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1. Abstract

1.1.  Abstract (English)

Titanium alloys and especially Ti-6A1-4V with their excellent properties such as low density,
high specific strength or corrosion resistance have a huge range of application, from aerospace
and motorsports to medical engineering. Apart from material and processing, fatigue-proof and
damage tolerant design is an essential part of the approach to light weighting.

Conventional models for fatigue-proof design, which are predominantly developed based on
ferrous and aluminum materials, are currently utilized for titanium components. However, the
analyzed titanium alloy Ti-6Al-4V exhibits many characteristics and anomalies regarding
fatigue, which cannot be represented by existing models. This thwarts the principle of
lightweight design. The thermomechanical processing, in this case forging and subsequent heat
treatments, holds additional parameters with respect to the fatigue strength. The aim of this thesis
was the development of appropriate models for fatigue-proof and damage tolerant lightweight
design of forged Ti-6Al-4V components under consideration of microstructural variation
resulting from thermomechanical processing.

For that purpose, specimens were taken from open- and closed-die forgings with different
subsequent heat treatments and therefore varying microstructures. The focus was thereby on
equiaxed and bimodal microstructures without any precipitations or crystallographic textures.
Furthermore, the fatigue and crack growth behavior was thoroughly analyzed with respect to
microstructure. Based on these results, phenomenological models were developed to link fatigue
and fracture behavior with microstructural parameters. Extensive fatigue tests were additionally
performed for the development of fatigue models regarding mean stress and notch sensitivity,
damage tolerance (influence of preexisting flaws), influence of multiaxial loading and surface
state. The influence of operating temperature on the fatigue strength was discussed based on
existing test results and included in a phenomenological model.

All developed models for the lifetime estimation of Ti-6Al-4V forgings were implemented by
Bohler Schmiedetechnik GmbH & Co KG in Fortran in a postprocessor. Results of the forging
simulation (microstructural parameters) and finite element stress analyses (stress tensors) are
thereby used as input. Local variations of microstructure, owing to different local cooling rates
or the like, can hence be considered. Postprocessing results are the distributions of damage and
maximum allowable crack lengths in a component for a given load spectrum.

The developed models for the lifetime estimation of Ti-6Al-4V components contribute in many
respects to the approach of lightweight design. On the one hand, they enable an optimized
utilization of the material capability of Ti-6Al-4V owing to improved dimensioning of a
component (inter alia in combination with topology and shape optimization); on the other hand,
they are the basis for a simulation-based optimization of the whole forging process. The result is
an optimized component performance under service conditions.
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1.2.  Abstract (German)

Titanlegierungen und insbesondere Ti-6Al-4V finden aufgrund ihrer guten Eigenschaften wie
hoher spezifischer Festigkeit oder Korrosionsbestindigkeit vielfdltige Anwendung, wobei das
Spektrum von Luft- und Raumfahrt iiber Motorsport bis hin zur Medizintechnik reicht. Um
Leichtbau von Titan-Komponenten zu gewihrleisten, spielt neben Werkstoff und Formgebung
die betriebsfeste und oftmals auch schadenstolerante Auslegung eine zentrale Rolle.

Konventionelle Berechnungskonzepte fiir betriebsfeste Auslegung, entwickelt vorwiegend auf
Basis von Eisen- und Aluminiumwerkstoffen, finden zurzeit noch Anwendung im Bereich von
Titankomponenten. Die in dieser Arbeit betrachtete Titanlegierung Ti-6Al-4V weist jedoch in
vielfacher Hinsicht Besonderheiten und Anomalien in Bezug auf Ermiidung auf. Diese konnen
nur unzureichend iiber bestehende Modelle abgebildet werden und wirken somit dem Prinzip
Leichtbau entgegen. Zusétzlich birgt die thermomechanische Fertigung, in diesem Fall
Schmieden und nachfolgende Wairmebehandlungen, eine Vielzahl an Einfliissen auf die
Schwingfestigkeit von Ti-6Al-4V. Das Ziel dieser Arbeit ist eine Herleitung entsprechender
Modelle fiir eine betriebsfeste und schadenstolerante Auslegung von geschmiedeten
Komponenten aus Ti-6Al-4V unter Beriicksichtigung der lokalen Mikrostruktur.

Dazu wurden Proben aus gesenk- bzw. freiformgeschmiedeten Teilen mit unterschiedlichen
nachfolgenden Warmebehandlungen entnommen und deren Mikrostruktur analysiert, wobei sich
diese Arbeit auf globulare und bimodale Mikrostrukturen frei von moglichen Ausscheidungen
und kristallographischen Texturen beschrinkte. Danach erfolgte eine umfangreiche
Charakterisierung der Schwingfestigkeit und des Rissfortschrittsverhaltens in Abhéngigkeit der
Mikrostruktur. Die Verkniipfung dieser Ergebnisse lieferte phdnomenologische Modelle zur
Beschreibung von Schwingfestigkeit und Risswachstum in Abhédngigkeit wesentlicher
mikrostruktureller KenngroBen. Weitere umfangreiche Schwingfestigkeitsuntersuchungen
bildeten die Basis fiir eine modellméaBige Beschreibung von Mittelspannungs- und
Kerbempfindlichkeit, Schadenstoleranz (Einfluss vorhandener Fehlstellen), Einfluss von
Mehrachsigkeit der Beanspruchung sowie Oberflichenbeschaffenheit. Der Einfluss der
Betriebstemperatur auf die Schwingfestigkeit wurde anhand bereits vorhandener
Versuchsergebnisse diskutiert und ebenfalls modellméBig erfasst.

Samtliche im Zuge dieser Arbeit entwickelten Modelle zur Lebensdauerberechnung von
geschmiedeten Bauteilen aus Ti-6A1-4V wurden von Bohler Schmiedetechnik GmbH & Co KG
in einem Postprozessor in Fortran implementiert. Als Input dienen dabei Ergebnisse aus
Umformsimulation (Gefiigeparameter in jedem Element des Bauteils) sowie Finite-Elemente-
Analyse der vorliegenden Spannungsverteilung (Spannungstensor in jedem Knoten des
Bauteils). Lokale Unterschiede der Mikrostruktur, z.B. durch lokal unterschiedliche
Abkiihlraten, konnen somit simuliert und iiber entsprechende Materialmodelle in der
Lebensdauerberechnung mit beriicksichtigt werden. Als Resultat erhdlt man fiir ein
vorgegebenes Belastungskollektiv die entsprechende Schadigungsverteilung im Bauteil sowie
die maximal zuldssige RissgroBe an jeder Stelle.

Die entwickelten Modelle zur Berechnung der Schwingfestigkeit von Ti-6Al-4V liefern somit in
mehrfacher Hinsicht einen wesentlichen Beitrag zu Leichtbau. Zum einen ermdglichen sie eine
optimale Nutzung des Festigkeitspotenzials von Ti-6Al-4V durch exaktere Dimensionierung des
Bauteils (unter anderem durch mogliche Verkniipfung mit Topologie- und Gestaltsoptimierung),
zum anderen bilden sie die Grundlage fiir eine simulationsbasierte Optimierung des
Schmiedeprozesses inklusive moglicher Warmebehandlungen.



Doctoral Thesis Introduction
Dipl.-Ing. Bernd Oberwinkler Overview

2. Introduction

2.1. Overview

This doctoral thesis is subdivided into an introduction, the material characterization, the main
chapter “Fatigue behavior of Ti-6Al-4V™, verification and application of the developed fatigue
models, and conclusion and outlook. Finally, the list of publications (chronologically ordered)
and the bibliography (alphabetically ordered) are stated. Complementary data and models are
discussed in the Appendix.

The chapter “Fatigue behavior of Ti-6Al-4V” includes the most important influences on the
crack initiation and crack growth behavior of Ti-6Al-4V, namely microstructure, relative stress
gradient, impressed mean stress, multiaxial loading, surface state, flaws, and operating
temperature. Owing to the wide variety, the state-of-the-art is separately discussed for each
fatigue influence, as well as the developed models.

2.2. Titanium and titanium alloys

2.2.1. Titanium

Titanium is present in the earth’s crust at a level of about 0.6% and is therefore the fourth most
abundant structural metal after aluminum, iron and magnesium. The most important mineral
sources are ilmenite (FeTiOs) and rutile (Ti0,).

Gregor, a clergyman and amateur mineralogist, expressed the first suspicion of a new, unknown
element present in a dark, magnetic iron-sand (ilmenite) in Cornwall (UK) in 1791. In 1795,
Klaproth, a German chemist, analyzed rutile from Hungary and identified an oxide of an
unknown element, the same as the one reported by Gregor. Klaproth named the element titanium
after the Titans, the powerful sons of the earth in Greek mythology. Because of the stron

tendency of this metal to react with oxygen and nitrogen, it was not until well in to the 20"

century (1937-1940) that a commercially attractive process was developed by Kroll in
Luxembourg. This process involved the reduction of titanium tetrachloride with magnesium in
an inert gas atmosphere. The resulting titanium is called “titanium sponge” because of its porous
and spongy appearance. This famous Kroll process remained essentially unchanged and is still
the dominant process for titanium production today. [105]

2.2.2. Titanium alloys

The properties of titanium and titanium alloys are significantly influenced by the two phases a
and . In pure titanium and several alloys, a hexagonal close-packed (hcp) phase is existent at
low temperatures; the so-called a-phase. The high temperature phase crystallizes in a body-
centered cubic (bcc) modification and is called B-phase. The existence and arrangement of these
two phases play a major role with respect to the properties of titanium and titanium alloys.
Titanium alloys can be classified with respect to their fraction of o- or B-stabilizing elements in
(near) a-, (a+p)-, and (metastable) B-alloys. Titanium alloy development in the USA progressed
rapidly from about 1950 stimulated by the recognition of the general usefulness of (a-
stabilizing) aluminum additions for strengthening. In conventional titanium alloys, the aluminum
content is limited to six weight percent to avoid embrittlement, whereas the new titanium
aluminides contain approximately 50 atom-% aluminum. A classification of titanium alloys with
respect to the aluminum content is shown in Fig. 2.1.
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Ti-4.5Fe-1.5A1-6.8Mo (Timetal LCB) Ti-5.8A1-4Sn-3.5Zr-0.7Nb-0.4Si (Timetal 834)

Fig. 2.1: Classification of titanium alloys with respect to the aluminum content [130]

A major breakthrough for titanium alloys was the appearance of the Ti-6Al-4V alloy in the USA
in 1954, becoming soon the most important (o+f3)-alloy combining excellent properties and
good producibility. Today, Ti-6Al-4V is still the most widely used alloy. In countries or regions
with major aerospace industry, for example North America or Europe, the commercially pure
(CP) titanium accounts for only 26% of the total market. The further breakdown of the remaining
74% for titanium alloys shows that 56% of the market is covered by Ti-6A1-4V. [105], [130]

2.2.3. Applications of Ti-6Al-4V

Titanium alloys and especially Ti-6Al-4V have a huge range of application; from biomedical
devices, aircraft and automotive applications to sports equipment and appearance related uses
(e.g. jewelry or architectural creations). The reasons for the application of Ti-6Al1-4V are the low
density (4.3 g/cm?®) and high strength, resulting in a high specific strength, the high fatigue
strength, the good biocompatibility, high corrosion resistance and the good image in society.
[105], [133]

2.2.3.1. Aircraft applications

One major application area of (o+f)—titanium alloys are aircraft structural parts, e.g. engine
mounts, pylon fitting and frame parts. For such applications, (a+f)—titanium alloys are selected
over other competing metallic materials, such as high strength aluminum alloys, because of
higher yield stress and fatigue strength (even on a density normalized basis), better corrosion
resistance, higher modulus of elasticity, and higher temperature capability. For large structural
parts (e.g. landing gear beams) the most important mechanical property is fatigue crack
propagation of macro cracks resulting in a requirement for setting the service time between
inspections. Because these large components are located well within the interior of the aircraft
structure, considerable disassembly is required for inspection. Thus, good fatigue crack growth
characteristics are highly desirable. In addition, high fracture toughness is usually a requirement
although the actual fracture toughness value has an insignificant influence on fatigue lifetime and
essentially no influence on the inspection intervals. Thus, the high fracture toughness
requirement can be viewed as largely redundant. The most economical processing route for large
forgings typically consists of forging in the (a+p)—phase field followed by mill-annealing. The
resulting microstructure typically consists of nominally equiaxed o with a varying extent of
recrystallisation. Other common heat treatments are solution treating, recrystallization annealing,
and beta-annealing, respectively.
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Ti-6Al-4V is also used in aircraft engines for fan blades and fan disks and for blades and disks in
the first four to five rows of the low pressure compressor. Thereby, the maximum operating
temperature of 350°C is the limiting factor for application. [105], [130], [133]

2.2.3.2. Automotive applications

Titanium alloys are well suited for use in many components of a passenger car from a property
standpoint. However, the high price of titanium has prevented wide realization of these
applications in mass-produced passenger cars. In spite of the higher costs, titanium alloys are
increasingly used in motor production for reduction of rotating and oscillating masses, especially
in sports cars. Ti-6Al-4V connecting rods of the Porsche 911 GT3 or of several Ferrari 12-
cylinder engines can be cited as an example. Further applications are inlet valves (Toyota,
Nissan), turbocharger wheels (Mercedes-Benz) and wheel rim screws (Porsche, Volkswagen).
However, Schauerte [152] notes that if one extrapolates the status of titanium technology based
on the historic development of the knowledge bases on other automotive metals (steel,
aluminum), the future of titanium use in cars looks quite bright. [65], [68], [105], [133], [152]

2.3.  Fatigue-proof damage tolerant lightweight design

2.3.1. State-of-the-art

In the aerospace industry, the realization of lightweight structural components is a top priority.
Weight reduction of structures both increases the potential payload of aircraft and decreases their
fuel consumption and CO, emission. Lightweight design is thereby based on three principal
points, namely material, processing and design (Fig. 2.2).

Corrosion Light Good

resistance Weight Design mechanllcal
properties

Low density
Material
Ti-6Al-4V
High strength

Processing
Forging

Near net shape

Fig. 2.2: Lightweight design of Ti-6Al-4V forgings

Material

Titanium alloys have become very important materials in the aircraft industry, due to their
excellent properties (such as high fatigue strength and good corrosion resistance) and low
density; ideal for lightweight design. Titanium components (particularly Ti-6Al-4V) are used in
place of heavy steel components (e.g. airfoils, pylon fittings, undercarriage components, and
other structural parts).
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Processing

Manufacturing parts according to customer specifications by using forming techniques has both
cost and quality advantages, compared to cutting and machining parts out of feedstock plates or
bars. Because of this, components are increasingly manufactured by forging. Forging results in
better utilization of material through near net shape manufacturing, and also reduces
manufacturing costs and provides better mechanical properties, such as high fatigue strengths.
Therefore forging is suitable for the processing of lightweight titanium components.

Design

Depending on the thermomechanical treatment of a titanium alloy, in this case Ti-6Al-4V, the
microstructure and thus the mechanical properties can vary in a wide range. Such influences
have been documented in numerous reports in the literature with the problem that a holistic
optimization of the whole product development chain (design, thermomechanical processing) is
still lacking. Therefore, it is currently not possible to optimize Ti-6Al-4V components with
respect to thermomechanical processing and design.

The requirement for tolerance to flaws and damages necessitates the application of damage
tolerant (DT) component design. Several DT design principles exist but an exact definition is
missing. D.O. Adams [28] mentions: “Definition of terms is an immediate difficulty in this field.
Different sources may use conflicting definitions of common terms. This is due to the
simultaneous evolution of fatigue substantiation methodologies in related but independent
endeavors over the last 40 years. For example, the term "Damage Tolerance" is deliberately
avoided in the FAR 29.571 advisory material, even though most readers think that this is
precisely what is being discussed.”

Nevertheless, Damage Tolerance is a common wording; e.g. Lazzeri and Mariani [100] use the
following definition: “Damage Tolerance, as it is called by the fixed-wing community, while it is
more often called Flaw Tolerance by the helicopter community, and indeed the regulation uses
the term ‘‘fail-safe (residual strength after flaw growth) evaluation”. It requires that the
structure can retain, after a partial failure, the capability to withstand the limit load, it is based
on the use of redundant solutions (fail-safe) or on the slow crack propagation approach (or,
preferably, on the no-growth approach). The use of redundant solutions is often possible in
stiffened shell structures, and sometimes multiple load paths can be easily introduced.
Nevertheless, most dynamic components cannot be other than single load path. In this case, the
slow crack growth (or the no-growth) option is the recommended one. Inspection intervals must
be determined, in order to ensure that, if a defect is present, this is timely detected and
consequent repair actions taken.”

2.3.2. Approach for fatigue-proof damage tolerant lightweight design

A new approach, cf. Fig. 2.3, was developed in this thesis to afford damage tolerant lightweight
design of Ti-6Al-4V forgings. With the aid of forging simulation using finite element analysis, it
is possible to predict the local microstructure in Ti-6Al-4V forgings in respect of the
thermomechanical processing. The thermomechanical processing varies within a component due
to local temperature and heating (e.g. at radii or adiabatic heating) during the forging process and
thickness dependent cooling rates causing differences in local microstructure. A link between
this local microstructure and the fatigue life is necessary to enable an accurate lifetime
estimation for forged Ti-6Al-4V components and to optimize their thermomechanical
processing.
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Fig. 2.3: Chosen approach for fatigue-proof damage tolerant lightweight design of Ti-6A1-4V forgings

In the chosen approach (Fig. 2.3), local microstructure results in local microstructural-based S/N-
curves and stress intensity factor thresholds. The local microstructural-based S/N-curves can be
combined with additional important influences regarding fatigue, e.g. mean stress and relative
stress gradient, to local S/N-curves. Due to the anomalous behavior of Ti-6Al-4V with respect to
mean stress sensitivity and notch supporting effect, new models were introduced which account
for these anomalies. The influence of surface state and operating temperature was additionally
examined aside.

The local S/N-curves provide the basis for computation of the local lifetime of forged
components based on local stresses. Thereby, a given load spectrum, the local stress distribution
in the component (determined with finite element analysis), and the computed local S/N-curves
are used as input for a damage accumulation. The damage accumulation consequently results in a
local lifetime in every node of the component.

The combination of local S/N-curve and local stress intensity factor threshold leads to an
estimation of the local damage tolerance by application of a type of Kitagawa-Takahashi
relationship between flaw size and fatigue strength. The allowable crack size distribution for
finite life and no-growth can hence be determined.

A closed optimization-loop for the thermomechanical processing of a forged component is hence
achieved by linking local lifetime, local damage tolerance and local microstructure (derived from
forging simulation). In addition, the geometry of a component can be optimized with shape
optimization tools based on the local lifetime estimation. Damage tolerant lightweight design of
Ti-6Al-4V forgings is hence enabled.
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3. Material characterization

3.1. Material and processing

The material used for this research was provided by Bohler Schmiedetechnik GmbH & Co KG in
the form of Ti-6Al-4V V-shape and side-pressed pancake forgings, respectively. Both forgings
were (a+f)-forged. Additionally, the used feedstock billet (FB) for the V-shape forgings was
analyzed in as-received condition to achieve a higher diversity of microstructure.

3.1.1. Pancakes

Although the forging looks like a ciabatta, the description “pancake forging” is quite widespread,
being used not only for upsetting deformation (the upsetting axis of the press is in the same
direction as the billet axial direction) but also for side pressing (the upsetting axis of the press is
perpendicular to the billet axial direction). Therefore, “pancake” is used from hereon.

3.1.1.1. Forging simulation

The forging process of the pancakes was simulated with finite element analysis in the Deform
software tool. The obtained effective strain distribution with its typical “forging cross” is shown
in Fig. 3.1.

0500
uumI

Fig. 3.1: Distribution of the effective strain in a pancake

3.1.1.2. Forging process

The pancakes were forged on a hydraulic press (Fig. 3.2). The diameter of the feedstock was
45 mm. The forging process was done in one heating (furnace temperature 930°C) with one
pressing operation with an average ram speed of 15 mm/s. One half of the pancakes were forged
with a thickness of 13.5 mm (for as-forged specimens) and the other half with a thickness of
15 mm (for machined specimens). This circumstance will be discussed in the according chapters.

Fig. 3.2: Forging of pancakes
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3.1.1.3. Heat treatment

Different types of microstructures were achieved by varying subsequent heat treatments. All
pancakes were mill-annealed (720°C / 2h / air-cooling). Some of the pancakes remained in the
mill-annealed (MA) state, in part other heat treatments (solution treating, recrystallization-
annealing or beta-annealing) followed. Thereby the solution treating (ST) consisted of 950°C /
70 min. / air-cooling and 730°C / 2h / air-cooling. The beta-annealing (BA) included 1030°C /
100 min. / air-cooling and 730°C /2h/ air-cooling. Recrystallization annealing (RA) was
achieved by 950°C / 2h with furnace-cooling (~38°C/h) to 730°C and subsequent air-cooling.
The corresponding temperature-time-distributions are shown in Fig. 3.3. Finally, sand blasting
and chemical milling (~ 0.3 mm surface layer removal) was done for descaling and removal of
the a-case. The chemical composition of the bath is shown in Tab. 3.1.
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Fig. 3.3: Subsequent heat treatments of the mill-annealed pancakes

Agent Amount [ml] Concentr. [%]
HNO; 15 53

HF 6 75

H,0 79 -

Tab. 3.1: Composition of the chemical milling bath

3.1.2. V-Shapes

The V-shapes were purpose designed for this research work. The wording V-shape originates
from the profile of these special forgings.

3.1.2.1. Forging simulation

The design process was done by Bohler Schmiedetechnik GmbH & Co KG with the finite
element tool Deform . The results of the forging simulation are shown in Fig. 3.4. Thereby,
forging was performed in two heats using one blow each heat. One main criterion for the V-
shape design was to achieve an effective strain as uniform as possible in the longitudinal
direction with different effective strain levels along the transverse axis. This was necessary for
the sampling of lateral specimens with a uniform gauge (cf. chapter Sampling). The results of the
finite element analysis concerning effective strain and temperature distribution in the V-shape
geometry are shown in Fig. 3.5. The residual stresses in the V-shape were also simulated. These
results are discussed in the Appendix.
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Fig. 3.5: Distribution of effective strain (1) and temperature (r) in a V-shape

3.1.2.2. Forging process

The feedstock billet for the V-shapes had a diameter of 230 mm. It was heated in a furnace up to
940°C and forged with an open die hammer to semi-finished products with a diameter of
100 mm. These were heated in a rotating hearth furnace up to 930°C and forged at a 350MN-
screw-press in two heats with one blow each heat (see Fig. 3.6 and Fig. 3.7). The used die was
pre-heated to 240°C.

Fig. 3.7: 350MN-screw-press (1), manipulator with V-shape (c) und finished V-shape (r)

10
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3.1.2.3. Heat treatment

Subsequent to the forging process a mill-annealing (720°C / 2h / air-cooling) was done. Two of
these mill-annealed V-shapes were subsequent solution treated (950°C / 70 min), polymer-
quenched and mill-annealed (720°C / 2h / air-cooling). The abbreviation for this type of heat
treatment is STPQ. One V-shape was solution treated (ST) at an elevated temperature (980°C /
70 min / air-cooling) and mill-annealed (720°C / 2h / air-cooling). Finally, sand blasting and
chemical milling (composition of the bath see Tab. 3.1) was done on all V-shapes for descaling
and removal of the a-case.

3.1.3. Summary of performed heat treatments

Different heat treatments were performed on V-shape and pancake forgings, respectively. To
gain a better overview, they are summarized in Tab. 3.2. Furthermore, a first assessment of
microstructures with regard to the heat treatments is given.

Material Step 1 Step 2 Microstructure
V-Shape MA 720°C/ 2 hours / AC - Mill-annealed
V-Shape ST 980°C/ 70 min. / AC 720°C/ 2 hours / AC Bimodal
V-Shape STPQ 950°C /70 min. / PQ 720°C/ 2 hours / AC Bimodal
Pancake MA 720°C/ 2 hours / AC - Mill-annealed
Pancake ST 950°C / 70 min. / AC 730°C/ 2 hours / AC Bimodal
Pancake RA 950°C/ 2 hours FC to 730°C/ AC Equiaxed
Pancake BA 1030°C / 100 min. / AC 730°C/ 2 hours / AC Lamellar
Feedstock billet As-received - Equiaxed

Abbr.: AC = air-cooling, FC = furnace-cooling, PQ = polymer-quenching

Tab. 3.2: Performed heat treatments
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3.2. Microstructural characterization

The analysis of the different microstructures was done with a light optical microscope (Olympus
BX51M). The metallographic sections were therefore grinded, polished and etched. The
composition of the used etchant can be found in Tab. 3.3. The microstructure becomes thereby
visible in a light optical microscope, whereby the o-phase appears bright and the B-phase
appears dark.

Agent Amount [ml] Concentr. [%)]
HNO; 5 70

HF 10 50

H,0 85 -

Tab. 3.3: Composition of the used etchant

The micrographs of the different microstructures are hereafter presented as 3D cubes for
visualization of possible grain shape textures. With regard to the round specimens, the left front
face of the cube is in accordance with the cross section and the right front face with the
longitudinal cut (Fig. 3.8). In consideration of V-shape and pancake, the vertical front edge of
the cube corresponds with the through-thickness direction.

3D visualization

Micrograph positions with regard to
a round specimen

\ _.?)

: r ________

Fig. 3.8: 3D visualization of micrographs (1) and exemplary micrograph of bimodal Ti-6Al-4V (r)

The microstructures were characterized by the parameters average primary o-grain size o,
(at+p)-content C,+p, colony length Col of the (a+f)-lamellae packages, connectivity Con of o-
grains, and o-lamellae width wy,,, cf. Fig. 3.8 (r). With the exception of colony length and
lamellae width, the parameters were determined by an intercept approach. The (a+[3)-content is
thereby defined as the balance of 100% minus primary a.-content. The connectivity is defined as
ratio of mean size of interconnected a-regions a;c and mean primary o.-grain size o, Equ. (3.1).

Con =2€.100-100

a,

Equ. (3.1)

For the determination of the colony length, measured data of several larger colonies in a
micrograph was averaged. This is necessary because a micrograph is 2D and the colonies are 3D.
Therefore, it can be assumed that the larger colonies within a micrograph represent the true
colony length, cf. Fig. 3.9. The lamellae width is a mean value of measurements of the smallest
lamellae in a micrograph. In this case, a cut under 90° to the lamellae represents the true lamellae
width and leads to the smallest lamellae in a micrograph.

12
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Fig. 3.9: Colony length (1) and lamellae width (r) in respect of the position of the cutting plane

Furthermore, the crystallographic texture of the different materials was measured with X-ray
diffraction (XRD) and in part with electron backscatter diffraction (EBSD). For XRD analysis,
three peaks of o-Titanium were measured with a Copper K,-radiation (wavelength
1.5406 angstrom). A direct measurement of 002-orientation of a-Titanium (basal plane of
hexagonal a-crystal) was not possible due to the marginal difference between 26-values of 002
a-Titanium (38.421°) and 110 B-Titanium (38.481°). Therefore, a retroactive calculation with the
measured peaks (Tab. 3.4) was necessary for the generation of 002 pole figures.

hkl | 101 102 110
20 | 40170° 53.004° 62.949°

Tab. 3.4: Measured peaks of a-Titanium

Liitjering [103] observed that the deformation temperature during processing determines the
texture type. At relatively low deformation temperatures (below 900°C) where a high volume
fraction of a-phase is present during deformation, an a-deformation texture, a so-called
basal/transverse type of texture, develops. At high deformation temperatures (above 930°C) in
the (a+pB)-phase field where a high volume fraction of B-phase is present during deformation, a
[-deformation texture develops in which, upon subsequent transformation to o, only one of the
six possible variants of the Burgers-relationship, (110)[|(0002), is selected, resulting in a so-
called transverse type of transformation texture. The deformation degree determines the texture
intensity whereas the deformation mode determines the texture symmetry. The resulting textures
of a-phase will not change significantly during a subsequent recrystallization step. Forming
between 900°C and 930°C does not lead to a crystallographic texture.

3.2.1. Pancake mill-annealed (MAyp)

Mill-annealing does not cause complete recrystallization and leads therefore to a distinct texture
of the primary a-grain shapes in respect of the forging process. This can be seen in Fig. 3.10
which shows the microstructure along the cross section of a mill-annealed pancake and in Fig.
3.11 where micrographs are presented in 3D visualization. Two different mean values of primary
o-grain size were determined owing to this shape texture, namely the mean a-grain size (7.3 pm)
and the average grain size in direction of the grain shape elongation of all three cuts (8.2 um).

13
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Fig. 3.10: Microstructure along the cross section of a mill-annealed pancake

The microstructure has an average (o+f)-content of 31%. The connectivity of o-grains is
relatively high with 45%. The colony length is approximately 7.1 pm and the mean lamellae

width is 0.57 pm.

Fig. 3.11: Micrographs of pancake mill-annealed, 3D visualization (1) and cross section (r)

Because of the chosen forging temperature (930°C) no crystallographic texture occurs, cf. [103].

This was confirmed with XRD (Fig. 3.12) measurements.

Ti Ti

[100] [001] [100] [001]

Fig. 3.12: Inverse pole figures of mill-annealed pancake
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3.2.2. Pancake solution treated (STp)

The solution treatment leads to a bimodal microstructure (Fig. 3.13) with an average a-grain size
of 8.9 um and an (a+f)-content of 51%. Due to the air-cooling, the lamellae width is relatively
large, namely 0.74 um. The colony length approximates 16.1 um. XRD measurements (Fig.
3.14) showed that the solution treated pancakes are isotropic. This ties in well with the results of
the mill-annealed pancake; a formation of a texture owing to the heat treatment is not due.

Fig. 3.14: Pole figures of solution treated pancake

3.2.3. Pancake recrystallization-annealed (RAp)

The recrystallization-annealing leads to a coarse equiaxed microstructure (Fig. 3.15) with an
average o-grain size of 10.3 um and a connectivity of 99%. As mentioned before, the chosen

forging temperature of 930°C results in an isotropic material. This was confirmed with XRD
measurements (Fig. 3.16).
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Fig. 3.15: Micrographs of pancake recryst.-annealed, 3D visualization (1) and cross section (r)
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Fig. 3.16: Pole figures of recrystallization-annealed pancake

3.24. Pancake beta-annealed (BAp)

The beta-annealing results in a lamellar microstructure. The mean lamellae width is 0.75 pm.
The primary -grain size approximates 400 um.

Fig. 3.17: Micrographs of pancake beta-annealed, 3D visualization (1) and cross section (r)

Both, XRD and EBSD measurements confirm the isotropy of this material. Fig. 3.18 shows the

EBSD results; orientation imaging microscopy (OIM) map and resulting inverse pole figure. It
was observed that parallel lamellae within a colony have the same crystallographic orientation.

[001]

-

Fig. 3.18: OIM map (1) and pole figure (r) for beta-annealed pancake

3.2.5. V-shape mill-annealed (MAvy)

The mill-annealing of V-shapes results in a so-called mill-annealed microstructure (Fig. 3.19).
Due to the missing recrystallization step, a primary o-grain shape texture is identifiable. Again,
two different mean values of primary o-grain size were determined, namely the mean a-grain
size (8.7 um) and the average grain size in direction of the grain shape elongation of all three

cuts (11.5 pm). The (a+f)-content averages 20%, the colony length 9.2 um and the lamellae
width 0.65 pm.
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Fig. 3.19: Micrographs of V-shape mill-annealed, 3D visualization (1) and cross section (r)

The influence of mill-annealing on the microstructure of forged Ti-6Al-4V was determined on a
V-shape without heat treatment in comparison to a mill-annealed one at the same position, Fig.
3.20. The mill-annealed microstructure exhibits a lower (o+f3)-content (30%) than the untreated
one (40%). The primary o-grain size decreases during mill-annealing from 7.6 um to 7.0 um; the
colony length remains the same (7.2 um). It can be assumed that during mill-annealing a partial
recrystallization occurs, which includes transformation from (a+f)- to a-phase. This could be
the reason for the decreasing average a-grain size (formation of smaller o-grains) and the
increasing (a+f)-content during mill-annealing. Recovery befalls in the primary a-grains, which
retain their textured shapes. These findings are based on heavy-duty processing, and have to be
confirmed under laboratory conditions.
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Due to the forging temperature of 930°C no crystallographic texture occurs. This was shown
with XRD and EBSD measurements (Fig. 3.21, Fig. 3.22). Remarkable are thereby the different
colors within some primary a-grains in the OIM-map. This indicates different crystallographic
orientations within one grain and may be attributed to substructures or micro residual stresses,
owing to recovery and incomplete recrystallization.

Fig. 3.21: Pole figures of mill-annealed V-shape
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Fig. 3.22: OIM map of mill-annealed V-shape

3.2.6. V-shape solution treated (STy)

The solution treating of V-shapes at an elevated temperature (980°C) results in a bimodal
microstructure (Fig. 3.23). The primary a-grains were found to be relatively large (9.0 um) and
interconnected (connectivity of 79%). The (a+P)-content averages 67%. Both, the lamellae
width (1.2 um) and the colony length (32.4 um) are relatively large due to the elevated solution
treating temperature and the subsequent air-cooling.

Concerning crystallographic texture, the same applies to the solution treated V-shapes as to the
mill-annealed ones. Due to the forging temperature no texture occurs.

Fig. 3.23: Micrographs of V-shape solution treated, 3D visualization (1) and cross section (r)

3.2.7. V-shape solution treated and polymer-quenched (STPQy)

The solution treating at 950°C with subsequent polymer-quenching leads to a microstructure
with a primary a-grain size of 8.1 um and a connectivity of 39.5 %, Fig. 3.24. The (a+[3)-content
averages 61%. A relatively small a-lamellae width of 0.58 um and a small colony length of
13.4 um occur, owing to the fast cooling in consequence of the polymer-quenching. The chosen
forging temperature of 930°C results in no crystallographic texture.

18



Doctoral Thesis Material characterization
Dipl.-Ing. Bernd Oberwinkler Microstructural characterization

Fig. 3.24: Micrographs of V-shape STPQ, 3D visualization () and cross section (r)

3.2.8. Feedstock billet as-received (FB)

The feedstock billet has a coarse equiaxed microstructure with a primary o-grain size of 9.8 um.
Outstanding is thereby the connectivity of zero, owing to the complete separation of the a-grains
by a B-seam.

Fig. 3.25: Micrographs of feedstock billet as-received, 3D visualization (1) and cross section (r)

Macrozones were observable in polished unetched micrographs, analyzed with polarized light,
Fig. 3.26 (1). The same structure is observable after etching in polarized light (Fig. 3.26, ¢) and in
the primary a-grain shape texture (Fig. 3.26, r). It is believed that these macrozones correlate
with prior 3-grains. The XRD-analysis showed no distinct crystallographic texture.

S -y s =] [—

Fig. 3.26: Macrozones in the microstructure of the feedstock billet; unetched (1) and etched (c, r) micrographs
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3.2.9. Summary of microstructural characterization

Due to the chosen forging temperature of 930°C, no crystallographic texture occurs in the
pancake and in the V-shape forgings. The feedstock billet in the as-received condition shows
isotropy too and is therefore comparable to the forgings. However, macrozones were observed in
the feedstock billet, which has to be kept in mind. The different subsequent heat treatments (cf.
Tab. 3.2) led to a high diversity of microstructure. The focus of this research work was on (a+f3)-
forged equiaxed and bimodal microstructures, respectively. Primary o-grain sizes between
7.3 um and 11.5 pm were achieved. The colony length of the different microstructures varies in
the range of 9 um and 32 um. Distinct differences were also found concerning (o+f)-content,
connectivity of primary a-grains and a-lamellae width.

. a, C Con Col Lam
Material | ) G4 | 1% | um) | um]
MAy 11.5%/8.7** 20.3 | 28.7 9.2 0.65
STPQy 8.1 61.4 | 39.5 13.4 | 0.58
STy 9.0 67.0 | 78.9 32.4 1.21
MA, 8.2*%/7.3** 30.9 | 45.2 7.1 0.57
STp 8.9 50.9 | 33.7 16.1 0.74
RA, 10.3 0 99.0 - -
FB 9.8 0 0 - -

*Average o-grain size in direction of the grain shape elongation of all three cuts
**Mean primary o-grain size

Tab. 3.5: Summarized microstructural parameters

A linear correlation between the microstructural parameters colony length Co/ [um] and lamellae
width wy,, [um] was found, cf. Fig. 3.27 (1) and Equ. (3.2). This means that the length and the
width of a lamella are linked. It can be assumed that this behavior is based on diffusion processes
during heat treatment and especially during cooling. A good accordance of linear fit and
measured values was determined for microstructures based on the same type of cooling (in this
case air-cooling). The polymer-quenching led to slight variance. It can be assumed that a
significant difference in cooling rate changes the aspect ratio of the a-lamellae.
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Fig. 3.27: Correlation between colony length and lamellae width (1); microhardness probability distributions ()
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w,, =0.026 Col +0.35 Equ. (3.2)

The microhardness of primary a-grains and (o+f)-phase of three different microstructures were
measured (20 values per microstructure and phase) according to Vickers (0.01 kg load), Fig.
3.28. The Weibull-probability function was used in combination with the Gumbel-approach for
determination of the probability distributions, Fig. 3.27 (r).

Fig. 3.28: Microhardness indentations in a-grains and (o+f3)-phase

It was observed that the primary o-grains of recrystallization-annealed pancake and mill-
annealed V-shape exhibit the same microhardness distributions. The microhardness of the
primary o-grains increases with increasing (a+f)-content. The (a+f)-phase shows generally the
higher microhardness compared with that of the primary a-grains of the same microstructure.
The microhardness of the (a+f)-phase increases with increasing (o+f3)-content too. It can be
assumed that the length and width of the (a+f)-lamellae do not significantly affect the
microhardness. However, the scatter seems to be influenced by cooling rate and hence lamellae
dimensions.
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3.3. Sampling

All used specimen geometries are discussed hereafter. Furthermore, the sampling of these
different specimens from forgings and feedstock billet is depicted. All samples were thereby
removed from the core thickness of the forgings.

3.3.1. Specimen geometries

3.3.1.1. Specimen geometry used for tensile tests

The specimen geometry for tensile tests was chosen according to DIN 50125 [58].

7.5 20,075

15

40

- -

Fig. 3.29: Specimen geometry used for tensile tests

3.3.1.2. Specimen geometry used for low cycle fatigue tests
0.02
o E 0.5x45°
:::.- ~ 5 polished

1
@12 2008

Fig. 3.30: Specimen geometry used for low cycle fatigue tests

3.3.1.3. Specimen geometries used for high cycle fatigue tests

High cycle fatigue test were performed on plane and round specimens with different types of
surface states and notches.

Plane four-point-bending specimens

The plane four-point-bending test geometries are shown in Fig. 3.31 (machined gauge) and Fig.
3.32 (as-forged gauge).
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Fig. 3.31: Plane four-point-bending test specimen with machined gauge
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Fig. 3.32: Plane four-point-bending test specimen with as-forged gauge

Flat notched specimens

Tension/compression fatigue tests were performed on flat specimens provided with a reamed
center hole (Fig. 3.33). The dimensions of these specimens are customer-specific and not stated.

Fig. 3.33: Flat notched specimen for high cycle fatigue tests

Unnotched and notched round specimens

Rotating bending, tension/compression, torsion and multiaxial fatigue tests were performed on
round specimens. Unnotched hourglass specimens (Fig. 3.34) and varying notched specimens
(Fig. 3.35 - Fig. 3.37) were used, respectively. Thereby, the gauge diameter was consistently
6 mm for all round specimens. The round specimens sampled from pancakes got a smaller fixing
shaft with a diameter of 12 mm instead of 15 mm, owing to the low pancake thickness.
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Fig. 3.37: Sharp notched round specimen
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Some unnotched hourglass specimens were electrolytically polished (Fig. 3.38) to get a smooth
surface for etching and to afford a residual stress free surface layer. Thereby, approximately
0.06 mm were removed from the surface, resulting in a gauge diameter of 5.88 mm. These
specimens were used for microstructurally short crack growth tests.

753> MONTANUNIVERSITAT

Omm 20mm 40mm  B0mm BOmem 100mm  120mm  140mm  160mm

Fig. 3.38: Electrolytically polished hourglass specimen

To evaluate the influence of a residual stress free surface layer on the fatigue behavior some
rotating bending specimens were chemically milled (cf. Tab. 3.1) after the precision turning (Fig.
3.39). Thereby a surface layer of approximately 0.36 mm was removed.

| ——
ﬂ MONTANLNIVERSITAT
Vs o ssimee L EOBEN
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Fig. 3.39: Chemically milled rotating bending specimen

3.3.14. Specimen geometry used for long crack growth tests

Single edge V-notched bending specimens (SEB) were used for the long crack growth testing
(cf. Fig. 3.40).

80

Fig. 3.40: Single edge V-notched bending specimen

3.3.1.5. Specimen geometry for physically short crack growth tests

Plane specimens (Fig. 3.41) were used for the measurement of the physically short crack growth
(SCG).

20
8

Q0

Fig. 3.41: Physically SCG plane specimen
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Each specimen was provided with one wire eroded initial crack with a width of ~ 0.04 mm and a
length of 0.2 mm or 0.4 mm, respectively.

Wire eroded ]

0.04

2 /
Initial crack 020rD4

Fig. 3.42: Position (1) and shape (r) of a wire eroded initial crack

3.3.2. Sampling from pancakes

Two plane four-point-bending test specimens were sampled from each pancake in the
longitudinal direction (Fig. 3.43). Regarding top surface quality, two different types of
specimens were produced; namely as-forged (from pancakes with a thickness of 13.5 mm, cf.
Fig. 3.32) and machined (from pancakes with a thickness of 15 mm, cf. Fig. 3.31). The sampling
was done by sawing with a band saw, followed by milling.

Fig. 3.43: Sampling of two four-point-bending specimens from a pancake

For high cycle fatigue testing, round specimens (five per pancake) were sampled from pancakes
with different heat treatments. Single edge bending specimens (four per pancake) were taken for
characterization of the long crack growth. The sampling of the hourglass specimens and SEB
specimens was done via jet cutting and successive turning or milling, respectively.

Fig. 3.44: Sampling of rotating bending (1) and SEB (r) test specimens (after jet cutting)

3.3.3. Sampling from V-Shapes

Specimens for tensile tests, LCF and HCF tests and short and long fatigue crack growth tests
were manufactured from V-shapes in transverse direction (Fig. 3.45). The sampling was done by
sawing with a band saw, followed by milling and turning, respectively.
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The crack growth direction of long cracks in the SEB specimens was in longitudinal direction of
the V-shape. In contrast, the physically short cracks (see specification in Fig. 3.41 and Fig. 3.42)
grew in through-thickness direction.

N\ N e :|

Fig. 3.45: Sampling from a V-shape

3.34. Sampling from feedstock billet

The sampling from the feedstock billet with a diameter of 230 mm was done in longitudinal
direction (Fig. 3.46). The SEB and rotating bending specimens were taken by band sawing,
milling and turning, respectively.

