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Nomenclature and Abbreviations

AC1

c*
CCT
CDM’s
cob
CT
CTOD

Do

EDXA

fo
FCC

- I

LEFM
LMP
LPD

m

M
MTDATA
n

n.a.

n.d.

Crack length
Crack growth rate

The eutectoid reaction temperature on cooling

The austenite — ferrite transformation temperature on cooling
Burgers vector

Specimen thickness

Body-centred cubic

Net specimen thickness

Constant in the Larson-Miller equation

Solute concentration in a solvent when a particle has an infinite radius of
curvature

Creep crack parameter

Continuous cooling transformation

Continuum damage mechanics

Crack opening displacement

Compact tension

Crack tip opening displacement

Grain diameter as measured by the mean linear intercept method
Damage parameter

Material constant in equation for determining creep crack growth rate
Young's modulus

Energy dispersive X-ray analysis

Reaction force of a precipitate against dislocation movement during creep
Face-centred cubic

Elastic strain energy release rate

Hardening parameter

J-contour integral

Linear elastic stress intensity factor

Nominal value of stress intensity

Linear elastic fracture mechanics

Larson-Miller parameter

Load point displacement

General yield ratio

Metal atoms in alloy carbides

Metallurgical and thermodynamic data

Creep stress exponent

Not applicable

Not determined



TEM

Diameter of a particle subjected to a stress concentration imparted by grain
boundary sliding

Applied load

Activation energy

Mean particle radius

Radius of the damage zone

Gas constant

Scanning electron microscope

Scanning transmission electron microscope
Time

Time to failure

Time to grow a creep crack

Time to initiate a creep crack

Time to rupture

Time at stress oy and temperature T,
Failure time at stress o and temperature T,
Temperature at the x™ fraction of creep life
Temperature

Transmission electron microscope
Homologous temperature

Molar volume of a dispersed phase
Specimen width

Crack initiation criterion

Specimen compliance function

Ferrite

Specimen load point displacement

Epsilon carbide

Strain rate in uniaxial creep
Creep ductility in uniaxial tension

Local rupture strain

Secondary creep rate

Strain at stress oy and time t;

Failure strain at stress ox and ty

Material constant in equation for determining creep crack growth rate
Austenite

Stress in uniaxial creep

Average stress on a particle due to grain boundary sliding

Reference stress



Stress at the x™ fraction of creep life
Yield strength

Sum of the creep life fractions

Shear stress

Poisson’s ratio

xi
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To enable power plant to operate at improved efficiencies there has been,
since the process began, a requirement for materials with improved resistance
to the high temperature deformation process of creep. The development of
these creep resistant alloys is based on fundamental theories of creep
deformation and fracture which are well understood and have been extensively
reported -1

Methods for predicting the lifetime of components destined for operation in
high temperature environments have traditionally been based on the steady
state period of creep deformation determined by testing specimens subjected to
uniaxial loading conditions. It became evident , however, that there was also a
need for studies to be carried out to predict the behaviour of material in non-
uniaxial situations, for example material ahead of pre-existing defects in large
castings or in welds . Research in this area has since been reported by many
authors -1 with the prediction of material behaviour ahead of defects being
predominantly based on fracture mechanics theory and on crack propagation
rates.

One of the alloys that has been used extensively for high temperature power
plant components in the last five decades is 2.25%Cr-1% Mo steel. 2.25%Cr-
1%Mo steel confers good creep strength and corrosion resistance up to service

temperatures of ~5650C ! and although the current materials requirements for
new plant have superseded that of the relatively low alloy Cr-Mo steels there
are still a substantial number of components of this type in operation
necessitating means of remanent life prediction.

The long term creep resistance of 2.25%Cr-1%Mo steel is afforded by a
combination of interaction solid solution hardening and precipitation hardening
effects " the combination of which is dependent upon the initial alloy heat

treatment and in service conditions. Over a period of time, at elevated

temperatures in excess of ~ 4000C, the microstructure of 2.25%Cr-1%Mo steel,
and in particular the carbide morphology, has been shown to age "\ This

microstructural ageing process has a direct effect on the creep strength of the

3
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CHARACTERISATION AND
GENERATION OF THREE
MICROSTRUCTURAL
VARIABLES OF 2.25%CR-
1%MO STEEL

25% BAINITE / 75% PRO- 90% PRO-EUTECTOID
EUTECTOID FERRITE FERRITE / 10% PEARLITE 100% BAINITE STRUCTURE
STRUCTURE STRUCTURE
CREEP TESTS ON CT TEMPERING TRIAL TO
SPECIMENS CONTAINING INVESTIGATE CARBIDE
SIMULATED DEFECTS EVOLUTION SEQUENCE
CRACK LENGTH (Aa) AND
DETERMINATION OF CTOD
A 4
CREEP DAMAGE SEM HIGH RESOLUTION
QUANTIFICATION USING ELECTRON MICROSCOPY OF
IMAGE ANALYSIS IN THE ALLOY MICROSTRUCTURE
SEM

TEM IMAGE ANALYSIS OF
CARBIDE MORPHOLOGY

Figure 1.2: Flow diagram summarising the experimental process.
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application by controlling the heat treatment parameters; austenitising

temperature, cooling rate and tempering temperature and duration.

