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SOMMARIO

Lo scopo principale della tesi consiste nel dimostrare I'applicabilita delle prove di
“Small-Punch” (SP) per la stima della vita residua di materiali metallici operanti ad
alta temperatura. La mancanza di normalizzazione di questa tecnica e dubbi sulla
correlazione dei dati con quelli ottenuti da test di scorrimento viscoso
convenzionali, giustifica l'utilizzazione del “Code of Practice for SP Testing”
(CEN/WS 21). Il lavoro presente e' in particolare dedicato ad investigare le
proprieta’ di scorrimento viscoso delle saldature di acciao P91 alla temperatura di
600°C assieme con proprieta' di frattura a basse temperature. Dischi sottili, di 8
mm di diametro e 0.5 mm di spessore, sono stati fabbricati estratti da diverse zone
di un componente in P91 contenente una saldatura: metallo base (BM), materiale
esposto allambiente (SE), saldatura (WM), zone termicamente alterate sia a grana
fine che a grana grossa (FG-HAZ & CG-HAZ). | risultati delle misure di scorrimento
viscoso sui dischi, ottenuti a 600°C sotto differenti carichi consistentemente
secondo il “Code of Practice”, si possono correlare con i dati ottenuti attraverso
prove standard di scorrimento viscoso. Le misure di SP dimostrano di fornire un
metodo solido per descrivere il comportamento di queste leghe e saldature e |l
modello di scorrimento viscoso derivato, utile per predizione di vita residua, che
potrebbe essere anche dimostrato attraverso FEA per la stima delle deformazioni
da scorrimento viscoso dei dischi. Addizionalmente, il metodo SP dimostra alto
potenziale per la valutazione delle proprieta’ di frattura per saldature P91, in
particolare per stimare la temperatura di transizione fragile-duttile e la resistenza
alla frattura.

ABSTRACT

The main aim of the thesis is to demonstrate the suitability of Small Punch (SP)
testing for lifetime prediction of metallic materials operating at high temperatures.
The lack of standardisation of this technique and doubts about the correlation of
the data with that obtained from conventional creep tests, supports the need to
exploit the recently launched Code of Practice for Small Punch Testing (CEN/WS
21). The present work is specifically concerned with investigating the creep
behaviour of P91 steel weldments at 600°C along with low-temperature fracture
behaviour. Thin discs, 8mm in diameter and 0.5mm thick, were manufactured from
different zones of a component containing a P91 welded joint: base metal (BM),
service exposed material (SE), weld metal (WM), fine-grain and coarse-grain heat
affected zones (FG-HAZ & CG-HAZ). The results of SP creep tests on these disks,
performed at 600°C under different loads carefully following the Code of Practice,
could be correlated with standard creep data. The SP test is shown to be a reliable
method to depict creep behaviour of this alloy and its weldments and a creep
model derived, useful for life time prediction, could also be demonstrated through
FEA to predict the creep deformation of the SP discs. Additionally, the SP testing
method shows potential to evaluate the fracture properties of P91 weldments, in
particular the ductile-to-brittle transition temperature and fracture toughness
estimations.
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1. INTRODUCTION

There is an increasing worldwide demand in the power-generation, metals and
chemical process industries for efficiency improvements, together with safe,
economic and reliable operation, and this forms the primary focus in today's rapidly
evolving energy market. As a consequence, in the last two decades, there was a
need for the service pressure and temperature of components for advanced power
plants to be increased significantly and more severe requirements on strength,
corrosion resistance and creep properties were imposed on high temperature
steels. Such higher working temperatures and pressures allow increased thermal
efficiency thereby Ilowering fuel consumption and environmental impact.
Unfortunately elevated operating temperatures and pressures tend to accelerate
material degradation of the working components.

During the exploitation period a number of degradation mechanisms such as
temper embrittlement, creep, hydrogen attack and hydrogen embrittiement can
impair plant integrity. The damage subsequently may lead to initiation and
propagation of defects into cracks and eventual failure. Creep is a common
degradation mechanism when high temperatures are employed, e.g. HTR (high
temperature reactors), boilers, piping, steam generators, gas turbine engines, oil
refineries and petrochemical plants. All these systems possess some components
that will experience creep. An understanding of high temperature materials
behaviour is beneficial in mitigating failures in these types of systems.

Many industries are faced with an increasing array of ageing plant and equipment,
in many cases close to or even beyond original design life. The capacity, efficiency
and safety of plants depend critically on the integrity of the components and
materials employed. Thus, it is crucial to evaluate the degradation processes due
to long-term service exposure with higher accuracy in order to ensure integrity of
the power plants and further to extend their life. Possibility of failure and remanent
life-time assessments are critical issues in the safety analysis of the current
industrial plants. Besides the safety, another important aspect is the economical
advisability to extend the life time of the existing components beyond their design
life rather than to build new plants. This requires increasing innovation in material
testing and research to provide improved remaining life analysis.

Initially the design life was based on some empirical assumptions and experience
in materials and technologies developments, implementing an appropriate safety
factor. As a generality, the design of plant components and safety performance
assessment of materials used for high temperature applications in the power
generation, nuclear, petrochemical, chemical process and other such industries is
currently based on their tensile and creep rupture strength. Service experience
has shown that the present design codes are very conservative. The conservatism
in the design, the use of more sophisticated procedures/codes and careful
husbandry of components may reduce the safety factor while maintaining safety
and frequently allows life to be extended beyond that originally intended.
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At the same time however, the question concerning the uncertainty in the
evaluation and monitoring of the residual life of plant components is of great
importance for the industry. Some uncertainty comes from using the nominal
properties of the materials instead of their residual mechanical properties, due to
lack of enough experience and knowledge. The historical recording of use is the
basis for reliable assessment of the remaining value and reuse possibilities of
technical equipment and tools. In addition, residual lifetime prognosis helps to fix
guarantee terms for reused components. Obtaining information on the mechanical
condition of service exposed components however can be problematic because of
the need to sample significant quantities of material for testing direct from the
component. The traditional destructive testing methods require large specimens
that would violate the structural integrity of the working components.

The shortage of enough material to be sampled non-invasively rarely permits
material evaluation by conventional and well standardised test techniques. In this
case Non-Destructive Testing (NDT) is applicable in order to identify damage and
irregularities in materials. NDT often provides the only method of obtaining
information about the current 'health' of process plant. To address this problem,
various non-destructive or miniaturised specimen innovative testing techniques
have been developed over the past two decades.

The small punch (SP) technique is considered an almost non-destructive
technique, requiring a small amount of material, easy to carry out and relatively
inexpensive. The SP method, proposed by Manahan et al. [1], enjoys an increasing
interest lately and can be applied for studies of creep [37, 38, 191] and fracture
properties [174], as well as fatigue, ageing embrittlement, hydrogen embrittlement
[213] and irradiation damage [104]. The small specimen size of this test technique
— discs of 0.3-1mm thickness and 5-10mm diameter, can eliminate the need for
large amount of material removal, while at the same time permitting measurement
of properties in key local areas of components.

Beyond the considerable success and promising results, however, there is no
doubt that technical limitations still exist for the SP technology. Such limitations are
the reduced specimen size, and thereby potential oxidation effects, and how non-
representativeness of the sampled material could influence the test results to a
much stronger extent than is the case for conventional creep testing. The ability of
the “small-scale” tests to reproduce data from full sized specimens and their range
of applicability is still open for discussion. These aspects remain a concern and
much work needs to be done in order to convince industry to have the necessary
trust to heed the results of such testing. In spite of this, interest in the technique is
on the increase and an effort for possible wide adoption by industry is timely. The
late efforts on standardisation and some doubts about the correlation of the data
with that obtained from conventional creep tests, provide strong arguments for
further investigations in this direction.

A ferritic-martensitic steel 9Cr-1Mo, standardized as Grade P91 in ASTM in the
early 80’s, and its weldments have been investigated in the thesis. Because of the
excellent creep rupture strength values of this steel it is used worldwide by many
engineering companies, boiler builders, piping companies and utilities. P91 steel is
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a candidate material for Generation IV nuclear power plants (in-core and out-of-
core applications), as well as for fusion applications. Thin discs, 8mm in diameter
and 0.5mm thick, produced from different zones of a full repair weld between P91
fresh and P91 service exposed material, were tested following the Small Punch
Testing Code of Practice for creep and fracture properties evaluation. All tests were
performed following tightly the guidelines given in the Code of Practice (CoP) for
SP testing or CEN Workshop Agreement CWA 15627 [2], published in December
2006.

Why is this work timely and topical?

» Several authors published results on the SP creep testing of P91 base
metal. However, the accumulated results are not sufficient and most of
them are based on accelerated short-term test that could be a source of
discrepancy and inaccuracy. Moreover, mainly empirical correlations
between the SP results and those obtained by conventional creep tests
were developed. The thesis proposes a linear relationship between the
stress [MPa] applied in the conventional uniaxial creep test and the load
[N] applied in the SP method; thus, offering a direct correlations between
the SP creep results and the conventional creep results over an extended
test duration (up to approximately 4300h).

» Very limited data are reported in the literature on SP creep testing of P91
weldment material, particularly the coarse- and fine-grain heat-affected-
zone, known to be the most critical zone in the weldment. The research
conducted compares the SP creep strength values obtained from
homogeneous HAZ material with the creep strengths of the other zones of
the weldment: BM, WM and SE material.

» Variety of specimen geometries and testing equipment is used by different
researchers for SP creep testing. The work conducted here tends to unify
the results acquired from different equipments, particularly the puncher
radius, the radius of the receiving hole where the disc lies, and the sample
thickness, by comparing the thesis results with results obtained by other
authors. All these quantities participate in the relationship establishing the
stress/load ratio, proposed in the CoP. Additionally this relationship takes
into account also the ductility of the material, which turns out to be an
important issue when a broader stress interval is applied. In this sense, the
stress/load relationship has not only a purely empirical, based on testing
geometry, but also a physical meaning depending on the material itself and
the testing condition. Hence, the study is also to support the published CoP
for the SP testing.

» Published results on low temperature SP testing used for fracture
properties evaluation, particularly the ductile-to-brittle transition
temperature and fracture toughness, are incomplete or simply missing.
Although it was not the main subject of the thesis, an important progress
has been achieved in conducting SP fracture tests over a wide
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temperature range, down to cryogenic temperatures, establishing
correlations between the SP data and the data obtained by conventional
Charpy and fracture toughness test and, as well as, recommendations for
future work in this direction.

In conclusion, the present thesis tends to prove that the SP testing methodology
can be a promising method for the evaluation of creep properties and that in future
it might be used as “stand alone” method giving the opportunity for creep strength
measurements, especially for very small areas of the components where using
conventional creep samples is not an option.

As far as the fracture properties are concerned, it could be said that the thesis
provides preliminary but pioneering results in this research sphere, which can be
used as a basis for future investigations.
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2. LITERATURE REVIEW

The literature review introduced below, aims to provide a comprehensive
background to the subject treated in this thesis work, namely: applicability of the
Small Punch testing methodology for predicting the long-term creep-rupture
behaviour of advanced ferritic/martensitic (F/M) steel, in particular P91 steel.
Reference to the current industrial needs and future requirements, especially with
regards to the high temperature production processes, will be made in the present
review. An overview on the life time assessment techniques and creep damage
from a physical point of view, as well as the evolution of the ferritic/martensitic
steels for high temperature applications will follow. Finally an introduction to the
state of the art of the Small Punch testing technique and its potential as a reliable
non-destructive integrity assessment method will be presented and objectives of
the current study will be formulated.

2.1 Creep damage: An industrial problem

There is an increasing worldwide demand in the power-generation, aircraft, metals
and chemical process industries for improvements in the efficiency, utilisation and
longevity of high-temperature components, which may be subjected to creep,
fatigue and creep-fatigue loading and environmental attack, leading to the
degradation of their material properties over an extended period of time.
Improvement of the thermal efficiency of power generation Plants is an important
issue from the viewpoint of energy saving, environmental conservation (carbon
dioxide emissions) and economy. This can be achieved by elevating operating
temperatures and pressures, which would however accelerate material degradation
of high-temperature components. It is crucial to evaluate their degradation due to
long-term service exposure with higher accuracy to ensure integrity of the power
plants and further to extend their life.

Creep and stress rupture is one of the root cause failure mechanisms for industries
associated with high temperature operations such as HTR (high temperature
reactors), boilers, piping, steam generators, gas turbine engines, oil refineries and
petrochemical plants. All these systems possess components that experience
creep.

An understanding of high temperature materials behaviour is beneficial in
evaluating failures in these types of systems. The damage subsequently leads to
initiation and propagation of defects into cracking and eventual failure. Failure of a
component indicates it has become completely or partially unusable or has
deteriorated to the point that it is not dependable or unsafe for normal sustained
service which could then lead to unwanted damages in terms of human life and
economics. Low failure rates of components, vehicles, plants, and any technical
object are highly important for human lives, environment and capital invested. At
the same time, strong international competition compels the reduction of life-cycle
costs of products.

In order to reduce the down time and increase the overall efficiency of the plant, it
is essential to look into the mechanics of failure and its after effect on the life to
failure. Though a well-planned maintenance programme can prevent catastrophic
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failures there is still considerable interest in the development of techniques for
assessing the remanent life of critical components.

Nowadays, the European Commission together with other representatives of the
universities, industry and research and technology organizations are putting more
and more efforts in developing unified European Codes treating component design
and plant integrity assessments. Developing of one such Code of Practice [2] for
plant integrity assessment using small punch creep testing requires high level
technical input but once it is developed and becomes standardised and routine, it is
economically worthwhile. This emerging technology is to be promoted by
standardisation in order to become a widespread tool for a variety of industrial
equipment owner/operators and maintenance and integrity assessment service
providers that presently have the problem of choosing between complex expensive
techniques, or inexpensive yet poor NDT methods in routine work.

2.2 Creep

2.2.1 An introduction to creep

Creep is the term given to the material deformation that occurs as a result of long
term exposure to levels of stress even below the yield strength. The rate of this
damage is a function of the material properties and the exposure time, exposure
temperature and the applied load (stress). Depending on the magnitude of the
applied stress and its duration, the deformation may become so large that a
component can no longer perform its function.

The evaluation of creep behaviour is one of the most important factors to assess
the integrity of elevated temperature structural components. Creep is usually a
concern to engineers and metallurgists when evaluating components that operate
under high stresses and/or temperatures. Creep is not necessarily a failure mode,
but is instead a damage mechanism. Rather than failing suddenly with a fracture,
the material permanently strains over a longer period of time until it has to be
replaced or finally fails. Creep does not happen upon sudden loading but the
accumulation of creep strain in longer times causes deterioration of the material.
This makes creep deformation a "time-dependent" deformation of the material.
Creep deformation can be obtained in rather rapid time frames under very high
temperatures, i.e. temperatures around half of the melting temperature. Plastics
and low-melting-temperature metals may creep at room temperature (cold flow),
and virtually any material will creep upon approaching its melting temperature.
Since the relevant temperature is relative to melting point, creep can be seen at
relatively low temperatures depending upon the alloy. This deformation behaviour
is important in systems for which high temperatures are endured, such as
conventional and nuclear power plants, jet engines, heat exchangers etc.

2.2.2 Stages of creep

The test techniques which serve to evaluate the creep properties of materials
generally are based on uniaxial test loading parallel to the longitudinal axis of a
cylindrical or plate specimen. The basic parameters recorded are the dependence
of the creep strain ¢ (or rather extension) versus time. The load is constant and it is
applied to a tensile specimen maintained at a constant temperature. Strain is then
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measured over a period of time. Experimental studies of creep behaviour have
produced strain-time curves exhibiting four characteristic segments, as illustrated
schematically in Figure 2.1.

» Instantaneous strain due to loading, €,

» Primary or transient creep - stage | — deformation takes place and the
resistance to creep increases until stage Il - decreasing strain rate to a
steady state level.

» Secondary or steady-state creep - stage Il - it is this regime that is most
well understood. The "creep strain rate" is typically the rate in this
secondary stage. The stress dependence of this rate depends on the
creep mechanism.

» Tertiary creep - stage lll - occurs when there is a reduction in cross-
sectional area due to necking or effective reduction in area due to internal
void formation. The tertiary stage onset is marked by exponential increase
in the strain rate ultimately leading to rupture.

) Fracture
Total Elongation /

Strain \‘f'

Leiiighiiakiael
creep

Stage 111 rate

/__ Stage I1 .
l- »
‘I_[nihal Load

Fig.2.1 Schematic representation of a creep curve

Time ——m

2.2.3 Mechanisms of Creep Deformation

There are several different creep regimes, depending mainly on the temperature,
where different mechanisms are applied. The temperatures between which creep
deformation mechanisms are operating are usually expressed as a fraction of the
melting temperature Ty, expressed in degrees absolute. The different regimes
roughly cover the temperature ranges 0-0.5 Ty, 0.5-0.9 Ty, and 0.9-1.0 Ty:

» Lowerrange creep regime: T < 0.5 Ty
It includes the so-called “logarithmic creep” so named due to the nature of the
equation describing the creep strain accumulated at low temperatures [3].
€ = qyloge(ast+1) (2.1)
where a; and a, are constants and t is time.

» Upper range creep regime: T > 0.9 Ty
In this high temperature range the factor controlling the creep rate is mainly linked
to diffusional flow of vacancies. Creep by diffusion of vacancies (diffusion creep) is
somewhat similar to flow in liquids. Vacancies are point defects, and they tend to
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favour grain boundaries that are normal, rather than parallel, to the applied stress
Vacancies tend to move from regions of high to low concentrations.

Diffusional flow can occur at low stresses but, usually, it requires high
temperatures. In this temperature range and at stresses too low for dislocation
processes to be significant, a mechanism known as Nabbaro-Herring creep
operates [4].

dimensional changes of the material are caused by
atom-vacancies or defects exchange through the
lattice. This form of creep is also known as bulk

[ dmmmmd diffusion.
s “™#m  However, vacancy diffusion involving stress directed
vacancy flow through the grain matrix and along
preferred paths, such as grain boundaries, has also
been reported at lower temperatures and is known as
Applied siwess ‘ Coble creep (Figure 2.2).

f Nabarro-Herring (N-H) creep is a process by which

Fig.2.2 Diffusional creep

» Intermediate range creep regime: 0.5 Tm <T< 0.9 Tm

This is the temperature range in which most engineering materials operate and in
which creep may cause concern to the engineers. At high stresses creep is
controlled by the movement of dislocations. This is the so called “dislocation
creep”. Dislocations are line defects. They may move in a conservative fashion,
retaining their length, or they move in a non-conservative fashion - increasing their

length through atomic diffusion. The former

climb 111 process is known as 'glide'. Typically
— dislocation glide is opposed by obstacles —

L L1y glide other dislocations, solute atoms or
precipitates, grain boundaries, etc. The later

process is known as 'climb’ (Figure 2.3).
Fig.2.3 Dislocation creep

The different creep deformation mechanisms can combine. A Deformation
Mechanism Map is schematically presented in Figure 2.4.

Grain boundary sliding is sometimes considered as a separate mechanism which
also contributes to the creep deformation.
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Fig.2.4 Deformation mechanisms map

2.2.4 Power law approach

The creep at intermediate temperatures is often explained in the literature as a
process, involving competing strain hardening and thermal recovery processes,
commonly known as "recovery creep". In the recovery creep theory, the steady
state creep is assumed to be a major part of the plastic creep deformation process

and & =de/dt value is used to describe the curve as a whole and can be
calculated from the slope of the secondary stage in the time-strain creep curve
(Figure 2.1). The onset of the secondary creep stage is characterised by thermally
driven dislocation annihilation processes, which initiate the effects of strain
hardening. Permanent plastic strain rate is reached at the point of equilibrium
between these two processes.

Temperature, together with the stress, are fundamental factors influencing material
deformation under creep conditions. The steady state creep rate can be expressed
as:

£s=f(0,T) 2.2)
This can be rewritten as

& s =u(0).v(T) (2.3)
where u(o) describes the variation of és with stress at constant temperature and
v(T) describes the variation of €5 with temperature at constant stress. Thus, the
stress dependence of the secondary creep rate at intermediate stresses and at the
same temperature can be expressed in terms of a power law:

Esoca" (2.4)

where “n” is a stress exponent, obtained from plotting “log 6” against “log &”.

This is often called "Norton's Law". Values of “n” in the intermediate stress range
can be ~ 4-5 for a pure metal and between 5 and 40 for more complex materials
[5,6].
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The temperature dependence is no surprise, since it is quite clear that creep is a
thermally activated phenomenon and variation of & with temperature at the same
level of stress can be expressed in terms of an Arhenius rate type equation. The
Arhenius model predicts failure acceleration due to temperature increase. This
empirically based model takes the form:

& s o« -(QJRT) (2.5)

where Q. is the activation energy for creep and R is the gas constant (= 8.314
J/mol K). For pure metals and single phase alloys Q. is approximately equal to the
activation energy for self diffusion. In more complex polycrystals and alloys, Q;
values twice that of self diffusion activation energy values have been reported [7,8].
These equations can be combined to give a simple power law approach applicable
at temperatures and stresses to be found in common engineering applications.

& s = Ac"exp -(QJ/RT) (2.6)

where A is a constant and T denotes the temperature measured in degrees Kelvin
(273.16 + degrees Celsius) at the point when the failure process takes place.

The rupture time is inversely proportional to the creep rate:

t. (c1/ & ) = A'c"exp(Q/RT) (2.7)

2.2.5 Mechanisms of creep fracture

As it was discussed above, at high temperatures, the application of a stress leads
to a creep deformation resulting from:
» Motion of dislocations (dislocation creep);
» Mass transport by diffusion (diffusion creep) - dominant at lower stress
levels; or
» Grain-boundary sliding process.

These processes in turn lead to a distribution of internal stresses that may relax on
removal of the stress. In the metals it is associated with the un-bowing of pinned
dislocations, rearrangement of dislocation networks, and local grain-boundary
motion.
Creep rupture can be considered as a consequence of the following process:
» Damage accumulates in form of internal voids (cavity nucleation);
» Voids appear on grain boundaries normal to the tensile stress;
» Atoms diffuse from the void surfaces into grain boundaries and voids grow
(formation and growth of stable cavities);
» Voids grow faster and faster, until they link, leading to creep fracture
(initialization of discrete cracks).

2.2.5.1 Cavity nucleation

When a metal is loaded to a stress level below the yield stress, it undergoes
immediate elastic deformation but, initially, does not deform plastically because
the dislocations in the metal are pinned by a variety of obstacles. The obstacles
include dislocation pile-ups, grain boundaries, precipitates, twin boundaries, alloy
and impurity atoms and other microstructural defects in the metal lattice. Further,
the metal may make plastic adjustments by dislocation motion in regions of stress
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concentrations and high interstitial concentrations (stage 2). These regions include
grain boundaries, the metal adjacent to inclusions, precipitates and second phase
particles and lattice regions near microscopic cracks and notches.

During tertiary creep (stage 3), damage accumulates in the form of internal voids
on grain boundaries normal to the tensile stress. Atoms diffuse from void surface
into grain boundaries, and voids grow at an increasing rate inside the material until
they link, leading to creep fracture (Figure 2.5).

R S B ,T/':;

R

Fig.2.5 Diagram showing voids growing and coalescence

2.2.5.2 Cavity growth

Early concepts of cavity growth and development were proposed at the beginning
of the 90s [9,10]. Although these models are now known to be inaccurate, they
highlighted the early need for models of cavity behaviour. Initial models of cavity
growth based on the continued sliding of grain boundaries were not popular as
they predict that the cavity shape will be irregular. Work on creep cavity growth has
shown cavities to be rounded or ellipsoidal in appearance, which suggests that
diffusion processes contribute to cavity growth [11].

