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SUMMARY

The single crystal superajloPWA 1484 is used in hot section turbine blade
applications due to its performance at high temperatures. In practice, the turbine blades
are often coated in order to protect them from environmental degradation. However,
under repeated cyclic loading, theating may serve as a site for crack initiation in the
blades. Fundamentabut-of-phase (OP)thermemechanical fatigue (TMF) studies
primarily usinguncoated solid cylindricatest sampleshave previouslyexamined both
crack initiation and propagation PWA 1484 In this work, mechanical straicontrolled
OP TMF testswereperformed on coated and uncoated specimens of a hollow cylindrical
geometry in order to study the effects of both geometry and coating drivilRecrack
initiation behavior.To accompish this, it was necessary to create and analyze a modified
gripping mechanism due to the unique geometry otébesamplesandas predicted by
hand calculations and finite element analysis, these modifications proved to be
successfulThe TMF testrestts for the uncoatedhaterialwere compared tdhose from
previous studies uter the same testing conditions, and it was found that the differences
in geometryhad a minimal impacbn fatigue life. Comparisons of the results for the
coated and uncoated meatl suggested that the coatingay haveoffered a slight
improvement in life, although insufficient results were available to determirether
these differences were statistically significabtamage mechanisms resulting from

different test conditions &re also observed through microscopy on failed specimens.

XV



CHAPTER 1

INTRODUCTION

1.1: Motivation

Components of hot section gas turbine engines constantly undergo cycling of
temperatures and mechanical loads. These cycles are causewjibg starup, shut
down, vibrations, or changes in engine load demands, with additionds$ loguced by
thermal gradierst [1]. The concurrent and repeated thermal and mechanical cycling
leading to material degdation in such applications is referred to as themmechanical
fatigue (TMF).

As engine performance has been increased, schave temperatures in the
turbines and thereforthe requirements of the high temperature materials used for the
components. Tlmugh the years, nickdédased superalloys have become the materials of
choice for turbinediscs and bladeslue to their superior ability to maintain their
mechanical properties at temperatures near their melting points. Improvements in
manufacturing methodsave led tathe production otonventionally castdirectionally
solidified and then singlerystal superalloys each leading to improved material
performance[1]. However, directionallysolidified and singlecrystal materials exhibit
extreme anisotropy2]. Since theturbine blades experience the highest temperatures
singe crystals are now used for these applicatibesause the elimination of grain
boundaries greatly reduced creep and environmental attack

In practice, some type of coating is usually applied to the surface of turbine blades

before they are put to use gas turbine engine® protect them from environmental



attack Without the coating, the alloy would not be able to survive the temperature
demand placed on them by the current engine technology. However, the coatings are
brittle andcracking may occueasly, and the cracks may propagate into the base metal
[3]. Although many TMF tests have shown uncoated specimens to have a longer life than
coated specimens under the same conditions, the coating is usuallyanetegsotect
the alloys during operating conditiof¥ 5].

Fundamental studieslreadyhave been conducted dhe material behavior of
PWA 1484 investigaing low- and highcycle fatigue, TMF, creep, and oxidation, as well
as the microstructural effects of crystal orientation and dendrite spggitgl3]. In
addition, a model is needed to accurately predict the service life of turbine components
made of PWA 1484Such a model would not only lead to increased safety but also
reduce scheduled maintenance co$tsevious TMF testing was performedn the
Mechanical Properties Research LaboratgdPRL) at the Georgia Institute of
Technology (Georgia Tech), and extensive work has been performed to create life
prediction models based the work of Amaro and colleagadsl9]. However, the
validity of this model has been questioned due to life discrepancies between testing
performed at Georgia Tech and Pratt & Whitn€lgere were several diffences in the
conditions of the tests, though; not only were the specimen geometries different, but so
were the temperatures, cycle time, and waveform used for the testing. A summary of the
differences in the TMF cycles can be foundTable 1.1. The reasons for the life
discrepancies must be explored in order to validate the life model that has been created,

starting with the specimen geometry.



Tablel.1: Georgia Tech anBratt & Whitney TMF Cycle Comparison

Georgia Tech | Pratt & Whitney
Minimum Temperature (" C) 550 427
Maximum Temperature (C) 1050 1038
Cycle Time (20 180 60
Waveform ramp sine

1.2: Research Objectives

The primary objectives of this researalereto determine the differences TMF
test results that may be causeddpgcimen geometrgnd to explore the influence of a
coating on the life and damage mechanisingas also desired to show that test results
obtained in the MPRL at Georgia Tech coulel teproduced with different specimen
geometries.To accomplish this, TMF testsinder mechanical strain contreVere
performed on hollow specimens of PWA 1484 of the geometry used at Pratt & Whitney
with and without a coating. First, a method of gripping timique specimens in the test
frame was formulated, analyzed, and producéal allow testing to proceed without
damaging the specimens or affecting the resuiten, the actual TMF testwere
performed, duplicating the test conditions previously usedba sylindrical specimens
at Georgia TechAfter analysis of the stress history results, the crack initiation lives of
the hollow specimenwere compared to those from the solid specimagsavell as Pratt
& Whitney data. Any trendbetween the two geomaswereidentifiedthat may explain
the discrepancies in results between Georgia Tech and Pratt & WHitnaly, with the
aid of a scanning electron microscope, the differences in crack initiation lives and

damage mechanisms between the coated anatattspecimenserecompared.



1.3: Thesis Overview

The second chapter of this thesis provides relevant background information and a
literature review of thermanechanical fatigue, superalloys, and coatings. Information is
presented about the types of sigtleys, their microstructures and compositions, material
properties, their performance and behavior under different aspects of TMF loading, and
the effects of coatings. An overview of the influence of several TMF testing variables is
also included. The ttd chapter presents the experimental methods, including the design
and modification of the test specimens and gripping method, the testing equipment and
procedure, and the governing standard employed to ensure test validity. The fourth
chapter includes thresults of hand calculations and finite element analysis influencing
the design process the modified gripping mechanism to ensure its success. The results
of the TMF tests on the hollow specimens are also presented here, including load drop
data as wikas stressstrain histories. A discussion of the results, comparisons to previous
Georgia Tech and Pratt & Whitney data, and possible reasons for the discrepancies are
provided. The fifth chapter is composed of the conclusions from this research and

recanmendations for future work.



CHAPTER 2

BACKGROUND

2.1: Thermo-Mechanical Fatigue
Fatigue is the damage caused to a material or structure due to the application of
cyclic loading. Fatigue damage occurs in three stages: crack initiation or nucleation,
crack propgation, and fracturg20]. An example of fatigue loading under force control
can be found ifFigure2.1. In this cases, refers to the mean stress, asytefers to the
alternating stress or stress amplitude, whijlecand sy, are the maximum and minimum
cyclic stresses, respectively. TReratio (or stress ratio, in thisase) is defined as the

ratio of the minimum applied stress to the maximum applied stredb/-reversed

fatigue, meaning thatmin = -Smax COrresponds t& =-1.

Stress

Time

Figure2.1: Plot Presenting the Termiray for Cyclic Loadind 20]



In real world applications, fatigue initiation always occurs at sites of stress
concentration, including casting pores or machining mptksAt high load levels that
would result in lowcycle fatigue (LCF), fatigue is best modeled using a stif@n
approach (withtests performed under strain control) as opposed to SifiesStraintlife
methods simulate fatigue at a notch tip in a component, and the results are considered
fatigue initiation life estimatel20]. Basquin[21] discoveredhat stresdife data could be
plotted linearly in logog coordinates. Later anddependently, Coif [22] and Manson
[23] eachfound that plastic strain v&tiguelife is also linear on a letpg scale Plastic
strain is very important since it is the driver of damage and the deformation mode
experienced at crack tips and sharp notches.

During thermemechanical fatigue (WF), materials experience changing
mechanical loads and temperatures simultaneously. Ther#dfetefal straininducedin
the material can be separated into two distinct parts. The thermal Bigasults from a
temperature change and depends on [24.e mat e
The mechanical straiftthecn results purely from mecharal loading. TMF tests amost
commonly conducted under mechanical strain contoolthis situation the R-ratio (or

mechanicastrain ratio, in this cajés defined below in Equation 2.1.

R= gz’mech;min (2 1)

The phase anglg refers to the phase shift between the thermal and mechanical
cycles during TMF. Two specific cases arephmse (IP) and otdf-phase (OP) TMF.
Figure 2.2 shows an example of an IP RAMwaveform, in which/ = 0°, and the

maximum mechanical load occurs at the maximum temperature and vice versa. An



example of an OP TMF waveform is shownFigure 2.3, where; = 180°. In this case,

theminimum mechanial load occurs at the maximum temperature and vice versa.
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Figure2.3: Outof-Phase Thermallechanical Cycling25]



In addition to these waveformisithermal fatigue (BiF) test@realso occasionally
performed[ 15, 26-28]. In these tests, all of the mechanical loading only occurs when the
temperature is constant at either the minimum or maxinurarefore, thanteractions
that may be intragced from concurrently changing load and temperature are eliminated.
These tests were designed to bridge the gap between isothermal fatighe aochmon
TMF waveformwhile isolatingthe damage mechanisntisat occu{27]. An example of

an OP BiF waveform is shown kigure2.4.
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Figure2.4: Outof-Phase Bithermal Fatigue Wavefoffirb|



2.2: Superalloys

2.2.1:Introduction and History

High-temperature materialare used for applications such as turbines, rockets,
and heat exchangers due to their ability toima@n their properties at elevated
temperatures. This research focuses on those used in gas turbine éngingges of
turbinepowered jeengines are displayed belokigure2.5 shows a turbojet engine. Air
is conpressed after the inleand then fuel is mixed with the air and combusted. The hot
air passes through the turbi(vehich powers the compressor) and a nozzle before exiting
as exhaust. A turbofan engine, as showrFigure 2.6, operates in a similar manner,
except a fan is included in the front that is also powered by the turbine. The fan
accelerates a portion of the air that bypasses the gas generator portion of the engine
before being exhausted by a nozRegardles®f the type of engine, the materials used
for the turbine componentsiust operate at high temperatures and experiéote

mechanical and thermayclic loading resulting in TMF damage.

INTAKE COMPRESSION COMBUSTION EXHAUST
Air Inlet/ Combustion Chambers Turbine
Cold Section Hot Section

Figure2.5: Schenatic of a Turbojet Enginf29]



High-pressure  High-pressure

Fan compressor turbine
High-pressure
shaft

Low-pressure
shaft

Low-pressure Combustion Low-pressure Nozzle
compressor chamber turbine

Figure2.6: Schematic of a Turbofan Engifi29]

To this end, there are several desirable charaatsristf high temperature
materialg1]. First, they should be able to withstdondding at temperatures close to their
melting point. A high temperature material is one that can opergteaier than 60% of
its melting point (in absolute units). In addition, the material should have substantial
resistance to lonterm mechanical degradatidrResistance to creep deformation as well
as static mechanical properties must be maintained ower &inally, hightemperature
materials must tolerate severe operating environments that have the possibility of
resulting in corrosion, oxidation, or other forms of surface degradation.

Especially for operating temperatures over 800°C, as in gas turfongst
propulsion, nickebase superalloys tia become an important material for their ability to
fulfill all three of the above requirementsickel was chosen as the base element for
these alloydor three main reasonBirst, it has a stable fagenteed cubic (FCC) lattice

structure that does not undergo any phase changes between room temperature and its

1C



melting point. An example of the FCC lattice structure is showfigare2.7. Nickel is

also a material withigh ductility and toughness, so it is naturally resistant to fatigue and
fracture. Finally, it has good creep resistance due to its low diffusionMatt. of the
chosen alloying elements were transition n

of the periodic tabl¢30].

(a) (b)

Figure2.7: Unit Cell of the FCC Crystal Structuf#]

The performance of gas turbine engines can be greatly improved asrliee
entry temperature (TETgan be increased. As a result, the TS become a central
aspect of the desigi81]. Figure 2.8 shows how the takeff TET of Rolls-Roycecivil
aeroengines has evolved over timéong with the material capdities. The TETs for
different families of engines are displayed as an asteriskscivil aircraft, the TET
varies during the flight, but it is greatest during takke Since the first engine was
produced in 1940, the TEThas been improved by 700°[32]. This is due to the
increased material capabilities, ajprwith the cooling of turbine blades and the

application of coatings.
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Figure2.8: Evolution of the Turbine Entry Temperature Capability of RRlle y c e 0 s

Aeroengine$32]

As the temperatures of gas turbine engines has increased over the years, so too

has thecapabilities of the superalloys conging their components-igure 2.9 shows

how the creep performance of superalloys has evolved since the T840 st turbine

blades

produced were wrought superalloys, and Nimonic alloys enabled the blade

performance to be drastically improvefB3]. The development of improved casing

methods also led to better performance, followed by the introduction of directional

solidification and then the production of mongsialline, or singlecrystal, superalloys.

Although the performance of the superalloys of each production method gradually

increased over time, the largest jumps in performance occurred with the introduction of

an improved processing technique.
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Figure2.9: Evolution of the HighTemperature Capability of Superalldyg

Figure 2.10 depicts turbine bladein polycrystalline, dirg@nally solidified, and
single crystal forms.Conventionally cast superalloys would have the equiaxed crystal
structure shown irFigure 2.10(a). With directional solidification, as shown kigure
2.10(b), columnar structures were produced with the transverse grain boundestg
removed. Grain boundaries were eventually completely removed to produce single
crystal blades, as shown Figure 2.10(c). With the monocrystalline material, grain
boundary strengthening elements such as boron and carbon were no longer necessary, so

the blades could undergo better heat treatments, and the fatigue live was also improved.
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Equiaxed crystal | Single crystal

structure

Columnar crystal
structure

(a) (b) (c)

Figure2.10: Turbine Blades in (a) Polycrystalline, (b) Directionally Solidified, and (c)
Single Crystal Forns [34]

2.2.2:Microstructure and Composition

2.2.2.1: Microstructure

The micratructure of superalloys typically consists of three different phases
gamma phase (2) exhibits the FCC structure
contains significant concentrations of cobalt, chromium, molybdenum, ruthenium, and
rheni um. A gamma prime precipi tnatriceandphase
contains elements like aluminum, titanium, and tantalum. In addition, superalloys contain
carbides and bori des, -gnambourdarighkginer al | vy r esi
Figure2.11(a) shows a section through the phase diagram of@rdi alloy at
75% Ni (by atomic percentage). Experiments were performed by Beardmald 36]

using the alloys of varyingoenposition represented by the dots on the phase diagram.
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The resulting yield stress as a function of temperature of these alloys is shBigori
2.11(b). It was found that the yield stress of a twch a s e 2y increases to @ pdalo

at about 800°C. Above this temperature, the yield stress obeys a rule of mixtures so that it
corresponds to the weighted average of the values for each phase. However, at low
temperatures, the actual yield strength of the-plvase dby is much higher that what
would be predicted by the rule of mixtur&milar work by Piearcegt al [37] with the
directionally solidified #oy Mar-M200 produced similar result®&y comparison to the
behavior of a cuberiented N3Al alloy confirmed that the behavior of the alloy at and

beyond the peak stress is driven by the
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Figure2.11: (a) Phase Diagram of a{dir-Al alloy at 75 at% Ni, and (b) Vatti@n in
Yield Stress with Temperature for the Alloys Produfz]
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Davies and Stoloff38] exdored this behavior at temperatures below the peak
yield stress by examining Ml alloys. The yield stress of several alloys with different
compositions was determined at temperatures betv28€iC and 800°C. The results are
displayed inFigure 2.12. The Ni8 %A | all oy did not contain
precipitation, so there were only minimal strengthening effects For tid®Al alloys,
the heat treatment was found to have a significant effect on the strength due to its effects
on the fraction size, and distribution of the precipitates. The 700°C heat treatment
resulted in large enough particles that were not spaced too far apart, resulting in a fairly
constant yield stress across the range of temperatures becads®thstionmode was

mcroscopi c deformation of the 2906 particles.
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Figure2.12: Yield Stress of Several Ml Alloys as a Function of Composition and
Temperaturg38]
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An image of the microstructure ®#WA 1484can be found irFigure2.13. The
rectangulaNizsAl L1,0 6 par t i c |-ghase ndtrik tan clearly heedistmguished
wi t h a 20 vol ume f r act Aso depicted, thea pppmumx i mat
mi crostructure consists of many fine 026 pa

matrix.

