














Oxidation characteristics of power

generation materials
Researcher: Evans Mogire

Start Date: October 2009
Current Status: Ongoing
Supervisors: Dr RL Higginson and Prof RC Thomson
Loughborough University

The objective of this project is to study the growth and microstructural development of the oxide scales on critical high
temperature components of fossil fuel power plants. Oxide scales develop on external (fire side) and internal (steam
side) surfaces of tubes and piping found in various boiler sections, such as, furnace panels, superheaters and reheaters
and in header pipes. These components are generally constructed from ferritic and austenitic stainless steel and nickel
alloys, utilised due to their good thermomechanical properties. However, these metal alloys can behave differently under
varying steam or fireside oxidising conditions with the resultant oxide scales formed potentially causing a number of
problems. These can include local overheating problems, causing long-term creep and mechanical strength degradation,
oxide scale spallation which might cause tube blockages and if the spalled debris reaches the turbine section, blade
erosion can occur. A thinning effect on the pipe dimensions also occurs due to bulk metal consumption, which
significantly affects critical load bearing cross-section of the tubes. Additional factors such as operational temperature,
time, chemical composition of the base alloy and thermal cycling have an effect on both the mechanism of formation,
microstructural characteristics, mechanical properties and degree of protection conferred by these oxide scales. Hence,
good material selection for these critical components plays an important role in controlling the oxidation behaviour.

An in-depth study of oxide scale growth on stainless steel and nickel alloys under varying isothermal and non-isothermal
conditions is being carried out and compared to similar ex-service materials. Oxide scale and bulk material
characterization is being carried out using various analytical techniques, such as optical microscopy, scanning and
transmission electron microscopy, together with chemical analysis and electron back scatter diffraction, and X-ray
diffraction. These techniques can provide important information regarding microstructures, texture development and
oxide scale characteristics which is pertinent to explaining oxidation behaviour. The characterization and oxidation kinetic
data obtained will then be used to develop models for oxide scale growth, in order to assist with service lifetime
prediction of critical boiler components.

Research Impact

The project aims to provide an intrinsic understanding and predictive capability of how different high temperature
materials behave in steam oxidising conditions. This will be instrumental in material selection, design and upgrading of
existing fossil fuel power generation plants as well as the development of advanced supercritical systems. The use of the
best available technologies will enable improvements in thermal efficiencies and the associated CO, emissions reduction
will be an important aspect in these systems.

Figure a Figure b Figure c

Micrographs of oxide scales, (a) showing photomicrographs of unoxidised and oxidised ex-service boiler tubing, 1 and 2 respectively,
Scanning electron micrographs showing (b) oxide scale on 347HFG steel exposed to steam at 650°C for 3000 hrs, areas marked 1 and
2 being substrate and oxide respectively and (c) oxide growth on 347HFG steel, characterised by iron rich oxide whiskers.
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Effects of geometry on the fracture of metals
Researcher: Mahmoud Mostafavi

Start Date: October 2005

Current Status: PhD Awarded

Supervisors: Prof M Pavier and Prof D Smith
Bristol University

It is of paramount importance to have an accurate and reliable fracture assessment code to reach an optimum design.
Such an assessment enables design engineers to predict the exact conditions causing a cracked component to fracture.
Therefore, lighter yet safer structures can be manufactured. The available fracture criteria implemented in the fracture
assessment codes are not ideal by any means and need improvement. It has long been known that plastic constraint
effects should be considered if a more accurate fracture criterion is to be proposed, yet there is still no widely accepted
parameter to quantify it. Quantifying the constraint level properly is one of the main objectives of the present study.

Fracture mechanism plays an important role in the load bearing capacity of the specimens. It is found in this project that
plastic constraint can alter the transition point between different mechanisms of fracture. Hence it is attempted here to
include such effects in the theoretical criteria available to predict the transition. Such modified criteria provide more
accurate predictions of the transition between the so called tensile type and shear type fracture.

The study of out-of-plane constraint has mostly been confined to plane stress and plane strain conditions. A novel biaxial
test was carried out in the present study to investigate the fracture behaviour of ductile materials beyond plane strain
condition. It was found that such conditions can trigger fracture in loads far below the load predicted by the available
fracture criteria. A series of triaxial tests were also conducted to explore the combined effect of high in-plane and high
out-of-plane constraint.

Finally, by using the above mentioned findings, a new fracture criterion is proposed which is capable of predicting fracture
in any geometry, thickness and loading condition.
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Degradation of environmental protection coatings

for gas turbine materials
Researcher: Laura Nalin

Start Date: January 2006

Current Status: MPhil Awarded (2009, after 2 years research)
Supervisors: Dr N Simms and Prof J Nicholls

Cranfield University

Nowadays problems of component materials reliability in gas and oil-fired gas turbines focus on assessing the potential
behaviour of commonly employed coatings, in order to avoid expensive and unpredictable failure in service and
producing new materials whose performance meets life time and manufacturing/ repairing requirements.

This MPhil project has investigated the oxidative and corrosive degradation mechanisms for some of the alloy/coatings
systems (CMSX-4, CMSX-4/ RT22, CMSX-4/ CN91 and CMSX-4/ “LC0O22"), which are currently used for turbines blades
and vanes, in order to achieve a better knowledge of materials behaviour and to improve models for the prediction of
turbine components’ lives. To achieve this target the study has made use of realistic simulations of turbine exposure
conditions in combined with pre- and post-exposure metrology of bar shape materials samples, while optical microscopy
have been applied to describe the microstructural evolution during the exposure and the products of the degradation for
the hot corrosion.

