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Zusammenfassung

In dieser Arbeit wurde die Lage der Mischungsliicke, und die Korngrenzsegregation

Legierungssystem, Kupfdlickel,per Atomsondentomographie (APT) analysiert.

Zur Untersuchung der Mischungslickiees binaren Systems mit langsamer Diffusiamde ein

neues Verfahren verwendet. Multilagen aus Cuund Ni Dinnschichtenwurden mittels

lonenstrahlbeschichtung (IBS) auf Wolframpfosten beschichtet und durch fokussierte

lonenstrahlung (FIB) geformt. Bei drei unterschiedlichen Temperaturen, zwischen 573 und 673 K,

wurden isotherme Auslagerungssequenzen an einem Ultrahochvakuumakév)(durchgefihrt
und der Mischungsprozess analysieEin Modell des Diffusionsprozessesurde mittels
mathematischer Uberlegungen erstellt. Durch das Fitten der experimentellen Kompositions
profile mittels dieses Modells konntethe Gleichgewichtskonzentrationen der Schichaeich mit
relativ kurzen Auslagerungszeitearmittelt werden. Dariiber hinaus konnten aus den
diffusionskontrollierten Ze#tund Temperaturdaten physikalische Eigenschaftendeieffektive
Diffusionskoeffizient Gitterdiffusion einschlie3lich Defektdiffusioestimmt werden. Dieser
betrug Dett = 1.861 1010 m%/s i S E 184tk mol/RT) Wahrend dem Vermischen wurde die
Anderung der multilagigen Mikrostruktusis zur vollstandigen Mischungei 623 und 673 K
beobachtet, wobei Korngrenzen als schneller Diffusionsgieg wichtige Rollspielen. Bei 573

K wurdeNichtmischbarkeitexperimentelldeutlich nachgewiesen, wobei die Phasengrenzen bei
cni=26 at.%und cni=66 at.%iegen. Mit diesen Phasengrenzen wurde Meschungsliicke tber
eine Redlickistert F NI YSGO NA aA SNHzy3 RSNJ Dided ded Pasanied v
Konzentrationsbereicliekonstruiert. Hierin wurde fiir die kritische Temperatdt, 608 K bei

einer Konzentration von 45 at% Ni gefunden.

Im zweiten Teil wurde die Korngrenzsegregation durch die FIB/tEB@Dsmission&lektronen
Ruckstreubeugung) Technik, in Korrelation zu-Be$sung charakterisiert. Vier Legierungen mit
einem NiAnteil zwischen 25 und 85 at.% wurden auf WolframpfostenIBS beschichtet, und
bei 700 K fur 24 hwadrmebehandelt. Die Segregation von Cu in die Korngrenzen wurde

beobachtet. Durch die Verwendung eines theoretischen Models wurdexdiesdurve tber den
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gesamten Konzentrationsbereich, und die KorngrEommationsenergie auf Basis der

experimentellen Daten berechnet.

Die tEBSHAnalyse wéahrend der FHBraparation erlaubdie Identifikation der Kérneund deren
Orientierung EinneuesVerfahren wurdeentwickelt, um mithilfe der Orientierung benachbarter
Korner, Berechnungerzur Ermittlung der Korngrenzorientierundurchzufihren und somit die
Orientierung naturlicher Korngrenzen zu bestimmen. Mit diesem Verfahren konnte der zeitliche
Aufwanddieser anspruchsvollen Auswertung (verglichen zur herkdmmlichen Methode mittels
TEMUntersuchungstark reduziert werdenso das®ine quantitativeAnalysevielerKorngrenzen
maoglich wurde Aus deneinzelnenKorngrenzorientierungen wurde die Korngrenzrotationd

die jeweiligen Anteile anKippung und Drelung berechnet. Eine Abhé&ngigkeit der
Feststoffsegregation vo Kpp- und Drehanteil der Korngrenzesurde beobachtet, die am

kleinsten fur die reine Kipund Drehrotation war.

Die ermittelten Segregationsweitesind signifikant grof3er als die strukturellen Korngrenzweiten
und bewegen sich zwischen 12 urRb A Dieses Verhalten wurde durch eine kinstliche
Verbreiterung der Korngrenze erklart, die durch eine Flugbahnabweichung der Korngrenzatome
wahrend der Verdampfung verursacht wurde. Eine Korngrenzweitewen(10.1 + 1.5) A wurde

fur eine unverfalschte Korngrenze gefunden.



Abstract

In this work, the location of the miscibility gap, and thgrain boundary GB segregationis

analyzed via atom probe tomography (ABm the CopperNickel system

For theinvestigation of the miscibility gagf a binary system with slow diffusipanew procedure
was appliedMultilayers of Cu and Ni thin filsnvere sputtered on Tungsten posts usiog Beam
Sputtering (IBS) anshaped via Focused lonéam (FIBilling. At three different temperatures
between 573 and 673 Kisothermal annealingsequenceswere carried outin an Ultra-High
Vacuum UH\) furnace and the mixing prosswas analyzedA model for the diffusion process
was made using mathematical considerationg figing the experimental compositions profiles
with this model, the equilibrium concentrations of the layers were determined, ¢venghthe
annealing times wergquite limited. Furthermore from the diffusioncontrolledkinetics physical
properties like theeffective interdiffusion coefficientidttice diffusionincluding defect diffusion)
was determined resulting inDest = 1.861 10°2°m¥s i S E LJ6 b molHRT)] Divingthe mixing
experiment the change of themultilayered microstructureto a homogeneousmixture was
observed for 623 and 673 K, whereby grain boundaries play an importanasdiest diffusion
paths At 573 K, immiscibility was clearly detected experimentilbaglizingohase boundaries at
cni=26 at.% andy=66 at.%. With these phase boundaries, the miscibility gap was reconstructed,
using a RedlicKisterParametrization of the Bbs free energy. Herein, itgitical temperature

Tc, wasfound to be 608 K at a concentration of 45 at% Ni.

In the secondpart, GB segregation isharacterizedby means of a&IBtEBSD (Transmission
Hectron Backscatter Bfraction) technique in correlation withAPT measurement$-our alloys
with a Ni contentbetween 25 and 8%t.% were sputtered ontouingsten postvialBS and heat
treated at 700 K for 24 & segregation of Cu to the GBs was obserBgdisingtheoretic mode)
the Excessurve ovelithe whole composition range and the GB formation energy eedsulated

based orthe experimental data.

The tEBSDanalysis during FIB preparaticslowed the identification of grains antheir
orientation. A new technique was developed to determine the grain boundary orientation by

calculations considering the orientation of adjacent grainstang,to determine the orientation



of natural grain boundariedVith this technique, the time effort of this challenging evaluation (in
comparison to the usual method by TEM investigation) could be greatly reduced, making possible
a quantitative analysis afultiple grain boundariesFrom theindividualGB orientatios, the GB
rotation was defined, and the tilt/twist fractions were calculated.A dependency of the solute
segregationon thettilt- and twist fractionwas observedlt is the lowest for pure tilt and twist

rotations.

The segregation widths were found tangebetween 12 and5 A beingsignificantly larger than
the structural GB widthThis behaviour is explained by an artificial broadening of the GBs caused
by trajectory aberrations ofhe GB atoms during evaporatiodGB widthof wo = (10.1 + 1.5) A

was found for the undistorted GBs.
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1 Introduction

Nanocrystalline metals often shodifferent physical properties, as compared to thewarse
grainedequivalentsThis is mostly due to thecreasedsolume fraction of grain boundaries (GBs)
GBsare known to be fast diffusion paths for atomic transpg}. However, because of the GB
Excesgnergy, the syste@® total energy isiigher for nanocrystalline materialandconsequently

the microstructure is not stable, tending to grain growth. This can be possibly inhibited by alloying
the material with an element having a lower interfacial energy. The atoms of this component will

segregate to the GBand lower the GBandsothe system total energy2].

A convenientmodel alloy, where this segregation phenomenon carstuglied is CuNi. Herein,

/ dz Kl & GKS f 2 ¢S NEASBIBNK % 25 Ind) andtgnStolFEgregate to the
GBs[3]. Although CuNi alloys are well known material for technical applications, a detailed
experimental investigation of its GB segregatim@havioris missing. The reason is the difficulty
of analyzingthe composition of these defects in atonmesolution, sinceGBs have just a few
atomic layers in thickness and are normally hidderthie bulk volume. Nevertheless, some
attempts were made by intergranular fracturing and subsequent surface anglysisgh Auger
Electron Microscopy (AENH, 5] or Secondary loMass Spectroscopy (SIM8)7]. A drawback

of these destructive techniquse is, that they are restricted to systems with brittle GBs.
Additionally, metallic surfaces tend to oxidize quite fast, which will distortGiBeomposition.
Another option are microscopic methods witlitra-highresolution, like higkresolution (HRTEM)
or scanning transmission electron microscopy (STEM), combined with energy dispérajwe
(EDX) analysis. Hereiprecipitates and impurity sites can aldme analyzed However, this
technique requires timeonsumng sample preparation and the light elements cannot be
analyzedvia EDXMore important, the mentioned methodgrovide atwo-dimensional analysis
and thereforeare just barely suitable for GBs, which are normally curved and twistisgecially

in nanocrystalline material2].

Recently, Fischer et. al coybdedict GB segregation in CuNi for a simulated ideal GB using the
embeddedatom-method (EAM)[8, 9]. It was found that the highest segregation of Cu was

observed for Nrich compositions at low temperatures, close to the miscibility dgagurel).

1



Introduction

Additionally, a dependence of the segregation on the GB orientation was found. So,-a high
energeticE5 GB had a tetimes higher segregation than a leemergetic coherent twin GEB].

This result coincides with other theoretical researttat shows that the amount of segregation
strongly depends on the grain boundary character and can be explained by the different atomic

constellationof each GBeading todifferent ste energes[10].

0.6
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Cu Wi
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Figurel: Simulated data foCusolute excess at various temperatures for the CuNi lpoyrhe dashed

lines for 500K and 600K represent the miscibility gap (so no solute excess pddsik)lute Excess
describes the segregation of atoms of an element into a certain region, hereTl@&Bsegative values
describe the depletion of Ni atoms, meaning the higher the absolute value, the higher the Cu segregation.