Numerous theories have proposed that cavities on boundaries experiencing a
tensile stress may grow by the direct absorption of vacancies generated in a similar
manner to diffusional creep [12-14].

Early work by Hull and Rimmer [12] showed that the activation energy for grain
boundary diffusion was half that of the activation energy for lattice self diffusion.
This was considered evidence for diffusion mechanisms occurring in cavity growth.
They concluded that grain boundary cavity growth was due to the diffusion of
surface atoms to the surrounding grain boundaries under the action of an applied
stress. This Hull and Rimmer model was refined by other workers who found that
the finite diffusion rate of the atoms at a cavity tip was no longer sufficient to
maintain a rounded cavity if the stress levels, and thus deformation rates, were
sufficiently high. Thus, while diffusional growth models may be applicable at low
stresses, the broad based acceptance of diffusion models has now lessened.
Current models are based on the generally accepted premise that creep cavity
growth is controlled by the creep rate. Models range from cavity growth associated
with localized deformation in grain boundary regions [15] to those assuming growth
by vacancy absorption but with the growth rate constrained by the deformation rate
in the surrounding material [16,17]. This constrained cavity growth model depends
on the fact that the ability of a grain boundary to cavitate not only relies on its
orientation to the tensile axis but also on the properties of the boundary itself i.e.
low or high-angle boundaries. Thus, cavitation may occur on a boundary but the
adjacent boundaries may be undamaged, surrounding the grain with a 'shell' of un-
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cavitated boundaries [18,19]. Now the voids can only grow on cavitated boundaries
at a rate governed by the creep rate of the surrounding grains [20-22].

It is also possible to link the deformation rate of a material to the growth of creep
cavities. Within the material, a dislocation moving along its glide plane is stopped
when it reaches a grain boundary which doesn't contain its glide plane. If the
applied stress is maintained, the dislocation can continue moving by a combination
of glide and climb. The resulting non-conservative climb events emit vacancies.
The role of these emissions will depend on the normal stress causing climb as well
as the shear stress causing sliding. The result of an injection of vacancies at the
grain boundary is that the cavity opens and grows. The dislocation also may have
crossed the grain interior by a glide mechanism, thus contributing to the grain
deformation as it went. It can be seen from these processes that the arrival of
dislocations from the lattice to the grain boundary can govern the processes
involved in cavity growth. Thus the growth of cavities can be linked to the
deformation rate of the material instead of diffusional processes. The motion of
dislocations within the lattice as seen in creep controlled mechanisms can be used
to explain the dependence of rupture life on creep rate, known as the “Monkman-
Grant relationship” [23].

M = és-tf (28)
where M is a constant.

It is generally agreed that the creep fracture of low alloy Cr-Mo steels is the result
of grain boundary cavity and inter-granular crack formation, and this has been
shown over a wide range of testing conditions [24-27].

However controversy exists as to when in the creep life of a two phase alloy the
creep cavities contribute to the acceleration of the creep rate. Some workers have
reported the formation of cavities during the initial stages of creep [28], while others
have claimed an incubation or threshold for cavity nucleation [28, 29] and that the
time at which cavities first appear can be at any stage during the secondary or
tertiary creep regimes. Other more recent work [24] on low alloy steel has found
intergranular cavities to be absent during secondary creep, except in regions near
the specimen surface. This effect was clearly visible in large specimen where it
could be distinguished from general cavitation. Further evidence from ex-service
low alloy components has shown creep cavitation damage of the type which has
led to service failure to develop only late in the service life under service conditions
[30, 31].

Work by Cane on low alloy steels [25,32] performing tests with failure lives of
~1000 hours showed that failure occurred as a result of high localised strains in the
vicinity of carbide particles. This work was later expanded to conclude that the
nucleation of these creep cavities occurred mainly at grain boundary particles,
specifically sulphides and that the carbides remained coherent [24,30].

Failure can occur by one of two mechanisms, first proposed by McLean [33],
depending on the applied stress. At low stress levels, the fracture is due to inter-
granular cavitation linkage. At higher stresses, the stress level is high enough to
produce stress concentrations and so initiate triple point cracking. This change in
mechanism was reported by Cane to be linked to a change in rupture mode from a
low ductility 'brittle' inter-granular form at low stress to high ductility failure at high
stresses involving considerable plasticity of the matrix material [26]. This work
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would seem to be supported by the findings of Parker and Wilshire who observed
mechanical instability and necking in high stress creep tests on low alloy steels
[24].

2.2.5.3 Initialisation of discrete cracks

The development of wedge type cracks and cavity nuclei during creep is illustrated
in Figure 2.6. Wedge or triple point cracking is the result of sliding on grain
boundaries experiencing shear stresses which lead to a stress concentration
sufficient to develop cracks on the boundary normal to the tensile axis (Figure
2.6(a)). A minimum applied stress is required to initiate the triple point crack. Thus
this cracking mode is only observed at relatively high stresses.

sliding  _

tedge subbeundary

N S NG
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a
! / particle fracture parcticle decoherence
sliding
P .
{a) {b)

Fig.2.6 Diagram illustrating the development of: a) Wedge cracks; and
(b) Four types of cavity nucleation

The nucleation of cavities at lower stresses is generally agreed to be as a result of
grain boundary sliding being impeded by a range of grain boundary irregularities
(Figure 2.6(b)):
» The interaction of a slip band with a grain boundary- sliding then produces
a ledge;
» The interaction of a sub-grain with a grain boundary- sliding then produces
a cusp;
» Particle fracture or de-coherence of particles sat on grain boundaries.

2.3 Ferritic / Martensitic (F/M) steels for elevated temperature
applications

In the last two decades the service pressure and temperature of components for
advanced power plants increased significantly and more severe requirements on
strength, corrosion resistance and creep properties were imposed on high
temperature steels. These are the factors that typically determine the thermal
efficiency of the unit. Higher working temperatures allow increased thermal
efficiency that lowers the fuel consumption and environmental impact [34]. Thus,
an important aspect in current energy production is to find a compromise between
the most economical and environmentally friendly solutions to keep plants
competitive in the market. To comply with the requirements for improved efficiency
for operation up to 650°C and higher steam pressures than used in the past and
reduced CO, emission, the classical materials must be replaced by the new high-
Cr progressive creep resistant steels, whose development and verification are still
ongoing [35-44]. These materials are predominantly martensitic, with varying
amounts of retained delta-ferrite. Materials with F/M microstructures are preferred
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because of their favourable physical properties such as good thermal conductivity
and low coefficient of thermal expansion coupled with higher resistance to thermal
shock. These are some of the advantages over austenitic stainless steels. For
these reasons there has been a great demand for high strength and heat resistant
chromium ferritic and F/M steels which has resulted in the development and
application of several variants.

The difference in the mechanical properties of different steels: martensitic and
F/M, ferritic, ferritic-austenitic, austenitic; is perhaps seen most clearly in the stress-
strain; tensile & creep strength curves below (Figure 2.7):
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Fig.2.7 Stress-strain curves, tensile & creep strength curves for various steel
grades

mpact Strength (k¥), (3) The toughness of the different types of stainless
20 steels shows considerable variation, ranging
from excellent toughness at all temperatures for
austenitic steels to the relatively brittle behaviour
of martensitic steels (Figure 2.8). Toughness is
dependent on temperature and generally
improves  with  increasing temperatures.
Martensitic, ferritic and ferritic-austenitic steels

are characterised by a transition in toughness,

from tough to brittle behaviour, at a certain

temperature, the transition temperature.
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Fig. 2.8 Fracture toughness curves for various steel grades

2.3.1 Power Generation Industry applications

The first Cr-Mo steels were used for conventional power-generation applications in
the 1920s. The 2%Cr-1Mo designated by ASTM as Grade 22, was introduced in
the 1940s and is still widely used today. Along with Grade 22, 9Cr-1Mo (T9) was in
early development - the additional chromium added for corrosion resistance. Since
then, there has been a continual push to increase operating temperatures of
conventional fossil-fired power-generation systems. This led to the development of
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several “generations” of steels with improved elevated-temperature strengths
(Table 2.1). The evolution of steel compositions, which began with T22 and T9
(zeroth generation) with 100,000 h creep-rupture strengths at 600°C of about 40
MPa, has allowed for increased operating steam temperatures and pressures [45-
48].

Three generations of steels have been introduced since the introduction of T22 and
T9, and a fourth generation is in the development stage. Steels beyond the zero™
generation contained mainly 9-12% Cr for improved corrosion and oxidation
resistance for elevated temperature operating conditions.

The first generation, in addition to increased chromium, involved primarily the
addition of the carbide formers vanadium and niobium to T22 and T9 compositions
to add precipitate strengthening. In some cases, a small tungsten addition was
made for further solid solution strengthening, in addition to that provided by
molybdenum. These steels, introduced in the 1960s for applications to 565°C,
included 2%4Cr-1MoV, HT9, HT91, and EM12. These steels allowed to increase the
10° h rupture strengths at 600°C up to 60 MPa.

10° h Rupture Steel Max Use
Generation Years Steel Meodification  Strength, 600°C eels Temperature
(MPa) 0
0 1940-60 40 T22.T9 520-338
1 1960-70 Addition of Mo, 60 EMI12, 565
Nb. V to Stmple HCMOM.
Cr-Mo steels HT9, HT91
2 1970-85  Optimuzation of C, 100 HCMI12, T91, 593
NbLV. N HCM2S
3 1985-95  Partial Substitution 140 NF616. E911, 620
of W for Mo and HCMI12A
AddCu N.B
4 Future Increase W and 180 NF12 650
Add Co SAVE12

Table 2.1 Evolution of F/M Steels for Power-Generation Industry

For the second generation, developed in 1970-1985, carbon, niobium, and
vanadium were optimized, nitrogen was added, and the maximum operating
temperature increased to 593°C. The new steels included modified 9Cr-1Mo grade
P91/T91 and HCM12, which has a duplex structure (tempered martensite and &-
ferrite). These steels have 10° h rupture strengths at 600°C of about 100 MPa. Of
these latter steels, P91/T91 has been used most extensively in the power-
generation industry throughout the world [45-48].

The third generation of steels was developed based on the previous generation,
primarily by the substitution of tungsten for some of the molybdenum, although
boron and nitrogen were also utilized. They were developed and introduced in the
1990s for 620°C operation with 10° h creep rupture strengths at 600°C of 140 MPa.
Finally, the next generation of steels is being developed at present, where the
intention is to push operating temperatures to 650°C. These fourth-generation
steels, SAVE12 and NF12, differ from the previous generation primarily by the use
of up to 3% cobalt; they have projected 10° h creep-rupture strengths at 600°C of
180 MPa [45-48].
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2.3.2 Nuclear applications

The expected increasing world-wide demand for energy in the XXI” century has
spurred international cooperation to consider ways to meet energy needs while
maintaining and improving the environment. This has led naturally to nuclear
energy, since it can be produced without the environmental effects that accompany
the use of coal or petroleum products. Although renewable energy sources offer
the possibility of clean energy, there are concerns about economic efficiency and
reliability, whereas the economic reliability of nuclear energy has been
demonstrated by the reactors operating today. Rather than relying on the present
generation of reactors, an international collaboration is directed toward developing
a new generation (Generation 1V) of reactors that will produce abundant, reliable
and inexpensive energy. For several Gen IV reactors concepts, because of the
high temperatures envisioned (up to 650°C and higher), F/M steels are
contemplated as possible structural and/or cladding materials. The primary
emphasis is on the high-chromium (9-12% Cr) steels.

ISt

Although there are uncertainties concerning the long-time stability and creep
properties of the third and fourth generation of the 9-12% Cr Martensitic steels,
there appears to be no question that there are significant improvements over the
first- and second-generation steels, at least for =100,000 h based on present
experimental data from which lifetimes are extrapolated. Given the increased
operating temperatures of the new reactor designs, steels with increased elevated-
temperature strength will be required if the advantages of F/M steels are to be
available to the reactor designer. It should be noted that for some in-core
applications (e.g. cladding) the service lifetimes are very much less than the
~300,000h envisioned for conventional power plants.

2.4 P91 steel

The modified 9Cr-1Mo steel was chosen for the thesis. This steel generally costs
less than austenitic alloys so the economic incentive to use this material can be
significant depending on the specific application. The enhanced properties like
lower thermal expansion coefficient, higher thermal conductivity, and improved
oxidation resistance at intermediate temperatures, would enable steam-plant
components to be manufactured with thinner walls, thus they would minimize
thermally induced stresses. With the addition of niobium, vanadium, and nitrogen,
the “standard” 9Cr-1Mo also exhibited a substantial increase in creep-rupture
strength, compared to traditional steels, thus giving birth to the known today
“modified” 9Cr-1Mo — Grade T91 for tubing and Grade P91 for headers and piping.
Modified 9Cr-1Mo containing niobium and vanadium, was developed in the USA
[49] and standardized as T/P91 in ASTM in the early 80s. The advantages of this
material have been recognized in many countries by engineering companies, boiler
builders, piping companies and utilities with the result that grade 91 is being
installed in many power stations worldwide. P91 steel is a candidate material for
Generation IV nuclear power plants (in-core and out-of-core applications), as well
as for fusion applications. The excellent creep rupture strength values allow the
optimum use of this material in the temperature range from 540°C to 600°C.
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Compared with the conventional material (T/P22) considerable wall thickness and
weight reductions are possible and have been realized in many cases.

The creep properties of 9% Cr steels have been widely investigated in Europe,
USA and Japan by very long tests in the range 550-650°C [50]. However, P91 steel
has been in use, in a limited number of plants, since the late 80s /early 90s, and
that although the steam temperatures in most of these older units were between
540 - 565°C (below the maximum design temperature of 600°C for this steel), there
have been some disturbing reports about P91 failures [51]. These failures are a
matter of concern especially because they occurred at lower temperatures than the
maximum design temperature of 600°C for such steels and the present operating
temperature of up to 590°C in some of the new higher efficiency European and
Japanese plant where 9Cr martensitic steels have been introduced more recently
[51-55].

The grade 91 material can also be used with substantial technical and economical
advantages in the case of refurbishment of old piping systems by the new material.
By the end of this decade, hundreds of power plants will be built or refurbished.
Whether old or new, much of the pipe that carries the high-pressure steam to the
turbines is now made from a newer alloy. This newer grade, 9Cr-1Mo (P91) steel,
offers a much better strength-to-weight ratio than "the old standby" P22 steel.

2.5 Microstructural evolution of P91 steel and its weldments

For the long term application of the new steels, it is necessary to evaluate the
microstructure changes that are likely to occur during service and to assess the
effect of such changes on the high-temperature creep behaviour. Evaluation of the
microstructural changes in service exposed material is fundamental for a correct
characterisation of material condition and predicting the service extension terms.
For ferritic steels the main aspects of the microstructural evolution relevant to the
creep exposure period are:

» Microstructural phase evolution;

» Formation of microvoids at grain boundaries;

» Carbide evolution;

» Interparticle spacing.

The phase evolution aspect is related mainly to the temperature effect and not so
strictly connected to the load application. It can be expressed as: tendency to
martensite spheroidization; coarsening of precipitates in the ferritic matrix and at
grain boundaries; and broadening of denuded zones (no precipitates) along grain
boundaries [56]. Formation of micro-voids at grain boundaries is based on the fact
that creep damage mechanisms are related to the appearance of cavities some
time before the rupture occurs. These cavities gradually form micro-cracks by
interlinkage that leads to rupture initiation. The size and density of the cavities
increase as creep progresses from secondary to tertiary. Material type also
influences the cavities’ size significantly, however it is in the microns range — the
reason they are called "micro-voids" or "micro-cavities".

Many studies have been carried out on the evolution of carbides present in the
steels during creep exposure. Separation and coarsening of carbides is in general
an index of material degradation due to damage progress. Presence of different
classes of carbides in steel is related to the global composition and thermal
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process applied in manufacturing. Some studies [57] revealed the possibility to
establish a correlation between carbide composition and exposure time for defined
temperature. However, because of the large scatter of the microstructural related
parameters, these equations in theory can be applied for residual life time
estimation, but they are not standardised yet.

Interparticle distance concept is related to the carbide coarsening phenomena and
grain boundary area denudating. Creep curve calculation theoretical models based
on interparticle distance and carbides coarsening have been developed in the early
eighties and compared to the experimental creep test data [58,59]. These models
are based on changing of creep rate (tertiary creep) due to particle coarsening.

2.5.1 Microstructural phases in P91 base material

The modified 9Cr-1Mo alloy is an advanced material whose mechanical properties
depend on the creation of a precise microstructure, and the maintenance of that
microstructure throughout the component’s service life. The optimum chemical
composition with its low carbon content results in good fabricability and weldability
(Table 2.2).

C Si Mn P S Cr Mo \ Nb Ni N
wt,% | 0.1 | 0.27 0.53 | 0.007 | 0.01 9.0 0.91 0.2 0.04 0.35 | 0.0038

Table 2.2 Chemical composition of P91 steel

The superior properties of P91/T91 hinge on a precise addition of vanadium (V),
niobium (Nb) and nitrogen (N), and a carefully controlled normalizing process to
produce a complete phase transformation from austenite into martensite. This
produces hard steel with high tensile strength at elevated temperatures and high
creep resistance. Next, a controlled tempering process must follow, to allow the V
and Nb elements to precipitate — as carbides and carbon nitrides — at defect sites
in the microstructure. This serves to anchor or “pin” the defect sites, thereby
holding the microstructure in place. Most recently the importance of the V and Nb
additions and their precipitating action was reported by Takashi Onizawa [60] and
others, at the ECCC Creep Conference, held in September 2005 in London by the
European Collaborative Creep Committee. Mo is a solid-solution strengthening
element; Cr is to increase the corrosion resistance, and N is a carbo-nitride
precipitates former.

The microstructure of P91 steel — tempered martensite formed during a final
normalizing and tempering heat treatment is presented in Figure 2.9. After
normalising at 1050°C air cooling leads to martensitic transformations due to the
chromium content. Tempering in the range 730-780°C leads to improved ductility
and toughness, and induces formation of carbides and carbo-nitride precipitates
(strengthening precipitates). Secondary microstructural phases identified in P91
steel are: My3Cs Cr-carbides and MX (V, Nb)-nitride particles (Figure 2.10) that
precipitate in the steel during tempering, on prior austenite grain boundaries, ferrite
subgrain boundaries and on dislocations inside subgrains (Figure 2.11). Further
particles precipitation like intermetallic (Fe,Cr),(Mo) Laves phase might be
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observed when the steel is put into operation in power plant at temperatures below
the final tempering temperature.

Fig.2.9 P91 microstructure — base material (optical left, TEM micrographs right)
[61]

2 00 nm

Fig.2.10 Phases identified in P91 steel: (a) Morphology and distribution of
secondary phase particles, (b) TEM-micrograph of Laves phase, carbon extraction
replica, and (¢) TEM-micrograph of M23C6 and MX particles, carbon extraction
replica [62]

Fig.2.11 SEM micrograph showing microstructure of
P91 steel — tiny precipitates both on grain/ subgrain
boundaries and on former martensitic laths [63]

2.5.2 Thermal processing of P91 steel

“Thermal processing” is an important issue and refers to any heating process that
has the potential to alter the microstructure of the material. Problems that can
significantly impair the creep-rupture strength of these alloys are over-tempering,
under-tempering, and exposure to temperatures in the intercritical region.

Over-tempering causes a coarsening of critical precipitates, with a corresponding
loss in creep-rupture strength because of the loss of the restraining influence of
these precipitates. Under-tempering also can endanger the high-temperature
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properties, since the required precipitation does not go to completion, and the
precipitates either are absent or are of insufficient size to stabilize the structure.
Other complications associated with under-tempering — such as the risk of brittle
fracture and stress-corrosion cracking - also must be considered.
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Fig.2.12 Phase diagram for high- and low- Cr Steel

Perhaps the most common problem with Grade 91 is post-production exposure to
temperatures in the intercritical region — above the temperature where the
tempered martensite begins to transform back into austenite (referred to as the
lower critical transformation temperature or AC1) and below the temperature where
phase transformation is complete (the upper critical transformational temperature,
AC3). When Grade 91 is heated into this intercritical region, the material partially
re-austenitizes, and the resulting structure will have substantially reduced creep-
rupture strength (Figure 2.12). In the worst case, this material will have lower
creep-rupture strength than that of traditional Grade 22.

Thus, the two important parameters for Grade 91 components are:

» Lower critical transformation temperature (AC1), above which the alloy’s
phase transformation from martensite back into austenite begins, which
was found between 800°C and 830°C (depending on the chemical
composition) , and

» Upper critical transformation temperature (AC3), above which the phase
transformation to austenite is complete, which was found between 890°C
and 940°C.

2.5.3 Creep behaviour and related microstructural changes for P91
steel

The foreseen life for a power plant may be 40 years as the average creep rate is
about 10™'s™". However to make an extrapolation to this rate from rates measured
in the standard laboratory creep testing is risky and we need to understand the
physical processes involved. At low rates of creep deformation (low stresses — up
to about 100MPa) the transport of matter occurs by migration of vacancies rather
than by the glide of dislocations. These creep processes are usually classified as
viscous creep [64, 65].
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The technically applicable stresses and temperatures for creep testing for P91
steel are in the range 300MPa/500°C — 50 MPa/650°C. The rupture times with
loading conditions in this range are between 100 and 300,000 hours and the
minimum creep rates — between 3.10° and 5.10™"?s™. In the author's opinion [61] in
this stress/temperature range the creep mechanism is dislocation creep. Generally
speaking, the combination of pressure and high temperature makes the dislocation
based creep process the dominant damage mechanism. Creep deformation
sources are the migration of dislocations and sub-grain boundaries [66,67].

S — By alloying the creep properties are
@ improved with precipitation of stable
—0 carbides and nitrides. These particles
& R = will obstruct moving dislocations and
5 = will slow down the creep rate. At lower
Precip
recipitate

temperatures the Orowan mechanism
(Figure 2.13) can be used to explain
the strengthening of hard
impenetrable particles.

o
G

D ocation
a) b)
Fig.2.13 Orowan mechanism: a) bowing between patrticles;
b) Bypassing the patrticles, thus leaving dislocation loop surrounding each one

In this mechanism, the dislocation bends between the particles leaving a
dislocation ring about each particle (Figure 2.13). At higher temperatures the
particle strength according to Orowan will overestimate the contribution since the
increase in dislocation climb mobility at high temperatures allows climb across
particles. A model for dislocation climb around particles has been developed in [68,
69].

Thus, the improved creep strength of P91 steels, as for all 9-12% Cr steels, is due
to the mechanisms which retard the migration of the dislocations and sub-grain
boundaries, and consequently delay the accumulation of creep strain with time.

Such mechanisms consist of:

1) Solid solution strengthening due to formation of solute atoms clouds around the
dislocations; and

2) Precipitate strengthening due to interactions with particles.

The solution strengthening effect often is referred to the presence of Mo. During
high temperature creep exposure at 600-650°C, most of the Mo in the steel
precipitates as intermetallic Laves phase and thus the solution will become poor in
Mo. The dominating opinion is that forming of Laves phase would cause creep
instability in the steel, since the precipitation strengthening effect from Laves phase
was believed to be insignificant.

However, it has been made clear recently that long-term microstructure stability is
not influenced significantly by the solid solution strengthening from Mo. The most
important strengthening mechanisms for 9-12% Cr steels including P91 steel is
believed to be precipitation hardening by pinning of dislocations and sub-grain
boundaries. Thus the microstructure stability under creep load will be equivalent to
precipitate stability [70,71]. Precipitates are known to retard recovery and
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recrystallisation [72-74]. Further more it is recognised that altering the particle
distribution by varying the heat treatment procedure can have a marked effect on
the creep properties of these alloys. As a result, several theories have been
proposed to predict the effects of variations in particle size and spacing on creep
behaviour [75-77]. Threadgill and Wilshire [78] proposed that during creep of
precipitate hardened alloys with constant volume fractions of precipitates, small
particles are sheared so that the work done in cutting each particle increases and
the creep rate decreases with increasing particle size.