For high temperature oxidation, over extended periods of time (up to 10,000 hours), the research has allowed to describe
the morphological changes in respect of the exposure time and temperature and to determine the oxidation kinetics
experienced by the alloy and coatings. A model has been presented for predicting 8- and a-Al,O3; growth. Moreover,
using NASA COSP spalling model, with rate constants values coming from this study, a comparison between
experimental mass change data and prediction has been shown.

The hot corrosion study has provided new quantitative metal loss data and observations that extend/validate an existing
model for materials life prediction, based on defining the severity of the corrosion conditions through measures of gas
composition and contaminant deposition flux.

Research Impact

This project produced a set of samples oxidised for periods of up to 10,000 hours that have been used by other PhD
students and post-doctoral researchers in the consortium (Sarah Ogden and Geoff West at Loughborough University;
and Gabrielle Hilson and Dong Liu at Bristol University) during both phases of this Supergen project.

The data generated from the unusually long term laboratory oxidation exposures are being include papers generated by
the consortium, and have been used to focus further research currently being carried out by the consortium on oxide
growth under TBCs and TBC spallation under industrial gas turbine operating conditions.

The hot corrosion data generated has been used to ‘fill in’ datasets generated in previous work and so have been used
to consolidate existing hot corrosion models and identify parts of the models that need further improvements. This
fundamental work is continuing in phase 2 of this Supergen consortium, with applications to specific industrial processes
being taken forward in recently started projects with EU and TSB funding (and including appropriate Supergen
consortium industrial partners).
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Microstructural evolution of coated conventionally

cast Ni-based superalloys
Researcher: Scott Newman

Start Date: October 2007
Current Status: Ongoing
Supervisors: Prof RC Thomson and Dr GD West
Loughborough University

This project focuses on the changes in the microstructure of MCrAlY coated nickel based superalloys used routinely for
critical components within industrial gas turbine engines for power generation. These engines typically operate at gas
temperatures of approximately 1150-1450°C, resulting in a need for materials which can withstand not only these high
temperatures, but also aggressive operating environments. Nickel-based superalloys are usually chosen for the turbine
blades as they have excellent high temperature resistance whilst retaining high strength at operating temperatures.
In order to provide protection against oxidation and corrosion, to minimise the risk of a service failure the alloys are
often coated.

A coating system is used which is made up of multiple layers of different compositions. An inner layer is applied to
provide a bond for an outer high temperature resistance thermal barrier coating (TBC). The inner MCrAlY overlay coating
also provides an increase in resistance to oxidation and corrosion. The ‘M’ in the MCrAlY is generally either Ni or Co or a
combination of the two. These coatings work by forming dense thermally grown oxides (TGO). The dense TGO provides
additional protection against oxidation and also the formation of the layer by the oxidation of the MCrAlY coating instead
of the substrate prevents the oxidation of the base alloy.

The coating system is therefore complex and during service the microstructure changes significantly. This project is
therefore concerned with the changes in the microstructure after exposure at elevated temperatures for prolonged
periods of time. Advanced characterisation techniques have been used to quantify the changes in a range of MCrAlY
coated components. Techniques used include backscatter and ion beam imaging within a focused ion beam and field
emission gun scanning electron microscope, electron back scatter diffraction (EBSD) and also in combination with
energy dispersive X-ray spectroscopy, which has led to the development of a new 3D microstructural reconstruction
technique.

Another component of this project has been to develop a methodology for using the fully quantified microstructural
images to aid in the prediction of the service temperature, and therefore remaining life, of ex-service components. The
outcomes of the experimental work have been used to benchmark and validate a coupled thermodynamic/kinetic
diffusion model developed within the overall project, against isothermally exposed material and then the model has been
used as part of a temperature estimation technique developed in this project.

Figure a Figure b Figure c

Figure: Image (a) is an industrial gas turbine engine showing the rows of coated Ni-based superalloy blades; image (b) is a FIB back
scatter image of an ex-service blade and image (c) shows a 3D reconstruction of the 8 and o phases of a coating system microstructure
using data collected from combined 3D EBSD/EDS.
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Microstructural evolution in coated Ni-based single

crystal superalloys
Researcher: Sarah Ogden

Start Date: October 2004
Current Status: PhD Awarded
Supervisor: Prof RC Thomson
Loughborough University

Ni-based superalloys are primarily used in the manufacturing of critical gas turbine components, such as rotating blades.
The drive for increased efficiency has led to a continuous rise in engine operating temperatures, and therefore these
components are exposed to conditions that can ultimately compromise their mechanical integrity and therefore limit their
service life. There is a desire to extend the component’s life and also to avoid any premature failures, and therefore
understanding of the material’s stability and properties throughout component life is increasingly important.

This research was concerned with the microstructural evolution as a function of time and temperature in two different
coated Ni-based superalloy systems and in particular, the interactions which occur at the coating/substrate interface. The
coated samples were isothermally exposed to various temperatures to simulate the possible service conditions
experienced by industrial gas turbine blades. A variety of experimental techniques, including field emission gun scanning
electron microscopy (FEGSEM), energy dispersive x-ray (EDX) analysis and transmission electron microscopy (TEM)
have been utilised for phase characterisation. Detailed examinations have been made of the substrate alloy, the coating
system and the interactions between the coating and substrate. A one-dimensional diffusion-based model was
developed in a parallel project, to predict the concentration profiles associated with the oxidation and interdiffusion that
occurs in MCrAlY coated superalloys. Extensive comparisons have been made in this research between the
experimental results obtained and the predictions of the model, in order to validate and improve the model.