Figure2.13: Image of the Gamma/Gamma Prime Microstructure of the Sthigistal
SuperalloyPWA 1484[19]

The material undergoes a thvgtep heat treatment procd89)]. First, there is a
1316 AC for 4 hours solution heat treat ment
from the casting process into a rectangular array of finer cuboidal particles. Next, a
1079°C for 4 hour cycle is used to bond a coating tetinace of the alloy and create an
opti mal size and distribution of 206 partic
enhance the yield strength at inter medi at

between the larger particles. The large reastargparticles are clearly visible in the

17



Figure214, and the fine particles (indicated b\
the matri x. The cuboi dal 20 particlas meas

particles are about 30 nim size

Figure2.14: Microstructure of PWA 1484 after Heat Treatmf31]]

The solidification process leads to a dendritic structure, as shofigune 2.15.
A singlecrystal nickelbased superalloy with 6.3 wt% Al, 6 wt% Cr, and additidde,
Ti, Mo, W, and Ta is shownBoth the dendritic and interdendriti®gions contain
uni formly distributed 26 precipitates with
different. In the dendritic regions, the content of Al, Ti and Ti are typically lower, while
W, Mo, and Cr are more abund4A0]. The dendrites form along the direction of casting,
with the secondary arms (appearing as plgs shapes) occurring along the <001>

family of directiong41].
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Figure2.15: Dendritic Solidification Structure of a Singlerystal Superalloy40]

For comparisonand completeness of this discussidfigure 2.16 shows a
schematic of the microstrucu r e of a polycrystalline su
di stribution is much more compl ex. Seconda
along with tertiary 006 particl es -daybta't res.
materials are usugllused for turbine blades. However, polycrystalline materials are still
commonly used as the turbine disks where the higher temperatures are not experienced

due to their isotropic properties, lower production costs, and easier maduigling
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Tertiary Gamma Prime

Primary Gamma Prime (Gamma Prime Precipitated at Low Temperatures on
(Gamma Prime not Solutioned During Cooling from the Solution Treatment)
Heat Treatment) 5~10 nm After Quenching
1-10 microns 15-50 nm After Ageing

Secondary Gamma Prime
(Gamma Prime Formed at High Temperatures on

Cooling from the Solution Heat Treatment) .
70-120 nm Y—Grains

(Limited in Size by Zener Pinning by Primary
Gamma Prime During Solutioning)
5-22 microns (ASTM 8-12)

Figure2.16. Schematic of the Microstructure of a Turbine Disc Alld§]

2.2.2.2 Turbine Blade Applications

The improvements in performance of singtgstal superalloys for turbine blade
applications have come about due to four primdegign guidelines that have been
developedl].Fi r st , the el ements s houvbldnefoaetionpr opor
is about 70%Murakumoet al [44] performed creep experiments on the alloys TRES

and TMS8 2 + which have identical c asshpwnsn t i on

20



Figure2.17, this is where the optimum creep behavior is achieved. Gliskrations do

not penetrate 0200 precipitates, but t her e
deformation from the 2/ 26 interfaces.
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Figure2.17: Variation of Creep Rupture Lives with Gamma Primadtion of Single
Crystal Superalloyp44]

Second, the composition of the all oy s
misfit is small. In this case, the interfacetergy between the matrix and precipitates is
mi ni mi zed, and 26 <coarsening is restricte
discussed later in secti@?3.2

Third, the concentrations of cresfrengthening elemen{sspeciallyRe, W, Ta,

Mo, and Ry should be significant but ndarge enough to promote the precipitation of
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topologically closepacked (TCP) phases. The best creep strengtheners are the elements
that diffuse most slowly in nickel; in ascending order of effectiveness, they are Co, Cr,
Ta, W, and Re. However, if these elements are too abundant, TCP phases that are
detrimental to the mechanical properties of the alloy are crefitguare 2.18 shows an
example of two T G@hat weréceates snthe(experimenthl sec)nd

generation superalldgR2071 after aging at 900°C for 500 hours.

S
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o phasc plates >
nfetastable

M phTsc needle

~
’
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Figure2.18. ExtensivePrecipitation of TCP Phaseén RR2071 Aged at 900°C for 500
Hours[1]

Fourth, the composition of the superalloy should be chosen to avoid the surface
degradation from exposure to hot working gases. Oxidationkattaluces the material
thickness and could also lead to mechanical fatigue faildoe. example Pratt &

Whitney successfully increased oxidation resistance when transitioning from the first
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generation superalloy PWA 1480 to PWA 1484 shown by Cetel drDuhl[39]. The
increase in Al content increased the tendency for aluminum oxide formation, while the
decrease in Ti content decreased the rate of alumina formatione&#neadditions (Hf,
La, and Y)also bind with sulfur impurities present in the alloy so that the sulfur does not
separate the protective oxide scale from the metal surfdee.resultingreduction in

metal loss is depicted igure2.19.
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Figure2.19: Uncoated Oxidation Resistance of PWA 1480 and PWA 1384

The evolution of the chemical composition of superalloys can be seerT&bla
2.1 throughTable2.4, which display the composition of select firstecond, third-, and
fourth-generation superalloySver the years, as more of the four guidelines mentioned
above were developed and discovered, several trdietmme appant in the
compositions of the newly developed superalloyke firstgeneration singlerystal

superall oys contain noticeable amount s
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grainboundarystrengthening elements C and B from directionally sididialloys are

no longer necessary. The characteristic addition to segeneration alloys was 3 wt%

Re; this amount was increased to about 6 wt% for-gpemakeration alloys. Ruthenium was

also added to create foutieneration alloys. Overall andost rotably,in the production

of the newer superalloythere have been significant additions of Re and reductions of Ti

and Mo. The experimental aspect of this research focuses on the sgeoechtion

superalloy PWA 1484t contains Cr along with excessAlhat i s not wused t
precipitates for oxidation resistance. Several other elementsnelieded for solid
solution strengthening, i ncreasing the 0060
bet ween the o9 matri x athd precipitatpsraee cohgrentwetht e s t

the matrix.

Table2.1: Chemical CompositiondNeight %) of Selected Firsbeneration Single
Crystal Superalloygl]

Alloy Cr Co Mo W Al Ti Ta Nb v Hf Ni Density (g/cm®)
Nasair 100 9 1 10.5 5.75 1.2 3.3 Bal 8.54
CMSX-2 8 4.6 0.6 8 5.6 1 6 Bal 8.60
CMSX-6 9.8 5 3 4.8 4.7 2 0.1 Bal 7.98
PWA1480 10 5 4 5 1.5 12 Bal 8.70
SRR99 8 5 10 5.5 22 3 Bal 8.56
RR2000 10 15 3 5.5 4 1 Bal 7.87
Rene N4 9 8 2 6 3.7 4.2 4 0.5 Bal 8.56
AMI 78 6.5 2 57 52 1.1 79 Bal 8.60
AM3 8 5.5 2.25 5 6 2 3.5 Bal 8.25
TMS-6 9.2 8.7 53 10.4 Bal 8.90
TMS-12 6.6 12.8 52 7.7 Bal 9.07

Table2.2: Chemical CompositiondNeight %) of Selected Secoitgeneration Single
Crystal Superalloygl]

Alloy Cr Co Mo Re W Al Ti Ta Nb Hf Ni Density (g/cm’)
CMSX-4 6.5 9 0.6 3 6 5.6 1 6.5 0.1 Bal 8.70
PWA 1484 5 10 2 3 6 5.6 8.7 0.1 Bal 8.95
Rene N5 7 8 2 3 5 6.2 7 0.2 Bal 8.70
MC2 8 5 2 8 5 1.5 6 Bal 8.63
TMS-82+ 4.9 7.8 1.9 24 8.7 53 0.5 6 0.1 Bal 8.93
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Table2.3: Chemical CompositiondNeight %) of Selected Thir@eneration Single
Crystal Superalloygl]

Alloy Cr Co Mo Re W Al Ti Ta Nb Hf Others Ni Density (g/cm”*)
CMSX-10 2 3 0.4 6 5 5.7 0.2 8 0.1 0.03 Bal 9.05
Rene No 4.2 12.5 1.4 5.4 6 5.75 7.2 0.15 0.05C Bal 8.97
0.004B
0.01Y
TMS-75 3 12 2 5 6 6 6 0.1 Bal 8.89

Table2.4: Chemical CompositiondNeight %) of Selected FourBeneration Single
Crystal Superalloygl]

Alloy Cr Co Mo Re Ru W Al Ti Ta Hi Others Ni Density (g/cm’)
MC-NG 4 <0.2 1 4 4 5 6.0 0.5 5 010 Bal 8.75

MX4/ 2 16.5 2.0 595 3 6.0 555 8.25 0.15 0.03C Bal 9.20

PW1497 0.004B

TMS-138 2.8 5.8 2.9 5.1 1.9 6.1 5.8 5.6 0.05 Bal 3.95

TMS-162 2.9 58 39 4.9 [ 5.8 5.8 5.6 0.09 Bal 9.04

2.22.3 Turbine Disc Applications

For completeness of this discussion, polytaise superalloys used for turbine
discs will also be mentioned hewlthough the operating temperatures of turbine discs
are much lower thathosefor the blades, the induced stresses are substantially higher.
Therefore, there are four primary requikants for the properties of turbine disc alloys
[1]. First, they must have a high yield stress and tensile strength to prevent deformation
or fracture. Second, they should have high dtgtdnd fracture toughness for damage
tolerance Next, they should resist fatigue crack initiation, and finally, they should have
low fatigue crack propagation rate&s this research deals with PWA 1484, a single
crystal material used for turbine blad#se detailed guidelines for turbine disc materials
will not be discussed her&he chemical composition of several superalloys used for gas
turbine engine discs is given irable 2.5. These alloysan either be produdeby ingot

metallurgy, where the material is produced by vacuum induction melting and then
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thermallymechanically worked45], or through powder metallurgy. The choice of

production method is dictated dyet chemistry of the alloj46].

Table2.5: Compositions (Weight %) of Common Turbine Disc All¢#3]

Alloy Cr Co Mo W Nb Al Ti Ta Fe Hi C B Zr Ni
Alloy 10 1.5 15 23 5.9 1.7 38 39 0.75 0.030 0.020 0.05 Bal
Astroloy 15.0 17.0 5.3 4.0 35 0.06 0.030 Bal
Inconel 706 16.0 2.9 0.2 1.8 40.0 0.03 Bal
Inconel 718 19.0 30 5.1 0.5 0.9 18.5 0.04 Bal
ME3 13.1 18.2 38 1.9 14 35 35 237 0.030 0.030 0.050 Bal
MERL-76 12.4 18.6 33 14 0.2 4.3 0.35 0.050 0.03 0.06 Bal
NIS 1.5 15.7 6.5 0.6 435 4.35 0.45 0.015 0.015 0.03 Bal
Rene 88DT 16.0 13.0 4.0 4.0 0.7 2.1 3.7 0.03 0.015 0.03 Bal
Rene 95 14.0 8.0 35 35 35 35 2.5 0.15 0.010 0.05 Bal
Rene 104 131 18.2 38 1.9 14 35 35 2.7 0.030 0.030 0.050 Bal
RR 1000 15.0 18.5 5.0 1.1 3.0 36 2.0 0.5 0.027 0.015 0.06 Bal
Udimet 500 18.0 18.5 4.0 2.9 29 0.08 0.006 0.05 Bal
Udimet 520 19.0 12.0 6.0 1.0 2.0 3.0 0.05 0.005 Bal
Udimet 700 15.0 17.0 5.0 4.0 35 0.06 0.030 Bal
Udimet 710 15.0 15.0 3.0 1.5 2.5 5.0 0.07 0.020 Bal
Udimet 720 17.9 14.7 3.0 1.25 2.5 5.0 0.035 0.033 0.03 Bal
Udimet 720LI 16.0 15.0 3.0 1.25 2.5 5.0 0.025 0.018 0.05 Bal
Waspaloy 19.5 13.5 4.3 1.3 3.0 0.08 0.006 Bal

2.3 Mechanical Propertiesof SingleCrystal Superalloys

2.3.1: Temperature Dependence d@trength

Figure 2.20 displays the yield stress as a function of temperature for several
singlecrystal superalloys along the <001> direction (the crystal orientation with the
largest strength)For most other alloy systems, the yield stress greatly decredtbes w
increasing temperature. In contragdte tyield stresgor these nickebased superalloys
actually increases with temperature up to about 800°C, butitH®ygins to decrease
quickly, and the material becomes considerably weaker near 1200°C.

This anombous yieldingbbavi or i s du &tlower teingemtures® p h a:
any decrease i n st remggrdedypthe strehgthening omthe r i X
precipitate§48]. As the temperature increases, creBp from octahedraplanesto cubic

planeswi t hi n t he 20 pvehich rescsd defermatiosandehardeasntbee d |,
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particles However at higher temperaturesparsening of the particledlows increased
Orowanloopin g , and t h ealsonfaybeginalissolying.tAa & ressilt, the yield

stress peaks when the effects of these deformation mechanisms are balanced.
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Figure2.20: Variation of Yield Stress witihemper#ure for Several Singi€rystal
Superalloyg1]

The temperaturdependent tensile properties of PWA 14ftermined by Cetel
and Duhl[39] are shown irFigure2.21. The yield strength as well as tensile ductility are
displayed. At room temperature, AML484 has a yield strength of about 960 MPa,
increasing to almost 1000 MPa near 750°C. Similar to the other single crystal
superalloys, the strength begins to decrease drastically with increasing temperature after

the peak strength is reached.
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Figure2.21: Tensile Properties of PWA 1484 a Function of Temperatyi9)

2.3.2. Behavior in Creep

Creep deformation, or the tirtependent inelastic deformation of a material at a
stress well below yield, is of great interest when considering superalloys held at
temperature within a gas turbine engibata hasshown that the mechanism of creep
deformation is sensitive to the temperature and stress, resulting in several creep regimes
with distinct modes of microstructural degradatidf)]. Figure2.22 shows creep data for
the singlecrystal superalloy CMS> in the <001> directionat three different

combinations of temperature and strdaseach case, plots of creep strain vs. time and
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creep strain & vs. creep strain are providd&timary creep deformation occurs at lower
temperatures with sufficiently high stresses, as shoviigare2.22(a), where the strain
rate first increases and then decreases with isicrgacreep strain. The amount of
primary creep increases with the applied stress, and significant primary creep only occurs
above a threshold of about 500 MPaimary creep results imhomogeneityof slip, so
initially cylindrical creep specimens can bete elliptical due to the considerable creep
anisotropy in singlerystal superalloy$50]. After primary creep, secondary cree@ay
occur, where the @ep strain rate is essentially constaftie secondary creep rate is
proportional to the amount of primary creep stifaitj.
Tertiary creep, which is observed kigure 2.22(b), occurs in all known sgie-
crystal superalloys at intermediate levels of temperature and [gfebsthis regime, the
creep strain rate increases monotonically with the creep strain rate, and there ischo per
ofsteadyst at e creep as is observed in polycrys
intact, and the dislocation motion is rest
The rafting regime occurs at temperatures above about 1050°C, as shown in
Figure2.22(c). There is a creepardening effect where the creep strain stays essentially
constanbef ore it drastically increases. The o
the high temperaturesausing equilibrium interfacialislocation networks to form at the
interfaces[52]. I n addition, the 006 particles und

causing them to coalesfg3-55].
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An example of rafting can be found iRigure 2.23, whi ch shows
microstructure of CMSX4 after being deformed at 1150°C and 100 MPa for 10 hours.
The tensile loading direction is vertical in the plane of the picture. The broad faces of the

rafts are perpendicular to the axis of loading due tmégative lattice misfit.