Fig. 3.46: Sampling from feedstock billet
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3.4. Specimen characterization

The fatigue test specimens were characterized with respect to geometry (relative stress gradient
and stress concentration), roughness and residual stresses. In this chapter, the all-purpose round
fatigue test specimens are characterized, which were used for the determination of the influence
of microstructure, relative stress gradient, mean stress and multiaxial loading on the fatigue
behavior. All other special purpose specimens are discussed in detail in the according chapters.

34.1. Surface roughness

The surface roughness of the specimens was measured with a confocal laser scanning
microscope (Olympus LEXT OLS3000, cut-off length 131.4 um), Tab. 3.6. It was observed that
the surface roughness is generally low; the maximum center-line average roughness R, < 1.5 um.
Both, the center-line average roughness R, and the average maximum roughness height R,
increase with decreasing notch radius of the precision turned round specimens. It can be assumed
that the influence of these roughness variations on the fatigue behavior is small (< 10%, cf. [76]).

Type of specimen R, [pm] | R,[pum]
Unnotched R50 0.6 1.4
Mild notched R5 0.6 1.6

Notched R1.5 0.9 2.3

Sharp notched R1 14 3.6

Tab. 3.6: Measured surface roughness of round specimens

3.4.2. Residual stresses

All residual stress measurements were performed using X-ray diffraction (XRD) in combination
with the sin” y method. Fig. 3.47 shows the residual stress distributions for four different types of
precision turned round specimens. Graphs of residual stresses are comprised of measured data
points (calculated by the average of data in the longitudinal and transversal direction, assuming a
homogenous plane stress state), with no smoothing.
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Fig. 3.47: Residual stress measurement on precision turned round specimens
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The peak values of the compressive residual stresses are located at the surface for all precision
turned specimens. They range between -200 MPa and -400 MPa. The compressive residual
stresses reach approximately a depth of 0.05 mm. The anomalous distribution of the mild
notched round specimen may derive from measuring inaccuracy.

3.4.3. Notch characterization

The important parameters (theoretical notch concentration factor K, and relative stress gradient
7 achieved by finite element analysis) regarding notch characterization of the used specimens
are summarized in Tab. 3.7. The notch characterization is discussed in detail in the chapter
“Influence of relative stress gradient on the fatigue behavior”.

Notch radius K, xr* Kimises | X *Mises
Type of load Type of notch [mm] [] [mm™] -] [mm]
Tension/Compression Unnotched 50 1.03 0.04 1.02 0.05
Tension/Compression Mild notched 5 1.25 0.41 1.17 0.56
Tension/Compression | Sharp notched 1 2.05 2.54 1.84 3.60
Rotating Bending Unnotched 50 1.02 0.37 1.01 0.38
Rotating Bending Notched 1.5 1.50 1.58 1.36 2.05
Rotating Bending Sharp notched 1 1.69 2.11 1.52 2.73
Torsion Unnotched 50 1.01 0.36 - -
Torsion Sharp notched 1 1.37 1.25 - -

Tab. 3.7: Relative stress gradients and stress concentration factors of all used round specimens
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4.  Fatigue behavior of Ti-6Al-4V

This chapter contains the discussion of the most important influences on the fatigue behavior of
Ti-6Al-4V, namely:

e Microstructure

e Relative stress gradient (notches)
e Impressed mean stress

e Multiaxial loading

e Flaws

e Surface state

e Surface arrangement

e Operating temperature

For each of these influences, the state-of-the-art is reported. Subsequent, the experimental
procedure is elucidated and the experimental results are discussed. Developed phenomenological
models are explained, in part also the according verification, and finally the conclusion is stated.

4.1. Influence of microstructure on the fatigue behavior

The aim of this part of the research work is to determine the influence of microstructure on the
fatigue behavior of Ti-6Al-4V, including crack propagation. The focus is thereby on forgeable
and economic microstructures in equiaxed or bimodal condition, respectively. Due to the chosen
forging temperature of 930°C (typical for (a+)-forged components) no crystallographic texture
occurs in the analyzed materials. An influence of texture on the fatigue behavior is therefore
excluded.

4.1.1. State-of-the-art

The influence of microstructure on the fatigue behavior of titanium alloys and especially Ti-6Al-
4V is well documented in literature, with the problem that damage tolerant lightweight design of
Ti-6Al-4V forgings is still lacking. The reasons for this circumstance are the multitude of
possible processing and the high diversity of microstructure. The research works presented in
papers are often limited on one or two (partly crystallographic texture afflicted) microstructures
and the used processing is in part entirely uneconomical. Therefore, a quantitative link between
microstructural parameters and fatigue strength or stress intensity factor threshold is not
available in literature.

Already in 1984, Riidinger and Fischer [146] concluded, that it must be kept in mind that optimal
values for fatigue strength reached on a small dimension like a 30 mm bar, cannot be achieved in
the same way for a heavy plate or a large forged part of various section sizes, because the
microstructure produced by thermomechanical processing predominates the fatigue strength.
Today, with powerful tools like FE forging simulation it is possible to predict the local
microstructure for components of any size by the utilization of user-routines, see, for example,
[163]. Such a user-routine is currently implemented in Deform' for Ti-6A1-4V. The necessary
quantitative link between local microstructure and fatigue strength will be discussed hereafter.
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Liitjering [105] summarized the influence of several microstructural parameters on mechanical
properties of (a+f)-titanium alloys (Tab. 4.1). The qualitative trends (+, 0, -) point out the
direction in which a specific mechanical property will change when a microstructural feature is
changed according to the footnote in Tab. 4.1.

R Macrocracks Creep
Microcracks
Ryo.2 & HCF AK AKy, K AKy, | strength
"’ R=0.7 | ' | R=0.1 | 0.2%
Small a-colonies, o.-
R + + + + - - - +/-

lamellae
Bimodal structure + + - + - - - -
Small a-grain size © + + + + - - - -
Aging (a.;), Oxygen + - + - - - + +
Secondary o in 3 + - + + 0 0 0 +
Texture: . 0 +Vac 0 Vac 0 Vac 0 0 Vac +
Stress | | c-Axis - Air - Air - Air - Air

®Compared to coarse lamellar structure.
e Compared to fully lamellar structure with same cooling rate.
“ Compared to large a-grain size of fully equiaxed structures.

Tab. 4.1: Qualitative correlation of microstructural parameters and mechanical properties for (o+f3)-alloys [105]

4.1.1.1. Crack initiation and high cycle fatigue

Peters et al. [131] investigated three different microstructures (fine equiaxed, coarse equiaxed,
bimodal) with constant basal texture. They found that the fatigue strength of the equiaxed
microstructures could be improved by reducing the a-grain size. Furthermore, they observed that
it is advantageous for high fatigue strength in aggressive environments to separate the a-grains
by fine lamellar portions (bimodal microstructure). They concluded that laboratory air is already
a very aggressive environment for Ti-6Al-4V, because a large drop in fatigue strength existed
when comparing tests in vacuum and in laboratory air, cf. Fig. 4.1 (1). In contrast, the difference
between tests in air and in 3.5% NaCl solution was small.
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900 ~  Vacuum R=-1,RT, air
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[ 3.5%NaClsolution 800 |~

< 800 [ =
o s . .
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Cycles to failure [-]
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Fig. 4.1: Comparison of fatigue strength in diff. environments (1) [131] and with varying microstructure (r) [104]
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Hall [80] summarized later results of Peters et al. [132] concerning influence of texture and
environment on the fatigue behavior of Ti-6Al-4V. They found that moist air is an aggressive
environment, especially where the stress and crystallographic orientations favor basal plane
fracture. In both air and salt-water tests, basal plane cracks were the observed initial crack-like
discontinuities. However, little basal plane cracking was observed in vacuum tests. This
difference was more obvious at higher fatigue stresses. In all cases, nucleation was reported due
to reversible slip over whatever slip distances the microstructure and texture allowed. If texture
or coarseness of the structure was favorably arranged for high tensile stress across the basal
plane, strong environmental influences were noted. Otherwise, slip on other planes performed
the nucleation job. Hydrogen is considered to play a role by promoting slip heterogeneity as
postulated by Postans and Jeal [135]. The primary a-grain size in the alloy of this study was very
fine (< 2um). However, the strong texture diminished the advantage of the fine alpha.

Liitjering and Gysler [104] reported the influence of microstructure on the HCF behavior of aged
Ti-6A1-4V with basal texture, cf. Fig. 4.1 (r). They found that the bimodal microstructure
exhibits the highest fatigue strength in air, because the basal planes of the strongly textured a-
grains are separated from each other. The aggressive effect of laboratory air (about 50% relative
humidity) was thought to be due to hydrogen, which is most damaging along the basal plane.

Wagner and Gregory [177] discussed the influence of the microstructural parameters lamellae
width and o-grain size, cf. Fig. 4.2. They concluded that smaller lamellae width and a-grain size
lead to higher fatigue strength. Furthermore, they reported that fatigue cracks nucleate in
bimodal microstructures in the lamellar matrix, at the interface between lamellar matrix and
primary o-phase, or within the a.-phase.
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Fig. 4.2: Influence of grain size and lamellae width on the fatigue behavior of Ti-6Al-4V [177]

Benson et al. [39] studied the mechanisms of fatigue of mill-annealed Ti-6A1-4V at 600°F and
room temperature. Early crack initiation (< 0.14 Ny was found to occur in a-grains by a slip-
band mechanism under all but the least severe conditions of cyclic stress. Under cyclic stresses
near the fatigue limit at room temperature, fatigue cracks initiated later at the interface between
a- and (a+f)-grains without detectable slip. Under all conditions, Stage I fatigue crack growth
occupied 50% to 80% of the total life. Although mechanical twins were produced in profusion
near the growing Stage II fatigue cracks, they appeared to play no role in crack initiation or
Stage I crack growth; nor did they facilitate Stage Il growth. None of the observations could be
interpreted as evidence for a metallurgical instability or strain-induced phase transformation,
which might be harmful to the fatigue resistance of the alloy.

Neal and Blenkinsop [121] observed that in the high cycle fatigue region, internal fatigue origins
were often present in Ti-6Al-4V with flat alpha facets found at the crack origin. Based on Stroh’s
analysis [164] they proposed a mechanism for fatigue crack initiation by cleavage along the
(1017) plane in equiaxed alpha grains due to the restricted slip. [86]
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The work of Freudenthal [64] also emphasized the fact that the pseudoelastic nature of Ti-6Al-
4V leads to development of very high stress intensification at the strain incompatibilities. In the
same vein, Steel and McEvily [162] suggested that the crack initiation in Ti-6Al-4V differs from
that in a “plastic” material, such as copper, in that the internal stress concentration rather than the
slip-band roughening is responsible for crack initiation in the high cycle range, possibly by the
cleavage cracking, as discussed by Neal and Blenkinsop [121]. [86]

Ivanova et al. [86] tested equiaxed and bimodal Ti-6Al-4V in the finite life and high cycle
fatigue regime with a stress ratio of 0.1. In the finite life region, they found crack initiation at the
o/f interface and within the primary a-phase. In the high cycle fatigue region the fatigue cracks
initiated in a-grains. In the equiaxed microstructure the cracks started thereby at the o/o grain
boundary, cf. Fig. 4.3 (I). A close-up of the fractured grain, Fig. 4.3 (c), taken with a field
emission microscope, allowed them to see a fan-shaped pattern on the grain surface which is
characteristic for cleavage-type fracture, cf. [84]. The percentage of life spent for crack initiation
was < 30% in the finite life region and > 80% in the high cycle fatigue region.
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Fig. 4.3: Crack initiation in Ti-6Al-4V acc. to Ivanova et al. [86] (1, ¢), and acc. to Peters et al. [129] (r)
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They concluded that it is very likely that cleavage-type fracture contributes to the crack initiation
in Ti-6Al-4V; another observation in support of this point was the absence of slip activity in the
alpha phase in the HCF regime. According to Adachi et al. [27], during tension/compression
fatigue with impressed mean stress in Ti-6Al-4V, dislocations pile up at the unfavorably-
oriented-for-slip a-grains, causing stress concentration ahead of the pile-up. However, on the
other hand, the orientation of these grains is such that the easy cleavage plane in Ti-6AI-4V
(1017) is nearly perpendicular to the loading direction, maximizing hence the effect of the
applied tensile stress. This stress combined with tensile stress caused by dislocation pile-up in
the neighboring grain can exceed fracture strength of the easy cleavage plane in this alloy,
thereby initiating a fatigue crack by cleavage fracture. It has to be mentioned that Ivanova et al.
determined the fatigue cracks with a replica technique. It can be challenged that this method is
able to determine fatigue cracks in the lamellar (a+[3)-phase in the bimodal microstructure.

Peters et al. [129] analyzed the fatigue behavior of solution treated and overaged Ti-6Al-4V with
residual stress-free smooth specimens under tension/compression loading. They found crack
initiation at the specimens surface for fully reversed loading (R = -1), whereas positive load
ratios (R = 0.1-0.8) led to subsurface crack initiation. In addition, they found that the crack
initiation site moved from regions close to the surface (~ 40-100 um) to farther into the interior
(~ 250-450 pm) with decreasing stress amplitude. Scanning electron microscopy of a subsurface
crack initiation site (R = 0.7, Ny= 9.8E7) revealed a facet-type fracture surface, involving crack
initiation and early growth along planar slip bands, Fig. 4.3 (r). The facets of fractured a-grains,
which were aligned perpendicular to stress axis, were of near-basal orientation, based on electron
backscatter diffraction (EBSD) analysis.
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Knobbe et al. [94] analyzed fatigue crack initiation in mill-annealed Ti-6Al-4V in the high cycle
fatigue region. They found that the fatigue cracks initiate preferentially at grain or phase
boundaries. The scanning electron microscopy (SEM) picture in Fig. 4.4 (1) shows an initiated
fatigue crack in primary a-phase. With electron backscatter diffraction (EBSD), they ascertained
that this crack initiated at an a/a-grain boundary. The center picture in Fig. 4.4 shows an initial
crack at an o/B-lamellae boundary. The Schmid factor of the a-lamellae was determined to be
high for prismatic slip (~ 0.4) and very low for basal slip (< 0.1). The right SEM picture in Fig.
4.4 shows a fatigue crack initiated at an o/(a+p)-phase boundary and the according Schmid
factors. The crack grew into the adjacent primary o-grain with high Schmid factor for basal slip.
It can be assumed that the presented fatigue cracks initiated by cleavage fracture.

Fig. 4.4: Initiated fatigue cracks in mill-annealed Ti-6Al-4V according to Knobbe et al. [94]

Bridier et al. [43] performed strain-controlled fatigue tests on bimodal Ti-6Al-4V in the finite
life region (R, =0, & = 0.4%, Ny= 20,000) at room temperature in air. They noted that slip traces
mostly occurred within primary o-grains, which accommodate the major plastic deformation.
The plastic deformation remained relatively localized, as only a small part (~30%) of all the
analyzed primary o-grains exhibited single slip traces after the fatigue test. All activated slip
bands were identified: 24% of them correspond to prismatic single slip, 5% to basal single slip,
and only one grain presented slip traces along a first-order pyramidal slip plane. All cracks were
found to form across primary a-grains. Six cracks formed along a prismatic plane and 10 cracks
along a basal plane. Most of the observed prismatic cracks remained limited to the initial primary
a-grain and were parallel to straight and regularly spaced slip bands. Conversely, basal cracks
observed on the sample, i.e. after the same number of cycles, had already propagated through the
surrounding microstructure.

They calculated the Schmid factor x4 of all potential slip systems from EBSD data. Results
concerning gliding activity after failure are summarized in Fig. 4.5 (1). For each prismatic, basal
or pyramidal system, one bar corresponds to the percentage of grains presenting slip and
associated with a certain Schmid factor on all the grains presenting a Schmid factor in the same
range.
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Fig. 4.5: Distribution of gliding (1) from the observation of a 0.1x] mm? area, and distribution of cracks (r) [43]
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It hence displays the relative ease by which each gliding system can be activated. Prismatic slip
is, however, more easily activated than the basal one. The only first-order pyramidal gliding case
was associated with a very high Schmid factor. Results concerning crack initiation are shown in
Fig. 4.5 (r). They observed that two basal cracks have even been formed for much lower Schmid
factors than the lowest value concerning basal slip.

To investigate the influence of local crystallographic orientation further, Bridier et al. [43] made
a numerical analysis of the EBSD data. The orientation of every analyzed primary o-grain
according to the stress axis was projected on inverse pole figures (IPF), Fig. 4.6 (I, c). The
domain corresponding to prismatic crack formation appears more concentrated around the
highest Schmid factor value than for gliding.

This fact and the strongly marked prismatic slip bands close to prismatic cracks lead to the
conclusion, that prismatic crack formation involves a classical surface roughening mechanism.
The result is quite different for basal systems. The crystallographic domain favoring plasticity
corresponds to a high and relatively high Schmid factor. However, poles concerning crack
formation are located mainly in an orientation domain of moderate basal Schmid factors. In
particular, this domain is shifted towards the [0001] pole, which corresponds to a very low
Schmid factor for prismatic systems and high tensile normal stresses to the basal plane.

They considered the elastic anisotropy of the hcp a-phase on the basis of Hayes formulation
[83], and observed that the domains of basal slip or crack formation belong to a high stiffness
domain. It can hence be concluded that crack formation in the finite life region requires a
combination of a high Schmid factor and a high elastic stiffness, inducing a high tensile stress
normal to the basal plane.
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Fig. 4.6: IPFs with experimental poles of grains with prismatic (1) and basal (c, r) slip traces and cracks [43]

Calles [45] analyzed different types of microstructures of forged and rolled Ti-6Al-4V,
respectively. He defined the grain size as the mean diameter of the primary o-grains. For
lamellar microstructures, he appointed a mean slip length in respect of the mean lamellae
dimensions to consider the different orientations of the lamellae with regard to the loading
direction. Calles showed with tension/compression fatigue tests (R = -1) for different types of
microstructures that the fatigue strength of small specimens (d = 1.9 mm) is lower than for
“normal” specimens with common dimensions (d = 8 mm), Fig. 4.7. This finding conflicts with
the statistical size effect. For steels, the statistical size effect can be ascribed to the increasing
number of potential crack seeds (non-metallic inclusions, pores, etc.) with increasing material
volume. Therefore, he suggested that the crack initiation mechanism via intrusions and
extrusions on slip bands, known from very homogeneous materials, is negligible for such cases.
However, for titanium alloys (almost no impurities due to the manufacturing process) the slip
occurrence in the grains is a major influence on the fatigue behavior. The slip occurrence again is
affected by the grain size as a quantity for the free dislocation slip length according to the Hall-
Petch relationship, which is valid for static loading.
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Furthermore, in (a+f)-titanium alloys the a-phase has the lower strength, so this phase is
limiting the fatigue strength. The grain boundaries, which have to be passed by slip bands for
propagation, are additionally reinforced by B-phase. Therefore, the influence of the o-grain size
is intensified by this effect. Calles concluded that for small specimens with a four times higher
specific surface compared to specimens with common dimensions, well oriented grains in
respect of crack initiation are more likely near the vulnerable surface.
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Other authors (e.g. [26], [35], [183]) also concluded that the major influence in respect of crack
initiation and fatigue strength is the maximum slip length in the microstructure.

Lucas and Koniezny [102] documented the relationship between a-grain size and crack initiation
fatigue strength for Ti-6Al-4V (Fig. 4.8). They found that the fatigue limit increases with
decreasing average grain size.
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Fig. 4.8: Relationship between o-grain size and crack initiation fatigue strength [102]

In contrast to other authors, Nalla et al. [117] reported that the lamellar microstructure showed
higher fatigue strength (at stress ratios 0.1 and 0.5) in the HCF region compared with a bimodal
structure. They suggested that this behavior might be related to the fact that the bimodal
microstructure had a high percentage (~ 64 %) of interconnected primary a, which leads to large
effective slip length. It has to be mentioned at this point that the lamellar microstructure was
achieved by an uneconomical heat treatment containing solution treating in vacuum and rapid
quenching in high-purity helium gas. Crack initiation was found to occur at both the surface and
subsurface regions (~ 40 to 100 um below surface) of unnotched specimens. Nalla et al.
mentioned in their paper that the most critical parameter to increase the HCF strength (resistance
against fatigue crack nucleation) is to reduce the maximum dislocation slip length in the
microstructure. Generally, fatigue cracks nucleate due to irreversible slip within the longest
crystallographic slip bands (i.e. maximum slip length) available in the microstructure.
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Zuo et al. [185] analyzed the ultra-high cycle fatigue (UHCF) behavior of Ti-6Al-4V with
bimodal and lamellar basketweave microstructure (Fig. 4.9). They found internal crack initiation
in the UHCF region caused by microstructural inhomogeneities. The interior cracks initiate at the
o-grain boundaries or inside a-grains in bimodal microstructure and at the (a+f)-interfaces or
colony boundaries in basketweave microstructure.

They concluded that the S/N-curves of Ti-6Al-4V continue to decrease with increasing number
of cycles to failure, and no conventional fatigue limit exists in the regime of 10° to 10° cycles for
Ti-6Al-4V with both bimodal and basketweave microstructure. It has to be mentioned that the
fatigue test results of Zuo et al. do not clearly confirm their conclusion.
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Fig. 4.9: S/N-curves of Ti-6Al-4V with bimodal (a) and basketweave (b) microstructure [185]

Morrissey and Nicholas [113] investigated the fatigue behavior of Ti-6Al-4V with bimodal
microstructure in the HCF and UHCF regime. They compared S/N results at ultrasonic and
conventional frequencies and found a distinct fatigue limit of 410 MPa (Fig. 4.10). Furthermore,
they observed no frequency effects due to the increased strain rate or due to temperature
increases caused by internal damping.
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Fig. 4.10: Comparison of S/N-results at ultrasonic and conventional frequencies [113]

Knobbe et al. [94] tested mill-annealed Ti-6A1-4V with a frequency of 760 Hz up to 5-10% load
cycles and reported a distinct fatigue limit.

Liitjering [103] and Bowen [41] showed that the crystallographic texture has a considerable
influence on the fatigue behavior (Fig. 4.11). They observed fatigue limits between 600 MPa and
725 MPa owing to different types of crystallographic textures. Thereby, the basal/transversal
texture led to the highest endurance limits.
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Fig. 4.11: Influence of texture & test direction on the fatigue behavior of Ti-6Al-4V in vacuum (1) and in air (r) [41]

4.1.1.2. Fatigue crack propagation

In 1975, Pearson [127] observed the abnormal behavior of short cracks in commercial aluminum
alloys for the first time. Short cracks already propagate beneath the stress intensity range
threshold 4Ky,. Furthermore, they possibly show significantly higher crack growth rates at
equivalent stress intensity ranges 4K compared with long cracks. The crack growth behavior of
short cracks is often explained by the absence of crack closure mechanisms, e.g. [120] or [158].
But Nalla et al. [117] reported that short cracks propagate also beneath the effective stress
intensity range threshold 4K, . which is corrected regarding crack closure effects.

A classification of short cracks can be made with respect to their dimensions, cf. [142] and [156].
Suresh and Ritchie [165] suggested the following classification of short cracks:

e Microstructurally short cracks, where crack size is comparable to the scale of some
characteristic microstructural dimension (micro-crack limiting obstruction distance d,)
such as grain size.

e Mechanically short cracks, where the zone of permanent deformation (plastic zone)
around a crack may be comparable to its size.

e  Physically short cracks, which do not lie in any of the above two categories but are
merely smaller than 1-2 mm.

e Chemically short cracks, where environmental stress corrosion mechanisms become
more active below a certain crack size.

The Kitagawa-Takahashi diagram [93] plots the threshold of cyclic stress (stress amplitude o, or
stress range Ao) for growth of existing cracks against initial crack length a. Beneath this limiting

curve is the no-growth region and therefore infinite life, above crack propagation and hence
finite life, Fig. 4.12.

Stress amplitude o, (log.)

Initial crack length a (log.)

Fig. 4.12: Kitagawa-Takahashi diagram and El Haddad relation
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The classical Kitagawa-Takahashi diagram is characterized by two parameters, namely fatigue
limit oy and stress intensity factor threshold for long crack propagation AK,. El Haddad et al.
[61] reported differences between Kitagawa-curve and experimental data at the transition region
of fatigue limit and stress intensity threshold line, where the threshold of the stress intensity
factor depends on the crack length. Therefore, they suggested a new empirical model including
these short crack effects, Equ. (4.1). Thereby, the initial crack length ay is increased by a notional
crack length ay; the crack length at the transition point of the Kitagawa-curve, Equ. (4.2). The El
Haddad relation leads to a continuous transition and asymptotical convergence to the fatigue
limit.

A=K Equ. (4.1)
s (Clo + Clth )
1 ak, )
ay =—{ = j Equ. (4.2)
n| 20, ,

Chapetti [47] also discussed the fatigue propagation threshold of short cracks under constant
amplitude loading, and presented several interesting findings. He assumed that both, the fatigue
limit and the high cycle fatigue resistance depend on the effective resistance of the
microstructural barriers that has to be overcome by the cracks, Fig. 4.13.

Each of these barriers has a characteristic dimension (d;, d,,...) and a critical stress range
associated with its resistance to crack propagation. The plain fatigue limit is determined by the
strongest microstructural barrier (d), since that resistance is generally greater than the resistance
to crack nucleation. On the other hand, above the fatigue limit and for a given stress range, each
barrier has an associated number of cycles that is necessary to propagate the crack. A crack is
non-damaging with respect to the plain fatigue limit up to a crack size a = d.
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Fig. 4.13: Kitagawa diagram showing the threshold stress for short and long cracks [47]
Chapetti [47] defined an intrinsic resistance to microstructurally short crack propagation (AKzr)
by using the position d of the strongest microstructural barrier and the (stress ratio dependent)

plain fatigue limit Aoyz. This intrinsic resistance is considered to be a microstructural threshold
for crack propagation, Equ. (4.3).
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AKjp =Y -Ac N1 d Equ. (4.3)

For the long crack regime (where crack closure has built up to a steady state level), a total
extrinsic component AKcx can be defined as the difference between the mechanical threshold for
long cracks, 4Kz, and the microstructural one, AK,z. The total extrinsic component of the
threshold corresponds to a steady state level and is built up after a given crack length that
depends on the material (¢ = / in Fig. 4.13). In order to obtain an expression to estimate the
fatigue crack propagation threshold as a function of crack length, Chapetti [47] defined the
development of the extrinsic component AK¢ by using the expression proposed by McEvily and
Minakawa [109], Equ. (4.4). Thereby, k is a stress ratio dependent material constant, and a the
crack length.

AKo=AKq (1-e ™) Equ. (4.4)

The material threshold for crack propagation as a function of crack length, 4K, is then defined
according to Equ. (4.5).

AK, =AK 4+ AK . = AK y +(AK = AK ) (1-e ) Equ. (4.5)

Finally, Chapetti proposed an expression for the material parameter k, which defines the
development of the extrinsic threshold component, Equ. (4.6).

1 AK

== .20 Equ. (4.6)
4d AK,,—AK,

Kiinkler et al. [98] summarized the different crack propagation stages. They reported that crack
initiation in polished specimens starts trans- or intercrystalline at positions in the microstructure
with elevated stress due to stress raisers (e.g. grain boundaries or inclusions). The following
crack propagation in stage I occurs on single-crystallographic slip bands inclined by about 45° to
the applied stress axis (tension/compression loading, Fig. 4.14). This means that shear stresses
act on the slip planes.

Mode I+1T Mode I

Stage Ta Ib Stage IT

Double slip

Single slip

Fig. 4.14: Different stages of crack propagation [98]
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After crossing the first grain boundary, the crack can propagate through several grains in stage I,
which leads to a zigzag-like crack path. Thus, geometrically induced crack closure can occur.
Plasticity induced crack closure known from long cracks seems not possible in stage I as no
plastic crack tip opening exists. During the crack growth in stage I, grain and phase boundaries
may act as barriers against slip transmission into adjacent grains (depending on the orientation of
the respective slip bands). This leads to an oscillating crack growth rate. With increasing crack
length and depending on the orientation of the individual grains and the crack path, additional
slip bands are activated and the crack propagates alternating on two different slip bands.

At the beginning, the position and the length of the activated slip bands are determined by the
microstructure. Due to the propagation on different slip systems, the crack changes from its
direction parallel to the maximum shear stress to a path perpendicular to the loading axis
(mode I), which is the direction of crack growth in stage II. Because position and length of the
activated slip bands are still determined by the microstructure, the crack can be termed
“microstructurally short”.

With further increase in crack length, the stress intensity in front of the crack increases and more
and more slip bands are activated until a larger area at the crack tip is plastically deformed. Now
the influence of individual slip band orientation and grain shape on crack propagation decreases.
Thus, the crack is no longer microstructurally short and may be described by elastic-plastic or
linear-elastic fracture mechanics (stage I1).

The fatigue crack propagation behavior of short and long cracks in Ti-6Al-4V is considerably
influenced by microstructure. Wagner and Gregory [177] reported the crack growth behavior of
microstructurally short cracks (Fig. 4.15, left) and long cracks in coarse lamellar and fine
equiaxed microstructure. They found that the coarse lamellar microstructure exhibits a worse
short crack growth behavior but — owing to the additional crack growth resistance contributions
of crack front geometry and crack closure — a slower long crack propagation compared to the
fine equiaxed microstructure (Fig. 4.15, center). Furthermore, they reported a decrease of long
crack growth rate with increasing o-grain size owing to the same crack growth resistance
contributions mentioned before, Fig. 4.15 ().
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Fig. 4.15: Crack growth of short cracks (1), comparison with long cracks (c) and influence of grain size (r) [177]

Gray and Liitjering [73] also observed that coarsening the equiaxed grain size reduces the fatigue
crack propagation rates of Ti-6AI-4V at low stress ratios. They attributed the influence of grain
size and the increase in fatigue crack propagation resistance with decreasing stress ratio to
roughness-induced crack closure. Furthermore, they observed that the coarse lamellar
microstructure possesses (in comparison to equiaxed microstructures) the highest resistance to
fatigue crack propagation owing to roughness-induced crack closure.
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Testing in a more aggressive environment (ambient air) was found to drastically reduce the crack
propagation resistance of Ti-6Al1-4V with equiaxed and lamellar microstructure in comparison to
experimental results in vacuum (Fig. 4.16).
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Fig. 4.16: Fatigue crack propagation in respect of microstructure and stress ratio in vacuum (1) and air (r) [73]

Nakajima et al. [116] investigated the early stage of crack growth in mill-annealed Ti-6Al-4V
(Covp = 33%, a, = 7 um) on notched flat specimens (stress ratio R = 0.1). They found that the
fatigue crack initiated as a stage I crack in an o-grain at the notch root surface. The incipient
crack grows under 45° to the maximum tensile stress axis. It was also revealed that the small
fatigue crack changed its propagation direction at the grain boundary. Nakajima et al. supposed
that crack closure develops fast, owing to the relatively large o-grains with planar slip
characteristics. At the fatigue limit, non-propagating cracks were not observed. In contrast,
Takafuji et al. [166] reported non-propagating crack in Ti-6Al-4V at the notch root of (run-out)
V-notched round specimens at 10" load cycles.

Knobbe et al. [94] analyzed crack initiation and short crack growth near the fatigue limit in mill-
annealed Ti-6Al-4V. They found more initial fatigue cracks in the lamellar (o+f)-phase. The
initiated cracks grow intercrystalline; even in lamellae.

Liitjering and Gysler [104] investigated the long crack propagation behavior of Ti-6Al-4V with
varying microstructure. The equiaxed and bimodal microstructures had thereby a mixed
basal/transversal texture after rolling. They observed that the material with the larger a-grain
size exhibited slightly lower long crack propagation rates at both high and low stress ratios.
Similar findings are reported by Peters et al. [131].

Liitjering and Williams [105] presented an example for the fatigue crack propagation behavior of
fully equiaxed microstructures with an o-grain size of 6 um. The propagation rates of small, self-
initiated surface cracks (microcracks) measured on round smooth specimens and large cracks
(macrocracks) measured on fracture mechanics type specimens for two different stress ratios
were compared (Fig. 4.17 left). These results indicate that, even for these relatively fine grained
equiaxed microstructures, a sufficient large grain size effect on the crack front profile of
macrocracks exists which explains the change in grain size ranking between microcracks and
macrocracks (cf. Tab. 4.1).
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Fig. 4.17: FCP in equiaxed microstructure (1) and comparison of bimodal and equiaxed microstructure (r) [105]

Fig. 4.17 (r) shows the differences in fatigue crack propagation behavior between equiaxed and
bimodal microstructures. It was observed that the microcracks in the bimodal microstructure
propagate at slower rate as compared to the microcracks in the equiaxed microstructure
containing many interconnected o-grains.

The microcracks in the fully equiaxed microstructure showed the tendency to grow through areas
containing interconnected a-grains whereas the microcracks in the bimodal microstructure
showed the tendency to propagate through the lamellar (a+f)-phase. Although the macroscopic
crystallographic texture measured with XRD was similar for both microstructures, the slip length
seems to be larger in areas with interconnected a-grains (equiaxed microstructure) than in the
lamellar (a+f)-phase of the bimodal microstructure. [105]

Liitjering and Williams [105] reported the influence of texture and environment on the long
crack growth, cf. Fig. 4.18. It was observed that there is not much effect of texture on
macrocrack propagation in vacuum.

In 3.5% NaCl solution the macrocracks propagated much faster under transverse direction (TD)
loading (basal planes perpendicular to the loading direction) as compared to the rolling direction
(RD) loading (basal planes parallel to the loading direction).
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Fig. 4.18: Crack propagation behavior in respect of texture in vacuum (1) and aggressive environment (1) [105]

Tokaji et al. [170] found that in high strength low alloy steels with fine and coarse austenite
grain sizes, the surface crack was less than three grain diameters in length. The grain boundaries
provided crack arrest or deceleration points. Slightly longer cracks were not strongly influenced
by the microstructure. [80]
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The longer cracks grew faster than predicted from linear elastic fracture mechanics (LEFM)
extrapolations of long crack data until surface lengths exceeded several grain diameters (d). They
concluded that after a surface crack reached 3d, some crack closure began to be effective and
that this effect saturated after another 150 pm of growth. Then LEFM adequately described
crack growth. From this point, grain boundaries become less important as crack growth
inhibitors. Wagner et al. [178] investigated equiaxed Ti-8.6Al in a similar manner and found
grain boundaries to provide substantial resistance to growth of very short cracks. They also
examined the total shape of surface cracks, finding them not to conform to an expected uniform
a/c ratio. Slower short crack growth was reported, consistent having more grain boundary arrest
points. [80]

4.1.2. Experimental procedure

The test program for the determination of the influence of microstructure on the fatigue behavior
of Ti-6Al-4V included rotating bending fatigue tests, single edge bending long crack growth
tests, and microstructurally and physically short crack propagation tests. All tests were
performed at ambient air and room temperature.

4.1.2.1. High cycle fatigue tests on Ti-6Al-4V with varying microstructure

Fatigue tests were performed on precision turned round hourglass specimens (Fig. 3.34) under
rotating bending loading (stress ratio R =-1) with a frequency of 70 Hz. The used rotating
bending test rig (Fig. 4.19) was developed at the Chair of Mechanical Engineering. The
specimens are thereby loaded under four point bending loading.

The evaluation of the S/N-curves in the finite life region was based on the logarithmic normal
distribution. The high cycle fatigue strengths at 10® load cycles were determined according to the
arcsinNP-method [55]. Due to the limited specimen lot sizes, the high cycle fatigue strength and
especially the scatter are not statistically firm. Both, the test results and the literature, e.g. [94]
and [113], raise the suspicion that Ti-6Al-4V has a distinct fatigue limit. Therefore, two-line
S/N-curves were used with a horizontal high cycle fatigue line.

A

Fig. 4.19: Rotating bending test rig

The fracture surfaces were analyzed with a stereo light optical microscope (Olympus SZX12).
Two exemplary pictures of a fracture surface are shown for each microstructure; one overview
(16x magnification) and one detailed view of the crack initiation site (64x magnification, except
pancake BA). The crack initiation site is located at twelve o’clock position in all pictures. The
fatigue cracks initiated from or directly underneath (ca. 50 um, in accordance to the residual
stress distribution, cf. Fig. 3.47) the surface independent of microstructure. It can be assumed
that such a subsurface crack initiation directly beneath the surface is caused by machining-
induced residual stresses.
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Mill-annealed microstructure

The mill-annealed V-shape exhibits a fatigue strength of 580 MPa (Fig. 4.20). The scatter (Tab.
4.2) is relatively low despite the mill-annealed microstructure. This may be caused by the special
design of the V-shapes resulting in a uniform gauge with regard to effective strain.
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Fig. 4.20: Rotating bending S/N-curve (1) and fracture surface (r) for V-shape mill-annealed unnotched

Symbol Description Unit | Value
oF Fatigue strength at N=10® | MPa 580
Ny Cycles at transition - 7.5E5
k Slope - 9.7
T Scatter at finite life - 1:3.4
Ts Scatter at N=10° - 1:1.1

Tab. 4.2: Parameters for RB S/N-curve V-shape mill-annealed unnotched

The mill-annealed pancake exhibits a high fatigue strength in the HCF and in the finite life
region. The scatter is markedly higher in comparison to the mill-annealed V-shape. This may
arise from the non-uniform effective strain distribution in the cross section of the mill-annealed
pancake (cf. Fig. 3.10) and resulting variations in microstructure.
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Fig. 4.21: Rotating bending S/N-curve (1) and fracture surface (r) for pancake mill-annealed unnotched
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Tab. 4.3: Parameters for RB S/N-curve pancake mill-annealed unnotched

Symbol Description Unit | Value
of Fatigue strength at N=10° | MPa 635
Ny Cycles at transition - 1.3E6
k Slope - 8.7
Tw Scatter at finite life - 1:3.7
Ts Scatter at N=10° = 1:1.2

Bimodal microstructure

The bimodal microstructure of the solution treated V-shape leads to a relatively low fatigue
strength of 465 MPa at 10° load cycles (Fig. 4.22). The scatter (Tab. 4.4) is low, owing to the
homogenous bimodal microstructure.
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Fig. 4.22: Rotating bending S/N-curve (1) and fracture surface (r) for V-shape solution treated unnotched

Tab. 4.4: Parameters for RB S/N-curve V-shape solution treated unnotched

Cycles to failure N (log.) [-]

Symbol Description Unit | Value
o Fatigue strength at N=10° | MPa | 465
Ny Cycles at transition - 1.8E6
k Slope - 8.5
Tw Scatter at finite life - 1:2.4
Ts Scatter at N=10° - 1:1.1

The solution treated and polymer-quenched V-shape shows a significantly higher fatigue
strength (Fig. 4.23). The scatter is also very low owing to the complete recrystallization caused

by the heat treatment.

46



Doctoral Thesis

Dipl.-Ing. Bernd Oberwinkler

Fatigue behavior of Ti-6Al-4V
Influence of microstructure on the fatigue behavior

Notch stress amplitude o (log.) [N/mm?]

900 4 ———rr—rrrrr——rr e rr——rrr—
a50 |Ti-6AI-4V V-Shape STPQ RB R=-1 | ;
- SiN-curve P,=10% |
800 - : SiN-curve P.=90% | 3
7505 SiN-curve P_=50% -
] = Experimental data | 3
700 4 J
5 (= rumout |
650 ]
E - - E
600 : . . =
550 _ 2% _
] g ]
so0d | GE—E==T—190) E
|7, =580 N/fmm?, N = 3E5, K=1.02, 7"=0.37|
450 T o T EEEY) IR ol SRRl
10000 100000 1000000 1E7 1E8

Cycles to failure N (log.) [-]

Fig. 4.23: Rotating bending S/N-curve (1) and fracture surface (r) for V-shape STPQ unnotched

Symbol Description Unit | Value
oF Fatigue strength at N=10° | MPa 590
Ny Cycles at transition - 3E5
k Slope - 8.7
T Scatter at finite life - 1:2.1
Ts Scatter at N=10° - 1:1.2

Tab. 4.5: Parameters for RB S/N-curve V-shape STPQ unnotched

The solution treated pancake also exhibits a high fatigue limit of 580 MPa, Fig. 4.24. The scatter
in the finite life region is higher than those of the solution treated V-shapes and similar to the
mill-annealed pancake. This behavior may arise from the inhomogeneous mill-annealed initial
microstructure for the subsequent solution treating.
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Fig. 4.24: Rotating bending S/N-curve (1) and fracture surface (r) for pancake solution treated unnotched
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Symbol Description Unit | Value
oy Fatigue strength at N=10° | MPa 580
Ny Cycles at transition - 2.3E5
k Slope - 8.9
T Scatter at finite life - 1:4.2
Ts Scatter at N=10° - 1:1.1

Tab. 4.6: Parameters for RB S/N-curve pancake solution treated unnotched

Equiaxed microstructure

The recrystallization-annealing of pancakes led to a coarse equiaxed microstructure, which
results in low fatigue strength, Fig. 4.25. The scatter in the finite life region is high, which is
typically for the pancake forgings.
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Fig. 4.25: Rotating bending S/N-curve (1) and fracture surface (r) for pancake recryst.-annealed unnotched

Symbol Description Unit | Value
of Fatigue strength at N=10° | MPa 475
Nt Cycles at transition - 8.8E5
k Slope - 7.6
T Scatter at finite life - 1:7.9
Ts Scatter at N=10° - 1:1.1

Tab. 4.7: Parameters for RB S/N-curve pancake recryst.-annealed unnotched

The feedstock billet also exhibits a coarse equiaxed microstructure. The fatigue strength (Fig.
4.26) is hence similar to that of the recrystallization annealed pancake. The scatter is very high
for both, finite life and high cycle fatigue region. This arises from the inhomogeneous
microstructure of the billet due to missing forming and recrystallization. Furthermore, an
anomalous coarse fracture characteristic was observed; similar to those of lamellar
microstructures. It can be assumed that this behavior is caused by the macrozones, identified in
the micrographs of the feedstock billet, cf. Fig. 3.26.
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Fig. 4.26: Rotating bending S/N-curve (1) and fracture surface (r) for feedstock billet unnotched

Lamellar micros

Symbol Description Unit | Value
oF Fatigue strength at N=10° | MPa 460
Ny Cycles at transition - 1.5E6
k Slope - 7.7
Tw Scatter at finite life - 1:12.1
Ts Scatter at N=10° - 1:1.2

Tab. 4.8: Parameters for RB S/N-curve feedstock billet unnotched

tructure

For the purpose of comparison, a beta-annealing was performed on some pancakes, resulting in a
lamellar microstructure. It was observed that the fatigue strength is low for both finite and
infinite life region, Fig. 4.27. The scatter is comparable to those of pancakes with other heat

treatments.
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Fig. 4.27: Rotating bending S/N-curve (1) and fracture surface (r) for pancake beta-annealed unnotched
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Symbol Description Unit | Value
o Fatigue strength at N=10° | MPa | 500
Ny Cycles at transition - 5.0E5
k Slope - 8.8
T Scatter at finite life - 1:3.7
Ts Scatter at N=10° - 1:1.1

Tab. 4.9: Parameters for RB S/N-curve pancake beta-annealed unnotched

Comparison of different microstructures
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Fig. 4.28: Comparison of rotating bending S/N-curves for Ti-6A1-4V with different microstructures

The comparison of the different rotating bending S/N-curves (Fig. 4.28) shows that the fatigue
behavior is noticeably affected by microstructure. All S/N-curves in Fig. 4.28 correspond to a
survival probability of 50%. The fatigue strength at 10° load cycles varies between 460 and
640 MPa — a difference of 40%. The finite life region also exhibits distinct dependencies with the
microstructure. The scatter in the finite life region was different for the two types of forgings.
The pancakes exhibit a higher scatter than the V-shapes. This behavior supposably arises from
the more homogeneous effective strain distribution and therefore more homogeneous
microstructure of the V-shapes at the gauge of the fatigue test specimens. The aim of this
research is to define values for local microstructure. Therefore, the scatter for the homogeneous
forgings (V-shapes) is taken as a reference. The mill-annealing leads even for the V-shapes to
higher scatter due to the incomplete recrystallization. The recommended values for the scatter
with respect to the heat treatments are summarized in Tab. 4.10.