Significant microstructural transformations were observed as a result of thermal exposure within both the MCrAlY and Pt
aluminide diffusion coated superalloy systems examined. In the MCrAlY coatings, the depletion of Al from the coating by
the formation and growth of the oxide scale at the coating surface and the interdiffusion with the substrate, resulted in the
depletion of B NiAl phase. Both the oxide thickness and § depleted zones were seen to increase with increasing ageing
time and temperatures®. However, in the Pt aluminide diffusion coatings, the diffusion of Al from the coating out towards
the oxide and in towards the substrate alloy resulted in the phase transformation from the Al-rich § matrix to the y’ phase.
The amount and size of the y' particles within the coating were seen to increase with temperature and exposure time,
with the majority located in the central regions of the coating and towards the coating/substrate interface. Diffusion of
elements across the coating substrate interface in both coating systems led to complex interdiffusion zone structures,
including the formation of carbides, such as MC and M,3Cs, and intermetallic TCP phases, including o, w and P.
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Figure: Scanning electron microscope images showing the development of the interdiffusion zone and TCP phases in an MCrAlY
coating on a CMSX4 substrate with thermal exposure for 10,000 h at a) 850°C b) 950°C and c) 1050°C

References:
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Prediction of crack propagation in natural gas
transmission pipelines by means of micromechanics

and strain rate dependent models
Researcher: Fokion Oikonomidis

Start Date: October 2006

Current Status: In employment (writing up)
Supervisor(s): Dr A Shterenlikht and Dr Chris Truman
Bristol University

This research project attempts to create a satisfactory simulation of fracture initiation and propagation in high strength
steel pipelines subjected to internal gas pressure. The main objectives include: (a) developing a method of transferring
material properties’ results from simple laboratory tensile specimens to sharp-cracked entities (e.g. C(T), CTOA,
pipelines); (b) predicting crack propagation and arrest conditions on pipelines using fluid-solid interaction and
computational efficiency techniques in conjunction with the GTN micromechanics model; (c) developing a ductile
damage model predicting crack propagation on pipelines by starting from high strain rates measured in the vicinity of the
crack tip of a laboratory specimen.

It is well known that in some cases, axial cracks on modern pressurized gas pipelines can run for miles within minutes, in
a ductile manner without arresting. This phenomenon is not fully understood. However, from experimental observations,
it appears that a complex combination of escaping gas, rapidly moving crack flanks, pressure drop rate, crack
propagation speed, strain rate at the process zone and the size of the plastic zone are at the heart of the problem.
Existing fracture assessment methods tend to be over-conservative when applied to low constraint geometries such as
thin-walled pipelines. This report summarizes the attempts to reduce this conservatism through local approach and
micromechanics methods by using finite element (FE) analysis. To this end, full 3D meshes of pipes are simulated by
using the Abaqus FE code (explicit dynamic solver). Fracture propagation is simulated by using the element removal
technique in conjunction with the Gurson - Tvergaard - Needleman (GTN) model. The GTN model parameters are tuned
on axisymmetric modelling of notch tensile geometries. The modelling results are mesh-dependent. The report discusses
mesh dependence and the method for choosing the optimal mesh size and shape. The tuned GTN model is applied to
the analysis of a running axial crack on a pipe made of high strength (X80) steel.

Pressurized gas is not modelled explicitly. Instead, gas pressure is applied via distributed load boundary conditions.
However, since pressure drop depends, amongst other things, on the crack propagation speed, the problem becomes
one of solution - dependent boundary condition. For this reason, the VDLOAD subroutine is used to model pressure drop
inside the pipe due to isentropic expansion of gas through the crack opening. Crack tip location is a solution-dependent
variable, which, at present, cannot be passed to the VDLOAD subroutine. Therefore an iterative approach of calculating
the pressure - crack length profile is adopted. The GTN based FE model results indicate very high strain rates near the
running crack tip that drop abruptly as the distance from the crack tip increases. For that reason, a strain rate dependent
ductile damage model is developed for validation purposes. This model is initially calibrated by carrying out high strain
rate experiments with X100 pipeline steel on the Hopkinson Bar test rig. The results from both the GTN pipe model
(based on X80 steel) and the strain rate dependent ductile damage pipe model (based on X100 steel) are compared to
actual pipe burst test results. The main significance of this project therefore, lies on the ability to predict large scale
failure of pipelines.
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Anisotropic and creep damage behaviour of

P91 weldments
Researcher: Sudhakar Peravali

Start Date: September 2003

Current Status: PhD Awarded in June 2007
Supervisors: Professor TH Hyde and Dr S Leen
Nottingham University

The creep behaviour of welds forms an integral part of the study in the life assessment of power plant components.
Appropriate constitutive equations and constants are normally identified for such applications by investigating the
material creep behaviour through tests on standard uniaxial and multiaxial specimens. Past studies from creep tests on
uniaxial and Bridgman notch specimens, for a P91 weld metal, showed that anisotropic behaviour (more specifically
transverse isotropy) occurs in the weld metal, both in terms of creep (steady-state) strain rate behaviour and rupture
times (viz. damage evolution). For this situation, it is unclear how the results of creep tests should be interpreted.

As a first step in understanding this initial (steady-state creep) material anisotropy a finite element based secondary
creep anisotropic methodology is developed within the general purpose, non-linear code, ABAQUS. The anisotropic
creep analysis is based on Hill's anisotropic yield model and the Norton creep law. An anisotropic parameter, p, is
defined in order to quantify the degree of bulk material anisotropy which exists in a weld metal. This parameter is then
used to develop a method for calculating the Hill's constants from uniaxial creep tests. A series of finite element (FE)
anisotropic creep analyses of a Bridgman notch specimen has been performed to assess the effects of p and the Norton
stress exponent, n, on the stationary-state stresses, at the minimum cross-section of the notch. An initial investigation
was also carried out to assess the use of physically based damage (PBD) constitutive equations to model the tertiary
anisotropic behaviour of P91 weld metal.

