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Abstract

It has been observed that gas turbine (GT) blades operating in harsh environments can undergo
material degradation in the form of crack initiation and propagation before that predicted by fatigue
lifing. It is thought that this degradation can occur partly as a result of the growing demands for
improved GT efficiencies. This is because the requirement for improved GT efficiencies is commonly
achieved through increases in operational temperatures and pressures which the turbine stages
operate at. These increases in the operational temperatures can consequently lead to the extended
effect of hot corrosion in locations of the blade which would not normally impacted, such as the
under platform region. Therefore, GT blades are subjected to continuous developments in terms of
blade design and material properties and selection in order to achieve improvement in the GT
efficiencies, reduce emissions and lower life cycle costs. However, at start of this research project it
was postulated that the mechanism causing premature material degradation is a result of the
extended effects of low temperature hot corrosion (LTHC), interacting with both cyclic and static
loading conditions. In order to experimentally study these interactions statically and cyclically
loaded specimens were tested in environments representative of the under platform region of both
industrial and aviation gas turbine (GT) blades. A range of geometries were studied: C-rings, three
point bend and cylindrical fatigue specimens. Using these specimens experimental studies were
conducted investigating the impact of deposit flux, dwell time, multiaxial stress state and load
application rate. Further investigations into the microscopic mechanism occurring at the crack tip
have been conducted using high magnification transmission electron microscopy (TEM) and
scanning electron microscopy (SEM). Detailed stress state data has been produced using finite
element analysis (FEA), this data has then been used to assess the impact of the stress state on crack
initiation and propagation. It was found that turbine blade materials were susceptible to a form of
high temperature stress corrosion cracking (SCC). Additionally, enhanced fatigue crack initiation and
propagation was observed with test conditions consistent with low temperature hot corrosion
(LTHC) conditions. There was shown to be a detrimental impact with increased rates of LTHC on the
high temperature cracking mechanism. Detailed microscopy and analysis of specimens informed a
proposed fundamental mechanism behind the enhanced cracking observed in LTHC environments.
The five research papers presented within this thesis provide contributions to knowledge and
developments in the understanding of crack initiation and propagation within superalloys exposed
to simultaneous LTHC environments and loading.
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1. Introduction

1.1. General introduction to project and research papers

Gas turbines (GTs) both industrial and aero often operate in chemically dirty environments, with
contamination from both sulphur content within the fuels used, and particulate and salt content
within the air ingested by the turbine system. These contaminants contribute towards the
conditions required for hot corrosion. Additionally the ever growing industry drive to improve the
thermal efficiencies of GTs results in increases in turbine temperatures, providing a growing
requirement to understand the extended impact of hot corrosion on regions of turbine components
not normally impacted.

Typically, GT components are lifed for a number of environmental, temperature, time, load and
cycle dependent degradation mechanisms such as creep, oxidation/corrosion and fatigue. However,
often the combined effects of the above mechanisms are not comprehensively considered during
the design and engineering process.

The component focused on during this research is the turbine blade, specifically the under platform
region of a 1%t stage turbine blade (Figure 1.1). This region of the blade is exposed to cyclic and static
dwell loading, cooling air and sometimes combustion gasses that can bleed by the platform seals.
The temperatures in this area are normally in the lower region of the blades operating range, and
are between 450 — 700 °C. Single crystal (SC) Ni-based superalloys such as CMSX-4 are used as 1%
stage turbine blades, primarily because of their favourable high temperature creep properties.

With the ever increasing temperature demands on turbine blades required in order to improve
turbine efficiencies, the conditions of the under platform region of gas turbine blades are often
consistent with those of hot corrosion. The combination of this high temperature corrosion
mechanism with both static and cyclic loading has led to the premature degradation and cracking
within the under platform region of blades in both industrial and aerospace applications.

Turbine blades are both a safety critical and serviceable component of the gas turbine and as such
have to be routinely inspected and sometimes replaced at significant cost to the customer or
manufacture. Therefore designing the turbine blade to have the longest possible safe operational
life is of great benefit to the life cycle cost of the turbine system. However, if poorly managed and
predicted, the unexpected degradation of the turbine blades could lead to complete turbine failure
which is both a major safety concern and expense in terms of scrappage and down time costs.

As such a better understanding of the hot corrosion cracking mechanism is required in order to be
able to more accurately predict and life the degradation mechanism. Understanding of these
particular combined mechanisms is still in its infancy, and this body of research presents some
significant findings on the subject area.
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Figure 1.1: Schematic of a typical gas turbine blade, showing the under platform and dovetail
regions on the left, and a cross section of the cooling passages on the right [1]

Due to the conditions present in the under platform region, this location can be susceptible to low
temperature hot corrosion (LTHC), also often referred to as type Il hot corrosion. Whilst additionally
the load/stress conditions experienced (both static and cyclic) can lead to fatigue and cracking type
degradation. It is further plausible that LTHC could occur at temperatures below those normally
considered due to simultaneous loading and stresses. Furthermore it is possible that fatigue
cracking could occur below the fatigue threshold due to the simultaneous influence of LTHC in this
region of the blade. It is the intimate interactions between these two normally unrelated
degradation mechanisms that forms the basis of this research. The influence of creep is not
considered in the scope of this work as the temperature of 550 °C studied is considered below the
creep limit for CMSX-4; creep is documented as occurring in CMSX-4 at temperatures greater than
700 °C [2]. An indication of creep in y/y’ superalloys is the formation of rafted precipitates [3], which
would be expected to be omitted in the absence of creep.

The thesis is constructed from research presented over five papers which are outlined in table 1.1.
For reference within the thesis the papers are numbered from 1 to 5, the designation of which is
also outlined in table 1.1. The specific contributions made by the candidate towards the papers is
stated in table 1.2.



Table 1.1: List of research papers

Paper Title Published status Journal DOI
number
1 Stress corrosion of Ni-based Published Materials at High 10.1080/096
superalloys Temperature 03409.2017.
Volume 35 Pages 120- 1392414
129
2 Interaction of hot corrosion Published International Journal of | 10.1016/j.ijf
fatigue and load dwell periods Fatigue atigue.2018.
on a nickel-base single crystal Volume 117 Pages 13- 07.029
superalloy 20
3 Effect of stress state and Published International Journal of | 10.1016/j.ijf
simultaneous hot corrosion on Fatigue atigue.2018.
the crack propagation and Volume 116 Pages 106- 05.002
fatigue life of a single crystal 117
superalloy CMSX-4
4 Analysis of combined static Un Published Intended for N/A
load and low temperature hot submission to a
corrosion induced cracking in a corrosion journal
Ni-based single crystal
superalloy
5 Corrosion fatigue testing: the Published Materials at High 10.1080/096

combined effect of stress and
high temperature corrosion

Temperature
Volume 35 Pages 151-
158

03409.2017.
1389100



https://doi.org/10.1016/j.ijfatigue.2018.07.029
https://doi.org/10.1016/j.ijfatigue.2018.07.029
https://doi.org/10.1016/j.ijfatigue.2018.07.029

Table 1.2: Contributions from the PhD candidate to the papers presented in the thesis

Paper Candidate’s contribution to papers Additional author’s contributions
number to papers
1 The candidate conducted the experimental | J.Sumner, N.J.Simms and S.Gray —
work and analysis/imaging. The candidate Supervised the research, and
was the primary author of the paper. contributed to technical content of
paper
2 The candidate conducted the experimental | S.Gray, J.Sumner, J.R.Nicholls,
work and analysis/imaging. The candidate N.J.Simms — Supervised the
was the primary author of the paper. research, and contributed to the
technical content of the paper
3 The candidate conducted the experimental | S.Gray, J.Sumner, J.R.Nicholls,
work and analysis/imaging with some SEM | N.J.Simms —  Supervised the
imaging conducted at Siemens Industrial research, and contributed to the
Turbomachinery. The candidate was the technical content of the paper
primary author of the paper.
G.Marchant - Industrially
supervised the research and
provided specimens and
contribution to technical content
4 The candidate designed and conducted the | S.Gray, J.R.Nicholls, N.J.Simms,
experimental work as well as conducting J.Sumner — Supervised the
some of the SEM analysis. The FIB and TEM | research, and contributed to the
analysis was conducted by Karl Dawson and | technical content of the paper
Gordon Tatlock at the University of
Liverpool. The candidate was the primary K.Dawson, G. J.Tatlock —
author of the paper. Conducted microscopy analysis
and contributed to technical
content of the paper
5 The candidate supported with generation of | Neil Chapman — Primary author of
LTHC fatigue data and discussion around the paper
technical content, however the
development of concepts and theories Joy Sumner, Simon Gray and John
presented was produced by the primary Nicholls — Supervised the research,
author. As such the candidate is credited as | and contributed to the technical
a secondary author on the paper. content of the paper

The papers cover two general topic areas: crack propagation under static loading and crack
propagation under cyclic loading. Both of these loading conditions were generated in specimens
that were simultaneously exposed to LTHC environments. Two of the papers further compare and



discuss the interactions between static load crack growth and dynamic loading fatigue crack growth.
The topics covered in each paper and the way they are interlinked are presented in figure 1.2.

Crack Propagation

1

Combined Interactions

Paper 2 Paper 3

Corrosion-Fatigue

Paper 5

Figure 1.2: Subject areas covered by papers

In the papers which are public documents, fatigue results are presented in a normalised format due
to the commercial sensitivity of the research. A complete tabulated list of the LTHC fatigue data
generated throughout the project can be found in Appendix 1 in an un-normalised format.

Three specimen geometries were used throughout the project and the details of these can be found
within the thesis as follows:

e C-ring geometry: paper 1
e Uniaxial fatigue specimen geometry: paper 5
e The details of the three point bend jig and specimen geometry developed: appendix 2

A brief overview and introduction to the topics and methodologies used throughout the research is outlined in
the thesis Sections 1.2. to 1.5. A more detailed review of the literature and an introduction to the topics specific
to each paper is given within the papers themselves.

A summary overview of each paper highlighting the specific questions it sets to answer, the papers
aims and its contributions to knowledge is given in Section 1.7.

1.2. Introduction to fatigue

Fatigue is a phenomenon caused by cyclic loading, where over a number of cycles crack initiation
and subsequent crack propagation can take place. This can lead to the degradation and possible
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failure of a component over a period of usage. Fatigue is an insidious process which occurs at loads
below what would normally be the maximum design limits for a specific component, and as such it
is a crucial design consideration. Therefore, it is important to be able to predict and account for the
fatigue life of components in order to ensure safe operation and life cycle strategies over a period
of use.

There are a number of fatigue models and methodologies commonly used to predict a component’s
fatigue performance and life, these being stress-life, strain-life [3] and fracture mechanics [4]. All of
these methodologies use experimentally determined material fatigue properties and parameters.
In the design, specification and optimisation process these properties are assessed against a specific
components loading or duty cycle, in order to estimate and predict the fatigue life and performance
of the component. Often, mechanically loaded components will either be designed to operate below
the fatigue limits of the material(s) used, or they will be designed to have a safe operational fatigue
life before they need to be inspected and/or repaired or replaced.

The decision of whether or not to design a component to operate below a theoretical fatigue limit,
or to operate within a fatigue life, is often a function of the requirements on that component, and
how close to the material limits it therefore needs to operate. For example, where low weight is a
key factor in the design brief, there is a requirement to minimise the mass of material used for the
component. This requirement often results in a compromise in the load bearing cross sectional area,
which results in the design stresses being greater within the component. Whilst there are normally
a variety of other design considerations involved, this weight/stress compromise is often a design
factor for large structural components such as aircraft fuselages, as well as rotational components
such as GT blades. Therefore, in these cases regular inspection and/or repair or replacement is
required, and fatigue lifing is a critical factor in the design process. Fracture mechanics is a widely
used tool in fatigue lifing, as such it is used as an analytical tool throughout this research. Further
literature review of fracture mechanics methods is given within papers 1, 2 and 3.

Whilst pure fatigue is considered to be a function of loading cycles, it is well documented that other
time and environment dependent degradation mechanisms such as corrosion can accelerate the
initiation and propagation of fatigue cracks. As a result of this, modelling approaches which account
for the effects of environmental conditions on fatigue have been developed [5][6][7]. These models
are dependent on the specific interactions between fatigue and the environmental conditions they
were developed for and are often too complex to be easily applied to other environments.
Consequently, these models are not currently widely adopted and instead, a fatigue safety factor
may be used. Due to the insufficient techniques available to model fatigue in corrosive
environments, this enhanced fatigue propagation can often be overlooked in components that
operate in particularly aggressive or corrosive environments.

1.3. Introduction to type Il hot corrosion (LTHC)

Hot corrosion is the accelerated chemical degradation of materials, and is commonly separated into
two distinct mechanisms. These are low temperature corrosion (LTHC), also referred to as type Il
hot corrosion, and high temperature hot corrosion (HTHC), also referred to as type | hot corrosion.

LTHC is generally considered to occur between 600 - 750 °C and HTHC between 850 - 900 °C [8].
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LTHC has historically been studied and modelled independently of load/stress or loading cycles.
Current empirical modelling approaches are dependent on exposure time, temperature and deposit
composition/deposition flux [9][10]. The LTHC corrosion mechanism is thought to occur due to the
formation of a liquid mixture on the surface, which then results in the dissolution of any protective
oxide scale the material may have, and subsequently the corrosion of the substrate. A more detailed
literature review and introduction to relevant corrosion mechanisms, as well as specifically LTHC is
given in all the papers. The most comprehensive introduction and overview is covered in paper 4
concentrating on the electrochemical aspects of LTHC.

1.4. Introduction to electron microscopy

All five of the papers present scanning electron microscopy (SEM) data alongside energy dispersive
X-ray (EDX) analysis [11]. Additionally paper 4 presents transmission electron microscopy (TEM)
imaging [12]. As such electron microscopy techniques have provided an important analytical tool
utilised throughout the course of the research. Therefore, a brief introduction into the methods and
techniques used is given below.

In SEM imaging, a focused beam of electrons is scanned across the surface of a sample. By
correlating the location of this beam to the back scattered (BSE) or secondary electrons (SE)
detected, an image of the surface can be obtained. SE are emitted by atoms near the surface and
therefore give more detailed topological imaging capabilities than BSE. However, BSE imaging is
more sensitive to atomic mass and can contrast more effectively between heavier and lighter
elements within a sample.

The electrons which bombard the surface of the specimen during the SEM imaging, generate energy
dispersive X-rays which are emitted from the ionised particles on the specimen surface. These X-
rays can be further analysed using EDX techniques, which provides data about the localised
elemental composition of the sample being analysed. EDX analysis can be conducted either for
single points or mapped over the scan area. Some elements have overlapping X-ray emission peaks
and whilst sometimes this can be overcome with the careful consideration of the elements likely
present and consideration of the Ls, Ko, Kg signals, in some circumstances it is not possible to
determine which element is present when there is peak overlap.

In TEM imaging, a beam of electrons is accelerated at an ultra-thin sample, an image can then be
formed by measuring the density and energy of the electrons which pass through the sample. TEM
microscopy offers extremely good magnification and resolution capabilities, which are close to the
atomic scale. Normally TEM samples are prepared using field ion beam (FIB) machining, where a
thin lamella is machined out of a sample at a point of interest, which can then be transferred to a
TEM for high magnification imaging.



1.5. Introduction to finite element analysis

Another analytical tool utilised was finite element analysis (FEA) [13]. FEA is a structural modelling
method used to analyse and calculate stress, strain and other thermal magnetic and mechanical
parameters, within a defined geometry subjected to boundary conditions. This is achieved by
producing a geometrical mesh of elements and nodes which are assigned set material properties.
When the boundary conditions are applied the FEA solver then solves a series of simultaneous
equations to determine local conditions present in each element of the geometry. Over the course
of this work FEA was used to calculate the stress states within specimen geometries and locally at
crack tips. FEA results are presented in papers 1 and 3, with results also being discussed in paper 2.



1.6.

Aims

Aims and Objectives

The project aims to understand premature material degradation observed in the under platform
regions of gas turbine blades, which can be characterised by a cracking morphology encompassing
both initiation and propagation. It studies the parameters affecting this crack initiation and
propagation through experimental investigation and then uses microscopy and analytical
techniques to better understand the mechanism behind this material degradation.

Objectives

1)

2)

3)

4)

Develop an increased understanding of how LTHC atmospheres interact with both static and
cyclic load/stress through experimental testing of the uncoated single crystal superalloy
CMSX-4.

Utilise modelling methods to determine the stresses and local conditions present within the
specimen geometries used for testing. Use this data to study the effects of stress state on
the crack initiation and propagation.

Experimentally explore factors which impact the fatigue stress cycles to failure (S-N) curves
and crack propagation rates under combined stress and low temperature hot corrosion
(LTHC) environments.

Develop an improved fundamental understanding of the mechanism(s) acting at the crack
tip through the use of analytical techniques. Combined this improved understanding with
experimental observations to propose new models for crack advance.

Each paper aims to address specific objectives of the research project as a whole, these paper

contributions are tabulated in Table 1.3. Together the papers add to the current understanding

of LTHC stress interactions within single crystal superalloys, and help inform future research in
the field.

Table 1.3: Objectives addressed by each paper

Paper Objectives covered
Paper 1 1,2
Paper 2 1,3
Paper 3 1,2,3
Paper 4 1,4
Paper 5 1,3




1.7. Overview of papers

1.7.1. Paper 1 overview: Stress corrosion of Ni-based superalloys

Question the
paper set out to
answer

How does static stress and LTHC interact, and what is the suitability
of the C-ring testing methodology for higher temperature
applications?

Paper
introduction

The introduction provides a literature review of LTHC in Ni-based
superalloys.
The literature reviewed also covers LTHC-load interactions.

Experimental
testing and data
generated

Experimental studies were conducted varying the load and
removing/reducing the deposit flux.

Analytical
investigations

SEM/EDX imaging and analysis of specimens was performed.
FEA modelling of C-rings with and without cracks was performed.

Key findings and
contributions to
knowledge

Analysis using SEM imaging and EDX mapping confirmed that the
corrosion mechanism was consistent with type |[I/LTHC at
temperatures as low as 550 °C when assisted by load/stress.

It was demonstrated experimentally on C-rings that combined static
loading and LTHC can result in crack initiation and propagation in the
SC superalloy CMSX-4.

It was demonstrated that for crack initiation and subsequent
propagation to occur, a salt deposit flux was required.

Comparison of FE modelled stresses in C-rings was close to those
predicted by the ISO standard used when comparing equivalent von
Mises stresses.

Using FEA it was determined that the corrosive environments and
test durations studied could theoretically lower the stress intensity
limit required for cracking by up to 75%.

It was observed that there was preferential y/y’ corrosion attack,
with the y’ being attacked at the crack tip and the y towards the
specimen surface.
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1.7.2. Paper 2 overview: Interaction of hot corrosion fatigue and load dwell periods on a nickel-base
single crystal superalloy

Questions the e What are the B of increasing the load dwell period on the fatigue life
paper set out to in LTHC environments?
answer e What are the effects of increasing the load dwell period on the

fracture face morphology in LTHC environments?

Paper introduction e Theintroduction provides a review of the industrial requirement for
studies into combined LTHC and fatigue.

e A review of the relevant literature concerning combined LTHC-
fatigue is given.

Experimental e Experimental studies were conducted looking at the effects of
testing and data combined LTHC and fatigue as well as extending the maximum load
generated dwell period of the fatigue cycle.

Analytical e Optical and SEM images are presented along with EDX analysis of
investigations specimens and fracture faces.

Key findings and e |t was found that dwell increased the number of externally initiated
contributions to {100} cracks and significantly reduced the fatigue life.

knowledge e It was observed that extended dwell tests took longer to fail under

the wave forms studied.

e The paper presents fracture face analysis which suggests a
start/stop nature to the crack propagation and observes a change in
the fracture face crystallographic topology which correlates to the
fatigue threshold being exceeded.

e |t is proposed that fatigue crack initiation is accelerated with the
introduction of dwell due to static crack growth and increased crack
tip exposure to corrosion.

11



1.7.3. Paper 3 overview: Effect of stress state and simultaneous hot corrosion on the crack
propagation and fatigue life of a single crystal superalloy CMSX-4

Questions the
paper set out to
answer

What are the effects of stress state on the crack initiation and
propagation of static load cracking?

What are the effects of LTHC salt flux on the fatigue life?

What are the possible mechanisms behind the crack behaviours and
morphologies observed?

Paper introduction

An introduction into basic fracture mechanics is provided as an
introduction to the approach used.