Although experimentalesearch on GB segregationdependence to the GB orientatias quite

challenging, some investigations were made, using a correlative study of TEM aiid ARPT. A
2
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disadvantage is, however, thene-consumingsample preparation. Temethod requires the GB

to be placed perpendicular to the surface for the TEMge andthe samples must beeedle

shaped for the following APT analysis. Therefore, the GB of interest is first isolated from a bulk

Al YLX S YR FNNYY3ISR (2 06S LISNLISYRAOdz  NJ 62 (K
and shaped to a nanometesized needle, having diameter of around 100nm for TEM
measurement, and afterwards thinned again to remalve residues from TEM analysis before it

is measurd by APT. Therefore, the analysis of large amounts of<BB$spossiblevhich prevents

guantitative research As asimplification Babinsky et. al presented a correlative technique,

where the GB orientatiortan bedetermined just during the APT sample preparat[@8]. By

using Electron Backscattered diffraction (EBSD) the grain orientation is determined during the FIB

cut. From this, the GB orientation might be calculated by maiigebra

For thealready mentionedheoretical work of Fischer et. al, pair potentials are necessary, which
can becalibratedfrom RedlichKister parametrizations of the Giblisee energy, considering
contributions ofthe mixing enthaly. Therefore, the materials mixirgehavioris of great interest.
However, for CuNi alloys, the mixing tendgat low temperaturessstill controversial. Although

the existence of a miscibility gap is clear, the exact temperature and composition range could not
be clarified. The very slow kinetics at low temperatureprevent direct experimental
measurementsof the phase boundarie®eing carriedout in reasonable timesTherefore,
available analysis was made by theoreticahodelling and only indirect experimental
investigations. Tisled to the apparent variatiom a wide range of different solubility boundaries,
without clear evidencgl14, 15,16,17]. Some exemplaryniscibility gaps from former studiese

shown inFigure2 to demonstrate the variatioin temperature and composition.

To fill ths gap of informationthe presentexperimental investigations on the miscibility gap and

GB segregatiomwas undertaken. Both investigations need high resolutionchemical analysis
Therefore, Atom Probe Tomography (APT) is excellently suitable. This technique provides a sub
nanometer resolution in all three dimensioasd chemical analysig; single atom sensitivity

With its threedimensional tomographic reconstruction,ig ideal for finding nanometesized

featureshidden in a volume and analyzing their composition directly.
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Figure2: Some example diagrams for the variety of found miscibility gaps taker{Irgi5,16,17]

In the first part of this work, the phase boundaries of the miscibility gap in the CuNi sgs¢em
determined. Therefore, both alloyingppmponentsvere deposited on substrates and annealed in

an ultrahigh-vacuum (UHV) oven at different temperatures until thermodynamic equilibrium was
reached. The main difficulty was the reasonable reduction of the annealing times. This was
accomplished by using thifilm configurations of just a few nanometer thicknesses to shorten
the diffusion length. Since the diffusiaf Cu in Ni is 1000 times slower than vice vdfs,
additional prealloying of Ni with Cu was performed for partly compensating this asymmetric
diffusivity.In case that equilibriurhas beerstill not reached, the diffusion process was modelled
mathematically, and fitted to the experimental composition profiles. By this, the equilibrium

concentrations were also determined theoretically. As a further result, the effectigediffusion
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coefficientD was determined confirmingwether the selected annealing times are sufficiebx.
describes the diffusion in both directions, Cu into Ni and Ni into Cu, and inclueslatf defect
transport of the nanocrystalline microstructure (GB and dislocation diffusiohg. statistical
significance is increased by using midtiered diffusion couples with 10 or 20 layers of each.
With the received phase boundaries, the Redkakter coefficients were determined and the

whole miscibility gap over the bulk concentratiomsvcalculated.

In the second part of the work, the concentration dependency of GB segregation was
guantitatively investigated and described by thermodynamic models. For this purpose,
homogeneous thin film layers of CuNi with different concentrations were deposited arehéed

for 24 h at 700 K, until thermodynamic equilibrium. The GB segregation was determined as the
solute excess. With these results, and by using an extension aftgmuirMcLean segregation
model, the excess over the full concentration range was lede Combining the results with

the RedlichKister parametrizationf the miscibility gapbtainedin the first part of this work, the
change in the GB formation energy with bulk concentration was calculated and compared to data
of simulated GB&akenfrom [9]. As a final investigation, an attempt was made to determine the
orientation dependency of the experimental GB segregatibimerefore, the method introduced

by Babinsky et aJ13]was used to determine the grain orientations during-Eling of the APT

tip. For the determination of the GB orientation, a npvwocedureis established which calculates

the GB plane orientation from the thre#gimensional reconstruction of the APT measurement

and expresses it in relation to its adjacent grain orientations, determined by tEBSD.




2 Theoretical background

Metals have a characteristic atomic structure, stemming from the specific metallicirapnd
consising of an ordered array of the positively chargatbm cores and their valence electrons
(electrons from the outermost shell), surrounding thémform of an electron gasrhereby, the

metal coresare periodically arranged to a lattice with the unit cell as the smallest repetition unit.

If this lattice is undisturbed, the array is called a single crystalgrain. A material structure can

typically consist of several grains, being differently oriented to each other. These materials are
called polycrystallineThe atomgocalizedat the border of the two adjacergrainsR2 y Qi FA G A
the periodic arrays and are therefone a less ordered environmenThis region is the scalled

grain boundary (GB19].

2.1 Thermodynamicsfalloys

Alloys are mixtures of two or more elements, with at least one metal and the atoms of the other
elements are distributed in the lattice of the met&lue to the metallic bonding, allowsill have
metallic properties. Depending on the alloyed component, thechanicalproperties can be
largely modified A weltkknown example fothis is steel, where the alloying of iron with small

amounts of carbon increases the hardnégsorders of magnitudgo, 21].

Alloysmay decompose inttneterogeneity,consisting ofdifferent phases.The transformation
between the phasesan be predictedriathermodynamic calculations. Thermodynamics follow
the rule thata system is trying to reach the statetofhest probability This state is definedver
the Gibbdree energyG=H- TS A driving forcaoward phase transformation is onlyivenif Gis

reduced.So,the change in the Gibbs free energy is defined as:
Yo YO "¥Y (1)
whereHis the enthalpy, describing the héahergycontent of a systenconsisting othe kinetic

and potential energies of the systems atoms, &@the entropy, which is a measure of the

molecular disorder.
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Having achieved energetiminimum, GR 2 S &lafgianymore, meanind "O 1t Then the

system is in thermodynamic equilibrium and stable.

In binary systems, the Gibbs energgt only depends on theaverageenergy of the pure
components, but also on the change of the Gibbs energy when mixing takes Yl@ce. So,G

of a binary system is expressed as:

O ®0 w0 YO 2
WhereY'O s defined as:

Y0 YO WY . (3)

With xa andxg as the molar fractions of element 1 and 2, 6@ andY'Y denotingthe heat

and entropy difference between the pure and the mixed stf&t#].

When both elements form a homogeneous solution at every composition and temperature, total
miscibility isgiven and the system idescribed asnideal solution In this caseno difference in

the heats of mixed and unmixed state are given ¥f@ 1. Therefore according to Eq3j,

Y'O is only affected by the change in entroggenerally Y'Y is a sumof the thermal and
configurational entropy. However, the thermal entropy, which describes the additional disorder
caused bythe vibration spectrumis largely independent of thenixing stateand so only the
configurational entropybecomesrelevant, which is the entropy, stemming from the different
arrangement of the alloyed specieslf a substitutional lattice is built (where all atomic

neighborhoods are equally possibléf}Y is defined as:

With®Qla GKS . 2t 41 YI ¥y 8sithe @@nper of Ayaidd BlagoRs. By further
AAYLE AFAOF GA2Y X dza AN The iniKessal gad 2oAdtaRENR QAR YOKYD S{NEA |

approximationY'O of an ideal systerbecomes:
Y'O YYol b olb, (5)

with @, as the molar fraction of element A andAlL].




Theoretical background

However, when the mixingf two elementsrequires or provides hdaa heat term must be
included. For binary systems with equal atomic volumes of both elemgnisQ & | & & dzY SR
creation of new bond types isponsible fo’O . Then, the bond energiesf a binary alloy

stem from thebalance ofbonding betweenlike atoms A-A and BB, andthe bondingbetween
different species AB. A convenient parameter to understand the thermodynamics is the pair

exchange parameter

©)

where - ,- and- are the bond energiebetweenthe respectiveatoms Note, that the
bonding energies are negative values and ttfae stronger the bonding, the higher the absolute
value. For- T, the contribution of- is dominant, leading to a preferred bonding between
the atoms of differentkind. For- 71 in contrast - and - have a higher(negative)
contribution, and therefore bonitig to equal atomss preferred The mixing enthalpyy'O , is

then calculatedjn the pair bond modeto:
YO 0 Fow, @)
with z being the number of bonds per atofooordination) InsertingEq.{) in Eq.B8) defines the

change of the mixing Gibbs free energy2id:

o

YO O ¢o®d YYoI b olib 8 €5)

2.1.1 Phase diagrams

Phase diagrame aregenerated by plottinghe free energycurvesof all phasesas a function of the
composition foreachtemperaturein the same plo{at constant pressure)rhe curve minima and

the interceptionsof the curvesrepresent the phase boundaries. This procedure is presented in
Figure3for a systenbeing miscible in the liquid standcontaining a miscibility gaip the solid

state. Starting at high temperatures, above the Ithey temperatures, Tm, of the pure elements,
both, the free energy curves of the solid (blue) and liquid (red) phase are positively curved with
the solid phase having high&ibbsenergies at each composition (F8g). $hcethe liquid phase

has the lower energy, its stable at this temperature for all compositions. With decreasing

8
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temperature, G of the liquid phase increases faster th&hof the solid phase, leading to an
intersection of both curves at pure A, which represents the melting point of Element Al§kig.
Reducing the temperaturturther causes a crossver of thesolid and liquicturves, as shown in
Fig.3c, which indicates a twphase region. By using the common tangent method, the three
regionsmaybe distinguished by their compositioriBetween pure A andthe point, a, the liquid
phaseis energetically favoredetween b and Bhe solid phasend between a and htwo-phase
region By further decreasing the temperaturg,of the liquid phase becomes higher th&of

the solid phase, having an interception of the curveslyat pure B, representing the melting
point of compound B (Figd). Finally, the temperature is reduced so much that the Gibbs free
energy of the solid phase is always lower than the one of liquid phas@¢k;ig single solid phase

is stable. Depending on the curvature of tG&bbsenergy, another twephase region might be
present, which is also known as a miscibility gap. If the mixing enthalpy of the solid phase is
positive, which happens due to preferred bonding betwdi&e atoms, theGibbsenergy curve
will becomenegatively curvedor sufficient low temperatureand intermediate compositionss
shown in Fig3f. In this casetwo local energy minima coexist, leading to the formation of two
solidphases, whereas the compositionrbetween is not stable due to the high energpysts. The
local minima areapproximatelythe compositions of the stable phases, and the system tends to

demix for the compositiosic to d,exactly defined by the touching points of themmon tangent.