The secondary creep anisotropic methodology is then applied to determine the behaviour of an internally-pressurised,
two-material, axisymmetric P91 welded pipe. The anisotropic model results have been validated against an available
analytical solution using homogeneous steady-state creep properties. In addition to the constant p, an additional
parameter S, representing the ratio of weld metal longitudinal to parent metal creep strain rates, was defined. The effects
of these parameters on the stresses at critical positions were studied parametrically, along with the Norton stress
exponent, n, and different end loading conditions.

The next stage of work dealt with the development of a finite element (FE) continuum damage mechanics methodology
to deal with anisotropic creep and anisotropic damage for the P91 weld metal. The method employs a second order
damage tensor following the work of Murakami and Ohno [1980] along with a novel rupture stress approach to define the
evolution of this tensor, taking advantage of the transverse isotropic nature of the weld metal, to achieve a reduction in
the number of material constants required from test data (and hence tests) to define the damage evolution. The
theoretical model is implemented in a user-defined material behaviour (UMAT) subroutine within ABAQUS. The
validation of the implementation against established isotropic continuum damage mechanics solutions for the isotropic
case is described. A procedure for calibrating the multiaxial damage constants from notched bar test data is described
for multiaxial implementations. The developed anisotropic creep damage model is then used to investigate the effect of
weld anisotropy of creep lives of P91 pipe weldments with varying relative strengths between each of the material zones
present. Indications of the practical application of anisotropic creep damage analyses to welds are given.
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Fireside corrosion in coal/biomass-fired power plants
Researcher: Massimo Rando

Start Date: January 2006

Current Status: Completed

Supervisors: Dr N Simms and Prof J Oakey
Cranfield University

Concerns over possible global warming caused by CO, emissions have led to the need to introduce more sustainable
fuels into the power generation mix. One of the simplest (and cheapest) routes to doing this has proved to be the use of
relatively small quantities of biomass (up to ~5% of the fuel mix in terms of energy) into the existing conventional
pulverised coal fired power stations. The levels of biomass that have been introduced into power stations designed
decades ago for firing coal alone has been limited by the risks related to a series of issues including: biomass supply;
biomass storage, preparation, handling and feed systems; combustion; deposition onto heat exchangers; fireside
corrosion of heat exchangers; ash quality; etc.

This PhD project was focused on investigating the fireside corrosion behaviour of heat exchanger tube materials used in
current power plants firing coal/biomass mixtures. A series of eight 1000 hour fireside corrosion tests were carried out at
550 - 650°C in collaboration with two post-doctoral research fellows (Steve Mabbutt and Paul Kilgallon). These tests
used the ‘deposit recoat’ technique developed for high temperature corrosion research and were targeted at existing
power plants fired on a fuel mix of up to ~10% biomass with UK coal. Gas compositions and deposits were selected to
simulate the operating conditions of superheaters / reheaters in these systems. The heat exchanger materials included a
range of ferritic and austenitic steels currently used in UK power plants. Traditional mass change methods were used to
monitor the progress of the exposures. SEM/EDX methods were used to investigate the compositions of the scales
formed and deposit compositions after exposure, as well as any internal damage to the alloys. However, the main aim of
the work was to generate datasets of metal losses as a function of the exposure conditions within the tests to contribute
towards the development of initial quantitative models for fireside corrosion under such novel operating conditions.
These datasets were generated from the combination of dimensional metrology carried out before and after sample
exposure to give distributions of damage for each exposure condition.
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Thermal-mechanical fatigue of P91 and P92 steels
Researcher: Abdullah Aziz Saad

Start Date: October 2007

Current Status: Ongoing

Supervisors: Prof T Hyde and Dr W Sun
Nottingham University

This project is focussed on the characterisation of P91 and P92 materials behaviour under thermo-mechanical fatigue
(TMF) conditions. The aim of this study is to develop a material constitutive model, which can represent the effect of
creep and fatigue, in order to predict the safe lifetime of power plan components operating at high temperatures. The
material behaviours are characterized experimentally and the test data are analyzed to get a set of material constants
before it is being verified by finite element (FE) method simulation. Previously, a creep constitutive model of P91 steel
was developed and verified [1]. Different version of P91 steels as compared to [1] are used in this study. Further studies
on material behaviour are being implemented particularly on the development of unified viscoplasticity model which
combines the rate dependent and cyclic plasticity effect in a model. A theoretical life prediction methodology based on
fatigue-creep interactions will be developed as well.

Experimental tests of P91 steel have been carried out using Denison load creep machine and Instron 8862 TMF machine
systems. Uniaxial creep and TMF specimens were machined from parent material of a P91 pipe section. Creep tests
were conducted at 600°C and the results, as shown in Figure 1(a), show that current P91 has creep strength higher than
previous data [1]. Isothermal strain-controlled fatigue tests were carried out in a temperature range between 400 and
600°C, using TMF machine as shown in Figure 1(b). An initial set of viscoplasticity material constants were identified
and it can be implemented in Abaqus by using Z-mat application. The simulation results of axisymmetric model of
specimen in TMF condition, as shown in Figure 1(c), shows good comparison to TMF test data for temperature range of
400 to 600°C [2]. The viscoplasticity model will be improved further by using optimization programme in order to get
better fit to experimental data. The set of material constants will be used to model realistic components using non-linear
FE technique in the future.
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Figure: (a) uniaxial creep test results of P91 at 600°C (b) TMF machine systems and (c) strain-controlled fatigue test results at 600°C
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Prediction of creep crack growth in P91 and
P92 welds

