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Figure 21.Graphical explanation of the precision and recall scores thaegthe
segmentation quality by comparing the segmented image to a ground truth of the same
[T ToT 00 =T o o 1SS 81
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Figure 22.Representative BSE microstructural images form each fully basiate

Figure 23. a). Single grain EBSD scan from a fully basketave Ti64 microstructure
and lattice orientation schematics of the secontlaryl a t h s-to-pdin) and pBirg i n t
to-origin misorientatin plot between each of the seconddry v a r..i...a.n.t...s....87

Figure 24.EBSD scans from four unique grains and their respective inverse pole figure
triangles from a). Ti6242 and b). Ti64 SPECIMENS.......ccoeviieieiiieiiieeeiiiie e 88

Figure 25.Indentation stresstrain curves from three unique grains in Sample |
evidencing the influence dtie grainlevel texture in the corresponding mechanical
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Figure 26.Experimentally measured indentation modulus and indentation yield values
from different grains of sample I. Means and standard deviations of the meadsramen
also plotted for reference. At the bottom, EBSD images corresponding to four unique
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Figure 27.Precision and recall score trends from the segmentation results of three
different microstructure sets: a). Sample I, b). Slenv and c). Sample V. Each line
represents systematic variations of the sensitivity and neighborhood size parameters of
the adaptthresh segmentation function in MATLAB. ... 93

Figure 28.Representative BSE images of Samples I, Il and 1ll, with theresponding
segmented images in the second row and the rotationally invafeim®correlations
plotofthesecondasyy | at hs (bl ack r e.g.i.on.s.)...i..n.98 he bo't

Figure 29.Representative BSE images of Samples IV, V and VI, with their
corresponding segmented images in the second row and the rotationally invgidantt 2
correlations plot of the secondddy | at hs (bl ack reg.i.on®j in tt

Figure 30.Representative BSE images of Samples VII and VIII, witirt
corresponding segmented images in the second row and the rotationally invidantt 2
correlations plot of the secondady | at hs (bl ack regi.on®9g in tI

Figure 31.Representative BSE images of Samples IX and X, with their corresponding
segmented images in the second row and the rotationally invase2correlations
plot of the secondary | at hs (bl ack r eg.i.on.s.)...i.n.92 he bot

Figure 32.Experimentally measured grastale indentation modulus and indentation
yield values from all the fully basketeave specimens in this study. Means and standard
deviations are also plotted for referenCe.........ccccceeeeeeiiiieeeei e 101

Figure 33.Variances captureoly each of the 10 firsts PC components from the principal
component analysis on the baskatave microstructural information..................... 103

Figure 34.Low-dimensional representation of all the basketive microstructural
images obtained from PCM®ata points of the same color represent the same chemistry
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where darker share of the color is associated with higher indentation yield. In a). PC1
and PC2 components, and in b). PC1 and PC3 components. Here, PC1 is associated with
the volume fraction clasfication in the alloys and PC2 is representative of the
SecoNdarJIath thiICKNESS..........coviiieeeee e ceeeeee st emeee e 104

Figure 35.Plot depicting the microstructural variations captured by PC3enthe
microstructure on top presents more parallel distributions between laths, and the image at
the bottom the more characteristic crisscross pattern of the has&e¢ morphologi05

Figure 36.Examples of the indentation strestsan curves from the experiments on
primaryU gr ai ns i n-weale grains in green, ara $lkkeneasurements in
1] PSP 112

Figure 37. a). Compilation of 20 EBSD scans from a Ti6242 bimodal microstructure

with primaryU  a n d -weaegiaiast Areas with low image quality correspond to
basketweave grains. b). Inverse Pole Figure map of the pridaryg r ai ns only wi
harmonic texture IPF triangle at the bottoight corner..............oooooiiiiiiieeen e 115

Figure 38.Patrtition regions corresponding to increments of 10° in declination angle for
the primaryU di stri butions, and t he.i.r..c.orldeespond

Figure 39.a). Representative BSE image of the baskedive grains in the bimodal
sample with viewfield of 10 um, b). the corresponding segmented image and c). the
rotationally invariant goint correlations plot of the secondddy | at hs (bl ack r e

Figure 40. a). Original BSE image of the bimodal microsturetwith viewfield 100

um, b). edge of the segmented regions highlighted in magenta color, c). overlay of the
basketweave regions on a black background and d). the final segmented image in which
basketweave and primary morphologies are colored by wiand black regions

(TS 0 1=Tod 11/ PSSP 119

Figure 41.Results from the spherical indentation experiments performed on the primary
U an d -weawvesgkamd of this Ti6242 bimodal specimen, along with the experiments
measuring the effective mechanical properties of the same material. Results from the
primary-Uevaluation are plotted as a function of the declination afdgle.(............ 121
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Summary

Traditionally, new materials follow well stablished paths from tmeanufacturing
beginnings to their final application. eMelopment, evaluation, certification and
deploymentare some of the steps in these processes. However, some of these stages are
characterized for very specialized protocols, resultingptiolonged timelines from
beginning to end. The design process of materials can sometimes be defined as ambiguous
due to the lack of fundamental knowledge at salient lesggifes. This can be attributed to
the absence of trustworthy testing methods thatige meaningful and reliable knowledge
on the behavior of materials at lengttales over different orders of magnitude. In addition
to this characteristic, cost and time efficiency are also crucial attributes in the materials
design field, as large amatgrof data covering wide ranges or parameters provide stronger

bases for physiebased models that can reveesgineer the whole process.

This work presented in this dissertation evaluates sphericalindeotation protocols
as a higkthroughput approachor t he mechani cal | y-acnhda rUsa/chbt er
titanium alloys at the graiacale level. Chapter 3 explores the mechanical response of
primaryU gr ai ns, and their dependence on th
corresponding grain chemicadmposition. Chapter 4 delves into the mechanical behavior
of single grains in fully basketeave titanium microstructures. By looking into the grain
responsesy reduction on the multiple microstructural features in this type of morphologies
is accompliskd, leading tdetter statements of the influence offath cr ost r uct ur e
lath orientations on the indentation properties. This work is accompanied by a thorough

microstructural characterizatifquantificationof the basketveave morphology that is
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later subjected to a dimensionality reduction for a simplified understanding. And finally,
Chapter 5 aims to bridge multiresolution indentation measurements form a bimodal
titanium microstructure for the subsequent evaluation of composite theoridse

prediction of the effective indentation yield
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CHAPTER 1 Introduction

1.1. Titanium Alloys and itsApplications
The critical need for innovative materials with higher stresigttveight ratios led tora
innate interest in the study of titanium and its allgysart from the exceptional specific
strength of thisgroup of alloys corrosion and creep resistance, fatigue strength
biocompatibilityand high melting temperaturepen a wide range of applicat® About
40% of titanium is used in aerospace industry, with the rest of it having important roles in
the automobile, chemical plants and medical industii@s. structural components with
hol es, t hreads, and shar p edagly a property bfani u m
interest. Additionally, the low ductH®-brittle transitions temperatures of titanium alloys

have also made of titanium a key resource for cryogenic vessels and components.

Withup to 70% of,bu ony@% dfds density,andbegtterhcorrosion
resistanceand hermal conductivity, titanium alloys often outpace steels, aluminum and
magnesium alloys iperformancescenarios where loweighthigh-strengthand cost
effective attributes are desired. It can b&lswvith good confidence that the performance
and service life of titaniupusually surpasses the overall cost of its processing. The use of
titanium alloys has been growing at a remarkable rate, not only due to their outstanding
properties, but also becseiof the more recent advances in the extraction and processing
of pure titanium, which for a long time, made the use of this metal a very expensive option

[8, 9].

Figure 1 compares the specific strength and fatigue propertigsnium alloysamong

a variety ofstructural and metal alloysvhere this metal isbservedio excels in both



properties. However, titanium alloys cover a bast range of properties combinatiats, wh
can be attributed to their complex multiphase microstructures and the many possible

alloying elements.
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Figure 1. Ashby plot comparing the specific strength and fatigue properties for different str
metals.

The key to understanding and manipulating the outstanding properties of titeayam
is deciphering how the morphology, volume fraction and indivigwaperties of the two
p h as es influen@entite reBulting behavior of the material. The present work aims to
strengthen and build new paths for such knowledge by measuring, quantifying and
visualizing mechanical and microstructure characteristics figtingaranges of chemical
compositions, morphologies and length scalés.variety of recently developed
experimental protocols, data analysis approaches and compatatimadels will be

conveniently employed tachieve this objective.

2



1.2. Hierarchical Structure of Advanced Materials

Structure and performance hierarchy is a common characteristic of biological and
advanced structural materials. This refers to the recognition of salient features at different
length scales of the material, which are associatddthir respective set of performance
propertied10]. One of the great advantages of thigetyf microstructures is the ability to
engineetheir properties for a specific application by modifying the processing history and
therefore their underlying microsuede features at different length gtale$2] In the
case of titanium alloys, of relevance in this dissertation, the length scale classificatson start
at the atomic scalavith the crystalstructure arrangement of atoms constituting each
individual phase. Subsequently, tbentinuousassembly of large number sametype-
lattices into volumes, foree i t h e rgraikk which, afrangeone next to the othén
the form of lathsconstituteregions of uniform of phase orientations known as colonies.
Finally, the distribution of multiple orientation colonies forms thggest of the length
scales in these metallic alloy&.schematic of a titanium alloy micrioscture hierarchy
can be observed fRigure 2.

Above certain |l ength scale, which weoll
(RVE) of a microstructure, the material is observed to exhibit stable values of the

mechanical properties. At this point we can assumentioeostructure to behave as a

homogeneous medium.
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Figure 2. lllustration of the hierarchical microstructure of a titanium all3} .

1.3. Mechanical Characterization of Structural Alloys

Traditional mechanical testing of structural materials comprise tension, compression,
bending, hardness and fatggtesting, among many others. Many of these protocols have
been utilized atlifferent length scales from the naoonstituent to the macroscale levels

[13-16].

Micropillar compression testinfgr examplg17-21], resembles a uniaxial compression
test in the stress field imposed on the sample. The small testing spe(imessions in

micronspare fabricated with highly specialized (i.e., taad timely expensive) Focused



lon Beam (FIB)processes, which have been associated with process induced surface

damage that lessens the veracity ofrésilts[22].

On the other hand, hardness measurement regeiiyestandard sample preparation
protocols (i.e., grinding and polishing) that are wide used in various metallography
processes. Several types of hardness testing protocols have been established, for which
their main difference relies on the tip geometnd the analysis protocols (e.g., Vickers,
Berkowich, Brinell, Rockwell, Knoop)[23]. These experiments are based in the
measurmentof load and displacement from a monotodéformation test on the sample
Differences in theanalysis potocolslay on the calculation of contact ar¢24, 25],
associations between hardness and uniaxial strength \Jakjeand between the load
displacement curves and the equivalent uniaxial propg#ieg9]. The main deficiency
with the hardness measurements is that they do not represent an intrinsic material property
(e.g., the measured values depend on the indplosel/displacement leve[80-33]). In
general, they correspond to the material flow stress after somstarmaiard amount of
plastic deformation has been applied to the matefdtitionally, the use of sharp
indenters (i.e., Vickers, Berkowich) occurs in large stress fields in the material, resulting
in the rapid induction of permanent deformatidhis leads to an enormous difficulty in
capturing elastic properties, such as ¢testic modulus, from these testing procedures.
Thus, the representation of a materials behavior by a unique harness measurement, could

be seen as an oversimplification.

A special case in #senanoindentation methodsethe spherical indentation protus
developed by Kalidindi and Path@B4] in which the wiole loaddisplacement curve is

converted into an indentation streggain(ISS)curve (detailed explanation of this protocol



is presented in section 2.40d will be used for the mechanical characterization of the here
presented work result$heseprotocok have beenshownto provide equivalent properties

to those obtained from uniaxial tensiésting at the nano and micro scales. Results from
these praicols have been observed to be consistenthagldy efficient as they are

considered ohigh-throughput fashion.

More recently, the newly developed Small Punch Testing (SPT) protocols by Leclerc
et al.[35], coupled with Fiite Element Model (FEM)iswulations of the experiment, have
demonstrated to predict strestsain curves of a variety of materials all the way to failure.
This capability is of great interest as it captures ultimate tensile strength and ductility
propertes which indentation analysis lacks. Additionally, these experiments and
predictions are very cost and time efficient due to the simple sample preparation steps and

short time required for the experiment and analysis.

1.4. Research Objectives

The present study has as objective the multisoaehanical and microstructure
characterization oélpha, neaalpha andalphabeta titanium alloys for the exploration of
their dependence on crystal orientatichemistryand lath microstructure at different
length scales. Milestones for the achievement of this goaf Hris objectiveare organized

into three tasks as follows.



141 Task 1

High-Throughput GrairScale Mechanical Characterization of PrimdiPhase

Tasks 1 will evaluate the highroughput mechanicgbroperties(i.e., indentation
modulus and indentation yieldj the primaryalpha phase grains for five different titanium
alloys Spherical nanandentation, accompanied by Electron Backscattered Diftna
(EBSD), will be used for therystal lattice orientatiorand crystal specific chemical
composition on the mechanical behavior of the alloys of interest, tanehhanceour

current understanding of the solid solution strengthening mechanisms

f Designof heat treatmerfor each chemistryo producd a r -gphese grains.

1 Grainscale characterization of elastic and plastic properties as a function of the
crystal orientation

f Me as ur e me-phiase cheEmidallcampdsition with special attention to oxygen

content.

1.4.2 Task 2
High-Throughput GrairScale Mechanical and Microstructure Characterization of Fully

BasketWeave Morphologies

Task 2also employs spherical naffredentation for the mechanical characterization of
fully basketweave microstructures, and conduatsicrostructure characterization/
guantification by means of digital image segmentatspatial correlationand Principal
Compmnent Analysis (PCAJThis work will present a refinemeat the current knowledge
on the role played bihe lath microstructure onto the mechanical behavior of bagkate

morphologies.



1 Design of heat treatment to obtain a variety of baglagtve lath ritrostructures
for all alloys.

1 Grainscale mechanical characterization of baskeave crystals using
nanoindentation protocols.

1 Microstructure characterization and quantification of the different lath structures

using digital image segmentation techniqaed spatial correlations.

1.4.3 Task 3

Multiresolution Spherical Indentation of a Bimodal Titanium Alloy

Task 3 will comprise the macisrale mechanical characterization avfe bimodal
microstructure (primarfJand basketveave grains) usingpherical nanandentation with
two different indenter tips for the measurement of constituent level and bulk mechanical
properties. In conjunction with the corresponding microstructure characterization and
guantification a series of datdbased composite theories will be considered for the

prediction ofthe indentation yield of the specimen.

