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1 Executive Summary 
 

 This document represents the synthesis report of project BE 96-3911 (Title: Predictive 

microstructural assessment and micromechanical modelling of deformation and damage 

accumulation in single crystal gas turbine blading - MICROMOD-SX). The project work was 

performed by a consortium of partners with a maximum degree of trans-european cooperation 

between universities (Ruhr-Universität Bochum, Imperial College London and Ecole des 

Mines de Paris/ Armines), research institutes (CNR-TeMPE), and industry comprised of  

large (Siemens KWU Mühlheim, ABB Alstom Power (AAP) Leicester, Ansaldo AEN 

Genova) and small organisations including a SME (Institute of Mechanics of Materials and 

Geostructures S.A.). The four year research project BE 96-3911 set out to provide an 

improved basis for accounting for the anisotropic mechanical behaviour of single crystal 

superalloys under conditions relevant to high temperature service. Two micromechanical 

models were used for predicting deformation and failure of single crystal (SX) gas turbine 

blading. The models were tuned on the basis of uniaxial creep and fatigue tests. Later they 

were validated on the basis of discriminatory mechanical testing, such as multiaxial creep and 

thermal fatigue tests. New results were obtained in a number of research areas. The project 

output includes: 

 

(1) The establishment of a database of creep and low cycle fatigue (LCF) tests for carefully 

characterised crystal orientations, 

 (2) metallographic identification and characterisation of deformation and damage 

mechanisms using optical microscopy  (OM), scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) in combination with image analysis,  

(3) micromechanical modeling to establish a physically-based life prediction methology 

which addresses damage accumulation and failure,  

(4) multiaxial and thermal fatigue benchmark testing of single crystal specimens, including 

specimen surface imaging,  

(5) validation and refinement of deformation and damage models with the results of (4) and  

(6) assessment of the validated model with appropriate material databases using the multiaxial 

creep and thermal fatigue tests of (4) as benchmarks. 

further progress in the field. 

The results of the present project have increased the basic understanding of deformation and 

damage processes in SX super alloys under complex loading conditions. The final industrial 
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assessment of the two modelling approaches developed highlights the complexity of high 

temperature anisotropic materials behaviour. Accordingly certain limitations have been 

identified, which can be partly resolved through improved fitting of the models to 

experimental data or can be the focus for further detailed research. Trial finite element (FE) 

computations with a candidate blade, using robust numerical implementations of the models 

developed here, have however demonstrated the feasibility of carrying out inelastic FE 

analyses of actual blade components, although high computational effort is still a practical 

restriction. Therefore, although industry cannot immediately introduce the models developed 

in the blade design process, significant steps forward have been made and the present project 

will remain a milestone for further advancements in the field.  
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2 Consortium 

2.1 Partner Organisations 
 
Partner Representatives Telephone/ 

Fax  
Adress 

IM -RUB (co-ordinator) Prof. Dr. G. Eggeler 
 
 
 
 
Dr. M. Probst-Hein 

+49-234-322 3022 
+49-234-321 4235  
 
 
 
+49-234-322 7349 
+49-234-321 4235 

Ruhr-Universität Bochum  
Institut für Werkstoffe IA 1/26 
D-44780 Bochum 
gunther.eggeler@ruhr-uni-bochum.de 
 
malte.probst-hein@ruhr-uni-bochum.de 

IMPCOL Prof. Dr. M. Mclean 
 
 
 
 
 
 
Dr. Shollock 

+44-171-594-6812 
 

Imperial College of Science, 
Technology and Medicine 
Department of Materials  
Prince Consort Road 
GB-London SW7 2BP 
m.mclean@ic.ac.uk 
 
b.shollock@ic.ac.uk 

ARMINES Dr. L. Rémy +33-1-6076 3047 
+33-1-6076 3160 

Ecole des Mines de Paris  
Centre des Matériaux  
Pierre-Marie Fourt, B.P. 87 
F-91003 Evry Cedex 
remy@mat.ensmp.fr 

IMMG Dr. P. Michelis +30-1-80 464 77 
+30-1-80 327 09 

Institute of Mechanics of Materials 
and Geostructures S.A. 
22, Askiton str. 
GR-152 36 Pendeli 
immg@otenet.gr 

KWU  Dr. D. Goldschmidt 
 
 
Dr. B. Bischoff-
Beiermann 

+49-208-456 2406 
+49-208-456 2843 
 
+49-208-456 2847 
+49-208-456 4195 

Siemens AG 
KWU WB TS 
D-45466 Mülheim a. d. Ruhr 
bischoff@mlh.kwu.siemens.de 

AAP Dr. S. Moss +44-116-201 5694 
+44-116-201 5468 

ABB Alstom Power 
Mechanical Engineering Centre 
Cambridge Road, Whetstone  
GB-Leicester,LE8 6LH  
steve.moss@energy.alstom.com  

CNR-TeMPE Dr. M. Marchionni +390-2-6617 3347 
+390-2-6617 3321 

CNR-TeMPE 
Via Cozzi 53 
I-20125 Milano 
marchion@tempe.mi.cnr.it 

AEN Dr. G. P. Fazio +390/10/655-7843 
+390/10/655-7670 

ANSALDO Energia SPA  
ING-TGS 
Via N. Lorenzi 8 
I-16152 Genova 
fazio@aen.ansaldo.it 

representing industrial 
Partners 

Dr. M. Toulios +30/1/36 149 70 11 Scoufa Street 
GR-10673 Athens 
mtoulios@deslab.ntua.gr  
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2.2 Consortium Description 
 
IM-RUB: The institute of materials of the Ruhr-University in Bochum, Germany, is the Co-
ordinating organisation of this project. Its major task is the education of students of 
mechanical engineering in material science. The main research fields are creep of single 
crystal superalloys, light alloys and shape memory alloys. In the project IM-RUB is 
responsible for diagnostic double shear creep tests, finite element modelling and the 
microstructural investigation. It is the task leader for Task 5 "Diagnostic Tests for Model 
Validation". 
 
