Crystal Plasticity Modeling of
Fully Lamellar Titanium Aluminide Alloys

Vom Promotionsausschuss der
Technischen Universitat Hamburg
zur Erlangung des akademischen Grades

Doktor-Ingenieur (Dr.-Ing.)

genehmigte Dissertation

von
Jan Eike Schnabel
(geb. Butzke)

aus
Neumiunster

2018



Gutachter:
Prof. Dr.-Ing. Swantje Bargmann
Prof. Dr.-Ing. habil. Norbert Huber

Vorsitzender des Priifungsausschusses:
Prof. Dr.-Ing. Benedikt Kriegesmann

Tag der miindlichen Priifung:
25. Juni 2018



Acknowledgments

First of all, I would like to thank Professor Swantje Bargmann as my supervisor and Professor
Norbert Huber as the head of institute for giving me the opportunity to do my PhD in an
inspiring and interdisciplinary working environment at the Institute of Materials Research
of the Helmholtz-Zentrum Geesthacht. I very much appreciate that during these years I
was given many valuable opportunities to get interesting insights into different aspects of
experimental and computational materials science even beyond my specific field of research.
Furthermore, I thank Professor Bargmann and Professor Huber for always providing me with
a reliable framework such that my PhD project was finalized successfully as well as for rapidly
reviewing my thesis and for the interesting discussion during the oral exam. Also, I want to
thank Professor Benedikt Kriegesmann for chairing the examination committee in such a
pleaseant way.

I would like to express my special gratitude to Dr. Dirk Steglich for his constant, knowledge-
able support and guidance with regard to basically all scientific and non-scientific questions
that inevitably arised during my PhD work be it through introducing me to the concept of
crystal plasticity and its implementation to FEM or by advising me on how to get started
with scientific writing. Also, I really enjoyed sharing an office with you, Dirk.

I would like to thank my current and former colleagues of the Materials Mechanics depart-
ment at the Helmholtz-Zentrum Geesthacht and the Institute of Continuum and Materials
Mechanics at the University of Technology Hamburg for the many insightful discussions and
the pleasant working atmosphere. I want to especially thank Dr. Ingo Scheider and Konrad
Schneider for many discussions on the details of continuum mechanics and constitutive mod-
eling as well as for critically proofreading this thesis. Furthermore, I thank Dr. Jana Wilmers
for the interesting discussions on multiphysically coupled modeling and for the constant supply
of sweets from Japan.

Also, I want to acknowledge the fruitful collaboration with the colleagues of the Materials
Physics department at the Helmholtz-Zentrum Geesthacht who willingly shared with me
their valuable expertise on titanium alumindes. In particular, I want to acknowledge critical
discussions with Professor Florian Pyczak and Dr. Michael Oehring on the many intricate
details of the plastic deformation behavior of TiAl alloys. Furthermore, I would like to thank
Dr. Jonathan Paul for the collaboration in terms of the static recovery experiments on PST
crystals which enabled me to extend the model accordingly. Moreover, I thank Dr. Marcus
Rackel for providing graphical material of fully lamellar microstructures.

I also want to thank my family and my friends. Their ongoing support, constant interest
in the progress of my work and the countless enjoyable hours we spent together were very
encouraging for me.

Last but not least, I want to thank you, Nicole, for being the most supportive and loving wife
I could ever have wished for as well as for being my closest friend and confidante.



Crystal Plasticity Modeling of Fully Lamellar Titanium Aluminide
Alloys

Jan Eike Schnabel
Abstract

In the present thesis, a thermomechanically coupled, defect density based crystal plasticity
model is presented. This model accounts for the evolution of dislocation densities and twinned
volume fractions on different slip and twinning systems during plastic deformation and ther-
mal recovery. Considering the evolution of dislocation densities and twinned volume fractions
allows a physics based formulation of the work hardening model and enables a physically
meaningful representation of dissipation and stored energy of cold work in the applied ther-
momechanical framework. In the course of this thesis, the presented crystal plasticity model
was applied to investigate several aspects of the plastic deformation behavior of fully lamellar
titanium aluminide alloys. After calibrating the work hardening model to fit experimental
results, it was successfully used to relate specifics of the macroscopic stress-strain response of
fully lamellar titanium aluminides to the work hardening interactions on the microscale. By
combining numerical studies and experimental findings from literature, it was further possible
to identify and consequently model the relative contribution of the different coexisting mi-
crostructural interfaces to the macroscopic yield strength. With this microstructure sensitive
model formulation, the influence of the microstructural parameters on the inhomogeneous
microplasticity of fully lamellar titanium aluminides was studied. Due to its defect density
based formulation, the model enabled trends in the static recovery behavior to be investi-
gated. Finally, the model was extended in order to account for the anomalous dependence of
the yield strength of fully lamellar titanium aluminides on temperature.



Kristallplastizitatsmodellierung lamellarer Titanaluminidlegierungen

Jan Eike Schnabel
Zusammenfassung

In der vorliegenden Arbeit wird ein thermomechanisch gekoppeltes, defektdichtebasiertes
Kristallplastizitdtsmodell vorgestellt. Dieses Modell beriicksichtigt die Entwicklung von Ver-
setzungsdichten und Zwillingsvolumenfraktionen auf verschiedenen Gleit- und Zwillingssys-
temen in Folge von plastischer Verformung und Erholungsvorgingen. Die Beriicksichtigung
von Versetzungsdichten und Zwillingsvolumenfraktionen erlaubt eine physikalisch motivierte
Modellierung des Verfestigungsverhaltens und erméglicht eine physikalisch sinnvolle Darstel-
lung der Dissipation und der in Form von Defekten im Kristallgitter gespeicherten Energie
im Rahmen der hier angewandten thermomechanischen Modellierung. Im Rahmen dieser
Arbeit wurde das vorgestellte Kristallplastizitatsmodell angewendet um verschiedene As-
pekte des plastischen Verformungsverhaltens lamellarer Titanaluminidlegierungen zu unter-
suchen. Nach der Kalibrierung des Verfestigungsmodells gegen experimentelle Ergebnisse
wurde dieses erfolgreich angewendet um charakteristische Merkmale der makroskopischen
Spannungs-Dehnungsantwort lamellarer Titanaluminide mit den Verfestigungsinteraktionen
auf der Mikroskala in Beziehung zu setzen. Durch die Kombination numerischer Studien
und experimenteller Ergebnisse aus der Literatur war es aulerdem moglich den relativen
Beitrag der verschiedenen koexistierenden mikrostrukturellen Grenzflichen zur makroskopis-
chen Flieflspannung zu identifizieren und folglich zu modellieren. Mit dieser mikrostruk-
tursensitiven Modellformulierung wurde der Einfluss der mikrostrukturellen Parameter auf
die inhomogene Mikroplastizitdt von lamellaren Titanaluminiden untersucht. Aufgrund der
defektdichtebasierten Formulierung ermoglichte das Modell die Untersuchung von Trends im
statischen Erholungsverhalten. Schliellich wurde das Modell um die Temperaturanomalie des
FlieBpunkts lamellar Titanaluminidlegierungen erweitert.
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1 Introduction and research objectives

The search for new lightweight structural materials for advanced high temperature applica-
tions strongly promoted research on intermetallic aluminide alloys over the last decades [5].
These alloys consist of one or more of the intermetallic phases (hence the attribute inter-
metallic) that occur in the Ni—Al, Ti-Al or Fe-Al phase diagrams for high aluminum contents
of several 10% (hence the name aluminides) [6]. Although nickel aluminides, titanium alu-
minides and iron aluminides each have their own specific properties [B, [6], all intermetallic
aluminide alloys share some common features like, e.g., their beneficial combination of a low
density and promising thermomechanical properties which renders them interesting for high
temperature lightweight applications [5], [7]. On the other hand, intermetallic aluminide al-
loys usually suffer from their inherent brittleness which causes challenges in manufacturing
and thus complicates their implementation to industrial applications [5]. Among the most
prominent intermetallic aluminide material systems — i.e. the mentioned nickel aluminides,
iron aluminides and titanium aluminides — so far only titanium aluminide alloys reached a
sufficient state of development for large scale industrial applications [5HI0].