Heat treatment Tn Ts
Mill-annealing 1:2.8 | 1:1.15
Solution treating 1:24 | 1:1.15

Tab. 4.10: Scatter in respect of heat treatment
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4.1.2.2. SEB fatigue crack growth tests on Ti-6Al-4V with varying microstructure

The characterization of the long crack growth behavior was done with V-notched single edge
bending (SEB) specimens (Fig. 3.40) under four-point-bending loading (cf. ASTM E647 [32]) at
a Rumul Cracktronic resonant testing rig with a frequency of approximately 140 Hz. The crack
length was measured with the potential drop method, cf. Fig. 4.29. Temperature compensation
was done with a Pt100 resistance temperature sensor fixed at the specimens near the crack.

Crack length

Control signal

Potential drop method

! Measuring data

Manovoltmeter
05 =5 fnl] C1: Crack voltage
| C2: Voltage Pt100

_-E: e
Signal converter Pt100

+8
L | Change over switch I_— DC direction =

8[A]

DC source

Fig. 4.29: Resonant testing system for long crack growth (1) and scheme of the potential drop method (r)

The measurements were performed for four different stress ratios R (ratio of minimum and
maximum stress or stress intensity factor, respectively). The stress intensity factor range AK was
derived according to linear elastic fracture mechanics for all stress ratios, cf. Equ. (4.7), where
Acois the applied stress range, a the crack length and Y the appropriate geometry factor according
to Murakami [115].

AK =Ac\rat Equ. (4.7)

The measurements were finished at 80 MPavm due to testing rig limitations regarding maximum
stress intensity factor range. At least two specimens were tested for each stress ratio and
microstructure. The test procedure was constant AK-testing for crack initiation up to a crack
length of 6 mm, AK-decreasing testing from the Paris-region down to the threshold and
subsequent AK-increasing testing with constant bending moment from the Paris-regime to
fracture or testing rig limit. Carboni et al. [46] reported that this testing method could lead to
non-conservative threshold values, mainly due to plasticity induced crack closure. Therefore, the
size of the plastic zone after the constant AK-testing was determined with FE analysis, Fig. 4.30.
It was observed that the size of the plastic zone is in the range of the grain size and plasticity-
induced crack closure can hence be neglected.

Fig. 4.30: FE analysis of the SEB specimen; stress distribution (1) and plastic equivalent strain at the crack tip (r)
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The measured data points were fitted with a new developed four-parametric equation, Equ. (4.8),
where a is the crack length, N the number of load cycles, AK the range of stress intensity factor
and p and g the parameters resulting from the fitting. The value with the lowest crack growth rate
was thereby weighted.

da p,-logAK + p,

log— = >
dN (logAK)” +¢q,-logAK +¢q,

Equ. (4.8)

This fit results in an ideal representation of the data points in the near-threshold and Paris-region
and is hence capable for the visual comparison of the varying microstructures. The fitting
parameters for all microstructures and stress ratios are summarized in the Appendix, Tab. 12.2.
Due to the high variation and complex interaction of these parameters, they cannot be used for
linking crack growth and stress ratio or microstructure. The Paris-region of the different long
crack growth curves was fitted with the Paris-Erdogan-equation [126], Equ. (4.9).

da
—=C-AK" Equ. (4.9
N qu. (4.9)

Mill-annealed microstructure

The mill-annealed microstructures of V-shape and pancake lead to a relatively fast long crack
propagation and low stress intensity factor thresholds, Fig. 4.31.
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Fig. 4.31: Long crack growth behavior of mill-annealed Ti-6Al-4V

V-Shape MA R=-1 R=0 R=0.3 R=0.7
C [m/(Cyc. MPavm)] 4.66E-10 1.34E-10 1.43E-10 2.10E-11
m [-] 1.5 2.3 2.4 3.0
AKy, [MPavm] 9.4 5.1 4.0 2.4

Tab. 4.11: Fatigue crack growth parameters for V-shape mill-annealed
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Pancake MA R=-1 R=0 R=0.3 R=0.7
C [m/(Cyc. MPavm)] 7.71E-11 1.25E-10 1.60E-10 1.26E-11
m [-] 2.0 2.3 2.4 3.4
AKy, [MPavm] 8.8 4.8 3.8 2.4

Tab. 4.12: Fatigue crack growth parameters for pancake mill-annealed

Bimodal microstructure

All bimodal microstructures show an identical crack propagation behavior at a stress ratio R = -1,
Fig. 4.32. At higher stress ratios, a difference in the near-threshold region was observable with

respect to microstructure.
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Fig. 4.32: Long crack growth behavior of bimodal Ti-6Al-4V

V-Shape ST R=-1 R=0 R=0.3 R=0.7
C [m/(Cyc. MPavm)] 1.30E-11 | 9.96E-11 | 2.94E-10 | 1.30E-10
m[-] 2.4 2.3 2.0 2.4
AKy, [MPavm] 9.5 5.6 4.1 2.9

Tab. 4.13: Fatigue crack growth parameters for V-shape solution treated

V-Shape STPQ R=-1 R=0 R=0.3 R=0.7
C [m/(Cyc. MPavm)] 3.20E-11 8.08E-11 1.61E-10 2.30E-12
m [-] 2.1 2.3 2.2 3.8
AKy, [MPavm] 9.2 4.9 3.8 2.3

Tab. 4.14: Fatigue crack growth parameters for V-shape STPQ

Pancake ST R=-1 R=0 R=0.3 R=0.7
C [m/(Cyc. MPavm)] 1.756-11 | 1.60E-10 | 1.98E-10 | 1.43E-10
m[-] 2.3 2.2 2.3 2.4
AKy, [MPavm] 9.5 5.6 4.3 2.6

Tab. 4.15: Fatigue crack growth parameters for pancake solution treated
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Equiaxed microstructure

The comparison of the long crack growth behavior of pancake recrystallization-annealed and the
feedstock billet in as-received condition shows distinct differences in the near-threshold region,
but almost identical behavior in the Paris-regime. These differences may be caused by variations
in the microstructure; the o-grain size is the same for both materials but the connectivity is
completely different (cf. Tab. 3.5). The macrozones in the microstructure of the feedstock billet
are believed to cause a roughening of the fracture surface, increased roughness-induced crack
closure and higher long crack growth thresholds.

E-3
_ {Ti-6AI-4V equiaxed SEB |
g-‘ 1E4} = =Pancake recryst.-annealed ‘!
-g tE-S: waes billet as-received ]
2 1E-61;
% 1E.?1;
T 1E-8 4 s
1} 3 IO
T 1E94 Ea
= ke F A iy § L
: o el ]
éus-m]E S aird e i 1
% 1E-114 B T L E
i E : gt : 3
O 1E-124 L: L:l ¢ g -
E [ R=07 R=0.3R=0 R=1 | 3
1E-13 4 ' S —— . S
1 10 100

Stress intensity factor range 4K (log.) [MPa+vm)]

Fig. 4.33: Long crack growth behavior of equiaxed Ti-6Al-4V

Pancake RA =-1 R=0 R=0.3 R=0.7
C [m/(Cyc. MPavm)] 1.74E-10 1.44E-10 1.03E-10 1.83E-11
m[-] 1.8 2.2 2.4 3.1
AK,, [MPavm] 10.2 5.8 4.6 2.8

Tab. 4.16: Fatigue crack growth parameters for pancake recryst.-annealed

Feedstock billet =-1 R=0 R=0.3 R=0.7
C [m/(Cyc. MPavm)] 7.64E-11 1.25E-10 2.07E-10 2.05E-11
m [-] 1.9 2.3 2.3 3.1
AKy, [MPavm] 12.9 7.0 5.0 3.0

Tab. 4.17: Fatigue crack growth parameters for feedstock billet

Lamellar microstructure

The lamellar microstructure of the beta-annealed pancake results in relatively slow crack
propagation rates and stress intensity factor thresholds for all tested stress ratios, Fig. 4.34.
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Fig. 4.34: Long crack growth behavior of lamellar Ti-6A1-4V

Pancake BA R=-1 R=0 R=0.3 R=0.7
C [m/(Cyc. MPavm)] 6.87E-12 1.38E-10 1.05E-09 3.88E-10
m[-] 2.6 2.2 1.7 2.1
AKy, [IMPavm] 11.5 6.5 4.8 2.9

Tab. 4.18: Fatigue crack growth parameters for pancake beta-annealed

Comparison of different microstructures

Fig. 4.35 shows the long crack growth behavior of all tested microstructures. Thereby, the
equiaxed microstructure of the feedstock billet results in the slowest crack propagation rate,
whereas the mill-annealed microstructure of the pancake causes relatively fast long crack

growth.
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Fig. 4.35: Comparison of long crack growth in Ti-6Al-4V with different microstructures

Stress intensity factor range 4K (log.) [MPavm]
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Crack growth was found down to propagation rates of 10™'? m/cycle which was also reported by
Stanzl-Tschegg [161]. Above crack growth rates of approximately 10”7 m/cycle, all investigated
microstructures show almost the same crack propagation behavior. Distinct differences were
found in the near-threshold region in respect of the stress ratio owing to crack closure effects, cf.
[73]. Both mill-annealed microstructures lead to an anomalous high crack growth rate in the
region between 10° m/cycle and 107 m/cycle. The ranking of the different microstructures
regarding crack propagation is not affected by the stress ratio.

The influence of roughness induced crack closure on the near-threshold region is qualitatively
observable in a comparison of the different fracture surfaces for a certain stress ratio, cf. Fig.
4.36 (R=0, crack propagation direction from left to right). It was observed that the highest
fracture surface roughness (darker regions of the fracture surfaces in Fig. 4.36) arise from crack
propagation in the near-threshold region. The same behavior was found at flat specimens used
for physically short crack propagation tests, what will be discussed later.

¥-Shape MA Pancake MA V-Shape STPQ V-Shape ST

Pancake RA

Fig. 4.36: Fracture surfaces of SEB specimens tested with a stress ratio of zero

Roughness measurements were performed with a confocal laser-scanning microscope (LEXT) in
the region of near-threshold crack propagation of the fracture surfaces. It was observed that the
center-line average roughness R, correlates with the primary o-grain size of equiaxed and
bimodal microstructures, respectively (Fig. 4.37).
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Fig. 4.37: Correlation between primary o-grain size and center-line average roughness
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The microstructure of the mill-annealed V-shape led to a lower average roughness than predicted
by the linear correlation. In contrast, the solution treated V-shape exhibited a higher fracture
surface roughness, what can be ascribed to the contribution of the large (a+f)-colonies to the
fracture surface roughness. This was confirmed with scanning electron microscopy of the SEB
fracture surfaces and will be discussed below.

The average roughness height of the fracture surface can also be linked to the stress intensity
factor threshold (Fig. 4.38). This linear correlation is especially in accordance with the data
points for the (important) forged equiaxed and bimodal microstructures; the maximum deviation
1s 4%. A higher scatter (10%) is observable for feedstock billet and pancake beta-annealed. It can
be assumed that the observed macrozones are the reason for the uncommon high stress intensity
factor threshold of the equiaxed microstructure of the feedstock billet.
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Fig. 4.38: Correlation between stress intensity factor threshold and center-line average roughness

Finally, it can be concluded that the stress intensity factor threshold is primarily influenced by
roughness-induced crack closure. From the correlation between fracture surface roughness and
primary o-grain size arises therefore a link between stress intensity factor threshold and primary
a-grain size. This behavior will be discussed in detail in the chapter “Phenomenological
models”.

The fracture surfaces were also analyzed with a scanning electron microscope (SEM). The long
crack propagation direction relating to these pictures was from the left to the right. They were
taken from the middle of SEB specimens (plane strain state); loaded in the lower Paris-region
with a stress ratio of zero. Distinct differences are observable owing to the varying
microstructures. Fig. 4.39 shows the comparison of the equiaxed microstructures of
recrystallization-annealed pancake and feedstock billet.

‘s ; | —

Fig. 4.39: Fracture surface of pancake RA (1) and feedstock billet (r); R=0
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Transcrystalline fracture of primary a-grains was determined for the recrystallization-annealed
material, what explains the correlation of a-grain size and fracture surface roughness. The
anomalous high long crack growth threshold of the feedstock material was ascribed to the
observed macrozones, which cause large features at the fracture surface as shown in Fig. 4.39 ().
These features are that large that they were not measured as fracture surface roughness, they
belong to waviness. However, they contribute to the roughness-induced crack closure and
increase the long crack growth threshold of the feedstock material, cf. Fig. 4.38.

Three transcrystalline fracture planes of the recrystallization-annealed microstructure are shown
in Fig. 4.40. The crack propagation direction is again from the left to the right. At first view, the
transcrystalline planes seem to exhibit a “river pattern”, typically for cleavage fracture, cf. [29].

Fig. 4.40: Transcrystalline fracture planes observed in the fracture surface of pancake RA; near-threshold, R = 0.3

However, the observed fracture plane patterns show their split-up in the contrary direction with
respect to the crack propagation direction as usually observed for cleavage fracture. Following
again the analogon of a river, the determined fracture characteristic in Ti-6Al-4V is named “delta
pattern”, much like a river open out into the ocean.

Fig. 4.41: Comparison of "delta pattern" of fractured a-grain (1) and Lena River Delta, Russia [118] (1)

Fig. 4.41 shows the comparison of a “delta pattern” of a transcrystalline fractured primary o-
grain (1) and a part of the Lena River Delta in Russia (captured by the Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER) on NASA’s Terra satellite on July 16,
2005) during the area’s short summer. After a 4,400 km journey north from the mountains of
south-central Russia, the Lena River fractures into myriad streams that fan out across the tundra
and empty into the Arctic Ocean via the Laptev Sea. Its far northern location keeps the Lena
River Delta frozen for as long as seven months of the year, but during the short summer, it thaws
into a wetland of tremendous ecological importance. Vegetation-covered areas are green, while
bright white areas are probably places that were scoured by the annual spring floods. Mudflats
and other areas covered by shallow water appear light blue. [118]
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Regarding delta pattern, it was assumed that a crack initiates by prismatic slip (owing to the
more easily activation, cf. [43]) near a grain boundary (stress raiser), forming the “river” of the
delta pattern. Then the crack propagates along a transcrystalline fracture plane, generating the
delta pattern by a sort of striation formation. Striations are clearly observable in the left picture
of Fig. 4.40, in the upper half of the fracture plane. With reference to Bridier et al. [43], which
concluded that crack formation in the finite life region requires a combination of a high Schmid
factor in addition to high elastic stiffness, inducing a high tensile stress normal to a basal plane, it
was assumed that the observed fracture planes are basal planes.

The striation dimensions of the delta pattern in Fig. 4.40 (1) were measured for determination of
the local crack growth rate. The crack growth rate within an o-grain, 6:107 m/cyc, was
determined to be more than a decade higher than the global crack growth rate of 1-10™ m/cyc
(loading conditions: R = 0.3, AK = 9.5 MPaVm).

The differences in fracture surface roughness with respect to the stress intensity factor observed
with the light optical microscope were also determinable with the SEM, Fig. 4.42. Pictures of the
fracture surfaces were taken in the near-threshold crack propagation region and at the beginning
of the Paris-regime. The near-threshold crack growth leads to higher surface roughness for both,
equiaxed- and bimodal-type microstructures, Fig. 4.42.
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Fig. 4.42: Differences in fracture surface roughness: equiaxed-type (1) and bimodal-type (r) microstructures

Delta patterns were observed in all analyzed microstructures at regions of near-threshold crack
propagation, whereby the quantity of delta patterns decreases with increasing (a+f3)-content.
However, fracture surface analysis of the solution treated pancake revealed that delta pattern
formation could also occur in a-lamellae of (a+f)-phase, if their thickness is large enough. In
this case, these large transcrystalline fracture planes contribute to crack closure and increase
both, fracture surface roughness and long crack propagation threshold, cf. Fig. 4.37.

With respect to the change of fracture surface roughness from near-threshold to Paris-region
crack propagation it can be assumed that the lower crack-driving force in the near-threshold
region results in crack growth especially in preferable-oriented grains, Fig. 4.43 (1). Starting from
an existing crack (1) the stress field in front of the crack tip causes slip and crack formation in a
preferable-oriented grain (2). If the stress is high enough, the non-preferable-oriented grain in-
between fails (3). This mechanism continues (4), (5).
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Therefore, many transcrystalline (supposably basal) fracture planes (delta patterns) can be
identified in these fracture surfaces. These fracture planes are located at different heights (with
respect to the fracture surface) and are twisted or tilted against each other, and lead hence to a
high fracture surface roughness.

In the near-threshold region, the primary o-grain size plays a major role with respect to
roughness-induced crack closure. Larger primary a-grains lead to more crack deflection, higher
fracture surface roughness and slower crack growth. Therefore, the crack propagation behavior
of microstructures with different primary o-grain sizes varies in the near-threshold region.

Crack propagation in the Paris-regime, Fig. 4.43 (1), involves a higher crack-driving force and
higher crack growth rates. Therefore, crack growth also occurs in non-preferable oriented grains
(2), (4). The near-threshold propagation mechanism discussed before is too slow and is outran by
conventional crack growth. This leads to a decreased fracture surface roughness. This
mechanism was confirmed by physically short crack growth observations and will be discussed
in the next chapter. It can be supposed that this behavior is the reason for the congruent crack
growth curves in the Paris regime for different isotropic equiaxed and bimodal microstructures.

Near-threshold Crack propagation
crack propagation in the Paris-regime

Fig. 4.43: Crack propagation in the near-threshold region (1) and in the Paris-region (r)

4.1.2.3. Short crack growth

Crack initiation and short crack propagation are the determining factors of fatigue in the finite
life region. With respect to fatigue of specimens, long crack propagation is negligible, due to the
small dimensions of the fatigue tests specimens. Even for forgings, the fraction of long crack
growth phase relating to total lifetime is usually small. It is hence important to characterize the
short crack growth with respect to microstructure. Physically short crack growth tests were done
to determine the influence of initial crack length on the fatigue behavior. Microstructurally short
crack propagation tests were performed on Ti-6Al-4V with three different microstructures, to
analyze the crack initiation and propagation behavior with respect to microstructural features.

Physically short crack propagation tests on mill-annealed Ti-6A1-4V

If a crack is short (possibly microstructurally short) in crack propagation direction and long
perpendicular to the crack propagation direction, it can be classified as physically short. An
influence of microstructure on the global crack propagation behavior can be excluded.

Tension/compression fatigue tests were performed with three different stress ratios R (-1, 0 and

0.3) on a servo-hydraulic test stand (Fig. 4.45) at room temperature and ambient air with a
testing frequency of 30 Hz.
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Plane short crack growth (SCG) specimens (cf. Fig. 3.41) were used, provided with wire eroded
initial cracks with a width of 0.04 mm and an initial crack length ay of 0.2 or 0.4 mm,
respectively (Fig. 4.44).

Fig. 4.44: Position of the initial crack on the flat specimen (I, ¢) and LOM picture of an initial crack (r)

The measurement of the short crack propagation was done with a purpose developed camera
device. A compact, digital progressive charge-coupled device (CCD) monochrome area scan
camera (JAI CM-140 GE) with 1380 x 1040 pixel resolution and eight-fold magnification (Linos
macro CCD lens) was used in combination with dark field illumination (Fig. 4.45). This
illumination technique capitalizes on oblique illumination to enhance contrast of surface defects.
The crack appears hence bright with dark background (Fig. 4.46). The specimens were polished
and ultrasonic cleaned to avoid light scatter due to surface roughness or impurities. The fatigue
tests were interrupted after certain load cycles to take a picture of the crack with the camera
system; then the fatigue tests were continued. This procedure was repeated until fracture.

Fig. 4.46: Crack propagation at R = -1 for ay = 0.4 mm

The crack initiation phase was determined for all stress ratios. Thereby, the cycles until first
crack propagation detection in the notch root (crack elongation Aa = 0.02 mm) were related to
the cycles to failure. It was observed that the average crack initiation phase was 25% of the total
life. This indicates that the wire eroded initial cracks can be classified as severe crack-like
notches.
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The plastic zone near the crack tip is small in Ti-6Al-4V, cf. Fig. 4.30. The application of linear
elastic fracture mechanics is hence possible. For the determination of the short crack growth
curves, the stress intensity factor was chosen according to Murakami [114], Equ. (4.10). The
crack length was measured with the camera system explained before.

2 3 4
AK, =Acyra | 1.12-0231] = |+10.55| = | —21.72| = | +30.39] = Equ. (4.10)
% % % %

The physically short crack propagation results were compared with the long crack growth curves
(cf. Fig. 4.31) obtained from single edge bending tests, Fig. 4.47. It was observed that the
physically short crack growth data and long crack growth curves match for all three tested stress
ratios. The physically short cracks do not grow faster than the long cracks, and no crack
propagation was observed beneath the long crack growth threshold. A higher scatter of crack
growth data was determined for the short cracks. This can be attributed to the type of crack
length measurement. The crack length was measured with the camera system on the surface of
the specimens. The influence of the local microstructure in the surface region hence affects the
measured crack growth rate especially in the near-threshold region, where stress intensity factor
and crack driving force are small. Additionally, it can be assumed that the transition of crack
propagation mode (from Paris-region to near-threshold as explained in the chapter before) causes
local variability of crack growth rate.
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Fig. 4.47: Comparison of physically short crack growth data and long crack growth curves

The cycles to failure of the flat specimens used for the measurement of the short crack growth
were also utilized for S/N-curve determination, Fig. 4.48 to Fig. 4.53 (1). The evaluation of the
S/N-curves in the finite life region was based on the logarithmic normal distribution. The high
cycle fatigue strengths at 107 load cycles were determined according to the arcsin\P-method
[55]. Due to the limited specimen lot sizes, the fatigue limit and especially the scatter are not
statistically firm. The fracture surfaces were analyzed with a stereo light optical microscope
(Olympus SZX12). One exemplary picture (11.2x magnification) of an according fracture
surface is shown for each stress ratio and initial crack length, Fig. 4.48 to Fig. 4.53 (r). The
initial crack site is located at twelve o’clock position in all pictures.
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Fig. 4.48: TC S/N-curve (1) and fracture surface (r) for plane SCG specimens,

Symbol Description Unit | Value
oF Fatigue strength at N=10° | MPa 110
Ny Cycles at transition - 1.2E6
k Slope - 3.8
Tw Scatter at finite life - 1:1.2
Ts Scatter at N=10° - 1:1.4

=-1and ay=0.2 mm

Tab. 4.19: Parameters of TC S/N-curve for SCG specimens, R = -1 and ay= 0.2 mm
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TC S/N-curve (1) and fracture surface (r) for plane SCG specimens, R = -1 and ¢y = 0.4 mm

Symbol Description Unit | Value
of Fatigue strength at N=10° | MPa 85
Ny Cycles at transition - 1.8E6
k Slope - 3.8
T Scatter at finite life - 1:1.4
Ts Scatter at N=10° - 1:1.3

Tab. 4.20: Parameters of TC S/N-curve for SCG specimens, R =-1 and ay = 0.4 mm
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Fig. 4.50: TC S/N-curve (1) and fracture surface (r) for plane SCG specimens, R = 0 and g, = 0.2 mm

Symbol Description Unit | Value
oy Fatigue strength at N=10° | MPa 60
Ny Cycles at transition - 1.6E6
k Slope - 3.7
T Scatter at finite life - 1:1.5
Ts Scatter at N=10° - 1:1.5

Tab. 4.21: Parameters of TC S/N-curve for SCG specimens, R = 0 and @y = 0.2 mm
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Fig. 4.51: TC S/N-curve (1) and fracture surface (r) for plane SCG specimens, R = 0 and a, = 0.4 mm

Symbol Description Unit | Value
oy Fatigue strength at N=10° | MPa 50
Ny Cycles at transition - 1.5E6
k Slope - 3.7
T Scatter at finite life - 1:1.4
Ts Scatter at N=10° - 1:1.2

Tab. 4.22: Parameters of TC S/N-curve for SCG specimens, R = 0 and @, = 0.4 mm
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Fig. 4.52: TC S/N-curve (1) and fracture surface (r) for plane SCG specimens, R = 0.3 and a, = 0.2 mm

Symbol Description Unit | Value
oy Fatigue strength at N=10° | MPa 55
Ny Cycles at transition - 1.1E6
k Slope - 3.5
T Scatter at finite life - -

Ts Scatter at N=10° - -

Tab. 4.23: Parameters of TC S/N-curve for SCG specimens, R = 0 and @y = 0.2 mm
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Fig. 4.53: TC S/N-curve (1) and fracture surface (r) for plane SCG specimens, R = 0.3 and ay = 0.4 mm

Symbol Description Unit | Value
of Fatigue strength at N=10° | MPa 45
Ny Cycles at transition - 7.4E5
k Slope - 34
T Scatter at finite life - -

Ts Scatter at N=10° - -

Tab. 4.24: Parameters of TC S/N-curve for SCG specimens, R = 0.3 and @y = 0.4 mm
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The tension/compression S/N-curves for different stress ratios and initial crack lengths are
compared in Fig. 4.54. It was observed that the slope of the S/N-curves in the finite life region is
very high (typical for severe notches, k£ = 3.7) and almost identical for all stress ratios and initial
crack lengths. Both, the ratio of the fatigue strengths at 10° load cycles and the ratio of the
fatigue limits for initial crack length 0.2 mm to initial crack length 0.4 mm approximate 1.2 for
the three investigated stress ratios.
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Fig. 4.54: Comparison of S/N-curves at different stress ratios with two different initial crack lengths

The fracture surfaces’ roughness of the flat specimens showed the behavior known from the
single-edge bending specimens. The first millimeter of the fracture surface exhibits a higher
fracture surface roughness owing to near-threshold crack propagation, Fig. 4.55. The explanation
for this transition of crack growth mode was already discussed in the previous chapter.

Fig. 4.55: Change in fracture surface roughness of a mill-annealed flat specimen, R =0, ay = 0.4 mm

2560 ym

1920 pm

Crack gr:uh
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Fig. 4.56: Change in fracture surface topography of a mill-annealed flat specimen, R = 0, ay = 0.4 mm
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The topography of this transition region was also analyzed with a confocal laser-scanning
microscope, Fig. 4.56 (the crack propagation direction is marked with an arrow). It was
determined that the center-line average roughness R, decreases abruptly from 4.5 pm to 3.4 pm.

This transition is sharp for the mill-annealed microstructure, which was also determined at the
fracture surfaces of the single edge bending specimens. This can be attributed to the high
primary o-content of the mill-annealed microstructure, because the near-threshold fracture
surface roughness is controlled by the primary o-grain size. For microstructures with less
primary o-grains this transition is fuzzy, which is confirmed by the fracture surfaces of the single
edge bending specimens for different microstructures, cf. Fig. 4.36. The transition from rough
(dark) surface to smoother (bright) surface is thereby, for example, sharp for the mill-annealed
pancake (Cup = 31%) and fuzzy for the solution treated and polymer-quenched V-shape
(Cavp=61%). This may also be one reason for the influence of the (o+)-content on the finite
life fatigue strength of bimodal microstructures, what will be discussed in the chapter
“Phenomenological models™.

The fracture surface roughness of the physically short crack growth specimens was significantly
reduced at a certain transition crack length; depending on the stress ratio and independent from
the initial crack length. It was determined that these transition crack lengths correspond to a
certain crack growth rate, namely 7-10® m/cyc. This finding confirms the approach of crack
growth mode transition discussed above. Furthermore, it was observed that the physically short
crack growth curves for different stress ratios, cf. Fig. 4.47, exhibit a knee at this transition crack
growth rate, owing to a stronger decrease of crack growth rate with decreasing stress intensity
factor in the near-threshold crack propagation mode. The scatter of the physically short crack
growth data increase also abruptly at this transition crack growth rate.

Microstructurally short crack growth in Ti-6A1-4V

A crack is called microstructurally short if the crack length is in the range of a characteristic
microstructural dimension (micro-crack limiting obstruction distance d,). Microstructurally short
cracks have to be short in all dimensions (maximum crack length ~ 5-10 d,) and their
propagation behavior is significantly influenced by microstructure.

The crack initiation and short crack growth in Ti-6Al1-4V with three different microstructures
were characterized according to the method presented by Wagner and Liitjering [181]. Thereby,
hourglass specimens were electrolytically polished to get a smooth surface and to remove
residual stresses from machining. For crack initiation, the polished specimens (d = 5.85 mm)
were loaded under rotating bending (R = -1, ambient air and room temperature) with a stress
amplitude of 750 MPa for 4,000 load cycles. After this crack initiation phase, the specimens
were etched (composition of the used etchant see Tab. 3.3) for visualization of the microstructure
and for accentuation of the initiated cracks.

For evaluation of the crack length with a confocal laser-scanning microscope (LEXT), crack
opening was necessary. Therefore, a pretensioning device was designed for static loading of the
round specimens during the microscopy, cf. Fig. 4.57. The initiated cracks were searched on
eight positions (every 45°) on the specimens. Over 50 initiated cracks were found on each
position on a specimen. Therefore, several cracks were selected randomly to get a sum of
approximately 80 cracks per specimen for the observation of the short crack growth. Then the
fatigue tests were continued at the same stress level and interrupted after a given number of
cycles (AN = 1,000) for measurement of the crack propagation.
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Fig. 4.57: FE-model (1), real pretensioning device (¢) and the confocal laser-scanning microscope (1)

The comparison of the initial crack lengths after 4,000 load cycles (stress amplitude 750 MPa) is
shown in Fig. 4.58 (1). It was assumed that the crack length distribution follows a Weibull curve.
The peak value of the initial crack length distribution correlates with the microstructural
parameters primary o-grain size and colony length. The crack initiation in the equiaxed-type
microstructures (Cyip < 20%, this definition will be discussed in the next chapter) of the
recrystallization annealed pancakes and mill-annealed V-shapes is dominated by the primary o-
grain size. The ratio of initial crack length (peak value of the Weibull distribution) and the
primary a-grain size is 1.7 for both equiaxed-type microstructures. In bimodal-type
microstructures (Cq+p > 25%), in this case in those of the solution treated pancakes, crack
initiation occurs primarily in (a+f3)-phase. The initial crack length can hence be linked with the
colony length. The ratio of this microstructural size and initial crack length is again 1.7;
analogical to the findings for the equiaxed-type microstructures. This value of 1.7 indicates that
the observed “initial cracks” were already propagated into adjacent grains. This causes a shift of
the Weibull-distributions to longer crack lengths. It is remarkable that the recrystallization-
annealed microstructure exhibits a relatively large portion (12%) of noticeably longer cracks. It
is unclear, whether they belong to the initial crack distribution, or if their initiation phase was
completed and considerably exceeded after 4,000 load cycles.

1 Ti-6AI-4V Initial crack length distribution | < |[Ti-6AI-4V Initial crack length distribution |
‘6? 24_- V.S ! 1ed N E. 24_- 7z .\\ = Cracks in a-phase of MA,
e 4 EZ3 hi ill- @ 2 M
£ 0 F'anc:i: ::Ilu:::?;:!eu B o] ‘\ = = Cracks in (u+f)-phase of MA, |1
E 20 ] Pancake recryst.-annealed = 20 T e == Cracks in a-phase of ST_
S 1 Weibull-Fit MA, el ) % Y \ ~ =~ Cracks in (a+f)-phase of ST,
£ 16 —— Weibul-it ST, 816/ [ M.\ %, | === Cracks in a-phase of R,
£ ] —— Weibull-Fit RA, ® 1y A S| \ i
5 E {; f ¥ A\ \ Rotating bending [}
= 124 Rotating bending H = 1247 ; f-’ \_ L = H
E R=-1 i ; - T Y a, =750 MPa
g gl a,= 750 MPa Z 3 1 i i y N = 4,000 cycles |
g 7] N = 4,000 cycles [} 5 1 ; i Y d

L = - . & \

£ | 1 N 7 N \
2 4 . e a4t S b N, ]

E = = ¥/l . R}
/4 o ] ra >~ N

N @ R 7 SV
0 il T e 0 - T T T T T T T T q:‘—“"l- =y T
0 20 40 60 80 100 120 0 20 40 80 80

Initial crack length [um]

28

Initial crack length [um]

Fig. 4.58: Initial crack length distribution: total (1) and separated for o- and (a+f3)-phase ()

In the mill-annealed microstructure (Cy+p=20.3%), 60% of the cracks initiated in (a+f3)-phase.
The higher (a+f)-content of the solution treated microstructure (Cq+p=50.9%) increases the
percentage of initial cracks in (o+)-phase to 80%.

The crack length distributions were separated for a- and (a+f)-phase, Fig. 4.58 (r). It was
observed that the crack length distributions in both phases are very similar for the mill-annealed
microstructure.
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In contrast, the distributions for the solution treated pancake are significantly different. Thereby,
the distribution of the initial cracks in the oa-phase exhibits a maximum at a crack length
approximating the primary a-grain size. This means that they were not significantly propagated
after 4,000 load cycles. However, those cracks which initiated in (a+3)-phase were considerably

longer owing to two facts: the colony length is larger than the primary a-grain size and the initial
cracks were already propagated.

The orientation of the initial cracks with regard to the load direction is presented in Fig. 4.59 (r).
It was determined that the separation in a- and (a+f3)-phase does not affect these distributions. It
has to be mentioned that the crack orientation can only be measured at the surface (2D
information). Therefore, the unknown third (radial) dimension has to be included theoretically in
these advisements regarding crack initiation, considering the texture-free material with a huge
amount of grains in the highest loaded region.

Schmid’s law (cf. e.g. [71]) is given in Equ. (4.11); the according delineation is shown in Fig.
4.59 (1). Thereby, ¢ is the angle between the normal vector n of a cutting plane (slip plane) and
the load direction, A the angle between slip direction d and load direction, F the applied force,
and m the so-called Schmid factor. The vectors n and d have to be perpendicular. This leads to
the following inequation for the Schmid factor: 0 < |m| < 0.5. The maximum possible shear stress
Tmax 18 hence half the applied normal stress o.

T=G-COSA-COSQ@=G-m Equ. (4.11)

The maximum shear stress plane (¢ = 45°) is drawn in Fig. 4.59 (1). It can be observed that
surface cracks which lay on the maximum shear stress plane featuring several possible
orientations regarding load direction; from 45° up to 90°. From a continuum mechanical point of
view, it can be assumed that every orientation between 45° and 90° has the same probability to
occur. If the crack initiation is solely shear stress controlled, the distribution of the crack
orientation should approximate a value as plotted in Fig. 4.59 (r). Thereby the percentage of
cracks with orientations < 45° was subtracted for each material; the residual percentages should
then be uniformly distributed on the orientations 46°-90°.
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Fig. 4.59: Possible surface crack orientations for maximum shear stress (1), measured initial crack orientations (r)
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It was observed that both equiaxed-type materials (V-shape MA and pancake RA) follow their
ideal distributions for pure shear stress induced crack initiation (maximum deviation 10%). In
contrast, the solution-treated pancake shows a maximum at orientations between 76° and 90°.
This reveals that some fatigue cracks (~ 20%) also initiate under maximum normal stress, which
is just possible at orientations close to 90°.

Linear elastic fracture mechanics, cf. Equ. (4.7), were used for determination of the applied
stress intensity factor range. The thereby used geometry factor ¥ = 0.75 was an average of the
proposed values of De Freitas and Francois [53] and Murakami [115]. This approach was also
used (for purpose of comparison) in the region where linear elastic fracture mechanics might
loose its validity (crack length a <150 pm, cf. [170]). The crack growth behavior of the
microstructurally short cracks was compared with those of long cracks for each microstructure
(Fig. 4.60 to Fig. 4.62). Thereby, cracks, which did not grow during the last 1,000 load cycles,
were marked as non-propagating cracks. It can be assumed, that those non-propagating cracks,
which stopped at stress intensity factors higher than the long crack growth threshold, would
continue to grow after certain load cycles. This behavior can be attributed to the analysis
method; the growth of larger cracks occurs increasingly beneath the surface, but the crack size
can only be measured at the surface. Intermittent crack stopping was determined for several
microstructurally short cracks at and beneath the threshold. This behavior is caused by
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Fig. 4.60: Microstructurally short crack growth in mill-annealed Ti-6Al-4V
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Fig. 4.61: Microstructurally short crack growth in solution treated Ti-6Al-4V
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Fig. 4.62: Microstructurally short crack growth in recryst.-annealed Ti-6Al-4V

The comparison of the experimental data points for the three analyzed materials is shown in Fig.
4.63 (1). A relatively large scatter was determined independent from material, owing to the
significant influence of local microstructure on the crack propagation of microstructurally short
cracks. It is hence important to analyze an adequate amount of microstructurally short cracks to
get a meaningful average crack growth behavior. The experimental short crack growth data was
fitted with a power law (consistent with the Paris-law for long cracks, Equ. (4.9)) and compared
with the long crack growth behavior, Fig. 4.63 (r) and Tab. 4.25. It was observed that the
threshold of the short cracks lays in the region 4-5 MPaVm. Beneath 4 MPaVm just non-
propagating cracks were determined, above 5 MPavm each analyzed crack grew at least for a
while.
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Fig. 4.63: Comparison of short and long crack growth for diff. microstructures, experimental data (1) and fits (r)

Short crack growth V-Shape MA Pancake ST | Pancake RA
C [m/(Cyc. MPavm)] 5.34E-11 1.57E-11 1.36E-11
m[-] 2.06 2.34 2.36

Tab. 4.25: Fitting parameters of the mean short crack growth behavior
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The comparison of short and long crack growth curves for the three different microstructures
reveals that the analyzed microstructurally short cracks are already influenced by roughness-
induced crack closure. The higher average crack growth rates of mill-annealed microstructures,
which were observed in single edge bending tests (cf. Fig. 4.35), were confirmed with the
microstructurally short crack growth tests. It can be assumed that this behavior is caused by the
elongated primary o-grains of the mill-annealed microstructure. The striation measurements of
delta patterns revealed that the local crack propagation rate within a primary o-grain is more
than a decade higher than the average global one in the near-threshold region. This means that
the crack formation within an o-grain consumes approximately 98% of the time for crack
propagation on the scale of the average grain size. However, it can be assumed that elongated
and interconnected o-grains lead for the same time of crack formation to an approximately two
times higher crack propagation distance and hence crack growth rate.

The cycles to failure Ny consist of the cycles spent for crack initiation N; and the cycles of crack
growth N,, Equ. (4.12). The combination and integration (from initial crack length a, to failure-
causing crack length ay) of Paris law, Equ. (4.9), and basic equation of the linear elastic fracture
mechanics, Equ. (4.7), provides an estimation of the cycles consumed for crack growth Ng, Equ.
(4.13). The average Paris-parameters determined for short crack growth (Tab. 4.25) were
calibrated using the measured cycles consumed for crack growth (cycles to failure minus 4,000
cycles for crack initiation) and the initial crack length after 4,000 load cycles. A slight increase
(10%) of the Paris-coefficient was necessary for good approximation.

N,=N,+N, Equ. (4.12)

0, 1
N, =
¢ ;,[ C-Y"-Ac" ~(na)0'5m

da Equ. (4.13)

These corrected Paris-parameters were consequently used for the estimation of the “real” crack
initiation cycles. Thereby, the mean primary a-grain size (for MAy) or mean colony length (for
STp) plus the according standard deviation were used as initial crack length ay. The calculated
crack growth cycles were thus subtracted from the cycles to failure to get the crack initiation
cycles. The measured cycles to failure Ny the calculated crack growth cycles N,, and the crack
initiation cycles N; for solution treated pancakes and mill-annealed V-shapes are summarized in
Tab. 4.26. The electrolytically polished specimen with the recrystallization-annealed
microstructure exhibited an anomalous low finite life fatigue strength (Ny=10,700 for
o, =750 MPa) compared to the fatigue tests of machined specimens, cf. Fig. 4.28. The
microstructural crack growth data showed no irregularity. An initial crack length on the scale of
the grain size leads to a calculated lifetime slightly higher than those of the solution treated
microstructure, Tab. 4.26, what corresponds to the fatigue tests on machined specimens. It can be
concluded that the crack initiation phase is responsible for the low fatigue strength of the
recrystallization-annealed material, what is confirmed by the anomalous initial crack length
distribution, cf. Fig. 4.58. It is currently unclear, whether this anomalous crack initiation is solely
caused by the residual stress free surface of the electrolytically polished specimens, or if the
electrolytic polishing by itself causes this behavior.
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Material C:'E::;‘(t g:::,:::as:ﬁf]f' Pa’r: [I-E]x P- Iel:éttl: I;Or[a::;] N [-] N, [-] N;[-]
V-Shape MA 6.1E-11 2.06 16 16,800 14,200 2,600 (15%)
Pancake ST 1.7E-11 2.34 22 21,400 19,400 2,000 (9%)
Pancake RA 1.6E-11 2.36 15 24,600 | 22,200 | 2,400  (10%)
*Assumption

Tab. 4.26: Fatigue crack initiation and propagation calculations

The electrolytic polishing of the recrystallization-annealed specimen led to a relatively bad
surface quality compared with the other analyzed specimens. However, this seems not to be the
reason for the anomalous crack initiation. In spite of the just slightly lower microhardness of the
primary a-grains of pancake recrystallization-annealed compared to V-shape mill-annealed (cf.
Fig. 3.27), crack initiation was significantly easier in the recrystallization-annealed material, Fig.
4.64. Not only the length of the initial cracks was thereby anomalous large, also the quantity of
initial cracks was higher, what may be attributed to the unknown effect (possibly notch effect) of
the interstice phase between the primary o-grains of the recrystallization-annealed material. This
interstice is not present in other microstructures. The notch effect of the interstice may be
exceeded and hence annulled by that of the surface roughness of the machined specimens.
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Fig. 4.64: Initial crack in recryst.-annealed Ti-6Al-4V

4.1.3. Phenomenological models

The experimental results clearly show that fatigue of Ti-6Al-4V is highly influenced by
microstructure. To wuse this knowledge for optimization of Ti-6Al-4V forgings, the
microstructure has to be linked with fatigue strength. Therefore, several models are presented to
link microstructural parameters with finite life fatigue strength, high cycle fatigue strength and
long crack growth behavior. They are based on and thus valid for equiaxed and bimodal forged
Ti-6Al-4V without any precipitations or crystallographic texture.