A review of literature on LTHC in superalloys is given as well as
published research on LTHC-fatigue.

Experimental
testing and data

The paper experimentally studies cracking in statically loaded
specimens within three geometries: C-rings, three point bend and

generated plain cylindrical specimens.
The paper experimentally studies the effects of salt flux/deposition
rate on combined crack initiation and propagation in statically
loaded C-rings and plain cylindrical fatigue specimens.

Analytical SEM imaging and EDX mapping were conducted on specimens.

investigations

FEA analysis was conducted to define the stress states and calculate
stress intensities within the specimen geometries.

Key findings and
contributions to
knowledge

It was observed that increasing the deposition flux and therefore
corrosion rate, had the effect of generating preferential orthogonal
{100} fracture planes.

The aggressiveness of crack initiation and propagation in statically
loaded specimens correlated with the stress gradient present.
Preferential corrosion attack of y° was observed at crack tip
locations, whilst the y was preferentially attacked towards the
specimen surface.

A mechanism of gas induced acidic fluxing at the crack tip and alloy
induced acidic fluxing towards the surface was proposed as an
explanation for the preferential corrosion attack.

It was further proposed that the preferential corrosion attack of the
gamma-prime resulted in orthogonal {100} propagation due to the
orthogonal attack of net closest y’ phases at the crack tip.

It was proposed that crack propagation can occur due to localised
environmentally assisted lattice de-cohesion.
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1.7.4. Paper 4 overview: Analysis of combined static load and low temperature hot corrosion induced
cracking in a Ni-based single crystal superalloy

Questions the e What is the mechanism occurring at the crack tip that enables
paper set out to crack propagation under static loading?
answer e Are there any effects of stress on LTHC?

Paper introduction | The introduction provides a review of literature into the following areas.

e The industrial motivations for studies into LTHC and load
interactions generating cracking in superalloys.

e The single crystal y/y’ microstructure and its anisotropic
properties.

e Previous research studying LTHC and fatigue in Ni-based
superalloys.

e Comparative mechanisms of SCC and static load crack
propagation.

e Electrochemical nature of LTHC and the electromechanical
interactions within crystalline materials.

Experimental e The paper analyses a statically loaded three point bend specimen
testing and data that has been exposed to LTHC under both tension and
generated compression.

Analytical e The paper presents high magnification TEM and SEM imaging, as
investigations well as EDX analysis of a crack tip generated within the specimen.
Key findings and e The analysis demonstrates [100] crack propagation cutting
contributions to through the y’ precipitates, slip systems and defects are visible
knowledge ahead of the crack tip however there is no evidence of diffusion

ahead of the crack.

e Itisdemonstrated that the preferential corrosion attack of the y/y’
is sensitive to stress/deformation effects. Where tensile
deformation generates preferential y’ attack and compressive
deformation y attack.

e Corrosive species and electrolytes such as Na;SO4 were found at
the crack tip suggesting an electrochemical type II/LTHC
mechanism could be present in this critical location.

e Elemental mapping showed segregation of W to the y’. It was

suggested that W could compete with Ta and Mo due to their
similar ionic radii.
A stress assisted LTHC electrochemical mechanism is proposed at
the crack tip, resulting in oxidation and enhanced de cohesion,
generating crack propagation. It is further suggested that there is
a deformation related effect on the anodic potential of the y/y’
phases independently, which results in preferential corrosion
attack of the phases under tension and compression.
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1.7.5. Paper 5 overview: Corrosion fatigue testing: the combined effect of stress and high
temperature corrosion

Questions the e Whatisthe impact of load application rate on the LTHC fatigue life,
paper set out to in a LTHC environment?
answer e What is the effect of LTHC on the propagation plane in uniaxial

cylindrical fatigue specimens?

Paper introduction e The introduction provides a literature review and study into type
[I/LTHC and the protective formers generated by Ni-based
superalloys.

e Areview of the impact of stress application or ramp up rate on the
fatigue crack propagation is also given.

Experimental e The paper experimentally studies the effects of the ramp period
testing and data on fatigue cycles to failure in a LTHC/type Il corrosion
generated environment.

Analytical e Optical imaging of specimens is presented along with SEM imaging
investigations and EDX analysis.

Key findings and e Adetrimental influence of decreasing the ramp rate on the fatigue
contributions to life is observed. It is proposed that this behaviour is associated to
knowledge crack tip blunting generated by the increased dislocation emissions

resulting from the higher ramp rates.

e A corrosion effect on the preference of the crack propagation
plane from {111} to {100} is observed with an increase in the
corrosion attack.
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2. Paper 1: Stress corrosion of Ni-based superalloys
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Abstract. The development of gas turbines to increase fuel efficiency is resulting in progressively
higher operating temperatures in the under platform regions of the blades. These regions have
traditionally been considered low risk areas. However, higher metal temperatures combined with
stresses and the deposition of contaminants from the cooling air system may result in complex
degradation mechanisms.

Static stress corrosion testing has been conducted on C-ring specimens at a range of stresses in a
hot corrosion environment. Cracks were observed in C-rings after exposure times greater than 100
h. Scanning electron microscopy (SEM) systems were used to image cracks and characterise deposits
to improve understanding of the mechanism. Finite element analysis (FEA) has been used to model
the stress intensity under test conditions.

CMSX-4 specimens subject to static stresses combined with hot corrosion demonstrated significant
material degradation (crack initiation and propagation) suggesting a combined stress corrosion
mechanism resulting in cracking.

Keywords: Stress Corrosion, Superalloy, C-ring, FEA
List of Symbols

D - Outside diameter

Dy - Final outside diameter when stressed
Dav - Average Diameter of C-ring

o - Stress

t - C-ring thickness

Z - Correction factor for curved beams

E - Young’s modulus

d - Mean inner diameter of C-ring

K - Stress intensity

Y - LEFM geometry factor

a - Crack length

K:n- Stress intensity threshold
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2.1. Introduction

Gas turbines are widely used in power generation systems. Developments to improve their
efficiencies have led to increased operating temperatures of regions of some components, such as
the under platform areas of turbine blades. The high stress state of the root pocket due to the high
rotational speeds, combined with cooling air derived deposits and temperatures approaching the
conditions associated with type Il corrosion, can lead to cracking [1].

CMSX-4 (Table 2.1) is a single crystal Ni-based superalloy commonly used for 15t stage gas turbine
blades as a result of its good high temperature creep-strength properties combined with production
affordability [2]. However due to its composition (lower Cr content than other commonly used 1%
stage turbine blade materials), CMSX-4 is susceptible to type Il hot corrosion. This can result in
damage that has the morphology of either pitting or broad fronted attack. Sumner et al [3] have
reported investigations of type Il hot corrosion of CMSX-4, using statistical analysis of large data
sets to generate models for specific conditions. They observed broad fronted attack and more rapid
depletion of Cr in CMSX-4, when compared with IN738LC.

Table 2.1 : Composition of CMSX-4 (wt%)

Alloy Cr Co Mo Al Ti Ta Re Hf Ni
CMSX-4 65 96 06 56 10 65 3.0 0.1 Bal

Research conducted on hot corrosion mechanisms in 1970s-1980s is summarised by Luthra &
LeBlanc [4]. They concluded that hot corrosion could occur through a combination of three
mechanisms: sulphidation-oxidation, formation of volatile compounds beneath the protective oxide
layer or scale fluxing. Fluxing models have since gained the widest acceptance for deposit induced
hot corrosion [5, 6].

The process of type Il hot corrosion of Ni-based superalloys requires the formation of a liquid
eutectic film [5, 6]. Type Il hot corrosion occurs in the temperature range of 650°C-800°C through
the formation of minimum melting point mixtures of Na>SO4, NiSO4 and CoSO4 [4, 5, 8]. NiSO4 and
CoSO4compounds form as a result of the reaction of SOz with nickel and cobalt from the superalloy.
A widely accepted mechanism for hot corrosion was proposed by Goebel & Pettit [9]. Their
mechanism outlines two stages, firstly the incubation stage, where a liquid eutectic of Na;S0a, NiSO4
and/or CoSO4 forms on the component surface; as a result of deposition coupled with a reaction
between sulphur oxides and nickel and/or cobalt from the superalloy. The second stage is the
propagation stage where the fluxing of the surface oxide by a liquid deposit on the surface allows
inward S access, and outward Co/Ni transport. This form of attack often results in pitting damage
with an outer NiO/CoO layer being formed, although sometimes a form of broad fronted attack
develops [5, 6].

For type Il hot corrosion many researchers have noted the importance of a constant SOx supply for
sustained corrosion to occur([3, 7, 9, 10]; this variation of the damage mechanism is known as gas
induced acidic fluxing [8, 11]. Without both gaseous SOx and a regular sulphate deposition flux, the

corrosion reaction would cease to occur when all the reactants have been consumed.
17



Type Il hot corrosion combined with static stress in Ni-based superalloys has not been extensively
studied. However, stress corrosion cracking (SCC) is a well-documented failure mechanism
especially in aqueous systems [12, 13].

Studies have been conducted on the effects of stress on corrosion pitting growth in aluminium alloys
[14]. It was found that corrosion pit growth could be affected by time, stress amplitude and
frequency in a fatigue environment. The methodology of Ishihara et al [14] was applied to Ni-based
superalloys by Chan et al [15]. They considered the point at which fatigue crack growth exceeds
corrosion pit growth. However, neither of these studies consider the effect of hot corrosion on the
materials stress intensity threshold (Kyy), the threshold below which cracking does not occur.

Finite element analysis (FEA) is a commonly used method to calculate stresses within complex
geometries or multiaxial loading states. This is done by meshing the geometry as a net of elements
and nodes. The elements can deform as constrained by the material model, whereas the load is
transferred from element to element through the node connections. FEA has been widely used to
assess the stress in statically and cyclically loaded condition.
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2.2. Experimental method
2.2.1. C-ring test method

C-ring specimens were manufactured from CMSX-4 bars. Guidelines for the dimensions were taken
from ISO 7539-5 [16]. The final dimensions for the specimens used in this testing are given in Figure
2.1. C-ring specimens where manufactured with a <001> crystallographic orientation aligned with
the cylinder axis.

(a) (b)
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©15.00+0.05
PRT_CSYS_DE f §YS_DEF
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I"[' \', PRT_C S_D‘E/F 19+0.4

Figure 2.1: C-ring specimen geometry as established from ISO 7539-5 (a) frontal cross section (b)
top view cross section (c) side view cross section (d) isometric view

For target stress levels at a constant strain the required displacement of the C-rings were calculated
by first calculating the change in diameter (AD) required to achieve a given stress (Equation 2.1).

Equation 2.1: Change in diameter from ISO 7539-5 [16]

AD = ond?/4EtZ

FEA modelling was used to verify the stress calculations. Surrogate data from Sieboérger et al [17]
for CMSX-4 provided the young’s modulus (E) for Equation 2.2 and the monotonic material
properties used in FEA modelling. The final stressed diameters (Df) were calculated using Equation
2.2: Final stressed diameter

Df = DAV _AD

The C-rings were clamped to the final diameter (Dy) using A2 grade stainless steel M5 nuts, bolts and
washers, and measured using a digital micrometre with a resolution of 1 um (and accuracy of 2 um).
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An average of five readings was used to determine both the initial external diameter (Dav) from
which the final stressed diameter is calculated these are given in Table 2.2.

Prior to testing, C-ring samples were cleaned in an ultrasonic bath with IPA (isopropyl alcohol).
Corrosion exposures were carried out in a horizontal controlled atmosphere furnace. The corrosion
environment, deposit composition and deposit flux were controlled using the well-established
deposit recoat methodology (eg Sumner et al [3]). Specimens were coated with an 80/20 molar
mixture of NaxS04/K,S04. The mass of deposited salt was measured per unit area and specimens
were recoated every 100 h in order to control the deposition flux. A gaseous environment of air -
300 vppm SOz was used, and all testing was conducted at 550 °C. C-rings were stressed to 800, 700
and 500 MPa, and exposed for 100, 300 or 500 hour exposure times with a target deposition flux of
5 ug/cm?/h. In addition, one C-ring at each target stress level was exposed for 300 hours without
any deposit.

2.2.2. Microscopy and analytical methods

Samples were mounted in a 50:50 mixture of MetPrep’s epoxy set resin and ballotini (40-70 um
diameter glass spheres). Samples were then sectioned, using oil lubricant to prevent dissolution of
corrosion products and deposits, before being ground and then polished to a 1 um diamond paste
finish (again using oil lubricant).

Both optical and SEM examinations of the samples were carried out. Optical microscopy was used
to determine if cracking was present in the C-rings after each exposure period. SEM was used to
characterise the results of the degradation mechanism’s interaction with the alloy microstructure.
FEI XL-30 and a JEOL 7800F field electron gun (FEG) SEMs equipped with backscatter energy-
dispersive X-ray (EDX) detectors were used for characterisation and SEM imaging. SEM images were
post-processed using Image J software to enable accurate measurement of features.

2.3.  FEA Analytical methods

FEA modelling was conducted using ANSYS Workbench 15 [18]. The material model used for this
analysis was an isotropic model generated using monotonic surrogate material data for CMSX-4
from Sieborger et al [17]. The C-ring was constrained between two plates (Figure 2.2.2). A
frictionless sliding contact was utilised between one of the two blocks and the C-ring in order to
allow a small amount of relative movement. The boundary conditions were applied through a
displacement equivalent to those calculated using equation 2.1 and are tabulated in Table 2.3.
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Figure 2.2: Example of a C-ring mesh constrained between two plates

The C-ring was modelled as three separate sections to allow more accurate refinement of the mesh
in the central section of the C-ring. This was important as it was in this central region that it was
anticipated that cracking could occur. A hex dominant mesh is used wherever possible; however
meshing around the crack tips required the use of a tetrahedral mesh due to the size and complexity
of the crack tip geometry. A semi elliptical crack was used within the FE model with an aspect ratio
(a/w) of 0.5.

When clamped, a multiaxial stress condition was predicted in the C-ring. As such the von Mises
criterion was used to obtain local stress values. However it was also useful to consider the principal
or normal stresses in relation to a mode | crack opening, as shown in Figure 2.3, as these stresses
could be higher for the C-ring geometry in the principal x-axis plane when compared with the von
Mises stress.

Linear elastic fracture mechanics (Equation 2.3) was used to assess the local stress intensity range
(AK) for micro semi-elliptical cracks within the C-ring. The stress intensity was assessed using the
ANSYS R15 [18] stress intensity solver code. ANSYS uses J-integral evaluation [19] in order calculate
the local crack tip stress intensity.
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Figure 2.3: Crack opening modes (a) mode | (b) mode Il and (c) mode llI
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Equation 2.3: Linear Elastic Fracture Mechanics Equation [20]

AK =YoVrma

FEA generated local crack tip stress intensity predictions were then used to calculate the geometry
factor (Y) for finite surface cracks in the C-ring geometry. AK Can then be compared to K;;, to assess
the likelihood of cracking. The K,; of CMSX-4 has been reported to be 15 MPa.m/2 in air at 750 °C
[21]. Stress intensities calculated through FEA modelling can be compared to this in order to
determine the likelihood of cracking and the effect of hot corrosion on K.

2.4. Results and discussion

2.4.1. C-ring results & discussion

Unstressed sections of CMSX-4 C-rings were corroded at 550 °C with a target deposition of 5
ng/cm?/h and a gaseous environment of air - 300 vppm SO,. Samples were removed after exposure
times of 100, 300 and 500 hours. Inspection showed formation of an oxide scale containing Co, Ni,
S and O (Figure 2.4, Figure 2.5). Sulphidation had occurred beneath the oxide scale, consistent with
type Il hot corrosion [7][22].

For stressed C-rings, cracking of corroded samples was observed at 800, 700 and 500 MPa after
exposures 100 h; with visible cracking still occurring at 500 MPa for exposure times longer than 100
h (Table 2.2). By contrast C-ring tests without deposit showed no signs of cracking after 500 h of
exposure to the test conditions.

C-rings normally experienced cracking within the most highly stressed central region. However
when cracks initiated off centre, cracking would occur either side of the centre line due to the shifted
stress distribution around the C-Ring (Figure 2.6).

The corrosion mechanism varied from attacking the gamma-prime (y') to attacking the gamma-
matrix (y). This is visible in SEM backscattered imaging as a shift in the contrast between the two

22



microstructural features (Figure 2.7). This reduction in back scattered electrons is attributable to
the lower atomic number of the S and O present in the corrosion products.

SEM imaging suggests that the initial combined presence of stress and hot corrosion results in the
reaction of the y' precipitates. Cracks then initiate from features similar to corrosion pit features
(Figure 2.7) and propagate through the y’ where corrosion is present (Figure 2.8). Using the results
of EDX analysis (Figure 2.5) it is hypothesised that this is because of the lower Cr and Co content of
the y' precipitates. The corrosion attack shifts to the y, and it is hypothesised that this happens
when the protective NiO/CoO rich oxide scale is formed, as this depletes Co from the alloy which is
mainly concentrated in the matrix.

Table 2.2: C-ring visible cracking results

Stress Exposure Final Flux Cracking Average  Stressed
(MPa) (Hours) (ng/cm?/hr) Observed Diameter Diameter
800 500 51 Yes 15.02 14.40
800 300 51 Yes 15.01 14.39
800 300 0.0 No 15.03 14.40
800 100 5.0 Yes 15.02 14.40
700 500 5.2 Yes 15.01 14.47
700 300 4.7 Yes 15.05 14.50
700 300 0.0 No 15.01 14.47
700 100 5.2 Yes 14.99 14.46
500 300 0.0 No 15.03 14.64
500 100 5.0 No 14.98 14.59
500 300 5.0 Yes 15.02 14.63
500 500 5.2 yes 15.02 14.63
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Figure 2.4 : Un-stress C-ring surface, showing corrosion product at 550 °C and exposed to 5 pg/cm?/h
with a test gas of air - 300 vppm SO, (a) 500 h resulting in 7.7 um oxide scale (b) 100 h exposure
resulting in 2.43 um oxide scale

2.4.2. FEA principal and von Mises stress state modelling in C-rings

FEA modelling predicted that maximum stress occurred in the central region of the C-ring as shown
in Figure 2.9. FEA also predicted the presence of a multi-axial stress state within the C-ring, where
the largest resolved principal stress plane referred to as maximum principal occurs along the x-axis,
and the second largest resolved stress plane referred to as middle principal occurs in along the z-
axis. This stress state would suggest cracks would firstly initiate and then propagate in the Z-axis
where the maximum principal is acting at a normal in mode | crack opening. However as cracks
propagate and AK exceeds K;; then secondary cracks could propagate in all three principle
directions. A summary of the stress conditions for various AD values is given in Table 2.3Table 2.3:
Calculated stress conditions from ISO 7539-5 and FEA modelling stress results

Required Pre AD Calculated FEA Maximum FEA Maximum Principle
Stress Using ISO 7539-5 von Mises Stress Crack Opening Stress
(MPa) (um) (MPa) (MPa)

800 621.0 815 930
700 544.0 712 814
600 466.0 611 693
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500 388.0 508 580

5 um

Figure 2.5 : Surface corrosion fatigue crack and back scattered EDX characterisation at 800 MPa after
300 h with a 5 pg/cm?/h deposition flux and a test gas of air - 300 vppm SO>

Crack body modelling FEA was further used to predict the stress intensity and concentration around
a crack tip (Figure 2.10) within the C-ring geometry. These micro-cracks were modelled in the central
region of the C-ring using a refined tetrahedral mesh; the results are presented in Table 2.4.

Table 2.4: Stress intensity FEA results

Peak Surface von Crack Length (um) Peak Mode | Stress Calculated
Mises Stress (MPa) Intensity AK Geometry Factor Y
(MPa.m'/2)
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890 50 9.28 0.832

890 100 13.11 0.831
500 1 0.74 0.837
500 50 5.27 0.841
500 100 7.44 0.839

FEA stress intensity modelling suggests that cracks or pits need to be greater than 100 um for
cracking to occur given a K of 15 MPa.m™2, as the reported fatigue threshold for CMSX-4 [21].
Therefore the presence of hot corrosion may have a significant effect on reducing the materials K
as well as concentrating stress through corrosion pitting.

Analysis of a corrosion pit’s size in cracked C-ring specimen implies that a 10 um diameter pit has
initiated cracking during these exposures (Figure 2.7).