Researcher: Mohammed Saber

Start Date: September 2007

Current Status: Ongoing

Supervisors: Prof T Hyde and Dr W Sun
Nottingham University

This project aims, mainly, to study, predict and simulate the creep crack growth (CCG) in the P91 and P92 welds. These
welds consist, substantially, of three distinctive regions, i.e. the Parent Material (PM), the Weld Metal (WM) and the Heat
Affected Zone (HAZ). A set of specimens, with different geometries, were cut out of the P91 weld regions and tested
under creep conditions. Results of these tests were used to model and validate the CCG in P91 welds and to establish a
methodology to predict the CCG in the P92 welds using creep damage mechanics in conjunction with the finite element
(FE) method. Currently, another set of specimens made of the P92 weld regions are being prepared in order to obtain
the P92 weld CCG data. Using the P92 data, the P92 CCG in the CT specimens will be predicted. Validation of the P92
CCG models and material constants will be carried out by comparing the predicted results with those from experiments.
The method developed can be applied to actual P92 welded steam pipes to assess the service life of these pipes and to
predict the failure life of the components with defects.

To study the creep crack growth of the P91 weld, a number of Compact Tension (CT) specimens were cut from the PM
side, known as PM CT, and across the weld of a P91 welded pipe, known as HAZ CT. These CT specimens were tested
under creep conditions at 650 °C. Results of these tests showed that the HAZ CT specimens are about ten times weaker
than the PM CT specimens at the same C* value, where C* is a fracture mechanics parameter define the stress state at
the crack tip. Further investigations showed that the cracks in the HAZ CT specimens grew in the Type IV regions. Fig.
1(a) shows examples of the cracked surfaces of open broken PM and HAZ CT specimens, respectively. FE method was
used to predict the CCG in the P91 PM and HAZ CT specimens. FE creep crack growth results were validated by the
experimental results. Fig. 1(b) shows the damaged surface on a 3D FE model that was used to predict the CCG in the
PM CT specimens, [1]. Fig. 1(c) compares the predicted CCG for HAZ CT specimen to the experimental CCG for HAZ
CT specimen, [2].

il
23
7 22 T AEsxp o
E 21T ome g
20
g" 19 AA
w18 @giég
17 &’
5 Q
° :g« AAAAAAAAAAAoAWAO“QA
0 200 400 600 800 1000 1200 1400
Tisaa )
PM HAZ
Figure a Figure b Figure c

Figure 1: (a) Experimental cracked surfaces of PM and HAZ CT specimens. (b) Fully damaged surface of a 3D PM CT specimen. (c)
FE CCG compared to the experimental results for a HAZ CT specimen.
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Microstructural evolution in grade 91 (9Cr-1MoVND)

power plant steels
Researcher: Juan Sanchez-Hanton

Start Date: October 2004
Current Status: PhD Awarded
Supervisor: Prof RC Thomson
Loughborough University

The aim of this research project was to gain a complete, quantified, understanding of microstructural changes in high Cr
ferritic-martensitic power plant steels, as a function of pre-service heat treatment, stress, time and temperature. The
creep strength, which is the main design criteria for this class of alloys, depends on the stability of the microstructure,
which consists of tempered martensite and a fine dispersion of carbide precipitates. An understanding of the changes of
these two features forms an essential process towards the creation of a physically or microstructural-based model, which
may improve the current approaches towards the prediction of remanent operational lifetime of these materials in service
in conventional fossil power plant.

In order to compare the rate of microstructural change, two Grade 91 (9Cr-1MoVNDb) alloys of similar composition have
been investigated. One alloy exhibited a ‘conventional’ cast composition and possessed desirable mechanical properties,
and another was a ‘weak’ cast with known poor creep properties and a high Al content. The materials were subjected to
controlled normalizing and tempering heat treatments in a dilatometer, prior to undergoing long term isothermal aging
heat treatments.

Significant changes were observed in all of the investigated Grade 91 specimens, and it was shown that the rate of
microstructural change occurred more rapidly in the ‘weak’ cast, which was shown to be more sensitive to varying heat
treatments. Analysis of the chemical composition of MX precipitates showed that the main observed change was the
gradual partitioning of the composition of MX precipitates, from a linear composition distribution of V and Nb in
(V,Nb)(N,C), into two distinct particle compositions, VN and NbC, with increasing aging times. It was postulated that such
changes in the composition of MX carbides occur rather slowly, raising the possibility that the chemical composition
changes of MX may be used to make an informed judgment on the thermal history of Grade 91 components. The other
main change of minor phase precipitation was the gradual coarsening of intergranular M23Cs carbides’?.

Electron backscatter diffraction has been used to quantify the changes in the ratio of low to high-angle boundaries and
the total grain boundary line length, both of which have been shown to increase with increasing aging times at 650°C3. X-
ray diffraction has been used to quantify the free dislocation density of the investigated specimens, which decreased with
prolonged high temperature exposure. Both techniques confirmed that the recovery of the matrix microstructure occurred
more rapidly in the ‘weak’ material. The experimental data obtained from the microstructural characterization were
subsequently used to validate existing microstructural evolution models, which may be fed into a physically based
continuum damage mechanics (CDM) creep model* in order to assess the remaining creep life of high Cr ferritic-
martensitic steels. Good agreement was found between model predictions and experimental measurements in predicting
the volume fraction, type and size of minor phase precipitates in Grade 91 steel.