In P91 steel, unlike the low alloy ferritic steels operating in the creep regime, the
more easily visible changes such as spheroidisation and break down of the
microstructure at a scale that can be seen under an optical microscope does not
occur in P91. This means that much more costly transmission electron microscopy
(TEM) has to be used to identify changes in the microstructure. Even then the
changes may not be visible to a non-specialist, as it is mainly the changes in the
precipitates and dislocation density that adversely affect the life of these steels.

2.5.4 P91 weld material

Manufacturing fabrication of weldments are standard procedures in a production
process of large castings for power plants components. The knowledge of the
behaviour of welds during long term service of the castings is of great importance.
For acceptance in practice and successful application, the weldability and long
time behaviour of the newly developed materials is one of the most important
aspects.

The welding operation leads to several changes in the mechanical properties of the
resulting structure that may have dramatic influences on the creep strength.

More generally, several problems can be related to the welding operation:

» The solidification of the weld metal may lead to the formation of cracks
especially for very thick components;

» The solidification is accompanied by a metal contraction leading to stress
concentrations that may be significant. As a consequence a post weld
heat treatment (PWHT) is performed to relax residual stresses;

» Local heating of the base metal induces phase transformations and
several microstructural and mechanical properties changes in the so
called heat affected zone.

Because at least ten years have passed since the first P91 practical applications,
there have been growing concerns about age degradation in the mechanical
properties at elevated temperatures for structural components manufactured from
this steel. Therefore, much research has been conducted to predict the creep life
and residual life of base metal of P91 steel [79-82]. After long term service at
elevated temperature, fracture occurred not in the base metal but mainly in the
weldments of the components, where the rupture strength can be lower than that
of the parent material. A weld joint of dissimilar materials under external stress
usually represents a critical point in many technical solutions involving elevated
temperatures. Material damage, cracking and failure in high temperature plant are
often related to the welded areas - weld metal and its associated heat affected
zone. This accounts both for F/M and austenitic materials and dissimilar welded
joints. The consequence is weld repair or even replacement of the component,
resulting in significant outage time costs.
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The weld deposit composition is designed to be as close as possible to the parent
P91 steel consistent with achieving optimum properties, weldability and
microstructure. In order to achieve the optimum balance of creep properties and
toughness, the weld metal compositions differ from the parent alloy as follows:

» Reduced niobium for improved weld metal toughness;

» Nickel is beneficial in improving toughness properties;

» Manganese is generally controlled at a higher level than the parent
material to promote deoxidation and ensure a sound weld deposit;

» Silicon is an essential deoxidant and in conjunction with chromium it
contributes to the alloy’s oxidation resistance. Even a low level of Si
benefits weld metal;

» Vanadium, Carbon, Nitrogen - all have a minor influence on toughness, as
incorrect balance may lead to ferrite formation, and weld metal ranges and
values are essentially the same as the parent alloy to maintain good creep
performance.

The weldment microstructure of F/M steels is shown in Figure 2.14.

by !

%% BM - base metal

' TMPZ - tempered zone (fine grain zone)

TZ - transformation zone (coarse grain zone)
W - weld metal

Fig.2.14 Weldment microstructure of F/M steel

F/M steels are more difficult to weld than austenitic stainless steels — pre-heat and
post-weld heat treatments are required. These types of thermal treatments are
generally required in order to ensure suitable weld integrity and will typically
prevent or remove undesirable characteristics in the completed weld. Properly
done, post weld heat treatment reduces residual welding stresses and softens hard
metallurgical micro-constituents that form in both weld metal and base metal heat-
affected zones. The minimum required PWHT temperature according to the ASME
codes is 704°C. However, P91 is relatively resistant to tempering, and higher
PWHT temperatures are generally needed to reduce hardness in weld heat-
affected zones and to develop the necessary toughness in weld deposits [83]. P91
steel normally transforms completely to martensite during air cooling [84].

Creep properties of P91 steel weldments at different PWHT conditions have been
investigated in [85]. The PWHT temperature, however, should not exceed the
lower critical temperature for the ferrite-to-austenite transformation, AC1,
otherwise austenite will be reform in the microstructure. This “fresh” austenite will
then partially or completely transform to martensite on cooling from the PWHT
temperature, and it will result in untempered martensite in the final microstructure.
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Another important factor is the handling of weldments between completion of
welding process and PWHT. If prior to PWHT weldments are cooled to room
temperature, they will transform more completely to martensite than weldments
that are maintained at or above minimum preheat temperature. Consequently,
weldments that are cooled to room temperatures are less likely to contain
untempered martensite after PWHT. However, maintaining preheat temperature
prior to PWHT is essential for minimising the probability of hydrogen cracking in
weld heat-affected zones.

2.5.5 P91 weldment under creep conditions

The creep properties of the weld metals for high temperature applications, i.e. for
the welded components of power plants with higher steam temperatures and
pressures, are extremely important. These materials exhibit prominent change in
their microstructure when subjected to high-temperature service conditions, which
predetermines their residual creep life. Experience has shown that the first cracks
always appear in the welded joints — different creep strain rates are generally
observed in the different regions of the weldment under external stress and this
leads to the generation of increased mismatch stresses and earlier failure.
Like the low alloy ferritic steels before it, P91was introduced on the basis of the
performance of its base metal strength and it is only in the last eight years or so
that attention has moved to the performance of its weldments, the weakest link in
the chain. In the case of weld joint applications at elevated temperatures, the
mechanical properties can be related to chemical concentration and phase
transformation processes in the diffusion-affected zone (transformation zone) [86].
Information on the time evolution of both the phase and the element redistributions
at a given temperature treatment is therefore very important. The main factors that
influence the stability or instability of the weld joint of steels are [87, 88]:

» Carbide nucleation;

» Phase transformation;

» Rate of diffusion;

» Carbon depletion dependence on temperature.
These factors in weld joints of multi-component alloys have become very complex
due to the high degree of freedom of the multi-component system [89,90]. The
diffusion fundamentally affects the rate of phase transformations at elevated
temperatures and the changes in chemical potentials of the elements are
consequently the cause of phase precipitations, growth, phase dissolutions, and/or
phase boundary replacement in the weld diffusion zone [91].

In many cases, regions parallel to the initial weld interface are formed in the
diffusion-affected zone, with different microstructures having different mechanical
and corrosion-resistant  properties. In order to evaluate long-term
mechanical/microstructure stability of weld joints it's necessary to investigate the
relationships among the element/phase redistributions, the microstructure at
various points across the weldments, and local mechanical properties [92].

Purmensky et al. [93] explain the reason why the creep rupture of welded joints at
high temperatures is often observed in the heat affected zone, especially in the so
called intercritical zone (IC-HAZ). They found that with increasing interparticle
spacing of secondary phases (M23Cs and nano-particles of MX), which determine
the precipitation strengthening the proof stress and creep rupture strength
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decreases, while creep rate increases. The interparticle spacing of secondary
phases in the HAZ is found to be much higher than in the base material. Therefore
the proof stress and hardness as well as the creep rupture strength of HAZ is much
lower (about 20%) than that of the base material.

The creep properties of a welded joint can be measured by extracting cross-weld
specimens. Recently creep failure in uniaxial cross-weld tests for high Cr steel
welds, including P91 welds, has been reported [94-100]. Creep failure involves
complex interactions between zones and the observed weld uniaxial test failures of
plane bar specimen geometry are, however, highly artificial. Still some micro-
mechanisms ongoing in particular zones of a welded joint cannot be identified for
certain. Thus, it is important to develop a testing methodology to characterise local
properties of a welded component. Micro-tensile testing, although not standardised
yet, may be used for this purpose [101-103].

2.6 Miniaturized Testing Technique

2.6.1 Current industrial needs

The possibility to estimate the extent of properties degradation of the alloys in
service and predict the remanent life time is a big issue in the industry that
becomes possible by testing of small scale specimens. Additionally, many
advanced materials are often in limited supply and the use of small test pieces can
accelerate the production of useful data. Therefore, the needs for miniaturised
testing methods may be summarised as follows:

» A need for minimally invasive assessment of structures, especially for thick
components of plants where Small sections can be taken from working
components and tested to assess bulk homogeneous material degradation
without affecting the performance — almost non-destructive testing;

» Aneed for evaluation where the zone to be investigated is localised:

When mechanical characteristics for a given component are not known,
nominal properties are used. For the critical locations in working components
(most stressed, more damaged ones) the local material properties could be
very important for quantitative evaluation of the residual life. Specimen
miniaturisation is extremely desirable therefore for limited sampling
material from thick walled components, i.e. by using non-invasive or even
locally invasive methods which exert no detrimental influence for the
component;

» A need for failure analysis of a wide range of components and products
where the available material is restricted;

» Another need is the availability of mechanical properties on samples from
service exposed parts of infrastructures for failure analysis purposes.
Machining the conventional (large) specimens for the standard tests might
not be compatible with the dimensions and shapes of the available parts.
In other cases, the damaged region to be investigated must be assessed
by highly localised sampling, involving small volumes for the tests;

» A need for an analysis of thin components: measurements from miniature
samples are needed for assessing not only the local damage in massive
steel components, but also for thin parts, only few mm thick. In such cases,

Darina BLAGOEVA - PhD - Thesis- 35



the zone to be characterised is very small and a traditional (large)
specimen is poorly representative of the surface damaged region;
» A need for weldment assessment including weld material and heat affected

zones within the parent metal, coatings, claddings etc.
The analysis of such critical zones would need sampling of regions with a thickness
less than 1 mm. Here the important characteristics for evaluating damage and
residual life are: creep strength, ductility, impact fracture toughness and fatigue
resistance. In this case neither uniaxial, nor impact tests using conventional Charpy
specimens can be miniaturised enough. There is an obvious need to scale down
the specimens' size in order to fulfill such thickness requirements.

2.6.2 Miniature specimen design

The current range of "sub standard" specimens is considered here. Many of these
designs have been created for the needs of the nuclear industry: its construction
costs, its need for identification of radiation effects on materials and stringent safety
requirements create a strong requirement for small specimen testing which can be
readily justified economically. Thus, there can be a "spin-off" to more conventional
industry for the use of such mini techniques.
The miniature specimen design can be categorised as:
» Miniature specimens similar in shape and form to the conventional
specimens but scaled down in absolute size;
» Miniature specimens of innovative design specifically developed to take
advantage of the smaller dimensions.

2.6.2.1 Miniature specimens similar in shape and form to the conventional
specimens but scaled-down in absolute size

A typical geometry for a specimen for tensile testing used worldwide has a 50mm
gauge length and a 10mm diameter. A similar but smaller specimen design is
illustrated in figure 2.15 [104]. It has only a 20mm gauge length and is 3.2 mm in
diameter. Much smaller micro-tensile specimens with only 9mm gauge length and
2mm diameter are used by Ceyhan et al. in [105] to characterise local properties of
a welded component, see Figure 2.16.

-
-
S pas 09

i

I
N
3
3
Y

=
=l
A
©w
3
3
¥
.

1.5mm
thickness=0.5mm

E
e
N

-

W 4.5mm

Fig.2.15 Typical 20 mm gauge length Fig.2.16 Microtensile specimen of 9 mm
tensile sample [104] gauge [4]

Other authors using micro-tensile testing across the weldments are Sekhar, Cam

et al. in [106,107]. Thus it is also useful for in-service material characterisation that
might possibly be compared with other test methods as small punch testing [108].
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Small-scale "conventional" creep testing is
essentially a scaled down version of

1 conventional testing utilising specimens of

lsa similar geometry loaded in a similar manner

s _ ' to produce creep rates equi_valent to those
sl | F obtained from larger specimens. Several
different techniques are known, for instance

Fig.2.17 A typical sample design,

in [109-113].
plate’cjr%re?%l;ggenlﬁ:(‘z[lﬂi]of the Other typical designs of the smaller forms

are generally formed from "plate" and are

flat rather than round specimens. Ranges of
sizes have been used, typically 2-3 mm thickness, and although the specimen itself
is quite small, the total length can be fairly large and in excess of 20mm. Smaller
sizes, such as those with a width of 1.5mm, a thickness of 0.25mm, an 8mm gauge
length and a total length of around 17mm, are the next size option, see Figure
217.

Some authors [115] are using flat type

—T—- o2 specimens with square section of
b 3mmx3mm and 25mm gauge length.
| However, the smallest conventional shape

form found in the literature is shown in

L a1 J, Figure 2.18. The specimen has length of
Fig.2.18 The smallest 3.1mm and a thickness of 0.2mm [116].
conventional specimen design As can be seen, a full range of sizes has
found in the literature [116] been used over the years. As the specimen

size is reduced, it increases the degree of
difficulty for manufacturing, handling, testing and interpretation of the results.
Indeed, it is pointed out that the test methods and handling are not trivial for such
small samples.

Toughness testing, using the simple Charpy impact energy approach generally
uses 10mm square bars of 556mm length with a notch machined at centre of one
edge. There are constraints placed on data validity, dependent on material strength
and ductility, in using such type specimens. Such effects are more pronounced as
the bar size is reduced. However, the advantages are using limited amount of
material for alloy development or for operating components that can only provide
limited material or for radiation reasons. A range of sizes has been exploited and
tested in notched bars from 10mm square to the small 1.5mm square bar section,
see Figure 2.19a [117]. The smallest notched sample can be cut from a failed half
Charpy, Figure 2.19b.
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Fig.2.19 a) Typical size ranges of Charpy impact samples, many of them capable
of removal from failed halves of conventional Charpy samples [117];
b) Typical range of notched bar samples which allow the samples to be cut from
failed Charpy samples [118]

2.6.2.2 Miniature specimens innovatively developed in order to take
advantage of the small size

The main specimen geometry used by different researchers is a disc, cut from
material whose properties are required [119-123]. In general there are two typical
disc diameters, 3mm, referred to as a TEM disc [124] (it can be prepared using the
same principles as the conventional disc for TEM examination) and 6.5 — 10mm
diameter size and up to 0.5mm thick, often utilised in Europe for high temperature
studies. Rectangular, rather than round "discs", are used by some researchers-
10x10x0.3/0.5/0.25mm [125-127].

Special attention to the devices used for extraction of such small specimens, as
well as the problems that can arise during the sampling process is detailed in [128].
A view of the SP sampling equipment is shown in Figure 2.20.

Fig.2.20 Small Punch sampling equipment

The specimens of this design are quite small, therefore techniques and appropriate
testing equipment have been developed for handling and testing such samples,
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which is not trivial task. The discs are loaded by a central rod, in a small jig that can
fit either on the conventional test machines or special testing rigs designed for
small scale specimens. The loading itself can be from a flat ended cylinder or a
hardened steel hemisphere or ball with a diameter from 1mm to 2.5mm, depending
on the disc size, normally referred to as a small punch or bending test. Variations in
the loading system used and reported in the literature can be summarised as:

» Changes in the ball or cylinder diameter;

» Modifications of the clamping of the disc during loading;

» Use of different shapes punches - annular [129]; elliptical [130].

Two classes of use for such indentation tests can be envisaged; in the first one the
deformation is enclosed within the thickness of the sample, and in the second ones
the test is taken to failure. The former is generally referred to as indentation testing
and usually is used to define the yield stress and work hardening in plasticity and
the secondary creep rate in constant load high temperature creep testing.
The second relates to penetration of the indentor to failure. The larger deformation
class separates into two main punch forms: shear punch [120] and bulging type
tests [131,132]. The latter can use either cylindrical or ball punches whereas the
former is restricted to cylindrical or sharp edged punches. With cylindrical punches
the contact area is fixed and constant during the indentation (shear punching) with
deformation and damage focused into the narrow ring of material sheared between
the punch and the hole edge. The alternative bulge test can use any shape
indentor, although generally this is a hemispherical ball. Here the loading initiates
at the disc centre line and the contact area will change with indentation depth. The
resulting specimen will have a pronounced bulge and the deformation and damage
will be more evenly spread over the deformed area. The deformation distribution is
complex and will be influenced by material ductility.
These indentation type samples can have an important input in property
measurements testing if suitable interpretation of the test data is possible. Their
size allows them to meet the general requirements for miniaturized samples:
localisation within specific microstructural constituents, small enough to allow
uniform radiation damage, ability to be taken from operating plant. However, the
preparation and testing require careful consideration [119-121,133] as the
techniques are not trivial. Due to their reduced thickness, these types of specimen
require:

» Special surface preparation, similar to that applied for TEM disc samples;

» Detailed procedures for testing;

» Development of testing modules that can be fitted into conventional test

equipment; or

» Designing special equipment for testing small geometry specimens.
Investigations on the machine compliance [134] and loading system geometry
[135] have been conducted and reported. It turns out that the effect of the test jig
geometry can be significant for the testing results. The uncertainty of
measurements can rise not only due to different testing equipment employed, but
also when different materials or different shape specimens are tested. To avoid all
these uncertainties, in order to have robust and repeatable results it is strongly
recommended that efforts to establish solid guidelines and testing procedures for
conducting small scale testing be continued. The key feature of all these specimen
designs is their small size and a major question is whether the properties

Darina BLAGOEVA - PhD - Thesis- 39



measured from them are relevant or compatible with those measured from
conventional designs.

The quoted specimen designs have been developed over the last twenty years to
meet required commercial objectives. The data interpretation in most cases has
either reached an acceptable stage for specific materials important for the industry
or approximate methods are available, currently being refined. As a future work,
optimisation of the test procedures for small specimen testing needs to be
improved, as more experimental test data become available for verification, as well
as standardisation of the experimental methods to ensure accurate and
reproducible tests, confirmed by Round Robin experiments.

2.6.3 Indentation techniques

The indentation methods, as mentioned above, have been extensively employed to
measure technological characteristics and to estimate mechanical properties of
materials. The reasons for the application of the hardness test for material
qualification are several:

» Relatively simple, well established and low cost procedure;

» The possibility to be applied on a small sample or a small area in a larger

sample such as a coating, weldment heat affected zone etc.;

» Non-destructive test, applicable also on in-service components.

This area has been reviewed or considered in detail in [136-140].

4 = Grwana/2)*
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Fig.2.21 Instrumented indentor —stationary application in laboratory as well as
mobile for ambulant testing of components

In particular, the hardness is obtained by
Fonss dividing the maximum force applied during the
indentation by the extension of the residual
crater produced on the surface of the sample
(Figure 2.21). The measured indentation
hardness is scalable to other hardness
parameters such as HV, HB, HRC. The curve
A vl registered during the indentation test is shown in
b Dy Figure 2.22.

Hardness = Force F / Indentation surface area Aq

Fig.2.22 Indentation curve — applied force versus penetration depth
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Parameters such as E-modulus, ultimate / yield strength, residual stresses, strain
hardening, rate effects can be evaluated through this technique. Several authors
are using the indentation test for direct correlations of the hardness with yield and
tensile strengths [141-145]. The disadvantage of the proposed correlations is that
they are valid only for specific classes of materials and this makes the use of the
hardness properties a procedure lacking in accuracy and not generally appropriate
for evaluating the main material strength parameters.

Beghini, Bertini and Fontanari [146] are using the spherical indentation test in order
to deduce the stress-strain uniaxial properties of the investigated material. Tipping
and Schindler [147] also apply an indentation technique to obtain material
parameters such as the Meyer hardness number, the work hardening related
index, the Meyer constant and estimated true stress-true strain tensile behaviour
on a different metal weld between austenitic and ferritic steel.

The introduction of the instrumented indentation testing machines made many
details of the indentation process available and stimulated a great effort to develop
more refined procedures for acquiring more accurate estimates of the elastic-
plastic properties [148-151]. The indentation method is quick, convenient, sensitive
and a non-destructive way to physically characterise metallic materials before and
after service conditions and can complement the more traditional ways of obtaining
data from materials undergoing degradation in NPP environments.

Where creep properties are concerned, so called "impression creep", the
indentation at high temperatures is utilised to produce a constant deformation rate
from which a creep strain rate can be derived. Technical details of the technique
can be found in [141,152-155].

2.7 SP testing method background

In recent years, interest has increased in developing a new "small punch (SP) test"
technique, developed over the past 20 years, with the aim of restricting the volume
of the test material by creating miniature samples. The SP technique is a powerful
method capable of providing direct values for mechanical properties of materials
(tensile, toughness and creep strength data) in contrast with indirect
measurements using X-rays, metallographic, ultrasonic or magnetic techniques.
Compared to large-scale testing, the SP-test is relatively non-destructive and
allows mechanical property changes to be determined locally in materials using
fairly small disc specimens. It may serve as a useful tool in assessing structural
component integrity, for instance in weldments and high stressed regions, which
requires strength, toughness, and ductility properties. It has the potential to
estimate creep behaviour for materials in high-temperature service. The main
advantages can be summarised as follows: compact geometry, relatively easy
sampling (sampling operation removes only a modest amount of material from the
component surface and in most cases no repair is needed afterwards), relatively
easy sample preparation & handling; small geometrical inhomogeneity effects; the
test itself is rather simple to perform and inexpensive. In addition the SP method is
useful for characterising coated components, claddings, welding zones of
components and other critically weak regions where cutting of standard specimens
is not possible.

Darina BLAGOEVA - PhD - Thesis- 41



Originally it has been developed with the objective of measuring the ductile to
brittle transition temperature (DBTT) [156-168], and estimating fracture toughness
in a range of low temperatures [124,167,169-180]. Later on, the creep properties
also started to be the object of investigation, looking mainly at the potential of the
SP technique for revealing the effects of creep [34, 37, 38, 55, 59, 63, 214, 215
etc.], thermal ageing, fatigue, ageing embrittlement, hydrogen embrittlement [212,
213] and irradiation damage [104, 156, 163, 184]. Isselin et al. [181] are using the
SP method to evaluate the environmentally assisted cracking effect using very
small specimens — 3mm in diameter and only 0.25mm thickness in a water
environment.

When the SP technique is used to evaluate the degradation of creep properties
and/or degradation due to thermal aging, it supports the maintenance of structural
integrity in high-temperature components. Small punch creep testing uses a punch
arrangement to deform flat disc specimens to failure at high temperature,
producing a deformation curve similar to that of a conventional creep test. The SP
technique is well documented in the literature. Refs [125-127,182-192,113]
reported that the method provided useful information on the evaluation of high-
temperature strength for components. Klevtsov, Dedov et al. [193, 194] use SP
test method to assess the ultimate tensile strength and yield strength of power
plant steels, and Campitelli et al. [195,196] for assessment of the stress-strain
relationship.

One of the key aspects is the interpretation of the test data obtained from mini
specimens and developing standards for small scale specimens. At present a
number of theories and test techniques are under development for the purpose of
applying the small punch creep test to the residual creep life assessment of in-
service high temperature components [155,191,192,197]. However, these methods
all depend on uniaxial creep results and can not be extended to study life
assessment only using small punch creep data.

Some authors proposed empirical relationships in an attempt to correlate the
response of SP tests directly with the results from conventional tests for high
temperature creep [109, 127, 183, 192, 189, 199, 125, 200, 207-210] and for
fracture mechanics properties [124, 156-179, 201-206]. This makes the analysis of
SP creep results simple and practical, but unsuitable for seriously quantifying the
remaining creep life fraction of in-service components. Actually, the failure time in
SP creep tests is not the only important parameter. The way in which the SP
specimen is deforming and the thickness is reducing in the necking area is more
critical and meaningful.