2.2.1 The Transformation Structure

The chromium — molybdenum steels belong to a group commonly referred to
as ferritic creep resisting steels; the term ferritic being derived from the fact that
on cooling from austenite, (y), the microstructure consists of one, or a
combination, of three essentially body centred cubic structures, namely ferrite,
bainite or martensite. For a given chemical composition the transformation
product that results is dependent upon the cooling rate from the austenitising
temperature.

The grain size of the transformed structure can be considered as a direct
function of the austenitising temperature but is regarded, generally, as only
having a small influence on the long term creep resistance of the alloys #'.
Cane and Fidler *¥, however, showed that the grain size effect on creep
properties varies from steel to steel and reported a greater dependency of
creep properties on grain-size for a fully bainitic tempered 2.25%Cr-1%Mo
steel than for a tempered martensitic 9%Cr-1%Mo steel. The fracture ductility
of Cr-Mo steels, in particular, is considered to be adversely affected by a large
grain size and consequently the austenitising temperature used for these steels

does not rise significantly above the Ac; .

In commercial applications, Cr-Mo steels are put into service in a
microstructurally meta-stable condition. The structure that exists is a result of
both continuous cooling from above the Ac;, to give the initial transformation
product, and any subsequent stress relief / tempering treatment to develop the
fine precipitate structure. The transformation product is dependent on not only
the alloy composition and cooling environment but also on the section size, as
indicated by reference to the continuous cooling diagrams for typical Cr - Mo
steels as shown in Figure 2.1. In this figure the transformation structure can be

seen to vary from ferrite and pearlite in slow cooled material, (thick sections), to

10
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C.= solute concentration in the solvent when the particle has an infinite radius of
curvature

t= time

R = gas constant

T = temperature in Kelvin

For optimum performance low alloy Cr-Mo steels usually enter service in either
the normalised and tempered or annealed condition ?® thus the evolution
process in terms of carbide ripening is already under way. Such steels are in
an active metastable condition and further carbide precipitation, accompanied
by changes in composition and coarsening, occurs throughout high

temperature exposure.

In the normalised condition the microstructure is predominantly bainitic with
varying amounts of pro-eutectoid ferrite , dependent upon component section
size. The tempering temperature and duration used are selected to optimise
the steels properties for a particular application, the knowledge to do so being
drawn from works by authors such as Baker and Nutting, I'”? . Baker and Nutting
determined the sequence of carbide precipitation events which occurred upon
tempering a normalised 2.25%Cr-1%Mo steel at temperatures ranging from

4000C to 7500C and times up to 1000 hours, as summarised below in Figure
2.2.

In bainite —
> M/Cs
€ carbide MsC v
+
+
MsC > MC —» MG > MCs —P» ML
2
and in ferrite —

MZC _> MsC

Figure 2.2: Carbide evolution sequence for 2.25%Cr-1%Mo steel, where

M indicates a mixture of metal atoms- after Baker and Nutting .

14
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In reviewing the foregoing work it was clear that many anomalies existed in the
precipitation sequences defined for the low alloy Cr-Mo steels and, to
summarise, these can be attributed to:

i) Variations in the starting microstructures studied; annealed structures of
ferrite/ pearlite ®** normalised structures of ferrite / bainite ' or 100%
bainite [I'7,

ii) Compositional variations; comparing alloys containing different carbon,
chromium and molybdenum mass percents.

iii) Uncertainty in the methods used for identifying the precipitate types; X-
ray diffraction, energy dispersive X-ray analysis, carbide morphology
and electron diffraction.

If estimations of component remaining life are to incorporate changing material

microstructural maturity it is obvious that the carbide evolution process must

be uniquely understood for a particular composition, initial microstructure and
phase constitution and that the techniques used for this identification of the
carbides involved must be reproducible and consistent.

2.3 Creep Deformation

The creep behaviour of metals and alloys are commonly portrayed in terms of
the well known ‘creep curve’ exhibiting the classical three stage deformation
process % Conventionally the design lifetime of a metallic component has
been based upon the secondary creep rate portion of the creep curve, where
the deformation rate is governed by the combined action of strain hardening
and thermally activated recovery of the dislocation structure . Equation 2.2
describes the generally accepted inverse relationship between secondary
creep rate of metals and alloys, ¢, and their rupture time, t, “". Both

parameters vary similarly as a power function of the applied stress 2 and
Arrhenius function of temperature.

19
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