is to be noticed that the size of precipitates before creep of the double tempered P92
steel is higher than the size of precipitates after the conventionally heat treated. (Yescas and
Morris, 2005) mention the existence of Sigma phase, Chi phase with a chemical composition
close to that of Laves phases. Except for the chemical composition, the authors give no other
complementary information on these phases. The formation of Sigma and Chi phase in the
P92 steel before or after creep exposure is not reported by any other study.

Other non conventional heat treatments were studied in order to improve the creep
strength of the 9-12% Cr heat resistant steels. For example, a 9Cr-3W-3Mo-MnVNDb steel heat
treated in a magnetic field shows a rupture time three times higher than the one conventionally
heat treated (1100°C, 10min + 770°C, 4h) steel (Okubo et al., 2004).

The martensite transformation in a magnetic field increases the density of nucleation sites
for precipitates during tempering, thus a finer and more uniform distribution of precipitates
is obtained; the growth of precipitates during tempering is also slowed down (Okubo et al.,
2004).

1.4.3.3 Growth during creep or thermal aging at 600°C and 650°C

(Ennis et al., 2000) reported an increase in the average equivalent diameter of MX-type
precipitates from 1641 (in as-received conditions) to 30£3 after 33,000h of creep at 600°C.

On the contrary, (Hald and Korcakova, 2003) reported an average diameter for the MX-
type precipitates of about 40 nm in the as received steel without significant changes during
creep exposure both at 600°C and 650°C.

(Gustafson and Hittestrand, 2002) reported also an average diameter for the MX-type
precipitates of about 30-40nm in the as-received conditions without no significant changes
during thermal aging both at 600°C and 650°C for times up to 26,000h.

No significant change was found in the size of MX-type precipitates in a P91 steel during
creep and during thermal ageing at 600°C for more than 100,000h (Panait et al., 2010b).

From the results presented above, it can be concluded that MX-type precipitates are very
stable against growth during long-term exposure at temperatures below 650°C.

A significant growth of MX-type precipitates is observed during exposure at 750°C
(Sawada et al., 2001).

1.4.4 Modified Z-phase

1.4.4.1 Crystal structure and chemical composition

Modified Z-phase is a complex (Cr, Fe)(Nb, V)N nitrides with a chemical composition in
metallic elements of ~ 50 at.% (Cr+Fe) and ~ 50 at.% (Nb+V) (Danielsen and Hald, 2006).

Its precipitation occurs during relatively long-term thermal exposure.
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The Z phase precipitation was reported for the first time in austenitic steels (Binder,
1950). In most of austenitic steels Z phase precipitation occurs during tempering. In these
steels Z phase is finely and homogeneously distributed thus having a strengthening effect.
(Soumail, 2001) realized a comprehensive literature survey of Z phase in austenitic steels.
The crystal structure of Z phase in austenitic steels is represented in figure 1.15a.
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Figure I.15 : a) Crystal structure of Z phase (as firstly observed in austenitic steels) (Jack
and Jack, 1972); b) Crystal structure of modified Z phase with a=0.286nm and ¢=0.739nm
(observed in 9-12% Cr tempered martensitic ferritic steels) (Danielsen and Hald, 2006); c)
Hybrid crystal structure of modified Z-phase (Danielsen et al., 2006), (Vodarek et al., 2006)

In the Z phase observed in the 9-12% Cr heat resistant steels half of the Nb atoms are
replaced by V atoms and the lattice parameter a is smaller, see figure 1.15b. From these two
differences the term of modified Z phase is used to distinguish the Z phase observed in the
9-12% Cr heat resistant steels from that observed in the austenitic steels.

A NaCl-type cubic structure (similar to that observed for the MX-type precipitates)
coexisting with a tetragonal structure was also observed for the modified Z-phase (Danielsen
et al., 2006), (Vodarek et al., 2006). Figure I.15¢ shows this complex crystal structure. The
cubic structure is predominant in the specimens exposed for relatively short-term while the
tetragonal structure becomes predominant for longer exposure times (Danielsen et al., 2006).
This observation leaded to the assumption that the cubic structure is metastable compared
to the tetragonal crystal structure of modified Z-phase (Danielsen et al., 2006).