4.1.3.1. High cycle fatigue strength

As mentioned before, both, the presented test results and the literature ([94], [113]) raise the
suspicion that Ti-6Al-4V has a distinct fatigue limit. Therefore the wording “fatigue limit” is
generally used. It was observed that the analyzed microstructures can be separated in two
categories with regard to (ot+P)-content: equiaxed- (Cuip < 20%) and bimodal-type
(Cqip>25%). The microstructural based findings discussed before showed that the limiting
microstructural parameter with respect to the fatigue limit is different for these two categories.
The primary a-grain size a, is significant for the equiaxed-type microstructures and the (a+f)-
colony length Col determines the fatigue limit (survival probability 50%) of the bimodal-type
microstructures, Fig. 4.65.

73



Doctoral Thesis Fatigue behavior of Ti-6Al-4V
Dipl.-Ing. Bernd Oberwinkler Influence of microstructure on the fatigue behavior

Two different fatigue limits are plotted in Fig. 4.65 for the mill-annealed V-shape. They were
observed in tension/compression and rotating bending fatigue tests on unnotched and notched
round specimens, cf. chapter “Influence of relative stress gradient on the fatigue behavior”. It can
be assumed that the (a+f)-content of the microstructure of the mill-annealed V-shape is directly
at the transition between equiaxed- and bimodal-type microstructure, which is confirmed by the
finding that the fraction of initial cracks in a- and (a+f)-phase is almost identical in this
microstructure. Slight variations in the microstructure turn the balance for equiaxed- or bimodal-
type fatigue behavior.

The reasons for the transition from equiaxed- to bimodal-type fatigue behavior at a relatively low
(o+P)-content are not clarified. However, it is believed that the almost identical microhardness
of the primary o-grains of pancake RA and V-shape mill-annealed, and the elevated
microhardness of bimodal-type microstructures is an indication for this transition. One possible
reason could be the local alloying element concentrations (the aluminum is an a-stabilizer,
vanadium a B-stabilizer) and their influence on the lattice parameters, especially the aspect ratio
of the hdp lattice and the according effect on the slip activation, cf. [71].
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Fig. 4.65: Fatigue limits in respect of (a+f3)-content

Two different models were developed for the link between primary o.-grain size o, [m] or (a+f3)-
colony length Col [um] with the fatigue limit (stress amplitude, R=-1) oy) [MPa] in respect of
microstructure, cf. Equ. (4.14) and Equ. (4.15). These relationships are plotted in Fig. 4.66.

<20%: o, = 0.36—1— +350 Equ. (4.14)

+$ =
Vap

If C,

If Cppy>25%: o,, =685-6.8Col Equ. (4.15)
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Fig. 4.66: Fatigue limit in respect of microstructure

In the transition regime between 20% and 25% (o+[3)-content, to be conservative, both possible
fatigue limits should be calculated and the lower one should be used for lifetime estimation.
Literature data from Calles [45], Lucas and Konieczny [102] (absolute value corrected), Ivanova
et al. [87] (absolute value corrected) and Liitjering and Williams [105] (absolute value corrected)
was added in Fig. 4.66 (1) to confirm the used Hall-Petch-relationship.

In statistics, the coefficient of determination R’ defines how well a model approximates real data
points. R’ is defined as the regression sum of squares divided by the total sum of squares, Equ.
(4.16), whereby y; are the data set values, f; the modeled values and y,, and f,, are the means of
the observed data and modeled values respectively. A R of 1.0 indicates a perfect fit, a R’ of
smaller 0.7 a moderate correlation. The R’ of the model for equiaxed microstructures is 0.98 and
the R’ of the model for bimodal microstructures is 0.99. The correlation between models and
experimental data is hence good.

S =1

4.1.3.2. Finite life fatigue strength

The finite life fatigue strength was characterized by the cycles to failure Ngpp, (survival
probability 50%) at a stress amplitude (R=-1) of 700 MPa. The same classification of
microstructures (with respect to the (a+f)-content) as for the fatigue limit model was used for
the link of fatigue strength in the finite life region with several microstructural parameters. The
primary o-grain size o, [m] is the crucial factor for the fatigue strength in the finite life regime
of equiaxed-type microstructures, Equ. (4.17). The colony length Col [um] and the (a+p)-
content Cy+p [%] determine the fatigue strength of bimodal-type microstructures, Equ. (4.18).
The slope k of the S/N-curve in the finite life region was determined to be constant eight.
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If Cpg <20%: Nigopp, = 930L—245000 Equ. (4.17)

V aP
If Cprp>25%: Ny =1100 C,.,, 800 Col +4900  Equ. (4.18)

An anomalous fatigue behavior in the finite life region was found for both, mill-annealed
pancake and mill-annealed V-shape. Fatigue tests on mild-notched round specimens under
tension/compression loading with the same stress gradient as unnotched specimens under
rotating bending loading (cf. chapter “Influence of relative stress gradient”) revealed that this
anomaly is not caused by relative stress gradient. Therefore, the “normal” (and conservative)
finite life fatigue strength of the mill-annealed materials was used for the model and for
visualization in Fig. 4.67. The use of literature data was not expedient for the finite life fatigue
strength due to the significant influence of the (unknown) surface state (residual stresses, surface
roughness) of the fatigue test specimens used in literature, considering the comparatively small
difference in respect of microstructure.

* Test data

4
x10

S
Equiaxed 4

Ti-6AI-4V
Bimodal

Cycles to failure at 700 MPa [-]
Cycles to failure at 700 MPa [-]

Fig. 4.67: Finite life fatigue strength in respect of microstructure

4.1.3.3. Estimation of tensile strength

The literature shows that the correlation between fatigue strength and tensile strength is not well
defined for Ti-6Al1-4V. Boyer et al. [42] mention that the effects of microstructure and strength
can be offsetting factors so that no change in fatigue performance might be observed even when
strength is increased. Excluding again lamellar microstructures, a rough model was developed
based on literature data according to Bartlo [36] and Sparks and Long [160]. Furthermore, the
results for the mill-annealed V-shape were used, cf. chapter “Appendix”. The used data and the
model are shown in Fig. 4.68.
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Fig. 4.68: Linking fatigue limit and tensile strength

The ultimate tensile strength R,, [MPa] can be linked with the high cycle fatigue strength of
unnotched specimens oy [MPa] with the following approach, Equ. (4.19) and Equ. (4.20).

G,y +5275

For oy <575 MPa: R = T Equ. (4.19)
S, —19

For oz > 575 MPa: R, = W Equ. (4.20)

Furthermore, a link between 0.2%-yield strength R,;> [MPa] and ultimate tensile strength
R,, [MPa] was found, Equ. (4.21).

R,=1.08R , Equ. (4.21)

Literature data [42] was also used to link the compressive yield strength R, . and the tensile yield
strength R, ;, Equ. (4.22).

R, =104R, Equ. (4.22)

4.1.34. Fatigue crack growth threshold

The microstructure also plays a major role regarding long crack growth. The feedstock material
exhibited anomalous high long crack growth thresholds due to macrozones in the microstructure,
and was therefore excluded from the model. The long crack propagation of all analyzed forged
equiaxed- or bimodal-type microstructures exhibited interdependencies with the primary a-grain
size owing to roughness-induced crack closure. Such a grain size effect on the fatigue crack
propagation (owing to differences of the crack front profiles) is reported in [105] and was
confirmed with fracture surface roughness measurements (cf. Fig. 4.37 and Fig. 4.38).

77



Doctoral Thesis Fatigue behavior of Ti-6Al-4V
Dipl.-Ing. Bernd Oberwinkler Influence of microstructure on the fatigue behavior

For a quantitative link between microstructure and crack growth, the experimental stress
intensity factor range thresholds were plotted in respect of the stress ratio R (Fig. 4.69). A linear
relationship was chosen to fit the data points. Thereby, a fixed point was found at a stress ratio of
0.87 and a stress intensity factor range threshold of 1.75 MPaVm. Carboni et al. [46] found a
similar linear correlation of stress ratio and stress intensity factor thresholds for steel. They
reported, that the stress intensity factor threshold for a stress ratio R = -2 matches this relation
too. Therefore it can be assumed that the observed linear relation is valid in the region
-2<R<0.87.

16 T T
[Ti-6Al-4V SEB RT | ]
14 —— V\-Shape mill-annealed  |_|
== V-Shape solution treated
.. — -+ V-Shape STPQ 1
12 e ~— « - Pancake mill-annealed

4 S === Pancake solution treated
10 4 e %o it ~— = Pancake recryst.-ar

& i - - - Pancake beta-annealed

------- Feedstock billet

Stress intensity fact. range threshold 4K, [MPaJm]
[+-]

-1,0 -0,5 0,0 0,5 1,0
Stress ratio R [-]

Fig. 4.69: Linking crack growth threshold and stress ratio

The slope ks [-] of the fitting lines was linked with the microstructural parameter primary o.-
grain size a, [pm], cf. Equ. (4.23) and Fig. 4.70. This model leads for the forged materials to a
coefficient of determination R of 0.97.

k,=-031c,~1.4 Equ. (4.23)

This equation yields in combination with the fixed point mentioned before to a model for the
estimation of the stress intensity factor threshold in respect of microstructure and stress ratio.

The equation for the stress intensity factor threshold AKj, [MPa\/m] for stress ratios R between -2
and 0.87 is given in Equ. (4.24).

AK, (-2<R<0.87)=k, (R-0.87)+1.75 Equ. (4.24)

For R > (.87 it is assumed:

AK, (0.87<R<1)=1.75 Equ. (4.25)

And for R < -2 it is suggested that the threshold remains on the same level as for R = -2:

AK, (R <-2)=-2.87k, +1.75 Equ. (4.26)
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Fig. 4.70: Linking slope of fitting lines and microstructure

As mentioned above, a link between the roughness of the single edge bending fracture surfaces,
primary o-grain sizes and stress intensity factor thresholds was found. This ties in well with the
presented model. It can be concluded that the stress intensity factor threshold is primarily
influenced by roughness-induced crack closure. Owing to the correlation between fracture
surface roughness and primary o-grain size, a link between a-grain size and stress intensity
factor thresholds was determined and implemented in this model.

4.1.3.5. Fatigue crack growth in the near-threshold region

The fatigue crack growth behavior in the near-threshold region was described with the stress
intensity factor range, which is necessary to achieve crack growth rates of 1E-9, 1E-8 and
1E-7 m/cycle. It was determined that this stress intensity factor range at a certain crack growth
rate correlates with the stress intensity factor threshold, independent from the stress ratio, Fig.
4.71. A discrepancy was only found for R = 0.7 for the crack growth rates of 1E-8 and
1E-7 m/cycle, because these crack growth rates are already located in the Paris-region of the
crack growth curves.
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Fig. 4.71: Correlation of stress intensity at certain growth rates [m/cyc] and stress intensity factor threshold
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The correlations of stress intensity factor threshold AKj, [MPaVm] and stress intensity factor
range AK [MPaVm] at crack growth rates of 1E-9, 1E-8 and 1E-7 m/cyc are given in
Equ. (4.27) to Equ. (4.29).

AK,, o, =157TAK)" Equ. (4.27)
AK,, (AK, >3.8)=1.82AK," Equ. (4.28)
AK,, ,(AK, >4.2)=3.40AK,” Equ. (4.29)

Equ. (4.28) is valid down to stress intensity factor thresholds of 3.8 MPaVm. For lower
thresholds Equ. (4.30) applies.

AK,, ¢(AK, <3.8)=175 Equ. (4.30)

Equ. (4.29) is applicable for stress intensity factor thresholds AKy > 4.2 MPavm. For lower
stress intensity factor thresholds Equ. (4.31) applies.

AK,, ,(AK, <4.2)=16 Equ. (4.31)

4.1.3.6. Fatigue crack growth in the Paris-regime

The stress ratio plays a major role in respect of fatigue crack propagation. However, as
mentioned before, the crack growth in the Paris-regime is not considerably influenced by
microstructure (cf. Fig. 4.35). Only for a stress ratio R = 0.7, an effect of microstructure was
determinable.

Therefore, a rough model was developed for approximation. The parameters C and m of the
Paris-Erdogan-equation, Equ. (4.9), were averaged for low stress ratios (Tab. 4.27).

R C m
[-] [m/(Cyc. MPavm)] | [-]
-1 4.70E-11 2.00
0 1.23E-10 2.26
0.3 2.17E-10 2.28

Tab. 4.27: Paris-parameters for low stress ratios

A polynomial equation was used for determination of the Paris-exponent m in respect of the
stress ratio R, Equ. (4.32). With the knowledge of the stress intensity factor belonging to the
crack growth rate da/dN = 1E-7 m/cyc which results from the near-threshold model described
before, it is possible to predict the Paris-region of the crack growth curve for -1 <R <0.3.

m=226+0.11R—0.15R> Equ. (4.32)
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For R > 0.3 the near-threshold model already provides enough information for approximation of
the Paris-region, because a part of the modeling results already belongs to the Paris-region.

For R = 0.7 a complementary correlation was found, which can be used for calculation of the
Paris-exponent m and Paris-coefficient C. A potential correlation between stress intensity factor
range threshold AK;, [MPaVm] and m was thereby used for the forged microstructures, cf. Equ.
(4.33) and Fig. 4.72.

i[Ti-6Al-4V Paris-regime R=0.7 |

W-Shape MA |+ 1 T - —1
W-Shape ST
‘V-Shape STPQ
Pancake MA ||
Pancake ST
Pancake RA
Pancake BA
—— Fit

Paris-exponent m [-]

* Aveuméh

2 3
Stress intensity factor threshold 4K, [MPavm]

Fig. 4.72: Correlation of stress intensity factor threshold and Paris-exponent for R=0.7

Furthermore, it was shown that C and m can be linked for Ti-6Al-4V with an exponential
correlation (Fig. 4.73); also known from other structural alloys, cf. [40] and [167]. Therefore, the
Equ. (4.34) of the fitting line for a stress ratio of 0.7 was used to correlate the calculated Paris-
exponent m of Equ. (4.33) with the Paris-coefficient C.

— (-1.54)

My_o; =12.52AK, Equ. (4.33)
Crepy =1.21:107 - gl 252me0) Equ. (4.34)
L[ P —— — —

i[Ti-6Al-4V Paris-regime |
E 1 = Data R=-1
F4 4  Data R=0
o 1E-94 e s DataR=03 |
% ; = * DaaR=07 ]
> ] ™~ ]
E N -~ <
o 1E-104 \ ﬁ.\ -
s ] N = ]
Q 4 n -
g 1 \ ..
8 1E-115 - =
® ] =
& ] é

1E-12
10 15 2,0 25 30 35 40

Paris-exponent m [-]

Fig. 4.73: Correlation of Paris-coefficient and Paris-exponent
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4.1.4. Application of the new developed models

The presented models were randomly applied for one equiaxed (pancake recryst.-annealed) and
one bimodal (V-shape STPQ) microstructure. The microstructural parameters summarized in
Tab. 3.5 were thereby used as input for the models explained above.

The results of the S/N-curve models are shown in Fig. 4.74. A good accordance was determined
for both, finite life and high cycle fatigue region.
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Fig. 4.74: Comparison of experimental data and S/N-curve model

Furthermore, the crack growth models were used for determination of the long crack growth
curves of both microstructures for two different stress ratios, Fig. 4.75. Again, a good accordance
of experimental data and model prediction was observed.
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Fig. 4.75: Comparison of experimental data and crack growth model

The developed microstructural models are hence applicable for the determination of rotating
bending S/N-curves and single edge bending long crack growth curves. The verification of these
models was done with experimental results of Bohler Schmiedetechnik and will be discussed in
the according chapter.
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4.1.5.

Conclusion

Both, the finite life fatigue strength and the fatigue limit of Ti-6Al-4V are considerably
influenced by microstructure. Furthermore, the long crack growth behavior shows a
correlation with the microstructure.

It was determined that the analyzed microstructures can be classified with respect to their
(a+p)-content into equiaxed- and bimodal-type. Separate finite life fatigue strength and
fatigue limit models were developed for both microstructure-types, which link basic
microstructural parameters (primary a-grain size, (o+)-colony length, (a+[3)-content)
with the according fatigue strength.

It was observed that the long crack growth thresholds can be linked with the primary o-
grain size. The reason for this correlation is the link of grain size and fracture surface
roughness. The long crack growth threshold again is primarily controlled by roughness-
induced crack-closure.

Higher fracture surface roughness was determined in the near-threshold region. This
behavior was explained by crack initiation and propagation in o-grains causing ‘“delta
patterns” in the fracture surface. These delta patterns are the reason for the correlation of
fracture surface roughness and primary o-grain size. The near-threshold crack
propagation mode occurs solely underneath a certain crack growth rate limit.

Microstructurally short crack growth tests were performed. It was observed that the
average microstructurally short crack growth rate is in accordance with the extension of
the Paris-region of long crack growth data. Physically short crack growth tests matched
the single edge bending long crack growth test results. It can be concluded that the crack
growth behavior is primarily controlled by fracture surface roughness.
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4.2. Influence of relative stress gradient on the fatigue behavior

In the lifetime estimation concept based on local stresses, the so-called supporting effect of
materials is considered with the relative stress gradient. Therefore, several fatigue tests were
performed on unnotched and notched specimens under rotating bending and tension/compression
loading, respectively, to determine the notch sensitivity and to characterize the supporting effect
of Ti-6Al-4V in respect of the relative stress gradient.

4.2.1. State-of-the-art

Complex components usually feature geometry transitions, discontinuities and notches. Such
notches lead to a stress concentration in the notch root, cf. Fig. 4.76.

Fig. 4.76: Stress concentration at a circumferential notch of a round specimen under tension load

In addition to the stress concentration, a multiaxial stress state occurs; even under uniaxial
loading. Fig. 4.77 shows exemplarily the stresses in longitudinal, tangential and circumferential
direction, the nominal and the Mises equivalent stresses for the specimen shown in Fig. 4.76.
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Fig. 4.77: Stress distributions in a sharp notched round specimen

In the concept based on nominal stresses, the theoretical geometric stress concentration factor K
is defined as the maximum stress o, in the notch root divided by the nominal stress o;,,, Equ.
(4.35). K, is independent from stress level and material and depends solely on geometry.

84



Doctoral Thesis Fatigue behavior of Ti-6Al-4V

Dipl.-Ing. Bernd Oberwinkler Influence of relative stress gradient on the fatigue behavior
Gmax
Kt :G— Equ (435)

In the nominal stress concept, the notch effect with respect to fatigue is considered with the so-
called fatigue notch factor K. The fatigue notch factor, Equ. (4.36), is defined as the fatigue limit
of unnotched specimens oy divided by the fatigue limit of notched specimens oy,; both fatigue
limits are thereby based on nominal stress amplitudes. K; is an empirical factor and has to be
determined experimentally.

K. =—71 Equ. (4.36)

The supporting effect of a material means that the local fatigue strength at a stress concentration
site (high relative stress gradient) is usually higher than the fatigue strength of a material loaded
with relative stress gradient of zero, despite identical local stresses. This leads to the following
inequation, Equ. (4.37).

1<K, <K, Equ. (4.37)

The relation of K, and K, can be described with the supporting factor n, Equ. (4.38).

, Equ. (4.38)

A material exhibits a full notch sensitivity if n = 1. If the supporting factor equals the stress
concentration factor, it means full notch insensitivity.
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Fig. 4.78: Definition of stress gradient and maximum stress of a stress distribution
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In the lifetime estimation concept based on local stresses, the relative stress is used for
characterization of the supporting effect of a material. The relative stress gradient y [mm™] is
defined as the slope of the stress distribution at the point of maximum stress and is related to the
maximum stress, Equ. (4.39) and Fig. 4.78.

y = L(@j Equ. (4.39)
G]nax dx

One approach for consideration of the supporting effect in a lifetime estimation based on local
stresses for aluminum alloys and steels was presented by Eichlseder [60]. The model is based on
the fatigue limit o;7c under tension/compression loading of unnotched specimens (;(* = 0) and
the fatigue limit oy under bending loading of unnotched specimens with gauge diameter d
(¥ = 2/d). Eichlseder used an exponential relation, Equ. (4.40), for interpolation between these
two experimentally determined fatigue limits, characterized with the material-specific exponent
Kp.

* KD
(e)
G, =00 1+[Gﬁ—1j-(2’§—dJ Equ. (4.40)
f.1C

Many interpretations of the supporting effect have been given in literature. Verreman and
Limodin [174] listed the following ones: small stressed volume, effect of notch machining,
biaxial stresses, reversed yielding, etc. One of the most popular explanations of the supporting
effect is based on the concept of critical distance [122], [123], [134] or process zone volume
[168]. These approaches state that the material is not sensitive to the peak stress, but rather to an
average stress over some finite volume of material that would be involved for the fatigue damage
process to develop. Many expressions for the fatigue notch factor have hence been developed, cf.
[182]. The Peterson approach [134] is the easiest: it uses the local stress at a particular point,
located at a material-constant distance from the notch root. Neuber, Kuhn and Hardraht (reported
in [182]) suggested a similar approach, cf. Equ. (4.41). p is thereby the radius of the notch root
and a, a material-specific constant assumed to be proportional to the grain size by Neuber.

K -1
K, =1+ —t= Equ. (4.41)
a
1+ |—*
p

Frost et al. [67] discussed the notched fatigue strength of ductile homogeneous materials, in
which surface microcracks are initiated by continuing cyclic slip. They introduce a diagram that
plots the fatigue limit over the stress concentration factor, Fig. 4.79. Curve 1 on this diagram
represents the plain fatigue limit of the material divided by K,, curve 2, the experimentally
determined notched fatigue limits based on the alternating stress required to initiate a crack at the
notch root, and curve 3, the conventional notched fatigue limit, that is the maximum alternating
stress that will just not propagate a crack formed at the notch root. The position of this line above
the abscissa varies with notch depth.
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Frost et al. attributed the differences between curves 1 and 2 to the supporting effect
interpretations listed before (small stressed volume, biaxial stress, etc.). For sharp notches, they
suggested a fracture mechanical point of view. For notches of a given depth having values of K,
less than K, .icai, the nominal alternating stress required to initiate a crack at the notch root is
higher than the minimum propagation stress and all cracks which form will grow to cause
complete failure of the specimen. For notches having K, values greater than K, iica, the
minimum cyclic propagation stress (and hence the conventional notched fatigue limit) remains
constant and is independent of the stress concentration factor. Non-propagating cracks will be
present in all specimens having notches sufficiently sharp to initiate a crack at the notch root
tested at all nominal stresses less than that represented by curve 3. Verreman and Limodin [174]
introduced a nomenclature for the notches with respect to the Frost diagram. If the stress
concentration factor of a notch is smaller than K, .;.; the notch is a blunt notch and K;
approximates K, (classical fatigue approaches are valid), otherwise the notch is called severe
(fracture mechanical approaches are valid) and Kris smaller than X,.
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Fig. 4.79: Schematical Frost diagram [67]

Rosler et al. [145] reported that the crack propagation in stage I is crucial for the explanation of
the supporting effect in a ductile material. Since fatigue cracks usually start at the surface of the
specimen at the notch root, a growing crack enters a region with smaller stress and can thus be
partially unloaded. Fig. 4.80 shows the Kitagawa diagram (assuming Y = constant) for this case.
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Fig. 4.80: Illustration of the notch supporting effect using a Kitagawa diagram [145]
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Subfigure (a) shows two geometries with K, = 3. The stress fields of the geometries differ in the
stress gradient at the notch root. If a crack starts there, it is in the upper (finite life) part of the
Kitagawa diagram, subfigure (b). If the gradient is large, the crack is unloaded and stops; if the
gradient is small, the crack continues to grow.

The notch effect of Ti-6Al-4V is reported in [81] and [99], but the fatigue test results of these
publications are based on step tests and therefore loose. They found no notch size effect for an
untextured material (plate forging). The textured material (bar) showed a notch size effect,
whereby it is not stated if there also exists a crystallographic texture.

4.2.2. Experimental procedure

Unnotched and notched round specimens (cf. chapter “Sampling”) were used for high cycle
fatigue tests for the determination of the notch supporting effect. The according residual stresses
of the samples are shown in Fig. 3.47. The determination of relative stress gradients and stress
concentration factors was done with the aid of finite element (FE) analysis. K; and ;(* of samples
are usually based on normal stresses but in a computational lifetime estimation based on local
stresses, equivalent stresses of critical cutting planes are used (cf. chapter “Influence of
multiaxial loading on the fatigue behavior”). Therefore, the relative stress gradients and stress
concentration factors were determined for both, normal stresses and Mises equivalent stresses.
The element size has a significant influence on the results of a finite element analysis, especially
on the stress gradient; the coarser the mesh, the lower the stress gradient. To achieve the “true”
stress gradient, an element size of approximately 3 um was used at the notch root. The stress
gradient was defined as the slope of a linear fit of the first few nodes, whereby the depth of the
measurement path beneath the surface approximated the material’s grain size (~ 10 um). The
influence of the element size on the relative stress gradient model will be discussed in more
detail below. The results of the FE analysis of K, and ;(* based on normal stresses and Mises
equivalent stresses for all relevant specimens are summarized in Tab. 4.28.

Notch radius K; Z* K mises [,V,,-ses

Type of load Type of notch [mm] L] [mm™] ] [mm]
Tension/Compression | Unnotched 50 1.03 0.04 1.02 0.05
Tension/Compression Mild notched 5 1.25 0.41 1.17 0.56
Tension/Compression | Sharp notched 1 2.05 2.54 1.84 3.60
Rotating Bending Unnotched 50 1.02 0.37 1.01 0.38
Rotating Bending Notched 1.5 1.50 1.58 1.36 2.05
Rotating Bending Sharp notched 1 1.69 2.11 1.52 2.73

Tab. 4.28: Relative stress gradients and stress concentration factors for round specimens

Rotating bending and tension/compression fatigue tests were performed on unnotched and
notched samples from three different materials (mill-annealed V-shape, mill-annealed pancake
and V-shape STPQ) at ambient air and room temperature with a stress ratio R=-1. The
frequency varied between 70 and 110 Hz.

It was measured that the surface roughness of the specimens increases with decreasing notch
radius (cf. Tab. 3.6). It can be assumed that these variations lead to slightly lower fatigue limits.
Lower compressive residual stresses were determined for smaller notch radii, which may result
in a lower finite life fatigue strength. It can hence be concluded that the supporting effect is
possibly underrated. However, it has to be mentioned that the machining was consistent for all
different types of notches and these variations will also occur in real components.
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The evaluation of the S/N-curves in the finite life region was based on the logarithmic normal
distribution. The high cycle fatigue strengths at 10® load cycles were determined according to the
arcsinP-method [55]. Due to the limited specimen lot sizes, the high cycle fatigue strength and
especially the scatter are not statistically firm.

The fracture surfaces were analyzed with a stereo light optical microscope (Olympus SZX12).
Two exemplary pictures of a fracture surface are shown for each microstructure and notch type;
one overview (16x magnification) and one detailed view of the crack initiation site (64x
magnification). The crack initiation site is located at twelve o’clock position in all pictures. The
fracture surface analyses revealed that the fatigue cracks initiate at the surface. One or more
crack initiation sites were thereby observed, whereby the number of crack initiation sites
increase by trend with increasing stress amplitude.

4.2.2.1. V-Shape mill-annealed

The rotating bending fatigue tests on unnotched hourglass specimens sampled from mill-
annealed V-shape were already discussed (cf. Fig. 4.20), the tension/compression tests will be
discussed in the next chapter (cf. Fig. 4.105). The results of tension/compression and rotating
bending fatigue tests performed on varying notched specimens are summarized in Fig. 4.81 to
Fig. 4.84 and Tab. 4.29 to Tab. 4.32.
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Fig. 4.81: TC S/N-curve (1) and fracture surface (r) for V-shape MA mild notched

Symbol Description Unit | Value
of Fatigue strength at N=10° | MPa 570
Nt Cycles at transition - 1.8E5
k Slope - 7.9
T Scatter at finite life - 1:1.7
Ts Scatter at N=10° - 1:1.1

Tab. 4.29: Parameters for TC S/N-curve V-shape MA mild notched
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Fig. 4.82: TC S/N-curve (1) and fracture surface (r) for V-shape MA sharp notched

Symbol Description Unit | Value
oy Fatigue strength at N=10° | MPa 535
Ny Cycles at transition - 2.1E6
k Slope - 9.7
T Scatter at finite life - 1:3.1
Ts Scatter at N=10° - 1:1.2

Tab. 4.30: Parameters for TC S/N-curve V-shape MA sharp notched
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Fig. 4.83: Rotating bending S/N-curve (1) and fracture surface (r) for V-shape MA notched

Symbol Description Unit | Value
of Fatigue strength at N=10° | MPa 495
Ny Cycles at transition - 1.5E6
k Slope - 10
T Scatter at finite life - 1:1.7
T Scatter at N=10° - 1:1.2

Tab. 4.31: Parameters for RB S/N-curve V-shape MA notched
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Fig. 4.84: Rotating bending S/N-curve (1) and fracture surface (r) for V-shape MA sharp notched

Symbol Description Unit | Value
oy Fatigue strength at N=10° | MPa 480
Ny Cycles at transition - 3.1E6
k Slope - 8.8
T Scatter at finite life - 1:5.3
Ts Scatter at N=10° - 1:1.1

Tab. 4.32: Parameters for RB S/N-curve V-shape MA sharp notched

The comparison of S/N-curves for varying notched specimens and load types is shown in Fig.
4.85. A supporting effect was determined for both, finite life region and fatigue limit.
Anomalous high fatigue limits were determined for smooth stress gradients ()(* ~0.4 mm™)
under rotating bending and tension/compression load. This can be explained by the transition
from equiaxed- to bimodal-type fatigue strength (cf. chapter “Influence of microstructure on the
fatigue behavior”). The finite life fatigue strength for the same relative stress gradient exhibits an
(conservative) anomalous behavior too, which is limited on rotating bending loading. This
behavior cannot be explained by microstructural features and is currently unclear.
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Fig. 4.85: Influence of notches on the HCF strength of V-shape mill-annealed
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4.2.2.2. Pancake mill-annealed

Due to the limited testing lot size, the S/N-curve for sharp notched specimens under
tension/compression loading was determined in accordance to the rotating bending results (cf.
Fig. 4.21), Fig. 4.86. It was assumed that the (conservative) variance between slope of the S/N-
curve and the experimental results originates from the high scatter of mill-annealed
microstructures in the finite life region. The S/N-curve for notched specimens under rotating
bending loading is presented in Fig. 4.87.
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Fig. 4.86: TC S/N-curve (1) and fracture surface (r) for pancake MA sharp notched

Symbol Description Unit | Value
of Fatigue strength at N=10° | MPa 650
Ny Cycles at transition - 4E5
k (Estimated) Slope - 8
T Scatter at finite life - -

Ts Scatter at N=10° - -

Tab. 4.33: Parameters for TC S/N-curve pancake MA sharp notched
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Fig. 4.87: RB S/N-curve (1) and fracture surface (r) pancake MA notched
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Symbol Description Unit | Value
o Fatigue strength at N=10° | MPa | 670
Ny Cycles at transition - 2.9E5
k Slope - 7.6
T Scatter at finite life - -
Ts Scatter at N=10° - -

Tab. 4.34: Parameters for RB S/N-curve pancake MA notched

Fatigue tests were performed on varying notched specimens sampled from mill-annealed
pancake. In addition, few fatigue tests (too less for statistical analysis) were done under
tension/compression loading on unnotched and mild notched specimens. The experimental data
and the according S/N-curves are summarized in Fig. 4.88. Significant statements with respect to
the supporting effect at the fatigue limit were not possible due to the limited specimen lot sizes in
combination with material scatter and no major differences. Nevertheless, a notch supporting
effect was observed for the finite life region. The finite life fatigue strength of unnotched round
specimens under rotating bending loading exhibited thereby the same anomalous behavior as the
mill-annealed V-shape material. This conservative anomaly is limited on mill-annealed
microstructures and can not be explained currently.
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Fig. 4.88: Influence of notches on S/N-curves for pancake mill-annealed

4.2.2.3. V-Shape STPQ

Fatigue tests were performed under rotating bending loading on unnotched (cf. Fig. 4.23) and
notched specimens (Fig. 4.89), respectively. Supplementary tension/compression fatigue tests
were done on unnotched samples, cf. Fig. 4.116, and also on mild notched specimens at one
stress level (notch stress amplitude o, 7¢ =700 MPa). The comparison of these test results is
shown in Fig. 4.90. A notch supporting effect was determined for both, finite life fatigue strength
and fatigue limit.
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Fig. 4.89: RB S/N-curve (1) and fracture surface (r) for V-shape STPQ notched

Symbol Description Unit | Value
oF Fatigue strength at N=10° | MPa 625
Ny Cycles at transition - 4E5
k Slope - 7.6
T Scatter at finite life - 1:5.4
Ts Scatter at N=10° - 1:1.1

Tab. 4.35: Parameters for RB S/N-curve V-shape STPQ notched

1000 4 - -
= iTi-6AI-4V V-Shape STPQ R=-1| ]
g 900 ]
< ] A4 ]
=~ 8004 L . =
g ] e
&* 700 RN J
© j A A ]
ER " s
e —— — S e O
@ o~y
@ ]
£ s004 N
- 1[" = Experimental data TG unnotched ;'=0.04
] 1|=* SiN-curve RB unnotched ;*=0.37
g + Experimental data TC mild notched »*=0.41 T

D 1|--%- SiN-curve RB notched ;*=1.58 1
T T T T
10000 100000 1000000 1E7 1E8

Cyecles to failure N (log.) [-]

Fig. 4.90: Influence of notches on S/N-curves for V-shape STPQ

4.2.3. Discussion

For both, equiaxed and bimodal microstructures it was observed that the notch sensitivity is very
high, especially in the high cycle fatigue region. This means that the maximum stress in the
notch root determines the fatigue limit. A supporting effect based on normal stresses was
observed but it was anomalous low compared to e.g. aluminum alloys.
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The relation of fatigue strength and relative stress gradient is linear for both, finite life and
fatigue limit. If Mises equivalent stresses (and their according stress concentration factors and
relative stress gradients, cf. Tab. 4.28) are used, no supporting effect was determined for the
fatigue limit and just a very low one for the finite life region. The current available models are
hence not applicable and new models were developed (cf. chapter “Phenomenological models™)
to account for these anomalies.

A Frost diagram was plotted for the experimental results of V-shape mill-annealed to determine
the stress concentration factor for the transition of classical fatigue approaches and fracture
mechanical approaches. The test results for the round specimens shown before are supplemented
by the S/N-curves derived from the physically short crack growth measurements (Fig. 4.48 and
Fig. 4.49). Therefore, a linear elastic FE simulation was done to determine the stress distribution
in the notch root of the flat short crack growth specimens (cf. Fig. 3.41 and Fig. 3.42). A distinct
descent of stress was determined in the first hundredths of a millimeter beneath the surface, Fig.
4.91. Due to the microstructural scale of this stress descent, an averaging with respect to the
mean primary o-grain size (11 um) was performed. The maximum averaged stress was used for
the determination of the stress concentration factors (5.3 and 7.4) of these severe notches.
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Fig. 4.91: Stress distribution in the flat severe notched specimens

The Frost diagram for the high cycle fatigue region is shown in Fig. 4.92 (1). Thereby, just the
experimental data of the round specimens (1 <K,<2) were fitted with a potential relation.
According to Frost et al. [67], this curve represents the experimental values of nominal
alternating stress required to initiate a crack at the notch root. However, it was observed that this
curve and the experimental data of the flat specimens with the severe notches are congruent. This
reveals that the reason for the supporting effect can be the same for both, blunt notches of round
specimens and severe notches of flat short crack growth specimens.

The Frost diagram was also plotted for finite life fatigue strength (N = 10%), Fig. 4.92 (r). It was
observed that the principle of this diagram is also applicable for the finite life region.
Furthermore, it can be shown that the potential fitting curve of the experimental data of the blunt
notched round specimens approximates the fatigue test results of the severe notched flat
specimens. A comparison of both diagrams in Fig. 4.92 exhibits, that the supporting effect is
more distinct in the finite life region.
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Fig. 4.92: Frost diagram for fatigue limit (1) and finite life region (r)

A reason for the low supporting effect of Ti-6Al-4V can be given with the aid of the Kitagawa
diagram [145]. The stress distributions at the according fatigue limits (by using the normal stress
supporting effect model) were plotted for several types of notched round specimens, Fig.
4.93 (1). An initial crack is thereby affected by a stress range at the left hand side of the stress
distribution. With increasing crack length the applied stress range decreases according to the
stress distribution. It was observed that all stress distributions intersect in one point. This reveals
that the shape of the classical Kitagawa-curve (cf. Fig. 4.12) or the one proposed by Chapetti (cf.
Fig. 4.13) with their severe knees are valid for Ti-6Al-4V. The Kitagawa-curve was plotted,
using the fatigue limit of the microstructural model. The geometry factor was determined in
accordance to Murakami [115]; Y= 0.75.

The stress intensity factor threshold was adapted (to 7.5 MPaVm) to meet the intersection point
of the stress distributions. It can be concluded that this threshold value is valid for short cracks
under the given conditions. In this case, the low supporting effect can be explained with non-
propagating cracks. The notch stress distribution will intersect the Kitagawa-curve if the applied
stress range is lower than the determined fatigue limit for notched specimens. This means that a
crack initiates (if the stress range is higher than the fatigue limit of the unnotched specimens) in
the finite life region of the Kitagawa diagram but (owing to the decreasing stress range with
increasing crack length) the crack reaches the infinite life region of the diagram and stops. At
higher applied stress ranges, the crack load will always lie in the finite life region of the
Kitagawa diagram. It can be assumed that the crack initiation in the notch root is solely
maximum stress controlled (independent from the relative stress gradient) and the slight
supporting effect results from the higher stress gradients of notched specimens which lead to
increased unloading of growing initial cracks.

The Chapetti-curve [47] for the threshold in respect of crack length was plotted in Fig. 4.93 (r),
whereby the microstructural barrier parameter d was assumed to approximate the primary o-
grain size, ¥ = 0.75. The notch stress distributions of the different specimens were adapted to
meet the knee of the Chapetti-curve, resulting in a very low supporting effect. The reason for the
supporting effect are the same as explained before, namely increased unloading of growing
cracks. It is believed that this is the explanation for the non-existence of a supporting effect if the
experimental data is based on Mises equivalent stresses. It can be assumed that the measured
supporting effect in the finite life and high cycle fatigue region is lower as predicted by this
Kitagawa-diagram due to the increasing roughness and decreasing residual compressive stresses
with decreasing notch radius, cf. chapter “Specimen characterization”.
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Fig. 4.93: Kitagawa-curve (1) and Chapetti-curve (r) with according notch stress distributions

The notch root surface of a sharp notched tension/compression fatigue test run-out specimen (V-
shape MA) was analyzed with respect to non-propagating cracks with a confocal laser scanning
microscope. Cracks were hard to indentify due to the surface roughness of the precision-turned
specimens in combination with the small crack length (<0.04 mm). One possible non-
propagating crack is shown in Fig. 4.94. Fatigue tests on polished specimens would be necessary
for confirmation of these findings.

Fig. 4.94: Non-propagating crack in the notch root of sharp notched run-out specimen

However, a non-propagating crack was determined at the root of a small forging lap of an as-
forged plane specimens after four point bending loading (cf. chapter “Influence of surface
arrangement on the fatigue behavior”). This corroborates that non-propagating cracks play a role
with respect to the fatigue behavior.
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Fig. 4.95: Non-propagating crack at the root of a forging lap
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The low supporting effect of Ti-6Al-4V compared to other metals, e.g. aluminum alloys, may
arise from the shape of the Kitagawa diagram. The initial crack length a, at the knee of the
Kitagawa-curve for identical geometry factors is ~ 0.04 mm for Ti-6Al-4V and ~ 0.4 mm for an
aluminum cast alloy (cf. [125]); a difference of factor 10. This shift could be responsible for the
higher supporting effect (for a relative stress gradient of 2.5 mm™ approximately two times
higher) of aluminum alloys compared to Ti-6A1-4V. A comparison on the basis of the Chapetti-
curve is more complicated, because the supporting effect depends on the microstructural
characteristic dimension.

The Chapetti-curve was used for the explanation of the supporting effect of the severe notched
flat SCG specimens too. Fig. 4.96 shows the Kitagawa diagram for the stress ratios -1 and zero.
The geometry factor (Y = 0.75) was chosen according to Murakami [115] and the findings of
Nakajima [116]. It was observed, that the stress gradient is almost identical for both initial crack
lengths and does not play a major role for the supporting effect of these severe notches. The
Chapetti-curves were again based on a microstructural barrier size equal to the primary o-grain
size. The knee of the Chapetti-curve shows a good accordance with the notch stress distributions,
which is an explanation for the observed supporting effect.
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Fig. 4.96: Kitagawa diagram for the severe notched SCG specimens at N = 10’

The material parameter k, which defines the development of the extrinsic threshold component,
was (conservatively) modified, Equ. (4.42), to shift the steady state level of the extrinsic
threshold component to larger crack lengths. Thereby, d is the microstructural barrier length,
AKyr the fatigue crack propagation threshold for long cracks, and 4K,z the microstructural
intrinsic threshold, cf. [47]. A Chapetti-curve for the original k£ is shown in Fig. 4.93 (r), two
modified curves are presented in Fig. 4.96.

1 AK
kTi64 = )
20d AK,,—-AK,

Equ. (4.42)

Finally, it can be concluded that the supporting effect of Ti-6Al-4V depends not solely on the
relative stress gradient, but also on the fatigue limit and possibly on the microstructural barrier
length d proposed by Chapetti [47]. For “common” notch geometries and relative stress gradients
(as observed for the notched round specimens), these influencing variables play a minor part
with respect to the supporting effect. The similarity of the determined supporting effects for
different microstructures confirms this assumption.
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4.2.4. Phenomenological models

It raises the question, whether to use fatigue test data based on normal stresses or based on
equivalent stresses for the determination of the supporting effect. Usually, normal stress based
data is used in literature for relative stress gradient models. However, a computational lifetime
estimation is based on equivalent stresses. Therefore, the equivalent stress used in the
computational lifetime estimation should also be the basis for the supporting effect models.

Phenomenological models were hence developed based on both normal and equivalent stresses.
Their application depends on the result of the lifetime prediction. If the lifetime of fatigue test
specimens is predicted (these results are usually normal stress based), the normal stress
supporting effect model has to be chosen. If the lifetime of a component is predicted based on
finite element analysis, the equivalent stress based supporting effect model is the right choice.

It was observed that Ti-6A1-4V has generally a high notch sensitivity, especially in the high
cycle fatigue region. The fatigue strength for both, finite life region and fatigue limit shows a
linear correlation with the relative stress gradient, independent from the stress type.

The chosen element size of the finite element (FE) mesh is another important point with respect
to the stress gradient for both, specimen and component analysis. The conservative approach is
to determine the stress gradients of specimens as good as possible with a fine mesh. The mesh of
a component FE analysis will be coarser, leading to lower stress gradients and an
underestimation of the supporting effect. Non-conservative would be the determination of the
relative stress gradient of specimens with a coarse FE mesh, what results in an underestimation
of the real stress gradients and a seemingly higher supporting effect. If the FE mesh of a
component is consequently finer than those used for the specimens, the seemingly higher notch
supporting effect leads to a non-conservative lifetime estimation.