1 Design of heat treatment that simulate the processing conditions leading to common
microstructures used in industry.

1 Mechanical characterization of the individual constituents in the bimodal
microstructure using spherical nanoindentation.

1 Mechanical charerization of the bulk/macrscale properties usingpherical

indentation protocols.



Microstructure characterization and quantification of the bimodal structures using
digital image segmentation techniques and spatial correlations.
Evaluation ofa compoge theorie for the prediction of effective properties based

on the grairdevel measurements.



CHAPTER 2 Background

2.1Mechanical Characterization
2.1.1Kalidindi a n d P a tndeatdtidnsStress-Strain Protocols

In an effort to address thmechanical characterizatiahfficulties described above,
Kalidindi and Pathak34, 36]have developed and demoms$éd novel measurement and
analysis protocols based on the Hertzian theory of cof8@Ltfor the extraction othe
normalized mechanical response of the material in the form of indentationsitesss
curves that exhibit a linear elastic regime and a clear transition to the-plastic regime
[34]. With smoother stress fields compared to sharp indentdtiese protocols have been
shown to sucessfully capture the normalized elagilastic responses of the material (in
the form of meaningful indentation stressain curves) at multiple material length scales
[5, 3844]. For grainscale measurements, these protocols have been shown to produce
highly consistent and reproducible measurements that can be correlated to the grain
orientation in selected cubic met§B9, 43, 44]and hexagonal metals, 41]. And for
macraescale measurements, comparable to tensile experiments, their versatility has been
demonstrated biheir applicatiorover a wide variety of materials groupsch as cerari
composites, metals, bulk metallic glass composites, polymer composites, among many
otherg[45-48]. Furthermore, in a few cases, the indentation properties extracted from these
measurements have been successfully used to estimate the intrinsiscglaimaterial
properties such as the single crystal elastic stiffness parameters as well as the CRSS value

[49-51].
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These capabilities are possible due to the accutatermination of the load
displacement segment corresponding to the elastic deformation of the material. This is
accomplished by applyg a zerepoint correction to the data where the values
corresponding to the zetoad and zeralisplacement representset beginning of the
deformation in accordanaeth the Hertziartheory This step isiecessaras unavoidable
artifacts on the surface of the material, such as surface roughness or oxide layers, result in
the very initial portion of the curve to signifidin deviate from the ideal deformation
behavior, leading tanerroneous value of the elastic progeithis valueis crucial in the
calculation of the contact radius along the deformation processthaneforefor the
corresponding indentation stresslatrain valuesCalculation of the contact arbas been
of great importance in the calculation of hardness vailuemn effort topredict more
standard strengtbroperties Several methodbiave been previously explored in which
powerlaws[52-55] and second order polynomid&s, 57]are fit to the initial segents of
the loaddisplacement, and others that propose experimental s8] in order to

accurately measure the evolving contact radius.

The protocols proposed by Pathak and Kalidiiddi] rely on a series of unloading
cycles along the loadisplacement indentation curve for theeasurementf the contact
radius. These loadingnloading cycles can tsystematically applied by the equipment, or
manually set up by the user depending on the devise being used for the expefingent.
NancindenterG200 by Keysight (formerly Agilentior example offers an independent
measurement known as the Continuous Stiffness Measurement ({38M)wvhich
superimposs sinusoidal loadinginloading cyclesnd outputs the slope of those unloading

segments Y QOCJQ where 0 and 'Q denote the measured load and measure
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displacement). Additionaledails on tle analysis protocol using this sigraé provided in

the following section. When using other nanoindentation machihat lack such

capability, elastic unloading segmerdgse manually imposed along the deformation
experiment[61]. These segments are thearefullyanal yzed using Hert z
determine the contact radius at that specific pdhiing the first part of the analysis,

where the astic segment of the material is estimated, the radius of the material is assumed

to be infinite. However, when analyzing the unloading portions of the experiment, this
assumption is no longer valid as some degree of plastic deformation has already been
imposed on the samplEach unloading segments is fit to the Hertz relationship between

the total indentation deptff), and the load) 8

1)

From Eg. (4),Q is the elastic indentation deptif) is the residual (or plastic)
indentation depthwhich are found by regression analysis on the unloading segments. In
this protocol, each unloading curve produces only one paittie indentatiostressstrain
curve, meaning that a considerable number of-lodldad cycles is needed to build a

completedescription of the deformation process of the sample.

The versatility and fidelity of these protocols have béemonstrated by conducting
experimets with different tip sizes when geometrically possildie4l, 44, 62, 63]by
comparing the results to data from other testing protdd0ls46, 48, 64]as well as with

simulations of the spherical indentation experimbis 66}
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2.1.2Nanoindentation
As previouslymentioned,iese protocol s are | af@Yely ba
which describes the relationship between the indentation [dddad the elastic

indentation depth’Q as

~ ‘[ . .

0 -0 Y7 2)
(0]

P P P’

0 (0 o) 3
P P P

Y Y Y 4

whereO andY denote the effective indentation modulus and radius of the indenter
sample system, respectively,@dd denot es t he sampl ebs effect
In Eq. (2,0 and’ denote the indenterodés Youngos
respectivly, while 'Y and 'Y denote the radii of the sample and indenter surfaces,

respectively &eeFigure 1(a, b)for some of the definitions).

A distindive feature of the ISS protocols employed in this work is that the very small
el astic regime in the initial contact i s
indentation modulus (i.e® ). Reliable estimation of this parameter is critical ttoe
successful application of the spherical indentation ss&as protocols discussed here.
For this analysis, the sample surface is assumed to be initially flaY, i.e.Hband’Y
Y. The central chall engemy(Egs (13) o thaipitml i cat i

elastic loading regime come from the tremendous difficulties associatedrehdbly

13



identifying a segmenf the loaddisplacement curve corresponding to this initial purely
elastic regime. In fact, our interest is only in identifying a segment in this initial elastic
regime, not necessarily the entire initial elastic loading segment. Specifically, the following
challengs are encountered: (i) this segment is very small in many, (ii) unavoidable sample
surface conditions such as oxide layers and surface roughness make it very difficult to
precisely identify the start of this segment, and (iii) the transition from theécelagime

to the elastiglastic regime is extremely smooth in the lahspblacement curves making

it impossible to visually discern an endpoint of this initial elastic segment.

The analyses of the initial elastic loading starts with a-perot correctdon[36, 48, 52,
56, 59, 67] which identifies an effective point of initial contact from which the measured
loaddi spl acement cur ve con f)odtrshosld be eoted thaithet h He
point of actual contact between the indenter andaneple surface shows high sensitivity
to sample surface characteristics such as roughness and oxide layers, and therefore is not
reliable for analyses with Hertzds theory.
loading segment (highlighted in redfigure 3(b))t hat i s consistent wi
by requiring that the zerpoint corrected signals of load and displacement are consistent
with theindependen€SM (continuous stiffness measuremeighal, which is unaffected

by the zerepoint correction. This requirement is expressed as

5)
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where 0 and "Qdenote the measured indentation load and indentation displacement,
respectively, 0° and’® denote their corresponding zepoint corrections, respectively,

and “"Ydenotes the CSM signal. In the modern nanoindenters, CSM is performed by
superimposing simsoidal loadingunloading cycles of2 nm amplitude and 45 Hz
frequencyon the monotonic loadinf$8, 69] Values ofd” and® are established using

standard regression techniques to fit the measurements to Eq. (4). This regression fit also
identifies a suitable initial elastic segm¢é]t hat i s fully consi sten:

which is then analyzed using Eq. (1) to estin@te.

The next step in the extraction of the &8ves is the estimation of the evolving contact
radius @ (seeFigure 3(a)) in the entire loading segment (including the elagkastic
regime)[34, 36] Several studies in current literativ®-72] have utilized calibrated area
functions that implicitly ignore the dependence of the contact area on the elastic properties
of the sample material. This leads to a fundamental inconsistency in the application of
Hertz~os theory. | ms worly the qontaot radigsasl estimaiesl asthg i n  t

Hertz~os theory on the unl oading el astic

accomplished using the following expression:

o Y

where the value 0® is assumed to be constant throughput the entire loading history.
This is a reasonable assumption because the averaged plastic strain in the deformation zone
under the indenter is typically very small, and such small plastiostnader the indenter

will not significantly alter the effective elastic properties in the deformation zone under the

15



indenter within the single grain. The estimation of the evolving contact rddusghout
the imposed elastiplastic indentation histgrallows for the continuous estimations of

indentation stress, , and indentation strain, [73, 74] as

7)

It should be noted that the indentation strain defined in Eq. (7) is the total (averaged)
indentation strain in the primary deformed zone under the indenter. For the initial elastic
loading, Egs. (6) and (7) converttheHer 6 s or i gi nal nonlinear
indentation load and indentation displacement (see Eg. (1)) into a linear relationship
between indentation stress and indentation strain with a slope ofBeyond the initial
elastic loadingthese definitions produce a normalized matedaponse in the form of an

ISS curve(seeFigure 3(b)-(e)) that exhibit the expected features. For example, there is a
clear transition from the elastic response to astiglplastic response. This allows us to
define an indentation yield strengtl) , as the indentation stress at 0.2% offset
indentation plastic strain. The application of this protocol has been widely reported in
previous studiefb, 39, 41, 44, 75, 7@nd can be vislized inFigure 3(c). Due to the very

small volumes undergoing the initial plastic deformation in these tests and the annealed

condition of the tested samples, pop[30, 44, 7781] are seen in some of the tests.
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pop-in. €) ISS curve correspding to the loadlisplacement measurement in (d). The segme
the loaddisplacement curves selected for the elastic analyses are shown in red.
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Popins cause sudden strain bursts and have been attributed to the difficulty of
establishing poterdislocation sources (e.g., FraReed sources) within the very small
deformationzone under the indenter; these are essential for initiating plastic strain under
the indenter. These are often unavoidable in annealed metal samples and make difficult the
estmation of the indentation yield strength from the measured ISS responses. Prior work
[44, 63] has shown that the likelihood of the occurrence ofipspdecreased with larger
indentation zone sizes (larger indenter radius), and with the higher dislocation densities in
the sample (deformed neatials, different surface finishin prior work[5, 39, 43, 44, 48,

62, 63, 75) a backextrapolation protocol (selegure 3(e)) was employed to facilitate the
robust estimation of the indentation yield strength for smaltipepThis protocol has
been validated in prior work44, 63] For consistency, the same baeokrapolation
approach is used in the presewirk on all samples, irrespective of whether pog

occurred or not.

2.2 Microstructure Characterization

A crucial part in the understanding of tpaysics involved in the deformation of
materials is the role of themat er i al 6 s Nhicrastructigeofr metals, ufor e .
example, typically depicts features of interest such as grains, grain boundaries,
thermodynamic phases, precipitates, among many dthese features normally span over
a few length scales, and are associated with their ergguof mechanical propertidhe
guantities of the features present in a specific microstructure, their geometries, and their

spatial arrangements, have bdeand to determine thpropertiesof different material
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systemd47, 8286]. Microstructure is typically captured by meaf optical or electron
microscopy[{87-89] and later processed over a series of computational steps to label each
relevant feature of interest and to obtain important statistical informp@®@3]. This
process igeferred toas Image Segmentatioandis more specifically defing as the
process of designating eagixel (in 2D microstructures) or voxel (in 3D microstructures)
asanelement of a feature of interestadlbcal state. The sequence of steps used during the
segmentation process substantially influences the resulting quantification of
microstructure, and thei@e the understanding of the deformation behavior itself. This
type of information is later used for the construction of physased models such as
composite theories, or more computational models such as strpobaassproperty
linkages, which willcarry with them any inaccurate information that was induced over any

of the image processing stdf38, 64,94-96].

2.2.1 Image Acquisition

The main objective in the image acquisition process, is to optimize the data collection
parameters to minimize the digital processing of the images during the segmentation step.
We can identify three maitopics of interesin this task. The firstopic refers to the
selection of the microscopy technique that will provide the best quality and the larger
amount ofuseful microstructurahformation Each approach provides a different type of
i nformation regarding the ntateaependihgsthel nt er
interaction with the specimen. Some of these techniques are optical microscopy, electron

microscopy, scanning probe microscopyay, among many others.
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Optical microscopy for example is one of the most commonsangle technique
however, spatial resolution is quite poor compared to other approaches (about 1um).
Scanning electron microscopes (SEM) on the other hand, provide a much better resolution
due to the implementation of an electron beam to image the sample insteachof afbe
light. Withing this group, three differedetectorsarefrequently used: Secondary electron
detector (SE), which provides a topographic image of the sample, backscattered electron
detector (BSE)provides more of a relative mass comparison betwblendifferent
components or constituents and their respective compositions, and electron backscatter
diffraction detector (EBSD), that gives crystallographic information about the
microstructure ofthe specimerf97]. From these techniques, the one that provides a
stronger contrast between the features of interest must be selected. Something important to
mention is that, for any dhe previously mentioned techniques, sample preparation, user
experience (calibration of the equipment and adjustments of the image collection
specifications) and equipment type, are very important parameters that will directly impact

the quality of theesulting micrographs.

The second topipertainto the correct selection of the spatial resolution of the images
whereresolution can be understood as the number of pixels representing one particular
feature, or as the physical lengtpresented by a single pixel in the im§@@]. For our
purpose, we wish to collect images with high resolution (e.g., larger nwhpixels per
feature, or smaller physical representation of a pixel) to increase acem@acualityin
the segmented imagasd to decrease the amount of detail lost in the proEeasples

of a highresolution image depicting very detailed microstiuetfeatures (tdhe left)

20



compared to a lower resolution one (to the right) are presentéduire 4(a) andFigure

4(b).

Figure 4. Comparison between images of the same area andfiglels but with differer
resolutions. a) Highresolution image (0.05 um/pixel) and b) lsasolution image (0.2 pum/pixe

[4].

The third and last topicefers toa proper selection of the image vidwld that is
representative of t (e, physacal areaicaptu@din theiincaged st r u
In this process, the microstructure statistics such as volume fracfigmeaipitates and
phases, should be daped in such a way that they become insensitive toithe-field
selectionldeally, the selection protocol of the vidigld should be systematic and assisted
by more sophisticated statistics such gsoiht spatial correlation®9]. In addition to the
size of the image, these scans should also capture the microstructural variations across the
overall sample surface. Generallyeseimages should be collected randorfdy a more

complete statistical representation of specimerf99, 100]

An importanttask for the equipment operator is the ability to simultaneously optimize
all of the previously mentioned tasks. Due to the scanning nature of electron microscopes
for example a higher spatial redotion implicatesthat the electron beam spends a larger

amount of time to scan a fixed aréa.addition to this, thescanningof representative
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volumes of materiahcurs is significant amounts of tintlieat may not be seen as practical

from the experimetal point of view.