Now, by plotting the characteristic points of the free energy curves in a temperaturgosition

map, the phase diagram is generated, as shown in Fif28g

Phase diagrams can also be prepared over computational methods. This iBAhHAD
(calculation of phase diagramgpproach, whichuses thermodynamic considerations for
calculating the phase equilibria of the system. Si@dg a function of temperature, pressure and
composition, its dependency on these variables must be defif2®]. The temperature
dependency is described by a series of temperature functions resulting in the heat capacity

according td23, 24
6 & a'Y a'y a’'yY E. 9)

with m; asadoptablecoefficients.
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Figure3: Construction procedure of a phase diagram for an alloy, containing a miscibility-gsipowa the

Gibbs free energy curves of the solid (blue) and liquid (red) phase at characteristic temperatures. g is the
created phase diagram containing the speqifiints generated by interceptions of the both Gibbs free
energy curves in-a
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The pressure dependency is given as:
Ya e— (20)
And the composition dependency as:
N 0o 0o Ywae woe Q (12)
In this equation, the firstwo termsdescribe the mechanic mixing, thi@rd the ideal solution and

the lastterm is the excess Gibbs energy, which is generally givemRedlichKister polynomial
according tg23, 25]:

MM wowoB (o o |, (12)
with 0 as free coefficierd adapted to measured data

Using ths formula anditting it to experimentallydetermined physical properties results in an
optimized set of thermodynamic parameters for modelling the full range of the phase diagram

and giving additional information about the remaining unknown paramei26$

2.1.2 Phase boundariga CahnHilliard thermodynamics of inhomogeneous systems
A mathematicalapproach to describe the interface between two phases gi@enby Cahn and
Hilliard[27].

Herein, the local free energyf a binary systemwith a spatial changef the composition(at the
interface)wascalculated The ntroduction of an interphase into an undisturbed system increases

the total free energy

It was shownthat the total free energy of a volume;, can beexpressed as sum of two
contributions. One is the free energy that the volume would have if it would be homogeneous,
"QQ andthe otherone is the gradient energyeing a function of the local compositimariation

I NG . For cubic lattices, the general equatiomaybeformulated as:

O 0. M Ind Qn (13)
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n — ~ B
RAauURE vy

Figure4: Representation of thenterface width wof a material with a flat interfacas a function of the
compositionof component B27]

With 0 as the number of molecules per unit volume ahas the gradient energy coefficient.
With the definition of the interfacial free energy, and by expandingin a Taylor series, the

composition variation at a flat interface can be expressed as:

o p —. (14)
Here, @ ® is the normalized composition, with:

TN [}
ww

(15)

& and® are defined according tBigure4. The interface width, which is definedasn Eq. (14),

is given as

12
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L’) X C ] (16)

near the critical temperaturéeY.f is a constant, which is defined from the curvature of the free
energy a$ — Eq.(16) shows that with increasing temperature, the interface thickness

increases, too, and is maximal fof Y.

2.2 Diffusion in solids

The phenomenologicalescription ofdiffusional fluxess giverbyi KS CA R Qaci opa®d 7,
law describes the flux of diffusing atordgven bya concentration gradientwith the diffusion

coefficient D as a proportionality factor (Eq(18)). TKS CA 01 Qa4 &aSO2yR f I ¢
conservation of matter. This means, thalanceof income and outcome flupn a certain volume

is equal to the timedependent concentration change, according to:

- = (17)

Q  O0— (18)

as the diffusion flux. This means, diffusion is a concentrademendentkinetic proces Since
atomic jumps need thermal activation, it is temperature dependent.réfure, the diffusion

coefficient is ofterpresented in an Arrheniugependency

0O OAgb—, (19

with 'O as the preexponential factor andH as the activation enthalpy.

To describe the diffusional process by Fick laws usually boundatipiad(t = 0)conditions are
defined, representing the experimental setup, like the finite/infinite source of diffus# an
example, the diffusant can be deposited as a thyer on the surface of a sample (finite source),
or by joining two materials differing in their composition (infinite sourcea diffusion couple
For both examples, diffusion takes place in one diredtionwith different diffusant amountslf

the diffusant source is inside the sample as a sladsa3-dimensional structure, diffusion in two
13
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or more directiondakes placeTlus,the concentration flowis modeledeither as an exponential

or a periodic function28].

For a multilayer stack, asig¢ the case for the samples used in this projdet, diffusant source is
a periodic, plane layer with a finite amount of diffu atoms. Its timedependent concentration
profile can be described therefore Imarmonic oscillations that are increasingly damp®d,the

concentration profile can be mathematically described by a Fourier series:
v G B Q7 OAI6-a a (20)
where the Fourier coefficienb are obtained by integrating the starting profies:

& OE+ OE+——. (21)

With ¢jas the mean concentratiorry and @ as the initial layer concentratiorsf the periodst 1

andi, 1 =11+17as the periocf the whole profileandd as the spatial offsef26].

2.2.1 Short circuit diffusion

In metals, the periodically atomic structure of crystals is disturbed by interstitials or vacancies
These point defectggenerally make diffusion possibleand partly belong to the thermal
equilibrium Besidethese point defects, metalsften contain dislocations and GBs, which were
proven toacceleratediffusion and increase the diffusivity. In thedisturbed latticeregions, the
atomic transportmay beeasier due to the less dense atomic packing caused by distottion.

general, tke diffusivities can be ordered as follows:

Derystai < Ddislocation< Dags

The diffusion in a single crystaksntrolled by pure bulk diffusigrmeaning here, the diffusion is

the slowest. The diffusivity increase, with increasing dimensionality ofdéfect since the
constraints of the diffusing atoms decrease. This means, that GB diffusion is the fastest transport
mechanism inside a materipbssibly elevated by marorders of magnitudeavith respect to the

bulk. Especially in nanomaterials, the atomic transport in GBs is of huge importance. Here, the
volume fraction of GBs s large that GB diffusion is the radietermining step and controlthe

material propertiesand thematerial stability(due to grain growth for examplelrigure5 shows
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a comparison of the GB and bulk diffusion coefficients for the transport process of Ni in Cu in a
polycrystalline thin film investigated by Johnson e{H8]. Obviously, the GB diffusion is 100000

times faster than bulk diffusion.

1E-14
1E-15 3

1E-16 3 D=8.2-10° m®s'exp(143kJmol'/RT)

1E-20

D=2.6-10"° m*s"exp(133kJmol"/RT)

1E-21 -

T T T T T T T T T T '
0.00135 0.00140 0.00145 0.00150 0.00155 0.00160
1T (KT

Figure5: Arrhenius plots of diffusion datamparng GB and bulk diffsion for the transport of Ni into Cu
[18].

2.2.2 Diffusiorcontrolled mixing

By allowing diffusion for an infinitely long time, the system will reach thermodynamic equilibrium.
Even m afully misciblesystem a single phase with homogeneous distribution, a solid solution
may be produced ovenucleation and growtlprocesses if bulk mobility is limitedHerein, the
new (mixed) phase is firstucleatedat a high energetic region, like GBs, phase boundaries or
dislocations.Via GBtransport, atoms will diffuse tahis nucleuswhich will grow. During this

process, thevolume of the fredly generated phase wiljrow. This process usually requires
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interface migration In case of awucleation at aGB,the process is termediffusion induced GB
migration (DIGM). Since the development of the new phaik different compositionwill need
longrange diffusion of the surrounding atoms, the growth rate of the phasestillbe controlled
bythe crystal (or lattice) diffusiorin this case, the intermixing called to beliffusion controlled
The alternative is the interfaeeontrolled intermixing, which is the casghenatomic transport

across the inteflace is the ratedetermining sted21, 29].

2.3 Grain Boundaries

Depending on thie dimensiorality, crystal defectare classified in point defects {@imensional),

line defects (dimensional) and planar defects-@mensional). Point defects areg.vacancies

or interstitials. Here, either an atom is missing at a certain lafimstion,or an additional atom

is present irRbetween the latticesites All crystals contain a certain number of these defects in
thermodynamic equilibrium. They play an important rolediffusion, sincethey enable the
position exchange of atomsMost prominent ine defects are dislocationghe border of
incomplete lattice planedocated inbetween the atomicplanesof the ideal crystal. They are
responsible for easgliding of atomic planes, so for plastic deformation in crystlanar defects
aree.g.grain boundaries. Due to the higlumberof GBs the atomic transport in polycrystalline
materials idypicallyfaster than in single crystals, especially when the grain sizes are small, leading
to different physical properties. Therefore, these materials have their own classification, being

known as nanomaterial80, 31].

2.3.1 Grain Boundary description

Grain boundaries separate two graiong different orientation. This means, that already three
degrees of freedom (DOF) are necessary to describe the misorientagtoveen theadjacent
grains (for example by defining a rotation axis and angle to bring both grains in coincidence).
Additionally, GBs are planar defects, which can be differently oriented in the-thinreensional
space. This orientation can be described by plenesnormal vector, s@additionaltwo DOF. In

total, five DOFs are necessary to fully define a GB, which candmbiguouly denoted in the
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form * °[hkl](hkal1)/(h2kal2), with* © being the misorientation angle, [hkl] the misorientation axis,
being identical for both grains and {kuli)/(hzkzl2) being the GB planéyeing (redundantly)
expressed in théattice system®f both grainsDue to the numerousmountsof GBs, they were
evaluated not individually, buty grouping them intelassesvith structural similarities, likéhe

GB typdtilt and twist boundarieytheir symmetryor the size of the misorientation angj2].