IMPCOL: The Department of Material Science of the Imperial College of Science, 
Technology & Medicine in London, United Kingdom, is the second academic partner next to 
IM-RUB in this project. Its major task is the education of students of mechanical engineering 
in material science. The research activities have concentrated on micro structural 
characterisations of advanced aerospace materials, including aluminium and titanium-base 
alloys as well as particulate-containing titanium aluminides. There are experiences of 
advanced nickel-base alloys for a period of more than 15 years. In the project IMPCOL is 
responsible for the acquisition of experimental data like triaxial tension creep tests and 
microstructural characterisation. An emphasis lies on the development of the 
micromechanical modelling and on the validation of the model. IMPCOL is task leader for 
Task 1 "Materials Procurement" and Task 7 "Validation and Refinement of the Model".  
 
ARMINES: The Association pour la Recherche et le Développement des Méthodes et 
Processus Industriels as the commercial part of the Ecole des Mines de Paris, France, is 
involved in teaching of students for materials science and mechanical engineering. Research 
is focused on establishing relationships between manufacturing processes, microstructure and 
properties, mostly on high-performance materials for various industries (power generation, 
aerospace, automotive). In the project ARMINES is responsible for the acquisition of 
experimental data like thermal fatigue testing and microstructural characterisation. Together 
with IMPCOL its work has an emphasis on the model development and validation. 
ARMINES is the task leader of Task 4 "Micromechanical Modelling". 
 
IMMG: The Institute of Mechanics of Materials and Geostructures S. A. in Penteli, Greece, 
is the only SME partner in the project. IMMG is highly specialised in the design and 
production of advanced material testing equipment and R & D services related to testing and 
constitutive modelling. In the project it develops a specialised shear testing machine, suitable 
for thermo-mechanical testing. In the project IMMG is responsible for the acquisition of 
experimental data like high temperature multiaxial fatigue and damage characterisation. 
 
KWU: The Siemens' company Kraftwerksunion, Germany, is one of the leading 
manufacturers of fossil power plants. KWU acts as one of three industrial partners and as such 
provides “industrial input” and helps steer the project. Together with the other industrial 
partners KWU assesses the validated model. KWU is the task leader of Task 8 "Industrial 
Assessment of the validated Model".  
 
AAP: ABB Alstom Power Ltd (former European Gas Turbines Ltd EGT) is a world leader in 
the field of design manufacture and installation of industrial gas turbines. AAP acts as one of 
three industrial partners and as such provides “industrial input” and helps steer the project. It 
supplies the project with uniaxial creep and uniaxial HT-LCF data. Together with the other 
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industrial partners AAP assesses the validated model. AAP is task leader in Task 2 
"Definition of Model Requirements".  
 
CNR-TeMPE: Consiglio Nazionale delle Ricerche in Milan, Italy, is the second commercial 
research laboratory in the project. It has an extensive experience in lifetime investigation 
methods involving creep, low cycle and thermomechanical fatigue and crack propagation 
testing. In the project CNR-TeMPE is responsible for the acquisition of experimental data like 
uniaxial creep, HT-LCF testing and multiaxial high temperature fatigue. CNR-TeMPE is task 
leader in Task 3 "Base Properties Data Acquisition".  
 
AEN: Ansaldo Energia S.P.A. is a leading company in the field of power generation plant, 
supplying gas turbines, steam turbines, generators and boilers and the third industrial partner 
in the project. AEN provides “industrial input” and helps steer the project. It supplies the 
project with uniaxial creep and uniaxial HT-LCF data. Together with the other industrial 
partners AEN assesses the validated model.  
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3 Technical Achievements 

3.0 Introduction 
The overall objective of this research project was to develop, optimise and validate an 
effective and economic method of modelling creep and thermal fatigue behaviour of cast 
single crystal nickel-base superalloys. It has been executed by dividing the project into eight 
interdependent technical tasks which are described below. 
 
Single crystal superalloys are increasingly being used as first-row blades in land-based gas 
turbines and experience shows that creep and fatigue are major constituents of the complex 
load profile.  They pose particular difficulties for the designer because a single crystal suffers 
anisotropic elastic and inelastic responses to the mechanical and thermal stresses imposed 
during service.  These turbine blades are very large in size by the standards of the aero-engine 
industry and are thus more prone to failure by fatigue crack initiation at defects within  the 
material.  The most likely fatigue crack initiators in the present case are micro-pores (a few 
micrometers in diameter) which are an intrinsic (but in principle, controllable) part of the 
single crystal casting process. Metallographic examination for evidence of porosity in virgin 
and laboratory tested alloy and its quantification using state-of-the-art techniques, has been an 
important part of the programme. 
 
Superalloys, like all other high temperature materials used in commercial applications, suffer 
a degradation in their dislocation and precipitate microstructures during thermal and 
mechanical exposure, a process known generically as damage accumulation and defined to 
include also the formation of holes (cavities) and cracks, whose growth rate is sensitive to 
environmental conditions.  Such degradation causes a decline in creep and fatigue 
performance and gives rise to the need for predictive behavioural models.  It is this aspect that 
has provided the greatest challenge for those concerned with modelling performance to 
predict service behaviour. It was the stated intention at the start of the project to provide a 
single unified behavioural model, but by the mid-term assessment it was realised that this was 
not feasible within the time-frame of the project and with the resources allocated.  The goal 
therefore became to deliver two improved models rather than to develop a single unified one 
and to define the range of applicability of each. 
 