2.2.2 Image Segmentation

The main objective in image segmentation is the correct labeling of each pixel (or voxel
in 3D) in a microscopy image with a microstructural local state. Due to the many image
processing tools, sequences in whiady can be arranged, microstructuretypes d us er s 0
expertise, it is very challenging to select an image segmentation algorithms that can be
applied to large numbers or data 4188, 91, 92, 101, 102for this eason, segmentation
is commonly associated to be a quite tedious and-d¢mnsuming step in microstructure
characterizationand are commonly custemade for a specific material group of

specimens.

Current approaches employ many of fisections availeble in image processing
toolboxes from widely available software packages such as MAT1AB] and Python
[104]. Many of these function are specially designed to solve some of the most common
challenges with this kind of micrographs, and ultimately, the familiarity and expertise of
the user with these functions is what determines the accuracy and results from the

segmerdtion process.

Themicrostructure characterization protoealopted for th presenwork is based on
the segmentation framework by Iskakov and Kalidifdli that proposes five sequential
steps with certain degree of adaptation for each microstrughee hese steps are sample
preparation, image acquisition, segmentation,-postessing and evaluation/validation of

the segmentation process, and a deeper explamdtiba last threstepss presented next.
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Inadequate sample preparation techniques @eficient equipment use/capabilities
may result in microscopy images to contain different levels of raidéorpoor contrast
due to artifacts such as surface roughness and resolution[Bhit82, 97, 98, 101, 165
108]. Noise can be subdivided into global noise and local noise, where the former is
frequently caused by equipment setup and protocol and be identified as a shadow across
the whole image. This kind of noise can be removed by subtractiaypmoximated global
noise function (e.g., polynomial functiorsecondorder polynomialor Fast Fougr
Transform (FFTs) filteringfrom the original image or by estimating the global noise that
minimizes the entropy in the amended im§b@9-111). Local noise refers to theoise
randomlydispersedll over the imagée.g., saHandpepper noise) The mairgoalhere is
then to successfully remar such noisewithout unintentionallydiscarding valuable
microstructural detail contained in the image (e.g., tiny precipitates). Different algorithms
have been proposed todadss these challenges in effective sfy12-115], and vary
depending on the pixeleighborhood being analyzed. Pikelsed filtering refers to a
situation in which the value of aingle pixel can be modified based on the pixels
immediately surrounding it (gaussian, bilateral, median filters), and -pasdd filters
utilize information collected from different neighborhoods of the same size from different
locations over the imagéo modify a smaller patch of pixels (ndwcal means, NLM)
[116]. Some of the MATLAB functions that will accomplish the previously mentioned

approaches aiiengaussfilt ~ , imbilatfilt , medfilt2  andimnimfilt [103].

The next step in preparation for segmentation is the contrast enhancement of the
microstructure image. This step is specifizdalirgeted towards the enhancement of the

features of interest to improve the segmentation rediitslar to the previous step, global
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and local corrections are also availadbal adjustments are accomplished by modifying

the range over which the higjram of the original image spans, and can be of contrast
stretching or histogram equalization typEl7]. Contrast stretching adjustmefitst
expands the histogramt o a wi der range, and then Asatu
the extremes in th newrange.By widening the histogram range, we amereasing the
intensity difference between different pixels in the image, while saturation accentuates the
extremes of the range even more to enhance the distinction between the main features in
the microstructureOne disadvantage is that this contragtancement is applied to the
whole image, meaning than any remaining noise will be accentuated as well. One way to
avoid this issue is with the implementation of localized methods in which both intensities
and spatial context in the image are taken intmawt in the adjustment. Contrdishited
adaptive histogram equalization (CLAHB)L8] for examplemodifies the histogram from

a subregion in the image match a predetermined histogram distribution. This approach
protects relatively uniform areas of the image from getting a&tkeloy the undesired noise
intensification. Some of the MATLAB functions commonly used for this step are

imadjust , histeq , adapthisteq and imsharpen [103].

During thesegmentation process, the objective is to identify and assign each label to a
microstructure constituent or local stfté9]. Although numerous segmentation protocols
have been proposg®0, 91, 120124] in general thisask is generally achieved by
applying one or severéhresholdingoperationgo reach the expected resul@enerally,
each thresholding process will generate two unigaggons,meaningthat "‘Qthreshold
values will classify the image inf® p discrete levels, in which each level represents

areas of pixelsvith similar intensity in the original imageAutomdic calculation of
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thresholding values typically accomplished by one afiany available algorithms such as

the Otsumethod[125], k-mean<clustering[126], and the entropy thresholdiig7].

A modification to the abovenentioned thresholding methodsethe local adaptive
thresholding algorithms which continuously change the threshold based orethsty
values of the neighborhood around the pixel of intelEkt, 128] These options &ér
great advantages in the segmentation of images with undesired intensity varidgens.
inputs for these type of models usually are the sensitivity and the neighborhood size values.
These parameters are based on the features size antetisgty vaiation on the images;
however, user expertise will ultimately determine the segmentation réslafsthresh
is the MATLAB function that computes a local adaptive threshold for 2D grayscale images

(or 3D grayscales volumes).

Once tle thresholding step (or steps) is completed,-postessing of the binarized
image may be required to improve the results. In stases, the segmented features need
to go through morphological alterations such as dilation and erosion to expand or contract
the regiong129]. Different sequences of thesdatiion and erosion transformations can be
employed depending on the specific nef80]. On the other hand, cleanup of some
undesired features 1 s necpesanato sesiduallroises e e
particles captured by the thresholding process, or to objects in contact with the boundary
of the imagethat should not contribute tthe statistical analysis, which in both cases,

should be removed from the segmented image.

Validation process of the segmented images is constantly being implemented all along
to check the results and to determine the necessary adjustments to theesddngelack

of a ground truth for every image (which is simply impossible) makes the validation

25



process quite challenging. Validation can be categorized into two groups: qualitative and
guantitativesegmentatiorvalidation. The first one is typically performed by a domain
expertwho visually compars the original and the segmented imagedetect evident
segmentation errors. This type of validation sealeaysas first approach and techniques
such as outline, overlay amabeling can assist in the procg$61, 131, 132]Although

this methods has been successfully implemented in many previous §20di£82, 106]

it can be recognized as a very time and cost inefficient method due terthenanual

nature of it and the user subjectivity that it carries.

On the other hand, quantitative validation utilizes microstructural statistics such as
volume fractions, precipitatandbr grain size distributions, as well as higloeder
statistics forthe verification of the segmentation resulespite the fact that quantitative
validation is always preferred, it is not always possible to obtain such statistics. Seme non
imagebased characterization methods ¥reay diffraction (XRD)[133, 134] analytical
calculationd135], numerical simulations and thermodynamic equilibrium softy&36].

There also exist imageased methodsamong which point count[137] and

precession/recall scaare examples.

2.2.3 2-Point Statistics
A very important effort from the scientific community has been put into the
guantification of microstructural features that exhibit a strong correlation with the
mat eri al 6s pr oper t idefisingthdse featuressareausually inpiith e me t
the design process and models of materials that target speoifiertyvalues[99, 138

144]. Due to the limited knowledge that we have on the physics that governs deformation

26



processes and their interaction with salient features, relatively simple measures are
preferred for the simplification of the mathematical representation of such intasactio
Widely used microstructure metrics are volume fractions of phases, average size, aspect
rations and crystallographic texturelowever, significant microstructural information is

lost in the process, and therefore a perfect reconstruction of theabmgicrostructure is

naturally not possible.

n-point spatial correlation have been proposed as alternative approaches for a more

thorough microstructure quantificatiofp9, 145148] They have been successfully
implemented as microstructural measures in recent homogenizatiotsnodddfective
propertied149, 150] The most basic form of-point spatial correlations refers to the ene
point spatial correlation. This is commonly known as the volume fra&mfrthedistinct
microstructure constituerf2(denotechereasalocal state)a nd i t 0 sexpresgedasc al | vy
"Q. The discrete representation of a microstructure function is givén byvhere'Qcan
take any integer value up t® number of local states of interest, andienotes the
discretized spatial ba(pixels for 2D microstructure images) and can be expressed as

i A [6]. The next tier of spatial correlations is th@@nt statistics, which represents
the probability of finding two pixels, each of them with local st&asdQasseparated by

a vectori (defined by mgnitude and orientation values). These relation is expressed by

"Q 1 and contain important amounts of information regarding the spatial distributions
of the local states including their directionalifjhese statistics have played key roles in
the corstruction of structureproperty linkages [95, 151, 152] and processtructure
linkageq38, 94, 152for a wide range of material groug$e mathematical representation

of the 2point statistics is expressed as
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In equation(9), SYSis a normalization factor that contains the number of valid trials
for each unique vectar where a trial is considered valid liothi andi 1 lie as
completely withing the area (or volume for 3D microstructures) of the image being
analyzed[6, 64, 153] It has been determined that discrete Furrier transforms (DFTS)
presents an efficientgproach for the computation of the convolution on the right side of
equation(9). A special cas®f thesestatistical representatisroccurs wheriQ "Qain
which case they are called autocorrelations; all the other cases are known as cross
correlationsin the autocorrelation map, such as the ones presenkgure 5(b, d), the
center pixel corresponds to the vector of length 0. The value of this pixel depicts the volume
fraction of the phase upon which the statstre being calculated. These maps also contain
other morphological information such as the average precipitate/grain size, and the average

distance to their neighboring regions.
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Figure 5. Synthetic images of two different microstructures with their respectpani
statistics plots of the white phase on the right. (a) and (b) microstructure of rar
distributed nonoverlapping horizontal ellipses. (c) and9@) rotation of the microstructu
immediately abovfs].

As mentioned before, thegint statistical representation of a microstructure, contains
the directionality information of the constituentBhis capability incurs in a inherit
sensitivity to t amewhkchis eotaways desired. Fof egample thee f r
microstructural images presentedrigure 5(a, c) may refer to the exact same laboratory
specimen, with the only difference-pomei ng t

statisticalrepresentations Figure 5(b, d)show the 90° rotation between the ellipgesa
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which from a statistical point of view, refer to completely different microstructures. During

the construction of a structupeoperty relationship, although the mechanical properties

(e.g., from spherical indentation) from both cases would be ex#ulysame, the
differences between the statistical representation would incsrgmificant erroneous

results. There are many situations where thatial correlatios should capture the

ani sotropy from the <const it iseefeterxce fraieuis I ns ¢
needé. For exampletitanium microstructures containing lamellar or baskeave
morphologies where different grains presgistinctlath directionality (always keeping the
samerelative misorientation between laths), but due togikemetrical symmetry of the

spherical indenter, th@echanical behavior will be independent to this directionality.

In an effort to address these neddscen et alj6] proposed theotationall invariant

2-point spatiakorrelationgrotocols where the origin@artesian coordinate frame€) ,

is now transformed into polar coordinat&3; , in orderto facilitate periodic shifts of the

statisticsin the—direction in order to adjust the reference frames of the microstructures.
The next step in the process is the application of a DFT operation along the angular

dimension of the -point statistics in polar forr(Egn. (0)).

Qs © Qs 10)

However, this also translates the statistics into frequency space. Therefore, an inverse
DFTin the'Q directionis needed to convert back intaiginal spacg6]. The mathematical

form of this operation is:
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This is now the final form of the rotationally invariardp@int statistics where the
dominant information of the microstructure is aligned with 1. A very important
benefit of this representation, is that we are still capturing the relative anguéaieldés

between the salient morphological features of intg6gst

11
i fitle

-100
-100 90 180

fiely

-180 -90 0
Y (degree) 210

Figure 6. Visual schematic of the transformation process fromoidt correlations int
rotationally invariant 2point correlations of a tw@hase synthetic microstructure in (a).
Conventional Zooint statistics map in cartesian coordinates. (e)dnt statstatistics in thei
respective polar coordinates. (d) Rotationally invariardint statistics in polar coordinates.
Final form of the rotationally invariant statistics in polar visualizatiéh.
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Figure 6 preseng a stepby-step schematic of the transformatiomsvolved in the
process of removing the reference frame directionality from {peir correlationsof a
simulated two-phase microstructure. Figure 6(a) is the 2dimentional image of a
microstructure with randomly placed ellipses with their major axes oriented at 30° from
the horizontalFigure 6(b) corresponds to the-@oint autocorrelation of the white phase of
the microstructure in cartesian coordinatégure 6(c) 2-point statistics in a polar
representation from which we can see the peak being located at tand— p v 11J
corresponding to the preferred orientations of the ellifgeath Figure 6(d) andFigure 6(e)
present the rotationally invariant@int statistics in polar coordires. The dominant
information is observed to be aligned with 1 Andf  p U 11Id accordance with the

o Ttshift in the directional directiof6].

2.3 Extraction of Intrinsi ¢ Properties

Most crystal elastiplastic theories use intrinsic singteystal properties as model
parameters. This means thatainlevel experimental measuremeriteat capture crystal
anisotropysuch as the ones from miehardness, compression on noigillars or nane
indentation, cannot be used directly for this purpbstead, a significant amount of work
has beerput into theextractionof intrinsic properties from the measured gragale
experimental datand the crystal orientation. Pertindntthe present worka two-step
Bayesian framework has been successf@x#tiacting intrinsic material properties from
sphericaindentation testen polycrystallinecubic and hcp metal specimef#9, 51, 154,

155]
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The first step in this framewortequiresa high fidelity reducedorder model (i.e.,
surrogate)that predicts the indentatioproperty based on therystatlevel intrinsic
properties anthtticeorientation information. For the casetbé hcpl-titaniumgrains the
elastic stiffness parameters) 5 I K R , are used to predict the indentation
modulus, and the slip resistances from h possible slip systems,

Y RY RY  RY , will determine the indentation yield strengiiihe second step

in this procesgs the calibration of a physics based finite element (FE) model of the
indentation tesby usingexperimently collected datd154]. It is worth mentioning that

for the specific casef spherical indentation, it is preferred to use the normalized
indentation stresstrain curves instead of the ledsplacementata[49, 65, 66] due to

the tedious process involved in determining the elastic segment from the raw information

(see section 2.1 for a deeper explanation)

The reducegrder model capturing the dependence of the indentation properties on the
intrinsic crystallevel material properties and crystallographic lattice orientation in the
deformation zonas constructed using Bayesian linear regression (BLR) makerg very
computational efficien{51, 156, 157, andis calibrated to higtidelity physicsbased
finite element simulations. Hse simulations are based on cryptakticity theorie$158-

160] and conducted on the widely available ABAQtiSite element analysis software

and the theories assume crystallographic slip on the available slip syé&bht be the

sole crystal deformation mode.discrete representation of this modeah be given biq.