1.4.4.2 Precipitation mechanims

The chemical composition of the modified Z phase is close to that of the MX-type precipitates.
Precipitation of modified Z-phase occurs only during thermal exposure at the expense of
MX-type precipitates, leading to partial or complete dissolution of those precipitates and
supression of the MX-induced precipitation strengthening. Thus the precipitation of modified
Z-phase could impair the creep strength of the steel.
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Better understanding of the precipitation mechanisms of modified Z phase could
reveal interesting insights of delaying its formation and/or controlling its formation
throughout small-size particles and thus reduce its detrimental effect on the creep strength.
Recently, significant progress have been accomplished in understanding the modified Z-phase
precipitation.

In the 12CrMoVNDb steel, modified Z phase particles were often observed closely associated
with primary NbX particles (i.e. primary NbC, MX-type precipitates) which gradually
dissolve with increasing creep exposure time (Strang and Vodarek, 1996). Thus it was
suggested that modified Z phase precipitates at or close to the NbX/matrix interface using
V and Nb available in the matrix (Strang and Vodarek, 1996).

(Golpayegani et al., 2008) also investigated the precipitation of modified Z phase using
EFTEM and concluded that vanadium nitrides (VN) could provide the most suitable
nucleation site for this phase, given the small misfit between the (001) planes of VN and
Z-phase. (Golpayegani et al., 2008) also highlighted the role of Nb in the nucleation and
growth of Z-phase supported by observation of niobium carbides (NbC) close to nucleation
sites of this phase. (Cipolla et al., 2010a) confirms the role of Nb in Z-phase formation in a
12% Cr steel.

(Danielsen and Hald, 2009) proposed two mechanisms for the nucleation of modified Z-
phase: (i) nucleation on an existing MX-type precipitate and (ii) transformation of an existing
MX-type precipitate into modified Z-phase by Cr diffusion from the steel matrix into the MX.
These two mechanisms are illustrated in figure 1.16.

Z-phase,
nuclei |

N

Cr.V,N :

el Cr
diffusion i
from matrix diffusion : 5
V, N diffusion
Z-phase,
rim . |
Cr Cr
diffusion % diffusion

Figure 1.16 : Formation of Z-phase by nucleation on MX (top) and by transformation from
MX to Z-phase (bottom) (Danielsen and Hald, 2009)

Nucleation on an existing MX-type precipitate requires V, Nb and N available in the
steel matrix in order to form nucleus on the MX-type precipitate. After tempering heat
treatment these elements are mostly trapped in MX-type precipitates and thus nucleation
of modified Z-phases is very difficult (Danielsen and Hald, 2009). This mechanism could
explain the relatively long time needed for precipitation of this phase. Once the modified
Z-phase has nucleated it grows by consumption of the MX-particles next to it by diffusion in
the matrix. The interface of the MX/Z-phase will remain until complete dissolution of the
MX-type precipitate.

The hybrid crystal structure of modified Z-phases observed in some 9-12% Cr heat
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resistant steels could be explained by the mechanism of direct transformation of an existing
MX-type precipitate. Cr diffusion into V-rich MX precipitate together with a rearrangement
of atoms into VN and Cr layers leads to the transformation of the MX-type precipitate into
Z-phase. Cr diffusion gradually changes the chemical composition from (V,Nb)N (i.e. MX
precipitate) to Cr(V,Nb)N (Z-phase). A rearrangement of atoms into VN and Cr layers was
supposed to lead to the well-known tetragonal crystal structure (Danielsen and Hald, 2009).

The two mechanisms proposed by (Danielsen and Hald, 2009) and illustrated in figure
1.16 are supported both by EDX-TEM analysis and electron diffraction (in TEM) of hybrid
particles (i.e. modified Z phase not completely formed) showing core/rim composition where
the rim is Cr-rich or Z-phase. Diffraction patterns reveals both cubic and tetragonal crystal
structure in these hybrid Z-phase. Occasionally, interfaces between Z-phase and MX-type
precipitate could be distinguished.