Figure2.23: Rafted Microstructure of CMSA After Deforming at 1050°C and 100 MPa
for 10 Hourg 53

Figure 2.24 displays a comparison of the creep strength of PWA 1480 and PWA
1484 by Cetel and Duhl39]. The amount of stress required to obtain 1% creep strain in
300 hours was measured. It can be seen that for a stress of 207 MPa, the improvements in
the composition for PWA 1484 allowed a temperature increase of 39°Culb irethe
same amount of creefhis also corresponded to a fourfold life advantage at the same
stress level and temperatufiéhis major breakthrough could result in significant weight

reduction for the overall structure.
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Figure2.24. Creep Strength of PWA 1480 and PWA 1489

2.3.3: Behavior in Fatigue
For superalloys, as with other metals, fatigue damage usually occurs in the form
of localized slip along certain lattice plangss]. At temperatures around 700°Gtlwv
high stresses, persistent slip b®AHds can
hi gher temperatures and | ow stresses, di s
channels, so deformatimtcurs in thg111} lattice planes with the highest stressasd
crack initiation occurs at surface pits or cracks in the oxide [&gkr
Low-cycle fatigue (LCF) occurs when the nominal stress applied to the material is
larger than the elastic limit. Most of the fateglife is spent in the crack propagation state,
and failure usually occurs within 1@ycles for superalloys In turbine blades, LCF

results from abrupt changes in loading during engine-gfaand shutlown[1]. Dalal et
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al. [59] showed that th& CF behavior ofsinglecrystal superalloys isvery sensitive to
crystal orientation, as shown Figure 2.25. Experiments were performed on smooth,
polished specimens of a{8i8Al-13.8Mo-6W alloy at 980°C under total strain control at
0.33 Hz withR = 0. For all crystal orientations, the logarithm of the strain range was
found tobe inversely proportional to the logarithm of the fatigue life. The <001> crystal
orientation, which has thewest elastic modulus, displayed the best performance in
fatigue, while the <111> orientation, which has thghestelastic modulus, performed

the worst. As a result, it was shown that the fatigue strength strongly corresponds to the
elastic modulus of the crystafientation in an inverse manner due to the higher stresses

experienced in the stiffer directions.
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Figure2.25: Orientation Dependence of Straiontrolled LCF Life of a Singk€rystal
Superalloy at 980°@nd 0.33 Havith R= 0[59
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Experiments performed by &t¢hLachlan and Knowlg$0] explored the effects
of LCF life of the singlecrystal superalloy CMS4, as shown ifrigure2.26. LCF tests
were perforred under load control witlR = 0 at temperatures between 750°C and
1050°C. The LCF life was found to decrease quickly andlimearly with increasing

temperature, and no endurance limit was observed.
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Figure2.26. Temperature Dependence of Lea@dntroled LCF Life of Uncoated
CMSX-4 withR=0[60]

High-cycle fatigue (HCF) occurs when the stress amplitudes are small and always
within the elastic regime. The majority of the fatigue life is spent in the crack initiation
stage, and failure usually occurs after’ Iycles. For turbine blades during HCF,
vibrations are superimposed on the mean stress induced from the centrifugal force as well

as the thermal loads from thermal gradients in the Hlad&Vright et al [9] explored the
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effect of R-ratio and frequency on the HCF life of PWA 1484 with aiplah oxide
coating. All of the tests were performed under load control on <001> specimens at
1038°C. Figure 2.27 shows the results of the first set of experiments, which were
performed at 59 Hz for varying-ratios.No endurance limit was observed, and the HCF
lives decreased while the slope of the stidecurve became steeper as tReatio was
increased towards 1. When the mean stress is plotted against the time to failure, as in
Figure2.27(b), the data for the high&:ratios collapses to a single line, meaning that the
life is becoming independent dr-ratio and that creep is the dominant damage
mechanism. However, for low&ratios, fatigue is the dominant mechanism.

Figure2.28 displays the data obtained by Wrigdttal [9] at varying frequencies
with two different R-ratios. ForR = -1, the results were found to be independent of
frequency, meaning that a tinmedependent fatigue process is dominant at low mean
stresses. ForR = 0.1, the HCF life was larger at higher frequencies, meaning that-a time
dependent creeand/or environmental degradation process was dominant in failure. At
the lower frequencies, theewas much more time per cycle for these processes to take

effect, leading to the much shorter lives.
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Figure2.29 shows an example ofraodified Goodmamliagram(alternating stress
vs. mean stressyeated for the HCF &f of PWA 1484 at 871°@ith a defined 10cycle
enduranceHCF tests were performday Cetel and Duh[39] on smooth and notched
specimens of the alloy between 593°C and 982tGhese high temperaturebetfatigue
results showed significantmiprovement over previous alloys like PWA 1480 due to the

superior creep performance.
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Figure2.29: Modified GoodmarDiagram for PWA 1484 at 871°[39]

2 4: Environmental Degradation of Superalloys

2.4.1: Oxidation

Giggins and Petti{61] examined the oxidation of MEr-Al alloys of varying
compositions at temperatures of 1000°C, 1100°C, and 1200°C. Each alloy contained
nickel,andsome containedopl t he o2 phase, while others

phases. It was found that all of the alloys experienced a period of transient oxidation
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before steadygtate conditions were reachdduring this period, the surface of the alloy
was rapidly conveed to oxide layers, and the composition of the oxide was constantly
changing. After steadgtate was reached, the alloy could be categorized as either a
Group |, Group I, or Group Il alloyHowever, some alloys, called transition alloys,
showed an oxid#n layer of constanthghanging composition.

The typical oxidation behaviasbserved fora Group | alloy is shown ifrigure
2.30. Group | alloys typically followegarabolic rate laws with a shdransient period.
The oxidation ratefor these alloysvas muchgreater than that of pure nickel. The nickel
was oxidized externally to form a continuous scale of NiO, and a discontinuous subscale
of Al,03 and CpO3 was formed due to internal oxidation of the aluminum andralum.

The oxidation rates were controlled by transport through the NiO scale.
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Figure2.30: Representativ®xidation Mechanisnfor Group |Alloys [6]]
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Figure 2.31 shows the oxidation behavior of Group Il alloys. The oxidation
usually followed the parabolic etaw, although some experiments showed deviation.
There is a dense outer layer ob@s with a subscale precipitate of &3. The oxidation
rate was controlled by diffusion through the alumindoped CsO; scale.PWA 1484
has been found to be a Group Xide former, with dominant oxides consisting of spinel,

Ni O-Al,O5l or somecombination of the threfd4].

Al,0, SUBSCALE

10p

4

Figure2.31: Representative Oxidation Mechanism for Group 11 AllfgH|

The oxidation mechanisms shown by Group Il alloys can be fourfeiguare
2.32. These alloygssentiallyobeyed a parabolic rate ldwom the start of oxidation. The
rate constants were found to be substant&italler than those for Group | or Il alloys.
Oxide scales on the surface consisted of onjp4land the oxidation rate was controlled

by diffusion through this scale.
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Figure2.32: Representative Oxidatidiiechanism for Group Il Alloy$61]

For practical superalloys, oxidation is not as cleamyireed into the groups
described above, and the behavior becomes complicated due to the number of elements
composing the alloyAs deduced by Giggins and Peftitl], the oxidation behavior is
heavily dependent on alloy compositidgfigure 2.33 shows an example of the oxidation
behavior of the thd-generationsuperalloy CMSX10 after being exposed to certain
temperatures for 100 hours. CMS9X does not form an alumina scale, and an external
NiO scale as well as internal oxidation can be obsef8@H With the increased Re
content and decreased Cr content, the alémnot resist either the formation of the thick
Ni scale or internal oxidation. As a result, a surface coating is extremely necessary in

practical applications of the material.
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Figure2.33: Surface and CrasSection Views of Oxidation of CMSX0 After Heat
Treatment for 100 Hours at (a,b) 800°C, (c,d) 900°C, and (e,f) 1qap°C

A cyclic oxidation study was recently performed on typicaigks-crystal
superalloys of each generation with draur hold times at 1100°[1]. The results of the
study are shown ifrigure 2.34. At higher cyck counts, the firsfjeneration superalloys

demonstrated the best performance, with performance decreasing with each generation.
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This is due to the increasing emphasis being placed on different mechanical properties
and less dependence on the alloy compsib impart oxidation resistance. Instead, the
superalloys are increasingly reliant on surface coatings for protection from the

environment.
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Figure2.34: Results of Cyclic Oxidation Testing of Singlrystal Superalloy§l]

Oxidation attack of superalloys can easily be the initial cause of eventual fatigue
failure [1]. Wright [63] performed low cycle isothermal fatigue experiments on the
second generation singbeystal superalloy Reé@ N4 in an uncoated form. As shown in
Figure 2.35, there was extensive oxidation damajethe surfaceand a fatigue crack

initiated at oxide pits.
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Figure2.35: Fatigue Crack Initiation from Oxide Pits imtoated Ren#l4 [63]

2.4.2: Gamma Prime Depletion

The oxidation ofsuperalloyscausest he depl et i on ned thg he 20
surface This can occur when aluminum diffuses into the surface of the alloy, creating an
aluminumrich surface oxide, or when oxygen diffuses into the surface tm fo
subsurface alumina particld$4]. Studies involving a wide variety of superallpys
including both single cryal and directionally solidified alloys | | found eviden
depletion at high temperatur§81-67]. The depletion of the strengthening precipitates
results in theweakening of the microstructyrevhich causesa greater amount of

plasticity from equivalent loading conditionghaoet al [68] performed analysis on the
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response oCMSX-4 at a notch tipo examinet he ef f ect s Figufe2360 de pl
shows the resulting plastic strain distribution near the notcaftgp a constant load for

400 hoursat 950°Cwith and without oxidation effects. It can clearly be seen thet
environmental damage has caused a redistribution of stresses and an increased
accumulation of plastic strainndicating that the environmental degradation led to

increased mechanical dama@amoulinet al [69] also produced similar results.
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Figure2.36: Distribution of Plastic Strain Near a Void with and without Oxidation at
950°C for 400 Hour§68]

2.5: Coatings
Since the entry temperatures of gas turbine engines have increased beyond the
melting temperatures of the materials used, the components would degrade quickly
without the protection they receive from surface coatif@s As a result, the design of
coatings and measurés make sure they remain intact and compatible with the base

metal of the components have become very important consideratiowsver, because
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of the mechanical properties of the coatings and mismatches in the coefficients of thermal
expansion betweerhé coating and base metal, the coatings tend to crack and spall
relatively quickly[1]. In addition,the cracks in the coating may propagate into the base
metal itself due to the localidestress concentration, which causes increased crack
growth rate in the superalld$]. Work performed by Heinet al [70] demonstrated that
coatings could result in up to 7.5 times shorter fatigue life when compared to the
uncoated alloy.

Figure 2.37 displays the relative cating lives and turbine temperature
enhancements provided by three common coating technologies: diffusion coatings,
overlay coatings, and thermal barrier coatiriggfusion coatings are the most common
and often consist of an aluminum layer depositea @hé surface by chemical vapor
deposition and a heat treatment promotes adhesion and diffusion with the substrate to
form an aluminunrich layer on the surfad@l]. A layer of platinum may be placed on
the surface before theluaninization process to increase oxidation resistajid.
Overlay coatings provide greater resistance to oxidation and corrosion, but they are more
costly because they must be applied by air or vacuum plasma spraying or electron beam
physical vapor depositiofi73, 74]. Gas turbine components are usually tedawith
MCrAIX -type materials with various compositions wh er e A Mo refers
combination of Ni aenctiveeeimensd 75,7 6]. Uike diffusidner s t o
coatings, these overlay coatings have flexibility in compositions which are independent
of the substr@. Thermal barrier coatings offer an even greater advantage and involve a
ceramic layer being deposited on the superalloy, which provides insulation and lowers

the temperature of the substrate. To prevent spallation of the coating, a bond coat (some

46



form of diffusion or overlay coating) is usually deposited between the ceramic layer and

the superalloy77, 78].
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Figure2.37: Relative Coating Lives and Turbine Temperature Enhancements from Three
Coating Form$79, 80|

Tamarin et al [4, 5] performed loaetontrolled outof-phase TMF tests on
CMSX-4 with and without coatings; the results arspthyed inFigure2.38. As labeled
in the figure, the uncoated superalloy (4), as well as the alloy witB2Cle21Cr8AI-Y
(1), Ni-8Co12Cr7Al-Y (2), and Ni-7Co-12Cr17Al-Y (3) overlay coatings were
examined. It wasound that the coating (especially cobadtsed coatings, which are more

brittle than nickelbased coatings) substantially reduced the TMF life.
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Figure2.38. OP LoadControlled TMF Results for CMSA in the Uncoated Condition
(4) and with Various Overlay Coatings-8})[5]

On the other hand, testing performed by Waadal [3] did not show such a
deficit. Experiments were performed on IN738LC withCaNiCrAlY coating under
straincontrolled TMF between 300°C and 900°C. Although extensive cracking was
observed in the coating, as showrFigure 2.39, the resulting TMF lives of coated and

uncoated specimens were not gigantly different.
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(b)

Figure2.39: Extensive Cracking in CoNiCrAlY Overlay Coating on IN738LC Substrate
after TMF Testind 3]

2.6: Behavior of SuperalloysUnder TMF Conditions
While isothermal fatigue is relativelgtraightforward and bithermal fatigue

displays the interaction effects for the damage mechanisms that occur at high and low
temperaturesconventional TMF can creatmany different damage mechanisms and
interactions during each cydd?2]. Before discussing these, it is necessary to understand
the general damage mechanisms $wmperalloys at different temperatures. At low
temperatures, def ormation occurs by 0260
spaced.In straincontrolled fatigue testghe stresses in annealed materials generally

increase with the cycle count arfteh may stabilize or begin to softemn fact, under
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cyclic loading,many superalloys have been found to harden both at room temperature
and at elevated temperatu@i-87]. This is the result of an increase in the dislocation
density and crosslip that restricts the dislocation motiorhe hardening becomes more
pronounced at higher strain leveld. higher temperatures, coarsening of the precipitates
may occur, @ading to lower strengtiCrossslip is enhanced, leading to the formation of
fewer sl i p bandssultsihhsataning, asgshowrf by Artoviebhad

[88] in René80. At intermediate temperatwseMilligan and AntolovicH89] found that
deformation in PWA 1480 occurred through

Depending on test conditions, four primary damage mechanisms occur in
superalloys during TMF: creep, fatigue, créapgue, and environmentéhtigue During
creep failure, crackmitiate from internal microporel8, 90]. Creep in tension increases
the mean stress, while creep in comp@sslecreases iCreep can be observed during
in-phase TMF, butat-of-phase tests only tend to exhibit creep during a-teghperature
hold time[91]. Fatigue cracks initiate at the suréaof the material due to the motion of
dislocations during cyclic plastici{28, 92].

