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Abstract

The effect of surface finish on fatigue limit of dwtypes of austenitic stainless steels
(AISI 304L and AISI 316L) has been investigatedatiffue specimens having two
different surface conditions were obtained by clapghe final cutting condition;
annealing was performed to separate the residugasseffects from surface roughness.
Electropolished samples were tested as a refefeneach material.

A generic mechanistic model for short fatigue crpopagation proposed by Navarro
and Rios (N-R model) was implemented to assessuisbility for predicting the
fatigue behaviour of specimens with various cogtbsurface conditions, obtained by
machining. The surface/material properties reqgui@ implement this model were
obtained by electron backscatter diffraction (EBSBJrface profilometry, hardness
testing and X-ray diffraction residual stress measient. The fatigue limits were
determined using rotating-bending by means of thiecese method.

The fatigue limits predicted by the N-R fatigue rabaere compared with the results of
the fatigue tests. There was no agreement betwerprediction and observations,
indicating that the original form of the N-R modsl not appropriate for austenitic
stainless steels.

In AISI 304L, the surface residual stresses are dbminant parameter, allowing
prediction of the effects of machining on fatigesistance while, the surface roughness
developed by machining has no significant effelet.AISI 316L, the effect of surface
roughness is found to be negligible, with a weakézct of surface residual stress than
has been observed for AISI 304L.

Crack nuclei in run-out (>ICcycles) fatigue tests were observed to arresviastand
martensite packets, developed by fatigue in AISL34nd AISI 304L, respectively.
Good agreement with experiments was achieved mgusimodification to the fatigue
model, which takes account of the observed effédhe plastic deformation on the

microstructure.
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Chapter 1

Introduction

The stainless steels have led to a wide range afessful applications which demand
high levels of reliable performance in aerospaadpraotive, petrochemical plant,
power generation, oil and gas extraction, congwtnoctindustry and household
appliances and other major industries [1, 2].

The fatigue resistance of austenitic stainlesslsstisecritical to the performance of
pipework and cladding in heat exchangers and cgdystems. Surface machining is
common in such components, and it is importanetalile to assess the likely effects of
surface treatments. The fatigue limit is knownbt® sensitive to surface roughness,
work hardening, microstructure and residual stredsced by surface working [3, 4].
Due to the difficulty in obtaining a fundamentaldenstanding of the influence of these
factors on the fatigue limit obtained by experinseatfatigue model which can elucidate
the contribution of each surface effect to thegiai limit is required.

The fatigue limit is defined as the condition fohiah initiated fatigue cracks do not
propagate under mechanical loading due to thearastion with microstructure. The
loading and the microstructure with which the cranteracts are factors that are
sensitive to surface preparation. This interactbmeurs over a length scale that is
comparable to the microstructural scale. So theleheoequired to elucidate this
interaction should be one of the short fatigue kraodels [5-7].

A generic mechanistic model for short fatigue crapoépagation proposed by Navarro
and Rios (N-R model) has been implemented to prettie fatigue behaviour of
specimens with various controlled surface cond#joobtained by machining. So far
this model has only been applied to mild steelsauaochinium alloys, but has not been
applied previously to stainless steels. The ainthedf study is to understand how the
propagation of short cracks, which can determirditatime of components, is affected
by the residual stresses and surface roughnesaribatfrom surface machining and to
evaluate and to validate the applicability of thdRNmodel to austenitic stainless steels

by comparing the model predictions with experimeabservations.
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In this study two types of austenitic stainleselst€AlSI 304L and AISI 316L) were
employed. Fatigue specimens having different serfagnditions were produced by
changing the final cutting conditions of lathe. résponse surface, which gave an
empirical description of the effects of machinirgrgmeters on roughness and surface
residual stress [8], was used to design the testisens.

Scanning Electron microscope (SEM), Focused lomB&alB), Electron backscatter
diffraction (EBSD), surface profilometry, opticaigfilometry, hardness testing and X-
ray diffraction residual stress measurement werepl@yed to characterise the
surface/material properties. The fatigue limitsreveletermined using a rotating-
bending machine by means of the staircase method.

This PhD thesis can be classified into the follaywubjects:

» Design and preparation of fatigue specimens witmtrotled surface
characteristics.

» Characterisation of surface/material propertiesmaichined specimens before
and after fatigue testing.

» Demonstration of how the microstructure of austerstainless steels interacts
with fatigue cracks.

» Implementation of the fatigue model (N-R) using tieserved surface/material
properties to predict fatigue behaviour.

» Comparison of the fatigue limit, observed by s method, with the model

prediction.

The overview of this project is presented in Figivé.
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Chapter 2

Literature Review

A brief literature review is presented to outlineeyious research efforts of interest to

this research. This literature review is dividedoirthree sections. First, Austenitic

stainless steels (e.g. history, applications, ayypks$). The other two sections discuss
fatigue of materials, short fatigue cracks, shatigue cracks models and machining
and their effects on fatigue limit.

2.1. A Brief Overview of Stainless Steel

The stainless steels are characterised as irondiass which contain at least 10.5%
chromium (Cr). Stainless Steel is a common namenfetal alloys that consist of
10.5% or more Chromium (Cr) and more than 50% (fes) [9, 10].

A thin passive layer of chromium oxide is formed e surface as a result of Cr
reaction with oxygen in the air. Hence, the pasdayer generates a high oxidation
resistance in an oxidizing atmosphere. The padaijer has the ability to self heal,
which means that if the surface is scratched newmncitum oxide will form in the
scratch, and protect the steel from corrosion.s Tayer affords corrosion resistance and
prevents further oxidation [9]. For these advaesathe stainless steels are used in the
harsh environments of the chemical, oil productod power generation industries, and

in utility goods such as furniture, automotive pand cutlery.

Several important sub-categories of stainless steale been developed. The sub-
categories are austenitic, martensitic, ferritigpldx, precipitation hardening and super
alloys [2, 9-12].

2.1.1. History of Stainless Steel

In around 1910, stainless steel was discoveredaebaby researchers in Britain and
Germany. The English metallurgist Harry Brearlegswirying to develop a new
material to protect cannon barrels from erosione discovered that the addition of
chromium to iron created an alloy that resistedaion (rusting). This discovery led

to the patent of steel with 9-16% chromium and thas 0.70% carbon [9].

31



S.Al-Shahrani Literature Review

In Essen, Germany, B. Strauss was working to éirgliitable material for protective
tubing for thermocouples and pyrometers. He fotrad the specimens of alloys with
more than 20% Cr did not rust even after havinghdeé lying in the laboratory for

quite some time. As a result of this discovergkteth 0.25% carbon, 20% chromium

and 7% nickel was developed (first austenitic &am steel).

In the same time as the work in England and Germbaegt-resistant steels were
developed when F.M. Becket in Niagara Falls, U8As trying to find a cheap and

scaling-resistant material for furnaces that weire at temperatures up to 1200°C. He
discovered that at least 20% chromium was necessaghieve resistance to oxidation

or scaling [1, 9].

2.1.2. Applications of Stainless Steels

Shortly after the discovery of stainless steelsyas comprehended that this material
had many more valuable properties, which make pgr@miate for a huge range of

miscellaneous uses.

The first application of stainless steels was itlety in Sheffield [9]. The attractive
appearance, corrosion resistance, low maintenati@gth and stop painting or other
protective coatings dominated by stainless stee¢ hed to a wide range of successful
applications which demand high levels of reliab&fprmance in surgery, aerospace,
automotive, chemical plant, power generation, oild agas extraction, sports,
construction industry and household appliances @hdr major industries. A major
field of application for the stainless steels is thl and gas industry [2, 9, 10, 12].

2.1.3. Stainless Steel Types and Grades

Changing the mechanical, physical and corrosionpgntees of the steel required
changing the Chromium content and adding other esnlike Nickel, Molybdenum,
Titanium and Niobium. Subsequently this led to degelopment of several important
subcategories of stainless. The sub-categoriesfeargic, martensitic, austenitic,
duplex, precipitation hardening. Each one of thedgs is grouped into one of five

stainless steel families [2, 9-12].

These families are named based on their metalkirgmicrostructure.  The

microstructure may be composed of the stable prasssgnite or ferrite, a mix of these
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two (duplex), martensite or a hardened structuraetaining precipitated micro-
constituents [10].

Ferritic stainless steels have the same structar@uae iron at room temperature
(ferrite). The corrosion resistance and toughwoéskis material is moderate. A typical
application of ferritic stainless steels is exhauipes in the automotive industry [2, 9,
10, 12].

The martensitic stainless steels have relativegh ltarbon content and are hardenable
through heat treatment (forming martensite). Theirosion resistance is moderate, but
the hardness and strength is high. This matesidlypically used in knife blades,

surgical instruments and shafts [2, 9, 10, 12].

The austenitic stainless steels have superior siomaesistance and toughness. They
are the most common stainless steels. Figure Relvs the tensile properties of
austenitic stainless steels compared with otheemadd. This material is used in many
applications such as, kitchen sinks, food procgsaimd chemical industry for pipe, heat
exchange tubes, and boilers. Also, austenitinietss steel is one of the important
structural materials used for the in-core compamemtd pressure boundaries of light
water reactors (LWR) [2, 9, 10, 12]. In these aaions, the components of the
structure are often subjected to repeated stressasesult of mechanical vibration start
up and shutdown process. Therefore resistancatigué is an essential requirement in

the design of the structures and components adaihst under dynamic load.

The duplex stainless steels containing relativégy lthromium (between 18 and 28%)
and moderate amounts of nickel (between 4.5 and. 8%he nickel content is

insufficient to generate a fully austenitic struettand the resulting combination of
ferritic and austenitic structures. Most dupleets contain molybdenum in a range of
2.5 - 4%. Due taigh resistance to stress corrosion cracking, irsg@aesistance to

chloride ion attack, higher tensile and yield sgterthan austenitic or ferritic steels and
good weldability and formability the duplex staisde steels are used in many
applications. The duplex grades are used frequantlheat exchangers, Marine
applications, Desalination plants, Food picklingri$, Off-shore oil & gas installations

and Chemical & petrochemical plant [2, 9, 10, 12].

Precipitation hardening stainless steels are ctaraed by high strength and middling
corrosion resistance. They are divided into thtgees based on the structure
(austenitic, semi austenitic and martensitic (mag)y Due to their high strength,
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these materials are used in the aerospace indwasid/ other high-technology
industries[2, 9, 10, 12].

Tensile and Proof Stress (MPa)

Legend
- Tensile Strength Proof Strength

Figure 2-1: Tensile stress and proof stress of @it stainless steels and other materials
[13].

2.1.4. Austenitic Stainless Steels

2.1.4.1. Composition and constituents

Fe, Cr and Ni are the essential alloying elemerftsAwostenitic Stainless Steel.
Chromium provides the stainless steels with coorosesistance. Chromium is also
added to promote a ferritic structure (ferrite disdx). As the chromium content

increases the corrosion resistance increases.

The nickel is added to stabilise austenite. Niogeherally increases ductility and
toughness. It is also added to improve the strerdmyt forming the intermetallic

compounds in precipitation hardening steels [2,0,12].

Alloying elements such as C, N, Mo, Mn, Ti, Nb,W, Cu, Al, ... can be classified as
ferrite-stabilisers or austenite-stabilisers. Gwmmonly used tool to predict the
structure at room temperature from the chemicalpmmition is the Schaeffler-DelLong
diagram, Figure 2-2. It was originally developed\ivelding, but it can be used for heat
treatments as well. It plots the compositionalitsnat room temperature of austenite,

ferrite and martensite, in terms of nickel and ahiton equivalents. The diagram is
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based on the fact that the alloying elements cadilided into ferrite stabilisers and
austenite-stabilisers. It is known that Chromiund &ickel are added to promote a
ferritic structure and austenitic structure respetf. Therefore the total ferrite and
austenite stabilising effect of the alloying elesein the steel is possible to be
calculated using the Schaeffler-Delong diagram. isTgives the expected final
microstructure for a given chemistry after coolingm a high temperature, such as in
the welding process, by inspecting nickel and ctwomequivalents. The chromium
equivalent has been empirically determined usirgy tiost common ferrite-forming

elements (Concentrations in wt %) [2, 9, 10]:

Cr e (Cr) + 2(Si) + 1.5(Mo) + 5(V) + 5.5(Al) + 1.75(Njp+ 1.5(Ti) + 0.75(W)
(2-1)

In the same way the nickel equivalent has been rgajly determined using the

austenite-forming elements (Concentrations in wt %)

Ni oq= (Ni) + (C0) + 0.5(Mn) + 0.3(Cu) + 25(N) + 30(C) (2-2)
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Ni-equivalent = % Ni+30(%C+%N)+0.5(%Mn+%Cu+%Co)
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Figure 2-2: Schaeffler-Delong diagram [10].

Austenitic stainless steels are often in a metéstlstenitic state at room temperature.
Most grades have an Ms (martensite-start) temperdtalow 0°C. However, plastic
deformation can induce martensite at temperatuigiseh than Ms (martensite-start).
Chromium is a ferrite stabiliser and nickel is adlés an austenite stabiliser, so that the
microstructure at ambient temperature is austenilibese alloys are called austenitic

since their structure remains austenitic (FCCpanhr temperature.

Ms is the temperature where spontaneous transformstests. Eq. (2-3), describes the

effect of chemical composition dvis.

Ms (C) = 502 — 810 (C) — 1230 (N) — 13 (Mn) -30 (N2 (Cr) — 54 (Cu) — 6 (Mo)
Wt% (2-3)

36



S.Al-Shahrani Literature Review

The composition plays an important role in the isitgbof austenitic. Mgz is the
temperature at which martensite will form at aistd 30%. Eq. (2-4) has been derived

to describe the effect of alloying elements.

Mgso = 551-462(C+N)-9.2Si-8.1Mn-13.7Cr-29(Ni+Cu)-18.5M88Nb-1.42 (GS-8.0)
(°C) (2-4)

WhereGS= grain size, ASTM grain size number.

Steels that present higher valued\gf for example AISI 304, are more susceptible to
form induced martensite when deformed at room teatpee. Steels like AISI 316,
that present low values for temperatiig generally do not present strong martensite

formation when deformed at room temperature[14].

2.1.4.2. The Iron-Chromium-Nickel System

The phases (crystal structures) that may be obdenva simple iron, nickel, chromium
ternary alloy at ambient temperature aré, y, c anda. o ands are both referred to as
ferrite and are structurally identical i.e. bodyntred cubic.y is commonly referred to
as austenite and is face-centred cubic.is an intermetallic compound (Known as
Sigma Phase) of iron and chromium and is body-edntetragonal. Sigma phase is
hard and brittle and can be produced in alloysaiomtg substantially less than 50 %
Cr. It takes place in the temperature range 756 820°C. ¢ is either body-centred

cubic or tetragonal (depending on the exact contipo$i[10].

The binary iron-chromium equilibrium diagram isusdtrated in Figure 2-3. This
diagram shows that the stable structures of biadloys are ferritic over the whole
temperature range. Since chromium has the same @¢3tal structure as ferrite, it
extends the. phase region and suppressesytiphase regionyfloop). As a result, the
v-loop is formed in the Fe-Cr phase diagram anddéwiit into FCC and BCC regions.
There is a narrow two-phase allayt(y) range between 12 and 13 wt% Cr in the binary

alloy system [2, 10].
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Figure 2-3: The Fe-Cr equilibrium diagram[2].

2.1.4.3. Grades of Austenitic Stainless Steels

Type 304 is the basic 18Cr8Ni (18/8) austenitienétas steel. It is used for chemical
processing equipment, for food, dairy, and beveragestries, for heat exchangers.
Type 316, which contains up to 3 wt% Mo, offers muetter resistance to pitting,
sulphuric acid, and hot organic acids. Hences msed widely in marine applications
and coastal environments (Figure 2-4) [12]. TheIABOO specifications for the
compositions of different austenitic stainlessIstéast %) are shown in Table 2- 1. The
letter “L” after a stainless steel type indicatew Icarbon (<0.03 wt %) and "N" contain
nitrogen (as in 316LN). The “H” grades contain aimum of 0.04% carbon and a
maximum of 0.10% carbon and are designated byetiber [‘H” after the alloy [1, 2, 9-
12]. 304L and 316L are investigated in this prbjec
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Figure 2-4: Modification of austenitic stainlesssls with the addition of other elements to
obtain particular properties [9].

Table 2- 1: The AISI 300 series of austenitic $¢sis steels [10].

C Si Mn Cr Ni Mo Ti Nb
max max max
301 0.15 1.00 2.00 16-18 6-8
302 0.15 1.00 2.00 17-19 8-10
304 0.08 1.00 2.00 17.5-20 8-10.p
310 0.25 1.50 2.00 24-26 19-22
316 0.08 1.00 2.00 16-18 10-14 2.0-3.9
321 0.08 1.00 2.00 17-19 9-12 5x %C
min.
347 0.08 1.00 2.00 17-19 9-13 10x %C min.
2.1.4.4. Mechanical Properties of Austenitic Stainless Steel

As shown in Figure 2-5 austenitic steels have ativealy low yield stress. The strength
of the austenitic steels is improved by adding eaymitrogen and, also molybdenum.
But carbon addition to austenitic can be detrimlemda corrosion resistance via
sensitization (Sensitization refers to the intemgtar precipitation of chromium

carbides and the concomitant depletion of chromiuthe regions adjacent to the grain

boundaries, when austenitic stain less steels xengvely heated or slowly cooled
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through the temperature range 1123 K to 723 K), tRie element cannot be used for
increasing strength. As shown in this Figure austesteels show very high ductility.
Martensite can be induced by plastic deformatidechanical properties of austenitic

stainless steels change as a result of cold warkkigure 2-6 illustrates the effects of

cold working on the mechanical properties of ausitestainless steels.
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Figure 2-5: Stress-strain curves for stainless Ist§].

200

(1379)

1241
(138)
1103

Ultimate Strength

(138)

0.2 % Yield Strength

140
(965)

Ca
W
—

P
pd

120
(827)
100

I
/

(689)

Stress, Ksi (MPa)

80
(552)
60
(414)
40
(2761
20

\% Elongation

(138)
0

\\

[ —

0

Figure 2-6: Effects of cold working on mechanicadperties of austenitic stainless steels [9].

10 20 30 40 50

% Cold Reduction

60 70 80

40

80

60

40

20

70

Percent in 2 in.(50.8 mm)



S.Al-Shahrani Literature Review

2.1.4.5. Physical Properties

Table 2- 2 illustrates the typical values for sgohgsical properties of stainless steels. It
can be seen from the data that there are quitereiff physical properties across

stainless steels [9].

Table 2- 2: Typical physical properties for varicstainless steel categories [9].

Property Type of stainless steel
Martensitic* Ferritic Austenitic Ferritic austenitic

Density 7.6-7.7 7.6-7.8 7.9-8.2 8
(g/cn?)
Young's modulus 220,000 220,000 195,000 200,000
(N/mm2) or (MPa)
Thermal expansion 12-13 12-13 17-19 13
(x 10%°C) 200-600C
Thermal conductivity 22-24 20-23 12-15 20
(W/m C) 20C
Heat capacity 460 460 440 400
(J/kg'C) 20C
Resistivity 600 600-750 850 700-850
(10°Q-m) 20C
Ferromagnetism Yes Yes No Yes

* in the hardened and tempered condition.

2.1.4.6. Fatigue Properties

As load amplitude decreases the number of cyclegiliore will increase. Below a
specific amplitude stress no failure occurs witthia test period (typically ZCcycles).
This stress level is known as the fatigue endurdimei, or more commonly as the

fatigue limit.

An effect of environment on the fatigue mechanidseli can take place such as

corrosion fatigue, or where corrosion pits canagstress concentrations and also aid
initiation.  Therefore, if equipment is exposed dorrosion attack, the life of this

equipment will be affected. Figure 2-7 shows tffect of an aggressive environment
on fatigue strength for some stainless steelsaritbe seen from this Figure that a lower
pH, i.e. a more aggressive condition, gives lofaégue strength. Comparison of the
two austenitic steels shows that the higher alloyetie, 316LN, that has the higher

corrosion resistance also has a higher corrostiguiastrength [9].
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Figure 2-7: Effect of environment on fatigue strénfipr some stainless steels (Fatigue strength
at 40 Co and rotating bending stress at 100Hz. kst air and 3% NacCl at various pH) [9].

2.2. Fatigue of Materials

2.2.1. Introduction

Fatigue occurs when the component or structureiligested to repeated stress cycles
and subsequently fails at stresses below the ¢essiéngthgis, and often below the
yield strength,s,, of the material. Due to global competition anghler customer
demands for safety, durability and reliability abducts in industrial field, all products
should be designed and tested for sufficient fatiggsistance. Many different failure
modes exist in all fields of engineering. Thes&fas can occur in simple, complex,
inexpensive, or expensive components or structuMschanical failures have caused
many injuries and much financial loss. The lossaoking, propeller or wheel, or a
steering failure leads to a serious threat todif@roperty or the disruption of essential
services [15-19]. According to studies carried bytS. Nishuda et al., between 80-

90% of all structural failures occur through adag mechanism [15].

Austenitic stainless steels are currently used ndustrial installations, such as

petrochemical plants, electric-power generatingicsia and process plants as piping,
shafts and structural materials. In these appdicat the components of the structures
are subjected to repeated stresses as a resulibmaftion or pressurisation cycles.

Therefore, it is of both academic and industrigééiest to study the fatigue behaviour of
Austenitic stainless steels.
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Low-cycle fatigue, high-cycle fatigue and thermatidue are types of metal fatigue.
Low-cycle fatigue is related to macro-plastic defation in every load cycle, due to the
high stress amplitudes, typically over the yieltesgth. High-cycle fatigue is more
associated with elastic behaviour of the matemahanacro scale and plastic behaviour
at the microscale. Thermal fatigue is combinatwdrthermal and mechanical fatigue
[15, 16, 18, 19]. The current study is mainly feed on high-cycle fatigue, especially

on fatigue crack initiation and early growth (shandck).

2.2.2. Fatigue Design Methodology

In prevention of fatigue failure, design criteriave evolved from the concept of infinite
life to a damage tolerance philosophy. In the imdef life design methodology, the

maximum stress is kept below the material’s fatigiess limit.

2.2.2.1. Total —Life Approach

Stress or strain based Wohler diagrams can betasgedict the approximate number
of cycles to failureN; for the components (Figure 2-8). In this methibé, number of

stress or strain cycles necessary to induce fafgjlege in un-cracked (smooth surface)
laboratory specimens is estimated under controdlegblitudes of cyclic stresses or

strains.

High-cycle fatigue (HCF) is characterized in terofishe stress range, as the material is
subject to low stress and this leads to elastiord&tion. While the stresses associated
with low-cycle fatigue (LCF) are generally high eigh to cause appreciable plastic
deformation prior to failure. Consequently, thedae life is characterized in terms of

strain range.
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Figure 2-8: Wohler diagram [17].

The strain-based Wohler diagram can be describedobbining Basquin’s equation
(Eq.2-5) for the high cycle fatigue regims; & 10f cycles) and Manson’s and Coffin's
equation (Eq.2-6) for the low cycle fatigue regifhe< 10" cycles).

A ,

Ni: Number of cycles to fracture (corresponding kg bad reversal).
Aol2: Stress Amplitude.

o Fatigue strength coefficient.

b: Fatigue strength exponent.

Aé'pl

Aé&12: Plastic strain Amplitude.

£t Fatigue ductility coefficient.
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c: Fatigue ductility exponent.

More details about this approach are discussduaeiméxt sections (2.2.4.3).

2.2.2.2. Damage-Tolerance Approach

The basic hypothesis of the damage-tolerance agipros that each engineering

component contains imperfections in the form otksa

Non-destructive techniques (NDT), such as, visdgk-penetrate, x-ray technique or
ultrasonic method are used to detect and deterthmsize of pre-existing flaws. The
number of fatigue cycles or time to propagate theidant crack from the pre-existing

flaw size to some critical dimension represents ubeful fatigue life. The damage-
tolerant approach can be used most readily undsdittons of small scale yielding (i.e.

neglecting the plastic strain field of any stregssaentration), where the crack tip plastic
zone is small compared to the characteristic dimessof the cracked component
(including the crack size) and where elastic logdionditions prevail. So, under these

circumstances, linear elastic fracture mechaniepdicable.

It will be seen that the application of a damadertnt approach based on LEFM to

short cracks may lead to nonconservative design.

2.2.2.3. Safe-Life and Fail-Safe Approach

In safe-life design approach, the typical cycliadospectra are determined from the
structural component in service. Using this infation, the components are tested in
the laboratory under identical load conditionstose typical of service spectra. From
this test a useful fatigue life is estimated. Esémated fatigue life is modified with a

factor of safety to predict the safe life for twemponent. When the expected safe

operation life is expired, the component is retiirean service.

Fail-safe design requires that if one part falg $ystem does not fail. To achieve fail-
safe design, some techniques are used such aplmigtd paths, load transfer between
members, crack stoppers built at intervals into dtracture, and periodic inspections.
The periodic inspection is essential in some safgtical situations (e.g. aircraft and

nuclear industries) to enable quick repair or regtaents.
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2.2.3. Stress-Life (S-N) Approach

The stress-life approach to fatigue was first idtroed by Wohler. In this approach, the
total number of cycles or time to induce fatiguendge and to initiate a dominant

fatigue flaw that propagates to final failure regaets the fatigue life of a component.

In high cycle fatigue (HCF) applications, where lamplitude cyclic stresses induce
primarily elastic deformation in a component whistdesigned for long life, the stress-
life approach can be used.

In low cycle fatigue (LCF), where plastic defornoatiprevails during cyclic loading, as
a result of high stress amplitudes or stress cdrat@ns, a strain based approach can

be applied as considered in the next section [R.2.4

2.2.3.1. Cyclic Stress [17-19]

It is necessary here to define briefly the gengypés of fluctuating stresses that can
cause fatigue. Figure 2-9-a illustrates typicéigfee stress cycles. The maximum and
minimum stresses in this type of stress cycle gualke This is referred to as a reversed
stress cycle. Tensile stress is considered pesiéimd compressive stress is negative.
In high cycle fatigue, below the yield stress, toaditions are essentially elastic so the
applied strain is proportional to the applied stres

Figure 2-9-b shows a repeated stress cycle in wthehmaximum stressm,ax and
minimum stressomin are not equal. This figure shows sinusoidal logdwith the
minimum and maximum stresses both in the tensgene In this illustration they are
both tensile, but a repeated stress cycle coultl ggswell contain maximum and
minimum stresses of opposite signs or both in cesgon. The stress level may vary
randomly in amplitude and frequency as shown iufe@-9-d. This might occur in a
part such as an aircraft wing, which is subjecteddriodic unpredictable overloads due

to gusts or manoeuvres.

There are several parameters used to charactbez#iuctuating stress cycle, namely,
mean stress, stress range, stress amplitude, stes®, and the alternating stress ratio
A. The mean stress is defined as the averageeomtximum and minimum stress in
the cycle (Eg. 2-7) [15-19].

Omax t Omin (2_7)

O' =
m 2
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The stress rangs is twice the alternating stress or the deferemte/densmax andomin.

Or = Omax — Omin (2-8)
Stress amplitude, is one half of the stress range:
o, = 9r _ 9max~ Imin (2_9)

2 2

The stress ratidR and the alternating stress ra#oare the ratio of minimum and

maximum stress and the ratio of the stress amplitundl the mean stress respectively.

R = Zmin and A=2 (2-10)

Omax Om

R=-1 andR = 0 are two common test conditions used for obtgirfiatigue properties.
Due toomin being equal to onin the stress ratiRk = -1 is called the fully reversed

condition while it is called pulsating tensiorRf= 0 whereomi, = 0.
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Figure 2-9: Typical fatigue stress cycles. (a) Reed stress; (b) repeated stress; (c) Pulsating
tension(d) irregular or random stress cycle [19].

47



S.Al-Shahrani Literature Review

2.2.3.2. The S-N Curve

A common method of presenting engineering fatigata s by means of the S-N curve,
a plot of stres$ against the number of cycles to faillMe A log scale is almost always
used forN (Figure 2-8) [15-19]. Laboratory simulation testsn be carried out to
determine the fatigue properties of materials.thig, a series of tests is carried out by
subjecting a specimen to stress cycling at relgtilarge maximum stress amplitude
(omay- The number of cycles to failure is counted.isTgrocedure is repeated on other
specimens at progressively decreasing maximumssaewglitudes. The test stress is
decreased for each succeeding specimen until ohg&oospecimens do not fail in the
specified numbers of cycles, which is usually aisteld cycles. Data are plotted as
stressc versus the logarithm of the numbirof cycles to failure for each of the

specimens [15-19].

For some ferrous (iron base), the S-N curve becdrmedgontal at low stress amplitude
values below a limiting stress level called fatidimeit. Life of 1 < N < 10° cycles is
generally classified as low-cycle fatigue, wherk@h-cycle fatigue is considered to be
N > 10° cycles (Figure 2-8) [16-19].

2.2.3.3. Fatigue Limit

The characterisation of the fatigue life in ternfsnominal stress amplitude using
experimental data obtained from rotating bend testsmooth specimens was done by
Wohler on fatigue of alloys used for railroad axlds these tests smooth (un-notched)
specimens, hour-glass in shape are fatigue testgdlane bending, rotating bending,

uniaxial compression-tension (Push-Pull) or tendesion cyclic loading.

The data obtained from such an experiment are ts@deate a stress-life plot (S-N
curve). Where the stress amplituslefor fully reversed loading (equal to one half of
the stress range from the maximum tension to maxirmompression), is plotted versus

fatigue cycles to failure\ (Figure 2-8).

In the S-N curve, when the material under a comstamplitude loading conditions
exhibits a plateau stress level, typically beyohdua 10 fatigue cycles, the specimen
below this stress level could be cycled indefigitelithout failure. This stress
amplitude is known as the fatigue limit. The erahoe limit is defined as the fatigue
strength at a given (long) life.
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2.2.3.4. The Effect of Mean Stress on Fatigue life Undees3tlife Approach

The mean stress plays an important role in infliepnahe fatigue behaviour of
engineering materials. This is can be seen inrEi@ul0,where alternating streSsis
plotted versus the number of cycles to failtkefor different mean stresses. It can be
seen that the fatigue life decreases as mean sti@egases. Also, this plot shows that
tensile mean stresses are detrimental and comypeessian stresses are beneficial. The
three vertical lines indicating fatigue lifdk, Nio, andNg., representing fatigue life for

tensile, zero, and compressive mean stress, resggct

§,,= compression

S,,= Tension

Alternating stress, S,

| 1 | |

103 104 N, 105N, 10° N, 107 10%

|
l
| |
|
I

Cycles to failure, N,

Figure 2-10: Effect of mean stress on fatigue][lifg].

2.2.3.5. Effect of Surface Treatments under Stress-Life dqupr

The surface has a substantial influence on fatigaviour because most fatigue cracks
nucleate at the surface [18]. Differences in suafeoughness, microstructure, chemical
composition, and residual stress act as surfaeetsfivhich may leads to initiation of
fatigue cracks. The effects of these factors belldiscussed in the section on surfaces
and machining (2.5). In the near surface regidnthe materials, surface treatment
processes, such as carburizing, nitriding, flantéérang, induction hardening and shot
peening are designed to give high strength, wesistesce or corrosion resistance.
When the material is subjected to machining openatisuch as grinding, polishing,
turning and milling, different degrees of surfaceighness will be developed. The
valleys of a rough surface act as stress concemigatand create suitable sites to

nucleate fatigue cracks.
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The residual stresses developed by the surfacenieés can have an important effect
on the fatigue life. These residual stresses ahding mean level of the fatigue cycle
for crack nucleation. Therefore, the residual sstes can be beneficial if they are
compressive and detrimental if they are tensileesfly for high strength materials. In

soft materials, this beneficial effect becomes Egsaificant at large applied stress due
to a large amplitude of the pulsating stress relgthe residual stress. This effect can
be emerged from the studies which investigate tfeeteof shot peening on fatigue life

for different materials [18].

2.2.4. Strain-Life (£-N) Approach

The fatigue failure curve can be divided into loyele and high cycle regimes. In the
low cycle fatigue regime, the plastic deformati@ macroscopic and microscopic
localized plastic deformation occurs in the higltleyregime. For cycles above the
yield stress, the bulk of the metal is plasticalgformed. In both regimes (HCF and
LCF), the presence of stress concentration suckhasp corners, holes or notches, can
make the material response to cyclic loading streomtrolled. So, cyclic strain
controlled tests can characterize the fatigue hehawf material better than cyclic
stress controlled tests, especially, in the lowleyfatigue regime and notched

components.

The strain life approach is based on the assumpt@an the life spent on crack
nucleation and small crack growth of a notched camept can be approximated by a
smooth laboratory specimen under the same cychorm@tion at the crack initiation

site.

2.2.4.1. Strain Controlled Test Method

Strain life is typically represented as a curvetodin versus fatigue life. To obtain such
a data strain-controlled axial fatigue tests aradoated by using smooth, polished
specimens. An extensometer is allocated to the dmwggth to control and measure
strain over the gage section. Stress and plastims/ariation are recorded periodically
throughout the test and the test is continued datitjue failure occurs. The surface
finish condition of the component may be simulatedtesting laboratory specimens to

include the effect of surface finish.
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2.2.4.2. Cyclic Material Behaviour Under strain controllesbading

When the material is subjected to fully reversedistcontrolled loading, the material
may behave in one of the following ways: cyclicdering, cyclic softening, remaining

stable or some combination of these behaviours.

As shown in Figure 2-11, in cyclic hardening, theess developed in each successive
strain reversal increases as the number of cye@ease. In cyclic softening (Figure 2-
12), the stress decreases as the number of cpclesases. In cyclic hardening or cyclic
softening, the rate of change of the stress widdgally decrease and the stress
magnitude will reach a stable level and remainlstap to the end of fatigue life where

the first fatigue crack is detected.

N

Figure 2-11: Transient behaviour-cyclic hardenirf].

51



S.Al-Shahrani Literature Review

A1)
7

Figure 2-12: Transient behaviour-cyclic softenin@[2

2.2.4.3. Strain Based Approach to Total Life

The relation of the total strain amplitudg)(and the fatigue life in reversals to failure
(2Ny) can be expressed in the following form:

ga =€+ ek = %}(ZNf)b + & (2Np)° (2-11)
Where: E: The modulus elasticity.

or:: Fatigue strength coefficient.

b Fatigue strength exponent.

£t Fatigue ductility coefficient.

