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Materialschosen fothe construction otructural components in nuclear reactors require
careful selection andharacteration, as their operational conditions presume the constant
influence of harmful neutron irradiation and high temperaturasattvertentlydegradeghe
mechanicaproperties of the materiahd eventually may lead to the failure of the component.
Therefore, we need to ensure that the margin of safety of a material is enough to sustain a certain
amount of neutron damage. Howevéigh-temperatureneutron irradiationfor research
purposess avery expensive, long, and complicated process, so the possilbfitiestating
the damage of neutrons by other typesrafliationareof high interest. In thisesearchye set
the goal tosubstitutecomplicated neutron irradiationith relatively cheap, fast, arghfe(in
terms of residual activity) ioirradiation, toanalyze its impact on the mechanical properties,
and tocompare iwith existing data done with neutrons. \Alento establish an experimentally
computational procedure aimed the effectivecharacteration of the consequences of ion
irradiation as a surrogate for neutron irradiation. This may significantly accelerate the delivery
of new researctataon structural materials for nuclegpplications. The procedure is based
nanoindentation testing, as a highly informative techniqueheractere the mechanical
properties of materials on the nafmicroscale levels. It is highly useful in testing of thin
subsurfaceregions with variative properties, which is the case for ion irradiation. The
performed nanoindentation experiments are used to establish and validate the crystal plasticity
finite element model that simulates the nanoindentation deformation process Ghimun (as
a bas c materi al wi t h a Asi mpl eo mi crostruct
ferritic/martensitic steel (as the reference material for future fusion and Gen IV reactors), while
the latter is in the aeceived and iofrradiated states.

Within the project, both materials are experimentaligracteded with macrotensile and
nanocompressiva@eformations; their microstructurase studieeéxcessivelysing a variety of
microscopy techniqued.he dataobtainedare used to establisthe constitutivelaws of the
materialsto feed the nanoindentation FEM models. The correct set of the constitutive
parameters confirmed experimentally allows us to sampirically link thenanae/microscale
and macroscale deformations. Moreover, the radiatiodified material laws based on the
tensile tests of neutreinradiated Eurofer97 found in literature have shown a high accuracy in
simulations of ioArradiated material, which points the interconnection of thisvo typesof
radiationinduced damage.

Globally, the execution of the proposed research is driven by the substantial complexities
of usingneutron irradiatiorfor research purpose$he outcoming resultsre expected tpace
the delivery of new research datahe field ofnucleamaterialsandgiveriseto similar studies.

The project shall also positivebontribute to the stability of the European energy seatar
theaccessibilityto future stable energy sources.
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Chapter 1. Introduction

In this chapter,information about the global problem driving this reseaanld ashort
overview ofpotential solutionsvill be given. Thenecessary information to understanchimal
engineeringand scientificaspectss covered,including a description of the subject of study.
The second section outlines teatures of thepresented researchhis part will be dedicated
to the main objective of the thesis, theovative methodology usethe introducedovelty,
and the disseminated knowledge.

1.1 Context

Due to the improvemenh average livingstandards, théncreasein consumerism and,
therefore, theproduction ofgoods, thdack of sufficient and effectivégreerd policies, the
global energydemand increaseseadilyevery day.This problem is amplifie@dven moreby
the constant growth of the world populatias thenumberof users becomes highémerefore,
in order tosatisfy thegrowingenergy demando stabilizeit during global economic threats
to improve it in any meansve need tdook towardsnew sources of clearaccessibleand
sustainable energ¥his fact makes the future role of controlled nuclear fusion for commercial
applicationamore and more meaningful

Applicationof controllednuclear fusionthe same reaction which powers our Sun and other
stars in the Universas the alternative source of enevggs proposed in the 1950sis based
on the coalescence of light nuclei into heavier ones, releasing a relatively huge amount of
energy astte result of the reaction. This processpposite to the reactidhat occursn widely
applicablemodernfission reactorswhichhave been servingumanitysince the middle ahe
twenieth century. Additionally, it $ much more efficient (once considering the amount of
energynormalizedto a fuel mass). As only the lightest elemests used as the fuel ftine
fusion reaction (HHe, and their isotopeshuclear fusion does not produedy longterm
radioactive waste, arliecause atheir high availability on ouplanet, itcan be considered as a
virtually unlimitedsource of energy.

The worldwide scientific community aims to build a fusidevice thatcould provide a
stable and commercially justified energy production. This ultimateaguedists of milestones,
whereas the most significant ones can be connected with the construction of demoasiative
experimental fusion devices, namely, JET, ITER and DEMO.IJ&E Joint European Torus,
constructed in the UK in the early 1980s was the first devicetevachievethe controlled
fusion reaction ands the most powerful of its kind awadays.ITER, the International
Thermonuclear ExperimentBleactor,s being constructed these days in southern France and
planned to béinished inlate 2025. ITER is expected to overcome the fusion power obtained
with JET in around 1%imes; howeverthe crucial feature of this devicetise ahlity to self
maintain, as the produced power will be high enough to exclude the external power sources
requiredto keepthe reactionstable DEMO, or DEMOnstrative PowePlant,is the fusion
device which willfirst introduce the commerci@roduction level®f fusion energy, however,
not earlier tham 2050s

Many related scientific questiorigave yeto be answered. The most essential one in terms
of nuclear materialscience,including the presentethesis,is the careful selection of the
structural materials to be applied in the construction of structural compamelgficient and
accuratecharacterizatiomof their mechanical properties in harsh operational conditions. These
operational conditions generally include thermomechanical cyclic stressesghrehergy
neutron irradiationOnly athorough approaclotstudy material candidates affected by the listed
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effects can confirm the operational stability of a structural componenthenefore, of a whole
fusion device.

1.1.1 Nuclear Fusion

As was mentioneduclear fusioris thereaction based otthe mergingof two light nuclei
into a heavier one with a release of energy. The concept is to bring two positively chariged
so close to each oth#rat they will overcome the electrostatic bar@oulomtd sepulsion)
and letthemact onthe forces of strong interaction (irtnaiclear forces). To achievhis, the
nuclei must hava huge kinetic energy, which is thermodynamicetijnparable to the interior
of the Sun (~15nillion K). A schematic representation of the fusion reaction is showigure
1.

17.6 MeV

RN
®)

Figure 1. Model of a fusion reaction.

To make a nuclear fusion reaction happen, two nulestovercomeC o u | orepolgios
andreachclose tceach otheat 10147 10°m. As theCoulombbarrier increases with the charge
of a nucleus, the selection of practically possible fusion reactions is litoitde use of the
lightest ones: isotopes of hydrogéthium, and helium. Even so, there are many types of nucle
combinations thaexist. The mosfavorablefor controlled fusion is the reaction between
deuterium and tritium (DT) as it has the highesisssection,as can be seean Figure2. A
magnitude of the crossection basically describes the probability of a nuclear readtien:
higher the crossection themore probable for the reaction to occur.
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Figure 2. Crosssections for various fusion reactigriReprinted from EPJ Web of
Conferences98(2015) Ongena J.fiFusion: A true challenge for an enormous reward
licensedunder CC BY 4.01].

The DT reaction is expressedfadows:
YO O 0° 0Q ¢ p®HlQQw P

One of the fuel componentsleuterium,is naturally present in seawater in virtually
unlimited amouts. Another onetritium, is unstableand must be produced artificially. A
commercial fusion power plant presuntiesuse of a specialonceptcalled atritium breeding
blanket.It is a secondary lithiurrcontaininglayer of theplasmachamberwhere thefusion
reaction occurs. Neutrons produced by the reaction will interactithitnm-producingtritium
according tane ofthe following relatios:

0Q&EOC "OQ Y ¢ ¢8YQw pg;
0Q &0 '0Q Y 1@ Qw p&
1.1.2 Tritium breeding

Major objectives of ITER includéhe development and testing of essential technologies
necessary fothe stable and safe employment of a fusion devidereover, many potential
concepts forthe samesolution are being developed by different countfidSR project
members. They wilbe applied simultaneously oiseparatelyduring the ITER operational
regime,andconsequentlyheir efficiencywill be analyzedo establish thenderstanding on the
further applicability. A goodgxample ofsuch a case is the vety of concepts of tritiunfieed
to fuel the fusion reactiohus,utilizing ITER different concepts dfitium breeding blankets
under the form of Test Blanké&odules (TBMs) will be tested to find the best solution on
tritium seltsupply.
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Figure 3. Structure and location of TBM inside the plasma chamber of ;IIRERrinted from
Nuclear Fusion, 57(9)092014(2017), Konishi S., Enoeda M., Nakachi M., Hoshino T.
Ying A., Sharafat S., SmolentseviiGunctionalmaterials for breeding blanketsstatus and
developments with permission from the IAEADivertor indication added to the original

[2].

Figure 3 shows the composition of the plasma chamber of ITERainly consists ofa
divertor, 440 shielding Blanket Modulesd 4 more complex Test Blanket Modules containing
lithium. Thedesign ofshielding Blanket Moduless relatively simple, as thegremade of two
main components: the First Wall plasifiaging panels made of beryllium and steel Shield
Blocks designed to provide the connections for the supply of cooling watezssel coils
manifolds, and diagnosticgo the First Wall. The TestBlanket Moduleshave amore
sophisticated structure and updix different conceptshat canbe smultaneously tested in
ITER [3]. The conceptpresentedn Figure 3 was proposed by the European Union and
identified as the Helium Cooled Pebble Bed Test Blanket System (HCPB TB®)vides
separated sections forsBiOs or Li-TiOz pebbles as tritium breeder and for beryllium pebbles
as neutron multiplier (which wikllow oneto additionallytransform the kinetic energy of the
neutrons into thermal one, thus increasing the overall useful energy produttiemodule
itself will be made of reduced activation ferritic/martensitic (RAFM) steel EurofgtP7

ITER will also employ and study the usage divertor, a complex plasméacing
componentAs the magnetic confinement is not perfect it wdluse thgplasma to occasionally
interact with the surrounding vessel walls.will lead to their erosion and consequent
contamination of plasma with impuritie§o prevent this, the magnetic lines of the tokamak
will be creating an additionahagnetic fieldcurvature into a separate chamber whgthe
divertor. Impurities will follow these lines anoecometrappedin the divertor, eventually
evacuating from the vessel with a pump system.

1.1.3 Consequences of irradiation

The quality data of materials chosen for the design of nuclear demcstsalsdeensured
by studying their performanaiiringconstant exposure to harmful neutron irradiation. This is
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even more important for structural materials, as they are supposed to establish the structural
integrity and safeperatingregime of a reactor during its lifetime.

During the irradiation, an emitted energetic particle (neutron, ion, proton, etc.) collides with
a structural atom of a material. This collisimitiatesthe interactive process by displacing a
so-called primary knoclon atom (PKA). The PKA then collides with other atoms, creating a
cascade of point defects in thmatrix of the materialSuch defects can be vacancies
(replacement of an atom from its position, leaving an empty spacejnteetititials (the
replaced atom takes an unstable position betwsbar atoms), transmutations (an atom
changes its nucleus composition by releasing neutron or pratonffrenkel defects (a
combination of vacancy and sefiterstitial). Thenumberof neutrons passing through the
material with the given energy characterizedby their fluencd3, which is equivalent to the
number of neutron® Openetrating the sphere with the creggtionQ @

Q0 &
oY p
However, in mechanics and nuclear materials sciences the displacement per atdbj {slpa)
commonly used, as it provides a better estimation of the irradiation eftastdefined ashe
number of times that an atomdsplacedduring theirradiation periof a given fluenceThe
dpameasure does not depemdtheenergetic spectrum of neutrdi®d andis applicable to ion
irradiation.

When any of the listed defects reach a large number in a limited volume they may collapse
into higherscaledefects, which can be listed as following:

71 Dislocationloopsi a concentration of many point defettst collapse into dower
energystructure. It is similar to the edge dislocatadefect becausi is also an extra
plane of atoms (or its absence). However, the dislocation line of the loop is closed on
itself, thus giving it a circular shape. The formation of dislocation loops is schematically
presented ifrigure4.

00000000  OOOOOO00
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Figure 4. Formation of a prismatic dislocation loop. (a) Represents a crysthlalarge
nonequilibriumconcentration of vacancies. In (b) the vacancies have been collected on a
closepacked plangand in (c) the disc has collapsed to form an edge dislocation loop. (d)
Loop formed by a platelet of safiterstitial atoms Reprinted fronmintroduction to
Dislocations (FifthEdition), Hull D., Bacon D.J.Chapter 3i Movement of Dislocationg3-
62, Copyright 2011, with permission from Elsevi¢r] .

1 Voidsi a concentration of vacancies that can accumulate and form empty spaces in the
material matrix.

1 Precipitates andoluterich clusters aconcentration of point defects can act as a sink
for solute atoms of an allofhe soluteshen precipitate on the sink and may transform
into new phases.
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This list is usually assumeehenreferring tothe termfi r a d tinducedbenf e Allthsse .
defects lead to undesirable changethemechanical propertiedf thematerials. These changes
can be structured and described as well:

1 Hardening anémbrittlement: Hardeninig the increasmn resistanceo theelastoplastic
transition. This phenomenon is the main issue addressed in the presented work.
Controlled hardening can be used for useful purposes, suntraasing the strengt
the materialto avoid plastic deformationand it is commonly performed by the
corresponding thermomechanical treatment (e.g. quenching). However, radiation
induced hardening sconstant accumulative process, and its excessive magnitudes can
lead to tke statavhen thetheoretical onset of plastic deformation is higher than the onset
of cracking.The materialwill eventually breakthrough brittle fracturing, which is
highly dangerous, as this will immediatedgstroya component instead of having a
safety margin provided by plasticity. A tightly associated embrittlement is the reduction
of plastic capacity, which leads to thexuctionof theamounts of plastic deformation
that a material can withstand. Both phenomena are associated with the accuratilation
previously discussed radiatiomduced defects, which act as additional blocking
mechanisms for dislocations, thus increasing the stress required for their movement.

1 Irradiationcreep: In addition tthermal creep, irradiation can cause additional losses in
creep resistance. Creep is the plastic deformation of a materiehthalsamccurbelow
the stress values neededindtiate dislocation movement. Point defects created by
irradiation areabsorbed by dislocations, thus exhibiting dislocation climb and yielding
a creep deformation.

1 Void swelling: Coalescencef voids leads to their significant growth and consequent
reduction of material density.

1 Postyield softening Gliding dislocations locally annihilate radiatienduced defects,
thus creating defedtee channels. These channels are more favorable for other
dislocations to moveyhichleads to localized deformation zones.
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Figure 5. Tensile stresstrain curves of neutreirradiated Eurofer97 affected by irradiation
hardening, embrittlement, and pegeld softeningReprinted fromJournal of Nuclear
Materials, 372, Chaouadi R.fiEffect of irradiationinduced plastic flow localization on

ductile crack resistance behavior of a 9%Cr tempered martensitio s8#3-390, Copyright

(2008, with permission from Elsevig8] / Adaptedromtheoriginal to indicate posyield

softening and embrittlement.

Figure 5 showsthe experimental tensile tests data (plastic strain) for Eurofer97 steel
irradiated with neutrons to different doses. One can see how yield stress gradually increases
with the introduced dose, whichtise phenomenon afradiationhardeningConcurrently, the
reduction of uniform elongation can be observed, which is the irradiation embrittlement. Once
the dose reaches 1.5 dpamore, the uniform elongation fadasdthe postyield softening
begins.

One can find a sufficient description of the radiatiotiuced changes in the microstructure
and mechanical properties of the metallic materials in f&f§10] [11] [12] [13] [14] [15].

In conclusion, the ideal material for nuclear applications cbeldnethat provides proven
resistance to the listed effects during a significant and commercially judtfééche of a
reactor.However,the performance of the materials diffdrem one advantagéo another.
Nuclear engineers must perform a thorough selection of materials from the available databases
to compromisedangerous effects whetbey areexpected the most. Meanwhile, nuclear
scientists must characterize materials in terms of tlesistance to radiatienduced effects.

For theseurposesthe testing reactors are used.

1.1.3.1 Complexities of neutron irradiation for scientific purposes

Neutron irradiation aan experimental condition is a very limiting factfmr the constant
delivery of new research data. This comes from the ¢ogkandtime of an irradiatiorrun, the
limited amount of irradiation space for samplesd thevery strict and complicated
requirementdfor postirradiation testing dueo activation, whichinclude specially trained
personnel and constant use of bulky protective equipriéet.partialsolutionto space and
funds problems is achieved by the attractheiatuiizationconcep{16] [17] [18], an approach
within the fields ofnuclear materialsciencewhich lays in the reductiof the sample
dimensionsthus allowing the irradiation ofmore samples in one irradiation run. However,
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another problem is the magnitudafsthe irradiation damagetheir valuesof researchnterest
andlimited technicallyachievablgossibilities
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Figure 6. Expected doses &enlV and fusion reactord.egend:VHTRI Very High
Temperature Reactp6ECWR' Super Critical Water ReactpLFRT Lead Fast Reactor
GFRi Gas Fast ReactoiSFRi Sodium Fast ReactpMSRi Molten Salt Reactor
Reprinted fronMaterials Today12, Zinkle S.J fiStructural materials for fission & fusion

energy, 12-19, Copyright 2009), with permission from Elsevi§t9].

