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Abstract

Heat resistant materials such as Ni-base superalloys possess a remarkable capability to

hold their properties at elevated temperature conditions. They have been widely used

in the hot section components of modern aircraft and power generation gas turbine

engines. Especially, turbine blades are one of the most sophisticated components of

a gas turbine which convert the thermal energy of combustion gases into mechanical

energy. Here, turbine blades are casted as single crystals of Ni-base superalloys due to

their higher tolerance to creep and low cycle fatigue exposure. Consequently, single

crystal blades exhibit high elastic anisotropy, i.e. their mechanical properties vary

with crystallographic orientation.

Single crystal blades are mounted on turbine disks, manufactured from polycrystalline

Ni-base superalloys by means of dovetail connections or fir-tree arrangements. Cyclic

friction and fretting between the single crystal blade and polycrystalline disk occur

due to small oscillating relative displacements during engine operation. Key research

focus should be laid on the clarification of crystallographic orientation dependence

on high temperature strength of single crystal superalloy. Specifically, the effect of

secondary crystallographic orientation of rotor blades with respect to disk contact sur-

face on the mechanical strength and reliability needs to be clarified to achieve further

improvements in microstructure design and development of advanced superalloys.

The aim of the present study is to investigate the influence of crystallographic ori-

entation of contacting single crystal (SC) vs polycrystalline (PC) superalloys used

in gas turbine blades and disks, respectively. To achieve this, the role of crystallo-

graphic orientation of single crystal rotor blade material (CMSX-2/4) with respect to

polycrystalline disk material (IN718) on the cyclic sliding friction (CSF) and fretting

fatigue (FF) behavior was investigated at ambient and high temperatures.
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First, anisotropic frictional response of contacting superalloys during cyclic sliding

under gross slip conditions has been investigated. A significant influence of crystal-

lographic contact plane (crystallographic orientation of sliding surface) and sliding

orientation (crystallographic orientation toward the sliding direction) on the coeffi-

cient of friction (COF) was found. At room temperature, a normal load depended

anisotropic tribological behavior was observed. On a given contact surface orientation,

a specific effect of sliding direction was also established. This anisotropic behavior

was found to be independent of test temperature. Discussions were made on the

above experimental results. It was shown that both the stress and the deformation

field near the contact area which are closely influenced by the anisotropic mechanical

properties in longitudinal and transverse elastic moduli and in yield strength would

play extrinsic roles there.

Second, fretting fatigue tests were carried out under partial slip conditions. Significant

differences in fretting fatigue lives with respect to contacting superalloy combinations

were found experimentally. These differences were found to be controlled by material

dependent tangential force coefficient (TFC ) evolution during fretting fatigue loading.

A slight improvement of life at 600 ◦C was observed under lower stress amplitudes.

Significant changes in the fretting induced subsurface microstructure was character-

ized using SEM and EBSD techniques. Experimentally measured TFC values were

correlated with an analytical approach based on a crack analogue model for the es-

timation of fretting fatigue crack propagation life. Also, the influence of secondary

crystallographic orientation of single crystal superalloy on the TFC , and in turn, the

fretting fatigue life was highlighted. Notable differences in fretting contact stress field

induced multiple slip systems and crack initiation behavior were observed.

With respect to the above experimental investigations, a mechanism-based numerical

model was proposed to analyze the crack initiation stress state due to fretting forces

on single crystal slip systems. A competition between resolved shear stresses (shear

mode) and resolved normal stresses (opening mode) was found to be controlled by the

secondary crystallographic orientation. It was also found by quantitative calculation
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that the magnitude of TFC at the contact interface and resolved normal stresses on

slip planes play a critical role in accelerating crack initiation and propagation with

increasing misorientation angle. An equivalent stress range parameter was proposed

to incorporate the effect of varying resolved normal stresses with secondary orientation

and TFC . The proposed model enables us to estimate the effect of crystallographic

orientation on TFC and resolved normal stresses acting on single crystal slip planes.

Those estimations are in agreement with the experimental results.

The present experimental and analytical studies on the crystallographic orientation

based on the variation of surface tractions and sub-surface stress state under the in-

fluence of fretting forces can be useful in fretting fatigue strength design of SC/PC

mating parts such as gas turbine SC blades and PC disk assemblies, where fric-

tion/fretting induced stress concentration leads to early fatigue crack nucleation and

growth, resulting in premature failure of components.
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Chapter 1

Introduction

A brief introduction to the Ni-base superalloys, anisotropic properties of single crys-

tals, fretting fatigue behavior of engineering alloys and objectives of this research work

are presented in this Chapter. The advantages of single crystal Ni-base superalloys

over polycrystalline superalloys are discussed. Also, based on the previous studies on

single crystal Ni-base superalloys, the uncertainties in failure behavior with respect

to crystallographic orientation of single crystals are highlighted. Furthermore, fret-

ting fatigue failure studies on engineering alloys are reviewed with particular focus on

anisotropic contact configurations. Finally, the objectives and the approach of this

dissertation are outlined.

1



Chapter 1. Introduction

1.1 Advanced Ni-base superalloys for gas turbines

Nickel based superalloys are widely used in hot section of aircraft and power-generation

gas turbines which can hold to their strength and properties at high temperatures.

They are mainly used in the turbine and combustor sections of aircraft engines which

constitute 40-50% of the total weight [1–3]. Continuous improvement of high temper-

ature strength and properties of Ni-base superalloys used in advanced gas turbines is

inevitable for better fuel economy thereby reducing CO2 emission in order to prevent

global warming [4, 5]. This can be achieved by increasing the turbine inlet temper-

ature (TIT) of combustion gases. At the same time, it is necessary to select the

materials that can withstand these high temperatures without any degradation in

their performance. Gas turbine blades are one of the most sophisticated components

of a gas turbine which convert the thermal energy of combustion gases into mechan-

ical energy. Significant developments are made in the manufacturing technologies of

turbine blades [5, 6]. Fig. 1-1 shows the blades casted using three methods [6].

Figure 1-1: Investment casting methods (a) equiaxed, (b) directionally solidified and
(c) single crystal structures [6]

Particularly, gas turbine blades are casted as single crystals of Ni-base superalloys

due to their higher tolerance to creep and low cycle fatigue behavior [6]. This is

achieved by aligning the <001> low Young’s modulus primary crystallographic ori-

entation with the blade axis [2]. However, the secondary crystallographic orientation
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perpendicular to blade axis is generally not controlled but can be determined [7–10].

Single crystal blades are preferred over polycrystalline blades due to enhanced creep

and fatigue properties. Since no grain boundaries are present in single crystals, grain

boundary sliding during creep loading is avoided (Fig. 1-2). High temperature fatigue

life can be improved maintaining lower stiffness along longitudinal axis of the single

crystal blade, which result in significant improvement in turbine inlet temperature as

shown in Fig. 1-3.

Figure 1-2: Stress rupture life of blades manufactured by different processing routes
[6].

Figure 1-3: Evolution of turbine inlet temperature (TIT) of civil engines in the past
seventy years [1].
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1.2 Anisotropic properties of FCC single crystal

material

Figure 1-4: Elastic modulus of Ni-base superalloy at room temperature [11].

The fact that the blades are casted as single crystals means their mechanical prop-

erties are anisotropic in nature i.e. properties are dependent on crystallographic ori-

entation [3, 12–16]. Fig. 1-4 shows the variation of elastic modulus of a single crystal

Ni-base superalloy as a function of crystallographic orientation in the stereographic

triangle [11]. The crystallographic orientation of single crystal Ni-base superalloy

component with respect to loading directions could affect the mechanical strength

properties such as high cycle fatigue (HCF) [5, 7, 17, 18], thermo-mechanical fatigue

(TMF) [19, 20] and creep [11, 21] behavior. Recently, key research focus has been laid

on the clarification of crystal orientation dependence on high temperature strength

of single crystal superalloy for the design and development of next generation rotor

blades. Particularly, effect of secondary crystal orientation of rotor blades on the re-

liability of high temperature strength needs to be clarified for further improvements

in microstructure design and development [7, 14, 22, 23]. Here, the main focus is

on the high temperature mechanical and metallurgical properties such as creep resis-
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tance, thermo-mechanical fatigue strength, corrosion and oxidation resistance, plain

fatigue strength and fretting fatigue strength. So far, studies on the crystal orienta-

tion dependence on creep strength, thermo-mechanical strength and environmental

resistance have been reported. Combined knowledge of orientation effect on the high

temperature properties is essential for unified design and development of advanced

gas turbine engine systems.

1.3 Fretting fatigue of engineering alloys

Figure 1-5: Methods of securing turbine blades to disks [6].

Turbine blades are mounted on turbine disks using either dovetail connections

or fir tree arrangement, as shown in Fig. 1-5 [6]. Friction and fretting occur due to

small oscillating relative displacement at the contact interface of mating components

[24–26]. Fretting fatigue in gas turbine blade-disk attachment occurs due to small

oscillating surface displacements (fretting) in addition to the bulk stress (fatigue)

[26]. The addition of fretting induced stress concentration at the interface might aid

in fretting damage and crack nucleation, as schematically shown in Fig. 1-6. When

fretting occurs together with fatigue it accelerates the crack nucleation (within first

several thousand cycles) and it can lead to drastic reduction in fatigue life of the com-

ponent [24]. Thus, catastrophic failure under fretting conditions can occur at stress

Submitted in partial fulfillment of the Dr. Eng. Course in Mat. Sci. at NUT 5



Chapter 1. Introduction

levels well below the fatigue limit of a material. Fretting fatigue failure is particularly

important in safety-critical industries such as aerospace and power generation. Sev-

eral literatures are available on the fretting fatigue behavior of various steels [27–34],

Al alloys [35–39] and Ti alloys [30, 40–43]. However, studies on the fretting fatigue

behavior of heat resistant superalloys [44], more specifically, on the single crystal Ni-

base superalloys are limited [45–47].

Figure 1-6: Schematic of fretting fatigue damage in blade/disk assembly

Previous studies on fretting behavior of engineering alloys suggest that there are

more than 50 variables of fretting process which can be divided into two groups: (i)

primary variables and (ii) secondary variables [48]. Coefficient of friction (COF ) is

one of the primary variables which was identified as the important parameter affecting

the fretting process [22, 24, 47, 48, 48]. Significant development on the application

of fracture mechanics to fretting fatigue of polycrystalline materials has been made

[49–59]. Giannakopoulos et al. [60] proposed a fretting fatigue life estimation method-

ology based on the analogy between contact mechanics and fracture mechanics, where

crack initiation angle and effective stress intensity factors (SIFs) can be computed

by knowing the COF under fretting contact. Many researchers have reported the

importance of considering the frictional force between the mating parts for accurate

estimation of fretting fatigue life [8, 22, 47, 61], which has been taken into account in
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the current work on single crystal Ni-base superalloys.

1.4 Fretting fatigue of single crystal alloys

In comparison to polycrystalline alloys, fewer reports are available on fretting behav-

ior of single crystal alloys. Early study by Hoeppner and Salivar [62] on the fretting

fatigue of contacting Cu single crystals showed significant dependence of orientation

on the amount of slip and fretting fatigue lives. Also, they have highlighted the pos-

sible changes in the the sub-surface stress field which altered the maximum value of

shear stress away from the primary slip systems [62]. Arakere and Swanson [46] high-

lighted the influence of COF on the tangential normal stress at the critical contact

location which controls fretting crack nucleation in a single crystal Ni-base superalloy.

They also reported the preferential secondary orientations for which crack growth at

the blade tip can be minimized. Murthy et al. [63] published a series of papers on con-

tacting single crystal/polycrystalline Nickel subjected to blade/disk loading, in which

fretting fatigue crack nucleation and growth lives of polycrystalline alloy (IN100) in

contact with single crystal nickel were estimated based on multi-axial fatigue pa-

rameters. Furthermore, anisotropic stress field due to dissimilar contact have been

derived based on singular integral equations [47, 63, 64]. Huang et al. [8] reported

the crystallographic orientation effect on fretting at room temperature (RT) under

different applied displacement amplitudes on (001) face, while there is a crystallo-

graphic effect under partial slip conditions, the effect of crystallographic orientation

diminished with continued fretting due to plastic deformation and mechanical mixing

of surface layer under gross slip conditions [8]. Few studies have been reported on the

friction behavior and the formation of surface layers on polycrystalline Ni-base super-

alloys [65–68]. However, the gross sliding friction behavior of SC superalloy having

different crystallographic surface orientations at high temperature has not been yet

established.