¢ Fatigue ductility exponent.
Eq. (2-11) is called the strain life equation. Jleiquation is a combination of two
curves; the elastic strain amplitude-life and ptastrain amplitude-life. In eq. (2-11)
the left part ?(ZN )b) is Basquin’s equation (Eq. 2-5) divided by thedmlos of

elasticity. The right parteﬁ(ZNf)C) is the equation proposed by Manson and Coffin

(Eq. 2-6). It represents the relation betweentiglasrain and life.
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As shown in Figure 2-13, both curves become sttdighs where plotted on log-log
scales. The intersection of the elastic and plagtain life curves is transition fatigue
(2Ny), where the magnitude of elastic strain and piastiiain amplitude are equal. In
Figure 2-13, the left side of\R represents the plastic strain region (LCF) andridtet
side represents the elastic strain region (HCF).

10"

107!

1072

_ ) Total strain
Plastic strain

1.0
107 j
Elastic strain

10 - -
10° 10 10° 103 10* 10° 10°

Reversals to failure, 2N

Strain amplitude, Ae/2

Figure 2-13: Schematic of a total strain-life cuji/g].

In strain controlled cycling a mean stress leadsi¢an strain. The mean stress usually
relaxes at large strain amplitudes as a resultlasdtip deformation. When the mean
stress is not relaxed, it can significantly affda fatigue life. Mean stress leads to a
detrimental effect when it is tensile and a benafieffect when it is a compressive
mean stress as discussed before. The effectidbiedstress on fatigue life is generally

similar to the mean stress effect [16, 18].

The effect of mean stresses from the surface fimiah emerge as significantly
influences is the high cycle fatigue regime whdesstec strain is dominant and there is

little influence is the low cycle fatigue regime.
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2.2.5. Fatigue damage and crack initiation mechanism

Cyclic loading leads to modification of the interndislocation arrangement and
formation of the typical structures. Cyclic stranocalized to thin deformation bands-
persistent slip bands (PSBs). PSBs have strutiiatediffers from the structure of the
matrix. Surface relief takes place in the siteem®hPSBs intersect the surface as a
result of localization of the cyclic plastic straim the PSBs. Subsequently, persistent
slip markings (PSMs) consisting of extrusions amdusions are formed on the surface
[18, 21].

Localized cyclic plastic straining on flat surfagspresent the first step in the nucleation
of a fatigue crack. As a result of very small vsdof the intrusions, the sharp tip of the
intrusions act as an effective stress raiser. -@iglip mechanism takes place along the

primary plane because of the high stress concearirat the tip of the intrusion.

Figure 2-14 shows schematically the nucleation wffage cracks from a row of
intrusions. Along the PSM the semi-elliptical ugrons are nucleated and alternate
with the extrusions. Anti-plane shear deformai®developed in the material between
the neighbouring intrusions. Subsequently new aserfare formed and lead to
nucleation of semi elliptical cracks at the tiptbé intrusions. Finally, the linkage of
the half-elliptical cracks leads to the formatidracshallow crack along the whole PSM
[21].
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Figure 2-14: Mechanism of crack nucleation fronoavrof intrusions [21].

Generally, intrusions represent sharp defects atpnv to incipient cracks. The crack

emanates from the tip of the intrusions and gromdeu the effect of cyclic loading.

Figure 2-15 shows schematically crack initiatioredo environmentally assisted slip
irreversibility. Shallow microcracks nucleate frahe tip of the intrusion as a result of
an irreversible slip along the primary slip plank tensile loading a new surface is
formed, where fresh metal surface is exposed tgexyrom the environment (Figure
2-15). Absorption of the oxygen prevents comptetavelding of the new surface in the
compression load (Figure 2-15-b). Subsequentballdecohesion along the slip band

generates crack-initiation sites (Figure 2-15-@)][2
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Figure 2-15: Crack initiation due to environmentatssisted slip irreversibility: (a) exposure
of fresh surface; (b) absorption of fresh metafface; (c) local decohesion [22].

Crack initiation has been confirmed in austeniteels to initiate in slip bands (Figure
2-16) [23]. Recent studies by Polack [23-25] orstanitic stainless steels using
scanning electron microscopy (SEM) and atomic fongeroscopy (AFM) suggest the
original role of intrusions in fatigue crack intiien. He used scanning electron
microscopy (SEM) combined with focused ion beamBjFmachining to study the
initiation of a stage | fatigue crack on the suefaxf 316L steel. The specimens were
cycled in an electro hydraulic testing system weitbonstant strain rate 1.5x10-3and
constant plastic strain amplitude of 1210After 300 cycles a cross-sectional surface
perpendicular to the direction of parallel PSMs waspared using FIB as shown in
Figure 2-17 [26]. The specimen was returned toféligue test for more cycles. The
test was interrupted periodically to observe thposed surface. He concluded that
cyclic strain is localized early in fatigue life bodividual PSBs and strain localization
results in the formation and growth of PSMs in tamas where PSBs emerge on the

crystal surface.
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Figure 2-16: Early evolution of the surface relief 316L steel as detected by AFM on the
surface replica:(a), N=350; (b), N=500; (c), N=100@l), N=2000 [24].
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perpendicular
surface

Figure 2-17: Specimen surface with a rectangulaater at different stages of the fatigue life
(ap =1x107%), (a) N= 300 cycles, crater was produced using ,RI® N=300+300 cycles, (c)
and (d) N= 300 + 1500 cycles [26].

Man et al. [27-29] and Villechaise et al. [30] usgeld emission scanning electron
microscopy (FESEM) and atomic force microscopy (AFM combination with
electron back-scattering diffraction (EBSD) to stuthe persistent slip markings
(PSMs), which mark locations where PSBs emergéderstirface of the material.

However, fatigue crack nucleation does not alwagsup only at slip bands. Non-
metallic inclusions and second phase particlescansidered as crack initiation sites,
particularly in high-strength alloys where partgleight be broken as consequence of
prior deformation processing [31]. The fatiguecksawere also observed to initiate due
to the porosity on or just beneath the surfacenasdimet 720Li Ni-base alloy [32].
Surface roughness (due to the manufacturing proeess machining) could also
encourage crack initiation on the material surf§88]. Even the best-prepared
engineering surfaces contain micronotches suclriple fpoint of grain boundaries,

inclusions and machining marks.
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2.2.6. Crack Propagation

As discussed above, the initiation of one or moierocracks due to cyclic plastic
deformation followed by crystallographic propagatie termed by Stage I. In stage II,
microcracks join together and begin to propagateuijh the material in a zigzag
manner essentially perpendicular to the appliediterstress as shown in Figure 2-18.
During this stage of propagation, repetitive ptagtiunting and sharpening process at
the crack tip, leads to drive the crack growth. tihd beginning of the stress cycle (zero
or maximum compressive load), the crack tip hasstiepe of the sharp double-notch
(Figure 2-19-a). As the tensile stress is appliedure 2-19-b), localized deformation
occurs at each of these tip notches along slipeglahat are oriented at 4&ngle
relative to the plane of the crack. As a resuliceck widening, shear deformation
drives the tip forward (Figure 2-19-c). The apgliecompressive load reverses the
direction of shear deformation at the crack tig(ife 2-19-d) until, the end of the cycle;
a new sharp double-notch tip will be formed (Fig@r&9-e). Subsequently, the crack
tip has advanced a one-notch distance during thieseocof a complete cycle. This
process is repeated with each subsequent cyclesamtie critical crack dimension is
achieved. Eventually, the third stage is commencéthen the fracture toughness is
exceeded, the remaining cross-section of the naateil experience rapid fracture,
called the third stage [16, 18, 19].
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Figure 2-18: Schematic representation showing stdgend Il of fatigue crack propagation in
polycrystalline metal [34].
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Figure 2-19: Schematic representation showing taigrack propagation mechanism (stage
N[18].
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2.2.7. Fatigue Fracture Surface and Macro/Micro Features

A fatigue failure has a manifestation similar tbrétle fracture, as the fracture surfaces
are flat and mostly perpendicular to the stress aih the absence of necking. The
detailed fracture features of a fatigue failure @ifeerent, however, from a static brittle
fracture as a result of the three stages of dewsdop (Figure 2-20-a) [15, 18].

Stage | is the initiation of one or more microcmaue to cyclic plastic deformation
followed by crystallographic propagation. Theséiah microcracks grow and join

together. Stage | cracks are not normally vistiolehe naked eye. Progress from
microcracks to macrocracks represents Stage Il.thik stage a parallel wave-like
fracture surface is formed. This surface can hasey dark and light bands. These
bands are called beach marks, clamshell marksstdines, or conchoidal marks the
term “Beach marks” is the most widely used. Duriglic loading, opening and

closing of the cracked surfaces, rubbing togetbleanges in the level or frequency of
loading and the corrosive or oxidative nature @& #&mvironment all lead to the beach
mark appearance. One beach mark can contain thasisd striations (Figure 2-20Db).

These striations can’t seen by naked eye. So,ostopic magnifications between
1000X and 50,000X must be used to view the strnatioThe striations are formed by a
plastic crack tip blunting mechanism during thediog and unloading portion of the
fatigue cycle as will be discussed later. Materthlat exhibit ductile behaviour often
display appreciable striations while they are diffi to observe in high strength

materials.

When the remaining material cannot sustain thedp#abt fracture occurs (stage ).
Stage Il is final fast fracture. The propagatioh stage lll or unsteady cracks
represents a small portion of the overall fatigtee ¢f components. Stage lll is related
to unstable crack growth asplk approaches K. At this stage, crack growth is
controlled by static modes of failure and is veepstive to the microstructure, load

ratio, and stress state (plane stress or plane &beding).

A stage lll fracture can be brittle, ductile, orcambination of both. A flat and
featureless appearance dominates on this stagedsech the failed parts tend to rub
and slid against each other. Stage Ill may has ddselop a fibrous appearance called
chevron lines; these point toward the origins efithtial cracks [15-19].
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Figure 2-20: a) Typical fatigue fracture surface), Striations [17].

2.2.8. Statistical analysis of Fatigue Data

To obtain meaningful engineering data a large nusbé specimens must be tested.

Statistical treatment of collected data shouldofelthe fatigue tests.

The two point strategy, the boundary method andsta@case method are methods to

obtain the fatigue limit.

2.2.8.1. Two-Point Strategy

In the two-point strategy, the first specimen istéd at a randomly stress level, If the
specimen fail then the next specimen is testechatincrement below the first stress
level until a stress level that has produces aouwin-At a stress level that produce run-
out another specimen tested at a stress level abditehe stress level produce failure
is reached. After this point is reached, all fartbesting is concentrated at these two
levels[35].

2.2.8.2. Boundary Method

The boundary method starts by testing one randambgen specimen at any level of
alternating load (Figure 2-21) [35]. If the speeimmot fail (i.e. run-out) for TQcycles,
the next specimen will be tested at higher levalsed stepwise until the specimen
fractured before 10cycles (or whatever lifetime is chosen). Thiselewhere the
specimen fractures, becomes the first tested levklthe first tested specimen fails
before 10 cycles (or whatever lifetime is chosen), the ngxécimens will be tested
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stepwise on lower levels of alternating load, utité opposite event (no fracture). For
the next level of alternating load, the distancéigure 2-21) has to be estimated. It is

given by:
T
If r<0.5n p=(1-5).a.5, (2-12)
T
If r>0.5n D= (— ;).d.Sa (2-13)
220 [ _‘[' 8
Test1 ' Test 2
.
T 200 Hiteeeo00cecoee ~l.
st ' |FTceeeeeoose
C [T
2 / i | I e —
= . 3 ' ecoesco0eo0c L
V'-‘m150 _,ooooao.ooélu*
~ — Running of the test
. ® Specimen broken
140 [ © O Specimen not broken

Figure 2-21: The way of running two tests usinglibandary technique [35].

Wherer is number of broken specimens,js number of tested specimerg,is the
alternating load of the first tested level atids the estimated size of the transition
region according to Table 2- 3The boundary method was used in the previous work
and it was not suitable method for determininglibends of cyclic stress amplitude for
10% and 90% probability of failure. It showed thié scatter in fatigue limit was
insignificant due to the reproducibility of surfaibeish [36].

Table 2- 3: Values d and m for use with the boupndaethod [35].

Factor | Notched specimen Smooth specimen Simple parts Parts like bolts

d 0.05-0.15 0.1-0.3 0.2-04 04-1.2
m 1-1.2 1-1.2 14-2 2-3.2-7
2.2.8.3. Staircase Testing

Staircase testing is used widely. It is define@iitish standard (BS 3518-5) [11]. Ina
series of tests, an initial estimate of the fatijoet and a stress step size (increment)
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are selected. The first specimen is tested atessstevel equal to the estimated mean
value of the fatigue strength. If failure occuefdre the selected lifetime (typically 10
cycles), the next specimen is tested at one inareb®dow the first stress level. If there
is no failure (run-out) at the first stress levislen the next test is at the stress one
increment above the first level. This procedureaistinued for all the test specimens to
be tested, the stress level for each test deperatetihe previous result. Statistical
methods, described below, are then used to deterth average endurance limit as
well as the standard deviation [11]. The staircasthod was used in this project, so its

analysis is presented in more detail in the nestice.

2.2.8.4. Analysis for the staircase method

The analysis the for staircase method is as follfltd. The analysis uses the less
frequent occurrence in the test results, i.e. éir¢hare more failures than run-out, and

then the number of run-out is used. The meanuatgirength is given by:

m=5+d(5+3) (2-14)

Where 3 is lowest stressd is stress increment) is total of less frequent events
(n= YZ,ni) ; A= Y%,in; ; ni is number of the less frequent events-tit stress
aboveS;; i is coded stress leval £ 0 forS); z is number of stress levels abdse |If
the less frequent event is a run-out, + 1/2 is wsetl-1/2, if the less frequent event is

failure (Figure 2-22).

The standard deviation is given by:

Z i a?
S = 1.62d{—3 2ens 0.029} (2-15)
n
But only when
z A2
BZFZ# is greater than 0.3. o = 0.53d (2-16)
B=%itn, (2-17)

The standard error of the mean estimated from @xpetal results is:

GS
Vi

5, = (2-18)

Wheren; is the number of test specimens tes@&d;1 approximate.
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Figure 2-22: Schematic to show the staircase mefhbd

2.2.9. Effect of Cyclic Deformation on near surface micrtsactures of austenitic

stainless steels

This research is concerned directly with the effeaft surface machining on the high
cycle fatigue resistance of austenitic stainlesslst There is a limited literature in this
field.

Altenberger et al. [37] conducted Tension/compossdatigue tests under stress
control without mean stresses (R = -1) on cylirelrispecimens of the austenitic
stainless steel AISI 304 that were shot peenedeep dolled with different peening

intensities, and rolling pressures, respectively.

They found that a complex near surface microstractaonsisting of nanocrystalline
regions, deformation bands and strain induced msitte twin lamellae with high
dislocation densities in the austenitic matrix oswarface-rolled type 304 austenitic
stainless steel. The quantity and depth of maittemaried with surface processing, and
extended throughout the plastically strained regi®wow cycle fatigue was shown to
increase the martensite content [37].

M. Topic and et al. [38], investigated the fatiguehaviour of AISI 304 stainless steel
as a function of drawing strain. The specimensvedirannealed at 1050 °C for 15 min
and afterwards water cooled. They were then repbatdrawn through different
lubricated tungsten-carbide dies at a speed of B min' without intermediate
annealing. All specimens were drawn strains wingetged from 0.09 to 0.585 and the
volume percentage of strain-induced martensiteebwrh case were obtained by X-ray
diffraction analysis which ranged from 8 to 36 %pectively. All different strained
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specimens were subjected to three-point fatiguentesarried out under load control at

room temperature.

In the specimens with a previously developed amofimhartensite of less than 20%,
the fatigue limit was higher than that with a masiége content of more than 20%.
Above the fatigue limit, crack initiation becamesiea with increasing amounts of
martensite above 20%, crack propagation ratesitseased due to decreasing ductility
and the fatigue life of the material decreased.

C. Muller-Bollenhagen [39], studied the very higjtle fatigue behaviour of AISI 304
austenitic stainless steel and the effect of sirainced martensite for both shot
peening and deep rolling. The fatigue tests wearedacted under axial tension-
compression loading with a stress ratio of R =nJainbient air. In the case of deep
rolled surfaces, the martensitic layer was incréabg fatigue-induced martensite
formation. He found that more than 50% of theiahitcompressive residual stress was
relaxed after LCF loading. He concluded that nresite, whether formed through
cyclic or monotonic plastic deformation, stronghfliences the fatigue limit and causes
a strong sensitivity of the fatigue limit to thesteonditions. It was found that increased
fatigue limit. The fatigue limit below 19% was hegy than that above. He attributed
this to the compressive residual stresses whickldp\after phase transformation at the

plastic zone of the crack tip.

K. Masaki [40], investigated crack initiation andopagation behaviour during the
rotating bending fatigue test of hard shot peenpd 816L austenitic stainless steel in
high cycle fatigue. The compressive residual stoecreased generally under repeated
loading but was not fully relaxed. The crack wasealoped in the axial direction and
continued to propagate. Circumferential crackanfmt from axial cracks and the

propagated rapidly to fracture.

Duyi Ye et al. [41] studied the low-cycle fatigueQF) behaviour of SUS304-HP
austenitic stainless steel systematically usingitencompression cycling under fully
reversed total strain amplitude control conditiangsoom temperature. SUS304-HP is
an improved version of type 304 austenitic stamlseteel. They found that with
increasing total strain amplitudes the slip bandsdg increased and the dislocation
structure changed from a planar array to a mordulaelike structure. Cyclic
deformation-induced austenite/martensite transfaonavas observed at higher cyclic

strain amplitudes.
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S. Ganesh [42] studied the effect of prior cold kvon the room temperature low-cycle
fatigue behaviour of austenitic stainless stedtais-controlled low-cycle fatigue tests
were carried out on AISI 304LN austenitic stainlessel specimens that were cold
worked by swaging to different levels (10 to 30%uetion in area) prior to testing. He
found that with an increase in the percentage iof wold work, there was a reduction
in the transition fatigue life (the life at whickastic and plastic components of strain are
equal), i.e., the stronger prior cold-worked maiteexhibited enhanced lives at lower
total strain amplitudes, as crack initiation oc@spa significant portion of the fatigue
life at these (low) total strain amplitudes. A dssing transition fatigue life can be
associated with increasing crack initiation resisea The stronger 30% prior cold-
worked material resisted the imposed strain elal§fion the basis of its strength, while
the ductile 10% prior cold-worked material resisted strain plastically on the basis of

its greater ductility.

In summary, in both regimes (HCF and LCF), the gmes of stress concentrations such
as, sharp corners, holes or notches, make theialatsponse to cyclic loading strain
controlled. In high cycle fatigue regime, the desil stresses show little relaxation due

to the low stress amplitude.

It can be seen from the previous discussion thatdgcle fatigue resistance increases
the martensite amount. In the low cycle fatigugime, there is an optimum volume
fraction of deformation induced martensite in ansie stainless steels of about 20%.
In the case of low cycle fatigue plastic deformatiakes place in each cycle.

2.3. Short Fatigue Cracks

Small fatigue flaws (of size range from a fractafra millimetre to several millimetres)
have attracted the attention of material scientists$ researchers since the growth rates
of such cracks can be significantly greater thandbtrresponding rate of long flaws for
the same value of applied stress intensity factnge AK, and they also grow at values
of AK, below that of the threshold values, of the long cracks (Figure 2-23). This

abnormal behaviour was first shown by Pearson [43].
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Figure 2-23: Typical fatigue crack growth rates (& ) for long and short cracks as function
of stress intensity factor rang& [4].

Stolarz, J [44] reported that the regime of micagkr propagation prevails during 65-
90% of the fatigue life, while only the last 5-1@fthe fatigue life can be considered as
to be determined by long cracks and treated byatingastic fracture mechanics
(LEFM). The remaining 5-25% is determined by the meismas of crack initiation.
Hence, using the data of long cracks in fatiguetiliie calculations of engineering
components, can lead to considerable overestimatdee fatigue lives (Figure 2-24)
[45].
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Figure 2-24: Schematic showing the period of tatalle fatigue life [45] .

Suresh and Ritchie [18, 46] defined regimes of astucturally short cracks,

mechanically short cracks, physically short craoki éong cracks. Microstructurally

short cracks are the cracks that interact withllogarostructural features (grain, phase
boundaries, precipitates and pores). Once thek clermgth exceeds several grain
diameters, the strong influence of microstructusappears, and crack propagation is
driven by the plastic zone ahead of the crack Tihese cracks are termed mechanically
short cracks. A crack of the order of 1 mm in kg termed a physically short crack
when the size of the plastic zone at the crackstipegligibly small as compared to the
crack length, and hence the concept of LEFM isiepble. Fatigue cracks exhibit

apparent anomalies in propagation rate below aicedrack size as a result of the
dependence of environmental stress corrosion ®tfiects on crack dimensions; these

flaws are referred to as chemically small cracks.

In small cracks, the crack tip driving force isfdient from that of a long crack. So,
linear elastic fracture mechanics (LEFM) is inadequto describe the short crack
driving force. This limitation of LEFM is due tbé fact that the elastic stress field can
not accurately describe the high strain fieldshatttp of small cracks in highly stressed
materials [5]. The ratio of the plastic zone sizethe crack length is different for the
two cases. For long crack under < Aog_ loading, the plastic zone size is less than the
crack length, whereas for small cracks the plastoe size and crack length are
comparable. To use LEFM accurately the plasticezeimould be small, typically less
than one-fiftieth of the crack length [6].
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2.3.1. Short Crack Regimes

Figure 2-25 shows how crack growth behaviour isc@#d by crack siza and applied
load. Figure 2-26 shows the typical behaviour oBl initiated surface craclg > 3
pum, at a nominal stress slightly above the fatigonit of material in fully reversed
condition [47]. The initiated crack propagateotigh several surface grains in a shear
mode at an angle of about 45 degrees with respebetapplied stress axis (stage ).

With increasing crack length or increasinlg, the effect of normal stress becomes more
significant and force the crack to propagate inraction perpendicular to the applied

stress by operating various slip systems (stagé]Ll)

The crystallographic slip system and constrainadjcent grains play important roles
in the growth of a stage | crack and its transifimm stage | to stage Il cracking. In
stage I, crack growth is influenced by the micnostiure, the grain boundaries and other
microstructure features. The cracks in this stage termed microstructural or

crystallographic small cracks [5].
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Figure 2-25: A schematic shows small crack behavasia function of applied cyclic stress
[47].
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Figure 2-26: A schematic illustration of small ckagrowth and transition to long crack. (a)
relative life ratio spent at each stage; (b) Cragiowth rate versus crack depth; (c) transition
from a microstructurally small crack to a physigamall crack and eventually a long crack

[471.

71



S.Al-Shahrani

Literature Review

2.3.2. Short Crack Growth

As shown in Figure 2-27 several different microstowal barriers to crack growth, of
spacing ¢ d, and d, can exist in a single material such as ferrigedfitic banded
structure or as several grain diameters [5]. Alsoan be seen in both figures that as
the crack length increases in the rangeal<d for a constant stress or strain range, the
crack growth rate decreases and become zero asrdok arrests (fatigue limit
condition). In Figure 2-28, the cyclic intervalyx+epresents the period of arrest. Just

above the fatigue limit the period x-y will gradiyatiecrease as the stress range level

increases.
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Figure 2-27: Three regimes of short crack behavi@ioss wide range of materials)[5].
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Figure 2-28: Crack growth development for conststnéss ranges [5].

2.3.3. Microstructural Barriers

Detailed understanding of how an advancing cratéraats with the microstructure at
multiple length scales is required to design mictatures for damage tolerance. It has
been proposed that the arrest of cracks takes phdmn the dislocation pile-up
(representing the crack plastic zone) is unableviercome the constraint provided by
dominant microstructural barriers, such as grainndaries, twin boundary, or pearlite
zone [5].

Plastic deformation at the crack tip occurs dutimg advance of crack propagation in
metals and alloys. Plastic deformation by dislecatmotion takes place when the
critical resolved shear stress on a slip plane fiavaurably oriented grain is exceeded.
The dislocations pile up along the slip band agslt of hindrance of transition of
plasticity. This hindrance might occur becauseadérge misorientation between the

neighbouring slip systems. This mechanism is shiow(Figure 2-29). In the adjacent
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grain, the stress increases at dislocation souredalpile up of dislocations along a slip
band. Subsequently, when the critical stress e@ded, slip is activated in the

neighbouring grain.

Low-angle grain boundary
= Low barrier efficiency

High-angle grain boundary
= High barrier efficiency
— dislocation pile-up

a)l Ib)

Figure 2-29:a) Transition electron micrograph ofsltication pileup at a ) phase boundary in
AISI F51 duplex steel after cyclic deformationSzhematic shows the relationship between the
barrier strength of a grain boundary and misorietita between neighbour [22].

As the distance between crack tip and adjacentnglamundary decreases, the
dislocation density along the slip band increased the dislocations become less
mobile. This leads to a higher resistance to thekcadvance (i.e. crack propagation
rate decreases). When the neighbouring grain besgrtastically deformed and the
slip is activated, cyclic slip displacement on thepective slip planes is promoted and
leading to increase in the crack propagation. ddrvesequence of this mechanism is an
oscillation in the crack propagation rate (Figure8@. This behaviour has been
observed for microstructurally short fatigue craéksseveral studies [48] and this

represents the basis of the short crack model vai¥a and de los Rios [49].
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Figure 2-30: Oscillation in the crack propagatioate (2024 T3 aluminium alloy); minima are
due to the barrier effect of grain boundaries [3D].

The grain boundary forms an effective barrier agfafatigue crack propagation when

the angle between the slip systems of neighbougnagns is large. If adjacent slip

systems are lying in the same plane (low angle ngitadoundaries) direct slip

transmission is possible [51] and crack propagatate remains constant (Figure 2-31)

[50].
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Figure 2-31: Slip-band cracks in thetitanium alloy (loading directioni) and crack length

vs. number of cycles for the crack marked by ari®0%

Zhai et al. [52, 53], in a study on fatigue crackpgagation in the Al alloy, investigated

the effect of the twist and tilt angles of the &ratane deflection at a grain boundary on
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the path and the growth of a short crack. Theykwmied that twist misorientation has a
more profound influence on crack resistance thantith misorientation. Figure 2-32
illustrates the tilt and twist misorientation rebetship between two neighbouring grains

containing a slip band crack and two activated gligmes.

crack/B‘ain 1 Az
e~ growth \Y\ X(loading axis)
/I \ 6 \/gl‘a:n 2
[ Bt TN
Lo O _g
slip/crack L % f
plane 1 :

grain
boundary

Figure 2-32: crack propagation along slip bandslaacross a grain boundary [52].

Several studies investigated the influence of tlangsize on the early crystallographic
crack propagation (microstructurally short stageacks) [54, 55]. According to these
studies, large slip length in coarse grained matemakes the transition of the plastic
zone from the cracked grain to the neighbouringcratked grain easy. The barrier
effect of the grain boundaries decreases evenifir ¢trystallographic misorientation.
The consequence is a lower fatigue limit while deereases and arrests in growth rate
due to the grain boundaries and crack deflectiomi®wnore remarkable in fine grained
materials [54, 56].

Zhong et al. [57] examine the effect of martensitained austenite (M/A) at low-angle
grain boundariesLAGB) on the resistance to crack growth in high striengpeline
steel. WhereaslaAGB alone is insufficient to hinder crack growth, #hastence of the
M/A acts as an effective barrier to dislocation imotand resistance to crack growth.

In the presence of multiple phases, the behavibiie crack will be different in the

two phases. Tang et al. [58] showed this by shglyhe development of dislocation
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structure in the plastic zone ahead of a crackntip duplex stainless steel deformed in
the TEM. They found that the cracks grow in stidigmanner and the plastic zone is
broad because of the ability of the dislocationsttesh from the crack tip to cross slip,

in the austenite phase, the crack grows in a zigmagner as that dislocations are

confined to narrow strips and form inverse pile.ups

2.3.4. Crack Closure Effect

The premature contact of the crack faces duringadihg from tension is known as
crack closure. Only the part of the fatigue cyweleen the crack is open contributes to
crack propagation. The crack closure effect west proposed by Elber [18]. If the
crack is perfectly sharp and behaves completelstietdly, the crack will be closed

when unloading from tension is complete, ioes, omin. -

Taylor (1988) [59] reported five types of crack suoe, namely, plasticity induced
closure, oxide-induced closure, roughness-induckxbure, viscous fluid-induced
closure and phase transformation-induced closiliree basic idea of these mechanisms

Is presented schematically in Figure 2-33.

-

(a) (b) (c) (d) (e)

Figure 2-33: General crack closure mechanismes: fgisticity-induced crack closure, (b)
Oxide-induced closure, (c) Roughness-induced oipsia) Viscous fluid-induced closure, (e)
Phase transformation-induced closure [18].

When the crack close@\K,), the range of stress intensity factd is reduced from
(Kmin.— Kmax) 10 AKest. (Ko — Knax).  The plastic deformation helps to partially edbe
crack surfaces such that the crack will close gmehaat a stress level higher thag,.
This effect results in a smaller effective strestensity factor rangeAK value and
consequently, a smaller crack growth rate. Fig2#®4 shows the effective stress

intensity factorAKes for small and negative stress ratio R. The efféatrack closure
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becomes obvious at the instance that the fatigaeksrcan grow only when they are
completely open. Cracks with short dimensions &ss affected by closure
phenomenon and will grow faster than correspontbng cracks subjected to the same

stress intensity factonK. in general, crack closure effects increase widickc length.

(a)

(b)

Figure 2-34: illustrates the effect schematicallgpmparing load and crack opening
displacement during a typical cycle [22].

Plastic deformation at the crack tip takes placenduthe advance of crack propagation
in metals and alloys. The size of the plastic zahead of the crack tip increases, as a
result of increase in the range of the stress sieriactor AK with increasing crack
length and a constant stress amplitude Aicd2 = constant). The crack tip plastic zone
at all stages of advancing fatigue crack formsrarelpe that contains all the previous
plastic zone sizes and its presence in the cradkews a cause of crack closure
behaviour (Figure 2-35).
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Figure 2-35: Schematic representation of the meirgmanof fatigue crack closure; (a-c)
development of a plastic wake [22].

Under plane stress conditions, local necking ofabiaponent takes place as a result of
stretching in the plasticity zone at the crack tiphis leads to formation of a wedge
along the both sides of the crack when the crackpamgates (Figure 2-36).
Consequently, premature contact of the crack fagéisoccur. This mechanism is

known by plasticity-induced crack closure [22].

Figure 2-36: Mechanism and material flow of plagsiénduced crack closure [22].
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2.4. Short Fatigue Crack Models

As discussed in the previous sections, short fatigiacks have unique characteristics
compared with long fatigue cracks in terms of theiack growth and threshold
behaviour. Many studies have been carried out tmlehshort crack growth rate
behaviour (e.g. [5, 7, 60-65])

The Kitagawa-diagram was one of the first waysharacterize the threshold behaviour
of the short fatigue cracks quantitatively [66].s shown in Figure 2-37, the threshold
stress is plotted versus the crack length (a). crask length changes, the threshold
stress profile changes. The Kitagawa-diagram assuthat below a certain crack

length a the non-propagation criterion is defined by thegtee limit.

>

Fatigue limit Ao, =A0,,
J"—Y LEFM
~
S——— /
AK, =Ac,\m

Log threshold stress range, A,

microstructurally physically
short crack short crack :

< >4 : >

: long crack
short crack : (LEFM applicable)

< ; >
: : 1 >
B a4 &

Log crack length, a

Figure 2-37: Schematic diagram of Kitagawa—Takahatsgram[66].

Crack lengths over,arepresent the long crack region. In this regibw, threshold
stress profile shows a smooth decrease to strarghbf slope — 0.5 on the logarithm

plot. The linear elastic fracture mechanics (LERproach is applicable as follows:

Ao (2-19)
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Where: AKy : Threshold stress intensity for long crack.

Y : Dimensionless (depends on geometry and modeading).

The region between;aand a represents physically short crack fatigue cracls.

continuum elastic-plastic mechanics approach ificgipe.

A simple equation for the smooth transition frona fatigue limit controlled regime to
the AKy, controlled regime of the Kitagawa diagram, depegain g3, was proposed by
Elhaddad [18]:

AK = Aoipm(a + ap) (2-20)

The crack of lengtha behaves as if it had a lengéitay, which has the long crack
threshold value.

As the crack length goes to zero, the thresholkesstgoes to the fatigue limit of the

material.

AKt/Z == Ao-wo1/7-[a0 (2'21)

At any effective crack lengttatap), the threshold stress range become:

AKt/Z == Ao-tﬁﬂ T[(a + ao) (2'22)

This model can give the threshold stress profiteshe physically short fatigue crack
regime in the Kitagawa-diagram.

Several crack growth models have been proposecdoritbe the short fatigue crack
propagation, taking into account the microstrudtaféect on the growth behaviour.

Tanaka and Mura [67] modelled fatigue crack inibiatdue to planar-slip irreversibility

on the basis of continuously distributed disloaagio They assumed that dislocations
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pileup at grain boundaries and consider crackaitntn to occur when the stored strain
energy of the accumulated dislocations exceedstairceritical value.

Taira et al. [68] modified the general concept e$atibing a crack and its plastic zone
by any array of distributed dislocations suggedbgdBilby, Cottrell, and Swinden
(BCS) to quantify the barrier efficiency of grainundaries.

Tanaka et al. [69], modelled the interacting of shp band at the tip of a small fatigue
crack with grain boundaries for four cases: a lspd not reaching the grain boundary,
a slip band blocked by the grain boundary, a shpdopropagated into an adjacent
grain, and a slip band propagated through one hed blocked by the second grain
boundary. The theory for continuously distributislocations is used to calculate the
crack tip sliding or opening displacement and nscapic stress intensity factor under

tensile and shear loading.

Grabowski et al. [70] showed that the oscillatingok propagation in nickel-based
superalloys was caused by a sequence of weak addbhaiers. Subsequently, the
crack deflects at grain boundaries and within ttaéng Their model showed the effects

of microstructure on short crack growth rate.

These all consider that the plastic zone is rasttidy grain boundaries. All these

models are originally based on the Dugdale-BCS itsddé].

2.4.1. The N-R Model

Navarro and de los Rios [72] developed the so @&lldR model of short fatigue crack
growth which accounts for the interaction betwelea track and the microstructural
barriers. In this model the threshold conditiondetermined by whether or not the
friction stress exceeds the strength of the bamiegrain boundary under mode-ll
loading.