(12), whered® denotes the simulated indentation property (e.g., indentation modulus or

indentation yield strength)ssrepresents the singleystal intrinsic propertyand |
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correspond$o the crystallographic orientation (see section 3.3 for explanation on the-Butege

orientation convention)

0’ 0" wid O “0 BPF 04 mm 12)

Here,0 Bh  specifies the orientation space of interest over which the surface
spherical harmonics (SSH) basssymmetrizedthe values 0 and 0 denote different
truncation levels implemented in the equatiand the model coefficients given liyare
obtained g application of a Bayesian linear regression on the FE experiment simulations
database[7, 51] The application of this BLR is of enormous importance since it allows
for the calculation of the variance in the new predictiéssa result from these variances,
it is possible to determine the parameters of the new predictions that would specifically
maximize the potential for improving the model reliabili#} and therefore optiizing the

computational resources utilized in the process.

The second step of the framework is the calibration of the reebrded model built in
the first step, by using the actual results from tjnain-scale spherical indentation
experimentson polycrystalline specimensThis step can be interpreted as an inverse
estimation in which the intrinsic materials properties are estimated from the -teystal
mechanical behavioiThis calibration is accomplished by using a Markov Chain Monte
Carlo (MCMC) sampling strategy7, 51, 162164]. Minimization of the difference

between the measured and the predicted indentation properties is a key in the model
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optimization and can be interpretedzas (L3), whered” refers to the measured indentation

property.
0° 0° i T 13
2.4 Titanium alloys
24.1 Microstructure
The predominant onsti tuent i n tdphasenwhichmpresehts @ y s

hexagonal closed packed (HCP) crystal structure. This phase is stable at temperatures lower
than the betéransus temperatuyrevhich is an alloydependent valueAt 882.5 °C, pure
titanium presents an allotropic transformation. From that hexagonal-glasked structure,

the atoms rearrange intdady-centered cubic (BCC) crystal structlren o w n-phase. b
The transformation temperature changes with the addition of alloying elementscahich

be categorized as i t h @ rr - sthbilizers resulting in the transformation temperature
moving up or down as alloying elements for one category are atdtiedproperties of
titanium alloys are mainly governed by the morphology, volume fraction anddodl
properties of t h&. Withwoopegyhdasgmed heat tremtments f.e.,
carefully selected temperatures, times and cooling rates), it is possible to obtain a variety
of titanium alloy microstructures with diverse phase morphologies (e.g., equiaxed, colony
bimodal, and baskateave)[9, 165, 166] Additionally,chemical composition will have a
significant effect on the resulggnmicrostructure. As shown iRigure 7, the same heat

treatment process for two different alloys, will produce very distinct microstructures.
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Figure 7. Crystal structure of titanium alloys and the resulting microstructures for differen
treatments. (Temperatures values refer to pure titanium).

Globular microstructure consists of roughly equiaxed prirthryg r ai ns, wi t h |
b phrRgwesB@,resulting from alloys wor k[d and
This microstructure exhibits high levels of anisotropy, primarily due to the alpha phase
being the dominant constituent. This behaviatisngtheneds texture is sharpenadth

mechanical work.

The most important phase transformation in titaniumyalo i s pe¥YHaps t |
transformation in microstructure evolution. Lamellar morphology for example, is formed
from an originally annealed beta grain. At relatively low cooling rates and aging treatment,
continuous and paralleh Walklkerdewél bhei Baimde
as observed ifigure 8(b). The Burger 6s Orientation Rel ati
exist a relationship between the orientation of the original beta grain and the newly formed

alpha lamellae. Parallelism between the respective closest packed slip ptamep
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T Tt T ¢ permit the dislocation gliding on any of the three basal slip systems to pass

through the U/ b interphases. Fully limmel | al

closeto-idealbalance of properties.

&
v

(e

Figure 8. SEM and EBSD images for the three most important morphologies present in 1
microstructuresa) Globular, b) lamellar and c) basksteave.

The most i mportant phase transfolifati on
transformation in microstructure evolution. Lamellar morphology for example, is formed
from an originally annealed beta grain. At relatively low cooling rates and aging treatment,
continuous and parallel | ayersthbé phiosamecg
as observed ifigure 8(b). The Burger 6s Orientation Rel ati

exist a relationship between the orientation of the original beta grain and the newly formed
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alpha lamellae. Parallelism between the respective closest packed slip ptamep

1t 11 ¢ permis the dislocation gliding on any of the three basal slip systems to pass

through the U/ b interphases. Fully limmel | al

closeto-idealbalance of properties.

On the other hand, if the cooling rate is inceghshe formation ofaths with larger
aspect ratio, defined as the lath length over the thickness, are profigteel 8(c). The
higher cooling rate results in the increase of the transformdtigimg force leadng to
the nucl eat i ocolorses fdom withio the grieb o fg raddialso,from the
boundaries of t he .Thereslltingniomphologisknowrlhs lwaskéto ni e s
weave[2l and i s ¢ har adathe arranpeeind crissooss patterss, abd for
presentingmore than oné}orientation variant irsame region ofhe prior-b g rThi$ n
represents a significaimcrea® inthe complexity of the microstructure. This newly formed
Uphase presents the same hcp lattice structure and similar lattice parameters as the

primaryU; t herefore, t he ylcensiderecdas nedligitdet or t i on i s

The presence of lamellae/laths results in high density of-sehd@rent lamellae
boundaries affecting the dislocation motion whioksults in the enhancement of
mechanical properties such as strength and fracture toughnes Prigr ai n si ze,
fraction of the present phases and lath thickness, apart from the chemistry itself, are the
main parameters to control the mechanical behavior at various length scales. All of these
parameters can be controlled by an optimized lreatrhent to improve and achieve the
desired microstructure.

As a consequenca,unique set of mactecale properties will be associated with each

particular microstructure. Examples of these relationships are provid8ebiawski et
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al.[167]and G. Lutjerind82], wherethe yield strengtland fatigue properties vary as the
cooling rates of TFbBAI-4V, Ti-6Al-2Mo-2Cr and Ti5.8Al-4Sn3.5Zr-0.7Nb-0.5Mo-

0.35S#0.06C arechanged

Titanium alloys can be heat treated for a variety of reasons. The relatively low
temperature range of 480 to 650°C (for6Rl-4V) is usually used for stress relieving
processes. Subr an s us an n etarsus rnegnpelatore) lisogenerélly used for
erhancement of creep resistance, stremyittility combinations and phase stability at
high temperature applications. Au contrabb@nnealing i s ot her mal-phhsel d i nt
field) leads to improved fracture toughness and a decrease in the notclvisgnsithe
objective is to achieve excellent fatigue strength and high tensile yield strength with
reasonable ductility properties, ageing processing in a common option in the tdailbox.
annealing refers to an isothermal hold in the temperature 7@00°C for Ti6AI-4V
(or 704843°C for Ti6Al-2Sn4Zr-2Mo) and it is considered an incomplete annealing
treatment used to retain the wrougtate microstructure. Other treatments such as
recrystallization, duplex, stabilization, and streslgef anneling are also employed

depending on the alloy andsited properties.

2.4.2 Chemistry
Titanium is a transition metal that forms solid solutions with most substitutional
elements that fall in the £20% atomic size rafigpical substitutional elements dfanium
alloysinclude Al, Sn, Ga, Ag, V, Zr, Hf, Nand Ta. Solubility of interstitials elements into

a titanium matrix can be significant. Oxygen for example, can dissolve up to 14.25% at
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600°C, and Nitrogen up to 7.6% at 1083°C, which is not necssammon with other

metals[2].

Titanium alloys broadly divided into two groups, commerciallyep{€P) titanium and
titaniumbased alloy$2, 9. CPt i t ani um refers to materials
and are categorized as grades 1, 2, 3 or 4 based on their oxygen, nitrogen, carbon, iron and

hydrogen contents. In the case of titanibased alloys, alloying elements with

electron/atom ratios of <d¢ t a b i | -phase, elerhests with a ratio of 4 are considered
neutral, sand those f or -phadeistabilizers. Dependiagton o | a
the all oy el ement combination present in a

UUb, -beame tm,s ttabiunesalloy category?, 168]

Phase diagrandepicting the phase transformations for different titamhased alloys
arecomplexandmany of them are yet to be complet@tie phase diagrams of the-Al
and TtMo systems are observedHigure 9(a-b) for referenceElementsuch as aluminum
and oxygen, nitrogen, carbon and gallium, tenfawor solutioninto the Uphase and
thereforetmamseudg.heTiUl band silicon are usual
exhibit a notorious preference towards any of the ph@sethe other hand, molybdenum,
vanadi um, chr omi um, i ron, cCopperphaseareach ganes

depr es dgransus.e U/ b
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Figure 9. Phase diagrams of the a.) titanit@uminum and b.) titanius
molybdenum alloy systerfig .

41



CHAPTER 3 High-Throughput Grain -Scale Mechanical Characterization of
Primary -UPhase

3.1Introduction

The key to understand the impressive properties of titanium alloys lies on the
knowledge about their complex microstructures and the properties associated with each of
the constituentLCrystal plasticity theoriegl69-171] allow one to systematically capture
and expbre the precise roles of the different slip system activities on the effective
(macroscale) response of Ti alloy samples at large plastic strains. However, such studies
have been largely hindered by the lack of reliable information on the-gpaie
mechaical properties (e.g., single crystal elastic stiffness parameters, critical resolved
shear strengths (CRSS) of different families of slip systems) of the individual phase
constituents. This is evident from the fact that the reported polycrystal simusatidies
in current literatur§169, 172177]use widely varying room temperature CRSS values for
the different slip families it} Ti. For example, the ratio of CRSS values for basal slip to
prismatic <a> slip in}Ti of Ti64 have been assigned values ranging between 1 and 5 in
current literaturd175-177). Similarly, the ratios of CRSS values for pyramidal <a> and
pyramidal <c+a> slip systems to prismatic <a> slip have been assigned values in the range
of 1-5 and 1.2515, respectively[175-177] Clearly, grairscale measurements of
mechanical responses are critigaleeded to support the further refinement of the crystal
plasticity theories being developed to predict the overall mechanical properties of Ti alloy

samples.
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Si n epbaselforms in lenticular shaped grains in most Ti alloys, metalworking is
typicallyud t o obtain a more gl obuphaseisgenemllfyi gur a
referred as primary U). This offerscaleoppor:t
mechanical properties compared tothe h as e. However , tipmsehcp st
exhibits high levels of anisotropy in its mechanical properties at the single crystal scale,
especially those related to its plastic response. Consequently, in order to evaluate critically
the role of phase chemical composition on the mechanicabniesp one needs to
characterize the graiic al e me c h a n i -phade that acsoprisrrigoeously for U
the effects of the hcp crystal lattice orientation. Logically, this requirement can be pursued
using two different approaches: (i) growing and tegtiarge single crystals using
standardized (macroscale) test methods, or (ii) developing and employing suitable small
scale testing methods that allow us to probe the -g@fe mechanical response in the
individual grains of a polycrystalline sample. hit is possible to grow large single
cr yst aphase THL78-18&1) it places wingent limits on the chemical compositions

that can be evaluated; this approach also incurs significant time and cost.

A variety of smalscale testing approaches have been explored for the evaluation of
mechani cal r e-phpse rc@mponeatfin Ti Alleys. These have included
compression tests on micropilldtk7-21] and bending tests on mieoantilever beams
[182,183]. Although these techniques have allowed the identification of the activated slip
systems and the estimation of single crystal propertges., (critical resolved shear
strengths (CRSYS)), they have also raised questions on the potential effects from the use of
the Focusedon Beam (FIB) for the fabrication of the specimen on the measured values of

the propertie§22]. Furthermore, there appears to be high levels of variance in the reported
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values in the literature, sometimes even within a single study. For example, Gong et al.
[182] reported CRSS values for prismafitOslip in therangeof 140 MPa t0590 MPa

from tests conductedonmieccbant i | ever b e amswhioefSuneialflg]l e cr vy
reported values between 150 MPa and 450 MPa for the same parameters estimated from

conpression tests on single crystal micropillars.

Nancindentation using Berkowich and Vickers indenters offers an alternative
approach for characterizing the graicale response of Ti alloys. For example, Mante et
al. [184] have reported hardness measurements of 1.6 GPa and 1.9 GPa in Berkowich
indentations conducted parallel and perpendicular to {ves; respectively, in a GP
Titanium sample. A more recent study by Merson €tL86], however, reported hardness
measurements af& dGPa and 1.34 GPagspectively, for very similar sample and test
conditions These studies clearly point to the lack of consistency in the indentation
protocols and/or the subsequent analyses of the raw data obtained from the measurements.
The main deficiency with the hardss measurements is that they do not represent an
intrinsic material property (e.g., the measured values depend on the imposed
load/displacement leve[81-33, 186). In general, they correspond to the material flow
stress after some natandard amount of plastic deformation has been applied to the

material.

The work from this taskuilds on the recent advances in spherical indentation stress
strain protocols and demonstrates their viability on a collection of five different Ti alloys
with varyingUphase chemical compositions, where a large number of grains were studied
for each alloy composition. The dataset assembled in this study represents the largest such

dataset available today, comprising a total of 311 datapoints, where each datapoint
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repregnts an indentation stresgain curve corresponding to a distinct combination of
grain orientation and chemical composition bfphase Ti. Previously reported
measurements on €R and Ti64 from Weaver et aJ5] were added to the dataset to
enhance the comparisons presented in this work between the different Ti alloys. Where
needed, especially in the case of Ti64, additional indentations were performed. The study
strongly attests the claim that the spéa indentation stresstrain protocols represent the

best of currently available high throughput protocols for gsamle evaluation of
mechanical responses in polycrystalline metal samples. This dataset is expected to provide
new insights into the relof chemical composition and crystal orientation on gsaale

response of}Ti.

3.2Methods and Materials

3.2.1 Materials and Sample Preparation

Materials for this study were selected to represent a range eéipbarand alphbeta
Ti alloys. Specifically, Tial-1Mo-1V, Extra Low Interstitials (ELI) Ti5AR2.5Sn, Ti6A}
4V, Ti6Al-2Sn4Zr-6Mo and Ti6Al2Sn4Zn-2Mo were selected because of their
importance to the automotive, aerospace and gas turbine industries. Specimens of these
materials of sizes ranging frondti | y8ti | v8ti [ top &l | ¢ @i i
p @ti | were cut from larger bulk samples, and were individually heat treated to produce
large primaryJ grains. Lar ge grains ar e desired
measurements within individual grains are not affected by the neighboring grains. Details
of the heat treatments conducted for the different alloys are providebia 1. In order

to minimize the oxidation layers formed in the heat treatments, all specimens were
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encapsulated in quartz tubes with vacuum up to ghaut torr. All heat treatments were

performed in a Thermo Fisher Scientific, Lindberg/Blue 11ID8o0x Furnace.

Table 1. Summary of the heat treatments applied on the different alloys to produce the sg
used in this study.