The mechanism of the conversion of MX-type precipitate into Z-phase was confirmed
using model alloys designed to rapidly precipitate Z-phases. To this aim the Cr content was
12% to promote Z-phase precipitation; the Nb, V and Ni contents were similar to industrial
9-12% Cr; C content was limited to 45ppm to avoid formation of My3Cg carbides; W and Mo
were excluded to avoid precipitation of Laves phases during thermal exposure (Cipolla et al.,
2010b).

M~
o™
(Nb,V)N particle Cr diffusion V diffusion Nb diffusion Transformation
s completed
‘mﬂ
Cr Cr(V,Nb)N | Cr
V-rich rim L ZORIN, Cr(V,Nb)N Cr(V,Nb)N Cr(V,\Nb)N
I Nb-rich % i Nbrich 1 Nbrich %
Vogony S Yoo,
Verich rim fm——————— ( ‘
or _E’(_V’_N E’)_N_ Cr Cr(V,Nb)N

Nb

Figure 1.17 : Formation of two parallel Z-phases. The pictures are taken by the following
samples, starting from the left: as-treated material, 650°C/300h, 650°C/1000h, 650°C/1000h
650°C/10,000h samples (Cipolla et al., 2010b).

Another less straightforward formation mechanism of modified Z-phase was revealed using
model alloys. Several Cr-rich areas form on MX particles with Nb-rich core by incorporation
of Cr from the matrix, see figure I.17. Once the Cr-rich region are formed the Z-phases grows
by consumption of V, Nb and N from the host precipitate until the complete dissolution of
the "core” leaving several Z-phase particles.
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1.4.4.3 Effect of alloy elements on precipitation of modified Z-phase

Precitation of modified Z phase might impair the creep strength of the steel since it is
associated with the dissolution of fine MX-type precipitates.

Note that the simple observation of low amounts of modified Z phase is not associated
with a degradation of creep strength. The precipitation of this phase becomes dangerous for
the steel creep strength, only once it is accompanied by significant dissolution of MX-type
precipitates.

The precipitation of modified Z phase is strongly dependent on the chemical composition
of the steel and consequently its effect on the loss creep strength is different from one steel
to another.

Some alloy elements such as Cr, Nb, N seem to have a major influence on the precipitation
and growth of modified Z-phases. The published available data on these issues are summarized
in the following sections.

a) Effect of Chromium

The chromium content of the steel seems to have the most significant influence on the
precipitation and growth of modified Z phase. Precipitation of this phase occurs more
intensely in the 12%Cr steels compared to that in 9%Cr steels, see figure 1.18. Moreover, the
precipitation of modified Z phase has been held responsible for the sudden creep strength loss
of some 11-12%Cr commercial steels.

The amounts of modified Z phases observed in various 9-12% Cr tempered martensitic
ferritic steels after creep exposure evaluated by (Danielsen and Hald, 2007) are shown in figure
1.18. The criteria of classification as low, medium and high in figure 1.18 are not mentioned
and no quantitative data related to the results in figure 1.18 were given.