The turbine designers have demonstrated the importance of having a multidisciplinary set of 
partners by their provision of written guidance to identify not only the range of laboratory 
testing parameters required but also to provide the background philosophy of blade design. 
 
The single crystal alloy CMSX-4 was procured after tendering to a tight specification which 
led to some delay in the start of laboratory testing.  Testing was divided between two tasks: 
One producing basic creep and fatigue data, as specified by the designers and another 
reporting upon a set of diagnostic tests aimed to investigate the range of applicability of the 
two material behavioural models in creep and fatigue. The degree to which the two models 
achieved their industrial targets was assessed by the industrial partners. 
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3.1 Task 1: Material Procurement and Facilities Development 
There were two quite distinct components to Task 1: (i) to specify and procure the material 
for the experimental phase of the programme and (ii) to develop specialist testing equipment 
to allow characterisation of the high temperature fatigue behaviour of the material in 
conditions of multiaxial stress. 
Subtask 1.1. deals with the material requirement and procurement and was completed within 
the first year.  A European-based supplier was unable to guarantee both the range of 
orientations specified and quoted a cost that was beyond the budget available for material 
procurement.  A US-based investment caster was found who was willing and able to satisfy 
the specifications, which were identical to those used commercially by one of the partners, 
AAP.  
It was decided, in conjunction with the industrial partners, to concentrate on the alloy 
CMSX4, rather than divide the effort between it and CMSX10, which was not available 
commercially at the inception of the programme and which is unlikely to be used in industrial 
gas turbines.  Castings within 7 degrees of <001> and <111> were produced in the form of 
170 rods and 46 plates. 
The single crystal castings were subjected to an established multi-stage commercial heat 
treatment aimed at first homogenising the dendritic segregation and depositing the γ′ 
precipitate in the optimum form.  The orientations of each casting were independently 
determined by a commercial X-ray procedure and this information was supplied to each 
partner, together with their castings. 
The material supply was delayed by five months because of difficulty in identifying an 
appropriate supplier willing to operate within the budget available and of the decision to carry 
out independent orientation characterisation.   
Subtask 1.2. was aimed at developing a novel procedure for characterising the high 
temperature fatigue behaviour of the single crystal castings under conditions of multiaxial 
loading.  The initial concept of combining internal gas pressure with torsional loading of 
tubular testpieces on an existing machine was not successful due to mechanical instability.  A 
radically new approach was adopted in developing a shear testing machine with overlapping 
tensile fields, stable uniform heating and local strain measurements by optical devices.  The 
change in focus of this task has led to some delays, but some results have been produced.   
 

3.2 Task 2: Definition of Model Requirements  
The main objective of Task 2 has been to identify the critical issues involved in predicting the 
lives of single crystal (SC) turbine blades.  This has provided guidance on the fundamental 
research activities of the MICROMOD project, which has aimed to provide the scientific 
understanding that is necessary in the development of a viable engineering design 
methodology. 
Past practice has been to design and life blades assuming linear elastic behaviour, even though 
it is expected, or in certain cases known, that the component is operating outside the elastic 
regime. The design engineer therefore relied on the ductility of the alloy to redistribute the 
peak stresses in the component prior to initiating localised damage (e.g. cracking) to the 
material. With the full use of the Finite Element Method (FEM) as the basic tool in the 
analysis of a blade, the design assessment methodologies evolved in order to take into account 
the inelastic response in the blade. In particular the current methodologies, as applied to 
conventionally cast blades, can be divided into two separate areas according to whether the 
effect of inelastic behaviour is introduced at the outset, or taken into account subsequently 
following a detailed knowledge of the elastically calculated stress distribution in the blade. In 
the first instance the inelastic deformation of the material is modelled by appropriate 
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mathematical expressions and directly introduced into the calculation with FEM while in the 
latter case, simplified methods are employed to account for the effects of inelastic 
deformation. 
The work carried out in Task 2 considered the elastically-calculated stresses and strains in 
candidate SC blades in conjunction with available CMSX-4 data in order to define the main 
priorities in the development of design assessment methodologies. It has been argued that 
current simplified design methods cannot be conservatively applied to anisotropic inelastic 
behaviour without the use of very limiting safety factors. Further, the continuing increase in 
computational power will lead to a much wider usage of inelastic FE methods. This is despite 
the necessity to construct three dimensional models in order to take into account the correct 
blade response and also to represent critical features of the blade, e.g. infringement cooling 
holes.  
A two tier approach was put forward for the medium term future. In the first instance, it is 
necessary to estimate the stresses and deformations in the aerofoil section during steady state 
operation excluding infringement cooling holes (or other geometric features which lead to 
highly localised stress concentration). In this case, creep deformation and damage dominate 
and material models must be capable of predicting the material response in the presence of 
non-uniaxial stresses and strains. The stress concentration in the vicinity of an infringement 
cooling hole is expected to lead to fatigue or creep/fatigue problems, particularly in 
applications which experience a high number of start/stop cycles. As such geometric features 
cannot be included in the 3D inelastic FE analyses, at least for the medium term future, it is 
also seen as equally important to be able to predict their effect on the service life of the blade 
using the available elastically calculated stresses/strains. 
 