Figure 6 provides the operational temperatures and expected lifetime doses in terms of
displacements per atom for a set of different types of reactors, including modern Gen |l fission
reactors, future Gen IV reactors, ITER, and a commercial fusion rediogofollower of
DEMO. DEMO itself would take an area on this chart afi 380 dpa bythe displacement
damage<axis and 300 600°C bythetemperaturg axis[20]. The main idea this chart is used
to reflect is that the magnitudes of damage doses are incredibly high for any modern testing
reactor to be achieved in a reasonable tifeelay, testingeactorsarecapable of providing-

5 dpalyear, commercial faseutron reactors up to 20 dpa/yEzit], however their use is even
more limited for research purposes. Therefore, the nuclear materials scientific comsunity
looking increasinglyowards the attractive solution of ion irradiation.

1.1.3.2 lon irradiation

Irradiation with ions is virtually unlimited in terms of damage scales, as the magnitudes can
reachtens of dpa in hours. I8 1061000 timescheaper than neutron irradiatif2l], as it
requires garticleaccelerator instead of@mplete nuclear fugdoweredfissionreactor.The
useof ions gives almost no residual activity, so the irradiated samples can be used for testing
almost immediately after the irradiationn and without additional precautions. Although ion
irradiationis safe, relatively cheap, and fast, it has its own limitations. The most substantial one
is the penetration abilitgf theions, as the charged particle is almost immediately stopped by
the magnetic field of the material, thus disiting the damage on the sabrface(<10um) of
the irradiated spatonruniformly. It results inthe variation of posirradiation properties with
respect to the depth into sample volume, and the appearance of an important characteristic such
as thedamagedepth profile. Calculation of such profile is usually performed using Stopping
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Range of lons in Matter (SRIMR2] binary collision code, which on top of the dpa damage
profile also provides the fraction of interstitial atomgcted as shown ifrigure?.
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Figure 7. An example offiM-calculated depth profiles afradiation damage and implanted
atoms in puréron irradiated with 3.5 MeV F¢ ions to 500 peak dp&Reprinted fromActa
Materialia, 134, Aydogan, E.Maloy, S.A.Anderoglu, O.Sun, C,.Gigax, J, Shao, L,
Garner, F.A, Anderson, l.Lewandowski, J.JAiEffect of tube processing methods on
microstructure, mechanical properties and irradiation response of 14YWT nanostructured
ferritic alloys0, 116-127, Copyright 017), with permission from Elsevi¢23].

Therefore,to qualitatively estimatehe impact ofion damage,one has to use a good
characterization experimental tool applicabletb@ nanoscale or microscaed capable of
providing standardized mechanical propertissch as nanoindentati@Nl) tests.

1.1.4 Structural steels for nuclear applications & Eurofer97

High chromium ferritic/martensitic steels are a hot topic in nuclear materials sciences, as
they provide vital advantages compared to austenitic steelisonly employedh early fission
reactorsNow, they are considereals structural materials féey nuclear componenia both
future fusion and Gen IV reactorBhey do not experience high neutioduced swelling, have
significantly higher thermatonductivity,and lower thermal expansi¢g@4] [25]. Moreover,
the concept of reduced activation ferritic/martensitéelsvhich presumes substitution of high
activation alloying elements (Mo, NNj, andCo) with equivalent low awvation elements (Ta,

W, and V) allows the eventual activity of thenaterial to be reducedlfter being imposed to
irradiation. Many studies are oriented towarttse development of new combinations of
chemical compositions and subsequent thermomechanical treatmeéistsovenew materials

with better properties, however, still based on the reference examples (Eurofer97, T91, F82H,
etc.)[26] [27] [28] [29].

Eurofer97is a 9% chromium reduced activation ferritic/martensitic steel basedhe
Japanese variant F82H. Its development was driven imetgbf the European Union to obtain
its own low activation structural material fagstingfusion conceptdt was developed in 1997
as asystematic optimization of 9%CrWTa allojg0] and sincehenit has beenvidely studied
and characterizelly different means of thermomechanical tests and computatemmel/ses,
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including under posneutron irradiation conditions The experimental studies done on
Eurofer97 have been collected and summarized in a single dafabpse

Generally, the chemical composition of Eurofer97 steel must comply with the requirements
provided inTablel.

As+Sn+

C S P Si Mn Ni Cr Mo W Sh+2Zr

%

Min. 0.09 = = ‘ = ‘0.2 = ‘8.5‘ = 1.0 =
Max. 0.12  0.005 0.005 0.05 0.6 0.01 9.5 0.005 1.2 0.05
Ta Vv Nb Cu B Al Co N2 Ti Fe

Min. 0.1 0.15 - ‘ - ‘ - - ‘ - ‘ 0.015 - Balance
Max. 0.14 0.25 0.005 0.01 0.002 0.01 0.01 0.045 0.02 @ Balance

Tablel. Requirecchemical composition of Eurofer97 in wt. %.

The standardndustrial procedure for Eurofer97 production consists of hot rolling and
subsequent heat treatments: austenitization &R0 30 min, aircoolingand tempering at
760°C for 90 min.

Eurofer97 is considered as the primary structural material for Test Blanket Modules in ITER
[3], and for breeding blankets together with divertor cassette in DEB#|P33]. This material
plays a crucial role in the structural integrity assessments of thesselcomponents
Therefore,there must be sufficient quality data tallow component desigriHowever, he
operdional design window foDEMO in-vessel componengoesfar beyond those of ITER
Test Blanket Module$3]. Thereare significant data gapson the material perfaomance of
Eurofer97 to coveDEMO requirements. Some of the failure mechanisms for thessel
components arexpectedafter irradiatioraging,andthereareinsufficientdataonthe effects of
neutronirradiationon Eurofer97, especially at higher doses, with correct fluencenoler the
fusion neutron spectrufi34].

In addition tothe direct planned application of Eurofer97 in ITER atiterfusion devces
it is a goodreference materidor the development of new approacHes faster, safer and
cheapecharacterization ahaterialsfor nuclear applications

1.1.5 Overview of nanoindentation for testing of ion-irradiated materials

The use of nanoindentatiam nuclear materialscience igapidly emergingnowadays, as
it is able tocharacterize the properties of thaterialusing the minimum testing volume, which
fits well into the mentionedminiaturization concepturthermore, the characteristic depids
within the range of hundreds of nanometers to tens micrometers, which makes nanoindentation
a perfect tool to study the impact of ion irradiation asdpotential linkage with neutron
irradiation. Moreover, some nanoindentation testing setups can provide the continuous stiffness
measurement (CSM) technique, which allomeasuringhardness with respect to depth
(hardnesslepth profile) and precisebnalyzingthe irradiation hardening at each nanometer of
depth. The most common propertteatcan be obtainedith this technique are hardness and
Y o u nngodutus; howevert can alsdeapplied to analyze creep properties, or with additional
tools,even fracture toughness. In order to study ion irradiation damage, testing parameters have
to be carefully selected, as during the indentation a plastically deformed hemisphere is created
and moving in front of the indenter tigsIradius is usually longer than the indentation depth
by the factor 10 for metald35] [36], so the ion damageepth profilemustbe considered.
The mentioned factomre presenteschematicallyn Figure8.

10
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Figure 8. Schematic view of the nanoindentation process and damage distribution according
to the damagelepth profile Reprinted from Metal<8(9) (2018), Saleh M., Zaidi Z., Hurt C.,
lonescu M., Munroe P., Bhattacharyya DCd@mparative Study of Two Nanoindentation
Approaches for Assessing Mechanical Properties olii@diated Stainless Steel 346
licensed under CC BY 4[87].

Nanoindentation testing itself can be used to estimate the irradiation hardeniogcditt
is used with complementatgchniquesit becomes even more informative. Thereby, focused
ion milling (FIB) in combination with transmission and scanning electron microscopies
(TEM/SEM) can be used to study microstructural features of the subsurface associdteel with
ion damage or indentation proces&oreover, incombination with computational analysis
using molecular dynamics (MD) or finite element method (FEdd)culations, onecan
additionally expand the understanding of the underlying processes occurring during the
deformation and their differencestween theeference and irradiated states of the material.

Some literature examples of nanoindentation simulations efriadiated metals applied to
recover their tensile behavior after neutron irradiation are discussi@®] IR. Lin et al. study
the impact of ion damagmn thestressstrain response of ASeBreactor pressure vessel (RPV)
steel with bodycentered cubic (BCC) structure by means of crystal plasticity FEM and
nanoindentation. They introduce the hardening effect into the plasticity mechanism based on
the empiricalrelation of the evolution of dislocation loops due to the magnitude of the
irradiation damag39], and simulate the nanoindentation process with different attack angles
of theindenter tip. Uporconfirmation of thevalidity with the experimental data for only one
tip angle, the rest of the simulation results @asideredtorrect, and the ratio of hardness to
yield stress for each tip angle is established, according to the contact mechaniesioflself
indenters. The same contact mechanics are used to calculate the indentation strain for each tip
angle. Eventually, theariety of yield stresseg indentation strains is obtained, and once
interpolated or polynomially fitted, it matches very well with the corresponding tensile tests,
but done omeutronirradiatedsamples. Other examples are the works of X. Xiao et al. where
the facecentered cubic (FCC) and BCC metals are frequently studied by means of
complementary crystal plasticity FEM. |A0] the nanoindentation of iemradiated FCC Cu
single crystals is simulateidvolving strain gradientheory, which allows oneto correctly
calibrate and separate the indentation size effect (ISE) typical for nanoindentation scales from
the radiatioAnduced hardening. The hardening matrix is introduced as a cotephexvhich
consists of the irradiationlefect density, geometricallynecessaryand statistically stored
dislocations. Tensile test simulations are performed to calibrate the set of parameters
responsible for the complex functiohthehardening matrixand,once obtained, are transferred
into nanoindentation simulations of thraterialto precisely recover and study the deformation
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processlt mustbe addedthatin addition tothe recovery of the mechanical properties, such
approaches provide a complete picture of thein@diated crystal behavior under the
microcompressivedeformation, and eventuallallow reproductionand analysis of the
microstructure evolution mechanisms in detail.

More general examples of the applications of microscopyaotelingtechniques to support
nanoindentation testing for nuclear materials, includorgirradiated,are provided in Refs.
[37][41] [42] [43] [44] [45] [46]. Briefly, the mentioned works were aimatprediction othe
plastic propertiefrom tests done below the ductiie-brittle transition temperatur@radiation
hardening, grainboundary effects, etc.Accordingly, FEM modeling is widely used for
nanoindentation simulations. With a correct experimental validation, it can provide an
underlying knowledge about the distribution and behavior of fundamental quantities associated
with the deformation process (stress, strain, dislogatensity, etc.). Furtherms microscopy
techniques such as S/TEM or atomic force microscopy (AFM) are generally applied to support
the experimental process and reconfirm the measured datxdfoplejn [44] TEM was used
to analyze the evolution of tleeibsurfacenicrostructure dueo irradiation, where the depth of
the hardening peaks was found to be in good correlation with the highest concentration of
irradiation defects. 145] a systematic study of the indentation piles heightss performed
using AFM, providing their dependence on the microstructural state of the indented specimen.

1.2 Contributions of the thesis

In this thesis manuscripthe problem ofevaluationof radiatiorinduced damage on
plasticity of metals and metallaloysfor nuclear applications addressedTlhe challenge is
to find time- andcostefficienttechniques capabtd predictingthe effect of neutm irradiation,
which normallyrequiredengthy and expensive experimeritss proposed to combine a set of
experimental and computationgdols oriented towardshe simplification of tle materials
characterization procesand validatehe obained approach using a reference, wsalidied
material Eurofer9steel

1.2.1 General objective of the thesis

The proposed research aimsdevelop a methodologthat allowsone to evaluate the
properties oheutronirradiatedmaterialusingnanoindentation tesgppliedto anion-irradiated
material These properties are assumed tadpresentative fomateriak exposed taeutron
irradiation at the same dose and irradiation temperatheecorrectly obtained (experimentally
validated) hardeningdose function introduced to tleeibsurfacdayer of the nanoindentation
model may be used as a modification law fa thaterial laws of the unirradiated material.
Thus, a predictive tool is establishetdpwing oneto experimentallycharacterize the irradiated
material in dinancially efficientand safdi.e. no radiatiorinduced activationjvay in order to
usethesedata tocomputationally moddts macroscaldehaviorunder operational conditions
and desired geometry
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Proposed methodology

Experimental data-
based nancindentation

Simulations of tensile

— . tests on neutron-
[ / computational model . . .
irradiated material

tuning

Straightforward methodology

Tensile tests of 1 — 100-1000x times cheaper than neutrons.

2 — 100-10000x times faster than neutrons.

3 — does not require trained staff, safety protocols and
protective equipment, but requires solutions for sufficient
testing (e.g. nanoindentation).

neutron-irradiated
material (complicated
and dangerous)

Figure 9. Schematic comparison of the methodologiesefstingirradiated materials.

Figure 9 gives a comparison ofhe methodologydevelopedin this studyand the
straightforward testing of irradiated materiagdthoughthe usage of ion irradiaticadds extra
steps.their implementation tremendously saves tigwsts,and humanresourcesTherefore,
such approaches aregrieatinterestto the nuclear materials community.

Presumablythe development of similar methodsnotcommonly achievetecause athe
focus ormorefundamental comparison of the ion and neutron imp&étde delivering similar
magnitudes of dpa damadlee effectsof theseparticleshavedifferences from each other. First
of all, it comes from the clear difference in the PKA energy spectrum between ion and neutron
irradiation which affects the formatioof high-order defectsd.g.dislocation loops Second,
ion irradiation does not produce transmigtatreactions ina material, thusieglectingtheir
contributionto the evolution of the material microstructukéoreover, seHions also produce
additional interstitials in the material matriwhich makes the eventual microstructure even
more different from the case of neutron irradiatitns completely meaningfuio study the
physics of the mentiongatocesses; however, thegh complexity of the modeksnd thedeep
fundamental incomparabilitgf both irradiationgnakethem challenging to interconnedthe
presented workakes the rislof finding a balance betweethe fundamental aspeatsquired
for theimplementatiorof the methodcandthe empirical simplicityof theinput and outputiata
Therefore this methodis proposed tde callel i s eempiricab due to itshasingon accurate
analyticalequations oflislocation dynamics, whilgs purpose is to predict one experimental
response from another.

Another reason coullde thatthe developmentf similar methodsloesnot aim to build a
selfsufficient multidisciplinary approachCommonly, the works available in literatuaee
limited by coveringjust oneaspect (i.e. experiments or simulations) per research teas
superficially accessing importadata(e.g. validation tests from another research groOp)
the other hand, the works which dodly performedunder the total control of a research team
are usually satisfiedvith tuning their models d correctly reproducenanoindentation
experiments on icirradiated materials;arely gving suggestions on how to use this data to
predict neutroraffected mechanical propertieShe philosophy of this work considers
comprehensivaccesgo research datasof high importance, thus reducing the possible issues
that arise from misinterpretations of other workdAt the same time, the validated
nanoindentation simulatiorereintermediatedata on the way tthe simulations of thenore
importantconventional testsf neutronirradiated materiallTherefore, themergingmethod is
eventually seeas a researdool to be applied, rather than a single investigation.

The global objective, eventually, can be stated establishment andxperimental
validationof thenanoindentation CPFEM modklr characterization afradiationdamage in
ion-irradiated structural steeit elevated temperaturés the prediction ofmeutroninduced
irradiation hardeninghrough simulations of tensile tests
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1.2.2 Methodology

Mechanical testing built around nanoindentation experiments will be simulated with crystal
plasticity finite element method (CPFEM) modeling and supported by different types of
electron microscopy to comprehensively study the nano/microscale perform#meenafterial
before and after irradiatiohe constitutivgparameters responsible for the irradiation effects
in the experimentally validated nanoindentation CPFEM madal thenbe transferred to
simulationsof conventional tests (tensile tests in tlmegented case) to derive the macroscale
behavior of the irradiated material. This is driven by the fact that the usage of crystal plasticity
(CP) provides a good connectivity between deformation mechanisms on mesoscopic and
macroscopic scaldd7] [48] [49].

However, the presented research has been dareinwerse wayFigure10). The known
magnitudes of irradiation hardening from the experim@atgormedon neutrorrradiated
material are useasinput for the CPFEM nanoindentation models to simulate the experimental
nanoindentation dag@erformedon iontirradiated material. In other words, the known valuable
engineering data of interest is used to recover the intermediate parameters infportant
deducinghose data. Thisas been donte confirm the validity of the approaethile avoiding
a timeconsuming fitting procedure as well as establishment of this procedure. It is meaningful
considering limited time ranges allocated for the research and CPU power of the used
computational setup. Neverthel eorgshm wil he att em
presented in the thesis, as well as suggestions for its improvements in the future.

Proposed methodology

N Simulations of tensile
Experimental data-
) " tests on neutron-
based nanoindentation

—> er
on ion-irradia tati | del irradiated material
I : computational mode e ling

experimental data)

tuning

—> Correct approach
——> Reverse approach

Figure 10. Schematic comparison of the proposed methodology done in the correct and
reversed way.