Steel grade Exposure Observed Z-phase Po1 E911 P92 AXM HCMI2  PI122 TI22 NFI2  FNS TBI2  VMI2  X20
quantity C 0.10 0.11 0.11 011 0.10 0.11 0.09 0085 011 0113 0.12 0.19
S N 0.053 0065 0049 005 0025 0053 00609 0045  0.027 0.055 0078 0.025
P91 8000 h/650 °C Very low Si 0.36 0.18 0.17 0.08 0.18 0.02 0.25 025 0.06 0.01 0.48 0.23
X20 150000 h/600 °C  Low Mn 0.37 046 043 042 0.51 0.56 0.60 044 055 0.51 0.37 049
Cr 8.30 8.61 9.27 10.48 1220 110 1220 1L60  11.20 1133 1161 115
E911 10000 h/650 °C  Low
Mo 0.95 092 0.48 104 1.00 042 0.35 014 026 0.5 0.28 091
P92 31000h/650°C  Low w - 0995 1701 099 099 1.94 1.97 268 263 1.98 158 -
. Ni 0.15 021 025 077 0.01 032 0.18 017 040 0.96 0.31 0.66
P122 10000 h/650 °C ~ Medium <
- - Nb 0.07 008 0067  0.043 0.05 0.05 0.06 0.08 0065 0082 004 -
AXM 43000 h/600 °C  Medium A 0.21 0.19 0197 0.8 0.24 0.19 0.25 020 022 0.18 0.251 031
5 50 © : Cu - - - 0.04 - 0.87 0.43 001 - 0.06 0.06 0.054
EN 8000h/650°C  Medium Al 0.15 0013 0005 0008 - 0012 0004 - - 0004 - 0016
HCMI12 85000 h/585°C  Medium B - - 00026 0.0002 - 00011 0.0021 00026 00010 - 0.0045 -
VM12 16000 h/625°C  Hich Co - - - - - - - 248 266 - 156 0.021
/ o © Heat 1050°C/  1060°C/ 1060°C/ 1070°C/17h  1050°C/ 1050°C/ 1050°C/ 1100°C/ 1100°C/4h 1080°C/ 1060°C/ 1050°C/
TB12 10000 h/650 °C  High treatment 1 h 1h 1h 570°C/22h 1h 1h 02h  02h  570°C/8h  25h 0.5h 1h
T122 12000 h/660 °C  High 780°C/  770°C/ 770°C/ 700°C/24h  800°C/ 770°C/ 790°C/ 760°C/ 715°C/24h 775°C/ 780°C/ 750°C/
lh 2h 2h 1h 3h 3h lh 2h 2h 2h
o .
NF12 17000 h/650 °C  High Exposure 8000h  10000h 31000h 43000 h 85000h 10000h 12000k 17000h 000K 10000k 16000h 150000 h
650°C  650°C  650°C  600°C $85°C  650°C  660°C  650°C  650°C 650°C  625°C  600°C
a) b)

Figure I.18 : a) Amounts of modified Z phases in various 9-12% Cr tempered martensitic
ferritic steels after creep exposure at 600°C and 650°C; b) Chemical composition of studied
9-12% Cr tempered martensitic ferritic steels steels (Danielsen and Hald, 2007)

(Sawada et al., 2007) established time-temperature-precipitation (TTP) diagram of
modified Z-phase observed in crept specimens of some 9-12%Cr heat-resistant steels, see
figure 1.19.

Note that TTP diagrams show the shortest testing time of specimens in which modified Z-
phase were observed and this not correspond to the sudden loss of the creep strength observed



Temperature / K

26 CHAPTER I. GENERAL LITERATURE SURVEY

1000. R Ll T
950 [ VRN £ i
900 bl 1L o
[ i T122(12Cr)} N 4
850 .. ™~ 2
L NN h
800 [ NN
750 [ |
700 L HH i h
10' 10? 10° 10°
Time to rupture / h
a) b)
C Si Mn P S Ni Cr Mo w Cu
ASME-T91 [ 0.0900 [ 029 | 035 | 0009 | 0002 [ 028 [ 870 | 090 — [ 0032

ASME-T92 0.0980 [ 0.29 0.42 0.007 | 00013 | 0.3 9.50 0.36 1.74 —
ASME-T122-s | 0.1300 | 0.31 0.60 0.017 | 0.001 0.36 10.65 0.33 1.87 0.86
ASME-T122-d| 0.1100 | 0.27 0.59 0.015 | 0.002 0.33 12.10 0.34 1.82 0.82

\4 Nb Al B N Normalizing Tempering
ASME-T91 0.22 0.072 0.001 — 0.044 [1323K, 10min A.C,| 1038K, 30min A.C.
ASME-T92 0.19 0.062 | 0.009 | 0.0020 | 0.0462 |1373K, 12min A.C, 1053K, 60min A.C.
ASME-T122-s | 0.19 0.050 | 0.007 | 0.0024 | 0.057 |1323K, 10min A.C|1043K, 360min A.C
ASME-T122-d| 0.19 0.060 0.012 | 0.0030 | 0.066 [1323K, 10min A.C|1063K, 180min A.C
C) s and d mean single and dual phase, respectively.