N-R model is based on the concept proposed by Bilhy of simulating the crack and

the plastic zone by a distribution of dislocations.

The basic concept of the model is that the crazlplastic zone is blocked at a barrier
and remains blocked until slip is activated beydhdt barrier. The process of
overcoming the microstructural barrier may happgpishing dislocations through the

barrier zone or by unpinning the dislocation soustthin that zone. Once the plastic
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slip is re-activated, the plastic zone spreadséoext barrier, where it is blocked again
and the process repeats itself.

Figure 2-38 shows a crack of length @ossing a number of grains in a polycrystalline
material and having its plastic zone blocked at ithemicrostructural barrier. D
corresponds to the grain size, and the grain baieslare the only microstructural
barriers considered in the material. Theref@regpresents the mean distance between
barriers. The crack itself, its plastic zone, #mel barrier zone are modelled by means
of a continuous distribution of dislocations, sustay different frictional stresses. A
frictional stresss'; in the crack represents a possible resistanceeniog. The plastic
zone, which spans from the crack front to the bamihere it is stopped, is subjected to
a frictional stress',, which represents the resistance to movement ¢dodions in
such a zone. Finally'y (< D) represents the small additional zone of length the
barrier which represents the mismatch zone betveegacent grains). The frictional

stresss's is the stress acting upon the barrier.

(o)

LI T O O T O A

0
|

0
A

7 7
n', n, 1

| I I
Crack Plastic Boundary
Zone Zone Zone

A R R BRI R R A A
(9

Figure 2-38: Configuration of the three zones o th-R model in which the equilibrium of
forces are considered [72].
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As the crack propagates the stre$sin the barrier zone increases gradually as atresul
of dislocation pileup. If the stress; reaches a value high enough to activate the
dislocation sources or to inject dislocations tiglothe mismatch zone, the plastic zone
will expand to cover a new whole grain and will sfepped at the next barrier. When
this happens, it is said the crack has overcomenibeostructural. This can be written
as:

ol = mitl (2-23)

Wherem; is the effective orientation factor at thebarrier andrl is the critical stress
required to trigger plastic slip in the material.

The minimum applied stress required to overcomaigmeicrostructural barrier occurs
when the crack front is exactly at a grain boundaryiD/2), since at this point the
stresso's reaches its maximum value. Such a threshold appliess can be expressed
as [72, 73]

i\1/2
4
O = —m; Tk (:—g) (2-24)
Within the framework of the model described hehe fatigue limit is defined as a
stress under which a crack growing within the fiisdin is unable to propagate into the

next grain , and thus it can be calculated byrsgits 1 in eq.(2-24) to give

or = omiz (3) (2-25)

If the parameters, andrt'c are considered material constants, then eq.(24@)2-25)
can be used to obtain the relationship betweernhiteshold stress;; and the fatigue
limit or_ of the material. This relationship is a functidrtlee crack length, expressed in
a non-dimensional form (i=/(D/2)) and the ratio of the effective crystallogna
orientation coefficientn; for the current barrier and to the effective caitsgraphic

orientation coefficient for the first barrier, acdong tom;.

oL ML (2-26)
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2.4.2. N-R Model Developments

24.2.1. Residual Stresses

N-R model has been applied to engineering problémhkiding notches and shot
peening in aluminium alloys. It has been develofpgther to accommodate these
problems. De los Rios [74] studied the effectlaftspeening on crack propagation and
fatigue life prediction in AL2024-T351. He used.H@-27) to describe the crack

propagation limit conditions for peened and un peef;=0) material.

Oarrest = :nn_i% + 0y (2-27)
L= 1405 n®i) (2-28)
my

mi/my: Grain orientation factor.
orL: Fatigue limit.
o1. Closure stress.

i the number of half grains within the crack sysi@m2a/D).

400

E E ~ ~ Shot-peened specimens
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Figure 2-39: Surface stress characteristics. (a¥iBeal stress profile; (bj; stress distribution;
Kitagawa—Takahashi type diagram for unpeened amd pbened specimens of Al 2024-T351,
four-point bending, R=0.1,D=grain diameter [74].

Figure 2-39 a, b, showed the profile residual strasd closure residual stress for
peened material. Figure 2-39-c, demonstratesrdek propagation limit conditions for
peened and unpeened materials. The dashed cwseebds the crack arrest conditions
for peened material. From this curve the effectesidual stress can be seen by an

increase in the fatigue limit and an extensiorhefdrack arrest field. Also, both curves
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tend to meet at long crack lengths. This can fd&ee when the effect of the residual
stress vanishes.
The effect of surface roughness is neglected teanfypand considers only the effect of

the closure stress, the smooth specimen fatigui,digh, is obtained by considering

that the closure stress is exerted within the hedt grain [75].
off = opL + of (2-29)
The threshold stress under the closure strefgs X can then be given by substituting

op, With oSl in Eq. (2-27), thus

i CL_ 1
CL i m' o -0y

oyi’ = o + ———— 2-30
Li 1 ml Vi ( )

Substituting eg. (2-29) into eq. (2-30) results in

ofl = ol + %% (2-31)

The closure stress;, can be obtained by integrating the residual stféRS),over the
crack length [76],

of =1, f(RS)di (2-32)

This expression considers only the mode-I compoménthe residual stress. For
crystallographic stage | cracking , its effect nisy interpreted in terms of the shear

component of this stress in the crack plane. 88 expression is an approximation.

2.4.2.2. Notches

C.Vallellano [77-79] used the microstructural fraet mechanics techniques to study
fatigue crack growth threshold conditions at notcheHe obtained the Kitagawa

diagram for the notched case by combining the ptase with a notch influence factor

(2).

N

_ VB a -
Zi= 5|0 e (2-33)
1 D22 iD
A= T [a\/(a+—lz ) —oc2+,82—,8(a+—lz)l (2-34)

@ andf are dimensionless forms of the notch depth anfdaidth respectively.
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= 2 (2-35)

g = 2B (2-36)

D: Average grain size.

So, the N-R model [72] for microstructural crackwth becomes in this expression:
Garrest = Zi [ 2 (2-37)

They compared the predictions of their model webults from the literature to check

the predictive capability of their model.

Table 2- 4, show data of CSA G40.11 steel. Tabte shows the data of notched
specimens and the experimental and predicted vébuéatigue limit of each specimen.
Figure 2-40 shows the variation of the threshotdsst as a function of crack length in

the notch with the smallest radius.

From Table 2- 5 and Figure 2-40, it can be seean ptiedictions are highly consistent

with the experimental data.

Table 2- 4: Mechanical properties of CSA G40 sfég].

Material R oy (MPa) or (MPa) K,,.(MPaym) D (um)

CSA G40.11] -1 376 280 8 30

Table 2- 5: Data of notched specimens and theieoked and predicted fatigue limits

(R=-1) [78].
— N N

a=p ory (Exp.) opy (Pred.) 9

(mm) K (MPa) (MPa) Error (%)

0.20 2.98 168 156.7 6.7

0.48 2.96 124 1235 0.4

4.80 2.62 104 107.4 3.3
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Figure 2-40: Comparison of predicted non-propaggterack lengths and experimental results
(centre circular-notch plate, R=-1) [78].

Curtis et al. [80] proposed that the necessaryucdostress (representing the effect of
the residual stress profile on the crack wake) ¢dugd neutralized by the effect of
surface roughness. So, they used micromecharoteh sensitivity model and the N-R

model for crack propagation Eq. (2-33).

. "
Oarrest = 24i [Ull :nn_i Ffﬁ 1] (2'38)

o} : Closure stress.

The relationship between the closure stress andcethéual stress was given by [74, 76,
80]:

o, = — foaf(Residual stress)da (2-39)

T a
C.A. Rodopoulos [76] used N-R model combined withcromechanical notch

sensitivity model and closure stress to optimize fitigue properties of aluminium

alloys by controlled shot peening.
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2.4.2.3. Surface Finish and Residual Stress

M. Kuroda and T. J. Marrow [3, 4, 36] studied thHtee of the surface finish on the
fatigue limit of two types of Type 304 stainlesseds with different grain size. Material
1 had a grain size of ~8um and a bulk hardnessheénannealed, electropolished
condition of 240 Hv; material 2 had a grain size~dOum and a bulk hardness of
200 Hv.

The effect of the surface finish on the fatigueitimas simulated using the N-R model
Eq. (2-31). Fatigue specimens having two diffesenface conditions were obtained by
changing the final cutting condition; annealing wessformed to separate the residual

stress effects from surface roughness.

They used the N-R model to predict the effect afgttness and the residual stress of
machined samples.

The closure stress (Figure 2- 41-c) was obtainethie@grating the depth profile of the
residual stress (Figure 2- 41-a & b) using Eq. 92-3

The profile of roughness on the specimen surfacas eonsidered as a sequence of
micronotches and the influence factor (Z) was dated using Eqg. (2-33).

Table 2- 6: Comparison of fatigue limits obtaingdrbodel prediction and experiments [36].

Material | Condition Model Prediction Experiments
(MPa) (MPa)
Material 1 | Fine Machined 521 295+ 2
Fine Machined & Annealed 270 295+ 4
Material 2 | Rough Machined 510 3237
Rough Machined & Annealed 285 375+ 3

The predicted effect of the surface roughness an fdtigue limit analyzed by

comparing the threshold stress profiles of the al@esamples as shown in Figure 2-
41-e. It can be seen that the predictions arengibee to the surface roughness. By
comparing the threshold stress profiles for maahized annealed samples in Figure 2-
41-e & d, the predictions is sensitive to the realdtress effect. There is no agreement

between the prediction and observations as showalite 2- 6.

They concluded that the model did not predict thseoved fatigue behaviour. A
development of the model would be required for prgprediction to study the surface

effects on fatigue in austenitic stainless steels.
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They suggested that modifications to the modehbie thetter account of near-surface
microstructural parameters (including local plastiand grain structure) are important

factors in improving model predictions.
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Figure 2- 41: a) Depth profiles of axial residudtess, b) Closure stress profiles; c) Predicted
threshold stress profiles for machined samples;Pddicted threshold stress profiles for

annealed samples.

24.2.4.

Grain Orientation Factor

Orientation factorrfy) measures the mismatch between the current clacdke @gnd the

subsequent slip direction in the neighbouring graifwhen the crack length is much

smaller than the size of a grain just after nuaeatthe crack will grow on the most

favourable orientation and the orientation factooidd be close to the average which is
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around 2 for cubic (f.c.c. and b.c.c.) materials][8When the crack propagates past the
microstructural barrier represented by the graiandlaries (Figure 2-42), the crack tip
will confront a number of different grains and fikastic zone will expand, therefore,

over several grains with widely different orienteis.

e

A o 3 2
/_, %4 “ ﬁ.‘-( \N\‘\\\ \\‘§\\ \‘
o (] . A Zana

A
v

: 1 <10 g
m' =2 (Sachs) e

Figure 2-42: Schematic evolution of a crack throutje material microstructure: expected
trend of the crystallographic orientation factor nas the crack grows [81].

Several attempts have been described for the gragmtation factorm/m' for mild

steels and aluminium alloys but not for austerstainless steels [4, 79, 82]:

mi . .

—= 1+0.5(ni For mild steel (1) (2-40)
mi . ..

—= 1+ 0.35 Ini For Aluminium alloy (1) (2-41)
mi 2 ] 1.86 )

B =1+207 [; arctan 0.522(i — 1)] For mild steel (Il) (2-42)

The relationship of the grain orientation factos H#een suggested, in the absence of
experimental data [77-79].

i \/a_ .
% = V% No experimental data (II1) (2-43)

1
(if + apgf-1)2f

C_I'O = Da_/oz (2_44)
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a = (M)Z (2-45)

Y- opy
whereag andap are the intrinsic crack length and its dimensioradilie, respectivelyfis
the fitting parameter, the values of which are reggbto be 2.5 and 1.65 for ferritic steel
and copper, respectivelY;is the dimensionless constant that depends on gfepand
mode of loading (generally=1); K is the threshold stress intensity factor for long
cracks.

Murakami et al. [83] estimated the threshold stregensity factor K. for long cracks

using the following empirical relationship.

1
K¢poo = 1.65 X 1073(Hy, + 120)(\area)3 (2-46)
Where theK, is in MPaym; thevarea in Vm. varea represents crack length, defined

as the square root of the area of the defect gegjein the direction of the maximum

tensile stress/area has been assumed to be 1000 um [HMV]is the Vickers hardness.
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2.5. Surfaces and Machining

In the finishing process, surface integrity is vanportant because of its impact on the
products performance. Surface integrity is defirsdthe relationship between the
surface geometry (surface roughness) and physioglepties such as residual stress,
hardness and microstructure of the surface layessiuface integrity influences the
guality of the machined surface and subsurfaceoaiponents that have to withstand
high static and dynamic stress. When a metalliterra is machined using operations
such as milling, turning, or grinding, a combinatiof macroscopic and microscopic
inhomogeneous plastic deformation are producediditian to the local production of
thermal energy in the area of the near surfacerrabfg4, 85].

Surface working conditions of machined componeragehattracted the attention of
scientists and researchers to study and investilgateffect of machining parameters on
these surfaces and how to produce optimized swfagkich can prolong the fatigue

life of the components.

Before going deeply into the effects of machinirggmeters on the machined surfaces,
we should know what these parameters are and hew effects are measured and
evaluated. This will be outlined in the followidgscussion.

Machining is the broad term used to describe reinolvenaterial from a workpiece in
the form of chips, using very hard cutting toolsd gpowerful, rigid machine tools.
Machining is necessary where tight tolerances omedsions and finishes are required.

Machining processes can be divided into three oaiteg)

< Cutting, generally involving single-point or muldimt cutting tools (Traditional
machining processes).

< Abrasive processes, such as grinding.

< Nontraditional machining processes, utilizing aieel, chemical, and optimal

sources of energy.

Traditional machining processes include severacgsses such as turning, milling,
drilling, grinding. There are a number of non-ttshal machining processes such as
Electrodischarge machining (EDM), Electrochemicachining (ECM), Electrolytic
grinding (ELG), Laser Machining, Ultrasonic Machigi Water jet machining, Electron
beam machining (EBM), Plasma cutting [86, 87].
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The turning process is replacing grinding as a otetim the production of precision
steel products such as, bearing, gears, camssshiaft axels due to its operational

flexibility, economic benefit, higher surface quiraland production time.

In grinding, the effect of the rake angles varyroadarge area of machined surface due
to the multiple edges which are randomly scattenedhe grinding wheel. While in a
turning operation, it is possible to precisely nfipdine rake angle because of the single
point tool [85].

2.5.1. Characterization of Machined Surfaces

In several studies, different testing methods dmair tproperties were used to describe
adequately the condition of machined, shot peemeadlled surfaces. Microhardness
HV, the residual stressess (usually determined by x-ray diffraction or mecicah
methods), the surface roughnégs(depth of roughness) aritla (roughness average),
and the half-width values HW of the x-ray interfae lines are the properties which

can describe the surface and sub surface afteraneeth treatments.

Figure 2-43 shows schematically an example of tlepthd distributions of a
mechanically treated surface for the properties HW, and the residual stressgsin
longitudinal and transversal directions obtainedxssay diffraction and successive

electrolytic surface removal as well as a nearasmgrfabnormal microstructure [88].
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Figure 2-43: Courses of characteristic properti€ssarface layers after mechanical treatment
[88].

2.5.2. Turning Process

Turning is the machining operation that produces$indgical parts. Turning is
performed on a lathe. In a lathe the tool is stetty and the workpiece is rotated. The
workpiece is mounted on the chuck which rotatestired to the stationary tool.

There are three primary parameters, namely, cuttpeed, feed rate and depth of cut
(DOC). These three parameters are controllableevtie operator can adjust them to
produce the desired surface [86, 87]. The cuttipged, feed rate and depth of cut are
shown in Figure 2-44 [86, 87].

Cutting speedis the rate at which the workpiece moves relatvahe tool. Most
machine tools have rotating spindles. The spesglibealled spindle speed, commonly
measured in revolutions per minutes (rpm) (spirsgieed). The metric unit of cutting
speed is metre per minutes (m/min.) and the Engimshis feet per minute (fom). The
surface speed is sometimes reported in surface@é&aninute (sfpm), and it refers only
to the workpiece [86, 87].
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Feed rateis the speed a cutting tool travels along the wete, and is commonly

measured in millimetres per revolution.

Depth of cut(DOC) is the thickness of layer being removed fritv@ workpiece or the
distance from the original surface of the workpigz¢he cut surface in a single pass. It

is commonly expressed in millimetres.

Workpiece

FZ tangential force
Deptlh of cut

Feed Direction

Turning tool

Figure 2-44: Schematic of turning operation [84].
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Figure 2-45: Turning Tool [89].
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Figure 2-45 shows the standard terminology foriegttool. In single point tool (e.qg.
turning operation), rake angle and the end and ralief angle are the most important

angle.

The back rake angle affects the ability of the tmothear the work material and form
the chip. This angle can be positive or negatiVhe cutting force is reduced when the
back rake angle is positive leading to small deifdecof the workpiece, tool holder and
machine. The strength of the tool is reduced dkaselts capacity to conduct heat as

the back rake angle is too large.

2.5.3. Effect of Machining Parameters on Surface integrignd Fatigue Life

2.5.3.1. Effects of Machining on Surface Roughness

Kuroda et al [90] developed a model to prepargetispecimens of austenitic stainless
steel with designed surface characteristics (respaunirface Model). They found that
the response surface model adequately represemeethrigest peak to valley height
(roughness Ry) and the axial residual stress, Igatoa fit was not always achieved for
the mean spacing of adjacent local peaks (rough8essd the microhardness. The
response surface model obtained was used to stidgesglect machining conditions

to design fatigue specimens with controlled comiboms of roughness and surface

residual stress.

Figure 2-46 is the response surface diagrafyafcutting nose radius of 0.4) analysed
at the constant spindle speed of 1700 r/m. Thysifei shows the effects of feed rate
and cutting depth on the roughness Ry (um) anduabistress (MPa). This response
surface was then used to identify combinationseefdfrate and cutting depth which

gave significant and controlled variations in rongbs and residual stress.
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Figure 2-46: Response surface diagram obtainedtertool RO.4-eed rate (mm/rev) and cutting
depth (mn{R0].

Equations (2-47) and (2-49) describe the respoudace in Figure 2-46. Where A, B
and C are the variables of the spindle speed (rfim)feed rate (mm/rev.) and cutting

depth (mm), respectively.

R, = —1.03—-1.90 X 10734 + 57.2B + 5.45C — 2.48 x 107%A? + 149B? —

y
0.239C?% + 0.0235AB + 4.06 x 1073 AC — 11.3BC (2-47)

S = 4+82.8—0.09634 + 414B — 22.1C + 9.41 X 107 %A% — 491B% — 4.41C* +
0.165AB + 0.0349AC — 74.5BC (2-48)

RS = =715+ 0.365A4 + 5370B — 218C — 6.65 x 107°4% — 996082 + 27.4C% —
0.06184B — 0.0594AC + 177BC (2-49)
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In this work, several simple cylindrical specimesfstype 304 having various surface
characteristics were first produced by changing fthel cutting conditions (spindle
speed, feed rate and cutting depth) of the lat8pindle speed between 440 to 2450
rpm, feed rate between 0.09 to 0.4 mm/rev andrguitiepth between 0.6 to 2.5 mm
were employed. Some data have been constructétustrate the main effects of

machining parameters on the surface roughness.

In Figure2- 47-a, the depth of cut of 1.3 mm andthdle speed of 1700 rpm were
adjusted. It can be seen that the roughness senleaith increasing feed rate. With
feed rate of 0.21 mm/rev and spindle speed of ¥p&Q the increase in cutting depth
increased the roughness (Figure2- 47-b). Withsihg the feed rate at 0.21 mm/rev
and the cutting depth at 1.3 mm, the surface roaghimcreased with increasing cutting
speed (Figure2- 47-c). Surface roughness at the $aed rate becomes higher when a

smaller nose radius is used (Figure2- 47-d).
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EEi' 25 - ¢ Ry g 157 @re= 0.4
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Figure2- 47: a) Influence of feed rate on surfaceighness; b) Influence of depth of cut on
surface roughness; c) Influence of cutting speedwface roughness; d) Effect of nose radius
on surface roughness( feed rate = 0.21 mm/revtincutlepth= 1.3 mm, cutting speed = 1700

rpm).
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Michael et al. [91] examined how the surface ofaibic steels is affected by hard
turning. They used different machining parametéged rate of 0.1 mm/rev, cut of
depth of 0.1 mm and cutting speed from 50 to 999/min) and then evaluated the
surface in terms of residual stress, surface roeghiand microstructure analysis. For

the theoretical calculation of Rt they used théfeing formula

f2

87

Rt =~ (2'50)

whereR; is the surface roughness from top to bottbthe feed rate, and the tool nose
radius. The effect of cutting speed on roughnesshbe seen in Figure 2-48, at a speed

of 170 m/min a minimunik; value was found.

Rt
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4 el

3 / —— Measured |
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Figure 2-48: Surface roughness at cutting speeais 50 to 999 m/ min [91]

Ataollah et al. [92] studied the relationship betwesurface integrity, turning process
parameters and fatigue behaviour of 34CrNiMo6. yTr@duced fatigue samples using
five different feed rates (from 0.05 to 0.4 mm/reu)h inserts differing in nose radius

re (0.2 to 0.8 mm) (Figure 2-45). The depth of cuDd& mm and cutting speed of 80
m/min were adjusted. From Figure 2-49, surfaceghoess at the same feed rate

becomes higher when a smaller nose radius is used.
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Figure 2-49: Effect of nose radius op,R feed rate = 0.2 mm/rev [92].

W. Bouziz et al. [93] investigated the influencenséchining on surface characterstics
in two different materials a carbon steel (CS) dng@lex stainless steels (DSS). The
chemical composition of carbon steel (in wt.%) wa5 C, 0.5 Mn, 0.15Si, 0.035S,
0.03P and the chemical composition of duplex stamlisteel (in wt.%) was: 0.02 C,
0.49 Mn, 0.62 Si, 24.66 Cr, 2.81 Mo, 7.43 Ni, ON@nd 2.52 Cu. Different cutting
speed (160 to 440 m/min.), feed rate (0.05 to n2nev.) and cut of depth of 0.5 mm
were employed to produce the workpiece. Surfaoghmess and residual stresses were
analyzed. Figure 2-50 shows the evolution of theghness with feed and cutting
speed. It can be seen that in the CS samplesotighmess increased with increasing

feed rate. The increase in cutting speed decraasewughness for both materials.
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Figure 2-50: Roughness evolution with feed androyigpeed [93].

Karina et al. [94] studied the influence of machmiparameters of turned surface of
AISI 4140 steel (Chromium-molybdenum steel) ongia¢ strength. They produced
cylindrical fatigue samples with different machigiconditions by changing the final
cutting conditions feed rate (0.12 to 0.25 mm/reu), of depth (0.4 to 2 mm), cutting
speed (15 to 100 m/min)). Figure 2-51(a-c) shosvefiect of machining parameters on
the surface roughness. The surface roughnessadecravith increasing depth of cut
(Figure 2-51-a). An increase of feed rate ledntréased surface roughness (Figure 2-
51-b). The surface roughness decreased with isiag&utting speed initially rapidly,

then more slowly (Figure 2-51-c
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Figure 2-51:a) Influence of depth of cut on sugaoughness parameters; b) Influence of feed

rate on surface roughness parameters; c) Influeateutting speed on surface roughness
parameters [94].

In summary, the austenitic stainless steels, carkt@el and AISI 4140, surface
roughness increases as feed rate increase. Asuttieg speed increases the surface
roughness increase in austenitic stainless steebainitic steel. While it decrease with
cutting speed in AISI 4140, carbon steel and dugleel. The surface roughness in
austenitic stainless steels increases with cuttepgh. An increase of the nose radius of
the inserts caused a decrease of the surface resghin machining of austenitic
stainless steel and 34Cr Ni Mo
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2.5.3.2. Effects of Machining on Residual Stress

Michael et al. [91], used different machining paetens ( feed rate of 0.1 mm/rev, cut
of depth of 0.1 mm and cutting speed from 50 to 888/min) and then evaluated the
surface in terms of residual stress in bainitielste They found that the cutting speed
clearly affects the amount of residual stress. shswn in Figure 2-52, the maximum
residual stress (-775 MPa around 10 um below thiase) was generated at a cutting

speed of 230 m/min.

Speed direction
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Figure 2-52:a) Residual stress at cutting speedsf60 to 230 m/min [91].

Ataollah et al. [92] studied the relationship betwesurface integrity, turning process
parameters and fatigue behaviour of 34CrNiMo6. Thee machining parameters
were used as discussed in the effect of machinmgwface roughness in section
(2.5.3.1). The residual stress tends to become mmmpressive as feed rate increases
(Figure 2-53-a, b). An increase of the nose radiube inserts caused a decrease of the

compressive residual stresses.
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W. Bouzid et al. [93] investigated the influencenséchining on surface characterstics
in a carbon steel (machining parameters mentiomedeiction 2.5.3.1). Residual
stresses were analyzed. Figure 2-54-a, b showffbet of feed and the cutting speed
on residual stress profile in parallel directionfeéd and perpendicular direction of
feed, respectively. In the parallel direction,fasd and cutting speed increased, the
residual stress reached a higher level, and dexdegsadually with depth until
becoming stable at close to zero. In the perpetaticirection, the residual stress was
compressive and decreased in magnitude with defthe affected depth for both

directions was similar.
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Figure 2-54: a) Parallel residual stress evoluticior the carbon steel material; b)
Perpendicular residual stress evolution for thelam steel material [93].
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Austenitic stainless steels are considered diffital machine because of their low
thermal conductivity and high mechanical and mitregural sensitivity to the strain
and stress rate. They are prone to work-hardemvhg;h induces mechanical changes
on the machined surface [10].

From Kuroda et al [90] some data have been cortstiuo illustrate the main effects of

machining parameters on the surface residual stress

In Figure 2-55-a, the depth of cut of 1.3 mm andthdle speed of 1700 rpm were
adjusted. It can be seen that the residual stneseased with increasing feed rate.
With feed rate of 0.21 mm/rev and spindle speed#f0 rpm, the increase in cutting
depth decreased the residual stress (Figure 2-55Mith adjustments of the feed rate at
0.21 mm/rev and the cutting depth at 1.3 mm, thitase residual stress decreased with
increasing cutting speed (Figure 2-55-c). An iaseeof the nose radius of the inserts

caused a decrease of the compressive residuaesrésgure 2-55-d).
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Figure 2-55: a) Influence of feed rate on residsiakess; b) Influence of depth of cut on residual
stress; c) Influence of cutting speed on residuedss; d) Effect of nose radius on surface
stress( feed rate = 0.21 mm/rev., cutting deptl8-rim, cutting speed = 1700 rpm).
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Shapiro [95] studied the effect of residual strasgl surface condition on the stress
corrosion cracking of austenitic stainless steeGylindrical type 316Ti samples of
approximately 20mm in length and 6.35mm in diame&tere machined using a lathe
with different combinations of machining parameteFeed rates between 0.10 to 0.32
mm/rev and cutting depth between 0.6 to 1.9 mm werployed.

In Figure 2-56, the tensile residual stresses gdlgancrease with the tool feed rate in
both directions (i.e. Axial and circumferentialatition). Also, the axial stresses tend to

increase with cut depth and the circumferentiasstidecrease.
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Figure 2-56: a) variation in residual stress withaahining feed rate, b) variation in residual
stress with machining cut depth [95].
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J.C.Outerro et al. [96] studied the effect of macig parameters (cutting speed, feed
rate and depth of cut) on the residual stress diun turning of AISI 316L steel.
Figure 2-57-a shows the influence of the cuttingespon residual stresses. At constant
feed rate (0.2 mm/rev.) a depth cut at 2 mm aniéreifit cutting speeds (between 75
and 125 m/min), the circumferential residual siesssecrease by about 150 MPa where
cutting speed increase from 75 to 125 m/min. Tmgitudinal residual stresses do not
change significantly with the cutting speed whdreythave its mean value around (-
500 MPa).
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Figure 2-57: a) Evolution of the superficial resalistresses with the cutting speed; b) with the
feed; c) with the depth of cut; d) Typical shapeesidual stress and peak half-with profile for

the AISI 316L steel [96].
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The effect of feed rate was analyzed by using ateo speed (100 m/min.) and depth
of cut of 2 mm. From Figure 2-57-b it can be s#wat, the circumferential residual
stress increased by about 300 MPa where the feedaised from 0.1 to 0.3 mm/rev.
While the longitudinal residual stress does notngeasignificantly staying around —
425 MPa. The effect of the depth of cut was aralyat a constant cutting speed (100
m/min.) and the feed of 0.1 mm/rev. As shown igufe 2-57-c both circumferential
and longitudinal residual stresses decreased wieeddpth of cut increases from 0.5 to
2 mm. Figure 2-57-d shows the residual stressilproh circumferential and
longitudinal directions. In the circumferentiakektion, the tensile stress was of the
order of about (+350 MPa) at the surface, decrgasnabout (-200 MPa) over a
distance of 90 um, while the compressive residtrakses of about (-450 MPa) where
found in the longitudinal direction. The profilé esidual stresses for both directions
changes continuously with depth down to a certaaximum value in the compressive
region and then gradually decreases until it becstalele at the level of residual stress
before machining. Figure 2-57-d, shows the pedkwidth with depth profile. It can
be seen that, the values of the longitudinal antliniferential peak half-width for each
depth are identical. This shows that the workhaeddayer thickness is about 250 pm.
Jang et al. [97] in their study of surface residsiaesses in machining austenitic
stainless steel AISI 304 by conventional turningadanction of machining speed, feed
rate, depth of cut, and tool geometry. At différfaed rate (0.084 to 0.132 mm/rev.) a
depth cut (0.508 to 1.016 mm) and different cuttspeeds (between 180 and 580
m/min), they, found identical trends of residuaks$ with machining parameters for
those of J.C.Outerro [96] for 316L. They fouhdttthe surface residual stresses in the
circumferential direction are tensile and compressesidual stress on the longitudinal
direction.

M’Saoubi et al. [98] in their study of residualestses induced by orthogonal cutting in
AISI 316L steels. Different cutting speeds (754@0 m/min.), feed rate (0.1 to 0.3
mm/rev.) and cuts of depth of 4 and 6 mm were eypgaldo produce the workpiece.
They found that the thickness of the tensile lagecreased with cutting speed, but
increased for high feed rate values. It was fothmt high tensile residual stresses
(close to + 1000 MPa) on the machined surface la@sktstresses decrease at a high rate
in the depth direction, becoming zero at a distaride®0-200 pm from the surface.

In summary, the residual stress left by machiniegeshds on the type of material being

machined and on machining parameters. In austestdinless steel and carbon steel,
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the surface residual stress increases as feethecagmses but decreases in 34Cr Ni Mo.
In the machining of austenitic stainless steelthes cutting speed and cutting depth
increases the surface residual stress decreasesufface residual stress increases with

nose radius in the machining of austenitic stassel and 34Cr Ni Mo.

In austenitic stainless steels, It was found tlgih kensile residual stresses exist on the
machined surface and these stresses decrease igh aate in the depth direction,
becoming zero at a distance of 100-200 um fronstince.

2.5.3.3. Effects of Machining on Fatigue Resistance

Ataollah et al. [92] studied the relationship betwesurface integrity, turning process

parameters and fatigue behaviour of 34CrNiMo6. &anachining parameters were

used as discussed in the effect of machining ciaseiroughness section (2.5.3.1). The
residual stress tends to become more compressieedsate increases. An increase of
the nose radius of the inserts caused a decreatiee afompressive residual stresses
(Figure 2-53). As a result of this increase of poassive residual stress, the fatigue life
increased. The benefit, however, was minimal eatlEF regime and increased as the
HCF regime is approached as seen in Figure 2-58.
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Figure 2-58: Fatigue life of turned specimens wdiffierent nose radius[92].

Hiroyuki et al. [99], investigated the effect oridme life of residual stress and surface
hardness resulting from different cutting condiioof 0.45%C steel. Different feed
rates (0.05 to 0.4 mm/rev), cutting speed of 10&im/cut of depth of 0.2 mm and nose
radius (0.2 and 0.8 mm) were employed to produtigua samples. The rotating
bending fatigue test was performed on the testisy@es machined.

Figure 2-59 shows fatigue life against the surtaeiness and the residual stress. Each
plotted point shows the central value of one comioam of the cutting conditions. As a
general trend, the fatigue life is short in regidrwhere the axial residual stress is
tensile and the surface hardness is not high (aBsdtHV). On the other hand, the
fatigue life around the region B is very long. tins region, the axial residual stress is
around zero and the surface hardness is over 290 Ebdmparing the region C and A,
where the region C shows higher compressive reksgiiess but the surface hardness is
almost same as region A, the region C apparentiysha higher fatigue life than the
region A.

They showed that it possible to give higher fatidifee of the machined components
comparing with the virgin material if compressivesidual stress and high hardness

within surface layer can be induced by machining.
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Figure 2-59: Interaction of axial residual stresschhardness on fatigue life [99].

Karina et al. [94] studied the influence of machmparameters of a turned surface of
AISI 4140 steel on fatigue strength. They producgihdrical fatigue samples with
different machining conditions by changing the fiaitting conditions (machining
parameters mentioned in section (2.5.3.1). Fatigsts (high cycle fatigue) were
carried out on a rotating bending fatigue test rnrech In some samples, residual stress
was eliminated by heat treatment. As shown in f@iq460, the fatigue limit decreased

almost linearly with increasing surface roughness.
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Figure 2-60: Influence of surface roughness orgiagilimits of all analyzed specimens [94].

In summary, the fatigue life in structures is degat on the surface quality. Crack
initiation and propagation can be attributed tdfae integrity produced by machining.
Surface roughness, residual stress and microsteuetxe proposed as parameters to
describe surface integrity. These parameters @ay Separately according to the
machining conditions. Machining parameters suchCagting speed, feed rate, tool
geometry have a large impact on surface integrdp, there is a relationship between

surface integrity, machining parameters and fatigae

2.5.4. Effect of Machining on near surface Microstructuref Austenitic stainless

steels.

Machining operations produce effects that are sintd those of shot peening or rolling
treatments on the resulting properties of the sediace material, but with additional

more or less pronounced thermal effects [88].
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Several studies have demonstrated the effects chamécal surface treatments on
microstructure.