Research Impact

This work has demonstrated a number of new techniques which can be used to simultaneously quantify changes in the
particle population and the matrix ‘recovery’ as ageing proceeds. These tools are now being used to further develop a
comprehensive understanding of the creep behaviour in these types of alloys, which is also informing the development of
new alloy compositions for higher temperature service.
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Performance of APS TBCs in industrial gas
turbines conditions and the development of

new bond coat compositions
Researcher: Maud Seraffon

Start Date: November 2008

Current Status: Ongoing

Supervisors: Dr N Simms and Prof J Nicholls
Cranfield University

It is anticipated that future industrial gas turbines will be required to operate at higher temperatures (to increase their
operating efficiencies) and with longer periods between maintenance inspections/component replacement (to reduce
their operating costs). In addition, such gas turbines may be subjected to more frequent thermal cycles and the fuels
used in them may result in more corrosive environments at component surfaces. Therefore it is critical to develop better
gualitative and quantitative understanding of the behaviour of thermal barrier coatings in such conditions in order to
reduce the risk of unexpected failures in service and to produce new materials systems with better performances.

This PhD project is investigating the degradation of a typical industrial gas turbine thermal barrier coating system
(CMSX4 coated with HYOF AMDRY 995 and APS TBC) during oxidation exposures at 900, 925, 950, 975 and 1000°C.
Novel samples based on a modified aerofoil shape have been provided by one of the project industrial partners
(Siemens) to enable the investigation of the effects of a range of different geometries on the development of thermally
grown oxides (TGOs) and TBC spallation. Scanning electron microscopy (SEM) and energy dispersive x-ray (EDX)
analysis will be used to characterise the details of the microstructural evolution of: (a) the TGO; (b) the interdiffusion
between the bond coating and substrate; and (c) the bond coating. In addition, another of the project industrial partners
(NPL) is collaborating by using a novel non-destructive examination (NDE) technique to detect and track the spread of
cracks beneath the TBCs on these samples before spalling occurs. It is intended to use the data generated to develop
improved models for TBC lifetime predictions.

In parallel, research is being carried out to investigate improving the compositions used for Ni-Co-Cr-Al-Y based bond
coatings. A wide range of different potential coating compositions are being produced on sapphire substrates using
magnetron sputtering from multiple source targets of different compositions. These samples will be used to develop
guantitative maps of the variation of oxidation behaviour with coating composition and so identify ranges of potential
bond coating compositions that could give improved oxidation performances.

Figure: Picture of APS thermal barrier coatings on modified aerofoil shape during course of high temperature oxidation exposure
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Measurement of residual stresses in dissimilar metal
welds. (P92\In625)

Researcher: Alexandros Skouras

Start Date: September 2009

Current Status: Ongoing

Supervisors: Prof M Pavier and Dr A Shterenlikht
Bristol University

This project is under the SUPERGEN phase Il consortium. It is identified as task 1.2 D of SUPERGEN phase Il agenda.
This project aims to provide analytical measurements of residual stresses that exist in dissimilar metal welds. In specific
a pipe specimen of P92 parent material welded using a dissimilar metal (In 625) will be examined.

Residual stress measurements will be conducted, in the as welded specimen, using the incremental Deep Hole Drilling
(DHD) technique aiming to provide an analytical residual stress profile along the welded, heat affected and parent region.

Having obtained the first set of measurements, the pipe specimen will undergo Heat Treatment and a second
subsequent set of DHD measurements will take place. It has to be noted that this task is in collaboration with Nottingham
University, as it will be used for the experimental validation of their computational modeling regarding residual stress
prediction.

Research Impact

Increasingly, dissimilar welds are being used for the repair of power plant components. These weldments have been
known to present potential problems due to thermal stresses. A powerful technique used to measure through section
residual stresses in weld is the Deep Hole drilling technique, nevertheless there have been no past examples of the
application of this technique to dissimilar metal welds. This project aims to show that this technique can be applied in
order to measure residual stresses in dissimilar metal welds and at the same time suggest methods of reducing errors
produced by the variation in material properties across the weld.

Figure a Figure b

Figure 1: (a),(b) P92 pipe weld joint fabrication by Doosan Babcock Energy.[1]
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The microstructural evolution of Nimonic 263 in high

temperature power plant
Researcher: Sean Smith

Start Date: August 2009

Current Status: Ongoing

Supervisors: Prof RC Thomson and Dr GD West
Loughborough University

This project is concerned with advanced, more efficient, steam systems for future power plant. In order to improve the
efficiency of coal fired power generation, a number of European programmes are underway with the overall objective to
construct an ultra-supercritical plant, operating at a main steam temperature of 700°C and 350 bar pressure. The plant
will have an efficiency of up to 50%, potentially leading to a reduction in greenhouse gas emission of approximately 30%
relative to current plant. In order to achieve this objective, the widespread use of nickel based alloys will be required.
Nickel-based alloys lend themselves to high temperature and pressure applications due to their significant creep strength
and the ability to operate at temperatures of up to 0.8Tn. This project focuses on high temperature plant applications
such as steam header systems, which carry high temperature and pressure steam from the boilers to the turbines.
Header systems experience some of the highest temperatures and pressures in the power plant and it is therefore
paramount that a suitable material is chosen and methodologies are put in place to predict their safe operating lifetimes.

Nimonic 263, originally developed as a sheet alloy, is one of the possible candidate alloys for high temperature pipework
in next generation power plant. The alloy is precipitation (y') strengthened with good creep strength at the proposed
operating temperatures. Work is being carried out on samples that have been subjected to both standard solution and
precipitation heat treatments to simulate pre-service conditions, in addition to a series of thermally aged samples over a
range of exposure times at typical service times and temperatures. The objective is to characterise the microstructure
after different heat treatments and/or welding operations to determine the microstructural stability after creep testing and
long term aging. Changes occurring in the microstructure as a result of time and temperature of exposure are being fully
guantified using advanced microscopy techniques. Comparisons are also being made to the predictions of
thermodynamic equilibrium calculations, based on the alloys chemical composition and temperature.

