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INVESTIGATION OF THE EFFECT OF DWELL PERIOD IN LOAD
CONTROLLED FATIGUE TESTS OF INCONEL 718 SUPERALLOY

SUMMARY

The use of nickel alloys has become widespread in many industries during this last
century, nickel with its alloys providing relatively better mechanical properties than
conventional ferrous alloys for various industrial applications. Especially with its
decent high-temperature oxidation and mechanical resistance makes this alloy the
material of choice for engine applications. An example of a mostly used alloy in
turbine engine hot sections is Inconel 718 is a niobium-modified and nickel-based
superalloy that will be examined in this work.

Inconel 718 superalloy is a face-centered cubic latticed nickel-chromium alloy that can
relatively retain its good mechanical strength up to 649°C. These superior mechanical
properties are provided with y”-Ni3Nb precipitate phases present in the structure of
the alloy, above mentioned 649°C temperature level secondary 6 phase formation
causes rapid strength loss of the material.

In industrial applications materials are exposed to various hazardous factors and these
can be exemplified as; temperature, residual stresses, corrosion, etc. Depending on the
application type these hazardous factors generate different types of deformations can
be summed as; creep, fatigue, overload failure, etc. Unlike commonly known
deformation types, the exampled engine application of this alloy includes different
factors.

In this study, the mechanical property of Inconel 718 is examined in terms of fatigue
behavior. The main concern of this work is to determine the material's fatigue
properties under pure bending and different conditions. Test conditions will include
room temperature, 450°C, and dwell times to simulate material's real usage in the
engine application. Additional to fatigue testing hardness measurements and
nanoindentation testing were performed at ambient temperature. Fractographic and
microstructural examinations of the tested specimens are performed with an optical
microscope and SEM (scanning electron microscope) to understand the material's
reaction for different deformation factors. To understand the material's mechanical
behavior first room temperature and high-temperature load controlled fatigue tests
without dwell application have been performed. Parameters are selected to examine
mainly the dwell effect on the material by maximizing the dwell cycle.

It is observed that Inconel718 alloy’s dwell sensitivity iS depending on temperature
and applied stress, change in mechanical properties is also observed with hardness
testing. Fractographic examinations have shown that different features become visible
under different test conditions. In this work in addition to mechanical testing statistical
analysis is also studied for observed data sets.
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INCONEL 718 SUPERALASIMININ YUK KONTROLLU YORULMA
DENEYINDE BEKLEME SURESININ ETKISININ INCELENMESI

OZET

Gectigimiz ylizy1l boyunca Nikel alasimlarinin farkli endiistrilerde kullanimi1 giderek
artis gostermistir. Nikel alagimlari ile birlikte geleneksel demir bazli alagimlara gorece
daha iyi mekanik 6zellik gosterdigi bu nedenle de bir¢ok farkli endiistride kullanimi
yayginlagmustir.

Ozellikle Nikel alagimlarmin yiiksek sicaklik oksidasyon ve mekanik direnci bu
malzemeyi motor uygulamalarinda tercih edilmesine sebep olmustur. Tiirbinli
motorlarin yiiksek sicaklikli bolgelerinde yaygin olarak kullanilan Nb/Cr katkili nikel
siiper alagimi olan Inconel718 ornektir. Bu g¢alismada bu malzemenin mekanik
davranislari tizerinde durulmustur.

Inconel718 siiperalasimi yiizey merkezli kafes yapisina sahip olup Nikel Krom Nb
bazli siiper alasimidir, bu alasim 649°C derecelere kadar iyi mekanik 6zelliklerini
korumasi ile tercih edilen malzeme olmustur. Bu yiiksek mukavemet ozellikleri
yapisinda bulunan y”-NisNb c¢okeltiler ile saglanir. Belirtilen sicaklik degeri 649°C
derece ikincil & fazlarinin olusmasini bu da bu sicakliktan sonra ani mukavemet
diisiislerinin gdzlemlenmesine sebep olur.

Endiistriyel uygulamalarda malzemeler Omiirleri iizerinde tehlikeli olabilecek cesitli
kosullara marus kalirlar 6rnek olarak; yiiksek sicakliklar, kalint1 gerinimler, korozyon
vb. Uygulamaya bagli olarakta bu tehlikeli kosullar farkl: tiplerde hasarlara yol acarlar
bunlar; siiriinme, yorulma, asir1 yiiklenme ani kirilmasi vb olarak 6érneklendirilebilir.
Bunlardan farkli olarak da motor uygulamalarinda kullanilan bu alasim bu
orneklendirilen kosullarindan daha farkl tesirler altinda da ¢aligirlar.

Bu calismada Inconel718’in mekanik 6zellikleri yorulma davranist merkezli olacak
sekilde incelenmistir. Bu ¢alismanin ana unsuru malzemenin egme baskin olacak
sekilde yorulma davranis1 f{izerine durulmustur, bu duruma ilaveten farklh
parametrelerde dahil edilmistir. Test kosullar1 oda sicakligi, 450°C derece atmosfer
kosullarinin yani sira bekleme periyodlarinin ¢evrimsel yiliklemeli teste dahil edilmesi
ile malzemenin motor kosullarina daha yakin olarak simiile edilmesi igin
planlanmistir.

Yorulma testlerinin yaninda sertlik Olglimleri, nano indentasyon testleri
gerceklestirilmistir. Fraktorafik ve mikroyapisal incelemelerde optik mikroskop ve
SEM (taramali elektron mikroskobu) kullanilmistir. Bu incelemelerle malzemenin
farkli kosullar altinda nasil tepki gosterdigini anlamak i¢in yogun olarak ¢alisilmistir.

Testlerde malzemenin standard kosulda mekanik 6zelliklerini anlamak i¢in oncelikli
olarak oda sicaklig1 yiik kontrollii yorulma testleri gerceklestirilmistir. Buna mukabil
yiiksek sicaklik testleri ve bu testlere bekleme periyotlar1 ve bekleme siireleri yiiksek
streslerde harcanaca siirelerin etkisini en yiiksek seviyeye ¢ikaracak sekilde
planlanmustir.
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En yiiksek yiiklerde uygulanan bekleme siireleri malzemenin havacilik motorlarinda
etkisi altinda kaldiklar seyir yiiklerini simiile etmek bu seyir yiiklemelerinin yani sira
motor baglatma ve durdurma gevrimlerini ele almak i¢in malzemede g¢evrimsel ve
statik yiiklemeleri ayn1 anda yapilarak saglanmistir. Bu bekleme siirelerinde normal
sartlarda statik yiiklemelerde goriilen siiriinme, oksidasyon, statik toparlanma, tekrar
Kristallesme mekanizmalarini tespit edebilmesi i¢in nano indentasyon, sertlik testleri
ve mikro yapi ¢aligmalar1 hasara ugrayan her numune i¢in uygulanmistir.

Test uygulamarina ek olarak literatiir karsilagtirmalar1 bu ¢alisma kapsaminda 6nemli
yer almaktadir. Bu literatiir arastirmalarinda yorulma ¢evrimlerinin kesintiye
ugratilmasiyla baslayan dinamik test i¢inde statik yiiklemelere 6nem verilmesi son
yiizyilda miithendislik uygulamarinin ve 6zellikle motor teknolojilerinin gelismesi ile
son ylizyllda ayrintili olarak calisilmistir. Bu ¢alismalar dinamik yiiklemelerin
kesintiye ugratilmasi ile baslayip giiniimiizde de eksenel yiiklemeler altinda ¢atlak
ilerleme testleri ile halen devam edilmektedir.

Eksenel yorulma ve yorulma catlak ilerleme testleri malzemenin dinamik
davraniglarin1 anlamada yaygin ve etkili olarak kullanilan test yiikleme yontemidir.
Dinamik egme testleri de havacilik motorlarinda kullanilan hareketli ve titresime
maruz kalan parcalar1 simiile etmek icin calisma kosuluna da bagl olarak eksenel
testlere denk ve daha miithim o6zellikleri tanimlar. Akademik ¢alismalardan farkli
olarak bu ¢alismada bekleme siireleri eksenel yliklemelerden ziyade egme yiiklemeleri
Ozelinde galigilmistir.

Yapilan akademik caligmalarda 6zellikle bazi malzemelerin test sicakliklarina da baglh
olarak omiir degerlerinin 6nemli derecelerde etkilendigi gozlemlenmistir. Eksenel
yiikleme altinda yapilan catlak ilerleme testlerinde de Nikel alagimlarinda da ¢atlak
ilerleme hizlarinin arttigt bununda Omiir degerlerini yine distirtiicii etkiledigi
gozlemlenmistir.

Bu calismalarda oksijen difiisitesine bagli olarak catlak ilerlemelerinde oksidasyona
bagli mekanizmalar gozlemlenmistir. Bunlar dinamik gevreklesme ve gerilme tesirli
tane siir1 okidasyonlar1 olarak tanimlanmistir. Calismalarda anlagilan test sicakliklari
yiiksedikce bekleme siireleri ile de birlikte malzemede belirtilen oksdasyona bagl
mekanizmalara ilaveten siiriinme fenomeninde goriilen bosluk olusumu ve ylizey i¢in
catlak baslangiclar1 bu test kosullarinda beklenen bir durumdur.

Calismamizda secilen test sicakligi Inconel718’in en yiiksek calisma sicakligindan
uzak ancak motor kosullarinda maruz kaldigi bir sicaklik se¢ildigi igin siirlinme
mekanizmalari oncelikli olarak beklenmemistir.

Yiikleme kosulunun degismesi ile bekleme siirelerinde gozlemlenecek metalurjik
olgularin nasil etkilenecegi sorusunun akademik ¢aligmalarda yeteri ile ¢alisiimamis
olmas1 bu ¢alismanin motivasyonu olmustur.

Yapilan ¢aligmanin sonunda Inconel718 malzemesinin yiiksek cevrimli yorulma
kosullarinda sicaklia bagli yumusama gosterdigi gozlemlenmistir. Bekletme
stirelerinin malzemenin yorulma davranigina etkisinin uygulanan gerilmeye bagh
oldugu diisiikk gerilmelerde Inconel718 malzemesinin bekletme siirelerine hassas
oldugu goriilmiistiir. Calismada egme kosulunda bekleme siiresinin sicakliga bagh
olarak hem 0mrii arttiran hem de azaltan sonug verdigi goriilmiistiir.