An example of damage mecham interactions was shown by Bours[&3].
Fatigue eperiments were performed on ReB6 in which the material was cycled
isothermally with a constant strain range for abloaif its expected life, and then the
temperature was changed between 25°C and 760°C before cycling continued. The
specimen that started at high temperature broke on the first cycle at room temperature,
and it was found that thexides formed at the highrtgperature were cracked by slip
bands at room temperature. However, the specimen that began at room temperature and

then cycled at 760°C did not fracture until the expected failure life predicted for
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isothermal conditionsAs a resultnot only were tempetare interaction effects observed,
but they were found to be sequestEpendent.

The results of Boursief[93] explain why outof-phase TMF is more damaging
than isothermal fatige or inrphaseTMF. This was also shown experimentally by Gayda
et al [26], who conducted isothermal,-phase bithermal, and eaof-phase bithermal
fatigue experiments orbare and coated®WA 1480. The applied coating was a
NiCoCrAlY coating named PWA 276lhe outof-phase lives were found to be much
lower than either the iphase or isothermal lives, confirming that these interaction
effects must be at playherefore, oubf-phase TMF testing is used to find the limiting
life of turbine componentdn addition while isothermal bare and coated results differed,

theresults mder bithermal fatigue conditions weslkeownto be very similar
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Figure2.40: Isothermal Fatigue ané&®/OP BiF Life Curves for PWA 148(26]
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The results of TMF tests performed on PWA 1484Cetel and Duh[39] are
shown inFigure2.41, where they are compared to results from PWA 1480. The material
was coated with a NiCoCrAIHfSIY overlayoating, and the owutf-phase strain
controlled tests were performed at temperatures ofld3B°C. It is believed that the
increased creep resistance of PWA 1484 when compared to PWA 1480 doubled the TMF
life or equivalently led to an increase of 36°C e tmaximum temperature. Due to an
increase in creep resistance, the mean stress during the test was not as high, leading to

better performance and longer life.
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Figure2.41. Outof-Phase TMF Life of PWA 14Band PWA 148439
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2.7: Effects of TMF Testing Variables

2.7.1: Introduction

A myriad of factorshave the possibility to influence TMF test results for identical
loading conditions. Apart from the test conditions themselves, these may include factors
such as specimen geometry, methods of temperature control, temperature gradients in the
specimen, anghase anglewvhetherthey arepurposefully applied of they are a result of
errors in test method$hese effects have all been explored in some form, and the results

are discussed below.

2.7.2: Specimen Geometry

Lovedayet al [94] performed a TMF intecomparison exercise with eight inner
circle laboratories using specimens of the polycrystalline superalloy Nimonic 90 of three
different geometries (solid, hollow, aritht) produced at the same workshop and ten
outercircle participants using specimens of their owrhause geometry. Tests were
fully-reversed and mechanical strain controlled, and three repeat IP tests at a strain range
of 0.7% along with three repeatPCests at a strain range of 0.8% were conducted. A
ramp waveform with temperatures of 4880°C and a 180 second cycle time was used.
It was found that the overall scatter was +67% for IP tests and +45% for OP tests. The
differences in results for soli@und bar, hollow, and solid flat specimens were small in
comparison to the scatter, but tubular specimens typically gave slightly shorter lives than
solid specimens.

Pahlavanyaliet al [95] performed TMF tests on both miniature and-&dale

specimens of Nimonic 90 to investigate whether testing costs could be reduced. The thin
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miniature specimens had a 1x1 mm cssstion in the gage section, while the dhle
specimen had a hollow geometry. Temperatures ranged from8%00C with a heating

and cooling rate of 5°C/s, and four different phase angles were used. Tests were
conducted under displacement control in such a way that the stress would be equal in
both sizes of gecimens. Good agreement in the TMF lives for both types of specimens

were demonstrated, and the failure mechanisms were the same for both specimens.

2.7.3: Temperature

In addition to the geometry effects discussed above, Loveta) [94] also
explored the effects of temperature measurement systems. Five methods of temperature
measurement were employed: ribbon thermocouples;vaglded bead thermocouples,
thermocoupds with individually spetvelded wires, beaded thermocouples tied on to the
specimen, and sheathed thermocouples inserted into the specimen through a hole in the
grip end. It was difficult to make firm conclusions due to the scatter in the data, but the
ribbon and speitvelded bead thermocouples tended to have the largest scatter and lowest
TMF lives, probably caused by uncertainty and underestimation of the temperature
measurement. In addition, some of the laboratories also did not have the capabilities to
span the entire temperature range in the given cycle time; as a result, it was found that the
TMF life increased with increasing temperature range.

In a comparison experiment performed by Beck and Ra&, similar
thermocouple attachment methods, as well as optical pyrometry, were employed for
temperature measurements and compared. Although none of the methods were ruled out,

several recommendations were preseritecensure the best temperature reading. No
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differences were observed between the readings from type R and type K thermocouples,
so type K wire was recommended for temperatures up taZ880e to the better thermo
voltage, but highetemperature type R warwas recommended for temperatures above
900 C.

Kuhnet al [97] aimed to discover the effects of defined temperature errors on the
TMF test resultsfor Nimonic 90. Outof-phase, fullyreversed, straicontrolled tests
were performed with a mechanical strain range of 0.8% and temperatures&30faD
with a temperature rate of 5°C/s. Both tiHmesed and temperatdbased thermal strain
compensation ethods were used. Tests under tibased compensation were found to
be much more sensitive to temperature errors, especially at the lower temperature. An
increasing temperature range decreased the life due to the extra strain supporting the
mechanical loadg, while a decreasing temperature range increased the life. However,
the life results for temperatutased compensation tests were found to be more tolerant
of temperature errors. Nevertheless, the temperature errors were found to affect the cyclic
stressstrain curves.

Brendel et al [98] examined the effects ohérmal gradients on owtf-phase
TMF results for Nimonic 90. A temperature range of 880 C and a fullyreversed
mechanical strain range of 0.8% were employed, along with two different heating/cooling
rates (5C/s and 20C/s) for a low thermal gradiennd a high thermal gradient. It was
found that the gradient had no significant effect on the life results, but finite element
analysis showed that the thermal gradient may have reduced stresses in the specimen
under tensile loading. In addition, the heatogling rate was not found to affect the test

resuls.
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On the other hand, Andersson and Sjostf88) performed similar experiments
with heating/cooling rateof 5C/s, 2C/s, and 10C/s and found different results. They
found that the TMF lives of the 10/s tests were the longest, and th€/2 tests had the
shortest lives, with the &/s tests falling in between. It was suggested that the reason for

this was the increased compressive creep for the slower heating/cooling rates, causing

larger backstress in tension; however, this result should be matgeific.

2.7.4: Phase Angle

Another set of experiments performed by Pahlavarstadl. [10Q explored the
effect of phase angle. TMF tests on Nimonic 90 were performed under the same
conditions as mentioned befdi@5], but phase angles gf= 0 (in-pha®), 180 (out-of-
phase), 18010, 180°20, and 270 (counter clockwise) were all used. It was found
that deviations of 10 from the outof-phase cycle had no significant effect on the life
results, while a deviation of +2@roduced higher plasticity dn-20 produced lower

plasticity than the ouwbf-phase test.
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CHAPTER 3

EXPERIMENTAL METHODS

3.1: Introduction

For this work, uniaxialout-of-phase thermemechanical fatigue testander
mechanical strain contratere performed using hollow specimens of PWA4L4&lf of
the specimens were protected by a coating on the outer suffheebuttonhead
specimens, shown ifigure 3.1, are optimized fortesting at Pratt & Whitney labs.
However, these specimens could notusedin the collet grips of the testing system
present at Georgia Tech. Up to this point, all of the TMF testing performed at Georgia
Tech used solid cylindricapecimens of similargeometryto thatshown inFigure 3.2.

Therefore, a modified gripping mechanism had to be created.

Figure3.1: Hollow Buttonhead Test Speciman Received from Pratt & Whitney

Figure3.2: Solid Round BarTestSpecimerNormally Used at Georgia Tech
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As a result, the ends of the specimens were modified to create a new gripping
section, and a system of adapters was created to increase the gripping diameter to a
standard size for the collet grid3ueto concerns about crushing the hollow specimens,
plugs were also inserted into the en@igiure 3.3 shows a visualization of the specimen
with the modifications to the gripping mechanism, wikilgure 3.4 shows an exploded
view of the whole assembly, complete with the plugs and collet adapteatysis
performed on these modifications predicted that they would be sucdsessction 4.2
of this thesis) and in practice they havallowed for successful TMF tests using the
current test machine and gripgo ensure validity of the data, the tests were performed
while conforming to the requirements provided by an ASTM standard practice for strain

controlled TMF testing101].

Figure3.3: Visualization of Modifications to Gripping Mechanism

58



Figure3.4: Exploded Vew of Modified Specimen, Plugs, and Adapters

3.2: Material s
The specimens used for testing were supplied by Pratt & Whitney and were
composed of PWA 1484,second generatiosingle crystal nickebased superallopue
to its resistance tmechanicadegiadation andability to retainits properties atlevated
temperatures,he material is used for components insdarbine enginegl]. The
chemical composition of PWA 1484, a cast allcgn be seen imable3.1. For additional

information on the microstructusnd processingefer to section 2.2.2.1 of this thesis.

Table3.1: NominalComposition of PWAL484(Weight %)[1]

Element Ni Co Ta W Al Cr Re | Mo Hf
Weight % | 59.3| 10.0| 90 | 6.0 | 56 | 50 | 3.0 | 20 | 0.1
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Turbine blades are commonly protected by a surface coating to increase the
resistane toenvironmental damagén practice, if the metal surface is exposed to high
operating temperatures, it can experience chemical and mechanical degradation relatively
quickly [1]. Of the fifteen test specimens received, seven were coated and eight were
uncoated. The coating applied to the specimens is Pratt & Whitney proprietary, and as
such, it could not be examined or described any further. To prevent additional differences
between thespecimens, the uncoated specimens underwent an identical heat treatment

process as was used in the application of the coating to the coated specimens.

3.3: Specimen Design and Modification

Figure 3.5 and Figure 3.6 show the original buttonhead specimens. Several
dimensions have been omitted for simplicity, but the critical dimensions are included.
The drawing in original English units (along with those of all of the following tirgsy
can be found in Appendix A of this thesihis specimen geometry works very well for
TMF testing at Pratt & Whitney with the correct grgosd cooling from internal air flow
The specimens were originally machined by Metcut Researchnir@incinndi, Ohio.
The quality inspection fathe original specimen machining can be found in Appendix B.
The tolerance allows the inner diameter to range between 1.13729 cm and 1.14808 cm,
but all of the specimens received had an inner diameter smaller tharcin148o, the
outer diameter of the shank could range between 1.5621 cm and 1.5875 cm, but this

dimension was greater than or equal to 1.5748 cm for all of the specimens received.
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Figure3.6: Isometric View ofthe Original Specimen

To accommodate the present testing equipmeatbtittonheads of the specimens
had to be removed, and dwethe nature of the collet grips, the tolerance of the gripping
section also needed to be maintained more closely. As a result, the entire shank section
was machined, as shownkigure 3.7 andFigure 3.8. Grinding down the buttonheads as

opposed to cutting off the ends wassefulway to provide additional gripping fordsy
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preserving t he Asperiauslymeentioned, dineenaly of the specimens
were large enough, aew diameter ofLl.5748 cmfor the gripping section was chosen.
The machining modificatiorof the specimensvas performed by Element Materials
Technologyin Cincinnati, Ohio The quality inspection for this machining step can be

found in AppendixB.

————— - - - - - - - e

r 1 5114808 157734
113792 1557226
________________________________________________________ |
r
51.40208
1.39192
10.3632
10.2616
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Figure 3.7: Drawing of theModified Specimen withCritical Dimensions

Figure3.8: IsometricView of the Modified Specimen
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3.4: Modified Gripping Method

3.4.1: Plugs

Due to concern based on previous experience with hollow specimens, plugs were
inserted into the ends of the specimens using a shrink fit method to prevent crushing in
the collet grips. Calculations were performéa find the stresses induced in the
spei mends gripping section, and finite elen
stress concentrations and ensure that the gage section was not affeatitition, the
stress in the specimen that may be induced by the changing temperatureagbe air
was calculated-or detailed results of these analyses, see secfaf this thesis.

Figure3.9 shows a drawing of a plugased on the analysis mentioned aboke, t
diameter needed to be slightly largean the inner diameter of the specimen (ideally
rounded up to the nearest thousandth of an, iachvithin an increment of 0.0254 mm
for this insertion method. The 2.54 cm length of the plugs was chosen such that they
almost reach the point where the @p®en starts to neck down towards the gage section
while sitting flush with the end. The leading edge of the plug could have also been filed

off for easier insertion, although this was not perforinettiis case

2,54+ ,0254

+.00000
@1.14554 _ IGUSUBY\
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Figure3.9: Drawing of a Plug
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Ideally, the plugs also would have been made from PWA 1484 or another
superalloy with a very similar coefficient of thermal expansion to that of the specimens in
order to prevent possible expansion mismatches dursghttrmal cycling of the TMF
tests. However, for ease of machining and economic considerations, the plugs were
produced from steel. During testing, tivatercooling of the gripping section and the
large applied clamping force prevented any problems.

A burr existed on the inner edge of the ends of most of the specimens, so it was
originally thought that the holes were smaller than they were in actuality. The burrs were
removed with a manual deburring tool before proceeding. The shrink fit was performed
ugng a dry ice and alcohol bath, although it could have been easier to use a cooling agent
such as liquid nitrogen. The plugs were placed in the bath f&6If8inutes and then slid
into one end of the specimen. The assembly was allowed to return to roperaéure to
ensure a stable fit before proceeding with the other end of each specimen. For some of
the largest plugs, the bath alone did not provide enough of a temperature difference to
adequately shrink the plug; in these cases, the specimen wasiplaceaven and heated
to 200°C for 5-10 minutesbefore finally performing the fitFigure 3.10 shows two
specimens (one uncoated and one Witk coating) after the completed machining
modifications and with plugs inged. As previously mentionedhé uncoated specimens
underwent an identical heat treatment used during the application of the coating, which
caused the darker color of the surface of the material away from the machining

modifications.
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Figure3.10: UncoatedLeft) andCoated(Right) SpecimenAfter Modifications

3.4.2 Collet Adapters

After modifying the specimens, adapters for the collet grips were produced to
allow the specimens to be gripped b4 cmdiameter colletsFigure3.11is a drawing
of one of the adapters. The inner radius was dictated by the chosen outer diameter of the
specimen gripping section, and the outer radius was dictated by the chosen silet of col
grips. The height of the adapters was chosen to be the same as the height of the gap in the
collet grips so that the top edge could easily and uniformly sit flush with the top of the
collets. The adapters were machined by wire EDM from a plate of AHB§6 steel, an

iron-nickel base superalloy. This material was seledtegtoits relatively high strength.
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Figure3.11: Drawing ofa Collet Adapter

To allow the adapters to be easily inserted intogitigs and the specimen to be
more easily inserted into the adapters well as to reduce stress concentrations on the
specimen, certain edges of the adapters were filed dgwmand As shown inFigure
3.12, these eges include the outside bottom edge (making first contact with the collet
grips), the top inside edge (making first contact with the specimed)th@ntwo inside

vertical edges that may dig in to the specimen.