Recently, Fleury et al. [22] investigated the effect of the crystal orientation of

a single crystal contact pad on the fretting fatigue life of polycrystalline Ni-base
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superalloy at high temperature. They also emphasized the need to study the influence

of coefficient of friction of contacting superalloys at high temperature. However, for

a more realistic understanding of fretting fatigue of turbine blade-disk attachment,

it is necessary to apply the fatigue load on the single crystal specimen representative

of blade material and contact pressure exerted by polycrystalline contact pads which

are representative of the disk material.

1.5 Objectives of this study

The aim of the present study is to investigate the influence of crystallographic orien-

tation of contacting single crystal vs polycrystalline superalloys used in gas turbine

blades and disks, respectively. The results obtained from this study can be useful in

understanding the effect of metallurgical aspect of materials on component design for

high temperatures. The following are the objectives of this work:

• What is the influence of crystallographic contact orientation and crystallo-

graphic sliding orientation of single crystal material on sliding friction response

at ambient and elevated temperatures?

• What is the effect of contacting superalloy combinations and tangential tractions

on the fretting fatigue failure behavior of contacting superalloys?

• How does the secondary crystallographic orientation of single crystal blade ma-

terial influence the performance against fretting fatigue?

• How to incorporate the experimentally measured contact tractions in to life

prediction methodology for superalloys?

• How does the crystallographic orientation modify the sub-surface stress state

induced by fretting stresses?
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1.6 Approach

Experimental and analytical investigations were carried out in order to address the

objectives set forth. The experimental study involves cyclic sliding friction tests

and fretting fatigue tests at ambient and high temperatures. Here, the evolution

of frictional tractions and fatigue lives under fretting conditions are studied. These

experimental results are extensively analyzed in the analytical study. Analysis of crack

propagation life estimation based on experimentally measure tangential tractions is

proposed. Furthermore, the influence of secondary crystallographic orientation on the

internal stress field in a FCC single crystal slip systems which control the deformation

behavior in Ni-base superalloys is investigated.

Fretting and friction properties are known to be influenced by displacement modes

such as partial slip, mixed mode and gross slip/sliding [8]. Here, the coefficient of

friction between sliding/fretting contacts is one of the main factors that could control

the failure mechanism, that is, either material removal by wear, crack nucleation from

frictional interface or both [22, 63]. Thus it is important to consider not only the nor-

mal load direction and surface orientation but also the direction of sliding/fretting

along which the tangential force is acting. In order to characterize the orientation in-

duced anisotropy on normal and tangential load direction, the CSF tests were carried

out under gross sliding conditions. Meanwhile, fretting fatigue (FF) failure tests were

conducted on single crystal specimens having different secondary crystallographic ori-

entations to estimate the fatigue life under fretting conditions. In addition to ambient

temperature conditions, tests have also been conducted at 600 ◦C, typical temperature

experienced in the gas turbine blade/disk attachment region during operation.
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1.7 Dissertation outline

This section describes the individual topics that are covered in this dissertation as

summarized in Fig. 1-7.

Figure 1-7: Dissertation outline

Chapter 1: The basics of Ni-base superalloys used in advanced gas turbine en-

gines and their relevance to better performance in terms of significant developments

in recent years are presented. Then the potential impact of fretting process on the

fatigue behavior of these alloys are discussed, with particular focus to gas turbine

blade/disk assembly. Background study on the effect of single crystal orientation on

fretting process identified the limited knowledge and studies that have to be done.

Based on that, objectives of the current study are defined and a systematic approach

is utilized to achieve those objectives.

Chapter 2: Crystallographic aspects of contacting superalloys are investigated

on the representative turbine blade and disk assembly. Major emphasis was put

on the role of crystallographic orientation with respect to normal loading and tan-

gential loading directions. The experimental observations are related to the elastic

anisotropic mechanical properties of single crystal superalloy material.

Chapter 3: Fretting fatigue failure behavior of similar contacting superalloys is

studied in order to estimate the fatigue strength of superalloys subjected to fretting
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loading. The plain fatigue strength of the materials is compared with observed fret-

ting fatigue strength and severity of fretting process is highlighted. Specific role of

contact tractions which are controlled by secondary crystallographic orientations is

characterized by means of stick-slip area fraction and fracture morphologies of failed

specimens.

Chapter 4: Analytical study on the fretting fatigue crack propagation and crack

initiation stress state is detailed. The influence of tangential tractions between the

contacting superalloys on the crack propagation behavior are studied using a model

based on crack analogue approach. Furthermore, the variation sub-surface stress state

under the action of fretting stresses acting on different crystallographic orientations

which control the crack nucleation process is formulated. The role of tangential force

coefficient and orientation on the resolved stresses on single crystal slip systems are

analyzed in detail. Correlations with experimental findings are made.

Chapter 5: The findings of the present study are summarized and suggestions

for future research scope are presented.
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Chapter 2

Crystallographic aspects on cyclic

sliding friction behavior of a single

crystal (SC) Ni-base superalloy

Crystallographic aspects of contacting superalloys are investigated on the represen-

tative turbine blade and disk assembly. Major emphasis was put on the role of

crystallographic orientation with respect to normal loading and tangential loading

directions. The experimental observations are related to the basic anisotropic me-

chanical properties of the material of interest.
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2.1 Introduction

Single crystal materials posses anisotropic mechanical properties. The influence of

these properties on the frictional behavior of contacting superalloy system is pre-

sented in this chapter. Investigation on the effect of crystallographic surface and

sliding orientations of CMSX-4 single crystal Ni-base superalloy (SC) on the cyclic

sliding friction (CSF) behavior against IN718 polycrystalline Ni-base superalloy (PC)

has been carried out at room temperature and at 600 ◦C. Tests have been conducted

on three different surface orientations and two different sliding orientations in order

to explore the anisotropic friction response of SC/PC sliding contact pair. The ef-

fect of applied normal force and CSF cycles on COF was also explored. Based on

these experimental results, discussions were made on the influence of crystallographic

orientation of SC on CSF behavior of SC/PC sliding pair.

2.2 Materials

Figure 2-1: Microstructures of Ni-base superalloy system used in this study (a)SC
alloy: CMSX-4 (representative material for turbine blades) and (b) PC alloy: IN718
(representative material for turbine disks).

A SC Ni-base superalloy, CMSX-4, representative material for turbine blades,

after standard solution heat treatment and aged conditions was used in this study.

A PC Ni-base superalloy, IN718, representative material for turbine disks, was used

as a counter body. The chemical compositions of the superalloys used in this study

are given in Table 3.1. The characteristic microstructures of CMSX-4 and IN718 are

shown in Fig. 2-1. In CMSX-4, cuboidal γ′ precipitates are uniformly distributed
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in the γ matrix. The volume fraction and size of γ′ precipitates are approximately

63 % and 0.5 µm, respectively. In IN718, a nickel-iron superalloy rich in niobium,

γ′′ phase is the primary strengthening precipitate. The average grain size is about

16µm. The microhardness values of CMSX-4 and IN718 are 490±60 Hv and 480±30

Hv, respectively.

Table 2.1: Chemical compositions (wt%) of Ni-base superalloys used in this study.

Material Cr Co Mo W Ti Al Ta Re Hf Fe C Nb Ni

CMSX-4 6.4 9.7 0.6 6.4 1.0 5.7 6.5 2.9 0.1 - - - Bal.

IN718 19.0 - 3.0 - 0.9 0.5 - - - 18.0 0.04 5.0 Bal.

Figure 2-2: CSF test (a) schematic of extracting specimens with different surface
orientations (b) optical microscope images of extracted specimens

2.3 Specimen extraction

In this work, specific focus was put on the effects of possible crystallographic factor

on the friction behavior. For this purpose, the SC CMSX-4 bars of 13mm diameter

and 20mm length were cut from the raw stock. Three specimens with dimensions of

Submitted in partial fulfillment of the Dr. Eng. Course in Mat. Sci. at NUT 23



Chapter 2. Crystallographic aspects on CSF behavior of SC Ni-base superalloy

Figure 2-3: Schematic of (a) high temperature CSF test rig, (b) Ball-on-flat contact
configuration and (c) cyclic variation of normal load during CSF test. [No. of sliding
cycles: 100; Normal load range: 0.1 N-10 N; Sliding distance: 10 mm; Sliding velocity:
1 mm/ sec; Test temperature: RT and 600 ◦C].

about 15 x 10 x 3 mm were extracted in such a way that their width surfaces (15

x 10 mm surface) are almost aligned within 5 degree from (100), (110) and (111)

crystallographic planes, as schematically shown in Fig. 2-2(a). Optical microscope

images of obtained specimen surfaces are presented in Fig. 2-2(b). The counter body

used was slider balls with hemi-spherical ends of φ3mm which were extracted from

polycrystalline Ni-base superalloy, IN718. Specimens from IN718 were also extracted.

Prior to testing, SC specimens and PC slider ends were mechanically polished to

mirror finish.

2.4 Experimental procedure

A ball-on-plate reciprocating sliding friction tester [1] (Made by Shinto Scientific Co.,

Ltd., HEIDON type HSS2000, managed by NIMS, Japan) equipped with SiC ceramic
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heater was used to measure the coefficient of friction (Fig. 2-3(a)). The SC CMSX-4

specimen was fixed on the table which reciprocated to and fro against the PC IN718

slider ball attached to the holder (Fig. 2-3(b)). The position of dead weight was

synchronized with the table movement to ensure the application of varying normal

load (Fig. 2-3(c)). The normal load was applied using dead weight and lever arm

and the resulting friction force up on sliding was measured throughout the test by

a strain transducer attached to the slider holder. The coefficient of friction (COF)

during sliding was then calculated using (Eq. (2.1)).

COF =
Q

P
(2.1)

Where Q is the frictional or tangential force measured by the strain gage and P is

the applied normal force.

2.5 Results

2.5.1 Optical images of sliding traces on SC

The optical images of sliding traces on SC and PC specimen surfaces obtained after

testing at room temperature and at 600 ◦C are shown in Fig. 2-4(a)-(d) and (e)-

(h), respectively. The wear trace on SC specimen was broader than PC specimen

sliding against PC ball at room temperature. Severe scratching and abrasive wear

was observed on all samples tested at room temperature. On the other hand, when

tested at 600 ◦C, the width of wear trace was narrow and grooved deep into the

Table 2.2: Material combination and crystallographic orientations of single crystal
specimens used in this study

Material used Sliding plane and direction

Specimen Ball Code Plane Direction

CMSX-4 IN718

SC-1 (100)
<001>

SC-2 (110)

SC-3 (111) <112>

IN718 IN718 PC-1 - -
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Table 2.3: CSF test conditions

Number of
cycles

Normal load
[N]

Sliding
distance [mm]

Sliding
velocity
[mm/s]

Test
temperature

[◦C]

100 0.1 - 10 10 1 RT, 600

Figure 2-4: Optical images of sliding traces on CSF tested specimens tested at (a)-(d)
room temperature, and (e)-(h) 600 ◦C. Abrasive scratching with broader wear tracks
were obtained after sliding at RT, whereas, deep grooves with narrow wear track
width were obtained after sliding at 600 ◦C.

surface. Also up on increasing the temperature to 600 ◦C, the dendrite pattern was

clearly visible in the SC specimens (Fig. 2-4(e)-(g). The wear scars on the counter

body (IN718 slider) at room temperature and at 600 ◦C were presented in Fig. 2-5(a)-

(d) and (e)-(h), respectively.

Figure 2-5: Optical microscope images of wear scars on IN718 slider pin ends sliding
against (a)-(c) SC at RT, (d) PC at RT, (e)-(g) SC at 600 ◦C and (h) PC at 600 ◦C
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2.5.2 Effect of contact surface orientation of SC

The evolution of average coefficient of friction over the normal load range of 0.1N –

10N with sliding cycles is shown in Fig. 2-6. Results of the test at room temperature

showed notable differences in the coefficient of friction of the crystallographic planes.

Cyclic sliding on the (111) plane resulted in the highest coefficient of friction as shown

in Fig. 2(a). Noteworthy, the sliding direction on (111) plane specimen was along

<011> direction whereas for the (100) and (110) planes the sliding direction was

along <001> direction. However, at 600 ◦C the effect of crystal plane on friction

response was not significant (Fig. 2-6(b)). For all the tested samples the coefficient

of friction when tested at 600 ◦C was lower than those tested at room temperature.