Other papers introduced models that help the interpretation of the SP results in
terms of stress and strain. The definition of the stress state within the SP specimen
appears to be the more complex problem, although the membrane-stretching mode
has been accepted as a basis for a valid model. Yang [190] and Dobes [192]
present a simplified solution taken from the works of Chakrabarty [182] and
Timoshenko [211] and adapted for the SP creep testing technique. However, in
both cases, the SP-load/uniaxial-stress ratio found by the authors was lacked of
physical meaning. Komazai [127] and Mao [124] present the more complete strain
model for the high temperature SP creep and for the SP tensile test. Also in this
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case, the models come from the work of Chakrabarty. The thickness reduction was
evaluated and directly measured on interrupted tests and directly linked with the
strain. Furthermore, Mao [123] together with Yang [190], introduced a simplified
finite element model for the strain, finding an unequivocal relationship between the
calculated strain and the measured central deflection. Finally, a detailed stress-
strain analysis of the SP tensile test was made by Byun [129] which tried to
correlate the deformation regime with the stress and strain state within the SP
specimen.

2.8 Code of Practice for Small Punch Testing

The recent progress in Europe of SP creep testing is presented by Hurst, Bicego
and Foulds in [198]. A major development is the CEN Workshop Agreement, CWA
15627, “Small Punch Test Method for Metallic Materials” comprises two parts, Part
A: A Code of Practice for Small Punch Creep Testing, and Part B: A Code of
Practice for Small Punch Testing for Tensile and Fracture Behaviour [2]. Each part
contains an appendix that describes various aspects of application, including field
sampling, sample location selection, test specimen configuration and preparation,
the apparatus, test procedures applied, interpretation of the test results etc.

This workshop agreement is proposed to find a consensus solution to the problem
of materials analysis of components of engineering equipment, as required for
testing of equipment at several moments during their operational life (integrity
assessment and residual life evaluation).

To get reliable results, samples must be taken from actual operational components
and not from new casts. Conservative lower-bound curves published in the design
codes and material manufacturer specifications also should not be used to get
material characteristics during operation of the components. Such data are not
specific to the particular material under study, the properties of which may also be
changing during long term service. All this would lead to a large uncertainty in the
integrity analysis.

The existing standardised solutions specify particular test sizes that require
removal of an amount of material that may result in damage of the actual
component, rendering its continued operational use impossible.

The development of improved procedures such as SP testing to support integrity
assessments needs to be addressed on a European or even global, level, rather
than at national or even individual organizational level. This reflects the increasing
importance of EU legislation on one hand, and on the other hand the international
nature of business.

Although some limitations on SP applicability still exist (mainly concerning the
interpretation of the data), in general it seems to be promising technique for
material properties determination.

Darina BLAGOEVA - PhD - Thesis- 43



2.9 Conclusions from the literature review

Many power and petrochemical plants are currently approaching, or are already
operating beyond, their design life. These industries are then strongly interested in
developing and using a reliable method for residual lifetime assessment to justify
their maintenance costs. The traditional destructive testing methods require large
specimens that would violate the structural integrity of the working components.
Various non-destructive or miniaturised specimen testing techniques have been
developed over the past two decades. The SP technique seems to be a promising
method for determining mechanical properties of metals, considered an almost non-
destructive technique, requiring a small amount of material, easy and inexpensive.

The small specimen size not only eliminates the need for large amount of material
removal, but at the same time permits measurement of properties in local most
critical areas of components. It is obvious that there is a genuine need for small
specimens to meet technical rather than just economic objectives. Thus, the
specimen design, development and interpretation has been strongly user driven for
at least 20 years period with individual research projects, industrial user projects,
collaborative projects involving both companies and the European Commission (for
example in Europe), as well as validation / round robin projects. From the literature
review it is clear that there is no "perfect" design specimen, but that each design or
family of designs aims to meet the objectives of a specific work area.

The SP technique, proposed by Manahan et al. [1], enjoys an increasing interest
lately and can be applied for studies of creep and fracture properties, as well as
fatigue, ageing embrittiement, hydrogen embrittlement and irradiation damage. The
current status of the testing methodology in question is presented (at European
level), as well as some preliminary investigations to show the suitability of the SP
testing technology for application as a lifetime prediction tool for metallic
components operating at high temperatures, also in support of the recently
launched Code of Practice for Small Punch Testing (CEN/WS 21) [2].

The SP technique has been investigated by several authors around the world and,
beyond the promising results, there is no doubt that much work remains to be
done.
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3. THESIS OBJECTIVES

The main objective of this research is to assess the suitability and increase the
acceptability and competitiveness of the SP technique as a tool for in-situ residual
life assessment of new generation ferritic/ martensitic steels and their weldments,
also in support to the recently launched Code of Practice [2] for SP testing. The
development of a methodology which serves as a verifiable and reliable practical
test method for creep damage evaluation will eventually assure the acceptance by
the industry of the SP test methodology as a reliable tool for lifetime assessment
and for supporting decisions related to lifetime extension

The achievement of the above objective relies on the research activity of this thesis
which can be divided into the following steps:

» State of the art literature survey on the problem;

» Defining the experimental matrix;

» Procuring of material and manufacturing of conventional creep samples
and SP discs to be tested;

» Conducting conventional uniaxial creep tests to evaluate the creep
strength of P91 BM, WM and SE metal at 600°C;

» Conducting conventional tensile test to determine the tensile properties of
P91 BM, WM and SE metal, again at 600°C;

» Performing SP creep test of discs, taken from the BM, WM, SE, CG-HAZ

and FG-HAZ to be compared with the uniaxial creep tests, improving the

SP creep equipment for precise temperature control at 600°C;

Interpretation of the SP creep data in terms of stress-rupture results and

correlating them with the conventional results;

» Developing a FE model, based on the uniaxial conventional creep results
to predict the creep behaviour of a SP disc for BM, WM and SE P91
material and subsequently verifying the model’'s validity by means of the
experimental SP test curves recorded for these materials;

» Carrying out low temperature SP tests to evaluate the fracture properties —
ductile-to-brittle transition temperature and fracture toughness of BM, WM
and SE P91 material and correlating the results obtained from the SP test
with the conventional Charpy and fracture toughness data reported in the
literature.

Y

The successful completion of the present work will contribute to increasing the
applicability and reliability of the SP testing methodology, making it more effective
and the results more reproducible and precise. The better the SP tests are defined
and the better a testing routine can be reproduced and performed, the more the
results can be considered reliable and the methodology utilised in structural
integrity and safety assessment as an indispensable alternative mechanical test
technique for direct evaluation of damaged material.
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4. EXPERIMENTAL

In this chapter the experimental procedures adopted to assure the repeatability and
trustworthiness of the results will be detailed.

4.1 Testing equipment

The main test facilities employed in the current work were two SP creep testing rigs
for high temperature tests and a single SP tensile rig for low temperature tests. The
SP creep equipment was designed originally by the University in Wales Swansea
(UK) and was modified during the work to assure accuracy of the data recorded.
The SP tensile test rig was designed according to a technique developed by Dr.
Whelan of the JRC in Ispra, Italy.

Additionally, equipment for standard uniaxial testing was employed to obtain the
creep and tensile material properties of the test materials to support the evaluation
of the results of this work.

4.1.1 SP Creep facilities
General layout

The SP equipment working at constant load has been developed in the University
of Swansea under the direction of Prof. Parker and Dr. G. Stratford (ref). Prior to
the work conducted for the purposes of this thesis, the rigs were involved in an
international round robin exercise, which involved three others laboratories,
including Swansea University (ref).
The SP testing machines (Figure 4.1) consist of a hemispherical-ended puncher,
specimen holder, loading system, furnace working at relatively high temperatures,
inert gas for oxidation prevention, measuring devices — LVDTs and thermocouples,
and data acquisition system. The puncher is made of creep resistant Nimonic alloy
and machined by CNC (Computer Numerically Controlled) technology to have a
perfectly hemispherical tip with diameter of
2mm. It is pushed against the specimen by
a constant force. The stainless steel
specimen holder is composed of upper and
lower dies and one positional ring that clamp
the sample around its edges. By screwing
together the upper and lower die the sample
disc is firmly fixed to prevent upward or
sideways displacement during punching. A
hydraulic piston working with compressed
air was used to allow rapid and constant
loading and to guarantee reproducible
loading conditions. The load accuracy
achieved was within +0.5% which falls well
inside that specified in the Code of Practice
] ) ] [2]. To maintain the sample at the desired
Fig. 4.1 SP testing equipment temperature, the whole arrangement,
(JRC-IE lab) holder/ specimen/ puncher/ thermocouple, is

Darina BLAGOEVA - PhD - Thesis- 46



enclosed in a cylindrical furnace, controlled by a Eurotherm controller. To prevent
oxidation of the specimens, the tests were carried out in a constant flow of argon
gas. The specimen deflection was monitored by 2 LVDTs, one measuring the
displacement of a quartz rod, which is in a contact with the lower surface of the
sample, and the other the displacement of the puncher rod itself.

The SP testing set-up is illustrated schematically in the figure below (Figure 4.2).
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Fig. 4.2 Schematic of the experlmental SP set-up

The SP specimen with an initial thickness of h,=0.5 mm is located in a recess on a
stainless steel die and clamped around the edges by a stainless steel upper die,
which works also as a guide for the puncher. The puncher is pushed against the
specimen by a constant force. The clamping force is presumed to be high enough
to avoid any sliding due to the absence of any sign of sliding on the SP disc at the
end of the test. A circular hole of D=4mm diameter is located in the die below the
specimen, into which the sample bulges under the action of the punch at the
specified load. To avoid friction of the disc with the inner wall of the lower die [216],
the geometries respect the empirical relation:

Dz22r+2-h, (4.1)
To maintain the sample at the desired temperature, the whole of the
die/specimen/punch arrangement is enclosed in a cylindrical furnace. The furnace
is based on a resistance heating system and controlled by the Eurotherm® 2132
temperature controller. Based on the input of a thermocouple mounted next to the
wall of the furnace a solid state relay closes or opens the circuit following the need
for heating or cooling thereby keeping the temperature of the sample within +2°C.
In the two opposite sides of the furnace a cooling system works by circulating cold
water to maintain the temperature of those two cold points at temperature below
50°C in order to prevent damage to the rubber ‘0’ rings, which seal the gas system.
Type N thermocouples are used to measure the temperature. The temperature of
the sample is taken from a thermocouple placed as close as possible to the
specimen top surface due to the impossibility to fix the thermocouple directly on the
sample during the test. More regarding the temperature monitoring control is given
in the temperature calibration description further.
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All tests were performed in a protective atmosphere of argon with an industrial
purity (argon 4.6). A valve regulates the flux of argon at 0.3 I/min. Such a flow was
verified not to influence at all the temperature field around the sample. The gas
should be evacuated only from the valve fixed in the bottom part of the equipment
to assure the sample was not in contact with an appreciable quantity of oxygen. A
rubber bellow was employed to avoid leaking of argon from the connection
between the mobile puncher and the fixed part of the equipment.

The central deflection was measured by two LVDT extensometers type AG 1.0
manufactured by Solartron®. The data was triggered by the transmitter Solartron®
OD2. The range of operability was of 2 mm and the deviation from linearity is
shown in the paragraph dedicated to the calibration procedure. One of these LVDT
(Bottom LVDT) was directly taking measurements from the displacement of a
ceramic (quartz: Al,O3) rod applied on the lower surface of the disc. The rod was
ceramic to assure the absence of any appreciable false reading due to marked
thermal expansion. The contact between the rod and the lower surface of the
sample was assured by a small spring. Furthermore, the contact had to be as flat
as possible in order to assure the reading referred only to the central bulge of the
sample. The second LVDT (Top LVDT) was taking measurements by an aluminum
rod (far away from the hottest point of the equipment) attached to the puncher and
it was reading the distance moved by the puncher at the point where the rod was
attached. The heat coming from the furnace can influence the measurement of the
Top LVDT. To limit this effect a heat sink was positioned on the puncher below the
rod connected to the LVDT. Because of the greater reliability for the measurement
coming from the Bottom LVDT all the results were given referring to this LVDT. The
Top LVDT was thus employed just as controller and back-up extensometer.

The loading system consisted of hydraulic piston working with compressed air. It
was added in order to allow instantaneous loading within 2-3 sec, as recommended
in the SP Code of Practice, in order to guarantee the reproducibility. During the
loading the puncher had to be slightly raised for some seconds to avoid eventual
vibrations and impacts on the sample surface. Small temperature variations (less
then +2°C) induced in the sample lasted just few minutes, but they cannot be
considered crucial.

In order to automate the data acquisition system and make easier the recording, a
LabView software was developed in the institute for managing the data by a Field-
Point National Instrument hardware (Figure 4.3).

[ P ST e [ ——— T

Fig. 4.3 SP control interface (Lab View) & typical examples of SP creep curves
registered during SP creep testing
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The resulting measurements were continuously recorded in ASCII files on a PC. A
friendly interface was created to set up the test parameters such as the rate for
recording the data. The system was capable of recording displacements and
temperature at any desired interval of time and for any event the user wished to
consider. In general any variation of temperature greater than 0.5°C and any
displacement greater than 10 mm were recorded. The software was also capable
to trigger the recorded data with specific events such as the switching on or off of
the furnace.

Calibration

The whole process involves measurement of load, temperature, and displacement.
Among these the temperature was the more important because of the sensitive
role it plays in the creep phenomena.

» Temperature

Creep is a thermally activated process and the precise measurement of the testing
temperature is therefore crucial to obtain trustworthy results. Special attention was
paid to the experimental control conditions, in particular exact temperature
measurement - a known problem in the SP test implementation.

In the SP equipment, thermocouples of type N were used. Under the current
conditions they can be considered reliable with a degree of uncertainty of + 0,5°C.
Each of them was calibrated by a reference furnace ISOTECH® with a certification
declaring uncertainty of £ 0,5°C in the range of temperature from 200° to 650°C. In
the ISOTECH reference furnace narrow deep cavities hold the thermocouples to be
calibrated together with the reference thermocouple. As a result of the calibration a
correction factor for each thermocouple was obtained for 600°C. The correction
factor was expected to provide a reliable value of temperature within the limit of
precision of the type N thermocouple.

Another factor affecting the uncertainty of the temperature value was the stability of
the furnace in the SP equipment. From the reading obtained during the tests it
appeared that the furnace was stable and the variation of the measured
temperature of the sample was kept in the range of + 2°C. In the SP CoP a
variation of 2.2°C is envisaged for 600°C.

Another important aspect to take into consideration was the impossibility to fix a
thermocouple directly on the sample during the test. The main difficulty for direct
temperature monitoring relates to the thin section of the specimen and lack of
space (specimen is tightly enclosed into the holders/dies). This makes it not
feasible to weld a thermocouple on the specimen surface for direct temperature
measurement as in conventional creep tests. Moreover, the only way for accessing
the specimen from below is restricted because of the extensometer, used to
measure the vertical displacement. The information found in the literature on
temperature monitoring was either too sketchy or simply missing. The most
common way of measuring the temperature of the sample, according to the
literature, is through a thermocouple affixed to the specimen holder (upper die). As
a result, the distance between the specimen surface and temperature measuring
point was around 10mm. That led to a temperature gradient of approximately 25—
30°C. To minimize the gradient, the design of the holder was slightly modified.
Extra co-axial holes were drilled into the upper die and the clamping ring, enabling
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access to the sample surface. Additionally the retainer, where the sample lies, was
made deeper for a better clamping contact. The positioning of the measurement
operational thermocouple is shown schematically in Figure 4.4.

1 — receiving aperture
[ 2 — specimen retainer
!
| Upper die
Punc —bj < Additional ring to
I clamp the specimen
Soecimen—k
<>,
| : . Operational
i Thermocouple
; Lower die
Welded
—» thermocouple

Fig. 4.4 Schematic of the SP temperature calibration

Temperature calibration of the SP test equipment was done by removing the lower
LVDT and welding a thermocouple on the sample underside. In all our
experiments, another thermocouple, reaching the top surface of the sample
through the drilled holes, was employed. Both thermocouples were calibrated
beforehand by the reference furnace as usual with an expected precision of *
0.5°C. A difference in the temperature of the two thermocouples was assessed.
Correction factors of either 5.4°C or 7.4°C for each of the SP creep testing devices
were introduced during setting-up the SP tests. Once the correction was known the
real temperature of the sample was calculated subtracting this difference from the
reading of the thermocouple.

> Load

The employed weights were calibrated by a balance with a precision of + 5gr.(+
0.05N). Other small mechanical factors, such as the small spring employed to keep
the ceramic rod in contact with the sample and the effect of the rubber elbow
restraining the spring from below were not considered significant. Thus, a final
accuracy for the load of £ 0.05 N was assumed.

During the SP test, it had to be assured that the load was applied perpendicularly
to the top surface of the sample and that the sample was perfectly parallel. A spirit
level was employed in order to guarantee the horizontality of the SP device, and a
weight suspended by a thread to check if the frame guiding the puncher was
perpendicular to the sample. Eccentricity of loading were not so important because
the sample was securely clamped around its border and an eventual eccentricity of
the load resulted just in a slightly off centre deformed bulge.
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» Displacement

Two LVDTs were used to measure the deflection of the disc. The linearity of the
transducers was assessed by inserting ceramic gauge-blocks under the
measurement tip of the LVDT. The signal was from 4 to 20 mA current and the
calibration was performed reading the signal twice increasing and decreasing the
displacement respectively. The average value (S;) of the two readings was then
linked to the displacement (u) by the relation:

u = (S, — Zero)* Gain (4.2)
where (Zero) was an arbitrary value and the (Gain) was fixed in order to minimize
the deviation from linearity. The linearity of the transducers was evaluated
comparing the result of the Eq. 4.2 with the real thickness of the gauge-block (t) by
the percent of deviation (Eq. 4.3):

dev % = (t—u)/2 * 100 (4.3)
The LVDTs showed in the working range a deviation from linearity less than 0.1 %.

4.1.2 SP fracture test facilities

This equipment was employed to investigate the potential of the SP testing
technique for assessing the fracture properties of materials.

General layout

An INSTRON 5586 electromechanical load frame machine equipped with a load
cell of 5kN and operated with the control software Bluehill2 was employed for low
temperature SP fracture tests. The test configuration allowed the sample to be
tightly clamped inside two coupled cylindrical pieces which formed the specimen
holder. The holder itself is positioned between 2 blocks fixed firmly together by
bolts (Figure 4.5)

Puncher

1

=

LVDTs

Blocks
containing the
sample holder

Vs
pecien hder

Fig. 4.5 SP fracture test implement
A central through-opening along the axis of the assembly allowed the travel of a

puncher with a hemispherical tip with diameter of 2R=2.5mm touching the upper
side of the sample disc. Two side grooves are present in the upper block for
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positioning the displacement transducers. A thermocouple was placed at a few
millimeters from the specimen surface. The blocks were fastened onto a load frame
with long bar-shaped pieces which provide the necessary clearance for operation
inside the environmental chamber.

The schematic of the SP fracture test implemented is presented in Figure 4.6.

The machine was adapted with a special environmental chamber for working over
a range of temperature between -158°C and 300°C (Figure 4.7). Liquid nitrogen
was introduced as cooling agent.

For experiments requiring temperatures lower than -158°C, two extra vessels for
liquid nitrogen were built and connected to the machine. The first vessel comprised
the SP disk together with the sample holders and was connected with the second
vessel, fixed outside the chamber where liquid nitrogen was filled. In these tests
the environmental chamber was used to reach -158°C temperature, after that the
vessels were filled up with nitrogen allowing cooling the sample down to -192°C
(Figure 4.8).
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Fig. 4.6 Schematic drawing of the SP low temperature fracture test equipment

Fig. 4.7 SP fracture equipment with environmental chamber mounted
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PPV B e

nitrogen

Fig. 4.8 Liquid Nitrogen cooling system used for temperature of -192°C
The lower bar was designed to house the lens of a digital camera, allowing visual
monitoring of the specimen and image capture. Images were captured for room

temperature SP tests visualising the crack initialization and opening (Figure 4.9).
For very low temperatures it was impossible to use the camera inside the chamber.

[CIL
© @

Fig. 4.9 Images registered by the camera during the SP fracture test

Crack
opening

The signals from the different transducers were connected to a set of signal
conditioners NI Field-Point, from where a customized LabView application obtained
the input data. The channels registered were: load, time, temperature, crosshead
position and displacement — right and left LVDT (Figure 4.10).
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Fig. 4.10 LabView control interface & load-displacement curve registered during
the SP fracture test
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Calibration

> Load

The electromechanical load frame Instron 5586, equipped with 5 kN load cell was
used for the SP fracture tests. The maximum relative error of the measured load
was 0.3% .

» Displacement

Two linear variable differential transducers (LVDTs) LIN56, operating in £5 mm
range over temperature range from -220 to 600°C, were employed for vertical
displacement measurements of the puncher, which was consistent with the disc
deflection. The LVDTs were connected to amplifiers RDT E725 to change the
signals into an analogue output 0-10 volts.

Before the initiation of every set of tests a calibration of the LVDTs was carried out
(Figure 4.11). Using a set of ceramic gauge blocks @ measurements were taken
over a range of 3 mm with intervals of 0.2 mm. The zero point for calibration was
set at the initial test position of the LVDTs, and as close as possible to their
electrical zero - around 5 volts in the analogue output of the amplifier. Averaging
the difference of the readings against the nominal dimensions of the calibration
blocks, the gain and the zero offset were determined and entered in the data
acquisition software to correct the rough values from the transducers. The
corrected readings presented a relative error <2.5% for a single measurement
while the linearity error was <1% full scale @), By removing the major fluctuations in
the readings, the practical resolution was determined to be 0.01 mm.
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Fig. 4.11 LVDT calibration graphics

» Temperature
Thermocouple type T, range -200 to 350°C, estimated uncertainty +2°C .

() Equipment yearly verified / calibrated by Instron Benelux.

@ Mitutoyo 516 Series, accuracy class 1, subject to yearly calibration by ETMS.

) From the manufacturer specifications. The transducers were internally calibrated before
the tests as described in the test procedure.

@ Instrument yearly verified / calibrated by ETMS.
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4.1.3 Uniaxial creep equipment

The uniaxial creep tests have been performed in the Institute for Energy creep
laboratory. The uniaxial creep equipment employed in this project is presented in
Figure 4.12.

Fig. 4.12 Uniaxial Creep testing devices (JRC-IE lab)

The whole assembly: sample/ hangers/ LVDTs/ thermocouples, is illustrated in
Figure 4.13.

Sample

Thermocouples

LVDTs

Fig. 4.13 Sample/ hangers/ LVDTs/ thermocouples assembly

The sample is screwed in between upper and lower hangers and the LVDT
ceramic tubes are attached in their brackets. The displacement rods are inserted
and lightly attached in the tubes. Two thermocouples are attached on the specimen
surface. The whole assembly is enclosed into a furnace which ensures the
constant testing temperature. The load is applied through a lever arm counter
balance at the rear of the machine and it is kept constant during the test. The
loading arm and the thermocouples were periodically calibrated and the accuracy
for the applied stress evaluated as +1 MPa, and for temperature of +1°C. The

Darina BLAGOEVA - PhD - Thesis- 55



displacement transducers were working in a range of 0-10 mm with a deviation
from linearity of £0.5 %.

The measurements of the LVDTs and calculated strain (elongation) values, the
readings of the thermocouples, and the duration of the test were constantly
recorded using LabView software. A strain — time curve is registered as an output
at the end of the test.