Figure 2.6 : Cracking of C-rings at 800 MPa with a 5 pug/cm?/h deposition flux and a test gas of air -
300 vppm SO3 (a) 100 h exposure cross section (b) 300 h exposure cross section (c) 300 h central
cracking (d) 500 h symmetrical cracking
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Figure 2.7 : Secondary electron images of 800 MPa C-ring with a 5 pg/cm?/h deposition flux and a
test gas of air - 300 vppm SO: (a) 100 h fracture face showing signs of beaching marks (b) 100 h
fracture face, crack tip showing attack of ' (c) 100 h specimen surface showing attack of y (d) 100
h high mag fracture surface at crack tip (e) 300 h corrosion attack of y' precipitate (f) 500 h corrosion
attack of y matrix
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Figure 2.8 : SEM images near crack tips from CMSX-4 C-ring samples stressed to 800 MPa and
exposed to a corrosion environment with a deposit flux of 5 ug/cm?/h and test gas of air — 300 vppm
SO, (a) 300 h exposure (b) 300 h exposure (c) 300 h (d) 100 h exposure

0 0.004 0.008 (m)
I a0

0.002 0.006

Figure 2.9 : Axis orientation for C-ring modelling, showing normal stress distribution within a C-ring
in the principal x-axis, for a boundary condition of AD=0.612 mm
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Using the FEA calculated geometry factor Y of 0.836. This gives a theoretical reduced K;;, of 3.748
MPa.m¥2 when hot corrosion is simultaneously acting with a stress of 800 MPa, a 75% reduction.
This means that cracking can occur at considerably lower applied stresses.

A Kitagawa diagram [23] has been plotted to demonstrate the stress and crack or defect size needed
to exceed the materials ki (Figure 2.11). This is done both for the calculated theoretical Kiin hot
corrosive conditions, and using the reported K, for air.

Figure 2.10 : Stress distribution around a centrally located 100 um crack tip in a C-ring at 890 MPa

Kitagawa Diagram for CMSX-4
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Figure 2.11: Kitagawa diagram produced from FEA corrosion crack stress intensity analysis, showing

the crack defect size required to initiate cracking both with and without the presence of hot
corrosion

29



2.5. Paper 1 conclusions

SEM/EDX characterisation of the corrosion product produced by stress corrosion in CMSX-4 C-rings
at 550 °C s consistent with type Il hot corrosion.

Hot corrosion conditions at 550 °C combined with static stresses of greater than 500 MPa can cause
a significant hot corrosion stress cracking mechanism. A lower limit seems to exist around 500 MPa.
However at exposures greater than 100 hours with a flux of 5 pug/cm?/h cracking is still visibly
present.

FEA modelling predicts the multiaxial nature of the stress state within a clamped C-ring and the
observed cracking in experimental testing supports the modelling results. By determining the
effective stress through the von Mises criterion, FEA calculated equivalent stress concurs with that
from ISO 7539-5.

FEA stress intensity modelling around crack tips estimates that fatigue/fracture (K;) can be reduced
by up to 75% with the combined effect of hot corrosion in CMSX-4.

SEM imaging suggests the combined hot corrosion stress mechanism initially attacks y’ precipitates,
cracks then propagate through precipitates as the mechanism attacks features ahead of its
propagation path. A switch to attack of the y matrix is observed, it is hypothesised that this occurs
in order to form the NiO/CoO oxide scale which depletes Co from the y matrix.
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Abstract. The effects of type Il hot corrosion on the fatigue resistance of turbine blade superalloys is of
growing interest as gas turbine (GT) original equipment manufacturers (OEMs) strive to optimise the
operational efficiencies and versatilities of GT systems. Hot corrosion fatigue has been observed in the
under platform regions of first stage GT blades, this location is subject to both relatively high principal
stresses and stress gradients, combined with temperatures up to those associated with type Il hot
corrosion (500 °C-700 °C). The effects of the deposition flux of corrosive salt species and the tensile stress
dwell period on the fatigue performance and resultant crack morphologies of single crystal (SC) superalloy
CMSX-4 has been studied at 550 °C. Deposit recoat methodologies were applied to specimens that were
cyclically fatigued with a load-controlled trapezoidal waveform. It was observed that introducing a longer
dwell period increased the number of {100} crack initiations and reduced the fatigue life (load cycles to
failure). Optical and SEM microscopy and EDX techniques were used to examine specimen fractography,
and mechanisms of crack advance and propagation discussed.

Keywords: Hot corrosion, Fatigue Dwell Period, Single Crystal Superalloy

3.1. Introduction

Gas turbines (GTs) are used for a range of power generation applications; some of the more
common being industrial power generation and aviation engines. With GTs relevance to the future
of energy and aerospace industries looking to remain high [1], and demand for GTs to generate
sustainable clean and efficient power being significant [2][3][1], GT original equipment
manufacturers (OEMs) are constantly striving to optimise operation and efficiencies. One of the key
limiting factors effecting the power density and thermal efficiencies that can be achieved by GTs is
the operational gas temperatures reached in the turbine section of the engine. These gas
temperatures are largely limited by the material capabilities in the following areas; high
temperature oxidation/corrosion performance, and high temperature mechanical performance
such as creep and fatigue [4]. Often blade cooling is used in first stage turbines in order to reduce
the blade temperatures and improve the mechanical properties, however the increasing
temperatures can result in the extended effect of hot corrosion. In addition to increasing
temperatures the low cycle fatigue (LCF) duty cycles GTs are subjected to can also be intensified as
a result of increased multi start up and shut down procedures. This can be as a result of increased
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renewables and peak loads on the energy grid in the case of industrial GTs, and increased short haul
flights in the case of aviation engines. These combined factors provide the motivation for conducting
combined hot corrosion fatigue testing.

Due to the importance of the high temperature material properties and degradation models for GT
component design, there is a large amount of research available and a good understanding of them
[5][6][7]. However, whilst it has been observed [8], the interactions and mechanisms generated as
a result of combined hot corrosion and mechanical fatigue is not currently a heavily researched area
and as such there is a limited understanding of these interactions. As a result, combined material
degradation mechanisms not predicted by current design life methods have resulted from
simultaneous hot corrosion and mechanical fatigue [9]. Type Il hot corrosion has been reported to
both assist crack initiation due to corrosion pitting, and accelerate fatigue crack propagation [10].
The work presented in this paper focuses on type Il hot corrosion and fatigue interactions, and
studies the effect of extended dwell periods on fatigue life in the single crystal turbine blade alloy
CMSX-4. Dwell effects on hot corrosion fatigue have been studied in a disk alloy [11], it was found
that increased dwell resulted in a decrease in fatigue life, which was attributed to time dependant
mechanisms such as crack tip oxidation. This paper further hypothesises that this effect could in
part be due to additional crack growth occurring in a period of static load, such as a fatigue dwell
period. This hypothesis is informed by previous research showing that cracks can initiate and
propagate under static loads when combined with type Il hot corrosion [12][13]. Dwell periods were
introduced using a trapezoidal waveform, on the first stage turbine blade material, single crystal
nickel based superalloy CMSX-4 (Table 3.1).

Table 3.1: Composition of CMSX-4 (wt%), Ni Bal.

Cr W Co Mo Al Ti Ta Re Hf
65 6.0 96 0.6 56 1.0 6.5 3.0 0.1

Type Il hot corrosion is induced through salt deposition combined with a regular supply of SOx[14].
Salt species typically deposit on the surface of GT components, forming low melting point mixtures
with alloying elements. This mechanism commonly produce corrosion products rich in CoSO4 and
NiSO4 for nickel-based superalloys such as CMSX-4 [15][16]. In gas turbines, sulphur can be
introduced into the system through both fuel and air contaminants. However salt species are
normally introduced into the turbine via the air intake; this can be in the form of particulate or liquid
matter, which can then deposit onto turbine components via two mechanisms. The salt species can
either be vaporised or sublimated in the combustion process, and then condense onto turbine
components, this is commonly referred to as vapour deposition [17]. Additionally, salt species can
deposit due to particles sticking onto turbine components; resulting in a build-up of deposit [18]. A
combination of these mechanisms can occur depending on the temperatures and pressures at
certain locations in the turbine, a model for similar deposition mechanisms in pulverised coal boilers
was proposed by Tomeczek et al [19].

The effect of the deposition flux of corrosive salts on the fatigue resistance and resulting crack
morphologies of single crystal (SC) superalloy CMSX-4 was previously experimentally studied at
550°C [13]. It was found that an increase in the deposition flux had a detrimental effect on the
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fatigue resistance of CMSX-4. Additionally, the increase in flux generated a shift in the crack
propagation plane from the conventional {111} slip systems [20][21], to a orthogonal {100}
propagation. This was observed in plane cylindrical specimens with no stress concentration. This
behaviour was associated with the orthogonal corrosion attack and embrittlement of the primary
gamma-prime strengthening phase at the crack tip.

The stability of a crack under fatigue loading can be simplistically assessed through the use of linear
elastic fracture mechanics (LEFM) [22]. In order for fatigue crack propagation to occur the stress
intensity has to overcome the fatigue threshold value (Kru). For CMSX-4 at a temperature of 550 °C
this has been determined to be in the range of 15 MPavm [23].

Conventional fatigue is defined as occurring in three stages defined as follows [25][26]. Stage 1 is
defined as crack nucleation and initiation and is arguably the least well understood and most heavily
researched area of fatigue. Crack nucleation and initiation is thought to occur due to cyclic loading
causing shear slip and resulting in the generation and accumulation of micropours which initiate a
fatigue crack. Stage 2 is the propagation stage which is arguably the most well understood stage
and can be simplistically modelled using Paris law and fracture mechanics. Fatigue crack propagation
is thought to occur due to cyclic loading generating plastic slip which results in dislocation emissions
ahead of the crack tip. Stage 3 is the final rupture stage where the reduction in cross-section leads
to mechanical over load.

3.2. Methodology

3.2.1. Experimental methodology

Accelerated type Il hot corrosion conditions were generated by depositing an 80/20 mol% mix of
Na2S04 /K2S04 over 100 h intervals in order to maintain a consistent deposition flux. A test gas of
300 ppm SOy and air was passed through the test chamber to maintain a partial pressure of SOx.
Specimens were subjected to a temperature of 550 °C via radiated heat from a sheath which was in
turn induction heated (Figure 3.1). Specimens were pre-corroded for 500 h with either a 1.25 or 5
ug/cm?/h flux.
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Figure 3.1: Cranfield load controlled corrosion fatigue rig

The specimens used were cylindrical plain specimens oriented in the [001] direction, meaning the
[001] axis is aligned to the length of the cylindrical gauge length of the specimen to within a
tolerance of +20°. Therefore the crystallographic groups for directions and planes can be
determined from this known [001] axis alignment. The cylindrical gauge length of 6 mm diameter
generates a uniaxial stress state within the specimen.

The procedure used for fatigue testing is outlined in Figure 3.2 where all specimens were exposed
for 500 h of pre corrosion in order to accelerate the corrosive environment. Fatigue specimens were
subjected to a fully tensile un-reversed (R=0) trapezoidal load controlled waveform (Figure 3.3). The
waveforms used were 1-1-1-1 s and 1-60-1-1 s. Fatigue cycles were controlled through a servo
hydraulic load feedback control loop and S-N curves were plotted for stress levels between 700 —
850 MPa.

Specimen 500 h Pre High ten_lperature Failure or
. ] corrosive/LCF runout
cleaned in IPA corrosion ; ;
environment achieved
Salt deposit
recoat every
(100hr)

Figure 3.2: Flow chart outlining the type Il hot corrosion fatigue testing procedure
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Load (kN)

Time (s)

Figure 3.3: Trapezoidal Load Wave Form: (a) Ramp up period, (b) Maximum stress dwell period, (c)
Ramp down period, (d) Minimum load dwell period

3.2.2. Analytical methodology

Post testing specimens were examined using scanning electron microscopy (SEM) and characterised
with energy dispersive X-rays (EDX). Both Phillips FEI XL-30 and JEOL 7800F systems were used to
analyse fracture surfaces and cross-sections. Cross-sections were mounted in a 50:50 mixture of
epoxy resin and ballotini (40-70 um diameter glass beads), then polished using oil lubricant to
preserve the corrosion products.

Analysis of the banding observed on fracture faces was conducted using Image-J [27] to assess crack
propagation paths and environmentally induced banding spacing.

3.3. Results

3.3.1. Experimental results

For the 5 pg/cm?/h deposition flux curves a reduction in fatigue life of up to four times was observed
with the introduction of a 60 s dwell period (Figure 3.4). However as the gradient of the 60 s dwell
curve is shallower than that of the 1-1-1-1 curve. It should be noted that dwell has a detrimental
effect on fatigue life, and the data suggests that this is more marked at higher stresses.
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Figure 3.4: Normalised cycles to failure S-N curve, 1s dwell curves are previously presented in [13]

To provide an additional comparison, the 1.25 and 5 pg/cm?/h deposition flux curves for 1-1-1-1
cycle has been included, as previously presented in [13]. It can be seen that the relative effect of
dwell from 1-1-1-1 to 1-60-1-1 is significantly greater than the increased flux from 1.25 to 5 pg/cm?

/h.

When considering the time to failure, due to the increased cycle length of the 1-60-1-1 waveform
compared with that of the 1-1-1-1, the longer dwell has the impact of increasing the time to failure
by up to two times (Figure 3.5). Similarly the shallower gradient of the 60 s dwell curve suggests that
longer dwell specimens take a relatively greater time to fail at lower stresses. However due to the
length of 60 s dwell tests, testing with lower stresses achieved a runout defined as over 200 h of

testing.
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Figure 3.5: Normalised time to failure

3.3.2. Fractographic analysis

Optical images of fracture faces on 60 s dwell samples show multiple {100} crack initiations and
subsequent propagation in the form of semi elliptical thumbnails (figure 3.6). After a period of {100}
propagation the cracks transition to {111} propagation. During this rapid {111} mechanical crack
growth driven by fatigue cycles, fatigue striations were observed on the fracture face/facets. In
relation to the presented analysis, striations were defined as rigged demarcation formed as a result
of fatigue crack propagation and generated predominantly on {111} facets on the fracture faces
examined. Environmental banding were defined as corrosion/oxidation demarcation generated

O 1.25 pg/em2/h (1 s DWELL)

predominantly on {100} planes on the fracture faces examined.
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Figure 3.6: Optical microscope images of fracture surfaces (a) 800 MPa, 5 pug/cm?/h deposit flux,
1-60-1-1 (b) 850 MPa, 5 pg/cm?/h, 1-60-1-1 (c) 800 MPa, 5 pg/cm?/h, 1-1-1-1 [13]

Energy dispersive X-ray (EDX) analysis performed on an SEM, of environmental banding on a fracture
face (Figure 3.7) is presented in Table 3.2. It can be see that the spectrum locations 1 and 2, taken
in the oxide banding contain Ni, O and S, suggesting they are a corrosion product of type Il hot
corrosion [15][16]. Spectrum location 1 taken in the y/y’ microstructure contains a comparable wt%
of elements as to the substrate alloy CMSX-4, presented in Table 3.1.

Corrosion product
demarcation

Spm

Figure 3.7: Back scattered SEM image of environmental/corrosion banding on a {100} fracture face,
EDX spectra were taken in locations 1, 2 and 3 and are presented in table 3.2.
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Table 3.2: EDX analysis in wt% from spectrum locations given in Figure 3.7

Spectrum | Ni Co Cr 0 w Al C S Ta
1 52 9 8 9 8 8 0 0 5
2 41 7 4 22 2 3 8 5 0
3 45 9 4 21 3 2 9 5 0

SEM fracture face images of a 750 MPa, 1-1-1-1 loaded specimen are shown in Figure 3.8. Closely
spaced environmentally induced oxidation/corrosion banding can be seen on the {100} fracture
face. Additionally fatigue striations can be seen on the same sample later in the crack propagation
path, these are generated on a {111} fracture face and are most likely produced in the cycles just
prior to mechanical overload, when a relatively high AK is present at the crack tip. Similar oxidation
banding and marking can also be seen on the fracture face of an 800 MPa, 1-1-1-1 loaded specimen
presented in Figure 3.9, along with build-up of corrosion product on the fracture surface.

Striations

Figure 3.8: Fracture face images of specimen exposed to 750 MPa, 1-1-1-1, 5 ug/cm?/h deposit flux
(a) Secondary electron (SE) image of {100} crack initiation and propagation showing environmental
oxidation/corrosion banding close to initiation point (b) Back scattered electron (BSE) image of
environmental oxidation/corrosion banding (c) SE image of environmental oxidation/corrosion
banding (d) SE image of {111} fatigue striations prior to mechanical overload located on {111} facets
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Figure 3.9: BSE, SEM images of an 800 MPa, 5 ug/cm?/h, 1-1-1-1 specimen (a) Fracture face showing
transition between {100} and {111} [13] (b) Higher magnification of circled location in image (a)
showing corrosion product build up on fracture surface
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Comparative SEM images of fracture faces from 800 and 850 MPa specimens, with a 1-60-1-
1 waveform are given in Figure 3.10 and Figure 3.11. These images demonstrate the initial
transitioning from the {100} fracture plane to {111} rooftop peaks as the fatigue threshold is
exceeded. Environmental oxide/corrosion banding, and {111} fatigue striations are also
visible.

{100} te
‘rooftops
transition

%
10 pimEe

Figure 3.10: SE SEM images of fracture face of specimen exposed to 800 MPa, 1-60-1-1, 5
ng/cm?/h deposit flux (a) environmentally induced oxidation/corrosion markings and {100} to
{111} transitioning (b) & (c) semi-circular oxide banding taken from white circled location in
image (a) (d) fatigue striations taken from black circled location in image (a)
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Figure 3.11: SE SEM images of fracture face from a specimen exposed to 850 MPa, 1-60-1-1,
5 pg/cm?/h deposit flux (a) environmentally induced oxidation/corrosion banding and {100}
to {111} transitioning (b) & (c) semi-circular oxide banding taken from white location (d) shell
shaped feature in the oxide scale taken from the black location

It was noted that the small environmental banding spacing, such as those visible on the 1 s
dwell fracture face shown in Figure 3.8 and Figure 3.9, were not clearly visible on 60 s dwell
faces (Figure 3.10 and Figure 3.11). It is possible that this banding, generated during fatigue
crack initiation, has subsequently been covered up by corrosion product in the 60s dwell test
due to the longer durations specimens were exposed to resulting in higher levels of corrosion
on the fractured face.

A summary of the number of initiation sites visible over the fracture face area, and of the
environmentally induced oxidation/corrosion banding markings are presented in Table 3.3.
These values are estimations taken from measurements of optical and SEM images.
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Table 3.3: Environmental {001} spacing and fracture face analysis for 5 pg/cm?/h flux

Stress  Dwell Number of {100} Oxidation {100} to {111}
(MPa) time (s) initiations over banding transition length
fracture face spacing (um) (um)
800 60 8 150-180 150-200
850 60 4 185-250 100-150
800 1 1 15-20 150-200

3.4. Discussion

Dwell had a significant impact on reducing the fatigue life when acting in combination with
type Il hot corrosion. There are several plausible mechanisms as to why dwell has this effect.
One is that holding the crack open for prolonged dwell periods allows the corrosive
contaminates to diffuse to the crack tip. This results in increased oxidation around the crack
tip, enabling the fatigue/cracking mechanism to continue to propagate. A second mechanism
is based upon previous research that demonstrated a combined static stress and type Il hot
corrosion cracking [12][13]. It is therefore plausible that under similar conditions crack
propagation can occur during static load dwell periods as well as due to conventional fatigue
cycling. This static crack propagation would aid the nucleation and initiation of a fatigue crack.
It is also possible however that a combination of enhanced diffusion of corrosive species to
the crack tip and static load crack propagation is also occurring and accelerating crack
propagation under longer dwell exposures.

It was observed that, whilst dwell reduced the cycles to failure, it took a relatively longer test
duration for 60 s dwell specimens to fail. This can also be explained by considering the dwell
as accelerating crack initiation and being dependant on exposure time at maximum stress,
however when the fatigue threshold is exceeded, the fatigue frequency and AK become the
dominate factors behind crack propagation. With service conditions generating much longer
max stress dwell periods in combination with high cycle fatigue (HCF) and low cycle fatigue
(LCF) [28], it is possible that dwell propagation could be the dominate propagation
mechanism for crack initiation, and HCF/LCF for fatigue crack propagation until final fracture.