1.1 General introduction to « based titanium aluminides

Most technically relevant titanium aluminides are two phase alloys that mainly consist of the
intermetallic v phase (TiAl) but also contain a minor volume fraction of the intermetallic a
phase (TigAl) [11]. These 7 based titanium aluminide alloys — in the following simply referred
to as v TiAl alloys — exhibit compositions in the range of

Ti — (42 — 49)Al — (0 — 10)X(at.%), (1.1)

where X are ternary alloying elements like, e.g., Cr, Nb, V, Mn, Ta, Mo, W, Si, C and B [I1].
Their high aluminum content results in a low density (3.8-4.2 g/cm3) and a good oxidation
resistance [B [6l, @, [12] 13]. Further, v TiAl alloys are characterized by a high melting point,
high specific strengths and Young’s modulus, and a (compared to conventional Ti alloys) good
resistance to titanium fire [5], O, 12]. Figure illustrates the specific yield strength of TiAl
alloys over temperature compared to competing structural materials.

1.1.1 Industrial application potential

Due to their comparatively low density paired with good thermomechanical properties, v TiAl
alloys were early on identified as potential materials to replace titanium (=~ 4.4 g/cm?) and
nickel based alloys (8-8.5 g/cm?) in high temperature lightweight applications, e.g., in turbo
and aero engines. The 1% generation alloys (Ti-48A1-1V-(0.1C) [15]) and 2" generation alloys
(Ti-(45-48)Al-(1-3)X-(2-5)Y-(<1)Z where X=Cr, Mn, V; Y=Nb, Ta, W, Mo; Z= Si, B, C [9])
were, however, limited to service temperatures of 650°C-750°C due to issues with oxidation
[5] and limited creep resistance [9]. With the development of the 3'¢ generation (i.e. 5-10%
Nb containing) v TiAl alloys, the service temperature range was further increased, ultimately
paving the way for applications with temperatures of up to 750°C-850°C [5] [7, [9} 10} 13].
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Figure 1.1. Density normalized yield strength of different structural metallic materials as a
function of temperature. Reproduced with permission from [I4]. Copyright ©2013 Wiley-VCH
Verlag GmbH & Co. KGaA.

While the recent implementation as structural materials for turbine blades in aircraft engines
probably is the most prominent example of their industrial useEl, ~ TiAl alloys are suitable for
a variety of other high temperature applications like, e.g., exhaust valves and turbo charger
wheels in combustion engines [6], 810} (15, [16] or blade disks and casings in compressors and
turbines of aircraft engines [§].

Compared to conventional materials, v TiAl alloys have the potential to reduce the weight
of such components by 20-50% [5]. Reducing the weight of components with high rotational
velocities (e.g. turbine blades or turbo charger wheels) or high accelerations (e.g. exhaust
valves) further opens up possibilities for secondary weight reduction in the supporting struc-
ture. Thus, the effective weight saving potential by the implementation of v TiAl alloys in
such applications is even higher.

1.1.2 Microstructures in ~ TiAl alloys

Two phase v TiAl alloys can be processed to different microstructures which all have their
own mechanical characteristics [I1), [I7]. Following [I7], the possible microstructures can be
categorized into near -y, duplex, nearly lamellar and fully lamellar microstructures. Figure
shows the mid-section of the binary Ti—Al phase diagram and indicates the temperature
regions from which the respective microstructures can be obtained by quenching.

Among the possible microstructures in v TiAl alloys, duplex and (nearly/fully) lamellar mi-
crostructures have the highest technical relevance [12] and are thus most commonly inves-
tigated. While duplex microstructures show an improved ductility as compared to lamellar
microstructures, they suffer from a low fracture toughness and a low creep resistance [9, [17].
Although exhibiting a poor ductility, TiAl alloys with fully lamellar microstructures are su-
perior when it comes to creep or fatigue resistance and fracture toughness [6} 9, 12} [13], 17} [18]
and, thus, are in the focus of current research and this thesis.

! Aircraft engines with 4 TiAl low pressure turbine blades: General electrics — GEnx™; Pratt & Whitney —
PW1000G™; CFM International - LEAP™ [10]
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Reproduced with permission from [I4]. Copyright ©2013 Wiley-VCH Verlag GmbH & Co.
KGaA.

Due to their promising combination of properties for the intended applications, fully lamel-
lar TiAl alloys attract considerable research attention in the fields of alloy development and
process optimization as a result of which their formability and processability is continuously
improved (see, e.g., [9, 10, 15, 19, 20]). Further, the strong effect of the dense arrangement
of microstructural interfaces in fully lamellar TiAl alloys on their macroscopic properties like,
e.g., their yield strength, their creep and fatigue behavior or their fracture mechanics was
studied extensively?] These studies aimed to better understand the complex micromechanics
of fully lamellar TiAl in order to ultimately identify combinations of microstructural parame-
ters that yield the most balanced properties for certain applications. In order to support the
understanding of the various micromechanical interactions in fully lamellar TiAl and their
influence on the macroscopic material’s behavior, numerical simulations — especially in the
field of crystal plasticity — proved helpful in the past (see Chapter [3| for details).

2As the experimental studies are too numerous to be discussed here, the reader is referred to [I1] for a
comprehensive evaluation of the available experimental studies and the corresponding findings.
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1.2 Research objectives

Despite the advances in understanding and modeling the (micro)mechanics of fully lamel-
lar TiAl alloys, there are still unresolved issues especially when it comes to predicting the
macroscopic mechanical behavior from microstructural parameters (e.g. colony size or lamella
thickness, see Figure . The present thesis is dedicated to address some of these issues by
providing a computational model of the deformation behavior of fully lamellar TiAl alloys.
This model is supposed to capture

e the microstructure sensitive yield strength between room and operating temperature,

e the work hardening behavior with particular emphasis on the interactions between slip
and twinning systems and

e the recovery of work hardening during annealing at elevated temperatures.

These objectives cover different topics of engineering interest. First of all, the yield strength
is the most important property for dimensioning structural components. In fully lamellar
TiAl the yield strength is dominated by the dense arrangement of microstructural interfaces.
Thus, determining the yield strength of fully lamellar TiAl as a function of microstructural
parameters and temperature is by no means trivial.