Figure 1.19 : a) Time-temperature-precipitation (TTP) of Z phases in various 9-12% Cr
heat resistant steels; b) Microstructure of the T122(12%Cr) steel after 24,656h of creep at
600°C (TEM micrograph on extractive replica); Arrows shows Z phase particles (Sawada
et al., 2007); ¢) Chemical composition and heat treatments of investigated steels.

in some 12%Cr heat resistant steels, (Sawada et al., 2007). In addition, these diagrams gives
no information about the amounts of observed modified Z-phase.

For example the creep strength of the T122 (12Cr) steel suddenly drops after about 10%*h
at 600°C (see figure 1.3) while ed Z-phase starts to precipitate after less than 10%h at 600°C,
see figure 1.19a. However, the high density of Z-phase observed in this steel after 24,656h of
creep at 600°C (figure 1.19b) could explain the significant loss of the creep strength of this
steel.

Note also that the results of given in figure 1.18 and the TTP diagrams established by
(Sawada et al., 2007) give no indication on the number density or size of observed Z-phase.
Probably it is difficult to determine a number density of modified Z-phase as this phase
precipitates preferentially to the prior austenite grain boundaries (Cipolla et al., 2010b),
(Sawada et al., 2007).

In addition to the results given in figures 1.18 and 1.19 concerning precipitation of modified
Z-phase in the Grade 92 steel, (Héttestrand and Andrén, 2001) observed Z-phase in a Grade
92 steel after 26,000h of thermal aging at 600°C.

(Sawada et al., 2006) investigated the precipitation of modified Z-phase in a T92 steel
specimen that had been creep tested at 600°C under 130MPa for 39,539h and reported a
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mean diameter of 155.3nm and a number density of about 1.5 x 101 m~2.

b) Effect of niobium

Nb has a high influence on the precipitation of modified Z phase. In Nb-free steel the number
of modified Z phase particles is extremely low and the precipitation of this phase is observed
after very long exposure times

In the X20 (11.5Cr-0.91Mo-0.66Ni-0.49Mn-0.31V6-0.23Si-0.19C-0.025N-AlCo  wt.%,
1050°C, 1h 4 750°C, 2h) without Nb, precipitation of modified Z phase (CrVN) occurs after
very long time exposure (i.e. 150,000h at 600°C). The number density of these phases is very
small and large amounts of MX precipitates are still observed in the steel. (Danielsen and
Hald, 2006) are the first to report the modified Z phase without Nb atoms.

c) Effect of nickel

Nickel enhances the precipitation of modified Z phase. In steels with higher nickel content
modified Z phases are observed after shorter time exposures. For example, in the 12CrMoVNb
(11.2Cr-0.61Mo-0.52Ni-0.28V-0.29Nb-0.28Si-0.16C-0.074N wt.%, 1150°C, ?h + 650°C, 6h)
steel with 0.52% Ni, the modified Z phase is observed after 22,052h of creep at 600°C and
in the same steel but with a 1.15% Ni, modified Z phase is observed after 7,247 h of creep
at 600°C. In the 12CrMoVND steel with 0.52% Ni and with 1.15% Ni the modified Z phase
is observed after 79,171 h and after 17,875 h of creep at 550°C, respectively (Vodarek and
Strang, 2000), (Golpayegani and Andrén, 2006). Note that the Nb content of these steels
is relatively high reported to the usual amount in 9-12%Cr heat resistant steels (i.e. about
0.05Nb wt.%).

The effect of nickel on the mechanism of modified Z phase precipitation is not fully
clarified. The chemical composition of modified Z phase does not change during creep and
it depends on the temperature at which precipitation of this phase occurs. The Nb content
of the modified Z phase increases with the nickel content of the steel (Vodarek and Strang,
2006)

d) Effect of nitrogen

Increasing nitrogen content from about 0.05 to 0.10 promoted the growth of MX-type
precipitates and precipitation of modified Z-phase leading to a loss in the creep strength,
see figure L.7.