An increased number of {100} crack initiations where observed with the introduction of 60 s
dwell and with lower stress dwell tests. It is proposed that there are two contributors for this.
Firstly as a result of crack tip oxidation/corrosion resulting in crack tip blunting and enhanced
crack initiations [29], and secondly as a result of the static stress crack propagation associated
with fatigue crack initiation, being partly independent of stress concentration/intensity.

It can be theorised from fracture face analysis that the combined type Il hot corrosion fatigue
cracking mechanism exhibits a stop/start behaviour during crack initiation both with 1 and 60
s dwell. This generates the environmental oxidation/corrosion banding. It is postulated that
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this results from a time dependant embrittlement mechanism at the crack tip causing crack
arresting or abrupt changes in the propagation rate.

Measuring the spacing between environmental oxidation/corrosion banding demonstrates
that the spacing can be significantly different between 1 s dwell and 60 s dwell waveform.
Additionally the banding looks visibly different, with 1 s dwell leaving light surface
discolorations in the y/y’ microstructure, whereas 60 s dwell leaves a thick scale banding on
top of the y/y’ microstructure. This difference in resultant fracture face could be due to the
early environmental banding being masked by corrosion scale on the longer 60 s dwell tests.
Additionally it could be due to the dominance of static stress corrosion cracking generating
larger beach mark type banding such as those seen in static stress testing [12].

The shell shaped and semi-circular markings observed in the scale on the 60 s dwell fracture
faces have contours which match those of the environmental oxidation markings. And are
therefore likely to be associated with crack arresting or abrupt changes in the propagation
rate.

Changes in the fracture face morphology can in part be associated with the crack transitioning
from stage 1 sub fatigue threshold crack initiation, to stage 2 Paris crack growth occurring
above the fatigue threshold. Previously conducted finite element (FE) modelling [13]
analysing the crack length at which the Ky is exceeded, suggests that it is overcome at a
length of around 114 um for a plain specimen geometry loaded at 800 MPa uniaxial. This is of
a similar magnitude to the measured values for {100} to {111} rooftop transition presented in
Table 3.2, supporting this theory.

It is proposed that this transition in fracture face morphology is due to stage 1 crack initiation
being associated to the time dependant, static-load driven crack growth. This accelerated
stage 1 initiation has been observed to take the form of {100} crystallographic propagation,
due to preferential y’ corrosion attack at the crack tip [13]. However when stage 2
propagation is reached, propagation results from fatigue driven shear slip contributions in the
crystallographic octahedral <111> directions.

3.5. Paper 2 conclusions

¢ The introduction of a 60 s dwell period reduced the fatigue life of single crystal superalloy
CMSX-4 when acting in combination with type Il hot corrosion. Considering previous
research into static stress cracking combined with type Il corrosion, it was suggested that
cracks could additionally propagate during the dwell period most notably aiding fatigue
crack nucleation and initiation. Fatigue cracks demonstrated consistent surface initiation
when exposed to a type Il hot corrosion environment.

¢ It was found that 60 s dwell tests required a relatively longer test duration to fail than
comparative 1 s dwell tests. It was proposed that this was due to dwell enhancing the
fatigue crack nucleation and initiation, however when cracks exceeded the fatigue
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threshold Kty and entered stage 2 propagation, loading frequency and AK were the critical
drivers determining crack propagation rates.

e The introduction of a 60 s dwell had the effect of increasing the number of {100} crack
initiations particularly at lower stresses. This is proposed to be due to crack tip blunting
due to oxidation and static stress cracking being less sensitive to stress
intensity/concentration.

o Analysis of fracture faces suggests that the crack propagation mechanism propagatesin a
start/stop fashion. This maybe a result of a time-dependant corrosion embrittlement or
crack tip oxidation.

e A correlation in the transition of fracture morphology from {100} to {111} rooftops with
the Ktn being exceeded was observed. This suggests corrosion has an influence in the crack
propagation plane.

e Further research to confirm the nature of crack growth and determine crack growth rates
under type |l corrosion fatigue conditions is needed in order to account for its effects
when designing GT components.
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4. Paper 3: Effect of stress state and simultaneous hot corrosion on
the crack propagation and fatigue life of single crystal superalloy
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Abstract. Operating conditions within industrial gas turbines are changing in response to
pressures to reduce environmental impact and enable use of renewable sources. This is
driving an increase in the operational temperatures and pressures of combustion in turbine
systems. Additionally, diverse operating environments can result in higher sulphur and trace
metal contaminant levels, exacerbating hot corrosion in GT systems. Low cycle fatigue (LCF)
cycling can also be intensified as a result of increased start/stop shutdowns. The combined
effects of hot corrosion and stress are experimentally studied on CMSX-4 single crystal (SC)
v/y' system under both fatigue and static stress conditions, with either a multi-axial bending
or uniaxial stress state. The associated stress intensity thresholds (Ktu) under the various
stress conditions were evaluated using finite element analysis (FEA). Cracking was observed
both under static and fatigue stress conditions in a hot corrosion environment. Crack
morphologies were analysed using SEM techniques. Bending stresses and fatigue cycles
demonstrated increased crack propagation in the presence of hot corrosion with static
uniaxial stresses showing the longest nucleation times and lowest propagation rates.

Keywords: Hot Corrosion, Fracture Mechanics, FEA, Single Crystal Superalloys

Nomenclature and Units

K - Stress intensity (Pa:m%2)

Kry — Fatigue stress intensity threshold

K, — Critical stress intensity threshold

K; —Mode | Stress intensity

o — Stress (Pa)

Y — Linear elastic fracture mechanics geometry factor

C — Paris law constant
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n — Paris law exponent

J — J-integral (J/m?)

X, Y,z — Cartesian coordinates

v — Poisson’s ratio

E —Young’s modulus (Pa)

o — Stress gradient parameter (Pa/m)

o4 — Specimen surface stress at location A (Pa)

o — Specimen surface stress at location B directly opposite A (Pa)

tag — Specimen thickness from A-B (m)

4.1. Introduction

Developments to improve the operational efficiencies of gas turbines (GT) in recent times
have led to increases in the operational temperatures of turbine blade components. Type |l
hot corrosion is caused by the formation of an Na2S04/CoSO4 eutectic on the surface, resulting
in pitting type attack [1]. Whilst turbines are designed to operate outside of the corrosion
temperature ranges, it is thought that type Il hot corrosion can be assisted by local stress and
strain. As such, cracking and degradation mechanisms not accounted for by current design
life models [2][3] have been observed in regions such as the under-platform area. It is
proposed that this is due to such locations being subject to simultaneous high stresses and
corrosive conditions, resulting in a hot corrosion assisted fracture and/or fatigue mechanism.

The superalloy CMSX-4 is an example of a 1 stage turbine blade alloy with a single crystal
v/y' system. CMSX-4 has favourable high temperature creep and rupture properties combined
with good production affordability when compared with other single crystal (SC) superalloys
[4]. However its lower Cr content compromises its corrosion resistance. As such CMSX-4 is
susceptible to hot corrosion at temperatures below type Il reported at 680 °C — 800 °C [5][6].
It has been reported that type Il hot corrosion can occur at temperatures as low as 575 °C [7].
The impact of static stress assisted hot corrosion on CMSX-4 was studied in previous work and
was found to occur at a temperature of 550 °C [8], also supported by [2]. It was demonstrated
in this work [8], that a type Il mechanism can occur at these lower temperatures when
assisted by stress. Additionally a switch in the corrosion mechanism from attack of the y at
locations towards the specimen surface to attack of the y’ at the stress assisted crack tip was
observed.

It was further observed that cracks appear to then subsequently interact with and split y’
precipitates. Resulting in propagation along {100} planes perpendicular to the specimen
surface. Without the presence of hot corrosion, cracks in a uniaxial stress state propagate and
fracture along slip bands of the {111} family [9][10][11] in SC superalloys such as CMSX-4 at
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temperatures up to 850 °C. In complex multi axial stress states for low AK levels cracks
propagate along macroscopic {100} or {110} planes due to opposing slip contributions from
the {111} slip systems, at higher AK levels they propagate along {111} systems [12].

A detrimental effect of hot corrosion on the fatigue life of superalloys has been observed in
previous research [2][13][14][15][16]. It can also be concluded from these works that the
longer the duration of the fatigue testing, the greater the relative effect of hot corrosion on
reducing fatigue life. However the effects of multi-axial stress states and static stress
gradients on crack propagation in superalloys, combined with hot corrosion fatigue, is not
well studied. A study into the effects of stress state on the fatigue crack growth in
polycrystalline Inconel 718 exposed to an oxidising environment, found that with increased
oxidation cracks became less influenced by stress intensity (AK) and more by stress state [17].
With many superalloys such as CMSX-4 demonstrating anisotropic behaviour [11][9], and the
under-platform region of GT blades being under a multiaxial bending stress [18], it is
important to develop an understanding of the materials behaviour under these combined
conditions.

Finite element analysis (FEA) uses computational solvers to solve a chain of simultaneous
equations in order to calculate the local stresses within a defined geometry mesh subjected
to boundary conditions. FEA combined with linear elastic fracture mechanics (LEFM) provides
a capable tool to assess crack stability and propagation for fatigue that follows Paris’ law
behaviour [19].

This paper proposes a combined mechanism for fracture under type Il hot corrosion
conditions, the mechanism is based upon the following fracture principles. Firstly under static
load conditions the local stress intensity (Ki) has to overcome the critical stress threshold of
the material (K¢), resulting in the complete fracture of a brittle body or a body under plane
strain conditions. Secondly Paris-law fatigue propagation occurs as a result of the change in
stress intensity (AK) which exceeds the fatigue threshold (Kru). The proposed mechanism
works on the observation that hot corrosion had the impact of locally lowering both the K
critical fracture threshold and the fatigue threshold K at the crack tip. Therefore blades
subject to hot corrosion conditions in highly stressed regions can undergo localised fracture
due to a combination of static stress-hot corrosion cracking and accelerated Paris fatigue
cracking, resulting in accelerated combined crack propagation similar to the SCC mechanism
proposed by [20]. Additionally stop start type environmental fatigue models have been
proposed, these mechanisms are based on the time dependant nature of species diffusing
ahead of the crack tip causing embrittlement [21].

4.2. Experimental

4.2.1. Material
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The single crystal superalloy CMSX-4 (Table 4.1) was used to produce all the samples for this
paper. The samples were machined from directionally solidified bars such that the
orientations given in Figure 4.1 were controlled for specific specimen geometries. Literature
suggests that the fatigue stress intensity threshold for CMSX-4 in air is around 15 MPa-m?/?2
[12]. The critical stress intensity threshold is given in air at 650 °C as 60 MPa-m%/2 [22].

Table 4.1 : Composition of CMSX-4 (wt%)

Alloy Cr W Co Mo Al Ti Ta Re Hf Ni
CMSX-4 65 60 96 06 56 10 65 3.0 0.1 Bal

I N
/

h\

(v)/

b

[ 4

(100)

? S (100)

Figure 4.1: Microstructure orientation determined from backscatter SEM images showing y/y'
orientation in relation to specimen surface. The crystallographic orientation s
illustrated/defined within the geometry axis below the relevant SEM image, (a) Three point
bend 30°- 45° (201)-(101), (b) C-ring 90° (100), (c) Plain specimen 90° (100)

4.2.2. Experimental methodologies

The corrosive deposit flux used for experimental testing was maintained through a deposit
recoat methodology, where recoats were applied every 100 h. The salt used was an 80/20
mol% mix of NaxS04 - K2SO4 and all tests were conducted at 550 °Cwith a test gas of 300 ppm
SO; and air. The sulphate salt deposit and test gas was used in order to simulate sulphidation
or low temperature hot corrosion as seen in a GTs. Testing systematically varied the stress
state and deposit flux. A balance accurate to 0.01 mg was used to measure the salt quantities
deposited.
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Three geometries were used for static testing: C-rings, 3-point bend specimens and plain
geometry fatigue specimens (Figure 4.2). This was in order to achieve three different stress
states: multi-axial high stress gradient, multi-axial high von Mises and uniaxial uniform tensile

stress state.

(a) (b)

Displacement (mm])

Hidiuql
T

l
1

&——— Force (N) —>

Figure 4.2: Specimen geometry loadings shown through illustration, (a) C-ring strain control,
(b) Plain specimen load control, (c) 3-point bend strain control

Target stresses for C-rings and three point bend specimens were achieved by tensioning to
calculated displacements using equations from standards [23] & [24] respectively. Statically
loaded specimens were checked for cracking using an optical microscope every 100 h. If no
cracking was detected using an optical microscope then specimens were re-salted checked
for relaxation and further exposed in 100 h intervals.

Additional statically stressed C-ring tests were run, where tests were systematically
terminated at 100,300 and 500 hours in order to assess crack damage and propagation as a
function of time and stress. This was achieved through measuring the {100} corrosion driven
crack planes and crack initiation points.

Fatigue specimens were tested until failure, testing was conducted using a load-controlled
fatigue rig equipped with induction heating. The induction system heated a sheath around
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the fatigue specimens in order to maintain a more consistent temperature across the
specimen. Cycles to failure (S-N) graphs were produced for a range of tensile stresses where
R=0 using a trapezoidal wave form. Samples were exposed for 500 h of pre-corrosion prior to
fatigue testing, this was done with one of two set pre corrosion fluxes of 1.25 pg/cm?/h or 5
ug/cm?/h representative of a lower and higher under platform deposit flux.

4.3. Analytical methodologies

Optical microscopy and field electron gun (FEG) SEM imaging techniques were used to study
and characterise samples post exposure. Image-J [25] image processing software was used to
take measurements from images, such as crack size and depth, and AZtec [26] was used to
process EDX data.

FEG SEM microscopy was conducted on both Phillips FEI XL-30 and JEOL 7800F systems.
Specimen surfaces, and fracture surfaces were analysed before being prepared by mounting
in a 50:50 mixture of epoxy resin and ballotoni (40-70 um diameter glass beads). They were
then cross sectioned, ground and polished in oil to preserve corrosion products, enabling
crack tip and microstructure analysis.

Crack size measurements were spilt into three parameters, crack depth was defined as the
[100] propagation depth into the specimen. Crack width was measured as the total width of
all joined thumbnail cracks on the {100} plane if multiple initiations were visible on the
fracture face. The crack rate of initiation and propagation for static stress conditions was
calculated as the average [100] crack depth over the total test duration. The {100} area was
calculated as half of an ellipse making an individual thumbnail fracture, these were added
where multiple {100} fractures were visible.

FEA was conducted using ANSYS R15 [27] and ABAQUS [28]. An idealised isotropic material
model was used for the <001> direction, this was derived from published data [9]. 3D models
were used to assess the axial directions and magnitudes of the stresses within the three
geometries. Additionally the J-integral energies were calculated for cracks propagating in the
[100] crystallographic direction using 2D models. Boundary conditions for FEA modelling were
set up to represent the experimental parameters where strain control was represented by a
displacement boundary condition and load control by a load boundary condition. In order to
guantify the stress gradient present in the geometries, a macro stress gradient parameter is
proposed (Equation 4.1.).

Equation 4.1: Stress gradient parameter

0 = (04 — 0p)/tap
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4.4. Theory/calculation

The general LEFM (Equation 4.2) was used as a model to assess crack stability and growth and
determine threshold crack lengths. LEFM assess crack stability as a function of the
macroscopic elastic stress field (o) crack length (a) and geometry factor (Y).

Equation 4.2: Linear elastic fracture mechanics equation [29]

K =oYVvan

The Paris law (Equation 4.3) is then commonly used to model crack propagation da/dN as a
function of the change in stress intensity (AK), constant (C) and an exponent (n).

Equation 4.3: Paris law crack growth equation [29]

aa—CAKn

4.5. Results and discussion

4.5.1. Static stress results and discussion

In the C-ring geometry modelling predicted that the principal compressive stresses are
relatively higher than the tensile equivalents. This can be explained by the smaller inner
circumference producing a larger compressive strain and resultant stress than the relatively
larger outer circumference in tension. Similarly modelling predicted higher compressive
stresses in the three point bend specimen relative to the tensile equivalents. However these
results are associated to the additional contact force of the three point bend roller at the
point of maximum compressive deflection.

Table 4.2 presents a summary of the predicted maximum principal stress, the stress gradient
parameter and von Mises surface stresses present in the three geometries. This is given as a
function of the target stress which was the stress used to calculate the displacement required
from the relevant standard. These stress components were calculated using FEA, the
specimen loading is defined in Figure 4.2 and an example FE model is presented in Figure 4.3.
Comparing the stress conditions of the three geometries presented in Table 4.2, shows that
C-rings provide both the highest stress gradient and the highest (mode ) principal crack
opening stress, the three point bend geometry however produces the highest localised von
Mises stress. In the C-ring geometry modelling predicted that the principal compressive
stresses are relatively higher than the tensile equivalents. This can be explained by the smaller
inner circumference producing a larger compressive strain and resultant stress than the
relatively larger outer circumference in tension. Similarly modelling predicted higher
compressive stresses in the three point bend specimen relative to the tensile equivalents.
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However these results are associated to the additional contact force of the three point bend
roller at the point of maximum compressive deflection.

0 0.015 0.03 {rm)
I TN

0.0075 0.022

Figure 4.3: FE model of von-Mises stress distribution in three point bend geometry, showing elevated
compressive stresses at contact point with roller

Table 4.2 : Stress states present in the three specimen geometries

Geometry Target Principal Principal (mode Principal Stress von Mises
Stress (mode 1) 1) Compression Gradient Tension
(MPa) Tension (MPa) Parameter ( Oc) (MPa)
(MPa) (MPa/mm)
Plain Specimen 800 800 0 0 800
C-ring 800 935 -1100 127.19 820
Three Point 800 880 -980 31 849
Bend

The static stress hot corrosion results presented in Table 4.3 suggest a time dependant
cracking mechanism. Stress induced hot corrosion cracks generated in these static stress
environments all followed an orthogonal microstructure plane as shown in Figure 4.4. It is
hypothesised that this occurs as a result of a localised reduction in K¢ (embrittlement) of the
v’ at or ahead of the crack tip, with the next closest y’ to be embrittled being orthogonal to
the crack tip, as illustrated in Figure 4.5.
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Figure 4.4: SEM micro section images of statically loaded specimens, (a) & (b) Back scattered
SEM images of a three point bend specimen, 800 MPa statically loaded, 200 h, 5 pg/cm?/h
flux, 550 °C, showing a crack initiating from an apparent corrosion pit corroding and
propagating through y' precipitates, (c) Secondary SEM images of a C-ring, 800 MPa statically
loaded, 100 h, 5 pg/cm?/h flux, 550 °C, showing preferential y' attack down the crack with
cracks, with cracks propagating through y' leaving y channel bridging, (d) Back scattered SEM
image showing preferential y attack towards the stress relaxed surface and preferential y'
attack further down the crack
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SO, Gas Flux SOy Diffusion

Figure 4.5: Proposed mechanism for gas induced fluxing at the crack tip, showing stress
assisted corrosive species diffusion into the y' and resulting in orthogonal embrittlement and
thus crack propagation.

The results demonstrate that C-rings induce the most aggressive stress state for static stress-
hot corrosion as they produced optically visible cracking after the shortest exposure times.
The second most aggressive stress state tested was the three point bend specimen with this
specimen showing cracking 100 h after the comparable C-ring specimen. Plain specimens
required longer exposure times in order to crack still, cracking a further 100h after the
comparable three point bend specimen. These results suggest a trend that the static stress
hot corrosion cracking mechanism was exacerbated by the magnitude of the stress gradient
induced through bending. The plain specimen tested for 200 h at 800 MPa and a 1.25
pug/cm?/h flux was further cross sectioned and examined under an SEM to look for
microscopic crack initiations, however no initiations or cracks could be found on this
specimen, implying stress and flux are crucial in order for this mechanism to occur.
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Table 4.3 : Static stress, exposure for visible cracking

Geometry Deposition Stress Time to Crack 100
Flux (MPa) h intervals (hours)
(ug/cm?/h)
C-ring 5 800 100
C-ring 5 700 100
C-ring 5 500 200
C-ring 1.25 800 100
C-ring 1.25 700 200
C-ring 1.25 500 300
Plain 5 800 300
Specimen
Plain 1.25 800 No Cracking after
Specimen 200
Plain 5 900 200
Specimen
Three Point 5 800 200
bend

Optical image analysis of the (100) thumb nail fracture surfaces on C-rings after set exposures
allowed for the calculation of the average static stress crack initiation and propagation rates
over the exposure duration, these are presented in Table 4.4.