4.1.4 Uniaxial Tensile Equipment

All high temperature tensile tests were conducted on a digitally controlled servo-
hydraulic test rig (INSTRON 8500) at 600°C in the institute. The heating was
achieved by a resistance furnace (SFL MD1060A). Within the gauge length of
8mm, temperature was maintained within £2°C by controlling the temperature by a
Type N thermocouple, which was spot-welded on the shoulder of the specimen
(outside the gauge length) with a Type N thermocouple of the resistance furnace.
The assembled specimen/ grips/ extensometer is presented in Figure 4.14.

The load-cell used was Sensotec 75/L509-OL. For the purpose of the present test
series, the extensometer and the load-cell had been re-calibrated to Class1. To
avoid load train misalignment, a self-aligning specimen holder was used (Figure
4.14). The actual specimen diameters and gauge lengths of the Sandner clip-on
extensometers were determined individually to 10um accuracy (3 repeated
measurements). Stress-strain curves are registered as output data.

Self-aligning
specimen

Fig. 4.14 Experimental of the tensile testing set-up (JRC-IE lab)
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4.2 Materials & Specimens

For the purposes of this thesis 9% Cr commercial high-alloy steel grade P91 has
been used. The testing materials were procured from both BRITE-EURAM LICON
Project [217], related to life time conditioning, and from the INTEGRITY of repair
welds Project [218], both EC funded. The following specimen abbreviations were
used in this study:

BML - Base Metal LICON (virgin material)

BMI - Base Metal INTEGRITY (tested material)

WML - Weld Metal LICON

WMI - Weld Metal INTEGRITY

SE - Service Exposed base material INTEGRITY

FG-HAZ - Fine-Grain Heat-Affected Zone (adjacent to the BM) INTEGRITY
CG-HAZ - Coarse-Grain Heat-Affected Zone (adjacent to the WM)
INTEGRITY

Since the service exposed and HAZ material investigated here were taken only
from the INTEGRITY project, the letter “I” is omitted for simplicity.

VVVVVVY

4.2.1 Small Punch Specimens
4.2.1.1 LICON material sampling

A section of P91 BM pipe, manufactured by Mannesmann Forschungsinstitut
GmbH (MFI) for the purposes of the LICON project [217], having a wall thickness of
50mm, was used for sampling. A cylindrical piece 8mm in diameter was extracted
in the axial direction from the middle part of wall. A number of small flat disks
0.6mm thick were sliced using a high precision FANUC wire erosion electric
discharge machine, numerically controlled with diameter of the wire 0.25mm. The
disks were then attached to a disc grinder and both sides ground with 800 and then
1200 grit SiC emery paper and finally diamond polished to reach final thickness of
0.5mm. Each sample’s thickness was measured afterwards in 5 positions and only
specimens with a tolerance of + 5um were allowed for testing. This final
metallographic sample preparation was applied for all SP samples tested for the
purposes of the present work.

The chemical composition of the LICON P91 BM is summarized in Table 4.1.

C Si Mn P S Cr Mo \Y Ni Nb N

wt, 010 0.27 053 .007 0.01 876 091 02 035 0.04 .0038

%
Table 4.1 Chemical composition of LICON P91 base metal

The material was normalized (1060°C x 70min a.c.) and tempered (760°C x 140min
a.c.), so that the steel obtained had the following mechanical properties: cg, = 507-
522 MPa, UTS = 673-682 MPa, A = 24-24.5 %.

Microstructural SEM images of non-tested LICON base material are presented in
Figure 4.15. The first image displays clearly the laminate martensitic structure of
the steel, and the second one shows the grain sizes of approximately 20-40 ym
and small carbide particles on the grain boundaries.
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Fig. 4.15 SEM images of P91 LICON material (grain size 20-40um)

4.2.1.2 INTEGRITY material sampling

The tested BM, SE material, weld and HAZ material for this study has been
procured through the EC supported INTEGRITY of repair welds project [218]. The
test component, manufactured by Instituto de Soldadura e Qualidade (1SQ) is a full
repair welded joint of service exposed P91 steel pipe, procured by ELSAM,
Denmark and virgin material P91 pipe supplied by ENEL, ltaly (Figure 4.16).

e

&% - Section cut out from

= o i - the pipe for :
Weldment ——M specimen production
S

Fig. 4.16 INTEGRITY of repair welds test component

Service conditions of the ELSAM pipe were 60kh of service at 565°C under an
internal pressure of 250bar. The welding method used by ISQ for the
circumferential weld was GTAW for the root weld and SMAW for the rest. The
preheating temperature was 225°C and interpass temperature < 315°C with the
PWHT of 760°C for 3h. In the INTEGRITY project, the entire test component was
subjected to a 4-point bend (4PB) test under 75.89kN and internal pressure of
160bar at 600°C for 5000h.

The dimensions of the test pipe were length 2000mm, outer diameter 275mm and
wall thickness 35mm. A section from the weldment zone, containing all
representative pipe materials — base metal, service exposed material, weld metal,
and heat affected zone materials, was cut out from an unloaded (neither tension
nor compression) part of the pipe at the zone of the welding (Figure 4.18).
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Fig. 4.18 Schematic of the INTEGRITY pipe; Optical image of the welding zone;
and schematic of the weldment microstructure

The way of extracting 8mm diameter bars from this section is presented in Figure
4.19.

Sample bar SE

Weld metal samples material

Weld material WM

Service exposed

5
material SE

2\
2
‘ A
Sample bar HAZ - SE
Sample bar HAZ - BM

Fig. 4.19 Extracting bars from the INTEGRITY pipe weldment section

e

Base material

Sample bar BM
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Bars 8 mm in diameter were extracted in axial direction at the BM and SE material
side. The bars from the weldment were extracted at angle to assure the production
of homogeneous WM, fine-grain and coarse-grain HAZ samples. Special attention
has been given to the precise manufacturing of HAZ samples. The small width of
the HAZ zones (approximately 2-3mm) and vague and uneven limit between base
and weld metal present particular difficulties to produce homogeneous samples,
which is very important in order to avoid ambiguity in the test results. Practically it
was impossible to distinguish between the fine grain and intercritical HAZ zone.
Finally, a number of flat disks 0.6mm thick, representative for the base metal,
service exposed material, weld metal, fine-grained heat-affected zone adjacent to
the BM side (FG-HAZ), and finally, coarse-grained heat-affected zone adjacent to
the WM side (CG-HAZ) were extracted from the bars as shown in Figure 4.20. The
final thickness of 0.5mm and final surface polishing was achieved as described
above. SEM micrographs showing the microstructure of the HAZ, WM and SE
materials are shown as well. The microstructure of the BM is similar to that of the
SE metal and for that reason is not shown.

(45°)

45

an

BM

Fig. 4.20 Lateral view of the weldment section & SEM images of untested HAZ
material, WM and SE material respectively

4.2.2 Uniaxial Specimens

4.2.2.1 Uniaxial Creep Specimens

In total 9 cylindrical pieces were extracted from both LICON and INTEGRITY pipes.
Again a section from the unloaded part of the INTEGRITY pipe was used.
Afterwards they were machined in order to obtain conventional uniaxial creep
specimens as illustrated in the Figure 4.21.
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Fig. 4.21 Uniaxial creep sample

Fig. 4.22 Uniaxial creep sample —
before and after the testing

4.2.2.2 Uniaxial Tensile Specimens

Samples representative for BML, BMI, and
SE material were produced in axial pipe
direction, thus, assuring that the cross
section of the uniaxial sample would be in
the plane of the small punch disks. The
weld metal uniaxial samples were
extracted along the welding in
circumferential direction because of the
impossibility to be produced in axial
direction due to size limitations.

A uniaxial creep sample before and after
testing is presented in Fig. 4.22.

Due to material shortage, in particular in the weldment zone, it was impossible to

produce the same size uniaxial tensile s

amples as the ones used for obtaining the

uniaxial creep properties. The design chosen for the tensile specimens is
presented in Figure 4.23. Again the BM and SE material samples were extracted in
the axial direction, and the weld samples — in circumferential direction.
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Fig. 4.23 Uniaxial tensile sample
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4.3 Small Punch Test Set-up

4.3.1 Small Punch Creep Test Set-up

To set-up a SP creep test the CEN/ WS 21 Code of Practice (CoP) Part A [2] for
the application and use of the SP test for creep rupture properties determination of
metallic materials was strictly implemented. The CEN CoP was primarily developed
as a result of research coordinated by the European Pressure Equipment
Research Council (EPERC). Following a questionnaire distributed to several
EPERC members, interested in this test method, a number of laboratories
volunteered to participate in a SP Round Robin test programme [219] consisting of
high temperature creep tests on disc specimens. The participating laboratories
were CESI in Italy, Krakow Technical University in Poland, JRC-Institute for Energy
of the EC in the Netherlands, and The University of Wales Swansea (UWS) in the
UK. It was decided that, even though the SP technique could also be applied for
fracture mechanics tests as well, the EPERC Round Robin would be limited to
creep tests only.

The Round Robin exercise was organised primarily in order to contribute to the
harmonisation of the test procedure for this new emerging method. Particular
attention was to be paid to geometrical features of the test technique as well as test
procedures. Main findings with a full discussion on partner inter-comparability of SP
results were reported by Bicego [219]. A standardisation initiative for the SP test
method, following on from the Round Robin, covering creep testing but including
low temperature testing for the determination of tensile and toughness properties of
metallic materials, has been made using of the CEN Workshop route, culminating
in a Code of Practice (CoP) or CEN Workshop Agreement, CWA 15627 [2]
published in December 2006. The proposals proscribed in the CoP such as test-
piece and punch design and manufacture, application of load, temperature and
strain measurement along with provision of a protective inert environment have
been applied in their entirety to the 600°C SP creep testing of P91 weldment
material.

Although conceptually the SP creep test is quite simple — to apply a force to a test
specimen and measure its dimensional change over time with exposure to a
relatively high temperature — in practice it is more complicated. The experimental
schematic SP creep set-up is illustrated in Figure 4.24.

Temperature control is critical (fluctuations must be kept within +2.2°C for 600°C
tests according to the Code of Practice), and the resolution and stability of the
extensometers are an important concern as well. In addition environmental effects
can complicate creep tests possibly leading to premature failures.

Another key aspect when applying the SP CoP is determining the load which has
to be applied on the disk. In a conventional uniaxial creep test the key mechanical
parameter is “stress” i.e. load/area whilst in the SP creep test it is only “load”. To
set-up the SP experiments and to interpret the results of the test it is necessary to
establish a correlation between the load F and the stress . The basic idea for
determination of test load F is to answer the question: “What is the load value to
use in the small punch test to obtain the same time to rupture as in a uniaxial
conventional creep test?”
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Fig. 4.24 Schematic of experimental SP set-up [2]

The load levels were calculated using equation (4.4), derived from the stretching
membrane theory [182], giving the ratio of SP test load (Fsp) to the uniaxial creep
stress (o), as proposed in the CoP for SP Creep Testing, namely:

Fsp/o = 3.33 ksp R *?r "% h, (4.4)

where r is the radius of the punch indenter, h is the thickness, R is the
radius of the receiving hole and h, is the initial disc thickness. The ksp is a constant
for the material under test (see Figure 4.25). The first tests were set up assuming
that ksp =1. According to the Code, after a series of SP tests, through comparison
with the conventional uniaxial creep data, the calculated real value of ksp should be
determined and applied in the subsequent experiments. In this study, taking ksp =
1.0, the ratio was calculated to be:

Fsp/ 0 = 1.4 [mm?] (4.5)

Fig.4.25 Geometry of deformation (CoP [2])

Darina BLAGOEVA - PhD - Thesis- 63



Test procedure

To set up a SP creep test the following procedure was applied:

» Assembling the test

- The bottom extensometer (LVDT1) was fixed at the completely horizontal main
platform and was adjusted to correspond to ~ 15mA in the LabView SP control
interface. The correction factors from LVDT1 and LVDT2 calibration procedure
were inserted into "zero LVDT" and "Gain LVDT" fields beforehand.

- The SP sample was positioned in the recess of the lower die and clamped firmly
around its edges by the upper die with the help of a stainless O- ring.

- The ceramic rod, used to obtain readings from the LVDT1, was inserted and fixed
into the lower die in a way that the spring at the lower part of the rod allowed
relatively free movement of the rod. The upper part of the rod was touching the
underside of the sample.

- The test thermocouple (Temp.1) was fixed at the appropriate location in the upper
die.

- The whole system - bottom LVDT/ lower die/ upper die/ sample/ thermocouple —
was enclosed in a cylinder fixed on the main platform by 4 bolts.

- The furnace was inserted around the upper die. Thermal insulation was placed
around it. The lower O-ring from the cooling system was fixed under the furnace
itself.

- Stainless tube was inserted around the dies into the furnace and fixed firmly over
the lower cooling O-ring. Consecutively the upper cooling O-ring and stainless heat
sink were assembled on the top of the tube.

- The puncher rod was inserted carefully inside the system. It is important to avoid
any impact which could deform the sample. Once the puncher was placed in
contact with the sample the sealing assured the argon flux was provided by an
open circuit. The puncher weight of approximately 17N, defined as so called pre-
load, was consequently subtracted from the final load applied on the sample.

- A control thermocouple was placed into a small hole made in the furnace wall and
another thermocouple was fixed for coolant temperature readings (Temp.2).

» Heating phase

- The furnace was switched on and the sample was heated up gradually- the time
needed to reach and stabilise the test temperature was about 2h.

- While heating up the equipment, the bottom extensometer was also subjected to
heating to a certain degree and was continuously changing its readings for that
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reason; therefore, once the test temperature was reached the extensometer was
set to zero before starting the test.

» Loading phase and starting the test

When the temperature of the sample was stable and full loading was applied, the
test was started in the LabView interface: the output of the SP creep test was a
graph where the vertical displacement was plotted versus time. Vertical
displacement measurements were digitally recorded by the Field-Point and
LabView interface at not regular time intervals: 1 measurement per each
displacement of 10 microns or for each variation of temperature greater than 0.5°C.
The temperature of the sample was controlled and maintained within + 2°C during
the entire test.

4.3.2 Small Punch Fracture Test Set-up

To set-up low temperature SP fracture tests the CEN/ WSA 21 Code of Practice
Part B [2] for the application and use of the SP test for tensile and fracture
toughness properties determination of metallic materials was applied.

The aspects related to the precise temperature monitoring control and the stability
of the extensometers is vital also here. Additionally, difficulties were imposed due
to the very low temperatures applied: down to -192°C. The extreme shrinkage of
the specimen holder's material caused very strong friction between the puncher
and the supports. As a result of this the registered curves were not reliable.
Therefore, for these tests special cryogenic material Kel-F (PCTFE) was used for
machining the specimen holders. Calibration of the LVDTs was done before every
test.

Test procedure
» Assembling the test
- Mounting the SP sample: firstly the sample was clamped inside the holders. The

clamping force had to be enough to avoid any sliding of the sample during the test.

- Positioning the holders: the holders were then positioned in the SP testing
equipment and fixed. For room temperature tests the endoscopes of the camera
were also fixed in order to allow images to be taken of the underside of the sample.

- Fixing the thermocouple: the thermocouple is located in a hole in the specimen
holder, a few mm from the sample surface.

- The puncher was inserted and positioned in contact with the top surface of the
sample; the loading head was fixed above the puncher and a preloading of about
60 kN was applied below the material elastic limit.

- Once all the equipment had been set up and before the initiation of every set of

tests, the verification of the LVDTs was carried out as described in section 4.1.2 to
assure their work in the calibrated range. Since movements due to mechanical

Darina BLAGOEVA - PhD - Thesis- 65



tightening amongst the different parts of the assembly were observed over the
early stage of the test, several blank runs were performed in order to asses the
possible influence in the displacement records. A solid block was placed in the
position of the specimen, and loaded up to 150N. The outcome of the displacement
readings showed a substantial deviation in the lowest range of load, up to
approximately 65kN. From that point, the displacement values became almost
constant. Taking this into account and from the analysis of the data series in the
force range above 65kN (typically the start force of the tests), a maximum error on
the average displacement due to this effect of £0.005 mm was estimated.

» Cooling and preload phase

If the test had to run at a different temperature than room temperature the cooling
chamber was activated. The electronic control of the chamber regulated the
nitrogen flow to reach the target value, while the temperature of the specimen was
monitored with the reading of the thermocouple. This equipment was designed to
work down to cryogenic temperatures. During the cooling process, the force was
kept by means of a cyclic method in the control software of the load frame, but the
operational limitations of the machine and the fast shrinkage of the hardware due
to very low temperatures imposed a practical margin in the preload of 65 to 80 kN.
When the thermocouple indicated that the temperature in the proximity of the
sample had reached the test temperature, a stabilization interval of 15 minutes was
taken before starting the load stage.

» Loading phase

- The deflection rate was defined and introduced by the controller of the INSTRON
machine. For all the tests the load was applied by fixing a constant displacement
rate in compression - 0.003 mm/s.

- The LVDTs were set to zero and test started as the load increased with the
displacement following the hardening law of the material. Since the SP sample was
clamped strongly at its edge, under the action of the load it was forced to deflect in
the receiving aperture of 4 mm diameter.

- The load, displacements from the two LVDTs and from the head of the INSTRON
machine, and the temperature was recorded through a PC on to ASCII files. The
load versus extension curve was recorded and monitored during the test on a chart
displayed by the control program, revealing possible anomalies in the punch pin
travel. When the fracture was detected by the sharp decline in the load value, the
load was interrupted and the specimen retrieved.

- The output of the SP tensile test was a chart where the load was plotted versus

the displacements recorded from the both LVDTs.

NB: Test procedures for uniaxial creep and tensile tests are not described in detail
here, considering that these are standard tests and that they were only auxiliary
tests in the present work.
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5. RESULTS & DISCUSSION

The experimental results obtained in this thesis are grouped according to the type
of testing technique and material investigated with a detail explanation of the
trends in behaviour reported. The results can be categorized in two main groups:

» High temperature creep, and
» Low temperature fracture results

The creep results themselves are divided in two categories: conventional uniaxial
tensile and small punch (SP) equi-biaxial constant load test results.

The fracture results obtained were SP equi-biaxial constant rate test results. They
were compared with conventional fracture results (ductile to brittle transition
temperature and fracture toughness data) obtained by other authors.

Additionally, high temperature tensile test were performed and results were used
as an input for the FE model developed to predict the creep deformation of SP disc
sample.

5.1 Creep Results

The creep results themselves are divided in two categories: conventional uniaxial
tensile and small punch (SP) equi-biaxial const load test results.

5.1.1 Conventional Uniaxial Creep Results

The uniaxial creep testing consists in the following: a cylindrical specimen is loaded
by a const tensile force parallel to its longitudinal axis (Figure 5.1). The sample is
heated up to the desired temperature before the loading and is kept at that
temperature during the whole test. The temperature is measured through a
thermocouple attached to the sample. An extensometer, also attached to the
sample, is used to measure the strain. The data recorded during the test are: test
duration, temperature of the sample, stress applied, and the strain.

The outcome is registering of creep curve: strain versus time to rupture. A typical
uniaxial creep curve is given in Figure 5.1. Four stages are distinguishable on the
curve:

> Instantaneous initial elastic-plastic deformation;

» Primary creep (Stage I): during this stage deformation takes place and the
resistance to creep increases as a results of which, the creep strain rate
decreases;

» Secondary steady state creep (Stage Il): the strain rate is minimum and it is
considered to be a constant during this stage;

> Tertiary creep (Stage lll): because of reduction in the cross-sectional area
due to necking or due to internal void formation the strain rate increases
exponentially ultimately leading to rupture.
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Fig.5.1 Scheme of uniaxial creep arrangement and typical uniaxial creep curve —
strain versus time to rupture

Several important creep parameters, used in the remaining life-time evaluation can
be estimated from the creep curves: minimum creep strain rate, time to rupture,
onset of tertiary creep, creep rupture strength, etc. for specified testing conditions —
temperature and stress. They are all key parameters in designing structural
components for service at elevated temperatures. The rupture time, the onset of
tertiary creep, and the creep rupture strength can be directly estimated from the
creep curve. The time derivate of the secondary creep strain, i.e. the slope of the

secondary creep stage, will give the minimum strain rate £=¢ ,n= &5 (EQ. 5.1), a
function of the material properties, time t, temperature T and the stress o:

de/dt = ¢ =f (mat.prop., t, T, 0) (5.1)

In total nine conventional uniaxial creep tests at 600°C on massive specimens
(Figure 4.21) were carried out during the experimental programme. Together with
six uniaxial tests performed for LICON project, they form the complete uniaxial
testing data base used in the present work. The existing uniaxial creep data from
LICON project for P91 base and weld metal were used as bases for determining
the loading conditions for INTEGRITY material. In this way prognoses for the
expected rupture times could be done. Once those uniaxial tests were concluded,
the loads adopted in the equivalent (same temperature) small punch tests were
chosen to give approximately the same lives.

5.1.1.1 LICON Uniaxial Creep Results

Four conventional uniaxial creep tests for fresh BM (BML) and two tests for weld
material (WML) at 600°C were available from LICON data base. The stresses
applied were: 120MPa, 135MPa, 145MPa and 150MPa for the base material, and
135MPa and 145MPa for the weld metal. For completeness and clarifying the
tendency of the creep results, one more test on base LICON material at higher
stress level — 160MPa was performed during the thesis experimental programme.
Conventional creep curves obtained for BML and WML are shown in Figure 5.2
a&b.
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Fig.5.2 Creep strain versus time for: a) LICON base metal (BML) &
b) Weld metal (WML) under different stress conditions

5.1.1.2 INTEGRITY Uniaxial Creep Results

Eight uniaxial creep tests were concluded for the INTEGRITY material: three for
the BM, three for the SE material, and only two for the WM, due to the limited
quantity of weldment material available for testing. As indicated in the experimental
chapter, only the non-stressed zones (neither tension nor compression) of the pipe
were utilised for specimen production. All the tests were conducted again at 600°C.
Several stress conditions were employed to investigate the creep response and
obtain stress rupture results. The stress levels adopted for the INTEGRITY testing
material were comparable with the LICON stresses.

The uniaxial creep curves, representative for the BMI, SE metal, and WMI, under
different stress conditions are shown in Figure 5.3 a, b and c respectively.
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Fig.5.3 Creep strain versus time for: a) INTEGRITY BMI; b) SE material; and
¢) WMI under different stresses

The effect of the stress on the creep parameters — strain, time to rupture, creep
strain rate, is clearly visible from the above plots. The higher stresses cause
reduction in the primary and secondary creep stages. The shorter secondary creep
stage results in a higher creep strain rate and earlier failure. Specimens with higher
strain rate exhibit also higher final strain. The influence of the stress on the primary
creep and on the creep strain rate is more distinguishable if only the very first part
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of the creep curve is plotted. Examples are given in Figure 5.4 for both base metals
investigated.
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Fig.5.4 Creep strain versus time for BML & BMI (very first part)

To illustrate the creep response of the different materials investigated under single
testing conditions, the creep curves are grouped according to the stresses applied.
Thus, a comparison of uniaxial creep curves for BML, BMI, SE, WML & WMI
samples under single testing conditions — 145MPa and 600°C is presented in
Figure 5.5a. Again for better displaying of the creep strain rate tendency, only the
initial part of the curves is plotted in Figure 5.5b (WML is missing in Fig.5.5b due to
its coincidence with the WMI when using such scale).