1.4.5 Evolution of the tempered martensite matrix

There are rather few data on the matrix substructure (i.e. dislocation density, subgrains)
evolution during creep/thermal aging at 600°C or/and 650°C. The matrix substructure is
often characterized using TEM on thin foils or EBSD techniques.

ESBD technique has been successfully applied to evaluate the matrix substructure and
creep damage of the high chromium steels during creep/thermal aging.

EBSD investigations conducted on interrupted creep specimens in a chromium steel
(0.15C-0.03Si-0.64Mn- 0.69Ni-10Cr-0.99Mo-0.19V-1.01W-0.05Nb-0.04N, wt. %) after various
creep lifetime fractions suggested an increase in block width with increasing creep time
fracture (Fujiyama et al., 2009). The block width was calculated from EBSD-IPF maps
as the ratio of block area to the longest length of the block. (Fujiyama et al., 2009)
suggested that these values were more easily obtained through EBSD method compared to
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TEM observations. (Fujiyama et al., 2009) also suggested a greater increase in block width
near grain boundaries than inside parent austenite grain.

However, possible sampling effects due to the complex three-dimensional shape of blocks
were not addressed in this paper. In addition, block boundaries are high-angle boundaries
that are often decorated with a high density of precipitates, so that their mobility is expected
to be rather low.

(Sonderegger et al., 2007), (Sonderegger et al., 2008) developed an extended model
combining classical transformation models K-S and N-W to process EBSD data. Using this
model an increase in the lath width (respectively subgrain diameter) from about 0.75um to
about 1.2um (respectively from about 0.75um to about 1.6um) was revealed in a 0.17C-
10.86Cr-1.42Mo0-0.21V-0.061Nb-0.024W-0.01B-2.94C0-0.22Si wt.%) during creep exposure at
650°C for about 16,000h, (Sonderegger et al., 2008).

The dislocation density could be evaluated using the linear intercept method, which
consists in overlapping a grid of horizontal and vertical lines on subgrains and counting the
intersections of dislocations with grid lines. The number of vertical and horizontal grid lines
is adjusted in relation with the size and shape of subgrains in a such way to keep a constant
grid spacing. This method is generally used to evaluate dislocation density, see for instance
ref. (Pesicka et al., 2003), (Pesicka et al., 2010), (Ennis et al., 1997), (Zieliniska-Lipiec et al.,
1997).

The dislocation density decreases and the average subgrain size increases with the
tempering temperature, see table 1.4. The values of dislocation density in table 1.4 were
determined using the linear intercept method on TEM thin foils. The mean subgrain width
was measured perpendicularly to the long axis of the martensite lath.

Table 1.4 : Dislocation density and subgrain width in the P92 steel as a function of heat
treatment or creep at 600°C, (Ennis et al., 2000), (Ennis and Czyrska-Filemonowicz, 2002)

Taust|°C] | Ttemp['C] Creep test Dislocation density Subgrain
(2h) (2h) 10*m—2 width [ pwm]
970 775 8.7£1.2 0.38 £0.1
1070 715 9.0£1.0 0.37 £ 0.1
1070 775 7.5£0.9 0.42+0.1
1070 835 2.3£0.6 0.50 £ 0.1
1145 775 0.58 £ 0.1
1070 775 600°C/1,500h 5.3+0.6 0.70 £ 0.1
1070 775 600°C/10,000h 2.5£0.5 1.44+0.1
1070 775 600°C/33,00h 1.5+0.4 1.54+0.1

*the levels of stress of investigated crept specimens are not mentioned

High resolution EBSD measurements were performed with a step size of 10nm by (Tak
et al., 2009). These measurements revealed microstructural features which are generally
observed using TEM techniques, see figure 1.20.Similar findings were reported by (Panait
et al., 2010b) in a P91 steel creep tested for 113,431h at 600°C (EBSD measurements
conducted with a step size of 40nm).
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Figure 1.20 : High resolution EBSD maps (step size of 10nm) of an X20 steel after creep
exposure at 650°C (100MPa interrupted after 7% strain). a) EBSD Image Quality map b)
Inverse pole figure (IPF) (Tak et al., 2009)
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Figure 1.21 : a) Amount of boundaries of 1° determined by EBSD techniques in X20
steel specimens of interrupted creep at 550°C, 120MPa (Aghajani et al., 2009b); b) Relative
frequency of the misorientation angles between individual crystallines in 50 pm x 50 um fields
size (EBSD maps with a step size of 80nm) in the X20 steel in the as-received state and after
small and high strain creep exposure (Tak et al., 2009)