This can be attributed to the thermal softening and oxidation of the surface.

The change in COF as a function of applied normal force on SC specimens hav-

ing different surface orientations sliding against PC sliders is presented in Fig. 2-7.

The friction response results of PC/PC cyclic sliding contact pair is also plotted for

comparison. The error bar in Fig. 2-7(b) represents standard deviation over 100 slid-

ing cycles. A significant orientation dependence is evident at a light load up to 4 N.

Under this normal force, the COF increased in the following order: (100) surface

< (110) surface < (111) surface. However, COF was observed to be insensitive to

surface orientation upon increasing the normal force above 4 N.
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Figure 2-6: Evolution of coefficient of friction with sliding cycles for different surface
orientations when tested at (a) room temperature and (b) 600 ◦C.
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surface orientation effect is evident.
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Figure 2-8: Variation of COF as a function of sliding cycles for a constant applied
normal force of 1N on different surface orientations tested at (a) RT and (b) 600 ◦C.
Differences and high scatter in during RT test diminished up on increasing test tem-
perature to 600 ◦C.

The variation of COF is presented in Fig. 2-8(a) and (b) as a function of sliding

cycles under a fixed normal force of 1 N tested at RT and at 600 ◦C, respectively.

Cyclic sliding at room temperature is characterized by high scatter as a result of

severe abrasive scratching (Fig. 2-4(a)). On the other hand, when tested at 600 ◦C,

the friction response is relatively smooth and stable. Noteworthy, surface orientation

effect could not be seen during sliding at 600 ◦C.
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Figure 2-9: Effect of sliding orientation on COF. (a) COF as a function of sliding
cycles averaged over the entire normal force range at RT and (b) COF as a function
of constant normal forces for two different sliding orientations and two different test
temperatures (scatter band represents standard deviation of COF values over 100
sliding cycles). COF for <011> is higher than that for <001>. COF was reduced by
about 30% upon increasing the test temperature to 600 ◦C.

2.5.3 Effect of contact sliding orientation of SC

In addition to CSF tests on different SC surface orientations, tests have also been

conducted on two different sliding orientations (crystallographic direction of sliding)

on a given surface orientation. Firstly, gradually varying normal force tests have

been conducted on (100) SC specimen along two sliding misorientation angles, α,

from <001> direction: (i) α = 0◦ and (ii) α = 5◦. Figure 6(a) shows RT COF results

as a function of sliding cycles on (100) SC specimen. Here, the data represents the

average COF over the entire normal force range (0.1 N− 10 N). As shown in Fig. 2-

9(a), misorientation of sliding direction from <001> direction revealed higher COF,

suggesting the need to explore the role of normal force and temperature on sliding

miorientation.

Next, fixed normal force tests have been conducted on (100) SC surface, along two

crystallographic sliding orientations: (i) α = 0◦ i.e. along <001> direction and (ii)

α = 45◦ i.e. along <011> direction. Figure 6(b) shows the CSF response as a function

of fixed normal force applied on (100) SC specimen tested at RT and at 600 ◦C. The

error bars in Fig. 2-9(b) show the standard deviation of the COF values averaged
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over 100 cycles. When tested at room temperature, sliding along <011> direction

showed a higher COF than <001> primary crystallographic direction. This behavior

was found to be existing even for higher normal forces. In other words, it is clear from

these results that the deviation from the <001> principal crystallographic direction

led to an increase in the frictional force for a fixed normal force. The behaviors are

in agreement with the results reported by Huang et al. [2] and Flom and Komanduri

[3].

2.6 Discussions

The contact tractions and the final state of stress developed during frictional contact

are essentially controlled by the elastic properties and compliance of the components

in contact. In SC Ni-base superalloys the elastic properties vary with crystallographic

orientation, resulting in elastic anisotropy [4]. The anisotropy in mechanical prop-

erties of SC Ni-base superalloy is presented in Table 2.4 [4, 5]. In the problem of

sliding/fretting of SC/PC contacts, the properties along the direction of application

of normal force as well as that along the direction parallel to the contact interface

influences the contact behavior. For example, in the specimen denoted as P on (100)

, Q along <001> in Fig. 2-8(a) , normal load was applied along a direction where

Young’s modulus is the lowest and the sliding occurs in a direction where the shear

modulus and yield strength are the highest in comparison to other directions. This

could be the reason for the severe wear on the PC ball sliding against (111) plane

where the Young’s modulus was about 1.5 times the same for IN718 ball. The wear

volume on the PC ball sliding against (111) plane was 25% higher than for the ball

sliding against (110) plane (Fig. 2-4). It is clear from the above discussion that the

elastic properties of the counter body in relation to the single crystal face could also

have an impact on the resulting contact traction.

From the CSF tests, a significant crystallographic effect was observed at low nor-

mal loads applied on different crystal planes (Fig. 2-7(b)). Buckley [6] reported similar

load dependent orientation effect on matched planes and directions of Cu FCC single
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crystals tested at a normal load of 1 N. In the case of matched planes and directions,

lowest adhesive forces (minimum adhesion) were observed on {111} planes, which are

the highest atomic packing and lowest surface energy planes of a FCC crystal. Thus,

Buckley [6] suggested that the surface energy might have more influence than mechan-

ical property of elasticity for matched planes and directions of single crystal (SC/SC

contact) adhesive contact. However, in this work, a quite opposite trend was observed

via CSF tests (SC/PC contact), where sliding on (111) plane exhibited higher COF

despite being the lowest surface energy plane. As will be seen later, elastic properties

seem to have a greater influence for the the case of dissimilar SC/PC elastic contact.

However, the orientation dependence observed at light loads gradually disappeared

with increasing applied normal forces. This trend is also in agreement with the results

of Buckley [6], where up on repeated unidirectional sliding, SC COF approaches PC

COF.

Also, during this transition, the wear state changed from a “mild wear state”

to a “severe wear state” upon increasing the mean contact pressure (σmean) which

is proportional to the applied normal force on SC surface [6, 7]. In this work, the

COF increased with mean contact pressure until a transition regime followed by a

steady value of COF (Fig. 2-7(a)). Thus it is clear that the effect of crystallographic

contact plane should be more sensitive when the magnitude of σmean is sufficiently

low. In other words, when the present SC/PC contact condition is in an elastic state,

the stress field around the contact must be more sensitive to crystallographic surface

orientation of SC.

It is well known that the contact conditions primarily depended on the elastic

properties and the compliance of the bodies in contact. The mechanical properties

along the direction of normal load can alter the contact tractions. Also, the properties

along the sliding/fretting directions can alter the tangential load distribution and in

turn the peak fretting stress at the edge of contact. In this work, a crystallographic

effect on the CSF response was observed at low normal load of 1 N (Fig. 2-7(b)).

Similar load depended orientation effect was also reported by Buckley et al., where

coefficient of friction in sliding contact is quite dependent on crystallographic orien-
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Figure 2-10: Effect of elastic properties on Hertz pressure. ψ is defined by Eq. (2.4)

Figure 2-11: SEM micrographs of sliding traces on different SC specimen surfaces
tested at RT and 600 ◦C.

tation of Cu at about 1 N [6]. According to Figure 2-8(a), sliding on (100) plane

specimen exhibited lowest coefficient of friction of all tested plane samples. Similar

behavior was also reported by Huang et al., where fretting on (100) crystal face along

<001> direction was lower than <011> direction. At higher loads, the surface lay-

ers were highly deformed, thus might lost its single crystal properties [2]. The load

depended friction behavior was much significant in (100) plane specimen, whereas in

the case of (111) plane specimen, normal load dependence diminished.
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Figure 2-12: SEM micrographs of sliding traces on (100) SC specimen tested at (a)
RT and (b) 600 ◦C.

Figure 2-13: Effects of crystallographic sliding direction and test temperature on
coefficient of friction when normal load is applied on (100) plane.

Table 2.4: Mechanical properties of CMSX-4 SC alloy and IN718 PC alloy [4, 5].

CMSX-4 IN718

<100> <110> <111>

Longitudinal
modulus

E [GPa] 124 226 311 204

Shear modulus G [GPa] 127 66 57 78

Yield strength σY [MPa] 1150 1020 1100 925

These differences can be explained by a simplified Hertzian elastic analysis [8].

Consider an elastic contact between a sphere indenter (PC alloy) and an elastic half-

space (SC alloy). The maximum contact pressure p0 due to applied normal load P
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by the indenter of radius R on the half-space is given by [8],

p0 =

(
6PE∗2

π3R2

) 2
3

≡ 1.5σmean (2.2)

where, σmean is the average contact stress, and E∗ is the effective Young’s modulus

which is related to the elastic properties of contacting bodies as follows,

E∗ =

(
1− ν2

p

Ep
+

1− ν2
s

Es

)−1

(2.3)

where, νp, Ep - Elastic properties of PC alloy in this study, and νs, Es - Elastic proper-

ties of SC alloy in this study. Introducing a parameter ψ that represents the relative

elastic ratio of SC to PC alloy, defined by,

Es
Ep

= ψ, (2.4)

we have a normalized contact stress p0,

p0 =

(
6P

π3R2

) 2
3

[f(ψ)]
2
3 , (2.5)

where,

f(ψ) =

(
1− ν2

p +
1− ν2

s

ψ

)−1

. (2.6)

Using the mechanical properties listed in Table 2.4, the value of p0 is calculated

in Fig. 2-10, which shows higher contact pressures when the contacting plane and

sliding orientation deviates from the primary crystallographic direction. This trend

can provide a reasonable explanation on the results in Fig. 2-8(a), where the sliding

on (111) plane exhibited the highest COF followed by (110) and (100) planes.

As shown in Fig. 2-9(b), for a given crystal plane of contact, sliding along the

<011> direction resulted in an increased tangential resistance and, in turn, increased

the COF. In other words, the COF increases with the increase in misorientation of

sliding direction from the <001> primary crystallographic orientation. These behav-
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iors are in agreement with the results reported by Huang et al. [2], in which COF

during fretting on (100) cubic crystal face along <011> direction was higher than

that along <001> direction. Flom and Komanduri [3] reported results of indentation

and sliding experiments on different SC materials. A 6.35 mm diameter sapphire ball

sliding on (100) face of SC copper at a load of 0.981 N resulted in 16% increase in

COF in going from the <001> direction to the <011> direction [3]. Qualitatively

similar trend was observed in the current work, where the increase in COF was about

10% when tested at RT and 21% at 600 ◦C (Fig. 2-9(b)). This sliding friction behav-

ior is also in agreement with anisotropic rolling resistance of SC copper with respect

to rolling orientation reported by several researchers [3, 9, 10]. Tanaka and Oda [11]

studied sliding friction behavior of SC copper against hard sliders of copper and steel.

They reported an increase in sliding resistance due to the formation of bulge in front

of the slider when sliding along <011> direction, as schematically shown in Fig. 2-

14(b). On the other hand, when sliding along <001> direction, the bulges formed

at either side of the slider resulting in concave wear track which offer less resistance

to sliding in that direction. This anisotropy in surface deformation has also been

confirmed by Huang et al. [2] using finite element simulation of rigid sphere indenting

on a (100) plane of SC Ni-base superalloy, where residual deformation along <011>

direction was more extensive, thereby forming a bulge on all four <011> directions,

as shown in Fig. 2-14(a). This behavior was also attributed to the reorientation of

initial fretting direction from <110> to <100> direction when the the specimen is

allowed certain degrees of freedom [2].

Since the anisotropic formation of bulges should be due to the anisotropies in

material yield strength as suggested by Huang et al. (2009), it seems reasonable

to consider that the differences in tangential force resistance in present experiments

would have been resulted from multiple material responses: relatively higher elastic

modulus, lower shear modulus, lower yield strength and work hardening along <011>

orientation, in comparison to those along <001> orientation (see Table 2.4). Based

on the above discussion, as evident from the Fig. 2-9, the sliding direction with respect

to crystal orientation in a SC/PC contact also appear to have substantial influence
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Figure 2-14: Residual deformation of single crystal (a) FE simulation of rigid sphere
indenting the cubic face of a SC [2] and (b) Schematic of residual bulge formation on
SC up on sliding along different sliding orientations.

on the tribo performance. Thus, as a primary postulation, relatively higher elastic

modulus and lower shear modulus along <110> orientation in comparison to <100>

orientation could increase the tangential force resistance.