2.3.2 The structure of grain boundaries

In GBs, the atoms are not arranged in regularly ordered patternsiaghe case for crystals.
Instead, it was believed that GBs are regions of atomic disorder. Therefore, the GB types were
characterized according to the symmetry operation necessary to bring the adjacent grains into
coincidence. Thus, an important propeitythe orientation of the rotation axis, which can ime

two prominent casesither perpendicular or parallel to the GB plane. If the rotation axis is
perpendicular to the GB plan¢he GBis calleda twist grain boundarylf the rotation axisis
paralle| a tilt grain boundary. Depending on the GB plane, tilt GBs are further divided into
symmetricaland asymmetricaWhen the adjacent grains are mirror imabat the GBthe GB is
symmetrical, elsdt is asymmetricalNatural GBs oftehave facetted contributionsfrom both.

Then theyare called random omixed GB$30, 2].

Another classification is made according to the misorientation angle. GBs with angles smaller than
15° areunderstood adow-angle grain boundaries (LAGBs). The misorientation of these GBs is so
smallthat a kind of periodicity is stiffiven,and the GBs are described as an array of dislocations.
While tilt GBs are built of edge dislocations, twist GBs consist of screw dislocations. For LAGBS,
the GB energy can be calculated using the dislocation model from Read and Shockley. GBs with
misorientation angleabove 15° aréermed highrangle grain boundaries (HAGBS). For these, the
dislocation model fails due to the high density of dislocations wareloverlapping so that they
cannotbe considered asndividual defects anymore. Nevertheless, the atoms in HAGBs are not
randomly distributed in the GB, but follow a periodic arrangemafrat few building unitswhich

differ from the LAGBs. Considering that atoms have eneffigient positions in ideal crystals,

the total energy of the system will increase whée tatom positions deviate from these. To keep

the energy as low as possible, the system tends to place the atoms on these ideal positions, even
17
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in the GB. This means that crystallographic planes dhkst.evenextend beyondGBsand that
the atomic positions of these crystallographic plat@sated at the GBare called coincidence
sites. Since the crystal lattice is periodic, the coincidence sites be periodic,too, spanning a
lattice, known as the coincidence site lattice (CSL).iMexse fractiorof the coincidence sites is

given according to:
1 — (22)
With @ as thevolume of theCSL unit cell ang as thevolume of the crystal latticenit

cell. This equation means, that every mattice site is a coincidence site. So, the smaller n, the

higher is the GB periodicity atgpicallythe lower the energy costs for the system.

Figure6: Schematic CSL ofgmmetriq (ilt GB (36.9° (100)) in an fizdtice with the GB plane perpendicular to the
paper plane. Every 5th atom of grain 1 (blue) and grain 2 (red) coincides (marked in black lines). The CSL unit cells are
marked by blue dashed ling30].
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An example o CSL lattice is given higure6 for a GB in a felattice with a rotation of 36.87°

around a (100pxis. At the GB plane, which is normal to the sheet planery 3" atomic position

belongs to the crystallographgitesof both grains. According to Eq.2(2>  Mud @3, and
therefore it is aZ5-GB.The dashedries indicate the CSL latti¢&0].

2.3.3 Grain boundary orientation

Generally, a grain orientation is described as alignmentof the unit cell coordinate systerm

a reference coordinate system. The reference system, on the other hand, is linked to the
specimen orientation. For simplification, the specimen coordinate system which can be chosen
arbitrary, is arranged according to the sample geometry or the proocgshnections. For a flat
rolled specimen, for example, it is usual to mark the direction normal to the surface (ND) as the
z-axis, the rolling direction (RD3 éhe xaxis and the transverse direction (TD) as trexig Figure

7). In case of wire samples, the wire axis can be used as z direction, whiezgaespendicular

axis can be selecteatbitrarily.

Consideringhat the unit cellhas its own coordinate systents directions can beasilyadapted,

if the lattice symmety is orthonormal, like in case of a cubic lattice. For a hexagonal or trigonal
lattice, however, first, an orthogonal frame and a normalization of the axis must be carried out
by multiplying thecoordinateaxes with a suitable transformation matrix. With both coordinate
systems being orthonormal, the orientation can be expressed as a rotation to transfer the

specimen coordinate systemd@o the crystal coordinate systemdj@ccording to:
C=Gi 13 (23)

With g being the rotation matrix. lg, every row stands for the direction cosine of the three crystal
axes to the specimen coordinate system, whereas every column stands for the direction cosine
of the specimen asto the crystal coordinate system (s€gure7). With this matrix, a rotation

is unambiguously definedHowever, since the definitiamof both coordinate systems are not

unique, different ways for representing the crystallographic orientation are pog&Ble
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Figure7: Relation between specimen (black) and crystal (red) coordinate system. The angles between the
[100]-crystal directions and the sample coordinate axescatered They form the direction cosine of this
crystal direction and build the first row of the rotation matrix (left).

The cystallographic directions aneormallygivenasMiller Indices, in which a coordinate system
is defined according to therystalsunit cell and the plansetsare expressed by their reciprocal
interception points with the coordinate axiBordefining thegrainorientation, one method is to
define thecrystal directiorbeingparallel to the sample x axiand a crystal plane parallel to the
sample z direction. This correspondent to the first and third column of the rotation matren,
the orientation is expressed as (hkl)[uvw]. For raubic crystals, however, the relation between

Miller Indexing and rotation matrix is more complex and so this definition lnesonconvenient.

Another representation is the use of angle/axis pairs. Since for every rotation a common axis
exists, which is identical for the reference and the rotated volume, a rotation can be expressed
by this common (rotation) axis and the rotation angleO O 2 NXR A ¥213). Adgle/axiskpdirdlare
frequently used for representing misorientations (orientation of one grain expressed in relation

to the other grain), since they are very convenient for grain relationships.

By using this notatiorthe specificorientationsof the GBsre given. However, due to crystal and
sample symmetrythe designation obrientationrelationisnot unique,and the same orientation
can beexpressedn different waysby usingalternative equivalentrotation axis. Threfore, the
angle/axis pair with the smallest rotations angle (also known as disorientaidaken to limit

the possibilitied32, 30].
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2.3.3.1 Orientation representation: spherie@add stereographiprojection

The orientation of crystals in-B space is described via plane normal vectors of each
crystallographic plane. For this process, a reference sphere is used, which surrounds the crystal.
By extending thecrystalsplane normal vectors to intersect with the reference sphere surface

(pole), a spherical projection is obtaindeigure8a).

Usually, the crystallographic orientation is presented {hmensionally. For that, the spherical
projection needs to be converted onto a plane. In crystallography, the stereographic projection is
used most often since it displays angular relationshigagure8b). An orientation given by
spherical projection can be achieved as follows: The south pole of the reference sphere (S) is used
as the point of projection for poles being on the northern hemisphere and the north pole (N) as
point of projection for poles othe southern hemisphere. The crystal lies in the center and the
equatorial plane is the plane of projection. The pole P intersects the reference sphere at a certain
point. By connecting this pole with the south pole, an intersect point (p) on the equbpbaiae

occurs, which is the stereographic projection of the pole.

a) N P ) A b)
WS TSN i b2 NIi KSN
éLJK i KSYAaLXK
\ { 2dzti KSN .
KSYAaLXK [100]

Figure8: a) Scheme of the spherical projection with the crystal (blue cube) gettterof the reference

sphere with north pole (N), south pole (S), pole (P), plane trace (blue arch) and the projection of the Pole

on the equatorial plane (p) to construct a stereographic projection. b) Stereographic projection of pole p

from a) with plane tr& S o6 0f dzS F NOO FyR GKS Fy3tSa h o603INBSyYy f A

Another possibility is to define the plane over its plane trace, which passes through the sphere
center (blue arc irFigure8). It is the intersection line of the crystal plane with the reference

sphere. The resulting line is called zone line. Since the zone line represents a plane, the angle in
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between two poles lying at the same plane can be measured along the trace line, whereas its pole
is orthogonal and has always an angle of 90° to the trapi(e8b). The top view of this plane is

the stereographic projection.

7

A pole is uniquely defined by two angles, ofeS a ONA o AY 3 GKS [y3tsS G2 &
FY20KSN) 2yS RS&AONAROAY3I GKS y3atsS (2 GKS Sldz i;:
can be used which is a grid constructed of several plane traces dividing the stereographic

projection in equahngular pieces.

For orthogonal crystals, like cubic crystals, it is convenient to arrange the [001] crystal axis to the
Y2NIK L2tS 6h I' ncox GKS wmnne FEA& (2 0SS @SN
90°), so that [100] shows to the bottom and [010] the right in the stereographic projection
(FigureBb). It is easy to draw the {110} poles in this projection since they have a 45° angle to these
axes. Considering the orthogonality of the axes, the {111} poles can be received by a linear
combination of {100} and {110} and can be drawn at the interceptidnagses connecting these

poles. The obtained stereographic projection, showFigure9 is divided into 24 triangles, each

with {001}, {011} and {111} poles at their coraefhese triangles represent the cubic symmetry
mearingz G KS GNAlFy3IfSa INBE ONRB&aGFf f 23N laybr@l £ f &

(@p))

(unit) triangle for displaying all crystallographic directi¢f]. The stereographic projectionsan
also be presented with other poles being at the ceninerefore, the pole is simply rotated to

the projection centef30].

For representing the orientation, however, one pole is not sufficient since the crystal stiljht
rotate around this pole. So, for unambiguity, at least @awdlelitionalpole of the same {hkl} family

is necessary. For that, pole figures are used, which are stereographic projections of several poles
where the spatial arrangement between the poles is included considering the sample coordinate
system. If vice versa the pdigure of the sample coordinate axis is shown relative to the crystal
coordinate systemthen the inverse pole figure is generated. Inverse pole figures are generally
used for measuring changes of orientation according to a sample axis of interest, like a mechanical

stressed axis or a wire axi&2].
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Figure9: Stereographic projections of an fcc crystal with {001} at the center

2.3.4 Grain boundary plane orientation

With the grain orientations, the three DOFs for misorientation are determined. For a complete
characterization of GBrientation, however, the grain boundary plane orientation must be
defined, which requiresa threedimensional characterizatiortor the investigation of specific
grain boundariesthis task was fulfilledby producing artificialGBsfrom bicrystals with known
crystal orientation andwith predefined planes[33, 34]. Methods for characterizing the
orientation ofnaturally occurringsBsare techniquedased ordiffraction patternsobtained with

TEM or SEM. For TEM, the GB plane is received by tilting the sample, until the interface width
between the adjoining grainsecomedowest. Then, the GBormalis perpendicular to the beam
and the normal vector can be calculated by the tilt angbethe goniometer[35]. However, the
analysis via TEM needs samples with limited thickireise nanometer range. This means, the
sample preparation is very timgonsuming, since the GB of interest probably had to be cut from
a bulk material Additionally, the GBnust be visible in the SEM, fdhe cuttingstep. However,

this is not the case for nanometsizedgrains sincehe SEM resolution is limited.