Stamm et al. [100], investigated the effect of taserface treatment on high cycle
fatigue of AISI 316L stainless steel. The fatigemperiments were performed under
stress control in air at room temperature. Theyntbmoderate tensile stresses instead
of high compressive stresses in the surface andulface was roughen by the laser
melting but, the change of the grain morphologg tiine dendritic cellular structure in
the melted surface layer led to improved fatigée liThis was attributed to the fact that
that the growth of microstructurally small cracksynrbe suppressed or even stopped
because grain boundaries are effective obstactesdok growth.

The surface microstructures of peened and deegdrolpe 304 austenitic stainless steel
exhibited a complex near surface microstructurasisbing of nanocrystalline regions,
deformation bands and strain induced martensitio tamellae with high dislocation
densities in the austenitic matrix as shown in Feg+61 [37].

Figure 2-62 shows a dark field TEM-image of theedi surface regions of shot peened
AISI 304. The dark regions are fcc-grains; th@hiriregions are bcc-grains. It can be
seen that the observed nanocrystalline surface tayesists of martensitic bécgrains
and fcc austenitic grains.

The quantity and depth of martensite varied withfage processing, and extended
throughout the plastically strained region (Fig@f63). The smaller the grain size, the

morea -martensite was detected.
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Figure 2-61: TEM-cross-section of the direct sugaegions of deep rolled AlSI 304 (scale bar
is 400 nm) [37].
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Figure 2-62: Dark field TEM of the direct surfacegions of shot peened of AISI 304, showing
nanocrystalline fcc-bcc layer [37].
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Figure 2-63: Variation of martensite content witepdh below the surface for peened and deep

rolled 304 [37].

H.W. Zhang et al. [101] investigated the formataira nanostructured surface layer on

an AISI 304 stainless steel by means of the surfaeehanical attrition treatment

(SMAT). The basic principle of SMAT is the genévatof plastic deformation in the

top surface layer of a bulk material by means pieated multidirectional impacts of

flying balls on the sample surface as shown in 164 [102].
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Figure 2-64: Schematic illustrations of (A) the SMechnique and (B) the localized plastic

deformation zone induced by the vibrating [102].
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X-ray diffraction (XRD), scanning electron microgpy (SEM) and transmission
electron microscopy (TEM) were used to charactahsemicrostructure of the surface
layer of the SMATed sample. They found that thairgrefinement process in the
surface layer involves formation of planar dislomatarrays and twins in deformed
grains, twin—twin intersections leading to grainbdwision and a martensite
transformation as well, and formation of randomlgentated refined crystallites.
Figure 2-65 shows typical plane-view TEM observadiof the top surface layer from
the treated surface. The microstructure of the dogace layer is characterized by
uniformly distributed nanometerscale grains. Thaesponding selected-area electron
diffraction (SAED) pattern shows that these gramr® martensites with random

orientations, and no austenite is detected.

They concluded that the formation of nanocrystdliin the top surface layer may be
attributed to the much larger strain and straire,rats well as the multidirectional
repetitive loading.

Figure 2-65: Typical plane-view TEM observationstioé top surface of SMATed AISI 304
stainless steel [101].
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Chapter 3

Experimental Techniques and Methods

In this chapter the experimental work details artk tdifferent techniques and
equipment that have been employed in experimeatmfoduced.

3.1. Introduction

The N-R model was implemented to predict the faigahaviour of the specimens with
various controlled surface conditions, obtainedntgchining. In order to implement
the N-R model, various surface/microstructure proge of the fatigue specimens such
as surface roughness, hardness, the residual ptefe and the intrinsic fatigue limit

are required.

Also, to study the microstructural damage assodiatéth fatigue in run-out (>10
cycles), the surfaces and near surface microstestwere characterised by scanning
electron microscopy (SEM), transmission electronroscopy (TEM), X-ray diffraction
and electron back-scatter diffraction (EBSD). Tdggue limits were determined using

a rotating-bending machine by means of the staroasthod.

3.2. Materials and Specimen Preparation

The materials used were austenitic stainless s{@¢®d 304L/AISI 316L) rod, both
supplied in a “cold drawn” condition. The matesialere supplied in the form of a
round bar 10 mm in diameter. The chemical commsianalysis was carried by
Bureau Veritas UK Lti Using the Inductively coupled Plasma-Optical &sion
Spectrometer (ICP- OES) technique [103].

3.3. Mechanical Properties

The baseline tensile properties for both matexadee assessed using an MTS Alliance
RT/100 extensometer with a 100kN load cell. Thaistrate was set to 0.02 mm/s. The
samples were designed in accordance with the ASTBAOB standard test method for

'Bureau Veritas UK Ltd, Acrewood Way, St Albans tidesishire AL4 0JY, United Kingdom.
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tension testing of metallic materials [104]; a gadiameter of 5 mm, a gauge length of
30 mm (Figure 3-1).

Three samples were tested for each material. Alhaeical tests were performed in air

and at ambient conditions.

& I
< >

80

Figure 3- 1: Sketch of a tensile test specimen.

3.4. Metallographic Specimen Preparation

The microstructure of the as-received specimermtf materials (AISI 304L and AISI
316L) were characterized using optical microscopyyrihpus BH2-UMA). Standard
metallographic preparation techniques were emplogaéveal microstructures of both
materials. Metallographic transverse sections anditudinal sections of both materials
(Figure 3- 2) were prepared for metallographic stg@ation using a diamond
impregnated saw (Struers Accutom-5, thickness 6&f |bm, cutting speed of 3000
Rev./min. feed rate of 0.025 mm/s). The specinveae embedded in Bakelite-type
compression mounting resin. These specimens wdieced to several successive
steps of grinding and polishing. They were meatwdhyi ground using finer grades of
SIiC paper, i.e., 240, 400, 600, 800 and 1200 grith water as lubricant. The
specimens were fine polished with 6, 1 andufii4ddiamond pastes (Buehler) using oil
as lubricant. Finally, they polished with a collaidsilica liquid to get a mirror-like

surface finish without scratches.

The ground and polished samples were etched ulngachemical etching (a solution
of 10% of oxalic acid at 5.0V for 30-60s at roonmpeerature) and observed using
optical microscopy.
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Figure 3- 2: Schematic view of sectioning of asereed material.

3.5. Measurement of Grain Size of As-Received Materials

Grain sizes for both materials were measured ubi@drinear Intercept method for both
materials [105]. Three micrographs were obtainexnfrsection perpendicular to the
surface, parallel to the specimen longitudinal axggg optical microscope (Olympus
BH2-UMA). The optical microscope is interfaced lwa LEICA DC200 frame gabber
and equipped with an Olympus MS-Plane lens. I @aicrograph, 10 lines were used
to determine the intercepts. The specimens weteedtusing electrochemical etching
(a solution of 50% of HN@and 50% of HO at 1V for 60s at room temperature) to
reveal grain size. This etchant was used becdusbkoivs the grain boundaries of
austenitic stainless steels. Subsequently, then gfi@de measurements become easier

than for samples etched with 10% of oxalic acid.

3.6. Preliminary Sample Preparation and Selection of M@ning Parameters

In order to produce fatigue specimens with differenrface conditions, a set of
specimens as shown in Figure 3- 3 (represent thmeter and the gauge length of
fatigue samples) were produced. The final sametergetry was 6.35 mm diameter and
20 mm length. This is the same diameter as thgegaaction of the fatigue specimens
which were used in this project. The purpose eppring this kind of specimen instead
of fatigue samples was to limit the consumptiothef supplied materials.

Thirty six cylindrical specimens of AISI 304L asaostn in Figure 3- 3 were prepared
using a numerically controlled lathe (A Harrisompled-T). The tool was a “WWT
DNMG” insert, 0.4 mm tip radius. Three specimenmsdach condition were produced
as shown in Table 3- 1. Tool wear can be sigmtiga austenitic stainless steels owing
to their high work hardening capacity and low thakeonductivity [106, 107]. So, the
tool tip was replaced for every specimen priore final cut in order to minimize wear

effects (each cutting tool has 4 tips). A norn@dlant flow was used at all times.
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In order to obtain very different residual stresstributions and different roughness,
four groups of specimens were produced with diffefeal cutting conditions (AISI
304L). Three final cutting conditions (spindle sgefeed rate and cutting depth) of the
lathe were employed to produce three specimensdon condition. The final cutting
conditions were changed for each group till theirddsresidual stress, surface
roughness and uniform machining marks were obtaifétese cutting conditions were
used based on the response surface model, whicldevasoped in the previous work
[90]. This model was employed to select machinampditions to design fatigue

specimens with controlled combination of roughreess surface residual stress.

Figure 3- 3: Configuration of cylindrical specimesed in this Project.
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Table 3- 1: Cutting conditions for cylindrical speens.

Groups Sample 1 | Sample 2| Sample | Spindle Feed Cutting
Code Code 3 Code | Speed Rate Depth
(r/mm) (mm/r) | (mm)
Al-1 A2-1 A 3-1 2500 0.25 0.1
Group 1 B1-1 B 2-1 B 3-1 2500 0.1 2.5
C1l-1 c2-1 c3-1 2500 0.25 1.65
Al-2 A 2-2 A 3-2 1500 0.25 0.1
Group 2 B1-2 B 2-2 B 3-2 1500 0.1 2.5
C1-2 C2-2 C3-2 1500 0.25 1.8
A1-3 A 2-3 A 3-3 1700 0.25 0.1
Group 3 B1-3 B 2-3 B 3-3 1700 0.1 2.5
C1-3 C2-3 C3-3 1700 0.25 1.8
Al-4 A2-4 A3-4 1500 0.25 0.4
Group 4 B1-4 B 2-4 B 3-4 1500 0.1 2
C14 C2-4 C34 1500 0.1 0.4

3.7. Fatigue Specimens Preparation

The cutting conditions parameters of group 4 wetected to produce fatigue samples
for this research because of the good quality oflpced surfaces (i.e. uniformity of
machining marks) of group 4 (Table 3- 1) and touemkeeping the cutting conditions

quite close to that used in previous work [4, 1f@8Jcomparison purpose.

The geometry of fatigue specimens is given in Fegst 4. These were prepared by a
using numerically controlled lathe (A Harrison aph). The tool was a “WWT
DNMG” insert, 0.4 mm tip radius. Two different atitions of surface roughness and
surface residual stress were produced, by charge@nal cutting conditions (spindle
speed, feed rate and cutting depth) of the latteectitting conditions of which are listed
in Table 3- 2. These conditions were selected filoenresponse surface [90] to obtain
residual stresses that were either close to zene fhachined-F) or tensile (rough

machined-R).

To produce an annealed condition for fine and roogithining conditions (i.e. stress
free), sets of fatigue specimens were annealed0@t® for 10 minutes in argon

atmosphere. Other specimen sets were similarlgaad and then electrochemically
polished to remove approximately 15@n from the diameter (i.e. stress free and

roughness free). Figure 3- 5 shows fatigue samiplddferent conditions.

The spindle speed (1500 rev. /min) and cut depth (0m) were the same for both
conditions, with a feed rate of 0.25 mm/rev. fag tough machined condition-A (Low
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cutting depth) and 0.1 mm/rev. for the fine mactinendition-C. Six conditions were

prepared to assess the fatigue limit as shown loheTa: 3.

Table 3- 2: Cutting conditions for fatigue specimen

Cutting Condition Condition | Spindle Speed| Feed Rate| Cutting Depth
Code (r/mm) (mm/r) (mm)
Close to Zero Stress (Fine F 1500 0.1 0.4
Tensile Stress (Rough) R 1500 0.25 0.4

Table 3- 3: Fatigue specimen conditions for AIS43@nd AlSI 316L (RS: residual stress).
Note, conditions 3 and 6 were prepared by electiispimg a fine machined

specimen (C).

No. Condition Effect
1 Fine Machined (C) RS + Roughness
2 Fine Machined (C) & Annealed Roughness
3 Electropolished (Annealed) -
4 Rough Machined (A) RS + Roughness
5 Rough Machined (A) & Annealed Roughness
6 Electropolished (Not Annealed) -
mm

N
9.27
N/

Figure 3- 4: geometry of fatigue specimens.
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Figure 3- 5: As-Machined, As-Electropolished andh@aded Samples.

3.8. Annealing Following Machining

In order to obtain the fatigue limit in the absewné¢eesidual stress and study the effect
of roughness, sets of specimens were annealedbdior materials the preliminary
samples and fatigue samples were annealed by the paocedure to eliminate the
residual stress induced by machining. The samplm® placed on a ceramic boat
individually. This was placed into tube furnace endn argon gas flow at 900°C for 10

minutes. The temperature was measured by congextinermocouple to the sample.

3.9. Electropolishing Following Annealing

In order to obtain the intrinsic fatigue limit ind absence of residual stress and surface
roughness, sets of samples were electropolished afinealing. The electropolishing
was performed in a solution of 8% perchloric acHiC(O,) and 92% acetic acid
(CH3COOH) at room temperature under a voltage tensietbd/. Figure 3- 6 shows
the set up of the electropolishing. The cathods stainless steel type AISI 304 sheet.
Due to the cylindrical shape of the specimens, shiset was folded in a tube shape to
ensure uniform material removal from the specimemfbe specimens were connected
with approximate 60 mm length and 2 mm diametemnlstss steel wire using spot
welding. This wire was used to facilitate the Hargl of the specimen inside the
electrolyte. This wire covered with lacomit to peat material removal from the wire
itself. The specimens were connected to the pespiole (anode). The specimen's
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diameter was measured before and after the el@tisbpg process using a
micrometer. The same electropolishing procedurg wead to remove material in order

to obtain the depth profile for measurement ofdhesi stresses.

Power supply

('i |— (_)
T J— <«—Thermometer

-~ Cathode

N

—_— +

- S |
ample
L

Electrolyte

Figure 3- 6: Schematic image and photo of the sbegblishing cell.

3.10. Fatigue Limit Determination

The fatigue tests for both materials were perform&dg a R.R Moore rotating-bending
machine at room temperature in air (Figure 3- Fatigue limits were identified using
the staircase method with 20 specimens, employstg@width of 2 MPa. The fatigue

endurance limit was set at 1€ycles.

128



S.Al-Shahrani Experimental Techniques and Methods

Specimen Counter

Bearing hous\el /

Figure 3- 7: R.R Moore rotating-bending machineg10

3.11. Calculation of Applied Load

In Model R.R. Moore High speed (Rotating Beam Ragigesting Machine), the stress
in the specimen is calculated from the followinghfiala.

16 WL
T E

(3-1)

Where:

S= Extreme fiber Stress (MPa).

W = Total load on specimen (Kg).

L = Moment arm (distance from end support to loadtpgmm).
D = Minimum diameter of specimen (mm).

Since L is fixed at 4 in (101.6 mm), the value of f&f the desired value of S can
readily be determined for any diameter specimehe dhart in Appendix was prepared
to give a loading factor for each value of D. Taain the required load using the chart,
the factor which corresponds to the diameter of ghecimen at the desired stress
expressed in thousand per square inch. Beforeyiagplhe load, allowance must be

made for the effective weight of the bearing hogsjroading harness and weight pan,
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which amounts to 10 Ibs (5 Kg). E.g. to producrass of 28,530 Ibs per square inch
in a 0.306 in diameter specimen, the reading opp@s806 on the chart is the factor of
1.4065. 1.4065 times 28.53 equals 40.13 Ibs. r&ctihe effective weight to obtain the

actual weight that must be applied, 40.13 minu® #Quals 30.13 lbs [109].

3.12. Staircase Method Procedure

The staircase method procedure is as follows [BlL].initial guess of the fatigue limit,

a stress step size (2 MPa) and an endurance [ifit ére selected. The first specimen
is tested at a stress level equal to the estinmatsth value of the fatigue limit. If failure
occurs before T0cycles, the next specimen is tested at one inareimelow the first
stress level (2 MPa). If there is no failure & finst stress level, then the next test is at
the stress one increment above the first level EaM This procedure is continued for
all the test specimens to be tested, the stress fleveach test being dependent on the
previous result. The analysis of staircase methaxl been employed as discussed in
chapter two (2.2.8.4).

3.13. X-ray Diffraction Technique to assess martensitibgse

X-ray diffraction (XRD) is a versatile, non-desttve technique that reveals
information about the chemical composition and taty@graphic structure of materials.
By determining the lattice spacing (d-spacing) irsaample it is possible to extract

crystallographic information.

Briefly, the sample is illuminated with x-rays ofizaed wave-length and the x-rays are
scattered in the sample and a detector is useodlkectthe scattered x-ray intensity.
Measurements are performed by determining the sitterand the 2-theta diffraction
angle in a diffraction pattern. The 2-thetfl)(angle can then be converted to d-spacing
between the crystal planes by Bragg's law2dsirt). The intensity (I) is measured to
discriminate the various d-spacings and the resn#tsised to identify possible structure

matches.

The presence of martensitic phase in fatigue saig@éore fatigue test and after fatigue
test was measured for both materials using X-rtyadtion with Co ko radiation at 40

kV and 40 mA. An X-pert-1 diffractometer was useith step scan mode to cover the
angular @ range from 40° to 140°. Thé &tep size was 0.05° with a collecting time of

10s at each step.
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3.14. X-ray Diffraction Technique to measure Residual 8&s

The residual stress was measured by th&psimethod [110]. The X-ray diffraction
techniqgue has been used to quantify the residwuabss#s by means of a machine
‘PROTO’ associated with ‘XRDWin’ software. The 4y source was adray of Mn
(20 kV, 4 mA,A =0.21 nm, plane <311, 20 = 156, 1mm collimator).

Figure 3- 8 shows a schematic diagram of the diffelangles and rotations used in
residual stress measurements, and a sketch aivthddtector arrangement of the Proto

system [110].

Depth profiles of residual stress were obtainedigisuccessive electropolishing at

intervals of approximately 30um. The Young's maguind Poisson’s ratio employed

were 193 GPa and 0.29, respectively. No correciias carried out to account for the

material removal of surface layers, as the effead walculated to be less than 7 % [111]
Residual stress measurements were obtained fréeasttthree independent specimens
for each condition and for both materials.

Omega
w Primary collimator
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Figure 3- 8: X-Ray diffractometer (proto i-XRD) [@1

3.15. Full Width at Half the Maximum Peak (FWHM) of Machned Surface

Simultaneously, XRD technique can measure the leragd of X-ray diffraction peaks
to quantify the degree of cold work in the material
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The degree of plastic strain in the crystal latites® be expressed qualitatively by its
effect on the width of X-Ray diffraction peaks [112This arises from the distortion of
lattice planes by dislocations, giving rise to eesgl of diffraction conditions for a given
set of crystal planes. X-ray diffraction data tbe peak was analysed for the (311)
diffraction plane to obtain the peak width as action of depth below the machined
surface. To enable measurements at the expos&tesuMaterial was removed by

successive electropolishing as mentioned in se&idn

3.16. Surface Roughness

3.16.1.Stylus Profilometry

Preliminary surface roughness measurements weferped using a Taylor-Hobson
Talysurf 50 stylus profilometer. This system asesssurface roughness line profiles
with a maximum traverse distance of 50 mm. Measerds are based on inductive
signal detection with a cantilever pick-up arm. eTpick-up arm contains a preloaded
needle with a conical diamond tip with a radius1db to 2.5um, giving a height
resolution of 16 nm within a height range of 1 mnm roughness measurement, this
needle is dragged across the sample surface; shéamet vertical motion of the stylus

compresses a piezoelectric element, which geneadtesar voltage response.

For every machining condition three samples werasued. The measurement was
repeated four times for each sample at differecations. Surface roughness profiles
(Ry and S) of each machined specimens were chasstte Where Ry and S are the

largest peak to valley height and the mean spatfilagljacent local peaks, respectively.

3.16.2.0ptical profilometry

Optical profilometry is a non-contact technique ftre measurement of surface
topography. Its benefits as compared to traditime&-optical techniques (e.g. stylus
profilometry) it is a non-contacting, real-time rsaeement of surface topography, and
in addition operates in two dimensions to provid@saalisation of the surface. It can
measure surface heights and valleys to sub-micrem&tcuracy over very small

(several square microns) and relatively large (s#¢\auare millimetres) areas. Peak-

to-valley values were given, as wergdRd R, values.
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3.17. Surface Hardness

The Vickers hardness of machined specimens was umehsusing an Instron
indentation instrument (Wilson model Tukan 2100hvan applied load and load time
of 500 g and 10 s, respectively. The measuremegats repeated 10 times for each
sample, and the averages and standards deviatienewaluated. Due to the geometry
of the cylindrical specimens and the difficultyfbo it under the indenter, the specimens
were embedded in cold mounting resin to ensurestakility of specimen under the
indenter as shown in Figure 3- 9.

Figure 3- 9: Fixing of microhardness specimens.

3.18. Nano-Indentation

Nano-Indentation testing has been developed to/shelmechanical properties of very
small volumes of material. Hardness (H) and efastodulus (E) are the properties

most frequently measured by Nano-Indentation tester

The nano-indenter performs indentation test byindgva diamond indenter into the
specimen surface and dynamically collecting theliepdorce and displacement data.
Hardness and elastic modulus data are produced thed exported as excel
spreadsheets. The MTS Nano-Indenter XP was usdtlisnstudy to measure the

hardness near to the surface of the machined sarbefere and after fatigue test.

The gauge length of the specimen was extracted thanfatigue sample and then Ni
plated. Secondly, from this gauge length, theisecperpendicular to the surface,
parallel to the specimen longitudinal axis was etideel in Bakelite-type compression
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mounting resin. Finally, the specimens were pregarusing the standard
metallographic preparation techniques as mentioneskction (3.4). The indentation

depth and the distance between the indentations %@% nm and 30 um, respectively.

3.19. Electron Microscopy for Fracture surfaces and Fatig Cracks

In order to characterise the deformation which sgidace sub-surfaces after machining
and fatigue testing, fatigued and un-fatigued sasfhs machined) were studied using
Scanning Electron Microscopy (SEM), Electron Baeltsr Diffraction (EBSD), and

Transmission Electron Microscopy (TEM).

3.20. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is the most Wdsed technique for studying
the surface characteristics of materials. A highlused, scanning (primary) electron
beam with an energy of 0.5 - 30 keV hits the sw@fat the specimen and produces
many low energy secondary electrons. SEM opeilatéso primary imaging modes,
namely, secondary mode and backscattered mode. s8d¢mndary electrons resulting
from the interaction of the specimen with the elmttbeam provide topographic
information regarding the morphological characterss of the specimen. The
secondary electrons can be used in the study daftufe surfaces, grain sizes,
mechanical damage assessment, microcracks and ntoaten location. The
backscattered electron is used to obtain informadibout the atomic number contrast

(i.e. relative phase distribution).

The fracture surfaces of fatigued specimens arebta cracks nuclei on the surface of
run-out ( >10 cycles) fatigue tests were observed using a RhiKp30 Scanning
Electron Microscope (SEM) which is equipped withldi emission gun (FEG-SEM).
Secondary electron mode and Backscattered mode emgpboyed. The machine was
operated at an accelerating voltage ranging bet®ekl and 20 kV and spot size of
3-4.

3.20.1.Electron Backscatter Diffraction (EBSD)

EBSD can be used to measure the crystal orientatie@asure grain boundary
misorientation, discriminate between different mate, and provide information about

local crystalline perfection.
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The technique is based on the use of diffractiottepas from bulk samples in the
scanning electron microscope (SEM). Figure 3-H@®as the configuration of a typical
EBSD system. The electron beam hits the speciragiace at a small angle as, the
specimen tilted to a relatively high angle (typigal0°) thus achieving a large fraction
of electrons diffracted (backscattered) by theidattplanes in the specimen [113].
Pattern comprised of a number of Kikuchi bands foon a phosphor screen attached to
a highly sensitive camera as a result of the diféa electrons. As shown in Figure 3-

11, each band consists of a couple of parallel &iklines.

Backscattered electrons that satisfy Bragg's diffaa condition {=2dsir9) for a given
plane emanate in diffraction cones from both tloatfrand back surface of each family
of lattice planes (only the diffraction on one m@awas shown here) [114]. The

intersection of these cones with the phosphor adi@en Kikuchi lines.

The Kikuchi lines appear as straight lines on ttreen. Each Kikuchi band represents
the trace of the family of crystal lattice planesnfi which it is formed. From the angles

between the bands and from their width the Milletices of these lattice planes can be
determined. Finally, from indexed bands the ctyst@éentation and phase can be

calculated automatically by EBSD software.

In this research, the microstructures close tostivéace, from metallographic sections
perpendicular to the surface parallel to the spenifongitudinal axis, were studied
using High-resolution electron backscatter diffi@et(EBSD) mapping in a Philips

XL30 field emission gun-scanning electron microsedpEG-SEM) equipped with an

HKL Nordlys Il detector and Channel 5 software.elample was tilted to 70° and then
focusing on the interesting region, the pattern aaquired using the Channel 5
Flamenco HKL software. The map was acquired uiegoeam scanning mode in the
acceleration voltage of 20kV, with spot size of ,31490 um aperture and working
distance of 20 mm. The acquisition time was s&Qans per point, with a step size of
0.5 um. University of Manchester software (V-mags employed for display and

analyse the data obtained from EBSD [115, 116].

The specimens were prepared using the standardiogea@hic preparation techniques
as mentioned in section (3.4). In order to obtaigood quality in the EBSD patterns
and avoid any residual deformation or stress indindace layers due to mechanical
polishing, electropolishing was applied. The elgadlishing was performed in a
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solution 8% perchloric acid (HCKp and 92% acetic acid (GBOOH) at room
temperature under a voltage tension of 45 V fos.60

The Euler map shows grain orientations, where theuc is derived from the relative
orientations of the crystal axes. Non-indexed {®{ne. where it was not possible to
determine grain orientation from the back scattezledttron pattern) appear as green.
Maps can also be obtained which describe qualétithe degree of contrast in the
backscatter diffraction map. The band contrasiffiscted by plastic deformation [113,

117], and this provides a qualitative view of th&tribution of plastic strain.

Small angle grain boundaries are indicated by whites in Euler maps. The dark
contrast beneath the surface shown in Band contraps corresponds to the region in
Euler maps where a density of small angle grainndaty is higher than the internal

region.
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Figure 3- 10: Schematic of the components of anlE&&tem [113].
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Figure 3- 11: The formation of the Kikuchi diffraart pattern [114].

3.20.2.Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) has becom® most powerful tool for
characterization of materials. The TEM consistsanfelectron gun and assembly of
lenses all enclosed in an evacuated column. Th&imgpprinciple of TEM is shown
schematically in Figure 3- 12. The electrons angted from the top of the microscope
(electron gun) and travel through vacuum in theuewl of the microscope. A high-
resolution CM-200 FEG-TEM was employed in the cotrrstudy.

To focus the electrons into a very fine beam, eb@cagnetic lenses are used. When the
electron beam hit the specimen some of the elextaoe scattered and disappear from
the beam. A diffraction pattern (DP) will be crediton the back focal plane as results
of un-scattered electrons come out from the exitase of the specimen. A selected
aperture will be inserted above the specimen panmionly electrons that pass through
it to hit the specimen. The operation by usingleced aperture is known as selected-
area diffraction (SAD). The SAD diffraction pattecontains a bright central spot and
scattered electrons. The TEM can use either thgatespot or the scattered electrons to
form an image. These techniques are called bfiglit-(BF) imaging and a dark-field
(DF) imaging. In order to create the BF and DFgmaan aperture is inserted in the

back focal plane of the objective lens. The aperisi adjusted to select only the centre
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spot or diffracted electrons. If the direct eleos are used, then the image is a BF

image; if the diffracted electrons are used, & BF image [118].
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Figure 3- 12: An Overview of the TEM.

3.20.3.Sample preparation for TEM using Focused lon BearfIB)

In order to obtain TEM samples at selected surfaggons of fatigued samples, the
TEM sample was prepared by FIB, using an FEI DwedrB system. It is not easy to
thin such selected areas by using traditional nusthod specimens preparation, such as
a twin-jet technique. Figure 3- 13 and Figure 8show four stages of FIB preparation
process to prepare TEM samples for fine machinedid electropolished-3 samples.
The first step is marking the exact area of intefeg cross positioning) and defining
the dimension of the lamella (length; 10-15 um aedjht: 5-7 um). As in Figure 3-
13-b, to allow the lamella to be thinned to thefithickness without damage, platinum
protective layer was deposited on the surface Kti@iss: 1.5 pm). A staircase was
formed through FIB milling on both side of the ldlaaising Ga+ source at 30 KV and
a current of 3000 pA. Low Ga+ current of 100 pAswapplied to perform the final
thinning of the lamella (< 100 nm) (Figure 3- 13-c)Finally, the lamella was
disconnected by FIB from the matrix, lifted outdéie 3- 13-d) and placed on a TEM
grid that fits in a TEM specimen-holder for anagybigure 3- 13-f).
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Figure 3- 13: Lift-out TEM sample preparation. ajed of interest on the sample surface; b)
Platinum protective layer over the interest areg;Utshaped profile of the sample before left
out; d) Lift out of the sample; e) Connecting tHeMI sample to the grid; f) TEM sample fixed
on the grid before thinning; g) Final shape of danple after thinning.
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1um

Figure 3- 14: Lift-out TEM sample preparation. ajed of interest on the sample surface; b)
Platinum protective layer over the interest areg;Utshaped profile of the sample before left
out; d) Lift out of the sample; e) Connecting tHeMI sample to the grid; f) TEM sample fixed
on the grid before thinning; g) Final shape of 8&mple after thinning.
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3.21. Ni Plating of specimens

In order to preserve the edges of the section ftahographic preparation and to allow
EBSD analysis within a fewum of the edge of the section, the surfaces of mn-o

specimens were nickel plated prior to sectioning.

The gauge length part (20 mm) was cut from runspgcimen. The specimens were
connected with approximate 60 mm length and 2 mamdier stainless steel wire using
spot welding. In order to ensure that the Ni mlaparts were clean and that the Ni
plating layer attached properly to this part, thpags were cleaned with acetone and
then immersed in HCI + # (1:1) for 2-5 min before immersing in the Ni-bath
solution. As shown in Figure 3- 15 a cable ischttal to the stainless steel wire, and the
other end of the wire is attached to the negative power supplier (the cable is black
in this picture). The red cable is connected topbsitive power supplier; the other end
of the red cable is connected to a plate made i&f pickel. The electrolyte temperature

was kept between 40 — 60 °C. The composition didtih is shown in Table 3- 4.

Table 3- 4: Composition of Nickel Bath.

Materials Quantity
NiSa, 225 ¢
NiCl, 50 ¢
H3Bos 33 ¢
NapScy 40 ¢

Power supply

(+)
Ni Plate T «—— Thermometer

N

Temp. (40 - 60 °C)

= Sample

" Electrolyte

Figure 3- 15: Schematic image and photo of the tidgtating setup.
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Chapter 4

Results

4.1. Materials and Specimen Preparation

4.1.1. Materials

The materials used were austenitic stainless ¢#d¢8l 304L/AISI 316L) rods. Their
measured chemical compositions are given in Tablel.4 Table 4- 2 lists the

mechanical properties of the as-received material.

Table 4- 1: Chemical composition of the stainldésgls employed, and comparable higher
carbon steels (wt %).

Material C P S Si Mn Cr Ni Mo Fe

AISI 304L | 0.022| 0.040 0.028 0.3831.24| 17.65| 8.33 0.37 Bal.

ASTM304*| 0.03 | 0.045 0.03] 1.002.00| 18-20| 8-12 Bal.

AISI316L | 0.022]| 0.042 0.027 0.381.57] 17.25| 10.85 2.07 Bal.

ASTM316* | 0.03 | 0.045] 0.03] 1.002.00| 16-18| 10-14| 2.00-3.00| Bal.

* [119]

Table 4- 2: Mechanical properties of as-receivedarials. (Rp0.2% = Yield strength at
0.2% strain / UTS = Ultimate Tensile Strength).

Materials | As Received Condition | Rpy.2e [MPa] UTS [MPa]
AISI 304L | Cold Drawn 433 -435 707 -711
AlSI 316L | Cold Drawn 425 - 445 614 - 621

Table 4- 3 compares values of,N4 of AISI 304L with AISI 316L. The values were
calculated using Eg. 2-3 and Eq. 2-4 and the ndnasorapositions from Table 4- 1.

Table 4- 3: Values of Mand M, values for AISI 304L and AISI 316L.

Materials M: (°C) Mg (30/50) (°C)
AISI 304 L -34.3 39
AlISI 316 L -183.5 -63

Figure 4- 1 shows the microstructure of AISI 304da&AISI 316L in the as received
condition, observed by optical microscopy. Thergstructures are typical of austenitic
stainless steel. The microstructure consists ofeegd austenite grains and annealing
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twins. The microstructure also shows slip bandslitig from cold working. Figure 4-
2 shows the microstructure of AISI 304L as recejvetsiealed by EBSD.

Annealing at 900°C for 10 minutes show significaffect on the grain size near to the

machined surface as shown in Figure 4- 3, but Isetrdere.

4.1.2. Grain Size

The grain sizes of AISI 304L and AISI 316L (as-iiged) were characterised by optical
microscopy. The average grain sizes of AISI 304d AISI 316L, to be used in the
microstructure based fatigue model, were 54utr6and 57 £ 1um, respectively. It can
be seen that the grain size for both materialshaegly identical in all directions. The
ASTM grain size (GS [ASTM]) of the two materialsis

Table 4- 4: Grain sizes of as-received and as-alatbmaterials.

Grain Size fim)
. - Longitudinal Section Transverse Section
Material | Condition Parallel to Perpendicular to Parallel to Perpendicular to
the specimen the specimen the specimen the specimen
longitudinal axis | longitudinal axis | longitudinal axis | longitudinal axis
AlSI As- 6517 54 + 6 46 + 4 57+7
304L Received
AlSI As- 71+8 57+7 50+5 54 +7
316L Received
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N ; i SN~ ! ~ & Al .

Figure 4- 1 the microstructure of AISI 304L and AISI 316Lraseived, observed by optic
microscopy; a) AlSI 304L -Received (Etched with Oxalic Acid), b) AISI 304l-Received
(Etched with 50% oHNG; and 50% of HO), ¢) AISI 316L Afkeceived (Etched with Oxa
Acid), d) AISI 316L AReceived (Etched with 50% of H)N&hd 50% of LO).
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g i et |

Figure 4- 2: EBSD microstructure map of the as-reeé microstructure of AISI304L; a) band

Figure 4- 3: EBSD microstructure map of fine maehirand annealed sample of AISI304L.
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4.1.3. Specimen Preparation

4.1.3.1. Selection of Machining Parameters

Figure 4- 4 and Figure 4- 5 were constructed usimgation. 4-1 and equation 4-2 to
illustrate the main effects of machining parame{emndle speed, feed rate and cutting

depth) on the axial residual stress (MPa) and senfaughness Ryun).