~_

Figure3.12: Views of Collet Adapter withFiled Edges
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Three of these adapters were placed inside each grip around the specimen to
match up with the three pieces of the collet. It is important to note that the uniformity of
these adapter pieces is mmnely critical to avoid alignment issues during the gripping of
the specimenwhich could lead to the unintended application of a bending morksat,
it is important to make sure that the longitudinal flat surfaces of all three adapters do not
make cordict with each othewhen clamped (meaning that they do not span a complete
360 degrees), or the specimen may slip out during the TMF testing due to the interference
resulting in insufficient clamping force. This problem actually ocmirduring initial
verification; to correct this problem, the edges of the adapters were ground down to make
sure each one spanned less than 120 dedfepse 3.13 shows a modified specimen in

the test frame being successfully grippedhryadapted collet system.

Figure3.13. Specimen Gripped by Collet with Adapters

3.43: Clamping Force Analysis
Calculations were performed in order to determine the theoretical grip pressure

necessary tapply the desired load€ach of the following equations and constants
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(Equation 3.1, Equation 3.2, g4, andCg) were found in the equipment manual for the
grips[102. First, the clamping pressure that had been applied to the round bar specimens
in previous expements was determined\ grip supply pressur® of 20.68 MPahad
beenused. The specimens were 1.27 cm in diameter at the ends and were inserted 1.778
cm into the grips, giving a gripping area of 7.094%cihe clamping forceF. is

determined fronkEquation3.1,

£ —p A}épcoslS_- m.. cos75_g (3.1)
- ng%os75_+ m,., cosl5 9 '

whereA = 60.7 cni is the area of the grip piston amglc = 0.06 is the coefficient of
friction between the grip and colleAn original clamping force of 376.7 kN was
determined, and when divided by the gripping area, the clamping pressure was
determined to be 531.0 MPa.

For these experimentsn the hollowspecimensthe collet grip adapters haah
outerdiameter of2.54cm, and the ends were inserted 1.651 cm into the grips, giving a
gripping area ofl3.17cn?. In order to obtain the same clamping pressure as the round
bar specimens, it is found that theueed clamping force i699.6kN. Using Equation
3.1, the required grip supply pressure is found to 3841 MPa. This value was
attainable as the maximum supply pressure to the grips is 44.82 MPa.

In order to ensur¢hat the calculated grip supply psese would be sufficient,
another calculation was performeit. 760°C,the ultimate tensile strength BWWA 1484
is at a maximum valuef 992 MPa[103. Therefore, f o+sectiolale s pec
area of 2.027 cfthe maximum applied axial loddwould be 18.65 kNThe required

grip supply pressure can be predicted by Equadi@
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whereT is the applied torqud) is the specimen diameter, a@d = 0.422 MPa/kN is a
constant value for round specimens. As an awgiaion machine was used but tooque
was applied to the specimeh= 0. Thisequation predicts that a grip supply pressure of
21.21 MPa would be sufficient, although it wiasally decided thaP = 38.41 MP&rom

the previous calculatiowould be usedsince it provided some measure of safety and

conservatism

3.5: Equipment

Testswere performed using an MTS axial/torsion clessap servohydraulic test
frame with model 204.63 100 kN axial actuator. The tests were controlled using an MTS
FlexTest40 digital controller and Multipurpose Elite software. The specimens were
gripped withwatercooled MTS 646.10 A/T collet grips for 25.4 mm round specimens.

The specimens were heated using an Ambrell EASYHEA&P40nduction
heating system. The sew&urn inductive coil was formed using 4.7625 mm diameter
copper tubing. The heater was colie® using a Eurotherm 3204 temperature/process
controller. The temperature of the specimen was measured through a thermocouple
welded to the specimen;03AWG type K wire, 24 AWG type K wire with high
temperature glass sheathing, and 30 AWG type R wire wach used at some point
during the testing. The thermocouples were spot welded to the specimen using a Unitek

spot welder with model -163-02 spot welder control. For preliminary temperature
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experiments with multiple thermocouples, the temperatures igactusing an OMEGA
model 199 digital temperature indicator.

Axial strain was measured using an MTS 632:83Eextensometer with 3.5 mm
diameter ceramic rodthat were 11.43 cm longrhe ends of the rods were sharpened
using a 26.9875 mm diameter grindwdeel at a 30° angle such that the tip of the rods
conformed to the outer diameter of the specimen gage section. The extensometer has an
operating range from +20% t40% strain, and it was calibrated periodically to a range
of £5% strain.

Figure3.14 shows the experimental setup for the TMF testirtge test specimen
can be seen in the collet grips (with adaptetgyounded by the induction coil. The
extensometer can also be seen in its mounting apparatus and attatieedront of the

specimen througthe gaps in the seveuarn coil

-

Figure3.14: TMF Test Setup
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3.6: Testing Procedure

3.6.1: Overview of TMF Test Procedure

Prior to beginning the TMF test setup, thefaces of the collet grips, adapters,
and specimen gripping section were cleaned with ethanol while the test machine was
warming up.A thermocouple waspotwelded to the top of the specimen just outside of
the gage sectio3.686 cm from the end of the espmen)for temperature controlf
necessary, the specimen surface was gently exposed using P4000 grit grindingheaper.
wire was fed towards the top of the specimen and secured at the edge of the gripping
section underneattwo pieces of nickel wire that were welded to the surface at that
location. A picture of the type R thermocouple secured to the specimen is shown in
Figure 3.15. The rationale for the location of the thermocouple is explained later in

section 3.72.1.

Figure3.15: Thermocouple Attachment to Specimen

71



The specimen was then inserted into the test machking, with ample space
between the top and bottom grips, three collet adapters were heldeniiplde top grip
by hand while inserting the specim&r651 cmuntil it was manually tightened. A view
of the specimen with the thermocouple wire positioning after it was inserted into the top
grip can be found ifrigure 3.16. Next, the bottom grip was set in the desired position,
and three more collet adapters were placed insidgasitionedso that theywere flush
with the top surfacef the grip. With the specimen moving through the induction deel, t
top grip was carefully brought downwards while making sure the alignment was correct
until the specimen was insert&d51 cminto the bottom grip. Then, the bottom grip was

manually tightened, anthe supply pressure tmth gripswas turned on

Figure3.16. Front View of Specimen after Insertion into Top Grip
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The coil was then centered around the specimen, and the extensometer was put in
place. Several nedamaging forceontrolled cycles were run at a frequencstéa than
the actual test frequency to ensure that the extensometer rods were not slipping. Under
force control, the elastic modulus of the specimen was measured atepymarature,
along with the minimum, mean, and maximum temperature for the TMF fest. |
necessary, thevalues of the PorportionalintegratDerivative @ID) gains of the
temperature controller were adjusted to obtain a stable temperature in order to record an
accurate modulus.

Next, as the tests were all performed under mechanical strailcdine thermal
strain compensation was performed.v&al thermal cycles under zero force were
performed while the temperature vs. strain response was observed until a stable response
was achieved. As it was ideal that no thermal strain hysteresistagifID values of the
controller and the position of the coil were adjusted until the thermal strain response was
satisfactory. A fourtkorder polynomial was fit to the temperature vs. strain response to
model the thermal strain, and the mechanical rstvéas calculated as the difference
between total strain and thermal strain. To check the accuracy of the thermal strain
compensation, a thermal cycle under zero mechanical strain was performed, and the
resulting maximum and minimum loads on the specimare wbserved and compared to
allowable limits.

After the test procedure was edited for the appropriate mechanical strain range,
the actualtest could benitiated. A much more detailed stdpy-step list for the testing
procedure can be found in Appendx The test ended either when the specimen

fractured or when it was stopped manually after a sufficient drop in tensile load suggested
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that a crack had initiated and propagated in the specimen. After the TMF test was
completed, the specimen was inspected, idgbplicable, the fracture surface or gage
section was more closely examined under a microscope. Finally, the data files for the

tests were processed and analyzed using MATLAB.

3.6.2: Changes to TMF Test Procedure

Throughout this project, a few changde the testing procedure were
implemented, mostly related to the thermocoupletially, in addition to the control
thermocouple, a second auxiliary thermocouple was also welded to the specimen just
below the gage section (3.683 cm from the end of tleeism®n). Howeverthis was
eliminated to prevent the possibility of crack initiation at this location. The wire from the
control thermocouple at the top of the specimen also initially ran downwards through the
bottom of the cojl but it was redirected upwas in order to prevent the sheathing from
burning, which would cause degradation of the actual thermocouple wire. To accomplish
this, a single piece of nickel wire was used at first, but a second piece was added to
ensure that the thermocouple wire wasused and could not wiggle in either direction.
Finally, for the first few experimentgype K (nickelchromium vs. nickebluminum)
thermocouple wire was used, but type R (platifilB®6 rhodium vs. platinum) wire was
later implemented due to its resistancalegradatiorand associated longer lig& higher

temperatures.
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3.6.3: Attempt at an Alternate Method of Thermocouple Attachment

To avoid any potential damage to the specimen resulting from spot welding the
thermocouple wire, an alternate reelding thermocouple attachment method was
explored.As a small region of the coating needed to be removed in order to weld to a
coated specimen, the idea initially stemmed from the desire to leave the coating intact so
that no part of the surface of the specimemould be exposeddn experiment was
performed to determine if it was feasible todie a beaded thermocouple to the surface
of the specimen. For this experimensing type K thermocouple wire, a thermocouple
was welded to the specimen, angeparatehermocouple bead was altmymedand tied
on to the specimen directly next to the weld using wire with high temperature glass
sheathing. Using the welded thermocouple as the control, the temperature reading from
the tieon thermocouple was examined ovetemperature range of 427°C to 1050°C.
The welded thermocouple temperature waste&0°C increments between 550°C and
1050°C, as well aso 427°C, 732°C, and 1038°Clhe end goal was to create a
correlation between the readings from the welded thermoeoapld the tien
thermocouple so that the 4o method could be used for temperature control of further
TMF testing.The experiment was set up and dismantled three separate times to check for
repeatability and to try to obtain a relationship betweenviibet¢mperature readings that
was as accurate as possible.

Figure 3.17 shows the tion thermocouple readings for the three experimental
setups as a function of the welded thermocouple temperature, Fignilles 3.18 displays
the difference between the two thermocouple readings across the temperature range that

was examinedWhile the reading from the tien thermocouple was always lower than
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the welded thermocouple, it was found ttieg temperature difference was large and not
constant. In addition, neither the correlation between the two readings or the temperature
difference was linear, and neither curve followed the same shape across the different
setups. The ti®n thermocoupleemperature was also fairly inconsistent between the
three experimental setups, so it was determined that this thermocouple attachment
methodwas not completely repeatable ahdd a fairly large dependence on certain
aspects of the setup. As a result, isvekecided that the ten method of thermocouple

attachmentvas not feasible antbuld not be used for TMF testing.
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Figure3.17: Tie-On Thermocouple Temperature Models
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Figure3.18: Temperature Difference Between Thermocouple Attachment Methods

3.7: Standardized Testing Practice
3.7.1: ASTM Criteria

3.7.1.1: Introduction of Testing Standard

The TMF tests for this work were performedsaoch a way aso corform to
ASTM E23681 Standard Practice for Strain Controlled Thermomechanical Fatigue
Testing[10]]. This standard practice governs uniaxidhgded straircontrolled tests in
which temperature and strain fields are simultaneously and independently varied with

constant phasing. It covers all the aspects of TMF testing, including the terminology,
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equipment, specimens, test procedure, and data repdrliegnain requirements for the

teg procedure to ensure test validity are summanzede following sections

3.7.1.2 Specimenemperature

At any given time during the TMF cycle, the maximum allowable axial
temperature gradient in the gage section of the specimen is either 1% of fheumax
cyclic temperaturémax (in Kelvin) or £ 3 K (whichever quantity is greater). Also, the
maximum allowable transverse temperature gradrethe gage sectiois either 1% of
Tmax (in Kelvin) or £ 7 K (whichever quantity is greater).

In addition, the ecuracy of the cyclic temperature control should be checked by
examining the amount of hysteresis in the thermal s{t&iresponse with the specimen
held at zero force. The thermal strain hysteresis at any given temperature point should be

no greater than 5% of the total thermal strain range over the temperature cycle.

3.7.1.3 Thermal Strain Compensatiamd Mechanicabtrain

At any time during the test, the mechanical stt@ixy, or the difference between
the total strain and the compensating thermal strain, should not deviate from the desired
value by more than 2% of the mechanical strain ramgec, The accuracyof the
thermal strain compensation technique should also be checked before test initiation by
performing a thermal cycle under strain control with zero mechanical $t@iran owt
of-phase TMF testhe maximum and minimum allowable stresdasing thiscycle are
calculatedusing the moduliat the corresponding temperaturas shown belowin

Equations 3.3 and 3.4
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smax = O'Ozcﬁemech)max C.E(Tmin ) (33)
5‘min = O'Ozcﬁemech)min CE(T ) (34)

max

such that the allowable stress magnitude during the cycle is equalteiin)/2.

3.7.1.4 Temperature/Mechanical Strain Phasing

The error in the phasing between the temperature and mechanical strain should
not exceedi = 5, wherel( is the desired phase shift for the test. There should be no

cumulative error throughout the duration of the test.

3.7.2: Procedures to Ensure Test Validity

3.7.2.1: Temperature Gradient

Before testing begamen thermocouple€l Cs) were welded to a singkgpecimen
in order to verify the temperature distribution induced by the induction $eden TCs
were attached along the length, and three additional TCs were attached circumferentially
at the midpoint of the specimeligure 3.19 shows the locations and numbering scheme
used in the following measurementhie TCs numbered 2 and 6 are slightly outside of
the gage section, and the TCs numbered 3 and 5 encompass the 1.27 cm distance that lie

between the extensometer sod
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Figure3.19: Thermocoupld.ocationsfor Temperature Gradient Testing

The specimen was inserted into the test machine, and the induction coil was
centered around the speciméiirst, TC 4 was used asetieedback for the temperature
controller.The temperature distribution was obseraed recordeat control setpoints of
550°C, 800°C, and 1050°CThe results are displayedTable3.2.An Ax 0 i n the ¢
mar keads sioP i ndi cates that the temperature a

variation specified by the ASTM standard.