3.3 Task 3: Base Properties Data Acquisition 
Task 3 is concerned with obtaining standard test data for use in benchmarking the material-
specific parameters used in the two models discussed in Task 4.  It is divided into two 
subtasks: Subtask 3.1. (CNR-TeMPE) is concerned with uniaxial creep and Subtask 3.2. 
(ARMINES & CNR-TeMPE) with high temperature low cycle fatigue.   
In Subtask 3.1, interesting conclusions have been drawn by combining and evaluating two 
CMSX-4 databases: an existing one, supplied mainly by AAP & CNR-TeMPE with some 
input by the Swedish Institute for Metals Research (SIMR), and a new database generated 
during the present programme.  Temperature and stress sensitivities of lifetimes ( ft ) and 

minimum creep rates (MCRs) for <001> and <111> orientated single crystal testpieces were 
found to differ markedly.  In general, MCRs of <111> orientated testpieces are greater than or 
equal to those of <001> orientation, with convergence occurring at low stresses/high 
temperatures.  However, corresponding ft ’s are shorter for <111> orientations only at higher 
stresses/lower temperatures; at lower stresses/higher temperatures, <111> lifetimes become 
longer than those of <001> even though MCRs are similar in value.  For example, at the 
lowest stresses/highest temperature investigated (950oC), lifetimes of <111> orientated 
testpieces are always longer than those of <001> orientation even though MCRs are identical.  
At the highest stresses/lowest temperature investigated (750oC), more usual behaviour is 
found where the shorter lifetimes of <111> orientated testpieces correspond with their more 
rapid MCRs.  At the three intermediate temperatures, both types of behaviour were found, 
with the transition stress between the two types of behaviour showing a systematic trend.   
The shapes of creep curves vary with stress and temperature but, more importantly, vary 
markedly with testpiece orientation.  For example at high stresses, the contribution made to 
creep curve shapes in the primary stage of <111> orientated testpieces is much larger than in 
the <001> orientation, both in extent and duration.  At lower stresses/higher temperatures, 
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these differences become much less and the longer lifetimes of <111> orientated testpieces is 
a consequence of their smaller acceleration of creep rates in the tertiary stage of creep.  Strain 
rate accelerations in tertiary creep were shown to be more rapid than could be accounted for 
by the progressively increasing stress which means that an internal damage mechanism must 
be operating and it is this internal damage rate that must be orientation dependent.   
Metallographic examination of fractured testpieces led to the conclusion that the fracture 
mechanism was associated with the generation of cracks at casting pores and subsequent 
propagation along either (001) or (111) planes, depending upon testpiece orientation, to form 
crystallographic facets.  
In Subtask 3.2, an existing extensive LCF database from an industrial partner, AAP, covering 
the temperature range 20oC to 950oC; strain rates of 0.6%, 6% and 60%; and Rc ratios (ratio 
of maximum to minimum strain) of –1, 0.5, and 0.05 were evaluated by CNR.  The <001> 
orientated results covered the fatigue life range of 150-25500 cycles with a similar range 
using <111> (200-36000 cycles).  There was a reduction in fatigue life of <001> testpieces as 
the Rc value increased, but this was small in comparison to the scatter in the data and could 
not be detected in the <111> orientation, except at room temperature.  Fatigue life decreased 
in both orientations as strain rate increased (at Rc =-1).  Attention was drawn to differences in 
lifetimes of <001> orientated testpieces at 850oC between data obtained from AGT and those 
from CNR.  In order to derive the above conclusions, the industrial partner database was 
judiciously supplemented by 13 LCF tests performed by TeMPE. At TeMPE the LCF results 
have been analysed by Coffin-Manson frequency modified relationship in order to calculate 
the fatigue parameters and verify the life prediction model. The best fit is relatively low and 
the results present a scatter that is large for longer endurances and when hold times of 10 and 
30 min are introduced. The scatter in <111> orientation is higher than in <001> orientation. 
 
Examination of the database by the modelling partners (ARMINES) confirmed the CNR 
evaluation but in addition made the interesting observation that the <001> and <111> data can 
be made to superimpose when plotted against stress range, due possibly to the lower creep 
strength of <111> orientations as shown in Subtask 3.1, thereby giving more inelastic strain 
per cycle when plotted against total strain range and consequently lower fatigue lives.   
ARMINES demonstrated that the total strain ranges in the LCF database were insufficiently 
wide to enable extraction of the relevant information for determining the model parameters. 
Furthermore, the ARMINES deformation model requires an additional type of LCF data for 
validation, where the test cycle includes an embedded hold-time, under both constant total 
strain and constant stress conditions. A total of 9 <001> and 11 <111> tests were therefore 
commissioned at 950oC in air with hold-times of various duration in either tension or 
compression to enable the model parameters to be extracted. The results confirmed the poor 
LCF performance of <111> orientated testpieces and demonstrated that the number of cycles 
to failure was lowered progressively as hold times increased and the total strain range per 
cycle reduced. The effect of a hold time on fatigue life was independent of whether it was 
introduced in compression or tension. 
 