Another technique, using the diffraction patterns for orientation determination is the analysis via
SEMmaking use ofhe EBSD. To measure the GB plane orientation, an inclination angle must be

determined which describes the tilt of the GB plane relative to the sample d#iptiction. The
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AYOt AYyLFGAZ2Y y3f S A&dzNEFS GICSNIY R NISERE \dhécyl MibsSHs & Do 2
introducedby Andrejeva et al[36] for GB orientation measurements usingay diffraction and
implementedlater to electron microscopyy Randle et al[35]. In this process, &B containing
specimen with orthogonal surfac@ge a rectangle, for exampl)tiltedin a way, thaecommon

edge between two orthogonal surfaces is perpendicular to the electron bearhen both

surfaces are showing to the electron beam and the diffraction pastewhthe grainscan be
analyzedon both surfacesimultaneoushat the common edgeSince theGB plane islsovisible

on both surfaces, the inclination angle can be determined according to trigonometric

considerationsasshown inFigurel0 [35].

g

v

L

FigurelQ: lllustration of a GB plane together with the trigonometric considerations for calculating the
plane orientation according §85]. XxYeZz arethe specimen referenceex ® h A a GKS | y 3t
traceTandthexd EA & 2y GKS &adzNFI OSod i Agaxid dad is thgimhin&ion2 T
angle. N is the plane normal and U the direction perpendicular to T on-plans.

[N (0p)
(@]}
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Alternatively, the GB plane can be determined from the pole figures of the adjacent grains. This
LINE OSRdzNE A& I FdzNI KASIRNFR SIS f (2A8Wn8)fram y@hmtlaf8akisa v i &
and is shown ifrigurell. Herein, first, the misorientation angle and axis were determined, which

is automatically done by the EBSD analysis software, and thiy @Sk received. The pole figures

of the adjacent grains are plotted onto the same Wulff net, and the GB tracawsdnto it. Since

the GB plane normal is perpendicular to the trace, a line perpendicular to the trace line is drawn.
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By using the GB inclination ang¥ehich is an angle formed llye same GB on two surfaces of a
rectangular sample geometat the commonedge {in Figurell), the poles of both grains are

marked, which overlap with the inclination angle. These poles describe the GB plane normal in

relation tothe axes oboth grain orientations.

\ I (a)
P e

"""" VAN - _ ey YL
i S L L T
% ? a (\ ; P

Figurell 5SUSNNXAY I GA2y 2F GKS D. -aldENGFy O Sy 2 Witetdds addd/ | dz@ & K
pole figures of the adjacent grains. (a) is a scheme of the specimen box witlothierfaces and the sharp

edge (XY) used for EBSD analysis (surrounded by a red dotted line). (b) is the IPF map of the marked region
Ay ol 0 gAGK h | a ( KoSthshriaces. Xhyek @GBs Arg nuibérdd)®how tBelpdlss S v
figures of the adjacent grains (red and blue dots) for-GBllhe GB trace line (black), the @&he normal
ORIFaKSR o0ftdzS tAYySO FyR h idteasedfiofiz o f & FO§ A NDXISOS | NBR
poles of both grains indicate the GB plane normal according ta thd-  arign@ation[37].
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In Figurella, the specimen box is shown as a green cuboid andctmemonedge for EBSD
analysis is markebetweenthe 15tand 29 surface Figurellb shows the inverse pole figure (IPF)

map of this region. As can be sear;B tracas continuously visible on both surfacdsjt having

' OSNIi I Ay A yletwaey theél thagey at bosh 3itleS of ftewmmon edge. The pole

figures of some selected GBs are shown in c), d) and e) for the GBs 1, 2 and 3. The GB trace line
(black) and the plane normal line (dashed blue line) for a coherent twin boundary (c), a coherent
twin with deviation (d) and a randofHAGB are shown. Note, that for the coherent twin boundary

the poles defining the GB plane normal are identical and theeeémerlapping, whereas they are
different for the HAGB37]. A disadvantage of this procedure is, that the GB must be accessible
from two perpendicular and even planes. Therefore, this method cannot be used ferutmid

specimens.

Using the same EBSé&chnique, a further way for analyzing the GB plane orientation was
introduced but not demonstratedby Babinsky et. dlL3]. Herein, just the grain orientations are
determined by EBSD. With the additional measurement of the sample via a-diressional
method, like the atom probe tomography (APT), the GB plane normal can be calculated with the

orientation information gainedrom the EBSD.

2.3.5 EquilibriumGB segregation

Polycrystalline materials have an increased total free energy, due to the higher energy costs of
grain boundaries with respect to an ideal crystal. However, alloys have the possibility to reduce
this energy by segregation of the species with the losugfaceenergy towards the GBsvhich

is known as GB segregatidBy this, the chemical composition of grains and GBs will[2ary

2.3.5.1 Thermodynamics

A thermodynamic description of interfacégrain boundariepwas first established by Gib[33,
39]. He defined it as an inhomogeneous thin layer, a dividing surface, separating the masses of

two fluids. The total energy of the system is given by the internal endiag
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AY "AY 0An B Q¢ 1 QO (24)

WerePisthe pressureVthe Volume > the chemical potential of thé" (i m = HNEcorXpBnent,
A the GB area andthe GB formation energy. An ideal system (without GB) would not contain
the last term on the RHS of this equation. So, this term is the additional eirenggase for a
system containing an interfac#.is defined as the change of internal energy peru@GBarea. By

using thermodynamic conversions, the upper equation can be rewritten
A B oA, (25)

which is the wetknown Gibbs adsorptions isotherm. It describes the decrease of the GB
formation energy in relation to the solute excedof each component, which stands for the
number of segregated atomper GB ared39]. Therefore, a polycrystalline system might be
stabilized by GB segregation. Note that 2%) s generally not valid for solid but fluid systems.
According to[40] [41], for solid systemsa term considering the GB tension must be included.
However, for binary systems with atoms of nearly the same radii, and therefore no lattice

mismatch, ths GB tensiorcan be neglected, according to:
A ot B it 1A o— B it 1 — A oAb (2)

2 A K fr>1being the chemicgbotential differencebetween both components the lattice
expansion andj the two inLJt ' yS D. GSyairzyad b thSGihbKitesér (KS
energyg. Eq. (B) shows that the Gibbs adsorption isotherm contaénterm, representing the

necessary elastic work against the GB tenjaraused upon expansion through alloying.

For quantitative analysis, the specific excess calculated according t6ahn[27] by the total
solute excess) |, representngthe additional amount of component 2 atoms in the GB aiea

comparison to a homogeneotmllk, relative to the GB arei@?2]:

® —. (27)
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2.3.5.2 McLean isotherm

Alternatively, GB segregation was described bhgngmuir andMcLean in terms of local
concentration of the segregating elemdd, 44,45]. Langmuiffirst defined the GB laydp have
a fix number of adsorbing sites, namely the sites of a compteiaolayer of atomsUsing this
assumption, McLearcalculated the total free energy Fes of the systemconsidering the
distribution of soluteatomsPandp among lattice planeN,F YR aRA a2 NI SR X D.
'O NQ0Q QY EAA Tl qMAL 0 AA (28)

With e andQ as the free energies of the solute atoms in the GB and laffibe last term on the
RHS is theconfigurational entropyof the solute atom arrangement in the GB and lattice.
Assuming, that the most probable atomic arrangement is the one in the equilibrium state (when
the total free energy is minimizedgnd by assuming ideal solutid@havior, the formulation of

the LangmuiMcLean segregation isotherrdescribng the concentration of the GB monolayer

in terms of the bulk concentratiois given

W . (29

with ks as the Boltzmann constarQis a constant segregation parameter and can be determined

e.g.,by fitting, whencssand csukare measured

Further research showed thaBB segregation is not limited on just one monolayer, but several
atomic layers around the GB are involved. Additionally, the assumption of an ideal solution is not
valid for every binary solution. Therefore, several extensions of this model fwereilated to
improve these deficitsTheyare summarized, e.g. if2]. An extension, proposed {9, 44] not

only considers the mentioned drawbacks, but also the applicability of the formalism to
experimental data. Eq. @ contains the GB concentration which is probably determined as a peak
maximum from a composition profile across the GB. However, this Velsea dependencen

the LINR Foiniin§ siz&nd the spatial resolution of the analysiseaningt isnot unambiguous
Therefore,instead the GBoncentration the solute excessshould be usd for thermodynamic
calculatiors [42]. Hence, a model function results, being simitar the LangmuikMcLean

isotherm:
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W 0 "M O " ) o (30)

with 0 as the effective width of the GB layep, as the effective concentration, in analogy to
@ in the LangmuiMcLean isotherm! as the atomic density and as the composition

dependent effective segregation parameter.
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Figurel2: Scheme of the equivalent hypothetical GB laydeiveen two grains.

In this model, the GBionolayer was replaced by an equivalent hypothetical layer with just one

kind of lattice sites (in relation to McLean) that have, by definition, the same segregation behavior

as the real physical GBigurel?2). Since this hypothetical layer considers only one kind of lattice

sites, it also displays just an average segregation behavior. However, this helps simplifying the

mathematical description and still reflecting the segregation of the complete physical@.
that in Eq.80),0 and0 are describing the hypothetical system and have thereforelinect
physical meaning. Though this formulation can be fitted to experimental data to nopalet! to

calculate”X by using Eq. ).
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2.3.6 GB segregation according to an extension of the Butler equation

Beside the McLean isotherm, the GB segregation can be described by a modulation of the Butler
equation as described if¥6]. Herein, the GB energy is expressed as a function of the bulk
concentration, temperaturepressure,and GB orientationAssuming annfinite sourceof the
segregating compound, formalisms for partial GB energies of all alloy components were defined
With the knowledge of some physigaarametersof the pure componentgwhich can also be
estimated by known methodshhe GB energy and segregation can be evaluated as a function of
the bulkcomposition Assuming ideal solution behavior and equal atomic sizes of all components,

the GB compositionof a binary alloycan be expressed as:

) : 31)

With] as the molar interfacial GB area apdh, as the partial GB eneigs of the both
components. Note that Eq.(31) is equal to Eq.(29) whem 1 . . In [46], this
calculation was made for the CuNi system at a temperature of 12Bi@gkirel3shows theeplots

for the GBmole fraction(a) and GB energ¥p) as a straight line. The dashed line represents the
case, if no GB segregation would take place (when the GB energy is the same for both
components)With increasing bulk concentration of Cu, the Cu mole fraction in the GB increases,
too. However, the increase (slope) shows a deviation from linearity, which is strongest around
0.2. This result is in accordance with the finding@®@]rshown inFigurel, where the segregation

of Cu reaches its maximum at the same bulk concentration for all tested temperatures. The GB
energy is with 0.75 JAhighest for pure Ni and is reduced with increasing Cu content to be around
0.56Jn%.