The work hardening behavior, on the other hand, is of significant importance in all technical
applications and processes that incorporate considerable plastic deformation. Generally two
types of respective applications can be distinguished: the ones that aim to benefit from the
introduced work hardening (e.g. surface treatments like shot peening [21]) and the ones that
are negatively affected by work hardening (e.g. forming). For both types of applications,
the recovery behavior (i.e. the reduction of the introduced work hardening due to annealing
processes at elevated temperatures) is of particular interest. In applications in which it is
intended to benefit from the introduced work hardening, recovery due to heat input during
processing or in operation is obviously unfavorable whereas in applications that are negatively
affected by work hardening, systematic heat treatment can be applied to reduce necessary
forming forces.

A well-designed micromechanical model enables to predict the respective material’s behavior
for a given load/annealing history. Consequently, such models can be used to identify the
most beneficial combination of microstructural parameters for an intended application and
enable to optimize the load/annealing path. Further, micromechanical models enable to
study aspects of the respective micromechanics which can not be separately investigated in
experiments.

These modeling objectives all have their own particular challenges some of which are related
to the constitutive modeling itself while others arise from lacking experimental data.

1.2.1 Challenges in micromechanical modeling of fully lamellar TiAl

Modeling the microstructure sensitive yield strength is complicated by the fact that the finite
element method (FEM), as the preferred numerical solution technique, does not explicitly
involve length scales. Thus, a way has to be found to incorporate effects like e.g. Hall-
Petch strengthening which explicitly depend on microstructural lengths. Further, the highly
different length scales that coexist in fully lamellar microstructures raise questions regarding
their spatial discretization.

Challenges in modeling the work hardening of fully lamellar TiAl arise from the high number
of simultaneously activated deformation systems and their work hardening interactions. In
this, the interactions between slip and twinning systems are of special interest.



1.3 Outline of this thesis

The aim to account for the recovery of work hardening imposes certain restrictions on the
work hardening model. Since the recovery of work hardening results from the reduction of
defects in the material, the work hardening model has to be formulated in dependence of the
current defect density in the material which evolves with deformation and temperature.

1.2.2 Challenges due to lacking experimental data

The reported experimental studies pursue research objectives that do not necessarily coincide
with the above sketched objectives of this thesis. Consequently, the reported data are often
incomplete with respect to the research objectives addressed here. A typical example is the
microstructural characterization of tested specimens. While the microstructural parameters
(lamella thickness, colony size etc.) are required for microstructure sensitive modeling, they
are often not (or at least incompletely) reported in studies that do not explicitly intend to
investigate their influence on the material’s behavior.

Further, it is not straight forward and sometimes not even possible to experimentally separate
certain simultaneously acting micromechanical effects in fully lamellar TiAl alloys. Thus, the
corresponding parameters of the micromechanical model that will be presented in the course
of this thesis have to be derived indirectly from experimental results by an iterative calibration
procedure.

1.3 Outline of this thesis

In Chapter 2] a brief introduction to the specifics of fully lamellar microstructures in v TiAl
alloys is given. As a necessary foundation for crystal plasticity modeling, the crystallography
and correspondingly the deformation mechanisms of fully lamellar TiAl alloys are described.
Chapter [3| gives an overview of the state of the art in micromechanical modeling of fully
lamellar TiAl before a defect density based, thermomechanically coupled crystal plasticity
model and its implementation into finite elements is presented. Parts of this Chapter were
previously published in [IH4].

In Chapter 4l the work hardening part of this crystal plasticity model is detailed in terms
of hardening interactions between slip and twinning systems. This hardening model is then
calibrated against experimental results from literature. Subsequently, the calibrated material
model is applied to gain deeper insight into the anisotropic work hardening behavior of fully
lamellar TiAl. Parts of this Chapter were previously published in [2} 3].

In Chapter [5] the dominant effect of the different coexisting microstructural interfaces on the
macroscopic strength of fully lamellar TiAl is described. The respective part of the crystal
plasticity model is detailed and a procedure is shown which enables to separate the relative
contributions of different types of microstructural interfaces to the macroscopic strength by
a combination of simulations and experiments from literature. Parts of this Chapter were
previously published in [T}, 2].

In Chapter [6] the calibrated crystal plasticity model is applied to study the typical inhomo-
geneous microplasticity in polycrystals of fully lamellar TiAl and its sensitivity to changes in
microstructure. Parts of this Chapter were previously published in [3].

Chapter [7]deals with the static recovery behavior. The respective part of the crystal plasticity
model is calibrated against experiments and subsequently applied to study the characteristics
of the static recovery behavior of fully lamellar TiAl alloys. Parts of this Chapter were
previously published in [3].

In Chapter[8] the model is extended about the temperature dependent yield strength. In this,
the yield stress temperature anomaly that is typically observed in intermetallic alloys is taken
into account in a phenomenological way by making the Hall-Petch parameters a function of
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temperature. The extended model reproduces well the temperature dependent yield strength
of fully lamellar TiAl alloys and allows to rationalize discrepancies in the findings of different
experimental studies. Parts of this Chapter were previously published in [I].

Finally, Chapter [0] summarizes the findings of this thesis and gives a brief outlook on possible
future work.



2 Crystallography and micromechanics of fully
lamellar TiAl alloys

In this chapter, the characteristics of fully lamellar microstructures are briefly explained.
Further, the crystallography and correspondingly the available deformation systems of fully
lamellar TiAl alloys are introduced.

2.1 Fully lamellar microstructures

As shown in Figure[2.1] fully lamellar microstructures consist of grain-shaped lamellar colonies.
These colonies are formed by numerous parallel v lamellae with a minor fraction of dis-
persed as lamellae. In analogy to conventional polycrystalline materials, neighboring colonies
(grains) are separated by colony boundaries (grain boundaries) and have a different orien-
tation of their lamella plane (crystal orientation). Typical colony sizes A¢ range from some
10 pm to more than 1000 pm whereas the lamella thickness Ay, is adjustable between a few

10 nm and some pm by alloying and processing [11], [12, 22}, 23].

Figure 2.1. Scanning electron microscopy (SEM) image of a fully lamellar microstructure in
a Ti-42A1-8.5Nb alloy. The microstructure consists of lamellar (a2 + ) colonies which are
distinguished by the orientations of their lamella planes. Picture courtesy of Dr. M.W. Rackel,
Institute of Materials Research, Materials Physics, Helmholtz-Zentrum Geesthacht

As illustrated schematically in Figure the v lamellae are further subdivided into ordered
domains (see e.g. [24] for details) with typical domain sizes Ap of a few 10 pm [23, 24], that
is, the aspect ratio of the lamellae is much higher than sketched in Figure

2.1.1 Polysynthetically twinned crystals

By remelting rods of fully lamellar TiAl in an optical floating zone furnace, it is possible to
produce samples with unidirectionally solidified microstructures that are formed by ~ and
ag lamellae of only one specific orientation |25 [26]. Since these so called polysynthetically
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Figure 2.2. Schematic illustration of a fully lamellar microstructure. A¢: colony size; Ap:
lamella thickness; Ap: domain size.

twinned crystals do not contain any colony boundaries, they were frequently used to gain
insight into the complex micromechanics of a single colony without the disturbing influence
of neighboring colonies. Consequently, a polysynthetically twinned crystal is to a polycolony
microstructure what a single crystal is to a conventional polycrystalline material. The terms
polysynthetically twinned crystal and polycolony microstructure are thus used in the following
to distinguish these two types of lamellar microstructures.