These equations (4-1) and (4-2) describe the resp@urface model which was
developed in previous work [90]. Where X, Y andaté the variables of the spindle

speed (rev./min.), the feed rate (mm/rev.) andrayitiepth (mm), respectively.

R, =-103-190x107°X +57.2Y + 545Z - 248x10° X 2 +149Y 2 - 0.239Z* + 0.0235XY

+ 406x107°XZ -11.3YZ
(4-1)

RS=-715+ 0.365X +5370f - 218 — 665x10°X* —9960r* + 27.4Z* - 0.0618XY

~0.0594XZ +177Z
(4-2)

In both figures, three conditions are labelled;which represent®ough condition |
(Low cutting depth, high feed rate), B, which regmetsRough condition Il (Large
cutting depth, low feed rate) and C, which represéineFine condition (low cutting
depth, low feed rate). These figures show thectffef feed rate and cutting depth on
the roughness Ryun) and residual stress (MPa). This response sufas then used
to identify combinations of feed rate and cuttingpth that gave significant and

controlled variations in roughness and residualsstr
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Spindle Speed 1500 (rev./min.)

0.3
Residual Stress (MPa) 0.95 <
. ()
@200-400 =
m0-200 02 £
0-200-0 | o
0-400--200 015 ©
E-600--400 =B
m-800--600 ¢
T 01 *
0.05
03 05 08 10 13 15 18 20 23 25
CutDepth (mm)
Figure 4- 4. Effect of machining parameter on resibistress.
Spindle Speed 1500 (rev./min.)
0.3
Roughness R, (um) hﬁ"‘““a__‘
E— - 0.25 ~
040-60 >
020-40 - 0.2 g
m0-20 o
- 0.15 ©
@-20-0 x
]
01 @
- 0.05

03 05 08 10 13 15 18 20 23 25
CutDepth (mm)

Figure 4- 5: Effect of machining parameter on roongks Ry.

4.2. Surface Characterisation

4.2.1. Surface Roughness using Stylus Profilometry

The averages and standards deviation of Ry andr§ evaluated (Table 4- 5). Where
Ry and S are the largest peak to valley heightthedmean spacing of adjacent local

peaks, respectively.

As described in section (3.6), four groups of smeris were produced with different
final cutting conditions (AISI 304L) in order to @in very different residual stress
distributions and different roughness. These gsagn be seen in Table 4- 5.
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Table 4- 5: Roughness measurements of machinetrsgecwith different machining

conditions.
Materials Sample | Spindle | Feed | Cutting Ry S
Groups Code Speed Rate Depth (um) (um)
(rf/mm) | (mm/r) (mm)
AlSI 304L A 2500 0.25 0.1 21 1 249 + 02
Group 1 B 2500 0.1 2.5 09 + 04 95 + 05
C 2500 0.25 1.65 27+03 232+33
A 1500 0.25 0.1 23+01 2430V
Group 2 B 1500 0.1 2.5 12 + 02 82 + 02
C 1500 0.25 1.8 20+01 243+08
A 1700 0.25 0.1 25+02 2480y
Group 3 B 1700 0.1 2.5 09 + 01 50 + 01
C 1700 0.25 1.8 27+01 75+ 1C
A 1500 0.25 0.4 23+ 2 249+ 1
Group 4 B 1500 0.1 2 8+2 64+ 1.4
C 1500 0.1 0.4 7+1 58 + 1.3
AlISI 316L | Group 4 A 1500 0.25 0.4 23+ 1 249 + 2
B 1500 0.1 2 9+1 58+3
C 1500 0.1 0.4 8+1 60 +2

4.2.2. Surface Roughness using Optical profilometry

The optical profilometry data obtained in this jaj was used to supplement that

obtained from stylus profilometry.

The high peak-to-valley and the spacing of adjatecdl peaks were summarized in

Table 4- 6. Figure 4- 6 and Figure 4- 7 are exas\pif optical profilometry data for

fine machined (C) sample and rough machined (A)ydamSome variation between the

two measurement types in the magnitude of the wataexpected. This is because the

sensitivities of the two techniques and their aaci@s will not be the same. As stylus

profilometry works by the dragging of a needle asrthe sample’s surface, the radius

of its tip and the tip sharpness will determine ¢ggiipment’s sensitivity to deviations

in the detection of small (in relation to the sifdhe stylus tip) asperities.

Table 4- 6: Roughness measurements of machinetregecby stylus profilometry and

optical profilometry.

Stylus profilometry Optical profilometry
Conditions Ry (um) S (um)

Ry (m) |'S (um) Min. | Max. | Min. Max.
Fine Machined (C) 08+1 60 + 2 3 3.98 98.17 100
Rough Machined (A) 23+1 249+ 2 23 24.8 236 250
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Figure 4- 6: Line segment profile of fine conditi@Gn(Optical profilometry data). S: the spacing
of adjacent local peaks; Ry: the high peak-to-walle
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Figure 4- 7: Line segment profile of Rough conait® (Low cutting depth, high feed rate),
(Optical profilometry data). S: the spacing of acint local peaks; Ry: the high peak-to-valley.

4.2.3. Hardness

Figure 4- 8 shows the effects of electropolishind annealing on machined specimens
for both materials. From this figure it can berseakat the variations between the
machined samples are not significant. Howeverctdpolishing and annealing at

900°C for 10 minutes significantly reduces the hass$ by 35%. The values of surface

hardness for both materials in different conditians tabulated in Table 4- 7.

In AISI 304L, similar hardness levels were found & machining conditions and these

were also reduced significantly by annealing. Tdweest hardness was measured after
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electro-polishing the annealed microstructure. @arable results can be seen in AlSI

316L, but the lowest hardness was measured irafinealed sample.

m 304SS W 316SS

400 -

350 -
> 300 -
=
v 250 -
[7,]
o 200
o
©
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o
& 100 -
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'(&b\ -&& ~¢°& D ‘é,p\ ‘&b\ \zt) \0& \Qb\ . \\\zb
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é@ 00 ‘(}0
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Conditions

Figure 4- 8: Comparison of the surface hardnessK¥lis) of the machined, electropolished,
Annealed and as received (AISI 304L/AISI 316L).

Table 4- 7: Surface hardness (Vickers) of the nraehielectropolished, Annealed (AISI
304L/AISI 316L).

Sample AIS| 304L AISI 316L

Codes | Machined EIAnneaIe_d & Annealed| Machined Anneale(_j & Annealed
ectropolished Electropolished

A 347 +4 256 + 3 189 +5 315+3 224 + 2 142+ 3

B 343+ 2 264 +5 176 £ 3 333+3 231 +3 152 +6

C 321+2 152 + 2 176 + 3 332+3 233+3 1387

4.2.4. Residual Stress

Figure 4- 9 shows the depth profiles of the axiad @ircumferential stresses for the

machined samples for AISI 304L.

The error bars #re standard deviation of

measurements (9 measurements). Tensile stre$e afrtler of (261 £ 60 MPa) was

measured at the surface in the Rough conditionL-edv(cutting depth), decreasing to (-

281 + 35 MPa) over a distance of 12®. Compressive stress of the order of (-165 +

38 MPa) was at the surface in Rough condition —&dk cutting depth), increasing in
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magnitude to (-485 £ 45 MPa) over a distance ofuf@ In fine machined-C, the

surface stress is about (14 £ 35 MPa) decreasi0® = 34 MPa) over a distance of
90 um. In AISI 316L (Figure 4- 11), tensile stresstod order of (302 + 95 MPa) at the
surface in Rough condition—A (Low cutting depthg¢crteasing to (-252 + 94 MPa) over
a distance of 150m. Compression stress of the order of (-306 = Palat the surface

in Rough (Large cutting depth) condition, decregsio (-412 + 23 MPa) over a

distance of 6@m. In fine machined-C, the stress is about (8 #P&) decreasing to (-

257 £ 41 MPa) over a distance ofu@g.

It can be seen for AISI 304L and AISI 316L that @ivaal stresses vary significantly
between machined specimens within a surface ldyapgroximately 100 um. Further
than this, the differences are less significanher€& are no significant residual stresses
beyond a distance of approximately 300 um fromghdace. In all conditions, the
level of residual stresses in the both directidmenges continuously with depth down to
a maximum value in the compressive region and gradually decreases stabilizing at
the level close to zero. The circumferential realdstresses are tensile at the surface,
but show similar trends to the axial stresses.

Figure 4- 10 and Figure 4- 12 for AISI 304L and AB36L respectively, show the axial
and circumferential depth profiles for the machinedd annealed conditions of
machined specimens for both materials. As caneke f§om theses graphs, annealing

at 900°C for 10 minutes effectively eliminates thachining induced residual stresses.

These results for the surface stresses are in gg@@ment with those predicted by the
response surface [90]. For both steels, the egdextirface stresses, predicted using the
response surface for these machining conditionsew280 MPa and 0 MPa,
respectively. In AISI 304L, the rough machinedface has significant tensile residual
stress (261 £ 60 MPa) in comparison to the finehimed surface (14 £ 35 MPa). A
similar pattern emerges in AISI 316L, where theglounachined surface has tensile
residual stress (302 = 95 MPa) in comparison to élseentially stress-free fine

machined surface (8 + 47 MPa).
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Figure 4- 9: Residual Stress of AlISI 304L; a) Deptbfiles of axial residual stress, b) Depth
profiles of circumferential residual stress.
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Figure 4- 11: Residual Stress of AlISI 316L; a) Deptofiles of axial residual stress, b) Depth
profiles of circumferential residual stress.
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4.2.5. Plastic Strain

Figure 4- 13 for AISI 304L shows the evolution witbpth of the peak half-width. As
seen, the values of the longitudinal and circunmiéaé peak half-width for each depth

are almost identical.

The peak half-width reaches its maximum around ,33%5.5 degree at the machined
surface for rough condition-A (Low cutting deptihpugh condition-B (Large cutting
depth) and fine condition-C, respectively. It agmges gradually in depth and then
stabilizes at the peak half-width value found ie twork material before machining

(around 2).

Figure 4- 14 for AISI 316L shows the in-depth evmo of the peak half-width. As
seen, the values of the longitudinal and circunmiéaé peak half-width for each depth

are almost identical to that observed in AISI 304L.

The peak half-width reaches its maximum around,8B166, 3.5 degree at the machined
surface for rough condition-A (Low cutting deptihpugh condition-B (Large cutting
depth) and fine condition-C, respectively. It agmges gradually in depth and then
stabilizes at the peak half-width value found ie tlwork material before machining

(around 2).

The depth at which the peak half-width stabilizesr&sponds to the thickness of the
work-hardening layer due to machining. For thenadichining conditions, this layer
was found to be around 200 pm.
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Figure 4- 13: Variation of diffraction peak widti-(WVHM) with depth below surface (AlSI
304L); a) axial residual stress, b) circumferentiasidual stress.
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Figure 4- 14: Variation of diffraction peak widtiF(WWHM) with depth below surface (AISI
316L); a) axial residual stress, b) circumferentiabidual stress.

4.2.6. Surfaces of Machined Specimens before Fatigue Test

Figure 4- 15 shows the surfaces of three conditimefere fatigue test. It can be seen
from the photographs that there are no observahbtks as a result of machining on the
surfaces for all conditions. Machining marks cansben for fine and rough conditions.

Figure 4- 15 shows the surface of electropolistpetisnen with smooth surface.
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Figure 4- 15: Machined surfaces before fatigue t&sAISI 304L; a) Fine machined (C); b)
Rough Machined (A); c) Electropolished (annealed).
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4.3. Fatigue Limit

The individual fatigue test results of AISI 304LISA 316L obtained by the staircase
method are listed in the following figures (Figute 16 to Figure 4- 18). Table 4- 8
shows the fatigue limits evaluated from the databfoth materials. The descriptions
and numerical identifiers (1 through to 6) of theface conditions identified in this
table will be used throughout the thesis.

4.3.1. Fatigue Limit of AISI 304L

From the data in Table 4- 8, it can be seen thatetivas a 15% and 3% difference
between the fatigue limits of the rough machineda@dd fine machined (1) specimen,
respectively and the intrinsic fatigue limit (elegiolished (3) specimen).

The difference between the fatigue limits of theefimachined (2) annealed specimen
and the intrinsic fatigue limit (electropolished) @ecimen) is about 2% and similar
fatigue limits for the rough machined (5) anneaspécimen and the intrinsic fatigue

limit (electropolished (3) specimen).

4.3.2. Fatigue Limit of AISI 316L

From the data in Table 4- 8 for AISI 316, it candaen that there was a 4% and 5%
difference between the fatigue limits of the roughchined (4) and fine machined (1)

specimen, respectively and the intrinsic fatigoatlielectropolished (3) specimen).

The difference between the fatigue limits of theiglo machined & annealed (5)
specimen and the intrinsic fatigue limit (electrbgired (3) specimen) is about 11% and
2% difference between the fatigue limits of theefinachined & annealed (2) specimen

and the intrinsic fatigue limit (electropolished &becimen).

In general for both materials, it can be seen it electropolished (6) and
electropolished/annealed (3) samples have the $atigee limit. This fatigue limit is
higher in the AISI 304L than the AISI 316L. Thadi machined (1) samples have a
higher fatigue limit than the electropolished (@here as the rough machined 4) have a
lower fatigue limit. The fine machined & anneal@) samples are also higher than the
electrolpolihsed (6), with a larger effect in théSA304L. The rough machined &
annealed (5) samples, compared to the electroealiéd) are similar for the AISI 304L
and lower for the AISI 316L.
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Figure 4- 16: Fatigue data of AISI 304L/AISI 316Eklectropolished & annealed (3),
electropolished (not annealed) specimens). Operbsis are run-outs and closed symbols are
failures.

AAISI 304L-Fine machined (1)

360 - O AISI 304L-Rough machined (4)
OAISI 316L-Fine machined (1)
350 - OAISI 316L-Rough machined (4)
—~ 340 -
[
o
= 330 | R Y e SN A A
0 A D A A A
O 320 - A B o @SgEgEg
= A [ O [
0 A O O
@ o ®gU
T 310 - O
2 40,
230 © g * e,
® e _%e o ®o0° 0o ® e
° $
O o
280 | . | .
0 5 10 15 20
Samples No.

Figure 4- 17: Fatigue data of AISI 304L/AISI 316iné machined (1), rough machined (4)
specimens). Open symbols are run-outs and clogeddy are failures.
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Figure 4- 18: Fatigue data of AISI 304L/AISI 316finé machined & annealed, rough
machined & annealed specimens). Open symbols areuts and closed symbols are failures.

Table 4- 8: Fatigue limits obtained by staircasetimoe (+ one standard deviation), (RS:
residual stress).

" Fatigue Limit (MPa)
No. Condition AISI304 | AISI316
1 Fine Machined (C) 32748 31843
2 Fine Machined (C) & Annealed 343+18 307120
3 Electropolished (Annealed) 33712 30215
4 Rough Machined (A) 29143 2912
5 Rough Machined (A) & Annealed 33741 264+1
6 Electropolished (Not Annealed) 319 30443

4.4. Surface Characterization of run-out specimens

Small numbers of small cracks were observed orstiniace of fine machined (1) and
rough machined (4) after fatigue testing as shawhigure 4- 19-b and Figure 4- 19-c.
Most of these cracks were located perpendiculérdstress direction and located in the
root of machining marks. In electropolished (33@men of AISI 304L which had been
fatigued at 336 MPa, persistent slip bands (PSispbserved to emerge on the surface
in a few grains. Small cracks were observed altimgse PSBs and inclined at
approximately 45° to the stress axis (Figure 4al9Black holes in this photograph are
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pits due to the electropolishing. For the AISI Bodaterial the kind of cracks were not
observed before the fatigue test as shown in Figufie.

Figure 4- 20-a shows persistent slip bands (PSBghe surface of electropolished (3)
specimen and fatigued at 304 MPa for AISI 316L.scAlsome cracks were observed
along the PSBs and were inclined at approximatgfytd the stress axis. A few surface

cracks can be observed in fine machined conditigrpérpendicular to the stress axis

and located in the root of the machining markshasve in Figure 4- 20-b.

Figure 4- 19: Surface cracks in run-out fatiguecdngdes for AlSI 304L: a) Electropolished (3)
(336 MPa); b) Fine machined(1) run-out fatigued gétas (328 MPa); ¢) Rough machined(4)
run-out fatigued samples (294 MPa&):(stress axis).
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Figure 4- 20: Surface cracks in run-out fatiguecdngdes for AlSI 316L: a) Electropolished (3)

run-out fatigued samples (304 MPa); b) Fine macti(®) run-out fatigued samples (320MPa)
(«> stress direction).

164



S.Al-Shahrani Results

4.5. Fracture Morphology in failed specimens

Investigations were carried out on fracture sudader fine machined (1), rough
machined (4), and annealed & electropolished (&cispens for both material AISI
304L and AISI 316L as shown in Figure 4- 21 to Fegd- 24. Examination of the
fracture surface of these specimens was perfora@dit low magnification to identify
the fatigue and final fracture (overload) regiomsl gb) at higher magnifications to
identify regions of crack initiation and early ckagrowth in the fatigue region, and also

to identify the fracture features in the overloadion.

As can be observed, in both materials for machisadhples, the fracture of the
specimen is dominated by the propagation of a singlck nucleated at the root of the
machining marks (Figure 4- 21-a and d), which letada ductile fracture zone on the

opposite side of the specimen.

In electropolished (3) specimen (336 MPa), on thdase around the origin zone
(Figure 4- 22-d) shows the plastic deformation torchation of slip bands at the crack
initiation site.

At higher magnifications, striations were obserugthe fatigue fracture region (Figure
4- 21-d, Figure 4- 22-b). The regions of transgtanfracture show fatigue striations
accompanied by local secondary cracks in electrsiped (3) (Figure 4- 22-b).

The overload region (Figure 4- 21-c) comprised aéroscopic voids of a variety of
sizes and shallow dimples indicating the highlytdemature of the failure process.

Similar fracture surface features were observedA& 316L. Also, in this material,
the fracture of the specimen is dominated by tlopggation of a single crack nucleated
at the root of the machining marks (Figure 4- 283d d). In Figure 4- 23-f and Figure
4- 24-b, striations were observed in the fatigaetiire region.

The overload region contained of microscopic vais variety of sizes and dimples

indicating the highly ductile nature of the finalltire as can be seen in Figure 4- 23-b.

Figure 4- 24-d shows plastic deformation and foromabf slip bands on the surface
around the origin zone in electropolished (3) spec (298 MPa).
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Crack
initiation site

Figure 4- 21: a) Fracture surfaces of AISI 304lnefimachined (1) and fatigue tested at 330
MPa; b) Final fast fracture region; c) Dimples; driations; e) Crack origin.
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Figure 4- 22: a) Fracture surfaces of AISI 304Leé&topolished (3) and fatigue tested at 336
MP;. b) Striations; c) Crack origin from the top) dlateral view of crack origin; €) Crack
origin zone.

167



S.Al-Shahrani Results

Fatigue
Cracks

Figure 4- 23: a) Fracture surfaces of AISI 316lnefimachined (1) and fatigue tested at 322
MPa. ;. b) Dimples; c) Crack origin zone; d) Latéraew of crack origin; e) Lateral view of
crack origin zone show fatigue cracks; f) striason
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Figure 4- 24: a) Fracture surfaces of AISI 316Leé&ropolished (3) and fatigue tested at 298
MPa; b) striations.; c) Top view of crack originrey d and e) Lateral view of crack origin
zone.

4.6. EBSD of near surface of fatigued run-out specimens

Metallographic cross sections of fatigued run-oamnpgles, parallel to the specimen
longitudinal axis were examined by SEM and EBSDwoTtypes of maps taken with
EBSD are shown in Figure 4- 25 to Figure 4- 34.eSéhare band contrast maps and
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Euler maps. Maps were obtained for both materi&l 804L and AISI 316L before
and after fatigue testing (run-out specimens).

4.6.1. EBSD of AISI 304L

4.6.1.1. Machined Samples

In this case, the dark contrast in the Band contmeaps represent strained regions,
therefore the dark lines indicated by the arrowrigure 4- 26-a are judged to be slip
lines or slip bands. Many slip bands and smalleaggain boundaries were observed
near the surface in the rough machined sampldmuah the strained region seemed to

be deeper and greater in intensity compared with fnachined samples.

Before fatigue testing, the observations (Figure28-a) show that there is little

observable plastic strain in the fine machined f@&nples, evident only as slip bands
that penetrate to a depth of approximatelyu®® The rough machined (A) samples
show a greater degree of plastic strain closedathiface in depth below the surface of

approximately 4Qum below the surface (Figure 4- 26).

After fatigue testing close to the fatigue limitrfa0’ cycles, there is an apparent
increase in the intensity of plastic strain obsdriay EBSD in the fine machined (1)
samples (Figure 4- 25), but no significant inceeasdepth. For the rough machined
(4) samples, there is no significant change indigth of the plastic strain region, but

very little increase in the intensity of plasticast (Figure 4- 26-C).

The intensity of band contrast was highest closentlachined surfaces and this was not

noticeably affected by fatigue cycling.
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40 um 40 um

- 524 ‘/{"h& ¥ . . i

Figure 4- 25: AISI 304L a) Band contrast map okfimachined(C) specimebgfore fatigue
test; b) Euler map of fine machined (C) specimeafsrefatigue test; ¢) Band contrast map of
fine machined(1) specimeanéter fatigue test (328 MPa); d) Euler map of fine maei (1)
specimensfter fatigue test. Small angle grain boundaries arddated by the white lines in (b

and d).
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Figure 4- 26: AISI 304L a) Band contrast map ofgbunachined (A) specimebesforefatigue
test; b) Euler map of rough machined (A) specimmfere fatigue test; ¢) Band contrast map
of rough machined (4) specimeafter fatigue test (286 MPa); d) Euler map of rough miaetd
(4) specimenafter fatigue test.

4.6.1.2. Electropolished Samples

In electropolished (3) specimens, fatigue to ruhappeared to cause a slight increase
in the density of slip bands revealed by the bamurast maps (Figure 4- 27-c). Slip
bands were evident, prior to fatigue testing, i@ blulk microstructure both before and

after annealing. The density of these slip banas ieduced in the annealed samples.
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Figure 4- 27: AlISI 304L a) Band contrast map ofcaiepolished (annealed) specimedrefore
fatigue test; b) Euler map of electropolished (aaded) specimenbkeforefatigue test; ¢) Band
contrast map of electropolished (3) specimafier fatigue test (338 MPa); d) Euler map of
electropolished (3) specimeater fatigue test.

4.6.1.3. Annealed Samples

Annealing at 900°C for 10 minutes had a significafiect on the grain size near the
machined surface as shown in Figure 4- 28 and €&idur29. Fine grain size (about 3
pm) was observed within a depth of about 30 pm4h@m from the surface in fine

machined & annealed (2) and rough machined & aede@) specimens, respectively.
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Figure 4- 28: Figure 4- 26: AISI 304L a) Band cadt map of fine machined & annealed(C)
specimendeforefatigue test; b) Euler map of fine machined & anedéC) specimenbefore
fatigue test; ¢) Band contrast map of fine machi&eahnealed(2) specimeradter fatigue test
(352 MPa); d) Euler map of fine machined & anneé®dpecimenafter fatigue test.

7

174



S.Al-Shahrani Results

1. e - e
Figure 4- 29: AISI 304L a) Band contrast map ofgbumachined & annealed (A) specimens
beforefatigue test; b) Euler map of rough machined & aaded (A) specimenigeforefatigue
test; c) Band contrast map of rough machined & ated (5) specimerafter fatigue test (338

MPa); d) Euler map of rough machined & annealedgp@cimenafter fatigue test.

4.6.2. EBSD of AISI 316L

4.6.2.1. Machined Samples

In AISI 316L, it can be seen that the deformed pstwucture before and after the
fatigue test is similar to that in AISI 304L. Ront samples show that there is an
apparent increase in the intensity of plastic strabserved by EBSD in the fine
machined (1) samples (Figure 4- 30-c), but no &amt increase in the depth of the
strained region. For the rough machined (4) sasplere is no significant change in
the depth of the plastic strain region, but vettjeliincrease in the intensity of plastic

strain (Figure 4- 31-c).
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C ]' ‘ ‘;1" ) - 50 pm u ! ' . b
Figure 4- 30: AISI 316L a) Band contrast map okfimachined (C) specimehsforefatigue
test; b) Euler map of fine machined (C) specimmaferefatigue test; ¢) Band contrast map of

fine machined (1) specimeafter fatigue test (304 MPa); d) Euler map of fine maeli (1)
specimensifter fatigue test.
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Figure 4- 31: AlISI 316L a) Band contrast map ofgbunachined (A) specimebesforefatigue
test; b) Euler map of rough machined (A) specimmfere fatigue test; ¢) Band contrast map
of rough machined (4) specimeatfter fatigue test (290 MPa); d) Euler map of rough miaetd
(4) specimenafter fatigue test.

4.6.2.2. Electropolished Samples

It can be seen that in the electropolished (3)ispats, fatigued to run-out, the density
of slip bands increases as shown in Figure 4-3ih bands can be seen prior to fatigue

testing, in the bulk microstructure.
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SRR T

Figure 4- 32: AlISI 316L a) Band contrast map ofcelepolished specimersefore fatigue test;
b) Euler map of electropolished specimdmefore fatigue test; ¢) Band contrast map of
electropolished (3) specimenfter fatigue test (306 MPa); d) Euler map of electropbéd (3)
specimensifter fatigue test.

24 um

4.6.2.3. Annealed Samples

The effect of annealing (at 900°C for 10 minutes)tiee grain size near the machined
surface was observed as shown in Figure 4- 33 mpuaté=4- 34. Fine grain size (about
3 um) can be seen within a depth of about 10 pm58hdm from the surface in fine

machined & annealed (2) and rough machined & aede@) specimens, respectively.
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Figure 4- 33: AISI 316L a) Band contrast map okfemnealed specimebgforefatigue test;
b) Euler map of fine annealed specimdredore fatigue test; ¢) Band contrast map of fine
machined & annealed (2) specimeafter fatigue test (294 MPa); d) Euler map of fine
machined & annealed (2) specimexiter fatigue test.
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PAEETL, s tem | e .
Figure 4- 34: AISI 316L a) Band contrast map ofgbwannealed specimebsforefatigue test;

b) Euler map of rough annealed specimbefore fatigue test; ¢) Band contrast map of rough
machined & annealed(5) specimeafter fatigue test (264 MPa); d) Euler map of rough
machined & annealed(5) specimefter fatigue test.

4.7. Microstructural Damage Characterisation

4.7.1. Metallography of Stable Cracks

Metallographic observations of longitudinal sectiofrom run out (10 cycles)
specimens were taken from the sections perpenditolshe surface, parallel to the

specimen longitudinal axis for both materials.

4.7.1.1. Stable Cracks in AISI 304L

Figure 4- 35 shows small numbers of crack-like Uszg in all cases of AISI 304L.
These tended to be quite linear in the electropetis(3) and fine machined condition
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(1), but features with a more irregular profile webserved on the rough machin(4)
surfaces. These cracks are all significantly smaller than dlkerage grain size of tl

bulk of the microstructu (~54pum).

Figure 4- 35: CracKike features in fatigued (ruout) specimens of AISI 3L: a) Fine
machined1) sample (tested a24 MPa); b) Rough machindd) sample (tested at 288 Mk,
¢) Fine machined &nnealed 2) sample (tested at 350 MPa); dyug)t machined & Annealed
(5) sample (tested at 336 MF; e) Electropolished3) sample (tested at 338 MP&— stress
axis).
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4.7.1.2. Stable Cracks in AISI 316L

The metallographic observations of longitudinaltises from run out (10 cycles)
specimens of AISI 316L are shown in Figure 4- 36can be seen that the crack-like
features in all cases are essentially identicahtse observed in the AISI 304L. The
electropolished samples clearly show stable fatgaek nuclei (Figure 4- 36-e). The
irregular surface features observed in the rougbhmad (4) samples are associated

with defects introduced by machining.

Features with a more irregular profile were obsegrga fine machined conditions (1)
and the rough machined surfaces. The cracks inethetropolished (3) samples

observed to be inclined at approximately 45° todiiness axis.
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Figure 4- 36: CracKike features in fatigued (ri-out) specimens of AISI 316: a) Fine machi
(1) sample (tested at 316 MI; b) Rough machine() sample (tested at 292 MI; c¢) Fine
machined &Annealed 2) sample (tested at 310 MPa); Rpugh machined éAnnealed (5)
sample (tested at 260 MF, e) Electropolished3) sample (tested at 298 MPa« stress

axis).
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4.8. Characterisation of Surface Damage after fatigueing X-Ray Diffraction

4.8.1. AISI 304L

Corresponding data for residual stress and thewidth at half the maximum peak
(FWHM), which are a measure of the degree of wanldéning, are shown in Figure 4-
37-a and Figure 4- 38-a for fine condition (1) aadgh condition (4), respectively after
fatigue.

In fine machined (1) sample, it is apparent thatéhs a marked relaxation of residual
stress occurs after fatigue test below the surfagere 4- 37-a. The residual stress at
the surface has a slight relaxation while the maxmmcompressive stress level is
significantly reduced. A similar relaxation occumsrough machined (4) sample after
fatigue, but the reduction in the residual stressllis far less Figure 4- 38-a.

Figure 4- 37-b and Figure 4- 38-b shows the fultittviat half the maximum peak
FWHM of fine machined (1) and rough machined (4hgkes after fatigue test for AISI
304L. As can be seen from these graphs, the FWRNMilitions for both conditions
(fine and rough) remain quite stable. These reguldicate that the presence of the

work hardened layer, appear to be relatively uctdfi by fatigue.
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Figure 4- 37: a) Depth profiles of axial residudtess for AISI 304L fine machined before and
after fatigue; b) FWHM profile with depth below fage for AISI 304L fine machined before
and after fatigue.
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Figure 4- 38: a) Depth profiles of axial residualess for AISI 304L rough machined before
and after fatigue; b) FWHM profile with depth bel@nrface for AlISI 304L rough machined
before and after fatigue.
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4.8.2. AISI 316L

It is apparent from Figure 4- 39-a and Figure 4-a4for fine condition (1) and rough
condition (4), respectively after fatigue that thés a relaxation in subsurface stresses

but no significant relaxation in the surface stesss

The full width at half the maximum peak FWHM of déincondition (1) and rough
condition (4) samples after fatigue test shows that distributions remain slightly
stable (Figure 4- 39-b and Figure 4- 40-b). Thieotfof fatigue on residual stress
distribution and FWHM distribution in AISI 316L &milar to that in AISI 304L.
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Figure 4- 39: a) Depth profiles of axial residuaftess for AISI 316L fine machined before and
after fatigue; b) FWHM profile with depth below fage for AISI 316L fine machined before
and after fatigue.
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Figure 4- 40: a) Depth profiles of axial residuatess for AISI 316L rough machined before
and after fatigue; b) FWHM profile with depth bel@nrface for AlISI 316L rough machined
before and after fatigue.
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4.9. Characterisation of Surface Damage after fatigueing Nano-indentation

Figure 4- 41 and Figure 4- 42 show nano-hardnepthderofiles of fine and rough
samples in the fatigued and un-fatigued conditiors AISI 304L and AISI 316L,

respectively.

4.9.1. Nano-indentation of AISI 304L

In fine machined (1), hardness decreases from tinace to the level of hardness
changes continuously with depth down (depth of expmately 50 um) and then
remains stable. A similar trend can be seen &tague testing with a slight increase in
the hardness at the surface, which then returtisetgame level of hardness at the same
depth (Figure 4- 41-a).

In rough machined (4), hardness profile beforegtati show that there is a gradual
decreases from the surface to depth of approxisnatelum and then remains stable. A
similar trend can be seen after fatigue testingp slightly lower hardness at the surface,

but the stabilizing of hardness can takes placa depth of approximately 70 um
(Figure 4- 41-b)-.
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Figure 4- 41: Subsurface nanohardness profile dS{A04L); a) fine machined before and
after fatigue test; b) rough machined before andrdftigue test.
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4.9.2. Nano-indentation of AISI 316L

In the fine machined (1), the hardness decreasasthe surface. The level of hardness
changes continuously with depth (to a depth of agprately 50 pm) and then remains
stable. After fatigue testing, the hardness atstimdace does not change significantly
and follows the similar trend of hardness as ingaeple before fatigue (Figure 4- 42-
a).

In the rough machined (4), the hardness profileoteefatigue shows that there is a
gradual decrease from the surface to a depth ofoappately 50 um and it then
remains stable. A similar trend can be seen &itegue testing with a slightly lower
hardness at the surface, which decreases untilimemgastable beyond a depth of
approximately 50 um. (Figure 4- 42-b).
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Figure 4- 42: Subsurface nanohardness profile d5(/A816L).: a) fine machined before and
after fatigue test; b) rough machined before artdrafatigue test.

193



S.Al-Shahrani Results

4.10. X-Ray Diffraction for fatigue samples before andtef fatigue test

4.10.1.AISI 304L

The XRD patterns of fine machined (1) and rough mreexd (4) specimens show the
existence of FCC austenite phase and a small anodBEC phase after fatigue testing
and no BCC peak before fatigue. This can be sedfigure 4- 43 and Figure 4- 44.
The XRD patterns of electropolished (3) samplegydiad at 334 MPa, show FCC
austenite phase and BCC phase (Figure 4- 45). FO@ austenite phase and BCC
phase can also be seen in fine machined & ann€alehmples and rough machined &
annealed (5) samples after fatigue testing at 342aMnd 336 MPa, respectively,
(Figure 4- 46 and Figure 4- 47).

The results show that there is a body-entered qiicC) phase developed, which may
be either ferrite or martensite. The presence aftensite will be confirmed by

Transition Electron Microscope (TEM) study in sent4.12.2.