Comparing this to the calculated GB energy at 1000R]irthe trend is similar, however, the
guantitative values show discrepancies with the maximum at 1.1 and minimum around .7 Jm
These discrepancies probably stem from the different GB orientation and temperature used for
both researches. Additionally, different data for the phase boundaries of the miscibility gap were
used, leading to different Gibbs energi€sr the calculations if46], the magnetic parameters,

the GB energies of the pure components and the molar GB areas are necessary, which were either
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taken from different references or estimated by other physical considerations. Instead, for the

calculations irf9], an interatomic potential in necessary.

(a) 1. T= 1200, Ni-Cu

'xl!.'u

{h] 0,8 -+ T= 1200 K, Ni-Cu

0.5 - . . - i

Figurel3: GB composition (a) and GB energy (b) as a function of the batntpwsition. The dashed
lines represent the case for no GB segregation, when the GB energies of both materials afé&qual.

2.3.7 GB segregation kinetics

If the annealing time is n&ufficient, equilibrium segregation is not reached, and the segregation
kinetics become important. Therefore, McLean presented a mddé], assuming volume
diffusion of the solute atoms from the adjacent grains, which were described as two infinite half
crystals with constant solute constant. The diffusion process itself is described by the Ficks laws

and is expressed as:
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p AGB-AOMAEA— . (32

With & 0 as the GB content at time D the Diffusion coefficient in the bulkis defined asQ

— and gives a relation for the atomic sizes of the solatgnd matrixp, and is defined ag

——, which is the ratio of the solute atoms in the GB and in the adjacent atom layer of the bulk.

The model further assumes that is constant, which is only true for dilute systems with low
segregation amounts. Generallydecreases with the segregation process since the GB becomes
saturated[48]. This case was investigated by Rowlands and Wodd®iffBy considering several
saturation levels from no saturation (McLean behavior) to full saturation, the following graphs

were calculated:

T T T T
10— Xlw) /X010

08—

06—

Mclean

04 behaviour

(X, [£)-X, (0N 11 X, fs}- X, {01}

0-001 001 01 1 10 100
Time t {le’d? 14D} [1-( X o}/ XD)]?)

Figurel4: GB segregation kinetics. the normalize GB segregation concentration as a function of the time
for several saturation levels accordingRowlands and Woodrufé8]

2.4 The CuNi system
Copper is the first element in the first side group{lemental group) in the periodic table of
the elements (PTE) and stands in tiepériod. It is the only metal having a reddish color, which

stems from the electronic transition between the fully occupieddtitals and the hafilled 4s
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orbital. It has a faceentered crystal structure with a density of 8.92 gtamd therefore belongs

to the heavy metals. It has a high electric and thermal conductivity, which is the highest after

AAt OSNI YR RdzS G2 pricassiedhanicallydas) thd rhakn dgplicdtion®a ST A&
Cu is in the electrical industry. Moreover, Cu has a high corrosion resistance, which makes it an

attractive material for seawater applicatioftsO, 51].

Tablel: Physical properties of Cu and[Bbi]

Cu Ni
Atomic number 29 28
Elemental group (IUPAC) 11 10
Crystal structure fcc fcc
Melting temperature T/ K 1358 1728
Molar mass M /g molt 63.456 58.893
Isotopes 63Cu (69.2%) 58Ni (68.1%)
5Cu (30.8%) 50N (26.2%)

62N (3.63%)
64N (0.93%)

5SyaArde®” k 3 (892 8.91

l02YAO RSYHERAGE 849 91.4

Atomic radius r / pm 149 145

Cohesive energycbn/ eV 3.49 4.44

Surface energy & Jm? 1.79 2.38

Evaporation field &ap/V nm? 30 35

Lattice parameter a / nm 0.3597 0.3499

Electric conductivity A¥m-? pyoeM i@ mMamModdd T wmn
Thermal conductivity WK 400 91
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Ni is the first element of the8side group (10 elemental group according to IUPAC) in the PTE

and stands in theMLISNA2R® LiQa GKS €STd ySAIKO2NI 2F |/
properties, like the density of 8.91 gcinthe fcc crystal structure, the atomic radius and the

lattice parameter (sedablel). In comparison of these two metals, a great difference is seen for

their surface energies, with the one for Ni being larger. This correlates with the melting

temperatures otboth metals and thus, their cohesive energies.

{AYyOS bA A& | 3J22R LINROSaaloftS YIFGSNAITZ AlGQa
low electric and thermal conductivity, and is ferromagnetic with a Curie temperature of 354°C,
and therefore interesting in magnetic applications. Becaokés high chemicastability and
corrosionresistance it is a good material for laboratory equipment or as coating for metallic
components (especially iron). The main application of Ni, however, is its use as alloying
component in the metal industry. Balloying steel with Ni, the corrosion resasiceis increased,

and the ductility is improvedb0, 51, 53]. Other allog with industrial importance are the CuNi
alloys. This alloy is one of the oldest known in civilization and was used already ffd¢betGry

in China for the arm and coin production, due to its high mechanical stability and good
deformability. After its reproduction in Europe, in thef&ntury, effort was taken to investigate

and improve the alloy by changing the alloy composition. By this, different CuNi alloys with
different properties arise, which opened new application areas likeanrgater, marine hardware

[54].

With the increasing understanding in material science, further development was gained by
considering the microstructure of the alloys. So, by reducing the layer thickness, the resistivity
and thermal sensitivity could be increased, as shown by Yang ¢b5hl This opes new
application fields in the higknd technologies, like in micielectrical devices as resistors or as

thermocouples in thermeelectric application$56].
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3 Experimentalprocedures

In this project two taskswere accomplishednamely the determination of the miscibility gap
meaning localization of thephase boundary with the critical temperaturéc, and the
characterizationof grain boundary segregatioror both, APT experiments were carried out,
though with different sample geometrieStarting from the preparation of the sampabstrates,
the particular stepgor sample preparatiorand thephysicalprinciplesof the lab equipmentwill

be presented in the following chapter.

3.1 Electropolishing

For the APT measurements, needleaped samplesf around 100 nm curvature radiusare
necessary. For their production, first, needle posts were generated serving as sample substrates
whichwerethen coated by the materiaf interest As a substrate material, tungsten was chosen
due to its high hardness and conductivity. Additiondh, evaporation field of W is so high, that

an ordered evaporation during ARNhalysigs ensured.

The preparation ofV-postis done byelectropolishing. Herein,raelectrochemicatell is built,
using a Wwire as anode (positilgcharged electrode)By oxidizing the wire surface, the material
is slowlyremoved,and the wire becomes thinner. Thist-upis shown schematically Figurel5.
Together with a graphite rodserving as the counter electrodéhe W-wire is inserted ino a
cuvette, filled withan electrolyte solution A voltage power supply was connected both
electrodes so that an electrical circuis produced.Usingshort ACpulses,the wire surfaceis
oxidizedslightly below the electrolytéair interface andwater soluble tungstate W3 is formed
with eachpulse[57] [58]. The tungstates continuouslyremovedby the surroundingaqueous
solution and the wire surface awaysmetallic W, whicloxidatesagain 9, after somepulses a
narromng atthe wire is observed(necking) where it finally brakes The prepared tip can be
shortened and broadened by some additional pulses for more stability and a larger coating

surface. At the endhe reaction impurities wergemovedby dippingthe tip in a 50% ethanol
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solution. The electropolishingf the tipwas observedhrough a light microscopevith 50 times

magnificationmounted in front of the cuvette.

oTtp / d dzc
Reaction:
N Cathode: 6 HO +6elb3 H+ 6 OH
‘/:\. 1 Anode W+8OHD 2/A+4HO+6¢e
bl hl VH01 Total: W+20H+2Hh b 42+3 H
NI L3 o |

Figurel5: Schematical drawing of the electropolishieguipmentwith a graphite cathode, the W wire as
anode and NaOH as electrolyte solution.

3.2 Sample coating

The substrates were coated with CuNi thin films using lon beam sputtering F@3hat, a
custombuilt IBSsystemwas used, consistingf a UHV chamber with a residual gas pressure of 1
i108mbar.L 0 Qa S| dzA LILIS RomdveatKinchogel 3FETYiis glinzyeates electrons
from a tungsten cathode filament, working as an emitfBnese electrons collide withrAtoms
stemming from a pipeline, connected directly the gun,and produce positively charged gas
atoms At the gun oukt, a grid syste samples theyas ions at the inner grid, whereas an outer
grid accelerates the ions away, forming a directed beam. Outside the gun, another W filament

provides electrons to neutralize the beam plasma.
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In front ofthe ion gun, sputtering targetplates of metal or alloyfpo be depositedvere placed
on a rotating holderThese targetsvere irradiatedby the plasma beam tejecttargetatomsand
deposit them on thesubstrate beingplacedclose to the targetsalso on a rotating holdefThe
depositionthickness is controlledia a quartzcrystal thickness monitor with the quartz bgin
parallely arrangedeside the substratg¢o guaranteethat substrate and quartare exposedvith

the similarmaterialthicknesgseeFigurel6) [59].

derr | L1t
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Figurel6: Schematic drawing of the IBS chamber

3.2.1 Analysis of the mcibility gap

For the analysis of the miscibility gap, midtyered CuNi thin films were preparet@ihe layers
consist of pure Cu with 3 nm thickness, &idich CuNilayers of70 at.% Nwith 8nm, so that the
overall concentration is 50 at.%. In total, 10 or 20 alternating layers were sputtered on apost.
the top, a pure Ni cap of 30 nm thickness was sputtered to protect the multilayers from oxidation
during annealingAfter annealing, a additional layer o800nm Cr was sputtered as protection

during tip sharpeningseeFigurel7a).