In the ideal case, virtually safe ion irradiation must be used to imitate the effects of neutron
damage and consequently deduce the mechanical properties of Aeatimted materialas
shown inFigure 10 as the correct approacBuch an approach would allow a user to estimate
the irradiation hardening in a structural steel (or other metallic material once the efficiency
the methods demonstrated) whilavoiding neutron irradiation . Each similar methodology
is a success for nuclear materials sciences, asdmagcelerate the research pace by neglecting
the negative sides of the neutron irradiation process descrilgédlil.1

Given the complicated microstructure of Eurofer97 steel, the CPFEM model of the
nanoindentation process wilistbee st abl i shed and validated on
is pure Uiron. The approach of usingtiron as a surrogatéor materials witha more
complicated microstructure is widely applied for multiscale modeling and related experimental
campaigns within European projects (e.g. PERFIED], GETMAT [51], M4F [52]). Within
theperformed study, pure iron is used to establish the model otiig norrirradiated statan
order to familiarize with the incoming complexitiesand overall efficiency of theproposed
methodology.Once it is achieved and demonstrateithe performed steps are applied to
computationally reproduce thmechanical response to the nanoindentatimtess of non
unirradiated Eurofer97As the lastgeneral step, the ieinradiatedsubstratas geometrically
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represented as @domainwith variational, deptidependensubsurfaceroperties typical for
ion-irradiated specimens in realityhe sibsurfaceproperties arassigned as the function of

the irradiation damage dose expressed in Apparently theyare supposed to liensferred

to simulations ofmacrctensile teststo predict theirradiation hardeningn the neutron
irradiatedmaterial,i.e. the increase of yield streddowever,asstatedbefore,the problemn

this researchs solved inverselyso the tensile tests from the literature are wgexbtablistand
validate the intermediate procedure steps based on the simulations of the nanoindentation
process inon-irradiated Eurofer97.

1.2.2.1 Experimental part

The experimental side of theroposed protocdb characterize any iemradiated material
is as follows.Tensile testing in a range of temperatures is usettn the constitutive laws
of the nonirradiated material and its temperaturelependentbehavior. Nanoindentation
experimenton the norirradiated materiahre performed irthe same temperature range to
associate theano/microscale compressive deformatmacess with the macroscaknsion
Nanoindentation of the iemradiated material inthe temperatureangeis performed to
distinguishthe difference causday the irradiated damage. Both setshefexperimentatiata
obtainedarealso used athe validationunit for further CPFEM calculationdVlicrostructural
investigations are performed usi8&M to analyzethe topologies oindentationimprintsand
pile-ups; electron backscatter diffractiofcBSD) to obtainan ideaof the grain size of the
material(to account for thédall-Petch effects furthegnd thepositions of the imprints with
respect to the surface orientatidor more accurate study tifepile-up behavioandto predict
the possiblassues associated with tleeystal anisotropy) TEM to estimate the dislocation
density of the materialn reference and preferably ithe deformed statgessentialfor
dislocation densitpasedplasticity models) Additionally, FIB can be used to cut astlidy
subsurfaceegionsbeneath the indented arsa complementananalysis ofthe deformation
processes during the indentatiohys providing a better quality of tlleeducedconstitutive
parametersMoreover as can be concluded from the presented work, in dodetilize the
predictivity of themethodthe SEM and EBSD characterizations can be avoidedptbugling
additional simplicity.This is because the former isedto justify possiblemeasurements
correctiors; whereas the lattes mainly applied tstudy the anisotropy effecésd to account
for quantitieswhich can be a subject ah ordinary fitting.Therefore, inthe casef asmooth
experiment which gives no doubts aboutisrectnesghese tehniques can be avoided.

1.2.2.2 Computational part

The computational part consisiifinite element analysisased on crystal plasticity theory.
CPFEM is an essential approdolsimulaethe nanoindentation process in irradiated materials.
First of all, it allows to correctly capture the effects of anisotropy appropfoatehe
nanoindentation testingcales as even the finest microstructure of a material will be still
comparable to the nanoindentation deformation lev@kcond,the interactions between
dislocations and irradiation defects can be deeply studigg)othertechniquessuch as MD
simulationsto obtain an insighinto the energy potentials of these interactif® [54], and
consequently transfer thesmCPFEM models to correctly reproduce the behavior of the defects
with respect to their orientations. Such interconnection of techniques contributes to the
important approach of multiscal®odeling allowing to simultaneously study irradiation
defects at different scal@s2] [55]. Third, the surface topology under constant nanoindentation
parameters varies witihe surfaceorientation[56], which can be crucial ithe determination
of hardnes$57].
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The constitutive modelmplementing the condition for plastic slim a materialis
parametrizedwith respect to the previously performed microstructural investigations
(dislocation density, HalPetch effeqt literature insights Kink-formation enthalpyglastic
coefficients, etc.) and fittingrhe validation is performed Isimulating the uniaxial tension of
a virtual polycrystaland comparison of the outcomingfue stresstrain curvewith the
previously obtained tensile experimental data until a good fit is obtarexke véidated, the
constitutive parameterare transferred into the CPFEM simulations of the nanoindentation
processlt is assumed thahe screw dislocation slip dynamics enough to represent and
interlink the macrdensile and nanémicro-compressiveleformations, as is the main carrier
of plasticity in the BCC metalsForcedisplacement curves obtained by means of
nanoindentation CPFEM simulations are compandth their experimental alternative®
confirm thereproducibility.

1.2.2.3 Combined experimentally numerical approach to estimate radiation-induced
hardening

Simulations of the iomrradiated material are based the division of the iofrradiated
subsurfacento differentiated layers, where each layer is assigned with a modified constitutive
law of norrirradiated material. These modifications will be madeorrespondence with the
magnitude of radiatioimduced hardening typical for an average damage dose in dpa in that
region (i.e. layerjaccording to the tensile tests data neutrorrradiated materiafrom the
literature (reversd approachy seeFigure11. Eventually, if thenanoindentation simulations
recover the experimentahnalogue aproofof-conceptwill be obtainedallowing oneto use
macroscale tensildata with neutron damage to simulate nanoindentation with ion damage, and
vice versa. Consequentha single ionrradiated specimen can lpotentially used for the
characterization of radiatieimduced hardening in a material in the range of doses, the selection
of which is only deperghton the ion irradiation parameters. Overall, nanoindentation crystal
plasticity simulations based on the tensile tests are not common findins literature,
especially for irradiated materials with complex microstructure and elevated temperatures.

F Displacement damage (dpa)
) - -

£

(2]

50
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Figure 11. Schematic representation of the layered geometry.
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Eventually, the development ofa computational algorithmassignedfor fitting the
hardeningdepthdose complexfunction is proposedlIt is based on thenanoindentation
simulations in ioArradiatedmaterial, which arerucial for the evaluation of the constitutive
parametergesponsible for the irradiation hardening.this thesis,only results obtained by
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manual fittingwill be presentedalthough providing decent accuracyThe algorithm that
combinesall aspects of the proposed approach is illustratétgare12.

Step 1 Step 2 Step 3 Step 4

Fitting of the radiation-
hardened constitutive
law

Fitting of the
constitutive law

CPFEM simulations and CPFEM simulations and Macro-tensile
validation of the NI validation of the NI simulations imitating

process in the ref. process in the ion-irr. radiation-induced
material material hardening

NI of the ion-irr.
material

Figure 12. Thealgorithm to evaluate the neutrenduced irradiation hardening.

1.3 Scientific innovations

The presented approaeltendsthe list of methods proposed in the padthile based on
many common elementgpical forcomputationally experimental analysis of the-ioadiated
materials built around nanoindentatiithas featurethatarenotyet reported

1 Actually, the approach to simulate the material substrate in layers as a nanoindentation
study is not completely novel. Fexample,in [58] the substrate is presented as a
hemisphere divided into layers, where each layer is associated with a certain magnitude
of irradiation hardening plus a contribution from the indentation size effect. This allows
reproducingthe experimental ioirradiated hardness with good accuracy, where each
hardness contribution is separated from each otHewever, in the case of the
presented studyayeringis introduced as a geometrical feature within an FEM, which
IS more complex on orfeandand more informative and representative on anptseit
allowsinvestigation othe integral response of the material

1 Thesimplicity andtransferabilityof the constitutivemodel must be admitte&urther,
it will be seernthat thedislocation slip formulation used as the plasticity lawersatile
enough to represebbth the pure iron and Eurofer97 steetaference and irradiated
states, undergoingniaxial tensioror nanoindentationThis allowsminimizing the set
of theories and their parameters used to deseibsaterialboehavioras wellas the
complementargharacterization techniques used for their determinaflaoe.can easily
switch betweenmaterialsor their conditions using the same mb{®y adapting the
values of theconstitutive parameteraindtry simulating other typesf nonfracturing
loadingmodegsuch as3-point bending tests) to extend thegioéivity of the approach
beyond the tensile testind/loreover, if a deeperstudy of physical phenomena is
required, the set of tools flexible enoughwithout compromisingts efficiency under
the most basic usage.
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1 Additionally, the philosophy of this workis to establish a selfsufficient
multidisciplinary characterization protocolvhereall steps are performed under the
control of a research teart.is typical for many studies found in literature to operate
with only oneside of theprocedure, either performing experimental characterization of
the irradiatiorhardeningor making simulations based on the experimental data obtained
elsewhereHere, comprehensiveaccesdo the research datnd its understandings
consideredof high importance, thus reducing tlp@ssibleissues outcoming from
misinterpretation of other works. Therefore, teenergingnethod iseventually seeas
aresearchool to be applied, rather tharsoleinvestigation

Some technical noveltidsve taken placeas well

1 An improbable performancef application of the 20 nm SiQayer to protect iron
samples from oxidation at high temperature testing has been ¢88\2rP).

1 A supemmposingof theindentedarea extractedsingFIB and inspected by SEMith
its FEM analogto precisely study the degrees of deformation occurring under the
indenter §3.4.3 Figure46).

1.4 The structure of the thesis

The thesis manuscript is structured as followke reader should havalready been
familiarized with the introductiolChapterl, where the global context of tmeasons driving
this researcihasbeen presented. The second section of the introdugittes anoverview of
everything related to the presented research process, such as preset goalsthasaogy,
andthe introduced novelty.

Chapter 2 provides more comprehensive information about the experimental and
computational techniques used in this worke following two dhapterswill familiarize the
reader with the main research body, where the experimental characterization as well as
computationalwork and microstructure investigatiomsll be performed on two materials of
the study: Chapter 3 will establish the procedure on the unirradiated pure iron material as a
probatoryprocesswhereas in Chapter the knowledgebtainedwill be used toinvestigate a
more complex Eurofer97 RAFM steaitroducing the irradiation effedn Chapter 5 the main
conclusions will bediscussedirst, thenthe outlook for future studies and the applicability of
the presented methedll be proposed. Chapter 5 will alsover thdessons learned during the
investigationwhich have not been includedthe main partor different reasons.

1.5 List of publications

1.5.1 Topic-related publications

During the research, fouopic-relatedpublications havéeenpublished.Their metadata
ard anoverview of each publication will be given.

1. T. Khvan, L. Noels, D. Terentyev, F. Dencker, D.D. Stauffer, U.D. Hangen, W. Van
Renter ghem, C. C Highn tgmperafure nanoindemtatierv of irofi:
Experimental and computational sta@dyournal of Nuclear Material567(11):153815,
May 2022[59] i is a paper published on the full basis of Chaptef the presented
manuscriptwhere the experimentally computational characterizasigerformedand
the CPFEM nanoindentation model is developked the pure iron productThe
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publication also includethemicrostructure investigatioqmerformedoy means of SEM,
EBSD, and TEMFIB.

2. L.MalerbaetalT.Khvan, A Mul ti scale modelling for fu
M4 F pr bliyclear Maierials and Energy9:101051,Aug 2021 [52] i gives a
complete overview of the Multiscalodelingfor Fusion andrission Material§M4F)
project, where the comprehensive experimental and multiscale computational
characterization of materials aiméat application in both fusion and fission reactors
hasbeen performedithin manyresearch institutions across the.Hlde main materials
of this studyrepresentedhe increasingmicrostructuralcomplexity step by stefsrom
iron to Eurofer97steel: pure Uiron (studied in this work)Fe9Cr, FE9GNISIP,
Eurofer97 (studied in this work) in agsceived, deformed, ion and neutioradiated
states.The experimentalmicroscopy,and computationalorks performed around the
nanoindentationestingfrom the presented manuscript have been used as a part of the
MA4F project.

3. L. Veleva, PHahner A. Dubinko,T. Khvan, D. Terentyev, A. RuiMo r e Depth A
Sensing Hardness Measurements to Probe Hardening Behaviour and Dynamic Strain
Aging Effects of Iron during Tensile Pigeformatiod Nanomaterialsl1(1):71, Dec
2020[45] 7 provides an experimental studf/the pure iron product from Chapter 3 by
means of tensile testsanoindentatiorand atomic force microscop&he indentation
pile-ups heights and theaontribution to the measurement error are evaluated and the
elastic modulus correctiag appliedo the measuredardness anitheY o u nngodudus
quantities. The significant dynamic straiging(DSA) influencingmaterial behavior is
observed for the first time\ collaborative study within the M4F project.

4. A. RuizMoreno et al.,T. Khvan, fiRound Robin into Best Practices for the
Determination of Indentation Size Effegtflanomaterialsl0(1):130, Jan 202[®0] i
is a round robin work betweegvemanoindentation laboratoriesembers of the M4F
projectto evaluate the indentation size effects in Eurofer97 dbetferent parameters
and loading modes were applied to obtain statistical datadamness and Yoursy
modulus ofthis material

At the time of writing this manuscript, publication based on the data provided in Chapter
4 is being prepared for submission.

1.5.2 Publications on other topics

1. D. Terentyev, A. Zinovev]. Khvan, J.H. You, N. Van Steenberge, E.E. Zhurkin,
filrradiation embrittlement in pure chromium and chromitumgsten alloy in a view of
their potential application for fusion plasma facing compomegtsurnal of Nuclear
Materials554(3):153086, May 2021.

2. G. Bonny,T. Khvan, A. Bakaeva, C. Yin, A. Dubinko, C. Cabet, M. Loyerost, N.
Castin, A. B a k &ffeat of stddistically stored mlislocations in tiingsten
on the irradiation induced nait@rdening analyzed by different method¥ournal of
Nuclear Materials543:152543, Jan 2021.

19



Introduction

3. G. Bonny et al.,T. Khvan, Trénds in vacancy distribution and hardness of high
temperature neutron irradiated single crystal tungst&cta Materialial98(13), July
2020.

4. D. Terentyev,T. Khvan, J.H. You, NVan St e eDevelepmegneqf chiomium
and chromiurrtungsten alloy for the plasma facing components: Application of vacuum
arc melting techniquésJournal of Nuclear Material§36(3):152204, May 2020.
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Chapter 2. Overview of the research
technigues and methods

In this chaptera brief description ofthe experimental, computational and microscopy
techniques useith the methodology will be presented.

2.1 Nanoindentation

Nanoindentation is the instrumented hardness test, which means that a highly solid material
(usually diamond) formed in a special shapérstly immersed into the surface of a tested
specimen on arano/micrometer scaland then extracted, whereas the applied force and
penetration are recorded by the experimental setup. The output of such a testis a curve in force
displacement0 & cords, which can be analyzed in order to obtéia mechanical
properties of the materialEssential parameterg force-displacementcurve, and their
interconnection with the indentation process are presenteédune13.
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Figure 13. Schematic process of a nanoindentation test and a nanoindentation force
displacement curve.

Many different indenter tip shapes exist, which are applied depending on the required
material responsej.e. characterization. The most widely used nanoindenter tips in metals
testing are:

1 Berkovich threesidedgeometrically seksimilar pyramidwith a total included angle of
142.3 and a half angle of 657°, measured from the axis to one of the pyramid.flats
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1 Spherical a hemisphere. Beinglunt, it does not penetrate the material surface
immediately,makingthe elastoplastitransition visiblefor studying plastic properties
of a material.

1 Cube corner threesided pyramid with perpendicular faces. Generally used for
fracturing nane@micropillars created by focused ion milling for fracture toughness
studies.

The presented work is based on modeling and testing witta@dygkovich indentershown
in Figure14. It is applied for determination of hardness and Y@smgodulus of a material,
which possibly makes it the mostdely usedn nanoindentation testing.

Figure 14. Berkovich indenter tip.

The OliverPharr method61] presented to the scientific community in the beginning of
1990s is a nanoindentation state of art, which established the process of the evaluation of these
mechanical properties and brought nanoindentation testing to a new level. The application of
the mehod is based oa power lawfitting of the initial slope of the unloading part, thus
obtaining an el astic propert yYseeFigueldmat er i al

0 80 O ®

whered, 'Q andd are arbitranfitting parameters. The stiffness at the peak of the unloading
curve represents the elastic response of the maatize initial point of unloading, which can
be calculated from the derivative of Eq® .

00

Y 0 adQ Q &

The stiffness is then used to calculate the contact d2@thd the contact aréa™Q as the
function of the contact depth.
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where’Q is the maximal indentation deptl is the maximal indentation force, dnds
the geometrical factor of the indenter, which is equal to 0.75 for Berkovich ind&ndee.
fitting constars.