2.2 Crystallography

2.2.1 Lattices

The intermetallic v phase (TiAl) exhibits the tetragonal L1y lattice depicted in Figure
which is basically an FCC lattice with alternating layers of Ti and Al atoms [I1]. Due to the
alternating Ti and Al layers, the unit cell’s height c is slightly bigger than its base length a.
For a better readability, the ¢ ratio is, however, neglected in the description of deformation
systems and the standard Miller index notation for cubic lattices is used (see Appendix.
Like in FCC lattices, plastic deformation of the v phase is accomplished by slip and twinning
on the {111} planes. In contrast to FCC structures, slip systems with a non-zero ¢ component
are, however, not crystallographically equivalent to those without a ¢ component. In order
to make these so called super slip systems distinguishable from the ordinary slip systems
(i.e. those that do not involve a ¢ component), a modified Miller index notation with a
mixed parenthesis is usually applied (see, e.g., [11]). In this, (uvw] denotes the subset of
crystallographically equivalent directions that all have the same ¢ component (i.e. the same
index w). Making use of this modified notation, lattice restoring super slip can be described by
(101] translations (cf. Figure . These translations may, e.g., be achieved by two identical
superpartial dislocations 1/2(101] between which a disordered surface — a so called antiphase
boundary — emerges [I1]. Once both partial dislocations passed, the lattice is restored.

In total, four ordinary slip systems with Burgers vectors b = %(HO] and eight super slip
systems with Burgers vectors b = (101] can be identified [II]. Further, there exist four
twinning systems in the {111} planes of the  phase with Burgers vectors b = é(llﬂ of the
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010]

Figure 2.3. Tetragonal L1y lattice of the v phase (TiAl) with slip and twinning systems in
the {111} planes. The lattice exhibits four ordinary slip systems: b = $(110]; eight super slip
systems: b = (101] and four twinning systems: b = £(112].

twinning partial dislocations [11].

The intermetallic g phase (TizAl) exhibits the hexagonal D0;g lattice depicted in Figure
[11]. Although the £ ratio of this unit cell is close to 0.8, standard Miller-Bravais index
notation (see Appendix is used for better readability. In this hexagonal lattice, plastic
deformation can be accomplished by slip with Burgers vectors b = 1/3(1120) on prismatic
{1100} planes, by slip with Burgers vectors b = 1/3(1126) on pyramidal {1121} planes and
by slip with Burgers vectors b = 1/3(1120) on the basal (0001) plane [1T], 27].

A [0001]

Figure 2.4. Hexagonal D09 lattice of the as phase (TizAl) with prismatic 1/3(1120){1100},
pyramidal 1/3(1126){1121} and basal 1/3(1120)(0001) slip systems.

2.2.2 Orientation relation between the ~ and the a, phase

The specific alignment of the v and the as phase into parallel lamellae results from the
eutectoid phase transformation shown in Figure (see [11] for details on the « - a+ v —
a9 + v phase formation sequence). As a result of the formation process, there is a strict
orientation relation between both phases within each colony that can be described by

{111}, | (0001)a,  and {110}, || (1120}, (2.1)

where || denotes co-planar or parallel respectively [I1), 24]. This means, the close-packed
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planes of both phases (i.e. the {111}, planes in the v lamellae and the (0001),, plane in the
a lamellae) align co-planar during formation while the close-packed directions in these planes
align parallel. The interface between the close-packed planes forms the lamella boundary.
The dense arrangement of crystallographic interfaces within each colony (see Figure does,
however, not only involve interfaces between the v and the ag phase (7/as lamella boundaries)
but also contains interfaces between neighboring + lamellae (/v lamella boundaries) and
between domains within each 7 lamella (/v domain boundaries). These /7 interfaces result
from the fact, that six different ~ orientation variants exist which fulfill the orientation relation
given in [24]. These different ~ orientation variants can be described in terms of rotations
of the v lattice by a multiple of 60° about the [111],/[0001],, direction as it is depicted in

Figure

[111]1[0001] Tio
Al.
s
\ o3 60
o
240 ) \X/XQ\
@ 3000
10
: 120°

0

Figure 2.5. Orientation relation between the hexagonal lattice of the as phase and the tetrag-

onal lattice of the v phase in lamellar colonies. ,Y}V;IH: matrix orientations; 'y%;m: twin orien-

tations. Following Butzke & Bargmann [1].

Three of these v orientation variants are so called matrix orientations that can be expressed
in terms of the orientation relation between their [110], direction and the (1120),, directions
in the basal plane of the ag phase as follows [24]:

'YJI\/I : [1T0]7 T [1120]4,,
Yar © [1T0], 11 [1210]a,,
Yif : [1T0], 11 [2110] -

10
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Here, 11 denotes parallel directions. The three remaining -~ orientation variants denote the
corresponding twin orientations which are described in terms of the orientation relation be-
tween their [110], direction and the (1120),, directions in the basal plane of the ay phase as
follows [24]:

v [110], 1 [1120]4,,
VF + [1T0]y 14 [1210]q,,
Pt (170, 1 [2110]a,-

In this, 1] denotes anti-parallel directions. Thus, each twin orientation is described by a
180° rotation of the corresponding matrix orientation about the [111],/[0001],, direction
[24]. Since it has been found that all domains within a single v lamella are either of matrix
or of twin type [6, [I1], 24], a lamella is called matrix or twin lamella correspondingly.

2.2.3 Morphological classification of deformation systems

So far, the deformation systems of the single phases were described either in groups of crystal-
lographically equivalent slip planes (e.g. basal, prismatic and pyramidal slip in the ao phase)
or grouped by deformation mechanisms (e.g. ordinary slip, super slip and twinning in the =
phase). However, since the (111), plane of all v domains and the (0001),, plane of all a3
lamellae within a single colony are always strictly co-planar to the lamella interfaces, the de-
formation systems of both phases can alternatively be classified according to their orientation
with respect to the lamella plane as introduced in [28]. With the slip/twinning direction s
and the slip/twinning plane normal n, all deformation systems in lamellar microstructures
can be uniquely categorized to be either

o longitudinal (s || lamella plane; n L lamella plane),
o mixed (s || lamella plane; n [ lamella plane) or
o transversal (s }f lamella plane; n [/ lamella plane)

where || and Jf refer to parallel and non-parallel respectively whereas 1 and [ refer to per-
pendicular and non-perpendicular. These different morphological deformation modes are
illustrated in Figure [2.6]

AD
v \
AL \
T
* 1
X T
\
K\
longitudinal transversal

Figure 2.6. Schematic illustration of the morphological deformation modes of the lamellae.
The morphological classification was introduced in [28]. Ar: lamella thickness; Ap: domain size.
Following [29].

Table [2.1] gathers all deformation systems of the v and the ay phase with their mechanism
based and their morphological classification.

11
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Table 2.1. Slip and twinning systems in the tetragonal v and hexagonal ay phase with mor-
phological classification according to [28]. Although both phases exhibit a £ ratio # 1, standard
Miller index respectively Miller-Bravais index notation is used for a better readability. Through-
out this thesis, the index « is used for slip systems whereas the index g is used for twinning

systems.