Therefore, the relative stress gradients of the specimens used for this research were determined
with finite element analysis using a very fine mesh (element size in the notch root approximated
3 um). The stress distribution of the first 10 microns (~ grain size) beneath the surface was used
for a linear fit for determination of the stress gradient. It can be concluded that the determined
stress gradient models are conservative for coarse meshed FE models of components.

The last question with respect to the stress gradient model is the influence of a possible
plastification at the notch root. However, the utilization of linear elastic FE analysis for both,
material characterization (specimens) and component analyses leads to a compensation of
possible influences of local plastifications. The influence of plastification on the mean stress
rearrangement can be included in a lifetime estimation with the aid of the Neuber-approach
[122], [123].

4.2.4.1. High cycle fatigue strength

Due to the limited specimen lot sizes for fatigue tests, the high cycle fatigue strength is not
statistically firm. However, two models were developed to account for the low supporting effect
of Ti-6Al-4V.

A linear approach, Equ. (4.43), was used to link the relative stress gradient ;(* [mm™] and the
fatigue limit o) [MPa] based on normal stresses. The input for this model, the fatigue limit
oru [MPa] at a relative stress gradient of 0.37 mm™, derives from the microstructural based
model explained in the previous chapter.

G =20 +6,,, —7.5 Equ. (4.43)
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No supporting effect was determined for the Mises equivalent stress based test results. This can
be explained by the insignificant supporting effect resulting from non-propagating cracks, cf.
Fig. 4.93 (r) in combination with the increasing surface roughness and decreasing compressive
residual stresses (cf. chapter “Specimen characterization”) with increasing stress gradient. The
fatigue limit o6 mises can hence be calculated, Equ. (4.44), whereby the input is again the result
of the microstructural model, oy). The coefficient of 0.99 results from the fact, that the
microstructural model is based on normal stresses (K; = 1.02) and has to be converted into Mises
equivalent stresses (K; = 1.01), owing to the different stress concentration factors.

The relation of fatigue limit and relative stress gradient was calculated based on the
microstructural model output for V-shape mill-annealed, pancake mill-annealed and V-shape
STPQ. These results, compared with experimental data, are shown in Fig. 4.97. It was observed
that the combination of microstructural and relative stress gradient model accurately fits the
experimental data.

O MG Mises = 0.99- O i Equ. (4.44)
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Fig. 4.97: Relative stress gradient models for the high cycle fatigue region, based on different stress types

4.2.4.2. Finite life fatigue strength

The finite life fatigue strength at 10° load cycles on=;0°mc [MPa] was also linked with the
relative stress gradient ;(* [mm™] via linear relations. Thereby, the fatigue strength at 10° load
cycles oy=;¢’ i 1s calculated with the information derived from the microstructural model. Again,
two different relations were determined for normal stresses, Equ. (4.45), and Mises equivalent
stresses, Equ. (4.46). The slope of the S/N-curve in the finite life region remains constant with
increasing relative stress gradient, Equ. (4.47).

O na10b e = S8% O em —2L.5 Equ. (4.45)
O v o105, MG Mises — 25y +0.99 Oyoiosm =9.5 Equ. (4.46)
kyc=k, =8 Equ. (4.47)
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The relation of finite life fatigue strength and relative stress gradient was calculated based on the
microstructural model output for V-shape mill-annealed, pancake mill-annealed and V-shape
STPQ. These results were compared with experimental data, Fig. 4.98. A good approximation
was observed, especially for the equivalent stresses.
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Fig. 4.98: Relative stress gradient models for the finite life region, based on different stresses

The equivalent stress based results are believed to be more meaningful than the normal stress
based ones. Especially for the well-defined STPQ microstructure, no significant difference
should be observable between the fatigue strengths for tension/compression mild notched and
rotating bending unnotched owing to the similar stress gradient (~ 0.4 mm™). This behavior was
indeed observed for the equivalent stress based results (Fig. 4.98, right diagram), but a difference
of 100 MPa was determined for the normal stress based ones (Fig. 4.98, left diagram). These
findings confirm the equivalent stress based approach and call other models into question.

4.2.5. Conclusion

e An anomalous high notch sensitivity (and therefore low notch supporting effect) was
determined for equiaxed- and bimodal-type microstructures, especially in the high cycle
fatigue region. This means that the maximum stress in a notch root determines the fatigue
limit, almost independent from the relative stress gradient.

e The low supporting effect can be explained with the Kitagawa diagram. It can be
supposed that the crack initiation in the notch root is maximum stress controlled
(cleavage-type crack initiation) and independent from the relative stress gradient. An
initiated crack emanating from a notch root grows — owing to the stress descent — into
lower stressed regions and possibly stops. This behavior results in slightly increased
fatigue limits with increasing relative stress gradient. Non-propagating cracks play hence
a role with respect to the supporting effect of Ti-6Al-4V.

e The supporting effect was analyzed based on normal stress and equivalent stress based
fatigue test results. Normal stress based results are commonly used for conventional
stress gradient models. This approach does not make sense, if the supporting effect model
serves in a computational lifetime estimation based on equivalent stresses. Therefore, it is
suggested to use the same equivalent stress for the determination of supporting effect and
for lifetime estimation.
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e The influence of the element size of a finite element (FE) mesh was discussed with
respect to the relative stress gradient. The determination of relative stress gradients of
specimens based on a coarse FE mesh leads to a non-conservative notch supporting effect
model, if the element size in the FE analysis of a component is smaller. Conservative
models can be guaranteed in this research owing to sufficiently fine meshed FE models
of the used specimen geometries.

e Models were developed to link finite life fatigue strength and fatigue limit with the
relative stress gradient based on normal and equivalent stresses, respectively. In all cases,
a linear approach was used. The lower notch supporting effect was thereby determined
for the equivalent stress based fatigue test results.

e The equivalent stress based results are believed to be more meaningful than the normal
stress based ones. Therefore, the supporting effect was discussed based on equivalent
stresses. No supporting effect was ascertained for the fatigue limits. This can be
explained by the insignificant supporting effect resulting from non-propagating cracks (as
shown in the Kitagawa diagram with Chapetti-curves), combined with the fact of
increasing surface roughness and decreasing compressive residual stresses with
increasing stress gradient (decreasing notch radius) of the used fatigue test specimens.

e The comparison of Chapetti-curves for two different stress ratios and notch stress
distributions of severe notched specimens at the according fatigue limits revealed the
applicability of the Chapetti-approach for the determination of the crack growth threshold
in respect of crack length for Ti-6Al-4V. The material parameter k£, which defines the
development of the extrinsic threshold component, was (conservatively) modified to shift
the steady state level of the extrinsic threshold component to larger crack lengths.
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4.3. Influence of impressed mean stress on the fatigue behavior

The influence of impressed mean stress plays an important role regarding fatigue behavior.
Results in literature showed that Ti-6Al-4V exhibits an abnormally high mean stress sensitivity,
but the basic mechanisms are not clarified until yet. The focus of this research work is on mill-
annealed microstructure without any texture. Solution treated polymer-quenched and hence
bimodal Ti-6Al-4V is used for verification.

4.3.1. State-of-the-art

The basic parameters of a periodical fatigue load are summarized in Fig. 4.99. Important are the
stress amplitude o, the mean stress o;,, the maximum stress oy, the minimum stress o, and
the periodic time 7.

Stress o

Time t

Fig. 4.99: Parameters of a fatigue load

The stress ratio R is used to describe the fraction of mean stress in a fatigue load and is defined
as the minimum stress divided by the maximum stress, Equ. (4.48).

R =—mn Equ. (4.48)

The influence of mean stress on the bearable stress amplitude at certain load cycles is presented
in a Smith or, recently more common, in a Haigh (also known as Goodman) diagram, cf. [78]. A
Haigh diagram plots the bearable stress amplitude over the appropriate mean stress for certain
load cycles, Fig. 4.100 (1). A Haigh diagram for Ti-6Al1-4V (without any additional information)
is reported in [153], Fig. 4.100 ().
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Fig. 4.100: Schematical Haigh diagram (1) [78], and Haigh diagram for Ti-6Al-4V acc. to Schijve [153]
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Schiitz [154] analyzed various materials with respect to mean stress dependence. He used the
bearable stress amplitude at high load cycle values at stress ratios of zero and -1, and defined the
mean stress sensitivity M as the slope of a constant-life line linking these two values, Equ. (4.49)
and Fig. 4.100 (1).

o, (R=-1)-0,(R=0)

M =tano =
ano 5. (R=0)

Equ. (4.49)

Sonsino (reported in [78]) presented a compilation of mean stress sensitivities for different
materials in respect of the tensile strength, with the problem that there is no information
regarding cycles to failure. It can be assumed that the reported values are valid for (the typical
run-out level) 107 load cycles. Sonsino stated mean stress sensitivities of 0.25 to 0.35 for
titanium alloys. However, these values are not correct for Ti-6Al-4V.

The rare literature regarding influence of mean stress on the fatigue behavior of Ti-6Al-4V
indicates anomalous mean stress dependence. Wagner and Gregory [177] summarized the
current knowledge, and reported that the anomalous mean stress dependence is crack initiation
controlled and it occurs both, in air and in vacuum. Lamellar (B-annealed) microstructures do not
show this effect. In (a+f)-annealed — equiaxed or bimodal — microstructures, the influence of
mean stress depends on the crystallographic texture and on the loading direction.

This behavior was originally reported by Adachi et al. [26], cf. Fig. 4.101. They analyzed three
bimodal and one fine lamellar microstructure and found an anomalous mean stress effect
depending on microstructure, texture and loading direction. Pronounced mean stress sensitivity
was found for the bimodal microstructures (basal/transverse texture) tested under transverse
direction (TD) loading (basal planes perpendicular to the loading direction) but not so under
rolling direction (RD) loading (basal planes parallel to the loading direction). Furthermore, they
found that the fatigue strengths at 107 load cycles at higher stress ratios are the same in vacuum
and in air. The fracture surfaces of microstructures exhibiting the anomalous mean stress
dependence revealed in the regions of crack nucleation large portions of fracture planes
(transcrystalline) of the primary a-phase with the same orientation to the stress axis. This effect
was not observed for those microstructures having a “normal” mean stress dependence.
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Fig. 4.101: Smith diagram for fatigue strength at 10" load cycles for different microstructures [26]
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Ivanova et al. [87] analyzed uni-rolled, cross-rolled, and forged Ti-6Al-4V with varying
microstructures with respect to mean stress dependence, Fig. 4.102. They found anomalous mean
stress dependence at 107 load cycles for both, bimodal and equiaxed microstructures with
basal/transversal texture. In contrast, they reported “normal” mean stress behavior for textured
(uni-rolled) bimodal Ti-6Al-4V and material with lamellar microstructure. However, this
“normal” behavior was limited on stress-controlled fatigue tests and not determined under strain-
controlled loading. Furthermore, they observed cleavage-like facets at the crack initiation sites
for both, bimodal microstructures with or without anomalous mean stress dependence.
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Fig. 4.102: Haigh diagram for Ti-6Al1-4V at 10’ load cycles acc. to Ivanova et al. [87]

Research work of Morrissey et al. ([111], [112]) showed, that equiaxed Ti-6Al-4V (with
uneconomical heat treatment) exhibits pronounced stress ratio effects under high cycle fatigue
loading (cf. Fig. 4.103). They reported that at high stress ratios (R > 0.7), a transition of failure
mode occurs from traditional surface fatigue crack initiation and growth to bulk-dominated
damage initiation and coalescence of multiple microcracks consistent with a ductile tensile test.
At these high stress ratios, with peak stress at or near the macroscopic yield strength, cyclic
strain ratcheting is observed, leading to progressive plastic strain accumulation until final failure.
Furthermore, their results indicate that there is a significant frequency effect in equiaxed Ti-6Al-
4V, especially at low stress ratios (cf. Fig. 4.103). The higher the frequency, the higher is the
stress that will cause failure at 10’ cycles. Morrisey et al. explained the frequency dependence
with the interaction of several mechanisms, such as strain rate effects on dislocation motion,
diminished active primary slip systems at high frequencies in hcp and bcc materials, and
therefore their composites as Ti-6Al-4V, and environmental damage. This stands in contrast to a
newer publication of the same authors [113], cf. Fig. 4.10, what calls their results into question.

T T T T T T
350 | . i
[ ]
= 300 -
o
= 2501 . .
3 s
2 2001 . i
Q.
£ 150 i
I
8 100} o "
w
o 70Hz
50 * 400 Hz 5
m 1800 Hz L L L L

o

300 400 500 600 700 800 900 1000
Mean Stress [MPa]

Fig. 4.103: Fatigue strengths at frequencies of 70, 400 and 1800 Hz [111]
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Several models exist for the consideration of the mean stress dependence of materials in a
lifetime estimation [140]. Three common models are the Goodman approach, Equ. (4.50), the
Soderberg approach, Equ. (4.51), and the Gerber parable, Equ. (4.52).

s, =g | -(1—2—'"} Equ. (4.50)
s, =c | -(1—6—'"} Equ. (4.51)
p,t

R=1 [liz_:] J Equ. (4.52)

The Goodman approach is often used for Ti-6Al-4V (for lack of alternatives); with the problem
that the anomalous mean stress dependence is neglected. This leads to a non-conservative
lifetime estimation.

4.3.2. Experimental procedure

The test program for the determination of the influence of impressed mean stress on the fatigue
behavior of Ti-6Al-4V consisted of uniaxial tension/compression fatigue tests at six different
stress ratios R. All tests were performed at room temperature and ambient air up to 10° load
cycles.

Unnotched hourglass specimens (Fig. 3.34) were sampled from mill-annealed V-shapes and
tested on a SincoTec Power Swing MAG 150 kN resonant testing machine (Fig. 4.104). The
testing frequency was approximately 96 Hz. The fatigue tests were performed with stress ratios R
of -1, 0, 0.3 and 0.7; some specimens were complementary tested with stress ratios of -co and
-0.5. The evaluation of the S/N-curves in the finite life region was based on the logarithmic
normal distribution. The fatigue strengths at 10® load cycles were determined according to the
arcsinNP-method [55].

Fig. 4.104: SincoTec Power Swing MAG resonant testing machine
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The fracture surfaces were analyzed with a stereo light optical microscope (Olympus SZX12).
Two exemplary pictures of a fracture surface are shown for each stress ratio; one overview (16x
magnification) and one detailed view of the crack initiation site (64x magnification). The crack
initiation site is located at twelve o’clock position in all pictures.

The S/N-curves for stress ratios of -1, 0 and 0.3 are shown in Fig. 4.105 to Fig. 4.107. The
corresponding S/N-curve parameters can be found in Tab. 4.36 to Tab. 4.38.
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Fig. 4.105: TC S/N-curve (1) and fracture surface (r) for V-shape mill-annealed unnotched, R=-1

Symbol Description Unit | Value
oy Fatigue strength at N=10° | MPa 475
Ny Cycles at transition - 3.2E5
k Slope - 6.9
Tw Scatter at finite life - 1:2.7
T Scatter at N=10° - 1:1.2

Tab. 4.36: Parameters for TC S/N-curve V-shape mill-annealed unnotched, R=-1
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Fig. 4.106: TC S/N-curve (1) and fracture surface (r) for V-shape mill-annealed unnotched, R=0
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Symbol Description Unit | Value
oy Fatigue strength at N=10° | MPa 215
Ny Cycles at transition - 3.2E7
k Slope - 6.5
T Scatter at finite life - 1:2.9
Ts Scatter at N=10° - 1:1.1

Tab. 4.37: Parameters for TC S/N-curve V-shape mill-annealed unnotched, R=0
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Fig. 4.107: TC S/N-curve (1) and fracture surface (r) for V-shape mill-annealed unnotched, R=0.3

Symbol Description Unit | Value
oy Fatigue strength at N=10° | MPa 165
Ny Cycles at transition - 2.9E7
k Slope - 5.6
T Scatter at finite life - 1:2.0
Ts Scatter at N=10° - 1:1.1

Tab. 4.38: Parameters for TC S/N-curve V-shape mill-annealed unnotched, R=0.3

Fatigue tests at stress ratios of 0.7, -0.5 and -0 were also performed, but there was too less
experimental data for determination of S/N-curves. The data point are plotted in Fig. 4.110. The
fracture surfaces of specimens tested with stress ratio 0.7 and -0.5 are shown in Fig. 4.108. It was
observed that crack initiation occurred independent from stress ratio at or directly underneath the
surface.

Fig. 4.108: Fracture surface of V-shape mill-annealed unnotched, R=0.7 (1) and R=-0.5 (r)
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As mentioned before in the chapter “State-of-the-art”, Adachi et al. [26] and also Ivanova et al.
[87] reported that the fracture surfaces of microstructures exhibiting the anomalous mean stress
dependence revealed in the regions of crack nucleation large portions of (transcrystalline)
fracture planes of the primary a-phase with the same orientation to the stress axis. Scanning
electron microscopy (SEM) of fracture surfaces of fatigue specimens tested with stress ratios of
zero and 0.3 was performed, Fig. 4.109. It was observed that the mill-annealed microstructure
without crystallographic texture leads to transcrystalline fracture planes at the crack initiation
sites.

Fig. 4.109: SEM pictures of the crack initiation sites of specimens tested with R =0 (1) and R = 0.3 (1)

4.3.3. Discussion

The comparison of all tension/compression fatigue tests on unnotched specimens performed with
different stress ratios are shown in Fig. 4.110. It was observed that the bearable stress amplitude
i1s considerably decreased with increasing mean stress. Furthermore, it is important that the
cycles at transition between finite life and fatigue limit lies beyond 107 load cycles for stress
ratios R > 0. The fatigue test results in literature (e.g. [26] or [87]) are usually related to run-out
levels of 107 load cycles. This leads to an overestimation of the “fatigue limits™ at stress ratios
R > 0. Therefore, the anomalous mean stress dependence is more pronounced for the fatigue
limit as supposed in literature.
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Fig. 4.110: Comparison of TC S/N results at different stress ratios

The mean stress sensitivity M can be calculated according to Equ. (4.49), and varies with the
load cycles. The evaluation of the presented fatigue test results is stated in Tab. 4.39.
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N[l | M[]
10° 0.3
10’ 0.8
10° 1.2

Tab. 4.39: Mean stress sensitivity M in respect of the cycles to failure N

Until now, the conventional wisdom has been that the maximum possible mean stress sensitivity
is 1, and that the typical mean stress sensitivity for aluminum alloys, titanium alloys and steels
ranges from 0.1 to 0.8. However, there is no distinct explanation in literature for such mean
stress dependencies.

On the contrary, the results presented for mill-annealed Ti-6Al-4V can be explained by basic
fatigue and fracture mechanisms. The fatigue limit of Ti-6Al-4V follows the maximum stress
due to cleavage-type crack initiation, independent from the stress ratio. The stress level that has
to be reached for cleavage-type fracture of a grain or phase boundary will always be the same in
an isotropic material. In addition, impressed mean stress decreases the stress intensity threshold,
which may be the reason for the slight decrease of the fatigue limit based on maximum stress for
stress ratios R > 0, cf. Fig. 4.110 (r). Machining induced residual stresses are another possibility
for mean stress sensitivities > 1.

The fatigue strength in the finite life region depends on stress amplitude and stress ratio. It can
be assumed that the (maximum stress controlled) crack initiation phase does not play a major
role. However, the fatigue strength is considerably influenced by crack growth. If the basic Equ.
(4.7) of the linear elastic fracture mechanics is used as a basis, it is well known that a decrease of
the stress range leads to a one-to-one decrease of the stress intensity factor. At a stress ratio
R =0, a fatigue crack already initiates at lower stress amplitudes (stress ranges) due to the
achievement of the maximum stress limit as mentioned above. An initiated crack grows at a
lower stress amplitude (lower stress range and therefore also lower stress intensity factor).
Assuming almost the same crack growth behavior for applied stress ratios of R = 0 and R =-1,
the finite life S/N-curve based on stress amplitude for R = 0 has to be the extension of the finite
life S/N-curve for R =-1, cf. Fig. 4.110. One possible reason for the similar crack growth rates
is, that the local effective stress ratio and effective stress intensity factor range of a short crack is
influenced by the residual stresses. With increasing mean stress (R = 0.3) the fatigue limit still
follows the maximum stress. In the finite life region it can be assumed that the crack growth is
accelerated owing to decreased crack closure, which leads to a lower finite life fatigue strength.
Fig. 4.111 depicts schematically the mean stress dependence of Ti-6Al-4V including the basic
findings explained before.
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Fig. 4.111: Influence of impressed mean stress on S/N-curves based on stress amplitudes
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4.3.4. Phenomenological models

It was observed that the analyzed Ti-6Al-4V exhibits anomalous mean stress dependence. This
high mean stress sensitivity is associated with a-phase and their transcrystalline fracture.
Phenomenological models for the finite life and high cycle fatigue region were developed based
on the fatigue test results shown before. They are valid for forged Ti-6Al-4V without any
precipitations or crystallographic texture.

4.3.4.1. High cycle fatigue strength

Fig. 4.112 shows the bearable notch stress amplitudes at 10° load cycles for stress ratios of -1, 0,
0.3 and 0.7. It was observed that (using a logarithmical scaling of the stress axis) the data points
represent a line.
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Fig. 4.112: Influence of mean stress on the fatigue limit

Therefore, the high cycle fatigue strengths at 10° load cycles (fatigue limits) were exponentially
linked with the stress ratio R for the region -1 < R < 0.7, Equ. (4.53). Thereby, oyucn [MPa] is
the fatigue limit amplitude considering the mean stress dependence of Ti-6Al-4V, opyc [MPa] is
the fatigue limit amplitude resulting from the microstructural model supplemented by the stress
gradient model and R [-] is the stress ratio.

-1<R<0.7: 0BR) Equ. (4.53)

O mom =Ofrmc "€
The according mean stress o,y to the fatigue limit is defined in Equ. (4.54).

“1<SR<07: Gy pon = on % Equ. (4.54)

For stress ratios 1 > R > (.7, a linear connection, Equ. (4.55), between the fatigue limit for stress
ratio 0.7 and the 0.2%-yield strength R,o> was chosen in accordance to the approach of
Soderberg [140]. This approach was used to be conservative with respect to the high mean stress
sensitivity. Goodman [140] chose the ultimate tensile strength as upper limit for the mean stress.
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However, it has to be mentioned at this point that, owing to the small difference between yield
strength and ultimate tensile strength (caused by the almost ideal-elastic ideal-plastic behavior of
Ti-6Al1-4V), there will not be a significant variance between this two approaches. For the
determination of the 0.2%-yield strength, the correlations explained in the chapter “Estimation of
tensile strength” were used, cf. Equ. (4.19) to Equ. (4.22).

G s mem ‘R=0.7 'Rpoz ‘(1-R)

R=0.7 R=0.7
=6 fiu. MM ‘ +R- (Gf,MGM ‘

Equ. (4.55)

Crmam = R R=0.7

R=0.7
202 YO 1 vom ‘ +G 4 vom - Rpoz )

For stress ratios between -0 and -1, a linear relation was chosen to link fatigue limit and mean
stress, Equ. (4.56).

(¢)
~0<SR<-1: G,y = % Equ. (4.56)

1+0.08 ——
R

For the region 1 < R < oo, the fatigue limit at R = -co was linear connected with the compressive
yield strength R,.. The mathematic description can be found in Equ. (4.57). The compressive
yield strength R, . was achieved according to Equ. (4.22), cf. chapter “Estimation of tensile
strength”.

G s mcum ‘R:_w ‘R, “(R-1)
26, om \R=‘°° ~R +R'R,,

I<R<0: O, 46y =

Equ. (4.57)

A Haigh diagram plots the bearable stress amplitude at certain load cycles over the
corresponding mean stress [78]. Fig. 4.113 shows the Haigh diagram (experimental data and the
results of the presented models) at 10® load cycles for the mill-annealed V-Shape based on notch
stresses.
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Fig. 4.113: Haigh diagram of mill-annealed Ti-6Al-4V
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4.3.4.2. Finite life fatigue strength

The mean stress dependence of the finite life region was described with two models, which link
the number of cycles at transition and the slope of the S/N-curve in the finite life region with the
stress ratio. The combination of these two models leads to a description of the finite life region in
respect of mean stress.

The dependence of the number of cycles at transition under consideration of the mean stress
Nruveum and stress ratio R in the region -1 < R < 0 is given in the exponential Equ. (4.58).
Thereby, Nrmc is the number of cycles at transition of the stress gradient corrected
microstructural-based S/N-curve.

—1<SR<0: Nyyoy =Npygee 0 Equ. (4.58)
For -co < R<-1and 1 <R < o0 applies:

—0<R<-1 and 1<R<o: N, =Nper " Equ. (4.59)
Equ. (4.60) is used for stress ratios between zero and one.

0<SR<1: Nyyew =Nrseu-€” Equ. (4.60)

The application of these models for the mill-annealed V-shape is shown in Fig. 4.114 (1). The
chosen models fit the test data of the mill-annealed V-shape very well.
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Fig. 4.114: Influence of stress ratio on the number of cycles at transition (1) and slope (r) of the S/N-curve

The slope kycar of the mean stress corrected S/N-curve is given in Equ. (4.61) in respect of the
stress ratio R; valid for -1 <R <0.3.

“1<SR<03: kyoy =kye —1.8-(1+R) Equ. (4.61)
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It was assumed that the slope remains constant for -oo <R <-1 and 1 <R < o0, Equ. (4.62).

~0<R<-1 and 1<R<o0: kyg =kyoy!® Equ. (4.62)

Furthermore, it was supposed that the slope remains constant at stress ratios between 0.3 and 1,
Equ. (4.63).

03<R<1: kyey =kyeu <" Equ. (4.63)

Fig. 4.114 (r) compares the model for the slope of the S/N-curve with the experimental data for
the mill-annealed V-shape. A good accordance was observed.

4.3.4.3. Visualization

The derived models for high cycle and finite life region were used for generation of a new
developed S/N/R-surface. The S/N/R-surface shows the influence of the stress ratio R on the
fatigue strength for any number of cycles to failure. The modeled S/N/R-surface for the mill-
annealed V-shape is shown in Fig. 4.115. It is based on the measured microstructural parameters
(cf. Tab. 3.5) and application of the microstructural, relative stress gradient, and mean stress
models discussed before. Additionally, the experimental data of the tension/compression fatigue
tests on unnotched specimens are plotted.
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Fig. 4.115: S/N/R-surface for V-shape mill-annealed

A good accordance of modeled S/N/R-surface and experimental results was observed. This is a
first confirmation of the chosen approaches.
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4.3.5. Verification

The verification of the developed models was done on solution treated polymer-quenched
(STPQ) V-shape. Unnotched specimens were tested under tension/compression loading with
stress ratios of -1 and 0.3.

The S/N-curves were determined according to the models (microstructure, stress gradient, mean
stress) described before, using the microstructural parameters of the V-shape STPQ as a basis.
Fig. 4.116 shows the comparison of experimental data and modeled S/N-curves. It was observed
that the used models lead to an accurate estimation of all analyzed S/N-curves for the solution
treated polymer-quenched V-shape.
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Fig. 4.116: Comparison of experimental data and modeled S/N-curves

4.3.6. Conclusion

e Both, isotropic Ti-6Al-4V with equiaxed- and bimodal-type microstructures exhibit
anomalous mean stress dependence. A higher mean stress sensitivity (M > 1, full mean
stress sensitivity) was found for the fatigue limit (fatigue strength at 10® load cycles) than
reported in literature. This behavior is caused by the shift of the cycles at transition
between finite life and fatigue limit beyond 10" load cycles for stress ratios R > 0.

e Scanning electron microscopy analyses of fracture surfaces at the crack initiation site
revealed that transcrystalline fracture planes play a major role regarding mean stress
dependence. It can be concluded that there are enough favorable-oriented cleavage planes
with respect to crack initiation in an isotropic material to cause anomalous mean stress
dependence.

e A mean stress sensitivity M = 1 implies that the maximum stress determines the fatigue
limit of isotropic equiaxed- and bimodal-type Ti-6Al-4V (for -1 <R<0.3). New
phenomenological models were hence developed, which consider this anomalous mean
stress sensitivity and describe the mean stress dependence of both, finite life region and
fatigue limit. Currently used mean stress models for the fatigue limit, e.g. the Goodman
or Soderberg approach, are non-conservative (cf. Fig. 4.117) and should not be used for
Ti-6Al-4V with bimodal or equiaxed microstructures.
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Fig. 4.117: Comparison of the developed mean stress dependence model
and currently used approaches for the fatigue limit

e The anomalous mean stress sensitivity of Ti-6Al-4V was discussed by means of basic
fatigue and fracture mechanisms. The finding that the maximum stress determines the
high cycle fatigue strength (full mean stress sensitivity) is consistent with the high notch
sensitivity, cf. chapter “Influence of relative stress gradient on the fatigue behavior”, and
also with the crack initiation mechanism discussed in the chapter “Influence of
microstructure on the fatigue behavior”. It means, that a fatigue crack initiates, if a
certain maximum stress is reached to cause cleavage fracture; almost independent from
stress ratio or stress gradient.
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4.4. Influence of multiaxial loading on the fatigue behavior

The influence of multiaxial loading is important for a lifetime estimation based on local stresses.
No nominal stresses can be calculated in components with complex geometries; finite element
(FE) analysis has to be used. A FE analysis determines the stress tensor in every element of a FE
mesh. Different methods exist for conversion of this stress tensor in a useful input for damage
accumulation, e.g. critical plane criteria. Thereby, the normal stress and shear stress in every
plane have to be summarized to an equivalent stress. The choice of the right type of equivalent
stress criterion (e.g. Mises, Tresca, etc.) is therefore crucial for a lifetime estimation based on
local stresses.

4.4.1. State-of-the-art

The information in literature regarding influence of multiaxial loading on the fatigue behavior of
Ti-6Al-4V is very limited. Delahay [54] reported fatigue limits for different types of loading
(tension/compression, rotating bending, torsion, plane bending, combined plane bending and
torsion). Data is also available from prior research [1], done on lamellar Ti-6Al-4V.

Type of load 7 [MPa] o [MPa] Source
Tension/compression - 583 Delahay
Rotating bending - 602 Delahay
Torsion 411 - Delahay
Plane bending - 652 Delahay
Plane bending + torsion 255 442 Delahay
Tension/compression - 320 Oberwinkler
Rotating bending - 320 Oberwinkler
Torsion 210 - Oberwinkler
Rotating bending + torsion 115 230 Oberwinkler

Tab. 4.40: Summary of literature data ([1], [54]) regarding influence of type of load on the fatigue limit

Kallmeyer et al. [89] reported several fatigue test results for proportional and non-proportional
multiaxial loading on bimodal Ti-6Al-4V. They determined, that the finite life fatigue strength
for a 90° out-of-phase load (90° sinusoidal lag between the shear and axial stress), a load path
that is often considered to be critical with regard to deformation and fatigue damage [159], is
higher (factor 1.6 in lifetime) than for proportional loading. Furthermore, they mentioned, that
when the maximum shear stress exceeds about 80% of the torsional yield strength, the allowable
stress amplitude in bending or torsion is reduced relative to the fully reversed case. For levels of
maximum stress less than 80% of the torsional yield strength, a static or mean shear stress has
little effect on the fatigue strength of metals, cf. [157].

4.4.2. Experimental procedure

The test program for the determination of the influence of multiaxial loading on the fatigue
behavior of Ti-6Al-4V consisted of uniaxial tension/compression, rotating bending, alternating
torsion, and combined rotating bending / alternating torsion fatigue tests (stress ratio R = -1) up
to maximum 10® load cycles. All tests were performed at room temperature and ambient air.
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Unnotched hourglass specimens (Fig. 3.34) were sampled from mill-annealed V-shapes and
tested on several test stands. The rotating bending and tension/compression tests were already
discussed. The torsional (T) and multiaxial (MAX) fatigue tests were performed on a test rig
designed at the Chair of Mechanical Engineering (Fig. 4.118). The testing frequency for torsion
and multiaxial testing was 30 Hz. The fatigue tests were performed with a stress ratio R of -1 and
in particular -0.5. The multiaxial loading was a proportional and synchronal combination of
alternating torsion and rotating bending, Fig. 4.119. The ratio of shear stress to normal stress for
multiaxial loading was chosen to be 0.5. For the purpose of comparison, other microstructures
(STPQv, STv) and sharp notched specimens were additionally tested under alternating torsion.

Fig. 4.118: Test rig for torsion and multiaxial loading
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Fig. 4.119: Example for proportional synchronal multiaxial loading

The evaluation of the S/N-curves in the finite life region was based on the logarithmic normal
distribution. The fatigue limits were determined according to the arcsinNP-method [55]. The

fatigue strengths and especially the scatter are not statistically firm due to the limited specimen
lot sizes.

The tension/compression S/N-curve for mild-notched specimens (relative stress gradient
comparable to unnotched torsion and multiaxial loading) was already presented, cf. Fig. 4.81.
The S/N-curves for torsional and multiaxial loading (Fig. 4.120 and Fig. 4.121) and their
according parameters (Tab. 4.41 and Tab. 4.42) are reported below.
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Fig. 4.120: Alternating torsion S/N-curve for V-shape mill-annealed unnotched, R=-1

Symbol Description Unit | Value
7 Fatigue strength at N=10° | MPa 315
Ny Cycles at transition - 2.4E6
k Slope - 12
T Scatter at finite life - 1:3.1
Ts Scatter at N=10° - 1:1.2

Tab. 4.41: Parameters for alternating torsion S/N-curve V-shape mill-annealed unnotched, R=-1
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Symbol Description Unit | Value
of Fatigue strength at N=10° | MPa 415
Ny Cycles at transition - 4.8E5
k Slope - 10
T Scatter at finite life - 1:1.9
Ts Scatter at N=10° - 1:1.1

Fig. 4.121: Combined torsion and rotating bending S/N-curve for V-shape mill-annealed unnotched, R=-1

Tab. 4.42: Parameters for multiaxial S/N-curve V-shape mill-annealed unnotched, R=-1
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4.4.3. Discussion

The fracture surfaces were analyzed with a stereo light optical microscope (Olympus SZX12). It
has to be mentioned at this point that the interpretation of fracture surfaces of torsional and
multiaxial loaded samples is difficult due to the smearing of the fracture surfaces owing to the
shear stresses.

It was observed that the characteristic of the fatigue crack initiation site of torsional loaded
specimens depends on the stress amplitude. At high stress levels the crack initiation was clearly
caused by shear stresses (crack direction perpendicular to the specimen axis), Fig. 4.122. The
crack propagation mode switched at a certain crack length from shear stress controlled to normal
stress controlled.

Fig. 4.122: Crack initiation site at torsional loaded specimens, high stress amplitude

At lower stress levels, the crack initiation mechanism is significantly harder to identify, cf. Fig.
4.123. The left picture shows a macroscopic depiction of the crack initiation site (marked with a
red ellipse). The crack direction was determined to meet the specimen axis at an angle of
approximately 60°; neither the direction of the maximum normal stress (45°) nor those with the
maximum shear stress (90°).

Fig. 4.123: Crack initiation site at a torsional loaded specimen

The microscopic analysis of the crack initiation site revealed that the macroscopic angle results
from combination of shear stress (perpendicular to stress axis) and normal stress (under 45° to
stress axis) dominated crack fractions. It can be assumed that the crack initiates shear stress
controlled (Fig. 4.123, center and right picture, marked with red arrow), propagates alternating
shear and normal stress controlled and switches finally to pure normal stress controlled (Fig.
4.123, left picture). It has to be mentioned that crack initiation from a microstructural point of
view can be different to these findings, which was already discussed in the chapter “Influence of
microstructure on the fatigue behavior”.

The transition from shear stress or combined shear and normal stress controlled crack
propagation to pure normal stress controlled crack propagation occurs (independent from the
stress level) at a crack length of approximately 1 mm.
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A schematical illustration of the applied multiaxial loading and the according Mohr’s circle of
stress are shown in Fig. 4.124.

Tmax

Direction o4

Direction o,

Fig. 4.124: Schematical illustration of the applied multiaxial loading and the according Mohr's circle

The direction of the principal normal stress meets the specimen axis at an angle ¢y. For the
present load case 7,/o, = 0.5, ¢y = £22.5°. The maximum shear stress applies hence at +22.5°
and +67.5°, respectively. The direction of the principal stresses is continuously constant. These
relations are valid for two points of the round specimen, namely when maximum bending stress
(tension or compression) and maximum torsional stress occur at the same time. All other regions
of the perimeter of a cross section have a phase shift between maximum torsion and maximum
bending stress, which leads to smaller maximum normal and shear stresses and differences in the
direction of the maximum principal stresses.

The analysis of the fracture surfaces of the multiaxial loaded samples led to an ambiguous result.
Crack initiation either due to shear stresses or due to normal stresses is possible with respect to
the fracture characteristics, cf. Fig. 4.125.

Fig. 4.125: Crack initiation site at a multiaxial loaded specimen

The ratio of the fatigue limit in torsion and tension/compression is a measurement for the shear
stress sensitivity. A fatigue limit ratio z7/or of 0.6 was observed for the mill-annealed V-shape.
Prior research [1] and results of Delahay [54] showed a similar ratio, namely 0.7.

In a lifetime estimation based on local stresses, an equivalent stress is used to combine normal
and shear stresses for damage accumulation. A typical approach for ductile metals is thereby the
von Mises equivalent stress, Equ. (4.64).

. 2 2 2 2 2 2
O rfises = \/Gx +0,+0.-6,6,-0,6,-0,0, +3(rxy +1, +ryz) Equ. (4.64)
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A more material-specific equivalent stress, which has to be used in combination with the critical
plane approach, is reported in [106]. Thereby, the weighting of the normal and shear stresses
depends on the ratio of the fatigue limits under tension/compression and alternating torsion ceq,
Equ. (4.65). For c.q, > 1.4 applies Equ. (4.66).

o cYf,TC,R:—l

Cog Equ. (4.65)
Trrr=—1
CZ
o = 1| o [1 —%J oL+, T Equ. (4.66)

Based on the experimental results and in accordance to the equivalent stress presented above, a

modified equivalent stress o.q 7i6¢4 for the critical plane approach was achieved for Ti-6Al-4V,
Equ. (4.67).

S, pumies =y0.75G, +37° Equ. (4.67)

The comparison of the equivalent stress criterion proposed for Ti-6Al-4V and the von Mises
equivalent stress reveals identically shear stress weighting. The reason for the need of a normal
stress coefficient in the critical plane equivalent stress is stated in [106].

The experimental S/N-curves were compared based on equivalent stresses (Fig. 4.126). It was
observed that the used equivalent stress, Equ. (4.67), leads in combination with the critical plane
approach to a good accordance of the fatigue limits for all types of loading. In the finite life
region, the multiaxial and pure torsional loading led to higher finite life fatigue strengths. This
can be ascribed to slower crack growth owing to shear mode or combined shear mode and crack
opening mode propagation. The influence of the (a+[)-content with respect to this behavior will
be discussed below.
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Fig. 4.126: Comparison of S/N-curves under different types of loading
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Another empirical model for consideration of multiaxial loading is the Gough-Pollard equation
[72], Equ. (4.68). or and 77 are thereby the fatigue limits under bending and torsional loading,
respectively. This equation represents an ellipse and contains a material-specific weighting of
shear and normal stresses. Gough et al. found that this relation describes the fatigue behavior of
multiaxial loaded steel samples.

- 2 . 2
SN N P | Equ. (4.68)
Gy Ty

For other materials, a modified Gough-Pollard relation was introduced; using an exponent z,

Equ. (4.69).
Gn . z T z
e | Equ. (4.69)
Oy Ty

For the analyzed mill-annealed microstructure, the original value z=2 leads to a good
accordance with the experimental data, Fig. 4.127. The comparison of Gough-Pollard relation
and equivalent stress model exhibits that they are almost identical. The reason for this small
difference is, that the shear stress fatigue limit is used as input in the Gough-Pollard approach,
whereas the equivalent stress model estimates the shear stress fatigue limit based on the results
for normal stresses. The Gough-Pollard approach is descriptive for simple multiaxial load cases.
However, the disadvantage of the Gough-Pollard relation is that the applicability is limited to the
fatigue limit, and the shear stress fatigue limit has to be known. Therefore, the equivalent stress
Oequ,Tis4 Was used in combination with the critical plane approach for lifetime estimation.
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Fig. 4.127: Comparison of Gough-Pollard relation, equivalent stress model and experimental data

With respect to crack propagation, the presented equivalent stress should not be used for
calculation of stress intensity factors. Normal stresses (crack opening mode 1) are considerably
more unfavorable with respect to crack growth than shear stresses (propagation mode II and
mode III). Therefore, it is suggested that the maximum principal stress should be used for the
determination of stress intensity factors.
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This leads still to conservative stress intensity factors, because it implies the worst case of crack-
to-load arrangement (maximum principal stress perpendicular to crack = pure opening mode I).

The influence of mean shear stress and the influence of a relative stress gradient on the torsional
fatigue strength were additionally determined for the mill-annealed V-shape, to verify the
findings of Sines and Ohgi [157] regarding mean stress effect, and the developed relative stress
gradient models (which are based on pure normal stress loading) for pure shear stress.

The comparison of test results for two different stress ratios, namely R = -1 and R = -0.5, are
shown in Fig. 4.128. It was observed that the influence of mean shear stress is insignificant in the
high cycle fatigue region, but the finite life fatigue strength is decreased at high stress
amplitudes. Froschl [66] found for quenched and tempered steel, that yielding occurs under pure
torsion at a von Mises equivalent stress level, which is 19% higher than the yield point under
pure tension. Assuming a similar behavior for Ti-6Al-4V, the torsion yield strength should
approximate 1100 MPa Mises equivalent stress. The tested equivalent stress amplitude levels
(R=-0.5) of 700 MPa and 610 MPa yield in maximum stress levels of 930 MPa and 815 MPa.
These maximum stress levels are higher (mean shear stress effect observable) and lower (no
mean shear stress effect) than 80% of the torsional yield strength (880 MPa), respectively. It can
hence be assumed, that the findings of Sines and Ohgi [157] (little mean shear stress effect if
maximum shear stress is lower than 80% of torsional yield strength) are valid for Ti-6Al-4V.
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Fig. 4.128: Influence of impressed mean shear stress on the fatigue behavior

The S/N-curve for sharp notched specimens under torsional loading was determined based on the
unnotched test results using the relative stress gradient model, Fig. 4.129 (I). The comparison of
modeled S/N-curve and experimental data exhibits that the supporting effect in the finite life
region is higher under pure torsion than predicted by the relative stress gradient models (which
are based on tension/compression tests). This may be explained by the different crack
propagation modes. A good accordance was determined for the fatigue limit.