This sliding orientation depended friction behavior was continued to exist even

after increasing the test temperature to 600 ◦C despite oxidation (Fig. 2-13) and

plastic deformation (Fig. 2-12(b)). From the EDS analysis results presented in Fig. 2-

13, it is clear that the role of oxidation at high temperature is to reduce the width

of wear trace and in turn reducing the effective contact area covered by thin glaze

layer consist of oxides of Ni, Al and Cr. Nanoindentation test of glaze oxide layer

on Ni-base superalloy formed up on cyclic sliding against cast iron revealed higher

hardness than that of the bulk material [12]. Latief et al. [13] reported the anisotropy

in the oxidation behavior of SC Ni-base superalloys where the thickness of oxide layer

on (110) surface oriented specimen was smaller than (100) surface at 1100 ◦C. Thus

the reduction in COF found in this study at 600 ◦C could be due to the formation

of hard oxide layer on the sliding tracks, though the layers might have removed and

replenished with sliding cycles as can be seen in Fig. 2-13.

This knowledge can give useful insight on the importance of considering both

the crystallographic orientation of sliding direction together with the contact surface
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orientation of SC/PC mating parts such as gas turbine SC blades and PC disk as-

semblies, where friction/fretting induced stress concentration leads to early fatigue

crack nucleation and growth, resulting in premature failure of components.

2.7 Chapter summary

The influence of surface orientation and sliding orientation of SC/PC Ni-base superal-

loy system on the CSF behavior was investigated at room temperature and at 600 ◦C.

The findings of this work are summarized as follows:

• The contact surface orientation was found to have a very significant influence

on the room temperature CSF behavior of SC/PC superalloy system, especially

when the contact is under mild wear condition. On the other hand, the contact

surface orientation had negligible effect on COF when tested at 600 ◦C

• Not only the contact surface orientation but also the sliding orientation along

SC plane had a strong influence under all normal loads and test temperatures.

Also, the COF measured at 600 ◦C was lower than that at RT.

• The variation of mechanical properties of SC along loading and sliding orien-

tations were compared and with the differences in experimental results were

addressed in terms of elastic properties and resistance to deformation of SC. It

is suggested that both the stress and the deformation field near the contact area

which are closely influenced by the anisotropic mechanical properties in longi-

tudinal and transverse elastic moduli and in yield strength would play extrinsic

roles there.
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Chapter 3

Fretting fatigue failure behavior of

contacting Ni-base superalloys

Fretting fatigue failure behavior of similar contacting superalloys is studied in order to

estimate the fatigue strength of superalloys subjected to fretting loading. The plain

fatigue strength of the materials is compared with observed fretting fatigue strength

and severity of fretting process is highlighted. Specific role of developed contact

tractions controlled by secondary crystallographic orientations is characterized by

means of stick-slip area fraction and fracture morphologies of failed specimens.
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3.1 Introduction

Fretting and friction properties are known to be influenced by displacement modes

such as partial slip, mixed mode and gross slip/sliding [1]. Here, the coefficient of

friction between sliding/fretting contacts is one of the main factors that could control

the failure mechanism, that is, either material removal by wear, crack nucleation

from frictional interface or both [2, 3]. In order to characterize the orientation induced

anisotropy on normal load direction, fretting fatigue (FF) failure tests were conducted

on single crystal specimens having different secondary crystallographic orientations

to estimate the fatigue life under fretting conditions.

In this chapter, the roles of fretting induced tangential force evolution and sec-

ondary crystallographic orientation on fretting fatigue failure behavior were investi-

gated by using a combined single crystal and polycrystalline superalloy contacting

pair at ambient (RT) and high temperature (HT) conditions. The effects of con-

tacting superalloys and applied bulk stress amplitude on developed contact tractions

were characterized in terms of tangential force coefficient and stick-slip area fraction.

Failed specimens were observed using SEM in order to investigate the anisotropic

behavior in fracture morphology influenced by fretting stresses.

3.2 Materials

Table 3.1: Chemical compositions (wt%) of Ni-base superalloys used in this study.
Material Cr Co Mo W Ti Al Ta Hf Fe C Nb Ni

SC CMSX-2 7.9 4.6 0.6 7.9 1.0 5.6 6.0 0.1 - - - Bal.

PC IN718 19.0 - 3.0 - 0.9 0.5 - - 18.0 0.04 5.0 Bal.

Single crystal (SC) Ni-base superalloy, CMSX-2; a representative material for gas

turbine blades, was used in this study after standard solution heat treatment and aged

conditions. A polycrystalline (PC) Ni-base superalloy, IN718; a representative mate-

rial for gas turbine disks, was used as a contacting body. The chemical compositions

of the superalloys used in this study are presented in Table 3.1. The characteristic
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Figure 3-1: Microstructures of Ni-base superalloys used in this study (a) CMSX-2
and (b) IN718.

microstructures of CMSX-2 and IN718 are shown in Fig. 3-1. In CMSX-2, cuboidal γ′

precipitates are uniformly distributed in the γ matrix. The volume fraction and size

of γ′ precipitates are approximately 75 % and 0.5 µm, respectively. In IN718, a nickel-

iron superalloy rich in niobium, γ′′ phase is the primary strengthening precipitate.

The average grain size is about 16µm.

3.3 Specimens and contact pads

SC specimens for fretting fatigue tests were machined from CMSX-2 bar stock as per

dimensions shown in Fig. 3-2(a). The [001] crystallographic orientation was within

±5◦ of the longitudinal axis of the specimen. The dimensions of PC contact pad

is shown in Fig. 3-2(b). Specimens from PC IN718 superalloy were also machined.

Contact surfaces of specimen and contact pads were polished with SiC papers up to

P-600 along the fretting direction.

3.4 Experimental procedure

3.4.1 Fretting fatigue tests

The fretting fatigue tests were conducted by applying cyclic bulk loading (Stress ratio,

R = −1 and Frequency, f = 10 Hz) to the longitudinal axis and contact pressure to
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Figure 3-2: Geometries of (a) CMSX-2 fretting fatigue test specimen (b) IN718 con-
tact pad. All dimensions are in mm.

the transverse axis using a flat-on-flat fretting contact arrangement [4] on a servo-

hydraulic test machine as shown in Fig. 3-3. Two set of contact combinations were

tested: (i) SC specimen vs PC contact pad (SC/PC) and (ii) PC specimen vs PC

contact pad (PC/PC). For the tests at 600 ◦C, the specimen and contact pads were

heated using a high frequency induction heating equipment. A constant contact

pressure (σp = 100 MPa) was applied by pressing a pair of contact pads on either

side of the specimen surface using a calibrated proving ring. Fretting fatigue test

was carried out until failure to determine the fretting fatigue life for a given stress

amplitude.

3.4.2 Secondary crystallographic orientation, β

The secondary crystallographic orientation (β) with respect to fretting contact plane

normal of SC specimen is schematically shown in Fig. 3-4 and in Fig. 3-5. β angles of

the SC specimens were not controlled but measured values are presented in Table 3.2.
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Figure 3-3: Photograph of high temperature fretting fatigue test rig system utilized
in this study.

Table 3.2: Secondary crystallographic orientations (β) of SC specimens used in fret-
ting fatigue tests.

Test temperature
Stress amplitude, σapp

[MPa]
β (from <010>, see

Fig. 3-4 )

RT

100 ∼25◦

150 ∼40◦

250 ∼5◦

400 ∼20◦

600 ◦C
200 ∼15◦

300 ∼45◦

3.4.3 Measurement of tangential force

The tangential force between the specimen and contact pad was continuously mea-

sured using a pair strain gages attached to the groove part of the contact pads.

For this purpose, prior to testing, fretting pads were calibrated using a split spec-

imen technique. Then, the tangential force coefficient (TFC ) was calculated using

Eq. (3.1).

TFC =
Q

P
(3.1)
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Figure 3-4: Schematic representation of secondary crystallographic orientation (β)
angle between fretting plane normal and FCC SC cubic principal direction

Figure 3-5: Schematic of rockwell indentation of (001) crystal face

where Q is the measured tangential force amplitude per unit length and P is the

normal force per unit length applied on the specimen surface via proving ring.
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3.5 Results and discussion

3.5.1 Dependence of orientation on mechanical properties

Figure 3-6: Spherical indentation shapes on (001) plane sensitive to secondary mis-
orientation angle (β) from <100> axis (a) β = 7◦, (b) β = 30◦ and (c) β = 45◦

Ball indention was carried out on the (001) face of FF test specimens and the

topography of plastic deformation was studied. When indenting an isotropic material,

the plastic deformation around the indentation is uniform. On the other hand, in

the case of indentation on a single crystal material, the plastic deformation is not

uniform [5]. In this study, indentations were made on CMSX-2 specimens by Rockwell

hardness tester. Standard steel ball of diameter 1.59 mm was used to produce indents

under a load of 100 kg (Rockwell B scale). The resulting indents on (001) face

of CMSX-2 specimen is shown in Fig. 3-6, which have the shape of square with

rounded edges. The location of rounded diagonals were depended on the secondary

crystallographic orientation with respect to fretting plane normal (see Fig. 3-5). The

amount of plastic deformation was excessive on corners for the uniform strain applied

by axi-symmetric indenter. This anisotropic behavior was a result of difference in

mechanical properties with crystallographic orientation. Higher elastic modulus and

lower yield strength in the <110> direction facilitated excessive plastic deformation

when compared to <100> direction. The normal to the straight edges correspond to

the <100> direction [1, 2]. The maximum stress at the contact is strongly depended

on the primary and secondary crystallographic orientation with respect to contact

plane normal. It is evident that the normal stress distribution during fretting contact

was also varied with secondary crystallographic orientation [6].
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3.5.2 Experimental fretting fatigue life: S-N curve

Fig. 3-7 shows the relationship between applied bulk stress amplitude (σapp) and num-

ber of cycles to failure (Nf ) of SC and PC superalloys fretted against PC superalloy.

All of the fretting fatigue tests were conducted under a constant contact pressure (σp)

of 100 MPa. Reference room temperature plain fatigue tests were also conducted and

high temperature plain fatigue results of SC alloy are taken from literatures [7, 8].

Overall fatigue lives under fretting conditions were reduced by a factor of 0.2∼0.3.

With respect to contact pair, fretting fatigue strength of SC/PC contact pair was

found to be lower than that of PC/PC contact pair. Fretting fatigue strength (at

N = 1 × 107) was 150 MPa for PC/PC and was 100 MPa for SC/PC. Noteworthy,

test temperature did not affect the plain fatigue life of the superalloys. On the other

hand, fretting fatigue life was improved slightly at high temperature when the applied

bulk stress amplitude was low enough. Little is known on the effect of secondary crys-

tallographic orientation from the S-N curve, as the SC specimens tested at different

stress amplitudes had different secondary orientations (Table 3.2). Possible influence

of secondary crystallographic orientation of SC specimen on the fretting fatigue life

will be discussed in Chapter 4.

Mall et al. [9] reported a significant improvement in plain fatigue and fretting

fatigue performance of IN100 alloy at 600 ◦C. Such temperature dependent fatigue

behavior was linked to the increase in yield and tensile strengths of Ni-base superalloys

at intermediate temperatures [9]. Waterhouse [10] reported the formation of glaze

oxide layer on the surface of IN718 alloy subjected to fretting at 540 ◦C that resulted

in low COF and wear rate. Similar response was observed in the current study, where

the formation of oxide glaze layer at high temperature reduced the tangential force

at the interface which must have delayed the crack nucleation process. However, such

a temperature dependent behavior was observed only under lower stress amplitudes.

Fleury et al. [2] noted possible effect of exposure time in forming the oxide layer on the

contact interface, where longer exposure time would increase the thickness of oxide
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Figure 3-7: S-N data for plain fatigue and fretting fatigue of Ni-base superalloy
combinations (σp = 100 MPa).

layer. Hence, longer exposure time (number of cycles) under lower stress amplitudes

resulted in the reduction of TFC . Thus, the knowledge of contact tractions at the

interface with respect to contacting materials and operating environment is inevitable.