Bekleme siiresi uygulanan test numunelerinde kirtlma yiizeyindeki topografik degisik
malzemelerin kirilma mekaniklerinde degisim gerceklestigi sonucuna varmamizi
saglamigtir.
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Yorulma testlerine ek olarak yapilan nano indentasyon testlerinde malzemedeki dmiir
degisimine ragmen bekleme siiresi etkisi ile malzemenin plastik kabiliyetinde bir
degisim olmadigi gozlemlenmistir. Sonug¢ olarak bekleme siirelerinin tesiri ile
450°C’de yorulma omriinde artis oda sicakliginda da 6miir diislis gérilmiistiir.
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1. INTRODUCTION

Scientific developments in various industries also improve the engineering
requirements of its applications. For example advancements in engine technologies
also encouraged advances in material technologies to meet engine application’s needs.
Advances in aviation and internal combustion engine technologies in the past 20th
century have also been encouraged to produce new types of alloys rather than ferrous
for specific needs. Nickel and Cobalt-based alloys have been started to be used more
often for relatively more challenging conditions. Nickel-based alloys with their
relatively superior high-temperature mechanical and oxidation resistance made it
especially preferred in turbine parts in gas turbine engines. In most cases, despite its
good high-temperature mechanical properties Nickel alloys tends to deform under
harsh conditions, to delay the inevitable deformation certain protective applications

like ceramic coating or cooling systems can be applied [1].

Different protective applications can be applied to prevent system failure, however
preventative solutions can be determined in the design step of the part material.
Understanding the behaviors of the material under expected conditions is crucial for
material design. In gas turbine engines, materials are exposed to many different
deformation factors. These can be vary depending on materials service conditions, for
Nickel-based turbine parts, mostly moving parts can be exposed to creep, fatigue,
corrosion deformation modes. For understanding material behavior various procedures
can be applied in terms of mechanical properties tensile tests, creep tests and constant
amplitude fatigue tests are applicable. These types of tests examine deformations
factors on their own, the test results of these tests can be helpful however to simulate
near service conditions on the material, additional parameters can be added to these
standard test methods [1].

Fatigue behaviors of rotating parts of the turbine engines are the main concern in
designing. There are different methods to determine the materials fatigue behavior
such as load-controlled axial fatigue test, strain-controlled fatigue test, rotating

bending fatigue test, ultra-high cycle ultrasonic fatigue test, and so on. These different



test methods can result differently from each other because of the nature of these tests,
Rotating bending fatigue test is still a relatively promising test method with its easy

application for rotating materials. To understand the Nickel-based alloy

behavior in simulated conditions additional parameters like dwell time and dwell
frequency were added to standard rotating bending fatigue test under different
temperatures [1].

In this study, nickel-based superalloy Inconel718 is tested under a load-controlled
rotating bending test to understand materials fatigue behavior. Different temperatures

and additional parameters were applied to the test to simulate the service conditions.



2. SUPERALLOYS

With the increasing demands for the performance and efficiency of the jet engines,

increasing the engine operating temperature became inevitable.

However, in terms of increasing temperatures, there is only one limiting factor and that
Is the heat resistance of the engine material. To meet that requirement the term
Superalloy comes to us. This widely used term is to define a group of metallic alloys
which are based on nickel, cobalt, iron with a greater amount of alloying elements than

commercially produced traditional engineering alloys.

Traditional engineering alloys focuses on one main alloying element and aims to
improve the mechanical and chemical properties of that main element, superalloys on
the other hand not only show the main element properties but also aim to show other
alloying elements mechanical or/and chemical properties as well. Superalloys are

usually based on 8A elements [2].

These alloys are designed to endure temperatures ranging from approximately 500°Cto

1400°Cwith various production and heat treatment processes [3].

Superalloys overall are preferable alloys for highly challenging engineering
applications with their high corrosion resistance, good fatigue behavior, and superior
high temperature creep resistance. These properties can be differed by changing the
production method, for example, casting forms of Nickel-based superalloys can be
used in conditions where the creep deformation is the main concern but wrought alloys
can be suitable for fatigue-limited turbine disk applications with it’s relatively finer
grains. It is noticeable that since they were first introduced between the 1940s and

1950’s they had a tremendous effect on much industrial development [1].

2.1 Classification of Superalloys

Depending on the application there are a lot of superalloys are being used in different
industries. Main industries for superalloy applications are mostly required, high-
temperature strength and surface stability which can be exemplified as; aero-engine



industries, power plantations, nuclear-powering industries, chemical plants, etc.4 With
changing the applications site and operating conditions such as temperature and
aggressively of the ambient where the part will be operating, superalloys can be found

in different forms as shown in down below;
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Figure 2.1 : Temperature capability of alloys versus year of introduction; DS
directional solidified, SC single crystal [4].

Modern superalloys can consist of up to 15 alloying elements depending on their
operating needs. However, superalloys can be defined in 3 main groups which are
down below; [1].

i. Nickel based
ii. Iron-Nickel Based

iii. Cobalt Based



Table 2.1 : Influences of the alloying elements on superalloy [5].

Alloying Elements
Influence ying

Cr Al Ti Co Mo w B Zr C Nb Hf Ta
Matrix Strenghtening x x x x
y'-formers x x x x
Carbide-Formers X x x x x x x
Grain Boundary
. X X X X
Strengthening
Oxide scale formers x x

Apart from the selected elements, these alloys may undergo different strengthening

processes to increase the resistance of the material to ambient conditions. These

processes can be summarised like down below;

Vi.

Vii.

viii.

Solid Solution Strengthening;

. Superalloys contain a lot of different sized elements which may sit on the matrix

lattices, this changes lattices behavior under loading causing strengthening.

i. Precipitation Strengthening;

. Superalloys contain a form of precipitations which are based on the main

element with high mount added alloying elements like Ti, Al. These precipitates
with solid solutionized lattices create an unfavorable environment for dislocation

movement.

. Coherency Strengthening;

The difference in matrix lattices and precipitate lattices creates lattice misfits

between each other which causes an impending effect on dislocation motion.
Grain boundary Strengthening;

High energy zones like grain boundaries can impend dislocation motion.

Besides these four strengthening mechanisms for some applications or some specific

needs (creep, fatigue, etc.) some of them may not be suitable however precipitation

hardening method is widely used in superalloy production [6].

Various strengthening methods can be implemented to superalloys manufacturing,

besides form strengthening methods also material form selection is important to meet

operating condition needs. Depending on their application, superalloys can be found

in form as; bar, forging(wrought), cast, directionally solidified, single crystal, 3

dimensional printed, etc.



2.2 Superalloy Inconel718

Table 2.2 : Approximate elemental composition of the Inconel 718 Alloy [5].

Composition (wt%) of elements

Alloy . .
Ni Cr Co Ti Al Mo C Zr B Fe Nb

Inconel718 Balance 19 3 09 0.6 3 0.04 N/A N/A 20 5.2

Nickel superalloys are widely used as a turbine material in aerospace engines. As
shown in Figure 2.2 with increasing temperature which means increasing the engine
efficiency Nickel-based superalloys come forward to meet high-temperature
requirements. Applications include both discs and blades, initially, produced Ni based
for these applications are Inconel 718 and Inconel 901. These early applications need
have met by conventional casting ingots, forged billets, forged discs routes, etc. Since
these first applications, Inconel 718 is still one of the most common used alloy in

engine application with its newly improved production methods [5].

600—

500 Titanium alloys  Precipitation-strengthened
nickel superalloys

!
400

| Aluminium alloy

/

Stress rupture strength (MPa)
S
(=]

L |- L | 1 |
300 400 500 600 700
Temperature (°C)

|
800 900

Figure 2.2 : Stress Rupture Strenght comparison in different temperatures between
different alloy types [7].

Nickel is in the 5th place in terms of element abundance in the earth, has a face-
centered cubic crystal structure (FCC) which is closed packed lattice causing high
resistance to displacement movement. As mentioned in table 2.2 Fe, Ti, Al can be
considered as the main alloying elements in Nickel superalloys. With these and other

elements in nickel alloys, phase forms are briefly down below;

e The gamma phase (y): Base phase usually contains Co, Cr, Mo, Ru, Re, Fe
with Ni main element. This phase has an FCC structure.



e Gamma prime (y'): Intermetallic precipitate phase coherent with matrix phase,

main strengthening phase has FCC structure. Contains Ni, Al, Ti Niz(Al, Ti)

e Gamma double prime (y”): Coherent but metastable state precipitate with
body-centered tetragonal (BCT) structure. The main strengthening precipitate
of Ni-Fe superalloys consist of Nb; Ni3Nb, with increasing temperature

stability of this phase, decreases and tend to transform to delta (6) phase.

e Delta phase (0): Precipitate usually presents along the grain boundaries. These
precipitates do not have an increasing effect on strengthening and have a
decreasing effect because of depletion of (y'"), however can increase the grain
boundary sliding resistance which improves creep resistance. Has an

orthorhombic structure. Mainly composed by Ni, Ti, Nb

e Carbides and borides: Usually present at grain boundaries and increase creep-
rupture resistance of superalloys. Carbide formation occurs with a Carbon
reaction with elements such as Cr, Mo, Ti, Ta, Hf and creates MC molecules.
Borides present in superalloys grain boundaries in form of tetragonal unit
celled M3B2 [8].
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Figure 2.3 : Time Temperature Transformation diagram of Inconel 718 [9].
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2.3 Superalloy Inconel718 Forged Bar;

In the aerospace industry, a wide range of material types can be used according to
operation needs as mentioned in previous chapters. These different operation
conditions and requirements can be met by changing the form of the material product

rather than changing the material itself.

In gas turbine engines metallic materials can be manufactured from various production
methods which can be summarised by; sheets, bars, forgings, additive manufactured
parts, castings, etc. These material forms can be preferred according to certain

operation missions such as casings, disks, shafts, etc.

The first usage of the Inconel 718 alloy in the aerospace industry starts with
Saturn/Apollo programs. Showing high resistance to stress relief crackling in
comparison with Waspaloy and Rene-41 made this material more preferable. The first
mission to meet their needs was injector back-plate, fuel pump second stage turbine
disks can be given as examples.

In this work forged bar form of Inconel 718 has been used because of it is wide usage
from the gearbox, shaft materials to aviation bolts and nuts.[10] After forging process
of Inconel718 heat treatments according to AMS5663 is applied to the material and
after heat treatment observed initial microstructure, mechanical and physical

properties are down below;
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1)Ti rich carbonitride, 2) Nb rich carbonitride, 3) Twinnings, 4) Delta phase.
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Table 2.3 : Mechanical Properties of Inconel 718 AMS 5663 Material [11].

Temperature (°F) S Room 1200
Property Grain Direction Temperture (°F)
Longitudial 185 145
Tensile Stress(ksi) Long Transverse for forging 180 140
Transverse for Bars 180 140
Longitudial
Yied Strenth (0.2% offset),ksi Long Transverse for forging 150 125
Transverse for Bars
Longitudial 12 12
Elongation in 2 in.% Long Transverse for forging 10 10
Transverse for Bars 6 6
Longitudial 15 15
Reduction of area % Long Transverse for forging 12 12
Transverse for Bars 8 8
Hardness - 331 BHN

Table 2.4 : Physical Constanst of the material [11].