8C



Table3.2: Temperatur®istribution with TC 4 a£ontrol

TC Temperature Reading(°C)
550°C 800°C 1050°C

TC | Temp. | Pass| Temp. | Pass| Temp. | Pass
1 451.7 712.8 996.1

2 523.9 797.8 X 1076.7

3 550.6 X 811.1 1082.2

4 550.0 X 800.0 X 1050.0

5 554.4 X 817.8 1079.4

6 542.8 X 810.0 X 1090.0

7 440.6 678.3 031.1

8 555.6 X 813.9 1070.0

9 553.3 X 805.6 X 1058.9

10 | 542.2 X 792.2 X 1037.2

As theactual TMF tests are controlled by a TC outside of the gage section, it was
decided that TC 6 would be the control location for the remainder of the Téss.
temperature distribidn was checked again with the new control TC with setpoints of

427°C, 550°C, 800°C, 1038°C, and 1050°C. Only the temperatures within the gage

section were recorded, and the results can be fouhahle3.3.

Table3.3: Temperaturd®istribution with TC 6 agontrol

TC Temperature Reading (C)

427°C 550°C 800°C 1038°C 1050°C
TC | Temp. | Pass| Temp. | Pass| Temp. | Pass| Temp. | Pass| Temp. | Pass
3 | 427.8| X 551.1| x 800.6 | x |1035.6] x |1047.2] X
4 | 425.0| x 547.8| X 790.0 | x |1015.6 1028.9
5 | 432.8| x 557.8] x 803.3| x |[1035.0/ x |1046.7| x
6 | 427.0| x 550.0| X 800.0| x |1038.0f x |1050.0f x
8 | 433.9| x 556.7| X 797.2 | x |1028.3] x |1040.0] x
9 | 4328 | X 557.2] x 796.1 | x |1023.3 1034.4
10 | 422.8| X 542.8| X 787.2 1007.2 1027.8
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The temperature setpoints were then adjusted until each of the recorded
temperatures within the gage section fell within #flewable variation specified by the
ASTM standardTable3.4 shows the fial temperature distribution. The setpoint for each

desired temperature can be found as the temperature reading for TC 6.

Table3.4: Adjusted Temperature Distribution Results

TC Temperature Reading (C)

427°C 550°C 800°C 1038°C 1050°C
TC | Temp. | Pass| Temp. | Pass| Temp. | Pass| Temp. | Pass| Temp. | Pass
3 | 423.9| x 547.8| x |801.1| x |1047.2] x |1060.6| x
4 | 4272 | X 550.6 | x |796.1| x |1034.4| x |1047.8| x
5 | 433.9| x 557.8| x |810.0| x |1051.1] x |1062.8] x
6 | 422.0| x 545.0| x | 797.0| x |1049.0f x |1065.0f x
8 | 433.9| x 557.8| x |805.6 | x |1044.4] x |1059.4| x
9 | 430.0| x 551.7| x | 7978 | x |1035.0f x |1046.7| x
10 | 421.7| x 5422 | x | 790.0| x |1025.6] x |1037.8| x

3.7.2.2:Thermal Strain

During setup of each test, strdsse thermal cycling in force control was
perfaomed to examine the thermal strain hystereSigepresentative hysteresis lofgp a
180 second cycles shown inFigure3.20. The temperature vs. strain curve was recorded,
and if thewidest gapn the hysteresis Igoat any given temperatukeas larger than 5%
of the totalwidth (the difference in strain between the minimum temperature and the
maximum temperature), the PID values of the temperature controller were altered or the
position of the induction coil was ghtly adjusted until the hysteresis loop was

considered satisfactory. A fourtirder polynomial was then used to fit the thermal strain

82



as a function of temperatus® that the mechanical strain could be calculated as the

difference between total straincathermal strain.
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Figure3.20: Representative Strefsee Thermal Strain Response

When the actual test was started, two more sfressthermal cycles were
conducted while ensuring that the calculateechanical strain was minimized. The data
from these cycles was thesmalyzedmore closely using MATLAB. A tentorder
polynomial was fit to each side of the hysteresis loop, and the two curves were used to

verify that the thermal strain hysteresis crdarwas indeed met.

83



3.7.2.3:Phase Angle

The phasing between the temperature and the mechanical strain was examined
during the setup of the te#is the actual temperature signal exhibited a lag behind the
control signal, a delay in the mechanical streamtrol signal was implementeat the
start of the TMF cycling so that the two signals reached their peake atame time.

After the testcycles near the beginning and the end of the test were exartonexksure
that the signalsemainedwithin the allavable 5° phase erroMATLAB code was used
to find and compare the time at which each signal reached its pdakqhasing of a

representativeut-of-phasel80 second MF cycle is shown irFigure3.21.
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Figure3.21: Representative Owif-Phase TMF Cycle
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3.7.2.4: Mechanical Strain Deviation

During the setup of the test, after the polynomial was fit to the thermal strain, a
thermal cycle under mechanical strain contvith zero mechanical straimas performed
to verify theaccuracy of the thermal strain compensatiime maximum and minimum
stressesinduced during the cycle were calculated and compared to the established
allowable stress range.

In addition, diring the tst, the mechanical strain control signal was collected
along with the actual response. After the tes¥]ATLAB script was used to ensure that
the actual mechanical strain had not deviated from the control point at any time during

the test by more than tlalowable amount of 2% of the total mechanical strain range.

3.8: Failure Criteria

For previous TMF testsn PWA 1484conducted at Georgia Tebly Amaro[14],
the failure criterion corresponding to crack initiation whesired to be linked to the
microstructure of the material to better represent a physsgsred life estimation model.
The crack length corresponding to crack inibativas decided to be equal to the dendrite
spacing of the material, which was found to be 0.178 asrshown irFigure 3.22. For
the solid specimens used for the tesisl(awing can be found in Appendix Aj),was
found that the ratio of the initial crosectional area to the cracked crgsstional area
would be equal to 0.996This scenario is represented schematicallyFigure 3.23.
Therefore, failure was defined as the pamttime at which the tensile load carrying

capabilities of the specimen dropped by 1% for two consecutive cycles.
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Figure3.22: Dendrite Spacing of PWA 14844
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Figure3.23: Schematic of Crack Initiation Criterja4]

An alternative failure criterion used for comparison to Pratt & Whitney data
corresponds to a 50% drop in load from the peak load seen during the tddition,
although it was desired that the teles stopped prior to the final specimen fracture in
order to prevent damage to the extensometer rods or other equipment, specimen

separation did occur to end several of the tests. As a result, for each TMF test conducted
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in this study, the cycles at which 1% load drogN;), 50% load drop, and specimen

separatioror test stoppag€@\;) were all recorded.

3.9: TMF Test Plan
Table 3.5 contains the test matrix used for this research project. All of the tests
were performd under mechanical strain control amsked thdully-reversedut-of-phase
(OP) TMF waveform A ramp waveformwith a threeminute cycle and a temperature
range of 55@1050°Cwas usedn order to mimic cycle conditions in the work done by
Amaro[14] on solid specimens. This would isolate any effects on the TMF life caused by
specimen geometry. Each test vadsoperformed on an uncoateddacoated specimen

order to investigate the effects of the coatingife and damage mechanisms.

Table3.5: TMF Test Matrix

. Jheech | Cycle Time | Tmin | Tmax

Waveform R-ratio q(ioi‘)) y (sec) C) | (°C)
OP TMF, ramp -1 0.5 180 550 | 1050
OP TMF, ramp -1 0.7 180 550 | 1050
OP TMF, ramp -1 0.8 180 550 | 1050
OP TMF, ramp -1 0.9 180 550 | 1050
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CHAPTER 4

RESULTS AND DISCUSSION

4.1: Introduction

This chapterpresents &lthe results for this work. First, the analysis of the
modified gripping methods explained, including results from both hand calculations and
finite element analysis. Next, the actual TMF test results are given; first, the lives
according to differentdilure criteria are compared, followed by more detailed plots and
description of the material behavior during each té&shally, the main research
objectives are fulfilled by the following1l) comparing the TMF results from this work
for uncoated and cted specimens(2) comparing these test results to those from
previous testing at Georgia TecWwhich useda different specimen geometry under
identical test conditionsgnd (3) comparing these results to those from testing in Pratt &

Whitney labs with theame specimen geometmyder different test conditions

4.2 Gripping Method Analysis

4.21: Hand Calculations

4.2.1.1: General Introduction of Calculations

Prior to modifying the specimens prevent crushing in the collet gripsand
calculationsassunng elastic deformatiorwere performed to calculate the amount of
hoop stress that would be induced in the ends of the specimen during the shrink of the

plug. The goal was to create light pressure for a solid contact between the specimen and
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plug without esulting in any harmful stresses in the specinidafore the actual inner
diameter of each specimen was known, the entire range of allowable hole sizes within the
specified machining tolerance was explored. Fitstias desired that only a single plug

size would be used, antthe hoop stress in the gripping section of the specimen was
calculated in a simplified manner assuming that the plug was undeformable. Then, the
stresses were recalculated accounting for the deformation of the plug, assuming it was
also made from PWA 1484 as originally planned. A solution was explored to reduce the
stressedy using multiple plug sizeand finally the stresses resulting from pgrescribed

plug sizes for the actual specimeoie sizesvere found.

4.2.1.2 General Equ#ons

The cylindrical hollow specimen was treated as a tineked pressure vessel.
Equations 4.1 through 4. 3 [W&rTaée hdop stiess md f

the specimen at a certain radius given by Equatiod.1,

2 2 2.2
pi r-i B poro r-i r0 (po B p|)
5.(r)= - ‘
C( ) r ’ ri2 rz(roz - riz)

(4.2)

-
wherep; is the internal pressurp, is the external pressung,is the inner radius, ang is

the outer radius. Neglecting the external pressure and replacing the internal pressure with
the pressure applied from the plug after the shrink fit, the hoop stress is given by
Equation4.2 The hoop stress is maximurh tae inner radius of the specimen (where
r=r.

2
+rL
2
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The pressure introduced by a shrink fit between the specimen and the plug is
given by Equation.3,

o (4.3)

+§(1' np)

p

p:Rt E
E 2

[o]

r&)o
[Holeia)

S
S

+R? n
- th

23

where d is the radial interferencé; is the nominal transition radius (after both bodies

have deformed)s andE; are the elastic modulus of the specimen and plug, respectively,
andnsandmare the Poissonbds ratio of the spec
radial interferenced is simply the difference between the plug radiyp &ndr; since the

plug radius is initially larger than the inner radius of the specimen. For the following
calculations, the pressure from the shrink fit given in Equati@was substituted into

the expression for the hoop stress in Equati@n

4.2.1.3 Simplified Calculation Assuming Undeformable Plug

For the first set of calculations, the plug was assutodie undeformable, which
would greatly simplify the calculations and provide a hoop stress higher than would be
expected in reality. If the plug cannot be deformed, its modulus essentially goes to
infinity, and the nominal transition radius simply becarttee radius of the plugR(= ry).
Therefore, the contact pressure for this case can be descrikegidtyon4.4.

r-r

2 2
I +

E,

p= (4.4)

L]

o
—_
o

:
2 +/75(.j

3

2
o - rp
After Equation4.4 is substituted into thexpression for hop stress in Equation

4.2, the goal was to obtain the plug radius as a function of the desired hoop stress.
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However, this could not be done algebraically, but the plug radius at a certain value of
hoop stress can be found using the Goal Seek function cnoséift Excel. All of the
calculations take the outer radius to he= 7.874 mm. The calculations used the
propertiesEss = 127,553 MPa ands = 0.37 for PWA 1484103 105. The value used for
ns was based on that of the similar nickel basperalloyCMSX-4, butregardless of the
value chosen, it was also discovered that the reselts insensitivet® oi ssonds r at.
Table 4.1 shows the results of these calculations. The plug diameter that would
give the desired hoop stress the inner radius of the specimen (ranging from 3.45 MPa
to 34.5 MPa) for the largest hole (11.4804 mm diameter) is displayed, followed by the
corresponding hoop stress for the same plug size in the smallest hole (11.3792 mm
diameter). The results clegrsuggest that a plug fit for the largest hole would produce
extremely large stresses when inserted into the smallest hole, which would even cause
plastic deformation as the yield stress of PWA 143895 MPa at room temperature
[103. Since the assumptions for this exercise resulted in higher stresses, it was decided
that a moe rigorous calculation should be undertaken in order to provide a better

estimate of the actual hoop stresses in the case that they may actually be tolerable.
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Table4.1: Results oHoop Stress @lculatons Assuming Undeformable Plug

Hoop Stress Resulting Plug | ResultingHoop Stress
for LargestHole Diameter for SmallestHole

(MPa) (mm) (MPa)

3.45 11.48115 991.3

6.90 11.48149 994.6
10.35 11.48184 997.8
13.80 11.48218 1001.1
17.25 11.48253 1004.3
20.70 11.48288 1007.6
24.15 11.48322 1010.8
27.60 11.48357 1014.1
31.05 11.48391 1017.3
34.50 11.48426 1020.6

Figure 4.1 shows a graphical representation of the hoop stress as a function of
plug diameter for threedifferent possible specimen inner diameterDs). The
representative hole sizes that were chosen are the trgdtl.43 mm), the smallest
possiblelD (11.3792 mm), and the largest possilide(11.4808 mm). It can be seen that
based on these assumptiomen for a plug diameter that barely contacts the largest hole,
the hoop stresses would already be much too high for the smaller dnudes may even
exceed the elastic limit of the materialherefore, more rigorous and accurate

calculations were undeken.
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Figure4.1: Hoop Stressas a Function dPlug Diameterfor Different Hole Sizes

4.2.1.4 Calculation Accounting for Deformable Plug

Since ttasé@dawsegrcehnari oo expl ormuchwadeove p
than expected, a more realistic calculati
performed. Equat i ons 4.5 through 4.7 wer e der i
dimensional plane stre§$06. The plug was taken as the same material as the specimen
(PWA 1484) such thds = E, = E and7x = 1, = n. In this case, the contact psese can

be described by Equatia@h5.

2
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g

(4.5)
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The maximum hoop stress (at the inner radius ®fiecimen) is given by Equatidré.

2 2
r +
Sema =P R (46)



Since the nominal transition radid& was not initially known, an iterative
approach was used. An expression for the decrease iadhs of the plug is given in

Equationd.7.

d=r-R :%(1- n) 4.7)

p p

An initial guess forR; was taken to be the average of the plug radius and the inner
specimen radius. After the pressure and hoop stress were evaluated based on this value
for R, a value ofd, was calculated, which then led to alue ofR: closer to the actual
number. Ten of these iterations were used (which was more than adequate to achieve
convergence), and the Goal Seek function in Microsoft Excel was used to find the plug
size needed to obtain the desired value of the hoegsstit the final iteration.