3.5.3 Contact tractions during fretting fatigue test: TFC

Fig. 3-8 shows the variation of mean TFC with applied bulk stress amplitude for

a constant contact pressure of 100 MPa at RT. The increase in TFC was found to

be linearly proportional to stress amplitude (at least in the range of tested stress

amplitudes). Similar proportional relationship was also found in fretting fatigue of

steel/steel contact pair [11]. Mean TFC for SC/PC fretting pair was higher than

that of PC/PC pair. The increase in TFC for SC/SC pair could be the reason for

the reduction in fretting fatigue life (Fig. 3-7). Thus, it is clear that the influence of
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stress amplitude on TFC (i.e. TFC as a function of stress amplitude) which could

control fretting fatigue crack initiation needs to be taken into account for a better life

prediction methodology. In Chapter 4, an attempt was made to estimate the fretting

fatigue life of superalloys by incorporating experimentally measured TFC values into

an analytical model based on crack analogue, which was proposed by Giannakopoulos

et al. [12].
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Figure 3-8: Relationship between applied stress amplitude σapp and measured mean
tangential force coefficient TFC at room temperature (σp = 100 MPa).

Figure 3-9: Schematic of stick-slip interface crack initiation
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Figure 3-10: Variation of stick-slip contact area on SC specimens with different stress
amplitudes. Stick area fraction is defined as the ratio of stick area to total contact
area

Figure 3-11: Measured stick area fraction values for specimens tested different stress
amplitudes
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3.5.4 Stick-slip area fraction

The crack initiation under fretting conditions generally occurs either at the outer edge

of the contact area or at the interface between stick-slip region [13–16]. During the

fretting fatigue test, the fretting fatigue surface consisted of two layers: a slipping,

or, worn layer; and an adhered, or an elastically contact layer. Note that the fretting

fatigue crack was nucleated from the interface between the two layers, so-called the

stick-slip region (Fig. 3-9). Fig. 3-10 shows the fretting contact area on the SC

specimen surface subjected to two different stress amplitudes. Here, the stick area

decreased with the increase in stress amplitude. In order to quantify the variation of

stick-slip area with stress amplitude, stick area fraction is defined as a ratio of stick

area to total contact area as schematically shown in Fig. 3-10. The variation of stick

area fraction with stress amplitude for different contacting superalloy combination is

presented in Fig. 3-11. SAF was higher for PC/PC contact pair than SC/PC contact

pair. This implies that for PC/PC contact slip amplitude was lower than SC/PC

which had better life. This behavior in SAF is inversely proportional to the TFC

evolution.
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Figure 3-12: Effect of secondary orientation, β on cycles to failure
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3.5.5 Effect of secondary orientation, β
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Figure 3-13: Evolution of TFC with fretting fatigue cycles on SC specimens having
two different secondary orientations under identical loading conditions.

For the case of contact between SC and PC alloys, the stress state below the

contact must be sensitive to secondary crystallographic orientation of SC with respect

to contact pressure direction (or fretting plane normal) [17, 18]. In order to explore

this aspect, fretting fatigue tests (under identical loading conditions) were carried

out with SC specimens having different secondary crystallographic orientations β as

schematically shown in Fig. 3-4. Although the applied contact pressure (σp) for all

these tests was maintained constant at 100 MPa, the resulting contact shear traction

at the interface must be different and dependent on the contact orientation. In order

to isolate the effect of contact orientation on fretting fatigue strength, tests were

conducted under a constant bulk stress amplitude and contact pressure on SC alloy

specimens having different secondary orientations (β). The change in fretting fatigue

life with the angle β is presented in Fig. 3-12. Only one specimen was used for each β

angle specimen, hence only a qualitative analysis could be carried out. However, the

results provide a clear trend to the fretting fatigue strength affected by the angle β.
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Fig. 3-13 shows the evolution of TFC with fretting fatigue cycles for two different

β orientations. Note that the applied contact pressure σp was 100 MPa, for both

orientations. However, the TFC was observed to be higher for β = 45◦ specimen

than that of β = 5◦ specimen. As one would expect, the specimen with higher TFC

(β = 45◦) failed faster than the other specimen. Similar trends in cyclic sliding

friction behavior and contact stress field with respect to secondary crystal orientation

was confirmed in the CSF behavior, presented in Chapter 2.

Figure 3-14: Schematic of arrangement of octahedral slip systems in FCC crystal
when (a) Normal force P from [100] with β = 0◦ and (b) Normal force P from [110]
with β = 45◦.

3.5.6 Fracture surfaces

The examination of macroscopic fracture surfaces of the SC specimens in the FF

tests revealed features sensitive to secondary crystallographic orientations. Fig. 3-15

shows the appearance of fretted region and fracture morphology of two specimens

with different secondary orientations. The cracks were nucleated from the interface

between stick-slip region, which is one of the common modes of crack nucleation

in fretting fatigue [13–16, 19]. Furthermore, cracks initiated from the contact edge

shifted to slip-stick interface, as a result of wear of contact edge [13, 20–22]. Note the

orientation of fracture planes with respect to axial bulk stress axis was found to be

influenced by the secondary crystallographic orientation of the fretting contact planes.

The fracture plane was perpendicular to the fretting plane in near (110) specimen,
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Figure 3-15: Macroscopic FF fracture morphology of CMSX-2 at the room tempera-
ture (a) Optical microscope images of typical fracture surfaces and (b) Schematic of
the influence of macroscopic crystallographic orientation on fracture behavior.

whereas, in the (100) specimen, the fracture plane was inclined at an angle of about

55◦ to the fretting plane. Furthermore, the angle between the fracture plane and

bulk stress axis was approximately 55◦ in near (110) specimen, whereas, the same

was about35◦ in near (100) specimen (Fig. 3-15(b)). The arrangement of octahedral
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slip systems of FCC crystal with respect to contact normal is schematically shown in

Fig. 3-14. The relative angles of fracture planes correspond to the {111} octahedral

slip planes on which the cracks were propagated [3, 23].

Figure 3-16: SEM fractographs of fretting fatigue crack in CMSX-2 tested at room
temperature (β = 45◦, σapp = 300 MPa) (a) fracture surface showing the crack initi-
ation from the contact edge at surface, (b) closer view of fracture surface marked in
(a) and (c) longitudinal transverse cross section, showing a crack nucleated from the
fretting damaged area and growing along different slip planes.

Fig. 3-16(a) shows the SEM image of the fracture surface of the CMSX-2 specimen

subjected to fretting fatigue. Secondary cracks were developed beside a primary crack

that were nucleated from the fretted surface. This can be attributed to the activation

of multiple slip systems during the crack propagation period where the resolved shear

stresses acting on the crack tip were altered. Fig. 3-16(c) shows the longitudinal

cross section of the CMSX-2 specimen in which the crack nucleation location and

propagation path can be clearly seen. Fretting fatigue crack nucleated from the
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Figure 3-17: SEM image of secondary surface crack propagating along stick-slip in-
terface (β = 30◦, σapp = 300 MPa, Tested at RT).

Figure 3-18: SEM image of longitudinal cross section of failed specimen showing
shallow crack initiation from the stick-slip interface and crack kinking. Macroscopic
crack propagation was found to occur along a set of {111} octahedral planes (β = 5◦,
σapp = 250 MPa, Tested at RT).

localized fretting damaged region and grew at a sharp angle to the surface by 20µm

and then it kinked to grew along {111} plane for a length of 220µm before deflecting

in a direction normal to the bulk stress axis.

In addition to the crack propagation into the material, surface cracks were also

found to be grown along the stick-slip interface, where localized stress concentration
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caused a singular state of stress at the interface [24], as shown in Fig. 3-17. It is

interesting to note that, similar to Figs. 3-15 and 3-16, the direction of crack growth

at the surface was not perpendicular to the bulk stress direction but along the severe

contact traction direction, i.e. along the direction of stress singularity [24]. As the

crack grows away from the stick-slip interface it branches out along crystallographic

slip planes and along the plane normal to bulk stress direction (Fig. 3-18).

3.5.7 Electron Back Scattered Diffraction (EBSD) analysis

of subsurface microstructure

In addition to the understanding of macroscopic fretting fatigue failure behavior, it

is necessary to understand the effect of fretting contact stresses on the subsurface

microstructure on a crystallographic scale (such as, extent of highly deformed re-

gions, local misorientation, Euler orientation, crystallographic orientation in relation

to a specific specimen axis), which might in turn, influence the crack initiation and

propagation behavior. The automated Electron Back Scattered Diffraction (EBSD)

technique, a sophisticated technique to obtain crystallographic orientation patterns

[25, 26], can be utilized to analyze the effect of fretting induced damage on the subsur-

face crystallographic microstructure of the specimen material. Also, the automated

EBSD pattern is especially useful in quantifying the local changes in misorientation

of deformed layers just below the fretting surface [1].

Small blocks were cut through the fretting contact area along the longitudinal

axis of the fractured specimens. These representative subsurfaces were polished

to reveal high surface finish using 0.06µm colloidal silica. A SEM system (JEOL

JSM6510) equipped with a EBSD detector (Oxford Instruments) was used to capture

the diffracted patterns and a post processing software (HKL Channel 5) was used to

obtain the orientation maps.

Fig. 3-19(a) shows the SEM image of longitudinal transverse cross section of a SC

specimen tested at a stress amplitude of 300 MPa at room temperature. Fig. 3-19(b)

and Fig. 3-19(c) show the magnified SEM images of area away from fretting-disturbed
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Figure 3-19: SEM image of longitudinal cross section of CMSX-2 specimen used in
EBSD analysis (a) overall inclined view of LCS which shows the surface damage due
to fretting, (b) magnified image of inset denoted as b in a and (c) magnified image
of inset denoted as c in a (β = 15◦, σapp = 300 MPa, Tested at RT).

region and area in fretting-disturbed region, respectively. In the latter image, the

fretting damage and associated secondary cracks can be seen which initiated at the

surface and propagated in a direction parallel to the primary crack. EBSD analyses

were carried out on the longitudinal transverse cross section of specimens subjected

to fretting loading conditions.

Fig. 3-20 shows the EBSD analysis results of an area away from fretting-disturbed

region presented in Fig. 3-19(b). Fig. 3-20(c) shows the band contrast (BC) image,

also called as the pattern quality map, of the area highlighted in Fig. 3-20(a), which

is related to the brightness level of diffraction bands above a normalized background.

Generally dark regions in a BC image represents highly deformed regions where the

diffraction patterns are too diffuse to index the orientation [25]. Fig. 3-20(d) shows

the changes in local misorientation. Fig. 3-20(e) shows the all Euler orientation map

representing the orientation of the mapped area in Euler space. Fig. 3-20(f) shows the

inverse pole figure (IPF) map with reference to the direction normal to fretting surface.

Fig. 3-20(b) shows the orientation of the mapped area in stereographic triangle. From

these figures, it is clear that crystallographic orientation near the surface away from

fretting-disturbed region is uniform and same (Fig. 3-20(e)). Also the variation in

local misorientation angles is insignificant (Fig. 3-20(d)) and negligible deviation of
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Figure 3-20: EBSD analysis results of the area away from fretting-disturbed region
(a) SEM image showing the EBSD mapped area, (b) crystallographic orientation of
the mapped area in stereographic triangle (color code corresponds to (f)), (c) Band
contrast map, (d) Local misorientation map, (e) All Euler orientation map, and (f)
inverse pole figure map with reference to the orientation normal to the fretting contact
surface (β = 15◦, σapp = 300 MPa, Tested at RT).

orientation with reference to the fretting surface normal is evident (Fig. 3-20(f)).

However, a tendency of orientation shift from <001>-<101> line of the stereographic

triangle (deeper from surface) towards the center of the triangle (near surface) can

be seen in Fig. 3-20(b).

Fig. 3-21 shows the EBSD analysis of results of an area just below the fretting-

disturbed region presented in Fig. 3-19(c). The EBSD mapped area is marked with a

white dashed rectangle in the SEM image. In contrast to the EBSD results of the area

away from fretting-disturbed region, a significant scatter in orientation distribution

can be seen from Fig. 3-21(b). Although the SEM image of the EBSD mapped area

is smooth in appearance, dark regions just below the fretting surface in Fig. 3-21(c)

suggest highly deformed microstructure as a result of fretting contact stresses. In

addition to the highly deformed region, a set of darker lines parallel to secondary

crack can be seen which could be slip traces. A relatively higher local misorientation

angles were observed along these slip traces suggesting lattice rotation and activation
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Figure 3-21: EBSD analysis results of the area away from fretting-disturbed region
(see Fig. 3-20 for details)

of multiple slip systems (Fig. 3-21(d)). Also the all Euler orientation map shows

significant differences in crystallographic orientations just below the highly deformed

region (Fig. 3-21(e)), suggesting the tendency to form new sub-grains.