The research will provide an important understanding into how the microstructure and properties evolve during service
and to what extent they are affected by the initial heat treatment. It will also help to highlight any problems that might
arise during operation or weld repair of aged materials. Consideration is also being given to the possibility of regenerative
heat treatments that could be employed to improve the properties of such components after thermal degradation.

Research Impact

If research shows Nimonic 263 to be a suitable material choice at the operating parameters studied, it could become an
integral part of the next generation power plant. The work will also serve as a benchmark for Nimonic 263
microstructures and could be used to help evaluate the degree of thermal ageing that has occurred in components and
therefore act as a tool for determining the remaining life of components.
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Figure 1 — A high magnification image of grain boundary precipitates in a long term aged sample; Figure 2 — Primary MC carbides
precipitated along a grain boundary; Figure 3 — As manufactured Nimonic 263 pipe
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Small specimen creep testing
Researcher: Miroslav Stoyanov

Start Date: October.2008

Current Status: Ongoing

Supervisors: Prof TH Hyde and Dr W Sun
Nottingham University

This project is related to the test method, modelling and data interpretation of creep tests using small size creep
specimens. Many components in conventional and nuclear power plant, chemical plant, and aeroengines, for example,
operate at temperatures high enough for creep strains, creep damage, microstructure degradation, etc. to occur. These
phenomena may result in the premature failure of components. Hence, non-destructive testing is often carried out as part
of remaining plant life assessment processes. For some components it is possible to extract small samples of material
without significantly reducing the integrity of the structure from which the material is taken. In addition, in some regions
the amount of material that exists may be small. As a result, a number of attempts have been made to devise small
specimen tests for determining engineering properties from small material samples. Three specimen types have mainly
been used for determining creep properties from small material samples [1]. These are miniature tensile creep
specimens, impression creep specimens, and small punch test specimens. In recent year, small punch test has attracted
more and more attention, however, a universally accepted method for interpreting the small punch data to corresponding
uniaxial data is not available.

To date, the research within this project has been mainly focused on the interpretation of small punch creep test data.
For this purpose, extensive finite elements, non-linear creep damage analyses have been carried out. The deformed
shapes that are produced from such tests are related to the punch and specimen dimensions and to the elastic, plastic,
and creep behaviour of the test material, under contact and large deformation conditions, at elevated temperature. Owing
to its complex nature, it is difficult to interpret the small punch test creep data in relation to the corresponding uniaxial
creep behaviour of the material. One of the aims of this project is to identify the important characteristics of the creep
deformation resulting from ‘localized’ deformations and from the ‘overall’ deformation of the specimen. Following this, the
results of approximate analytical and detailed finite element analyses of small punch tests are investigated. On the basis
of the interpretation of the finite element results presented, a method based on a reference stress approach was
proposed for interpreting the results of small punch test experimental data [2]. In addition, work on the study of other
types of small specimens is being undertaken.
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Figure: (a) Creep rupture data for a P91 steel at 650° C.; (b) Deformed shape of small punch specimen for FE Kachanov damage
model; (c) Comparison of A versus t/t; for both Kachanov damage model and Norton's law.
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Fireside corrosion and protection of heat exchangers

in advanced power plants
Researcher: Adnan Syed

Start Date: October 2008

Current Status: Ongoing

Supervisors: Dr N Simms and Prof J Oakey
Cranfield University

Electric power has become a basic need for the human race around the world and electricity demand is rapidly
increasing with population growth. Conventional pulverised coal power plants play a major role in the electricity
generation industry and are currently widely used around the world. Such power plants have been commonly identified
as being major point source emitters of CO; into the atmosphere (with CO, regarded as a key greenhouse gas). The
increasing demand for electricity linked to a simultaneous need for reduction in CO, emissions have become major
issues for the power generating industry. An increase in plant efficiency can be achieved by increasing steam
temperature and pressure (which reduces CO; emissions per unit of electricity generated). Co-firing coal and biomass is
another route to reducing CO, emissions (as biomass is classified as CO; neutral). Alternatively, CO, emissions could
be reduced by capturing the CO, and then sending it to long term storage. There are several options for ‘carbon capture
and storage’ (CCS); one of these involves oxy-firing the solid fuels and then condensing out the steam formed to leave a
COs, rich gas stream. Use of CCS options requires higher operating temperatures/pressures from the steam systems to
counter the efficiency penalties caused by the use of CCS systems. Co-firing biomass and coal in air or oxygen and
using steam systems with higher final steam temperatures will significantly change the heat exchanger operating
environments in terms of their local gas compositions, deposits formed on the tubes and metal surface temperatures.
The more aggressive conditions anticipated will increase the fireside corrosion rates for superheater and reheater tubes.
Increased understanding of fireside corrosion mechanisms and better predictive models of these forms of damage are
needed to reduce the risk of increasing numbers of tube failures and maintenance costs in advanced pulverised fuel
power systems.