145 MPa
40 ——BMI
30 | —=—SE
S ——WMI
.g 20 4 —Aa—BML
g —=— WML
10 A J
0 ‘ : ‘4—'——) ‘
0 400 800 1200 1600 2000 2400 2800 3200
Time to rupture, h
a)
145MPa
10
——BMI
8H ——SE |---—----———— S
2 61 ——wMm, S |
= ——BML
§ .
= |
2,
0 T T T T T T T T
0 50 100 150 200 250 300 350 400 450
Time to rupture, h

b)
Fig.5.5 Creep strain versus time for different materials under single testing
conditions — 600°C and 145MPa: a) Complete curves & b) The very first parts
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As can be seen from the graph above, SE material exhibits the highest creep strain
rate, which makes it the weakest material. It is followed by the BM — LICON and
INTEGRITY, and the strongest material with the minimum creep strain rate is the
weld metal. The difference in the creep behaviour of the base metals might be due
to the fact that the LICON BM is fresh material, and the Integrity BM was exposed

for 5000h under internal pressure of 160bar at 600°C and subjected to a 4-point
bending under 75.89kN loading.

Once the creep curve is registered the creep strain rate can be calculated for every
time increment and the minimum strain rate can be determined, as well as, the
onset of the tertiary creep stage. Examples of the time dependences of the creep
strain rates for the INTEGRITY base metal under different stresses are presented
in Figure 5.6 a, b & c.
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Fig.5.6 Creep strain rate versus time to rupture for BMI under:
a) 135MPa; b) 145MPa and c) 155MPa
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The test conditions and results for all uniaxial creep tests are given in Table 5.1.

Material Stress Time Strain | Onset de/dt
MPa hr % % %/h
BML 120 4361 11.4 4.1 5.62E-4
BML 135 2945 23.6 4.4 9.77E-4
BML 145 817 22.9 4.9 6.63E-3
BML 150 417 21.7 5.0 1.06E-3
BML 160 313 39.0 5.6 1.70E-2
e | e ) |
BMI 135 1226 26.4 4.5 3.07E-3
BMI 145 461 31.6 2.4 5.09E-3
BMI 155 187 36.1 4.8 2.95E-2
e
SE 135 768 33.6 3.1 1.94E-3
SE 145 392 33.0 5.2 1.11E-2
SE 155 163 35.8 55 2.50E-2
WML 135 2925 5.0 1.5 2.50E-4
WML 145 824 9.0 0.6 3.33E-4
WMI 145 3036 7.6 4.7 1.42E-3
WMI 179 59 31.6 1.5 1.16E-1

Table 5.1 Conventional uniaxial creep tests results at 600°C.

5.1.1.3 Stress-rupture results for uniaxial creep tests
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Fig.5.7 Uniaxial stress-rupture results

Stress-rupture tests are used to determine the time necessary to produce failure.
Data are plotted in log-log scale. A straight line or best fit curve is usually obtained
at each temperature of interest. This information can then be used to extrapolate
time to failure for longer times.

The stress-rupture curves obtained for the investigated materials are put together
in a one plot presented in Figure 5.7. A log/linear presentation is used for more
clarity over this narrow stress range and there is no intention to indicate the kind of
relationship which ensues.
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In other words, the creep behaviour trend for all investigated materials could be
approximated by a straight line at least for test durations up to ~ 3000 hours. The
above trends have to be confirmed for longer test durations, 10 000 hours and
more, by completing more experiments.

According to the graph in Figure 5.7 the higher creep strength is exhibited by the
weld metals, followed by the base metals from the two projects. Both weld and
base metals follow the same trend in the stress-rupture curves — weld metals
rupture dependences are parallel to each other and the same is valid for the two
base metals stress-rupture curves. The weakest is the creep strength exhibited by
the service exposed material from INTEGRITY project. Predictions on the duration
of creep test performed under different stresses for the investigated materials can
be done simply by extrapolating the trends shown above. Later these trends will be
used to draw correlations for the SP tests.

5.1.2 Small Punch Creep (SPC) Results

To gain experience and calibrate the SP creep devices, located in the Mechanical
Testing Lab of the Institute for Energy (IE), Joint Research Centre (JRC)
preliminary experimental work during the first stages of the current project was
completed. Calibration of the equipment has been performed several times during
the experimental program. Some test results were disregarded and test repeated
due to doubts in the experimental set-up, lack of readings, temperature uncertainty
or equipment breaks-down. The results given below are only results that can be
considered repeatable and trustworthy.

In total 29 SPC tests have been completed. The test itself consists in the following:
a non-deformable puncher is pushed under a const force F against a disc, heated
up in advance to a desired test temperature and maintained at that temperature
during the whole test (Figure 4.24). As a result, the disc bulges into a hole. The
data registered during the test are: time, temperature and displacements of two
LVDTs. One of the LVDTs (bottom one) measures the central deflection of disc and
the second (back-up) one measures the displacement of the puncher rod. The
difference between the two measurements, which is minimal, determines the
central disc thinning. The main SP test result is a SPC curve representing central
vertical deflection (mm) versus time to rupture (h).

The test specimens were discs 8mm in diameter and 0.5mm thick, made of P91
high-alloy martensitic steel and its weldment. All SP creep tests were carried out at
600°C and loadings ranging from 189N up to 280N, following exactly the
procedures prescribed in the Code of Practice part A [2].

The SP creep curves presented below are grouped accordingly to the type of
material investigated and testing conditions applied. Two test components were
used as sources to produce SP samples: LICON fresh material pipe [217] and
welded INTEGRITY pipe [218].
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5.1.2.1 LICON SPC Results

The LICON base material was the first to be available for SPC testing. The aim
was several preliminary tests to be conducted to calibrate the equipment and
compare subsequently the results with the BM taken from the INTEGRITY project,
which was the main material source considered for the scope of the thesis.

A circular rod of 8mm in diameter was extracted from a section, taken from the
LICON fresh BM pipe in axial direction and sliced into discs with 0.5mm thickness.
Four SPC tests under different loadings — 189N, 217N, 240N and 250N, have been
completed. The registered SPC curves are presented in Figure 5.8.
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Fig.5.8 SPC curves under different loadings for LICON material

5.1.2.2 INTEGRITY SPC Results

Small disc were produced from different zones of the weldment of the INTEGRITY
pipe, as described in Chapter 4. Totally 25 SPC tests for the base material,
service-exposed metal, weld metal and heat-affected zone (respectively FG-HAZ,
CG-HAZ on both BM and SE pipe sides) were completed. The registered SPC
curves are presented in the figures below: Figures 5.9 to 5.14.
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Fig.5.9 SPC curves for BMI under different loadings
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Fig.5.10 SPC curves for SE metal under different loadings
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Fig.5.11 SPC curves for WMI under different loadings
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Fig.5.12 SPC curves for FG-HAZ (BM side) under different loadings;
a) Only 3 loadings included; b) All 4 loadings included
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Fig.5.13 SPC curves for CG-HAZ (BM side) under different loadings
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Fig.5.14 SPC curves for FG-HAZ (SE side) under different loadings
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A comparison of the SPC curves under a single loading condition is shown in
Figure 5.15, which particularly emphasizes the limited secondary regime for all
components of the weldment (weld and HAZ) when compared to the P91 alloy. The
FG-HAZ exhibits much shorter rupture times than the BM and SE samples, under
the same testing conditions. The weld material has a similar rupture time to the
CG-HAZ sample.

SPC curves under 250N & 600C

WM
——BML
FG-HAZ
— CG-HAZ
—SE
—BMI

Creep deflection, mm

0 200 400 600 800
Time to rupture, h

Fig.5.15 SPC curves for the investigated materials under single testing conditions

From the SPC curves presented above it is clear that the initial instantaneous
deflection does not play a crucial role in terms of both creep deflection rate and
time to rupture. The initial deflection depends to a considerable degree on the
loading mode. Fast (within 2-3 sec) but smooth loading needs to be applied initially
on the sample surface. Any vibrations and impacts that could influence the initial
deformation of the sample must be avoided as much as possible. In our case
pistons working with compressed air were employed to load the samples.
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The complete list of the creep SP test results obtained for the purposes of thesis is
presented in Table 5.2.

Material Load, N Calculated stress, Creep deflection, Time to rupture,
MPa mm h
BML 189 135 1.58 2766
BML 217 155 1.19 1188
BML 240 171.5 1.6 420
BML 250 178.6 2 405
BMI 240 171.5 1.62 2180
BMI 250 178.6 1.5 762
BMI 280 200 1.68 79
BMI 280 200 1.69 92
WMI 217 155 1.5 388
WMI 240 171.5 1.58 293
WMI 250 178.6 1.54 115
WMI 250 178.6 1.77 94
SE 240 171.5 1.63 1013
SE 240 171.5 1.85 878
SE 250 178.6 1.76 621
SE 260 185.7 1.55 448
SE 280 200 1.8 122
SE 280 200 1.78 108
CG-HAZ (BM side) 189 135 1.42 2517
CG-HAZ (BM side) 217 155 1.94 480
CG-HAZ (BM side 250 178.6 1.77 153
FG-HAZ (BM side) 189 135 1.81 999
FG-HAZ (BM side) 217 155 1.58 134
FG-HAZ (BM side) 240 171.5 1.5 77
FG-HAZ (BM side 250 178.6 1.7 68
FG-HAZ (SE side) 217 155 1.6 278
FG-HAZ (SE side) 217 155 1.5 248
FG-HAZ (SE side) 240 171.5 1.7 163
FG-HAZ (SE side) 250 178.6 1.7 50

Table 5.2 Small punch creep test results at 600°C
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5.1.3 Comparison between uniaxial and SP curves

The overall shape of the SPC curves as a function of applied load is qualitatively
similar to that recorded during conventional uniaxial creep tests for the same
material and test temperature (Figure 5.16).
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Fig.5.16 Comparison between equivalent LICON BM uniaxial and SPC curve

Four stages are clearly detected in both types of creep curves: in the initial stage,
strain occurs at a relatively rapid rate — elastic/plastic bending deflection stage; it is
followed by primary creep stage when deflection rate gradually decelerates until it
becomes approximately constant during the third stage. This constant creep rate is
called the minimum creep rate or steady-state creep rate since it is the slowest
creep rate during the test. In the fourth stage — tertiary creep, the strain rate starts
to increase indicating the onset of final fracture of the specimen and it accelerates
until failure occurs.

Thus, similar shapes of both plots allow evaluation of analogical parameters of both
types of creep tests:

» Primary stages with decreasing rates of strain or deflection;

> Stages with minimum rates of strain & s or the deflection rate O ¢;

» Time to rupture or bursting of the disc t;; and

» Creep ductility or total deflection.
In principle, the only directly comparable parameter appearing in time
dependences is the time to rupture t;; the other corresponding parameters have

different physical dimensions, e.g., minimum strain rate &£[1/h] and relevant

minimum deflection rate o s [mm/h]. Therefore, only time to rupture can be used as
the reference quantity in an evaluation of relationships between the results of
conventional creep and SP creep test. The time to rupture is used as a reference
also to establish Fgp/c ratio when setting-up the SPC test.

The shape of the SPC curves is changing as a function of applied load in a manner
similar to that in the conventional creep tests (Figure 5.17 a & b).

Just as for the conventional tests, the rupture lives are found to increase with
decreasing load. Higher loads reduce the extent of the primary creep stage and
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practically eliminate the secondary creep stage, with the results that the creep rate
accelerates almost from the beginning. With decreasing loads, these two stages
become clearly defined, usually at the expense of the tertiary creep stage. A major
difference in the curves can be noticed in the first two regions: the initial
deformation (elastic + some plastic deformation) and primary creep stage. During
these two stages bending is the main process that controls the deformation in the
SP test which is missing in the uniaxial test.
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Fig.5.17 a) LICON uniaxial creep curves under different stresses and
b) LICON SPC curves under different loads

o

5.1.4 Stress/load dependence of the minimum strain/deflection rate

There is a straight relationship between the applied stress and the minimum strain
rate, which characterizes the secondary steady state creep: the higher stresses
accelerate the creep strain rate with the result that specimens fail in a shorter time
(see Figure 5.18). However, the creep rate varies non-linearly, but as a power
function with the stress, according to the Norton creep law (Eq.5.2). Therefore, the
stress dependence of the secondary creep strain rate in case of uniaxial creep
testing is generally expressed as:

Es=Ac" (5.2)
where “A” and “n” are stress independent constants, that characterize creep

behaviour. Similarly, in case of SP creep test, the force dependence of the small

punch creep behaviour is approximated by using the central deflection rate o  at

the secondary stage for ¢ and the force F for . Thus, the power (Norton) creep
law in case of the SPC test can be re-written as:

35 = A*F" (5.3)

The stress dependence of the minimum strain rate ¢.,»=&s and the force

dependence of the minimum deflection rate O i»=0 s both in log/log scale are
illustrated in Figure 5.18 a&b. The creep parameters “n & A” for uniaxial testing and
respectively “n* & A*” for SPC testing for BMI, SE, and WMI can be determine from
these plots. The values of the force exponent “n*” are only to show the similarity of
the SP tests with the uniaxial tests. They have no meaning and are not supposed
to be used when calculating the creep parameters used later in the modeling
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stage. However, the same variation in the stress exponents “n” for the three
materials is observed also for the force exponents “n”. A factor of ¥ = n/n = 1.2 is
needed to correlate directly the uniaxial with the SPC results.
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Fig.5.18 a) Stress (MPa) dependences of the min creep strain rate (1/h) and
b) SP force (N) dependence of the min deflection rate (mm/h)

Milicka and Dobe$ [201] correlating P91 BM uniaxial creep and SPC results for
three different temperatures — 823K, 848K and 873K, and using F/c = 1.6 mm?
obtain stress exponent “n” and force exponent “n” both equal to 12, thus giving a
correlation factor of W =1. For comparison the number of tests in their experimental
programme is considerably greater and for a more precise calculation of ¥ more
numerous tests must be accomplished for the INTEGRITY material. Another factor
that could influence the discrepancy in the W is the duration of the tests. While the
maximum test duration in this thesis is 3036h, tests up to 1000h only are
accomplished in [201]. Extrapolation to longer test times could be the subject of
dispute as the longer the test time, the greater is the corrosion damage of the thin
disc surfaces, even under a relatively good protective atmosphere. The influence of
the surface corrosion on the results of the SPC tests has not yet been studied.
However, from the thesis results for BM, SE and WM and from the results obtained
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by Milicka and Dobe$ [201] for P91 BM at different temperatures, it could be
concluded that the same W factor could be used for P91 steel, independently
whether the BM or weldment material is under consideration and no matter what
testing temperature is chosen.

5.1.5 Time dependence of the minimum (strain/deflection) rate

The dependence of rupture life on secondary creep strain rate in a conventional
uniaxial test is well documented and it is usually described by the Monkman-Grant
relation [192].

M=g¢ott or &euxt™® (5.4)

Power law relations for the secondary deflection rate could be drawn also for the
SPC tests (Figure 5.19). Thus, it can be written:

M(Sp) =0 s or ) s € t,-_p* (55)

*,
7] [Tt}

where “p” and “p” are time exponents for uniaxial and SP test.

To check the validity of this relationship the time to rupture t, which is the common
quantity in the both type of experiments is plotted as a function of the minimum strain
rate, corresponding to Eq. (5.4) and minimum deflection rate, corresponding to Eq.
(5.5). For direct comparison the minimum strain and deflection rate are plotted on one
graph using double y-axis for each material - BMI (Figure 5.19 a), SE metal (Figure
5.19 b) and WMI (Figure 5.19 c).
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Fig.5.19 Time dependence of the uniaxial minimum strain rate (1/h) and the SP
minimum deflection rate (mm/h) for a) BMI, b) SE and ¢) WMI

From the present results it is difficult to draw a conclusion on the time exponent
that should be used to correlate uniaxial with the SPC results. No unique time
exponent can be determined from the available results. Again the reason for that
might be the large difference in terms of test duration.

From Egs. (5.4) and (5.5) the relationship between ¢ s and & s can be derived by a
comparison of their values corresponding to identical times to rupture t:

S (&)™ (g5)” (5.6)
® =2 for BMI, ® = 1.3 for SE and @ = 0.6 for WMI.
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Milicka and Dobe$§ [201] obtain analogous time exponents: p=1.1 and p*=1 for P91
BM conventional and SPC data respectively for a test duration up to 1000h, which
confirms the close similarity of the two types of test. Thus, the ® ratio determined
from their experiments is ~1.1.

Finally it can be concluded, that the Monkman-Grant relation for SPC testing
follows the same pattern as that for the uniaxial creep test. The above reported
relation could be used in two different ways, the first being purely practical. Since
the minimum creep strain/deflection rates are attained at times smaller than the
time to fracture, the Eq. (5.4) and Eq. (5.5) can lead to an improved assessment of
expected time to fracture in an unfinished test. The second way is connected with
the possibility of correlating the results of conventional and small punch tests. It is
hoped that relationships can be established which correlate minimum creep strain
rate from a conventional uniaxial creep test and the minimum deflection rate from a
punch test and vice versa.

5.1.6 Stress-Rupture results: comparison between uniaxial and SPC
test results
5.1.6.1 P91 Base Metal & Service Exposed material

The stress rupture results from conventional creep tests for LICON base metal and
those obtained from SP tests based on the SP load/stress ratio, taken from the
Code of Practice (Eq.4.4) are shown in Figure 5.20a. A divergence, between the
two stress-rupture curves, is evident and it gets more pronounced for the shorter
tests, i.e. when the higher loads are applied. However, a good correlation is
apparent for the longest test time ~3000h.

LICON data at 600C # Uniaxial - BM KEMA data at 620C = SP-BM
190 = SP-BM 270 A Uniaxial-BM
S 170
% é’ 220
g 150 ¢ ) 170 \
[ (7]
3 130 £ 120
S »
110 3 S T 70—+t H
100 1,000 10,000 10 100 1000 10000
Time to rupture, h Time to rupture, h
a) b)

Fig.5.20 Uniaxial and SP stress-rupture data comparison for:
a) LICON and b) KEMA [220]

Similar disparity between SPC and uniaxial creep results was reported for P91 also
by Li and Sturm [220] shown in Figure 5.20b. The presented SPC test results for
P91 base metal were obtained at a temperature of 620°C and loadings ranging
from 300N to 520N. They were plotted together with uniaxial creep test data
obtained at the same temperature and stresses ranging from 120MPa to 180MPa.
As for the LICON base material, the SP tests were less conservative for the higher
loads, i.e. shorter tests. If the SP stress-rupture curve is extrapolated for longer test
times (approximately 3000 hours) it will coincide with the uniaxial results. The load-
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stress ratio used from the authors was Fsp/c = 1.89*ksp, While the one used in the
thesis was Fsp/c = 1.4*ksp. The difference arises from the difference in the puncher
radius: 1.25mm used in [220] against 1mm used in the present load-stress ratio
calculations.

The parameter ksp is proposed as an indicator of material creep ductility and is
introduced in the Code of Practice for SP testing to enable correlations between SP
and conventional tests to be made for different materials exhibiting different creep
ductilities. The above SPC stress-rupture results for both LICON and KEMA were
obtained using ductility factor ksp=1 for all applied loading conditions.

It is evident, that the SPC tests conducted under higher loadings, being also higher
ductility tests would need a ductility factor ksp>1 to compare directly the rupture
times obtained by the SPC and the uniaxial tests. In fact, a ductility factor ranging
from ksp=1 to ksp=1.15 for the LICON material (Figure 5.20a) and ksp=1 to
ksp=1.52 for the KEMA material (Figure 5.20b) should be used to get down the
SPC results to the stress levels used in the uniaxial tests. In this case the stress-
rupture results obtained by SPC and uniaxial creep tests would be directly
comparable — comparable creep strengths for the same rupture times.

A load dependence of the ductility factor can be drawn taking into account both
LICON and KEMA data (Figure 5.21). Nevertheless, the results were obtained from
different material batches, different testing temperatures and different equipment
employed, in particular different puncher radius, the points lie on a single straight
line with a negligible discrepancy. This could be a reliable way to calculate the ksp
when setting-up the SPC test in order to obtain comparable rupture times with the
uniaxial test corresponding to the same creep strength. To verify this curve of
course, more tests under lower (<189N) and higher (>520N) loadings for P91 BM
should be included.

Ductility factor Ksp
o - N -
oo - N R D

100 200 300 400 500 600
Load, N

Fig.5.21 Load dependence of the ductility factor ksp determined from LICON and
KEMA creep results

Milicka and Dobes [38] determined a ductility factor ksp = 2.85 again for P91 steel
over the temperature interval from 823K to 873K. Practically identical values of
ksp=2.6 were obtained in not very extended experiments on other heat-resistant
steels [224]. On the other hand, values substantially lower (ksp<1) were obtained in
other metallic materials and metal matrix composites, e.g. [225].

However, a single material with significantly different creep ductilities at different
stress levels is, in fact, also behaving like another material and the simplistic
concept of a constant ksp for a single material should be re-assessed.
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The INTEGRITY base and SE metals show similar creep behaviour (Figure 5.22
a&b). Microstructural examination of the SE material shows no evidence of creep
damage prior to the SP test. The longest test was only 2180 hours. Longer term
tests (3000 hours and more) should be completed to confirm the tendency
observed above and the “ksp theory”. Due to limited time it was not possible, but it
should be re-considered as future work.

Plotting together the stress-rupture results from the uniaxial and SP creep test a
nearly parallel trend-line tendency is observed, i.e. unique but larger correction
value of the ductility factor ksp (~1.28) must be employed for the applied
load/stress interval to bring the governing creep stresses closer together. Possible
concurrence of the longer term SP and uniaxial results should be expected also for
BMI and SE material, thus passing from ksp ~1.28 to kgp =1.

INTEGRITY BMI A SP BMI
220 1 @ Uniaxial BMI
G 200 F oo A
n_ 4
= 180 T i
@ T A
@ 160 ,, ffffffffffffffffffffffffffff
® 140 § \\
120: -+ —+—— -+ -+
10 100 1000 10000
Time to rupture, h
a)
INTEGRITY SE = SP SE
220 7 m Uniaxial SE
© 200
o T
= 180 T -\'“k_
g T
0 160 i
D 140 + -\'\_
120 1 bbb A bbb
10 100 1000 10000
Time to rupture, h
b)

Fig.5.22 Uniaxial and SP stress-rupture results for a) BMI & b) SE material

The curve giving the load dependence of the ductility factor ksp can be re-plotted
including also the INTEGRITY results (Figure 5.23). Some discrepancy is observed
for loads about 250N and the reason for that could be the lack of longer term test
data from the INTEGRITY material. For test durations of 3000h and more, ksp
factor close to 1 could be expected, thus, most likely reducing also slightly the ksp
values for higher loads. Still the accuracy is acceptable and the curve could be
used for a prior ksp evaluation.
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Fig.5.23 Load dependence of the ductility factor ksp determined from LICON,
KEMA and INTEGRITY creep results

5.1.6.2 Welded P91 material

The stress-rupture results for WM uniaxial and SP specimens are presented in
Fig.5.24. The uniaxial weld stress rupture LICON and INTEGRITY results were
found to be very similar to that reported by Seitisleam et al [96] for conventional
tests on P91 weld material at the same temperature. As can be seen from the
graph the discrepancy is almost negligible and ductility factor ksp =1 could be
simply applied to pass from load (N) in SP test to stress (MPa) in uniaxial test.
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Time to rupture, h

Fig.5.24 Uniaxial and SP stress-rupture results for P91 weld metal

Obviously, since weld metal tests are low ductility tests, applying ksp=1 will be
appropriate for correlating the SPC results with those from the uniaxial tests.

The stress-rupture results obtained from all investigated INTEGRITY materials —
BMI, SE, WMI, FG-HAZ and CG-HAZ are presented in Figure 5.25. The weld
material compared to the other investigated materials has exhibited creep lives
longer than for the FG-HAZ, which exhibits the most inferior stress rupture
behaviour, but still much shorter than those for the base & SE metal. The SPC
results for the CG-HAZ are quite similar to those for the weld metal.
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Fig.5.25 Comparison between SP stress-rupture results obtained from different
zones of the INTEGRITY pipe

The results for the FG-HAZ have been determined from both sides of the weld, as
mentioned above and they exhibited similar stress-rupture values. For a better
presentation they are given just in one colour - orange. Still the discrepancy in the
results looks bigger than it is in real life due to the linear type “stress” axis instead
of logarithmic type.