More precisely presence of subgrains and small carbides are revealed in the EBSD-IQ
maps, 1.20a. In combination with the cristallographic information provided in the IPF-EBSD
map (figure 1.20b) it is possible to relate the presence of carbides to the local grain boundary
character (i.e. low angle, high angle) on which they are located. Moreover, figure 1.20a shows
that not only presence of precipitates but also presence of dislocations yield IQ contrast (one
apparent line defect is highlighted by an arrow pointing down).

Figure 1.21b shows the relative frequency of the misorientation angles between adjacent
micrograins determined by the means of EBSD techniques in the German grade X20 in
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the as-received state, after small creep strain at lower temperature(600°C, 100MPa, 1.2%
strain) and after large creep strain at a higher temperature (650°C, 100MPa, 7% strain).
Figure 1.21b shows that the frequency of the misorientation angles of 1° increases with strain.
This result was confirmed by (Aghajani et al., 2009b) which conducted the same analysis
after interrupted creep tests of an X20 steel loaded for 12,456h (0.5% strain); 51,072h (1%
strain); 81,984h (1.2% strain) and 139,971h (11.9% strain), see figure 1.21a. However, (Tak
et al., 2009) concluded that the decrease in creep rate during the primary creep stage in
tempered martensite ferritic steels is not directly related to an increaseing frequency of the
1° boundaries.

1.5 The effect of long-term isothermal aging on the creep
behaviour of 9-12%Cr heat resistant steels

There are rather few published data available on the effect of thermal aging on the creep
strength loss. Some data were found concerning 9% Cr heat resistant steels such as Grade 91
and 92 steels while a lack of data is observed for the 12%Cr heat resistant steels. However,
the few available data are incomplete and they do not allow full understand or quantification
of the effect of thermal aging on the creep strength.

(Sklenicka et al., 2003) reported interesting findings concerning the creep behaviour of
the P91 steel and P92 steel both isothermally aged at 650°C for 10*h prior to creep testing
at 600°C. Figures [.22 and 1.23 show the results of standard constant tensile load creep tests
conducted at 600°C under levels of stress ranging from 100MPa to 250MPa on the P91 steel
and P92 steel in their as-received state and after long-term isothermal aging (650°C, 10%h).

Results in figures 1.22 and 1.23 show that the lifetime (respectively secondary creep rate,
€ss) of the aged steels is markedly shorter (respectively higher) than that of the steels in
as-received state for a given level of applied stress. The difference between the lifetimes
(respectively £g5) of the aged steel and that of the as-received steel seems to be independent
of the level of applied stress in the case of the P91 steel while this difference increases with
decreasing the applied stress for the P92 steel (Sklenicka et al., 2003).

Note that the levels of applied stress investigated in figure 1.23 correspond to the high
stresses region of the Grade 92 steel and decreasing further the applied stress might increase
more the difference between the lifetimes (or £55) of the as-received P92 steel and aged P92
steel compared to these in figure 1.23.

No microstructural characterization is available for aged P91 and P92 steel before and
after creep testing. Most probably significant precipitation of Laves phases occurred during
long-term isothermal aging in both steels. This is not mentioned in reference (Sklenicka et al.,
2003).

The different effect of stress on the creep behaviour of aged P91 steel compared to that
of aged P92 steel could be an indication of a different effect of FeasMo-type Laves phases
precipitation (occurring in the P91 steel) on the creep behaviour compared to that of Feo W-
type Laves phases occurring in the P92 steel.

APFIM analysis revealed that 0.3 wt.% of W remains in solid solution in the matrix of the
P92 steel after aging at 650°C for 10*h which might be beneficial against creep deformation
(i.e. decrease in the £5) when the applied stress is low enough. No such data are available
for the P91 steel after 10*h of aging at 650°C.
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