The contact depth is the vertical distance alhgh thecontact ismade It is not equal to
t he measured depth because srouncthendentedpleee of a
This sink phenomenon i-isndc,aldred tame fd ppexittad i
material comes ouwdf ani ndent ati on i mprint Fusp 0c a(lnloetd taon
confused with the dislocation pilg). The contact area is the projected area of the area of
contactThe termg ® ¢DQ of the formulation ¢& calculates the contact area of the perfectly
sharpBerkovich indenter. As in reality the perfect sharpness is unachievable, the second
polynomial term is used to fit the contact area to a value measured on a material with the known
properties.

The unloading stiffness and the contact area are used to determine the reduced modulus
O 7 Y o u nmgodlidus of a material affected by the elasticity of an indenter. This impact can
be subtracted to obtain a proper Yosngodulus of a material:

ne Y
— ()]
< o

P p p

) 0 0 C8p

where’ T iIsP o i s s o n G inspactednateriad,®7 Y o u nmodldus ofthe inspected
material, TPoi ssonés rati ©ii3Y o ammgodudusic antindenter (=a n d
0.07 andO = 1140 GPa for diamond).

Another important properthatcan be obtained from the nanoindentation is hardness:

o0 O

5 G
Hardness is the ability of a material tesist plastic deformation;therefore, it is tightly
associated with elastoplastic transition (yi
[62] connects hardness and yield stress of a masarehas:

&

0 — cap

whereo is Tabor parameter and is yield stressd was calculated by Tabor to be in the range
from 2.8 to 3.1 for structural metallic alloys. However, this is purely an empirical parameter
which was originally introduced for spherical indentation. It strongly depends on the type of
indentation testingthe shape of the indenter, tpiasticproperties of the materiand other
behavioral characteristics thatnay have animpact on the measuremen@nd doesnot
necessarilyay within the range proposed by Tabor
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The formation of indentation pitepscanresult inan irmdequate estimation of the contact
areaand a consequentvrong calculation of hardness aivdo u n madlidus.To account for
this, the elastic modulus correction (EMC) technique is appliedperform the EMC, one
need to know themacroscopic elastic modulus of the tested material, which can be used to

calculatethereferenceaeduced modulu®  with Eq. ¢& . Then the squared ratio of the two
moduliis used to calculate the new corrected hardness:

0 L 8w

2.2 Tensile tests

Tensile testing is one of the most used conventitasibof materials particularlymetals.
A tensile tesis performed by applyingniaxial tension on a testing specimen with a special
shape, which allows to effectively fix the specimen in clamps of a testing bench along two
spatialdirections andeing freely deformed along the third ohethe case of testing metals,
the most popular shapesspecimensrecylindrical andflat tensile both can be seen kigure
15(a). The latter ioften called asiadogb o n e 6 ( t h e ofbaltlaspial rapresentationh s
of a bone as a dogb6s treat):

b)

Figure 15. a) Flat tensile(upper) and cylindrical (lower) specimers A fractured flat
tensile specimen with the fAneck?o

The geometry of the specimen is designedwagthatconcentrates most ttie measured
deformation in the thin middle part, which is cali@&lgaugé, as the wide parts are ustx
clampthe specimeno a testing bencland aresupposed to ndbve deformed.The gauge is
deforming evenly (uniformly)however after some amount dtrain,the plastic deformation
starts to | ocalize s omewh eThenecing stdgdeads pauge a
fracture anda specimen breaks apaA. metal sample passed through the necking stage and
breaking is shown ifigurel15(b).

Tensile testing is a very informative technique, adldwsa lot ofimportant mechanical
properties ofmaterials to be measurednd it can be applied with different loading types,
magnitudes, and in a wide range of temperatures depending on the possibilities provided by a
particular testing bench. For instance, a simple straining machine can easily afford af range
-196°C (liquid nitrogen as a coolant) up to 5600°C, whereas the upper limit is only a matter
of quality of a furnace and thermal insulation.

The listof mechanical properties can be obtained from a tensile test:
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1 Yield stressi a property which characterizes athat stress value the plastic
deformationoccurs.

1 Ultimate tensile stress/uniform elongatidonproperties which characterize at what
stress/strain values the plastic instability oc¢ues necking)

1 Fracture stress/strain properties which characterize what stress/elongation levels a
material can sustain upon breaking apart

1 Reduction of area plasticity property, which characterizes a level of cisessional
thinning after a test

During the test, the applied force is measured by a load cell, and the elongation is measured
as a displacement of thmachinepulling rod. The output is given in foraisplacement
(N-m) cords anatanbe recalculated in the stress and stuasiimgthe following formulas:

O 0
0

0
" reil T

= &
where™Oi is the measured forcé, i is the initial crosssection of a specimen,i is the
measured displacement, aindi is the initial length of the specimefhe calculated stress and
strain are cal dpmodde thevalges with eespeéchtgthe initial cresstion
and length. However, this assumption is not completely true, as their dimertsoggduring
the test Thestress and strain can be calculated with respebhete changess:

” ” p - rl_ a ‘Sp - C&b p

In this case, stress and strain will d@ledfi t r Whe @pplication of these formulations
presumes several assumptions, suct) eslume conservation of a sample durdejormation;
2) thedeformationis uniform As thelatteronly occursuntil the necking stage¢he calculation
of true stress after the ultimate tensile stress fainich isclose to thenset ofnecking)is not
straightforward Therefore,it may requiresome advances in measurementsthaf actual
specimercrosssectionduring the tesbr modelingof the neck formatiofdlevelopment process
However, in thisvork, these problems will not beddressea@ndinvestigations willbe based
onjustthe information obtainable with Ea¢® p.

2.3 Electron microscopy techniques

2.3.1 Scanning electron microscopy

The scanninglectron microscope is an advanced foolobservingsurface phenomena of
conductivematerialswith high magnification.The microscope can be used to analsaeple
topography, morphology, compositiggrain orientationgrystallographic information, etc. The
principle in brief is based on an electron beam creating primary elethatrese aimedht a
sample andnteractwith its surface When the electrons are interactédtky provide energy to
the atomieelectronsof an inspected materjand theyare releasedssecondarglectronySE),
so the image can be formed by collecting them from each point of the specimeaailyAott
only secondary electrons are released during interaction, but atagsXand backscattered
electrons(BSE) All of them are being collected by detectors and then analyzed to provide
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imaging or other types of informatiowithin the presented work, SEM is used to investigate
indentation pileups and features tiiedeformed material.

2.3.2 Electron backscatter diffraction

Electron backscatter diffractios a technique and a type of supplementary detector for
SEM, which provides this technique. It alloth® crystdlographic structure of material to be
obtained,including crystal orientations and phases. The working principle is the same as in
SEM; howevera specimen is placed at a highly tilted angle ¢} #®the electron beam in this
case, and the detector itself is somewhat perpendicular to the beam. Fundamentally, the
secondary electrons which are induced bypheary ones diffract and foridikuchi linesi
characterizing diffraction patterns. The orientation of Kikuchi lines depends on the orientation
of a crystakhat createsliffracting electrons, so it givessight intohow the crystal is oriented
with respect to thdetectomplane as showrschenatically in Figure16.

Figure 16. Spherical diffraction patterns (Kikuchi lines) generated by different orientations of
thecubic structureGenerated using Bruker PRIT softward63].

At the end of EBSBcanningan EBSD map is formed. It provides the morphologyhef
surface ofa material, so thsize and shapes of tlggain/phase can be observed, and their
orientations are associated with a colomore detailed descriptionf both SEM and EBSD
can be found if64].

2.3.3 Transmission electron microscopy

Transmission electron microsgops an electron microscopy technique in which the
electron beam is transmitted through a sample to create an image. To performh&Etddied
section of a specimemustbe ultrathin around100 nm thick. The principle is based the
scattering otlectronsdepending upon the compositional density and crystal orientation of the
observed area of the specimen. Scattered electrons disappear from thibdieamedo the
detector, creating contrastthefinal image. TEM is widely used in material sciences to study
the inner microstructure, iparticular,crystal defectsln this work TEM is applied to estimate
the dislocation densities of tineaterials studiedl'o calculate this quantity, one draw circle
atrandom position of the TEM micrograph arwlintsthe number of intersections between this
circleand thedislocation lines. Then the equation is used:

- P ¢

where” T is the dislocation density) i the number of intersections) i is the circle
circumference, andi is the total thickness of the specimenthe taken area of the image,
which is determined fronthe electron diffractionpatternof the convergent beanobtained
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during microscopy Usually, this calculation is performed several times in different locations,
and the average value is then presentéithin the presentedork, dislocation densities are
corrected for extinctiortonditions,assuming that all line dislocations haBeu r g eectd s
e p@kis the lattice parameter of BCC iroA more detailed explanation about the
technique is described |65].

2.4 Crystal plasticity theory

Thecommonly applicablphysicalelastoplasticity model®r FEA (such as von Mises) ()
plasticity [66]) are isotropicas they simplify and average the anisotrapicroscale effects in
crystals. This assumptiojustifies itself whenthe simulated deformations areon scales
significantly higher than the expected anisotropyBecausethe fine-structured mamgrain
clusterof a studied polycrystalline materiakglectsthe anisotropy effects, the averaging is
somewhatmore representativén such casesHowever, if the deformation scales are
comparable to theize ofa singlecrystal, theelastglastic behaviomay vary with respect to
thedirection ofthe applied forceln thatcase one must account for tranisotropy effects and
consider the crystallographic orientations asdditional parameter.

For this, crystal plasticity theory igleveloped It is known that the main mechanism
responsible for plastic deformatiam metalsis shearinsideseparate grains, whereas the main
carriersof plasticity are dislocations gliding in slip syster@&nsidering the crystallographic
orientations and anisotropy they credle deformed grains can change in terms of their shape
(deformation)andorientation (rotation)Crystal plasticity isa comprehensive theory of crystal
deformations, which considers the anisotropic natiréhe dislocationslip and takes into
account the crystal orientations with respect to the external loadings or adjacent [By§tals
It originates from thecontribution of Taylor [47] and is based on the assumption that
macroscopic plasticity is a superpositiorslyps in all activated slip systemiBhe activation of
a slip systemmay occurif the resolve shear stress in it reaches a critical vallige main
conceptual advantage of CP models is thbility to combine a variety of mechanical effects
considering theidependence on the directiohthe crystalorientation Another advantage is
the existencef dislocationdensitybasedCP modelgcounter tothe phenomenologicaCP
modelg, which accountfor dislocation defects as the main carriers of plastic deformation.
Obviously,computationaimplementation othe crystaplasticity apprach is more demanding
than that othe isotropic models.

If one isdealing with the deformation of a single crystal, then the albegeribed
assumption is straightforwarddowever, onceswitching to a polycrystalline, additional
assumptionsnust be made to include ti@eractions of neighboring grainSor manyyears,
crystal plasticity models in polycrystahave been relying on simplified assumptions of Sachs
or Taylor,correspondinglhaccording to whom all grains undergo either the same stress, or the
samestrainas the whole macroscopiccrystal CP based on t hese -assump
f 1 e Thesé simplificationsannot simultaneousnsurehestrain compatibility or the stress
equilibrium at the grain boundarigsvhereas in real polycrystaleey areachiezed bynon
uniform stresses and strains.

The transition between the single crystal calculations to the polycrystals or between the
mi croscale and the macroscal e i sonetoactedteed fihoc
representative single and polycrystalline structures and apply to them complex boundary
conditions. In the presentedanuscriptboth mearfield homogenization and computational
(in terms of utilizing CPFEM) homogenization are appliadmodel implementingcrystal
plasticity theory can be coupled with an FEM solver, thus githegossibility to establish a
geometrical representation of a studied problem omtaeroscalébut still be based on the
microscale anisotropic features.
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2.4.1 Crystal plasticity model and slip plasticity formulation

The computational analysis in the presented vastbeendone by coupling a useiefined
material law (UMAT subroutinethat implementgrystal plasticity theory with a FEM solver.
The solver is combined with the opsource threelimensional finite element mesh generator
with a builtin CAD engine gmsh[68]. The CM3 libraries FEM solvg69] was developed in
the Department oRerospace and MechanicBhgineeringof Liege University in Belgium,
while the crystal plasticity routine was developed by Delannay €I@I[71]. In the covered
research,two types of elements were useetrahedral elements for the nanoindentation
simulationsand hexahedral elements for ftag tensile simulationslhe elements arkstorder,
where thevolumetric deformation is averaged to avoid shear locking.

2.4.1.1 Modeling of plastic deformation

Plastic deformation in metals occurs by activation and gliddisbécationsas well as by
grain boundary deformation at high temperature and/or high strains or by twinning at low
temperature and fast deformation. In tteésearch, plasticitis assumedo becaused only by
theglide of dislocation, sincehis is the main mechanism relevamstructural materialsThe
strain rate is then controlled by the ratevhtch thedislocations are releadfrom thepinning
points, which is thermbl activaed and driven bythe applied stres§.hermal activation and
obstacles overcome byistbcations are predicteldy an Arrheniustype equatior(72] [73],
wherethe frequency obackwardjumpsat low stresses controlledby the hyperbolic sine
function[74]. The dislocation slip rate in a slip system may be expressed as a function of
the shear stress in this slip systen{75], however adapted tmclude the athermal stress
characteristic of BCC metals at high temperat{irék
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In this expressio;™0  "O' & representshevalue ofthekink-pair formation enthalpy for a
screw dislocation, where 0 0 ¢d ¥t is the shearmodulus Qis the magnitude
of Bur ger 6% isvaeaenstant. ,is aaaiedence slip rat&)"Yis the product of
Boltzmann constant and temperature, grashdry are constants describing the profile of Peierls
potential barrier, being equal to 0.5 and 1.5 respectiMaly Critical resolved shear stress
(CRSS)is controlled by twderms the athermal stress typical for BCC metals and thermal
stresstHwhich determines thermal sensitivity the plastic flow.

Athermal stresscan be expressedas a functionof dislocation densityaccording to the
dispersed barrier hardening mogi&s]:

Y Q" P T
where’Q is the dislocation strength coefficient aifid representshe contributionof lattice
friction stress and the HalRetch effecf79]. Even thougtthis is the athermal contribution to
CRSSijtis known thatQ in BCC metals may depend on temperaf863. ” is the dislocation
density whichevolves according tthe modified law proposed by Kocks and Meckirj§1],
where'Q is computed from the saturated dislocation density Valueand remains constant,
and the temperature and strain rate effects are controlled by the [ig2in

~

" T, " ¢ v
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where: is the sum of slip rates il slip systems:
T ¢ s B Y

2.4.1.2 Mathematical formulation of the crystal plasticity model

The derivation of the model equations was inspireddmeralworks on crystal plasticity
[48] [83] [84] [80]. Under finite strainsthe mappingfrom the undeformed (reference)
configuration of a continuum (infinite number of material points)to thedeformed (current)
configurationo is described by the secomank deformation gradient tensor As commonly
assumed in crystal plasticity theories, the deformation gradient is multiplicatively decomposed
in:é A€ & , wherer\” is an orthogonal matrixepreserihg the crystal lattice rotation,
€ € is the elastic strairf{which isinfinitesimal in metals, L p),and¢ T isthe
deformation causely thedislocation slip A spatial gradienEwhich quantifies the relative
velocity between two positions of the current configuration is called velocity gradient and given

by:
E n7l P w

where’l is a nonzero velocity fielthat representes timedependent displacemeit 6 0
and given by the time derivative of the corresponding displacement field:

. al

I —. "1 ¢
00 0 & T

The relation of the velocity gradient and the deformation&aan be derived from the
equivalence of the relative change in the velocity of two points separatéd &yd the
deformation rate of their relative position:

1290 TTI'Q')k ’Q'Q') 'Q"Q’) ED €€ O &
60 06" Qb %P
then, comparing the leftand and righhand sides of EQ.¢® p and accounting that
L p, the velocity gradient tens@&can bedecomposeds:
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The tilde whichis adjoined on top of three seceardler tensorshighlights the fact that
they apply to the Aunr ot at e dhe vetncty grafient st i on o
additively decomposed into a skeymmetric tensor * called the lattice spin(i.e. rate of
crystal rotation)  which is a symmetric elastic strain rate &dwvhichis a plastic velocity
gradientMoreover, they are the most conveniently expressed in a coordinate frame that rotates
with the crystal frame. Therefore, theywillbea | | ed tfadd onal 6 tensor s.
The anisotropic elastic stiffness operafihen allows to compute the-cotational Cauchy
stress A, . The plastic velocity gradient will be equal to:

E "HE 1 7 E E E 7 & o

where™H andi areunit vectors alongthBur ger 6s vect of"shpp@nenor mal
The dislocation slip rate in the slip system is calculated by Eq¢® o. E is the Schmid

tensor, dyadic product of two vectors, subdivided into a symmeEtric and a skew
symmetricE  part. The material response is calculated incrementally by time integration
using a Nevvtomaphson schem@&5] under an abovenentioned velocity gradient expressed

as’E A 1§, where’A andifj are symmetric and skesymmetric strain rate tensors
respectively. The set of differential equations is built by separating symmetric and skew
symmetric tensors:

v ALE JADY E
v C& T
S S T SR

v

Time integration of the material law is implicit and solved incrementally. As the increments
of dislocation slipy ' Yodepend on the stress, there remain 9 independent unknown
variables in the set of ndmear equations: the six components of theratational stress
incrementY and the three independent components of the -skemnetric tensor

y * ‘a0representing the increment of lattice rotation:

Y MBS wo B @
& v
Y ns wo E o

The fully implicit time integration is simplified by accounting for the fact that each time
increment involves a sufficiently small increment of lattice rotdi@) to ensure that:

Ay 0ty TARsyen TARYs Y TR AT & @
As
Therj s  is computed in the same way, thus depending only on the lattice rotation at the
beginning of the time stap’  and on the increment of rotatidh * which is determined in

the NewtorRaphson solution.
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2.4.1.3 Standalone mode Taylor-type modeling

The CP model can be used eithgiandaloneor coupled witha finite element solver
(CPFEM mode)lIn the standalone mode, the model equations are apliadheoretical
(virtual) polycrystalwith one material poinin which every grainnderg@sthe samestrainas
the polycrystal as a whol@aylor mearfield crystal plasticity moddgW7]). The grains of this
virtual polycrystal cannot be defined in terms of their geometrical shape and size, and their
arrangement cannot be prescribed. Thus, the effect of these factors on the mechanical response
is not taken into accountowever, a specific crystallographic texture may be assigned to the
polycrystal. Even thoughthe isastrain assumptionmakes the approacless realistic than
CPFEM, the standalonealculationsrely on the same mathematicabdelingof dislocation
slip and allow us to capterthe main macroscopic trends

2.4.2 Strain gradient crystal plasticity models

Strain gradient crystal plasticity ia highly effective approaclonce it is used for
nanoindentation FEM simulationslowever, for sveral reasonsi,t is not applied in the
presented researchderewith, the presence of this chapter is driven by ubguitous
mentioning of this method throughout the text.