It is impossible to consider the contribution of ksp values for the HAZ as no uniaxial
data could be possibly procured from the actual INTEGRITY HAZ. This could only
be done from a simulated HAZ material [96, 217]. However, considering that the
HAZ ductility is even lower than the weld metal ductility, ksp = 1 should be suitable
also for HAZ SPC results. Indeed the very purpose of developing the SP test is to
be able to understand the creep behaviour of areas too small for extracting
conventional or even miniaturized creep specimens.

To check the ksp theory for the HAZ material the SP HAZ data obtained from
INTEGRITY material was compared with the uniaxial data obtained from a
simulated (Sim) HAZ of P91 material by Sandstrom et al. [96] and simulated HAZ
of LICON material, all tested at 600°C.

Sandstrom et al. [96] conducted a series of furnace thermal simulations to
reproduce microstructures appearing in the actual HAZ of a P91 welded pipe. To
do this, the as received parent material was furnace heat treated at given
austenitizing temperatures varying from 760°C to 1300°C. After a holding time of
20 minutes, the material was cooled in air. The material was then tempered at
760°C for 2 hours followed by air cooling. Those treatments at temperatures of
1100°C and above, i.e., above AC3;, resulted in a complete martensite-to-austenite
phase formation, austenite grain growth and carbide dissolution. These
microstructures have the same type of grain structure as in the coarser part of the
HAZ of a P91 weldment. However, the simulated prior austenite grain size is larger
than in the actual weld, see Figure 5.26 a&b. This is the reason why the authors
calls this zone “extra” CG-HAZ. Treatments at temperatures of 850°C and 900°C,
i.e., between AC,; and AC;, gave rise to a partial martensite-to-austenite phase
formation and carbide dissolution. These microstructures match that in the
intercritical FG-HAZ of the weldment; see Figure 5.26 c&d.
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Fig.5.26 Optical micrographs showing microstructures of: a) CG-HAZ at 400X
magnification; b) Simulated CG-HAZ at 1300°C at 100X; ¢) FG-HAZ at 100X; and
d) Simulated FG-HAZ at 850°C at 100X [96]

SEM images of the INTEGRITY FG-HAZ and CG-HAZ are presented in the next
Figure 5.27a&b. The microstructure can not be directly comparable with the
micrographs above due to the bigger magnification used. However, the difference
between the microstructure of the FG-HAZ and CG-HAZ is clearly visible.

..
Fig.5.27 SEM microstructural images of: a) INTEGRITY FG-HAZ and b) CG-HAZ
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As for the LICON FG-HAZ simulation treatment, it consisted in a heating/cooling
cycle in a salt bath with a peak temperature of 870°C followed by tempering.

Stress-rupture uniaxial results for simulated FG-HAZ taken from LICON and
Sandstrom et al. [96] are plotted together with the INTEGRITY small punch FG-
HAZ stress-rupture results in Figure 5.28. The INTEGRITY SP data are very much
consistent with the uniaxial simulated FG-HAZ data [96] and ksp=1 is needed to
correlate the SP data with the uniaxial data.

The LICON simulated FG-HAZ exhibited lower creep strengths, not directly
comparable with the INTEGRITY small punch data. This is not so surprising taking
into account the difference between the LICON and INTEGRITY base metal stress-
rupture results. Moreover, there are inherent difficulties in relying on simulated
structures due to the complicated production route.

200 - A Uniaxial Sim FG-HAZ [96]
180 | A SP FG-HAZ (BM) INTEGRITY|
160 @ SP FG-HAZ (SE) INTEGRITY
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Time to rupture, h

Fig.5.28 Uniaxial and SP stress-rupture results comparison for FG-HAZ

Apparently, only the weld metal data for these two batches are consistent, although
only two tests for each batch were conducted.

With regard to the CG-HAZ, stress-rupture results for the uniaxial simulated extra
CG-HAZ [96] and the INTEGRITY small punch CG-HAZ are shown in Figure 5.29.
Unlike for the FG-HAZ material no correlation can be found between the simulated
uniaxial and SP tests. This is not surprising as the simulated CG-HAZ exhibits
much higher creep strengths than the simulated FG-HAZ and even the BM
materials, as shown in Figure 5.30.
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Fig.5.29 Uniaxial and SP stress-rupture results comparison for CG-HAZ
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Fig.5.30 Uniaxial stress-rupture results comparison between BM (INTEGRITY,
LICON & [96]) and Simulated Extra CG-HAZ [96]
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5.2 FE Modeling of SPC test

Numerical simulations by implementing the Norton law into the ABAQUS finite
element code were used to predict the deformation of the SP disc during a creep
test. Taking advantage of the rotational symmetry of the experimental set-up, a 2D-
axisymmetric finite element model was developed (Figure 5.31).

Uisc radis

R

Fig.5.31 Test schematic used for the FE model geometry

The puncher and the dies were implemented as rigid bodies. The disc was
modeled with 6000 axisymmetric linear reduced integration elements (CAX4R).
This element type was selected since it is the most suitable in analysis that
involves large strains and strain gradients as well as in contact interaction
problems. The number of elements was enough for the convergence and
reconstructed properly the experimental curves. A small force was applied between
the upper and lower dies during the deformation, which prevented the specimen to
slip away. A friction coefficient of 0.25 applied between the puncher and the disc
was found to be the most appropriate to reproduce a deformed shape of the SP
disc similar to the real one. The calculations were run by imposing a vertical
concentrated force on the puncher.

Finally, a constitutive behaviour had to be assigned to the disc. BMI, SE and WMI
materials were considered for the modeling. For the three materials, the elastic
properties, which are the Young’'s modulus E, the Poisson’s ratio v and the yield
stress o2, defined at 0.2% plastic strain for 600°C, are summarized in the Table
5.3. For the plastic behaviour, the ABAQUS code also requires the plastic
behaviour represented by the flow stress,s, as a function of the plastic strain g,
which can be written as:

G = Go2+ O (€p) (5.7)
The oy, (¢p) values were derived from the uniaxial tensile behaviour.

Material E, GPa v co0.2, MPa UTS, MPa
BMI 149.8 0.3 229.0 250.0
SE 149.5 0.3 262.6 281.7
WMI 146.6 0.3 309.5 333.5

Table 5.3 Tensile results for BMI, SE and WMI at 600°C
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The INTEGRITY uniaxial creep results (Table 5.1) were used to assign creep
properties to the materials: the creep parameters “A & n” for the three modeled
materials are determined by power fitting of the data points (Figure 5.18a).

To check whether the model is adequate and working properly, a single constant
loading rate test was carried out at 600°C using the available SP testing
equipment. The loading was implemented within approximately 65-70 seconds at
regular intervals: 50N every 4-5 seconds. The max load was 650N and the load-
displacement curve was registered. The same testing conditions were applied in
the FE calculations. The FE load-displacement curve is consistent and fits well with
the experimental one (Figure 5.32).

Load-displacement curve - 600C —o—FE
—a—Exp
700
600 =
500
=
-g“ 400 4
o 300
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200 -
100
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0 0.5 1 1.5 2
Displacement, mm

Fig.5.32 Comparison between constant rate test load-displacement (deflection)
curves at 600°C — calculated and experimental one

A metallographic cross-section of the tested sample was prepared (Figure 5.33b)
and the profile was compared to that predicted by the model (Figure 5.33a).

t rata 3.930me

a) b)
Fig.5.33 a) Deformed SP disc shape obtained from the FE model after const rate
test; b) Optical image of metallographic cross-section of the tested sample

When comparing the FE model with the metallographic cross section it is observed
that:
» The deformed shape obtained from the FE model is consistent with the
experimental one. The central vertical deflection of the model is identical to
that measured in the real creep test;
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» Localized necking occurs near the side of the puncher hemisphere, and a
circumferential crack initiates at the necking locations (contact boundary),
which leads to final fracture.

The evolution of the creep deformation process is presented in the images below
(Figure 5.34).
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Fig.5.34 Evolution of the creep deformation process during SPC test
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There is a difference between the bending and membrane stretching in the contact
configuration, when describing the creep deformation process in the SP sample.
Bending is a dominant mode of deformation governing the initial plastic
deformation and the primary creep region, while the membrane stretching becomes
a dominant mode in the secondary and tertiary creep regions. During bending the
unsupported area of the sample is stressed and initial localized necking occurs at
the contact boundary of the puncher and the disc, but still the thickness is not
reduced.

During the membrane stretching mode the contact area is already controlled by
reduction in thickness. The rapid increase of the central deflection during the
tertiary creep might be due to initial localization of deformation (nucleation and
growth of creep cavities) in a small annular region, followed by the initiation of the
creep crack (linkup of the creep cavities) and its propagation until the final failure of
the sample.

The area beneath the puncher probably contributed little to the results. The annular
area where the deformation is localized is what should be compared with uniaxial
testing, where deformation is localized within a gauge length of controlled
dimensions. However, it should be mentioned here that the stress state of the SP
specimens may vary with the deformation process in contrast with uniaxial creep
specimens. Thus, detailed stress and strain analyses for SP test are required to
demonstrate more quantitative correspondence between the two test methods.

Comparison between calculated and experimental curves for BMI under 250N, SE
metal under 260N and WMI under 240N is shown respectively in Figure 5.35 a, b
and c. The FE model demonstrates very good prediction in terms of initial
deformation (instantaneous elastic deflection + plastic strain + primary creep), as
well as, secondary creep deflection rate for BMI (Figure 5.35a). Because of the
huge computational memory the model could not be run until the very end.

The precision in predicting secondary creep deflection rate for the service exposed
material is acceptable, although not as good as for the BMI. Unfortunately, only two
WM uniaxial creep tests results were available for calculating the stress
parameters used in the model, and they were, obviously, not enough to obtain a
good precision. The predicted secondary deflection rate for the WMI under 240N
load (3.49E-03 mm/h) was quite lower than the experimental one (6.54E-03 mm/h),
which resulted in much longer predicted lifetimes.

From the comparison between the calculated and experimental results above it
could be said that the model needs to be tuned further particularly for the WM
when more test data are available as two tests are not sufficient to represent the
creep behaviour of a material. Improvements for simulating the tertiary creep stage
should be made in order that the model can be used completely independently for
creep lifetime predictions. At this stage, the model can be used together with the
Monkman-Grant relationship to make approximate predictions for the creep rupture
times.
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5.3 Small Punch Fracture (SPF) Results

An INSTRON 5586 electromechanical universal testing machine equipped with an
environmental chamber to achieve low temperatures was used to produce SP
fracture results. In the SPF test the puncher penetrates through the disc at a given
constant rate of motion and the force F is measured. During this test, a relationship
between the force, F, and the central disc deflection (or puncher displacement) & is
examined. To a certain degree, this test is similar to the conventional stress versus
strain test under a constant strain rate. This similarity is apparent from the SP
force/load — deflection curve and conventional stress-strain curve, both recorded
for P91 BMI at room temperature, illustrated in Figure 5.36.
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a) b)

Fig.5.36 a) SP force-deflection curve and b) Conventional stress-strain curve

From the SP curve several parameters similar to those obtained from conventional
stress-strain curves can be evaluated. The early part of the plot is linear and
corresponds to the elastic bending of the disc. After a “yield point” F, corresponding
to oy = o2, the specific shape of the “strain hardening” appears and, finally, a
maximum force F,, corresponding to the “ultimate” tensile strength UTS is reached.
Then the force F decreases probably due to accelerated strain of the most highly
stressed parts of the disc, unstable crack growth and disc rupture occurs. This is
associated, more apparently at room temperature, with a strong decrease (“jump”)
of the force F.

The SPF test can be divided in different phases, which are marked by the evolution
of the load during the test (Figure 5.37):

» Phase 1: Elastic bending in the whole specimen (up to A).

In this phase, the stress-strain state is governed by the Young’s modulus with the
only exception of the area beneath the puncher where the indentation forces the
material to yield. The point A defines the departure from linearity and marks the
beginning of the Phase 2, where the deformation is still in bending mode, but in a
plastic regime. Unfortunately, at such low loads, the definition offered by the
instrumentation was not adequate for determining the exact position of such a
point.
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» Phase 2: Plastic bending in the whole specimen (from A to B).
In this second phase, the yielding surface is expanding very fast, affecting large
portions of the disc, with the stress-strain state governed mainly by the yielding
stress of the material and the hardening rate. Later, the deformation mode switches
into the membrane mode, which actually increases the capacity of the sample for
bearing load.
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Fig. 5.37 Stress regimes at different stages of the SPF test

» Phase 3: The membrane stress regime occurs in the contact region. All
along this region the membrane stress regime is expending together with
the contact region (from B to C).

The beginning of the Phase 3 - the starting point B can be easily found at the
inflection point of the load curve. The hardening rate is definitely governing this
phase although the membrane stress regime is present only in the SP specimen
contact region, while the unsupported region is still controlled by the bending stress
regime.

» Phase 4: The membrane stress regime start to expand very fast in most
part of the sample interesting also the unsupported region (from C to D).

At the point C the membrane stress regime is starting to expand very fast in most
parts of the SP specimen, affecting also the unsupported region. This marks the
beginning of the Phase 4, where the strain in the material is so high that the
capacity for bearing load is decreasing fast, up to the point D which represents the
maximum load and the point where the material reaches its plastic instability.
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» Phase 5. An annular necking appears and further deformations are
concentrated in such area, leading at fractures and at the final failure (from
D to fail).

Then necking is appearing and further deformation will be mainly concentrated in
the annular area where finally the cracks will start and grow leading to failure.

All SPF experiments were carried out at a deflection rate of 0.003mm/s. Only
INTEGRITY material was used for this type of experiment. In total 33 SPF tests
were completed for BMI, SE and WMI materials at temperatures ranging from -
192°C up to 20°C, following the Code of Practice Part B [2]. Some tests were
repeated for a better precision. Unfortunately the HAZ material was insufficient to
produce enough samples for the fracture tests. The data registered during the test
were: load, time, temperature and displacements. Two LVDTs were employed (left
and right — see Figure 4.10), as well as measurements of the crosshead
displacement, and these were registered during each test. Force-deflection curves
were recorded as an output data of the SPF tests.

Examples of SP force-deflection curves obtained for the BMI together with SEM
images, representative for different fracture modes: fully ductile (from -120°C to
20°C), mixed fracture mode with different percentage of the ductile and brittle
components and fully brittle (-192°C), are given in Figure 5.38.

Four deformation regimes can be associated with the shape of the force-deflection
curves. First, the curve shows an approximately linear initial loading up to about
400N, considered as an elastic bending. Second, a plastic bending regime occurs
after an extensive yield zone has developed. Third, after the inflection point located
around a deflection of 0.5-0.6 mm (Figure 5.38a), the deformation mode becomes
predominantly membrane stretching and finally, near the max load, cracks are
expected to develop in the specimen, followed by ductile propagation (in the ductile
case) and local strain may also occur as well. The combination of these
phenomena results in a decrease in load. In the brittle case the four deformation
regimes cannot be so clearly identified from the shape of the test curve. In
particular, the inflection point associated with the beginning of the membrane
stretching regime has particularly disappeared. Clearly, the difference in the
constitutive behaviour plays an important role in the shape of the force-deflection
curve.

Scanning Electron Microscope (SEM) images of fractured samples are used to
illustrate the microstructural features of the different fracture modes. The metals
tend to fail by one of two mechanisms, microvoid coalescence or cleavage.
Microvoid coalescence is the more common fracture mechanism where voids form
as strain increases, and these voids eventually join together and failure occurs.
This is the fracture mechanism characteristic for a ductile material (Figure 5.38
(+20°C)).

Of the two fracture mechanisms, intergranular fracture by cleavage involved far
less plastic deformation and hence absorbs far less fracture energy. The cleavage
fracture with its characteristic facets is the predominant fracture mechanism
observed in brittle materials (Figure 5.38 (-192°C)).
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For -150°C the fracture mode is mixed: the fracture surface comprises brittle facets
and microvoids on the facets’ borders (Figure 5.38 (-150°C)).
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Fig.5.38 SP force-deflection curves characteristic for: a) Ductile; b) Mixed and
¢) Brittle fracture mode & SEM images of the fracture surfaces
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The as-received SP curves were used for fracture properties evaluation: ductile to
brittle transition temperature (DBTT) and fracture toughness (Jic and Ky)
evaluation following the CoP part B.

5.3.1 Ductile-to-Brittle Transition Temperature (DBTT) evaluation

The evaluation of transition behaviour of ferritic steels is based on the temperature
dependence of the fracture energy. The testing method required for DBTT
evaluation (measured by FATT — fracture appearance transition temperature,
and/or 41J absorbed energy) is the standard Charpy V-notched (CVN) impact
testing.

The impact tests are designed to measure the resistance to failure of a material to
a sudden applied force. The test measures the impact energy, or the energy
absorbed prior to fracture. Impact energy is a measure of the work done to fracture
a test specimen. When the striker impacts the specimen, the specimen will absorb
energy until it yields. At this point, the specimen will begin to undergo plastic
deformation at the notch. The test specimen continues to absorb energy and work
hardens at the plastic zone at the notch. When the specimen can absorb no more
energy, fracture occurs.

The standard Charpy equipment and specimen design is shown in Figure 5.39a.
Charpy test specimens normally measure 55x10x10mm and have a 2mm deep V-
shaped notch, with 45° angle and 0.25mm radius along the base.

&

8

Fracture Energy, J
& 8

tangents _

easured force curve
I [:ompensnt!ﬂ curve

_

T ] 3 200 300

Temperature, ¢<C
b) c)
Fig.5.39 a) Conventional Charpy equipment and CVN specimen; b) Load-
displacement curve recorded during Charpy test at a given temperature;
c) CVN curve

in

Load-displacement curves are registered during Charpy test at a given temperature
and used for fracture energy calculations, by integrating the area under the curves.
Example of such curve characteristic for a ductile fracture is given in Figure 5.39b.
This absorbed energy is a measure of a given material's toughness and acts as a
tool to study temperature dependent brittle-ductile transition. Tough materials
absorb a lot of energy, whilst brittle materials tend to absorb very little energy prior
to fracture.

When the impact (fracture) energy is plotted as a function of temperature the
resultant curve will show a rapid dropping off of impact energy as the temperature
decreases. If the impact energy drops off very sharply, a transition temperature can
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be determined (Figure 5.39c). This is often a good indicator of the minimum
recommended service temperature for a material.

Similar transition behaviour with decreasing the test temperature is observed also
in the SPF test of disc samples. A series of SPF tests over a wide temperature
range is needed to determine the ductile-to-brittle energy transition behaviour (from
relatively high upper-shelf energy (USE) to low lower-shelf energy (LSE)) for the
material in question.

The SP fracture energy ESP (the energy required for the complete break-down of
the disc) is defined by the area under the load punch displacement curve, up to
deflection at onset of fracture/failure, which is defined as the punch displacement at
20% load/force drop after max load (Figure 5.40). A series of tests ranging typically
from -196°C to 25°C needs to be done to determine Tsp. The SP specimen
orientation is such that the normal to the punch disc plane is parallel to the Charpy
specimen crack propagation direction. Tgp is determined as the temperature where
ES" has its mean value of the highest and the lowest values in the transition region
(Figure 5.41).

The E® values for all 33 specimens are presented in Table 5.4.

Temp E hy €5 € of Um Fum o> J e Jie Kic
°c J mm (CoP) (Mao)  mm kN MPa kJ/m? kJ/m? MPa m'?
(CoP) (Mao)
21 1.94 0.18 1.02 0.85 175 1.71 566 236 189 -
0 1.93 0.21 0.88 0.85 157  1.68 604 196 188 -
-10 2.15 0.14 1.29 0.88 162 1.87 650 313 195 -
-30 1.97 0.18 1.03 0.85 160 161 577 238 189 -
-60 2.25 0.19 0.97 0.89 164  2.02 789 222 199 -
-70 2.03 0.18 1.04 0.85 159  2.00 729 241 187 -
-100 2.26 0.14 1.28 0.76 148 240 928 308 163 -
-120 2.34 0.20 0.93 0.84 158 241 931 211 185 -
-130 2.13 0.29 0.55 0.79 148 251 1009 104 170 -
-130 2.10 0.29 0.56 0.77 150  2.56 1000 106 165 -
-150 1.29 0.32 0.43 0.46 109 237 911 72 78 -
-158 1.30 0.35 0.37 0.49 110 237 914 55 87 -
-192 0.63 0.42 0.16 0.45 104 148 336 - - 3.4
-192 0.74 0.42 0.19 0.45 0.60  1.48 448 - - 4.1
23 2.02 0.21 0.87 0.86 160 1.83 633 193 191 -
0 2.06 0.18 1.02 0.80 153  1.95 693 235 175 -
-10 2.08 0.18 1.02 0.83 156  1.94 691 236 182 -
-30 2.35 0.20 0.91 0.94 170 216 803 204 213 -
-60 2.28 0.20 0.92 0.88 163 221 827 208 197 -
-100 1.99 0.21 0.86 0.80 152 228 868 192 173 -
-120 1.99 0.32 0.44 0.77 149 241 935 74 166 -
-135 1.33 0.32 0.45 0.48 109 231 879 76 85 -
-158 1.42 0.36 0.33 0.51 113 244 951 44 92 -
-192 0.88 0.43 0.14 0.46 106  1.59 508 - - 45
-192 0.82 0.42 0.18 0.35 0.88  1.84 639 - - 5.2
23 1.88 0.23 0.78 0.92 167 1.83 634 167 207 -
-100 2.03 0.24 0.76 1.00 177 220 824 161 230 -
-158 0.95 0.36 0.34 0.65 133 151 466 44 132 -
-158 0.64 0.37 0.30 0.31 081 156 489 35 36 -
-192 0.68 0.48 0.04 0.45 103 146 439 - - 4.0
-192 0.44 0.43 0.15 0.19 059 146 439 - - 4.0
-192 0.58 0.43 0.16 0.40 096 1.27 338 - - 3.4
-192 0.78 0.48 0.04 0.49 110 149 455 - - 4.1

Table 5.4 SP fracture test results
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Fig.5.40 Integrating SPF force-deflection curve

The temperature dependence of the fracture energy for INTEGRITY BM from
standard Charpy CVN tests has been compared with fracture energy data obtained
from the SPF tests for BMI, SE and WMI materials, plotted together on a single
graph (Figure 5.41). For a certain temperature the SP fracture energy values
shown sudden decrease which is assumed to correspond to ductile-to-brittle
behaviour transition. Usually FATT is determined as ' of this transition region

(Figure 5.41).

Tsp is correlated with the DBTT obtained by Charpy testing (FATT), where Tgp and
FATT are expressed in K, using the following equation (CoP Part B):

Tsp (K) = o * FATT charpy(K) (5.8)
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Fig.5.41 Temperature dependence of SP & CVN fracture energy

Tsp is found to be around 100°C shifted downward from the DBTT obtained by the
Charpy test method. On the one hand, the shift of the DBTT to the lower
temperature range is attributed to the lower strain rate involved in the deformation
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and rupture of the specimen during the small punch test. Baik et al. [157] studied
the strain rate effect in small punch tests on Ni-Cr steels and showed that a
hundredfold increase of the displacement rate leads to 20% increase of the DBTT.
On the other hand, the size effect is also significant for the transition temperature.
Reducing the specimen size from a full-size standard 10x10x55mm to sub-size
3x4x27mm results in a shift of the DBTT towards the lower temperatures with
around 50-60°C [235].