~ phase
system mechanism morphology index
1/2[110](111)  ordinary slip  longitudinal 1
[011](111) super slip longitudinal 2
[101](111) super slip longitudinal 3
1/2[110](111)  ordinary slip mixed 4
[01T](111) super slip mixed 5
[101](111) super slip mixed 6
1/2[110](1T1)  ordinary slip  transversal 7
1/2[110](111)  ordinary slip  transversal 8
[011](111) super slip transversal 9
[101](T11) super slip transversal 10
[011)(111) super slip transversal 11
[10T](111) super slip transversal 12
1/6[112](111) twinning longitudinal 1
1/6[112](111) twinning transversal 2
1/6[112](111) twinning transversal 3 p
1/6[112](111) twinning transversal 4
o phase
system mechanism morphology index
1/3(1120)(0001) basal slip longitudinal ~ 1-3
1/3(1120){1100}  prismatic slip mixed 4-6 a
1/3(1126){1121} pyramidal slip  transversal = 7-12

2.3 Plastic anisotropy

Crystalline phases generally behave anisotropic during both elastic and plastic deformation
[30]. As long as a polycrystalline material does not exhibit a pronounced texture, the
anisotropy of its crystalline phases is, however, not visible in its macroscopic mechanical
response. The micromechanics of polycrystalline materials is still strongly affected by the
anisotropy of the single phases as it is the case for fully lamellar TiAl alloys. In the context
of crystal plasticity, the plastic anisotropy on the microscale is thus of major interest and is
briefly described in the following for the single as and = phase as well as for the lamellar
colonies.

2.3.1 Plastic anisotropy of single phases

Most crystals exhibit certain symmetries which are characteristic for their lattice structure.
Thus, their distinct plastic anisotropy can usually be described in terms of crystallographically
equivalent slip and twinning planes [30]. Besides the kinematic restriction to deform by shear
on these crystallographic planes, the plastic anisotropy of a crystal is mainly determined by
the critical resolved shear stresses and the hardening behavior of its available deformation

12



2.3 Plastic anisotropy

systems acting along these planes.

Crystallographically equivalent deformation systems are generally believed to exhibit the same
critical resolved shear stress. This means that, e.g., all prismatic slip systems in the as phase
share the same critical resolved shear stress. Further groups of deformation systems with
the same critical resolved shear stresses are pyramidal and basal slip in the as phase and
twinning, ordinary slip and super slip in the + phase.

Experimentally, the anisotropy of crystalline phases is naturally best investigated in single
crystal specimens. Consequently, the anisotropy of the v and the as phase was frequently
investigated by tests with v and as single crystals. These single crystal studies allowed to
determine the elastic constants of both phases (see, e.g., [31,[32]) as well as the critical resolved
shear stresses of their different plastic deformation systems (see, e.g., [27), 33-36]). However,
such single crystals can only be grown for compositions that deviate significantly from the
composition of (aa + 7y) two phase alloys [II]. While « single crystals are obtained for Al-
rich compositions (e.g. Ti-56 at. % Al in [33]) , a9 single crystals are obtained for Al-lean
compositions (e.g. Ti-24.4 at. % Al in [27]).

Since it has been found that the strengths of the plastic deformation systems in both phases
strongly dependent on the Al content [111, [12] 37, [38], the available single crystal results are,
however, only of limited help to understand and describe the plastic deformation of two phase
~v TiAl alloys. This is best illustrated by comparing the relative strength of deformation
systems in the v phase as it was determined in single crystal experiments [33] to the findings
from two phase alloys [37]. Tests with Al-rich vsingle crystals revealed that their plastic
deformation is favorably accommodated by super slip for most crystal orientations indicating
that the critical resolved shear stresses of the ordinary slip and the twinning systems were
higher than those of the super slip systems [11], 33, 39]. In contrast, the v phase in two phase
alloys was found to mainly deform by ordinary slip and twinning while super slip systems
are less preferably activated [111, 37, [39]. Thus, in two phase alloys the critical resolved shear
stresses Tiwin Of twinning systems and Tordinary Of ordinary slip systems in the v phase are
generally believed to be lower than the critical resolved shear stresses Tguper 0f the super slip
systems [11], [37].

The critical resolved shear stresses of the slip systems in the ao phase were also found to be
highly composition dependent. There is, however, evidence that the critical resolved shear
stresses of prismatic slip systems are generally lowest, followed by basal and pyramidal slip,
Le. Tprismatic < Tbasal < Tpyramidal [277 39), db}

In spite of the observed trends in the relative strengths of the different deformation systems
in two-phases alloys, their critical resolved shear stresses could not be quantified uniquely so
far. While micromechanical testing, e.g., micropillar compression or nanoindentation has the
potential to finally determine the strengths of deformation systems of the single phases within
two phase alloys, it creates its own challenges with specimen preparation and interpretation
of the obtained results especially in fully lamellar microstructures [40}, 41].

2.3.2 Plastic anisotropy of single colonies/polysynthetically twinned crystals

There is general agreement that the microstructural interfaces in fully lamellar TiAl — namely
lamella, domain and colony boundaries — are strong barriers for dislocation motion and twin
propagation and thus all give rise to Hall-Petch strengthening, i.e. the yield strength increases
with decreasing lamella thickness Az, domain size Ap and colony size \¢ [111 [I8], 23] [42H49].
Consequently, the inherent plastic anisotropy of the v and the as phase is superimposed by
the severe strengthening effect of these microstructural interfaces as it will be discussed in
more detail in Chapter [o] The effective anisotropy of the lamellar colonies was thus frequently
investigated by experiments with differently oriented polysynthetically twinned crystals (see

13
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e.g. [25) 26, B0-H52]) and more recently by micropillar compression of single colonies within
actual polycolony microstructures [40, 53]. Figure shows the anisotropic yield strength of
polysynthetically twinned crystals as obtained from different experimental studies.
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Figure 2.7. Yield stress of differently oriented polysynthetically twinned crystals under uniaxial
loading. The loading angle ¢ is defined between the uniaxial load and the lamella plane (i.e.
»=0°: loading parallel to lamella plane and p=90°: loading perpendicular to lamella plane).
Experimental results taken from [25] [26], 50H52)

In Figure the yield strength of polysynthetically twinned crystals tested in the strongest
orientation (90° between lamella plane and uniaxial load) is &~ 5-7 times higher than in the
weakest orientation (45° between lamella plane and uniaxial load). The actual difference
between the yield strength in the strongest and the weakest orientation depends on the ratio
between lamella thickness A;, and domain size A\p as it will be discussed in more detail in
Chapter [5] In general, the experiments with differently oriented polysynthetically twinned
crystals/single colonies allow to identify two principal deformation modes [25] 40, 52, [54], 55]:

e the hard deformation mode which requires activation of deformation systems on crys-
tallographic planes that cross the lamella interfaces (mixed and transversal systems)
and

¢ the soft deformation mode which requires activation of deformation systems on crystal-
lographic planes that are parallel to the lamella interfaces (longitudinal systems).

As it will be discussed in more detail in Chapter [d hard mode deformation was mainly
found near 0° and 90° orientations whereas soft mode deformation dominates for intermediate
loading angles between 15° and 75°.