The reason for the importance of the strain gradigtryin nanoindentation simulations
is the indentation size effect, commonly present in each nanoindentatidduesg the ISE,
the measured hardness value is significantly increased on shallow dgathslly lowering
its contribution withfurther depth evolution.One can see the indentation size effect on
hardnes-depth profile presented Figurel7.

—— Deformed iron

Indentation size effect

Hardness (GPa)

1 T T T T T T T T T T T T T
200 400 600 800 1000 1200 1400

Displacement (nm)

Figure 17. Hardnessdepth profile of a deformed pure iron product.

Physically the indentation size effect is associated wh#h geometrically necessary
dislocations (GNDs)n additionto the naturally presestatistically stored dislocations (SSDs)
GNDs ppearto accommodatplastic bending icrystals, where the deformation levate low
enough tdoe ensured by the SSDOshe bendingurvature in a body creattensile strain in the
upper part and compression strain in the lower part,gfasding its shapencompdibility or
a strain gradienfThe nanoindentatioprocessat the very beginning of the test represents such
abending, as thedentertipisi b endi ngo t he TFherefdre&sNRs aredreatad, cr y st
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strongly contributingo hardnessWhen thedepth is increasing, more and more S$bDstrol
the plasticflow and the indentation size effect fad&oreover,on the grain interfaces in
polycrystallinesthe GNDsplay the role of intermediate plasticity carrier§hus, they ensure
the structural integrity of thdeformingbicrystal unitsand produce increments of dislocation
densitieswhich lead to hardeningredicted by the HalPetch effect.

Fundamentally, thetrain gradient crystal plasticity models are similar between each other
as they presume an introduction of temasponsible for th&NDs contributionsand length
scale factors controlling their presenéegood example othe implementation of the strain
gradient model into the crystal plasticity framework for simulations of the nanoindentation
processn ion-irradiated materials is provided by Xiao in[40]. A briefoverview is provided.

t from the guation ¢® T can beextended by introducing hardening term responsible for
the GNDs. Therefore, the equation carrderittenas follows:

t 7Y N W N ¢ w & X

whereQ is the dislocation strength coefficiefdr the SSDs; is the SSDs density
(controlled bythe Kocks-Mecking model in Eg.c¢® v), Q s the dislocation strength
coefficient for the GNDs and  is the GNDs densityl he latter is determined by the plastic
strain gradient, i.e.

i "HOH ¢ 1 & Y

wheren] denotes the gradient tiie dislocation slipstrainf on the -th slip systemEqg.
(¢& Y shows that the density of GNDOs mainly controlled by the strain gradient in the
localized region.

As for the macroscale axial loading modes the plastic deformation tends to be
homogeneoushe contributiofrom GNDs will not appeaiOn the othehand,nanoindentation
which creates nomniformly localized stresdields close to the indenter tignd, therefore,
generates GNDwith the consequent hardening behavior observed on thed@pcement
and hardnesdepthplots

As has been saidhis implementation iassumednd based on the developmenbtposed
and used by X. Xiaet al.Strain gradient theory is not used in the presented worlesatibed
to the reader because of often mentiorihmgughouthe text.
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Chapter 3. Development & experimental
validation of the CPFEM model for the
nanoindentation process in pure U-iron

The outcome resultsf this chaptehave been published in Journal of Nuclear Materials in
June 2022, and can be found in RBR]. The data have been obtained in collaboration with
other researcfroupsihe contribution of everyone is highly acknowled@gdhe authorProf.
Ludovic Noelsi guidance in the computational pamtethodology Dr. Dmitry Terentyevi
guidance in the experimental pamethodology,conceptualizationDr. Ude D. Hangeri
nanoindentation experiments, methodoloBy. Douglas D. Stauffer methodology;Folke
Dencker i nanoindentation experimentd)r. Wouter Van Rentergheni FIB/TEM
investigationsPr. Andrii DubinkoT TEM investigationsChih-Cheng Chang tensile teshg;

Dr. Aleksandr Zinovevi guidance in thecomputational partProf. Laurent Delannay

guidance in the computational pafithe author himselparticipatedin the methodology,
conceptualization, computational analysis, tensile testisgecimen preparatiorand
SEM/EBSD investigations.

According to the methodology presented §h.2.2 the establishment of th€PFEM
temperaturaependat model calibrated with tensile tests data and its validation with
nanoindentation tesfer unirradiated}-iron consists of the following steps:

1. Experimental characterization: To describe the material law and get an ideghef
mechanicaperformance of the materia set of experimentaustbe performedin our
case weapplytensile test dataand nanoindentation in a range of temperattoethe
referenceand ionirradiatedmateriab.

2. Microstructure characterization : Microstructuralproperties play an important role in
the model constitution, as well as in understanding of the computational results.

3. Selection of the constitutive parameterscoming from three sourceexperimental,
literature and fitting, the constitutive parameters are found for reproduction of the
experimental tensile stressrain curvs.

4. Simulations of the nanoindentation process~EM geometry and boundary conditions
setup for the nanoindentation process is develofhesh the established constitutive
parameters (i.e. material lawjetransferred into itThe output is compared with the
experimental data.

5. Postprocessing analysis of the FEM maps, output curves, geometrical features, etc.

Once all of the stepsmentionedabove are performed successfullywe will obtain an
experimentally validated, dislocation densgitgsed material law, which provides the
interconnection betweamacrcetensileand micre/nanecompressivaleformationthrough the
CPFEM simulations of the nanoindentation procédsis law can be transferred to other
simulations of the conventional or netandardests,and upornvalidation, providea certain
level of computational reproducibilityhis reproduction comes with an extended analysis of
the studied deformation process (nanoindentation in our case) provided by the FEM maps of
various quantitiesaccess taadditional boundary conditis or testing parametersglated
geometricafeaturesand many more.
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Unirradiatedpure U-iron is used as probe material to investigate the efficiency of the
developed methodJpon confirmation of itepplicability,the methodology can be extendsd
theintroduction of complicated microstructure featungsical for RAFM steels, as well as the
effect of irradiation. This approach is discussedlir2.2

3.1 Material production and chemical composition

The technically pure iron was produced by OCAS (Gent, Belglwmadditive melting
using an induction furnace with vacuum chamber. A piece of the produced material was
introduced into a preheated furnatd.200°C for 1h and then hatolled without interruption.

The final stage wasair coolingto room temperature. The approximate eventual dimensions of
the sheet werg0 x 250x 600 mn.

To determine the chemical composition, two types of spectroscopies were used: spark
source optical emission spectroscopy to quantify all elements exce@i,NandAl, and
inductively coupled plasma optical emission spectroscopy to estimateSiNiand Al
concentrations. The nominalainical composition is presentadTable?2 [45].

Cr Ni P Al Si \Y W Cu
0.002 0.007 0.003 0.023 ‘ 0.001 <0.0109 ‘ <0.0099 <0.0091
Mo Co C Nb Ti As Sn

<0.0082 @ <0.0080 <0.0067 <0.0036 ‘ <0.0020  <0.0012 ‘ < 0.0010

Table2. Chemical composition of Fe in Wh.

It is important to note, that due to the presence of C impusdtiasconcentration of 313
ppm (0.0067 wt.%), the material exhibits a significant dynamic sagimg effect[87]. This
phenomenon affects the material response at some eléxameeraturesyhich lay in the range
of interest; thereforethe usage of the data from tests done at those conditions was avoided.
More detailed explanation will be provided§8.2.1and83.2.2.1

3.2 Experimental results

3.2.1 Tensile testing

The iron sheet described 83.1 was used to cut miniaturizdlat tensilespecimens with
dimensions of 1.5 4.2 x 16 mn? (5.2 mm gauge length) to perform uniaxial tensile
deformation Mechanicalstraining was donasing aninstronelectromechanicalniversal test
machine equippedith a heating chamber and calibratadcording toBelgian accreditation
rules (BELAC).The elongatiorof the sample was measuredfling rod displacement and
force with a load cell with 50 kN maximum capacity. The crbesd displacement rate was
0.02 mm/min in order to establish the strain rate of 6:6sl0o coincide with the previously
performed tests of the studied material on larger sanidsThe obtained curves in force
displacement cords were recalculated into engineering stiress by usinghe formulations
CP T

Due to the presence of C impurities in a concentration of 313 ppm (0.0067 wt.%), the
material exhibits a significant dynamic straiging effectin the temperature range of 100
300°C. The influence of the dynamic straging effect on the flow stress during uniaxial
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tension can be observedkigure18, where the engineering strestsain curvesre presented
in the full temperatureange
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300 A 300°C
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250 ——500°C
g
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Figure 18. Engineering stresstrain curves of iron in a range of temperatures.

It can beseenin Figure 18 how yield stresses and hardening rates are strongly affected by
the presence of carbon impurities during tests at 125°C and 300°C, and how the classical
thermally activated yielding renews as the temperatureeases However, yield stress at
400°C still remains closer to the room temperature value, rather than 500°C, which means that
dislocations are still weakly bonded by carbon impurities. Plastic deformation at 125°C also
exhibits serrated yielding, which is alkoown aghePortevirnLe Chatelier effecf88].

Development of the nanoindentation model for the material where it has such a different
from typical plastic behavior was out of the scope of this study, especially, since Eurofer97 as
the main material for the model application does not exhibit thisteHeeovever, it mighstill
bepossible withithemodelingtools usedTherefore, the stresstrain curves obtained at 125°C
and 300°C were avoided, and only room temperature, 400°C and 500°C were used for the
validation of the FEM model input.

The presenteth Figure 18 engineering stresstrain curves were corrected and processed
in order to obtain the true stressain for further adoption of the model inptihe machine
compliance was removed by correction of the elastic part to the known vali@af n g 6 s
modulus of iron of 210 GPa. The following formulation was used:

P
o o>

olo

whereO= 210 GPa an®® istheY o u nmgodwus calculated from the tensile tests (approx.
23 GPa)Y o u nrgodlidus was assumed to be constanafotemperatured-urther the true
stressstrainrecalculatios were applied to the corrected engineering cuiMes obtained true
stressstrain curves cut until UTS are showrFigure19.
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Figure 19. True stresstrain curves of iron with the applied corrections.
3.2.2 Nanoindentation

The ron specimens fothe nanoindentation experiments weeat with dimensions of
10 x 10 x 1 mnt. Prior to the teststhey hadundergone onsidedmechanical grinding and
polishing, usingrindingpapersThe surfacereparation processgasfinalized usinganactive
oxide polishing suspensigi®P-Uo. Theprocess is summarized Trable 3.

Method Parameters
Step 1 Mechanical grinding  1200grit grinding paper
Step 2 Mechanical grinding 2000 grit grinding paper
Step 3 Mechanical grinding 4000 grit grinding paper
Step 4 Mechanical polishing 3 um diamond suspension
Step 5 Mechanical polishing 1 pm diamond suspension
Step 6 OP-U 30min

Table3. Surface preparation process of iron samples.

The nanoindentation erriments from thischapter were performed ugg a high
temperaturenanemechanical testing system from Brukére HYSITRON TI980 equipped
with an xSOL 800 heating stage. The high temperature NI was carrtednder a gas
atmospheréN> 95at%; H 5at%) using a diamond indenter tip mounted by high temperature
ceramic glue on a glass shank with low thermal expansion and low thermal coitbyuthig
xSOL stage allowsor tight temperature control of bothespecimen and indenter tip & small
microenvironment, the 3D drawing of the stage is givefigure20.
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Figure 20. The schematic 3D drawing of the xXSOL heating stage. The sample is placed on the
bottom heater.

The specimen and indenter tigere located inside the xSOL heatirgfage, which
establishes uniform temperature zone, heated by two ceramic heaters (below and above the
microenvironment). The heaters are embedded in thernedlating ceramic foam and
encapsulated by watercooledcopper block an@ copper cover that isolates the heated zone
and helps to maintain the test temperature of the instrument. A gasket seals the
microenvironment in the xSOL stage. The gas environment in the xSOLv&agmntolled
by a constant inflow of gas that exits the stage through the hole in tbeviepwhich enables
optical observation of the sample with the light microscope and thereby also provides an access
for the indenter tipln the present study, Fourmigas (N 95at%; hH 5at%) waschosento
protect the diamond tip andteduce th@xidation of thearon sampleHowever to fully prevent
oxidation at the highest temperatures of -S00°C, a 20 nm Si®@ layer was appliedo the
surface of the sampl@he proofof the protection of the indentation arigam oxidation is
providedin Figure21 as a comparisoaf the surfaces divo iron specimensvith and without
the applicatiorof the SiO; layer after the testat 500C, madewith anoptical microscope. It
clearly shows how the surface of the iron specimeaxidized without the application of the
SiOp layer ands protected in the other case.

Figure 21. Iron surfacedested at 500C: a) without, b) with the protective Si@yer.

The sample mounting doemt involve any embedding or gluing and sveealized by
mechanical clampingAfter the temperature equilibration w@erformed, a set of single cycle
NI was carried outn the force control mode up to 260N of maximum load;O . Sixto nine

37



Development & experimental validation of the CPFEM model for the nanoindentation process
i n puwne U

standard measurements were performed for each condition using loading and unloading times
of 5 s, applying a dwell time of and spacing between indents of 50 um. The test temperature
has an absolute error of abouKldetermined by the typical accuragf/thethermocouples,

while the relative error on the temperature is as good as 0.0hdé¢maldrift is a time
dependenerror in displacementhat qualifies the holding stability of the indenter tip on the
material surface due to the therregpansionsGiven that passive indenter heatimgsapplied

here, the thermal drift may increase during penetration of the indenter (cold finger effect) due
to the heat evacuation via the indenter rod. The compensation for such temperaturas drift
realized byheatingthe indenter tip by the flowing gaBoth thesample and the tiwerelocated

in a small chamber heated from the top and the bottom. Theasifneated by the gas inside

the chamber and the radiation from the heaters around the chamber. Moreoverwid®e tip
mounted on a thermally isolated shank. The sample and theetgptherefore at nearly the
same temperaturd hermal driftwas measured for each single indentation twedaverage
values are presented irable 4 (negative and positive signs determine the direction of the
indenter shift)

Temperature, °C Thermal drift, nm/s
100 | 0.68 + 0.78
200 -0.18 £ 0.28
300 | -0.34 +0.45
400 -0.07£0.1
500 | -0.27 + 0.17

Table4. Thermal drift measured during nanoindentation testing of pureatdngh
temperatures

Additionally, the high loadingates used in this experimental mmimize the effecof thermal
drifting, astheloading time is too low taccumulateignificantparasitic displacement, whereas
the high indentation depthsduce their impact in relatn.

Indentationhardness valudsave beenletermined using theassicOliver & Pharr method
[61] and fitting a power lawEq. ¢® ¢& ) to the first segment of the unkdiag curve (from
95% to 20%) The tip area function and the frame compliance were calibrated on fused quartz
as described by the ISBI577 standard procedyg9].