Table 4- 9 shows the ratios between the FCC (asigreak and BCC peak (inside the
dotted rectangle in the x-ray diffraction patternk)can be seen that there is more BCC
phase in the machined samples. Figure 4- 48 shibevscomparison between the
broadening in BCC peaks for fine machined (1), houmachined (4) and
electropolished (3) samples. It can be seen that machined conditions show
broadening in the BCC peak compared to electrapatiBCC peak.
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Figure 4- 43: X-ray spectrum of AISI 304L a) Fineahined (C) (not fatigued); b) Fine

machined (1) fatigue (run-out) at 324 MPa.
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Figure 4- 44: X-ray pattern of AISI 304L a) Rouglaanined (A) ( not fatigued); b) Rough
machined ( 4) fatigue test (run-out) at 292 MPa.
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Figure 4- 45: X-ray pattern of AISI 304L run-oukEtropolished (3) tested at at 336 MPa.
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Figure 4- 46: X-ray spectrum of AISI 304L a) Finaahnined & annealed (2) fatigue test (run-
out) at 342 MPa.
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Figure 4- 47: X-ray spectrum of AISI 304L a) Rougichined & annealed (5) fatigue test (run-
out) at 336 MPa.
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Table 4- 9: Ratios between BCC peaks and austpedks for run-out samples.
Conditions a (Intensity) | y (Intensity) Ratio
Fine machined (1) 89 1258 0.071
Fine machined & Annealed (2) 278 4178 0.067
Electropolished (3) 88 4570 0.019
Rough machined (4) 83 1220 0.068
Rough machined & Annealed (b) 236 3877 0.061
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Figure 4- 48: X-ray diffraction patterns of AISI80for fine machined (1), rough machined (4)
and electropolished (3) fatigued specimens (thdiosdraxis represents the intensity for
electropolished specimen).

4.10.2.Al1SI 316L

The XRD patterns of fine machined (1) and rough mreed (4) fatigued specimens
show only FCC austenite phases after fatigue testn@ BCC peaks (Figure 4- 49 and
Figure 4- 50). Electropolished (3) samples fattgae 300 MPa, show FCC austenite
phase and no BCC phase peaks can be observedg(Big6d). So, the XRD patterns
of AISI 316L, shows that there is no BCC peaks ke#ind after fatigue testing in AISI
316L.
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Figure 4- 49: X-ray pattern of AISI 316 a) Fine rhaed (C) (not fatigued); b) Fine machined
(1) fatigued (run-out) at 320 MPa.
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Figure 4- 50: X-ray pattern of AISI 316, Rough maeld (4) fatigued (run-out) at 286 MPa.
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Figure 4- 51: X-ray pattern of AISI 316 Electromtied (3) and fatigued (run-out) at 300 MPa.
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4.11. Interactions of Cracks with Microstructure

Both austenitic AISI 304L and AISI 316L stainlesteeds showed that they have
lamellar features in the microstructure (Figurés8-a and Figure 4- 56-a). The cracks

are observed to interact with these.

4.11.1.Interactions of Cracks with Microstructure of AISB0O4L

In AISI 304L, Figure 4- 52-a and Figure 4- 53-awhibese lamellar features as red
lines in the electropolished (3) specimen and roughchined (4) specimen,
respectively. Their misorientation profile (Figute52-b-c and Figure 4- 53-b-c), with
misorientation of 60°, and their habit plane (iraded by their trace) is that of coherent

twins.

In a distance of about 8 mm from the fracture sigrfaf rough machined & annealed (5)
specimen which broke at 340 MPa (Figure 4- 55), dbserved crack propagates
through the near surface microstructure and thegtsreecoherent twin. This forces the
crack to deflect before continuing propagationguiré 4- 55 show the misorientation of

these features (twins) and their habit plane (eigid by their trace).

4.11.2 Interactions of Cracks with Microstructure of AISB16L

In AISI 316L, Figure 4- 54-a (grain G2) shows semifeatures in rough machined &
annealed specimen which had failed after testirey sitess amplitude of 262 MPa (the
position of this crack is located at a distanceualdomm from the fracture surface). As
shown in Figure 4- 54 c, d and e, their misorigaataprofiles and their habit plane

(indicated by their trace) shows that they are cattetwins[120].

In a typical run-out of Electropolished (3) specimmeat 306 MPa, it is clear that the
short cracks are arrested at similar features (Bigu 56). Figure 4- 56-c and d shows
that their misorientation profiles and their hagbiane (indicated by their trace) shows

that they are coherent twins
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Figure 4- 52: a) Band contrast map of AISI 304LdHlepolished (3) specimen (fatigued test at
338 MP); b) and c) the misorientation profile ofit®in a), (white line represent the location of
the misorientation profile).
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Figure 4- 53: a) Band contrast map of AISI304L rbugachined (4) specimen (fatigued test at
288 MP); b) and c) the misorientation profile ofinain a), (, white line represent the location
of the misorientation profile).
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Figure 4- 54: EBSD of Crack features in rough arledaspecimen which broke at 262 MPa
(position of this crack is located at a distanceab6 mm from the fracture surface) in AlSI
316L: a) Band contrast map; b) Euler map (M: Matrand T: Twin). ¢) and d) the

misorientation profile of twins in a), ( white limepresent the location of the misorientation
profile.), e) {111} pole figure shows the orientats of the lamellar features and matrix in b).
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Figure 4- 55: a) Arrested cracks by twins in fatgluspecimen AISI 304L(Rough machined &
annealed specimen fatigued at 340 MPa) Euler mapetrack; b) {111} pole figure shows
the orientations of the lamellar features and matn a; ¢ and d) the misorientation profile
of twins in a).
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Figure 4- 56: In AISI 316L; a) Arrested cracks lirts [GB: Grain Boundary] in fatigued

specimen (Electropolished (3) specimen fatigue@t& MPa); b) Euler map of a. ¢) the
misorientation profile of twins in a), ( white limepresent the location of the misorientation
profile.). d) {111} pole figure shows the orientats of the lamellar features and matrix in b).
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4.12. Characterisation of Surface Damage after fatigueing TEM

It is not easy to prepare TEM samples from the sadace regions by using traditional
methods of specimen preparation, such as a twipejething technique. So, the FIB or
focussed ion beam, milling technique was used &pare samples. Due to lack of
availability of FIB to prepare samples for all cdrahs before and after fatigue for both
materials, only two samples were prepared from BIBL. One from a fine machined

(1) sample and the other from an electropolish¢ddBple containing short cracks.

4.12.1.Fine machined sample

In order to study the deformed microstructure atghrface of machined samples, TEM
cross-sections of the near surface regions of wirfioe machined (1) sample of AISI

304L (fatigued at 326 MPa) was prepared using iBetéchnique as shown in Figure
3-13.

Figure 4- 57-a shows the location of the selected an the surface of the run-out fine
machined (1) sample and the final shape of the BaMple. The top side in Figure 4-
57- b shows the surface of this sample with a defddch may have been induced by
machining. The TEM images were taken from thediole on the right and left of this

defect close to the surface. Figure 4- 58-a aslddw the bright field image of the near
surface region of this sample. As can be seergiteet surface exhibits nanocrystalline
regions. The regions closest to the surface exisimaller grains than the deeper
regions. There are similarities between the mtoucture close to the surface in this
sample and those described by Altenberger [37]heneffect of deep rolling and shot

peening in type 304 austenitic stainless steel.

Surface

Figure 4- 57: a) The position selected to extradEM sample from the surface of run-out fine
machined-1 sample of AISI 304L (fatigued at 336 MBgrFinal shape of TEM sample fixed on
TEM grid after thinning using FIB.

208



S.Al-Shahrani Results

Surface

Surface

Figure 4- 58: a,b A bright field imag from different regionsiear the surface, illustrating tf
deformed microstructure arnanocrystalline regions of ruaut fine machine-1 sample of AlSI
304L (fatigued at 336 MP.
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4.12.2 Electropolished Sample

In order to study the deformed microstructure a $urface of an electropolished
sample and the interaction of the crack with thisrastructure, a TEM cross-section of
the near surface region of a run-out electropotigf3¢ sample of AISI 304L (fatigued at
336 MPa) containing a crack was prepared usind-tBeechnique as shown in Figure
3-14.

Figure 4- 59-a shows the location of selected aweathe surface of run-out
electropolished (3) sample of AISI 304L and thafishape of TEM sample.

Figure 4- 59: a) The position selected to extradEM sample from the surface of run-out fine
machined-1 sample of AISI 304L (fatigued at 336 MPBgaFinal shape of TEM sample fixed on
TEM grid after thinning using FIB (white layer isagfinum (Pt)).
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Some materials were observed inside the crack. the Energy Dispersive -Ray

(EDX) analysiswas carried out to identify these materials, a bottom of the crack
(b), surface layer jaand at the matrixc) as shown irFigure «~ 61-a. The EDX
analysis indicates that this materiaPlatinum (Pt) as result of FIB preparai (Figure

4- 61cand d). A Cu peak can be seen in the spectrdrne. Cu peak may be detec

from the Cuppe(Cu) ring used to fix the sample on the TEM hol

Figure 4- 60shows the deformed microstructure at the surfacé@fcros-section of
the direct or near suice regions of rumut electropolished specimen of AISI L
(fatigued at 336MIPa) includng theshort crack. The crack length is approximate
um. Aninhomogeneous dislocation arrangement of high tdengar the surface ai
around the cractdark regons around the crack tip) can be seen.

2 | LA % Surface

Figure 4- 60:A bright field image near the surface, illustratitige deformed microstructu
and fatigue crack of ri-out electropolished specimen of AISI 304L (fatigae836 MPa. a,b,c
representPt layer on the surface of the samgthe material filled thecrack (bottom of the
crack), the matrixrespectivel.
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Figure 4- 61: a) EDX analysis of Pt layer on thefaoe, b) EDX analysis of the material filled
the crack (bottom of the crack), ¢c) EDX analysithef matrix.
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Figure 4- 62 shows a TEM observation around thekctgp. The corresponding
selected-area electron diffraction (SAED) pattgiin)’‘indicated that both martensite
and austenite are detected in this region. Figur&2-c shows the corresponding
indexed diagram of austenite at zone axis of [01I§. index the martensite spots the
distance (r) between the direct beam spot andfeaction spot was measured. Based
on the known information from the austenite spdts tamera constail can be
calculated using equation (4-3). The d-spacing (RBO) in Figure 4- 62-b was
obtained from the Powder Diffraction Standard (PDdayd for austenite and the
distance (r) between the spot of (206) the beam spot was then measured. Using this
camera constant and by measuring the distance &etthe interest spot and the beam
spot, the d-spacing can be calculated using eg) @hd matched it with the d-spacing
for all possible planes in PDF card.

AL
Thkt = A (4-3)

The dark field images (Figure 4- 62-d and e) ar@iokd from the diffraction spots of
martensite and the austenite unit cells, respdygtias indicated in the SAED pattern

(b). Spot(111), was used to obtain the dark field image (d) arat 6p10), to obtain
(e).
Figure 4- 62-d shows that the crack tip interacith ihe edge of martensite packet

(white area).
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Figure 4-62: (g)(b) and (c, see the caption in next page.
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Figure 4- 62: The cross-sectional TEM observatiofigun-out electropolished specimen of
AISI 304 (fatigued at 336 MPa), a) bright field, ®AED patterns, C) Indexed diagram for FCC
crystal structure and (d and e) dark field images.
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Chapter 5

Discussion

5.1. Materials and Microstructures

The chemical composition of both materials, as showTable 4- 1, shows agreement
with the corresponding standard specifications.

Table 4- 3 compares valuesMf, My for AISI 304L with AISI 316L. Both can describe
the tendency for martensite formation in the twaeamals. Both values fokls are in
the sub-zero scaléVly values, the temperature at which 50% of austéniiensformed
to martensite with 30% of deformation, suggest thatformation of martensite at room

temperature for AISI 304L is expected.

Steels that present higher valuesvf for example AISI 304L, are more susceptible to
form induced martensite when deformed at room teatpee. Steels like AISI 316L,
that present low values for temperatiig generally do not present strong martensite

formation when deformed at room temperature[14].

The microstructures are typical of austenitic d&as steel. The microstructure consists
of equiaxed austenite grains and annealing twihise presence of slip bands in both
materials can be seen in Figure 4- 1 (a and c)ke dip bands are therefore related to
either introduced or remaining plastic strain résglfrom pre-cold working.

=

Summary: The two stainless steel materials used in thigept@re representative fc
commercial-grade AISI 304L and AISI 316L stainlesteels. The metallographi

(@)

investigation and the mechanical property showedtiesence of the slip bands which

may resulting from pre-cold working.
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5.2. Selection of Machining Parameters

These results for the surface stresses are in gga@ment with those predicted by the
response surface [90]. In AISI 304L, the rough Inaed-A surface has significant
tensile residual stress (261 + 60 MPa) in comparteahe fine machined-C surface (14
+ 35 MPa). The expected surface stresses, prddigang the response surface for
these machining conditions were 280 MPa and O Mé&pectively. A similar pattern
emerges in AISI 316L, where the rough machined-Aase has tensile residual stress
(302 £ 95 MPa) in comparison to the essentiallgssttfree fine machined-C surface (8
+ 47 MPa). The predicted surface stresses, udwegrésponse surface for these
machining conditions were 280 MPa and 0 MPa, reasfety.

The measurements demonstrate that the responseesudf a quite robust tool for

estimating the effects of machining on the surfasedual stress.

5.3. Observed Fatigue Limit and Surface Residual Stress

The results of observed fatigue limits (Table 4fd)both materials show that the range

of surface roughness developed by machining hasgmificant effect on fatigue limits.

The fatigue data obtained from three type 304 aitgtestainless steels with different
microstructures (i.e. this work and [36]) are shawifrigure 5- 1-a, as a function of the
surface residual stress. In Figure 5- 1-b, theesadata are shown in terms of the
difference from the intrinsic fatigue Ilimit, whicls measured relative to the
electropolished samples. The fine grain size rsicucture had a grain size of w8
and a bulk hardness in the annealed, electropdlisbedition of 275 Hv; the coarse
grain size microstructure had a grain size ofum@nd a bulk hardness of 200 Hv. The
hardness of these alloys in the electropolishedaamabaled conditions differ, and this
has a significant effect in their relative fatigumits. These data show that the surface
residual stress in type 304 is a dominant factatatermining the effects of machining
on the fatigue limit, for microstructures that hawrinsic fatigue limits between
approximately 300 MPa and 385 MPa. The fatiguet lohthe type 316 shows much
less sensitivity to the surface stress.

The surface residual stress is found to be the mmmbifactor controlling this reduction
in fatigue resistance, with no measurable effettsudace roughness nor surface cold
work.
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Figure 5-1: (a) and (b), see the caption in nex@a
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Figure 5- 1: The effect of surface residual stresghe fatigue limit , a) measured fatigue limit
as a function of the surface residual stress; gnde in fatigue limit relative to the intrinsic
fatigue limit for electropolished samples (type 8@ change in fatigue limit relative to the
intrinsic fatigue limit for electropolished samplégpe 316); d) change in fatigue limit relative
to the intrinsic fatigue limit for electropolisheshmples (type 304/type 316). Gs: Grain Size;
Hv: Hardness; FL: Fatigue Limit of electropolishadd annealed.
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Summary:
% The data show that the surface residual stre$eimbst significant parameter

that determines the effects of surface preparasionhe fatigue limit of type
304 austenitic stainless steel.

+ The fatigue limit of the type 316 shows much lesss#ivity to the surface
stress.

* The range of surface roughness developed by machimas no significant
effect.

5.4. Near Surface and Microstructure of AISI 304L

Figure 4- 25-a shows typical observations for fh@on-fatigued specimens. It shows
that there is very little observable plastic sthaitthis sample, evident only as slip bands
that penetrate a depth of approximately#® The rough machined-A specimens (non-
fatigued) show a greater degree of plastic strémsecto the surface, but this also

extends to comparable depth below the surfaceasrsim Figure 4- 26-a.

The electropolished samples show the effect ofgdiati testing on the intrinsic
microstructure. It can show a small degree oftmastrain after fatigue close to the
surface which penetrates a depth of approximatelym as demonstrated in Figure 4-
27-c.

Fatigue at stresses close to the fatigue endurande(run-out samples) in austenitic
stainless steels causes the development of a qalthgtistrained microstructure by
increasing the density of slip bands, but with igmisicant increase in depth. This is
apparent from the small, but observable, effedatfue on the diffraction peak width
in Figure 4- 37-b and Figure 4- 38-b for fine-C armaligh-A machined samples
respectively. There is no consistency in the depithwhich the effects are observed
using X-ray diffraction and EBSD. X-ray diffractioshowed that the plastic strain
extended from the surface to the bulk with grede&pth (in the range of 150 to 200
pum). This could be attributed to a lower sendifiaf EBSD to plastic strain compared

to X-ray diffraction.

It can be found from the X-ray diffraction (XRD)gdles of Figure 4- 43 to Figure 4-
47 for AISI 304L that the machined samples haveesmite phase, while the as-fatigued

surfaces are composed of the austenite phase andcthphase. Clearly, martensite
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transformation took place in the surface layer myratigue testing and this can be
confirmed by the presence of martensite in elediisped sample after fatigue. None

was observed before fatigue.

TEM confirmed that both martensite and austenite datected in electropolished (3)
samples (Figure 4- 62-e). The present findings cargsistent with other work [36]
which found that martensite can be formed in thar rseirface region after machining
and also after fatigue in type 304 austenitic #amsteels.

TEM observations of run-out fine machined (1) shdvat the surface region is
nanocrystalline. These findings are consistent wibse observations of the effects of
deep rolling and shot peening on the near surfamgostructure in the type 304

austenitic stainless steel [37].

TEM and X-ray diffraction (XRD) findings show theorimation of strain induced

martensite with fatigue cycling in AISI 304L. Alsthe deformed microstructure of this
material contained coherent twins, as shown by EBSese twins can be seen in
Figure 4- 52 and Figure 4- 53 for electropolishgdgnd rough machined (4) samples.

Their misorientation profile shows that they arénsy

5.5. Surface Cracks and Fracture Surface in AlSI 304L

A few surface cracks can be seen on the surfaef obnditions in run-out specimens.
Examples are shown in Figure 4- 19 for AISI 304lUn electropolished run-out
specimen (tested at 336 MPa), the microcracks feersd along slip bands as shown in
Figure 4- 19-a. These were inclined at approxiipat&° to the stress axis. In fine
machined (1) and rough machined (4) run-out spetsyhe surface cracks were found
to be in the root of the machining marks and pedenar to the stress axis as depicted
in Figure 4- 19-b&c. From the fractographs in Fed- 21-a, it is seen that the crack
initiated at the surface and propagated inwardyithgaa distinct region of crack

propagation (radial marks).

The white arrows indicate the direction of crackpgagation. The crack initiation site
(origin) and the area where the crack started tipgmate along the matrix can be
identified by the convergence of the radial markbey point back to the location of the
original fatigue crack. In all fractured specimetige fracture process was dominated

by the propagation of a single crack.

221



S.Al-Shahrani Discussion

At higher magnifications, striations were obseruedhe fatigue fracture region, while
the overload region showed dimple-type of fract(Fgure 4- 21-c). It can be seen
that, the fatigue cracks preferentially initiatddtse root of machining marks as shown

in Figure 4- 21e.

In broken electropolished specimen (336 MPa), tigirozone (Figure 4- 22-d) shows
the plastic deformation and formation of slip baatishe crack initiation site. This can
be seen as well in Figure 4- 19-a at the surfa@deatropolished run-out specimen.

5.6. Near Surface and Microstructure of AISI 316L

Fine machined -C non-fatigued specimens in Figut@a show that there is very little
observable plastic strain as slip bands that pateetr depth of approximately 3n.
Run-out fine machined (1) samples show that fatigueun-out appeared to cause a
slight increase in the density of slip bands asmsh@n Figure 4- 30-c. The rough
machined-A specimens (non-fatigued) show a greddgree of plastic strain close to

the surface, but this also extends to similar deptbw the surface (Figure 4- 31-c)

The electropolished samples show the effect ofdigtitesting in the absence of the prior
effect of machining. These samples demonstrataall slegree of plastic strain after
fatigue close to the surface, which penetratesdepth of approximately 40m (Figure

4- 32-c)

Plastically strained microstructure developed irstanitic stainless steels. This is
shown by the slight increase in the density of Bapds as a result of fatigue at the high
stresses close to the fatigue endurance limit gutnsamples). This can be seen from
the small, but observable, effect of fatigue ondttaction peak width in Figure 4- 39-
b and Figure 4- 40-b for fine machined -C and roogithined-A samples respectively.
The plastic strain extended from the surface tdbthike with greater depth, in the range
of 150 to 200 pum.

As shown in Figure 4- 49 to Figure 4- 51, x-rayfrdiftion (XRD) profiles show all
samples before and after fatigue test consist sfeaite peaks and no bcc peaks were

observed.

EBSD showed that coherent twins can be observaflisnmicrostructure. Coherent
twins can be seen in run-out electropolished (8cspen fatigued at 306 MPa as shown
in Figure 4- 56.
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5.7. Surface Cracks and Fracture Surface in AlSI 316L

All conditions show few surface cracks on the stefaf in run-out specimens. An
example is shown in Figure 4- 20. This electragd (3) run-out specimen (tested at
304 MPa) demonstrates microcracks along slip baagsshown in Figure 4- 20-a.

These were inclined at approximately 45° to thesstiaxis.

Fracture surfaces of this material (Figure 4- 23 igure 4- 24) show that the crack
initiated at the surface and propagated inwardyimgaa distinct region of crack

propagation (radial marks).

The white arrows indicate the direction of crackpgagation. The crack initiation site

(origin) and the area where the crack started tipgmgate along the matrix can be
identified by the convergence of the radial markbey point back to the location of the

original fatigue crack. In all fractured specimetige fracture process was dominated
by the propagation of a single crack.

At higher magnifications, striations were obseruedhe fatigue fracture region, while

the overload region showed dimple-type of fracture.

In broken electropolished (3) specimen (298 MPag, ¢rigin zone (Figure 4- 24-d)

shows the plastic deformation and formation of blmds at the crack initiation site.

Summary:
+ The surface cracks were found to be in the roadhefmachining marks and

perpendicular to the stress axis.

s TEM, X-ray diffraction (XRD) and EBSD findings shothe formation of
strain induced martensite with fatigue cycling it5A304L and none observed
in AISI 316L.

« The fracture process in all fractured specimenss wiaminated by the
propagation of a single crack.

+* Identical features of fracture surfaces were folandoth materials.
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5.8. Analysis of the crack path

To use an argument based on the Schmid factorgi@iexthe change in crack direction
and why the cracks arrest at twins, the Schmidfawt all of the slip systems should be

calculated for the matrix and the twins.

The orientation of each single point on the sanspidace is described in three Euler
angles ¢1, @, ¢2) obtained from EBSD measurement. The Euler angbn be
transformed into a 3x3 orientation matrix whichkBnthe components of a vector
measured in the crystal coordinate system (e.g.[100]/[010]/[001] system in a cubic
structure) with the components of the vector desctiin the sample coordinate system
(e.g., the Cartesian coordinate system, X-Y-Z, witlaligned with the loading axis)
[121].

Z-Normal Direction

A
[001]
Y/ Bl
A

[100] Y V. >

(o8] Y-Transverse Direction

| 7
¥ [010]
X-Rolling Direction

Figure 5- 2: Relationship between the specimen dioate system XYZ (or RD, TD, ND for a
rolled product) and the crystal coordinate systefi{], [010], [001] [121].

Once the specimen and crystal coordinate systeenspacified as in Figure 5- 2, we
have,

Cc=9gCs (5-1)
where Cc and Cs are the crystal and specimen cwaedsystems respectively and g is

the orientation matrix,

cosa; cosfy cosy; 911 91z Y13
<cosa2 cosp, cosyz) = (921 g22 923) (5-2)
cosaz cosfz cosys 931 Y932 Y33

The first row of the matrix is given by the cosirigghe angles between the first crystal

axis, [100] and three specimen axes X, Y and Ziin.t These three angles, 1, v1,
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are labelled on Figure 5- 2. The other two rovesratated to the other two crystal axis
and can be calculated similarly. The elementdefdrientation matrix in terms of the
Euler angles are given by

011 = COSpl cosp?2 - singl sing2 cosd

012 = Singl cosp2 + cospl sing2 cosd

013 = Sing2 sin®

021 = - cospl sing?2 - singl cosp2 cosd (5-3)
022 = - Singl sing2 + cospl cosp2 cosd

023 = COSp2 sSind

031 = Singl sin®

032 = - cospl sin®

033 = COSD

These nine elements of the orientation matrix cardibectly calculated from the raw

data that are collected by electron backscatteifédation (EBSD).

5.8.1. The Crack Path in AISI 304L

From Figure 5- 3 the crack changed its directiont aset the twin. To achieve the
active slip planes, the Schmid factor for all 18teyns in both grain (G1) and twin (T)

were calculated and shown in Table 5- 2 and TabBrBspectively.
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EBSD map

Test specimen
/ coordinate system

Test Specimen z

Figure 5- 3: a) Test sample section showing théoregf the EBSD map; b) the corresponding
map showing the interaction between the crack ardwin (T) in grain (G1).

EBSD was performed in the area around the crachguSEM XL30 from which the
data was analysed using V-map software [122]. ilifeemation obtained was stored in
the form of Euler angles, and unit orientation wvestgiven with respect to the
coordinate system shown in Figure 5- 2. The oaiggont data are given for grain 1 and
the twin in Table 5- 1.

Table 5- 1: Orientation data for grain (G1) and ttvain (T).

Grain 01 D P 811 812 813 821 822 823 831 832 833

Grain 1 173.11 36.2 77.71  -0.757 -0.288 0.586 -0.306  0.949 0.071 0.577 0.126  0.807

Twin 274.55 31.32 20.8 -0.908 0.417 -0.041 0.376 0.768 -0.518 0.185 0.486 0.854
y X z
Loading axis Surface normal

The orientation matrix for each grain that mapseater in the test sample coordinate
system, shown in Figure 5- 2, to that in the clysygtem can be obtained from the
orientation vectors in Table 5- 1 as follows:

226



S.Al-Shahrani Discussion

Assuming purely bending in the test sample, sinfplythe purposes of determining
Schmid factors, the loading direction, L = (010jisal and the twelve Schmid factors
for each grain may be determined from Equation 5-4:
s*=(gl - n)(gl - s%)

where ft and § are the fcc unit normal to the slip planes, {1ii}cc crystals, and unit

(5-4)

slip directions along <110> respectively, in whick 1,. . . ,12.

Table 5- 2: The Schmidt factors of all possiblp plianes in grain-1. (highlighted row

represent the slip system with highest Schmid facto

System | (hkl) [uvw] %] A Schmid Factor | ABS* (Schmid)
1 (111) [110] 65.7 27.5 0.37 0.37
2 (111) [101] 40 99.6 -0.13 0.13
3 (111) [101] 133.1 | 105.5 0.18 0.18
4 (111) [101] 109.3 95.8 0.03 0.03
5 (111) [101] 65.7 74.5 0.11 0.11
| 6 [@n] [o11] [ 401 [ 1284 | -048 | 048 |
7 (111) [110] 133.1 62.9 -0.31 0.31
8 (111) [011] 109.3 439 -0.24 0.24
9 (111) [011] 65.7 128.5 -0.26 0.26
10 (111) [110] 40.1 62.9 0.35 0.35
11 (111) [011] 133.1 43.9 -0.42 0.42
12 (111) [110] 109.3 | 152.5 0.29 0.29

* Absolute value.

Table 5- 3: The Schmid factors of all possible plgmes in the twin. (highlighted row
represent the slip system with highest Schmid facto

System | (hkl) [uvw] %] A Schmid Factor | ABS* (Schmid)

1 (111) | [110] 113.5 102.1 0.08 0.08
2 (111) [101] 83.3 87.8 0 0

3 (111) [101] 62.6 132.1 -0.31 0.31
4 (111) [101] 12.7 87.8 0.04 0.04
5 (111) [101] 113.5 47.9 -0.27 0.27
6 (111) [011] 83.3 28.4 0.10 0.10

7 [@in[ [i10] [ 626 [ 1473 | 039 [ 039 |

8 (111) [011] 12.7 99.9 -0.17 0.17
9 (111) [011] 113.5 28.4 -0.35 0.35
10 (111) [110] 83.3 147.3 -0.01 0.01
11 (111) [011] 62.6 99.9 -0.08 0.08
12 (111 [110] 12.7 77.9 0.21 0.21

* Absolute value.

According to the analysis based on the calculagsdlts in Table 5- 2 and Table 5- 3,
slip systems of(111)/[011] and (111)/[110] should operate most readily in grain
(G1) and the twin (T), respectively.
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Crack Trace /¥

(111)

9=40°
A=128°

® {111} : poles for G1
H<110> : poles for G1
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(111)

A=147° =
- =% '6({” €
i

9=63°

®{111} : poles for Twin
H<110> : poles for Twin

Figure 5- 4: a) the corresponding map showing thteraction between the crack and the twin,
b) stereographic projection {111} pole figure faragn surrounding the arrested crack with the
plane system of the highest Schmid factor tracsterpographic projection {111} pole figure

for the twin with the plane system of the highebin8d factor trace.

As shown in Figure 5- 4, the highest Schmid faplanes from Table 5- 2and Table 5-
3 are presented on pole figure (represented ByuBing (blue lines) Wulff net). Where
@, A are angle between the stress axis and the nowndiet slip plane and angle
between the stress axis and the slip directiopess/ely. {111} and {110} pole
figures for grain 1 and the twin were obtained gsiiMap software. The solid black
circles represent the pole figure of {111} and tleel square represent pole figure
{110}. As shown in the figures the Wulff net wased to measure the angle of 90
degrees to get the great circle (red circle infiheres) of the slip plane to match the
highest Schmid factor.

It can be seen in Figure 5- 4-b, that the cracketnmatches well with the calculated
ones of thg(111)/[011] plane system in grain 1 in which the calculatedriid factor

was highest, indicating that this slip plane wkslii to be the crack plane.

Figure 5- 4-c shows that no match between the drack and the calculated ones of the
(111)/[110] plane system in the twin. The crack does nopagate in the twin, but

seems to continue propagation along the twin iaterinstead.
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When there are two possible cracking planes inadjacent grains (I and Il), as shown
in Figure 5- 5, the orientation relationship betwé®e two cracking planes contains two
components with respect to the crack propagaticection. One is the tilt component,

as shown in Figure 5- 5(a), and the other is thettaomponent as in Figure 5- 5(b).
The boundaries could have both components. In éise of Figure 5- 5(a), the crack
easily propagates across the boundary. Howevehearcase of Figure 5- 5(b), crack
propagation across the boundary is thought to fliewt. A propagating crack in grain

| meets the cracking plane in grain Il at one pasot a successive crack in grain Il can
be initiated at this point, or a crack in grainoeg around and propagates into grain Il
through another neighbouring grain having a lowstwdomponent [123]. The twist

angle has a more profound influence on fractursstaasce than the tilt angle as shown

by Zhai et al in a study on fatigue crack propagatn the Al-Li alloy 8090 [53].

Grain | Grainll N
3 Tilt Angle
Crack Plane
A
Grain |
Twist Angle

e Crack Plane

Figure 5- 5: Schematic describing the crack plansamentation across a grain boundary in
terms of the tilt angle (a), and the twist anglé (23].
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. (111)
Tilt angle = 20° +2°

Z ; \ vaAist angle = 26° £2°

Crack pole

5
A=147°%

1‘~f‘ S

" 0=63°

®{111} : poles for G1
M <110> : poles for Twin
O{111}: poles for Twin

Figure 5- 6: Determination of cracked plane and k&sgof twist and tilt components; {111}
pole figure (Sold black circles represent pole fegof {111} for G1 and the open black circles
for the twin).

The pole figure of {111} for G1 and the twin (T) véeshown in Figure 5- 6. Sold black
circles represent the pole figure of {111} for Gidathe open black circles for the twin
(T). The crack trace used to measure the angleeleet the crack pole and the active
slip plane(111)/[110] pole in the twin. As shown in Figure 5- 6 the twasgle is the
angle between the poles of the crack and the doleeoactive slip plane in the twin.
The tilt angle is the angle between the normah®drack trace and the normal to the
active slip plane. These angles were measured) Wialff net. The twist angle is
about 26° £ 2° and the tilt is about 20° ° + 2%opagation from G1 to the twin (T) was
predicted to be difficult because the tilt angle &wist angle values seems to be large.
So, the crack does not propagate in the twin, baticues propagation along the twin

interface instead.
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5.8.2. The Crack Path in AISI 316

Figure 5- 7 shows the crack is arrested by twilis. determine the active slip planes,
the Schmid factor for all 12 systems in both matind twins were calculated and
shown in Table 5- 5 and Table 5- 6, respectively.

a EBSD map —»' =

S

— Test specimen
coordinate system

Test Specimen

Figure 5- 7: a) Test sample section showing théoregf the EBSD map; b) the corresponding
map showing the interaction between the cracksthadwins.

Table 5- 4: Orientation data for the matrix and twen.

Grain @1 @ ©2 81 812 B13 8Bx 82 B3 81 82 833

Grain1 32627 4725 4538 0012 0792 -0.611 0852 -0.327 -0.408 0523 0516 0.679

Twin 51.12 14.04 19.18 0.935 0.319 -0.152 0.345 -0.92 0.189 0.08 0.229 0.97
y X z
Loading axis Surface normal
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Table 5- 5: The Schmid factors of all possible plgnes in the matrix. (highlighted row
represent the slip system with highest Schmid facto

System | (hkl) [uvw] 1) A Schmid Factor | ABS* (Schmid)
1 (111) [110] 89.3 143.4 -0.01 0.01
2 (111) [101] 158.7 76.1 -0.22 0.22
3 (111) [101] 67.7 235 0.32 0.32
4 (111) [101] 124.4 67.7 -0.22 0.22
5 (111) [101] 89.3 156.5 -0.01 0.01
6 (111) [011] 158.8 96.5 0.11 0.11
7 (111) [110] 67.7 69.3 0.13 0.13
8 (111) [011] 124.4 1243 0.32 0.32
9 (111) [011] 89.3 96.5 0 0
10 (111) [110] 158.8 69.3 0.33 0.33
11 (111) [011] 67.7 1243 -0.21 0.21
12 (111) [110] 124.4 36.6 -0.32 0.32

* Absolute value.

Table 5- 6: The Schmid factors of all possible plgnes in the twin. (highlighted row
represent the slip system with highest Schmid facto

System | (hkl) [uvw] %) A Schmid Factor | ABS* (Schmid)
1 (111) [110] 102.7 153.4 0.19 0.19
2 (111) [101] 128.4 67.7 -0.24 0.24
3 (111) [101] 32.9 83.6 0.09 0.09
4 (111) [101] 63.9 67.7 0.17 0.17
5 (111) [101] 102.7 96.4 0.02 0.02
6 (111) | [o011] 128.4 38.5 -0.49 0.49
7 (111) [110] 32.9 113.8 -0.34 0.34
8 (111) [011] 63.9 120.9 -0.23 0.23
9 (111) [011] 102.7 38.5 -0.17 0.17
10 (111) [110] 128.4 113.8 0.25 0.25
11 (111) [011] 32.9 120.9 -0.43 0.43
12 (111) [110] 63.9 26.6 0.39 0.39

* Absolute value.
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Figure 5-8: (a), (b) and (c), see the caption ixineage.
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Figure 5- 8: a,b) the corresponding map showing ititeraction between the crack and the
twin, c) stereographic projection {111} pole figufer grain surrounding the arrested crack
with the plane system of the highest Schmid fdcaoe, d) stereographic projection {111} pole
figure for the twin with the plane system of thghleist Schmid factor trace.