In order to stabilize the fretting-damaged region, fractured specimens were sub-

jected to reheat treatment at 1080 ◦C in Ar atmosphere for 12 hours. Fig. 3-22 shows

the EBSD analysis results of the fretting-damaged areas in SC CMSX-2 tested at

both RT and at 600 ◦C after reheat treatment. In comparison to the specimen tested

at RT, the specimen tested at 600 ◦C showed thicker highly deformed layer. Fatigue

cracks were found to be nucleated right away from the contact interface with rela-

tively little plastic deformation and wear when tested at RT. In other words, under

ambient testing conditions, fretting stresses are concentrated over a small area around

the stick-slip interface resulting in a singular state of stress, thereby facilitating the

early initiation of fatigue crack rather than fretting wear.

On the other hand, when tested at 600 ◦C, small grains with random orientations

were also formed as a result of recrystallization. It can be inferred that lattice rotation
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Figure 3-22: EBSD analysis results of the fretting-damaged areas in SC CMSX-2 after
post-test solution heat treatment (a) tested at RT [σapp = 150 MPa], and (b) tested
at 600 ◦C [σapp = 200 MPa].

had occurred as a result of severe fretting wear at contact interface and associated

material transfer aided in the formation of new grains, when tested at high temper-

ature. The lattice rotation due to fretting stresses increased towards the fretting

contact surface. Also, the formation fine-grains just below the plastically deformed

region show the increase in intragranular misorientation [27]. A significant amount

of energy might be spent on fretting wear process prior to the initiation of fatigue

crack which resulted in higher fretting fatigue life for superalloy specimens tested at

600 ◦C [18]. It is also reported that the formation of thicker mechanically mixed layers

could delay the initiation of surface cracks as a result of continuous mixing of material

which might as well remove small cracks within this layer [1]. Fretting wear process

was dominated when tested at high temperature resulting in delayed fatigue crack

nucleation. As a result, fretting fatigue life of superalloys were found to be slightly

improved at high temperature (see Fig. 3-7).

It is also interesting to note that the small cracks nucleated from fretting damage

region were transformed into localized cellular microstructure after re-heat treatment.

The cellular transformation can occur in single crystal Ni-base superalloys subjected

to prior damage by fatigue, thermomechanical fatigue, and creep, upon specific re-
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Figure 3-23: EBSD analysis results of the fretting-damaged areas in different super-
alloy materials tested at 600 ◦C after post-test solution heat treatment (a) PC IN718
[σapp = 350 MPa], and (b) SC CMSX-2 [σapp = 200 MPa].

heat treatment conditions [28–30]. So it is clear that the non-critical secondary fatigue

cracks nucleated from fretting damage could also result in degradation of high tem-

perature strength of the material by facilitating the formation of undesirable cellular

microstructure.

The formation of finer recrystallized grains below the highly deformed layer was

also observed in PC IN718 specimen tested at 600 ◦C, as shown in Fig. 3-23(a). Also,

the mechanically mixed layer was thicker in PC IN718 than SC CMSX-2. In addition

to the sub-grains parallel to the highly deformed layer, fine grains were formed along

the crack faces as a result of localized recrystallization of the bulk polycrystalline

material. This could have been triggered by the remaining plastic deformation along

the crack path [31].

Fig. 3-24 summarizes the results of EBSD analysis, which clearly shows the de-

formed microstructure below fretting surface in the following order: a mechanically

mixed layer as a result of severe deformation, new sub-grain layer, and original single

crystal or polycrystalline material. Highly deformed layers can be identified by the

absence or diffuseness of EBSD patterns [32]. An increase in low-angle misorientations
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Figure 3-24: IPF maps with reference to the orientations normal to the fretted surface
for different superalloy materials used in this study.

in the subsurface regions is the first step towards sub-grain formation as a result of

fretting strain. It is clear from the above EBSD analysis that the stress concentration

around stick-slip interface as a result of fretting contact stresses resulted in highly

deformed layers from which the fretting fatigue cracks were initiated. These layers

were formed as a result of fretting of contact pads on the specimen surface. Here,

the contacting superalloy combination and loading conditions influenced the extent

of plastic deformation below surface. Especially for the case of single crystal mate-

rial, the formation of distinct polycrystalline layer suggest that the fretting disturbed

region had eventually lost its single crystal properties with continued loading [1]. The

extent of deformation must be a function of contact tractions quantified in terms of

TFC . Also, the presence of slip traces and secondary cracks suggest the activation

of multiple slip systems and indicate the necessity of analyzing the stresses acting on

the FCC slip systems which will be covered in the following chapters.

3.6 Chapter summary

The fretting fatigue failure behavior of two different Ni-base superalloys was investi-

gated. The following conclusions are drawn.
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• Significant reduction in fretting fatigue life was observed in comparison to plain

fatigue life.

• For a given contact pressure, TFC increased with increasing bulk stress ampli-

tude. Fretting fatigue life of superalloys was found to be controlled by TFC .

• At both room temperature and 600 ◦C, fretting fatigue life of SC/PC was lower

than PC/PC fretting contact pair. Fretting fatigue life was slightly improved

when tested at 600 ◦C, only under low stress amplitudes.

• Possible effect of contact traction and secondary orientation on the fracture be-

havior was noted, where early crack nucleation from the localized stress concen-

tration points followed by macroscopic crack propagation along crystallographic

planes were observed.

• A layered texture was found which was controlled by the extent of fretting

contact tractions. New finer sub-grains were formed by recrystallization of

remaining plastic deformation.

• A significant difference in mechanism of subsurface damage was found between

the specimens tested at RT and 600 ◦C. Fretting fatigue crack nucleation was

dominant at RT whereas, fretting wear was dominant at high temperature.
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Chapter 4

Estimation of fretting fatigue crack

propagation life and crack

initiation stress state

Analytical study on the fretting fatigue crack propagation and crack initiation stress

state is detailed. The influence of tangential tractions between the contacting super-

alloys on the crack propagation behavior are studied using a model based on crack

analogue approach. Furthermore, the variation of sub-surface stress state under the

action of fretting stresses acting on different crystallographic orientations which con-

trol the crack nucleation process is formulated. The role of tangential force coefficient

and orientation on the resolved stresses on single crystal slip systems are analyzed in

detail. Correlations with experimental findings are shown to have good agreement.
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Chapter 4. Estimation of FF crack propagation life and crack initiation stress state

4.1 Introduction

This chapter deals with the analytical investigation on the estimation of fretting

fatigue crack propagation life and crack initiation stress state. Thus, the chapter is

divided into two sections:

1. Analysis of crack propagation process - life estimation based on experiments.

2. Analysis of crack initiation process - sub-surface stress field acting on FCC slip

systems.

4.2 Analysis of crack propagation process

Figure 4-1: Fracture morphology of CMSX-2 tested at RT (a) cross section of fracture
surface showing inclined crack nucleation and (b) longitudinal cross section of the
same specimen showing two stage crack propagation (σapp = 300 MPa)

Typical fracture morphology observed in SC CMSX-2 specimen subjected to fret-

ting fatigue is shown in Fig. 4-1. The primary crack was nucleated from the stick-slip

interface (location of high stress concentration) at an inclined angle to the surface

(Stage A). Then, the crack was reoriented to grow in a direction normal to the external

fatigue loading axis (Stage B). This transition can be attributed to the competition

between contact stresses arising from fretting action and the bulk stress amplitude.

Several authors proposed fracture mechanics based approaches for the prediction of

fretting fatigue life of polycrystalline alloys [1–8]. Giannakopoulos et al. [9] used the

analogy in stress state between contact mechanics and fracture mechanics, thereby
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introducing a methodology to estimate fretting fatigue life, by considering the two

stages of crack growth, as shown in Fig. 4-2. They also highlighted the influence of

COF on the crack initiation angle and effective stress intensity factors acting on the

crack tip. Crack analogue (CA) model is employed in this work to estimate the fret-

ting fatigue life by incorporating experimentally measured TFC values (Fig. 3-8). For

the sake of completeness, this section derives the important parameters considered in

the CA model [9].

4.2.1 Crack analogue (CA) model

This model is based on the analogy between the stress state due to fretting forces

in terms of contact mechanics domain and that of due to stress intensity factors

for double-edge cracked specimen in fracture mechanics domain. By identify the

equivalence between the two cases it is possible to convert the fretting contact problem

into fracture mechanics problem of crack kinking, which is schematically shown in .

Figure 4-2: Crack analogue model (a) fretting contact of flat punch (contact pad) and
infinite half-plane (specimen) subjected to normal and tangential forces, (b) crack
analogue of (a) as a double-edge cracked specimen subjected to mode I and mode II
SIFs [9].
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(a) Stress intensity factors

The remote stress intensity factors, KI and KII due to normal line force P and

tangential line force Q are given by,

KI = − P√
πa
, KII =

Q√
πa
. (4.1)

where, a is the half-width of the contact pad foot.

The local stress intensity factors at the tip of incipient small crack initiating from

the surface, k1 and k2 can be computed in terms of remote KI and KII by [10]:

k1 = a11(φ)KI + a12(φ)KII

k2 = a21(φ)KI + a22(φ)KII

(4.2)

where, aij - dimensionless factors (function of crack initiation angle) for the infinites-

imal kink (after Cotterell and Rice [10]).

a11(φ) =
1

4

(
3 cos

φ

2
+ cos

3φ

2

)
,

a12(φ) = −3

4

(
sin

φ

2
+ sin

3φ

2

)
,

a21(φ) =
1

4

(
sin

φ

2
+ sin

3φ

2

)
,

a22(φ) =
1

4

(
3 cos

φ

2
+ 3 cos

3φ

2

)
.

(4.3)

(b) Crack initiation angle φin

It is assumed that the crack is initiating in a direction along which k2 is zero, i.e.

maximum shear energy direction. Thus the crack initiation angle φin can be computed

by solving the equations in Eq. (4.2) by invoking the condition that k2 = 0 and is
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Figure 4-3: schematic of two stage crack propagation analysis using crack analogue
model [9].

given by,

(
sin

φin
2

+ sin
3φin

2

)
×
{∣∣∣∣cos

φin
2

+ 3 cos
3φin

2

∣∣∣∣}−1

=
Qmax

P
= TFC

(4.4)

where, TFC - tangential force coefficient

(c) Stage A crack growth life NA

A fatigue crack initiating at φin is subjected to an effective stress intensity factor

(arising from static P and cyclic Q), ∆k1, given by,

∆k1 = ±3

4
∆KII

(
sin

φin
2

+ sin
3φin

2

)
(4.5)

The fatigue crack initiated at angle of φin would first propagate under the influence

of P and ∆Q over a distance of lc, before deflecting to propagate in a direction

perpendicular to ∆σapp. This transition in crack growth occurs when the local driving

force for fatigue crack growth due solely to ∆σapp begins to exceed that due solely to

P and ∆Q. At the critical length lc, the local ∆k1 due to ∆σapp is [11]:
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(∆k1)∆σapp = 1.12∆σapp
√
π(lc sinφin)

≥ (∆k1)P, ∆Q

(4.6)

Now number of cycles for stage I crack length can be computed using Paris law as

follows,

NA =

∫ lc

0

dl

C (∆k1)m
≈ lc
C (∆k1)m

(4.7)

where, C and m are Paris law constants.

(d) Stage B crack growth life NB

Stage B of crack propagation is solely under the influence of ∆σapp until a critical

length, hc, at which maximum SIF reaches the fracture toughness of the material, Kc

(for a very deep substrate):

Kmax = 1.12[σapp]max
√
πhc → Kc (4.8)

where, Kc - fracture toughness of the material.

Stage B life can be calculated as follows,

NB =

∫ hc

lc sinφin

dl

C
(

1.12∆σapp
√
πl
)m (4.9)

(e) Comparison: Application of CA model to present work

The variation of TFC with applied bulk stress amplitude during fretting fatigue tests

is plotted in Fig. 3-8. It is clear that the TFC can be fitted as a linear function of

bulk stress amplitude as follows:

TFC = m1σapp + c1 (4.10)
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Figure 4-4: Crack initiation angle as a function of applied bulk stress amplitude

where m1 and c1 are experimental constants that depend on contact pair and loading

conditions.

Now the TFC can be used to solve for φin in Eq. (4.4). The calculated values of

φin for two different contacting pairs are presented in Fig. 4-4, where φin (angle from

the surface) gradually increased with the increase in bulk stress amplitude σapp. The

φin was fitted as a quadratic function of σapp as follows:

φin = a2σapp
2 + b2σapp + c2 (4.11)

where a2, b2 and c2 are curve fitting constants. The calculated values of empiri-

cal constants from the current fretting fatigue experiments on two contact pairs are

presented in Table 4.1.