3.2.2.1 Nanoindentation results

The forcedisplacement nanoindentation curves were obtaméte range of temperatures
from room temperaturto 500°C. Averagedcurves are presented Higure22. Since at least
six tests were done for each temperature in the fooo&rolled mode, the summarized result
has a scatter bthe displacement axis (due edifferent material resistance depending on a
grain orientation), the curves were averagedere thedeviation is showry thex error bar.
As expected, the increase of temperature suppressessib@ance of thenaterial to plastic
deformation, so the same 250 rfd¥ceimmerses the indenter up+8 pm at room temperature,
and up to~4 um at 500°C. One can alsotethat the hold at the maximum force shows an
increase in the displacement with increase of temperature, whiod éxpected behavior due
to the high temperature creep relaxatidhis fact seems to affect n@ndentation pileup
behavior, so theverall pileup height decreases with the temperatut@ch will be analyzed
in detail in 83.3.2 Moreover, as it happens under tensile deformation, due teat®n
impurities still slightly impeding the dislocation movemend@0°C, the corresponding force

38



Development & experimental validation of the CPFEM model for the nanoindentation process
i n puwne U

displacement curve appears closehttt ofthe room temperature, rather thartitat of500°C.
This phenomenonas thewell as measured forcdisplacementurves,can be observeth

Figure22.
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Figure 22. Averaged forcelisplacement curves for pure iron.

As discussed earlier, the presence of carbon in the material affects its plastic properties,

creating dynamic strain aging effect. This is observed notiomhetensile stresstrain curves,
but alsoin thenanoindentation foredisplacement curves, which are preselnegigure23.
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Figure 23. Forcedisplacement curves for pure iron affected by dynamic strain aging effect
tested at: a) 20TC, b) 100C and 300C compared to room temperature and 400

An interesting effect othe staircase loading can be seerFigure 23(a). Such drops of
force duringthe loading stage are associated with the previously discussed serrated yielding,
which the material exhibits as well during uniaxial tension. In the case 6€CX0@ 300C
tests such a phenomenoss not foundhowever a) the material resistance to the indenter
immersionat 300°C is stronger than expected, so the fedigplacement curve precisely
matches the room temperature onestead of becoming softeb) As the 400C force
displacement curve is still slightly affected by the carbon impurities, it matches the one

performedat 100°C.
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It also seems that carb@uspendsreep relaxation, as the shift in displacemdunting
dwelling time is lower at these temperatures.r@itectthe creep behavior, the creep rate (in
nm/s) versus temperature plot is provideéigure24.
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Figure 24. Creep rate versus temperature for pure iron.

Hardnessand Y o u n gn@dslus of iron versus temperature obtained by means of
nanoindentatiofEq. ¢& and ¢& ) are presentenh Figure25.
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Figure 25. a) Hardness of iron versus test temperatwkY o u nngodubisof iron (black)
from the experimentsomparedo Eurofer97[31] (red) measured btheE11104 ASTM
standard[90].

The influence of dynamic straagingis very well seen iboth Figure24 andFigure25(a).
The formershows that the creep rate suspends at temperatwsisfavorable fodynamic
strainagingto appearThe latter is the opposite, asrdnesss significantly affected by the
DSA in the approximate range from 2Z@®to 400C. The normal temperatw@ependent
hardness trend is recoveredrabm temperature, 160G and 500C almost linearlyreducing
from ~1.4 GPa to ~0.7 GRP®n the other handhé DSA-affected values reach almost 1.6 GPa
at 200C, ~1.4 GPa at 30C and~1.1 GPa at 40, which is noexpectedf thecarbon content
is lower. Nevertheless, the obtain&tlo u n madlidus valuepresented irFigure 25(b) and
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compared tathe ones of Eurofer97 obtained usitige E111:04 ASTM standarcare well
matchedand follow the expected trend of decreasing as tempegiins although Eurofer97
is stiffer at lower temperatured his behavior might be expected dtge the characteristic
microstructural features present in steel and alloying 9%6Cr and other minor elements.

The general conclusion about the plastic behavior of iron can be the following: strongly
distorted properties such as hardness (nanoindentation), yield stress and hardening rate (tensile
tests) in the temperature range of -BI@’C make the establishment of the constitutive laws
for this material meaningless (bptrobably still possible). Moreover, as was said, the
application of iron for nanoindentation CPFEM simulations in our casap@saredather
probationary than objective, and the main materiaht&rest Eurofer97 does not exhibit any
complexities in its thermally activatgdastic behavior at the given temperatures. Nevertheless,
the range of temperatures used for the experiments on iron has been wide enough to obtain both
nanoindentation foredisplacement and tensile strestgin associated curvesth the minimal
or absenteffect of dynamic straimging what makes them applicable for the CPFEM model
validation.

3.3 Microstructure investigations

In order to correctly treat the CPFEM input and develop a proper model geometry, the
morphology and microstructure of materials must be investigated. Scanning electron
microscopy with electron backscatter diffraction module, and transmission electroscopyo
were applied to analyze the grain size, grain orientations with respect to placed indentations,
nanoindentation pikeips scalesanddislocation densities in different locations and material
states. As will be shown further, this information will bged either in the stage of model
development oin validation.

3.3.1 Electron backscattered diffraction

EBSD was performed talraw conclusions regarding the grain size of the material
Additionally, one cansee how the indents were placed with respect to different grain
orientationsThe ironinverse poldigure orientation maglPFZ) calculatedn the indentedrea
using ATEX softwardg91] is presented ifrigure26.

Tron-alpha

[001]

[111]
[101]

200 pm

Figure 26. IPFZ EBSD map of iron in the indented area with the color legend.
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The grain size of the material was determined as 1181

The black trianglesn the picture are nanoindentation imprints done in the range of
temperatures. Each vertical row of six indents represents one temperature, so it goes from left
to right as: room temperature, 2@ 200C, 300C, 400C and 500C. 500C tests were
performedmore than six times as something went wrong with the procedure and extra imprints
were requiredTheobservednorphology of iron is simplesinceit consists ofargeand almost
equiaxial grains.

3.3.2 Scanning electron microscopy on nanoindents

As the grain orientation map with respecthe placed indents has been obtained for iron,
it is meaningful to observe the eventual shape of the indents depending on temperature and
crystal orientations. Each indent is obtained with 250 mN force and reaches the maximum depth
of around 34 um, according td-igure22. Images taken by using SEM are providefFigure
27, Figure28 andFigure29.

a), [100], RT b), [101], RT

A
REF 20kV WD13mm SS70 X1,300  10pm  — REF  20kV WD13mm  SS70 x1,300  10um —
G379 Fe RT [001] G379 Fe RT[101]

), [111], RT

-

REF  20kV WD13mm  S570 xi,sﬂo‘ 10pm  —
G379 Fe RT [111]

Figure 27. The shapes of nanoindents done on iron at room temperature into differize
orientations: a) [100], b) [101], c) [111].
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a), [100], 400°E b), [101], 400°C

-

REF 20kV ~ WD13mm x1,300  10pm — REF 20kVv  WD13mm  .SS70 x1,300  10um  —
G379 Fe 400C [001] G379 Fe 400€ [101] ;

o), [111], 400°C

REF 20kV  WD13mm SS70 x1,300  10pm  —
G379 Fe 400C [111]

Figure 28. The shapes of nanoindents done on iron at@06to different surface
orientatiors. a) [100], b) [101], ¢) [111].

a), [100], 500°C

Ny : .
REF 20kV  WD13mm  SS70 x1,300 10pm e REF 20kV  WD{3mm SS70 %1,300 | f0pm  se—
G379 Fe 500C [001] % ~ G379 Fe 500C [101] %

Figure 29. The shapes of nanoindents on iron done on iron atG@ito different surface
orientatiors: a) [100], b) [101].

It is impossible to estimate the exdmight of thepile-ups using SEM, howevesome
features can still be observed. For all oftdraperatureshe shapes of the pilgps are different
once placed on different orientations of the grains, as the active slip systems are also rotated
with respect to the indentation direction. Also, the indents placed on [100] seem to be larger
than others. The indeaventual shape and volume must also depend on-fliane orientation
of thecrystal; howeverno obviousproofs for this were found after examinationatif of the
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indents Pile-up formation tends to decrease withreasingemperature, which is explained by
thehigh temperature creep relaxation, discussed in detgf.th2.1

3.3.3 Transmission electron microscopy and scanning electron
microscopy of the indented subsurface area

Another microstructure investigation of iron has been performed in combinaitiora
focused ion milling technique. During focused ion milling, a focused ion beam is used-o burn
out or deposit the material in a desired region, thus allowing to create/mamoscale
specimens with various complex shagesamplesof such shapes are presenteéigure30.

Figure 30. Structures formed by usirgocused ion beam: a, b) focused ion milling; c, d)
focused ion depositioiReprinted fromMicro and Nano Technologig®/ilhelmi O.,
Reyntjens S., Van Leer B., Anzalone P.A., GiannuzziHaAdbook of Silicon Based MEMS
Materials and Technologies: Chapter Twentlyocused lon and Electron Beam Techniques
323325 Copyright 2010), with permission from Elsevi§92].

Within this work, a ThermoFisher Scios FIB/SEM instrument was applied to carry out the
visual inspection of the area taken from underneath the nanointlemtmicrostructural
investigation presented further was applied tqubsdeep nanoindentations performed at room
temperature. The preparatory steps are shovagure31. First, an indent iselectecand the
area of interest is covered with a Pt layer to protect it from ions. It is placed over the deepest
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place of the indent, so the analyzed area is located near the indenter tip, where the most
significant damage is expectekhen, the lamellaf approx.10 x 10 x 0.2 um? dimensions is

cut free, liftedout of the sample, andttached to the TEM gridkinally, the lamella is thinned,

until its thicknesss reduced to less than 200 nm.

O HY v det mode mag B HFW W
B 200kv* 040nA ETD SE 10000 20.7 ym_ 7.0 mm

Figure 31. SEM images showing the differentpstén the preparation of the lamella)
deposition of the Pt layeb) rough cut outg) lift-out of the lamellagl) the Bmella attached
on the TEM grid.

The extracted lamella has been studied by means of SEM using backscattered electrons and
secondary electrons modes, and tiiéras beemnspected by TEM.

b)

I T I T )

Figure 32. The lamella inspected with SEM taken from below the indent: a) BSE mode, b) SE
mode with roughly estimated plastic zone radius.
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The plastic deformation induced by the indentation process can be $eguraB82 thanks
to the contrasin the BSE and SE images, while the indentation depth is well resolved due to
the surface contouunder theplatinum layer. By rough estimation of the plastic zone
hemisphere (seleigure32(b)) the ratio of the indentation depgf= 1.5 um to the plastic zone
radiusid 8 Om is calcul ated as -B0f@metaghi ch i s in
The second step was the characterization of the lamella by TEM. The main objective was
to characterize the pattern of the dislocation demsitytomake an estimation of the variation
of the dislocation density as a function of distance from the indent tip. The initial microstructure
of the material (i.e. before indentation) waeviously studied in[45] and will be further
describedin 83.3.4 Figure 33 and Figure 34 show the dislocation structure underneath the
indent.

é

N
. vEREY ¥
-~ T

&> Figure 34(a)

»r

Figure 33. Composite picture dhedislocation structure in the lamella, extracted from the
region underneath the indent, inspected by TEM
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Figure 34. Dislocation structure in the specific places of the lamella inspected by TEM: a)
dislocation structure near the tip, b) dislocation structure in the bottom of the lamella, c)
dislocation slip band in the bottom area of the lamella.

TEM images presented Figure33 andFigure34 were used to determine the dislocation
density at three different locations on the laméllaus the density of 1.320" m2 (Figure
34(a)) near the tip of the indent, 0:90" m2 (no microimage provided) in the middle of the
lamella, and 0.88.0" m2 (Figure34 (b)) atthe bottom of the lamella have been calculated. It
should be noted that the precision of the individual measurements isweand even though
the value suggests a higher density near the tip of the indent, the difference may not be
statistically significant. The average dislocation density below the indiestalculated as (1.0
+0.2)10"° m2,

In general, the dislocations are tangled and homogenedistiputed;however, there are
some locations, foexample,in the bottom part oFigure 34(c), where the dislocations are
starting to form dislocation bands. The observed defect structure suggests that the stress induced
by the indentation creates a high amount of dislocations, wimiotie away from the
indenation The only obstacles for the dislocation glide are dislocations initially present in the
nondeformed bulk material and dislocations created by the indentation (no grain boundaries
were found within the lamella). This results in a high density of tangsatdtions. When the
movement of the dislocations is blockelislocationbands can beormedwhich are oriented
perpendicular to the movement of the dislocations. In this sample, several of such bands were
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observed to be oriented roughly parallel to the sample surface. It agrees with the common
understanding that the plastic deformation zone is created at and moves away from the indent.
The observed dislocation bands propagate deeper intoategialthan it can be observed from

the lamellaso thedepth of the plastic deformation area is somewhat more than the size of the
lamella and, therefore, largdranwas assumed just by using SEM contrast fields.

3.3.4 Transmission electron microscopy in bulk

Transmission electron microscopy has been used to analyze the dislocation density of
materials in different states and locati@fsthe tensile test specimeriBhe presented TEM
investigations have been performed using either JEOL 2010 operating at 200 kV or JEOL 3010
operating at 300 kV. The dislocation density is a key parameter which plays an important role
in the establishment of a material law. It is fumdmtally related to the plastic properties of
crystals;therefore,the determination of this quatyt and its evolution isnecessaryor the
correct descriptionf the response of thmaterialto mechanical straining.

In the case of iron, TEM has been used to determine the dislocation densities in the as
received material state and after 15% straininthefensile specimens. The reporierage
values were 18 m?for the initial dislocation density and10** m2after prestraining at room
temperature, so the evolution of the quantity with respect to unigtrésishas been obtained.
These investigations have beearried outfor another work dedicated to nanoindentation of
the same pure iron product and analysis of the consequent microstructural features, which can
be found iN45]. TEM micrographs taken frop5] andunpublished datare shown irFigure
35.

Figure 35. TEM images afheiron microstructure: a) prestrained to 15%45], b) as
received.

The dark areas seen kilgure 35 represent locations where dislocation densities are high.
The line crossingrigure 35(a) is a grain boundary, so one can see how the magnitude of
dislocation density differs from one grain to another. This can happen due to one of the two
reasons or concurrently both: the plastic strain can localize depending on the grain orientation
with respect to the straining direction, or the primary electrons penetiaitity changes
significantlywith another grain orientation, thus creating the contrast.
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3.4 CPFEM analysis of pure U-iron

3.4.1 Establishment of the material law using uniaxial tensile tests

To describethe elastoplastidoehavior of the materiag set of parameters responsible for
the formation of dislocation slip described in the parag&2p#h.1.1had to be determined. The
following information needed to be compiled. The number of slip systems used was 24, the
elastic constant8 ,06 , and0 were taken fronj93] (assumed to be constant for all of the

studied temperatures), Burgers vector was taken fordhep Qilislocation (so the magnitude

of the Burgers vector igo-), where®is U-Fe lattice parameter of 2.85& [94] (assumed to

be constant for all of the studied temperatures), initial and saturated dislocation densities were
taken from the TEM measurements presente8BiB.4 and the kink pair formation enthalpy
was determined in Ref95]. However, the value used in the model was modified to correctly
reflect the presence of carbon impurities, which are expected to interact wikinkse
effectively increasing the apparent activation energy (atomistic simulations desstibimgn
interaction can be found he[@6]). Other parameters had to be fitted in order to correctly
reproduce the true stresgain ,, - curveshownin Figurel9.

Looking ahead, the set of the parametead to be correctly transferred as an input for
nanoindentation simulations, taking into account the difference in thé>gtah contributions.
Given that the average grain sisel00 um, even théeepesindent (4 um depth) at 500°C
having themaximum possible plastic zone radius o#6- um is not large enough fahe
di sl ocation movement to be eff ecthedisloeatiopn A bl oc
grain boundary interaction readily happens in the uniggresion of a polycrystalline sample.
Therefore, the HalPetch stress contribution was neglected in the simulation of the
nanoindentation, by reducifyy by 4 MPawith respect to the value calibrated from the tensile
test.This was found to provide a better agreement with experimentalcdatpéredo the case
of inclusion of the HalPetch contribution).

The summary of the parameters applied in the set of constitutive equations is provided in
Tableb5.

Parameter Value Source
Elastic coefficient,Ci1 230[GPa] Literature[93]
Elastic coefficient,Ci2 135 [GPa] Literature[93]
Elastic coefficient,Cas 117[GPa] Literature[93]
B ur gseectdr,b 0.2482 [nm] Literature[94]
Reference slip rate,s 103 [sY] Fitted
Lattice friction + Hall-Petch stressSo 21-13 (179) [MPa] Fitted
Initial dislocation density, J o 10'2[m2?] Measured
Kink pair formation enthalpy, 2Hxk 2.365[eV] theraitrliéféii]éggg]lmalIy
Dislocations interactionstrength, hais 0.217 0.07 Fitted
Saturated dislocation density J sat 1.310%[m? Measured
Kocks-Mecking parameter, k1 1.310° [m? Fitted
Thermal stress,W 47.0 [MPa] Fitted

Table5. The list of constitutive parameters used to simulate the material law of pure iron.
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Some parametersuch asY andQ requiredtheir adjustment with respect tioefeatures
of simulated testand/ortemperatureTheir dependences are providedrigure 36.
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Figure 36. a) Lattice friction + HallF-Petch stres& andb) dislocationdislocationinteraction
strengthhgis versus temperature.