Heat Treatment

Alloy Primary Treatment Secondary Treatment
Tig11 1028 °C- 2 hours- Air Cooled 800 °C- 24 hours Air Cooled
Ti5-2.5 800 °C- 2 hours- Air Cooled -
Ti6242 970 °C- 12.5 hours Furnace Coole! -
Ti6246 915 °C- 24 hours Furnace Cooled -

Ti64 825°C - 4 hours- Water Quenched 700°C - 4 hours - Air Cooled
CP-Ti 800 °C- 2 hours- Furnace Cooled -

Sample preparation plays an important role in the quality and accuracy of the
indentation measurements, especially for the spherical indentationstteessprotocols
[187]. The samples were prepdr using standard metallography procedures to obtain
relatively flat and undisturbed material surfaces in order to ensure that the indentation
measurements reflect the true response of material (i.e., removing any oxide layer or other
disturbed layers pragted due to how the samples are cut from the larger bulk specimen
and handled during the various heat treatments). The cheubanical preparation of
samples consisted of two stages: first, grinding using silicon carbide papers down to 4000
grade, followe by polishing with 3 pum and 1 um diamond suspension, and second, vibro
polishing with 1 part of 0.06 um colloidal silica, 4 parts of water and 1 part of hydrogen

peroxide for 12 hours.
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3.2.2 Microstructure and Mechanical Characterization

Microstructures in the sample were characterized using$@atkered electron (BSE)
and electron backcattered diffraction (EBSD) imaging using a Tescan Mira3 field
emission scanning electron microscope-&HEMV). These maps were used to identify the
grains and locations where the indentation measurements were carried out. High voltage
of 10 kV and 20 kV was used on all specimens for the BSE and EBSD scans, respectively.

Mechanical characterization by spherical indentation sstas protocold34, 36]
was conducted at room temperature on a Nadenter G200 by Keysight (formerly
Agilent). This equipment is capable of obtaining a continudiifiess measurement
(CSM) in addition to the measurements of the raw load and displacement signals in the
indentation tests. This capability allows for a much more reliable extraction of the
indentation stresstrain curves (detailed further in sectior8)2.An indenter with a
diamond spherical tip of radius 15.2 um was selected for this study. This tip size was
selected to ensure that the ratio of grain size to contact diangétent yield would be
higher than or equal to 10. This criterion is desigttednsure that the measurements in
individual grains are not influenced by any of its neighbors. However, since we are not
documenting the microstructure under the indentation surface, one should note that some
effects from the neighboring grains are umdeable in the experiments reported here. Of
course, larger the ratio of the grain size to the contact diameter, the lesser the likelihood of
the influence of the neighboring grains in the characterized responses. The average grain
sizes in the samples ted were in the range of 3&n - 30 um. In our experiments the
contact diameter estimated using Hertzds t

be less than 1.5 pum for the 15.2 um tip radius, when significant plastic deformation has
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been initiateduinder the indenter. Therefore, the indentations reported in this study can be
treated as contained within individual grains. A typical residual impression in the grain is
shown inFigure 10, in which the calculated contact area at yield is indicated by a red
circle. Because of the very low indentation depths at indentation yieldygsekin

effects are minimal. Furthermore, Taljat and PfB88] showed that for an elastic/plastic

material wth — p 1t subjected to spherical indentation, very small amounts of pile

up/sinkin were predicted for the very low indentation dep#&itough indenter tips of
smaller radius are available, they were not selected because they exhibit a higheytendenc
to produce pogns[5, 44, 77, 187, 189]T'he maximum indentation depth was kept constant

for all tests at 500 nm. All indentation tests were performed at a nistriaia rate of about

0.05 s,

;Contact rad,iusvgti
yield = 622 nm

o

B

Figure 10. Optical micrograph of indentation imprints in the Ti6262 polycrystalline sample
this study, showing the size of the contact area at yield (highlighted by the red circle)
maximum load (indicated by black arrows) relative to the grain size.
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3.2.3 Chemical Composition Analysis

Chemical composition analysis of all substitutional alloying elements ik-fifese
was performed in all the samples using electron microprobe analysis (EPMA) on a Cameca
SX-100 electron probe microanalyzer. Standards useahfalysis are from SPI Supplies,
West Chester, PA, catalog number 02282 All samples were coated with 20 nm carbon
prior to analysis using pulsed cord evaporation protocol on a Quorum Q150 ES. Calibration
on pure metal standards was performed prioresting on samples, using accelerating
voltage of 20 kV and current of 20 nA. Chemistry analysis of oxygen (average composition
as opposed to only alpha phase) was performed by the inert gas diffusion technique in

accordance with the ASTM E1442 standardi190].

3.3Results and Discussion

Results from the chemical composition analysis performed dd-pihese components
of all the alloys studied in this work are summarizedahle 2. Aluminum is the primary
solute in theU-phase, and its content varied from 9.23 to 13.8 at.% (5.35 to 8.28 wt.%)
across the different alloys studied. Because this composition range is not expected to
promote the formation of the intermetallic compodné Ireferred to as ) [191] under
the heat treatment conditions conducted in this study (e.g., no low temperature age for
long duration), Transmission Electron Microscopy (TEM) was not employed to confirm
the absence of this compound. The tin content ranged from 0O to 0.95 at.% (0 to 2.43 wt.%),
while the zirconium content ranged from 0 to 1.91 at.% (0 to 3.72 wt.%). Botnd
zirconium are neutral stabilizers, and their distribution is expected to be roughly the same

in both phases in the alloys that have them. The vanadium content ranged from 0.00 to 1.45
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at.% (0 to 1.62 wt.%), while molybdenum content varied from 0.34 @t.% (0 to 0.64
wt . %) .
partition preferentially to the beta phase, explaining their low content itk-fifeses
studied in this work. Regarding interstitial elements, carbrygen and nitrogen tend to
partition to the primary alpha phase, whereas hydrogen prefers the beta phase. However,
the presence of carbon and nitrogen is expected to be negligible in these alloys. Due to the
difficulties associated with EPMAVDS in measurig the amount of trace and light

elements[192], the inert gas fusion standard was employed, which indicated oxygen

Bot h

vanadi

um and

mo tstakiizees,randrheneer e

content varying fronf.15 to 0.51 at.% (0.05 to 0.20 wt.%).

Table2. Chemical compositions of the primédbphases in the titanium alloys studied in this w
Amount of oxygen was determined in accordance with ASTM BI1B9 Inert Gas Fusion. /
other elemental compositions were measured using Electron Probe Micro analysis

technique.
Chemical Composition(at. %) of Ti U-Phase

Alloy Ti Al Mo \% Sn Zr o*
Ti6246 83.83 12.70 0.31 0.05 0.80 191 0.40
Ti6242 85.07 11.74 0.14 0.00 0.75 1.80 0.51
Ti811 85.39 13.75 0.08 0.41 0.00 0.00 0.38
Ti64 86.16 11.83 0.00 1.44 0.00 0.00 0.57
Ti5-2.5 89.68 9.22 0.00 0.00 0.95 0.00 0.15
CPTi 99.54 0.00 0.00 0.00 0.00 0.00 0.46
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The lattice orientation of a HCP crystal with respect to the sample (indentation) frame
can be defined by the set of Buraler anglese f3F  [193], as described iRigure
11(a-d). Of these angles, denotes a rotation about the indentation axis (selected as the
sample g-axis). Because of the axial symmetry of the spherical indenter, the measured
indentation loadlisplacement responses (and all extracted properties from these
responses) are expected to be independent.dfhis is because a simplepfane rotation
of the sample is not expected to change the measured indentatiedidptement
response even when the sample exhibits significant anisotropy in its mechanical response
(as expected in the present case). Furthermore, because of the transverse symrmeetry of th
elastic response of the hcp crystal with respect teatss; the measured elastic indentation
responses on hcp crystals are also expected to be independemisfa consequence, the
indentation moduli measured in this work are expected to shonaaépendence d,
while the measured indentation yield strengths are expected to show a dependence on both
3 ande . Physically,5 corresponds to the angle between the indentation direction and
the crystal eaxis and is also referred as the declinatagle. The high sensitivity of the
indentation properties to the declination angle in hcp crystals has already been reported in

prior work[5, 63, 154, 155, 194, 195]

Examples of measured indentation lahsplacement curves from three different
grains in the Ti6242 sample with declination angles closdsto 1 ,J 45 and 9@,
respectively, are presentedkigure 12(a). Even though only small differences exist in
the initial elastic portions of the measured laggplacement curves, these differences are
magnified and become much more clear in the corresponding ISS curves presented in

Figure 12(b). As expected, the declination angle is seen to have a significant influence on
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Figure 11. Depiction of the BungeEuler angles used to describe the hcp crystal orientatior
respect to the sample reference frame. This relationship is described through a sequenc
rotations, where the hcp crystal is initially oriented parallel toghenple reference frame (denc
by QRQRQ ) and brought into coincidence with the crystal reference frame. (a) Initial aligi
of the hcp crystal with the sample reference frame(dp)The sequence of three rotati
« h b tobring the cystal in alignment with the crystal reference frame.
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bothO and& |, although the effect is significantly larger on the latter. It is clearly seen
that the eaxis is the stiffer and harder direction in the spherical indentation of hcplsryst
These observations are in agreement with prior reports on the anisotropy of hexagonal
crystals[5, 185, 196] and can be attributed largely to the required activation of pyramidal

@ Xslip systems in the indentations parallel to thexis.
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Figure 12. a) Loaddisplacement curves from selected primargrains in Ti6242 with lattic
orientations expressed inBungeu | er angl es as [ 0. 1e, 1.7
[261. 2e¢e, 85. 4¢, 176. 2¢e] . b) C oof theesaxip arianthiiol
on the indentation response.

Figure 13(a, b) summarize all of the measured prim&iyndentation moduli as a
function of the declination angle (recall that this is the only orientation related variable
influencing the indentation modulus) for all alloy compositions studied in this work. It is
clearly seen, especially in the trendline plshown inFigure 13(b) that the indentation

modulus decreases with an increase in declination angle, suggesting thaaxise c
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continues to be the stiffest direction for all of the alloys studied. On an average the
indentation modulus along theagis is about 24% higher than the indentation modulus
perpendicular to the-axis for these alloys. It is also noted that the addition of different
alloying elements (the main one being Al) decreases the elastic stiffndmses different
primary-Uphases studied in this work. It is difficult to isolate the effects of the individual
alloying elements on the indentation moduli from these results, because of the relatively
small changes in the moduli with changes in both thénd¢ion angle as well as the

changes in the alloy compositions.
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Figure 13. Indentation modulus as a function of the declination angle for all titanium alloys ¢
in this work. (a) Measured values. (b) Regression analysis on experimental data. Res!
Weaver et al[5] for CT-Ti have been added to facilitate comparison with the results froi
study.

It is clear fromFigure 13 that there is significant noise in the measured indentation
moduli (similar observations can be made subsequently for the measurements of
indentation yield strengths). This noise arises from various uncontrolled factors in the

measurements and analysestpcols described earlier. These may include the presence of
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grain boundaries close to the indenter below the sample surface, improperly prepared
sample surfaces, deviations in indenter shape from the ideal spherical shape, frictional
contact between thesiple and the indenter, and errors in the analysis protocols described
earlier (e.g., incorrect identification of the initial elastic regime on the measured load
displacement curve). The central advantage of thethiglughput protocols employed in

this work is that we can generate a significantly large dataset (e.grigae 13) and
estimate reliable values of material intrinsic parameters (as shown in Part Il of this series)
using advanced statistical techniquest thxtract and utilize the underlying trends, while

accounting for the noise.

Williams et al.[197] demonstrated that the presence of oxygen and aluminum in
titanium alloys (specially above 5 wt.% Al) effectively suppressed twinning as the primary
deformation mechanism in compression tests performed parallel teattis. 8Veaver et
al. [5] did not find evidence of deformation twinning in their spherical indentations en CP
Ti grains with indenter tips of radii 16 um and 100 um. Observations from the present work
are in agreement with the previous an&lyas no evidence of deformation twinning was
observed in or near the residual indents. Since similar -gcaile indentations on
polycrystalline zirconium and magnesium showed twin markings in and around the
residual indentatiof63, 198] it is clear that slip was the dominant deformation mechanism

in all of the tests @orted here.

The variation of the measured indentation yield strengthsivahde are presented
in Figure 14 as contour maps on an Inverse Pole Figure (IPF). The actual measurements
are also shown in these plots as colored circles. The contours shown were obtained by

regressing the data to a Fourier representation using generalized spherical harmonics as a
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basis and then using the Fourier representation as an interpolator over the IPF [@&main
It is clear from these plots that the measurements exhibit low sensitivity but a strong
dependence oR . As expected, @xis represents the hardest indentation direction for all
the alloys studied. As already mentioned, this is because compression-alogsgerjuires
activation of the hard pyramidéD ¢X5lip. As the declination angle is increased, the easy
prismatic &XOslip systemd5, 41, 183, 195, 197, 19%ecome more active, resulting in
lower indentation yield strengths. It is also noted that the influence o the indentation
yield strength is highest for CH. This points to a higher contrast in the slip resistances
of prism and basal systems instlalloy compared to the otheamd confirmed by the

estimations by Castillo et 4I7].
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Figure 14. IPF Contour plots depicting the dependencies of measured indentation yield st
on the Bung&ul er angl es a and az. These pl
representations based on generalized spherical harmonics.
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In order to comparthe indentation strengths of the differeithases, it is much more
convenient to plot the measurements as a function of the declinationzagagealready
noted the dependence of the measurements @quite weak). The measured indentation
yield drengths for all the alloys are presentedrigure 15(a) along with the trend lines
obtained from the regression analyses mentioned earlier.FRgure 15(a), it is clear that
the indentation yield strengths perpendicular to tHagis exhibit much lower sensitivity
to thealloy compositions compared to the indentation yield strengths measured parallel to
the caxis. Specifically, it is instructive to look at the increases in the indentation strength
compared to CHi, which provides a good baseline for understanding trectsftiof the
different alloy compositions. Implicitly, in such analyses, the overall slip resistance is
assumed to be the sum of the contributions from the different solid solutions present in the
alloy. The indentation yield strength parallel to thexeswas observed to increase between
0.8 GPa (for Ti64) and 1.6 GPa (for Ti811), with respect tdf C®hile the corresponding
increase in the indentation yield strengths perpendicular tcdikes avas ~0.7 GPa for all
of the alloys. It should be noted thadentations parallel to theaxis are expected to be
dominated by pyramidafto ¢Oslip, while those at large declination angles will be
dominated by combinations of prismafi&O and basal slip systems. These expectations
are indeed confirmed in the €EBM simulations[7]. Utilizing these insights, the
observations made earlier forkigure 15(a) clearly suggest that all of the different
alloying elements in the alloys studied in this work produced a bigger increase in the
resistance to the pyramid@b ¢slip compared to the increase in the resistances to the
prismatic¥and basal slip systems. Therefore can conclude that the resistance to the

pyramidal & ¢Oslip system exhibits a higher sensitivity to the variations in alloy
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chemistry compared to the resistances to the pris&fiand basaslip systems in the

alloys studied.
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Figure 15. Variation of the indentation yield strength with the declination angle. The solic
represent regression fits. The comparisons are presented in different groupings. (a) All °
studied in this work. (b) Comparison of Ti6242 and Ti6246 to elucidate the effect of

Comparison of Ti811, Ti64, and €R to elucidate the effect &fl. (d) Comparison of Ti2.5
Ti64, and CPTi to elucidate the effect of Sn. The-THesults are taken froid] .
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Additionally, we observe frorRigure 15(a) that the different:phases exhibit different
levels of anisotropy in their single crystal responses. Plastic anisotropy plays an important
role in multiscale materials modeling, both in the predictionhefeffective anisotropic
properties (e.g., effective yield streng@®0-202]) as well as local responses (e.g., grain
scale responses controlling fatigue performance of the @@8; 204). The ratio of the
indentation yield strength parallel to theaxis to the indentation yield strength
perpendicular to the-axis serves as a good indicator of the single crystal plastic anisotropy
in theUphases. It is seen frothe results presenténl Figure 15(a) that this ratio varies
from 1.4 (for Ti64) to 2.0 (for Ti811). A statistical analysis of the data presenkgguire
15(a) did not reveal any strong correlations between the single crystal plastic anisotropy
and the sbstitutional elemental compositions. The same analyses suggested that there is
potentially an inverse correlation between the single crystal plastic anisotropy and the
oxygen content. This observation is consistent with prior reports where it was hygexthes
that the presence of interstitial oxygen contributes roughly equally to all of the potential
slip systems i} Ti. Indeed, if the increases in the slip resistances of the different slip
systems are roughly equal, the percentages increases wouldhbee foigthe easy slips
systems (compared to the harder slip systems) and thereby lower the single crystal plastic
anisotropy, as revealed in the measurements shokigune 15(a) Clearly, further studies

are warrantedb critically evaluate this hypothesis.