3.4 Task 4: Micromechanical Modelling 
The main function of Task 4 was to take the constitutive models of ARMINES (for low cycle 
fatigue) and IMPCOL (for creep) available at the beginning of the work to develop a single 
unified model of high temperature deformation under creep-fatigue conditions. It was 
recognised that this unified model must include the ability to predict the effects on 
deformation and fracture of instabilities (damage) within the microstructure of single crystal 
superalloys, which are the generic alloys of interest in gas turbines. All single crystal 
superalloys consist of a high volume fraction of the ordered L12 Ni3Al phase, γ', in the form of 
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regular cuboidal precipitates, separated by thin channels of matrix. An important potential 
damage instability in these particular alloys is the morphological evolution of these cuboids 
under stress and temperature to form rafts, so destroying this ideal cubic symmetry. The 
conclusion of work reported in Task 6 was that this morphological instability was unlikely to 
become important in the service environments of industrial gas turbines (temperatures 
<950oC). After discussion with the industrial partners, it was therefore agreed to ignore this 
damage mechanism in the present modelling activity.  
The ARMINES model has been adapted from a visco-plastic constitutive model for isotropic 
materials and has rigorously defined parameters to predic t the kinematic hardening that can 
occur during (relatively) rapid cyclic inelastic straining (of the sort that may be expected 
during turbine start-up/shut-down). The IMPCOL anisotropic model has its origins in a 
physically-based isotropic creep model that deals naturally with the various types of material 
damage that affect creep resistance as well as fracture. Primary creep is the consequence of an 
internal stress that develops due to stress redistribution from the matrix to the harder γ' 
particles. The model is optimum for the situations existing during stationary state blade 
operation or with moderate time-varying temperatures / stresses, including through-zero 
stressing. Both models can deal with multiaxial states of stress/strain. Each has its own 
methodology for obtaining its parameter-set which, as in any model, is materials-specific and 
has to be obtained using data obtained from prescribed tests that are all incorporated within 
the current work-programme. 
The principal strength of the ARMINES model is its capacity to represent kinematic 
hardening under multiaxial loading, which is a prime requisite for predicting LCF and creep-
fatigue failures. Its principal weakness is that it does not take account of the interaction of 
non-crack damage with deformation. The latter is the strength of the IMPCOL model which 
was developed for creep applications, but whose weakness lay in its simplified representation 
of kinematic hardening. That these complementary strengths and weaknesses reflect the 
different ancestry and original application of each model made it difficult for the two partners 
to see how their models could easily be unified. One exemplifying reason being that each 
partner uses a totally different methodology to extract its model parameters from an 
experimental database, which itself is uniquely defined by the model’s ancestry. Although not 
a perfect solution, it was anticipated that it would enable all the blade-modelling requirements 
specified by the industrial partners in Task 2 to be satisfied.  
ARMINES has therefore concentrated on ensuring that it can adequately incorporate the most 
important types of damage encountered during creep-fatigue into its constitutive law. The 
creep-fatigue damage model considers that damage is basically microcrack growth; with the 
important provisos that the damage evolution is accelerated by oxidation due to interaction 
with the external environment. In this sense, the model is a two-damage model. Microcrack 
growth results from the failure of a microstructure element. In the global damage, ARMINES 
introduces a size effect with the crack length being the main creep damage variable. The 
effective stress acting to promote crack growth is calculated by taking account of the 
reduction in load-bearing section due to the presence of these cracks. The effect of oxidation 
is accounted for through the decrease of the critical strength, which also takes a volume effect 
into account. Experiments have shown that oxidation rates are not the usual parabolic but the 
more benign t1/4 kinetics.   
IMPCOL has made strides in providing a physical basis for a more robust kinematic 
representation of primary creep (which also manifests itself as hardening during low cycle 
fatigue). They have discovered that micro-twins form progressively with accumulating strain 
in γ', particularly at high stresses/low temperatures for a non <001> orientation. Their 
formation is due to the progressive increase in the resolved shear stress on (111)<211) 
systems within γ' due to stresses redistributing from the matrix as strain accumulates 
(resulting in primary creep or hardening in fatigue due to these internal stresses). Twin 
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formation is a stress relaxation process and so puts a limit on the magnitude of the internal 
stress and thus primary creep/fatigue hardening. It is stress controlled and so becomes more 
important in creep-fatigue than in long-term creep, where stresses are low. It will also give 
rise to inherently kinematic primary creep/fatigue hardening since micro-twin formation will 
depend on the applied stress tensor. Work will need to be done in future projects to 
incorporate this finding within a constitutive law but it is an exciting development towards 
understanding the kinematic behaviour of superalloys.  
Several other achievements have resulted from the materials modelling project: 
• The damage model for creep-fatigue is effective in predicting the life of various orientated 

testpieces under uniaxial conditions, creep-fatigue and thermal-mechanical loading and in 
simple structures (thermal fatigue rig). An advantage is that it takes into account oxidation 
effects which can be very important for long exposures at high temperatures. 

• It also has very good predictive capability for the major damaging mechanism (crack 
nucleation from the surface or subsurface area and nucleation from internal pores). This 
can be compared with damage development measurements and observations on fracture 
surfaces. Further validation is necessary under 3D multiaxial conditions. A fully 
probabilistic version can be developed but the key is to acquire a reliable pore size 
distribution curve in a large enough volume of material.  

• The predictive capability of the creep model has been demonstrated for changes in stress 
and temperature level during uniaxial loading.  

• A better understanding of the kinematic nature of primary creep/fatigue hardening has 
been achieved from the discovery of micro-twins in the γ' particles.  

• The model has been used successfully to predict creep behaviour of <001> orientated 
testpieces under a spatially non-uniform multiaxial stress, specifically Bridgman notched 
testpieces loaded uniaxially.  

 