For C-rings crack propagation rates decrease as cracks propagate through the C-ring section.
This is likely due to a couple of reasons: firstly because as the crack propagates the stress
gradient at the crack tip reduces; and secondly because of stress relaxation due to the
presence of the crack.

In C-rings, static stress cracks form a broad fronted propagation generated from multiple
initiations, which results in conjoined thumbnail cracks right across the specimen width.
Whereas in statically loaded plain specimens cracks form a similar morphology but propagate
and initiate at a slower rate (Figure 4.6). Both optical and SEM analysis of the fracture surfaces
of statically loaded specimens show beach type markings on the fracture faces. These are
associated to the “stop-start” time dependant nature of hot corrosion stress cracking,
however the exact mechanism needs further study to fully explain the changes in growth rate.
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Figure 4.6: Microscope images of statically loaded specimen fracture faces, (a) secondary
electron SEM image of a 900 MPa, 5 pg/cm?/h flux, 550 °C, 200 h, statically loaded plain
specimen [001] propagation (b) optical image of a 500 MPa, 5 pug/cm?/h flux, 550 °C, 100 h,
statically loaded C-ring specimen [001] propagation markings

Table 4.4 : Static stress crack propagation rates of C-rings and plain specimens subject to
specific exposure intervals

Geometry  Target Exposure Flux [100] Crack AVE da/dt (um/h)
Stress Time (h) (ug/cm?/h) Depth (mm)
(MPa)
C-ring 800 100 5 0.46 4.6
C-ring 800 500 5 1.45 2.9
C-ring 700 300 5 0.97 3.2
C-ring 700 500 5 1.35 2.7
Plain 900 200 5 0.398 1.9
Specimen
Plain 800 300 5 0.519 1.73
Specimen
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Under static conditions a conventional form of type Il hot corrosion occurred on the specimen
surface forming a Co/Ni rich outer oxide scale. In addition an inner Al/Cr rich mixture of oxides
and the salts K2SO4 and Na;SO4 formed. Whilst the temperature of 550 °C is considered too
low to form the eutectic mixtures required for type Il hot corrosion, in a stress assisted system
the corrosion mechanism appears to be consistent with type Il (Figure 4.7). At the crack tip
however, the corrosion mechanism seems to switch and interact with the y’ precipitates. It is
hypothesised that this could be due to a change in the fluxing mechanism. As the sulphate
salt species are not mobile enough to travel down the crack, it is proposed that the fluxing
mechanism at the crack tip occurs through the stress assisted diffusion of SOx and potentially
other corrosive species into the y’ precipitates.

O K series Ta M series 5 K series

Co K series

W M series Al K series

K K series Mo L series

Ti K series

— tm
Figure 4.7: C-ring exposed for 300h at 800 MPa, and 5 pg/cm?/h, shows segregation of
elements within the corrosion products forming an outer oxide scale of Ni/Co and an inner
Cr/Al rich layer with a sulphur rich band reacting with the substrate. Also visible is some
elemental segregation in the y/y' microstructure showing the y being rich in Cr and the y’ in
Al
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4.5.2. Fatigue results and discussion

Two experimental S-N curves are presented in Figure 4.8 for a 1.25 and a 5 pg/cm?/h
deposition flux for CMSX-4 pre corroded for 500 h at 550 °C. The tabulated experimental
results are given in (Table 4.5). Both deposition fluxes fail in fewer cycles than the predicted

baseline fatigue data in air.

Stress (MPa)
1 4

" A
. . a .
o1 Normalised Cycles to Failure Nt *
@ 5ug/cmih A 1.25pg/cm?/h

Figure 4.8: 1-1-1-1 (s) S-N curves for CMSX-4 with 500 h of 1.25 or 5 pg/cm?/h pre corrosion
flux at 550°C. This shows a reduction in fatigue life correlating to the salt deposition rate

Optical examination of the fracture faces reveal that the 1.25 pg/cm?/h flux fractured
predominately along a conventional (111) slip plane, whereas 5 pg/cm?/h flux specimens have
a thumb nail feature that failed along the corrosion driven (100) crack plane. Further adding
in a 60 second dwell period with a 1-60-1-1 (s) trapezoidal wave form generates multiple crack
initiation points comparable to static stress fracture faces (Figure 4.9). These multiple cracks
are also visible when viewing the specimen from the side (Figure 4.10). The observation of
these additional cracks suggests that short cracks are initiating and growing in dwell periods
due to a hot corrosion cracking mechanism.

63



Figure 4.9: Optical images of plain specimen fracture faces, (a) 800 MPa, 1-1-1-1 (s)
trapezoidal loaded fatigue specimen, 500 h pre corrosion with 5 pg/cm?/h flux at 550 °C,
showing one {100} thumb nail fracture site, (b) 800 MPa, 1-60-1-1 (s) trapezoidal loaded
fatigue specimen, 500 h pre corrosion with 5 pg/cm?/h flux at 550 °C, showing multiple {100}
thumb nail fracture sites, (c) 775 MPa, 1-1-1-1 (s) trapezoidal fatigue specimen, 500 h pre
corrosion with 1.25 pg/cm?/h at 550 °C, showing no optically visible {100} thumb nail fracture
sites at this magnification
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Figure 4.10: Optical images showing side views of plain specimens after test exposures, (a)
800 MPa, 1-60-1-1 trapezoidal wave fatigue specimen, 500 h pre corrosion with 5 pg/cm?/h
flux at 550 °C, showing multiple cracks, (b) 900 MPa statically loaded 200 h specimen showing
multiple cracks comparable with (a), (c) 725 MPa, 1-1-1-1 trapezoidal wave fatigue specimen,
500 h pre corrosion with 5 pg/cm?/h flux at 550 °C showing one optically visible crack

The accelerated failure of fatigue specimens exposed to the lower flux of 1.25 pug/cm?/h but
not exhibiting (100) fracture features, could be attributed to stress concentration due to
pitting from type Il corrosion generated during pre-corrosion. It is additionally possible that a
reduced Krn is induced at the crack tip but that the fracture is still dominated by (111) slip
planes, however this short crack growth behaviour requires further investigation.

Examining the corrosion fatigue fracture faces under SEM revealed that darkened beach mark
type features were visible (Figure 4.11), mapping of these markings demonstrates that they
are associated with oxygen-rich bands (Figure 4.12). These features appear to be too
infrequent and have too large a spacing to be associated solely with fatigue striation markings,
and are therefore most likely associated with corrosion dwell steps similar to those seen in
static stress cracking.
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Beach Marks

Figure 4.11: SEM microscope images of fatigue specimen fracture surfaces, (a) 1-1-1-1 800
MPa, 500 h of 5 pg/cm?/h pre corrosion showing beach type markings propagating from an
initiation point, (b) 1-1-1-1 800 MPa, 500 h of 5 pg/cm?/h pre corrosion at higher
magnification showing ta smooth {100} crack plane with environmental markings, (c) 1-1-1-1
750 MPa, 500 h of 5 pg/cm?/h pre corrosion showing smaller microscopic environmentally
induced beach type markings propagating from an initiation point, (d) 1-1-1-1 750 MPa, 500
h of 5 pg/cm?/h pre corrosion at higher magnification showing 5-10 um jumps in
environmentally induced markings

S Kal

10um !

Figure 4.12: SEM EDX mapping of a 1-1-1-1 800 MPa, 500 h of 5 pug/cm?/h pre corrosion
fracture face, showing some banding of oxygen and sulphur maps in correlation with
microscopic environmentally induced beach mark type markings
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Table 4.5 : Trapezoidal wave form fatigue results with 500 h pre corrosion cycles to failure

R=0 500 h Pre  [100] Length  (100) Area Wave Normalised (100) Visible Crack

Stress  Corrosion (mm) Estimate Form Cycles to Initiations on Fracture
(MPa) (pg/cm?/h) mm? (s) Failure Nt Face
700 5 1.344 4.10 1-1-1-1 0.557 1
725 5 0.6 0.80 1-1-1-1 0.473 1
725 5 1.23 3.54 1-1-1-1 0.338 1
750 5 0.303 0.35 1-1-1-1 0.256 1
750 5 1.221 2.95 1-1-1-1 0.262 1
775 5 1.538 4.68 1-1-1-1 0.307 1
775 5 0 0 1-1-1-1 0.404 0
800 5 0.711 0.80 1-1-1-1 0.263 1
800 5 0.751 2.74 1-60-1-1 0.0597 9
700 1.25 0 0 1-1-1-1 1.001 0
725 1.25 0 0 1-1-1-1 0.722 0
750 1.25 0 0 1-1-1-1 0.689 0
775 1.25 0 0 1-1-1-1 0.505 0
775 1.25 0 0 1-1-1-1 0.52 0
800 1.25 0 0 1-1-1-1 0.411 0

The increased deposition flux rate of 5 pg/cm?/h exhibited a reduced fatigue life when
compared with 1.25 pug/cm?/h. This reduction in fatigue life was as high as 45% at lower
stresses where corrosion had more time to interact with the alloy.

The corrosion mechanisms for fatigue specimens resembled those observed in static stress
conditions (Figure 4.13). It is similarly hypothesised that the [100] orthogonal crack growth is
driven by gas induced corrosion interacting initially with orthogonal y’ precipitates (Figure
4.5). However this is more prevalent at shorter crack lengths or a lower crack tip AK, as a
higher AK exceeding the Kty of the material fail on the conventional [111] fracture facets
causing ridges or rooftops.
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Figure 4.13: SEM EDX mapping of a 1-1-1-1 800 MPa, 500 h of 5 pg/cm?/h pre corrosion,
corrosion fatigue product, this mapping is consistent with EDX mapping of statically loaded
specimens and shows segregation in the corrosion products, forming an outer oxide scale of
Ni/Co and an inner Cr/Al rich layer with a sulphur rich band reacting with the substrate
interface

4.5.3. Fracture analysis

The stress intensities for 50 and 10 um cracks are presented in Table 4.6 for the three
geometries along with the geometry factors. These parameters were calculated from J-
integral energies using integrated FE code [28]. For comparison the crack lengths required to
exceed the published Kty of 15 MPa-m¥/2 are also presented.

68



Table 4.6 : Fracture parameters calculated using FEA for 10 and 50 um cracks in bodies
loaded to a target stress of 800 MPa

Geometry Crack Ki LEFM Crack Length needed
Length (um) (MPa-m'/?) Geometry to exceed Kty (um)
Factor
C-ring 50 10.8 1.08 96
10 4.8 1.07 98
Plain 50 10.07 0.99 114
Specimen 10 4.45 0.99 114
Three 50 7.2 0.72 216
Point 10 3.33 0.74 204
Bend

Review of the fracture mechanics analysis shows that the geometry which generate the most
rapid crack initiation and propagation under static loading is the C-rings, followed by the plain
specimen and lastly the three point bend. The three point bend specimen is likely less
aggressive than the plain specimen due to stress relaxation over the specimen span as a crack
initiates and propagates modelling conducted on increasing crack lengths supports this.
Conversely the constant uniform stress present in the plain specimen leads to a more
conventional increase in stress intensity at the crack tip as a crack propagates.

Comparing the fracture analysis with static stress experimental shows that cracks propagate
well below the published K¢ of 60 MPa-m¥2. Suggesting that localised hot corrosion attack
allows the crack to propagate with a static tensile stress present.

Additionally relating the fracture analysis to fatigue testing results demonstrates that fatigue
cracks can propagate below the published Kty of 15 MPa-m¥/2, Suggesting that localised hot
corrosion additional has the net effect of reducing the fatigue threshold.

4.6. Paper 3 conclusions

Type Il hot corrosion combined with stress, results in a form of stress corrosion cracking, the
mechanism was exacerbated by stress gradient. This mechanism initiates and propagates
cracks on orthogonal {100} planes.

The presence of Type Il hot corrosion also demonstrated an increase in the rate of fatigue
propagation, similarly switching the crack propagation direction from <111> to <100> with
higher salt deposition fluxes, demonstrating corrosion’s influence in on the crack propagation
plane.

Longer fatigue dwell periods of 1-60-1-1 and static stress cracking showed increased crack
initiations when compared with more fatigue dominated mechanisms. This suggests that
cracks could initiate and propagate under dwell periods during fatigue cycles.
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Microscopy studies suggested a form of stress assisted type Il embrittlement preferential to
the vy’ occurred at the crack tip.

A stress assisted SOy gas induced fluxing mechanism at the crack tip was proposed to explain
sulphate dependant crack tip embrittlement and <100> orthogonal propagation. More widely
documented diffusion/absorption mechanisms for stress corrosion cracking (SCC), such as
hydrogen embrittlement and stress assisted grain boundary oxidation (SAGBO) share similar
characteristics. But they are not considered particularly active in SC CMSX-4 at these
temperatures, and would not be dependent on sulphate fluxing like the mechanism
presented in this paper demonstrated.

Micrograph studies of cracks suggest that the propagation mechanism in the more plastic y
channels may differ from that in the more brittle y’. This resistance of the y phase to
propagation could suggests the importance of Cr in resisting the mechanism.

Further experimental and microscopy work is needed to properly understand the mechanism,
specifically if and what species diffuses through the material and how, as well as what affect
they have on the plasticity of the y/y’ microstructure.

Further work to record accurate crack propagation data is required to fully understand and
quantify the effects of the mechanism in relation to modelling, particularly at short crack
lengths where cracks are more influenced by type Il hot corrosion.
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5. Paper 4: Analysis of combined static load and low temperature
hot corrosion induced cracking in a Ni-based single crystal
superalloy
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Abstract. Gas turbine (GT) designers aim to optimise material selection and component
design in order to increase turbine efficiencies and reduce component life cycle costs. Due to
the demanding environments, in which turbine blades are required to operate, there are a
number of degradation mechanisms that have to be considered in the design process, such
as creep, high temperature corrosion and fatigue. Historically, material data for independent
degradation mechanisms have been used to predict GT blade lives under given conditions,
however, recent research has led to developments demonstrating interactions between low
temperature hot corrosion and load, resulting in an environment and time dependent
cracking mechanism in superalloys. This paper uses SEM, (S)TEM and EDX techniques to
analyse cracking generated in a single crystal alloy (CMSX-4) statically loaded three point bend
specimen that was subjected to stress assisted low temperature hot corrosion conditions. It
was observed that cracks propagate through y’ precipitates resulting in propagation on {001}
planes. Octahedral <111> faults or slip traces were also present ahead of the crack tip, as well
as sulphur, chlorine, sodium and oxygen at the crack tip. An influence of loading/deformation
on the corrosion mechanism’s preference to interaction with either the y or y’ was observed.
The findings suggest that the corrosive mechanism could be a stress assisted electrochemical
reaction linked with low temperature hot corrosion, where crack propagation occurs as a
result of localised corrosion enhanced interatomic de-cohesion. Steep segregation profiles for
W and Ta were also observed near the edges of the y’ regions and may be linked to a strain
induced mechanism.

Keywords: Single crystal superalloy, Hot corrosion, Stress corrosion cracking, TEM
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5.1. Introduction

Gas turbine (GT) systems are used for a range of applications in the aerospace and power
generation sectors. In addition to economic pressures to improve the efficiencies of GT
systems, emissions legislation and incentives are further driving the industry to develop more
efficient designs [1][2][3]. In response to these factors, GT manufacturers are looking for ways
to increase the turbine inlet temperatures to improve the thermodynamic efficiency of the
turbine system [4] . One of the key limiting factors in achieving this is the turbine blade’s
material capabilities at high temperature e.g. its corrosion resistance and performance. In
recent times it has been observed that tensile loading combined with conditions approaching
those required for low temperature hot corrosion (LTHC), can lead to crack propagation not
predicted by conventional fatigue or corrosion models [5][6]. This mechanism could prove
particularly significant in lower temperature regions of GT blades at 450-650°C, that are
additionally under tensile loading conditions such as experienced by under platform regions.
Due to their good high temperature properties, Ni-based single crystal (SC) superalloys are
commonly used for 1° stage turbine blades [7][8]. These materials consist of a coherent SC
structure made up of two phases, the gamma-prime (y’) strengthening phase (which is an
ordered L1; structure such as NizAl) and the face centred cubic (FCC) gamma-matrix (y)
[9][10].

SC superalloys demonstrate anisotropic behaviour. For example the elastic modulus of CMSX-
4 in the [111] direction is about three times larger than along [001] [11]. The [001] direction
however, exhibits the best creep resistance [12]. Therefore, turbine blades are normally
oriented with the [001] direction aligned to the critical creep direction. In SC superalloys, and
specifically CMSX-4, the y’ phase is typically thought to contain Ni, Ti, Al and Ta; whilst the y
is typically thought to contain Ni, Mo, Co, Cr, W and Re [13][14].

Previous research into similar cracking mechanisms has largely focused on two mechanisms
in order to quantify and explain the effects of combined loading and LTHC. In the first, the
effect of LTHC on increasing the rate of fatigue crack propagation is a result of load cycles
[6][15][16][17].In the second stress concentration generated by LTHC pitting, results in
accelerated fatigue crack initiation [18][19][20].

Recent research conducted on statically loaded C-rings and three point bend specimens,
however, demonstrated a combined static stress and LTHC crack initiation and propagation
mechanism [21][5]. This work highlighted the significance of a third, time-dependant
mechanism which requires a corrosive salt deposit, in this case of 80/20 wt% Na/K sulphate,
a gas flow containing SOx and a tensile loading condition. It was found that a time dependant
LTHC assisted crack propagation mechanism occurred below the expected fatigue stress
intensity threshold (K1), and propagated on preferential orthogonal {001} planes, as opposed
to on the {111} octahedral planes expected for quasi-brittle/brittle fracture at temperatures
below 750°C under mode | crack opening [22][23][24][12].

Parallels between static load/stress LTHC cracking can be drawn with more conventional
stress corrosion cracking (SCC) mechanisms. Generally, SCC is considered to be interactions
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between mechanical load and corrosion of the material, resulting in crack initiation and
propagation [25]. Whilst SCC generated in LTHC environments is not well studied, there are
three normally lower temperature mechanisms commonly attributed with SCCin both ferritic
and nickel-based alloys, these are described below.

Firstly, SCC can be generated with electrochemical corrosion conditions; this has been studied
in ferritic and nickel-based alloys, where corrosion was controlled through adjustment of the
electrochemical potential [26][27]. SCC in SC stainless steels has been studied, where
corrosion was generated through electrochemistry. Specimens were submerged in a liquid
electrolyte and an electrical potential applied across them, generating corrosion at a localised
anodic region resulting in SCC initiation and propagation [28][29][30].

Secondly, SCC can be generated through stress assisted grain boundary oxidation (SAGBO),
occurring in polycrystalline materials [31][32][33]. It has been hypothesised that SAGBO
occurs due to the formation of niobium oxides on grain boundaries in Ni-based superalloys
[34]. Whilst not directly applicable to SC alloys, SAGBO is an example of stress assisting
oxidation in crystalline materials. It has additionally been found that Cl and S containing
vapours can further accelerate gas phase induced SAGBO in Ni-based superalloys [35][36].

Thirdly, SCC can be generated by the active element, hydrogen; this is referred to as hydrogen
embrittlement and has been reported in Ni-based alloys at temperatures between 250-430°C
[37][38]. Whilst there is no definitive mechanism for hydrogen embrittlement, it is generally
considered to occur as a result of absorption or diffusion of cathodic H* hydrogen, and
requires a wet environment, or high partial pressure of hydrogen for significant adsorption to
occur [39][40].

Several mechanisms for hydrogen embrittlement have been proposed; these were
summarised by Lynch [41], with the overall mechanism being referred to as adsorption
induced dislocation emissions (AIDE). AIDE is thought to occur as a result of both adsorbed
hydrogen enhancing de-cohesion and weakening of interatomic bonds (HEDE), and hydrogen
enhancing local plasticity (HELP) [42]. Hydrogen diffusion has been studied and measured in
SC nickel FCC systems [43][44]. It was demonstrated that hydrogen diffusion is anisotropic in
such systems, with the diffusion rate being faster in the <111> crystallographic directions.

Corrosion mechanisms such as chloridation (the formation of metal chlorides) [45], and
sulphidation (the formation of metal sulphides) [46][47], can facilitate/accelerate the
corrosion and oxidation of alloys. LTHC is a fluxing mechanism which historically was reported
to occur between 600°C — 800°C [48][49][50].

Recent studies have generated LTHC in CMSX-4 at temperatures as low as 575°C [51], and
stress has been credited as further lowering the temperature required for LTHC to propagate
[6]. LTHC is dependent on both a deposit flux of salts and a gas flow containing S (with/without
Cl), this environment results in the formation of a liquid eutectic on the surface.