As shown in [25], the yield stress of polysynthetically twinned crystals also varies between
specimens that are loaded parallel to the lamella plane (i.e. ¢=0°) but are rotated around
the [111],/[0001], direction. However, due to the rotational symmetries that result from the
coexistence of the six v orientation variants (cf. Figure , the variation of the yield stress of
©=0° specimens with the angle between the [110] NS and the loading direction is insignificant
especially in comparison to the strong anisotropy that is caused by the lamella interfaces
(cf. Figure . Thus, most experimental studies which are reported in the literature — and
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2.3 Plastic anisotropy

consequently the corresponding simulations which will be presented in the course of this thesis
— have been carried out with the [HO]V}W direction fixed either parallel or perpendicular to
the loading direction (for ¢=0°) while varying ¢.

As a result of the strong plastic anisotropy of the single colonies, there is a pronounced local-
ization of plastic deformation within weakly oriented colonies of polycolony microstructures
as it will be discussed in Chapter [6]
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3 Modeling framework

3.1 State of the art

In the following, the state of the art in crystal plasticity modeling of fully lamellar TiAl and
the generation of representative volume elements (RVEs) of lamellar microstructures is briefly
reviewed.

3.1.1 Crystal plasticity models of fully lamellar TiAl

With the continuous progress in alloy development and the increasing application potential
of fully lamellar TiAl alloys, modeling their deformation behavior soon became of interest.
Since the macroscopic mechanical behavior of fully lamellar TiAl alloys is strongly affected
by their intricate microstructure and crystallography [11], a respective constitutive model has
to take into account the underlying anisotropic micromechanics. On continuum scale, the
anisotropic micromechanics of crystalline materials is frequently described by crystal plastic-
ity models. Since crystal plasticity models explicitly consider the kinematics of a crystal’s
plastic deformation in terms of shear on individual crystallographic planes, they have been
successfully applied to a variety of problems in the field of crystal mechanics [56]. In combina-
tion with the finite element method (FEM) as a common solution technique, the abbreviation
CPFEM (crystal plasticity finite element method/modeling) is frequently used. In the follow-
ing, the reported crystal plasticity models for fully lamellar TiAl alloys are briefly reviewed
in chronological order.

The first successful applications of the crystal plasticity framework to fully (and nearly)
lamellar TiAl have been reported between 1995 and 1997 by Kad, Dao & Asaro [57-59]
and Kad & Asaro [60]. In these works, a 2D CPFEM formulation was presented which
describes the complex crystallography of the lamellar colonies by a homogenized single crystal
model (i.e. without explicitly considering the lamellae). This was done by replacing the
deformation systems of the numerous v and as lamellae by a set of only three slip systems
that reflect the principal deformation modes of the lamellar colonies, namely the soft mode
deformation (parallel to lamella interfaces) and the hard mode deformation (across the lamella
interfaces). The soft mode deformation was described by a 2D projection of the [110](111)
slip system of the v phase whereas two hard mode deformation systems were introduced by
2D projections of two of the pyramidal (1126){1121} slip systems in the ay phase. The work
hardening behavior was modeled by a linear hardening law whereas latent hardening was
neglected. Since this 2D single-phase model does not require an explicit spatial discretization
of the lamellae and takes into account only three slip systems, it is computationally highly
efficient. Thus, it was successfully applied to investigate how the anisotropy of the single
colonies affect the micro strain fields and the macroscopic stress strain response of polycolony
microstructures. However, describing the kinematics of the lamellar colonies by a single phase
crystal plasticity model with only three slip systems does not allow detailed modeling of work
hardening interactions. Further, such a model naturally prevents investigation of details in
the microstrain fields that may arise within the single colonies.

Almost at the same time, a CPFEM model of a polysynthetically twinned crystal was devel-
oped by Parteder, Siegmund, Fischer & Schlégl [61] and Schlégl & Fischer [62-64] in which
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the v and the ay lamellae were explicitly considered. The initial 2D CPFEM formulation,
presented in [61], incorporated all slip systems of the v phase and explicitly considered the 6
~ orientation variants. At this stage, the model did, however, not incorporate twinning of the
v lamellae and treated the oo lamellae as purely elastic. Thus, the model was extended to
a 3D CPFEM formulation [62H64] which incorporated the twinning systems of the v lamel-
lae as well as basal, prismatic and pyramidal slip in the o lamellae. Deformation of the
~ lamellae by super slip was, however, not considered anymore. The critical resolved shear
stresses for the v phase were determined following Hall-Petch arguments. This model was
able to precisely reproduce the anisotropic strength of polysynthetically twinned crystals and
consequently allowed investigation of the respective yield loci. However, the parameters of
the applied hypersecans hardening law were chosen without validation due to a lack of ex-
perimental data on the hardening behavior of polysynthetically twinned crystals. Further, no
hardening was assumed for the twinning systems and hardening interactions were considered
between slip systems only.

In the work of Lebensohn, Uhlenhut, Hartig & Mecking [28], Lebensohn [65] and Uhlenhut [52],
the plastic deformation of polysynthetically twinned crystals was modeled by a visco-plastic
self-consistent (VPSC) crystal plasticity formulation (cf. [66]). In this work, the morpho-
logical classification, described in Section was introduced and the relative strength of
deformation systems of different morphological classes was investigated. By assuming that all
deformation systems of a morphological class have the same strength, i.e. by neglecting poten-
tial differences in strength that result from the crystallography of the single phase, this model
reproduced the anisotropic yield strength of polysynthetically twinned crystals as well as their
relative transversal strains very well. While the different ~ orientation variants were explicitly
considered in this model, the as phase, as the minority phase, was neglected completely.
Grujicic & Zhang [67] presented a 2D CPFEM model that closely followed the ideas of Kad
et al. [57H60] and that was later used by Grujicic & Cao [68] in combination with a cohesive
zone model to investigate fracture in fully lamellar microstructures. The idea of Kad et al.
[57H60] to model the plastic deformation behavior of the lamellar colonies by a homogenized
single phase model was then transferred to a 3D CPFEM formulation by Grujicic & Batchu
[69] which was subsequently applied in [70] again together with a cohesive zone approach to
analyze the fracture behavior of polycolony microstructures. In this 3D CPFEM model, the
strength and hardening behavior of the deformation systems that were chosen to represent
the lamellar colonies in the homogenized single phase model were for the most part taken to
be identical to the values that were previously determined from v and ay single crystal sim-
ulations. These single crystal simulations were calibrated against single crystal experiments
via a numerical optimization algorithm. After adjusting the strength of hard (mixed and
transversal) deformation modes against experiments with polysynthetically twinned crystals
by numerical optimization, the homogenized single phase model reproduced their plastic de-
formation behavior well. However, since the critical resolved shear stresses of the deformation
systems of both phases strongly change with composition (cf. Section , taking the pa-
rameters of the soft mode (longitudinal) deformation systems from single crystal experiments,
is somewhat questionable.

Another 3D CPFEM approach that described the deformation of the lamellar colonies in a
homogenized way was reported by Brockmann [7I]. The homogenized single phase model of
Brockmann [71] was set up in terms of small deformations and rotations. The anisotropic
deformation of the lamellar colonies was represented by a set of 4 groups of deformation
systems — namely ordinary slip systems of the v phase, prismatic and pyramidal slip systems
of the ao phase and an interlamellar deformation mode that was assumed to act in the basal
plane of the ag phase. The critical resolved shear stresses of the considered slip systems were
assigned according to findings from v and a9 single crystals and the strengthening effect of
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the lamella interfaces was considered in terms of a Hall-Petch type correction. Further, linear
work hardening was assumed. With this single phase model it was possible to efficiently
analyze the arising micro strain fields in a 3D duplex microstructure with more than hundred
lamellar colonies.