3.5 Task 5: Diagnostic Testing for Model Validation 
The technical objective of Task 5 is to provide specialist measurements that assess the validity 
of the two models through comparison with model simulations. These take the form of 
multiaxial and non-isothermal creep and fatigue data; and of detailed microstructural 
characterisation that test the assumptions of the model. This task is critical in validating the 
microstructure based creep model and assessing its potential for extrapolation to multiaxial 
and cyclic loading conditions. Task 5 involves (i) biaxial shear creep testing, (ii) triaxial 
tension testing, (iii) multiaxial high temperature fatigue testing with in situ surface imaging, 
(iv) isothermal and thermal-mechanical fatigue testing and (v) FEM simulations of all types of 
tests and (vi) measurements of macroscopic asymmetries and microscopic heterogeneities of 
deformation and of local changes in orientation. 
Subtask 5.1: Shear Creep Testing (IM-RUB, IMMG) 
The double shear creep test was successfully applied to the superalloy CMSX-4 in the 
temperature range from 950 to 1100°C and in the stress range from 80 to 155 MPa for various 
macroscopic crystallographic shear systems (MCSS). The temperature dependence of the 
creep rate minima has been determined for three MCSS at a shear stress, τ, of 100MPa. The 
stress dependence of the creep rate minima at 1020°C and 1050°C has been established for 
various MCSS. The results show a clear anisotropy of creep rate minima for different shear 
test conditions. 
A number of diagnostic double shear tests with complex loading conditions have also been 
performed. The testing conditions were T=1020°C and τ=100 MPa for a {001}<100> MCSS. 
Two types of loading trajectory were used: in (i) a testpiece was continuously loaded until a 
prescribed value of strain was reached, upon which the loading direction was reversed to 
reduce the testpiece strain back to zero; in (ii) a testpiece was again loaded to a prescribed 
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amount of strain, then unloaded (to give a residual positive inelastic strain) and reloaded until 
9% inelastic strain had been accumulated. Further tests at a temperature of T=950°C and 
τ=100MPa/80MPa were also performed. These testpieces were initially crept to about 3% at a 
constant stress of 100MPa. The load was then reduced to zero and a reverse stress of 80MPa 
applied. The testpiece crept significantly faster in the reverse direction even though the 
reverse load was lower than the initial load.  
The double shear tests thus represent an important diagnostic data-set which the IMPCOL 
creep model and its associated finite element analysis code should be able to predict.   
At IMMG, shear tests were performed at 950°C with a strain rate of 0.6% /min. In each case 
the shear plane was {001}. The shear direction changed from a <100> direction in 4 steps to a 
<110> direction. As a result, the shear modulus changes with the shear direction from 
G{001}<100>=59.2 GPa monotonic to G{001}<110>=55.3 GPa respectively. In the same way, the 
shear peak strength under these conditions changes from 549 MPa to 584 MPa. The shear 
strain to rupture increases from 10% to 52%, while the shear yield strength varies in a non 
monotonic way from 356 MPa to 374 MPa. The conclusion is that predictions based solely on 
Schmid's law are not valid.  
Subtask 5.2: Notched Bar Testing (IMPCOL) 
Several Bridgman notch tests were performed at 850°C using the nickel-base single crystal 
superalloy CMSX-4. A notch net section stress range of 600 to 820 MPa was applied to 
<001> orientated testpieces. Lifetimes of notched testpieces were always found to be longer 
than the lifetimes of uniaxial testpieces when compared on a net section stress basis (notch 
strengthening). The results of these tests will be used for the validation of the models. 
Subtask 5.3: Multiaxial High Temperature Fatigue Testing and Shear Testing (IMMG, CNR-
TeMPE) 
Two types of multiaxial test, biaxial and tension-compression-internal pressure, were 
performed using CMSX-4. Tubular <001> oriented testpieces were machined from solid 
cylindrical samples and tests were made within the stress range 100 MPa to 700 MPa. 
Young’s modulus, E, was measured in a tensile test at room temperature to give a value of 
131.2 GPa. Internal pressurisation tests were performed at room temperature and gave hoop 
strains showing a slight dependence on the angle of the tubular testpieces.  
This subtask includes single step-like variable load and variable load and temperature creep 
tests carried out until rupture and two cyclic step-like load creep tests to stop at an established 
time. The first group of tests have been successfully performed. The cyclic step-like load tests 
(requested by industry for those conditions close to the component in service and not 
scheduled in the initial programme) have been carried out at 900°C and at stress ranges from 
300MPa to 500MPa. A primary creep stage was always observed after each load change and 
the Robinson's coefficient was 0.8.  
Subtask 5.4: Thermal Fatigue (ARMINES) 
Thermo mechanical fatigue tests have been performed in a temperature range of 450°C to 
950°C. These tests were performed on <001> orientated testpieces. “In Phase” and “out of 
“phase” tests exhibit different fracture surface features under microscopic examination. In 
Phase tests have a similar cavitated appearance as observed in creep, while testpieces tested 
out of phase exhibited striated crack growth usually associated with classical fatigue fracture. 
Subtask 5.5: Finite Element Analysis (ARMINES / IMPCOL) 
In this task, Finite Element Analyses have been done on testpiece geometries and testing 
conditions relevant to the diagnostic tests. Simulations have been made for creep of thin wall 
tubular testpieces under torsion and Bridgman notch geometries with isotropic and anisotropic 
solutions and double shear creep tests with isotropic solutions. For thermal analysis and for 
the thermal and thermal mechanical fatigue tests, the code Zebulon was used with the 
parameters supplied by ARMINES. 
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Subtask5.6: Crystallographic and Geometric Characterisation (IMPCOL) 
Shape change measurements were carried out using shadowgraphy on fractured Bridgman 
double notch testpieces. For un-notched specimens the mean axial orientations were not 
affected by high local strains. The fracture surfaces of <001> and <111> notched testpieces 
were investigated. There is a considerable spread in orientation of up to 15° for <001> and 
20° for <111> oriented testpieces. An important difference between these two orientations is 
the orientation heterogeneity on a sub-mm scale, consistent with the development of 
subgrains. 
 