The total number of cycles to failure (NCA = NA + NB) can now be calculated

by incorporating Eqs. (4.10) and (4.11) together with the fatigue properties listed in

Table 4.2, to calculate local SIFs through Eq. (4.1) to Eq. (4.8). Estimated cycles
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Table 4.1: Curve fit parameters calculated from room temperature fretting fatigue
experiments

Pair m1 c1 a2 b2 c2

PC/PC 8× 10−3 0.0152 −5× 10−5 0.0926 2.0432
SC/PC 1.1× 10−3 0.0542 −7× 10−5 0.1077 7.8196

to failure curves for two different contacting superalloys pairs are plotted in Fig. 4-

5 and are compared with experimental lives. The upper and lower scatter band

curves (dashed) on either side of the predicted life curve (dotted-dashed) in Fig. 4-5,

represent 1/3 and 3 times the predicted fretting fatigue lives, respectively. A good

correlation was found between predicted and experimental fretting fatigue lives. Note

that the length of stage I and stage II cracks calculated in CA model are for deep

substrate (under the assumption of infinite half-plane) although the actual specimens

have finite width. However, CA model could still be effective for estimation of fretting

fatigue life in terms of total number of cycles to failure.

Table 4.2: Fatigue properties of PC superalloy [12].
Property Value

C [(MPa)−3m−1/2] 3× 10−13

m [-] 4
Kc [MPa

√
m] 130.8

4.2.2 Extension of CA model to estimate the effect of sec-

ondary crystallographic orientation of SC

For the case of contact between SC and PC alloys, the stress state below the contact

must be sensitive to secondary crystallographic orientation of SC with respect to

contact pressure direction (or fretting plane normal) [13, 14]. In order to explore

this aspect, fretting fatigue tests (under identical loading conditions) were carried

out with SC specimens having different secondary crystallographic orientations β as

schematically shown in Fig. 3-4.

Fig. 4-6 shows the evolution of TFC with fretting fatigue cycles for two different
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Figure 4-5: Room temperature experimental life versus predicted life using CA model
for (a) PC IN718 and (b)SC CMSX-2
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Figure 4-6: Evolution of TFC with fretting fatigue cycles on SC specimens having
two different secondary orientations under identical loading conditions.

β orientations. Note that the applied contact pressure σp was 100 MPa, for both

orientations. However, the TFC was observed to be higher for β = 45◦ specimen

than that of β = 5◦ specimen. As one would expect, the specimen with higher TFC

(β = 45◦) failed faster than the other specimen. Similar trends in cyclic sliding friction

behavior and contact stress field with respect to secondary crystal orientation were

confirmed in a previous study by the authors [13]. Thus, it is possible to estimate the

fretting fatigue life of SC/PC fretting contact using CA model by incorporating the

experimental knowledge of tangential force coefficient TFC evolution with respect to

secondary crystallographic orientation.

Limitations of crack analogue model

In the previous section, life estimation based on crack analogue model is described.

However, there are certain limitations to the model despite its attractiveness in sim-

plicity. Cycles to crack initiation is set to zero i.e. crack initiation is neglected. Fur-

thermore, the model is based on macroscopic treatment of contact tractions where
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sub-surface stress state is not taken in to account. However, in the single crystal

alloys slip deformation occurs according to the stress state on preferred slip planes.

The knowledge of sub-surface stress state in single crystal material due to fretting

stresses become inevitable. Also, it is necessary to investigate the effect of secondary

orientation on stress state. In order to extend the analysis to a microscopic level,

next section elaborates an approach based on point forces.

4.3 Analysis of crack initiation stress state

4.3.1 Stress concentration at stick-slip interface

The previous discussion primarily focused on the effect of crystal plane and sliding

orientation on the macroscopic friction/fretting along the contact interface. The

above discussion based on macroscopic theory cannot be quantitatively applied for

the case of fretting contact where the stress state beneath the contact and sub-surface

region should also be taken into account. In this work, significant differences in

fretting fatigue fracture with different orientations were observed, as presented in and

Fig. 3-15 and Fig. 3-16. Murthy et al. [15] highlighted the fractographic features and

preferential crack growth planes sensitive to secondary crystallographic orientations.

In spite of the contact pressure being applied over a definite area, stress singularity

occurs at a point along the interface between the stick-slip region, which then acted

as potential crack nucleation sites (Fig. 4-7). In order to make discussion on the

singularity, an analysis based on point forces acting along normal and tangential

directions is helpful for further understanding of stress field due to fretting forces.

4.3.2 Boussinesq-Cerruti stress analysis: Role of secondary

orientation

As suggested in the experimental observations in Figs. 3-15, 3-16 and 4-7 it must

be very effective to expand discussions on the FF failure (Figs. 3-7 and 3-12) from

crystallographic mechanistic view point, based on stress field at a stick/slip point

Submitted in partial fulfillment of the Dr. Eng. Course in Mat. Sci. at NUT 81



Chapter 4. Estimation of FF crack propagation life and crack initiation stress state

Figure 4-7: SEM image of secondary surface crack propagating along stick-slip inter-
face (β = 30◦, σapp = 300 MPa, Tested at RT).

Figure 4-8: Illustration of point loading of elastic half-space with respect to single
crystal cubic axes. x− y plane represents the contact surface

(Figs. 3-15 and 4-7). The sub-surface stress field due to a normal point force can be

estimated by solving Boussinesq’s problem whereby the stress field due to tangential

point force can be computed by solving Cerruti’s problem [16, 17]. The stress state

at any given point M (Fig. 4-8), due to applied normal and tangential forces, is given

in spherical coordinate system,

σrr = −sinθ
πr2

(Qcosφ)

(
2− ν − 1− 2ν

1 + cosθ

)
+

P

2πr2
[1− 2ν − 2 (2− ν) cosθ] (4.12)
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σθθ =
1− 2ν

2πr2
(Qcosφ)

cotθcosθ

1 + cosθ
(1− cosθ)

+
P

2πr2

(1− 2ν)cos2θ

(1 + cosθ)
(4.13)

σφφ =
1− 2ν

2πr2
Qcosφ

cotθ(1− cosθ)
1 + cosθ

(2 + cosθ)

+
P (1− 2ν)

2πr2

[
cosθ − 1

1 + cosθ

]
(4.14)

σrθ = σθr =
1− 2ν

2πr2
Qcosφ

cosθ(1− cosθ)
1 + cosθ

+
P (1− 2ν)

2πr2

sinθcosθ

1 + cosθ
(4.15)

σθφ = σφθ =
1− 2ν

2πr2
Qsinφ

cotθ(1− cosθ)
1 + cosθ

(4.16)

σrφ = σφr =
1− 2ν

2πr2
Qsinφ

1− cosθ
1 + cosθ

. (4.17)

Where, P is the normal force acting along z axis, Q is the tangential force acting

along x axis and ν is the Poisson’s ratio. Note from Eqs. (4.12)-(4.17) that when

only P is applied the σrθ in xz plane shows the maximum at θ = 52◦, and when only

Q is applied the σrθ shows the maximum at θ = 66◦.

The stress components in local spherical coordinate system can be converted into

single crystal cubic axes (x,y,z) as represented in Fig. 4-8 through tensor transforma-

tion which is given by,

σij = AσstA
T (4.18)

where, s, t = r, θ, φ and i, j=slip plane, slip direction. The matrix A is the tensor

transformation matrix which represent the direction cosines between two coordinate

systems.
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Table 4.3: Primary octahedral slip systems in FCC crystals [18].

Slip system no.
(si)

Slip plane Slip direction

a1 (1 1 1) [1 1 0]

a2 (1 1 1) [1 0 1]

a3 (1 1 1) [0 1 1]

b1 (1 1 1) [1 1 0]

b2 (1 1 1) [1 0 1]

b3 (1 1 1) [0 1 1]

c1 (1 1 1) [1 1 0]

c2 (1 1 1) [1 0 1]

c3 (1 1 1) [0 1 1]

d1 (1 1 1) [1 1 0]

d2 (1 1 1) [1 0 1]

d3 (1 1 1) [0 1 1]

4.3.3 Stresses acting on slip systems due to fretting forces

In the case of single crystal Ni-base superalloys which have FCC crystal structure,

slip occurs on crystal planes which possess high atomic density and in a direction

where the atoms are closely packed [18]. Thus the primary slip systems consist of 12

independent {111} <110> group of slip systems as listed in Table 4.3. The normal

stress on each plane, σrns, and shear stress on each slip system, τrss,i, can be calculated

by Eq.(4.18) and Eqs.(4.12)-(4.17)[18].

Resolved normal Stresses (σrns)

σrns =


σ(111)

σ(1̄11̄)

σ(11̄1̄)

σ(1̄1̄1)

 =


σA

σB

σC

σD

 =
1√
9


1 1 1 2 2 2

1 1 1 −2 2 −2

1 1 1 −2 −2 2

1 1 1 2 −2 −2





σ11

σ22

σ33

σ12

σ31

σ23


(4.19)
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Resolved shear stresses (τrss)

τrss =



τa1

τa2

τa3

τ b1

τ b2

τ b3

τ c1

τ c2

τ c3

τ d1

τ d2

τ d3



=
1√
6



1 0 −1 1 0 −1

0 −1 1 −1 1 0

1 −1 0 0 1 −1

−1 0 1 1 0 −1

−1 1 0 0 −1 −1

0 1 −1 −1 −1 0

1 −1 0 0 −1 −1

0 1 −1 −1 1 0

1 0 −1 −1 0 −1

0 −1 1 −1 −1 0

−1 0 1 −1 0 −1

−1 1 0 0 1 −1





σ11

σ22

σ33

σ12

σ31

σ23


(4.20)

a 1 a 2 a 3 b 1 b 2 b 3 c 1 c 2 c 3 d 1 d 2 d 3
0 . 0

0 . 3

0 . 6

0 . 9
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1 . 5
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      n ������
      f ������
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������	��
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� b = 4 5 ° ,  q ������

Figure 4-9: Resolved shear stresses on all octahedral slip systems for different β
orientations (<001> tangential force, TFC = 0.3, ν = 0.3).
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4.3.4 Distribution of resolved shear stress amplitude

Fig. 4-9 shows the variation of resolved shear stresses on all possible primary octahe-

dral slip systems due to the applied normal load along [100] and [110] directions for

the case of TFC = 0.3. Note that the activated slip systems depend on the secondary

orientation angle, β, and the θ angle. The maximum of τrss,i, (τrss)max over unit area

with respect to θ is plotted in Fig. 4-10, where the region with θ = 90◦ corresponds

to the specimen surface. The distance from the origin corresponds to the magnitude

of the maximum τrss,i. The τrss shown in Fig. 4-10 is supposed to act when the

external load reaches maximum during the cyclic fretting fatigue test. Noteworthy,

(τrss)max 6= 0 and it was 25% higher for β = 45◦ than for β = 0◦, at the surface.0 . 5

1 . 0

1 . 5

0 . 5

1 . 0

1 . 5

�τ���	π�	������
�τ������ �	π�	�����Q

� ���

���


��

���


��
�� ���

�β���
�β����

�QP �τ���	π�	������
A n g l e

 f r o
m  z  a x

i s  (θ
)

���������

Figure 4-10: Distribution of the maximum resolved shear stress as function of angle
θ from z axis (TFC = 0.3, +Q direction, ν = 0.3).

4.3.5 Distribution of resolved shear stress range

During the present fretting fatigue test, the tangential force is oscillated between −Q

and +Q in a mechanistic mode. Thus not only the τrss given in Fig. 4-10 but also the

range, ∆τrss, should be considered. Fig. 4-11 shows the (∆τrss)max for TFC = 0.3,

where the higher ∆τrss area spreads near the surface with a maximum at an angle of
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15◦ from the surface. The corresponding most activated slip systems are found to be

the slip systems a3 and b3 for β = 0◦, and b3 and c2 for β = 45◦ respectively, which

contain newly activated slip systems due to fretting fatigue.0 . 0 5

0 . 1 0

0 . 1 5

0 . 0 5

0 . 1 0

0 . 1 5 A n g l e
 f r o

m  z  a x
i s  (θ

)

�Q
�

�� ���
	��


��


��

���

��� 

�β���
�β�
��

�∆τ����������QP� Q ���������

Figure 4-11: Distribution of the maximum resolved shear stress range as function of
angle θ from z axis during cyclic Q (TFC = 0.3, ν = 0.3).