Pysical Constants

) ) Annealed 0.296
Density 1b/in3
Annealed and aged 0.297
Melting range °C 1260-1336
Specific heat (at 21°C, J/kg °C) 435
Annealed <-196
Curie temperature °C
Annealed and aged -112

Table 2.5 : Modulus of Elasticity and Shear behavior of Inconel 718 (data has been
generated from hot rolled flat heat trated 1800F/1 hr+ air cooling+
1325F/8hr+controlled cooling with 20F/hr to 1150F total aging hours of 18 hr.) [11].

Temperature °C Young Modulus Shear Modulus Poiss_ons

Gpa Gpa Ratio
21 199.9 77.2 0.294
149 193 75.1 0.28
204 190.3 74.5 0.28
260 186.8 73.1 0.275
316 184.1 724 0.272
371 180.6 71 0.273
427 177.9 69.6 0.271
482 174.4 68.3 0.272
593 166.8 65.5 0.276
649 163.4 63.4 0.283







3. FATIGUE CALCULATIONS WITH STATISTICAL APPROACHES

Developments in mechanical, civil, aerospace engineering have led to new design
perspectives to come up. And these new requirements also forced material science to
thrive in terms of material classification. Using classification usually, refers to a
material's chemical and physical properties however for certain mission materials have
to classify and understood in terms of that mission needs, for example, creep, fatigue,
corrosion, etc. For that purpose new testing methods were developed such as
deadweight creep tests, rotating bending fatigue tests, axial fatigue tests,
thermomechanical fatigue tests, etc. In the late 19th century one of the first approaches
for these phenomena Mr. Woéhler stated; “Rupture may be caused, not only by a steady
load which exceeds the carrying strength but also by repeated application of stresses,
none of which are equal to this carrying strength. The differences of these stresses are
measures of the disturbance of the continuity, in so far as by their increase the

minimum stress which is still necessary for rupture diminishes”[12].

This new approach formed the foundation stones of the new design perspective,
nowadays for designing certain industrial parts fatigue is one of the key criteria. In
brief, the explanation as Mr.Wohler stated, fatigue is the phenomenon where the

permanent deformation is caused by continuing application of force to the material.

3.1 Fatigue Testing;

Design approaches have changed in many ways since the beginning of industrial
development in human history. As mentioned in previous chapters increasing
demanding industrial designs also led to a development in material characterization
systems. The material characterization can be related to a lot of perspectives such as
chemical, physical and mechanical. In terms of mechanical characterization often
aiming to understand static properties comes forward. After developments in static
testings, dynamic behavior characterization needs to have occurred with increasing

industrial demands.
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First recorded fatigue phenomena have come up in the mining industry Wilhelm
August Julius Albert who is a German mining administrator observed and reported
failure of mine hoist cables caused by repeated small loadings in 1829. Like this
example another early reportings of fatigue had observed in the railway industry, in
1840 William John Macquorn Rankine have reported progressive brittle crack growth

in railway axles.

Until the 1860’s fatigue phenomena in engineering applications have only been

reported and little amount experimental Works have performed, in 1861

With the request of the UK parliament, William Fairbairn has developed experiments
on boilers, mills, bridges, etc showing the load level which can not deform material

statically yet can create catastrophic failure on the material.

Early Works on fatigue can be summarised by specific part experiments which are
only defined for certain applications and geometry. Subsequent experimental works
cause more standardized tests. In 1870 August Wohler German engineer summarised
his Works again in railroad axles and concluded the cyclic stress range is much more
important than peak loads and firstly introduced the perspective of endurance (fatigue)
limit and introduced the Wohler curve. Further his Works led to developments in steel
and iron cyclic testing methods which broke new ground in terms of testing

methodologies.

After these experimental Works developments in understanding fatigue and testing,
methodology increased rapidly, in 1910 O.H Basquin showed a linear relationship over
a wide stress range in log base is still used today, the relation is given in formula 3.1.
Where “C” and “b” are empirical constants that define power-law relation. “b” can be
expressed as slope and “C” is the intercept. Like this development fallowing
developments achieved in the 20th century; Minors rule (1945), Coffin-Manson
(1954), Erdogan-Gomez-Paris (1961), Rain Flow Counting Algorithm (1968).

C= AcNfP (3.1)

Enhancements in testing approaches and testing systems led to create alternatives for
specific part test in terms of obtain fail safe desing. With advanced computing and
analyzing systems designing processes can be integrated to specimen type more

standardised tests.
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Fatigue test can be roughly divided with certain factors which are down below;

Table 3.1 : Possible distinctive features of fatigue testing.

. . . Temperature Specimen Control
Loading Condition Loading Type Gradient Type Mode
Variable Amplitude Axial Isothermal Actual Part  Displacement
Constant Amplitude Alterngtmg Cyclic Hea_ltmg Semi Applied

Torsion and Cooling product Force

Constant Amplitude With Plane Bendin Standart Material Unit

holding at peak/valleys g Specimen Strain

Rotating Beam
Bending

Combined Stress

Discoveries in engineering led to a standardization of material testing and in terms of
that enterprises formed over the last century such as; ASTM, ISO, MMPDS,
NADCAP, etc. These enterprises aim to standardize the designing procedures, quality
of work done, and increasing the repeatability of the work. Some of the standard

examples are down below;

Table 3.2 : Examples standards relating fatigue testing.

Standard Code Standard Name Organisation
Standard Test Method For Strain-Controlled American Society for Testing
ASTM E606 Fatigue Testing and Materials
Standard Test Method For Force-Controlled American Society for Testing
ASTM E466 Fatigue Testing and Materials
ASTM E647 Standard Test Metho For Measurement of American Society for Testing
Fatigue Crack Growth Rates and Materials
. . International Organization Of
ISO/DIS 22407 Axial Plane Bending Method Standardization
ISO 12108 Fatigue Crack Growth Method International Or_gan_lzatlon Of
Standardization
ISO 1099 Axial Force Controlled Method International Or_gan_lzatlon Of
Standardization
ISO 12106 Axial Strain Controlled Method International Organization Of

Standardization

ASTM STP1231 The Slgnlflcanc_e Of Varl_able Amplitude American Souety_for Testing
Fatigue Testing and Materials

Under these standard methods, during the fatigue tests load cycle relation can be

schematically illustrated down below;
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Figure 3.1 : Illustration of fatigue constant amplitude cycling [13].
From this illustration down below terms shall be defined as;

Peak Stress/Strain(Smax): Maximum applied Stres sor Strain depending on the test
type
Valley Stress/Strain(Smin): Minimum applied Stres sor Strain depending on the test
type
Mean Stress/Strain(Sm)= Value is to define the stres or strain level where the peak to

mean and valley to mean differences are equal
Stres sor Strain R ratio(R): Is the value definin ratio between peak and valley value.

Amplitude/alternating Stress/strain(Sa): Distance between the mean to peak or mean

to valley.

Stress /Strain A ratio: Ratio between alternating and mean value
Cycle: Containing 2 loading and unloading sections in unit time.
Stress/ Strain Range(Sr): Distance between peak and valley value.

Combined formulation of fatigue paremeters are given in equation 3.2.

Smin Sa Smax — Smin ]
= A=— Sa=———— Sr =Smax — Smin (3.2)
Smax Sm 2

As stated in the exampled fatigue standards, fatigue tests can be performed under
different control modes such as; force (stress) and strain. These different control
modes are applied to provide cyclic behavior data for different design approaches.

Here high cycle fatigue and low cycle fatigue come forward. These two terms differ

14



from the two different fatigue testing concepts with their counted cycle values.

However, these two fatigue tests differ themselves with their testing conditions which

are down below;

Table 3.3 : LCF/HCF Comparison table.

Name

Range/ Discription

LCF

HCF

Loading condition

Stress levels

Cycle ranges
approximately

Related Standard
Fracture evaluation

Fracture surface

Axial
Above Yield Point
<1075

ASTM E606

Relatively longer crack
propagation duration

Relatively wider crack growth

Axial
Below Yield Point
>1075
ASTM E466

Relatively shorter crack growth and
sudden fracture

Relatively narrower crack growth

Z0Nnes Zones

LCF Region HCF Region

A A

Experimental
results

Y
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& gy,
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Figure 3.2 : Example of the Manson-Coffin-Basquin with showing approximate

LCF-HCF regions [14].

These 2 fatigue testing approaches can be performed to define materials cyclic

behavior under different conditions. Apart from that in terms of fatigue design,

different sorts of factors have to be considered to define materials behavior which is

down below;
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e Type of the loading

e Component size and stress/strain distribution
e Surface conditions and directional properties
e Stress/Strain concentrations

e Mean stress/strain

e Environmental effects(corrosion)

e Metallurgical Factors

e Loading/straining rate, frequency effect [15].

In terms of understanding material fatigue behavior and creating designs, standard
fatigue tests are always helpful. As mentioned above depending on the design
requirement some parts require more plastically endurance yet some of them only
require elastic durability for that part design. With an aiming elastic endurance
perspective, the term endurance limit comes forward. Endurance Limit is the term that
defines material behavior for a certain cycle limit. Depending on the material
properties and industrial application endurance limit can be exampled as stress level

where the fatigue life lasts longer than or equal to 10”7 cycles.

The concept of endurance limit is highly dependent on industrial needs in the first
place. In the past half-decade with developments in testing technologies fatigue tests
performed under resonance type testing machines or ultrasonic testing machines
reaching frequency levels from 80Hz to 20kHz aiming to reach cycle values >10"8 to
10710. With reaching these cycle values new terms such as Giga-cycle fatigue and
very high cycle fatigue came up. As mentioned in previous chapters, fatigue failure is
normally expected at the material surface but in this case of reaching 1079-10710
cycles, researchers observed that interior fracture initiation becomes the dominant
fracture mechanism.[12] Between commonly defined fatigue life ranges normally
failure mechanism can be summarised as surface crack initiation or crack initiation
from inner discontinuities such as inclusions, defects, etc. On the other hand, fatigue
cycles which are exceeded the common ranges present more inner crack initiations

mostly along with the material slip bands.
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Figure 3.3 : Schematically presenting changing the trend of the fatigue data [12].

Material testing is crucial in terms of starting the design of a new part, however, it is
unrealistic to expect the actual part to show the same behavior under cyclic loading.

To predict that certain approaches can be used.

For example, modifying the accepted endurance limit or modifying the Wohler curve
can be an option. For modifying the endurance limit equation down below can be
used, the coefficients used in this calculation are all empirical yet can be calculated

according to some acceptance, given in equation 3.3 [16].