3.6 Task 6: Microstructural Characterisation 
In Task 4 of this project, a micromechanical modelling description of deformation and 
damage was made. For this reason, the development of the microstructure during deformation 
was monitored by optical microscopy, scanning electron microscopy and transmission 
electron microscopy. The results were implemented into the models. After testing in Tasks 3 
and 5, the microstructure of some tested specimens was investigated. The task focused on 
casting pores, fracture surfaces, oxidation, and γ' rafting. 
As-received microstructure 
Initial work concentrated on characterising the as-received microstructure. There were four 
main characteristics: (i) The crystal orientation of the <001> bars was found to be within the 
specified range. Some of the seeded castings (plates, <111> bars) failed to meet the specified 
orientations but were retained and will be provided for special purposes if required. (ii) The 
alloy CMSX-4 exhibits a two phase micostructure of cuboid γ'-particles embedded relatively 
regularly in the γ-phase. The size of the γ'-particles was about 0.6-0.8µm, with a volume 
fraction of 0.79±0.05 and the width of the γ-channels between the γ'-particles was 50±23nm. 
(iii) The material showed a pronounced dendritic structure. The planar distance between the 
secondary arms of the dendrites was 251±86µm. Pores were found in the interdendritic 
regions of the casting. (iv) The dislocation density in the as-received material has not been 
quantified but appeared to be nearly dislocation-free, which is a characteristic observation in 
these high γ'-particle volume fraction superalloys. 
A long-term thermal exposure at 850oC conducted by IMPCOL revealed that the γ'-phase in 
CMSX-4 appears to be much less prone to rafting than previous work had shown on the 
similar SX alloy SRR99. The slower rafting kinetics was attributed to the rhenium 
concentration reducing matrix diffusivity.  
The pores in the original material have been studied quantitatively. The size-distribution was 
determined using an analysis procedure which assumed the shape to be spherical and the 
following conclusions were made: (i) The pore diameters ranged from 3-45µm with the most 
probable diameter being in the much smaller range 9-15µm. (ii) The total volume fraction of 
pores was approximately 0.4%. (iii) The mean planar spacing of pores in the most probable 
range was approximately 200µm. 
Fracture surfaces 
At ARMINES the surfaces of failed tested specimen were investigated. For <100> creep 
specimens the damage mechanisms can be summarised as the growth of small cavities during 
creep. Their size increases with the time to failure. The mechanism for <111> specimens is 
similar to <100> specimens, but the surfaces look not the same due to the difference in 
fracture surface orientation. For in phase TMF specimens the fracture surface looks like that 
of a creep specimen. More fatigue like failure surfaces (striations) was observed for out of 
phase TMF testing. The striations can be correlated to the number of cycles to failure for these 
specimens. Failure surfaces of specimens tested at 950°C with a dwell in tension are also 
similar to surfaces of specimens tested in creep (and in-phase TMF). In case of the 
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compressive dwell loading, the fracture appears smoother (less cleavage) than for the tensile 
dwell.  
At IMPCOL microstructural characterisations were carried out on flat surfaces along the 
gauge length of the specimens. Crept specimens of <011>, <001> and <111> orientations 
were investigated. The <011>-crystals have a rafted microstructure perpendicular to the 
tensile axis and localised deformation bands, while the microstructure of <111> crystals is not 
strongly orientated. At the surface along the gauge length no γ' particles have been seen using 
back scatter electron orientation measurements. Needle like precipitates seem to be σ phase. 
A cross section near the threaded end shows, that below ~ 1.5mm from the surface the  γ' 
phase appears. Since these specimens are required for further examinations by AAP, the 
fracture surface was not investigated. 
Oxidation 
Since the model should take the influence of oxidation during testing into account, ARMINES 
has performed a lot of observations of surface oxidation on crept specimens, with the 
objective to identify the static oxidation constant at 950°C; oxide thicknesses were measured 
as a function of oxidation time at 950°C. The effective oxidation constant was found to be 
α(950°C)=5.517 10-7 ms0.5. The evolution of interdendritic oxides is not as strong as the 
evolution of the planar oxide thickness and there is quite a big variation of the values which 
may well have to be attributed to the interaction of mechanical loading and high temperature 
corrosion. Since the model uses for damage of crack growth an embrittled area, tests were 
performed to investigate the influence of oxidation on the embrittled area. Virgin and 
preoxidised CT specimens were taken and the result of these tests shows, that the crack 
growth rate for the oxidised specimens is higher than for the virgin specimens at 700°C. 
Scanning electron microscope investigations show that the embrittled area is about 350 µm 
long, for an estimated oxide spike depth of about 40 µm. 
 

3.7 Task 7: Validation and Refinement of the Model 
The primary aim of the project has been to develop and quantify a single physics-based 
materials model to account for the creep and fatigue behaviour of the single crystal superalloy 
CMSX4, taking into account the inherent anisotropy of the material.  The original two models 
of IMPCOL & ARMINES have been informed in the current programme by an extensive 
database of creep and fatigue tests performed on the castings procured.  These had either near 
<001> or near <111> orientations.  In addition, extensive microstructural characterisation was 
undertaken to identify both the inherent particulate morphology and dimensions and to 
establish the extent of defects, such as casting porosity.   
The modelling is described in Task 4 and the procedures for establishing the optimum 
parameters of the model by analysis of the creep and fatigue databases for axial loading of 
<001> and <111> testpieces are also described.  The minimum requirement of the model is to 
be able to reproduce the data from which it has been quantified.  This has been successfully 
achieved in both creep and fatigue conditions.  However, the success or failure of the model 
must be determined by its ability to make reliable predictions for orientations and testing 
conditions that are outside the calibration database.   
The creep model has been used with some success to simulate the uniaxial creep behaviour 
under conditions where the stress and/or temperature have been changed during testing, both 
with step changes and with cyclic stresses.  It has also been used to simulate the creep 
response of crystal orientations remote from <001> and <111> subject to axial loading.  In the 
latter case the model predicts large changes in crystal orientation with accumulating creep 
strain: the symmetric <001> and <111> orientations are relatively stable.  The use of electron 
back scatter diffraction (EBSD) has been valuable in confirming the lattice rotations 
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predicted, validating the assumptions used in the model of the operative shear deformation 
systems.  
The initial models of IMPCOL and ARMINES derived from the same basic premise, although 
focussed on creep and fatigue respectively.  There is a clear commonality between the two 
approaches.  IMPCOL have used their creep-based model (calibrated only by uniaxial creep 
tests) to simulate stress-controlled tensile and LCF with some success.  ARMINES have also 
extended their basic fatigue model to deal with thermal fatigue and environmentally assisted 
cracking at porosity.  
The extension of each model to spatially homogeneous testing conditions is relatively 
straightforward.  However, the ultimate aim is to apply both to the design of turbine blades 
where the geometries are complex and the stresses and temperatures vary spatially.  A 
secondary aim of the project has been to implement the materials models in commercial FE 
codes to simulate the deformation behaviour in more complex engineering tests, such as 
circumferentially notched creep tests. This aspect of the work has not been completed because 
of the combination of some technical difficulties in extending the simulations to large strains 
and to a reduction in the resource available to IMPCOL associated with the devaluation of the 
EURO relative to sterling.  Nevertheless, analysis of the notch creep test data and specimen 
microstructure reported in Task 5.2 has provided important validation of the models: 
(a) The initial stages of the FE simulations of notch-creep deformation show the rapid 