As shown in Figure 5- 8-c and d, the highest Schiaator planes from Table 5- 5 and
Table 5- 6 are presented on pole figure (repredelyed, . using (blue lines) Wulff
net). Where @) are angle between the stress axis and the noontlaétslip plane and
angle between the stress axis and the slip dirgatespectively. Pole figure {111} and
{110} for matrix and the twin were obtained usingMap software. The solid black
circles represent the pole figure of {111} and tleel square represent pole figure
{110}. As shown in the figures the Wulff net usedmeasure the angle of 90 degrees
to get the great circle (red circle in the figure$)the slip plane match the highest
Schmid factor.

It can be seen in Figure 5- 8-c, that the craatetraatches well with the calculated ones
of the (111)/[110] slip plane system in the matrix in which the ckdted Schmid

factor was highest, indicating that this slip plaves likely to be the crack plane.
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Figure 5- 8-d shows that no match between the drade and the calculated ones of

the (111)/[011] slip plane system in the twin.

The pole figure of {111} for the matrix and the tw({T) were shown in Figure 5- 9.
Sold black circles represent pole figure of {11Dby fthe matrix and the open black

circles for the twin (T).

The crack trace used to measure the angle betvineearack pole and the active slip
plane(111)/[011] pole in the twin. As shown in Figure 5- 9 thedtvangle is the
angle between the poles of the crack and the gdoleeoactive slip plane in the twin.
The tilt angle is the angle between the normah®drack trace and the normal to the
active slip plane. These angles were measured) Wialff net. The twist angle is
about 40° + 2° and the tilt is about 40° + 2°. pagation from the matrix to the twin
(T) was predicted to be difficult because thediigle and twist angle values seems to be

large. So, this is show that the crack cannoticoatalong the same plane as it meets

the twin.
Y
Crack pole o , v,
Twist angle = 40° +2° /% "f-_é,a%*ff, ,'5%,”'“-'
_: II _:T— "k '1" ':.“| EJ l; \r-\-‘a'i I‘ i
i e e i
F T 3 B 1 4‘.\|l
Tilt angle = 40° +2° %: S -
T%.{ o e L T [011]
SRR s J=38°
" e
0=128° “Fi
H

(111)

@®{111} : poles for Matrix
W <110> : poles for Twin
O{111} : poles for Twin

Figure 5- 9: Determination of cracked plane and ksgof twist and tilt components; (a) {111}
pole figure (Sold black circles represent pole fegof {111} for matrix and the open black
circles for the twin).
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5.8.3. The Crack Path in AISI 304L (Interaction with Martesite)

In Figure 5- 10 (a,b and c) the line x-y shows tékative orientations of the bright
field/dark field and diffraction pattern imageshelorientation in dark field image in c)
is different to that in a) and b) due to the chaofythe magnification. This image was
also recorded in a different session in the miapsc

The austenite planes identified by the diffractspots in the diffraction pattern (Figure
5- 10-b) have been represented on a pole figugu(€i5- 11). The traces of austenite
{111} planes have also been identified on the sk figure using the standard
stereogram of the cubic system to index their i@tghips. The traces of the crack,
from Figure 5- 10-a (Crack-A and crack—B) have bespresented on the pole figure,
and are compared with the traces of austenite {Jldhes. The objective was to check
whether or not they were consistent. This would dxpected if the crack was
propagating along slip planes, as observed in tA8LE analysis of the AISI 316L
stainless steel. However, it can be seen thatthek traces don’t match any of the

austenite {111} slip planes traces (Figure 5- 14gnce that the crack did not propagate

on the austenite {111} slip planes.

Figure 5- 10: a) bright field image of the crack &ISI304L as electropolished sample; b)
Diffraction pattern; c¢) Dark field image, which shkie the crack arrested at a martensite packet
interface. The (110) martensite diffraction spsediis circled in (b) and labelled.
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Crack trace-B
111
Crack trace-A

100

010
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Figure 5- 11: Pole figure show the traces of slipnes in figure 5-10-b and the crack traces in
figure 5-10-a.

The bright field image and dark field image in Fg®b- 12 show the crack interaction
with the martensite. The area labelled with x athbimages show the martensite laths
at the upper side of the crack. Similar lathssmen at the crack tip in Figure 5- 12(d),
although their orientation is different. It can $&en in Figure 5- 12(c) that the crack
tends to propagate along the interface of the msite laths, and that in places the
crack profile is stepped, as it propagates from latie interface to another (labelled
with black arrows). The habit plane of lath masita formed in steel was reported to
be {225} [9, 124]. The trace of crack-A quite abo® the trace of225) as shown in
Figure 5- 11. This can support the hypothesis thatcrack propagates along the
interface of the martensite laths. The crack ppears to have been impeded when it
reached a martensite packet of different oriemafifogure 5- 12(d)).
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Figure 5- 12: Crack interaction with martensite &KISI304L as electropolished sample; a)
Bright field image; b) Dark field image; ¢) Zoomadhthe martensite region in a); d) Zoom in of
the crack tip show the martensite stop the crack.

Summary:
+« Schmid factors of all of the slip systems in thaiigs the crack propagate through

were calculated. Based on the highest Schmid rfdstceach grain the active slip
planes were indicated.
« In AISI 304L, the crack trace matches the active s{/stem in grain 1 and then
propagate along the twin interface but not in thie t
« In AISI 316L, the crack trace matches the actiip system in the matrix and
cannot propagate along the same plane as it nieetwin.
+ The crack in electropolished sample of AISI 304bgagates along the interface of
the martensite laths. This crack impeded wheeatihed a martensite packet of

different orientation.
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5.9. Reproducibility of N-R model

Before applying the model in this project, a grapds plotted using the N-R model to
understand the basic characteristics of the modkt@implement the necessary surface
coding to develop and apply the model. The impletaiegon of the model was tested

against literature applications of the model.

5.9.1. N-R model for fatigue crack growth in shot-peenedufinium

N-R model was used to model the fatigue crack gnawtshot-peened components of
Al 2024-T351. Two types of specimen are consideredpeened and shot-peened
aluminium specimens. The fatigue limits of thepeened and peened specimens were
measured to be 220 and 270 MPa, respectively [lfd}he shot-peened specimen, the
closure stress profile was estimated from the wadidtress distribution Figure 5- 13
and the closure stress is ignored for the un-pespedimen. The predicted threshold
stress profile obtained by substituting the aboxpeamental data using Eq. (5-5) is
shown in Figure 5- 14. The predicted profile of threshold stress in Figure 5- 14 is

almost the same as reported in [74] as shown iar&i§- 15.

oL = (ali + ﬂlﬂ) (5-5)

o
o
1

-100 -

-150 - —o—Shot peened

Residual Stress (MPa)

-200 -

-250 -

-300 T

0 100 200 300 400 500 600
Depth um

Figure 5- 13: Residual stress profile used in timplementation of the model [74].
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Figure 5- 14: Threshold stress profile using N-Rdelofor unpeened and shot peened
specimens to check the model used in this work.
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Figure 5- 15: Kitagawa-Takahashi type diagram fopeened and shot peened specimens of AL
2024-T351, four-point bending, R=0.1, D=grain diaerg74].
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5.9.2. N-R Model to predict notches effect on Fatigue CkaGrowth in Mild Steel

Kitagawa-type diagram reported in [78, 79] was ssgstully reproduced using the N-R
model. Eg. (5-6) was used to reproduce the diagrdihe geometric characteristics of
the material are summarized in Table 5- 7. Tabl& Shows the data of notched

specimens.a andp are the depth and the width of notches, respdygtive

oL = Zi (U1i + %%) (5-6)
Table 5- 7: characteristics of mild steel 0.22%i€&d to reproduce the Kitagawa diagram
[78].
Material R or. (MPa) D(um)
Mild steel 0.22% C -1 202 30

Table 5- 8: Data of notched specimens of mild 9622% C [78].

Conditions a (mm) p (mm) Amm)[B = /pa]
A 5.08 0.10 0.71
B 5.08 0.25 1.13
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Figure 5- 16: Threshold stress as a function of ¢hack length for different notches size to
check the model used in this work.
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Figure 5- 17: Threshold stress as a function of thack length for different notches size
reported in[78].

The predicted profile of the threshold stress iguFé 5- 16 is almost the same as
reported in [78] (Figure 5- 17).

Summary:
Reproductions of the published data demonstrates the N-R model has been

successfully implemented in this work.

5.10. Fatigue Limit Prediction for Machined Surfaces

The measured surface and microstructure paramiarser spacingD, (i.e. grain
size), residual stresses, experimental intringigde limits, or, surface roughness and
hardness, Hv) were used to calculate the fatigaekcpropagation threshold stress for
each condition, using the implementation of the &fey+Rios (N-R) short fatigue crack
model (Eq.5-5). The surface hardness is used risedthe threshold for long fatigue
cracks (Eg. 2-46) and hence the variation of goaiantation factorm/mt, with crack
size relative to the number of grains, The roughness data collected by Stylus
Profilometry were used to implement the N-R modehese data were used because the

differences between them and the optical profiloypnetata were small and the
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measurements were carried out for three samples éach condition and four times at
different locations. The residual stress profifes fine machined(C) and rough
machined (A) (Figure 5- 18-a and Figure 5- 19-ajemeonverted into closure stress
profiles Figure 5- 18-b and Figure 5- 19-b) by grtgion using Eq. (2-39). The
integration was approximated by Simpson’s methBesidual stresses were neglected

for the annealed samples in the model predictions.

Table 5- 9, presents the key microstructure pararmetquired to implement the N-R

fatigue model.
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Figure 5- 18: AISI 304L, a) Residual stress of famal rough conditions; b) Estimated closure
stress of fine and rough conditions.
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Figure 5- 19: AISI 316L, a) Residual stress of famagl rough conditions; b) Estimated closure
stress of fine and rough conditions.
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Table 5- 9: Parameters of machined surfaces (+sm@dard deviation).

Surface/Microstructure Parameters
Roughness, Ry (um) Fine Machined-1 7x1
(Maximum peak to valley Rough Machined-4 23 42
height) B
Roughness, S (um) Fine Machined-1 58 +1.3
AlISI (Average peak spacing) Rough Machined-4 249 +1
304L Microhardness, Hv Fine Machined-1 321 %2
Rough Machined-4 347 + 6
Electropolished-3 152 +2
D (Grain Size um) 54 £6
Intrinsic Fatigue Limitor. (MPa) 337 2
Roughness, Ry (um) Fine Machined-1 8+2
(Maximum peak to valley Rough Machined-4 23 42
height) B
Roughness, S (um) Fine Machined-1 60 £2
AISI (Average peak spacing) Rough Machined-4 249 +2
316L Microhardness, Hv Fine Machined-1 332 +3
Rough Machined-4 315+3
Electropolished-3 233 £3
D (Grain Size um) 57 £7
Intrinsic Fatigue Limitog_ (MPa) 302 +5

An important aspect of the model is the assumptian the austenite grain boundaries
act as barriers to crack propagation. The graie s assumed to be the average barrier
spacing. The N-R short crack model is most sesasit factors with a similar length
scale to the barrier spacing. This causes the mssape residual stress peak from
machining to have a significant effect on crack pagation, as well as the stress

concentration from the surface roughness.

The peak threshold value for each condition is thi@imum stress amplitude for
unstable crack propagation, which is the fatigoatl(Figure 5- 20 and Figure 5- 21).
In the model (Figure 5- 20 and Figure 5- 21), treck length at stress amplitude below

the fatigue limit represents the maximum expecteested crack length.

As shown in Figure 5- 20, the model shows thattémsile surface stress in the rough
machined (4) condition encourages the propagatfashort crack nuclei. Afterward,
the crack propagation arrested at a depth equidetalepth of the compressive stress

peak to give stable crack nuclei.

From the model predictions, it can be seen thatatigue limits for both fine machined
(1) and rough machined (4) samples are higher thanntrinsic fatigue limits of the

247



S.Al-Shahrani Discussion

electropolished (3) samples. This is due to tliecefof the compressive stress peak,
which dominates the predicted behaviour.

Compared with the electropolished (3)condition, fdggue limit of the fine machined
& annealed (2) samples, which have low roughneegs chot significantly reduce,
while, the stress concentration arising from thegto machined (4) surface tends to
reduce the fatigue limit, and to encourage stakdekcnuclei below the fatigue limit.
Subsequently, the implementation of the N-R modelatistenitic stainless steels
suggests that there should be significant effetth® surface roughness and residual
stresses arising from machining. The model prigistfor AISI 316L are similar to
that predicted for AISI 304L as it can be seenigufe 5- 21.

By comparing the fatigue limits obtained by fatigests with the model predictions, it
can be seen that there is no agreement betweenftindsoth materials (Figure 5- 22).

It can be seen that the observed fatigue datanaemsitive to the surface roughness and
the sub-surface compressive residual stress peaktracy to the predictions. These
results are consistent with previous observatiarasuistenitic stainless steels studied by
M. Kuroda [4, 108].
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Figure 5- 20: AISI 304L, a) Threshold stress pexilpredicted for; as machined specimens,
annealed specimens and electropolished specimé&dT{ifeshold stress).
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Figure 5- 21: AISI 316L, a) Threshold stress pexilpredicted for; as machined specimens,
annealed specimens and electropolished speciméndl{ifeshold stress).
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Figure 5- 22: Predicted fatigue limit in comparisamth the measured fatigue limit (N-R
Model) for all conditions for AISI 304L and AISI@1
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Summary:
It can be seen that the implementation of the N-&deh to austenitic stainless

steels suggests that there should be significdettsfof the surface roughness and
residual stresses arising from machining. Thigastrary to the experimental

observations.

5.11. Validity of the N-R Model for austenitic stainlesteels

It can be seen that there is no agreement betvireeprédictions of the N-R model and
the experimental measurements of the fatigue liasit shown above. From the
predictions, it can be found that the model sigaifitly over-predicts the effect of
roughness on the fatigue limit. This is apparentcomparing the predicted fatigue

limit of the annealed rough machined samples wiéhelectropolished sample.

The effect of closure stress on the fatigue procassbe seen by comparing the closure
stress profile (Figure 5- 18-b) and the threshaddss profile (Figure 5- 20 and Figure
5- 21). The crack is predicted to propagate dverdepth and to be arrested at a similar
position of the compressive residual stress peakl e pm and 200 pm for fine

machined (1) and rough machined (4), respectively).

The depth of the observed cracks in run-out sampéesless than the depth of plastic
strain zone developed close to the surface byuates shown by EBSD (Figure 4- 25
to Figure 4- 27 for AISI 304L and Figure 4- 30 tiguite 4- 32 for AISI 316L). Also,

the depth of these cracks was less than the déplie plastically strained zone which
developed by machining as supported by X-ray diffeen (Figure 4- 13-a and Figure 4-
14-a). So, it can be found that the cracks wewmadowithin a plastically strained region

at the surface.

The maximum depth of observed cracks was approeignét um and the position of
the compressive residual stress peak for fine machi{l) and rough machined (4)
conditions was approximately 100 um and 200 punpeesvely. So, the depth of

cracking has no relation to the position of the poessive residual stress peak.

From all indications mentioned above, the obsesteutt fatigue cracks were found to
be arrested in cyclically plastic strained microsture, which differs from the original
bulk microstructure of the material and also frdra hear surface microstructure that is
developed during surface preparation. The eleotigiped samples can demonstrate the
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cyclically plastic strained microstructure whereréh is no significant effect of prior

plastic strain from machining.

The reason of development of this cyclically plastirained microstructure near to the
surface of the test specimen may be attributedhéoldw yield strength of austenitic
stainless steel and a high intrinsic fatigue lithé. large plastic strain range required to

develop a fatigue crack) [4].

In this analysis, the barrier spacing employednbplement the N-R model was the
austenite grain size (~ 56 um for both materiahg) the depth of plastic strain zone is
smaller than the grain size. This implies tharehare microstructural barriers in the
cyclically plastic strained microstructure close ttee surface, which may be more
significant to crack propagation than the austegitén boundaries. It has previously

been proposed [125] that slip bands can act agelmto fatigue cracks.

The degree of plastic strain in the near surfagereincreases as shown by the EBSD
analysis (Figure 4- 25 to Figure 4- 29). The x-aagplyses show the formation of strain
induced martensite with fatigue cycling in AISI 3048Figure 4- 43 to Figure 4- 47).
This is supported by TEM observations (Figure 4y 6bhis is consistent with literature
observations for the effect of cyclic plastic straamplitude on martensite volume
fraction in unstable stainless steels [37, 126].

The cyclically strained microstructure at the scefas cold worked as a result of
martensite formation. Neutron diffraction studiels martensite in austenitic steels
showed that thé martensite acts as a strengthening phase aspbdsmm higher stress

than the austenite under external loading [127].

In AISI 304L, martensite packet was observed toddgcrack propagation as shown in
Figure 4- 62-e. It can be seen that the cracktopped at the edge of martensite packet.
So, the crack can follow the martensite laths asudised in section 5.8.3 and arresting
at those packet boundaries. Also, twins were oesketo arrest fatigue cracks as shown
in Figure 4- 55. In this material a martensite kgicarrested the crack at depths less

than about 5pum from the surface.

In AISI 316L, martensite was not detected in theodeed microstructure as supported
by x-ray analyses (Figure 4- 49 to Figure 4- 5I)vins were observed to arrest fatigue
cracks in this material as shown in Figure 4- G®iese twins were observed at a depth

similar to the depth of martensite packet in AIB#B (about 5um) from the surface.
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It can be seen from Figure 4- 56 that the cradcki®l 316L lies on plane {111}.

In AISI

316L the cracking is stage | and it is she@he crack plane in AISI 304L could

be controlled by microstructure rather than by ¢hestal slip plane orientations. The

crack plane in AISI 304L might be a stage Il crégkowth under opening and closing

mode).
This is

shows that there is a difference betweesl 8D4L and AISI 316. So, perhaps

this is the cause of the different behaviour indéassitivity to the surface stress.

Summary:

K/
£ %4

The cracks were found within a plastically straimedion at the surface. Th
depth of cracking has no relation to the positibthe compressive residual stre
peak. The observed short fatigue cracks were fdanoe arrested in cyclically
plastic strained microstructure.

The microstructure of both materials shows thatetere microstructural barrier
in the cyclically plastic strained microstructudese to the surface, which may &
more significant to crack propagation than theemg grain boundaries.

In AISI 304L, martensite packet was observed tpdde crack propagation.
In AISI 316L, no martensite was detected and twiese observed to arrest fatigL

crack.

(%)

e

e
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5.12. Development of N-R Model for the Fatigue Limit ofustenitic Stainless Steels

5.12.1.Refined Barrier Spacing

As shown before using austenite grain size (~ 56 asthe barrier spacing leads the N-
R model to predict significant differences in ttaidue limit between the machining
conditions; but this does not agree with the expental observations. As discussed
before, the near surface microstructure show sonuerce such as plastically strained
region size (smaller than the grain size) and ofeskercrack length (~ 1 pm) that
indicate that there are barrier spacings signiflgasmaller than the employed austenite

grain size.

In AISI 304, Figure 5- 23 and Figure 5- 24 show fladgue thresholds for fine
machined (1), rough machined (4) conditions andtedpolished (3) condition with
refined barrier spacing (~0.5 pum similar to the esbbed martensite packet width

observed in run-out electropolished (3) as in Fegin 62-e).

By comparing threshold stress curve after refinadiér spacing in Figure 5- 23 with

threshold stress curve before in Figure 5- 20art be seen that in fine machined (1)
condition, the prediction gives a fatigue limit tha 12% lower than the observed one
by changing the barrier spacing from grain sizengiter to small barrier spacing (0.5
pm) and the depth to which arrested cracks mayloleve decreased to a magnitude
that is consistent with the experimental observatioln rough machined (4) condition,

the fatigue limit decreased to a fatigue limit lowlean the observed one by 64% and
the depth to which arrested cracks may developedsed to length is consistent with

the observed one.

In AISI 316, Figure 5- 23 and Figure 5- 24 also destrate the fatigue thresholds for
fine machined (1), rough machined (4) conditionsl @&tectropolished (3) condition
with refined barrier spacing (~3 pm) similar to tieserved twins spacing observed in

run-out electropolished (3) as it can be seenguiei 4- 56.

Fine machined (1) condition, demonstrates a fatlgoi lower than the observed one
by 16% and the depth of arrested cracks is comsistdth the experimental
observations. Rough machined (4) condition shovatmue limit lower than that

253



S.Al-Shahrani Discussion

observed by 54% and the depth to which arresteckeranay develop decreased to
length close to the observed one.

Electropolished (3) samples for both materials shioat the depth of arrested crack is

more consistent with the experimental observations.
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Figure 5- 23: Effect of refined barrier spacing3Qum for AISI 304L and 3 um for AISI 316L)
on the threshold stress in machined samples for 20&L and AISI 316L.
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Figure 5- 24: Effect of refined barrier spacing3Qum for AISI 304L and 3 um for AISI 316L)
on the threshold stress in electropolished anne8ledmples for AISI 304L and AISI 316L.

5.12.2.Surface Roughness Effect

The experimental observations of austenitic staglisteels show that no significant

effect for the surface roughness on fatigue linfihis can be attributed to the fact that

in plastically strained region, the small barripasing, relative to the notch dimensions,

may arrest the crack before the action of surfacghiness becomes effective [3]. So,
in austenitic stainless steels, the surface rowsghatfect may be neglected and removed
from the N-R model.

In order to see the effect of neglecting the serfaighness, the model (Equation 5-6)

for austenitic stainless steels can be written as:

oL = (ali + m_iT) (5-7)

In AISI 304L, it can be seen that in fine machirigéyl condition, the prediction gives a
fatigue limit that is 2% higher than the observe@ and the depth of arrested cracks is
more consistent with the experimental observatiofugh machined (4) condition
shows a fatigue limit lower than the observed byo48nd show similar depth of

arrested cracks to the observed crack length.
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AISI 316L shows that the fatigue limit in fine maoéd (1) condition is similar to that
observed and the crack arrest at depth is clodeetobserved values. Also, the depth of
arrested crack in rough machined (4) conditiorhis tnaterial is close to the observed

length and the fatigue limit became lower thandhserved value by 40%.
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Figure 5- 25: Effect of neglecting surface roughmeffect on the threshold stress in machined
samples for AlSI 304L and AISI 316L.

5.12.3.Relaxation of Residual stress

Kuroda et al. [3] measured the surface residuaksés and concluded that there was no
relaxation. However, in this investigation the sulface stresses were also measured.
In AISI 304L, Figure 4- 37-a and Figure 4- 38-ap chow the profile depth of the axial
stress of pre- and post-fatigue samples (test@2@tand 294 MPa) for fine machined
(1) and rough machined (4) samples, respectivétyAlSI 316L, Figure 4- 39-a and
Figure 4- 40-a show the profile depth of the agia¢ss of pre- and post-fatigue samples
(tested at 318 and 294 MPa) for fine machined (i) @ugh machined (4) samples,
respectively. It can be seen that all stressesgdathon average by approximately 50 %
in the subsurface region after fatigue testing. isTtlearly shows that there is a
relaxation in subsurface but the surface stresses@ significantly affected. This is

consistent with Kuroda et al’'s observation, butvehitheir conclusion to be incorrect.
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Figure 5- 26 and Figure 5- 27 demonstrate the lprdipth of the closure stress of pre-
and post-fatigue samples for fine machined (1) @ndjh machined (4) conditions for
AISI 304L and AISI 316L, respectively. In order smulate the effect of the
redistribution of stress after fatigue on the maguteldictions, the stress relaxation after
fatigue was converted to closure stress and usteiiN-R model with a refined barrier
spacing and neglecting of the surface roughnessteffThe effect on the threshold for

both conditions presented is shown in Figure 5- 28.

For both materials, in the fine machined conditidncan be seen that the predicted
fatigue limit disagrees with the observed fatigusitl although the depth to which
arrested cracks may develop is decreased to a tudgnihat is consistent with the
experimental observations. Also, the effect of pogssive stress peak was reduced. In
the rough machined condition, the prediction fargio machined (4) condition gives a
fatigue limit that is 77% lower than the observet on AISI 304L and a very small
fatigue limit for AISI 316L. Also, the depth to wdhm arrested cracks may develop does

not agree with the observed crack length.
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Figure 5- 26: Closure stress profiles of the finarid rough-4 machined samples AdSI 304L
before and after fatigue test.
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Figure 5- 27: Closure stress profiles of the finedaough machined samples fatSI 316L
before and after fatigue test.
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Figure 5- 28: Effect of stress relaxation using sw@ad residual stresses after fatigue test on
the threshold stress in machined samples for AI8L3&nd AISI 316L.
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After fatigue testing all stresses changed belavsibecimen surface. Figure 5- 29 and
Figure 5- 30 for AISI 304L and AISI 316L, respeety, show the ratio between the
stresses before and after fatigue test for botlditons. This data suggest that the
stresses for fine and rough conditions were reldyeklaxation factor of about 0.5. It

can be seen from Figure 5- 29-a and Figure 5- 8tatthe certainty in this ratio is

increased dramatically as we approach the surf@ceimilar magnitude of relaxation

was observed over the majority of the stress @ofiSo, it was assumed that in the
absence of more accurate measurements that satoe dacurs in the near surface
region where the stress gradient is steeper. Basedithis, a more simple model that
assumes that there is a constant relaxation facsrimplemented as shown in Figure
5- 31. This is in contrast to the model used etiien 5.12.1 and 5.12.2), in which the
measured residual stresses, as a function of positiere used to calculate the closure

stress profile.

In AISI 304L, the predicted fatigue limit and cradgngth in fine machined (1)
condition show good agreement with the observedltseegwithin 2%). While, the
rough machined (4) condition shows that the cracigth agree with the observed but

the fatigue limit is now less than the observete limit by about 49%.

In 316L, fine machined (1) condition show that firedicted fatigue limit agrees with
the observed fatigue limit by 100%, and the cracigth show good agreement with the
observed results. While, the rough machined (4ditmn shows that the crack length
agree with the observed but the prediction givéstigue limit that is 40% lower than
the observed one. By comparing the fatigue limhtamed by fatigue tests with the
model predictions, it can be seen that there areeagents in fine machined (1)
condition and no agreement in the rough machingdc¢hdition for both materials
(Figure 5- 32).
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Figure 5- 29: Stress ratio between the residuasdrbefore and after fatigue test for AISI 304L.
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Figure 5- 30: Stress ratio between the residuasdrbefore and after fatigue test for AISI 316L.
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Figure 5- 31: Effect of residual stress relaxation the threshold stress in machined samples
for AISI 304L and AISI 316L using relaxation fact$r0.5.
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Figure 5- 32: Predicted fatigue limit in comparisaith the measured fatigue limit (hew model)
for machining conditions for AISI 304L and AISI 816
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5.12.4.0ther Factors

The fatigue loading (fatigue cycling) creates ained microstructure where new
interfaces appear that interfere with crack propaga The N-R model is based on
spacing and strength of those interfaces. Dubedack of data of the strength of those

interfaces, the model assumes the most importarg th the spacing.

Also, as a result of the lack of the data that sidvat the prior cold work does to the
strength, the model assumes that the fine and rouagthined have similar spacing of
the martensite and similar strength of the martensi AISI 304L. In AISI 316L, the

model assumes that the fine and rough machinedriadatbave similar spacing of the

deformation twins and similar strength of deforroati

In AISI 304L, the fatigue resistance is affected twe prior deformation of the
microstructure, cyclic deformation and the tendeteyform martensite. This effect
could be different between fine and rough condgion

The implications of X-Ray diffraction data show thiere is more martensite in
machined condition as shown in Table 4- 9 by comngathe ratios between austenite
peak and martensite peak (inside the dotted reletanghe x-ray diffraction patterns).
Qualitatively, X-Ray diffraction shows that the graize of those martensite laths in
the machined condition appears to be smaller thainin the electropolished as it can be
seen from the broadening in the martensite peakpaced to the electropolished
martensite peak as shown in Figure 4- 48. The pea&dening increases as grain size

decreases [112].

So, if this is the case, in modelling the propagatiof fatigue crack in such

microstructure, the fatigue cracks should follow thartensite laths and arrest at those
packet boundaries. To pass across those bounddmesrack will initiate slip in the

next packet. The lath width will act as a bart@ethese dislocations movement. The
lath width could affect the strength of this barri&ubsequently, it will be reasonable to
postulate the intrinsic fatigue resistance of tretensite in the machined and fatigued
microstructure is higher than the intrinsic fatigesistance of martensite formed in the

electropolished microstructure by fatigue.

K. Spencer et al. [127-129] studied the strengtigethat results from the formation of

strain-induced martensite in austenitic stainléesl304L and 316L). They reported
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that the size of thé laths was typically< 500 nm and the martensite acts as a
reinforcing phase as it supports a higher strems tie austenite under external loading.

The data reported in the literature can be usestinate the sensitivity of the model to
those parameters. So, in AISI 304L, relaxatioridiaof 0.5, barrier spacing of 0.5 um
(0.5 um similar to the observed martensite packss) and the intrinsic fatigue limit
increased by 2% and 30% for fine machined (1) andyln machined (4) condition,
respectively, were used to simulate the sensitigitthe model to these parameters.
The agreement with the measured fatigue limits rfyreiasing the intrinsic fatigue
resistance by 3% and 30% is good for both condstiigure 5- 33).

In AISI 316L, relaxation factor of 0.5, barrier sjpag of 0.5 um and the intrinsic fatigue
resistance increased by 3% and 30% for fine andhra@ondition, respectively, were
used to simulate the sensitivity of the model testh parameters. By increasing the
intrinsic fatigue resistance by 2% and 30% the ipted fatigue limit and crack length
show consistency with the observed data for botiditions in this material (Figure 5-
33).

By comparing the fatigue limits obtained by fatigests with the model predictions, it
can be seen that there are good agreements imahined (1) condition and rough
machined (4) condition for both materials (Figure38).

This postulation shows how much the resistance dvtalve to be increased to get
agreement with the observed results for both nedseri The required changes, of 2%
and 30% increase in intrinsic fatigue resistance fioe and rough condition,

respectively is not large, and may be reasonable.

These changes are consistent (in relative magnitwidle what might be expected if the
machining affected the martensite lath spacing moreugh machining than in fine
machining. So, it is recommended that TEM obseaatshould be made to measure
the effect of machining condition on lath spacing &ll machining conditions before

and after fatigue testing.
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Figure 5- 33: Effect of residual stress relaxatifor machining conditions using relaxation

factor of 0.5, intrinsic fatigue limit (increasedy 5% for fine-1 machined and by 30% for
rough-4 machined condition), refined barrier spagi®.5 pm).
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Figure 5- 34: Predicted fatigue limit in comparisaith the measured fatigue limit (hew model)
for machining conditions for AISI 304L and AISI 816
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Summary:
A development of the N-R model, which takes intecamt the effect of parameters

which were neglected in the N-R model for austerstainless steels such as martensite
laths spacing (different between fine and rough himacg) and deformation twins
spacing (different between fine and rough machinisgd changes in intrinsic fatigue

resistance can predict the behaviour observed.

5.13. Annealed Microstructure

Annealing at 900°C for 10 minutes had a significafiect on the grain size near the
machined surface in AISI 304L as shown in Figur&-and Figure 4- 29 and in AISI
316L as shown in Figure 4- 33 and Figure 4- 34.

In AISI 304L, fine grain size (~3 pm) was obserwéthin a depth of about 30 pm and
40 um from the surface in fine machined & anneg@dand rough machined &

annealed (5) specimens, respectively.

In AISI 316L, similar fine grain size (~3 um) wabserved within a depth of about 10
pm and 50 pm from the surface in fine machined &eated (2) and rough machined &

annealed (5) specimens, respectively.

In AISI 304L, as shown in Table 4- 8, the fatigusit of the fine machined & annealed
(2) was 2% higher than the intrinsic fatigue lifd). Similar fatigue limits can be seen

in rough machined & annealed (5) and the intrifigiigue limit (3).

AISI 304L show that there is no effect of surfaceighness on the fatigue limit as
discussed earlier. Also, the grain size near thitase in annealed samples is about 3
um. By employing these data in the model (i.eorgrg the surface roughness and use
of the observed grain size after annealing as dvaspacing) it can be seen that the
prediction of fatigue limits for both conditions earin good agreement with the
observations (Figure 5- 35). By changing the barspacing to a size similar to the
martensite packets size (0.5 um), the model shawsl ggreement for both fatigue
limits and the arrested crack depth with the expental observations (Figure 5- 36).
This shows the present of martensite, which is@asal with the small grain size at the
surface produced as result of annealing in theseirsens after fatigue. The tendency

for martensite formation at surfaces is reportedbéo sensitive to grain size. For

266



S.Al-Shahrani Discussion

instance, coarse grains (of the order qiréD adjacent to a free surface in 304 austenitic
stainless steel have been shown to develop lesemsde when strained, in comparison
to finer grain size [130]. The martensite act agrangthening phase as reported from

neutron diffraction studies of martensite in austesteels [127].

This is supported by the implications of X-ray dafftion patterns of fine machined &
annealed (2) and rough machined & annealed (5) evbeth conditions have more
martensite than the electropolished specimen bypeoimg the ratios between austenite

peak and martensite peak as shown in Table 4- 9.

In AISI 316, it can be seen from the data in Table8 that the fatigue limit in fine
machined & annealed (2) is lower than the intrirfiaitgue limit (electropolished-3) by
5%. Rough machined & annealed (5) shows a lowsgu@ limit (about 13% lower
than the intrinsic fatigue limit). This could b#rduted to the presence of the cracks
that machining produced on the surface. So, titiation should be easier. Also, the

recrystallization at the surface due to the anngatiay resist the twining.