Figure 15(b) presents a comparison between the indentation responses of Ti6242 and
Ti6246. As explained earlier, the results from CP Ti are added to these comparisons to
serve as a baseline. Given the small changes in the chemical compositioris ptitises

of thesealloys (se€lTable 2), it is not surprising that the indentation responses are very
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similar. The small differences in the trendlines showFigure 15(b) are seen to be smaller
than the observed inherent variance in the measurements in the same plots. Therefore, we
conclude that the indentation responses oltpiases in these alloys are very similar to

each other.

Aluminum is the most common alloyingeehent in titanium alloys due to its high
solubility in both alpha and beta phases. Addition of aluminum is expected to increase the
strength of the alloy while lowering its density. However, these effects have not yet been
guantified systematically in cuant literatureFigure 15(c) presents the measurements of
the indentation yield strengths along with their trendlines feTfCFi64 and Ti811 alloys.

From the chemical compositions of tbehases ifmable 2, it can be seen that the main
contributors to the strength differences between these alloys come from the differences in
their Al and O contents. Sakai and FjA85-207]investigated the slipesistances of basal

and prismatic slip systems in single crystals eATalloys with aluminum composition in

the range of 0.25 and 3 wt.% (0.44 and 5.2 at.%), and more recently, Williamg.evhl.
performed compression tests at varying temperatures @1 Jingle crystals with Al
contents of 1.4, 2.9, 5 and 6.6 wt.% (2.46, 5.04, 8.55 and 11.54 at.%). Both these studies
concluded that the gliresistances of both basal gmismatic@Osystems increase as the
aluminum content in the Al alloy rises; however, the prismafiéOsystems exhibited a

more pronounced effect. Results from the present work are in agreement with their findings
as the differences in the mechanical response at all declination angles betwEem@P

Ti64 and Ti81l1l can mostly be attributed to the vas@iin aluminum content.
Furthermore Figure 15(c) seems to suggest that tAé content in Ti811 increases the

pyramidal@ ¢Oslip resistance much more than the basal or prismatic slip resistances.
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We also observe thdti64 presents the highest amountvahadium among these alloys

and presents the lowest crydiael plastic anisotropy among all materials studied here.

Tin is generally recognized as a strong strengthening agent among its other non
transition peers (i.e., Ga, Ge, Bi, Al)91] known for exhibiting a strong solisblution
strengthening effect on the-phase of Ti[191]. The strengthening effect of Sn is
particularly noticeable among its substitutional peers (including Al), especially at
compositions above 3.5 at.% for temperatures around 3[XD&. Factors such as the
electronegativity difference between solute and solvent, atomic size difference, and lattice
stability parameters (e.g., shear modulus) have been suggestedntimately related to
the solidsolution strengthening capability of ntransition alloying element§l191].

Figure 15(d) presents a comparison between the indentation responses betweén CP
Ti64 and Ti52.5. It can be observed that a difference of 0.95 at.% in Sn between Ti64 and
Ti5-2.5 is enough to increase thexis indentation yield strength of the 12% by 11.4%

despite the fact that Ti64 has a higher concentration of aluminum and oxygen.

Table 3. Aluminum equivalence values calculated for all
primaryU compositions in wt. %,
equation taken frofa] .

Alloy Al_Equivalence
Ti811 9.63
Ti6242 9.719167
Ti5-2.5 6.662042
Ti6246 10.00675

Ti64 9.0495
CP-Ti 1.55
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Rosenberd209] described an aluminum equivate relationship based on a creep
stability threshold defined as 10% elongation and 20% reduction area after exposures of
alloyed titanium to creep. He studied the individual effects of alloying elements on the
stability of pure Ti and established that 8% Sn is equivalent to 1 wt.% Al in terms of
their embrittling effects. Similarly, the effect of Zn and O were found to be additive with
their effect beingj @ and 10 times that of Al, respectively. Recent work has investigated
the relationship between the aluminum equivalences and mechanical properties such as
flow stress [210, 211] tensile strength and fracture toughndg2i2]. Aluminum
equivalences were computed for all the priradrgompositions inTable 3 using the
equation established in prior literatuf2]. The dependence of the indentation yield
strengths at declination angles 0 =n0A and
Figure 16. It is seen that the indentation yield strengths showed a positive correlation with
Al equivalencies, but a negative correlation with Mo equivalencies. More specifically, it
was also noted théoth correlations are stronger for the pyramidal ¢5lip resistance,
which dominates the indentation yield stre
prismatic &@and basal slip resistances, which dominate the indentation yield strength
measurements at O =-enfpbadizes durrearl@rtcbnelusionirartrees , i
pyramidaléo  ¢Xblip resistance exhibits higher sensitivity to composition, compared with
the prismatidxand basal slip resistances. It is also noted that several of the correlations
are relatively weak. This is to be somewhat expected as the Al equivalencies described
above were not designed to correlate with the indentation yield strehrigthvever, the
observed correlations suggest that there may be opportunities to establish similar

equivalencies for CRSS values. This could be the focus of future work in this area.
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Figure 16. Dependence of the indentation yield strengtf

declination angles 0 = 0A
computed for the primafyy composi ti ons ¢
this work.

The results from thitask served as modeling calibration data for the estimation of the
intrinsic properties of the primaty phase of the titanium all o
by implementation of the protocols described in section 2.3. The results from thatepvo
Bayesan framework applied to the data presented here, were published under the Title
AMechanical Res-podsesGrai n®rimarPyyl yodr ystal |l
Bayesian Esti mati on of Crystal Level EIl a:
SphericalInden at i on Me dyGastiléo @are cawaerkels]. A brief summary of
the reslts is presented here as demonstration of the capabilities and veracity of the nano

indentation measurements of this work.

The finite element model of the indentation experiment was based on the following
equations describing the crystal level plasticityadeformable body and a rigid semi

spherical indenter under frictionless contact:
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Due to the high levels of plastic anisotropy between different slip families in the hcp
crystal presented inTable 4 and the significant larger parameter space covering the
expected ranges for each of these systems, a substantial increase of the FE model size and
the necessary number of simulations was observed when using a commonly known FE
mesh in which the elementseamade progressively coarser as we move away from the
primary indentation deformed zone towards the free boundaries of the sample. In order to
address the aboweentioned difficulties, an improved FE model with higher
computational efficiency was adoptet@ihis new model introduced infinite elements
(instead of coarser elements) designed to simulate the effect of an infinite elastic domain
[7]. Similar approaches had been previously suggested in prior j[2b8&215] where

significant reductions of the computational costs were acknowledged.
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Table 4. Slip families and slip elements considered for the crystal plasticity
element simulations of the spherical indentation experifiiént

Slip System ]I)l;lrt;ill:;]; Slip elements ;E:T;et:;z
Prismatic Spr {1010}1120) 3
Basal Sha {0001}1120) 3
Pyramidal {(a) Spyr—a  {1011}1120) 6
Pyramidal (¢ +a)  Spyr_cq  {1011}(1123) 12

For this work, a primary deformation zone of size 0.76 x 0.76 x 0.14 um under the non

deformable indenter of radius 15.2 um (consistent with the actual experimertadures)

was constructed using 13500 C3D8 elements on ABA16]. The deformation zones

outside of the primary indentation were meshed using 2700 CIN3D8 elements(aighit
hexahedral infinite elements). This new method required 101 to 136 minute$ W3Hig
cores on the Georgia Techdéds Hive computer
experiments on crystal if different declination angles. Indentation sttess curves were
generated by imposing loadiugloading cycles along the indentatigarocess in

simulation of the ones happening in the actual indentation experiment.

Predicted equivalent plastic strain contours on a longitudinal section through the
sample were plotted for each of the slip families included in the simulation. From such
predictions, it can be concluded that the declination angle has a large influence on the slip
activities in the primary deformation zone if the spherical indentation. Indentation parallel
to the eaxis is dominated by pyramidal < ¢ + a > slip activity alewith contributions

from the basal slip, and the basal and prismatic slip account responsible for the deformation
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at declination angles between 45e¢ and 90e¢.
resistance of the pyramidal < ¢ + a > slip, and theeeaslip of the prism system, are
responsible for the high and low indentation yield strengths at the extremes of the
declination angle range covered in this set of simulations. These remarks are indeed
consistent with the results from the spherical indiéon experiments conducted in this

work, and with prior literature reporf$94].

The prediction of the elastic constants are presenté&dgure 17, and show lower
levels of uncertainty for thé , followed byd andd . On the other hand, the relatively
high uncertainty fod andd indicate a smalleinfluence of these elastic parameters on
the indentation madus across the orientation space. These estimations were found to be
in good agreement with previously reported vallds-219], especially those computed
for CP-Ti. Elastic constants reported for Ti6242 are also observed to fall within the
standard deviatioof the values reported in the present results. It is intuitive to think that a
higher number of experimental measurements tend to strengthen the predictions of the
intrinsic properties. This is in fact proved by the case of Ti64 which had the most lavailab
number of experiments (67) and Ti811 with the fewest (31). Additionally, the distributions
of these measurements is of mayor importadoe, to the high sensitivity of some of the
singlecrystal elastic parameterst declination angles regimes close 1ta) This also
coincides with a higher uncertainty in the prediction of indentation yield strength in the

p pmt direction at which a fewer number of indentation measurements were attained.
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Elastic Constant Extraction (GPa)
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Figure 17. Distributions of the singterystal elastic constants extracted for alloys in this v
and the corresponding mean and standard deviafiohs.



The calculatedslip resistance$or each sample and their resultingtdbutions are
presented irFigure 18. The uncertainty for each of the slip systems is observed to be
constant across all alloys and is reflective of the influence on the indentation yield to
changes in the initial slip resistance parameters. Prismatic exhibiting the lowest
uncertainty, basand pyramidal & ¢ with slightly higher uncertainty and pyramidal

@ exhibiting the highest relative uncertainty. In general, good agreement is found
between estimates obtained in this study and those reported in literature. For instance, the
pyramical @ & slip ratios estimated for GPi and Ti64, and the basal slip ratio for
CP-Ti, all fall between the values previously reported. Finally, literature values reported
for the basal slip ratio of Ti6242 and Ti64 are within a standard deviation eétineated

from this work
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Slip Resistance Extraction (MPa)
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Figure 18. Distributions of the singlerystal slip resistances extracted for alloys in this work,
the corresponding mean and standard deviati@hs



CHAPTER 4 High-Throughput Grain -Scale Mechanicabnd Microstructure
Characterization of Fully Basket-Weave Morphologies

4.1 Introduction

Ub Ti alloys have attracted significant interest from the scientific community due to
their superior mechanical properties at lower densities and corrosion resistance, with many
potential applications in the aerospace, bioimplant and nuclear energy irefdst&e9,
12, 220] T {please @xhibits a hexagonal closed packed (hcp) crystal structure that is
stabl e at | ow t ephase exailitsiarbedsentered bubit (bee)tcrigseal b
structure stable at high temperatures. Themeahanical processing of these afl@jften
produces diverse microstructures in which the a and b phases exhibit rich morphologies,
which in turn control the overall mechanical response of the fllo§2, 168, 222223].
The different grairscale morphologies observed Wb Ti alloys can be classified as
globular, lamellar, and baskatave[9, 165, 166] Since thé}b Ti alloys allow a broad
range of alloying combinations, thermeechanical processing of these alloysmofesults
in a rich and diverse set of microstructures exhibiting a broad range of mechanical
propertied191, 224227]. T Hransud temperature refers to the temperature at which an
Ub Ti all oy ful | yphaser Whes the allaysis thermiechanizally
processed -tarfsu vempetatire an@ subsequently cooled at relatively high
cooling rates, the microstructures exhibit a fully baskeave morphology, which is
comprised of secondary) | at hs of mul ti plbgraimri entati ons

The processtructureproperty relationships ik+b Ti alloys have been studied in a
number of prior experimentdlll, 12, 90, 22832] and modeling[233, 234]efforts.