4.3.6 Effect of elastic modulus of contacting materials

The influence of elastic modulus of SC alloy (Eijkl), can be estimated as shown in

Fig. 4-12 for a fretting fatigue test combination between the present SC/PC alloys. It

is noteworthy to note that the distance from the origin corresponds to the magnitude

of ∆τrss in which a possible effect of elastic modulus of contact plane is taken into

account by Eq.(2.5). It is evident from Fig. 4-12 that the elastic modulus along loading

direction essentially controls the magnitude of (∆τrss)max and the most activated slip

systems which in turn influence the crack nucleation and growth life. These differences

were well reflected in the crack growth and fracture regions observed in Fig. 3-15.
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Figure 4-12: Effect of elastic modulus of contacting bodies on the maximum shear
stress range (TFC = 0.3, ν = 0.3).

Figure 4-13: Magnitude and direction of resolved stresses on all possible primary slip
systems (a) resolved shear stress and (b) resolved normal stress.

4.3.7 Role of resolved normal stresses

So far discussions are made based on the distribution of resolved shear stress range.

However, the normal stress acting perpendicular to the slip plane could have an effect

in the stress state [19–21]. The contribution of normal stresses are taken in to account

and are plotted in Fig. 4-13. while, the sign of τrss has no physical sense, but it is very

important in case of normal stress. For example, in Fig. 4-13(b), σrns is positive when

Q is negative. The positive component of σrns can aid in mode I crack opening. Thus,
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it is necessary to study the effect of resolved normal stresses on TFC and secondary

orientation.

4.3.8 Role of TFC on magnitude and direction of resolved

stresses

Fig. 4-14 shows the magnitude and direction of resolved shear and normal stresses

on most activated slip systems during a fretting cycle when β=0◦. The positive com-

ponent of normal stress increases in magnitude with increasing TFC . Furthermore,

with continued fretting cycles most activated slip systems are continuously changing

with the direction of fretting. The fact that the TFC can modify the normal stress

give rise to the justification for characterization based on TFC .

Figure 4-14: Relationship between resolved shear stress and resolved normal stress
during a fretting cycle for (a) TFC=0.3 and (b) TFC=1.0.

4.3.9 Normal stress ratio as a function of TFC

Let us define a normal stress ratio, Rrns, given by,

Rrns =
(σrns)min
(σrns)max

(4.21)
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where, (σrns)min and (σrns)min are minimum and maximum values of σrns during a

fretting cycle. From Eq. (4.21), it can be seen that Rrns < 0 when one of the normal

stress component is positive (Tensile). Many researchers have reported that the TFC

can be reach unity or higher, due to the addition of bulk loads applied to the specimen

[22–25]. The variation of Rrns with TFC is plotted in Fig. 4-15. A set of curves are

also plotted for different β values. Rrns increases with TFC .

Figure 4-15: Variation of normal stress ratio as a function of TFC for different β
values.

4.3.10 Equivalent stress range parameter

Brown and Miller [26] proposed an equivalent stress range parameter to evaluate

multi-axial fatigue stresses. Similar parameter is used in this study which take in to

account the positive component of normal stress, as defined by,

∆Seqv =

|∆τrss|+m|∆σrns|
(

1−Rrns

2

)C
, if Rrns < 0

|∆τrss|, otherwise

(4.22)

where, ∆τrss is the resolved shear stress range, ∆σrns is the resolved normal stress

range, Rrns is the normal stress ratio defined by Eq. (4.21) and m,C are empirical

constants.
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Figure 4-16: Comparison of maximum resolved shear stress range and equivalent
stress range for different β values. Respective most activated slip systems are also
denoted.

Distribution of equivalent stress range for most activated slip systems is presented

in Fig. 4-16 together with the plot of ∆τrss. The normal stress is positive up to 15◦

from the surface. Due to this, magnitude of ∆Seqv is higher than ∆τrss at shallow

angles to the surface. Noteworthy, most activated slip systems have not changed when

β = 0◦, on the other hand, b3 and c2 are activated at β = 45◦ when considering only

∆τrss. New slip systems (a2 and a3) are activated when σrns is taken into account

by means of ∆Seqv.

A clear competition between resolved shear stresses and resolved normal stresses

is evident with respect to secondary crystallographic orientation. Furthermore, the

mode of deformation itself altered from shear mode to opening mode under the in-

fluence of normal stress. Thus, the additional component of resolved normal stress
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induced with increasing misorientation angle from primary directions could accelerate

crack initiation and facilitate faster crack propagation rate.

4.3.11 Correlation with experiments

The direction of maximum equivalent stress range is comparable with experimentally

observed crack initiation angles. Comparing the fracture surfaces of SC specimens

shown in Fig. 3-18, it is clear that the crack nucleated (microscopic crack nucle-

ation) from the stick-slip interface started to grow at a shallow angle to the surface

along which the equivalent stress range is maximum. Once the crack grown to suffi-

cient length, it kinks to grow (macroscopic crack propagation) along a set of {111}

slip planes. From the above discussions, increase in elastic modulus with increasing

misorientation angle results in higher stress concentration at critical point. This is

confirmed by the increasing trend of coefficient of friction measured in CSF tests. The

increase in equivalent stress range with misorientation was found to be controlled by

resolved normal stress component which could accelerate crack growth.

4.4 Chapter summary

Analytical investigations on the estimation of fretting fatigue crack propagation life

and crack initiation stress state were carried out. The findings of this chapter are

summarized as follows:

• Analysis of crack propagation process was performed by utilizing an analytical

model based on crack analogue to estimate the fretting fatigue crack propagation

life using measured TFC and plain fatigue properties of the material. It was

shown that material dependent TFC could be successfully employed to estimate

the fretting fatigue life. The effect of secondary orientation in terms of TFC

variation is also highlighted.

• Analysis of crack initiation process was carried out to compute sub-surface

stress field acting on FCC crystallographic slip systems. The shallow fretting
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fatigue crack nucleation was found to be influenced by equivalent stress range

parameter. A competition between resolved shear stresses (shear mode) and

resolved normal stresses (opening mode) was found to be controlled by the

secondary crystallographic orientation and the magnitude of TFC .
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

Investigations on the influence of crystallographic orientation of single crystal Ni-base

superalloys on friction and fretting fatigue behavior were carried out. So far, studies

on the crystal orientation dependence on creep, TMF and HCF behavior have been

reported. However, the fretting behavior of single crystal material is still not clear.

This work focuses on the role of secondary crystallographic orientation in influencing

the frictional tractions and in turn fretting fatigue lives at ambient and high temper-

ature conditions. The major findings of this research work are as follows:

In Chapter 2: The cyclic sliding friction behavior of SC superalloy was found to

be significantly influenced by the crystallographic plane of contact and sliding direc-

tion. Crystal plane (surface orientation) with higher elastic modulus revealed higher

COF, especially when the contact is under mild wear condition. Crystal direction of

sliding (sliding orientation) with lower yield strength also revealed higher COF. This

orientation depended friction response was attributed to the differences in mechanical

properties and resistance to deformation of SC along loading and sliding orientations

under elastic state. Overall COF was reduced at 600 ◦C as a result of oxidation (for-

mation of hard oxide layer) and thermal softening.
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In Chapter 3: Significant reduction in fretting fatigue life was observed in com-

parison to plain fatigue life. For a given contact pressure, TFC increased with in-

creasing bulk stress amplitude. Fretting fatigue life of superalloys was found to be

controlled by TFC . At both room temperature and 600 ◦C, fretting fatigue life of

SC/PC was lower than PC/PC contact pair. A relatively higher TFC for SC/PC

resulted in life reduction. A slight improvement of life at 600 ◦C was attributed to the

reduction in TFC as a result of oxidation, only under low stress amplitudes. A de-

creasing trend of fretting fatigue life with increasing secondary orientation angle was

observed. Possible effect of contact traction and secondary orientation on the fracture

behavior was noted, where early crack nucleation from the localized stress concentra-

tion points followed by macroscopic crack propagation along crystallographic planes

were observed. A layered subsurface texture was formed by fretting deformation

and new finer sub-grains were formed by recrystallization of remaining plastic de-

formation. The effect of test temperature on subsurface damage mechanism was as

follows: fretting fatigue crack nucleation was dominant at RT whereas, fretting wear

was dominant at high temperature.

In Chapter 4: An analytical model based on crack analogue was utilized to

estimate the fretting fatigue crack propagation life using the measured TFC values

and plain fatigue properties of the material. Estimated lives were in good agreement

with experimental fretting fatigue lives of superalloys. Analysis on crack initiation

stress state due to fretting forces on single crystal slip systems revealed significant

differences with crystallographic orientation. A competition between resolved shear

stresses (shear mode) and resolved normal stresses (opening mode) was found to be

controlled by the secondary crystallographic orientation. The magnitude of TFC

at the contact interface and resolved normal stresses on slip planes play a critical

role in accelerating crack initiation and propagation with increasing misorientation

angle. An equivalent stress range parameter was proposed to incorporate the effect

of varying resolved normal stresses with secondary orientation and TFC . The mag-

nitudes and directions of equivalent stress range were compared with experimental

crack nucleation directions and propagation planes.
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5.2 Fututre work

The findings in this study showed that the cyclic sliding friction and fretting fa-

tigue behavior of SC superalloys are significantly influenced by secondary crystallo-

graphic orientation. Thus, it is necessary to consider the crystallographic orientation

of contacting single crystal and polycrystalline superalloys during the fretting fatigue

strength design process. With the knowledge of orientation effect, it would be possible

to avoid premature failure of blade-disk assembly due to fretting fatigue. Further-

more, the results obtained in this study give way to the possible scope for further

work. The following are the suggestions for future work:

• High temperature experiments carried out in this study (chapter 2 and 3) re-

vealed a significant effect of oxide layers. Hence, it becomes necessary to con-

sider the oxidation properties of the superalloys. More specifically, analysis on

fretting induced oxidation (Tribo-oxidation) is suggested. Previous studies on

the oxidation of single crystal superalloys reported an orientation dependent be-

havior. It would be of great interest to know any dependency of tribo-oxidation

on crystallographic orientation. Also, the nature of interface oxides and their

thicknesses could be different with respect to orientation. Given the knowledge

of COF or TFC for different oxide layers, it would be possible to choose a

suitable surface processing which could reduce the frictional stresses between

contacting superalloys.

• In the analytical investigations (chapter 4), influence of TFC and secondary

orientation on the crack initiation stress state were analyzed. Next step would

be to quantify the number of fretting cycles for fatigue crack initiation with

respect to secondary orientation. For this purpose, the stress singularity at the

stick-slip interface needs to be correlated with finite stress concentration at the

crack tip. However, the order of stress states are quite different between both

cases. In order to normalize the stress state, wedge or point force stress field

analysis in which elastic anisotropic effect is taken into consideration, combining

with path integrals might be useful to estimate stress intensity factors. With
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the knowledge of stress intensity factors it is straightforward to compute the

cycles to crack initiation under the action fretting contact forces.

• Although the fretting fatigue tests conducted in chapter 3 provided reasonable

qualitative trend, further experiments deemed necessary for improved quanti-

tative reliability. Furthermore, significant differences in TFC with respect to

contacting superalloys (i.e. SC/PC or PC/PC) were found. Generally, fric-

tional properties are depended on not only the specimen material but also the

slider/pad material i.e. material combination chiefly determines the frictional

behavior. Further experiments at room temperature as well as at high tem-

perature are needed to clarify this material dependent TFC behavior and also

oxidation response.

• In addition to stress amplitude, future work should also consider the influence

slip amplitude on TFC . In the current study, the effect of slip amplitude have

been indirectly taken into account in terms of stick-slip area fraction which is

a function of slip amplitude. Based on the CSF results from chapter 2, where

orientation dependent residual displacements on SC were discussed, any likely

behavior on fretting fatigue slip amplitude would be useful.

• Surface treatments are generally proposed as one of the palliatives for fretting

fatigue. Shot peening and protective coatings have been shown to improve

the fretting fatigue strength by reducing the COF at the contact interface. An-

other promising method is the use of abradable coatings at the contact interface,

which could reduce the relative displacement between the mating parts thereby

reducing the deleterious effect of fretting. Furthermore, metal-to-metal contact

can also be avoided, thereby reducing surface damage. However, the compati-

bility of abradable coatings with single crystal superalloys needs be studied for

successful application of this technology.
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