The fracture characterization with a stereo light optical microscope (Olympus SZX12) exhibited
several crack initiation sites. Fig. 4.129 (r) shows the fracture-causing crack initiation site
(marked with red arrows) and a secondary crack initiation site on the fragment (orange arrow).
Shear stress induced crack initiation (crack perpendicular to specimen axis) was observed,
comparable to the findings for unnotched specimens under torsional loading.
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Fig. 4.129: Influence of relative stress gradient on the torsional fatigue strength (1), fracture analysis (1)

4.4.4. Verification

The verification of the chosen equivalent stress criterion was done on unnotched specimens
sampled from V-shape ST and V-shape STPQ. Fatigue tests were performed under alternating
torsional loading at room temperature. The experimental results were compared with modeled
S/N-curves based on the microstructural models presented before, using the according
microstructural parameters as input. The shear stress amplitudes of the torsional loading were
converted into equivalent stresses. The good accordance of experimental data and modeled S/N-
curves for both bimodal microstructures reveals that the chosen equivalent stress is suitable for
Ti-6Al1-4V. The finite life fatigue strength is approximately 10% underestimated. It is believed
that the lesser difference of modeled S/N-curves and experimental data in the finite life region
for these microstructures compared to the mill-annealed one are based on the (a+f)-content. The
(short) crack growth behavior in equiaxed-type microstructures is dominated by primary o-
phase. It can be assumed that the crack growth rate in primary o-phase is significantly lower
under shear propagation mode, whereas in (a+f3)-phase shear mode propagation leads to similar
crack growth rates compared to pure crack opening mode.
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Fig. 4.130: Comparison of modeled S/N-curves and experimental data for different microstructures
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4.4.5.

Conclusion

Several fatigue tests were performed under tension/compression, torsional and multiaxial
loading, respectively. Based on these experimental results, a modified equivalent stress
criterion was proposed for Ti-6Al-4V.

For torsional loading, it was observed that fatigue cracks initiate under maximum shear
stress. The long crack propagation is pure normal stress controlled if the crack reaches a
length of approximately 1 mm.

It was shown that the proposed equivalent stress criterion is valid for the high cycle
fatigue strength (fatigue limit) of Ti-6Al-4V under torsional and under proportional
multiaxial loading.

The usage of the modified equivalent stress for finite life fatigue strength of equiaxed-
type microstructures under alternating torsion leads to a (conservative) overestimation of
shear stresses owing to the disregard of decelerated crack propagation in shear mode. An
overestimation was also determined for bimodal-type microstructures, but the
(conservative) difference between model and experimental data was just 10%.

The proposed equivalent stress should not be used for determination of stress intensity
factors. A conservative approach is to use the maximum principal stress.

The influence of mean shear stress on the fatigue strength of Ti-6Al-4V is insignificant as
long as the maximum shear stress does not exceed about 80% of the torsional yield
strength, cf. [157].

The proposed notch supporting effect models lead to a conservative prediction of the
finite life fatigue strength under alternating torsion load. A good accordance was
determined for the fatigue limit.

It can be assumed that the crack growth rate in primary o-phase is significantly lower

under shear propagation mode, whereas in (a+f3)-phase shear mode propagation leads to
similar crack growth rates compared to pure crack opening mode.
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4.5. Influence of flaws on the fatigue behavior

The requirement for tolerance of components to flaws and damages, especially for aerospace
applications, necessitates the utilization of damage tolerant (DT) component design. The
influence of two different types of flaws on the fatigue behavior of Ti-6Al-4V is analyzed in this
research, namely crack-like flaws and indentations.

4.5.1. State-of-the-art

Lazzeri and Mariani [100] summarized, that “Damage Tolerance” (the regulation uses the term
“fail-safe (residual strength after flaw growth) evaluation™) requires that the structure can retain,
after a partial failure, the capability to withstand the limit load. It is based on the use of
redundant solutions (fail-safe) or on the slow crack propagation approach (or, preferably, on the
no-growth approach). The use of redundant solutions is often possible in stiffened shell
structures, and sometimes multiple load paths can be easily introduced. Nevertheless, most cyclic
loaded components cannot be other than single load path design. In this case, the slow crack
growth (or the no-growth) option is the recommended one. Inspection intervals must be
determined, in order to ensure that, if a defect is present, this is timely detected and consequent
repair actions taken.

In literature, the influence of flaws resulting from foreign-object damage (FOD) is often
discussed, especially with respect to turbine gas engines. Oakley and Nowell [124] reported that
FOD is usually taken to refer to hard objects such as stones, hardware and pavement fragments,
in contrast to soft-body damage, which refers to objects such as ice, birds and animals. FOD is
typically caused when the rotating blade strikes the object, and the velocity of the blade is often
more significant than the axial velocity of the object. The result of the impact is localized
damage in the form of a notch or dent (typically on or close to the leading edge), together with
microstructural damage and a surrounding residual stress field. The damage will significantly
reduce the fatigue strength of the blade and may lead to premature failure under typical operating
loads. During operation, the blades are subjected to significant tensile stresses due to centrifugal
loading and during the flight cycle may experience aerodynamically induced vibrations, leading
to additional stresses. The amplitude of the vibrational loading is typically much smaller than
that due to centrifugal loading and hence vibration is generally thought to give rise to high cycle
fatigue (HCF). In contrast, the effect of centrifugal loading is frequently considered to be low
cycle fatigue (LCF), although it does not always fit the classical definition of LCF since there
may not be macroscopic plasticity in the blade. Under the overall combined HCF/LCF loading,
investigations ([52], [82], [144]) have shown a two-phase crack growth process whereby a crack
may initiate and grow under LCF until the crack is sufficiently long for the stress intensity factor
range caused by HCF loading to exceed the threshold. From this point of onset, HCF dominates
the crack growth process and essentially marks the end of the component’s useful life ([136],
[137]). Following a FOD event, however, the situation is more complex. The damaged blade
may initially experience HCF crack growth due to the high stress concentration at the notch,
coupled with a reduced short crack threshold. This growth will continue until the stress intensity
range drops below the HCF threshold. The crack may then continue growing under LCF until it
reaches a length where HCF growth can recommence [82].

Oakley and Nowell [124] analyzed ballistic impact damaged, blade-like specimens and

introduced an elastic short crack arrest approach to estimate the fatigue life of blades under
combined high- and low cycle fatigue following FOD.
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They reported, that for high applied stress ratios, residual compressive stresses will merely
modify the local stress ratio of a propagating crack and will have relatively little effect on the
crack driving force, whereas for low applied stress ratios, the stress intensity factor range
experienced by the crack will be reduced because of a compressive residual stress field.
However, their proposed approach includes the Goodman approach for consideration of the
mean stress sensitivity and a simple model for the prediction of crack growth thresholds in
respect of the stress ratio, and can hence be classified as weak. They produced non-conservative
prediction for R=0.3 and conservative ones for R=0.8, which may be attributed to the
negligence of the anomalous mean stress dependence of Ti-6Al-4V.

Peters et al. [129] analyzed solution treated and overaged Ti-6Al-4V with a primary a-grain size
of 20 um and an (o+f)-content of 40%. They reported that FOD reduces the fatigue strength
primarily due to four factors: stress concentration, microcrack formation, impact-induced
plasticity and tensile residual stresses associated with the impact damage. Although all of these
factors play an important role under certain conditions, in the case of high impact velocities
(300 m/s), the formation of damage-induced microcracks appears to be the primary contributor
to lifetime reduction. During subsequent cycling after impact, these microcracks, which are
formed in the pile-up of material around the rim, can act as preferred sites for propagating
fatigue cracks. When applied stresses are large compared to the impact-induced tensile residual
stresses, and in the presence of relatively large (~30-50 pm) impact-induced microcracks, HCF
failures (after 10°-10° cycles) initiate directly at the impact site and lead to short fatigue lives. In
contrast, at low applied stresses relative to the residual stresses, HCF failures (after 10’-10°
cycles) initiate in locations away from the impact site at regions of peak tensile residual stresses,
and the necessity for crack nucleation leads to longer fatigue lives. Peters et al. proposed a
Kitagawa-Takahashi approach, where the limiting threshold conditions are defined by the stress-
concentration corrected smooth-bar fatigue limit (at microstructurally small crack sizes) and a
“worst case” stress intensity factor threshold (at larger crack sizes). This approach must be
additionally corrected for the presence of tensile residual stresses to account for FOD failures
initiated away from the impact site.

Ruschau et al. [150] studied the influence of high-speed, glass bead FOD impacts on the fatigue
strength of simulated airfoil samples. They reported that fatigue strength losses could not be
correlated to FOD depth alone. Irregular features such as small tears, notches, etc., caused by the
FOD impacts appear to influence fatigue strength more than the depth of the FOD.

Mall et al. [108] investigated the high cycle fatigue behavior at 107 load cycles of Ti-6Al-4V,
after being subjected to simulated FOD. They found, that the effective stress ratio or mean stress
near FOD was different from that applied to the specimen, due to residual stresses introduced
from the impact. They concluded that these modified stress states provided the explanation for
reduction in the fatigue strength of the material with FOD.

Vaughan and Chang [173] took a critical look at the application of damage tolerance methods to
rotorcraft components. They found that NASGROW 3, NASGROW 4, and AFGROW, three
commonly used fatigue crack growth programs, have shown large scatter in crack growth life
prediction. Analytical and experimental approaches for determination of crack growth rates and
thresholds are not well established, and they remain an active research topic. In addition, the
material test data for the threshold region is limited and exhibits significant scatter. How this
data is treated will significantly affect structural integrity assessment.
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Prevey et al. [139] reported that low plasticity burnishing provides an order of magnitude
improvement in the damage tolerance of a Ti-6Al-4V fan blade, owing to introduced
compressive residual stresses extending through the thickness of the leading edge.

It can be concluded that it is possible to predict the lifetime of foreign-object damaged
components, if all conditions are known. This includes the type, shape and material of the object,
the relative impact velocity, and the impact angle. If all these parameters are available, a
simulation of the residual stress distribution at the impact site is possible. Extensive microscopy
of the damaged part is additionally necessary to define, whether microcrack formation occured
during the impact or not. Usually, it is not the case that all necessary information is available for
the lifetime estimation of a component after FOD.

Other damaging mechanisms, e.g. fretting, are also hard to include in a computational lifetime
estimation. Lindley [101] summarized, that fretting is the oscillatory sliding motion of small slip
amplitude between two contacting surfaces. It is promoted by high frequency, low amplitude
vibratory motion and commonly occurs in clamped joints and “shrunk-on” components found,
for example, in keyways, splines and dovetail joints. The surface damage produced by fretting
can take the form of fretting wear (with or without environmental assistance) or fretting fatigue
where the material fatigue properties can be seriously degraded. Fretting fatigue involves a
highly complex interplay between mechanical, metallurgical and environmental factors and their
individual contributions can be quite different from those operative in plain fatigue. Cadario [44]
concluded that the fretting fatigue phenomenon could be characterized by the following main
features: stick-slip conditions with highly concentrated surface damage, relatively low wear and
debris formation, non-proportional and multiaxial contact stress state, high stress gradients, and
contained plastic deformations and material transfer at the contacting surfaces.

Lindley [101] critically examined analytical procedures for fretting fatigue based on either crack
initiation (S/N-approach) or crack growth (fracture mechanics approach). They concluded that
fretting fatigue problems should be eliminated or minimized by good design involving reduction
of local stresses and avoidance of contacting interfaces wherever possible. In situations where
fretting fatigue remains a threat, palliatives can be considered. The widespread S/N-methodology
(using fretting fatigue strength reduction factors) can be used to assess the performance of
various palliative treatments (friction reduction at the fretting interface for decrease of stresses
available to promote fatigue crack initiation and early crack growth, or improvement of the near
surface fatigue properties by introducing compressive residual stresses). The fretting fatigue
damage parameter (the product of tangential stress o; along the line contact, interface shear stress
7, and relative slip amplitude between surfaces 0) of Ruiz et al., [147] to [149], can be used to
rationalize palliative action in combating fretting. It should be noted that a lubricant, which
lowers the coefficient of friction, would have opposite effects on 7 and o, and hence the
combined effect must be carefully considered.

The fretting wear (e.g. [77]) and fretting fatigue behavior (e.g. [51]) of Ti-6Al-4V has widely
been reported in literature, but the influencing variables are extensive and further research is
necessary to include these damaging mechanisms in a computational lifetime estimation.

It can be concluded that both, foreign object damage and fretting damage are highly complex and
cannot be generally modeled and considered in computational lifetime estimation. However, it is
necessary to provide a simple model for design engineers to estimate the damage tolerance of a
component for any flaw or damage, using an estimated maximum flaw size as input. Such a
model will be discussed below.
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4.5.2. Experimental procedure

Fatigue tests were performed on specimens provided with two different types of initial flaws,
namely crack-like flaws, and indentations. The physically short crack specimens (which were
already discussed in the chapter “Influence of microstructure on the fatigue behavior”) were used
for determination of the influence of crack-like flaws on the fatigue behavior. Additionally,
round specimens were provided with hardness indentations at the gauge to characterize the
influence of indentations on the fatigue behavior.

4.5.2.1. Physically short crack specimens

Tension/compression fatigue tests were performed with three different stress ratios R (-1, 0 and
0.3) on a servo-hydraulic test stand at room temperature and ambient air with a testing frequency
of 30 Hz. Plane short crack growth (SCG) specimens (cf. Fig. 3.41) were used, provided with
wire eroded initial cracks with a width of 0.04 mm and a length ay of 0.2 or 0.4 mm,
respectively. These fatigue tests were already discussed in the chapter “Influence of
microstructure on the fatigue behavior”; the results are shown in Fig. 4.48 to Fig. 4.54.

The practical relevance of these types of specimens can be explained by the comparison of a
typical forging lap and the wire-eroded initial crack. Both, the shape and the dimensions of the
forging lap and the wire-eroded initial crack are similar. It can be concluded that the SCG
specimens with the wire-eroded initial cracks are suitable for the determination of the influence
of crack-like flaws, e.g. forging laps, on the fatigue strength.

L 0 > —
T A 3% B Ch—

Fig. 4.131: Comparison of forging lap (1) and wire-eroded initial crack (r)

4.5.2.2. Flawed round specimens

High cycle fatigue tests were performed on flawed hourglass specimens under rotating bending
loading (R =-1) or tension/compression loading (R=-1 and R =0) at room temperature and
ambient air with a testing frequency of 65 - 95 Hz. The specimens were provided with a cone-
shaped Rockwell (HRC) indentation at the gauge to simulate a flaw. The fatigue test results are
shown in Fig. 4.132 to Fig. 4.134; the according parameters can be found in Tab. 4.43 to Tab.
4.45. The fracture surfaces were analyzed with a stereo light optical microscope (Olympus
SZX12). Two exemplary pictures of a fracture surface are shown for each S/N-curve; one
overview (16x magnification) and one detailed view of the crack initiation site (64x
magnification). The crack initiation site is located at twelve o’clock position in all pictures. It
was observed that the fatigue crack usually initiates at the indentation. This will be discussed
more in detail below.
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Fig. 4.132: Rotating bending S/N-curve (1) and fracture surface (r) for V-shape mill-annealed flawed

Symbol Description Unit | Value
oy, Fatigue strength at N=10" | MPa 205
Ny Cycles at transition - -

k Slope - 4.6
T Scatter at finite life - 1:2.7
Ts Scatter at N=10° - -

Tab. 4.43: Parameters for RB S/N-curve V-shape mill-annealed flawed
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Fig. 4.133: TC S/N-curve (1) and fracture surface (r) for V-shape mill-annealed flawed, R=-1

Symbol Description Unit | Value
oy Fatigue strength at N=10° | MPa 340
Ny Cycles at transition - -

k Slope - 5.7
T Scatter at finite life - 1:2.1
Ts Scatter at N=10° - -

Tab. 4.44: Parameters for TC S/N-curve V-shape mill-annealed flawed, R=-1
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Fig. 4.134: TC S/N-curve (1) and fracture surface (r) for V-shape mill-annealed flawed, R=0

Symbol Description Unit | Value
oy, Fatigue strength at N=10° | MPa 310
Ny Cycles at transition - -

k Slope - 7.9
T Scatter at finite life - 1:6.5
Ts Scatter at N=10° - -

Tab. 4.45: Parameters for TC S/N-curve V-shape mill-annealed flawed, R=0

The comparison of the fatigue test results of unflawed and flawed specimens is shown in Fig.
4.135. It was observed that the indentation has a significant influence on the fatigue limit and,
depending on the stress ratio, also on the finite life fatigue strength. The similarity of the finite
life regions of the unflawed specimens for R = 0 and those of the flawed specimens for R = -1
already indicates that the residual stresses at the indentation and the resulting local modification
of the stress ratio plays an important role regarding fatigue strength of the flawed specimens.
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Fig. 4.135: Comparison of S/N-curves of unflawed and flawed round specimens

132



Doctoral Thesis Fatigue behavior of Ti-6Al-4V
Dipl.-Ing. Bernd Oberwinkler Influence of flaws on the fatigue behavior

4.5.3. Discussion

4.5.3.1. Physically short crack specimens

The applicability of the Chapetti-curve for Ti-6Al-4V was already discussed (cf. chapter
“Influence of relative stress gradient on the fatigue behavior”, Fig. 4.96), and the material
constant for the development of the extrinsic threshold component with increasing crack length
was adapted, Equ. (4.42). The determined correlation of stress intensity factor threshold and
crack length was consequently used in this chapter.

The principle of the Kitagawa diagram was also used for the finite life region. The Kitagawa-
curve (Y = 1.12, according to [114]) was determined for defined cycles to failure. The finite life
fatigue strength of the unnotched tension/compression tests were used as upper limit of the
Kitagawa-curve. The “finite life threshold” was adapted, so that the knee of the Kitagawa-curve
is tangent to the stress distributions. The supporting effect in the finite life region can therefore
be explained in a similar manner as already discussed for the fatigue limit. The stress descent in
the notch root leads to a decrease of the crack tip loading. If the stress distribution intersects the
Kitagawa-curve for e.g. 10° load cycles, the lifetime will be > 10° load cycles. If the stress
distribution proceeds continuously above the Kitagawa curve, the according lifetime is < 10’
load cycles.

The Kitagawa-curve for R=0 and 10° load cycles, supplemented by the notch stress
distributions of the physically short crack growth specimens at the same number of cycles to
failure, is exemplarily shown in Fig. 4.136 (1). This procedure was done for the three analyzed
stress ratios, and the determined finite life thresholds were plotted in respect of the according
long crack growth thresholds, Fig. 4.136 (r). A linear correlation was found between long crack
growth threshold and finite life short crack growth threshold, whereby the slope of the fitting
lines varies with the cycles to failure.
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Fig. 4.136: Kitagawa diagram for the SCG specimens (1), correlation of short and long crack growth thresholds (r)

The slopes of the fitting lines in Fig. 4.136 (r) were therefore potentially linked with the cycles to
failure, Fig. 4.137. This leads to the following Equ. (4.70) for the finite life thresholds 4Kz, sc of
short cracks in respect of the cycles to failure N and the long crack growth thresholds AK, ¢
(derived from the microstructural model).
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Fig. 4.137: Correlation of the slope of the finite life threshold fit and the cycles to failure

AKFL,SC =28 AKth,LC N7 Equ. (4.70)

The lifetime of the short crack growth specimens in the finite life region is dominated by crack
growth, and, due to the small specimen dimensions, especially by short crack growth. It can be
concluded that a lifetime estimation based on the determined threshold values is conservative for
forged components, because their dimensions are larger and the additional contribution of the
long crack growth phase extend the cycles to failure.

The smallest detectable flaw size of non-destructive testing methods is approximately 0.5 mm,
cf. [119], and therefore physically short. It can be assumed that roughness-induced crack closure
plays already a role for the value of the crack growth threshold of such physically short cracks.
Therefore, the influence of microstructure on the short crack growth of such physically short
cracks is comparable to that on the long crack growth threshold (as already shown on the basis of
the matching crack growth curves for physically short and long cracks, cf. Fig. 4.47). Equ. (4.70)
is hence applicable for different microstructures.

Both, the Chapetti-curve [47], that describes the crack growth threshold in respect of the crack
length, and the finite life threshold model discussed above, were used in combination with the
microstructural models and the mean stress models to define a new developed damage tolerance
method, the S/N/a-surface. The S/N/a-surface is a combination of S/N-curve and Kitagawa-
diagram, and valid for a specific geometry factor (¥ = 0.86 can be an approximation for initiated
fatigue cracks). It can be used in different ways. If the initial crack length (e.g. the smallest
detectable flaw size of non-destructive testing methods) and the applied stress range are known,
it is possible to predict the according lifetime. The allowable crack size can be calculated if the
lifetime and the applied stress range are given. The Matlab-code and principle for calculation of
a S/N/a-surface can be found in the Appendix.

S/N/a-surfaces were exemplarily plotted for two stress ratios, namely -1 (Fig. 4.138) and zero
(Fig. 4.139). A geometry factor Y= 1.12 was applied. Additionally, the fatigue test data of the
tension/compression tests on unnotched round specimens and on flat short crack growth
specimens with two different initial crack lengths were plotted.
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The determination of the S/N/a-surfaces started from the microstructural parameters and used the
microstructural models, the mean stress models and the threshold models. The left diagrams
show the S/N/a-surface by using the Chapetti-curve. This leads to an overestimation of the
fatigue limit of the SCG specimens, because they have a crack length of 0.2 and 0.4 mm but
exhibit no extrinsic threshold contribution (no roughness-induced crack closure due to their
shape) as assumed by the Chapetti-approach. Therefore, the right diagrams show the S/N/a-
surface in “short crack version” for constant infinite life threshold. The threshold was thereby,
independent from the crack length, the microstructural short crack threshold based on the
Chapetti-approach (a = d). In this case, a good accordance of experimental data and S/N/a-
surface was determined. In the finite life region, a slight underestimation (< 20%) of the fatigue
strengths of the short crack growth specimens were observed due to the disregard of the
supporting effect of the wire-eroded initial crack.
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Fig. 4.138: S/N/a-surface (R = -1) for V-shape mill-annealed, general (1) and short crack version (r)
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Fig. 4.139: S/N/a-surface (R = 0) for V-shape mill-annealed, general (1) and short crack version (r)

The S/N/a-surface in the short crack version is therefore valid for initial cracks (flaws), which
have no extrinsic threshold contribution (no crack-closure). Such a type of flaw is for example a
forging lap, cf. Fig. 4.131. In contrast, the threshold of a “naturally” initiated fatigue crack

follows the Chapetti-curve and the general S/N/a-surface is the right choice for lifetime
estimation.
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4.5.3.2. Flawed round specimens

It has already been discussed, that flaws, that are not real cracks, behave like notches in Ti-6Al-
4V. Therefore, the stress concentration factor and the relative stress gradient at the HRC
indentation were determined using FE-analysis (Abaqus" ). The results are summarized in Tab.
4.46. The normal stress distribution for pure tension is plotted aside (blue means 0 MPa, green
100 MPa and red 220 MPa).

K; xr*
[1 | [mm?]
Tension/Compression HRC indentation 2.21 10.5
Rotating Bending HRC indentation | 2.07 10.5

Type of load Type of notch

Tab. 4.46: Stress distribution (1), stress concentration factors and relative stress gradients of flawed specimens (r)

The residual stress distribution at the HRC indentation owing to the deformation process was
simulated with the aid of FE-analysis in the software tool Abaqus . The deformation involves a
maximum principal residual stress distribution as shown in Fig. 4.140 (1). The maximum tensile
stresses occur at the indentation tip. They are caused by high shear stresses, cf. Fig. 4.141 (c).
Underneath the tip, distinct compressive residual stresses are observable. It has to be mentioned
that this FE-analysis has primarily a qualitative utility. The mesh-quality near the indentation tip
is bad due to the high deformation resulting in uncertain absolute stress values.

N =12,000

Opm a, = 700 MPa

N =9,000
, = 700 MPa

Crack initiation site

640 pm

Fig. 4.140: Max. prin. (1) and Tresca equivalent residual stress distribution (c); crack growth observations (r)

The crack initiation and crack growth was investigated on a rotating bending specimen
(0, =700 MPa, N;=23,300) with a confocal laser scanning microscope, using the pretensioning
device developed for the microstructurally short crack observations (cf. Fig. 4.57). Crack
initiation occurred at the indentation tip, Fig. 4.140 (r). Then the crack propagates over the
shoulder of the indentation and leads to failure.

The detailed analysis of a fracture surface of a tension/compression specimen (R = -1) reveals the
same crack growth behavior explained before. After crack initiation at the indentation tip the
crack grows over the shoulder to evade the compressive residual stresses beneath the indentation,
cf. Fig. 4.141. The region of the compressive residual stresses can be identified in the fracture
surface owing to darker fracture surface characteristics.
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Fig. 4.141: Fracture surface (1) and maximum principal residual stress distribution mapped on fracture surface (r)

An initiated crack at the indentation tip grew typically on both sides of the indentation (cf. Fig.
4.134 (1)), but partly at different levels. Consequently, they coalesce after certain load cycles (cf.
Fig. 4.132 (1)) or they grow separately and the more critical crack leads to fracture (cf. Fig. 4.133
(r)). These three types of fracture occurred independent from stress ratio or type of loading.

It can be concluded that the fatigue behavior of these flawed specimens is dominated by two
influencing factors, namely impressed mean stress (owing to residual stresses) and relative stress
gradient. S/N-curves were hence calculated, based on the microstructural, the relative stress
gradient and the mean stress model. The machining factor was approximated based on the results
of the residual stress free chemically milled specimens, because the existent residual stresses
were included as impressed mean stress. The absolute value of the residual stress, which serves
as contribution to the mean stress, was thereby adapted to meet the experimental data points. A
very high residual stress of 1000 MPa was determined based on these considerations. The
according S/N-curves are plotted in Fig. 4.142, using the local stress amplitude at the indentation
tip. The stated stress ratios are thereby based on the applied load. The effective stress ratios vary
from -0.2 to 0.4 (for R =-1) and from 0.3 to 0.5 (for R = 0) at the according stress levels, owing
to the residual stresses. It has to be mentioned that both, the influence of the deformation on the
material behavior (increase of dislocation density, grain shape deformation) and the unusual
crack growth were neglected. This might result in lower fatigue strength and hence lower
residual tensile stresses to meet the experimental data.
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Fig. 4.142: Estimation of the fatigue strength of flawed specimens based on local stresses

A lifetime estimation based on local stresses is able to predict the behavior of such flawed
specimens, if all important influencing parameters (stress concentration factor, relative stress
gradient, residual stresses) are known. However, this is in practice not the case.
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Therefore, the lifetime was also estimated based on the S/N/a-surface introduced before. The
geometry factor (¥ = 0.64) was thereby estimated according to Murakami [115] for a semi-
elliptical surface crack under uniform tension. It was observed that the utilization of the S/N/a-
surface leads to a conservative estimation of the fatigue strength. This is caused by two facts: the
indentation is not a crack-type flaw and load cycles are additionally consumed for crack
initiation, and crack propagation is decelerated by the compressive residual stresses beneath the
indentation.
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Fig. 4.143: Estimation of the fatigue strength of flawed specimens based on fracture mechanics

4.5.4. Conclusion

e The literature and presented research results show that it is possible to estimate the
fatigue strength of flawed specimens based on fracture mechanical or S/N-based
approaches. However, this is just possible if all important influencing variables and
conditions are known. In practice, this is not the case and such methods are hence not
generally applicable.

e A new approach was introduced, combining the Kitagawa-Takahashi-diagram and the
S/N-approach to an S/N/a-surface. The (flaw-less) plain fatigue limit is thereby
determined according to the microstructural, stress gradient, and mean stress models. For
the infinite life region, the Chapetti-curve is used for estimation of the crack growth
threshold in respect of the crack length. The finite life region of the S/N/a-surface is
based on the flaw-less modeled S/N-curves and finite life thresholds, which are a
function of the load cycles. This approach provides a simple model for design engineers
to estimate the damage tolerance of a component for any flaw or damage.

e A good estimation of the fatigue behavior of specimens provided with crack-like initial
flaws (simulating forging-laps) was achieved by modeled S/N/a-surfaces. An
underestimation of < 20% of the finite life fatigue strength was determined due to the
disregard of the notch supporting effect of the initial flaws.

e The detrimental effect of indentations was also estimated with S/N/a-surfaces. A
conservative estimation of the fatigue strength (30-50% lower) was thereby achieved.
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4.6.

The goal of this research was to generate fatigue data that is neither conservative nor non-
conservative with respect to service conditions. Therefore, precision turned specimens were used
for the characterization of the fatigue behavior of Ti-6Al-4V. However, mechanical testing
laboratories often use different types of polished specimens. Such specimens lead, owing to the
residual stress free surface layer, to lower fatigue data scatter but also to lower fatigue strengths,
especially in the finite life region, compared with the material in service condition. In contrast,
subsequent surface treatments (e.g., shot peening) serve to increase the fatigue strength of
components. Therefore, unnotched specimens with three different types of surface states are
analyzed: precision turned specimens without any surface treatment (used for determination of
several influences on the fatigue behavior of Ti-6Al-4V in this research), chemically milled
specimens, and shot peened specimens.

Influence of surface state on the fatigue behavior

4.6.1.

Liitjering and Williams [105] reported that the preparation of titanium and titanium alloy fatigue
specimens for fatigue testing must be done very carefully. They mentioned that laboratory
fatigue specimens are often electrolytically polished to provide a maximum consistency in
surface quality and minimize the scatter due to this factor. This could be a useful approach for
research purposes. For generation of fatigue data, mechanical polishing is a better approximation
to the surface of titanium components that would be used in manufactured products. Fig. 4.144
(1) shows the variation in fatigue life that can be obtained due to different specimen preparation
methods, such as rough mechanical polishing, electrolytic polishing, fine mechanical polishing,
and shot peening.

State-of-the-art
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Fig. 4.144: S/N-curves for Ti-6Al-4V showing the effect of specimen preparation (1) [105] and
correlation between endurance limit and peak residual stress (r) [95]

Wagner and Bigoney [175] reported that the surface state could be described by the three
following surface properties: surface roughness, degree of cold work or dislocation density, and
residual stresses. Since the fatigue life is simply the sum of the numbers of cycles to crack
initiation and those of crack propagation, modifying surface properties may well have
contradictory effects on fatigue life. The surface roughness determines whether fatigue strength
is primarily crack initiation (smooth surface) or crack propagation controlled (rough surface).
For smooth surfaces, a hardened surface layer leads to a retardation of crack initiation owing to
the increase in strength. For rough surfaces, there may even be no crack initiation phase at all
and the hardened surface layer is a disadvantage for crack propagation owing to the low residual
ductility. Compressive residual stresses in the surface layer are very favorable since they
strongly retard microcrack propagation if cracks are present, Tab. 4.47.
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Surface properties

Crack initiation

Microcrack propagation

Roughness

Accelerated

Cold working

Retarded

Accelerated

Compr. residual stresses

Small influence

Retarded

Tab. 4.47: Influence of surface properties on the fatigue behavior [175]

Boyer et al. [42] reported that the surface residual stress is a predominant factor influencing
fatigue, and the residual stress effect is most pronounced in the infinite-life stress range of the
endurance limit regime (107 cycles or more). Residual stress is even a more potent indicator than
surface roughness in this regime, although residual stress and surface roughness are closely
related in many instances. Surface residual stress is important, but the effect is not simple
because of the combined influences of residual stress, cold working and surface roughness.
These findings stand in contrast to those of Wagner and Bigoney [175] mentioned above, cf.
Tab. 4.47. These differences may arise from the fact that Boyer et al. [42] discussed an
endurance limit regime (10 cycles or more) which is in fact still the finite life region. Koster
[95] presented a rough correlation between fatigue limit and peak residual stress, Fig. 4.144 (1),
but it has to be mentioned at this point that general rules of thumb regarding residual stresses
must be exercised with care.

Surface treatments and especially shot peening are often performed to increase the fatigue
strength of components. A shot peening treatment is a cold working process (increase of
dislocation density) and it induces compressive residual stresses in the surface layer.
Concurrently, shot peening increases the roughness, what is a problem with respect to crack
initiation and hence fatigue limit; especially for Ti-6Al-4V with its high notch sensitivity.
Extensive fatigue test results are reported in literature for the influence of shot peening on the
fatigue behavior of Ti-6Al-4V. It was already mentioned that the fatigue behavior is
considerably influenced by the versatile microstructure (resulting from the high diversity of
possible thermomechanical treatments); for shot peening, this diversity is additionally multiplied
by the parameters of the shot peening treatment. The S/N-curves of the shot peened state are
usually compared with an unpeened surface condition, which leads to another influencing
variable.

Fig. 4.145 shows the rotating bending fatigue test results (performed on unnotched hourglass
specimens at room temperature and 500°C) of Gray et al. [74]. The shot peening was done with
an Almen intensity of 0.28 A(mm).

At room temperature, shot peening leads to an increase of 25% of the fatigue strength at 10’ load
cycles compared to the electrolytically polished specimens. A reduced roughness by electrolytic
polishing after the shot peening has no effect on the fatigue strength, unless stress relieving was
performed. At 500°C the stress relieving has no effect because the testing temperature leads in
any case to stress relieve. Shot peening with its increased surface roughness reduces the fatigue
strength because the roughness predominates the cold working effect. The reduced roughness of
the shot peening plus electrolytic polishing leads to an increase owing to the increased
dislocation density. These results show hence the separate and combined effects of the three
important surface properties roughness, residual stresses and cold working.

140



Doctoral Thesis Fatigue behavior of Ti-6Al-4V

Dipl.-Ing. Bernd Oberwinkler Influence of surface state on the fatigue behavior
900 - 600 I I
AN SPl+ EP R=-1 SP = Shot peened
800 EP = Electrolytically polished
~Q aa—e—a] SP_ L. SR = Stress relieved
° re— >0 4
- o o1 —. 500 o<
© 700 ©
% SP + SR +EP % © o\. ° 5
g 600 - ok o o T
E EP [ i< SP + EP, SP|+ SR + EP
£ £ 400
g— 500 SP = Shot peened CEL
© EP = Electrolytically polished © L
2 SR = Stress relieved 2 EP .
[0 [0
£ 400 - £
@ [~ | SP+SR @ 300
— T .
300 R=-1 A 5P, SP + SR
. . R ———
200 Ti-6Al-4V | 20°C 200| Ti-6Al-4V | 500°C ‘
10* 10° 10° 10" 10° 10* 10° 10° 107 10°
Cycles to failure Cycles to failure

Fig. 4.145: Effect of surface treatments on the fatigue strength at room temperature (1) and at 500°C (r) [74]

Wagner et al. [176] achieved at rotating bending fatigue tests on fine equiaxed Ti-6Al-4V an
increase of 17% of the fatigue strength at 107 load cycles owing to shot peening with an intensity
of 0.15 A(mm) compared to the electrolytically polished surface state, Fig. 4.146 (1). Franz and
Olbricht [63] reported a similar increase of the high cycle fatigue strength under four-point-
bending loading owing to a shot peening treatment with an intensity of 0.15 A(mm), Fig. 4.146.
Similar findings are also documented by Koster et al. [96].
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Fig. 4.146: Influence of shot peening acc. to Wagner et al. [176] (1) and Franz et al. [63] (1)

Wohlfahrt [184] performed alternating bending fatigue tests on milled and shot peened
specimens, Fig. 4.147 (1). He reported an increase of finite life fatigue strength owing to shot
peening with an intensity of 0.25 A(mm), but also a concomitant decrease of high cycle fatigue
strength. A higher peening intensity of 0.40 A(mm) led to almost the same finite life strength but
the high cycle fatigue strength was more decreased. It can be assumed that this behavior is
caused by the increased roughness with increasing peening intensity. Additional glass bead
peening for surface roughness reduction increased both, the finite life and high cycle fatigue
strength significantly.

Wagner and Liitjering [179] performed rotating bending fatigue tests on one stress level for
determination of the influence of several shot peening parameters on the finite life fatigue
strength and surface properties of coarse lamellar Ti-6Al-4V, Fig. 4.147 (r). They found that the
peak residual stress and the depth of the compressive residual stresses increase with increasing
peening pressure. The surface roughness reaches saturation with respect to the peening duration
but the saturation plateau increases with increasing peening pressure.

141



Doctoral Thesis Fatigue behavior of Ti-6Al-4V

Dipl.-Ing. Bernd Oberwinkler Influence of surface state on the fatigue behavior
- 10° I I
Ti-6Al-4V| R=-1
Ti-6Al-4V, air, R = -1, 0, = 650 MPa
600 -
& \ " [shot peened -
E \\ 0.25 A(mm) [+ glass bead _L'
o) \ <
T 500 ©
= AN 2
a & 10°
. w
E N\ milled °
7] N o
8 400 % X 1min
& \ _ | shot peened & O 2mn
0.25 A(mm) O 4min
® 6min
300
shot peened ;;i mn
min
0.40 A(mm) 104
10° 10° 10" 10° 1 25 4 6 8 10 12

Cycles to failure [-] Peening Pressure p [bar]

Fig. 4.147: Influence of shot peening acc. to Wohlfahrt [184] (1) and Wagner et al. [179] (1)

Prior research [1] showed the influence of shot peening intensity and type of loading on the
fatigue behavior of lamellar (as-received) Ti-6Al-4V bar stock, Fig. 4.148. It was observed that
the finite life fatigue strength is increased by shot peening. A peening intensity of 0.25 A(mm)
led to an overpeening and reduced fatigue strength. The high cycle fatigue strength at 10® load
cycles was considerably decreased due to overpeening compared to the machined surface state.
Under torsional loading, it was determined that shot peening increase the finite life fatigue
strength. The high cycle fatigue strength was not increased by shot peening; neither under
rotating bending nor under torsional loading.
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Fig. 4.148: Influence of shot peening on rotating bending (1) and alternating torsion fatigue (r) [1]

The residual stresses of the specimens used in [1] were measured with XRD. It was observed that
the axial residual stresses induced by shot peening are higher than the tangential ones, Fig. 4.149
(). However, cyclic loading in the high cycle fatigue region leads to stress redistribution and
both, the axial and the tangential residual stresses converge to the average initial residual stress
distribution. Therefore, it can be concluded that it is valid to average the measured axial and
tangential residual stresses of shot peened surface states. Loading in the finite life region also
unifies the stress distributions in axial and tangential direction. Additionally, a stress relaxation
was observed, reducing the peak residual stress and the depth of the compressive residual
stresses. An increase of shot peening intensity from 0.16 A(mm) to 0.25 A(mm) does not lead to
significant variations of the residual stresses, Fig. 4.149 (r). Nevertheless, the surface roughness
increases with increasing peening intensity and leads to lower fatigue strength in the finite life
region, cf. Fig. 4.148 (1).
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Fig. 4.149: Residual stress distributions of shot peened surface states [1]

4.6.2. Experimental procedure

Fatigue tests were performed on specimens with chemically milled (residual stress free) or shot
peened (compressive residual stress afflicted) surface states. Experimental data from machined
specimens was used as a reference, cf. Fig. 4.20, Fig. 4.21, and Fig. 4.81.

Chemical milling was performed on machined specimens sampled from mill-annealed pancakes,
cf. Fig. 3.39; a surface layer of approximately 0.36 mm was thereby removed. The composition
of the bath used for chemical milling can be found in Tab. 3.1.

The shot peening was performed on precision turned specimens sampled from mill-annealed V-
shapes. The peening intensities of 0.16, 0.20 and 0.25 A(mm) were chosen in accordance with
the military specifications MIL-S-13165C [171] and MIL-P-81985 [172]. A coverage of 200%
was used for all experiments. A steel ball shot was used, StD-G3-0.35-HV640, with size

classification 0.35 mm and hardness HV640.The appropriate saturation curves are shown in Fig.
4.150.
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Fig. 4.150: Saturation curves of the shot peened round specimens
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4.6.2.1. Specimen characterization

The roughness of all analyzed surface states was measured with a confocal laser scanning
microscope (Olympus LEXT OLS3000). The topographies of the different surface states are
shown in Fig. 4.151; the according roughness values can be found in Tab. 4.48.

Machined

Chemically milled

Shot peened 0.16 A{mm)

Shot peened 0.25 A(mm)

480 um

0pm

Fig. 4.151: Topographies of different surface states

Type of specimen R, [pm] | R,[um]
Machined 0.6 1.4
Chemically milled 0.9 2.4
Shot peened 0.16 A(mm) 4.0 9.3
Shot peened 0.20 A(mm) 4.5 9.9
Shot peened 0.25 A(mm) 4.9 11.2

Tab. 4.48: Influence of surface treatment on the surface roughness

It was observed that the machined surface state exhibits a certain waviness owing to the
precision turning, but the roughness is low, R, = 0.6 um. Chemical milling leads to a decrease of
waviness due to the removal of a surface layer of approximately 0.36 mm. However, the
roughness is increased compared to the machined surface state. This is caused by the fact, that
chemical milling is a rough kind of etching, which is confirmed by the comparison of the
chemical composition of the chemical milling bath (Tab. 3.1) and the used etchant for the
micrographs (Tab. 3.3). The microstructure is hence visible in the surface topography of the
chemically milled surface state in Fig. 4.151. The roughness is significantly increased by shot
peening. An increase of shot peening intensity leads thereby to an increase of surface roughness.

Residual stress measurements were performed using X-ray diffraction (XRD) in combination
with the sin’ p method. Fig. 4.152 shows the residual stress distributions for five different surface
states. Graphs of residual stresses are comprised of measured data points (calculated by the
average of data in the longitudinal and transversal direction, assuming a homogenous plane
stress state), with no smoothing. Machining leads to residual compressive stresses in the first
hundredths of a millimeter beneath the surface. In contrast, the chemically milled surface state
exhibits a residual stress free surface layer. Shot peening of the machined initial surface leads to
a marked increase in the residual compressive stresses. The peak value of the residual
compressive stresses increases from -400 MPa for an unpeened machined surface to -650 MPa
for a shot peened surface; a difference of over 50%. The increase of peening intensity leads to an
insignificant increase of the peak residual stress.
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Fig. 4.152: Influence of surface treatment on the residual stress distribution

4.6.2.2. Chemically milled specimens

Fatigue tests were performed on chemically milled round hourglass specimens (Fig. 3.39) under
rotating bending loading (stress ratio R = -1) with a frequency of 70 Hz. Fig. 4.153 shows the
experimental data and the corresponding S/N-curve. The evaluation of the S/N-curve in the finite
life region was based on the logarithmic normal distribution. The high cycle fatigue strength at
10® load cycles was determined according to the arcsinVP-method [55]. Due to the limited
specimen lot sizes the high cycle fatigue strength and especially the scatter are not statistically
firm.