Superalloys form oxide scales which protect against further oxidation of the substrate alloy.
The most protective of these oxides are chromium oxide and aluminium oxide, where chromia
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is often considered more stable for lower temperatures up to 700°C and alumina at higher
temperatures above 900°C [52].

It is generally thought that LTHC accelerates/enables corrosion through the formation of a
liguid eutectic, which results in the dissolution of the protective oxide scale, e.g. through
acidic fluxing where dissolved SOy is the oxidising agent. It has further been proposed that the
local oxidising potential of LTHC is the result of an electrochemical reaction, where the liquid
eutectic mixture acts as an electrolyte [53][54].

Crystalline materials form atomic defects and dislocations when loading and deformation
occurs. These atomic defects are the microstructural mechanisms behind plastic deformation
and conventional fatigue crack initiation and propagation. Atomic defects are often
categorised into three main categories: point defects on specific sites, line defects such as
edge dislocations and screw dislocation and planar defects such as stacking faults and grain
boundaries [55]. These atomic defects can aid and/or enable the diffusion and absorption of
atoms into the material which can then further disturb the atomic structure.

Stress/strain effects on the electrochemical potential or mechanical chemical interactions
have been observed and reported in crystalline materials [56][57]. It was demonstrated that
increased tensile deformation can result in an increase in the anodic potential and result in
accelerated corrosion. Relationships between deformation and potential difference are more
commonly referred to as piezoelectric effects.

This paper considers the mechanisms proposed in the literature for other more widely
understood forms of SCC and compares them with detailed microscopy of the LTHC
mechanism presented in this work. A mechanism is then proposed for crack propagation
occurring under static load and LTHC conditions.

5.2. Experimental methods

A three point bend jig was designed for use within a hot corrosion furnace, which applied a
constant displacement condition to a specimen (Figure 5.1). Three point bend specimens
were machined with the [001] direction aligned as shown in Figure 5.1, while the secondary
orientation was not controlled. To calculate the displacement required to meet the initial load
condition, BSI standard calculations were used [58], these were further confirmed with finite
element (FE) analysis, the results of which have been previously published [5].
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Figure 5.1: (a) Specimen geometry (b) Three point bend test jig

LTHC conditions representative of under platform turbine conditions were produced at 550°C
using a deposit recoat methodology [59]. The deposit used was 80/20 wt% Na/K sulphate,
which was deposited every 100 h of testing to maintain a flux of 5 pgcm=2h’. A test gas of
air/300 ppm SOx was used and the test specimen was exposed for 200 h in total by which time
cracks were clearly visible under an optical microscope.

To compare corrosion effects under both tension and compression, both the opposing tensile
and compressively loaded sides of the specimens were coated with salt deposit equally. The
remaining sides were masked off using aluminium foil in order to prevent their exposure to
LTHC and more accurately control corrosion in the areas being studied.

TEM/STEM images were taken with a JEOL 2100F microscope, fitted with an aberration
corrector and operating at 200kv. EDX analysis was carried out using an EDAX Optima 60
windowless SDD detector, and the analytical data was analysed using EDAX TEAM software.
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5.3. Results and discussion

Cracking was observed exclusively on the specimen surface exposed to tensile loading. SEM
imaging of the cracked cross section of the specimen is presented in Figure 5.2. Crack
propagation in the <100> direction can be seen, with corrosion preferentially interacting with
the y’ precipitates around the crack tip region. Comparison of corrosion occurring under
tensile load with that occurring on the same specimen under compressive load, shows a
preference for corrosion to attack the y’ precipitates under tension and y channels under
compression. This suggests a stress related effect is influencing the balance of preferential
y'/y attack. It could be suggested that corrosion would normally be preferential to the y’ at
these temperatures, due to higher levels of Crin the y providing more protection against LTHC
at 550°C.

(i)

| /'w e

y’ corrosion

40

Figure 5.2: (a) General crystallographic alignment for SEM/TEM images presented (b) Back
scattered SEM image showing <100> crack propagation with preferential gamma-prime
corrosion attack (c) Back scattered SEM image showing corrosion attack under tensile load
with preferential gamma-prime attack (d) Back scattered SEM image showing corrosion
attack under compressive load with preferential gamma attack

High magnification dark field TEM imaging of the y/y’ interface confirmed good
crystallographic coherence between these phases (Figure 5.3) at room temperature. Imaging
of the crack tip (Figure 5.4) showed cracks cutting through y’ precipitates and propagating in
the <100> direction. Ahead of the crack tip, localised {111} slip traces/stacking faults were
visible in y’. These crystal defects were local to the crack tip, however, and do not appear to
have influenced the propagation path of the crack in previous crack growth. Indeed, remnants
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of other faults were not found along the path of the crack and it could therefore be suggested
that plasticity and defect based mechanisms of crack propagation such as corrosion enhanced
plasticity, were not key contributors to the crack advancement in this mechanism.

Figure 5.3: Dark-field TEM image of gamma/gamma-prime interface showing good lattice
coherence between the phases
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Figure 5.4: (a) Dark field TEM image of the crack tip showing defect contrast (b) Back
scattered SEM image of crack tip (c) Higher magnification TEM image from shown location in
image (a) ahead of the crack tip, showing stacking defects in the gamma-prime on {111}
planes

High magnification dark field TEM imaging of the y/y’' interface confirmed good
crystallographic coherence between these phases (Figure 5.3) at room temperature. Imaging
of the crack tip (Figure 5.4) showed cracks cutting through y’ precipitates and propagating in
the <100> direction. Ahead of the crack tip, localised {111} slip traces/stacking faults were
visible in y’. These crystal defects were local to the crack tip, however, and do not appear to
have influenced the propagation path of the crack in previous crack growth. Indeed, remnants
of other faults were not found along the path of the crack and it could therefore be suggested
that plasticity and defect based mechanisms of crack propagation such as corrosion enhanced
plasticity, were not key contributors to the crack advancement in this mechanism.

Figure 5.5 appears to show strong segregation of elements between the y and y’ phases, with
a higher concentration of Cr, Co and Mo in the y channels, and a higher concentration of Ni,
Al, Si, Ti and Ta in the y’ precipitates. However, elemental maps such as these need to be
analysed with care, since overlapping peaks in the EDX spectra can lead to anomalous results
in the elemental maps, if not taken into account. Overlapping or adjacent peaks for O and Cr,
Si and W, S and Mo, and Ni and Ta, for example, should all be borne in mind. All the
segregation effects noted above do seem to accord with previously published EPMA, STEM
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and APT results on this alloy. The exceptions are W, Ta and Al, which show segregation
gradients towards the y'/ y interfaces, but within the y’ precipitates.

Figure 5.5: STEM EDX mapping showing elemental segragation between the bulk y’/y and
the crack tip post-exposure

The starting point for any discussion about segregation between the y and y’ phases is the Ni-
Al phase diagram [60]. This shows that although Al is soluble in a Ni matrix, the solubility
decreases markedly as the temperature is reduced. However, even at 400°C, a Ni solid
solution can absorb about 8 at% of Al before the ordered y’' phase is formed. To a first
approximation, this can be understood when the sizes of the respective elements are
considered. Table 1 lists the Goldschmidt radii of the most common elements in CMSX-4 [61].
In particular the table shows that Al is much larger than Ni; hence as the composition of the
alloy becomes richer in Al, the ordered y’ phase is preferred, since this keeps the Al atoms as
far apart as possible in a face centred cubic lattice. The sizes of Cr and Co are also similar to
that of Ni so it is hardly surprising that they tend to sit on the Ni sites in the y or y’ phases. In
the specific case of CMSX-4, they tend to segregate primarily to the y phase. On the other
hand, the refractory elements such as Mo, W and Ta have much larger radii than Ni and hence
might be expected to substitute for Al in the y’ structure. Indeed Ta, with a similar radius to
Al does indeed segregate strongly to the aluminium sites in the y’ structure [62]. The situation
for Mo and W is less clear cut, with Mo reported to segregate to the y phase in a Ni-Al-Mo
ternary alloy [63]. First-principles calculations by the same authors, however, do suggest that
when Mo is present in the y’ structure, it would substitute preferentially on the Al sub-lattice.

81



Table 5.1 : Goldschmidt atomic radii (in nm) of the main elements in CMSX-4 [61]

Ni 0.125
Al 0.143
Co 0.126
Cr 0.128
Ta 0.147
W 0.141
Re 0.138
Ti 0.147
Mo 0.140

The partitioning between y and y’ is often described by a partitioning ratio K¥”¥, which is
defined as the ratio of the concentration of element iin the y’ precipitate to its concentration
in the y matrix. Hence in the case of Ta, for example, K7o"/Y >> 1. The partitioning of W is more
complex. In a quaternary Ni-Al-Cr-W alloy, for example, it has been reported [64] that there
was twice as much W found in the y' phase as the y phase. However, Amouyal et al [65]
showed that partitioning of W is strongly influenced by the presence of Ta in a Ni based
superalloy. Hence, for example, in a ternary Ni-Al-W alloy, W segregates to the y’ phase with
KwY”¥=1.4 but in a multicomponent alloy containing 1 at% Ta the W segregates to y with Kro¥"¥
= 0.92. Ta is such a strong y’ segregant that its presence leads to site competition between
the Ta and W. Indeed, Thermo-Calc calculations by Amouyal et al [66] suggest that the value
of Ku¥/V decreases with increasing Ta concentration with a cross-over (Kw¥”¥ >1 to Ku"’¥ <1)
for a Ta concentration of 2 at% at 800°C. In an alloy such as CMSX-4, which contains additions
of Mo and Re as well as W and Ta, all the interactions between the different components may
need to be considered. However, the results reported here would appear to show that the
W/Ta and W/Al interactions are the most dominant. Ta does segregate very strongly to the y’
phase in CMSX-4 but there also appears to be an inverse correlation between the Ta
concentration and the concentration of W near the edges of the y’ precipitates. The W
concentration is similar at the centre of the y and y’ regions, but the W signal rises strongly
within the y’ as the edges of the precipitates are approached. It then falls sharply at the y/y’
interface. The Ta and Al concentrations are very high at the centre of the y’ precipitates but
drop near the edges of the y’ as the W signal increases, as shown in the line profiles in Figure
5.6. The distance over which these changes are observed is several nm — too wide for beam
broadening or instrumental broadening effects due to the proximity of the interface — and
are not mirrored in the Cr or Re profile, for example. Hence there must be another
explanation for the change in W segregation near the edges of the y’ regions. Since the change
extends over several nm, it is unlikely to be due to electronic structure changes associated
with the y/y’ interface, which are usually confined to first or second nearest neighbours [66].
A more likely explanation is the influence of strain on the segregation profile. It has been
shown, for example, that variations in Mo concentration can have a major influence on lattice
misfit and creep resistance of multicomponent alloys, although there was no evidence of Mo
segregation at the y/ vy’ interface [67,68].
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Figure 5.6: Line profiles for Al, Ta, W, Cr and Re across a Y'/Y/Y' interface showing the build-
up of W near the edge of the Y’ particles and the corresponding reduction in Ta and Al.

It has been reported that the misfit parameter, §, given by 6=2(a y-a,)/ (ay+ay), where a y
and a y are the lattice parameters of the y’ phase and the y matrix respectively [69], should
have a positive value at both low and high temperatures, but decrease in magnitude at high
temperatures, to achieve optimum creep performance [70]. In order to minimise any major
interface strain, the segregation of W from the y matrix into the y’ zone may occur, either
during high temperature heat treatment — a steady state condition — or in a more transitory
way, as the sample is cooled. Given the low diffusivity of W in a Ni matrix compared to other
substitutional elements [71], the former explanation seems more likely. The presence of a W
gradient prior to testing at 550°C would appear to reinforce that view.

Further EDX mapping of the fracture feature visible ahead of the crack tip in Figure 5.4 is
presented in Figure 5.7. It can be concluded that the feature has been exposed to the
corrosive environment as it contains environmental contaminants Na, O and S. This supports
the hypothesis that the feature is a section of an out of plane crack rather that an internal
defect. The feature also contains a small amount of Cl, the presence of which is most likely
explained by contamination in the Na/K sulphate compound used for the deposit during
testing. However, its presence at the crack tip suggests that chlorides could be significant in
regards to load and LTHC interaction mechanisms, and further chloride based salts should be
considered in future research.
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Figure 5.7: STEM EDX mapping of feature ahead of the crack tip containing environmental
elements, determined to be related to an out of plane crack

There was no evidence found to support hydrogen embrittlement as the key crack
advancement/propagation mechanism. Additionally, hydrogen is unlikely to play a key role in
experimental testing due to the dry environment present, and the resultant low partial
pressures of hydrogen. However, service conditions of GT blades often contain higher
concentrations and therefore the effects of hydrogen should also be studied in future
research.

The presence of electrolytes, specifically Na S04 at the crack tip is supportive as to there being
an electrochemical aspect to the LTHC mechanism in this critical location. Due to the static
loading condition, it is clear that crack advancement is enabled by the local environment and
conditions at the crack tip under LTHC conditions.

Following the same deduction that an electrochemical corrosion mechanism is plausible at
the crack tip, mechanical-chemical effects in the y/ y’ microstructure provide an explanation
for the preference of corrosion attack to the phases independently. It is postulated that this
could be as a result of the local strain conditions of the phases affecting the anodic potential
of the two phases to a differing extent [56][57].
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A schematic of a proposed localised electrochemical hot corrosion mechanism at the crack
tip is presented in Figure 5.8. The mechanism defines a general electrochemistry also
commonly associated with other more widely understood forms of SCC and pitting corrosion.

(a) Stage 1

Ni/Co oxide
Dissolved Al/Cr oxide former

Active electrolytic such as
Na,S0,

Formation of pitting and
electrochemical reactions

Enhanced interatomic de-
cohesion forming cracking
under tension

A Tensilestress — emm—)p

Stage 2
(b) Liquid electrolyte such as
Na,SO, or similar present
in crack

21A[01129)3

Oxidation resulting from
the acidic dissolution of
the protective oxide
scale, leading to localised
de cohesion at the crack

tip

Localised anodic (higher
potential) region,
resulting in acidic
dissolution of the
protective oxide scale

Crack Tip

Figure 5.8: Proposed mechanism of electrochemical corrosion at the crack tip (a) Stage 1
where LTHC initiates and small pits start to form (b) Stage 2 where a crack has propagated
and electrochemically driven corrosion is established at the crack tip
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5.4. Paper 4 conclusions

A form of high temperature SCC has been studied. Crack initiation and advancement was
dependant on the simultaneous occurrence of LTHC and loading/deformation. The local
chemistry at the crack tip suggested the role of liquid Na2SO4 on crack advancement.

It is suggested that electrochemistry may have an important role in both the LTHC
mechanism, and the more local crack tip corrosion mechanism, specifically by
stress/deformation locally increasing the electrochemical potential.

It is also suggested that deformation of the y/ y’ could result in mechanical-chemical
interactions effecting the chemical potential of the microstructural phases and resulting in
preferential corrosion attack under different loading conditions such as compression and
tension.

Due to the lack of evidence of absorption or diffusion ahead of the crack tip, or corrosion
enhanced plasticity driving crack propagation. It is proposed that the strain/stress required
for interatomic de-cohesion is reduced by the localised corrosion occurring at the crack tip,
and this results in crack advancement and propagation under static loading.

Detailed EDX mapping found that tungsten segregated close to the y/ y' interface, but was
concentrated in the y’ in this alloy. This has not been observed before, but a possible cause
of W occupying Ta or Al sites on the edges of the y’ has been suggested although this requires
further exploration.

Due to the prominence of Cl in lower temperature hot corrosion mechanisms such as the 550
°C mechanism studied in this paper, further work to analysis the effect of Cl based salts on
this mechanism is recommended.
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Abstract. A corrosive environment can have a detrimental effect on the fatigue life of a
material due to a change in failure mechanism. Attempts have been made to replicate this
change on nickel-base superalloy CMSX-4 cast in the <001> orientation. Fatigue testing in air,
of this material typically produces a fracture on an angle of approximately 55° which is
consistent with the fracture having propagated on a {111} slip plane. The aim of the research
was to fatigue test in a corrosive environment with the purpose of producing a crack/fracture
which deviated from the typical angle and thus confirm that the corrosive environment had
affected the fatigue mechanism. It was concluded that the change in mechanism to high
temperature corrosion fatigue was associated with a reduced load application rate together
with precorroding the test specimens to trigger the initiation of the corrosion fatigue
mechanism.

Keywords: corrosion fatigue, waveform, load application rate, precorrosion

6.1. Introduction

Materials which are used in rotating parts of industrial gas turbines (IGTs) are subjected to
harsh operating conditions which include high stresses and temperatures. In addition, an IGT
may operate in a number of different atmospheres such as: industrial, marine or rural, all of
which are likely to contain different impurities in the air that may cause corrosion issues?.

Nickel-base superalloys are routinely used in IGTs due to their high temperature mechanical
properties [1][2] and their development has included improvements in their resistance to
corrosion attack. This has been achieved by including chromium and aluminium in the
chemistries with the purpose of growing either a protective chromia or alumina scale. The
superalloys may therefore be classed as either a chromia or an alumina former [1][2],
depending on the alloy composition.

Chromia formers tend to be used at temperatures below 900°C due to chromia forming
volatile species above this temperature, whilst alumina formers are used above 900°C since
less protective scales are formed below this temperature [1]. IGT components though do not
generally experience a uniform temperature and different sections of the same component
may experience temperatures above and below 900°C. The nickel-base superalloy CMSX-4 is
an alumina former [1] and thermal exposure tests on this material, conducted at 700°C,

92



revealed the primary scale observed was a thin aluminium rich layer. Due to the instability of
the protective alpha alumina phase at this temperature, the scale was attributed as being
either a less protective transient Al,03; phase or a mixed oxide of Al/Cr3.

Nickel-base superalloys, even when they have grown a protective scale, are not immune to
corrosion attack though and under certain conditions the attack may result in high rates of
material loss. One form of corrosion that can result in pitting and rapid material loss is type Il
hot corrosion [1][2][3]. This form of corrosion tends to occur between the temperatures of
600 to 800°C! and requires the presence of deposits such as sulphates and SO3 [1][2], within
the gas phase.

There are two stages to type Il hot corrosion: incubation and propagation. Once the attack
has penetrated any protective scale (considered the end of the incubation stage), the attack
will enter the propagation stage of corrosion and the superalloy itself will be attacked
resulting in high rates of material loss [3]. These rates though, may alter with exposure time
as was found from type Il hot corrosion tests that were performed on CMSX-4 material [3].
During these tests, the propagation rates fell with exposure time which was thought to be
most likely due to thick deposits/corrosion product scale that had formed inhibiting the
supply of the corrosive species to the material/scale interface [3].

Any reduction in cross section caused by the corrosion attack will effectively increase the
stresses acting on the IGT components and the rate of loading/straining may also have an
effect on the fatigue life of the material. Classically, a series of fatigue tests are performed to
evaluate an S-N curve which can be used to determine the fatigue life of a material for a
specific set of conditions such as: temperature, environment and R-ratio. Figure 6.1 shows
an example of an S-N curve which may be made up of up to three different regions. In region
I, the tests are performed at stresses at or above the materials’ yield strength and hence the
material behaves in an elasto-plastic manner. In region Il, the material is stressed below the
yield strength and so behaves in an elastic manner. Region lll defines an unlimited life but
materials with a face centred cubic structure, such as nickel, do not seem to experience this
region [4].
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Figure 6.1: Example of S-N curve showing different regions

Fatigue tests may be performed in strain or load control and generally, strain control is used
for the elasto-plastic region of fatigue testing where the associated strain is the summation
of elastic and plastic strains. Load control tends to be used in the elastic region of fatigue
testing where a one-to-one correspondence between stress and strain exists. It is therefore
unimportant whether fatigue testing in the elastic region is conducted using strain or load
control [4].

For a given total strain, reducing the strain rate may result in shorter fatigue lives when the
tests are conducted in the elasto-plastic region of fatigue testing. This effect was observed on
tests performed at elevated temperatures on nickel-base alloy 718 in air°. The tests were also
performed with only elastic loading which gave no noticeable interaction between life and
strain rate [5]. The most likely cause is an interaction between creep and fatigue at the
elevated temperatures, however, no hypothesis was ventured by the author® as to a possible
mechanism that may be responsible for this behaviour.