As already mentionedhe carbon interstitials sedmstill contributeto the stress needed to
start the dislocation movement at 400°C, so this fact was take@ccount by increasing the
“Y value from 13 to 21 MPd{gure36(a)) for this temperature to simulate the uniaxial tension,
and from 9 to 17 MPa (subtracting 4 MPa of the #atch effect) for the nanoindentation
simulation,while theroom temperature and 500°C values are equal to each btherst be
added thatithin the usedrystal plasticity frameworkhe™Y remains constar{gpart from its
modification at400°C to accountfor the carbon presencellespite theknown inverse
dependence of the friction strédall-Petch effecbf temperatureThis isbecause the thermal
stresstitaluefrom the formulation ¢® ois responsible for the thermal effects in the applied
model. However, the dislocationdislocation interactioncoefficient requires additional
variation with temperature to adequateppturethe hardening rate3hus, itdecreasesvith
temperaturéseeFigure36(b)), which is the egected trend for BCC metdiR0].

The constitutive parameters presentedable5 are correspondingly used to perfotihe
uniaxial tension simulationsn the standalone mode (one material poiapplied to a
polycrystalline sample consisting of 1000 graimgil 15% oftrue strain (known dislocation
density value)The computational cei$ stretchedn thedirectionx at a given temperature and
strainrateandis free to deformalong thedirectiorsy andz The ,, - curves obtained from
those simulations carried at RT, 400°C an@*&Dare presented Figure37(a). To demonstrate
the quality of the obtained match, the ratio of the simulated curve to the experimental one was
expressed in percent and plotted versus true strain starting fron¥ 0.2% inFigure37(b).

As can be seen, the maximum difference between the pair of experimental and simulated curves
at room temperatureemainswithin 2%, reaches 5% for 4007@nd does not exceed 7% at
500°C.Yield stress values agree with experimental data within 2% of divergence.
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Figure 37. a) Simulated (dashed red) and experimental (solid black) true sttess curves
of iron in comparison,-Ubrusivmel astoonstone

As the CPFEM simulations were performed, the dislocation density as a fuottioa
strainattainedwasreportedseeFigure38. As one can see, the development of the dislocation
density is found to be igoodagreement with the TEM measurememizdeat the elongation
correspading to 15% of straiat room temperatur@-10** m?) presented i§3.3.4

| [—RT
——400°C 1.95.10% m2
~ 9 |—500°C 6.3-10%3 m2
g ]
>
B 4.16-10¥ m>
S
o
C
O 1E13 4
T ]
(&)
S
]
[a)

1E12

T T T T T T T T T T T T T T T T T T
-0,02 0,00 0,02 004 006 0,08 010 0,12 0,14 0,16
True strain ()

Figure 38. Dislocation density (log scal@grsustrue strain for the three temperaturdhe
numericalvalues presenteith the graphcorrespond to the dislocation densities at 16Pthe
true strain.

To conclude, the presented reproducibility of the experimental resiigthe standalone
crystal plasticityapproach approves its applicability on this scaleiatitis deformation mode.
Thereforethetransferof the obtained constitutiygarametersito theCPFEM nanoindentation
setupis meaningful and will be performed as the next.step
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3.4.2 Nanoindentation simulations
3.4.2.1 FEM setup

The FEM setup used for the simulationisthe nanoindentation process is presenied
Figure39. It is a 100x 100x 50 pn? single crystal specimen b@the adequacy afonsidering
a single crystal instead of a texture is discussed and evidenégap@amdix ). The bottom
plane of the box was constrainkey thex, y, andz axes,and the side planes were constrained
only along their normal axis to avoid an expansion ofatheeif dimensions are too small for a
particular indentation deptfthe Berkovichindenter is perfectjgid, frictionless,has a12.95
attack angle, and its displacement iscontrolled according to the experimentally obtained
maximum depth.

The mesh was refined next to the tip with the smallest characteristic length of the element
of 0.125 e&m. Overall it h aldtordereements io vleck an d
locking is avoided by averagingolumetric deformation.The established FEM model is
provided inFigure39. Singlecrystal orientations wemstablishedor immersion of the indenter
successivelyin the [100], [101] and [111] directions as the three ultimate cases of surface
orientations. However, as will be shown further, dikgoingCPFEM nanoindentation foree
displacement curves slightly change depending on the crystal oriente8i&6f&o(as the most),
sosuch achoiceof directions is a tool to study the corresponding stsérssn fields created by
the indenter tip.

z

e

Figure 39. FEM setup used for the simulatiosfsthenanoindentation process in pure iron.
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Mesh sensitivity analysis was performed to ensure the absence of its effect on the
mechanical responséhe assumed characteristic length of the element below the indenter tip
was dividedby afactor of two for two times, and the simulation was recalculated with each
mesh.Then,these three outputs were compared and presantiad plot inFigure40.

2509 |—— Mesh #1 (26183 elements)
—— Mesh #2 (36682 elements)
—— Mesh #3 (46312 elements)

200 ~

150

Force (mN)

100 A

50

T T T T T T T T
0 1000 2000 3000 4000
Displacement (nm)

Figure 40. Mesh convergence analysisthe nanoindentation FEM setup

As can be seeim Figure40, the mesh dependence of the model is almost negligible for
every size of the mesh. The difference between the outputs obtaine&sim#1 andMesh
#2 atfull depth is approx. 3%, and betwedesh #2 andlesh #3 is 1%, so to obtawbalance
between the accuracy and calculatiome, Mesh #2 was used in the presented work.

The reasoror using the perfect frictionless indenter has been drivethégimplicity of
the modelStudiesshowanegligibledifferencefrom the introduction ofhefriction coefficient
when modeling theBerkovich indente[97] [98]. However, the issue with the indenter tip
sharpness igickier, asaless sharp indenteequiresmoreforce to penetrate theaterial, and
thus the measured hardneskigher This was demonstrated Refs.[98] [99] on silica and on
shallow depths. According to tis¢éudies providedhe differencen the output forcdetweera
sharp tip (0 nm radiusinda blunttip (200 nm radius) can reaadpto ~30-40%atdepths lower
than 200 nmThe tipradii used in this work are lower than thagverthelesshe difference
might still be significant. However,the effect of tiproundnesgades as the penetration depth
increasesin Ref.[100] authors demonstratsn MgOthat the effecbf tip radius is especially
big between 5@nd133nm andstrivesto unsignificantvalues aftemwvard

In addition, the computational setup applied in the presented work was not robust enough
to convergeahe simulations of the unloading part of the nanoindentation cixentually, the
unloading was nosimulated in a meaningful manneherefore,this part is not presented
throughout the whole manuscript the simulated curveés it is an importansection for the
Oliver-Pharr analysiso accountfor thetip imperfections and derive the contact area function,
themethod must be reconsidered in order to establish a hardness formulation for the simulations
caselt will be based on severaimplifications

1. Theuseof aperfect indenteallows one to simplify theontact area equatio&
to justonetermd ¢ ® ¢DQ (asthe fitting of the area function the roundness
of thetip is no longer needed

53



Development & experimental validation of the CPFEM model for the nanoindentation process
i n puwne U

2. The experimental dashowthat the difference between the contact and maximum
depthss usually lowin thecase of iron osteel(1-5%). Therefore, the substitution
of the contact deptfiQ with the maximum deptfQ  in the equation¢& for
these materials a justifiedassumption.

Eventually thesesimplifications allow one tetrodue a simplified hardness formult be
used in the simulations

0
(@) C® @0 og;
where'Ois the force obtained from the fordésplacement curve.

This simplified hardnesscompared to thexperimentaDliver-Pharrhardness from thEq.

¢& , can beundeestimatedn up to10%due to the quadratiorm of the depth value.

Ideally, FEM simulations of the nanoindentation process should include the roundness of
the indenter; howeverthe presented researébaturesthe absence of the unloading part,
avoided complication of the geometricaktup,and reduce computational time, while dealing
with penetration depths higher than 500 nil. these factsbring a justification for the
utilization of the perfect indenter.

3.4.2.2 Simulations

Applying the describedn 83.4.2.1FEM setup andhe constitutive lawfrom 83.4.1, the
nanoindentation tests were simulated at RT, 4008@d 500°C. The resulting force
displacement curves were obtained with respect to the three ooysmiationsand then
averaged to provide a comparison with the experimental ones, as preségedaal. Figure
41(d) contains the separated fomdisplacement curves for each of the three orientations. It is
clearly seen than the case of immersionf the indentein the [100] direction, thematerial
shows a slightly lower resistanteedeformation £3.5% difference between [100] and [1Hhi]
RT).
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Figure 41 Averaged nanoindentation forcisplacement curvesbtained from experiment
(black) and FEA(red) in comparisona) at room temperature, b) 40G, c) 500C; d) Single
curves by grain orientation.

Figure4l(a, b, c) shows thahé output force atQ  matchwell with the experimental
data;however, the CPFEM curves are strongly underestimating the experimental ones on the
shallow depths (up to 60% difference at Z8D nm) whichmight consequently affect the
further force evolution. To improve thithe strain gradient theomiust be implemented into
the CPFEM setupyhich, howeverimplies a cumbersome and dedicated implementation and
computational effort.

Moreover, as has beeaid,the perfect indentemay bring some underestimation of the
force output on the lower deptiBtherreasons for the observed difference between the curves
can come from the experimental artifacts, such as limited surface roughness, machine
compliances, thermal drifts, uncertainties on the low depths, etc.
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Figure 42. Hardnessvaluescalculated from experiment (blackEM (red) and taken from
[45] (blue greern) in comparison

Given the simulated loadisplacement curves, the hardnleas beewgalculated using FEM
data and compared to the experimentally meastaies;seeFigure4?2. It canbe seerthat the
hardness values from FEM coincide well with the hardness values of the same material taken
from [45] where the elastic modulus correction procedure was apfitied ¢®v). This is a
good sign, aboth the FEM hardness valugslculated with o0& ) andEMC proceseddo not
account fothedistortionsfrom theindentation pileups As isknown, theycanaffecthardness
calculationsand are significantly large in this material (sd€igure 27). In support of this
statementpne can see how the difference betw€&FEMand experimental hardness values
decreases with temperatuiand, as weknow, the pileup volume decreases as welhe
difference between thealuesof bothinvestigationanustalso comdrom the high difference
in indentation strain rate8:33mN/s(green dotand 50 mN/gblack dot).Unfortunately, Ref.

[45] provides onlydata aroom temperature.

Eventually onecan see that the general trend for the hardness predicted by the simulations
is correctly reproduced, but the absolute value is underestimated by the CPFEM. This
underestimation malye explainedt leaspartially by the need tapply theEMC procedure to
the experimental data.

3.4.3 Analysis of the FEM maps
The extension of the plastic deformation zone was also inspected by outputting the 2D
profiles of the dislocation density underneath the indenter tip, in a similar way as it was

experimentally studied by FIBEM. These profiles are presentedrigure43. Here andn the
following FEM pictures the, y andz axes correspond to the illustrationmFigure 39.
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Figure 43. Dislocation density (log scale) at= 1.5 um and room temperature from FEA: a)
[100] surface orientation, b) [101], c) [111].

No significant changen the dislocation density evolution pattern relatetest temperature
wasfound, so only the results obtained at room temperan&shownHowever, the pattesn
in Figure43 areconsiderably dependeah the crystal orientation of the indented surfacd
theperspective view. Thereby, the dislocation density pattern evenly surrounds the indenter tip
in a hemisphershaped formn the case of the [100] surface orientationjraBigure43(a),
while in the case of the [101] orientation, the plastic deformation extends into the bulk of the
material, asn Figure43(b). If the crystal surface orientation is [111], the dislocation density
pattern appears to be a combination of the two other cases, experiencing the spherical
di stribution as in [100], but stil!] hasvi ng
shown inFigure43(c).

By picking the absolute values of the dislocation denditis, observedhat the density
increase predicted by the CPFEM simulations agrees well witartiedlaTEM measurements
presented irg3.3.3 (reaching~1-10" m2 in the TEM observatiorand to ~1.310"° m? in
CPFEM). Of course,the maximum dislocation density value is one of the constitutive
parameters, which givess control on the dislocation density behavior, but the fact that it
actually reaches this value and that it was obtained from the fitting to uniaxial t¢éesion
pointsto a good interconnection between the crystal plasticity model and the real material
behavior under both compressive and tensile deformations.

In Figure44 themaximum sheastress profilesre providedThe maximunshear stresis
calculated athehalf-differencebetween thenaximum and minimum principal stressesand
, oObtained fromhe Cauchy stress tensor

o0
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Just as for the dislocation density patterns,simearstress distribution profile does not
change with the test temperature, but the overall stressdegstaseffom the highest value
of 424MPa at room temperature down68 MPa at 500°C, what can be seerrigure44(c,

d, e).However, the direction dhe stresslistributionchanges witlthe orientation of therystal
asshownin Figure44(a, b, c).Figure44(a) shows thatin the case obrientation [101]the

stress propagatedong thez axis, asit occurswith the evolution othe dislocatiordensity

while itshighest valueaccumulatdelow the indenter. If indentation is performedhe [100]
orientation, as irFigure 44(c), stress behavior becomes the oppo#ite highest and lowest
stress concentrations are fAmirror edlecauset h r e
[101] is achieved byotatingthe crystal latticen the[100] positionby 45°, so the active slip
systemsalso cerotate.The [111] orientation leads to an asymmetric stress pattern if viewed
from the same angle as shownHRigure 44(b). Stresspropagates inside thaulk, which is
expected behavior due to the fdlat theindenter is being immersed along the [111] slip
direction in BCC metals. The symmetry of the stress distribution indeed could be obtained by
different inplane surface orientation relative to timelenter;however, performinguch a
dedicated configuration was not in the scope of our work, which primary focuses on the
treatment of the experimental data, where the orientation of grains to indented axis is usually
random.

It is important to emphasize that in the case of the [100] surface orientation, the highest
stress is natoncentratedight below the indenter tip, as in the case of the other two directions.
In addition, overallt has lowervalues,as can be seen by the comparisothetcolor maps in
Figure44(a, b, c). This must be also related to thet that theforce-displacement curve for
[100] surface orientation is always lower than the otlvengzh can be seen iRigure41(d).
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Figure 44. Maximum sheastress at haxfor differentsurfaceorientations from FEA: &)
room temperature; d) 400°C; e) 50D°
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Figure 45. Accumulated slip (log scale) at h = 1.5 pum andm temperature from FEA: a)
[100] surface orientation b) [101], c¢) [111].

Another common practice to explore the range of the plastic zone extension is to output the
guantities responsible for the plastic deformation. In case,it is the accumulated slip
distribution. In Figure 45 the elements which undergo at least 0.01% deformation as
accumulatedlip are presente@dower values dmot furtherextend the plastic zone furtheme
presentedwhich gives us an ideaf the plastic deformation region. The radii of the obtained
hemispheres with respect to the orientations wezasurednd their ratios to the penetration
depth of Q= 1.5 um were calculated aagteraged as 13.820.8. The radii of the hemispheres
with respecto temperature weralso measured; howevag significandifferences weréund
in this case and the factor divergence for the [100] orientation was calculated as 2.5%. These
facts allow us to conclude that the penetration depth to the plastic zone radius is constant for
the studied material in this temperature raage dependsnly on the crystal orientation.

Previously, SEM and TEM inspection of the lamella obtained with FiBve been
discussedwhere the ratio 6tX¥i (seeFigure32(b))) was found to be ~5, and the formation of
the dislocation bands indicated that this value must be higher. However, the deformation was
estimated by analyzing the contrast fields obtained from different electron reatidrke
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particular dislocation behavior. In the casenaideling it is possible talistinguish the elements
experienced plastideformationtherefore, moraccuratelyestimate the plastic zone as well as
accumulated slip gradients associated with the changes of the contrast otherwise theen
SEM tool. To demonstrate this approach, the TEM microgeaghtheFEM accumulated slip
color mapare superimposeas shown irFigure46.

Accumulated slip [] Accumulated slip []

Figure 46. Plastic zones from FEA at RT and TEM compared by overlapping.

The legend inFigure 46 is adjusted ina way that matchesthe degree of deformation
occurred in tharea of the lamella@Dne can see that the deformation values of 60%haya:r
precisely represent the contour of the SEM daylkt contrast in the lamella. The area of the
lamella where the contrast is slightly inhomogeneous is reflected by tliedsaorresponding
to 0.6 and 0.83 of deformatiofiones thaexperienced deeper deformation stay within 0.83 and
1.06, and the mostark grayareas are at least 1.@06formationwith some particularly high
deformed zones right next to the indenter tip ofdn@8 higher deformation values. Suah
approactprovides a good understanding of the degrealasdticdeformation thabccurred in
eachzone.

The next step is to compare and discuss the formation ofnithentationpile-ups as
observed experimentally and in CPFEWhenthe orientations of the indenteplains were
analyzedusing EBSD maps, it was possible to retrieve the Euler angles and use them to
similarly orient the crystal in CPFEM simulatioRigure 47(b, d, f) contains the following
information: a picture of the lattice orientation obtained with the prescribed Euler angles (top
left), the top view of the final nanoindentation imprint (top right) and the 3D picture of the
imprint with the colormap (battm). The transparent plane on the lattice orientation picture
corresponds to the surface planes where indents were pragece47(a, c, €) showthe real
indents taken by SEM.
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Figure 47. The final imprint and indentation pHepsshapes taken from SEM and FEM.