Table 4.2 displays the results obtainedsing this method. As the calculations
were more irdepth, only three representative values of hoop stress were chosen,
including a much smaller vatu(0.345 MPa) than had previously been explored. As
before, even with the plug deforming and introducing a smaller stress, the resulting hoop
stresses from a plug fit for the largest hole in specimens with the smallest hole is still
much too large (and apmaching/exceeding yield). In this case, the stresses in-small
holed specimens did marginally decrease, but not to the exteobnsideringthis
approacho bea viable option. As a result, it was concluded that one plug size could not

fit all of the posdble hole sizes.
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Table4.2: Results of Hoop StressalCulationsAccounting forPlug Deformation

Hoop Stress Resulting Plug | Resulting Hoop Stress
for Largest Hole Diameter for SmallestHole
(MPa) (mm) (MPa)
0.345 11.48084 865.1
6.900 11.48161 871.6
34.500 11.48486 899.1

4.2.1.5 Calculations with Multiple Plug Sizes

One relatively easy solutiomasto machine four different plug sizes that would
cover thewhole range of the hole size tolerance in ofeavoid having to machine a
different sized plug for each of the specimens. The plug diameters wolld48216 mm
11.43 mm 11.4554 mmand11.4808 mm The only possible problem would be for a
hole diameter exactly at the upper end of its toleranagerdri.4808 mny, which could
result in a plug diametegqual to orsmaller tharthe hole diameteif it were deemed
necessary after measuring the holes, another plug with a diamdte5662 mmcould
have beene machined for such specinge

Table 4.3 explicitly shows the prescribed plug diameters for each range of hole
size within the machining tolerance. The hoop stress accounting for a deformable plug in
the smallest hole size within the range was also calcu(fde@éxample, the hoop stress
applied by the 11.4046 mm plug in the 11.3792 mm hole). Based on the results, the hoop

stress in the specimen would stay below 217 MPa if a properly sized plug were inserted.
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Table4.3: Plug SizePrescriptionandLargestResultingHoop Streses

: . Actual Hoop Stress
Hole Dla(m?nt)er Range Plug([ri]ls]r)neter for Smallest Hole
(MPa)
11.3792¢ 2r; < 11.4046 11.4046 216.6
11.4046¢ 2r; < 11.4300 11.4300 216.4
11.4300¢ 2r; < 114554 11.4554 216.3
11.4554¢ 2r; < 11.4808 11.4808 216.1

Figure4.2 shows the hoop stress that would be applied to the inner radius of the
specimen for the four different plug diameters, assuming an undeformalde pl
Therefore, the stresses shown here are a slight overestimate, and the actual maximum
stresses for each plug size are shown abovalnote 4.3. With this plug sizingplan, the

hoop stresses for all hole sizes witthie tolerancevould be in an acceptable range.

= Plug dia 11.4808 mm
FPlug dia 11.43 mm

= = Plug dia 11.4554 mm
Flug dia 114046 mm

—-—

Y

Max. Hoop Stress (MPa)
-~

0 : - -
11.3792 11.4046 11.43 11 4554
Specimen Inner Diameter (mm)

11.4808

Figure4.2: Hoop Stressas a Function dflole Diameter forFour Plug Sizes
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4.2.1.6 Revised Calculations After Specimen Measurements

After the specimens werreceived, the actual inner diameters were measured. It
was found that there were only three different hole sizes: 11.4173 mm (12 specimens),
11.4046 mm (2 specimens), and 11.3792 mm (1 specini¢éeyefore, according to
Table4.3, only two different plug sizes were needed. Since only three sets of calculations
were required, the deformation of the plug was included, and a similar process to that
described insection 4.214 was used. In addition to the maximum hoopesd, the
maximum von Mises stress in the specimen was also calcultedvon Mises stress

Ovwm is defined by Equatiod.8[107],

Sw T = (51'52)2+(52'53)2+(53'51)2 (4.8)

where 0y, Uy, Us are the principal stresses. In this case, since the longitudinal stress is zero,
the only two principal stresses are the radial stress (which is equal to the pressure from
the interference fitp) and the hoop stress,

Table 4.4 shows the results of the finalized hand calculatimmghe maximum
stresseat the inner surface of the specimen. As planned, all of the resulting stresses are
manageable. Fortunately, the majority of the specimens also exgetiemcsmallest

stresses, and the von Mises stfesall of the specimenis well below the yield stress.

Table4.4: Revised Calculations for Maximum Specimen Stresses from Shrink Fit

Number of | Hole Diameter | Plug Diameter | Hoop Stress| Von Mises Stress
Specimens (mm) (mm) (MPa) (MPa)

12 11.4173 11.4300 108.2 125.0

2 11.4046 11.4300 216.4 250.0

1 11.3792 11.4046 216.6 250.1
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4.2.2: Finite Element Analysis

4.2.2.1: General Introduction of Models

In additionto the hand calculationfinite element analysis (FEA) models of the
specimen were created in order to check for any large stress concentrations or unwanted
stresses in the specimenb6bs gage section re
For easie visualization of the following modelsigure4.3 shows a free body cut view
of the specimen along its longitudinal axis. Plugs can be seen at each end of the
specimen. The axis of symmetry is shown as the dottddwydihe, and the plane of
symmetry across the center of the specimen is shown as the dotted red line. Both
axisymmetric and thredimensional models were used for the analysis. The
axisymmetric modelvould berepresented bgne side of components e crosssection

visible in this figure.

Figure4.3: View of Free Body Cut of Specimen and Plugs
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Figure 4.4 shows the axisymmetric models of éhspecimen, plug, and adayste
that were created in Abaquslodels with and without a plug present in the end of the
specimen were comparethe model of the plugged specimen included two st@pshe
shrink fit itself and then(2) the actual application of the gripping foro®.symmetric
boundary condition was applied at the midpoint of the speciuash theclampingload
was distributed overthe outer surface of the collet adapidfer simplicity, only the
region of the collet adapters above the end of the specimen and plugcluded in the
models.The mesh used eighbdeaxisymmetric quadrilateral elemerdad was refined

until convergencen the stress was achievedsulting in arelement sizef 0.127 mm.

Figure4.4: Axisymmetric FEA Models witbutand wth a Plug
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A full three-dimensional model was also initially created, as showfignre4.5.
The left view shows the outer surface of the specimen within the colleteaslaand the
right view shows the assembly as translucent so that the whole specimen and the plug are
visible. As before (although not shown in the figure), both a plugged and unplugged
specimen were modeleds with the axisymmetric model, only half tife specimen was
modeled using symmetry, and the clamping force was applied to the outer surface of the

collet adapterswhich were modeled in full for this case

Figure4.5: Opaque and Translent View of ThreeDimensional FEA model

Sincethe results of the thredimensional model were found to be consistent with
the axisymmetric modedfter mesh refinementhe threedimensional was abandoned to

greatly save time and computational power. Ttogee all of the following FEA results
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refer to the axisymmetric models shown kigure 4.4. As previously mentioned, the

el astic modulus and Poissonds .3558GPaandf or
0.37, respeately. The plug anaollet adapters were assigned a modulus of 200 GPa and
a Poi s s on g ypical properbevfcsteels|24]. Fhe specimen inner radius was
defined a$.715 mm, and for the model including a plug, the plug radiusswas7 mm

so that the maximum possible interference during the shrink fit (0.0254 mm) was
modeled As calculated in section 3.4.3, a clamping pressure of 531.0 MPa was applied.
All of the results show the von Mises stress in MRa&. comparison to the stresses, as

noted earlier, the yield stress for PWA 1484 at room temperature is 895 MPa.

4.2.2.2 Gripping an Unplugged Specimen

Figure 4.6 shows the FEA results fothe gripping of an unplugged specimen
including thewhole model while Figure4.7 showsan augmented view dhe stresses in
the specimemripping sectionThe model predicts a stress concerdgraat the top edge
of the specimeradapter interface up to 1332 MPa, but during actual testing, no yielding
in the specimen or adapters was observed at this point. Ignoring the stress concentration
at that point, the maximunaon Misesstress on the inneurface of the specimes
predicted to reach125.47 MPavith a large portion of the gripping section over the yield
stress of 895 MPa. Therefore, it was predicted that the hollow specimen would indeed
collapse within the collets, so it was determined tha&as necessary to plug the ends to

support the gripping section.

101



S, Mises
(Avg: 75%)

+1.332e+03
[ +1.221e+03
+1.110e+03
+9.9916+02
+8.8816+02
+7.771e+02
+6.6616+02
+5.5516+02
+4.440e+02
+3.3306+02
+2.2206+02
+1.110e+02
+2.0386-04

Figure4.6: FEA Results for Gripping an Unplugged Specimen
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Figure4.7: FEA Results for Gripping an Unplugged Specimen (Specimen Only)
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4.2.2.3 Shrink Fit Step

Figure 4.8 shows the FEA results for the shrink fit step of the plugged model,
while Figure4.9 shows an augmented view of the specimen gripping section only. The
highest stress of 458.8 MPa occurs at the top edge of the plug, but the highest stress in the
specimen at that point only reaches 294.1 MRaay from this slight stress
con@ntration, the stress at the inner surface of the specimen is only about 268 MPa. This
resut is only slightly higher than the von Mises stress of 250 MPa calculated by hand
based on an identical radial interference (Bable4.4 in section 42.1.6) and still well
within a tolerable stress randgecan also be seen from the figures thaly a negligible

amountof stress s generated in the specimenbds gag

plug.
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Figure4.8: FEA Results for the Shrink Fit Step
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Figure4.9: FEA Results for the Shrink Fit Step (Specimen Only)
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4.2.2.4 Gripping a Plugged Specimen

Figure 4.10 shows the results for the stresses induced while gripping a plugged
specimen, whilé=igure 4.11 shows an augmented view of the stresses in the specimen
gripping section.As with the unplugged case, there is an artificially created stress
concentration at the upper edge of where the adapter contacts the spéeuagfitom
this point, the actual maximum stress at the inner surface of the specimen ranges from
between577 MPaand 602 MPaThis is a drastic decrease in stréssn the 1125 MPa
predicted for the unplugged case, and the gripping should not result inAlisdd.even
after gripping, no significant strAssases atr
result it was decided that plugging the specimen was not only necessary bastbte
and nordamaging way of grippindhe specimen, and the modified gripping mechanism

should have no impact on the TMF test results.
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Figure4.10: FEA Results for Gripping a Plugged Specimen
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S, Mises
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Figure4.11: FEA Results for Gripping a Plugged Specimen (Specimen Only)
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4.23: Air Pressure Calculations

If the plugs do indeed make the specimentigint, it was thought thathe
temperature changes of th@apped aircould induce stresses in the gage section of the
specimen In order to ensure that the TMF tests essentially remained uniaxial, the
pressures and salting hoop stresses were calculatethattemperature endpoints of the
baseline TMF cycle usedoTind the pressurehe ideal @s lawwas used and simplified

for a constant volumprocess, as shown in Equati#®[109.
P,=P -2 (4.9

In the above equatio®?; and T, represent the pressure and temperature, respectively, at
the beginning state, arfeb and T, represent the pressure and temperature at the second
state. For each casd&; = 293 K is room temperature, arl®y = 101.325 kPa is
atmospheric pressure.

Once these values were calculated, EquatdbAsand 4.8 were used tdind the
resulting maximum hoop stress and von Mises stress, respecttvéhe inner surface of
the specimeninner and outer radii af = 5.715 mm and, = 6.985 mm for the gage
sectionof the specimemvere used for the calculatioriBable4.5 shows that the resulting
stresses in the specimen are essentially negligible, and the differences in pressure
between the minimum and maximum temperatures should not be enough to make any

significant impact on the test resul
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Table4.5: Results of Air Pressure Calculations

Temperature | Pressure | Max. Hoop Stress | Max. von Mises Stress
(°C) (kPa) (MPa) (MPa)
550 284.6 1.44 1.68
1050 457.5 2.31 2.70

4.3 TMF Test Results

4.3.1: Life Results

The TMF life results can be found Trable4.6 for uncoated specimens amdble
4.7 for coated specimens. All tests were performed with the OP TMF ramp waveform
with temperatures ranging from 53050°C, a fullyreversed strain ratio &= -1, and a
cycle time of 180 seconds. The measured elastic modulus across the temperature range of
the specimens used can be found in Appendix D. The cycles to crack initiasied dn a
1% load drop Ni), cycles to 50% load drop, and cycles to specimen failure or test
stoppage N) are reported for each tedtery little difference between the number of
cycles to crack initiation and to a 50% load drop was observed, indicafimd) ecrack
growth.On some occasions, the specimen fractured before a 50% load drop was reached.
If the test was stopped manually before specimen separation, the lower bounding value
for Nt is shownwith an indication that the actual fracture cycle wowdgidhbeen greater

The cycleN; was determined through a double extrapolation technigéter
plotting the stress extrema as a function of cycldsjeawas fit to the stabilized linear
region of the maximum tensile stress. The crack was said to haiatethiafter the
maximum stress dropped 1% from the fitted line for two consecutive cycles. In this way,

crack initiation was distinguished froamymaterial softening behavior.
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In all cases, the TMF life decreased with increasing strain range for a gpeen t
of specimen. Apart from thBagnech = 0.5% condition, the coated specimen exhibited

slightly longer crack initiation life than the uncoated specimen at a given mechanical

strain range.

Table4.6: TMF TestResults for Uncoated Specimens

hech | Specimen N Cycles to Ny
(%) Number (cycles) | 50% Load Drop | (cycles)
0.5 5111AA06-2 | 7393 7478 7520
0.7 5111AA-06-1 1153 1213 1219
0.8 5111AA03-1 918 N/A 959
0.9 5111AA-02-1 361 N/A 365

Table4.7: TMF Test Results for Coated Specimens

hech | Specimen N Cycles to Ny
(%) Number (cycles) | 50% Load Drop | (cycles)
0.5 5111AA08-1 4464 4531 >4637
0.7 5111AA08-2 | 1483 N/A 1517
0.8 5111AA-07-1 1407 1455 >1563
0.9 5111AA-09-2 513 N/A 518

4.3.2: Mechanical Strain Range0.5%

The results for theDgnech = 0.5% tests are displayed below. The maximum,
minimum, and mean stress and stress range as a function of cycle are slroguran
4.12 (uncoated) andrigure 4.14 (coated), and the streasechanical strain hysteresis
loops for the first, halfife, and final cycle are shown iRigure 4.13 (uncoated) and
Figure 4.15 (coated). In this case, contrary to each of the other results, the uncoated

specimen had a considerably longer life. A kinematic hardening effect can be observed at
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the beginning of each test, with the stress ranggmg fairly constant near 500 MPa

while the mean stress increased until a stabilized value was reached at about 100 MPa.
The stabilized tensile stress on the uncoated specimen was slightly higher, but both
specimens exhibited similar firsfycle and stabzed hysteresis loops as well as mean
stress and stress range during the progression of the test. Crack propagation occurred for
quite a long period of time in each case, and the effect of the large cracks can be seen by
the abrupt change of slope in tfieal cycle hysteresis loops once the load crosses into
tension. The coated specimen exhibited an increase in both the maximum andrmmin
stresses preceding failuret appears the cracknitiated slightly outside of the

extensometer rodsefore propagatg in between them
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4.3.3 Mechanical Strain Range0.7%

The stress history and selected hysteresis loops for the uncoated specimen with
Dénech = 0.7% are shown ifigure4.16 and Figure 4.17, respectively. Again, a similar
harcening behavior to botBg,ech= 0.5% tests can be seen, and the mean stress stabilized
slightly above 200 MPa with a stress range of just under 700 MPa. Crack initiation and

propagation was observed from the tensile load drop before the specimen fractured.
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The fracture surfacef the uncoated specimen was observed using a scanning
electron microscope (SEMIrigure4.18 shows a thumbnail region on the outer surface
that is believed to be a possible crack initiation point. A region of thacaudxhibiting
® avoi danc eFigure4.19s ihdcatimg thiatnthis region of crack extension
occurred at intermediate temperatures. An area of the fracture surface that experienced
oxidation attack and surfaceoids can be seen iRigure 4.20, which was most likely

exposed to the environment earlier in the crack extension process.