A molecular dynamic simulation of monocrystalline nickel indicated the strain rate effect may
be explained by a mechanism involving microstructural changes in the form of dislocations
being generated at the crack tip at temperature. The simulations showed that when a set
strain level was reached with different strain rates, the faster strain rates produced slower
growing cracks that tended to propagate in a ductile manner with dislocations generated at
the crack tip. This had the effect of blunting the crack tip and produced relatively low peak
stress levels at the tip of the crack. The slower strain rates though produced faster
propagating cracks which behaved in a more brittle manner and induced fewer dislocations
at the crack tip resulting in greater peak stress values at the tip of the crack [6]. These peak
stress values are highly localised and upon repeated cycling, form micro-cracks and a plastic
zone ahead of the advancing crack tip [7].

During the growth of a corrosion fatigue crack, it is reported that it is necessary for the
corrosive compound to be supplied to the crack tip, interact with newly exposed crack surface
by adsorption and diffusion, and finally the reacted products on the crack surfaces need to be
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removed in order to prevent a build up at the crack tip which may influence local stresses [8].
An important factor then, is the rate at which the corrosive compound reaches the crack tip
and slowing down the frequency of the fatigue testing should allow more time for this to
happen. It has also been commented that frequencies below 1 Hz have the greatest
environmental effect on the fatigue properties of nickel-based superalloys [9].

Slowing the frequency of the fatigue tests down can be achieved by increasing the duration
of the entire selected waveform or selected periods of the waveform which include the stress
or strain (depending on whether the fatigue test is performed in load or strain control)
application time, the maximum stress/strain hold time, the stress/strain decreasing time and
the minimum stress/strain hold. Fatigue tests, performed on a low carbon alloy steel in an
aqueous solution of 3% NaCl at a temperature of 25°C, led to the conclusion that of all the
periods of a waveform, lengthening the stress application period up to 10 seconds had the
greatest environmental effect and was attributed to corrosive dissolution on fresh crack
surfaces that were formed during that period of the waveform [10]. One premise to be
examined is whether this observation applies to high temperature corrosion fatigue.

The aim of the current work was to perform corrosion fatigue tests in service like-type Il hot
corrosion conditions on the face centred cubic single crystal nickel-based superalloy CMSX-4
that had been cast in the <001> orientation. The purpose of the corrosion fatigue tests was
to establish parameters that would allow sufficient time for the corrosive compounds to
affect the fatigue mechanism. The parameters under evaluation were the various periods of
a trapezoidal waveform (Figure 6.2) and whether or not to precorrode the test specimens.
Typically, fatigue tests conducted in air on this material and orientation produce fracture
surfaces on approximate angles of 55° in relation to the axial {001} plane, which is consistent
with the fracture having propagated on a {111} slip plane. Deviation from this typical angle
would therefore be strongly suggestive that the environment had affected the fatigue
mechanism of the material.

t2 t3 t4

Load, kN

SRR I — A

Duration, s

Figure 6.2: Various periods of the trapezoidal waveform, where in t1 the load increases, in t2
the maximum load is held, in t3 the load decreases and in t4 the minimum load is held. The
trapezoidal waveform is written in the form: t1-t2-t3-t4
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6.2. Experimental methods

The material under investigation was the superalloy CMSX-4 that had been solution treated
and precipitation hardened but had not been hot isostatic pressed. The nominal composition
of this superalloy is shown in table 6.1. After casting, this material typically contains significant
segregation, y/y’ eutectic regions and pores [11]. The solution heat treatment is therefore
carried out in order to achieve a balanced chemical composition and dissolve the eutectic
regions but this is at the expense of increased levels of porosity [11]. The precipitation
hardening then provides the material with the desirable mechanical properties which makes
it suitable for use as IGT components.

Table 6.1: Chemical composition of CMSX-4 in weight percentage (wt-%)

Alloy Ni Cr Co Mo w Al Ti Ta Hf Re

Wt-% 61.7 6.5 9 0.6 6 5.6 1 6.5 0.1 3

Plain fatigue test specimens with a gauge diameter of 6 mm (Figure 6.3) were machined from
bars that were cast in the <001> orientation and tested on an axial fatigue testing machine in
load control at a temperature of 550°C. Due to the flexibility in controlling the various periods
of applying the load, the trapezoidal waveform was selected. This waveform is expressed in
terms of the duration of each respective period. For example, a 1-1-1-1 s waveform describes
a 1 second load increasing period with1 second at maximum load hold followed by 1 second
with the load decreasing and finally 1 second at the minimum load hold period.

$ 6 mm dia.

Figure 6.3: Schematic of plain fatigue test specimen

The fatigue testing atmosphere was either laboratory air or 300 ppm SO; in air (flow rate
between 25 and 50 SCCM, preheated to the test temperature). The test specimens were
loaded into the fatigue machine in such a manner so that they sat within a gas sheath within
the induction coil that was used for attaining the test temperature. The gas sheath ensured
the corrosive gas used in the corrosion fatigue tests, flowed over the surfaces of the test
specimen. The tests were only started after the test temperature had been achieved and left
for 15 minutes to ensure the temperature had equalised throughout the cross section of the
test specimen. Type K thermocouples were used for measuring the test temperature.

The maximum and minimum stress levels used were the same for all of the fatigue and
corrosion fatigue tests which were 800 and 0 MPa respectively. This ensured that all the tests
were conducted in the elastic region of fatigue testing. Table 6.2 summarises the conditions
of the fatigue tests conducted.
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Table 6.2: Test conditions for the fatigue tests conducted

Environment Waveform Precorroded test Number of re-salts
parameters (s) specimen required

Laboratory air 1-1-1-1 No

Corrosive 1-1-1-1 No 0

Corrosive 1-1-1-1 Yes 0
Laboratory air 10-1-1-1 No

Corrosive 10-1-1-1 No 1

Corrosive 10-1-1-1 Yes 0
Laboratory air 10-1-1-1 Yes

Corrosive 1-10-1-1 No 2

The fatigue testing performed in laboratory air included the waveforms: 1-1-1-1 and 10-1-1-
1 s. No salts were applied to either of these test specimens. These can be considered as
baseline tests.

Corrosion fatigue testing performed in the SOx environment on non-precorroded test
specimens included the waveforms: 1-1-1-1, 10-1-1-1 and 1-10-1-1 s. For these tests, the test
specimens were sprayed evenly around the surfaces between the threads with 0.114 mg cm-
2 with an 80/20 mol% mix of (Na/K)2SO4 salt deposits before the testing began. Applying a
specific quantity of salt though, implies that the flux may vary for the different corrosion
fatigue tests depending on when the test specimen fails. The method for applying the salts,
which were dissolved in water, involved heating the specimens up to approximately 200°C
after which the salts were sprayed onto the hot surfaces. The heat caused the water to flash
evaporate leaving the salts on the sprayed surfaces. If a corrosion fatigue test completed 100
hours without failing, the test was stopped and a further 0.114 mg cm™ of salt was applied
before the test was re-started.

The corrosion fatigue testing performed in the SOx environment on precorroded test
specimens included the waveforms: 1-1-1-1 and 10-1-1-1 s. The precorrosion of these test
specimens involved evenly spraying the 80/20 mol% mix of (Na/K),SOa salts onto the surfaces
between the threads, using the same methodology as described previously, with a flux rate
of 5 ug cm?hl. That is, the salts were sprayed after 0, 100, 200, 300 and 400 hours of thermal
exposure, at the same temperature as the fatigue tests, and the total duration of the thermal
exposures were 500 hours. If any corrosion fatigue test using the precorroded test specimens
completed 100 hours without failing, the test was stopped and a further 0.114 mg cm™2 of salt
deposits was applied before the test was re-started.

A fatigue test in laboratory air using a 10-1-1-1 s waveform was also performed on a
precorroded test specimen that had all of the salts washed off. The purpose of this test was
to determine whether corrosion pitting alone was enough to alter the fatigue mechanism or
if the corrosive salts and environment were required throughout the test.
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As part of an initial test program to identify parameters which affected the fatigue
mechanism, only one test was conducted for each test condition with the exception of the
corrosion fatigue test conducted with a 1-10-1-1 s waveform and a non-precorroded
specimen. A repeat of this test was performed.

The number of tests conducted is acknowledged as being small and the cycles to failure data
would be subject to any potential scatter involved. For this reason, the cycles to failure data
was not used for assessing whether the fatigue mechanism had been affected but is included
in this article in a normalised form for reference purposes only (Table 6.3). Instead, the
assessment was based on visual observations of the crack/fracture paths/angles. These visual
observations were conducted with the naked eye, a low powered optical microscope and an
SEM. Of particular interest was whether any of the test conditions had produced crack
surfaces which deviated away from the typical 55° angle. If cracks had deviated away from
this angle, EDX analysis using a series of rectangular region X-ray acquisitions on the crack
surface was performed to determine which corrosive element(s) had contributed to the
deviation. Microsections were then taken and the resulting cross sections viewed using a high
powered optical microscope and SEM.

6.3. Results and discussion

Table 6.3 shows a summary of the fatigue and corrosion fatigue tests which did and did not
result in a crack/fracture that deviated from the 55° angle.

Table 6.3: Results of fatigue and corrosion fatigue tests

Environment Waveform Pre- Normalised  Normalised Deviation of
parameters corroded cyclic data hours data  crack/fracture
(s) test facets from
specimen 55° angle?

Laboratory air 1-1-1-1 No 1.0 1.0 No
Corrosive 1-1-1-1 No 14 1.4 No
Corrosive 1-1-1-1 Yes 0.9 0.9 Yes
Laboratory air 10-1-1-1 No 1.3 4.1 No
Corrosive 10-1-1-1 No 0.8 2.6 Yes
Corrosive 10-1-1-1 Yes 0.3 1.0 Yes
Laboratory air 10-1-1-1 Yes 1.6* 5.2*
Corrosive 1-10-1-1 No 1.6 5.2 No
Where:

* indicates test specimen did not fail and considered a runout

Normalised data is expressed as a factor of the Laboratory air 1-1-1-1 s test
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Both of the non-precorroded test specimens that were fatigue tested in laboratory air showed
crack/fracture features on angles of approximately 55°. This crack/fracture angle is shown in
figure 6.4 which was produced using the 10-1-1-1 s waveform. This is consistent with typical
results and indicates that the different stress application rates of 800 MPa s and 80 MPa s,
associated with the respective 1-1-1-1 and 10-1-1-1 s waveforms could not be wholly
responsible for any crack/fracture deviation that was subsequently found on the corrosion
fatigue test specimens.

Copyright [Neil Chapman]

5mm

Figure 6.4: Low powered optical microscope image of fractured test specimen showing the
typical 55° crack/fracture angle produced from fatigue testing in air using the 10-1-1-1 s
waveform and non-precorroded test specimen

The non-precorroded test specimens that were subjected to the corrosion fatigue tests using
the 1-1-1-1 and 1-10-1-1 s waveforms, also produced fracture facets that were only on
approximate angles of 55°. A repeat of 1-10-1-1 s test was performed and exceeded the
duration of the original test by a factor of 1.5 without failing. The repeat test was therefore
considered a runout and did not provide any data regarding crack/fracture angles. However,
the non-precorroded corrosion fatigue test using the 10-1-1-1 s waveform produced a crack
that was initially flat and perpendicular to the surface of the specimen before transitioning to
the 55° angle (Figure 6.5). The perpendicular crack, which was in the shape of a thumbnail
with approximate maximum width and depth dimensions of 2.0 and 1.5 mm respectively, also
exhibited beach marks (Figure 6.6) which were suggestive that the crack was growing as a
start-stop-start event. importance and lowering this has the effect of decreasing the
frequency providing the other periods of the waveform remain constant.
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Initial flat
perpendicular
crack

Figure 6.5: Low powered optical microscope image of fractured test specimen showing
deviation from the typical 55° crack/fracture angle produced from corrosion fatigue testing
using the 10-1-1-1 s waveform and non-precorroded test specimen
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Beach marks

Figure 6.6: Low powered optical microscope image of beach marks observed on the initial flat
perpendicular crack from the corrosion fatigue test using the 10-1-1-1 s waveform and non-
precorroded test specimen

EDX analysis (Figure 6.7a and 6.7b) of the crack surface indicated sulphur was the main
element present, in decreasing amounts, from the surface of the test specimen to the tip of
the perpendicular crack. Small quantities of sodium were also present and again displayed a
generally decreasing trend from the surface to the perpendicular crack tip. Potassium though
was only present in trace amounts. After the EDX analysis, the test specimen was sectioned
and this revealed the corrosion product on the perpendicular crack was very thin with an
approximate thickness of 0.2 um at the mid crack position (Figure 6.8). These corrosion
fatigue tests have indicated, based on the 10-1-1-1 and 1-10-1-1s waveforms which have the
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same frequency, that frequency or the maximum load hold time are not prime factors which
allow the environment time to affect the fatigue mechanism. Instead, the load application
rate appears to be of greater.
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Figure 6.7: (a) SEM image showing locations of X-ray acquisition regions for EDX analysis line
plots (b) obtained from the initial flat perpendicular crack from the corrosion fatigue test
using the 10-1-1-1 s waveform and non-precorroded test specimen. (c) SEM image showing
locations of X-ray acquisition regions for EDX analysis line plots (d) obtained from the initial
flat perpendicular crack from the corrosion fatigue test using the 10-1-1-1 s waveform
precorroded test specimen

101



Copyright [Neil Chapman]

Figure 6.8: SEM image of microsection showing thin layer of corrosion product at mid crack
position on the initial flat perpendicular crack from the corrosion fatigue test using the 10-1-
1-1 s waveform and non-precorroded test specimen

Precorroding the test specimens before conducting the corrosion fatigue tests with the 1-1-
1-1 and 10-1-1-1 s waveforms also produced initial flat thumbnail shaped perpendicular
cracks that exhibited beach marks before transitioning to an approximate 55° angle. EDX
analysis of the 10-1-1-1 s crack (Figure 6.7c and 6.7d) showed a similar pattern to that
observed on the non-precorroded test specimen used on the corrosion fatigue 10-1-1-1 s test
in that sulphur and sodium were present in decreasing amounts from the surface of the
specimen to the crack tip with the main element being sulphur. The approximate maximum
width and depth dimensions of the perpendicular crack for the precorroded 1-1-1-1 s
corrosion fatigue test were measured at 1.0 and 0.9 mm respectively. The width and depth
dimensions of the initial perpendicular crack on the precorroded 10-1-1-1 s corrosion fatigue
test specimen were 3.6 and 2.0 mm respectively. It was also observed that the precorroded
10-1-1-1 s corrosion fatigue initial perpendicular crack differed from the other perpendicular
cracks in that it had propagated on two separate crack planes and subsequently joined
together (Figure 6.9). All other perpendicular cracks had only propagated on a single crack
plane. For both of the corrosion fatigue tests using precorroded test specimens, the size of
the flat perpendicular cracks had increased when compared to the non-precorroded
corrosion fatigue counterparts. Since the tests were performed at temperatures at which a
protective alumina scale does not form, the propagation stage of corrosion would have
started relatively early. The importance of precorroding the specimens was therefore to
diffuse the corrosive species into the material before the fatigue testing started.
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Separate crack planes which subsequently
joined together

Figure 6.9: Low powered optical microscope image of two initial flat perpendicular cracks
from the corrosion fatigue test using the 10-1-1-1 s waveform and precorroded test specimen

The precorroded test specimen that had all of the salt deposits washed off and then tested in
air using a 10-1-1-1 s waveform, exceeded the duration of the precorroded corrosion fatigue
counterpart by a factor of 5 without failing. This test was considered a runout and indicated
that the salt deposits and SOx environment were of greater significance than any potential
corrosion pitting that may have occurred during the initial precorrosion phase.

SEM analysis of the initial flat perpendicular corrosion fatigue cracks found on the
precorroded and non-precorroded test specimens, suggested propagation could initiate and
occurred from internal pores (Figure 6.10) as well as surface breaking corrosion pits. Un-
etched microsections (Figure 6.11) confirmed the initial flat cracks were approximately 90° to
the surface of the test specimens and after electrolytically etching in a solution of: 20 mls
hydrofluoric acid, 40 mls of glycerol and 340 mls of water, the internal pores appeared to be
associated with eutectic regions (Figure 6.12).
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Figure 6.10: SEM image showing an example of an internal origin of the initial flat
perpendicular corrosion fatigue crack (produced using the 10-1-1-1 s waveform and non-
precorroded test specimen)

Copyright [Neil Chapman]

Internal origin

Figure 6.11: High powered optical microscope image of un-etched microsection showing an
example of the initial flat perpendicular corrosion fatigue crack (produced using the 10-1-1-1
s waveform and non-precorroded test specimen)
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Figure 6.12: High powered optical microscope image of etched microsection showing an
example of the initial flat perpendicular corrosion fatigue crack (produced using the 10-1-1-1
s waveform and non-precorroded test specimen)

The results obtained suggest that the internal pores associated with eutectic regions within
the material were prime sites for the initiation of corrosion fatigue cracks. These pores may
have acted as stress raisers in a material that was likely to have been affected by the diffusion
of the corrosive species. Once a crack had initiated, low rates of application of stresses during
the fatigue cycling may have resulted in fewer dislocations generated at the crack tip and thus
minimised any possible crack tip blunting. In turn, the localised peak stresses associated with
the sharper cracks may have caused a relatively large plastic zone ahead of the crack tip
containing high vacancy concentrations within the associated slip bands [9], along with a
greater concentration of micro-cracks [7]. This would provide short circuit diffusion paths
allowing a relatively fast diffusion of the corrosive species (believed to be sulphur).
Additionally, the beach marks observed are suggestive that the corrosion fatigue cracking was
a start-stop-start process. This would be possible if the rate of crack propagation was greater
than the rate of corrosive diffusion. That is, once a crack tip had caught up with the diffusion
front, the crack would have stopped propagating if the remaining cross sectional area of the
test specimen could support the load. The corrosive diffusion though would continue and
when the material ahead of the crack tip had been sufficiently affected, the crack would start
to propagate again until it once again caught up with the diffusion front. If the size of the
remaining cross section of the test specimen was insufficient to support the load, the crack
would begin to propagate every cycle until final fracture occurred. Under this condition, and
without the influence of the environment, the crack growth transitioned back to the 55°
classic slip band angle for this alloy system.

In summary, the factors which appeared to have affected the typical air fatigue mechanism
the most under the corrosive test conditions used were the load application rate and
precorrosion of the test specimens. The observation that the load application rate had
affected the mechanism was in agreement with the findings, albeit based on different
materials, corrosive conditions and temperature of testing, from Ref. 10, which concluded
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that this was due to the dissolution of the corrosive species on the freshly exposed crack
surfaces formed under the load application period. The molecular dynamic simulations
performed in Ref. 6 though, indicate that the change in mechanism may also be associated
with the lack of crack tip blunting associated with low strain rates.

6.4. Paper 5 conclusion

The parameters that affected the typical air fatigue mechanism of solution treated and
precipitation hardened CMSX-4 material cast in the <001> orientation the most, when tested
under the corrosive conditions, were the 10-1-1-1 s waveform and precorrosion of the test
specimens. It is postulated that with stress application rates as low as 80 MPa s, significant
crack tip blunting by the generation of dislocations at the tip of the crack did not occur and
cycling of the associated peak stress values at the crack tip caused a relatively large plastic
zone to form in front of the advancing crack. This plastic zone with its high vacancy
concentrations within the associated slip bands along with the formation of micro-cracks
ahead of the crack tip would have allowed a fairly rapid diffusion of the corrosive species,
believed to be sulphur in this case, that may ultimately have caused the change in fatigue
mechanism. The precorrosion of the test specimens ensured that the corrosive elements had
diffused sufficiently into the material and the fatigue testing was performed on corroded
material.
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7. Overall discussion

7.1.  Crack initiation and propagation generated by combined static loading and LTHC

GT blades are often subjected to duty cycles with prolonged periods of mean tensile loading.
Therefore, consideration of static loading in combination with LTHC condition environments
which are representative of the under platform location, is an important factor in relation to
the life cycle of the component. As such, experimental testing was conducted on statically
loaded specimens which were simultaneously subjected to LTHC environments. This
experimentation identified and demonstrated that crack initiation and propagation could
occur under these combined conditions, being driven primarily by environment and exposure
time, rather than stress or load cycles.