Although these studies have provided valualdeimts, these still exist many fundamental
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gaps in our understanding of these relationships. For example, while it is well understood
that microstructural parameters such as lath thickness, lath aspedi valiame fraction,
b-grain size, and the avemagrain/colony size influence the bulk elagilastic properties
of alloys[234-236], their preise roles are not yet quantitatively established. One of the
main hurdles in establishing this core knowledge base comes from the high
interdependence among the microstructural features mentioned above. It has not been
possible to modify systematically @microstructural parameter at a time (i.e., keeping the
others fixed) in the synthesis of these alloys, making it difficult to determine quantitatively
the role of each microstructural parameter on the bulk mechanical response of the alloy.
The ability b capture and define the grasnale mechanical response from the different
Ti morphologies presents a great value in the materials design field, not only because it
reduces the number of microstructural features, but also because it opens the door to the
prediction of bulk properties using computational models that take as variables the grain
level properties of the different constituents in the microstructures. These models not only
offer the versatility of evaluating an infinite range of microstructubes, also come
without the costs and time struggles that are always associated with experimental
procedures. Ideally, for a baskeeave morphology, a testing method that can
simultaneously capture the contribution and interaction between a ktlsbinb the
grainscale elastic and plastic behaviors is desired. Tef@le233]and micrehardness
[231, 236]experimental protocols have been previously used to characterize fully-basket
weave Ti morphologies. From these, only the later can be used to obtairsaaign
measurements, however, it only provides one valagth cor r esponds to t he

stress after some level of plastic deformation has already been achieved, lacking substantial
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information about the deformation process. Even though compression tests on micropillars
[17-21] and bending tests on miepantilever beamd 82, 183Jhave been used in Ti single
crystals with morphologies other than basketve, the use of Focuseah Beam (FIB)

for the specimen construction has been associated with potential harmful impact on the
experimental measuremef2?].

Furthermore, the currently used protocols for the quantification of the complex
microstructures in these alloys require multiple manual steps, often involving the counting
of intercept lengths on randomly placed straight lines on theographd235, 237] Even
though various standards have been stablished for microstrudtaracterization based
on images[137, 238240] and multiple software packag¢235, 241, 242]are now
available to assist in these protocols, they still incur significant time and effort. This is
because the protocols require segmentation of the images before the desired microstructure
statistics catbe extracted reliably. And even in cases where the protocols can be validated,
multiple specimens can be associated with similar values of these features while the
microstructures are still quite different, as they generally lack orientation information
which is known to heavily influence on the mechanical respdf$e#\s a result, there is
often large variance in the reported values of the different microstructure measures
identified earlier, even for a specific alloy with a specified processing history.

In this work, we addresthese challenges identified above by using the recently
developed protocols by Kalidindi and PatH&K, 36] which have exhibited tremendous
potential at capturing the grastale mechanical response of several materials in the form
of indentation stresstrain (ISS) curves obtained from load displacement data measured in

spherical indentation experiments. One of the advantages of this methowkoits multt
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resolution nature, that allows control on the material volume to be eval38tdd, 46,
243]. This is of much relevance for this work as we wish to capture the response from an
adequate number of laths that represent the behavior of the grain, while allowing multiple
tests within the grain farepeatability evaluation. These are well stablished protocols that
have probed to generate highly consistent and reproductible measurements in both cubic
[39, 43, 44]and hexagondl5, 41, 243]crystal structures, and are relatively simple to
conduct in higkthroughput sequences that require the same sample preparation steps as for
mi croscopy purposes. A recent study wused
primary-a globular grains frorfive different chemistrief243]. This study was successful
at evaluating the graiscale mechana properties of this phase as a function of the HCP
crystal orientation, as well as determining of the corresponding critically resolved shear
stresses (CRSS) and the elastic consfdihts

Additionally, we suggest that the microstructure characterization challenges be
approached using the Materials Knowledge System (MKS) prot{@®|d51, 153, 244
246] which utilizes twepoint statistics for a complete and systematic quantification of the
material structur§l38, 245, 247]This calculation providethe probability of finding two
unique local states {and bphases for our present case study) separated by a vector r.
Specifically, the Rotationally Invariant adaptation of these spatial correlations will be
employed[6], as basket weave microstructures are known by presentihgldvels of
directionality. Following this step, a low dimensional representation of such statistics is
normally implemented in the constructions of any model. -paimt statistics have
successfully been employed previous microstructure classificatiosswvamnal materials

classeq244, 245, 248Jfor the construction of processructure and structwgroperty

73



linkages[95, 151, 152]. A more detailed explanation of this protocol will be provided
later in sectio.2.4

In this paper, we exploit the benefits of advanced eggaale microstructure
guantification and multiresolution mechanical characterization protocoteroanique
fully basketweave samples frofiour different titanium chemistries. Specifically, we will
first implement the spherical indentation experimental and analytical procedures to
characterize the mechanical properties of these specimens. And finally, we employ the
steps defined by the MKS framework for the quantification and unsupervised classification

of these microstructures.

4.2 Methods and Materials

4.2.1 Materials and Sample Preparation
The materials selected for this studgrealphabeta Ti alloys Ti6Al2Sn4Zr-6Mo,
Ti6AlI-2Sn4Zn-2Mo, Ti-8Al-1Mo-1V and Ti-6Al-4V. All of these alloys are of great
relevance for the aerospace and gas turbine industry due to their hardenability and strength
retention at high operating temperatu/sa consequence of the difference in th#ying
elementgontent, they have shown to present very distinct microstructures and mechanical

responses for similar process paramef248, 250]which is ideal for the present study.

Specimenswith & Q £Q0W Q@O "M ‘(dimensionsof p Bl | ¢8tl |
¢ouil i,pdtli p@tii uvgtli,cgsil p@ii paiii and
pBtl I uvsd I ysul [ respectivelywere cut from largebulk pieces. Prior to

heat treatment, all specimens were individually encapsulated in quarts tubes backfilled with

argon to create oxygen depleted environments. Fully bagk@te morphologies were
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desired to keep the same average chemical compositions akissscimens of the same

alloy group. For this reason, all samples were heat treated at temperatures above their beta
transus to produce fully transformed samples, and then cooled at various cooling rates to
achieve a variety of baskateave morphologies:ollowing the cooling step, each sample

was reheated to a s e ctansus and aeldpoeatioa equiibeumb el o w
phasegso form. The samples were then air cooled. Details of the heat treatments conducted

in this study are provided imable 5. Heat treatments were conducted using a Thermo

Fisher Scientific, Lindberg/Blue 1100 °C Box furnace.

Table 5. Summary of the heat treatments heat treatments appli€b242, Ti6246, Ti811 al
Ti64 specimens to produce the fully basketive microstructures used in this study.

Heat Treatments

Sample Primary Treatment Secondary Treatment
I 1030 °C — 30 min - Cooled on K-wool 700 °C - 4 hrs - Air Cooled
Ti6242 II 1030 °C - 30 min - Cooled on Concrete 700 °C - 10 hs - Air Cooled
I 1030 °C - 30 min - Water Quenched 700 °C - 4 hrs - Air Cooled
v 1010 °C - 30 min - Furnace Cooled -
Ti6246 \% 1010 °C - 30 min - Boiling Water 700 °C - 12 hus - Air Cooled
VI 1010 °C - 30 min - Cooled on K-wool 600 °C - 12 hrs - Air Cooled
. Vil 1175 °C - 30 min - Cooled on Concrete 700 °C - 12 hrs - Air Cooled
st VIII 1175 °C - 30 min - Water Quenched 700 °C - 4 hrs - Air Cooled
. 1020 °C - 30 min - Boiling Water 700 °C - 12 hrs - Air Cooled
Tied X 1020 °C - 30 min - Water Quenched 700 °C - 4 hrs - Air Cooled

As mentioned before, sample preparation for the indentation experiments uses the same
standard metallography procedures as for imaging purposes. A flat andfoedetirface

is desired as sample preparation and surface roughness have been obsetuedds the
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quality of the spherical indentation resuli87]. Chememechanical preparation of the
samples typically consists of two stages: grinding and polishing. In the first one, silicon
carbidepapers starting from 800 grid, and systematically decreasing up to 2400 grid are
used. The polishing sequence starts with 9, 3, and 1 um diamond suspension, and finalizes
with 12 hours of vibrepolishing in a mixture consisting of 1 part of 0.06 um cokid

silica, 1 part of hydrogen peroxide and 4 parts of water.

4.2.2 Mechanical Characterization

Spherical indentation experiments were conducted at room temperature on-a Nano
Indenter G200 by Keysight. Maximum load was kept constant for all experiments at 10 N
and the experiments were performed at a nominal strain rate of b.Bgsre 19 presents
the schematics of the spherical indentation geometry, along with an example of a typical
load-displacement and the equivalent indentation sts&ssn curves from an experiment
condwcted on fully basketveave specimen. For this specific sample, the maximum
indentation depth was recorded as 3139A8pherical indenter with diamond tip of radius
500 um was used for all experiments in this stullyis indenter size was selected as it
allowed tocapture the response from multiple laths within the baskete grains. For all
tests conducted here, the contact radius between the indenter and the material was
calculated to be between 22.7 and 30.5 um at the point where permanent defdnahtion
already been impose8EM images of indentation imprints on two different samples are
provided inFigure 20 as gaphicalillustrations of theseof these length scale3he
estimation of this contact area is based on the Hertzian theory of d@7ea$ descbed
in section 2.1.2Due tograin sizes from these samples laggetween 100 um to 1000
pm in diameter, indentation experiments were always positioned well away from the grain
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boundaries to avoithe influence frormeighboring grains and grain boundsin the
results. In cases where the ggmaimere large enough, multiple indentation tests were
conducted within the same grain évaluaterepeatabilityof the results The distance
between indents within the same grain was always kept at a minimum tinesnthe

expected contact radius at yiel®d minimum of 40 valid tests were carried out for each
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Figure 19. a) Schematic of the spherical indentation experiment depicting the maxdeptiman
final geometries. b) Loadisplacement curve from an experiment on a fully basketve samp
with recorded CSM signal and c) its corresponding indentation sgteas curve. The select
elastic segment is highlighted in orange for comparison.
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Figure 20. SEM images of the indentation imprints for two of the samples in this study, ¢
the size of the contact area aeld, highlighted by the yellow circles. a) Test on sample |
contact radius at yield of 23.024 um and b) test on sample I\twittact radius at yield of 22.4
pm.

4.2.3 Microstructure Characterization
A Tescan Mira3 field emissioscanning electron microscope @SEM) was used to

capture baclscattered electron (BSE) and electron bschttered diffraction (EBSD)

microstructure images as the first step in the microstructure characterization process.

order to collect high resoluin images othe small features in the microstructures, an
accelerating voltage of 15 kV was used for BSE images, \ahielerating/oltageof 20
kV wasusedto enhance contrast of Kikuchi patteinshe EBSD characterization. The
image dimensions weregt constant for all BSE scanscait tay 1 tpijels.All images

were collected withthe sameview-fields (o o 1 & in order to simplify the
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interpretation of the rotationally invariant@int correlationsAt least 20 BSE images
were collected from each sample, each of them correspondingnigwerandom grain

whereoverlap and edge effeatgereavoided

4.2.4 Microstructure Quantification

Thefirst stage in the microstructure quantification process was to convert the grayscale
BSE images into binary representations using a series of imaging processing steps based
in the protocols described by Iskakov and Kalididdii The first ofthese steps corresponds
to the application of a Gaussian filtén@aussfilt function in MATLAB) to decrease
the pixetto-pixel noise in the images. A standard deviatjon 1 uvwas used for all
images. The second step involved the calculation of locaiapted thresholds. These
varying thresholds are calculated based on the local mean intensity in the neighborhood of
each pixel[251]. I n this case, the fAadaptthresho f
Ai mbinarizedo function from the same I mage f|
step. Since the microstructures studied here represent very distinct -Wwaaket
morphologies, the sensitivity and neighborhood size were manually chosen for each set of
images in order to properly capture the details of each microstructure.

In order to determine the most appropriate combination of sensitivity and neighborhood
size paramter for the thresholding step, a systematic evaluation of the resulting segmented
image was conducted in which precision and recall scores were assigned to each
thresholding parameter combination. For this evaluation, a ground truth segmentations of
the tobe-segmented image is necessary. One ground truth image was manually obtained

from a randomly selected image from each specimen, and was created by utilizing the

79



layering capabilities of the openly commercial software Adobe Photoshop©, where each
pixel was manually classified into one of the two local states, secondf@ry aTi.d b
Although a tedious and timeonsuming job, this step offers the expert initial step into a
more quantitative assessment of the segmentation results. This is of great valuewhe
exact solution can be obtained from more analytical options such as thermodynamical
predictions of the volume fractions, lath thickness or lath aspect ratios. These
microstructural parameters are of great importance in the present work and théeefore t
correct segmentation of the miemages is of critical importancdt is important to
mention here that, although ot ha@nmdpldpepr oach
volume fractiongsuch as xay diffraction[252]), traditional stereological procedures on
SEM and optical microscopy images are still the choice of preference for the construction
of this type of microstructurproperty relationshipfo0].

The Precision Score offers the success rate of segmentation by comparing the
segmented image to the ground truth. The ratio is mathethatieéined as the number of
correctly segmented pixels over the total amount of segmented pixels (regardless of
whether they are correct or wrong). On the other hand, the Recall Score grades how close
the segmented image is to the grown truth by findirey raitio between the number of
correctly segmented pixels over the total number of pixels in the ground truth [Abel].
Ideally, both of these numbers should be close or equal to 1 for a perfect segmentation.
Figure 21 shows as schematic of this assessment in which the ground truth corresponds to
the left part of the square (i.e., relevant elements), and the segmented image is represented
by the circle (i.e., selected elements). These scores were calculated for vafyagyof

the sensitivity and neighborhood size and plotted in the same figure to determine the best
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combination of parameters. In addition to these quantitative evaluations, overlay and
contour technigues were used for visual inspection of the segmemiedyraphs. In the
segmented microstructures, theioeg shown in black corresponds to secondafy

phase, and the whTite regions represents b

relevant elements

false negatives true negatives

true positives false positives

selected elements

How many selected How many relevant
items are relevant? items are selected?
Precision = —— Recall = —

Figure 21. Graphical explanation of the precision and recall scores that grade
segmentation quality by comparing the segmented image to a ground truth of tl
micrograph.
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The second stage of the microstructure quantification process refers to the computation
of microstructure statistics. The simplest one beingoiht statistics, provides the
probability of finding a specific local stat€) in any random location on the microstructure.
This is equivalent to the commonly known area fraction of such local state. The next degree
of calculation corresponds tepint spatial correlations, also known apdnt statistics
[153]. In this case, the probability of findjrtwo unique local state€QandQ, separated
by a vectori, is determined. The main advantage of this approach over the more of
traditional stereological procedures, is a more complete morphological characterization
that captures information definingagbe, size and distributions between the present phases.