Since the layer thicknessegere so small, a calibration of thénickness monitor was made first

by sputteringsingle layers of pure Cu and pure Ni with 25 nm thickness, anddaditional
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multilayer of ten CuNi bilayers with 10 nm thickness a plane Si©substrate From these
samples, TEM lamellawere prepared using the FIB hftut technique. As protection during FIB

milling, a cap layer of 500nm Cr waeposited, too.

3.2.2 GB analysis
For the grain boundary analysis, CuNi alloys with varying Cu concentration prepared
Therefore, CuNialloys with predefined concentratiors were sputterdeposied directly on W

posts with ahickness of 600 nrfrom alloyed sputtering target&eeFigurel7b).

To ensure observinggrain boundaries, therain sizesnust be lower than 200nm sincethis
corresponds tahe final tip diameter This wasonfirmed bysputteringwith the same conditions
on SiQ as for W posts anthy analyzingthe grain size distribution using Eteon Backscatter

Diffraction EBSD).
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Figurel7: Different sample coatings used in this project, where a) are multilayered samples for miscibility
gap analysis and b) alloy samples for grain boundaglysis.
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3.3 Annealing

The samples were annealed in a UHV quartz tube oven with a residual gas pressure below
3110 " mbar Figure18). It has a thermocouple welded on the tube opening which can be
connected to the substrate holder. With this, the temperature at the samples can be observed

directly.

Before usage, the quartz tube whakedout at 1073 K to make sure that no impurities will affect
the annealing treatment. Then, the samples were inserted, and the tube was pumped overnight.
The desired temperature was arranged at the tuddaen, which was then slidverthe quartz tube

after constanttemperature wasestablished

wB2yS 2F K2
0 SYLISNI

0 dzg& 8ISy A

Figurel8: Schematic drawing of the UHV tube oven

3.4 Sample preparation

The needleshaped posts for APT analysis were produced out of tungsten using the
electropolishing procedure as described in section 3.1. For that, a 2.5 cm piecet/f@asn a W

wire (99.95 % purity) with 75 pum diameter. For easier handling, it was climbed inub€of 1

cm length and @ cm outer diameter. Using a graphite rod from a pencil as counter electrode,
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and a 1 molar NaOH solution as electrolyte, the wire was thinned with short pulses of 9 V (rough
thinning) and 3 V (fine thinning). Then, the needle was cleaned from electropolishing residues by

washing with a 50%ethanolwater solution.

After electropolishing, the tips were flattened to posts. For that, a focused ion beam (FIB) with an
integrated scanning electron microscope (SEM), here, the Scios Dual Beam from FEI was used.
This instrument is equipped with a &asource and mills precisely through samples in a
micrometer scale leaving a smooth surface behind. By aligning the tip axis being perpendicular to
the ion gun and milling the apex with a rectangular pattern along the tip, planar surface3 of 2

pum diameterwere prepared Figurel9). For this, beam currents of 3 nA for cutting, and 300 pA

for fine polishing were used at an accelerating voltage of 30kV. This preparation technique was

adopted from Stender et. §b9].

NB O I y 3 dz
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Figurel9: FIB milling of the substrate to form a planar and smooth surface.

In the next step, the W posts were coated with Cti films via IBS. Therefore, the posts were
placed on a substrate holder and inserted, together with the desired targets in the UHV chamber
(position A inFigurel6). To achieve a low pressure, the chamber was pumped overnight. Before
coating, the targets were cleaned for 15 to 20 minutes and the posts for 1 minute (position B in
Figurel6) by direct irradiation with the ion gun. The udeelam voltages and currentgere 400V

and 10mA for post cleaning, and 600V and 20mAduget cleaning andinal sputtering
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Table2: Annealing times and temperatures for the multilayered samples. 6a8*different starting

concentrations with = 0.44 and £= 0.7.

T/K |t/d

673 1 2.5 4.5 7 11 14
623 7 14

623* |7 16 30 44 60

573 88 214 458

The coating iperformedaccording toFigurel6 with the substrate holder being at position C.
Afterwards, the samples were annealed according to sectiorF:3theanalysis of theniscibility
gap, the annealing temperatures were 573 K, 623 K and 673 K for varying annealing times (see

Table2), whereas the alloy samplésr the segregation experimentsere all annealed at 700 K

for 24 h.

Figure20: Schematic drawing of the FIB milling procedure
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Finally, the samples were sharpened to nanomediged tips, using the FIB. This time, the samples
were aligned parallel to the Gasource and ringshapedexposurepatterns were used for milling

[59]. Starting with a pattern of 2um outer and 1um inner diameter, the diameters were stepwise
reduced to 300nm and 100nntigure 20). The progress of milling was observed via SEM
snapshots and the radius of the tip was controlled. When the radius reached the arranged inner
ring diameter, the milling was stopped and the diameter was reduced. With that, the sample was
formed to a cone Wh an apexdiameter of <200nm. For milling, a starting current of 0.3 nA was

used, which was reduced stepwise to 50 pA for the smallest pattern at a voltage of 30 kV.

3.5 Hectron backscattediffraction(EBSD)

Using the electron bearuringthe FIBprocess crystallographic information of the samples can
be received.This method is calleEBSD and utilizes diffraction of the electron beam on the
sample lattice planesn reflection geometry Principally the incident electron beam will be
scattered randomly wheentering the sampleDue tothe diffuse character of the beam, some
electrons willalso be scattered elasticallfrom the samplelattice planes fulfilling the Bragg
condition (Figure 21) and forming an intensive reflected bearfny positive interference
Considering all possib#urcebeamdirections that carbe reflectedwithin the Bragg angle = I  §
diffracted beamgogether form a cone with theertexbeingthe point of impact on the lattice
planeand the angle bein@80°-2° (Figure22). The double cone ifigure22is due to irradiation

of the samelattice plane from both sitesince every beam sourégreflected onboth neighbored
lattice planes From these saealled Kossel conethe Kikuchi linesre formed beingthe lines in

the diffraction pattern by sectionof the Kossel cone surface with the image plahthe detector

C2NJ SFOK fFGdGAOS L FyYySY (62 LINIttSt tAySa
proportional to the interplanar spacingjaccording to the Bragg law (B§), where<is the beam
wavelength.The intensities of these lines, however, are different. This is due to the inclination
angle of the lattice planes with the incident beam. The reflected beam from the higher angle of
divergence ‘(+¢ in Figure 21) will have higher intensity and therefore called excess line.

Conversely, the lovangle beam will have low intensity and is the defect line. In the defect line,
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the Bragg reflections cause more electrons to be reflected away and so they cannot contribute to
the intensity. For the excess line, the inelastically scattering has a high contribution and the

background intensitysiincreased.

CQi "Vt Q-0 ¢ Q (33)

The Kikuchi line pairs or bands, with their specific line widths are unigue for each crystallographic
plane. When all crystallographic planes of the sample form Kikuchi lines, a Kikuchi pattern is
created, and the image will consist of several bands witlergain angular relationship to each

other. Thus, crystallographic information can be extracted from[8#$[60].
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Figure21: Creation of Kukichi linesh@ electron beam (orange) enters the crystal and is inelastically
scattered at point P. Some of td#fuselyscattered bearahit the sample lattice pines in Bragg condition
(angle® ) and getelastically scatteredblue)on a detector screerSince the beam is scattered on both
adjacent lattice planes, two Kikuchi lines are formed which differ in intensity according to the inclination
anglet of the lattice planes to the beam origin. The beam with the lower angle of divergence has a higher
intensity (thick blue line)

To define the crystallographic orientation, the Kikuchi patterns must be indexed first. With the

used software, TEAMS, this is done fully automatically by transforming the lines into points in the
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Hough space for easier indexing. Then, the sample axes are needed to determine the crystal
orientation in dependence to a reference frame. By giving the tilt angle of the tip axis normal to
the detector, TEAMS can create a coordinate system and calcthatedsolute orientation. The

result is an orientation matrix, from which several orientation representations can be

determined.[32]

Figure22: Formation of Kikuchi lingblacklines on screen) from Kossel cones (blue cametje detector
(red circle]61]

3.5.1 EBSD in transmission geometgBSp

In comparison to conventional EBSBe tEBSDdetects transmitted electronsinstead ofthe
backscattered. So, the sample ti#tlative to the electron beans differentfor both techniques
(Figure23). A usual tilt of 70° towards theample surface normas used for EBSiith the
detector being at 909n case of tEBSD, the tiksbetween 40 and 6°. A second difference is the
sample thickness. For tEBSD, the samplast be electron transparenwhich meanshat the
thickness should be under 100nm, whereas for EBBiDrometersized samples are more
suitable. Generally, the tEBSDovides a higher resolution which stems from tkenaller

interaction volumeWhile standard EBSD haspecial resolutioof 20-50 nm,a spatial resolution
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of 510 nmcan beachievedfor tEBSD. This makes is veonvenientfor crysallographic analysis

of APT samples, especially becaisan be directly included tthe samplepreparation step[62]

l:'

Figure23: Difference of the experimental setup of EBSD (a) and tEBSD (b)

Measurement parameters:

To analyze the grain orientatisnnside a tipan orientation map was measured after the final FIB
milling. For that, the EBSD detector, EDAXs mnserted and the electron beam was adjusted to

an acceleration voltage of 30kV and a current of 1.6nA. The correct tilt of 38° (which is the tilt to
the detector) had to be entered in the TEAM V4.5 software to ensure correct orientation
calculations andite tEBSD mode had to be selected. A 5x5 binning was used in camera settings
and an exposure time between Odnd 100ms was arranged. To improve the image quality,
intensity histogram normalization and dynamic backscatter subtraction were used in image
processing. For the Hough transformation, a medium mask was used with a binned pattern size

of 120° and a -step size of 0.5°.

The grain orientation was determined from foudas of the tip, each with a 9@dbtation around

the tip axis to easily recover the grains in both, the EBSD map and the APT reconstruction. After
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tEBSD, the tip surface was cleaned from analysis residues by a final FIB milling with 48pA at 5kV

for 5s.