Under conventional unstressed conditions LTHC forms a pitting morphology. These pits then
conjoin to form a broad fronted attack. However, when combined with static tensile loading
the degradation mechanisms morphology changes to generate the crack initiation and
propagation. Due to the absence of fatigue cycles it can be deduced that the crack initiation
and propagation observed under static loading, is not the result of conventional fatigue
cracking mechanisms such as dislocation emission. Therefore, seeing as the mechanism of
crack initiation and propagation is likely different under cyclic and static loading, it is
necessary to consider the factors affecting cracking generated by these two load conditions
independently.

The parameters which influence crack initiation and propagation under static loading have
been studied and are presented in papers 1 and 3. It was found that crack initiation and
propagation was influenced by stress state, deposit flux and exposure time. It can be
rationalised that increasing the deposit flux and the exposure time generates increased LTHC,
and therefore increases the rate of cracking which is driven by LTHC. However, it was
observed that the aggressiveness of the static cracking mechanism most closely corresponded
to the stress gradient in front of the crack, and not to the maximum principle stress or von
Mises stress within the specimen geometries studied. It is well documented that a stress
gradient can provide a crack driving force which has the effect of accelerating surface initiated
crack nucleation particularly in fretting fatigue [1][2]. Similarly to fretting fatigue cracks
generated under LTHC environments were found to be surface initiated; as such it could be
argued that the initiation and propagation rates of cracks generated in static load conditions
are also similarly affected by stress gradient.

The influence of load/stress on the corrosion mechanism was not independently studied over
the course of the project, however an effect of load on the LTHC mechanism’s preference to
attack specific y or y’ phases of the alloy was observed in paper 4. This observation
demonstrates that the loading condition does have an effect on the LTHC mechanism. It was
postulated in paper 4 that this could be related to the electrochemical anodic potential of the
phases under loading and deformation as a result of mechanochemical. Given that it has been
observed that loading and deformation can have an effect on the preference of the LTHC to
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attack microstructural phases, it is therefore plausible that there could also be an impact of
loading and deformation on the rate of LTHC. This could firstly be as a result of the y/y’ volume
fraction affecting the corrosion rate given the preferential attack of the phases under certain
loading conditions. CMSX-4 has a large y’ volume fraction [3] which could mean that LTHC
rates are relatively higher under tensile loading than compressive. Secondly, there could be
an impact of mechanochemical effects under loading and deformation, influencing the
electrochemical potential of the alloy substrate and resultantly the rate of LTHC. Throughout
the experimental work presented it has been demonstrated that the corrosion generated in
loaded specimens is consistent with LTHC, even though the temperature of 550 °C is below
the normal range considered for LTHC. It can therefore be suggested that the mechanism is
sub LTHC, and may be assisted by load and deformation in some capacity.

The absence of rafting of the y/y’ microstructure in specimens post exposure confirms that
creep is not a major consideration at temperatures as low as 550 °C. However, interactions
between static load LTHC cracking and creep will become an important consideration at
higher temperatures. It will therefore be important to consider whether creep is present in
future higher temperature work.

7.2.  Effect of LTHC on fatigue life and crack propagation

The combined effects of LTHC and fatigue were studied experimentally, these results are
presented and discussed in papers 2, 3 and 5. It was demonstrated that in LTHC environments
the following parameters reduced the fatigue life: increases in exposure time, deposit flux
and load dwell periods. There was also an impact observed between the fatigue life and the
load application rate with lower load application rates exhibiting reduced fatigue
performance.

The fatigue testing conducted throughout this project was performed under load control,
therefore the data has been presented as stress cycles to failure (S-N) curves. S-N curves
provide a fatigue life comparison to stress life data already available for CMSX-4 in standard
air environments. Therefore, the relative impact of the studied parameters can be assessed
from the presented S-N curves. However, it has been demonstrated within the work
presented in this thesis, that there are limitations in using conventional fatigue modelling
approaches such as stress life, for modelling crack initiation and propagation within combined
LTHC and fatigue environments. One of the reasons for this is because the fatigue life within
LTHC conditions is dependent on a range of time and environment dependant parameters
which are not captured by conventional fatigue modelling approaches. The second is because
these methodologies fundamentally correlate calculable engineering parameters to crack
stability and propagation. It is often argued that parameters that are representative of what
actually is physically occurring locally within the material, such as strain and plasticity can
provide better correlation with fatigue crack propagation. Furthermore, it is often argued that
fatigue crack propagation occurs as a result of dislocation emissions and plasticity [4]. There
is an argument therefore, to say that when considering microscopic cracks initiating and
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propagating through crystallographic materials, then crystallographic strain and plasticity
provide a better basis for detailed modelling.

However, the engineering challenges of accurately modelling the cracking mechanism
generated due to combined LTHC and fatigue is not simple due to the number of factors and
variables which have an impact. Therefore, the development of more simplistic engineering
adaptations of stress and fracture mechanics based approaches, which further include
corrosion and time dependant parameters could be the first step in order to provide a useful
tool for the industry requirements and better predict crack initiation and propagation within
LTHC environments.

More detailed and accurate modelling of the mechanism would probably be best suited to
crystal strain and plasticity based approaches. However, there are considerable challenges
and complexities in applying these modelling approaches to alloy systems and engineered
components. Such as the computational demands that would be required to solve them, as
well as the further development that would be required in order for them to accurately
account for environmental effects and crack growth under static load.

It has been generally observed and reported in the literature that LTHC has a detrimental
effect on the fatigue life of superalloys [5][6][7]1[8][9][10]. The mechanism that the literature
focuses on to explain this observation is LTHC accelerating fatigue crack initiation as a result
of corrosion pitting. Stress concentration as a result of pitting is undoubtedly an important
factor, however the research presented in papers 1, 3 and 4 demonstrates that there is a
static load crack propagation which, under certain conditions, can interact with and enhance
the fatigue crack propagation. The interactions of this static load growth and fatigue provides
a notable development in how the fatigue life modelling approaches should be used in respect
to superalloys exposed to LTHC conditions. These interactions and considerations were
further presented and discussed within papers 2 and 3.

Fractographic analysis of specimens was used to provide information on how LTHC, load and
fatigue interact. Several observations were made from the experimental results and
subsequent specimen examination. Firstly, crack initiations tended to show a preference to
propagate on {100} crystallographic planes with the introduction of LTHC. Secondly, multiple
surface crack initiations were observed with increased exposure to LTHC and extended load
dwell periods and thirdly, fracture faces show environmental banding particularly near the
point of initiation in LTHC environments. These observations suggest that the combined
action of LTHC and fatigue has the greatest effect on the fatigue crack nucleation and
initiation, probably with some interactions occurring between fatigue cracking and static load
cracking. An overview of the proposed crack growth stages observed in SC superalloys such
as CMSX-4 exposed to LTHC environments is given in Figure 7.1.
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Stage 1
{100} thumbnail crack initiation,
comprising of crack growth due to
static loading and crack nucleation
due to fatigue loading. This stage is
mostly influenced by the LTHC
environment and load dwell period.

Initiation

Environmental
markings on {100}
fracture face,
sometimes covered
by corrosion deposit

Stage 2 Initiation
Crack propagation occurring due to
fatigue cycling and enhanced by
static LTHC cracking. This stage is
influenced both by AK and the LTHC
environment and could be
dominated either by fatigue or static
LTHC cracking depending on the

waveform.
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{111} rooftop
features
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Figure 7.1: Stages of crack growth in combined fatigue and LTHC environments, observed in
testing conducted at 550 °C

It should be recognised that the crack propagation plane is influenced by a number of other
factors such as temperature, crystallographic orientation, stress field and defects within the
material. Therefore, the observations made in relation to the impact of LTHC propagation
plane are specific to the material, temperature and plain cylindrical uniaxial specimen
geometry used.

7.3. The mechanisms of LTHC crack propagation

The mechanism by which LTHC enables crack initiation and propagation was studied and
discussed in papers 3 and 4. A preliminary mechanism explaining preferential {100} crack
propagation and y’ attack at the crack tip was proposed in paper 3, which is referred to as
mechanism 1. Following paper 3, more in-depth SEM, TEM and EDX analysis combined with
in depth review of similar mechanisms in the literature informed a more detailed and
developed mechanism which was presented in paper 4 as mechanism 2.

These two mechanisms aim to explain the localised material degradation enabling crack
initiation/propagation morphologies, as well as the preferential corrosion attack of the y’ at
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the crack tip and y towards the substrate surface, they do this using the analysis available at
the time the paper was written. The analysis presented in paper 3 does not provide high
enough magnification and characterisation of the crack tip, in order to accurately establish
whether or not there were any corrosive species present at the crack tip, or diffusion ahead
of the crack tip. A mechanism was therefore proposed where gas induced acidic fluxing occurs
at the crack tip, interacting preferentially with the y’ and generating localised material
degradation. A more conventional LTHC alloy induced form of acidic fluxing was proposed as
occurring towards the specimen surface which interacts preferentially with the y. It was
further proposed that the {100} crack propagation seen under LTHC conditions is explained
by the preferential y’ attack at the crack tip, where geometrically the next closest y’
precipitates are orthogonally located around the crack tip. Therefore, the next closest y’ to
be attacked is orthogonally located on {100} crystallographic planes causing preferential crack
propagation in these directions.

However, with the addition of more detailed TEM imaging and high magnification EDX
mapping, it was determined that there were in fact sodium based corrosive species present
at the crack tip. The presence of sodium species at the crack tip, which is reported to be an
ionic conductor or electrolyte in electrochemical LTHC mechanisms [11], opens up the
possibility that the crack tip corrosion mechanism is electrochemical and not purely gas
induced. On the back of these new findings mechanism 2 was proposed. This mechanism is
based on localised material degradation at the crack tip being explained by the establishment
of a localised anodic region which generates localised acidic dissolution, similar to what is
reported in aqueous corrosion mechanisms [12].

Consideration of mechanism 2 and the compressive/tensile loading effect on preferential y/y’
attack opens up another possible explanation for the preferential corrosion attack of the
microstructural phases. Mechanochemical interactions are well documented in
electrochemical mechanisms [13][14][15] where stress/deformation can influence the anodic
potential of the material. It was proposed that due to the different mechanical properties of
the two y/y’ phases, that these mechanochemical interactions could impact the phases
differently thus influencing the corrosion preference under given load conditions.

There is no conclusive evidence presented within this research to definitively confirm whether
a change in the fluxing mechanism generates the preferential y/y’ attack or whether the
mechanochemical interactions proposed in mechanism 2 do. However, the mechanochemical
mechanism presents a reasonable explanation for the stress effect on the preferential
corrosion attack of the y/y’ microstructure observed in paper 4. The aspects of the mechanism
that are well evidenced are firstly, that it is likely a stress assisted electrochemical LTHC
mechanism due to the presence of electrolytic species at the crack tip.Secondly that the
mechanism generates localised material degradation that facilitates crack propagation even
under static tensile loading. Hence, a finalised mechanism based on the observations and
ideas presented in papers 3 and 4 is presented in Figure 7.2.
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Figure 7.2: Finalised mechanism of electrochemical corrosion attack resulting in orthogonal
{100} propagation

This mechanism proposes a high temperature electrochemical material degradation where
an anodic region is established at the crack tip. This electrochemistry generates localised
acidic fluxing and results in localised material degradation and subsequent crack propagation
similar to the mechanism proposed in paper 4. Furthermore, the preferential attack of the
corrosion mechanism at the crack tip to the y’ generates crack propagation preferential to
{100} planes as postulated in paper 3.

The detailed electron microscopy analysis presented within paper 4, demonstrates that the
cracking mechanism occurs due to interactions between deformation within the
crystallographic lattice, and complex chemical degradation which is likely to be
electrochemical in nature. The specifics of the way in which these interactions generate
localised crystallographic de-cohesion, are not fully understood at this point. Basics principles
of the mechanism have been proposed and further study of simplified electrochemical
corrosion systems and material systems could provide further detail into the specifics of the
mechanism and the drivers behind the material degradation which has been observed
throughout the course of this research.
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8. Overall conclusions and future work

8.1.

Overall conclusions

The specific contributions to knowledge delivered by each paper are outlined in the paper
overviews which are given in the introduction section 1.7. The overall collective conclusions
and key findings from the research is outlined below.

The work presented demonstrates a cracking mechanism generated under static
loading conditions in a LTHC corrosion environment; it further demonstrates the LTHC
environments detrimental impact on fatigue life. These findings provide a notable
development in the way in which crack initiation and propagation should be
considered within LTHC environments. Particularly as previous published work does
not highlight static stress corrosion cracking in superalloys under LTHC conditions.

FEA modelling was used to determine multiaxial stress states and predict stress
intensities within specimen geometries. This data was used to study the influence of
stress state on crack initiation and propagation within LTHC environments.

It was experimentally found that the static load crack initiation time was decreased
and subsequent propagation rate increased with increases to the following
parameters; deposition flux, exposure time and stress gradient. Similarly the fatigue
life was found to be detrimentally influenced by increased load dwell periods, reduced
load application rate and increased deposition flux. However, stress and stress state
were found to be secondary influences on crack initiation and propagation rates under
static loading, with the primary factor being deposition flux.

Fractographic analysis suggests that static load crack propagation and fatigue crack
propagation interact with one another and collectively contribute to a combined crack
propagation. This was particularly the apparent with increased load dwell periods and
increased rates of corrosion where these influences could be observed in both the
fracture face morphology and the cycles to failure.

Detailed analysis of the crack tip was used to inform and propose a mechanism which
explains the features and behaviours associated with LTHC cracking and fatigue
studied over the course of the research. It is proposed the mechanism is
electrochemical in nature and comparable with more widely understood stress
corrosion cracking mechanisms such as aqueous corrosion cracking.

116



8.2.  Future work

8.2.1. Need for improved models

Whilst service life and time dependant factors have been included in some fatigue and lifing
strategies, these methods do not accurately capture when there is an aggressive mechanistic
interaction such has been found in this research between low temperature hot corrosion and
stress.

With the ever increasing industrial and political demands on power generation systems such
as gas turbines to be more efficient, and cheaper to operate and maintain. There is a need to
mechanistically study and understand the drivers behind crack initiation and propagation due
to combined corrosion, stress, fatigue and creep in high temperature applications.

For turbine blades this is a requirement from both a safety and service cost perspective to
develop new improved models for predicting crack initiation and propagation as a results of
hot corrosion, stress, fatigue and often creep. However, this requirement to generate better
combined or compound degradation models extends to other alloys in other applications.

In the case of GT blades and crack propagation in hot corrosion environments, there is
additionally a requirement for improved modelling of the LTHC mechanism within
superalloys. This is needed in order to be able to better predict the rate LTHC and therefore
its impact on fatigue life and crack initiation performance of the component.

Currently, most LTHC models are empirically based and are dependent on parameters such
as deposit flux and gas flux, as well as the specific chemistries present. Therefore, establishing
the flux/deposition rate within a GT is needed in order to effectively predict the corrosion
performance.

This deposition rate could theoretically be calculated using kinematic or thermodynamic
calculations, however, this is a difficult process to model within the GT system because of the
environmental variables which influence the flux/deposition rates of species in service.
Examples of these would be the geographical location the GT operates in, the filtration used
and the fuel type and quality used. Therefore, in order to do this in reality, a form of condition
based monitoring of the turbine conditions would have to feed into the hot corrosion model.

8.2.2. Crack propagation measurement

The development of more accurate modelling of the crack propagation mechanism requires
detailed crack propagation data, allowing the crack propagation to be quantified and the
parameters impacting crack propagation to be determined. Improved models could then be
developed to better life components under combined load and LTHC conditions.
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There are not many widely used methodologies capable of achieving the kind of accuracy and
precision required to capture the stages of crack initiation and propagation within the
corrosive high temperature environment. At present the potential difference (PD) technique
has promising capability and is commonly used for high temperature fatigue testing.

The PD technique uses a large current which is conducted through the specimen, PD probe
wires are attached across the gauge length of the specimen where cracking is likely/expected
to occur. As a crack initiates and propagates, an increase in the potential drop is measured
due to the reduction in specimen cross sectional area. Therefore, over the course of a test the
PD trace can be correlated to crack area growth and for a known crack aspect ratio the
resultant crack length and depth.

However, whilst PD provides a promising methodology aspects of the testing methodology
would require further development for use within a LTHC environments. For example, a rig
which electrically insulates the specimen load train whilst exposing the specimen to a
corrosive environment would have to be developed. Additionally the PD wires would be
required to be made from a conductive but corrosion resistant material such as platinum,
such wires would be both expensive and delicate to handle.

8.2.3. Improved understanding of the fundamental mechanism

At temperatures higher than the 550 °C studied in this research, for SC superalloys creep
effects may come into play. Creep damage is well known to interact with fatigue nucleation
damage and further consideration of creep in combination with the mechanism of LTHC and
fatigue studied in this thesis, could provide valuable insight into the degradation of service
components.

Additionally specific salt compositions will also have a direct influence on the mechanism and
other environments could also sustain electrochemical corrosion. A systematic study of
various salt compounds and other relevant environments such as H;S could help to identify
the most aggressive environments and inform operationally based lifing models.

In order to better protect against the degradation mechanism in the future, whether it be
through changes in the blade geometry, alloys and materials, or through the development of
new coating systems or even a form of electrochemical corrosion protection such as cathodic
or magnetic, a more detailed fundamental understanding of the mechanism is required. The
work presented within this thesis provides an initial mechanism. However, electrochemical
corrosion testing and further static loading testing could be performed. Further analysis using
TEM, high energy X-rays and atom probe methods may also help to better understand the
chemical reactions occurring and how they enable crack initiation and propagation in
combination with tensile loading.

The work presented within this thesis helps to inform the continued future studies into
compound high temperature degradation mechanisms, which are crucial to the development
of more efficient and robust power generation systems.
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Appendices

Appendix 1: Un-normalised fatigue data

All testing was conducted at 550 °C, where a salt deposit was used it was an 80/20 wt% mix
of Na/K sulphate. Specimens that received pre corrosion were not re-salted before the first
100 h of fatigue testing, but were salted as per normal beyond the first 100 h.

Stress Wave Pre Gas Flow Test Flux

Test ID Specimen # (MPa) form (s) Corrosion (sccm) SOx(ppm) | (ng/cm?/h) CTF
HCF 8 L3538 800 10-1-1-1 NO PRE NO COR NO SO 0 55716
HCF9 L3535 800 1-1-1-1 NO PRE 80 300 0 54618
HCF10 L4035 800 1-1-1-1 NO PRE 50 300 1.25 62710
HCF13 L4032 800 1-10-1-1 NO PRE 50 300 1.25 70623
HCF15 L4026 800 10-1-1-1 NO PRE 25 300 1.25 36162
HCF 16 L4036 800 1-1-1-1 PRE 5.0 25 300 5 39714
HCF 18 L4022 800 1-5-1-1 NO PRE 25 300 1.25 73247
HCF 19 L4018 800 10-1-1-1 PRE 5.0 25 300 5 14139
HCF 21 L4024 750 1-1-1-1 PRE 5.0 25 300 5 39618
HCF 27 L4020 700 1-1-1-1 PRE 1.25 25 300 1.25 151193
HCF 29 L4025 725 1-1-1-1 PRE 1.25 25 300 1.25 109039
HCF 30 L4021 775 1-1-1-1 PRE 1.25 25 300 1.25 76265
HCF 31 L4028 800 1-1-1-1 PRE 1.25 25 300 1.25 61991
HCF 33 L4037 750 1-1-1-1 PRE 1.25 25 300 1.25 103977
HCF 34 L4031 775 1-1-1-1 PRE 1.25 25 300 1.25 78516
HCF 35 L4023 775 1-1-1-1 PRE 1.25 25 300 1.25 48703
HCF 36 L4191 800 1-1-1-1 NO PRE 25 300 0 67184
HCF 38 L4191 775 10-1-1-1 PRE 5.0 25 300 5 33830
HCF42 L4206 700 1-1-1-1 PRE 5.0 25 300 5 84121
HCF 43 L4204 775 1-1-1-1 PRE 5.0 25 300 5 60933
HCF 47 L4201 725 1-1-1-1 PRE 5.0 25 300 5 50996
HCF 49 L4203 775 1-1-1-1 PRE 5.0 25 300 5 46293
HCF 50 L4199 750 1-1-1-1 PRE 5.0 25 300 5 38703
HCF 53 L4194 800 1-60-1-1 PRE 5.0 25 300 5 9022
HCF 54 L4202 850 1-60-1-1 PRE 5.0 25 300 5 3300
HCF 59 10310 750 1-60-1-1 PRE 5.0 25 300 5 9057
HCF 60 10313 825 1-60-1-1 PRE 5.0 25 300 5 8085
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Appendix 2: Three point bend jig drawings
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