SEM HV: 10.0 kV SEM MAG: 1 ’ MIRA3 TESCAN

WD:7.92mm | Det: SE 500 um

Figure4.18: SEM Image Showing Possible Crdcdltiation Pointon the Fracture Surface
of Specimen 5111AA6-1 (Un c 0 at e @hechw0.729h



hY
SEM HV: 10.0 kV SEM MAG: 25.0 kx

WD: 7.71 mm Det: SE 2 um

Figure4.19: SEM Image Showing Gamma Prime Particle e\voidance on the Fracture
Surface ofSpecimen 5111AA6-1 (Un c o at el@echwd.769h

[P

( -

SEM MAG: 5.01 kx '

WD: 9.64 mm Det: SE 10 ym

SEM HV: 10.0 kV

Figure4.20: SEM Image Showing Regions of Oxidation and Voids on the Fracture
Surface ofSpecimen 5111AA6-1 (Un c o at e@echwd.769h
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The stress history and hysteresis loops for Dgg.c, = 0.7% test on a coated
specimen are shown igure4.21 and Figure 4.22, respectively. The stress range was
about the same as that of the uncoated specimen, although it did not exhibit as much
hardening, so the mean stresstighout the test was lower and stayed around 100 MPa
for most of the test. For this mechanical strain range, the coated specimen had a crack
initiation life 330 cycles longer than the uncoated specimérch may be explained by
the lower mean stresés expected for the higher strain range, the hysteresis loops are
|l arger in total h e i Ggd 0.5% case seen Higute4.15.Akeen f or
tensile load did not drop as much prior to specimen fracturthestinal cycle loop did
not exhibit the same bend as seen before for extensive cra€kangparingthe first
cycle andhalf-life hysteresis loopto thoseobserved inFigure4.17, it is clear that the
different hardaing behavior of theoated specimenaused the mean stress to remain

lower than that of the uncoated specimen.
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4.3.4 Mechanical Strain Range0.8%

The stress history and hysteresis loops for the atedospecimen witDgnech =
0.8% are displayed irFigure 4.23 and Figure 4.24, respectively. The stress range
remained essentially constant slightly under 800 MPa, while the mniesss slowly
increased throughout the beginning of the test to a value near 200 MPa. As seen with the
other tests, the hysteresis loop from the first cycle essentially shifted upwards until

stabilization before the stress range began to decrease.

1':'[":' T T T T T T T T T

800 .

-

—— R ——
/_#._._ﬁ_n,ﬁ—u-'-'\rw#'#"v' — -

Stress (MPa)

-200

* Max o+ Min ———Mean ———Fange

1 I I I I I I
0 100 200 300 400 500 w00 700 800 900 1000

Cycles

Figure423 Stress History fher08mcoated Spe

121



700 T T T T T T T
Cyele 1
Cycle Mif
Cycle Mf

&00

*

500

400

300

200

100

Stress (MPa)

0

-100

-200

_3[":' | | | | | | |
0.4 0.3 -0.2 0.1 0 0.1 0.2 0.3 0.4

Mechanical Strain (%)

Figure424 Hysteresis Loops Ufsr08%Wncoat ed

Figure4.25 andFigure4.26 display the stress history and hysteresis loops for the
coated specimen witBDgnech = 0.8%. Initially, the firsicycle stresses and stress range
were the same as those for the unedapecimen. However, the test stopped and had to
be restarted after 240 cycles. The mean stress initially appasnéd would stabilize
near 100 MPa, but after restarting, it stabilized at about 200 MPa. After restarting the test,
the stress range wadmost 100 MPa higher than the initial value. Overall, the coated
specimen lasted 489 cycles longer than the uncogecinsen before crack initiation;
however, it must be understood that this data is not truly representative due to the test
shut down. Acan be seen from the final cycle hysteresis loop, the tensilebkmihg

capacity was extremely low due to the very large crack at the end of the test.
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4.3.5 Mechanical Strain Range0.9%

The stress history and hysteresis loops for the atedoFigure 4.27 and Figure
4.28, respectively) and coateBigure4.29 andFigure4.30, respectivelyspecimens with
Dénech = 0.9% can be found below. Both tests showed a virtually identical stress
evolution with a stress range of about 900 MPa and a stabilized mean stress of about 200
MPa. For the uncoated specimen, the load drop was not captured battwesf but the
time at which crack initiation occurred could be found from the slight jump in tensile
load before fractureThis was most likely due to the crack initiation and fracture
occurring slightly outside of the extensometer rddwe discontindies in both firstcycle
hysteresis loops indicate that the hardening behavior was accentuated due to the higher
applied strain range, so the hysteresis loops shifted upwards faster than those in the other
tests.For this mechanical strain range, the cdatpecimen had a crack initiation life 152

cycles longer than the uncoated specimen.
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SEM images from the fracture surface of the coated specimeaith,= 0.9%
are shown below. As expected from the very small load drop before fra€igues4.31
most likely shavs a large region of fast fracture along crystallographic planes. No clear
crack initiation point in the base metal could be found. It is believed the initial crack
occurred inmany places irthe coating before propagating into the alloy. The distinct
craking behavior in the coating on the outer surface of the specimen can be seen in

Figure4.32.

SEM HV: 10.0 kV SEM MAG: 127 x | MIRA3 TESCAN

WD: 9.21 mm Det: SE 500 um

Figure4.31: SEM Image Showing Crystallographic Fractyre Planes on tmtUre
Surfaceof Specimen 5111AA092 (Co at e dU,w¥ Q999



Cracks Initiating
in Coating

<

SEMHV:10.0kV | SEM MAG: 500 x MIRA3 TESCAN

WD: 7.04 mm Det: SE 100 uym

Figure4.32. SEM Image Showing Cracking Behavior in the Coath@pecimen
5111AA092 ( Coat G&h=08%) h

4.3.6 Discussion

The same type of hardening behavior was seen for each test, both coated and
uncoated. The mean stress always gradually increased {80D00MPa, and the stress
ranges were essentially constant throughout the duration of the test before crack
initiation, and as expected, the stress range was larger with a larger applied mechanical
strain range. In all cases, the stress vs. mechanical strain hysteresis loop essentially

shifted upwards with a slowly increasing mean stress until stabilization. Similar stress

12¢



evolution behavior was observed by Buchhelzal [85] for OP TMF testing between
750950 C. When crack initiation occurred, the maximstress began to shifowards

zero. After extensive cracking,saarp bend in the hysteresis loops occurred at zero load,
and very little tensile force was applied to reach the desired positive mechanical strain. It
appeared as though the tests with higher mechanical strain ranges were more prone to fast
fracture befoe extensive crack growth occurred.

For theDgnech = 0.5% tests, the life results seemed to agree with those found by
Tamarinet al [5] in which coated specimens experienced a severely shortened life when
compared to uncoated specimethe lives wee at least halved, depending on the type of
coating However, for each of the other mechanical strain ranges, the coating seemed to
provide a marginal improvement in TMF life of a few hundred cycles. There is a chance
this may just be due to scatter irettlata; in either case, the rest of the results seem to
agree with those found by Woad al [3] and Gaydeet al [26], where no significant
discrepancy in life was observed between coated and bare specinendgo the
relatively long cycle time, more severe oxidation damage mayraa the uncoated
specimens immediately, so the coating may provide a small positive shift in lives despite
the early cracking behavior. However, the exsatleoff is not explicitly clear and may
be straindependent, but the coating does clearly apfmeprovide some small benefit in
life. More testing of both specimen types at identical strain ranges is required to
determine the statistical variation in the lives and find if the differences observed here are

actually significant.



4.4: Comparison of Results

Figure 4.33 displays a straitife plot of mechanical strain range vs. cycles to
crack initiation {\;) for the tests described above with the modified hollow specimens,
with a comparison to the results obtaingdAmaro[14] with solid specimens. All tests
shown here were conducted under identical temperaturesrandecycle tims. The life
for the uncoated hollow specimen Rdnec.n = 0.5% was longer than that obtained for a
solid specimen, and the life Bignecn = 0.9% was shorter. However, on the whole, the
lives for both coated and uncoated specimens lie well within the range that would be
expected based on Amarod6s data. These resu

the specimen geometry on TMF test results under the conditions explored.

2 T T T T L | T T T T LI | T T T T
— All Data: OP TMF, ramp, R = -1, 550-1050°C, 180 s cycle
2
<
© T3¢ 3 ¢ i
h
G
o U9 O ¢ -
[ © A
‘o QTr Qa -
=
)
= 05k 2 $4 O
RS
o
(53]
i~
g & Solid
= @  Hollaw, uncoated
A Haollowy, coated
[:]2 M MR N R | L I T R B B B | L IR T A A B A
10' 10° 10° 10*

Cycles to Crack Initiation (1% Load Drop)
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Figure4.34 displays a plot of the hollow specimen strlfa results compared to
the typical data ranges obtained by Pratt & Whit{le&W) for both coated and bare
specimen®f the same geometry. Mever, the Pratt & Whitney testssed temperatures
of 427-1038 C with a 60 second cycle time. In this case, a 50% load drop is used for the
failure criterion; for tests in which this did not occur before fracture, the final cyald co
N: was plotted. For each mechanical strain range, Pratt & Whitney reported longer lives
for the uncoated specimens, although there was a slight overlBpfgs= 0.6%. Except
for the coated specimen wibgn..hn= 0.8%, each of the other tests penfed at Georgia

Tech(GT) showed a shorter life than the corresponding Pratt & Whitney data range.
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Figure4.34: Comparison of Hollow Specimen Data to Pratt & Whitney Data
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Several possibilities exist for efdifferencesin the data. Since the Georgia Tech
testing used a longer cycle time, there was the possibility of more environmental damage
during each cycle, which would reduce theerall life; in addition, this would make the
coating relatively more bengcial, explaining the absence of thiée advantage for
uncoated specimen®©n the other hand, the faster Pratt & Whitney cycle time may
reduce the effects of creep and oxidation, so the early cracking of the coating would
clearly cause the lives of codtespecimens to be shortefesting performed by
Anderssonand Sjostron]99] exhibited decreasing life with decreasing heating/cooling
rates (meaning increagjrcycle time), supporting this hypothesis

The higher minimum temperature and lower temperature range used for Georgia
Tech testing may also cause the life differendést only is isothermal fatigue life
reduced at higher temperatures, tasting obserw by Lovedayet al [94], for example,
showed an increase in life at increasing temperature raAfges.at all times during the
test, the temperature for the Georgiechi cycle would be higher. This would greatly
increase theelativerate of oxidation, especially at the low temperature end of the cycle.
Regardless, more testing is required to find the exact source of the TMF life
discrepancies, but it appears as thoubb difference in specimen geometrgst

machine, and operator halweeneliminated
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CHAPTER 5

CONCLUSIONS

5.1: Overall Conclusions

The goal of this research was to investigate the differences in theadieanical
fatigue crack initiationlives of PWA 1484 aused by specimen geometry and coating.
Previous testing had been performed at kb#h MPRL of Georgia Tech (with solid
specimens, a cycle timef 180 secondstemperatures 550050°C, and a ramp
waveform) and Pratt & Whitney (with hollow specimens oaér crossectional area,
a cycle time of60 second temperatures 42¥038°C, and a sinusoidal waveform)
Modifications were made to the ends of the specimensaodéimek components were
produced to allow the buttonhead specimens to be gripped by colbst dHand
calculations and finite element analysis were performed to ensure the sucdbes of
modified gripping mechanism. Mechanical straontrolled TMF tests were performed
under the previous Georgia Tech cycle conditionghe coated and uncoateaadified
hollow specimens. The results of the TMF tests were compared to the previous data
obtained at Georgia Tech using solid specimemsder to check for internal consistency
with varying specimen geometrie$he primary conclusion®f this research ra as
follows:

1 It was determined the designed gripping method would not damage the specimen
or affect test results.

1 The modified gripping method proved to provide successful TMF results.
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1 For the lowest applied mechanical strain rarthe, coated specimeshowed a
40% deficitcompared to therack initiation life of the uncoated specimen. For
each of the higher strain rangélse coated specimens exhibited an improvement
between 29% and 53% in life. Not enough data was obtained to say conclusively,
but it apears the coating offers a marginal improvement in TMF life for a three
minute cycle time.

1 For the coated specimenas predictedseveral cracks initiated in the coating
before propagating into thease metal.

1 The test results for the hollow specimens dat exhibit significant differences
from the trends showed lilie previous solid specimen testing at Georgia Tech.
Therefore, specimen geometry hedfectivelybeen eliminated as a primary cause
in the differences in life results between Georgia TechPaatt & Whitney.

1 The hollow specimen test results still showed significant life differences from the
Pratt & Whitney data. The root cause of th#erences must come from one or

more other possiblsources

5.2: Recommendations for Future Work
Additional tests should be run with coated and uncoated speciofidh&/A 1484
at identicalmechanical strain ranges to further explore the effects of the coating and to
determine the main causes of the TMF life differences between Georgia Tech and Pratt &
Whitney. Some of this testing is currently ongoin@ne testing variable should be
changed at a time so that the relative effects can be obsé&wéde results have been

shown to be essentially specimi@adependentthese tests may be performed with the
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smaller caventional solid round bar specimens used for previous testing to reduce cost,
time, and effort in the preparatiorihe following tests are recommended:

1 The 5501050°C, 180 second cycle with at least two of the mechanical strain
ranges examined in this woshould be used to get a better idea of the scatter in
the TMF data and verify the marginal life benefit provided by the coating that was
observed here.

1 Tests with a 60 second cycle (if possible) with temperaturest850°C would
isolate the effects afycle time on the TMF behavior.

1 Tests with a 180 second cycle with temperatures 4BB°C would isolate the
effects of the different temperature range on the TMF behavior.

1 Tests with a 60 second cycle (if possible) with temperaturesl@28°C should
be un to exactly imitate the Pratt & Whitney cycle conditions.

It is unlikely that a 60 second cycle is obtainable while conforming to ASTM standards
without internal forced air cooling of hollow specimens. However, a longer cycle time
could be used to iderfyiany possible trends in TMF life based on cycle timeaddition,

the effects of waveform (ramp vs. sine) on test results should be explored.

Finally, additional microscopy could be conducted on bzee and coated
specimens used for testing in this Wao determine the exact damage mechanisms that
occurred for each strain ranged gain a better understanding of the relative influences of
creep, oxidation, and fatigue. Similar microscopy should also be conducted on any future
testing to determine theffects of cycle timetemperaturesand/or wavefornon the

damage mechanisms.
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APPENDIX A

PART DRAWINGS IN ENG LISH UNITS
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Figure A.1: Drawing of the Original Specimen with Critical Dimensi@nshes)
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Figure A.2:Drawing of the Modified Specimen witCritical Dimensions (Inches)
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Figure A.3: Drawing of a Plug (Dimensions in Inches)
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Figure A.4:Drawing of a Collet AdaptgiDimensions in Inches)
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Figure A.5: Drawing of Solid Cylindrical Specimensedi for Previous Testir{d4]
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APPENDIX B

SPECIMEN QUALITY INS PECTIONS

Figure B.l:Initial Specimen Quality Inspection (Page 1)
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