The fracture surfaces were analyzed with a stereo light optical microscope (Olympus SZX12).
Two exemplary pictures of a fracture surface are shown in Fig. 4.153 (r); one overview (16x
magnification) and one detailed view (64x magnification). It was observed that the fatigue crack
initiates directly at the surface (twelve o’clock position). Lower stress amplitudes resulted in one
or two crack initiation sites, higher stress amplitudes in several ones. It can be assumed that this
behavior is caused by the residual stress free surface layer.
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Fig. 4.153: Rotating bending S/N-curve (1) and fracture surface (r) for pancake mill-annealed, chemically milled
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Symbol Description Unit | Value
oy Fatigue strength at N=10° | MPa 580
Ny Cycles at transition - 2.2E5
k Slope - 6.1
T Scatter at finite life - 1:1.8
Ts Scatter at N=10° - 1:1.1

Tab. 4.49: Parameters for RB S/N-curve pancake mill-annealed, chemically milled

The comparison of the S/N-curves for machined and chemically milled specimens is shown in
Fig. 4.154. 1t was observed that chemical milling leads to a lower fatigue strength, especially in
the finite life region. The scatter at finite life was significantly reduced from 1:3.7 to 1:1.8 owing
to the chemical milling.
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Fig. 4.154: Comparison of S/N-curves for machined and chemically milled fatigue specimens

Chemical milling leads to a residual stress free surface state (cf. Fig. 4.152) owing to the removal
of a surface layer with a thickness of approximately 0.36 mm. In contrast, the machined
specimens exhibit compressive residual stresses reaching a depth of 0.05 mm beneath the
surface. The surface roughness of the specimens was increased by a factor of 1.5 by chemical
milling (cf. Tab. 4.48). It can be concluded that the 6% lower fatigue limit of the chemically
milled specimens results from the higher surface roughness in combination with a lower
dislocation density. A higher roughness promotes crack initiation and leads therefore to a
decrease of the high cycle fatigue strength, cf. Tab. 4.47. Machining leads to a higher dislocation
density in the surface layer and retards crack initiation. The non-existent compressive residual
stresses of the chemically milled surface have just a small (negative) influence on crack initiation
and hence fatigue limit. However, the finite life fatigue strength is considerably influenced by
residual stresses. The compressive residual stresses of the machined specimens lead to
deceleration of microcrack propagation and consequently to a higher finite life fatigue strength.

4.6.2.3. Shot peened specimens

Fatigue tests were performed on (unnotched and notched) shot peened round specimens under
several loading conditions. The evaluation of the S/N-curves in the finite life region was carried
out using a logarithmic normal distribution. Due to the limited specimen lot sizes the scatter is
not statistically firm.
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A determination of the fatigue limit was not possible, due to the shift of the transition from finite
life to infinite life region to >10% load cycles. The fracture surfaces were analyzed with a stereo
light optical microscope (Olympus SZX12). The findings are discussed below.

The experimental results of the rotating bending fatigue tests on unnotched shot peened
specimens (peening intensity 0.16 A(mm)) are shown in Fig. 4.155. As mentioned before, no
fatigue limit was determined for N < 10® load cycles. The slope of the S/N-curve in the finite life
region is lower than those of the machined specimens. The scatter 7 increases from 1:2.8 for the
machined surface state (cf. Tab. 4.10) to 1:4.2 in shot peened condition; a factor of 1.5.
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Fig. 4.155: Rotating bending S/N-curve for V-shape mill-annealed, shot peened 0.16 A(mm)

Symbol Description Unit | Value
Ca Fatigue strength at N=10° | MPa | 460
Ny Cycles at transition - -

k Slope - 12
Twn Scatter at finite life - 1:4.2
Ts Scatter at N=10° - -

Tab. 4.50: Parameters for RB S/N-curve V-shape mill-annealed, shot peened 0.16 A(mm)

The comparison of the S/N-curve of the shot peened specimens with those of the machined
surface state is shown in Fig. 4.156. Experimental data for higher shot peening intensities is
additionally plotted in this diagram. It was observed that the shot peening treatment leads to an
increase of the fatigue strength in the finite life region. However, the fatigue limit is definitely
not increased, possibly decreased. An increase of peening intensity does not lead to a higher
finite life fatigue strength due to the almost identical residual stress distributions, cf. Fig. 4.152.
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Fig. 4.156: Influence of shot peening intensity on the rotating bending fatigue strength

It can be concluded that the increase of the finite life fatigue strength is caused by deceleration of
the microcrack propagation owing to the compressive residual stresses induced by shot peening.
Especially the sub-surface crack initiation and microcrack growth without contact to ambient air
(similar to vacuum crack growth, cf. Fig. 4.16) are believed to cause the increase of the finite life
fatigue strength. Due to the insignificant variation of the residual stress state with increasing
peening intensity (cf. Fig. 4.152), the finite life fatigue strength is not increased with increasing
peening intensity.

The fatigue limit is dominated by crack initiation. It can be concluded that the fatigue limit is
decreased due to shot peening treatment, because both, the equilibrium tensile residual stresses
and the increased roughness could promote crack initiation. The fracture surface analysis
revealed sub-surface crack initiation, cf. Fig. 4.159. It can hence be concluded that the tensile
residual stresses act as impressed mean stress and increase the local stress ratio. Due to the
anomalous high mean stress sensitivity of Ti-6Al-4V, the fatigue limit is lowered by a shot
peening treatment.

The influence of a relative stress gradient was determined on notched shot peened specimens. It
was observed that the finite life fatigue strength is not increased compared to the unnotched shot
peened samples, Fig. 4.157 (I). This behavior may be explained by the resulting stress
distributions of load stress (notch stress amplitude 600 MPa) and residual stress (shot peening
intensity 0.16 A(mm)) for unnotched and notched specimens, Fig. 4.157 (r). The maximum
stress is higher for unnotched specimens. However, the finite life fatigue strength is dominated
by microcrack propagation. Therefore, it can be assumed that the identical stress range (and also
stress intensity factor range) leads in combination with the similar stress ratios to the same crack
growth rate and hence finite life fatigue strength.
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Fig. 4.157: Influence of the relative stress gradient on the effectiveness of shot peening (1), stress distributions (r)

The influence of impressed mean stress on the effectiveness of the shot peening treatment was
determined under tension/compression loading. The comparison of shot peened and machined
surface state are presented in Fig. 4.158. It was observed that the shot peening treatment leads to
an increase of the finite life fatigue strength for a stress ratio R = -1, similar to findings under
rotating bending loading discussed before. The finite life fatigue strength for impressed mean
stress (R=0, R=0.3) is not increased. This behavior may be caused by the residual stresses
induced by the shot peening treatment.

The compressive residual stresses shift the crack initiation beneath the surface and lead to slower
microcrack propagation. However, the local stress ratio is increased due to equilibrium tensile
stresses. It was observed that an increase from R=-1 to R =0 has no effect on the finite life
fatigue strength (cf. chapter “Influence of impressed mean stress on the fatigue behavior”),
which could be the reason for the effectiveness of the shot peening treatment for a global R = -1.
Global stress ratios > 0 lead to a decrease of finite life fatigue strength for identical stress ranges.
It can hence be assumed that the residual stresses increase the local stress ratio (for example, for
global R = 0) to values > 0, which abrogates the positive effect of subsurface crack initiation and
results in similar finite life fatigue strengths of machined and shot peened specimens.
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The fracture surface analyses of the shot peened tension/compression fatigue test specimens
revealed sub-surface crack initiation for both, R = -1 and R = 0, cf. Fig. 4.159. The center picture
shows a detailed view of a fracture surface; the crack initiation site is marked with an arrow. The
distance of surface and crack initiation site (~ 0.25 mm) is in accordance to the residual stress
distributions (Fig. 4.152, compressive residual stresses reaching into a depth of ~ 0.25 mm
beneath the surface). Furthermore, a zone of finer fracture characteristics was observable
(marked with a dotted line) with a radius of approximately 0.38 mm. This zone corresponds to
the crack growth without contact to ambient air.

Fig. 4.159: Fracture surfaces of shot peened specimens, intensity 0.16 A(mm); loaded under tension/compression

Some shot peened specimens were also tested under alternating torsion and multiaxial loading.
The comparison with the test results of the machined specimens, Fig. 4.160, exhibited that the
shot peening treatment leads to an increase of the finite life fatigue strength, independent from
the type of loading for a stress ratio R = -1.
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Fig. 4.160: Influence of the type of loading on the effectiveness of shot peening

4.6.3. Phenomenological models

Including the surface state in the lifetime estimation is difficult due to the complex interaction of
several influencing variables, especially residual stresses and surface roughness, with other
fatigue influences, for example, stress ratio and relative stress gradient. Therefore, it is currently
not possible to predict the fatigue strength of an arbitrary surface state. A simple model was
hence implemented, using three coefficients for the description of the S/N-curve shift relative to
the machined surface state.
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Starting from the output of the mean stress model, the S/N-curve parameters are adapted for the
representation of the surface state. The coefficient cs describes thereby the variation of the S/N-
curve slope, Equ. (4.71). The shift of the fatigue limit is given by csr, Equ. (4.72). The number
of cycles at transition can be determined according to Equ. (4.73), utilizing the finite life
coefficient cgr; which describes the change of the finite life fatigue strength at 10° cycles to
failure. The coefficients for the analyzed surface states, stress ratio R = -1, are summarized in

Tab. 4.51.
Kvicms = Csx “kvem Equ. (4.71)
O mcms = Cs,r O r.mom Equ. (4.72)
105 _kMGMS
C
Ny yons =107 =L by Equ. (4.73)
Cs.rL Nr sviom
Surface state Csr [-] Csi [-] Css[-]
Chemically milled 0.77 0.70 0.91
Shot peened 0.16 A(mm) 1.34 1.50 <1
Tab. 4.51: Summarized surface state coefficients for R=-1
4.6.4. Conclusion

The influence of the surface state on the fatigue behavior is hard to define due to the
combined influences of residual stresses, cold working and surface roughness.
Concerning Ti-6Al1-4V it can be concluded that the finite life region is dominated by
residual stresses and the fatigue limit is mainly influenced by surface roughness.

The scatter in the finite life region is significantly affected by the variance of existing
residual stresses. A residual stress free surface layer leads to the lowest scatter
(Ty = 1:1.8), which corresponds to the material scatter. Machining (7 = 1:2.8) and shot
peening (7Ty = 1:4.2) significantly increase the finite life scatter.

It was determined that shot peening does not compulsorily lead to an increase of finite
life fatigue strength, especially for cyclic loading with impressed mean stress.

Including the surface state in the lifetime estimation is difficult due to the complex
interaction of several influencing variables, especially residual stresses and surface
roughness, with other fatigue influences, for example, stress ratio and relative stress
gradient. A simple model was hence implemented, using three coefficients for the
description of the S/N-curve shift relative to the machined surface state.
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4.7. Influence of surface arrangement on the fatigue behavior

Manufacturing parts according to customer specifications by using forming techniques has both
cost and quality advantages, compared to cutting and machining parts out of feedstock plates or
bars. Because of this, components are increasingly manufactured by forging. Forging results in
better utilization of material through near net shape manufacturing, and also reduces
manufacturing costs and provides better mechanical properties, such as high fatigue strengths.
Some surfaces of forged components remain in the as-forged condition, whereas functional
surfaces are subjected to additional machining (Fig. 4.161). Subsequent surface treatments (e.g.,
shot peening) serve to increase the fatigue strength.

Machined

As-forged

Fig. 4.161: Arrangement of different types of surface states at a forged component

4.7.1. State-of-the-art

The fatigue behavior in respect of as-forged surface condition has very rarely been reported.
Gessinger and Corti [69] showed that the fatigue strength of isothermally forged Ti-6Al-4V
specimens is much lower when the surface is in the as-forged condition, as opposed to the
machined condition. They suggested that this is not due to a forging skin effect, but rather an
effect of mechanically working the surface during milling, which causes an improvement in the
fatigue strength. Surface treatments and especially shot peening are often performed to increase
the fatigue strength of components. A shot peening treatment is a cold working process (increase
of dislocation density) and induces compressive residual stresses in the surface layer.
Concurrently the roughness is increased by shot peening. These competing effects on the fatigue
process were already discussed in the chapter “Influence of surface state on the fatigue
behavior”, cf. Tab. 4.47. However, the influence of the arrangement of surfaces with different
surface states has not been discussed in literature.

4.7.2. Experimental procedure

As mentioned above, some of the surfaces of forged components will remain in the as-forged
condition, whereas functional surfaces are subject to additional machining (e.g., drilling holes,
Fig. 4.161). To analyze the fatigue behavior of such components, plane specimens were designed
such that an as-forged surface borders a machined one (Fig. 4.162). For the purpose of
comparison, plane specimens with a machined surface bordering another machined surface were
also tested. Additional shot peening was performed on as-forged and machined specimens.
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As-forged top surface

Machined side surface

Fig. 4.162: As-forged four point bending fatigue test specimen

4.7.2.1. Specimen characterization

Two planar four-point bending test specimens, 200 mm long, were extracted from each pancake
in the longitudinal direction (Fig. 3.43). Regarding the quality of the top surface, two different
types of specimens were produced: as-forged (from pancakes with a thickness of 13.5 mm, after
chemical milling) and machined (from pancakes with a thickness of 15 mm), Fig. 3.31 and Fig.
3.32. All square edges were consistently deburred. According to finite element simulation, the
stress concentration factor K; of the specimen geometry is 1.07. Four-point bending loading of
the plane fatigue test specimens results in a relative stress gradient of 0.15 mm™.
The shot peening was performed on both as-forged and machined specimens. The specimens
were rotated during the shot peening treatment. The peening intensity of 0.18 A(mm) was chosen
in accordance with MIL-S-13165C [171] and MIL-P-81985 [172]. A coverage of 200% was
used for all experiments. A steel ball shot was used, StD-G3-0.35-HV640, with size

classification 0.35 mm and hardness HV640. The appropriate saturation curve is shown in Fig.
4.163.

Almen intensity
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11 Standard deviation = 0,003A

o 1 2 3 4 5 6 7 8 9 Cycles

Fig. 4.163: Saturation curve for a shot peening intensity of 0.18 A(mm)

Crack initiation typically takes place at the surface or close to the surface. For a better
understanding of the initiation mechanism, the roughness, hardness, residual stresses and
microstructure of the surface layer were analyzed.
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The roughness was measured with a confocal laser scanning microscope, Fig. 4.164. Analysis
revealed that the as-forged surfaces have a slightly higher center-line average roughness R,
compared to the machined surfaces. The shot peening treatment significantly increases the
roughness in both the as-forged and machined cases, with the final as-forged surfaces still
rougher than the machined and shot peened surfaces.

Machined unpeened As-forged unpeened

81000
10500
0.000 -
U o000

Fig. 4.164: Roughness analyses of machined and as-forged surfaces in the unpeened and shot peened condition
respectively (Note: different height scales)

Vickers hardness (load ~ 10 N) and Rockwell hardness (load 1500 N) measurements were
performed for the as-forged and the machined surface state. The as-forged surface leads to an
average hardness of 361HV1 and 38HRC. In contrast, the hardness of the machined surface is
343HV1 and 37HRC. This slight difference in Vickers hardness of approximately 5% suggests
differences in the residual stress states.

Fig. 4.165: Vickers hardness indentation in machined (1) and as-forged (r) surface layer

All residual stress measurements were performed using X-ray diffraction (XRD) in combination
with the sin’y method. Fig. 4.166 shows the residual stress distributions for four different
surface states. Graphs of residual stresses are comprised of measured data points (calculated by
the average of data in the longitudinal and transversal direction, assuming a homogenous plane
stress state), with no smoothing. Machining leads to residual compressive stresses in the first
hundredths of a millimeter beneath the surface. In contrast, the as-forged surface exhibits distinct
residual compressive stresses, reaching a depth of 0.25 mm beneath the surface. The peak value
of the residual stress distribution for machined and as-forged surface state differs by a factor of
L.5.
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Shot peening of the machined initial surface leads to a marked increase in the residual
compressive stresses in the surface layer. The peak value of the residual compressive stresses
increases from -400 MPa for an unpeened machined surface to -850 MPa for a shot peened
machined surface, a difference of over 100%. The shot peening treatment of the as-forged initial
surface leads to the same peak value as the peening of the machined surface. However, the extent
of the residual compressive stresses at depths greater than 0.13 mm is different and the residual
stress profile for the as-forged shot peened sample merges with the as-forged unpeened profile.
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Fig. 4.166: Residual stress distribution for different surface states

Differences in the stress distributions of shot peened flat specimens (Fig. 4.166) and round
specimens (cf. Fig. 4.152) were observed, in spite of identical shot peening parameters. This can
be attributed to the different geometries and indicates the problem of the definition of the shot
peening treatment by Almen intensity. Shot peening with the same Almen intensity can result in
different residual stress distributions and also surface roughness, leading to variations of the
fatigue strength.

4.7.2.2. Four point bending fatigue tests

For testing Ti-6Al-4V hour glass shaped plane specimens with a Rumul Mikrotron resonant
testing machine, an existing four-point-bending (FPB) test rig was redesigned in cooperation
with Russenberger Priifmaschinen AG, Switzerland. In that way the tension/compression load on
the rods of the test rig was converted with bending springs into a bending load for the specimen.
The bending mode was considered to be the most feasible since the highest stresses occur in the
surface layer.

A finite element analysis was done with the Abaqus™ software tool to determine the maximum
load and the eigenfrequency of the four-point-bending test rig. Therefore, a quarter-model (due
to symmetry) of the test rig was meshed with 8-node linear bricks. With an applied force of
10 kN a bending stress of approximately 1000 MPa can be achieved in the specimen (cf. Fig.
4.167 left). Thereby, the maximum equivalent stress in the bending springs reaches 320 MPa,
which is under the endurance limit of the used steel. An eigenfrequency of 99 Hz was calculated
for the four-point-bending test rig with the Lanczos-eigensolver. The buckle analysis showed,
that there is a safety factor of 38 against buckling of the bending springs for an applied load of
10 kN (Fig. 4.167 (1)).
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Fig. 4.167: Stress distribution in test rig for an applied load of 10 kN (1) and buckle analysis (r)

All fatigue tests were carried out at room temperature and ambient air up to 10’ load cycles with
a stress ratio R = -1 and a frequency of 66 Hz. It is well known that Ti-6Al-4V is sensitive to
fretting fatigue. Therefore, brass sheets were used to avoid fretting damage at the point of
restraint of the specimens (see Fig. 4.168).

Fig. 4.168: Four-point-bending test rig with applied plane specimen

Fig. 4.169 shows the results of the four-point-bending fatigue tests. All S/N-curves correspond to
a survival probability of 50%. It can be seen from the data points that the as-forged surface
condition leads to a significantly higher scatter (range of scatter 7 = 1/6.6) than the machined
condition (7y = 1/2.8). The determined scatter for the machined condition shows a good
accordance with the suggested range of scatter for mill-annealed Ti-6Al-4V, cf. Tab. 4.10. It has
to be mentioned that the fatigue limit for the as-forged surface state is an approximation and not
statistically confirmed. In the finite life region, the as-forged specimens exhibit a lower fatigue
strength compared to the machined specimens, resulting in a difference in lifetime of a factor of
ten.

The shot peening treatment of the machined specimens leads to a decrease in fatigue strength
within the finite life region. The range of scatter of the shot peened surfaces (7y = 1/2.5) is only
slightly lower than that of the unpeened surfaces (7y = 1/2.8). The shot peening of the as-forged
specimens results in a significant increase in the fatigue strength within the finite life region,
comparable with the fatigue strength of the machined shot peened specimens. The high scatter of
the as-forged specimens (7y = 1/6.6) is significantly reduced by the shot peening treatment
(Ty=1/2.9).
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Fig. 4.169: Four-point-bending fatigue test results

The analysis of the fracture surfaces showed that for the machined surface condition, the crack
emanated from the edge of the four-point-bending test specimen (Fig. 4.170, left). In contrast,
the crack initiation for the specimens with the as-forged top surface (Fig. 4.170, right) occurred
near the machined side surface, approximately 340 um beneath the as-forged surface. However,
there is no observable region of different fracture characteristics near the crack initiation site.
This means that the fraction of subsurface fatigue crack growth without contact to the ambient
air is insignificant. The crack grows beneath the as-forged top surface, within the compressive
residual stresses. If the fatigue crack is of a certain length, the edge region fails due to forced
rupture at 45°.

Fig. 4.170: Fracture surface of machined (1) and as-forged (r) plane specimens

For the shot peened surfaces, subsurface crack initiation beneath the edge was present (Fig.
4.171). Furthermore, a region of subsurface fatigue crack growth without contact to the ambient
air (and therefore in vacuum) can be identified in the fracture surfaces, resulting in finer fracture
characteristics, see Fig. 4.172 left. The transition between crack growth in vacuum and crack
growth in air is marked with a dashed line. If the fatigue crack is of a certain length, the edge
region fails due to forced rupture at 45°.

Fig. 4.171: Fracture surface of machined shot peened (1) and as-forged shot peened (r) plane specimens
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A finite element simulation was done to determine the equilibrium residual stress distribution for
the edge region of the machined shot peened surface state. The measured residual stresses were
thereby applied as initial conditions. The result of the finite element analysis, mapped on the
fracture surface, is shown in Fig. 4.172, right. The coloring indicates the maximum principal
stresses; red represents 400 MPa and blue -25 MPa. It was observed that the fatigue crack
initiates at the region with conjoint positive maximum principal and high Mises residual stress.

Fig. 4.172: The crack initiation site at the edge of a machined shot peened plane specimen

4.7.3. Discussion

The measured fatigue strength for mill-annealed Ti-6Al-4V in the high cycle fatigue region is
very low compared to results of the fatigue tests done on round specimens under a rotating
bending loading (cf. Fig. 4.28). Therefore, the microstructure at the edge region of the four-
point-bending specimens was characterized. The determined parameters served as input for the
microstructural fatigue models. The comparison of the modeled S/N-curve for the given relative
stress gradient and the four-point-bending test results is shown in Fig. 4.173.
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Fig. 4.173: Comparison of four-point-bending fatigue tests and modeled S/N-curve

One possible reason for the low values is the rectangular shape of the cross section with the
deburred edges. The influence of edges on fatigue behavior has rarely been reported in literature.
Cohen et al. [50] analyzed the effects of specimen geometry on the fatigue behavior of
carburized steel. They used cantilever bend specimens with square or round edges. They
suggested that the 13% lower fatigue limit of the specimens with the square edges was due to the
presence of a higher volume fraction of retained austenite in the sample corners and lower
residual surface compressive stress.
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It is believed that the residual stress state at the edge region is responsible for the significant
differences between modeled S/N-curve and four-point-bending fatigue tests data. This
assumption is confirmed by the results of the fracture surface analysis discussed below.
However, this comparison shows the importance of the influence of surface state arrangement on
the fatigue behavior. Furthermore, it can be concluded that the consideration of the surface state
in the fatigue model solely based on coefficients can be insufficient, if residual stresses can
interact at an edge region.

For the machined plane specimens, crack initiation took place at the edge. This can be explained
by the condition introduced by the four-point bending load, where the highest stresses occur in
the top surface and the presence of the stress concentration due sample edges.

The samples where the as-forged top surface bordered the machined side surface had
significantly lower fatigue strengths, especially within the finite life region. Furthermore, the
cracks did not initiate from the edge, at the location of maximum nominal stresses, but beneath
the as-forged top surface, near the machined side surface. This can be attributed to the residual
stress state in the as-forged surface layer, illustrated in Fig. 4.174. The residual compressive
stresses in the as-forged surface layer involved a maximum principal stress distribution as
shown, mapped on the fracture surface, in Fig. 4.174, right. The coloring indicates the maximum
principal stresses: red represents 230 MPa and blue -20 MPa. This stress distribution ties in well
with the crack initiation mechanism suggested with respect to the fracture surface. However,
there is a slight deviation between the depth of the maximum stress and the real crack initiation
site. At this point, it has to be mentioned that the residual stresses in the as-forged surface layer
are believed to vary with the position on the pancake. The residual stress distribution shown in
Fig. 4.166 was measured in the middle of the specimen. Therefore, it can be assumed that the
deviation between fracture surface and finite element simulation may be caused by variations of
the residual stresses in the as-forged surface. Furthermore, the high scatter of the as-forged
specimens compared with the machined ones can contribute to such variations.

Fig. 4.174: Crack initiation site at the edge of an as-forged plane specimen

The shot peening of the as-forged surface leads to a significantly higher roughness, but the
residual stress state is slightly modified. From a design point of view, to be conservative, it can
be assumed that shot peening treatment of an as-forged surface (without any machining in safety
critical regions) results in higher manufacturing costs and a lower fatigue strength, due to the
increased roughness.

Shot peening of square edges leads to high residual tensile stresses beneath the surface, which

promotes early crack initiation. The fatigue strength in the finite life region of machined
specimens is slightly decreased.
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This means that the negative effect of premature subsurface crack initiation caused by the
residual tensile stresses prevails the positive effect of decelerated crack growth in vacuum.

The shot peening of the as-forged specimens leads to a significant increase in the fatigue strength
in the finite life region; comparable with the fatigue strength of the machined shot peened
specimens. This can be explained by the shift of the residual tensile stresses near the machined
side surface into deeper regions, resulting in subsurface crack initiation and propagation. The
difference in the fatigue strengths of machined shot peened and as-forged shot peened surface
states arises from variations in the residual stress distributions; the failure mechanism is the same
for both.

4.7.4. Conclusion

e Machined square edges result in decreased fatigue strengths, as compared to round
specimens. This may arise due to the residual stress state in the edge regions (lower
compressive or multiaxial residual tensile stresses). For this reason, chamfered edges are
recommended.

e Shot peening of square edges leads to a decrease in fatigue strength if both adjacent
surfaces have been machined. If just one of the adjacent surfaces is shot peened, the
sample will behave as the as-forged specimens, due to residual tensile stresses at or near
a surface, resulting in a significant decrease in fatigue strength. Therefore, shot peening is
not recommended for square edges.

e The as-forged surface of mill-annealed Ti-6Al-4V exhibits high residual compressive
stresses in the surface layer. A shot peening treatment leads to a significantly higher
roughness and a slight modification in the residual stress distribution. For safety critical
regions of shot peened, as-forged surfaces, when no machining is performed, in order to
be conservative it can be assumed that the fatigue strength is lowered at concomitant
higher manufacturing costs.

e If an as-forged surface borders a machined surface, tensile residual stresses are exposed.
This leads to significantly lower fatigue strength. Such transition regions should be shot
peened, causing the residual tensile stresses to shift beneath the surface, allowing for
increased fatigue strength.

e Residual stresses should be considered as impressed mean stress in computational
lifetime estimation, if a residual stress afflicted surface layer is present at an edge region
of a component. Especially, if the residual stresses are distinct, such as as-forged or shot
peened surfaces, the detrimental effect on the fatigue strength can be enormous, even for
chamfered edges.
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4.8.

The maximum operating temperature of Ti-6Al-4V is usually 350°C. Nevertheless, the influence
of elevated temperature on the tensile properties and fatigue behavior has rarely been reported.
Existing tensile and fatigue test results from Bohler Schmiedetechnik GmbH & Co KG were
used in addition to literature data for the evaluation of the influence of elevated temperature on
tensile and fatigue properties of Ti-6Al-4V.

Influence of operating temperature

4.8.1. Influence of elevated temperature on the tensile properties

Krishnamohanrao et al. [97] presented a fracture mechanism map for the tensile properties of Ti-
6Al1-4V over the whole temperature range, Fig. 4.175 (I). A typical operating temperature range,
from -50°C to 300°C, was complementary drawn. It was observed that this temperature interval

is affected by ductile fracture; transgranular creep fracture may also occur at higher temperatures
of 200°C to 300°C.

-273.15 -50 300 Temperature [°C] 1660
10 : : : 1300 71— - - -
! ! {Ti-6Al-4V Tensile test results|
| | _ 1200 -
| } namic fracture 1 v
§1‘>\\ 1100 y
Ductile fracture! J 2
Yo10? - i | — 10004 .
s i | Transgranular g 1 ! ¥ 1
@ | | creep fracture = 500 -1
8 ! ‘ = 4 s ., v |
K | | w8004 iy ]
2 10° [ i o 1 b
g | ! £ 700 a * a .
| | w
3 ! I o 1
3 ! ! 2 5% - s 1
g | } 1] 5004 -
2 10¢ - 1 ! = [ # Trield strength acc. to BSTG
! ! 400 * Ultimate tensile strength acc. to BSTG -
TI-G_AI-4V: | 4| & Yield strength acc. to Boyer et al.
Tm= 193_3 K 300 4| = Ultimate tensile strength acc. to Boyer et al, B
E[GPa]=122.7 - 0.056 T [K] 4| = Ultimate tensile strength acc. to Tokaji
10° | | | | 200 T

0.0 0.1 0.2 03

0.4

0.5 0.6

07 08 0.9 10

Homologous temperature T/T,

200

T h T o v T
300 400 500 600
Temperature T [K]

T
700

800

Fig. 4.175: Fracture mechanism map for Ti-6Al-4V according to [97] (1), Tensile properties at different testing
temperatures (r)

Boyer et al. [42] and Tokaji [169] reported tensile properties of Ti-6Al-4V at room temperature
and at elevated temperatures. They found that both, ultimate tensile strength and yield strength
are significantly decreased with increasing temperature. Tensile test results of Bohler
Schmiedetechnik (BSTG) were used to confirm these literature trends and to achieve models for
the link of temperature and tensile strength, Fig. 4.175 (r). An exponential relationship between
tensile strength and testing temperature was observed for 20°C < 7'< 350°C and new models for
the estimation of the tensile properties were hence developed, Equ. (4.74) and Equ. (4.75). The
tensile properties [MPa] at room temperature (RT) are used as input for the models in
combination with the operating temperature 7 [K]. The results are the ultimate tensile strength
Ry,or [MPa] and the yield strength R,y > or [MPa] at operating temperatures (OT).

R - R 0.0011(293-T)

m,0T m,RT ’

Equ. (4.74)

0.0015(293-T)

R Equ. (4.75)

p0.2,0T — Rpo.z,RT )
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4.8.2. Influence of elevated temperature on the fatigue behavior

Wagner and Gregory [177] reported a significant decrease of the fatigue limit (stress ratio
R =-1) of electrolytically polished specimens at high temperatures; from 600 MPa at room
temperature to 350 MPa at 500°C.

Tokaji [169] showed for crystallographic textured Ti-6Al-4V that the high cycle fatigue behavior
is considerably influenced by temperature. Both, the fatigue limit (-50%) and the finite life
fatigue strength decreased significantly at a testing temperature of 350°C. Crack initiation
occurred much earlier at elevated temperature, thus most of fatigue life was dominated by short
crack growth. The short crack growth rates at elevated temperature were faster than those at
room temperature; increasing with an increase in temperature. Since fracture surfaces were
brittle with increasing temperature and applied stress, crack growth occurred in a brittle manner
at elevated temperatures. This may be attributed to oxygen penetration into the crack tip region.

Results of Kato and Takafuji [91] reveal that the influence of elevated temperature on the fatigue
limit is not significant for Ti-6Al-4V, Fig. 4.176. A decrease (20%) of fatigue limit was only
reported for the high temperature of 450°C.
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Fig. 4.176: Influence of elevated temperature on the fatigue strength, test results according to [91]

Majidi [107] analyzed the finite life fatigue strength of Ti-6Al-4V at 25°C and 300°C (induction
heating system) with a stress ratio of 0.1. He determined a significant decrease of fatigue
strength, namely a factor of seven in lifetime. However, it has to be mentioned that his S/N-curve
analysis is disputable. He used plastic replicas for crack length measurement. The replica was
taken every 500 cycles after cracks were detected. The influence of this interruption regarding
lifetime, especially for the elevated testing temperature, was not discussed.

Takafuji et al. [166] observed that the effectiveness of a shot peening treatment decreases with
increasing operating temperature. They determined an increase of fatigue strength owing to shot
peening treatment of ~25% at room temperature and 0% at 350°C. Similar findings are reported
by Gray et al. [74], cf. Fig. 4.145. This fact has to be considered in a lifetime estimation. It can
be assumed that the reason for this decrease is the relaxation of the compressive residual stresses,
which was reported by Prevey et al. [138]. They found a decrease of the peak residual stress
from -750 MPa to -600 MPa at 325°C and from -750 MPa to -300 MPa at 475°C within an hour.

Goswami [70] reported the crack propagation behavior of STOA Ti-6Al-4V at elevated
temperatures. He found similar crack growth rates for temperatures varied from 175°C to 345°C.
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Sarrazin-Baudoux et al. [151] analyzed the fatigue crack growth in solution treated Ti-6AI-4V
and found little influence of temperature for rates higher than 10 m/cyc where room
temperature propagation is slightly faster than at 300°C. The more significant difference is a
plateau phenomenon observed at 300°C at about 10™ m/cyc, which appears to be a critical rate.
Below this critical rate, temperature has a greater influence. In this rate range, increasing
temperature induces crack growth rates of one order of magnitude higher than at room
temperature at the same stress intensity factor range. The nominal threshold at both temperatures
is almost identical.

Fatigue test results of Bohler Schmiedetechnik GmbH & Co KG reveal that temperatures up to
350°C do not significantly affect the fatigue strength, neither in the finite life region nor at the
fatigue limit. However, the low cycle fatigue strength is considerably decreased due to the
decrease of the tensile strength. Therefore, it is important to determine the decrease of the flow
stress at elevated temperatures, Equ. (4.83), and calculate the transition from finite life to low
cycle fatigue, Equ. (4.84) and Equ. (4.85). This will be discussed in the next chapter. It has to be
mentioned that an estimated room temperature ultimate tensile strength (cf. Fig. 4.68) is not
sufficient for these calculations.

In the current model, the influence of elevated temperature on the fatigue strength is represented
by coefficients for slope (cr4), finite life fatigue strength at 10° load cycles (crr;) and fatigue
limit (c7;), which are applied to the results of the surface state models, Equ. (4.76) to Equ. (4.78).
As things are now, the temperature coefficients can be set equal one, for temperatures between
20°C and 350°C for the analyzed surface state. Further research is necessary for determination or
verification of the influence of elevated (and eventually also lowered) operating temperature on
the fatigue behavior of Ti-6Al-4V. Furthermore, the influence of thermomechanical fatigue of
Ti-6Al1-4V would be interesting with respect to gas engine applications.

Kvigust = Cri “Kyems Equ. (4.76)

O s mcust = €r,7 " O r mcus Equ. (4.77)

7k‘\/{GMST
c / 10° '
NT,MGMST = 105 LV kvGvs Equ (478)
CT,FL NT,MGMS

Shot peening for elevated operating temperatures is just limited recommended. It can be
assumed, that the slope coefficient and the finite life coefficient are <1 for temperatures over
300°C, due to the temperature-caused residual stress relaxation reported by Prevey et al. [138].
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4.9. Comparison of stress- and strain-controlled fatigue data

The low cycle fatigue (LCF) behavior of materials (which is considerably affected by plastic
strain) is usually characterized with strain-controlled fatigue tests. Some customers of Bohler
Schmiedetechnik GmbH & Co KG also prefer strain-controlled fatigue tests for the
characterization of the finite life fatigue strength where the plastic strains are lower. The
presented lifetime models were developed on the basis of stress-controlled fatigue data.
Therefore, LCF tests were performed on the mill-annealed V-shape for comparison of stress- and
strain-controlled data in the S/N-field and to find a method for estimation of the LCF strength.

4.9.1. Experimental procedure

LCF tests were performed on a servo-hydraulic test rig (250 kN Schenck Hydropuls PSB, Fig.
4.177) at two different mean strain levels (strain ratios R, = -1 and R, = 0) on round specimens
(Fig. 3.30) sampled from mill-annealed V-shapes. The strain was measured with a dynamic axial
clip-on extensometer (Instron). The LCF tests were done with triangular strain waveform in
ambient air and at room temperature with a strain rate of 0.01 s™.

Fig. 4.177: LCF testing of round specimens on a servo-hydraulic test rig

The stress evolution with increasing load cycles and the plastic strain amplitude (&, ) history for
different total strain amplitudes &,, are shown in Fig. 4.178 for R, = -1 and in Fig. 4.179 for
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Fig. 4.178: Stress evolution (1) and plastic strain amplitude history (r) for different total strain amplitudes, R, = -1
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Fig. 4.179: Stress evolution (1) and plastic strain amplitude history (r) for different total strain amplitudes, R, =0

The stress-strain-hysteresis evolution for a total strain amplitude of 1.25% for two different
strain ratios are presented in Fig. 4.180.

i-6Al-4V V-Shape mill-annealed i-6Al-4V V-Shape mill-annealed
12004 |LCF & = 0% RT 12004|LCF ¢ = ¢ RT
‘E mt me “at
E 10004 1000 4
% B00 800~
600 600
g 4 T a0
a 1
E| 5 2004
Py T o
T T T 1 1
5 -0 1 10 15 £ oot 2% a0
A% Strain # %] o 00] Strain r %]
* ) | 600
e
= 600 4 -B00
=1000 4 -1000
-1200 4 1200

Fig. 4.180: Hysteresis evolution for the same total strain amplitude but different total mean strain levels

The strain-life-curves were determined according to the Manson-Coffin-Basquin-model.
Thereby, the Manson-Coffin-curve describes the plastic fraction and the Basquin-curve the
elastic fraction of the four-parametric total strain-life-curve, Equ. (4.79).

=8, e, == -N”+8}-N." Equ. (4.79)

The elastic and plastic fraction of the strain amplitude varies with the load cycles. The strain
amplitudes at half cycles to failure Ny, were therefore used for the analysis of the strain-life
behavior. [143]

The cyclic stress-strain-curve is stated according to Ramberg-Osgood [141], Equ. (4.80).

O-a O-ll ;
Eur = Euet 60y = +( j Equ. (4.80)
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A direct link exists between strain-life-curve and cyclic stress-strain-curve. A vertical section in
the strain-life-plot is consistent with a horizontal section in the cyclic stress-strain-curve. This
compatibility is used for the calculation of the stabilized parameters of the cyclic stress-strain-
curve. The compatibility conditions are:

Equ. (4.81)

K'=— Equ. (4.82)

Impressed mean strain (,,~ &, R. = 0) leads to a slight increase in lifetime for higher strain
levels and a slight decrease in lifetime for lower strain levels, see Manson-Coffin-Basquin plot
(Fig. 4.181). The lifetime decreasing effect for R, = 0 for cycles above 10,000 results from the
first few cycles, where the higher plastic strains cause higher damage rates. The lifetime
increasing effect for R, = 0 at higher strain levels follows from lower stress amplitudes visible at
the hysteresis characteristics (cf. Fig. 4.180) and the Ramberg-Osgood plot (cf. Fig. 4.182).

100
3 o i - E
Ti-6AI-4V V-Shape MA |
z LCF RT ]
—_
o 1045
o e AR e o
=
o N —a—— ]
= W
- ~
] Bl
w1 . -
o ] Pl E
s N
= J ~
g J| ----- Manson-Coffin-curve «_ =« LI,
o 01 - Basquin-curve ¢ = X
= | Manson-Coffin-Basquin-model 5_= ¢, g o E
£ 1| - - -Manson-Cofiin-curve = =0 i
@ 1| =-—- Basquin-curve £ =0 X :-
Manson-Coffin-Basquin-model 5 =0 ~ "s_
0,01 T Ty
10 100 1000 10000 100000 1000000

Cycles to failure N, (log.) []

Fig. 4.181: Strain-life-curves

The comparison of the cyclic stress strain curves with the monotonic stress strain curve resulting
from tensile tests exhibits cyclic softening (Fig. 4.182). The parameters of the strain-life-curves
and the cyclic stress-strain-curve are summarized in Tab. 4.52.
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Fig. 4.182: Monotonic and cyclic stress-strain-curve (r)

r':'nae:?e-r é:t; gu,t :":::) Unit Description
K’ 1542 1162 [N/mm?] | Cyclic strain hardening coefficient
n’ 0.1088 0.0611 [-] Cyclic strain hardening exponent
114,5 115,4 [GPa] Young’s modulus
o7 1807 1252 [N/mm?] Fatigue strength coefficient
b -0.1057 -0.0608 [-] Fatigue strength exponent
& 4.281 3.375 [-] Fatigue ductility coefficient
c -0.9715 -0.9950 [-] Fatigue ductility exponent
Tab. 4.52: Low cycle fatigue parameters for V-shape mill-annealed
4.9.2. Discussion

The cyclic stabilized strain-controlled fatigue data was compared with stress-controlled
tension/compression test results, Fig. 4.183. Therefore, the strain-based fatigue data was
converted into stress-based data by utilizing the cyclic stabilized stress values at the half number
of cycles to failure. A good accordance of the finite life fatigue strength was found for both

stress ratios.
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Fig. 4.183: Comparison of stress- and strain-controlled fatigue data
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The low cycle fatigue (LCF) strength was estimated with a S/N-curve starting from the flow
stress at operating temperature R;or (the average of 0.2%-yield strength R,y or and ultimate
tensile strength R, or, Equ. (4.83)) at N = 0.5 cycles. The slope was determined to be 45 for both
stress ratios. The similar LCF strengths for R,=-1 and R.=0 results from distinct stress
rearrangements for impressed mean strain, cf. Fig. 4.179. The stress amplitude at LCF-transition
orrcr [MPa] and the appropriate load cycles N7 cr (intersection point of LCF-curve and
modeled S/N-curve) can be calculated according to Equ. (4.84) and Equ. (4.85), using the flow
stress Ry [MPa] and the fatigue model results, slope kycusr [-], cycles at transition N7z ycGusr [-]
and fatigue limit Of MGMST [MPa]

R +R
Ry o = =205 Equ. (4.83)
0.5R?
Oricr = (45_kMGMST\)/N 'gZ:GMST Equ. (4.84)
T,MGMST f.MGMST
—45
(e)
Np o =0.5] 252 Equ. (4.85)
Rf,OT

This estimation does not serve as an exact model for the low cycle fatigue strength, but
approximates the upper limit of the finite life region. This approach is especially useful for
elevated operating temperatures. Several examples are discussed in the next chapter.
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5.  Verification of the developed models

The verification of the presented models was done on both, flat notched specimens sampled from
mill-annealed V-shape and fatigue test results of Bohler Schmiedtechnik GmbH & Co KG from
specimens sampled from forged components.

5.1.  Flat notched specimens from mill-annealed V-shape

Flat specimens with a drill hole, cf. Fig. 3.33, were sampled from a mill-annealed V-shape. The
surface roughness of the drill hole (R, = 0.6um and R, = 1.9 um) was measured with a laser-
scanning microscope. Tension/compression fatigue tests were carried out in ambient air and at
room temperature with a stress ratio R = 0.1 on a SincoTec Power Swing MOT 100 kN resonant
testing machine, Fig. 5.1 (1). The stress distribution at the drill hole was simulated with the aid of
FE-analysis for determination of stress concentration factor and relative stress gradient. Fig. 5.1
(r) shows the normal stress distribution at the drill hole, mapped on the flat notched specimen.

Fig. 5.1: Resonant testing machine (1) and applied flat notched specimen (c, 1)

The S/N-curve was predicted based on the new developed models discussed before. The
comparison with the experimental data can be found in Fig. 5.2 (1). A typical fracture surface
(16x and 40x magnification) is shown in Fig. 5.2 (r). It was observed that the fatigue crack
initiates inside of the drill hole.
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Fig. 5.2: Experimental data and modeled S/N-curves for V-shape mill-annealed (1) and fracture surface (r)
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5.2.  Fatigue specimens from forged components

Fatigue specimens were sampled from 15 forged components (disks and structural parts) and
tested in certified testing laboratories. The fatigue test data was determined either stress- or
strain-controlled (converted into stress-based data by utilizing the cyclic stabilized stress values).
Different influences on the fatigue behavior were thereby covered, from microstructure and
stress ratio to notches and elevated temperature. The machining factors were determined to be
uniform for all specimens, what argues for consistent machining in different testing laboratories.
In addition, both the ultimate tensile strength and the 0.2%-yield strength at room temperature
were determined by the testing laboratories.