Se =ka X kb X kc X kd X ke x kf x S'e (3.3)

ka= Surface condition factor, kb= size factor ,kc=loading condition, kd=temperature factor,
ke=reliability factor, kf=miscellaneous effects, S’e=Test specimen endurance limit,

Se=Endurance limit at the critical location of a machine part in the geometry and condition of use

ka = a x Sut? (3.4)

Table 3.4 : Coefficiet discription for ka factor calculation [16].

For ka factor

Surface Finish Factor a(mpa) Exponent b
Ground 1.58 -0.085
Machined cold drawn 451 -0.265
Hot-rolled 57.7 -0.718
As Forged 272 -0.995
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3.2 Rotating Bending fatigue tests;

There are a lot of different testing machines for different material testing methods in
various industries. As mentioned previous chapter in fatigue testing, there are different
types of testing systems according to load application. Different loading applications
and test control methods also require a different types of testing devices and testing
designs. For axial tests with both stress-controlled and strain-controlled servo-
hydraulic testing systems are widely used. Electromechanical testing systems can be
used also for axial tests depending on industrial needs. However, these testing systems

are often expensive and relatively slow in terms of generating fatigue test data.

Rotating bending testing systems are relatively cheap and fast with using an electrical
motor for rotating the specimen. There are different types of rotating bending test
machines according to their load application ways. Deadweight Rotating bending

testing systems are more widely used because of their relatively low expenses.

The test is performed with electrical motor excitation to rotate the support bearings to
load bearings which will transfer the rotation to the specimen. Loading is performed
by hanging the load plates to load bearings which will also create a bending moment
on the specimen.

—— load bearings ——— Fi2

. Y,
le L
@)' | %
7 N

support bearing —

wt

stress at A

reversed stress (@, =0)

Figure 3.4 : Schematical discription of rotation bending testing system [17].
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The rotating bending test is a load-controlled test as mentioned in previous paragraphs.
Stress is calculated using loading moment and moment of inertia which is depending

on the specimen geometry.

_ 32M ,
o= —1%3 (3.5)
Where the M is moment and equals to :
M=FxL (3.6)

Where F is the applied force and the L is the distance to moment arm.

3.3 Determination of Fatigue Behavior And Statistical Approaches

Material tests are performed in order to describe material behavior under certain
conditions. However, these tests are only a tool to understand the mechanisms, to make
comments, and perform design approaches statistical methods are used. There are

various different methods for different observed populations and distributions.

Statistical methods for these observations start with best-fit calculations. Best fit model
equations can vary, different mathematical equations can be used as soon as desired
data is calculated. According to population distributions different model equations can
be used, linear relationships are widely used, alternatively polynomial and logarithmic
equations can be used too.

Table 3.5 : Different applicable model equations.

Model Equation
Basquin[12] C= Ao X Nfb
Exponential o = a X e(l08NfxDb)

X oB

Mansons Equal Slopes[19] Ag = (aT X Nfb) + (ef ¢ x Nfd)

ASTM E739 Linear
Fitting[20] Y =A+BX

Note: a,A,b,B,c,C,d are stands for estimators, o=Applied stress, Ao=Applied stress range, cB=Tensile
stress, E=modulus of elasticity, Nf=Cycles to failure, Ae=Principal strain range, ef=true fracture strain
under axial loading

19



In Table 3.5 example model equations that are used in this work are given. Model
equation's common feature is they all include fitting estimators which can be calculated
with iterative solving systems, given as an individual letter in equations. To calculate
these estimators one of the widely used and relatively easy ones is least squares
regression. For fatigue applications common approach is a simple linear regression
model, in model singular regressor “X” has a relation with answer “Y” which is close
to straight line.[21] Applied regression aims to minimize the summation of squared

residuals, estimators which are minimizes this result can be accepted as appropriate.

Vi =bo+byx

Predicted

" (X Vi)

Xi Observed X

Figure 3.5 : Description of Least Square analysis,r = residual, y = calculated values,,
x = observed values, and linear relationship between them [22].

Residual values can be calculated easily by subtracting the calculated data from
observed data for each predictor. According to the observed population, different
regressions can be implemented too. In the case where observations mostly exceed the
testing limit or certain data exceeds the testing limit, maximum likelihood regression
can be used. The difference between least squares and maximum likelihood is in the
least-squares regression all observations are accepted as failed for example if the life
testing has a certain time limit to terminate the test while analyzing the data with least
squares the data that has been exceeded the test time limit will be considered as failed
data, but in maximum likelihood model, regression estimates approximated failure
point for these kinds of data. In this case, the selection may differ according to the
engineering design, if the design is more life-critical least squares regression will be
relatively safer. In the figure down below description of Maximum likelihood,

regression is given. Unlike from least-squares maximum likelihood regression model
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aims to maximize the defined likelihood function. [23] As can be seen below figure
Maximum Likelihood estimation aims to define the most favorable point to describe

population according to its deviation.

Likelihood

Observation distributions
Figure 3.6 : Maximum Likelihood Schematically.

Explained regressions can be used with different data distributions, in terms of data
distribution it is important to understand the observed population. Generally,
observations are processed statistically assuming that they fit the normal distribution,
however, there are lot’s of different studies proving that Weibull distribution is equally
or better than normal distribution in terms of calculating the best fit curve [24] [25]
[26].
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Figure 3.7 : Schematical description of normal and weibull distributions.
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As it can be seen in the schematical description of two distributions, these two
distributions are different assumptions on a certain population. In the cases where the
observations tend to deviate from the arithmetic average of observed values, this
means the population is skewed. For skewed populations, log-normal distribution and
Weibull distribution give a more reliable approach. [27] Applicability of different
distribution can be defined with different statistical tests such as Kolmogorov-Smirnov
(KS) test, Anderson-Darling Test, Chi-Square Goodness of fit test. These example
tests questions if a sample comes from a population with a specific distribution.[28]
After calculating bet fit curves, another step should be performed is outlier analysis,
there are different approaches for that such as, box-plot comparisons, studentized t
distribution comparison. [29] In this work both procedures are calculated to understand
the population more. For studentized t distribution, fallowing calculations should be

performed; [27].

SR, RMSE R

T =a—my * Guse) "% = sp (3.7)

SD = RMSE = (3.8)

_ X% (ZX3) — 2X1: X0 (B X X25) + X2,(2 XE))

| EX)EXE) - (S XX, (39

Table 3.6 : Item descriptions from equations.

ITEM Description
T; Studendized t
SR; Standardized residual
SD Standard deviation
RMSE Root mean square error for entire sample
RMSE; RMSE for ith observation
R; Residual
n Sample size
k Number of parameter estimated
i i=1ton
j j=1ton
a Desired significance level (example; 0,05)
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After calculating studentized t distribution for each observation, critical T value has to
be determined with Bonferroni Inequality that describes critical T as an upper
percentile of the central t distribution with “n-k-1" degrees of freedom with desired
significance level. [27] Next step is to compare each T; value with critical T value as

follows;

A = max|T; | (3.10)
A> t(%,n k—1) (3.11)

If the calculated A values ensure the requirement above that means, under this
condition probability of certain data is to be an outlier is less than the given
significance level. Detected outlier observations can remove from analysis however in
terms of engineering applications if there are no detectable mechanical or physical
reasons outlier observations can be implemented in the population to make a more
conservative approach. Calculated best fit curves should be investigated in order to
understand how the best-fit curve complies with the observation data. To do that two
widely used methods can be used. The first one is calculating the coefficient of
determination also known as R?. Coefficient of determination has a value between,
relatively good fitted curve converges to. That means variability which is observed

(Y33

through the population in “y” is explained by the regression model.

n

n _ SS
SSres= ) R SSie= ) G- R=(1-3%) @1
=1 1= tot

SSres Stands for the measurement of the variability in y, SS;,. stands for the
measurement of the variability in y without counting in to account of regressor variable

(Y3}

X. “y” is in our case is observed life values [27].

Last but not least, after determining the coefficient of determination, a lack of fit test
should be implemented. One of the most common lack of fit test methods is Durbin
Watson Test. Durbin and Watson documented this test in 1950 first and additional
studies are performed from 1951 to 1971 [27] To do this test fallowing calculations is

performed;

_ Xi(SR — SRi_1)*
l i=1 SR?

(3.13)
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4.73 (3.14)

Dc<2- 70555

If the Di is smaller than Dc it means that there is a lack of fit, also meaning that there
iIs a varying difference between standardized residuals of each observed data.
Otherwise, the calculated best fit can be considered as sufficiently representing the

observed population.

These processes are used to generate best-fit curves also known as median curves. The
design likewise median curves are considered as %50 probability curves. In terms of
the safe design approach, confidence intervals shall be calculated. With calculating the
confidence bands median curves are used to generate maximum and minimum curves
by taking into account of variance of a population. After calculating variance,
according to the desired probability with using chi-squared or t distribution and
according to population size Fpvalue can be selected. With this Fp value calculation
down below can be used to generate confidence band curves. From Table.3.5 linear
model equation is used for example;

-4

X = F (Fo x 9) (3.15)

Using this equation will generate conservative curve for observed population. In
equation” ¢” stands for variance of population. This can be calculated as standard

deviation, standard error of estimation, population standard deviation and so on.
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4. LITERATURE SURVEY

There is an increase in the need for dynamic material property descriptions under
different test conditions to meet design needs. In the early stage of advanced design
practices, fatigue testing and dynamic approaches are well studied. More advanced
designs and working conditions induced new testing approaches in fatigue works.
Different fatigue testing studies include different temperatures than ambient
temperature, different control modes (strain, load), different loading conditions
(bending, axial, torsion, etc.), and so on. After developments on fatigue testing, crack
propagation testing and linear elastic fracture mechanics comes up, to understand
dynamic behavior more deeply. Different engineering applications require different
testing conditions, to meet that need unorthodox test approaches such as multi-axial
fatigue, variable amplitude loadings, sustained peak/valley loadings,
thermomechanical fatigue testing are brought to fatigue studies agenda as well.
Besides advancements in testing approaches fatigue test is divided into two different
subgroups which are strain controlled low cycle fatigue (LCF) and load controlled high
cycle fatigue (HCF).

Some of the engineering approaches are dedicated to LCF life in its design and in some
cases HCF is crucial. For example, In the 1990s HCF behavior of the turbine parts are
becoming a crisis in USAF for F16 and F15 fighter jets. According to a study of
USAF(Air force) and USN(Navy), 40% to %50 of failures are detected from high cycle
fatigue. These failures are detected mainly rotating air seals of F16, low-pressure
turbine blades F15E and with further failure analysis compressor fans were also
observed to failed from HCF conditions. Integrated High-Performance Turbine Engine
Technology (IHPTE) program has been developed to understand and maintain a more
safe design approach, which is gradually funded from $230 million to $600 million.
And eventually in the early years of 2000 with the development of the F35 fighter
platform Rolls-Royce Plc has joined the common initiative. In these works HCF
testing, tooling, and new design approaches are worked intensively[12] In this thesis

unlike widespread academic works dwell applications are integrated into rotating
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bending fatigue testing aiming to understand sustained load effects to materials

bending fatigue behavior.