It canbe seerthat the indergplaced on the [100] and [101] surface orientationgeltao
pile-ups, each created by one of the two sides of the Berkovich indenter and two adjsegnt
both created by another side. In the cafsthe CPFEM simulation, iseems thaboth indents
have properly caught th@le-up behavior, but in the case [@01], it isa topic of discussion if
the relative height of each pileip was correctly reproduced. The pilps in [111] surface
orientation are hard to distinguislyttCPFEM seems to correctly reproduce ttigoverall
pile-ups height is noticeably lower than in the other cases and very similar to each other.

Apparently, SEM is not a proper tool poeciselyanalyze thendentation pileups shape
and sizejnsteadthe atomic force microscomhould be useddowever, the CPFEM model
definitely overestimatethe eventual pileip height due to the lack of strain gradient model and
tip roundnessThereforetheir shapes and relative heights esenpare and analyze, without
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making judgements about the absolute oResthesepurposesSEM appears to kesufficient
tool.

3.5 Summary & conclusions

In this section, summarizeahd generalized conclusions from the presented chapter are
given. Findings are separated into twacategories corresponding tophysical and
technical/methodological conclusions. The formmpresentsthe outcomesrelated to
understanding the naturetbk physical processes asgstems consideredhe latter igelated
to the knowledgebtainedwith regard to the methodological asggethich will be helpful in
further improvements applicationof the described approaahfuture works Conclusions 1,

4,5, 6 9 from 8.5.1and 8.5.2are related to the nanoindentation tests used to validate the
model. Conclusiong, 3, 4, 5,7, 8, 9are about the CPFEM model of the nanoindentation
process.Condusions1, 2 coverthe findings related to the tensile tests used for model
calibration.

3.5.1 Physical conclusions

1. T h eirorJproduct used in this study exhibéslynamic strain aging effect in the
intermediate temperature range of interest (100300°C). This effect is observed
in both types ofleformations studiedensile and nanoindentation. In the case of
tensile deformation, the stresgain curves show an increaseyield stress and
hardening rate, sometimes serrated yielding. In the case of nanoindentation at these
temperaturespne can observe an increasetlod hardness valuesyppression of
creeprate,and staircase loadingjo the best obur knowledge, this is the first time
that nanoidentificatiooould catch the dynamic straagingin iron. The appearance
of the dynamic strairaging makes the adoption of the material law at these
temperatures meaningless (within the scope of this study), however still possible.
Nevertheless, the temperature rarsediedreaches 500°C, where the classical
dislocatioamediated thermally controlled plastic behavior returns, thus making this
material appropriate for computational study.

2. Based on literaturenformation experimentaltensile testsmeasurements, and
fitting, the constitutive parametersbtainedare in good correlation with the
underlying physical processes and observations. The dislochsimtation
interaction factor is the only parametkat changes wittemperature (besides the
artificial increase ofY parameteresponsible for a set of hardening mechaniams
400°Cto account foithe remaining contribution of the carbon interstitials to flow
stress)and this behavior is igreementvith theliterature. The activatiorenergy
must alsobe increased to account for the dislocatimarbon interactions as well
which is physicallyjustified, since carbon is known texhibit an attractive
interaction with dislocations in bcc Fe.

3. Based on the analysis and best fit of the model to the experimental data, it is
concluded that the contribution to the plastic flow yield coming from grain
boundaries is very small (compared to lattice friction and dislocation forest).
account for the negligible impact of the HRktch effect in the case of
nanoindentation simulations,Y value responsible fora set of hardening
mechanisms includinglall-Petchmust be lowered by 4 MPa.
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4. Correct computational reproduction of thanoindentatiorexperimental behavior
provides an extended analysis of the complementary features, such as stress,
dislocation density and deformation distributions with respect to the
crystallographic orientations. Thus, it was found that the magnitudetheof
dislocation density reachedunder the indenter tip correlate well with the
measurementperformed with TEM in the same regionshear stress levels
associated with the accumulatioh plastic slip,are decrasing from the highest
value of~424MPa at roontemperaturéo ~158 MPa at 500°Cwhich is consistent
with the fact that elevated temperature assists stress dissipation by plastic
deformation Extension®f the plastic zonedgfinedas> 0.01% of slip deformation)
are higher than the values predicted by literature (~13.8 vet$Q¥y Bowever the
latter are usuallgalculatedising isotropic models or contact mechanics, and cannot
account forcrystallographidislocation slip.

5. The presented approach to superimpose the defosoiesirfacenspected using
SEMonFIB-made samplewith the elements which have undergone a certain level
of deformation has demonstrated its visibility agmwbd correspondence between
experiment and model predictioiihe area of the lamella where the contrast is
slightly inhomogeneous is reflected by the-is@s corresponding to 0.6 and 0.83
of straindeformation. Zones that experienced deeper deformation stay within 0.83
and 1.06, and the modark grayareashaveat least 1.06 of deformation, with some
particularly high deformed zones right next to the indenter tip of 1.3 and higher
deformation values. Such an approach provides a good understanding of the degree
of localizedplastic deformation that occurredviariouszones around the indenter

tip.
3.5.2 Technical/Methodological conclusions

6. The applicatiorof a20 nm SiQ protection layeion Fehas shown an improbable
performance in high temperature nanoindentation tebBts.the best ofour
knowledge, this is the first timé&éhat such amethod was appliedor the high
temperatur@anoindentation of highly oxidizingietals.

7. The frictionless, perfect indenter used in this stddgsnotfully reflect thereality
of thenanoindentatioprocesshowever the performance afuch arindenter is not
strongly affecting the measurement hardness especially at high depths.
Moreover, the simplicity provided bysing the rigid indentecan justify the
observed andxpected distortions.

8. The nanoindentatiorforce-displacement curves derived using FEM aregood
agreementith the experimental ones. The force response is underestimated at
depths lower than 500 nm due to the absence of strain gradient plasticity in the
applied model and/or due to indenteundness; howevethe deviation reduces at
larger depthsThe FEM hardness values (calculated using the simplified way)
correlate well with the experimental ones, which have undergone elastic modulus
correction andtherefore, theemoval of inaccuracies cong from indentation pile
ups.Furthermoredislocation density maps and final imprattapesisomatch well
with the observations done experimentally. All these findings confirm the
reasonable performance of the applied approach. The former definitely may serve
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as an established basis for furtmeprovementsuchas thecomplex microstructure
of the F/M steeaind thentroduction of the irradiated effect.

9. The CPFEM nanoindentation simulations have shown good predictability of the
behavior of nanoindentation pilgps shapes. SEM observations of the indentation
imprint shapes have shown the reduction of the-pde volume with temperature,
which is explained byhermally activatedreep relaxation
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in reference and irradiated Eurofer97

Chapter 4. Development & experimental
validation of the CPFEM model for the
nanoindentation process in reference and
iIrradiated Eurofer97

In this chapterthe computational and experimentaéthodology developeith Chapter3
will be extended to account for irradiation and willdgplied tahe reference andn-irradiated
Eurofer97 steelThe establishment of thmodelin the case of reference matenall consist
of thepreviously describesteps; howevesome noveltyn simulation of the irradiation effect
will be introduced As hasbeen saidin this work the approactof predicting the effect of
neutron damage on macroscale material behavior asingindentation tests aeon-irradiated
sampleswill be establishedh the oppos# direction.

In thecaseof thisresearcht he fl ayer i n g will lwefperforrmee(sesrFigures ur f a c
11). Thenthe featuresf the constitutiverelation of the modeWwill be usedto empirically
reproduce thenechanical properties &urofer97 steehfterneutronirradiation The modified
materiallaws obtainedvill be transferredo simulations of the nanoindentation process in ion
irradiated materialEventually,the associabn of two importantphysical phenomenaill be
evaluated neutron and iordamageeffects as well asnanecompressive and mactensile
deformations.

The data have been obtainedcoilaboration with other researgnoups;the contribution
of everyone is highly acknowledged by the authnof. Ludovic Noelsi guidance in the
computational part, methodolog®r. Dmitry Terentyevi guidance in the experimental part,
methodology, conceptualizatiobyr. Frank Bergneii ion irradiation Dr. Enrico Cornianii
nanoindentation experimentBy. PeterHahneri guidance in the experimental pa@hih-
Cheng Changi tensile testing;The authorhimself participatedin the methodology,
conceptualization, computational analysimgnoindentation experimenteand SEM/EBSD
investigationsSpecial thanks to the JiiResearch Centre in Petten, The Netherlands, for the
concept of Open Access progrgmiving an opportunity to young researchi&rperform their
investigations using higand equipment ancbllaborate with expés of a particular field.

4.1 Material production and chemical composition

Eurofer97 was produced Bohler Edelstahl in Kapfenberdyustria, usingthe standard
industrial procedureonsistingof hot rolling and subsequent heat treatments: austenitization at
980°Cfor 30 min, aircoolingand tempering at60°Cfor 90 min.The chemical composition
of the final product complies with the requirements providedable 1 [101] and can be
verified with Table6. The microstructure of the material is tempered martensite with carbide
inclusions[102], and thebasic properties can be foundi®3].

C Si P S Ni Cr Mo Vv
0.09 0.019 0.002 0.003 0.01 8.6 0.002 0.2
Ta w Ti Cu Nb Al B Co
0.12 1 0.001 0.005 0.001 0.0001 0.0009 0.03

Table6. Chemical composition &urofer97 in wt. %.
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4.2 Experimental results

4.2.1 lon irradiation

lon irradiation of the nanoindentation specinveas performed athe HelmholtzZentrum
DresderRossendor{HZDR) institute located in Dresden, Germany. The irradiation campaign
has beerarried outaspart of the M4F projedb2].

Priorto irradiation, a 10< 10 x 1 mn?® Eurofer97 specimen had been cut. Tieresided
grinding and mechanical polishingas usedup to an active oxide polishing suspension
i O-B @ccording toTable?.

Method Parameters
Step 1 Mechanical grinding 500 grit grinding paper
Step 2 Mechanicalgrinding 1000 grit grinding paper
Step 3 Mechanical grinding 2000 grit grinding paper
Step 4 Mechanical polishing 3 pm diamond suspension
Step 5 Mechanical polishing = 1 pm diamond suspension
Step 6 OP-S 2h

Table7. Surfacepreparationmethodof Eurofer97 samples.

Eventually, an electrolytic polishing was applied at room temperature L6¥bgxalic acid
and 5V voltage.

For the irradiation process, #aons of 5 MeV energy produced by a 3MV Tandetron
accelerator were used. The ambient temperature wa8C30Dhe total fluence was
2.4-10" ions/cnt. Calculations using the binary collision code SHRA2] were performed to
calculate the depth profiles of the displacement daraadehenjected interstitial atoms.
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Figure 48. Damagedepth profile for the irradiated Eurofer97 specimen.
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The damagelepth profile presented ifigure 48 shows an exponential increage
displacement damage from ~0.5 dpathe surface, to the Bragg peak of around 2.6 dpa at
~1.25um. Then a steereductionto the total absenad# damage at ~1.8 um takes place.

4.2.2 Tensile testing

Unlike iron specimenst wasnot necessary to fabricatew specimens for Eurofer9as
the material database provided by SCEN was large enough to find the required
experimental data.ensiletesswerecarried oubn aminiaturized flat (dogbone) tensile sample
with 5.2mmgauge length and 1 mml.6 mm crosssectional area using an INSTRON model
1362 coupledvith a100 kN load cell. The tests wesarried ouatroom temperature argD0°C
with acrossheadpeed of 0.08Tm/min (2.78 x 10" st strain ratg and the tensile properties
were generated according to ASTM E8/ERN4] standardor thematerial studiedAfter the
Y o u n guadslus correctiorprocedure o and application of the formulations¢® T,

¢® ptheengineering and true stresgaincurves presented in Figure %&re obtainedA
classicatthermoactivatetbehaviorcan be seerwhere yield stress, hardenirage,and uniform
elongation areedudng with respect to temperature.
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Figure 49. Engineering and true stressrain curves of Eurofer9dt two different
temperatures.

Neutronirradiatedtensile tests datare availablein the literature[105]. No stressstrain
curves are provided in the publication, but the yield stress dependetieedamage dose and
testtemperatures sufficientfor themethodology usedt is important to use the data obtained
at the same irradiation temperature as the ion irradiation assumed for the comparison, which is
300°C in the case of this work aftiO5]. Theyield stress values are presente&igure50.
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Figure 50. Yield stress values of Eurofer97 measured from tensile teataastion of dose
Reprinted fromJournal of Nuclear Materialsvolumes 32833, Part B Lucon E., Chaouadi
R., Decgton M., Mechanical properties of the European reference RAFM steel
(EUROFER97) before and after irradiation at 3@) 10781082 Copyright 2004), with
permission from Elsevig¢i06].

4.2.3 Nanoindentation

Nanoindentation experimentsofn this subsectiorhave been carried out collaboration
with the Micro-Characterization Laboratorgf the European Commission Joint Research
Centerlocated in Petten, The Netherlands, within the Open Access program.

The test bench used in the experimental campavgs theAnton Paar UNHY Ultra
nanoinderdtion tester. This nanoindenter provides high temperature testing up°t® 808
high vacuum of 18Pa to avoicsampleoxidation.The testing module consists of the indenter
tip, the reference ball located a9.3 mm distance from the indenter tip, and a cerdmating
stage with the sample holdamherethe specimen is located. The heatiagd temperature
controlareperformed by using lightbulbs and thermocoupégndividual pair for each part,
so three in totalTemperaturestabilization on the sample is achieved by the referbade
placed on thesurface during the indentatiqgerocessto establish the minimal temperature
difference between thehermocouples by automatic power control on the lightbulthe
indentation positions arttie surface of the samptean be observedith anoptical microscope
located next to the testing head in the vacuum chamber, antbtlement of the heating stage
with the specimen is dofiy amotorized tableThe specimen is fixed by usiogly mechanical
clamping.The pictures of theestbench are provided iRigure51.
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Figure 51. Anton Paar UNHYmain components inside a vacuum cham@epyright
EuropeanCommissior2021.
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High temperature nanoindentation using Berkoviclhép been performexh two different
specimens: &rofel97 in reference and irradiated stagach of themat room temperature,
300°C and500°C To analyze the hardnedgpth profiles, which are important tihe case of
nortuniform ion damage distribution and, therefore, different material properties with respect
to indentation deptlhe tests were dored two different depths reached with 20 and 100 mN
forces. The hardnessnd Y o u n mddlslus values were calculated using the OlRbarr
method[61] (Eq. ¢& ¢& ).

The testing parameters useadtidg the experimental campaigme collected imable8.

Single cycle

Loading type Linear loading/Force controlled
Max. load 20/100 mN

Loading/unloading time 30s

Dwelling time 30s

Acquisition rate 10 Hz

High temperature tests specifications
Max. temperature drift 0.1 °C/min
Max. depth drift 10 nm/min

Table8. Tesing parameters used fdrigh temperatur@anoindentation.

One may note theameloading/unloading time foboth maximumloads. The adjustment
of the loading/unloading time to establiglsimilar indentation strain rate for timelentation
cycleswas mistakenly skippedavhichwill give aslight mismatchof hardness.

4.2.3.1 Nanoindentation results

The forcedisplacement curvesbtainedat different temperatures are providedrigure52,
Figure53, andFigure54.
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Figure 52. Force-displacement curves for reference (black) and irradiated (red) Eurofer97
tested at room temperature witn) 20 mN b) 100 mN force.
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Figure 53. Force-displacement curves for reference (black) and irradiated (red) Eurofer97
tested at 30°C with: a) 20 mN, b) 100 mN force.

Figure 54. Forcedisplacement curves for reference (black) and irradiated (red) Eurofer97
tested at 500°@vith: a) 20 mN, b) 100 mN force.

Several features can be obsenled-igure52 one can see théte indentewith a force of
20 mN reaches 450 nmof maximum deptlin the ionirradiatedmaterialand ~550 nm in the
reference orel00 mN giveshe penetration until ~1200 nm for tiveadiated materiahnd
~1250 nm for the referencé&his isexpected becaudbe unirradiatedmaterial is softer. The
curves arevery selfsimilar, which pointsto a successful experimental ruklowever, the
unloading slopes diffen both states of the material, which consequeatftigcts thenardness
andY o u nmadlidus calculations. This fact will lmeenonstrated, discussed, aadcounted
further in the textThe 300C curves irFigure53 reach aroun&00 and 530 nm with 20 mN in
the irradiated and reference materedpectivelyandroughly1200 and 1250 nm with 100 mN
force Additionally, their selisimilarity is lower (especiallythe 20 mNones) compared to the
curves obtained at room temperatdreis maybe due tdhe presencef experimentaartifacts
or microstructural changes associangth elevated temperaturBventually,the 500C curves
shown inFigure54(a) reach the same depth of ~500 nm vatforce 0f20 mN This pointsto
thermalannealing of the irradiation damages the testing temperature in this caskigher
thanthe irradiationtemperatureThe 100mN curvesn 54(b)evenshowthe oppositéehavior:
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