The microstructural-based S/N-curves were modeled based on one micrograph per forging. The
other influences (relative stress gradient, mean stress, temperature) were considered with the
according models presented before. The measured ultimate tensile strength and 0.2%-yield
strength at room temperature were modified for the applied testing temperature and used for
determination of the LCF regime.

The results for three mill-annealed forgings, one with equiaxed- and two with bimodal-type
microstructure, are shown in Fig. 5.3 and Fig. 5.4.
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Fig. 5.3: Experimental data and modeled S/N-curves for mill-annealed forgings

— 1000 7= r o s R B T

T gm_:rl'r-sAMV mill-annealed| | E

E ] ]

%-: 8003 [ ——Modeled SiN-curve forging 3 |

= ] ]

S 700 =

t:% 60‘0-: = 1x E

@ b ]

b= 1

= 1 ] 2

S 5001 :

E N

m

[

@ ] H

‘“._"_' 4004 75 Forging 3|_|K,=1.01 i -

£ Z=032mm’ ]

S ] MR =1 ]

=z 16Y T=20C 1
300 oy EOERAASY * N LRy v, LRSS B 3.2 | . I 225 )

10000 100000 1000000 1ET 1E8

Cycles to failure N (log.) [-]

Fig. 5.4: Experimental data and modeled S/N-curve for mill-annealed forging

170



Doctoral Thesis Verification of the developed models
Dipl.-Ing. Bernd Oberwinkler Conclusion

The results of three solution treated and water-quenched forgings are presented in Fig. 5.5. It was
observed that the increase of testing temperature primarily decreases the low cycle fatigue
strength. The new developed models for the calculation of the LCF transition in combination
with the models for the decrease of tensile strength with increasing temperature are able to
predict this behavior.
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Fig. 5.5: Experimental data and modeled S/N-curves for STWQ forgings

5.3. Conclusion

The comparison of experimental fatigue data and modeled S/N-curves shows a good accordance
for several fatigue conditions. It can be concluded that the new developed models enable a
microstructural-based lifetime estimation including other important influences on the fatigue
behavior of Ti-6Al-4V. The next step is hence to approve the approach on forged components.
This will be discussed in the next chapter.
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6. Application of the developed models

The developed fatigue models were implemented in a postprocessor for the integration in
continuous computational lifetime estimation. The lifetime estimation is the basis for the
optimization of processing and geometry of Ti-6Al-4V forgings regarding fatigue-proof and
damage tolerant lightweight design. The necessary workflow is exemplarily discussed below on
the basis of a developed engine mount.

6.1. Workflow for fatigue-proof damage tolerant lightweight design

The workflow for optimization of Ti-6Al-4V forgings to afford fatigue-proof damage tolerant
lightweight design is presented in Fig. 6.1.
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Fig. 6.1: Workflow for optimization of Ti-6Al-4V forgings to afford fatigue-proof
damage tolerant lightweight design
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Starting from the geometry of a component, a finite element stress analysis and a forging
simulation can be performed. Ideally, the starting geometry is thereby the result of a topology
optimization tool, for example, TOSCA"™". The finite element stress analysis for a given load
spectrum provides the stress tensor in every element. The forging simulation in Deform' affords
in addition to effective strain, temperature, cooling rates, etc. also the microstructural parameters
in every element of the component by utilizing a user-routine. These microstructural parameters
are the input for the developed fatigue models, first and foremost the microstructural-based
fatigue model. The fatigue models were implemented in a fatigue postprocessor, which maps the
results of the forging simulation on the finite element mesh of the stress analysis and calculates
the fatigue strength in every node. The local damage in every node is determined by application
of the Palmgren-Miner damage accumulation approach. The results of this lifetime estimation
are the basis for the optimization of the forging process and of the shape of the component to
achieve optimized durability and lightweight design.

6.2. Geometry

Ideally, the geometry of a component is defined with the aid of topology optimization. Starting
from the constructed space under consideration of the applied loads, a topology optimization
finds the component design with maximum stiffness or minimum weight. This design has to be
adapted to ensure economic producibility and functionality.

An engine mount (dimensions 350 x 260 x 160 mm) was designed by Bohler Schmiedetechnik
GmbH & Co KG for application and verification of the developed models. Fig. 6.2 (1) shows the
geometry of the finished component, which reacts vertical and lateral loads into the substructure.
The mount is required to support a mass of 587.5 kg at a distance of 63.5 mm below the centre of
the lower lugs. The assembly of engine mount and aero engine is presented in Fig. 6.2 (r); the
engine mount is thereby red-colored.

Hauere r ‘
Lower lugs J

Fig. 6.2: Designed engine mount (1) and assembly of engine mount and aero engine (r)

6.3. Forging simulation

The forging simulation is performed by Bohler Schmiedetechnik GmbH & Co KG with the finite
element software tool Deform . A Deform user-routine is currently developed by Béhler
Schmiedetechnik, which predicts the local microstructure in every element of a component in
respect of the local thermomechanical processing. An interim link of forging parameters (forging
temperature, heat treatment temperature, and cooling rate) and local microstructure was
developed, cf. Appendix, by analysis of the microstructure of several heat-treated V-shapes. This
interim model was used for fatigue analysis of the engine mount presented below.
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The forging simulation of the engine mount was performed by Bohler Schmiedetechnik for
solution treating (950°C / 70 min.) with two different cooling types, namely air-cooling and
polymer-quenching, respectively. The different cooling types yield in considerable variations of
the local cooling rate (determined by linear interpolation between 900°C and 650°C), Fig. 6.3.
These local cooling rates are the input for the interim microstructure model (cf. Appendix) and
lead to variations of the local microstructural parameters (a+f)-content and colony length.

Air-cooling Polymer-quenching
CR CR
[Comin] [*Cmin]

800 I

Fig. 6.3: Cooling rate distributions for solution treating with subsequent air-cooling (1) or polymer-quenching (r)

6.4. Finite element stress analysis

A finite element analysis is performed for determination of the stress tensor in every element of a
component for a given load case. The stress analysis of the engine mount was done in the
software tool Nastran" for three different load cases. The load cases were chosen in accordance
to the Joint Aviation Requirements JAR-25 [88], considering flight loads, ground loads, and
emergency landing conditions. Evaluation of these load conditions yield the following critical
cases to be considered for this analysis based on the support mass mentioned above: 3g-up, 3g-
side, and 6g-down. The according stress distributions for these load cases are shown in Fig. 6.4.

Load case 3g-up Load case 3g-side Load case 6g-down

[MPa] [MPa]
15? 716
|

Fig. 6.4: Mises equivalent stress distributions in the engine mount for three different load cases

[MPa]
414

300

200 |
100
0

It was observed that the maximum equivalent stress, 720 MPa, occurs during the 3g-side load
case at the notch root at one of the upper lugs. Both other load cases lead to significantly lower
maximum equivalent stresses. It can hence be concluded that the 3g-side load case is the critical
one regarding fatigue lifetime.
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6.5. Fatigue models

The fatigue models developed in this thesis enable the link of local microstructure and fatigue
strength, under consideration of several other important influences on the fatigue behavior.

Starting from the local microstructural parameters (o+f)-content, primary a-grain size and
(a+P)-colony length, derived from the forging simulation, the following developed fatigue
models are used for determination of the local fatigue strength:

e Microstructural model: Based on the three microstructural parameters mentioned above,
the microstructural-based S/N-curve, Equ. (4.14) to Equ. (4.18), and the long crack
growth behavior, Equ. (4.23) to Equ. (4.34), are estimated.

o Relative stress gradient model: The influence of the relative stress gradient on the fatigue
behavior is determined with Equ. (4.43) to Equ. (4.47), considering the anomalous high
notch sensitivity of Ti-6Al-4V.

e Mean stress model: The considerable influence of impressed mean stress, due to the
anomalous high mean stress sensitivity of Ti-6Al-4V, is estimated with Equ. (4.53) to
Equ. (4.63).

e Surface state model: The surface state, especially variations of surface roughness and
residual stresses, affects the fatigue behavior. This influence is considered with surface
state coefficients, Equ. (4.71) to Equ. (4.73).

e Operating temperature model: The influence of the operating temperature on the finite
life and high cycle fatigue strength is not significant and is estimated with appropriate
coefficients, Equ. (4.76) to Equ. (4.78). However, the transition of low cycle fatigue
region to finite life region is considerably lowered with increasing temperature and can
be estimated according to Equ. (4.83) to Equ. (4.85).

e Damage tolerance model: The Chapetti-curve, Equ. (4.3) to Equ. (4.5), in combination
with the adapted material parameter for Ti-6Al-4V, Equ. (4.42), and the developed finite
life model, Equ. (4.70), is used to estimate the crack growth threshold in respect of crack
length and cycles to failure. For a given geometry factor, the stress intensity factor
thresholds can be converted according to the basic equation of the linear elastic fracture
mechanics, Equ. (4.7), to stress values. A S/N/a-surface can hence be generated, which
considers the influence of local flaws on the fatigue behavior.

6.6. Lifetime estimation

The lifetime estimation in the local stress concept is based on damage accumulation. Thereby,
the local fatigue behavior (local S/N-curves) and the local stresses are combined with the load
spectrum to a damage contribution. The detailed procedure is discussed below.

6.6.1. Critical plane approach

The result of a finite element simulation is a stress tensor. However, a scalar stress value is
needed for damage accumulation. One possibility for the transformation of a stress tensor to a
scalar stress value for fatigue analysis is the critical plane approach. An immense number of

critical plane criteria exists nowadays [90], with the problem, that a selection is increasingly
difficult.
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The principle of a critical plane approach is that the highest loaded cutting plane in a multiaxial
loaded node is critical for fatigue. The stress state of a node is defined with a stress tensor g,
Equ. (6.1), consisting of normal stresses o and shear stresses 7, cf. [75].

Gx ’txy sz
c=|t, ©, T, Equ. (6.1)
sz vz Gz

The transformation of this stress tensor is done in discrete cutting planes. These cutting planes
are arranged in equidistant angle increments to each other and are defined with the normal vector
n, Equ. (6.2). Thereby the angles ¢ and € define the direction of the normal vector.

sin O cos @
n=|sin0sin@ Equ. (6.2)

cos0

The stress vector o of a cutting plane can be determined with Equ. (6.3).

c. =0C'n Equ. (6.3)

c

la

The scalar normal stress o; and the shear stress 7 of a cutting plane are given according to Equ.
(6.4) and Equ. (6.5).

G,=0,'n Equ. (6.4)

n

T= g2 -c Equ. (6.5)

These normal and shear stresses have to be converted into an equivalent stress. One
commercially used approach is presented in [106], using the sign of the normal stress also for the
equivalent stress in a cutting plane. This approach, adapted for Ti-6Al1-4V, leads to Equ. (6.6).

O g Ti6h = Sign(cn )«10.75 o, +37 Equ. (6.6)

This equivalent stress is calculated for all equidistant cutting planes of a node. That plane with
the highest equivalent stress is assumed to be the most damaging one, and the according stress
amplitude and mean stress are used for damage accumulation.
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6.6.2. Maximum principal stress

With respect to crack propagation and damage tolerance, the equivalent stress discussed before
should not be used for calculation of stress intensity factors and according stresses (S/N-curve
for local flaws). Normal stresses (crack opening mode I) are considerably more unfavorable with
respect to crack growth than shear stresses (propagation mode II and mode III). Therefore, it is
suggested that the maximum principal stress should be used for the determination of stress
intensity factors and according stresses.

At every node with a stress tensor o there are at least three planes, called principal planes, where
the corresponding stress vector is perpendicular to the plane, and where no shear stresses r are
present. The three stresses normal to these principal planes are called principal stresses. These
three principal stresses are the eigenvalues of the stress tensor. They can be determined by
solving the characteristic equation, Equ. (6.7). The three invariants /; to /; are thereby calculated
according to Equ. (6.8) to Equ. (6.10).

N+ -LA+1,=0 Equ. (6.7)
l, =0, +0, +0;, Equ. (6.8)
I, =6,,6,,+G,,0,, +G, Gy, —Gi, — G, — Oy Equ. (6.9)
I, = det (o) Equ. (6.10)

The maximum principal stress should be used for damage tolerance calculations. This approach
1s conservative, because it implies the worst case of crack-to-load arrangement (maximum
principal stress perpendicular to crack = pure opening mode I). It should be used in combination
with the flawed region of the S/N/a-surface for damage tolerant design.

6.6.3. Load spectrum
A simplified load spectrum for the lifetime estimation (consisting of simple stress reversals) is
usually generated from measured complex load-time-histories (variable amplitude loading) by
utilization of counting algorithms (for example, the rainflow counting method, cf. [34]).
For the examined aero engine mount, fatigue loads are generated by:

e Ground handling (towing, de-icing, turning, pivoting)

e Taxiing

e Take-off and landing

e Ground-air-ground loads

e Vertical and lateral maneuvers

e Vertical, lateral, forward and aft gusts
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The load spectrum for the engine mount was chosen according to the TWIST (Transport Wing
Standard) loading sequence, reported in [78]. The TWIST loading sequence was developed to be
representative of the stresses in the lower wing skin at the wing root of a transport aircraft, since
this has been found to be typically the most fatigue critical location. The TWIST load spectrum
based on 40,000 flights is stated in Tab. 6.1.

Nr. | o, oy Cycles

1 1.0 | 1.600 10

2 1.0 | 1.500 20

3 1.0 | 1.300 50

4 1.0 | 1.150 180

5 1.0 | 0.995 520

6 1.0 | 0.840 1,520

7 1.0 | 0.685 8,000

8 1.0 | 0.530 41,700

9 1.0 | 0.375 348,000
10 | 1.0 | 0.222 3,586,650
11 | -0.3 | 0.200 40,000
12 | -0.3 | 0.120 3,946,650

Tab. 6.1: TWIST loading sequence for 40,000 flights [78]

6.6.4. Damage accumulation

A simple and common method for the lifetime estimation of variable amplitude loaded
components is the Palmgren-Miner rule, also known as linear damage accumulation hypothesis.
The input for such a damage accumulation is a S/N-curve and the load spectrum. It is assumed
that the damage of one load cycle is 1/N;, where N; are the cycles to failure for a stress amplitude

oui according to the S/N-curve.
The summation of the damages resulting from all cycles of a load spectrum leads to the damage

D, Equ. (6.11), where n; are the load cycles of one step with stress amplitude o,; of the load
spectrum. The Palmgren-Miner rule states that failure occurs when D = 1. [78]

n.
D:Zﬁj Equ. (6.11)

Different types of the Palmgren-Miner rule exist regarding damage contribution of stress
amplitudes below the fatigue limit:

e Miner Original: It is assumed that stress amplitudes below the fatigue limit have no
damaging effects.

e Miner Modified: A S/N curve below the fatigue limit with a slope ky.s = 2k-1 is used for
calculation of the damage.

e Miner Elementary: The stress amplitudes in the whole range above and below the fatigue

limit are evaluated equally.

For Ti-6Al-4V with its distinct fatigue limit, it can be assumed that Miner Original should be
used for damage accumulation. However, the finite life fatigue strength is dominated by fatigue
crack growth.
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Therefore, the fatigue limit for a damage accumulation according to Miner Original should be
approximated with the short crack growth threshold. The easier and conservative approach is to
use Miner Elementary. Nevertheless, the Palmgren-Miner approach has to be verified for
relevant load spectra, which is a potential research field.

6.6.5. Implementation in a postprocessor

Both, the fatigue models and the damage accumulation were implemented by Bohler
Schmiedetechnik GmbH & Co KG in Fortran in a postprocessor called BOFAP (Bohler Fatigue
Postprocessor). BOFAP maps the results of the forging simulation (local microstructural
parameters) on the finite element mesh of the stress analysis.

One example, the distribution of the colony length in the engine mount for two different cooling-
types, is presented in Fig. 6.5. It was observed that polymer-quenching leads to larger colonies,
what coincides with the findings in the chapter “Microstructural characterization”, cf. Fig. 3.27
(I). It can be assumed that this change of the lamellae aspect ratio (the polymer-quenched
lamellae are thinner but longer) is caused by the higher (a+f)-content compared to the air-
cooling.

The critical plane approach and the eigenvalues of the local stress tensors lead to the equivalent
stress amplitude, maximum principal stress and stress ratio in every node of the component.

Air-cooling

Polymer-quenching

Fig. 6.5: Distribution of colony length for air-cooling (1) and polymer-quenching (r)

The local microstructural parameters are the input for the fatigue models, and the local S/N-
curve can be computed. The equivalent stress amplitude and the local S/N-curve are the input for
a damage accumulation based on the Palmgren-Miner rule. The result is the damage distribution
in the component. The damage distributions for the engine mount are presented in Fig. 6.6. It
was observed that the microstructure resulting from polymer-quenching leads to the lower
damage, in spite of the larger colony length, cf. Fig. 6.5. This is caused by the higher (a+f3)-
content (50% compared to 43% for air-cooling) at the fatigue-critical zone and the significant
influence of this microstructural parameter on the finite life fatigue strength, cf. Fig. 4.67. The
location of the maximum damage corresponds with the highest loaded region of the component,
cf. Fig. 6.4 (load case 3g-side).

The calculated damage is based on the TWIST loading sequence discussed before, and is hence

related to 40,000 flights. The lifetime of the air-cooled engine mount would therefore be 615,000
flights, that of the polymer-quenched one 690,000 flights; a difference of 12%.
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Fig. 6.6: Damage distribution in the engine mount for air-cooling (1) and polymer-quenching (r)

For damage tolerance analysis, a maximum flaw size can be defined, for example, according to
the smallest detectable flaw size of non-destructive testing methods (approximately 0.5 mm, cf.
[119]). This flaw size serves as input for computation of a local S/N-curve considering the given
flaw size, which is used in combination with the local maximum principal stress amplitude for a
damage accumulation and estimation of the local damage tolerant lifetime. This analysis was
performed for the engine mount, and a maximum damage of 625 was found for both cooling-
types. This means, that the inspection interval for damage-tolerance has to be set to 64 flights.

Furthermore, the allowable crack length, for example, for infinite life, can be estimated. The
according results for the engine mount are shown in Fig. 6.7. Uncritical regions are blue-colored,
which means allowable crack lengths larger 1 mm. Red-colored regions indicate allowable crack
lengths smaller zero, which means that infinite life is not possible and a finite life number of load
cycles has to be defined. The identical distributions of the allowable crack length for both
cooling-types result from the fact that the a-grain size is currently supposed to be independent
from cooling rate, cf. Equ. (12.3).

Air-cooling Polymer-quenching
[mm]

=

0.75 075 |

0.50 0.50

0.25 0.25
<Q ' <0 '

Fig. 6.7: Distribution of the allowable crack length for infinite life for air-cooling (1) and polymer-quenching (r)

These results show the significant difference of S/N-approach and damage tolerant design. The
lifetime of the component based on the S/N-approach is over 600,000 flights, which corresponds
to the eight-fold design life of an appropriate aircraft. However, to ensure damage tolerance, the
engine mount has to be inspected every 64 flights. This inspection interval can be enlarged either
by decreasing the smallest detectable flaw size of non-destructive testing, or by optimization of
the component, cf. the chapter below. Damage tolerance in combination with infinite life is
impossible for this component.
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6.7. Optimization
The lifetime or damage tolerance of a component can be optimized in two respects:
e Decrease of the local loading

e Increase of the local fatigue strength

The decrease of the local loading can be achieved by utilizing shape optimization tools. These
tools optimize the local shape of a component and decrease that way the stress concentration at
stress raisers, for example, geometrical transitions or notches. The results of the computational
lifetime estimation in BOFAP serve thereby as input, because those zones of the component with
the maximum damage should be optimized. In the case of the examined engine mount, the zone
of maximum damage at the upper lugs has potential for shape optimization.

The local fatigue strength of Ti-6Al-4V can be enhanced by optimization of the local
microstructure and hence thermomechanical processing. Again, those zones of the component
with the maximum damage should be optimized. This can be achieved by adaptation of forging
geometry, forging process and subsequent heat treatment. For the engine mount, polymer-
quenching after the solution-treatment leads to an enhanced lifetime, plus 12%, compared to the
common air-cooling.

It can be concluded that the developed engine mount has potential for fatigue-proof and damage
tolerant lightweight design, which is enabled by the developed models for continuous
computational optimization of Ti-6Al-4V forgings. Especially in the aerospace industry, the
realization of lightweight structural components is a top priority. Weight reduction of structures
both increases the potential payload of aircraft and decreases their fuel consumption and CO,
emission.
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Conclusion

The fatigue behavior of Ti-6Al-4V forgings is considerably influenced by microstructure,
relative stress gradient, impressed mean stress, type of loading, surface state, operating
temperature and flaws.

It was observed that the influence of microstructure is different for equiaxed-type
(Ce+p<20%) and bimodal-type (Cgp:p>25%) microstructures. For both types of
microstructures, phenomenological models were developed for the estimation of finite
life fatigue strength and fatigue limit in respect of characteristic microstructural
parameters. The long crack growth threshold is controlled by roughness-induced crack
closure and was linked with the primary o-grain size.

Ti-6Al1-4V exhibits almost full notch sensitivity in the infinite life region. This means that
the maximum stress in a notch root determines the fatigue limit, independent from a
relative stress gradient. A slight supporting effect was determined for the finite life
region. Phenomenological models were developed to account for the anomalous high
notch sensitivity.

Impressed mean stress leads to a significant decrease of the high cycle fatigue strength,
because the maximum stress determines the fatigue limit. This anomalous mean stress
dependence was analyzed and phenomenological models were developed for the
estimation of the fatigue strength in the finite and infinite life region in respect of the
stress ratio.

The full mean stress sensitivity is consistent with the high notch sensitivity. This can be
attributed to the crack initiation mechanism in Ti-6Al-4V. A crack initiates, if a certain
maximum stress is reached to cause cleavage fracture; almost independent from stress
ratio or stress gradient. This mechanism controls the fatigue limit of Ti-6Al-4V. In
contrast, the finite life region is dominated by the crack propagation behavior.

Regarding multiaxial loading, the von Mises equivalent stress was determined to be valid
for Ti-6Al1-4V for the fatigue limit. The use of this equivalent stress for the finite life
fatigue region leads to a (conservative) overestimation of shear stresses owing to the
disregard of decelerated crack propagation in shear mode.

The surface state considerably influences the fatigue behavior of Ti-6Al-4V. It was
observed that the fatigue limit is thereby mainly affected by surface roughness. In
contrast, the fatigue behavior in the finite life region is dominated by residual stresses in
the surface layer. This can be explained by the maximum stress controlled crack initiation
and crack propagation controlled finite life fatigue strength mentioned above.

Including the surface state in the lifetime estimation is difficult due to the complex
interaction of several influencing variables, especially residual stresses and surface
roughness, with other fatigue influences, for example, stress ratio and relative stress
gradient. A simple model was hence implemented, using three coefficients for the
description of the S/N-curve shift relative to the machined surface state.
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e [t was determined that shot peening does not compulsorily lead to an increase of fatigue
strength. In the finite life region, the effectiveness of a shot peening treatment depends
especially on the stress ratio of the load. The fatigue limit (fatigue strength at 10° load
cycles) is not increased by shot peening.

e Machined square edges result in decreased fatigue strengths. This may arise due to the
residual stress state in the edge regions (lower compressive or multiaxial residual tensile
stresses). For this reason, chamfered edges are recommended.

e The as-forged surface of Ti-6Al-4V forgings exhibits high residual compressive stresses
in the surface layer. A shot peening treatment leads to a significantly higher roughness
and only a slight modification in the residual stress distribution. For safety critical
regions of shot peened, as-forged surfaces, when no machining is performed, in order to
be conservative it can be assumed that the fatigue strength is lowered at concomitant
higher manufacturing costs.

e If an as-forged surface borders a machined surface, tensile residual stresses are exposed.
This leads to significantly lower fatigue strength. Such transition regions should be shot
peened, causing the residual tensile stresses to shift beneath the surface, allowing for
increased fatigue strength.

e Regarding damage tolerance, a new approach was introduced, combining the Kitagawa-
Takahashi-diagram and the S/N-approach to a S/N/a-surface. The (flaw-less) plain
fatigue limit is thereby determined according to the microstructural, stress gradient, and
mean stress models. For the infinite life region, the Chapetti-curve is used for estimation
of the crack growth threshold in respect of the crack length. The finite life region of the
S/N/a-surface is based on the flaw-less modeled S/N-curves and finite life thresholds,
which are a function of the load cycles. This approach provides a simple model for
design engineers to estimate the damage tolerance of a component for any flaw or
damage.

e Fatigue test results of Bohler Schmiedetechnik GmbH & Co KG reveal that temperatures
up to 350°C do not significantly affect the fatigue strength, neither in the finite life region
nor at the fatigue limit. However, the low cycle fatigue strength is considerably decreased
due to the decrease of the tensile strength. Therefore, it is important to determine the
decrease of the flow stress at elevated temperatures and calculate the transition from
finite life to low cycle fatigue. According models were hence developed.

e The comparison of cyclic stabilized strain-controlled fatigue data and stress-controlled
tension/compression test results revealed a good accordance for the finite life region. A
model for the estimation of the low cycle fatigue region based on the flow stress was
presented.

e The verification of the developed fatigue models was done with fatigue test results of 15
forged components (discs, structural parts) from Bohler Schmiedetechnik GmbH & Co
KG. The fatigue tests were performed in certified testing laboratories under different
loading conditions (stress ratios, operating temperatures, etc.). A good accordance of
modeled S/N-curves and fatigue test data was observed, what confirms the chosen
approaches.
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The developed models were implemented by Bohler Schmiedetechnik GmbH & Co KG
in a postprocessor. This fatigue postprocessor merges the results of forging simulation
(with Deform'") and finite element stress analysis (with Nastran" ), and calculates the
damage for a given load spectrum.

The developed models enable fatigue-proof and damage tolerant lightweight design of
forged Ti-6Al-4V components by optimization of forging process and geometry, Fig. 7.1.
Starting from the geometry of a component, a finite element stress analysis and a forging
simulation can be performed. Ideally, the starting geometry is thereby the result of a
topology optimization tool, for example, TOSCA™". The forging simulation affords the
microstructural parameters in every element of the component. This information in
combination with the local stresses and the developed fatigue models enable a
computational lifetime estimation. The results of this lifetime estimation are the basis for
the optimization of the forging process and of the shape of the component to achieve
optimized durability and light weighting.

[ Load |

Fatigue-Models

FE-Analysis

Stress

 — x| ifetime-Prediction

Fig. 7.1: Optimization of Ti-6Al-4V forgings with respect to fatigue behavior and damage tolerance

The developed approach for the computational optimization of Ti-6Al-4V forgings is a
useful contribution to lightweight design of products. Especially in the aerospace
industry, the realization of lightweight structural components is a top priority. Weight
reduction of structures both increases the potential payload of aircraft and decreases their
fuel consumption and CO, emission.
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8.

Outlook

The next step has to be the verification of the developed models based on multiaxial
fatigue tests on forged components. Therefore, the designed engine mount has to be
manufactured. Component fatigue tests have to be done on this mount to verify the
results of the computational lifetime estimation. After this verification, an optimization
tool should be implemented in the interface of fatigue postprocessor and Deform’ for
automated optimization of the forging process. Furthermore, a link of fatigue
postprocessor and shape optimization tools is conceivable.

The influence of variable amplitude loading was not investigated in the presented
research. However, the currently used Miner-approach for damage accumulation has to
be verified for relevant load spectra. Therefore, variable amplitude fatigue tests are
suggested for verification.

An exact estimation of static strength in respect of microstructural parameters is currently
missing. Additional tensile tests and Kjc-tests on Ti-6Al-4V with varying microstructure
are currently performed for development of according models.

The influence of operating temperature was analyzed based on few test results obtained
from Bohler Schmiedetechnik. Additional fatigue tests and tensile tests are necessary to
confirm the suggested models. Furthermore, the influence of thermo-mechanical fatigue
should be investigated.

This doctoral thesis was focused on the fatigue behavior of isotropic equiaxed and
bimodal Ti-6Al-4V. Lamellar microstructures and the influence of crystallographic
texture were excluded, since they do not represent typical forgings. Nevertheless, it
would be interesting to include these options in the fatigue postprocessor.

Another potential research field is a more comprehensive investigation of the influence of
surface state and fretting on the fatigue behavior of materials in general and especially
Ti-6Al-4V. These influences are currently investigated by Bohler Schmiedetechnik for a
detailed consideration in continuous computational lifetime estimation.

An improvement of the microstructural and residual stress modeling in Deform has to be
done, and is part of current research of Béhler Schmiedetechnik.

Finally, the transferability of the developed fatigue models to other titanium alloys
(especially those with similar microstructure) should be analyzed.
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11. Acronyms, abbreviations and symbols

11.1. Acronyms and abbreviations

o I Bottom

Coveevernenn Center

BA....... Beta-annealed
bee........ Body-centered cubic

BSTG ...Bohler Schmiedetechnik GmbH & Co KG (Bohler Forging)
CP......... Commercially pure

DT....... Damage tolerance

DTD .....Damage tolerant design

EBSD ...Electron backscatter diffraction

FB......... Feedstock billet

FPB ...... Four point bending

FC......... Furnace cooling

FCP ......Fatigue crack propagation
fec......... Face-centered cubic
FE....... Finite element

FOD .....Foreign-object damage
ho....... Hour

HCEF......High cycle fatigue
hep........ Hexagonal close-packed
hkl ........ Miller indices

| S Left

LEFM...Linear elastic fracture mechanics
LC...... Long crack

LCF......Low cycle fatigue
LOM.....Light optical microscopy
MA....... Mill-annealed

min....... Minute

oT........ Operating temperature

PA ... Paper / written contribution
PO........ Poster

PQ........ Polymer-quenched
PR........ Presentation

Fovreeneens Right

RA........ Recrystallisation-annealed
RB........ Rotating bending

RS......... Residual stress

RT........ Room temperature

SC......... Short crack

SCG......Short crack growth
SEB......Single edge bending

SEM .....Scanning electron microscope
SIF........ Stress intensity factor

ST......... Solution treated
STA......Solution treated aged

STOA ...Solution treated over-aged
STPQ....Solution treated polymer-quenched
STWQ ..Solution treated water-quenched

Trreereene Top
T Torsion
TC ........ Tension/compression

UHCEF...Ultra-high cycle fatigue
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11.2. Symbols

11.2.1. Latin symbols

Ao, Crack length

177 SR Initial crack length

gy eeeeene Crack length at the transition point of the Kitagawa-curve

Ao Elongation at rupture

Agecennnn. Uniform strain

Agtovnnn. Total strain at maximum load

Ao, Total strain at rupture

b, Fatigue strength exponent

Coverrerens Fatigue ductility exponent

Coguiveeeenes Equivalent stress material constant

Csfrrnnnnnn Surface state coefficient for the fatigue limit

CSFLeeeen Surface state coefficient for the finite life fatigue strength at 10° cycles to failure
CSpervereens Surface state coefficient for the finite life slope

CTfrerenns Temperature coefficient for the fatigue limit

cr1....... Temperature coefficient for the finite life fatigue strength at 10° cycles to failure
CTk weereen Temperature coefficient for the finite life slope

Coen. Paris-coefficient

Cyip......(a+p)-Content
Col........ Colony length

Con....... Connectivity

CR...... Cooling rate

d..... Diameter of something, or microstructural barrier length
Ayooeeenenn Micro crack limiting obstruction distance

D......... Grain size, or damage

E.... Young’s modulus

/. Modeled values

A Mean value of the modeled values

I Invariant

Keoooeaenne Slope of S/N-curve in finite life region, or material constant for Chapetti-curve
krisq....... Material constant for Chapetti-curve adapted for Ti-6Al-4V
K ... Cyclic strain hardening coefficient

Ky Type of X-ray radiation

Kp......... Fatigue notch factor

Koo, Theoretical stress concentration factor

AK ... Stress intensity factor range

AKe.......Extrinsic component of the crack propagation threshold
AK ¢ .....Extrinsic component of the crack propagation threshold for long cracks

AK 4 .....Intrinsic component of the crack propagation threshold (microstructural threshold)

AKy, ......Stress intensity factor threshold range (for long cracks)

Mo, Paris-exponent or Schmid factor

My......... Bending moment

M. Torsional moment

[/ Normal vector or supporting factor
[/ Cyclic strain hardening exponent

/PR Load cycles of one step of a load spectrum
N Cycles to failure

Nyoouue. Cycles to failure

Npgooon.. Half cycles to failure
Ng oo, Crack growth cycles

Nioooennn Crack initiation cycles, or cycles to failure for Palmgren-Miner rule
Np......... Cycles at transition

J 72 Parameter resulting from fitting

Ps.......... Survival probability

7 A Parameter resulting from fitting

R, Stress ratio

R..... Coefficient of determination
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Center-line average roughness
Strain ratio

..Ultimate tensile strength

Flow stress

Forging temperature

Heat treatment temperature

Scatter in finite life region

Scatter in HCF region

a-Lamellae width

Geometry factor

Data set values

..Data set mean value

Exponent of the modified Gough Pollard equation

11.2.2. Greek symbols

Ao Alpha-phase

Interconnected a-grain size

Primary o-grain size

Beta-phase

Relative stress gradient

..Slip

..Strain

..Elastic strain amplitude

..Plastic strain amplitude

.. Total strain amplitude

..Fatigue ductility coefficient
..Elongation at fracture

Elastic mean strain

Plastic mean strain

Total mean strain

..Angle for definition of a normal vector
Angle of deflection or angle for definition of a normal vector
O oo Stress

o ORI Stress tensor

Ao......... Stress range

Aoy ......Stress ratio dependent plain fatigue limit
002 eeenns 0.2%-Yield strength

O eevenenans Stress amplitude

e 2NN Stress vector of a cutting plane

..Fatigue strength at 10° load cycles (fatigue limit)
..Fatigue limit of notched specimens
..Fatigue strength coefficient

Mean stress

Maximum stress

Minimum stress

e Normal stress

Chromteennee- Nominal stress

lo7 RO Tangential stress

Tevreeennns Shear stress

(7T Shear stress amplitude

{7 Fatigue strength at 10® load cycles (fatigue limit)

..Shear stress resulting from torsion
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12. Appendix

12.1.

The residual stresses in as-forged surface layers were measured using X-ray diffraction (XRD) in
combination with the sin’  method, Fig. 12.1 (1). It was observed that both, the peak residual
stress (-575 MPa, directly at the surface) and the residual stress distributions are independent
from the analyzed heat treatments (mill-annealing or solution treating). The comparison of two
different types of forgings (V-shapes and pancakes) reveals that the residual stresses are almost
independent from the type and shape of the forging; only the residual stress gradient exhibits
slight differences.

Residual stress distribution in forgings

|[Ti6Al4v Asforged surface layer] {[Ti-6A1-4V V-Shape mill-annealed]|

i 2|
— . e o }/.,/, ‘\m_*
a A/ - & -100 .
= 300 = £ |
7] w
2 G g 20
@ -a00 - — 2 ]
s -500 s /‘/, = 1
= :té[ﬂ—- 3 400
b 2 ] ‘
& 4 & -500 5
—i— V-Shape 720°CI2h/AC 1 : 1
~700 + —»— V-Shape 950°CITOmIn/AG + 720°Ci2h/AC | | -600 { —#— Measured resiual stresses ’—-
1 —e— Pancake 720°C/2h/AC d —a— Simulated residual stresses
-800 L EE L BEE N W e BEe BEE NeN I NI SUC EEC DwR G D UL RN Cow G Con D o -700 T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0 2 4 6 8 10 12 14 16 18

Distance from surface [mm]

Distance from surface [mm]

Fig. 12.1: Measured residual stress distributions in as-forged surface layers (1) and residual stress distributions
in a mill-annealed V-shape in through-thickness direction (r)

The comparison of simulated (in Deform ) and measured (XRD) residual stress distributions of
a mill-annealed V-shape in through-thickness direction is presented in Fig. 12.1 (r). It has to be
mentioned that the residual stresses in the surface layer were just measured for one side of the V-
shape and (owing to the findings discussed before) assumed to be comparable to those of the
other side. It was observed that the FE-simulation is not able to reflect the considerable
compressive residual stresses in the surface layer. It can be assumed that this behavior is caused
by too large element sizes near the surface. The residual stresses inside of the forging can be
estimated by forging simulation. Improvements in the residual stress modeling (phase
transformation, precipitations, surface layer) are currently investigated at Bohler
Schmiedetechnik.
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12.2.

Quasi-static loading

Tensile tests according to DIN EN ISO 6892-1 [59] were performed on specimens (cf. Fig. 3.29)
sampled from mill-annealed V-shape. The tensile-test results of two specimens of V-shape mill-
annealed can be found in Tab. 12.1. The corresponding stress-strain diagram is shown in Fig.

12.2.
E[MPa] | Rpo2[%] | Rm[%] A, [%] Age [%] A [%] A [%]
Nr.V2-4 | 124,000 925 977 8.0 8.8 19.9 20.5
Nr.V2-2 | 122,000 926 978 8.9 9.7 19.5 20.1
Mean value | 123,000 925 978 8.4 9.2 19.7 20.3

The mill-annealed V-shape exhibits a kind of ideal-elastic ideal-plastic stress-strain behavior.
Such a behavior was also found in former research work [1] for lamellar and fine equiaxed Ti-

Stress o [N/mm?]

Tab. 12.1: Tensile test results for V-shape mill-annealed

1200
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{[Ti-6AI-4V V-Shape mill-annealed | |
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Fig. 12.2: Stress-strain-curves for V-shape mill-annealed

6Al1-4V, respectively.
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12.3. Fitting parameters of crack growth curves

The parameters resulting from the fitting of the long crack propagation curves with Equ. (4.8) are

summarized in Tab. 12.2.

Material R p1 P> q: q;

-1 -22.70 21.17 0.80 -1.64
0 -16.83 10.81 0.55 -0.78

V-Shape MA
0.3 -16.05 9.42 0.52 -0.65
0.7 -20.08 7.51 1.30 -0.63
-1 -19.96 19.27 0.24 -1.17
0 -15.94 11.99 0.20 -0.72

V-Shape ST
0.3 -18.04 10.99 0.70 -0.80
0.7 -21.24 9.28 1.39 -0.81
-1 -19.82 19.25 0.19 -1.14
0 -18.29 12.30 0.61 -0.87

V-Shape STPQ

0.3 -20.22 11.46 1.07 -0.93
0.7 -21.89 7.94 1.54 -0.69
-1 -19.51 18.05 0.31 -1.15
0 -18.28 11.63 0.74 -0.88

Pancake MA
0.3 -17.36 9.88 0.73 -0.74
0.7 -18.51 7.03 1.12 -0.57
-1 -16.94 16.75 -0.18 -0.80
0 -16.32 11.58 0.36 -0.76

Pancake ST
0.3 -16.96 10.20 0.63 -0.75
0.7 -19.87 7.61 1.25 -0.63
-1 -16.21 16.24 -0.31 -0.69
0 -15.23 11.29 0.11 -0.63

Pancake RA
0.3 -14.57 9.30 0.19 -0.53
0.7 -19.06 8.15 1.04 -0.63
-1 -14.70 15.92 -0.62 -0.50
0 -15.78 12.34 0.19 -0.77

Pancake BA
0.3 -16.67 10.89 0.48 -0.76
0.7 -16.15 7.14 0.68 -0.50
-1 -16.89 18.78 -0.35 -0.85
0 -14.00 11.50 -0.15 -0.55

Feedstock billet

0.3 -12.98 8.89 -0.07 -0.42
0.7 -17.23 8.10 0.73 -0.57

Tab. 12.2: Fitting parameters of long crack propagation curves
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12.4. Matlab-code for S/N/a-surface

© Oberwinkler Bernd
Montanuniversitat Leoben, Austria
January 2010

o° o

o

o

Calculation of a S/N/a-Surface
for Ti-6A1-4V (example-values for V-shape MA) with Matlab

o\°

clear all;

close all;

clc;

DKthSEB = 5.31; $%SEB Long Crack Growth Threshold [MPam”0.5]

DSf = 391.2; SFatigue Limit [MPa] res. from Microstr. & Mean Stress Model
k = 6.2; %According S/N-curve slope

Neck = 69132000; %According cycles at transition

F=1.12; %Geometry factor for the initial crack [-]

d = 11.2E-6; %Microstructural barrier length [m]

% Meshgrid: (log.) Crack length [m] and (log.) load cycles [-]
[X,Y] = meshgrid(log(lE-6):0.008:1l0og(1lE-2), log(lE4):0.008:10g(1lE9));

m=size (Y);

for i=1:1:m(1,1)
for §j=1:1:m(1,2)

a0 = exp(X(i,3)); %Crack length

N = exp(Y(i,])); %Cycles to failure

DKdR = F*DSf* (pi*d)~0.5; %$Intrinsic threshold

kc = (1/(20*d))* (DKdR/ (DKthSEB-DKdR) ) ; %Material param.
%$Kth = DKdR; %Threshold for microstructurally short cracks

Kth = DKdR + (DKthSEB - DKdR) * (l-exp (-kc* (a0-d)));
%General threshold depending on the crack length

Kfl = 28 * DKthSEB * N"(-0.274); %Finite life threshold

Sf = DSf; SFatigue limit

Sfl = Sf * (N/Neck)”(-1/k); %Finite life fatigue strength

SfBM = Kth /(F* ((pi*a0)~0.5)); S$Fracture mech. fatigue limit

Sf1BM = Kfl /(F*((pi*a0)”0.5)); %Fract. mech. finite life strength
if Sf > Sfl %$if yes, than infinite life region

SFat (i,j) = Sf;
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else %else, finite life region
SFat(i,]J) = Sfl;

end

if SfBM > Sf1BM %if yes, than fract. mech. infinite life region
SB(i,j) = SEfBM;

else %else, fracture mech. finite life region
SB(i,3j) = SflBM;

end

if SFat(i,j) < SB(i,J) %if yes, classical S/N-approach valid
S(i,j) = SFat(i,3);

else %else, fracture mechanical region
S(i,3) = SB(i,3);

end

end
end
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12.5. Linking thermomechanical processing and microstructure

The simulation of the local microstructure in forgings is performed with user-routines in
Deform™, cf. [163]. Such a user-routine is currently implemented for Ti-6Al-4V. An interim
model was hence developed linking forging temperature, heat treatment temperature and local
cooling rate with the necessary microstructural parameters for the fatigue models. This model is
based on the microstructural evaluation of several heat treated V-shapes.

The (a+f)-content Cy+ 5 [%] was linked with the forging temperature 7 [°C], the heat treatment
temperature 7Ty7 [°C], and the cooling rate CR [°C/min]. A separate link was used for solution
treating (7xr / cooling with CR), Equ. (12.1), and mill-annealing (720°C / 2h / AC), Equ. (12.2).

ST: C,,,=0.7T, +T,; +0.5y/CR ~1560 Equ. (12.1)

MA: C,,=0.7T, 613 Equ. (12.2)

The primary a-grain size o, [um] was linked with the forging temperature 7x [°C] and the heat
treatment temperature Txr [°C], Equ. (12.3).

Equ. (12.3
, 170 qu. (12.3)

The colony-length Col [um] was related to the (a+f)-content C,+p [%], heat treatment
temperature 7yr [°C], and cooling rate CR [°C/min], cf. Equ. (12.4).

500C, ., + Ty +CR
Col = Equ. (12.4)

2000
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