The modeling activities of Werwer & Cornec [72], [73] and Werwer [29] aimed on analyzing
the deformation behavior of polysynthetically twinned crystals for higher plastic strains (not
only near the yield point). Therefore, the authors developed a 3D CPFEM model which
explicitly considered all slip and twinning systems of the « and the as phase in separate
lamellae. With the experimental results on the hardening behavior of differently oriented
polysynthetically twinned crystals, reported by Uhlenhut [52], the applied linear hardening
law was calibrated. In this calibration process it was assumed that deformation systems of
the same morphological class do not only have the same strength (as stated by Lebensohn
et al. [28]) but may also be described by the same set of hardening parameters. With this
assumption, not only the anisotropic yield strength (as in most previous studies) but also the
anisotropic work hardening behavior of differently oriented polysynthetically twinned crystals
was reproduced sufficiently well. However, certain specifics of the experimental stress strain
curves — especially at higher strains — did not appear in the simulations due to the simplicity
of the applied hardening law. By considering all deformation systems in the v lamellae, it was
possible to investigate the specific role of the strength of super slip systems on the deformation
behavior of polysynthetically twinned crystals [73].

What is particularly interesting about the work of Werwer & Cornec |29} [72] [73] is the way in
which the authors realized to model the rotation of the representative volume element (RVE)
of the polysynthetically twinned crystal with respect to the uniaxial load as it is necessary
when its anisotropy shall be analyzed. Instead of changing the loading direction or altering
the lamella orientation of the RVE, the authors implemented the whole RVE within a single
finite element — a so-called dummy element — and introduced a rotational relation between
the averaged nodal displacements of this dummy element and the deformation of the RVE
(see Section for details). This allows to change the angle between the uniaxial loading
(applied to the dummy element) and the lamella plane of the RVE without changing the
geometrical set up. In [29], this FE2-like idea was extended to model polycolony microstruc-
tures. In these calculations, the colonies were represented by hexahedral finite elements in
each of which a complete, randomly oriented RVE of a polysynthetically twinned crystal was
implemented using the described rotational relation between the nodal displacements of the
dummy elements and the embedded RVEs. This two scale modeling approach was later suc-
cessfully applied by Kabir [74], Kabir, Chernova & Bartsch [75] and Cornec, Kabir & Huber
[76] to reproduce and study the macroscopic stress strain response of duplex and fully lamellar
microstructures.

In the work of Roos, Chaboche, Gélébart & Crépin [77], a multi scale crystal plasticity model
of TiAl alloys with potentially different microstructures is reported. In this model, three
scales exist: the macro (i.e. the structural) scale, the meso scale of the lamellar colonies and
if applicable the v and ao grains, and the micro scale of the lamellae within the colonies. The
crystal plasticity formulation is solved on the meso scale for the globular v and ai grains and
on the micro scale for the lamellar colonies. The respective results are passed to the next
higher scale. On the micro scale all 6 + orientation variants and the as phase with all their
deformation systems were explicitly considered.

Further, the crystal plasticity model of Kowalczyk-Gajewska [78] is worth mentioning here
as it was the first crystal plasticity model of v TiAl which accounts for the work hardening
of slip and twinning systems due to evolving twins in a more physical way than the afore
mentioned models. While this contribution to work hardening was commonly modeled by a
linear hardening interaction law, in [78] a Hall-Petch type relation was introduced based on
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ideas from [79].

In the work of Zambaldi [4I] and Zambaldi, Roters & Raabe [80] a 3D CPFEM model was
presented which models the plastic deformation of the lamellar colonies by a homogenized
single phase model with 18 effective deformation systems (instead of the 108 deformation
systems in the 6 7 variants + the ay phase). Like in the models of Kad et al. [57H60],
Grujicic et al. [67H70] and Brockmann [71], these 18 deformation systems are chosen in such
a way that they represent the principal deformation modes of the lamellar colonies. This
set of deformation systems involves 3 effective longitudinal slip systems and 3 effective longi-
tudinal twinning systems in the (111), plane, 6 effective transversal pyramidal slip systems
of the ao phase and 6 effective mixed slip systems of the v phase. With the same critical
resolved shear stresses assigned to all systems of the same morphological class, the model was
able to sufficiently reproduce the anisotropic yield strength and relative transversal strain of
polysynthetically twinned crystals/single colonies and was successfully applied to model the
macroscopic stress strain behavior of polycolony microstructures. However, the strength of
the different deformation systems was not modeled in a microstructure sensitive way plus the
hardening law of the model was not calibrated against experiments.

Finally, Ilyas & Kabir [8I] only recently presented a temperature sensitive CPFEM model
of fully lamellar TiAl. In order to capture the (anomalous) temperature dependence of the
yield strength (see Chapter [§f for details), the authors made the strain rate sensitivity ex-
ponent of the applied classical flow rule a function of temperature. This model was then
calibrated to successfully reproduce the temperature dependent yield strength of differently
oriented polysynthetically twinned crystals reported in [37]. As it has been experimentally
observed in [46], the temperature dependent yield strength of polysynthetically twinned crys-
tals is, however, strongly influenced by the spacing of the different microstructural interfaces
(see Chapter 8 for details). Although showing promising results, the model from [81] is not
formulated in a microstructure sensitive way and is thus not (yet) capturing the experimen-
tally observed effect of the different microstructural interfaces on the temperature dependent
yield strength of differently oriented polysynthetically twinned crystals. A comparison to the
respective experimental results from [46] was thus not given in [81].

Further reviews of crystal plasticity (and other) modeling approaches for TiAl alloys can be
found in [41] and [82].

Reviewing the reported crystal plasticity models, it appears that there are basically two
modeling strategies:

1. describing the plastic deformation of the lamellar colonies by explicitly considering the
complete crystallography of the ao phase and the 6 y orientation variants in separate
lamellae [28] 29, [52], 61H65, [72H77) [81] or

2. describing the plastic deformation of the lamellar colonies in a homogenized single phase
model by only considering deformation systems that reflect their principal deformation
modes (i.e. without explicitly considering the lamellae) [41] [57H60] 6771l [80].

The comparison of the reported crystal plasticity models allows to formulate the following
common questions:

Crystallography:

o Is it necessary to separately model the as phase and the six orientation variants of the
~ phase or is it sufficient to set up a homogenized single phase model?

e Which deformation systems are relevant and thus have to be considered?
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Yield strength:

e How can the strengthening effect by lamella, domain and colony boundaries be modeled?

o What are the relative strengths of deformation systems in the v phase (ordinary/super
slip, twinning) and in the as phase (prismatic, basal and pyramidal slip)?

Work hardening:

o How can the self hardening behavior of different deformation mechanisms (slip and
twinning) be described?

o How can the work hardening interactions between deformation systems, i.e. slip/slip,
slip/twin and twin/twin interactions be described?