accumulation of creep strain at the notch root leading to relaxation of the stress 
concentration.  EBSD characterisation shows the occurrence of spatially heterogeneous 
changes in orientation across the diameter of the specimen.  The crystal rotations are 
greatest at the notch roots being consistent with local creep strains of up to 25%.  
Moreover the observed directions of rotation are in agreement with the assumed active 
shear systems.   

Assuming that the initial elastic stress concentration is relaxed very quickly, as indicated in 
(a), a triaxial stress state that is relatively spatially homogeneous can be estimated from 
previous work on isotropic materials to apply over most of the life.  Ignoring the initial 
transient, predicted lives within 25% of the observed lives are obtained giving some support 
to the model.   
 

3.8 Task 8: Industrial Assessment of Validated Model 
The main objective of Task 8 was to evaluate the capabilities of the models developed in this 
project giving emphasis to the requirements for industrial gas turbines (IGT) blade design. 
The issues of concern here include the ability of the model to simulate loading combinations 
experienced in service and also the accuracy of the predictions for load levels and temperature 
close to the operating conditions. Clearly this assessment can only be carried out in 
conjunction with suitable thermo-mechanical testing and there are obvious practical 
limitations in performing tests close to IGT conditions. Nevertheless the tests used have been 
selected from the present CMSX-4 database as being the closest available to service related 
loading. A further objective of Task 8 concerns the utility of the models, that is the ability to 
compute large FE models without incurring numerical problems. This evaluation is closely 
linked with the algorithms used in FE software, a vast topic well outside the scope of this 
project, although the selected model formulation can lead to computational difficulties. 
Accordingly, even though this evaluation could only partially address the issues involved, an 
assessment has been carried out in order to judge the time scale when inelastic analyses will 
be routinely applied in IGT design. 
 
It is evident from the work carried out in Task 2 that IGT design will benefit from a two tier 
approach. In the short/medium term future it  is necessary to estimate the stresses and 
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deformations in the aerofoil section during steady state operation.  Accordingly, the IMPCOL 
model has been developed for use in blade FE analyses where elastic- (pure) creep conditions 
prevail. On the other hand, the ARMINES model has been developed for longer term use in 
computations where a creep/fatigue assessment is also required, as is the case when 
considering localised geometric features in the blade with high stress concentration, such as 
the infringement cooling holes. This application is much more demanding and requires 
developments in a number of areas, including the ability to accurately model the inelastic 
response during cyclic loadings and also to account for the creep-fatigue damage incurred in 
service exposed (oxidised) material. These can lead to a fully unified approach that was 
considered too difficult to complete in the course of a four year programme. Accordingly two 
separate developments have been pursued at ARMINES, a deformation model to enable the 
inelastic FE computation in the vicinity of localised geometric features and a separate damage 
model, not directly coupled to the formulation, that also offers the potential for a simplified 
design calculation. 
 
It was found that the IMPCOL model can be effectively used to predict the stresses/strains 
incurred in the aerofoil section during constant (base) load operation. Although the 
predictions are reasonably accurate, it is evident that the model requires a re-evaluation of its 
parameters in conjunction with a more comprehensive database for a candidate SX superalloy. 
The deformation model developed at ARMINES has been found to give accurate predictions 
in cases of significant cyclic plasticity, however further work is required in order to improve 
the predictions of creep type phenomena. The creep-fatigue damage model, also developed at 
ARMINES, is in good agreement with experimental data. It is expected that this will be 
applied in future IGT design, in particular to predict the service lifetime near infringement 
cooling holes, provided that the peak stress/strain state can be estimated either from an elastic 
computation or following detailed inelastic analyses. The computational effort required to 
analyse a full blade, with detailed modelling of stress concentration features, is regarded as 
too great for the present. However trial FE computations with the ARMINES model have 
confirmed its numerical robustness and also that of the associated FE code. It has become 
evident that in the medium term future (~ 2 years) it should be feasible to analyse complex 
blade components under service like cyclic loadings, although critical geometric details may 
still have to be excluded in a full FE model of the blade. 
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4 Exploitation plans and follow-up actions 
The project is of long term strategic importance to the core business of European gas turbine 
makers. Competition for the sale of gas turbine equipment (land- and air-based) is extremely 
fierce. Positive actions leading to reduced costs, improved efficiency and performance and 
greater reliability will result from the more effective use of single crystal superalloys that can 
be further developed from a more detailed understanding of their high temperature 
mechanical behaviour. Although the project is a basic research programme it has a strong link 
to industrial application. The outcome of the project are models which describe creep/fatigue 
life of anisotropic single crystal alloys. The model was assessed within the project in Task 8. 
A feedback to the modelling was given and the model was refined. The models have been 
implemented into commercial FE software packages and they are now available for 
commercial use.  
 
In Subtask 1.2 creep testing machines were upgraded for sophisticated multiaxial creep tests 
by the SME partner IMMG. It is the intention of IMMG to bring the upgraded machines to 
commercial standards and to sell them to interested customers. 
 
Dissemination of the results to the scientific public will use the usual channels of publishing 
in scientific journals and at scientific conferences and meetings. 
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