By using these data (i.e. ignoring the surface hoegs and the observed grain size near
the surface was employed as barrier spacing) imbdel, the predictions of fatigue
limit and the arrested crack depth show good agee¢nwith the experimental
observations for fine machined & annealed (2). prediction for rough machined &
annealed (5) shows higher fatigue limit (about 18%her than the experimental
observation) as shown in Figure 5- 35. By compgatire fatigue limits obtained by
fatigue tests with the model predictions, it carsben that there are good agreements in
fine machined & annealed (2) and rough machinedn&ealed (5) for AISI 304L
(Figure 5- 37).
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Figure 5- 35: Effect of annealed microstructure tbe threshold stress in AISI 304L and AlSI
316L (neglecting surface roughness effect and ulsanrger spacing of observed grain size (3

Hm)).
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Figure 5- 36: Effect of annealed microstructure tbe threshold stress in AISI 304L and AlSI
316L (neglecting surface roughness effect and ubargier spacing of observed martensite
packet size (0.5 um) for AISI 304L and observend $wacing (3 um ) for AISI 316L.
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Figure 5- 37: Predicted fatigue limit in comparisaith the measured fatigue limit (hew model)
for annealed microstructure for AISI 304L and ABIBL.

Summary:
Annealed microstructures for AISI 304L show goodeagnent with the simple

model for both machining conditions. In AlISI 31Ginly fine machined & annealed
(2) condition show good agreement with the modd the rough machined &
annealed (5) show disagreement.
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Chapter 6

Conclusion and Further Work

6.1. Summary of experimental work

In order to design fatigue specimens of austestamless steels with controlled surface
characteristics, for the purpose of investigatimg teffects of machining-induced
residual stresses and roughness on fatigue behlmawiody six cylindrical specimens
(6.35 mm diameter and 20 mm length) of AISI 304ISAB16L were prepared using a
numerically controlled lathe. Three final cuttiognditions (spindle speed, feed rate
and cutting depth) of the lathe were employed todpce three specimens for each
condition. The final cutting conditions were sééet; based on the response surface
model, which was developed in the previous workltain the desired residual stress

and surface roughness.

The selected conditions were examined in detaigstablish the residual stress profile
with depth and the effects of annealing and elpciishing. The data obtained were
used to select the fine and rough machining pamnsetised to prepare fatigue

specimens.

Surface roughnesses of the cylindrical samples wbétained by use of a Talysurf
stylus profilometer. Additionally, surface rouglseof a set of four cylindrical
specimens was assessed by optical profilometrye hrdness was measured using an

Instron indentation instrument.

The residual stresses were characterised by méaasidual strain measurement using
an x-ray diffractometer (Proto iXRD); the residusitesses were calculated by the
XRD’s software. Residual stress measurements wbtained in two directions; at

axial direction and circumferential direction. Degorofiles of residual stress were

obtained using successive electropolishing atwiaterof approximately 30pum.

Two sets of fatigue specimens were prepared byraenaally controlled lathe (fine and
rough condition) for AISI 304L and AISI 316L. Thesets of fatigue samples were
sorted into six conditions for both materials. Ndynfine machined (1), fine machined
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& annealed (2), electropolished annealed (3), mpolished (not annealed), rough
machined (4), rough machined & annealed (5).

For both materials, sets of fatigue specimens @ime& rough machined specimens) were
annealed at 900°C for 10 minutes under an argorilgas Other specimen sets (fine
machined specimens) were similarly annealed and éhectrochemically polished to

remove approximately 15dm from the diameter.

The fatigue limits for each condition were deteretirusing a rotating-bending machine
by means of the staircase method. After fatigsérg, the surfaces and near surface
microstructures were characterised by scanningreleanicroscope (SEM), electron

backscatter diffraction (EBSD), transition electraicroscope (TEM), hardness testing

and X-ray diffraction for residual stress measungime

6.2. Summary of research Observations

A summary of the most significant research resaltsl, their significance, are presented
here.

6.2.1. Surface and Microstructure Characterisation

X/

s The axial stresses vary significantly between maadhi specimens within a
surface layer of approximately 100 um further tltiais, the differences are less
significant, and there are no significant residstiesses beyond a distance of
approximately 300 um from the surface. The ciranaritial residual stresses are
tensile at the surface for all machined specimbos show similar trends to the

axial stresses for both materials.

% Rough machining on a lathe, using a high feed ratemduced significant tensile
residual stress at the machined surface whereasrfachining gave a negligible
stress. Both rough and fine machining cause sagmif sub-surface compressive
residual stresses. The residual stresses werele®hyprelieved at 900°C for

10min.

s The full width at half the maximum peak (FWHM) oioad by X-ray diffraction
showed that measurable peak broadening occursnwigss than approximately

200 pm, 100 pm and 100 um of the surface in tessiss, compressive stress
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X/
*

X/
*

and zero stress specimens, respectively. Thisdigated that the machining in
austenitic stainless steels causes the developmokerd plastically strained

microstructure by increasing the density of slipd=

The surface microhardness is not significantly @#d by variation in machining
parameters. This surface hardened layer was rainbyeelectropolishing or
annealing at 900°C. Annealing had significant effen the grains in the vicinity

of the surface, causing grain refinement, relativene bulk microstructure.

The XRD patterns of fine machined (1) and rough mreed (4) specimens show
the existence of FCC austenite phase and no maeefier machining.

6.2.2. Fatigue Test -Results

X/

0

Surface residual stress is the most significantupater which determines the
effects of surface preparation on the fatigue liofittype AISI 304L austenitic
stainless steel. The fatigue limit of the AISI Blghows much less sensitivity to
the surface stress. Tensile stress close to tifeceureduces the fatigue limit.

The range of surface roughness developed by machiras no significant effect.
After fatigue testing there is a relaxation in sufsce stresses but the surface

stresses are not significantly affected.

The surface cracks were found to be in the roothef machining marks and
perpendicular to the stress axis. The fracturegs® in all fractured specimens;

was dominated by the propagation of a single crack.

In both materials, the depth of the observed cracksin-out samples was less
than the depth of plastic strain zone developedecto the surface by fatigue as
shown by EBSD.

For both materials, the depth of these cracks was than the depth of the
plastically strained zone which developed by maalgiras supported by X-ray
diffraction. For both materials, the depth of &iag has no relation to the
position of the compressive residual stress peak.
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< TEM and X-ray diffraction (XRD) findings show therfnation of strain induced
martensite with fatigue cycling in AISI 304L wheseaone are observed in AlSI
316L. EBSD shows that twins, developed by fatigwere observed in both
materials.

6.2.3. Short Fatigue Crack Model of Austenitic Stainlesse®ls

« The N-R model for short fatigue crack propagati@s lbeen implemented for
austenitic stainless steels (AISI 304L and AISII316

%  The fatigue limits predicted by the fatigue mod&revcompared with the results
of the fatigue tests obtained by staircase methidtere is no agreement between
the prediction and observations.

s A development of the N-R model, which takes intaccamt the effect of

parameters that were neglected in the N-R moddl asanartensite lath spacing
and deformation twins spacing, can predict the oesk effects of surface

machining on the fatigue limit.
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6.3. Conclusions

From the research observations in this thesisdl@afing conclusions can be drawn:

[ The surface residual stress is the most signifiganameter that determines the
effects of surface preparation on the fatigue liofitype 304 austenitic stainless
steel. While, in AISI 316 L the fatigue limit showsuch less sensitivity to the
surface stress. There is a relaxation in subseirfdesses but no significant
relaxation in the surface stresses. Tensile stiese to the surface reduces the

fatigue limit

I No martensite was observed after machining in lbotiterials. Fatigue cycling
produces martensite in AlSI 304L, whereas none otserved in AISI 316L. In
AISI 304L, martensite packets, developed by fatiguere observed to arrest the

crack nuclei in run-out (>I@ycles) fatigue tests.

i Twins, developed by fatigue, were observed in buotterials. In AISI 316L,
crack nuclei in run-out (>I@ycles) fatigue tests were observed to arrestiast
developed by fatigue due to the large value ofttardd tilt angles between the

crack and the active slip planes in the twin.

lv  The effects of surface machining on the fatigueitlim AISI 304L can be
predicted if some parameters such as martenshesjadcing and deformation
twin spacing and change in intrinsic fatigue resise taking into the account in
the development of the N-R model. Using thesematars to develop the N-R
model not work in AISI 316L.

6.4. Further Work

The following would be essential to provide enowilaracterisations of short fatigue
crack in fatigue austenitic stainless steels widinious controlled surface conditions,
obtained by machining and also to develop succkssidels to predict the effect of the

surface finish on the fatigue limit.

Further investigations of the effects of surfaceparation on fatigue by producing
another machining condition (compressive residtr@ss) using the response surface

model should confirm whether the model predictiams valid for a wide range of
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surface conditions. Full characterisation of stefand microstructure of this condition

before and after fatigue testing should be carmigd

SEM should be used to observe the fracture surfaickedigued specimens and arrested
cracks nuclei on the surface of run-out (>tgcles) fatigue tests and EBSD should be
used to study the microstructure close to the sartand observe the crack interaction

with the deformed microstructure.

In this work the majority of the EBSD analyses wpsgformed with indexing of the
backscatter diffraction patterns using face-ceotibic (fcc) parameters. In order to
check the availability of martensite phase, botb &d body centred cubic (bcc)

parameters should be set during the data collection

The microstructures that are developed in AISI 3L machining and high cycle

fatigue deformation creates a refined microstriectuhere new interfaces appear which
interfere with crack propagation. The N-R modeb#&sed on spacing and strength of
those interfaces. Due to the lack of data on ttength of those interfaces, the model

assumes the only important thing is the spacing.

The parameters that have not been measured inwttis such as martensite laths
spacing in AISI 304L (different between fine andigh machining) and deformation
twins spacing for both materials (different betwdgre and rough machining) could

make the model work more successfully.

This would require characterisation by transmisstectron microscopy (TEM). This
work would increase confidence in the understandingpe mechanism and provide the
information which could make the model work sucts So, intensive TEM study
for all surface conditions after machining and rafasigue test should be carried out.
This can be done by preparing TEM samples fromstivéace using FIB technique for
electropolished sample, fine machined samples andhr machined samples (before

and after fatigue test).

If the model works successfully then the effecswiface machining on the fatigue limit
of austenitic stainless steels can be estimatedgutfie intrinsic fatigue limit for
annealed/electropolished samples and the measwnddces residual stress or the

estimated residual stress using a response swafapeical model.
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Appendices

Appendix-A
Table A- 1: Fatigue test data of AlSI 304L Fine hiaed (1).
Sample Minimum Applied Stress | Fatigue Life
No. Diameter mm MPa Cycle
1 6.285 316 1.00E+07
2 6.442 318 1.00E+07
3 6.25 320 1.00E+07
4 6.382 322 1.00E+07
5 6.295 324 1.00E+07
6 6.362 326 1.00E+07
7 6.333 328 1.26E+06
8 6.355 326 1.00E+07
9 6.265 328 1.00E+07
10 6.29 330 4.49E+05
11 6.295 328 1.00E+07
12 6.38 330 1.00E+07
13 6.353 332 7.39E+05
14 6.325 330 5.39E+05
15 6.416 328 6.61E+05
16 6.39 326 3.55E+05
17 6.392 324 1.00E+07
18 6.414 326 1.00E+07
19 6.425 328 1.00E+07
20 6.427 330 7.73E+05
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Table A- 2: Fatigue test data of AISI 304L Fine haed & annealed (2).

Sample | Minimum Diameter | Applied Stress Fatigue Life
No. mm MPa Cycles
1 6.425 316 1.00E+07
2 6.285 318 1.00E+07
3 6.335 320 1.00E+07
4 6.400 322 1.00E+07
5 6.360 324 1.00E+07
6 6.400 326 1.00E+07
7 6.443 328 1.00E+07
8 6.312 330 1.00E+07
9 6.335 332 1.00E+07
10 6.307 334 1.03E+06
11 6.316 332 1.59E+06
12 6.295 330 1.00E+07
13 6.260 332 1.00E+07
14 6.277 334 1.00E+07
15 6.330 336 1.00E+07
16 6.277 338 1.00E+07
17 6.444 340 1.00E+07
18 6.380 342 1.00E+07
19 6.570 344 1.00E+07
20 6.257 346 3.90E+05
21 6.470 344 5.88E+05
22 6.480 342 1.00E+07
23 6.360 344 1.00E+07
24 6.350 346 1.00E+07
25 6.408 348 5.13E+04
26 6.514 346 1.00E+07
27 6.300 348 1.00E+07
28 6.255 350 1.00E+07
29 6.295 352 1.00E+07
30 6.295 354 6.04E+05
31 6.290 352 7.43E+05
32 6.310 350 1.00E+07
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Table A- 3: Fatigue test data of AlSI 304L Fine tmaed & annealed Electropolished(3).

Sample Minimum Applied Stress | Fatigue Life
No. Diameter mm MPa Cycles
1 6.240 330 1.00E+07
2 6.180 332 1.00E+07
3 6.150 334 1.00E+07
4 6.080 336 1.00E+07
5 6.145 338 1.00E+07
6 6.208 340 3.01E+04
7 6.190 338 1.00E+07
8 6.225 340 1.09E+05
9 6.140 338 6.88E+04
10 6.130 336 1.00E+07
11 6.120 338 1.00E+07
12 6.112 340 2.41E+04
13 6.263 338 4.15E+04
14 6.250 336 1.61E+04
15 6.425 334 1.00E+07
16 6.380 336 1.00E+07
17 6.283 338 4.09E+06
18 6.396 336 1.82E+06
19 6.345 334 3.16E+06
20 6.135 336 1.00E+07

Table A- 4: Fatigue test data of AlSI 304L Fine hined & Electropolished(6).

Sample Minimum Applied Stress | Fatigue Life
No. Diameter mm MPa Cycles
1 5.750 316 1.00E+07
2 5.950 318 1.00E+07
3 5.860 320 1.94E+06
4 5.830 318 3.63E+05
5 5.850 316 1.00E+07
6 5.970 318 1.00E+07
7 5.850 320 9.34E+05
8 5.900 318 1.00E+07
9 5.780 320 9.66E+05
10 5.990 318 1.00E+07
11 6.000 320 5.96E+05
12 5.950 318 1.00E+07
13 6.050 320 1.00E+07
14 6.050 322 4.38E+04
15 5.860 320 2.55E+05
16 6.145 318 1.00E+07
17 6.060 320 3.77E+05

285



S.Al-Shahrani

Appendices

Table A- 5: Fatigue test data of AISI 304L roughcimaed (4).

Sample Minimum Applied Stress Fatigue Life
No. Diameter mm MPa Cycles
1 6.37 306 4,79E+05
2 6.325 304 4.64E+05
3 6.375 302 4,99E+05
4 6.396 300 5.88E+05
5 6.332 298 5.90E+05
6 6.382 296 7.36E+05
7 6.365 294 7.94E+05
8 6.372 292 1.00E+07
9 6.38 294 1.00E+07
10 6.367 296 2.07E+06
11 6.366 294 1.00E+07
12 6.366 296 4.67E+05
13 6.476 294 6.28E+05
14 6.41 292 5.34E+05
15 6.364 290 6.35E+05
16 6.382 288 1.02E+06
17 6.332 286 1.00E+07
18 6.324 288 1.00E+07
19 6.405 290 1.49E+06
20 6.376 288 1.00E+07

Table A- 6: Fatigue test data of AISI 304L roughcimaed & annealed (5).

Sample | Minimum Diameter | Applied Stress Fatigue Life
No. mm MPa Cycles
1 6.390 330 1.00E+07
2 6.325 332 1.00E+07
3 6.350 334 1.00E+07
4 6.450 336 1.00E+07
5 6.404 338 1.58E+05
6 6.375 336 1.00E+07
7 6.385 338 8.58E+04
8 6.345 336 1.00E+07
9 6.305 338 4.79E+04
10 6.445 336 1.00E+07
11 6.380 338 1.00E+07
12 6.350 340 8.52E+04
13 6.383 338 1.04E+05
14 6.370 336 1.00E+07
15 6.330 338 4.76E+05
16 6.365 336 1.00E+07
17 6.390 338 1.00E+07
18 6.420 340 7.39E+04
19 6.385 338 1.05E+05
20 6.335 336 2.92E+04
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Table A- 7: Fatigue test data of AISI 316L Fine hiaed (1).

Sample Minimum Applied Stress Fatigue Life
No. Diameter mm MPa Cycles
1 6.312 304 1.00E+07
2 6.35 306 1.00E+07
3 6.343 308 1.00E+07
4 6.362 310 1.00E+07
5 6.362 312 1.00E+07
6 6.335 314 5.22E+05
7 6.34 312 1.00E+07
8 6.361 314 1.00E+07
9 6.38 316 1.00E+07
10 6.335 318 5.01E+05
11 6.37 316 1.00E+07
12 6.375 318 1.00E+07
13 6.325 320 1.00E+07
14 6.38 322 8.47E+05
15 6.35 320 1.00E+07
16 6.33 322 3.43E+05
17 6.35 320 1.00E+07
18 6.35 322 1.75E+06
19 6.37 320 9.74E+05
20 6.35 318 1.39E+06

Table A- 8: Fatigue test data of AISI 316L Fine hiaed & annealed (2).

Sample | Minimum Diameter | Applied Stress Fatigue Life
No. mm MPa Cycles
1 6.343 310 1.00E+07
2 6.350 312 1.48E+06
3 6.390 310 1.00E+07
4 6.365 312 1.00E+07
5 6.360 314 1.67E+05
6 6.385 312 1.00E+07
7 6.410 314 1.36E+06
8 6.380 312 6.86E+05
9 6.382 310 1.00E+07
10 6.370 312 2.01E+05
11 6.375 310 9.34E+05
12 6.315 308 5.42E+05
13 6.350 306 9.80E+05
14 6.353 304 1.33E+06
15 6.341 302 1.32E+06
16 6.344 300 2.57E+06
17 6.382 298 1.25E+06
18 6.380 296 1.45E+06
19 6.337 294 1.00E+07
20 6.376 296 1.00E+07

287



S.Al-Shahrani

Appendices

Table A- 9: Fatigue test data of AISI 316L Fine hined & annealed Electropolished (3).

Sample Minimum Applied Stress | Fatigue Life
No. Diameter mm MPa Cycles
1 6.290 320 7.59E+05
2 6.250 318 1.13E+06
3 6.300 316 8.93E+05
4 6.260 314 1.08E+06
5 6.305 312 1.89E+06
6 6.320 310 1.35E+06
7 6.280 308 1.03E+06
8 6.335 306 1.44E+06
9 6.315 304 1.00E+07
10 6.313 306 1.00E+07
11 6.225 307 1.27E+06
12 6.246 306 1.33E+06
13 6.303 304 9.85E+05
14 6.284 302 1.07E+06
15 6.290 300 1.23E+06
16 6.290 298 2.10E+06
17 6.255 296 1.00E+07
18 6.255 298 1.00E+07
19 6.275 300 1.00E+07
20 6.300 302 1.00E+07

Table A- 10: Fatigue test data of AISI 316L rougdchined (4).

Sample Minimum Applied Stress Fatigue Life
No. Diameter mm MPa Cycles
1 6.545 300 4.73E+05
2 6.56 298 9.92E+05
3 6.525 296 5.54E+04
4 6.475 294 7.32E+05
5 6.52 292 5.59E+05
6 6.52 290 5.82E+05
7 6.504 288 1.00E+07
8 6.52 290 6.01E+05
9 6.52 288 5.06E+05
10 6.53 286 1.00E+07
11 6.38 288 1.00E+07
12 6.54 290 1.00E+07
13 6.518 292 7.30E+05
14 6.53 290 1.00E+07
15 6.52 292 1.00E+07
16 6.524 294 1.00E+07
17 6.515 296 7.15E+05
18 6.53 294 1.29E+06
19 6.34 292 1.00E+07
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Table A- 11: Fatigue test data of AISI 316L roughchined & annealed (5).

Sample | Minimum Diameter | Applied Stress Fatigue Life
No. mm MPa Cycles
1 6.460 272 5.09E+05
2 6.470 270 3.98E+05
3 6.488 268 5.98E+05
4 6.447 266 4.39E+05
5 6.473 264 1.00E+07
6 6.411 266 8.65E+05
7 6.494 264 1.00E+07
8 6.400 266 3.98E+05
9 6.411 264 5.68E+05
10 6.458 262 1.00E+07
11 6.470 264 8.97E+05
12 6.470 266 1.30E+06
13 6.446 264 1.00E+07
14 6.443 266 9.04E+05
15 6.440 264 1.00E+07
16 6.470 266 2.93E+06
17 6.430 264 7.11E+05
18 6.460 262 2.57E+06
19 6.460 260 1.00E+07
20 6.455 262 4.23E+06
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Line-Segment Profile RBp: 8.26un Ry: 7.78um Area: 8108.35 x 615.38 un
Ru:-24 _BBun Ra: 6.63un Hag : 18.1
PU: 32.26um Rsk: -8.68 A6-19-200
PT: 358558 Rku: 2.17 18:24:58

3
]
R
F
]
0
E
H
E
I
G
H
T

—

R
238. 357.
POSITION Cum)

Current : 3.757 231.44 1 7.76un Rg: 1.85um
Tag : 6.697 179.73 : 3.1%umnm Ra: B.8%m

: 4.5%un ROC: 53868 .28un
Width: a.00 : 464 Level: OFF

Figure A- 1: Surface map and line profile for fis@mple show the high peak-to-valley.
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Line-Segment Profile Rp: 8.26um Rg: 7.78um Area: 818.35 x 615.38 um
Ru:-24.BBun Ra: 6.63un Hag : 18.1
PU: 32.26un Rsk: -8.60 86-19-2009
PT: 358558 Rku: 2.17 18:24:58

)
u
R
F
fA
C
K
H
E
I
G
H
T

238.
POSITION Cumd

Current: 7.885 277.85 1 7.76un Ryg: 1.85um
Tag: 6.697 179.73 + 3.1%m Ra: 8.8%um

: 4.5%un ROC: 53868 .28um
Width: 8.88 1 464 Level: OFF

Figure A- 2: Surface map and line profile for fisample show the spacing of adjacent local
peaks.
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Line-Segment Profile Area: 883.85 x 1134.62 um
Ru:-66.55um Ra: 7.53un Mag : 168.1
PU: 138.84un Rsk: 8.898 #6-19-2089
PT: 655785 Rku: 3.13 10:87:46

S
u
R
F
A
c
B
H
E
I
G
H
T

1
438. 656.
POSITION (um)

Current : 8.712 485.11 Rp: 24.3%unm Rg: 6.78um
Tag: 23.795  £5H.92 Ru:-8.29um Ra: 5.75um

PU: 24.68un ROC : -26886 .41un
Width: 8.00 PT: 852 Level: OFF

Figure A- 3: Surface map and line profile for rouggimple show the high peak-to-valley.
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Line-Segment Profile Rp: 64.2%un Rg: 9.5%um Area: 8A3.85 x 1134.62 un
Ru:-66.55um Ra: 7.53um Mag : 18.
PU: 138.84un Rsk: 0.898 A86-19-2689
PT: 655785 Rku: 3.13 10:07:46

Tng

3
u
R
F
A
C
E
H
E
I
G
H
T

438. 656.
POSITION Cum)

Current: 23.785 511.97 Rp: 24.3%un Rg: 6.78um
Tag: 23.795 275.92 Ru:-8.2%un Ra: 5.75um

PU: 24.68un ROC:-26086.41um
Width: 8.08 PT: 852 Level: OFF

Figure A- 4: Surface map and line profile for rougaimple show the spacing of adjacent local
peaks.
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The University of Manchester Your Ref ELM456854
School of Materials Corrosion, Corrosion and Protection Centre  Our Ref 01368334
The Mill Date 04.12.08
Sackville Street

Manchester M60 1QD

COMPONENTS FOR CHEMICAL ANALYSIS

Certificate Number M8655

Date of Receipt 28.11.08 Date of Test  04.12.08

Description Stainless Steel 304 as received
Carbon %  0.022
Silicon % 033
Manganese % 1.24
Phosphorus %  0.040
Sulphur % 0.028
Nickel % 8.33
Chromium % 17.65
Molybdenum % 037
Niobium %  <0.02
Titanium % 0.02

Analytigal| Technique — ICP OES
|

S Rowbotham BEng (Hons) CEng MIMMM
Senior Materials Consultant

Stainless Steel 316 as received

0.022
0.38
1.57
0.042
0.027
10.85
17.25
2.07
0.02
<0.02

End of Report

Figure A- 5: Chemical composition analysis for ABBAL/ AISI 316L.
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000058-02-0604-EN Model R.R. Moore High Speed
Operating Instructions Rotating Beam Fatigue Testing Machine

Table 5. The R.R. Moore loading factor chart.

Dia. | Factor || Dia. | Factor || Dia. | Factor || Dia. | Factor || Dia. | Factor || Dia. | Factor || Dia. | Factor]| Dia. | Factor
0.050 | 0.0061 {| 0.100 |- 0.0491- || 0.150 | 0.1657 |l 0200 | 03927 || 0.250 | 0.7670 || 0.300 | 13254 || 0.350 | 2.1046 || 0.400 | 3.1416
0051 | 00065 || 0.101 | 00506 || 0151 | 01690 | 0201 | 03986 || 0251 | 07762 || 0301 |: 13387 || 0351 | 24207 || 001 |
0052 | 00069 || 0102 | 00521 | 0.152 | 0:4723 || 0202 |- 04046 || 0252 | 07855 || 0302 | 13521 || 0352 | 2.1409| 0.402
0053 | 00073.{| 0103 | ~00536=| 0.153 | 0:1758 f| 0203 | -04106 || 0.253 | 07949 || 0303 | 13655 || 0353 | 21502 || 0.403
0054 | 00077 || 0.104 | 00552 || 0.154 | 04793 || 0204 | oare7 || 0254 | 0.80da || 0304 | 13791 || 0354 | 21776 || 0404
0055 | 00082 | 0.105 |~0.0568 || 0.155 | 0.1828 {[ 0.205 0255 | -0.8139|| 0305 | 13928 || 0355 | 21961 || 0.405
0056 | 00086 || 0.106 | 0.0585 || 0.156 | -0.1864| 0.206 0256 | 08235 {| 0306 | 14065 || 0.356 | 22147 0.406
0.057 | -0.0090 || 0.107 | 0.0601 || 0.157 | ©0.1899 || 0.207 0257 | 08332 || 0307 | ‘14203 || 0357 | 22334 || 0.407
0.058 | 00096 || 0.108 | 00618 || 0.158 | 01936 || 0208 0258 | 08430 || 0308 | 14342 || 0358 | 22523 || 0.408
0.059 |* 0.0101 | 0.109 | 0.0636 || 0.159 | 0.1973 || 0.200 0259 | 08528 || 0309 14482 || 0359 | 22712 | 0.409
0.060 | 00106 || 0.110 | 00653 || 0.160 | 02010 |f 0210 |+ 04546 (| 0.260 | 08628 | 0310 | 14624 || 0360 [ 22902 || 0.410
0.061 | 00111 |} 0.111 | 006717 0.161 | 02048 || 0211 | 04p11:|| 0261 [-08728 || 0311 | ‘14766 || 0361 | 23094 || 0411
0.062 | 00117 |1 0112 | ‘0.689 || o.162 | 02087 || 0212 | 04677 || 0.262 | 038828 || 0312 | 1.4908:] 0362 |-23286 || 0412
0.063 | 0.0123 ] 0.113 | 0.0708+(| 0.163 | 02126 | 0213 | 04744=|| 0263 | 08930 || 0313 | 15052 || 0363 | 23979 || 0413
0064 | 00129 || 0.114 |- 00727 || 0164 | 02165 || 0214 | 04sit || 0264 09032 || 0314 | 15197 || 0364 | 23674 || 0.414
0.065 | 00135 | 0.115 | 00747:|| 0.165 0215 | 04878 || 0265 [ 09135 |[ 0315 | 15343 || 0365 | 23869 || 0415
0.066 | ‘0.0141 || 0.116 | 0:0766-|| 0.166 0216 | 04947 || 0.266 | 09239 || 0316 | 15489 || 0.366 | 24066 || 0.416
0.067 | 0.0148 || 0.117 | 00786 (| 0.167 0217 | 05016 || 0267 | 09345 || 0317 | ‘15637 || 0367 | 24264 || 0417
0.068 | 00154 -| 0.118 | 0.0807 || 0.168 || 0218 | 05086 || 0268 | 09449 || 0318 |- 15785 || 0368 | 24463 || 0418
0069 | 00161 || 0119 | 00827 || 0.169 | 02369 || 0219 | 05156 || 0265 | 09555 || 0319 | 13935 || 0.369 | 24663 || 0.410
0070 | 00168 || 0.120 | 00848 | 0170 | 02412 [ 0.220 [ 0.5227 || 0270 | 09662 || 0320 | 16085 || 0370 | 24864 || 0.420
0.071 | 00176 || 0121 | “0.0869 | 0171 | 02455 || 0221 | 0.5208 || 0271 |7 06769 || 0321 | 16236 || 0371 | 25066 || 0421
0072 | ‘00183 || 0122 | 00891-|| 0.172 | 02498 | 0222 | 05371 || 0272 | 0osrs || 03m | tesss || 0372 | 25270 || 0422
0073 | 00191 |l 0123 | 00913 || 0.173 [ 02542 || 0223 | 05443 || 0273 | o0wossi|| 0323 | iesar || 0373 | 25474 || 0423
0.074 | 00199 || 0.124 | 00936 || 0.174 | 02586 || 0224 | 05517 || 0274 | 10100 || 0324 | 16696 || 0374 | 25670 || 0424
0075 |0:0207 || 0.125 | 0.0959 || 0.175 | 02631 || 0225 | 05591 | 0275 | 1:0209 || 0325 | 16851 || 0375 [ 2:5886 || 0.425
0076 | 00215 || 0.126 [ 00982 | 0.176 | 102676 || 0226 | 05666 :|| 0.276 | 1.0320°:|| 0.326 | 17006 || 0376 | 2.6093 || 0.426
0077 | 00224 || 0127 | 01005 || 0177 | 02722 {| 0227 | 05742 || 0277 | 10432 {| 0327 | 17163 || 0377 | 36303 || 0427
0.078 | 00233 || 0128 | 01029 [| 0178 | 02768 || 0228 | 05818 || 0278 | 10546 || 0328 | 17321 || 0378 | zes12-|| 0428
0.079 | 00242 || 0129 | 0.1054 || 0179 | 02815 || 0229 | 05895 || 0279 |-10661 || 0329 | 17481 || 0379 | 26723 || 0420
0.080 | 00251 || 0.125 | 0.0959 || ¢.180 | 02863 [| 0230 | 05972+ 0280 | 10776 || 6330 | 17641 || 0380 | 2.6935 || 0.430
0081 |-0.0261 || 0.126 | 00982 4| 0.181 | 02911 || 0.231 | 06051 || 0281 | “ioso1 || 0331 | 17801 || 0381 | 27148 || 0431
0082 | 00271 [ 0127 | 01005 || 0.182 | 029597 || 0232 | 06129 || 0282 | 1008 || 0332 | 17963 || 0382 | 27363 || 0.43:2
0.083 | 00281 (| 0.128 | 01029 || 0.183 | 03008 || 0.233 | 06209 || 0.283 | 1.1126+|[ 0333 | 18126 || 0383 | 27578 || 0.433
0084 | 00291 11| 0.129 | 0.1054 || 0.184 | 03058 || 0234 | 06289 || 0284 | 11244 |} 0334 | 18289 || 0384 | 27795 || 0.434
0.085 [ 00301 f 0.135 | 0.1208 || 0.185 | 03108 |f 0235 | 0:6370 || 0285 | 1.1363 || 0335 | 18454 || 0385 | 28012 || 0.435
0.086 | 0.03i2 || 0.136 | 01235 || 0.186 |-03158 || 0236 | 06452 || 0286 | 1.1484|| 0336 | 18620 || 0386 |. 28231 || 0436
0087 | 00323 || 0.137 | 0.1262 || 0187 | 03210'{| 0237 | 06535 || 0287 | 11619 || 0337 | 18787 || 0387 | 28451 || 0437
0088 | 00335 | 0.138 | 0.1288 [| 0.188 | 03262 || 0238 | 0.6617:(| 0288 | 1.1726 || 0338 | 18955 || 0.388 | 28672 || 0.438
0.089 | 0.0346 || 0.139 | -0.1318 [| 0.189 [03314 || 0239 | 06701 || 0289 | 17849 || 0330 | 19123 || 0389 | 28895 || 0439
0.090 |. 00358 (| 0.140 | 0.1347 || 0190 | 03367 f| 0240 | 06786 || 0290 | 11972 [[ 0340 | 19293 [ 0390 | 29118 || 0.440
0091 | -0.0370 || 0.141 | 014376 | 0191 | 03420 || 0241 | 06871+ || 0291 | 12096 || 0341 | 19464 || 0391 | 29342 || 0441
0092 | 00382 | 0.142 | 0.1406 | 0.192 | 03474 || 0242 | 06957 | 0292 | 12221 || 0.342 | 1.9635 || 0392 | 29568 || 0442
0093 | 00395 (| 0.143 | 0.1435 | 0.193 | 03529 || 0243 | 07043 | 0203 | 12347 || 0.343 | 19809 || 0393 | 29795 || 0.443
0.094 | 00408 ] 0.144 | 0.1466 || 0.194 | 03584 || 0.244 | 07131 [ 0294 | 1.0474 || 0344 | 19982 || 0394 |- 30023 || 0.444
0095 | 0.0421 | 0.145 | 0.1497 | 0.195 | 03639 || 0245 | 07219 | 0295 | 12602:([ 0345 | 2.0157 |[ 0395 | 30251 || 0.445
0096 | 00434 || 0.146 | 0.1528 || 0.196 | 03696 || 0.24% | 07308 || 0296 | 12730 || 0346 | 20333 | 0396 | 3.0482 || 0446 | 43648
0097 | 00448 [ 0147 | 0559 || 0.197 | 03753 || 0247 | 07397 || 0297 | 12860 || 0347 | 20510 || 0397 | 30714 || 0447 | 43842
0098 | 0.0462 || 0.148 | 0.1594.|| 0.198 | 03810:|| 0248 | 07487 || 0298 | 12991 | 0348 | 2.0687 || 0398 | 3.0946 || 0.448 | 44137
0099 | 00476 || 0.149 | 01624 || 0199 | 03868 || 0249 | 07578 || 0290 | 13122 || 0340 | 20866 || 0399 | 31181 || 0440 | 44433

Note:

The Loading Factor Chart (Table 5) is in English units. When a metric weight set is
used with the machine, be sure to convert the dimension values to English units
before using the chart.

Figure A- 6: Chemical composition analysis for ABBUL/ AISI 316L.
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