While most of these questions can naturally not be answered unambiguously since the answer
strongly depends on the pursued modeling strategy and the intended accuracy of the model
predictions, some of them are apparently harder to tackle than others. One of the most promi-
nent issues with modeling fully lamellar TiAl is the strengthening effect by lamella, domain
and colony boundaries. While being discussed in many numerical as well as experimental
contributions, the relative effect of these three types of microstructural interfaces is not yet
clarified, consequently inhibiting a microstructure sensitive prediction of the yield point. An-
other issue appears to be the work hardening behavior which has not been modeled in detail
so far since most studies were mainly interested in predicting the yield point. Further, it is
striking that the vast majority of the reported models are either limited to room temperature
or isothermal conditions and are thus obviously inadequate to describe the material’s behav-
ior at service temperature or for thermal cycling. To the best of the author’s knowledge, so
far only a single study was published that explicitly dealt with crystal plasticity modeling of
fully lamellar TiAl at elevated temperatures, i.e. [8I]. Apart from this, the high tempera-
ture behavior of v TiAl alloys was so far only addressed by modeling their creep deformation
behavior [83H85], however, in a quite phenomenological way.

3.1.2 Generating representative volume elements of lamellar microstructures

Besides a constitutive model of the plastic deformation behavior, a geometrical representation
and derived from that a discretization of a representative part of the lamellar microstructure
is needed in order to solve the boundary value problem by FEM. The aim of this section is
thus to review the state of the art in generating respective geometries for FEM analyses.
Lamellar microstructures are not exclusively found in TiAl alloys but can be obtained in
various alloy systems like e.g. Pb—Sn, Fe—C, Al-Cu or Cu—Ag for eutectic or eutectoid compo-
sitions. Besides TiAl alloys, the most prominent examples of commercial structural materials
with lamellar microstructures are probably pearlitic steels and two-phase titanium alloys like
Ti-6A1-4V. While the parallel arrangement of the lamellae into regions of different lamella
orientations, i.e. into colonies, is a common feature of lamellar microstructures, additional,
material specific features may occur, like e.g. the domain structure of the v lamellae in TiAl or
the waviness of the cementite lamellae in pearlite colonies. However, the techniques that can
be used to generate RVEs of lamellar microstructures are in most cases not material specific.
Thus, differences in the crystallography or in the geometrical details of lamellar microstruc-
tures from different alloy systems do not prevent these methods from being applied.
Following [4], the methods for RVE generation may be grouped into

o experimental methods that aim to create a digital representation of the microstructure
from imaging techniques like, e.g., SEM,
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e physics based methods that aim to generate RVEs of a microstructure based on the
physical processes that caused its formation and

o geometry based methods that solely aim to capture relevant geometrical features of
the microstructure (usually in an idealized way), neglecting irregularities of the real
microstructures as they would be captured by experimental methods and ignoring the
formation process as it would be considered in physics based methods.

Microstructure reconstruction from experimental data

The most common technique for the 3D reconstruction of microstructures is the so called
serial sectioning technique. In serial sectioning techniques, thin layers of the material are
sequentially removed by grinding or by a focused ion beam (FIB). After removing a layer of
material, the exposed surface is scanned using, e.g., SEM. From the series of scans, a layered
reconstruction of the 3D microstructure can be obtained. A review of the details of serial
sectioning techniques can be found in [4].

3D reconstructions of lamellar microstructures by serial sectioning were to date only reported
for pearlite colonies in pearlitic steels [86-89] and arrangements of several « laths in Ti-6Al-
4V [90, [91]. While these studies enabled investigation of microstructural details like e.g. the
waviness of the cementite lamellae in pearlite colonies, they also revealed the difficulties in
capturing the intricate details of lamellar microstructures by serial sectioning techniques.

In [86], the authors reported problems with aligning the scans of the 2D sections in the
reconstruction process. These problems resulted from pronounced changes in the morphology
of the investigated pearlite colonies along the thickness of the successively removed material
layers. As a result, many interconnections of the branched cementite lamellae were lost in the
reconstruction process. When aiming to capture intricate microstructural features like, e.g.,
the lamellae in fully lamellar TiAl (often with a thickness Az, <100 nm) or the mentioned
branching of the cementite lamellae in pearlite colonies by serial sectioning techniques, the
thickness of the removed material layers has to be in the range of a few 10 nm (instead of
the often reported > 100 nm). While such small slice thicknesses are achievable by suitable
milling techniques (e.g. FIB), the number of sections that are needed to resolve a complete
colony (with a diameter of some 10pm to several 100 pm) increases accordingly. Storing and
processing the corresponding big amount of data is a formidable task which creates its own
challenges.

While the described problems result from the inevitable information loss due to the successive
removal of material layers of finite thickness, i.e. the serial sectioning process itself, capturing
all microstructural details within a single 2D section may also cause certain difficulties. Due
to the significantly different length scales that coexist in lamellar microstructures, an extreme
resolution would be necessary to capture a representative number of colonies while still being
able to resolve their lamellar substructure. Thus, capturing all microstructural features in a
single scan is often impeded (see e.g. Fig. , consequently further increasing the amount
of data that have to be stored and processed.

In summary it can be stated that experimental reconstruction of lamellar microstructures
(especially for submicron lamella thicknesses) remains challenging but has the potential to
grant unique insight into their intricate 3D details.

Physics based microstructure generation

Due to the complexity of the eutectic respectively eutectoid phase transformations that lead
to the creation of lamellar microstructures, a physics based generation of the corresponding
RVEs is not yet state of the art. A first, even though still two dimensional, RVE of single
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ferrite-pearlite colonies was generated by a phase-field modeling approach in [92]. The results
of the phase-field simulation subsequently served as input for FEM calculations.

More recently, 3D large scale phase-field simulations of eutectic solidification of ternary Al-
Ag—Cu alloys were reported [93), [94]. These simulations were able to precisely reproduce
the intricate cobblestone microstructure that is characteristic for these alloys. Consequently,
such phase-field simulations might also help to better understand the eutectic respectively
eutectoid formation process of lamellar microstructures and could ultimately be used for a
physics based RVE generation.

Geometrical methods

Due to the high aspect ratio of the lamellae (in TiAl often :\\—i >500), a one to one discretiza-
tion of a representative set of colonies would require a very high number of finite elements. In
combination with the computationally expensive micromechanical constitutive models, this
would result in unpleasantly high computational costs. Thus, neither experimental nor physics
based methods — which per definition yield a one to one representation of the microstructure
— are widely used for the generation of RVEs for FEM based modeling of lamellar microstruc-
tures. In fact, most reported RVEs of lamellar microstructures are based on purely geometrical
considerations and include some kind of geometric simplification or multi-scale approach to
reasonably limit the computational costs.

As it became clear in the review of the reported crystal plasticity models for fully lamellar
TiAl (see Section, these models are usually set up and calibrated in two steps, beginning
with the constitutive behavior of a single colony and subsequently transferring the results to
the micromechanics of a polycolony microstructure. Accordingly, two types of RVEs can be
distinguished for lamellar microstructures:

e RVESs of single colonies that consist of a representative number of lamellae and

e RVEs of polycolony microstructures that consist of a representative set of differently
oriented colonies.

The specific appearance of the reported RVEs is, however, directly related to the pursued
modeling strategy, i.e. whether or not it is intended to explicitly model the constitutive be-
havior of the individual lamellae (cf. Section . While constitutive m