For engine applications, recent literature works are mainly focusing on crack
propagation tests under different loading conditions and dwell applications. Dwell
applications are used to simulate the engine’s start-stop cycles. [31] As it can be seen
in Figure 4.1 in addition cyclic loading materials are subjected to variable loadings and
sustained loadings as well. These variable loadings can be in form of torsion, axial or
pure bending regarding the working condition of a specific part. Different loadings
will have different effects on material and consequently will affect the fracture
mechanics. In Figure 4.4 stress distributions can be seen, it has to be noted that under
rotating bending conditions specimen is subjected to compressive and tensile stresses

at the same time. These differences in stress distribution effects fatigue life noticeably.

Different loading condition effects on fatigue life are widely studied subjects from the
beginning of dynamic design perspectives. According to these works pure bending
fatigue behavior of a material is nearly %30 higher than push-pull loadings.[15] These
life differences are also lead the academic works to search for correlation between
them, one early study which is published in 1987 performed in the USA aimed to
predict bending fatigue life from axial fatigue results for 4130 steel.[32] In this work
as a result LCF regions are sufficiently estimated accounting on plastic flow, however,
due to the volumetric effects HCF regime is not sufficiently estimated.[32] A
commonly accepted idea in this difference is; the lower volume of material is subjected
to higher stresses in bending conditions however different from bending in axial
loading in addition to surface all the cross-section is subjected to equally high-stress
levels [32].

Sustained Peaks

Load
|
|
|
!
!
!
|
|
|
i

———
Load Sequence

Time
Figure 4.1 : Schematically description of engine load/time distribution.
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Fatigue damage accumulation of smooth specimen is highly affected by dislocation
movements. Even the loading levels are not as high as plastically deform the material,
under cyclic loadings dislocations moves and reaches to specimen surface creating
intrusions and extrusions. Which are eventually cause accumulation of stress intensity
and cause crack initiation. Inconel 718 has the same behavior under cyclic loadings at
room temperature and higher temperatures.[33] [34] [35] [15] Figure 4.2 shows basic
description for crack ignition for smooth specimen failure.[15] This phenomena and
materials cyclic response stress depends on test temperature, strain rate and applied
strain amplitude.[36] Cottrell and Hull model emphasis the dislocation movements
over active slip bands.

The slip band distributions and dislocations slip modes are depending on the
temperature and composition of the material. The temperature change can change the
activated slip bands and slip band amounts, at lower temperatures dislocations are
restricted to {111} plane.[36] Increasing the temperature from ambient to relatively
intermediate temperatures does not change the microstructure drastically. But
increases the activated planar slip band amounts and dislocation activations.[36]
In Figure 4.3. slip band distributions are given visibly at different temperatures for
Nimonic 80A material which is also a Ni-based alloy having FCC gamma phase in the
matrix.[36] From ambient temperatures to 700 °C deformation mechanisms and
dislocation movement is changes subsequently as; cross slip, by pass, diffusive.[36]
Important thing is here that dislocation movement is directly dependent on stacking
fault energy and Inconel 718 material has low stacking fault energy which means that
it is harder to perform dislocation movements especially when dislocation comes
across precipitates.[36] [37] At higher temperatures with activation of diffusion, slip
bands barely visible since they are more diffusive and with that new directions can be
activated such as {200}.[36] These material changes also change the material's cyclic
response in terms of softening and hardening. These cyclic phenomena are widely
observed in strain-controlled fatigue tests since the applied loads are relatively high
means that cyclic application includes plastic deformation. In this work, these

phenomena are not the main concerns since the performed test is load controlled.
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Figure 4.2 : Schematically description of Cottrell and Hull’s model for generation of
intrusions and extrusions [16].
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Figure 4.3 : Visualation of slip band distributions in different temperatures for
Nimonic 80A [36].
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High-cycle fatigue works in the literature include different approaches and different
testing conditions. Before heading to more recent studies, In the study which is
performed Idaho National Engineering Laboratory in 1991 Inconel718 material is
tested under various conditions. From heat effect to dwell conditions. In this work 2
different model equations are tested in terms of curve fitting however different testing
conditions also give good information about overall Inconel718 behavior. Some of the
brief observations of this study are; temperature effect on life tend to decrease in HCF
regime, strain rate effects observed mostly at higher temperatures, increase in grain
size decreases the fatigue life, relatively at low temperatures dwell application has no
visible effect and compressive dwells are more detrimental [38]. These observations

are highly beneficial for developing our research targets.

One of the works which is performed at Guizhou University in 2018, emphasis the
heat treatment effect on axial fatigue behavior at room temperature. Under the same
testing conditions solution heat treated and aged specimens showed relatively higher
life results at higher stress levels but at lower stress regions scatter is increased aged
and solution heat-treated specimens showed similar results. As a result of this work
difference between solution heat treated and aged specimen is approximately %6
percent. Also, it is observed that at the aged specimen under axial loading crack
initiation started from multiple crack initiation sites on nonmetallic compounds [15].
Overall in here it can be stated that in aged conditions precipitates can be crucial for

also strengthening but also for failure initiation.

Another study which is performed at the University of Zilina Slovakia in 2017 showed
that under axial push-pull fatigue loadings life results are nearly %50 of three-point
bending fatigue life, these differences are clearly seen in the endurance limit [33]. The
various of testing which is studied in high cycle fatigue of Inconel718 life results are
relatively deviate from one and other. This can be because of different things as
different materials production heats, surface qualities, etc. However, the common
observation is the crack propagation feature which is a transgranular failure. Leading

more smooth fracture surface [33] [15] [12].

In the overall testing concept, it can be clearly seen that in engineering studies testing
tooling and parameters evolved to observe sustained conditions, creep-fatigue
interactions. In early studies besides from creep factor firstly tested condition is

interruption of cyclic loading. In the study which is performed in 1972 Cambridge
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University, it is observed that applying resting periods between cyclic loadings at zero
load condition showed an increase in endurance limit at room temperature for steel
material. This study shows an increase in life with all resting periods [39] In further
work which is performed in 1983 Australia performed at higher temperatures at
300° C 4140 steel showed an increase in life as well and explaining this phenomenon
is related to recovery [40]. Besides these factors under high-temperature deformation
conditions, dynamic recovery is also one of the mechanisms that come to mind.
Recovery and recrystallization are depended on temperature, deformation, and the
material itself. Nickel alloys have low stacking fault energy which means that
movements of the dislocation like; glide, cross slip, etc. are relatively hard. These two
mechanisms occur under temperatures where operating temperature is above %50 of
the homologous temperature of the alloy. Recovery can be also observed at lower
temperatures however severe deformation or relatively high-stress application is

needed.

Interruption of cyclic loading technique also used to observe the oxidation formations
on the specimens during the fatigue damage. In 1999 Japan fatigue tests are performed
at different temperatures using rotating bending testing. Inconel718 material was
observed to increase its life by increasing the temperature in low-stress regions. The
tests are performed at 300-500-600°C and tests are interrupted and cooled down to
observe surface features. In these observations, oxidation is clearly seen in the
microcrack regions. According to this study, life increase is related to oxides which
harden the crack nucleation. [35] Advancements in sensor technologies make it
possible to perform more reliable and detailed testing. In the application of dwell and
interruption cases, fatigue crack growth testing has become more and more important
over the years. In a study which is performed at the University of Tennessee in 2005,
generalized estimations are tabulated after examining test results of another Ni-based
superalloy Hastelloy X, Haynes188-230 [41]. Expected issued which are occurs under
sustained loading are tabulated in Table 4.4.
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Table 4.1 : Possible beneficial and detrimental effects of different operating
conditions [41].

# Testing Condition Possible beneficial effects Possible detrimental effects
1 High temperature or low -Slip dispersal -Strain aging -Crack Tip -Creep Damage
frequency LCF Blunting -Microstructural coarsening -Environmental damage
2 Low temperature or high -Elimination of creep _Increased planarity of sli
frequency LCF -Elimination of environmental effects P Y P
3 Tensile holds during the -Development of compressive mean -Creep damage in form of boundary
LCF stresses cavity
Compressive holds during _Qintari . - -Development of a tensile mean stress
4 the LCF Sintering of the grain boundary cavities -Initiation of cracks in the oxide scale
5  Fatigue fallowed by creep -Cyclic work hardening -Cyclic Work so(f:trzréwg -Formation of
6 Creep faIIowe_d by fatigue -Precipitating of strengthening phases -Little effect when grain boundary
loading damage does not occur
7 Cyclic Creep -Anelastic strain storage recovery -Metallurgical recovery

Recent studies showed that under sustained peak conditions showed an increase in
fatigue crack growth dramatically. Especially at higher temperatures, two mechanisms
are intensively observed; stress accelerated grain boundary oxidation (SAGBO) and
dynamic embrittlement (DE). These two mechanisms depend on oxidation diffusivity
which is highly dependent on temperature [42] [43] [31] [44] [45]. These two
mechanisms occur with oxygen diffusion to grain boundaries and creating more brittle

layers which behave more brittle and cause early failures.

High-temperature conditions do not always include oxidation effects, under high
temperature additional to oxidation, cavity formations across grain boundaries may
occur. To observe that, static loading conditions have to be maintained which is also
named creep. In addition to that life-reduction amount is depending on the temperature
change since the Oxygen diffusivity is depending on the temperature. This temperature
change can be determinative also for the crack propagation behavior. For Inconel718
material above 500 °C temperature crack propagation exhibits transition from cycle-
dependent transgranular to time-dependent intergranular propagate characteristics
[42]. Since the tests are performed below these temperatures for the cyclic fatigue test
transgranular crack growth is expected. Yet in some papers, axial fatigue test results
have resulted similarly for 350 °C and 550°C [46].

Behavior change with increasing the temperature can be explained in a couple of
fracture mechanisms. With increasing the temperature dislocations will be more
mobile and more slip planes becomes active [36] with this activation in un-notched
specimen intrusions-extrusion formation will occur faster. Stress accumulations also

will be much more faster at the surface, after crack nuclei created oxygen attack to
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crack tip effect crack growth as well. Besides that mechanism in both room
temperature and high temperatures Inconel 718 material is observed to be softening
material [47]. In load-controlled test conditions, this softening behavior of material
will cause an increase in plastic strains in each cycle and the hysteresis loops of the
specimens will shift to the right-hand side during all the tests until fracture, which is
called ratcheting. In these cases, if the applied loads are relatively high and failure
eventually will occur however the main governing mechanism of this failure will be

excessive deformation rather than cyclic loading [15].