This PhD project is focused on investigating the fireside corrosion behaviour of candidate heat exchanger tube materials
in advanced power plants firing coal/biomass fuels with air or oxygen coupled with higher temperature steam systems. A
series of nine 1000 hour fireside corrosion tests are being carried out at 600 — 750°C using the ‘deposit recoat’ technique
developed for high temperature corrosion research. These tests are being targeted at new advanced power plants using
a high biomass / UK coal fuel mix and either (a) air firing or (b) in oxygen firing with fuel gas recycle. Following a process
modelling study, gas compositions and deposits have been selected to simulate the operating conditions of superheaters
/ reheaters in these systems. The candidate heat exchanger materials include a range of ferritic steels, austenitic steels
and nickel based alloys. Traditional mass change methods are being used to monitor the progress of the exposures.
SEM/EDX methods are being used to investigate the compositions of the scales formed and deposit compositions after
exposure, as well as internal damage to the alloys. However, the main aim of the work is to generate datasets of metal
losses as a function of the exposure conditions within the tests to contribute towards the development of improved
guantitative models for fireside corrosion. These dataset are being generated from the combination of dimensional
metrology carried out using micrometer measurements prior to samples exposure and image analysis measurements on
polished cross sections after samples exposure. The benefits of improved fireside corrosion models for a wide range of
candidate heat exchanger materials include improved materials selection and better predictions of the potential lives of
superheater/reheater tubes in advanced power systems.
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The development of improved coatings for

gas turbine blades
Researcher: Xin Jie Sabrina Yan

Start Date: October 2009
Current Status: Ongoing
Supervisors: Prof RC Thomson and Dr GD West
Loughborough University

This project is aimed at optimising the performance and cost-effectiveness of MCrAlY coatings used on gas turbine
blades and vanes for power generation, by developing new compositions and more economical methods of applying
them. Turbine blades and vanes operate within gas turbines for power generation at high temperatures, under static and
fluctuating stresses and in extremely aggressive chemical environments which can lead to hot corrosion and oxidation. It
is important from both environmental and economic concerns to increase the efficiency of power generation plants. This
can be done by both the increasing operating temperature and extending a component’s service life.

MCTrAIY coatings are commonly used for the protection of nickel-based superalloy turbine blades from the aggressive
conditions in which industrial gas turbine operate. These coatings are specifically designed corrosion resistant alloys
which are deposited onto the component surface. The protection is provided by a dense oxide scale forming at the
surface through the interaction of oxygen with the Al and Cr within the coating. The composition of the MCrAIYX (where
M is Ni and/or Co) system is selected to give a good balance between the corrosion and oxidation resistance and coating
ductility. The active element additions, represented by X, include elements such as Y, Si, Ta and Hf which can enhance
oxide scale adhesion and decrease oxidation rates. However, it is widely accepted that current generation MCrAlY
coatings only provide limited protection and need significant improvement.

Recent work has led to the development of a diffusional model* capable of predicting the microstructural transformations
as a result of isothermal exposure within the coating and superalloy substrate system. This project focuses on the
investigation of possible new coating compositions identified through the use of the diffusion model. The project will
additionally involve the use of a number of advanced experimental techniques including a dual beam focussed ion beam
scanning electron microscope (FIB-SEM), with simultaneous 3D electron back scatter diffraction (EBSD) and energy
dispersive spectroscopy (EDS) which provides a comprehensive quantitative 3D crystallographic and chemical
description of the microstructure, together with transmission electron microscopy (TEM), to explore all stages in the
coated process from the starting powders through to the aged coating systems.

(@) (b)

Figure: Image (a) is an EBSD image showing crack propagation along grain boundaries within the coating and interdiffusion zone?, (b)
shows a high magnification image of a slice through an individual MCrAlY powder particle extracted using a FIB technique.
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Changes in microstructure and mechanical properties

of P91 weld metal during creep
Researcher: Yan Zhang

Start Date: October 2005

Current Status: PhD Awarded

Supervisors: Prof TH Hyde and Prof PH Shipway
Nottingham University

Creep failure of the weld structure in P91 steel components in high temperature power plant is often a key factor limiting
the lifetime of the components. Whilst creep failure in weld heat-affected zone (HAZ) regions has been studied widely,
the creep properties of the weld metal itself have been less well documented. In this work, the creep response of P91
weld metal in isolation was investigated in terms of microstructural evolution and mechanical properties.

The microstructural investigation of creep tested P91 weld metal revealed two primary modes of creep fractures. In
addition to creep fractures along columnar grain boundaries (typical of weld metal creep failure), creep fractures were
also found along creep-weak white-bands which had formed at the inter-bead boundaries. The white-band regions
consisted of material where the M23Cs carbides had dissolved during creep testing; the loss of carbides had allowed
recrystallisation of the martensitic structure to ferrite and consequently this material was much softer than the bulk weld
metal. The element mapping over the weld metal by laser-induced breakdown spectroscopy (LIBS) demonstrated that
there was significant inhomogeneity in the distribution of certain elements, most significantly, chromium, manganese and
molybdenum. This inhomogeneity resulted in strong activity gradients in carbon resulting in carbon loss from the alloy-
depleted regions, the associated dissolution of carbides and the recrystallisation that accompanied this, and thus the
poor mechanical properties which resulted in creep failure.

The inhomogeneity in the distribution of certain alloying elements can be partially attributed to the solute partition of
alloying elements during weld solidification. However, the homogeneity also strongly depended upon efficient mixing of a
mild steel core rod in the weld consumable with particles of various ferro-alloys delivered into the weld pool from the flux.
It is argued that poor mixing in the stagnant layer (unmixed zone) at the solid-liquid interface during weld solidification
also makes a significant contribution to the formation of alloy-depleted regions.

The formation of white-bands has been modelled using Thermo-Calc based on the understanding of the formation
mechanism involving solute partition and subsequent carbon diffusion out of the alloy-depleted region. In addition, it was
also shown that depletion of alloying elements only above a critical value will result in total carbide loss and thus
recrystallisation into a white-band.

(Figure b)

(Figure a) (Figure c)

Figure: (a) Microstructural montage of creep tested P91 weld metal showing creep weak white bands. (b) and (c) LIBS measurements
from the area indicated in (a) showing chromium depletion and carbon depletion respectively, both associated with the white band
locations
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