Due to the relative directionality between the secontlaryl at h's iweave he b a
morphology, a method capable mieservingthis relative directionality while discarding
the observers referenceifne sensitivity, was necessary. As previously explained in more
detail in section 2.2.3, the rotationally invariant tp@int spatial correlationsre obtained
by simply takng the conventional twgoint spatial statisticsalculated from the
segmented miostructural image and applying a series of coordinate transformations,
DFT6s and inverse DFTO0s, to remove the effe
the intrinsic rotation from each baskeeave grain), and to shift the dominant information
of the microstructure to align with 1t Jwherdg represents a relative angular difference
between the points in the dataf@dt By applying these modifications. We remove one
dimension prior to subjecting the statistics from all segmented images to the Principal

Component Analysis.
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4.2.5 Principal Component Analysis

Principal Component Analysis (PCA) is the process of transfornmiegdtationally
invariant twaepoint statistics (or the conventional tyoint statistics) from the previous
step, into a new coordinate system in which the coordinate axes (i.e., principal components)
are orthogonal to each other and ordered in termseoWahiance represented by each
component. This means that the first component (PC1) carries the largest amount of
variance between the data, being followed by PC2 with the second largest vakgaace.
result, PCA provides a dathiven lowdimensional regesentation of the original data.
Principal component analysis has been previously adopted jprakess of stablishing
processstructureproperty linkages as it allows for a low dimensional representation of the

microstructure statistid88, 94, 151]

Mathematically, this dimensionality reduction can be expressed as,

~
~ ,

Qi | Q%@ 16)

Where the rotationally invariant twgoint statistics from all microstructures are
reorganized into a single arra@® where Q phchot8 ) numerates all the
microstructures in PC space, and every voxel in each correlation map would be am entry i
this vectorHere,'Y' representshe total number ofetained statistical components &t
is the average of the twmoint autocorrelations in the ensemble’@ denotes the
direction of the new linearly transformed reference frame (i.e., basis vectors), @r@

are the coordinates, (i.e., PC scores) in the new frame.
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4.3Results and Discussion
Uphaseplates form eitheby nucleating a grain boundarjésy branching out from
grain boundary allotriomorphs (GBAflighangl e gr ai n boundary ar e
phase) or by expanding from intragranular locations in an isolated manner or in a group
[253]. I n t he f i-phaderegiansancalenotad as ptinagy sidé plates, whereas
in thelast two,secondaryUplatesare formed insteadntragranular plates obey very strict

orientation relations as defined by the Burg&rentation relationshif254].

Our interest in this work lays on this type of intergranular morphologies which account
for the majority of the grain and microstructure of the sample. Heiahof 10 fully
basketweave microstructures werhosenfrom four different chemistrieand can be
appreciated inFigure 22. Due to the nucleation rate and the growth kinetics of the
secondand | at hs during the heat treatment pr o
resulting microstructures exhibit a distrilmn of lath geometries and sizes across samples.
Some of these differences are also applice
phase.All of these microstructures, adhere with the fractal geometry characteristic of
basketweave morphologieslefined asc ont i nuous par t-grdiniiman o f t

smaller and smaller volumes of repeated lath patters.

The complexity of these morphologies leads to one of the fundamental objectives of
the present task which aims to define and capture the baskete fil at h mi cr ost
as a whole, instead of defining microstructural parameters such as the ones named earlier

in the introduction of this sectid@34-236].
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Figure 22. Representative BSE microstructural images form each fully bagaate specim:
used in this task. All images with vidld of 30um and size 2048x2048 pixels.
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4.3.1 Orientation Dependence

In Task 1, @ain orientation was found tpresent a remarkable influence on the
resulting graidevel mechanical behavior of tipgimaryU phase of Ti all oy
we wish to explore the dependability of the baskeave morphology on the different
secondanJvariants present in a grain, and quantify it to be compared with the previously
found resultslt is worth to stop here for a moment and mention thidtoagh the Burgers
orientation relatioj254] has been widely accepted to govern the orientation relationship
betweentheprieb and t he newly r &as$ hoeisnotopeiatve c a h d a
in all cases. Smallariationshave been observed in the multigi§fusional transformation
studies[255-257] leading to more accurate definitiorRelativelyrecentlystudies on Fi

and Zrbases alloys by D. |. Pottf258], yielded an updated orientation defines as:
TR ~ Gppmt Nppm mmumndlppm =~ TPp T

Which can only be stablished if the small angle betwgep 1T and 1 1t 1T pis well
determined. This meathatwhether the Potter or Burger condition is nuspends on the

correct measurement of this angle. Although it is not in the scope of this work to determine
the veracity of any of these relationships, we consider thiat worth clarifying this
information before we present the results as the data presented here can potentially be used
in computational simulations that predict the mechanical behavior of basket grains

based on thr orientationcharacterizationor vice versa.

Another common relationship characteristic of basket weave morphologies
corresponds to the 60A mi suhase ganants initen bet

microstructureFigure 23 presents the EBSD scan fronsiagle crystal in a fully basket
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weaveTi64 sampleThe figure on the right corresponds to the misorientation plot resulting
from pointpoint and pointo-origin comparisons, red and blue lines respectively.
Specifically relevant to us, the poitt-origin measurementbetween any two of the
secondan laths (not only from this EBSD scan, but from all the other microstructures

used in this task) were comparaldepictingthisor i ent ati on r el ati onsh

n Misorientation Profile

Point-to-point
s Point-to-origin

Misorientation (degrees)

—— S e
0

00 01 02 03 04 05 06 07 08 09 10 1.1 1.2 13 14 15 L6
Distance (microns)

Figure 23. a). Single grain EBSD scan from a fully baskeave Ti64 microstructure and latt
orientation schematics of the secondéty | at hPointto-goipt. and pointto-origin
misorientation plot between each of the secondaryv ar i ant s .

Continuing with the orientation characterization of our specimens, singie EBSD
scans were collected from randomly selected grains for wépdtericalindentation
experiments were lateonductedFigure 24 contains a total of 8 EBSD scafmom two
different samples and their corresponding inverse pole figure trianghés.analysis
allowed for a more cost and time effective way to verify that grains containing a wide

variety of orientations were being captured.
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Figure 24. EBSD scans from four unique grains and their respective inverse pole figure tr
from a). Ti6242 and b). Ti64 specimens.

The main benefitrom these evaluatioris perhaps that they allowed for the verification
of the spherical indentation results. Based on the refsaits Task 1, one would expect
indentation strength values from grains with predominant presence ofrtthmert p
secondan | at h o r behgheathan thess from tgrains with predominantly
p PIT or ¢ppT orientations. This theory is in fact confirmed when we look at the
indentation stresstrain curves from three unique grains with predominant orientations on

each of the three corners of an hoperse pole triangleniFigure 25.
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Figure 25. Indentation stresstrain curves from three unique grains in Saml
evidencing the influence of the grdevel texture in the corresponding meclea
properties.

All the indentation stresstrain curves in this task are using the same definition of
indentation yield which corresponds to the intersection from a 0.2% offset parallel from
the elastic line and the baektrapolation of the points depicting plastic deformation as
explained inFigure 19 (c). Thereforethe mechanical behavior from a grain that has a
more pronounced frequency in the T torner, is represented by trexl line inFigure

25 that corresponds itself to a higher indentation yield value (red circle). Similarly, the
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indentation yield from the grains with  w mtare evigenced with blue and green circles

having lower values.
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Figure 26. Experimentally measured indentation modulus and indentation yield value
different grains of sample I. Means and standard deviations of the measurements are als
for reference. At the bottom, EBSD images corresponding to four unique grains.

Now that the influence of the graiavel orientation has been evidenced, we now
compare the variance between the mechanical propertimgltgble grains within the same
sample Figure 26 presentghe indentation modulus and indentation yisticengthvalues
from 11 unique graini;m Sample | each of then with their unique orientation combinations
of secondarty v ar i a nthessize oiVthe grain allowed for it, more than one
indentation test was performed within the same grain for the evaluation of repeatability, as
itis the case of grains 1, 3, 5, 7, 9, 10 andrithis figure, the mean and standard deviation

of the datgpoints are also presented in the form of a broken line dak & a lightshade
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of greencolor behind the experimentally measured data pokuas.this specific sample,
the mean indentation modulus was found to 9954 + 2.44 [GPajand the mean
indentation yieldstrengthl.63 £ 0.11 [GPaJor comparison, the standard deviations from
the spherical indentation measurements on the Ti6242 prtharyg r ai ns i n Task
measured to b8.98 [GPajand0.38 [GPaJfor indentation modulus and indentatigield
strengthrespectively.

This means that the variation in the measurements from the lveske¢ grains is
reduced to almost a third from that found irsk'f leading to the conclusion that basket
weave mechanical properties &r@mogenized acrosdl grains in a sample and are less
sensitiveto the lath orientations. A compilation of all the measurements irtabisare
presented ifrable 6 along with the data variances from the experiments in Tdsk |
comparison (mean values are also provided in light gray color although no meaning or
value is expected from them) to strengthieis statement across different alloys. In the
case of TiBll foexample t he st andard devi aphasegrainis om me

up to four times higher than those frddasketweave grains.
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Table 6. Experimentally measured indentation modulus and indentation yield values ar
corresponding means and standard deviations for all the fully bas@¢e specimens in this wc

The standard deviation from the spherical indentation measurements prirttagy-U p h a
also provided for comparison.

Fully Basket-Weave Spherical Indentation Results

Sample Eia [GPa] Eyg Std [GPa] Yina [GPa] Y Std [GPa]
I 90.54 2.44 1.63 0.11
II 94.10 4.35 1.97 0.14
Ti6242
IT1 98.49 2.05 222 0.18
Primary-a 111.80 8.98 1.80 0.38
Iv 99.62 1.81 1.68 0.10
Ti6246 v 96.30 2.78 2.20 0.11
VI 106.16 1.41 2.49 0.09
Primary-a 118.17 8.27 2.09 0.36
VII 10587 3.03 1.99 0.15
Ti811 VIII 104.86 3.30 2.26 0.22
Primary-a 116.04 12.28 1.91 0.63
IX 105.53 2.80 1.72 0.11
Ti64 X 100.21 2.01 2.08 0.13
Primary-a 109.90 12.15 1.76 0.32

4.3.2 Lath Morphology Dependence
Moving into the lath morphology dependenes important step for a successful
microstructure characterization is the segmentation process. In the seargudbtadive
assessment method for the segmentation process, the precision and recall scores are

adopted to determine the best combinatiosenisitivity and neighborhood size parameters
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in the segmentation thresholding step. For this stepconstruction of ground truth

segmented images was carried out for one microstructure image from each sample set.
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Figure 27. Precision and recall score trends from the segmentation results of three different micros
sets: a). Sample |, b). Sample IV and c). Sample V. Each line represents systematic variatic
sensitivity and neighborhdcsize parameters of the adaptthresh segmentation function in MATLAE

Figure 27 contains the precision and recall score evaluatiosaraples |, IV, and V.
These graphs serve as guides from which the adaptthresh parameters that maximize the

precision and recall scores are to be selected. In a singleeptdt, point along a curve
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represents a different sensitivity value dines of different colors captures the effect of
varying the neighborhood sizealue In figuresFigure 27 (a) and (c) for example, the
neighborhood sizesisystematically increased, resulting in increments of both precision
and recall values, until a maximum is reached andities start to go in the opposite
directionwith decreasing scores valuddis is a clear indation that neighborhoods of

sizes 23 and 27 are to be used respectively for each set of imagegura 27 (b) a
different behavioris observed, where the rate at which the precision and recall scores
increase, slows down significantly. Visual validation between the resulting segmented
images from neighborhood sizes 89 and 109 led to the conclusion that increasiney

of details wee being lost as the neighborhood size increasedever over segmentation

of larger areas was compensating for the lost pixels and therefore the precision and recall
scores were still increasing. For this reason, the neighborhood size of 89 was chosen
instead.Along with this validation protocol, visual validation of the segmented images
using technigues such as overlay and edge demarcasisralways employed on every

image to ensure that segmentation was capturing the correct local states.

A summary ofthe segmentation results is providedlable 7. Since all the samples
within the same chemistry growygeresolution treated ahe same temperature above the
betatransus, the volume fractio$ samples with the same chemisaing expecte to be
very close to each oth§9]. This behavior ionfirmedto be the case for the samplas
this studyand within the standard deviations of their peers. The only exception is sample
IVwithan aver age vVvol uphased 304810i6Dhis can be explaieed b
by the fact that this was the only alloy sample that was furnace cooled allowingimere

for the complete diffusion of the allowing elements and the formation of the respective

94



phasesPrevious studies kia reported that for similar microstructures of the same alloy
t y p e ,-phasdradumeébfraction can take values of upsi@%[259-261] which validate

the results obtained here.

Table 7. Summary of microstructure statistics from segmentatic
SEMBSE images captured from randomly selected grains in fully b
weave samples.

Fully Basket-Weave Image Segmentation Results

Sample p-phase % a-phase %
I 9.47+£0.95 % 90.53 %
Ti6242 I1 822+0.73 % 91.78 %
I 9.35+£0.74 % 90.65 %
v 30.48 £ 0.63 % 69.52 %
Ti6246 Vv 22.65+£0.92 % 77.35 %
VI 2321+132% 76.79 %
Vil 9.58£0.91 % 90.42 %
Ti811
VIII 9.14 £0.85 % 90.86 %
IX 587+£0.49 % 94.13 %
Ti64
X 5.00£0.29 % 95.00 %

On the other handhe different cooling rate at which the samples were subjected to,
wereintendedto significantlyvary thesecondanld | at h mi crostructures
rates such as furnace cooling or air cooling emdol, are responsible for coarse and
low-aspectratio laths, while high cooling rates (e.g., water quenching) results in finer

laths with larger aspect ratif@0, 233, 234, 236]
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Figure 28. Representative BSE images of Samples I, Il and IlI, with their corresponding se(
images in the second row and the rotationally invariapoiht correlations plot of the seconde
U Ilaths (black regions) in the bottom r«

The firstrow of Figure 28, 29, 30 and 3Jpresent original representative SEBSE
images from all the samples used for this task. A total of 20 images was collected for each
microstructure from randomly chosen grailfds mentioned before, baskeeave
microstructures present repetitive lath marplgy patterns that repeat themselves at

smaller length scale3his is known as fractal microstructures and can be evidenced at
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every one of these images and their respective segmented representation in the middle row

of these figures.

270

Figure 29. Representative BSE images of Samples IV, V and VI, with their corresy
segmented images in the second row and the rotationally invaroin2 correlations plot of tr
secondany | at hs (bl ack regions) in the bott

Dueto the complexity of these microstructures in terms of length scales ngadtet
relative directionality between laths, defining a single descriptor such ahiithess to
define the microstructure, can be seen as a considerable oversimplifyingdpinisiead,

rotationally invariant Zooint statistic§RI2PS)is chosen to fully capture the microstructure

97



Figure 30. Representative BSE images of Samples VII anc
with their corresponding segmented images in the second ro
the rotationally invariant 2point correlations plot of tf
secondanU | at hs (bl ack regions

statistics and to consertlee relativeangular differences between the salient morphological
features (e.g., laths), while annullitite dependance on the observer reference frathe.

images were collected with the same wigsids and pixel sizes to facilitate the
segmentation process and the interpretation of the RI2PS of the seebndaoyh a s e, f o

which their visualizations are pe#ted in the bottom row of the same figules2-point
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