Figure 4.4 : Stress distributions of different loadings and specimen geometries; a)
Stress distribution notched bending&torsion b)round specimen’s pure bending
condition c) Edge Notched Ky Bar specimen stress distribution fully under tensile
loading [48] [49] [50].
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Accumulated Strain —_—

Figure 4.5 : Subsequent stress loading corresponding strain accumulations
(Ratcheting) [15].

Softening mechanisms of this material is explained by shearing of the gamma double
prime precipitates by dislocations in which the sheared precipitate is one of the main
strengthening precipitate of the alloy yet is the unstable [51].

AN A WN AT

Time

Load

Figure 4.6 : Schematically expression of Block test [44].

For this intermediate temperature (450°C) in which the dislocation volume and
mobility is relative high and also the number of active slip bands are increased it is
expected to observe life reduction as observed in many literary works which are
focused more on crack propagation [52] [53]. In these works, tests are mostly
performed under trapezoidal waveform which is schematically described in Figure 4.7,
and with using notched specimen for focusing on crack propagation than initiation. In
the same study, it is shown that an increase in the crack propagation rate is highly
dependent on dwell duration and test temperature. An increase in temperature or dwell

duration increases the crack propagation rate [31].
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Figure 4.7 : Schematically expression of Trapezoidal test [44].
In engineering applications, some parts suffer under tensile dwell loading and some of
them suffer compressive dwell loading. For different conditions materials dwell
sensitivity can change. For instance in literature, while MARM-002 shows nearly
negligible dwell sensitivity at 750°C under compressive loadings, Waspalloy shows a
drastic reduction in life under both tensile and compressive dwell loadings. This
comparison is made by calculating Normalized Cycle Ratio (NCR) which dwells
fatigue life divided by the non-dwell result. Like these examples also Rene 80 shows
a clear reduction in life when subjected to dwell conditions both in tensile and
compression, yet Rene 95 shows relatively nearly equal to 1 values under tensile dwell
conditions at 650°C. It is important to note that Waspalloy and Rene 95 are cyclically
softening materials like Inconel718 alloy. Apart from alloy type, It is observed that an
equal amount of applied tensile and compressive dwell application causes relatively
low dwell sensitivity [53]. An increase in life under dwell conditions can be explained
by crack closure which is also examined widely in literature works. Since the crack
propagation is relatively dependent on the stress intensity factor range behind the crack
tip, decreasing the effect of this stress intensity factor also will also be expected to
reduce crack growth rate. The magnitude of compressive stresses behind the crack tip

changes the active stress intensity factor and changes the crack growth [31].

Another work which is also performed in Linkdping University shows that the loading
application under the Block test waveform shows different crack propagation
behavior, which indicates higher crack propagation in early periods of test after a
certain time crack propagation rate reaches pure fatigue rates. Which can be related to
materials cyclic response. Similar to this work it can be expected that after cyclic
response the crack propagation rates may be affected by dwell periods [45].
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Figure 4.8 : SEM imaging of fracture surfaces a) Trapezoidal wave form 2160sec
dwell application at 550°C , b)Pure axial fatigue at 550°C [52] c) Block Test at
550°C [44].

In Figure4.8a and b striations are reduced drastically means that with dwell
application fracture mechanism is becomes more time-dependent than cycle-
dependent. In the same figure c under block test conditions, it is clear that irregularities
at the crack path are seen with mixed fracture surfaces. This mixed fracture surface
includes intergranular smooth propagation zones and also transgranular regions with a
more ductile appearance [44]. In scientific works which include Inconel718 fatigue
and dwell conditions observed irregularities at the crack front. This irregular crack
growth shows visible transgranular and intergranular regions through the crack path
[52].

35






5. EXPERIMENTAL PROCEDURE

Specimens are manufactured from Inconel718 bar formed materials which subjected
to heat treatment as follows; Solution heat treatment between 941-1010°C then air
cooling, heating to temperatures between 718 to 760°C then 8 hours holding at these
temperatures then cooling is applied with rate of 56°C per hour then 8 hours holding
is performed at temperatures between 621 to 649°C then air cooling is applied. [AMS
5663] After heat treatment machining is performed in accordance with ASTM E606
& E466 and further NADCAP (Code Z) requirements. Specimen initial mechanical
properties are given in Table.1. Specimen diameter is aimed to get 5.08 mm and the
rest of the dimensions are maintained according to diameter. The Gage length is 12
mm and the total length of the specimen is approximately 200mm. After machining of
the specimens, low stress grinding and polishing in the longitudinal direction is

performed in TUSAS Engine Industries.

Total Length: 20d+4d
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Figure 5.1 : Schematically descriptions of Fatigue specimen.
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After specimen manufacturing load controlled fatigue tests are performed with W+B
Walter Bai Ag Rotating bending test machine. Loading is applied with dead weights
and heating is performed one zone electrical resistance furnace. Before the test start
additional to furnace control K type thermocouple, another K type thermocouple is

used to measure test start temperature on the specimen gage.
Test Rig is basically includes items down below;

1. Oil circulation, bypass hose connections

2. Fixtures, for specimen assembly

3. Testing zone

4. Electrical resistance heaters

5. Displacement sensor, to detect specimen fracture

6. Loading arms

Figure 5.2 : Test Setup and equipment overall.
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Table 5.1 : Initial Mechanical properties of Inconel718.

Temperature Room Temperature 450°C
UTS (Mpa) 1400 1240
E Modulus (Gpa) 204 180
Elongation (%) 20.9 22.6
Yield Strenght (Mpa) 1150 1030

In Figure 5.3 additional thermocouple measurement and measurement, the point is
shown. The specimen is heated using 2 temperature steps, these two steps are used to
reach the target temperature within one hour. After reaching the first temperature 15
minutes of soaking is applied. After reaching the final target temperature 30 minutes
of soaking time was applied to make sure the temperature distributions. It is observed
that there is a deviation between furnace temperature and used additional
thermocouple values. To maintain target temperature more relevant temperature
profile work is applied. After examining the furnace for nearly 20 hours it is concluded
that for 450°C specimen temperature approximately 530°C target temperature should

be given to furnace.

Figure 5.3 : Additional thermocouple application.

39



Temperature

v \‘,, Time
First soaking; Second soaking;
15 minutes 30 minutes

Figure 5.4 : Heating profile, first and second target temperatures to reach specimen
temperature 450 °C.

After performing standard fully cyclic fatigue testing dwell fatigue testing is
performed. To simulate this, the driving electrical motor stopped during certain
periods. After fatigue testing, subsequent hardness measurements, profilometer
measurements, nanoindentation, microstructural examinations, and SEM
visualizations are performed. Hardness measurements are performed to observe any

mechanical strength change.

Specimens are prepared after hot molding, grinding is performed from 120 grid
sandpapers to 1200 grid sandpapers, after grinding 6 and a 1-micrometer diamond
solution is used. To observe fatigue damage accumulation surface conditions are
measured with Dektak 6M profilometer. Specimens initial surface roughness values

are 0,2Ra profilometer results are given in further chapters.

Figure 5.5 : Profilometer setup; mold, indenter and indenter movement is marked.

40



Hardness measurements are performed with 0.98 Newton results are given in further
chapters. Hardness measurements are performed in certain regions of molded
specimens, measurements are performed from perpendicular direction to loading axis.

I-11-111 regions are represents subsequently; closer to fracture surface, middle regions,

far from testing center.

Measurement
(indenter) axis

Loading Axis <

Lol .

Figure 5.6 : Schematically description of hardness testing specimens and loading
axis respectively.

After these measurements Nano indentation measurements are performed in order to
observe any change in toughness. Tests are performed with using maximum load level
of 0.5 mN. Test are performed with 10 repetitions, results are shared in further

chapters.

Figure 5.7 : CSM Micro-Combi tester nano indendation testing machine.
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Molded specimens are then re polished and etched with using acidic solution which
includes; 50ml methanol, 5 ml H>.O2, 50ml HCI. After etching grain size measurement
is performed according to ASTM E112, comparison procedure is used with 100X

magnified visuals three different regions as described in hardness measurement.
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6. RESULST & DISCUSSION

Load-controlled rotating bending fatigue tests are performed from room temperature
condition to high-temperature dwell tests, to specimens which are prepared according
to ASTM E466 standard. In rotating bending fatigue conditions specimen’s surface is
subjected to tensile and compressive stresses at the same time. Test results are given
in Table6.1 At room temperature endurance limit can be accepted as 500Mpa since the
test specimen has not suffered any fracture, also the ratio between stress amplitude and
ultimate tensile stress of the material is approximate; 0.36 and this result is compatible

with Iiterary works. [54] Used “*”refers to the tests that are not fractured,

Table 6.1 : Performed fatigue and dwell fatigue test results.

. Stress .
Yield Stress

1 RT Non-Dwell 1094 0.95 30 0.79
2 RT Non-Dwell 998 0.87 30 0.87
3 RT Non-Dwell 771 0.67 30 0.99
4 RT Non-Dwell 677 0.59 30 1.07
5 RT Non-Dwell 600 0.52 30 1.13
6 RT Non-Dwell 502 0.44 30 1.36%
7 RT Non-Dwell 559 0.49 30 1.32
8 RT Non-Dwell 771 0.67 30 1.00
9 RT Non-Dwell 600 0.52 30 1.16
10 RT Non-Dwell 677 0.59 30 1.07
11 RT Non-Dwell 560 0.49 30 1.26
12 RT Dwell Fatigue 560 0.49 60 1.21
13 RT Dwell Fatigue 560 0.49 30 1.15
14 RT Dwell Fatigue 560 0.49 30 1.03
15 RT Non-Dwell 560 0.49 30 1.19
16 450°C Non-Dwell 636 0.62 19 0.90
17 450°C Non-Dwell 600 0.58 17 1.08
18 450°C Non-Dwell 600 0.58 17 0.75
19 450°C Non-Dwell 771 0.75 17 0.95
20 450°C Non-Dwell 771 0.75 17 0.91
21 450°C Non-Dwell 502 0.49 17 1.30
22 450°C Dwell Fatigue 771 0.75 17 0.93
23 450°C Dwell Fatigue 771 0.75 17 0.96
24 450°C Non-Dwell 600 0.58 17 1.18
25 450°C Non-Dwell 771 0.75 17 0.91
26 450°C Dwell Fatigue 600 0.58 17 1.11
27 450°C Dwell Fatigue 600 0.58 17 1.14
28 450°C Non-Dwell 560 0.54 17 1.24
29 450°C Dwell Fatigue 502 0.49 17 1.33
30 450°C Dwell Fatigue 560 0.54 17 1.35%
31 450°C Non-Dwell 560 0.54 17 1.35%
32 450°C Non-Dwell 831 0.81 17 0.89
33 450°C Dwell Fatigue 502 0.49 17 1.35*
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After gathering results, the best fit calculation is performed to find the data which
represent observed populations. Best-fits are calculated with using subsequently;
power-law relation, exponential relation, Manson’s Equal Slopes, and Linear fitting
according to ASTM E739. Different best fit calculations are compared in terms of
coefficient of determination (R?) and distances from raw data using the summation of
squared residuals.