A correlating factor o, was calculated from the SPF test conducted for the purposes
of the thesis and standard Charpy results made available from the Mannesmann
Institute, as follows:

Tsp= 0.6 * FATTcharpy (5.9)

For a comparison, confronting Tsp with the Charpy FATT on different structural
steels, the ratio of o ~ 0.35 has been obtained in refs. [180, 232-234].

Because of the significant data scatter due to the miniature specimen scale, it was
not possible to distinguish different correlating factors for BMI, WMI and SE
materials. Possibly more numerous SPF tests in the transition region need to be
completed, emphasizing also the need for test rig calibration after every test, in
order to be able to determine more precisely the Tsp values for different materials.
Modified SP specimen design with 1 mm of thickness and O-ring notch is
considered in future to improve the reliability of the SPF results by reproducing
more closely the stress concentration and crack propagation observed in a
standard Charpy test. Nevertheless, the application of this empirical correlation is
very promising for the determination of the FATT of in-service aging components,
especially when the material properties in the as-received condition are unknown.

SEM images of base metal SP fractured samples at temperatures -30°C, -158°C
and -192°C, corresponding to a ductile fracture mode (upper shelf energy region -
USE), mixed fracture mode (transition energy region - TE) and brittle fracture mode
(lower shelf energy region - LSE) respectively, are presented in Figure 5.42. The
difference in the final specimen shape is obvious — lateral and frontal views of the
discs are shown for better visualization. At -30°C the material is very ductile and
large plastic deformation occurs before initiation of the circular crack and final
breaks of the sample. At -158°C the material has a different percentage of ductile
and brittle fracture. A limited plastic deformation occurs before formation of the
crack. At -192°C the material becomes completely brittle. The crack starts
immediately with applying the loading without any plastic deformation. The main
crack is not circular but several radial cracks starts at the contact boundary when
the disc is punched.
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Fig.5.42 SEM images of lateral and frontal views of discs failed at temperatures
corresponding to different fracture modes

5.3.2 Fracture toughness J,c and K¢ evaluation

The risk of catastrophic rupture of operating components is a function of the
tolerable size of flaws or defects, which, in turn, are directly and quantitatively
related to the component material fracture toughness Kic (or Jic).

As for the FATT estimations, the significant volume of sample material required for
conventional measurements of K¢ makes application of the direct testing approach
impractical in the case of many in-service components. The SP test in conjunction
with the miniature sample removal proposes a good alternative for accurate
component- and component location-specific assessments of in-service material
degradation.

The early research on the use of a SP mechanical test configuration was initially
driven by the demand to assess material mechanical properties from a volume of
material small enough to fit into the irradiation test assemblies designed for
evaluating the effects of irradiation on material properties [228]. The various
aspects of miniature specimen testing, including small punch testing, have been
recently reviewed by Lucas [184], to which the reader is referred.

There are three approaches, described in the CoP Part B [2] for material fracture
toughness estimations by the SP test. Two of them are material dependent and
based on empirical correlations [227, 229, 230]. The third one is based on purely
analytical interpretation of the test results. It is material independent and requires
no prior knowledge of mechanical material properties.
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1) Two-step method of determination of K¢

The first step is to determine the correlation between Tsp and FATT as it has
already been shown above. Determining the Tgp value and knowing the correcting
factor for the material in question, the FATT estimation can easily be done using
only SP specimens. The second step is using a direct empirical correlation
between FATT and Kic.

This method has been well-explored and continues to be applied. However, the
following aspects of the approach partially limit its field of applicability:

» The procedure relies on an empirical correlation that is material-
dependent; therefore its application is limited to the alloys or class of alloys
for which the correlation has been developed.

» The scatter in the correlation can be large enough to make choice of a
lower-bound FATT estimate to be potentially excessively conservative. The
scatter bound using this method was reported to be about 50% [171, 231].
An example of Kc — FATT empirical correlation for CrMoV steel is
presented in Figure 5.43 [233]. Since the empirical K,c — FATT correlation
for P91 steel was not found during the literature survey, its implementation
for calculating fracture toughness from SP results was not possible.

» Additional conservatism can be introduced into a flaw tolerance-based
integrity assessment when estimating fracture toughness, Kic, from a lower
bound Kic — FATT correlation. This limitation applies to any and all FATT
measurement procedures, including traditional full-size Charpy test
methods.
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Fig.5.43 K,c — FATT empirical correlation for CrMoV steel [233]

2) EPRI-FAA Innovative approach

In this approach [171, 227] the criterion used for fracture is the strain energy
density (strain energy absorbed per unit volume) required to produce crack
initiation in a solid un-cracked specimen. This criterion is then applied, as a crack
initiation criterion, to the crack tip of a standard specimen loaded via computer
simulations.

The procedure used to determine material fracture toughness from a single SP test
is as follows:
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» Conducting a SP test and recording the load-displacement curve; the
sample is monitored for identification of crack initiation;

Determination of the uniaxial tensile stress-strain constitutive behaviour
from the recorded load punch displacement curve by optimal fitting to the
punch test data;

Determination of local strain energy density, corresponding to crack
initiation in the small punch test using FE analysis, i.e. fracture criterion;

FE analysis of cracked compact tension (CT) specimen,;

Estimation of the CT specimen load at the point where crack tip strain
energy density reaches critical level (fracture criterion);

Computation of fracture toughness J,c for compact tension (CT) specimen
by handbook.

Y

vV VYV V¥V

This approach differs greatly from previous attempts to interpret small punch test
data for fracture toughness estimations. It offers the following advantages:

» Unifies the strain- and stress-based fracture criteria by using an energy-
based criterion;

» Uses a predominantly analytical-based interpretation of the SP load-
displacement curve;

» Uses the critical experimental aspect of identifying the point (temporal and
spatial) of fracture initiation during the test.

Applying this approach for the purposes of this thesis was not considered because
of time restrictions; developing additional FE models would require more time,
whereas the highest priority of this thesis was placed on the analysis of the creep
behaviour during SP testing. It is however well worth considering as a continuation
of the present work. Another difficulty to apply this method for lower temperature
tests comes from the technical impossibility to use the camera lenses at such low
temperatures for identification of crack initiation.

3)_Empirical, direct correlations from SP to Kic

The empirical direct approach is used in this thesis to estimate the material fracture
toughness (Kic and Jic) by SP tests, suggested also in the Code of Practice.

This approach is based either on the measurement or estimation of equivalent
fracture strain g4, and its correlation with fracture toughness Jic for the ductile case;
or the estimation of the small punch fracture stress o> and its potential correlation
with fracture toughness K¢ for the brittle case.

The method has been principally proposed by Mao [169, 203, 206] and is based on
Bayomi & Bassim’s [205] work for ductile behaviour and Takahashi’'s [203, 226]
work for brittle behaviour.

5.3.2.1 Ductile behaviour
» Mao’s criterion

In the ductile case, which most often applies to Grade P91 steel, the semi-empirical
method is based on a linear correlation between J,c and the equivalent (Von Mises)
fracture strain &4, in a predominantly biaxial stress loading condition:
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Jc=k Eqf — Jo (510)
where k and J, are empirically determined constants. Mao and Takahashi suggest
that k and J, are invariant, material-independent constants; k =280 and J, = 50
[206].

Jicis in kJ/m? and gqris dimensionless and can be approximated by:

gqr = 0.15 (U / ho)*? (5.11)
where u’ is the displacement at fracture. The equivalent fracture strain is averaged
throughout the initial specimen thickness h,.

The critical issue is defining when fracture occurs. A discussion exists as to the use
of the maximum peak load or maximum force F,, to determine u, or whether
fracture starts much earlier. Examples of force-deflection curves for specimens
exhibiting macroscopically brittle and ductile behaviour are shown in Figure 5.44.
Weld material failed at -192°C was chosen to illustrate the fully brittle case and WM
failed at room temperature to show the fully ductile case (see Figure 5.44).

While in the brittle case the crack initiation and the unstable crack growth
undoubtedly coincide with the maximum force, in the ductile case, the point of
apparent crack initiation is believed to be well before the peak force (Figure 5.44),
hence it must be considered as a limiting case. This idea was introduced by Foulds
and Viswanathan [227].

2100
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Z unstable growth \ Ductile
8» 1200 -5 i\
o Brittl Craik initiati d
S 900 | e stable growth
600 +---Sf - -
300 -
0 u' U
0 0.5 1 1.5 2
Deflection, mm

Fig.5.44 SP force-deflection curves for specimens failing in brittle and ductile
manner [227]

The constants k and J, have been determined from test results wherein fracture
has been defined to occur at the peak load F, in the force-deflection curve.

In the thesis calculations, u is approximated by the maximum deflection u, in
accordance with the Mao’s formula for calculating 4. Thus, the biggest deviation in
the fracture toughness values will be found for the fully brittle fracture mode. For
example, if instead of using uy, in the ductile case shown in Figure 5.44, u values
are considered, this would give around 45% lower value for J,c according to Mao’s
criterion, which makes the method non-conservative.
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If the fracture strain is greater than 0.25 the material is considered to be ductile,
according to Mao et al. [203]. Thus the formula for J,c could be used in the fully
ductile and in the mixed fracture case.

> CoP criterion

This limitation in the way of fracture strain evaluation is avoided in the Code of
Practice Part B [2] by not using the force deflection curves, but the fractured discs
geometry. This makes it more precise and reliable when compared with Mao’s
criterion described above. The effective fracture strain, &, in this case is defined as:

g =1In (ho/ hy) (5.12)
where h, is the original thickness of the test specimen and hy is the final thickness
adjacent to the area of failure. In order to measure this, the specimen has to be

sectioned through the position of fracture after the test as can be seen in Figure
5.45.

;

- Cutting line

Fig.5.45 (top) schematic drawing of a cracked small punch specimen; (left) top
view to the cracked small punch specimen with the line indicated where to cut the
Specimen; (right) cross sectional view to the cracked small punch specimen
with the positions indicated where to measure h, and h;[2]

The fracture toughness values in the ductile case, Jic, calculated using the Code of
Practice and Mao’s formulas for & and e are given in Table 5.4 above. The Ji¢
values, calculated using the CoP criterion, are generally higher than those received
by using Mao’s criterion.

5.3.2.2 Brittle behaviour
In the low temperature range, a very limited deformation of the SP sample occurs,
and to calculate the fracture stress it is assumed that, the applied stress is entirely

transmitted for crack propagation.
In the brittle or predominantly elastic case, the fracture toughness K¢ is proposed

to be related to the SP fracture stress, o', by Mao et al. [203] as follows:
Kic = C [0;>"] %" (5.13)

or ¥ is empirically estimated from the maximum load in the SP force-deflection
curve (Figure 5.44):
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01> =130 (Fm / ho?) — 320 (5.14)
C is an empirically determined constant; C = 0.07 [203].
Ky is in MPa m"?;
F is the maximum force/load in kN; and
h, is the initial specimen thickness in mm.
The same formula for K¢ is adopted also in the Code of Practice.
This estimate has meaning when fracture initiation occurs at the maximum load
otherwise the maximum force/load based estimation of fracture stress could be
approximate. In the more general case, when also some plastic deformation occurs
when loading the disc, the maximum load would not coincide with the crack
initiation. The crack, i.e. fracture, would start somewhat earlier before the maximum
force occurs. Thus, the obtained K¢ values would be slightly lower which would
represent an error of approximately 10-20%.
However, in the present thesis, this formula was used only to calculate fracture
toughness in the fully brittle case at -192°C. Since the force-deflection curves for all
materials have the shape shown in Figure 5.44, in this case the maximum force
used in the formula for of calculation coincides with the point where the unstable
crack starts and propagates immediately causing a sudden burst of the disc.

The calculated K¢ (Jic) values using the formulas given above for INTEGRITY BM,
WM & SE materials are given above in Table 5.4.

5.3.2.3 Comparing the K¢ (J|c) values with literature data
> P91 BM

Only limited reports are available in the literature on J,c characterization of P91
steel. Reported J,c values for P91 base steel are found to be between 180 and 344
kJ/m? at ambient temperature for un-irradiated material [203, 221-223], which is
consistent with the thesis results.

Results of standard fracture toughness tests of P91 base material (in red) with
evaluation according to the Master Curve conception (in blue) are summarized in
Figure 5.46 [236].
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Fig.5.46 Master Curve conception and conventional fracture toughness data of P91
base material [236]
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These fracture toughness data, together with CISE conventional results [223] are
compared with the Jc and K¢ results obtained from the SPF test, using both the
Code of practice and Mao’s criterion, see Figure 5.47.
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Fig.5.47 Comparison between the P91 fracture toughness Master curve,
conventional CT tests [236] and thesis SPF data

Different pattern is noticed in the J,c temperature dependence obtained by SPF
tests. A direct correlation might be found for room temperature and temperatures
below -150°C. However, for the temperatures in the range from -150°C to +20°C,
the obtained values lie quite above the master curve. The CoP criterion gives some
higher values for J,c, which makes the method less conservative than the Mao’s
method. However, the two criteria give comparable values with exception for 2
points, received using CoP criterion. Possible explanation is the subjectivity of the
method related to the determination and measurement of hy.

The possible explanation could be that: because of the low strain rates involved in
the SPF tests, the different crack initiation and propagation conditions — no
presence of a notch as in the CT conventional specimen, and the particularity of
the SP testing — very small discs, presence of a bending stage, biaxial stresses etc,
the material behaves in a ductile manner even at very low temperatures, -150°C,
as was also apparent when defining the DBTT by SP testing. As was demonstrated
from the Charpy data used in the thesis, the same material becomes completely
britle when conventional large samples with a notch are subjected to impact
testing. It has been also observed by Foulds et al. [171], that even when the
material behaves in a classically brittle fashion, as loaded in a standard Charpy or
CT specimen configuration, it often does not behave in a macroscopically brittle
manner when loaded in the small punch mode. Indeed, prediction of large-
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specimen brittle behaviour can not be made by mere macroscopic indications in
the small punch test.

Therefore, in the temperature range where materials behave in a ductile manner,
higher fracture toughness values should be also expected than those obtained by
testing of large CT samples. Since at room temperature the material behaves as
ductile as loaded in Charpy, CT test or SPF, there is also agreement between the
fracture values obtained by SP testing and CT testing configuration. An agreement
is found also for temperatures lower than -150°C, where even in the SP testing the
material is predominantly brittle.

Very limited data are reported in the literature for K¢ at very low temperatures, due
to also the practical difficulties of reaching cryogenic temperatures. Moreover, the
whole assembly (specimen supports, puncher, LVDTSs, etc) should sustain these
temperatures without deforming. Unfortunately with the modification made in the
testing equipment used in this thesis, it was not possible to achieve intermediate
temperature levels between -192°C and -158°C.

Toughness values of Kic =32.5 MPa m"? for 12Cr-1Mo steel and Kic =14.5MPa m'*?
for 2.25Cr-1Mo steel, both in as-received condition, obtained by SP testing at very
low temperature (-196°C) are reported in [180]. No data for P91 were found for
such low temperatures. In this thesis the calculated fracture toughness values, Kic,
for BMI at -192°C are 3.4 and 4.1 MPa m"? even lower than the values reported for
2.25Cr-1Mo steel.

Conventional CT samples should be produced from the SE material and tested in
order to compare the results with the SP fracture toughness data. However, the
same tendency as for the BMI is expected.

> P91 WM

Fracture toughness values, Jic, of 192, 195 and 208 kJ/m? for P91 weld metal at
ambient temperature, obtained by CT specimens are reported in [223]. Both SP
fracture toughness results using CoP and Mao’s criteria are presented. Again as
for the BM, the calculated SP fracture toughness values for INTEGRITY weld metal
at room temperature agree with the literature findings (Figure 5.48). Applying CoP
criterion resulted in lower Jc values. The CT data [223] are closer to the SP facture
toughness obtained using Mao’s criterion.

No conventional WM fracture toughness data were found at lower temperatures to
be compared with the SP results. As for the BMI, the weld metal K¢ data obtained
by SP testing at -192°C are very low: from 3.4 to 4.1MPam? (Figure 5.48).
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Fig.5.48 Comparison between the P91 WM fracture toughness obtained by SP and
conventional CT tests [223]

5.3.2.4 Comparing the SP J,c values for BMI, SE and WMI

» CoP criterion

A comparison between the fracture toughness values of BMI, SE and WMI using
the CoP criterion is shown in Figure 5.49. It is difficult to distinguish between BMI
and SE results, without curve fitting. This is expected due to the similar properties
of these two materials. From the exponential curve fitting it does appear that the
SE metal exhibits slightly lower J,c values. From the limited SPF data available for
the weld metal it shows the lowest toughness.
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Fig.5.49 Comparison of SP- J,c data of BMI, SE and WMI using CoP criterion
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> Mao’s criterion

When using the Mao’s criterion, the difference between the BMI and SE metal is
less obvious. On the other hand, the weld metal, exhibits slightly higher values
(Figure 5.50) which is contrary to the results of the previous graph.
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Fig.5.50 Comparison of SP- J,c data of BMI, SE and WMI using Mao'’s criterion

In conclusion it could be said that the discrepancy in the fracture toughness results
in either the ductile or brittle case could be due to difficulties to measure and
estimate the fracture strains and stresses and the inherent empiricism in the
correlation between these parameters and fracture toughness. Further, the
approach excludes consideration of crack initiation, relying on global estimation of
strain or stress at the maximum force generally well after initiation in the ductile
case (Figure 5.44).

From the results obtained so far, this direct empirical method for fracture toughness
evaluation by SPF test indicates some doubts about its applicability over a wide
temperature range. However, the estimation of fracture toughness properties from
thin discs is an innovative and promising approach. The work of this thesis forms a
solid base for further investigations in particular related to the empirical
relationships given in the Code of Practice and by Mao. From an experimental
point of view it would seem that the technique could be improved by being able to
physically detect the crack initiation for precise strain and stress estimation. A
further desirable continuation of research on SP fracture testing should consider
reproducing similar crack initiation conditions to the conventional test by machining
a circular notch on thicker disc specimen configuration. Indeed this approach
involving notched specimens would also be interesting in extending the main body
of this thesis towards creep crack growth assessment.
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6. CONCLUSIONS

From the work performed in this thesis the following conclusions could be drawn:

» The SP test is shown to be a reliable method to depict creep behaviour of
alloys. The overall shape of the SP creep curves as a function of applied load is
qualitatively similar to that recorded during conventional uniaxial creep tests for the
same material and test temperature.

» The shape of the SP creep curves changes as a function of applied load in
a manner similar to that in the conventional creep tests with increased creep rates
associated with increasing load. Just as for the conventional tests, the rupture lives
are found to increase with decreasing load.

» The SP creep results on the base metal (BM) and service exposed (SE)
material confirm exactly the trends of the uniaxial creep tests showing the
negligible effect of the service exposure and underlining the usefulness of the SP
test for non-intrusively investigating creep properties to determine residual life of
components.

» The SP test leads to differentiation of creep curves and stress rupture
properties for BM, weld and HAZ’s. The SP results clearly indicate that the weld
metal is weaker than both the BM and SE and the CG HAZ zone behaves similarly
to the WM. The FG HAZ is shown to be the weakest component of the weldment.

» A simple linear relationship between the SP load and the equivalent creep
stress has been demonstrated, applying the CoP for SP testing. In terms of stress-
rupture behaviour there appears to be a good correlation between uniaxial and SP
WM tests with the ductility factor ksp from the Code of Practice equal to 1. A similar
dependence is found also for the FG-HAZ. Comparing the stress-rupture data of
the SP FG-HAZ and simulated uniaxial FG-HAZ obtained by other authors,
resulted in a ductility factor ksp=1. Unlike for the FG-HAZ material no correlation
can be found between the simulated uniaxial CG-HAZ and the SP tests. The
reason for this is thought to be the high creep strength of the simulated CG-HAZ,
higher than even the BM strength.

» With regard to the BM and SE metal, from the comparison made between
the SP creep (SPC) and uniaxial stress-rupture results acquired for the purposes of
the thesis and by other authors over a wide stress interval — from 120MPa to
275MPa, it is obvious that no unique ductility factor should be used to bring the
governing creep stresses in the uniaxial and SP test closer together. For the low
stress (up to 120MPa) low ductility tests, a ksp =1 works well. Higher is the stress,
higher is the ductility factor to be applied to compare directly the results. A linear
relationship, based on results received from different material batches, testing
temperatures and SP equipment, between the load to be applied in the SP test and
the ksp factor is proposed in the thesis.
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» The stress dependence of the minimum creep strain rate for uniaxial test
has analogical load dependence when compared to the minimum deflection rates
found in the SPC tests. As regards the time dependencies of the strain and
deflection rates, a discrepancy is observed and no analogical dependence was
found.

» A FE model has been developed, based on the Norton creep law, to
predict the deformation of the disc during the punch test. It would benefit from
being tuned further particularly for the WM when more test data becomes available.
Improvements for simulating a tertiary creep stage should be made in order to be
used completely independently for creep time predictions. However, the model
shows a good prediction in terms of secondary creep strain rate for BM and SE
material creep behaviour.

» SP samples have been used to determine the fracture properties: DBTT

and K¢ (Jic). A similarity between the SP force—deflection curve and the
conventional stress-strain curve was demonstrated. A similar temperature
dependence of the fracture energy is obtained from SP fracture tests as from the
Charpy impact tests. As in the traditional Charpy test for DBTT estimation, the
small punch test exhibits a ductile-to-brittle energy transition behaviour associated
with an intergranular fracture by cleavage at low temperature and ductile fracture
void formations at higher temperatures.
The transition temperature measured by the SP discs, Tsp, is found to be around
100°C lower than the FATT due to the very small specimen size and the nature of
the SP test. The correlation factor between the DBTT measured by SP test Tsp and
DBTT measured by Charpy test, expressed in K was found to be:

Tsp / FATTCharpy =0.6

» An empirical approach was used to calculate the material fracture
toughness in the upper-, transition- and lower-shelf regimes taking into account
both, CoP and Mao’s criteria for the fracture strain determination. From the
comparison made with the fracture toughness Master Curve and conventional data
reported in the literature is observed that:

In the ductile & mixed fracture case: the SP Jic toughness values received for room
temperature and temperatures below -150°C are comparable with those reported in
the literature. In these cases the prediction could be judged acceptable, and could
be applied for further life assessment calculation. Discrepancy exists for the
temperatures in the range from -150°C to +20°C. The SPF values obtained lie quite
above the master curve. The CoP criterion gives some higher values for J,c, which
makes the method less conservative than when the Mao’s criterion is used.

In the brittle case: no conventional data for P91 fracture toughness, K¢, were found
for very low temperatures. From the K¢ data reported for a similar steel -12Cr, the
P91 fracture toughness should be expected to be around 15-20 MPa m"2. The
calculated Kic by SPF testing, however, are very low for all the three materials —
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BM, WM and SE metal, approximately 3 to 5 MPa m", thus indicating some doubt
about the applicability of the SP testing for fully brittle materials.

As far as the WM is concerned, the Jic values obtained by SP testing are
absolutely comparable with conventional WM fracture toughness results reported in
the literature. Unfortunately no lower temperature data were found for comparison.

In summary:

The main objective of the present thesis has been achieved in that the potential of
the SP testing for creep properties evaluation for welded P91 materials has been
clearly demonstrated, underpinning the case for acceptance in plant component
lifetime extension methodologies

As far as fracture properties are concerned, the method works well for DBTT
determination. For fracture toughness evaluation in the ductile case, it should be
used with some caution and further improved, especially when the material under
investigation behaves differently when loaded in the SP test and in the
conventional test configuration. The applicability of the SP method at room
temperatures was demonstrated for both BM and WM. For fully brittle materials, so
far, the SP method is not conclusively demonstrating its potential and requires
substantial further development.
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