1200

B Observed_Room Temperature Test
Results
- Basquin Relation
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— Universal slopes_regression
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= ASTM E739 Linear Line
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Figure 6.1 : Comparison of different best fits on room temperature test results.

As seen in Figure 6.1 according to raw data distribution, different model equations can
work on this certain data set, in this case, quantitative comparisons must be made. In
this work summation of squared residuals (SSR) and coefficient of determination (R?)

were used for this comparison. Fallowing equations 6.1 and 6.2 are used.

n
2
SSR = ) (log, — logN,) (6.1)
i=0
n
R*=1-55R /) (i~ 3V 62)
i=0

<A
I
Sl

X i)’i (6.3)
i=0
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Table 6.2 : Calculated SSR & R? values.

Room Temperature Data Process Results

Power Law/Basquen  Universal slopes_regression ASTM_E739 Exponential relation
SSR 1.066 0.406 0.518 0.502
R2 0.915 0.968 0.959 0.96

According to Table 6.2 in this case, by comparing the SSR values “Power Law”
method was observed to be appropriate however with calculating the probability
curves the ASTM E739 method can be selected. Also comparing the R? value it can
be said that all model equations sufficiently represent test results since all of them
explain the observed data above 90 percent. In terms of analyzing the data, there are
some different approaches especially for determining the outliers such as; box plots
examinations, t distribution test, F test, etc. In this work, box plot examination is used
to determine if the certain data is an outlier or not. In Figure 6.2 it can be obtained that
for ASTM Linear, Power-law, Manson’s Equal Slope’s there is no certain data that
can be considered as an outlier from the data curve. Only in the Exponential model
equation, 1 observation is calculated distant from mean data according to box-plot,
however, comparing the studentized T values shows there are two outlier data in the
ASTM E739 method but with comparing the 99% probability plots ASTM

methodology can be accepted as seen in Figure 6.3.

Standardised Residuals Comparison
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Figure 6.2 : Box Plots of different model equations on Room temperature fatigue
test results.
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Calculating the best fit from different model equations will give slightly different
solutions, however, there is no certain answer for that, different model equations can
work in the same data set. Nevertheless, some items have to be kept in mind. While
defining the materials certain mechanical property extrapolations to regions where no

observation exists are considered as an unsafe approach.

Table 6.3 : Studendized T Outlier comparison according to Chapter 3 with
significance of 0.05.

Critical TC Absolute Ti Applied Stress (Mpa) Normalized Cycles to

failure
0.977 0.457 1094 0.79
0.730 998 0.87
0.385 771 0.99
0.774 677 1.07
1.215 600 1.13
0.858 502 1.36
1.607 560 1.32
0.517 560 1.26
0.269 771 1.00
0.740 600 1.16
0.785 677 1.07
0.909 560 1.19

These approaches are applied to all test results in this work. When examining the high-
temperature results it can be seen that the repeatability of high-temperature specimens
is low. Increasing the temperature in the test environment creates more challenging
conditions and in which increases the scatter in tests. After applying the same
procedures on high-temperature observations, high temperature and room temperature
data are compared in terms of best fit and raw data in Figure 6.5. In Figure 6.4 high-
temperature test results and calculated curves can be seen. Increasing distance between

probability curves is evidence to increasing in the scatter of the data.
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Figure 6.3 : Room Temperature data set, best fit, and 0.95-0.99 probability curves
calculated according to ASTM E739.
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Figure 6.4 : High Temperature (450°C) data set, best fit, and 0.95-0.99 probability
curves calculated according to ASTM E739.
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Figure 6.5 : High Temperature (450°C) data set, best fit and Room Temperature data
set, best fit comparison.

In Figure 6.5 calculated best fit curves extended to understand the difference in
different data trends more clearly. Figure 6.5 is evidence on environmental factors are
highly effective on materials cyclic behavior. According to the best-fit curves, it seems
there is a constant percentage difference between room temperature and the 450°C
curve. This percentage can be approximated to a %12 reduction with increasing the
temperature up to 450°C. It has to be noted that with decreasing the stress level the
differences between life results seem to be decreasing however data points which are
visualized with arrows are the “Run Out” tests which means the specimens did not
suffer any fracture, specimens removed from the test the rig after 6-7*106 cycles.
Knowing that in terms of endurance limit the difference between room temperature

and high temperature would also seem to be intersecting.

After observing the fully cycle-dependent failure behavior of the material, dwell
periods are added to the test matrix. Dwell fatigue tests are planned to simulate the
engine’s operating stress levels by holding the specimen at max load for the duration
of dwell. Instead of applying the static hold in each cycle, to observe the cyclic and
static response of the material separately “Block” test method is used which is
described in Figure 6.6. Dwell durations are chosen with a proportion of the estimated
test duration. Applied load dwells and test durations are given in Table 6.4. For
different test durations and different loading levels cyclic and dwell period length is
changed in unit minutes. The aim of increasing the dwell periods is to increase the

time-dependent mechanisms. In this period specimen surface is subjected to both
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tensile and compressive stresses which also has a different effect on the material’s

cyclic behavior.

Table 6.4 : Performed Dwell Test’s Parameter Comparisons.

Cyclic

Test Temperature Loadin Dwell Total Dwell Total Cyclic Test Dwell /
Ff) ng duration Duration Test Duration Cyclic
Number (°C) Durations - - - Frequency -
. (Minutes) (Minutes) (Minutes) Ratio
(Minutes)
12 Room Temp. 30 60 420 360.6 60 Hz 1.16
13 Room Temp. 30 60 420 3485 30 Hz 121
14 Room Temp. 30 60 240 140 30 Hz 1712
20 450 10 10 60 68.4 17 Hz 0.88
21 450 10 10 50 47.6 17 Hz 1.05
24 450 30 45 315 382.1 17 Hz 0.82
25 450 30 45 315 533.6 17 Hz 0.59°
27 450 30 60 420 6517.4 17 Hz 0.06°
28 450 30 60 420 5025.4 17 Hz 0.08°
33 450 30 60 420 6343.1 17 Hz 0.07°

Used “a’refers to the early failure and “b” refers to “Run Out” tests.

AN WN AT

Time

Load

Figure 6.6 : Schematically expression of Block test [44].

Table 6.4 shows applied dwell durations in comparison with cyclic periods and total
test durations. It can be seen from the table that some of the tests has early failures and
in some tests, cyclic life increased dramatically. For most of the tests, the ratio between
total dwell duration and total cyclic duration aimed to be maintained between “0,8-
1,2” in average “1”. For the tests that have 420 minutes of dwell time, the ratio is
relatively close to “0” because after dwell application these tests are not suffered any

fracture these tests can be considered as “Run Out Tests”.

In Figure 6.7 for high-stress levels, it can be assumed that failure has dominantly
occurred in cycle-dependent mechanism since the final life of the test has no
significant change. With decreasing the stress levels difference between base tests and
dwell fatigue tests are more visible. For this intermediate temperature (450°C) in which

the dislocation volume and mobility are relatively high and also the number of active
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slip bands are increased it is expected to observe life reduction as observed in many

literary works which are focused more on crack propagation [31] [53].
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Figure 6.7 : High Temperature (450°C) Dwell and Non-Dwell Fatigue Test Results
with Best Fits.

Unlike in 450°C at room temperature dwell fatigue tests showed relatively lower life
results which can be seen in Figure 6.8. These results are near the +95% probability
lines but it is clear that the mean of the room temperature dwell fatigue results are

lower than non-dwell fatigue tests.
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Figure 6.8 : Room Temperature fatigue and dwell fatigue test comparison with best
fits.
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Figure 6.9 : Room temperature and High Cycle (450°C) dwell sensitivity graphs
with calculated NCR comparisons.

In engineering applications, some parts suffer under tensile dwell loading and some of
them suffer compressive dwell loading [53]. For different conditions materials dwell
sensitivity can change. This comparison is made by calculating Normalized Cycle
Ratio (NCR) which is dwell fatigue life divided by the non-dwell result. In Figure 6.9
at room temperature life, the reduction is clear. Compressive and tensile balanced
dwell loadings seem to be more effective at room temperature conditions. High
temperature calculated NCR values are evidence for stress magnitude dependency of
dwell sensitivity for Inconel718. Even the NCR values show dwell sensitivity clearly,
when examining the life results and room temperature best fit & percentile curves, one

of the dwell results seems to be equivalent with the best fit.

Material’s cyclic behavior change can be seen for different test conditions. Change in
life results can be caused by different factors. Since the fatigue behavior is also
dependent on material overall strength, to understand these results further hardness
measurements have been performed. Hardness measurements are performed in three
different measurement zones of fractured specimens, named; I, Il, 11l. These regions

represent the distances that are stated in Table 6.5.
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Table 6.5 : Measurement Zone distance from Failure Surface.

Measurement Zone

Distance Ranges From Failure

Surface (mm)

0.15-0.23
1.0-3.0
20-40

Table 6.6 : Performed Hardness test results and specimen conditions.

Test Number Measurement Zone Hardness (HV0.1) Test Condition

7 | 482
7 1 489 560 Mpa - Room Temp. - 1.32Nf
7 11 509
23 | 478
23 I 482 771 Mpa - 450°C - 0.91Nf
23 11 514
22 | 473
22 I 477 600 Mpa - 450°C - 1.18Nf
22 11 522
20 | 436
20 I 452 771 Mpa - 60 min Dwell - 450°C - 0.96Nf
20 11 495
21 | 474
21 I 462 771 Mpa - 50 min Dwell - 450°C - 0.93Nf
21 11 480
24 | 468
24 I 486 600Mpa - 315 min Dwell - 450°C - 1.11Nf
24 11 491

I: Closest measurement to fracture surface, 11: Middle measurement location, I11: Distant measurement point.

Micro Hardness Value (HV0,1)

Figure 6.10 :

530.00

520.00

510.00

500.00

490.00

480.00

470.00

460.00

450.00

440.00

430.00
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Measurement Zones

Hardness measurements form different distances from the fracture
surface.
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From Table 6.6 and Figure 6.10 it can be seen that specimens show softening since the
material's initial hardness values are approximately 500-520 Vickers. This softening
phenomenon can be seen in all test types. With increasing the temperature softening
trend also increases its slope, different stress levels also showed different amounts of
decrease in hardness value which means softening is a stress-dependent phenomenon.
It is important to note that softening is observed at room temperature too which means
this phenomenon is not thermally dominated. The specimen which is subjected to
dwell also showed lower hardness values than its counterpart without dwell. Change
in hardness provides illuminating perspective to understand the cyclic life change
however these results raised new questions on material toughness and overall plastic
capability. Measured surface roughness values after fatigue testing are observed to be
not repeatable enough to gain certain inferences. The results are deviating from 0,05
to 4 Ra.

Recovery and recrystallization are expected in the deformations applied at high
temperatures. Although these phenomena depend on temperature and applied load
levels, changes in toughness are expected as they change the distribution of
dislocations in the material. In this study, indentation and grain size measurements
were carried out to understand whether there are similar mechanisms. Indentation tests
are compared in terms of load/distance curves and plastic work ratio(PWR). PWR is a
ratio between total area under load-displacement curve and unloading curve. PWR is

a value that describes material’s plastic deformation ability.

Table 6.7 : Plastic Work Ratios (PWR) of Tested Specimens.

Specimen Condition

PWR Applied Stress Test Dwell Duration Normalized
(Mpa) Temperature (min) Cyc!es To
Failure
0.835 502 450°C N/A 1.30
0.834 502 450°C 420 No failure
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Figure 6.11 : Nanoindentation results of high temperature tests.

Table 6.8 : ASTM Grain Size number comparison of tested specimens.

Max

- Dwell ASTM
NJ;Stt)er Temé)oecr;i ure agggfg Duration  Grainsize  Uncertainity Me:jé’tfg;em
(Mpa) (minutes) Number
6 502 N/A 9
7 560 N/A 9.5
Room Temp.
12 560 420 9
13 560 420 10
£ Comparison
27 502 420 10 (100X graded)
19 502 N/A 9
28 450 560 420 10.5
20 771 60 95
25 598 315 9.5

From Figure 6.11 it can be said that even with the increased life results materials
toughness is not changed with dwell application. From Table 6.7 interestingly plastic
deformation capacities of two different specimens have not changed after 420 minutes

of tensile and compressive stress holds. Also, Table 6.8 shows no change in ASTM

grain size numbers for specimens used under different test conditions.
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Figure 6.12 : Microstructural image of a) Room temperature, 560MPa, 1.32
normalized cycles to failure, b)450°C, 771MPa, 0.91 normalzed cycles to failure, c)
Dwell fatigue(50mins), 450°C, 771MPa, 0.93 normalized cycle to failure, twinning
formations expressed in red circles, X stands for Ti rich carbonitride, Y stands for Nb
rich carbonitride.

The cause of the material’s cyclic life change can also be investigated by examining
microstructural monitoring and SEM monitoring. The microstructure of Inconel718
specimens under different test conditions can be seen in Figure 6.12. In this figure with
the change of the test condition, the surface topography is also changed. Twinnings
are produced after thermomechanical processes during the manufacturing of the
material but also it is known that they can be also produced by dislocation movement
which causes a decrease in overall strength [36]. Different amounts of twinnings are
observed in different test conditions. It is expected that the dislocation mobility and

the amount of active slip band increase at high temperatures which creates a favorable
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condition for dislocation to shear the existing precipitates. This phenomenon is
normally observed during thermomechanical processes at high temperatures and is
observed by twinning [36]. Although the softening occurs, it is hard to assume some
relation different twinning amounts to softening. In addition to that in the non-dwell
test, sub-surface crack is observed near Nb rich carbonitrides meaning the material has
a relatively brittle zone where the Nb-Ti rich carbonitrides are formed [55].

In Figure 6.13 it can be observed that fracture topography has no distinctive change
along the fracture surface. From that observation, it can be said that fatigue tests
without dwell application have a transgranular crack growth mechanism. Some
relatively big grains can be observed however overall grain size was not changed
remained between 8-10ASTM number. Twinning also can be observed for these
specimens. On the other hand In Figure 6.14 in the dwell fatigue test surfaces, we can
say crack propagation behavior has changed clearly since the topography of the
fracture surfaces has distinctive features. And in “c” of Figure 6.14 shows that this
change in the mechanism can be observable on the macro scale. This topographical
change proves that crack propagation is changed from transgranular to mixed

(trans+intergrarular) propagation.
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Figure 6.13 : Microstructural imaging of fracture surfaces a) 450 °C Fatigue test

598Mpa 1.08 normalized cycles to failure b) 450 °C Fatigue test 598Mpa 1.18
normalized cycles to failure.
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Figure 6.14 : Microstructural imaging of fracture surfaces a) 450 °C Dwell Fatigue
test 598Mpa 1.14 normalized cycles to failure b) 450 °C Dwell Fatigue test 598Mpa
1.11 normalized cycles to failure ¢) Macro monitoring of a.

For further investigation of crack initiation and propagation, SEM monitoring is
applied. In these observations, the aim was to detect some different features. Since the
microstructural examinations lead to change in transgranular to intergranular
propagation. In SEM analysis more quasi cleavage and facet type fracture features are
expected. In Figure 6.15 dwell fatigue test and non-dwell fatigue test is compared in
crack propagation zones. Both specimen surfaces are showing fatigue striations
intensively means that the dominant fracture element is fatigue. Also, crack branching
can be observed in both conditions. For these test conditions, it can be said that dwell
application has no significant effect. As mentioned in NCR values in Figure 6.9
771Mpa is no dwell sensitive condition this observation supports this result.
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Figure 6.15 : SEM imaging of fracture surfaces a) 450 °C Fatigue test 771Mpa 0.91
normalized cycles to failure b) 450 °C Dwell Fatigue test 771Mpa 0.96 normalized
cycles to failure.
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Figure 6.16 : SEM imaging of fracture surfaces of fatigue test at room temperature
560Mpa 1.26 normalized cycles to failure a) crack initiation zone b) crack
propagation zone.

59



As mentioned in previous paragraphs, higher NCR conditions are observed in lower
stress applications. At elevated temperatures, life results increase and failure has not
been observed. But at room temperature life results are decreased drastically. In Figure
6.16, a non-dwell room temperature fatigue fracture surface is given. In this figure
single crack initiation zone at the surface is observed and in the crack propagation
region fatigue striations can be observed. In Figure 6.17, the topography and feature
of the crack initiation site are different from Figure 6.16 in the dwell fatigue test more
smooth crack paths and more quasi cleavage type features are observed. In the crack
propagation site fatigue striations can be observed however quasi cleavage features are

more distinct.
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Figure 6.17 : SEM imaging of fracture surfaces of dwell fatigue test at room
temperature 560Mpa 1.21 normalized cycles to failure a) crack initiation and
propagation zone b) crack initiation zone c) crack propagation zone.
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Another room temperature dwell fatigue failure surface is given in Figure 6.18. Unlike
the other fracture surfaces in this specimen failure, it seems to have occurred more
catastrophically. And from “a” and “b” shearing can be seen. At the crack propagation
phase, quasi cleavage features are more visible additional to that, fatigue striations can
be observed too. That means failure is not fully fatigue-dependent plasticity also can
be considered.
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Figure 6.18 : SEM imaging of fracture surfaces of dwell fatigue test at room
temperature 560Mpa 1.15 normalized cycles to failure a) crack initiation zone b)
main crack zone c) crack propagation zone.
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It is observed that dwell periods that caused an increase in life at 450°C in terms of
best fit curves, interestingly decreased life results nearly 60 percent at room
temperature condition. And with examining the fracture surface with SEM imaging it
is clearly seen that dwell application caused more catastrophic failure. Unlike 450 °C
temperature tests, at room temperature dwell application, quasi cleavage features are
more visible. This might be because of active slip bands and dislocation mobility.
Since the temperature is low and dislocation movement is restricted at a limited
amount of slip bands, internal stresses can be accumulated more easily causing early
failures. At elevated temperature with current observations, there is no grain size
change and there is no change of materials plastic capability after fatigue and dwell
fatigue tests. This means that it can not be related to an increase in life to the recovery
mechanism. In addition to that Inconel 718 is a low stacking fault energy material
means that the material requires higher temperatures or higher deformations to observe
recovery [56]. High-stress application zones are not dwell-sensitive conditions.

Softening is observed at near fracture locations.

The increase in life can be explained by different mechanisms. In literacy works
different mechanisms are observed to arrest crack growth and cause crack closure such
as; plasticity induce crack blunting, oxide induce crack arrest, mechanical closure.
From our observations with softening increase in plasticity at the crack tips are highly
possible to lead crack progpagation arrest. Crack closure and local plastically
deformed zone which is a high energy zone and hardens the crack to propagate, at
lower stress levels this mechanism is most likely to increase the material’s pure

bending fatigue life.
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7. CONCLUSION

In this work load controlled rotating bending fatigue tests are performed under 2
different temperatures and dwell conditions. Additional to that hardness of Vickers
measurements, nanoindentation, SEM monitoring, and optical microscopy
visualizations are performed. As a result of these works following conclusions can be

reached:;

e Inconel718 pure bending fatigue life is highly affected by temperature,
increasing in temperature decreases the fatigue life.

¢ Inconel718 material shows softening under cyclic loadings through the fracture

surface. Softening can be affected by temperature.

e Duwell application has no decreasing effect to Inconel718 fatigue behaviour
under bending at 450 °C.

e At 450°C dwell application on Inconel718 material is stress-dependent, dwell

sensitivity is observed at lower stress levels.

e At room temperature, dwell application at lower stresses showed a reduction
in life.

e With dwell application fracture characteristics are observed to change from

transgranular to mixed feature.

e Dwell sensitive stress regions are not favorable for recovery and
recrystallization since there is no grain refinement and an increase in toughness

is observed.

In the light of these works, it can be said that unexpectedly the detrimental effects of
an increase in temperature and dwell loading have not been observed. Plasticity-

induced crack closure is most likely to explain this increase in life.
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APPENDIX A: High Temperature Curve Fitting and Statistical calculations.
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confidance bands with test results.
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Table A.1 : Calculated SSR & R? values for High temperature best fits.

High Temperature Data Process Results

Manson’s Equal Slopes ASTM_E739
SSR 4.032 4.032
R2 0.642 0.642

Table A.2 : Studendized T Outlier comparison according to Chapter 3 with
significance of 0.05 for high temperature best fit.

Critical TC Absolute Ti Applied Stress (Mpa) Normalized Cycles to

failure
0.9786 1.100 635.7 0.8967
2.443 598.2 0.7537
0.073 771 0.9076
0.162 598.2 1.0807
0.395 771 0.9536
0.552 559.2 1.238
0.356 502 1.2979
0.088 771 0.9096
0.524 598.2 1.179
1.366 560 1.3534
0.352 831 0.8864

Table A.3 : Fitting Estimators according to linear ASTME739 Model of different
test results.

Model Equation: log Ny = A + B(log o)

Test Type A B
Room Temperature Fatigue 28.78 -8.20059
High Temperature Fatigue 29.68 -8.74046
High Temperature Dwell Fatigue 36.86 -11.13349
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