=

111

Figure24: Grain orientation analysis with TSL OIM analysis 8 software. a) shows thaesbilary
electronimage of the tip, b) the IPF map without cleaning and c) the final, cleaned data, showing just FCC
measurements and filtering out signals lower than CI<0.1

The measurements were evaluated using O8Y analysis v8oftware. The raw datavere first
cleaned up by averaging the grain orientations of each bin to a single orientation within a
tolerance angle of 5°. Then, the confidence index (Cl) was set to higher than 0.1. An inverse pole
figure (IPF) map was created from this data, which caoassof different orientation Figure

24). From each grain, the orientation matrix is received. The misorientation axis and angle

between adjacent grains can also be determined here.
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3.5.2 Orientation determination by tEBSD

The orientation is determined from the Kikuchi patterns, which have specific Kikuchi lines and
angular relations for each orientation. To construct an orientation map, the sample coordinate
system is taken as a reference system. Then, any sample diréetiomally the sample normal,

A3) can be expressed by the crystal coordinate system. This is4tedled inverse pole figure
(IPF) map and the typical way to present orientation data. With the-nikip, the grain
orientation, and the orientation relatiobetween the grains to each othethe misorientationis
determined The misorientation expresses basically the rotation necessabyibg a grain in

coincidence with aother and is displayed either as a rotation matrix or as an angle/axis pair.

The orientation determination is a fully automated step, including the measurement of the
Kikuchi pattern, its indexing and setting into relation with the external (specimen) reference
system. Starting with the measurement, overlapping crystallographocrirdgtion, or just limited
camera resolution can lead to wrong indexing and with that, to distorted orientations. To
overcome this uncertainty, severatrategiesare givento control the quality of indexing.
Therefore, the tEBSD data was further analyzgdhe programTSL OIM Analysis vBeveral
parameters exist, which helpguantify the quality of the orientation determination. One
parameter is the image quality (IQ) and stands for the quality of the diffraction pattern. It is best
for a perfectsinglecrystal, andt isreduced for overlaying crystal lattices or by distortions of the
crystal (for example from grain boundariebsuitablevolume ratio of the overlapping grains
can cause wrong indexing. The fitting of the indexing with an orientatioressored over the
confidence index (CI). This value ranges from 0 to 1 and indicates how likely the chosen indexing
fits, in comparison to all other possibilities. Therefore, the Kikuchi lines of the pattern were
arranged in all possible band tripleisombining three Kikuchi lines togethexid their angular
relation to each other was determined. The results were compared with aupotable, that
contains the indexing of alrainorientationrelations. For a single triplet, it can happen that more
than one orientation is possible. However, considering all triplets, the orientation, with the
highest number of fitting triplets is determined as the pattern orientation. The ClI, describes the
most probable orientation subtracted by the second probablé , out of all possible

orientations0
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80—, (46).

where the orientation is expressed as a rotation matAxway for testing the quality of the
determined and the measured orientation is to calculate the band for a certain orientation and
G2 O2YLI NB Al 6AGK GKS YA]1dzOKA LI GGSNYy 27F GKS

can be quantified.

In this project, the correctness of the orientation determination was ensured by considéeng
orientation information ofjust fcecrystals. Furthermore, the point orientations in each grain
were averaged using a tolerance angle of 5°. Additionally, all mapped points with Cl < 0.1 were

deleted.

hNAIAY I € wdza i C/ / | GSNF AAY: /'L B nc

Figure25: Cleanup procedure of the IPF maps: a) shows amaasured IPF map. In b), the orientation of
fcc crystals is extracted (W not included anymore since it is a bcc). In ¢), an averaging of the pathts with
deviation is made, and n d) just points with a Cl of more than 0.1 are shown.
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3.6 Atom Probe Tomography (APT)

Finally the samples were measured usingwstombuilt, laserassisted atom probe tomograph
[63]. Atom probe tomographys based on fiekhducedionizationof sample atoms whiclvere
then accelerated towards a positiesensitive detectarMeanwhile, ther flight timeismeasured

for chemical identification

Forionizationof asampleatom, a huge electric field strength is necessdiyerefore the samples
were preparedasnanometersizedneedleswith an apexhemisphereradius (of curvatureR of
<200nm. By applying a high positive voltagéo such a tip the electric fielcactingon the surface

atomsis given by
0 —, (34)

which is basically thedid at the surface of a sphere withcontribution of a shankgonsidered
by the field factork;, stemmingfrom the cone structure of theeedle According toEq. (3), the

field strength will increase as tlapexradiusdecreasesThisexplains the necessity of small

To evaporate atoms single by singlgyudsing mode is applieth additionto a high base voltage
so that just themost prominent atoms at the very outer surface (these are affected most from
the field force) have enough energy tonize The pulsing isealizedeither by applying high
voltage (HWoulsing)or by applyinglaser beam (lasepulsing). The latter allows to measure also
non-conductive or brittle materialsDue to a potential difference he ionizedatoms leave the
sample surfacéoward the detector. Themicro electroden front of the detectorshields from ion
impacts atthe outer positions Snce these atoms have huge trajectory aberrations that cannot

be corrected this improves the mass resolution

After the removal of the prminent atoms, theirneighboratoms will be protruding and are
evaporating next, until the whole atomic planeis evaporated.Then, the next layer starts
evaporating To avoid trajectory distortiondy thermal vibration and gas impurities, the
experimental seup is placed im UHV chambeaandcooled to cryogenic temperaturéseeFigure
26) [64][65].
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Figure26: Schematic drawing of the APT. A high voltage is appii¢ide tip sample and a laser pulsing.
The atoms (blue circles) are removed and accelerated towards the detector (grey) following the trajectories
marked in red.

Measurement parameters:

The CuNi tips were measured at a temperature of 60 K using a femtostasardrom Clark with

a frequency of 200 kHz and a power of 30 mW (pulse energyL&) nJ) at a wavelength of 335

nm (UV). The voltage was increased automatically according to an automated voltage control to
realizean evaporatiorrate of atom-to-pulse ratio between 0.4 and 2%. Tberrect voltagevas

checked with a refresh rate of 0.2 s.

3.6.1 Reconstruction

With the detected positions, the initi@tomic positions on the tip surface and theampledepth
were calculated.Thisresults in a volumetric reconstruction of the tip, including the chemical
nature of the atoms received from the tir@-flight measurement. Herein, the tinteetweenthe

laser pulse ana@n impacton the detectorisregistered andneasured (between 50ns and 10us)
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Assumingthe ions receivetheir total kinetic energykin on the sample surfacevhen starting
flying,and their potential energy & is maximal there (and minimal at the detectal)e energy
conservation law can be used to equd&ig and Byt according toE.(35) and the mass to charge

ratio m/z can be calculated:
-a 0 QY — Q¥ (35)

Wherem andzare the ion mass and chargethe elementary chargaumber, Uthe total voltage,

t the flight time andsthe distancefrom the samplesurfaceto the detectorimpact point

For reconstructing the atorpositionson the samplethe projectionon the detectormust be
describedmathematically The point projection modeeported by Bas et aJ66]isthe commonly
usedmodel for this purpose This model simplifies the ion trajectoriés be straight,although
curvedin real,following the electic field lines To correct thisthe origin of the trajectory iaot
the tip spherecenterO, but a projection poinP slightlybehind it(Figure27). Usingthis mode|
the magnificationM can be calculatedyhich is the relation betweethe distance of a surface
atom to the tip axisd and its corresponding projected distance on the detedborUsing the

intercept theorem, Mis received by

n A
0 — -

A N (36)

With L being the flight path angiRthe distance ofP from the tip surfacep is the compression

factor. It is a value for the compression of theld lines and defined %= cryd‘ exp

Knowing the magnification, thatom coordinates ¥ and ¥p on the tip can be calculated

according to:
® —and® « — (37)
With Xp and Yp as the correspondingtom coordinates on the detector.

The zcoordinate of thetip is described by the sequential removal of one atomic layer after

another. Assuming the atom is located at the tip apex when evaporation is started, its initial

position isd . When the atoms of the apex are ionized and removed, the tip surface is
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incrementally shifted by one atomic layeiz, and the new surface is defined &@s: a

Q ¢from the detector). Usingrigonometric considerations (sééigure27), the tip surface is given

as:
o] Yp Al &— (38)
dz can be calculated considering that the analyzed volume is the average atomic v#lome

every ioni, divided against thg@art of thetip cross sectiome which is seen by the detectdgince

the detector efficiency is limited, it must be considered as well:
Qq — —. (39)

With Aq as theopen areeof the detector.

Figure27. Schematic drawing of the point projection model

Usingsuitable computer softwareScitoand AVSin this project),the chemical and positicai

informationof all atomsof asample areassemblediscoloreddotsin a threedimensionaktomic
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map (Figure28a). This atomic map gives already a first impression of the sample homogeneity or
the content of defects like grain boundaries or precipitat®gat to improvethe visualizationof
chemical contrastsocalled isosurfaces can be creat@igure28b). For this analysis, thatomic
mapis split intoblocksandthe composition is calculated. If it is ovedefinedthreshold value,

the blocks are highlightedh color. Neighboredhighlighted block$orm a continuous isosurface

[64] [65].

For quantitative analysis, a region of interest (ROI) is selected using geometric filters, like a
cylinder or box. Then, the composition along the length of this filter is determined for a partial
length size. Putting all compositions in a plot result ane-dimensional composition profile. For
further analysis, the atomic coordinates of the selected volume can be exported to use external

software, likeOvitoor OriginLab
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Figure28: Atomic map (a)) and isosurface (b)) of a sample containing grain boundarggain boundary
is marked by a cylinder as ROI. The corresponding composition profile is shown in c).
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3.6.2 Detector efficiency

The detection system of the APJonsistsof two microchannel plates (MCR) chevron

configurationand a delaytine electrode The MCPs consist afiany channelswith honeycomb

arrangement When ionshit the innerchannel wall, secondary electrons amitted, and the

signalis amplified However, if the iondit the front crosssectionor go through thetubes,

without contact they will not beamplified anddetected, so that doss ofdetection eventsis

recognized This loss can bguantified as the deteobr efficiency' , by dividing the number of
measured atomsby the theoretically expeted number The knowledge of is significant,
considering that it contributes to the reconstruction depth (d&p39) and with that to defect

dimensions In addition, the detection limitationsre affectingseveralevaluations like the

nearestneighboranalysis, the clustezharacterizatiorand frequency distribution histograms.

Forthe determinationof ' , the measuredatomic contentin the correctsamplevolumemustbe
determined. The difficulty is th@vestigationof the exactsampledimensions, sinca feature
with known dimensions for calibration is missimgd the scaling isfurther distorted by
measurementrtefacts. A usuaprocedureis the preparation oSpatial Distribution Maps (SDM)
whichdetermines distance betweenatoms. Bydoingthis foreveryatompair in a certairvolume,
the atomic distributions calculated(either onedimensional as histogram or twdimensional as
atomic map)showing periodicities of atomic distance¥heseperiodicities coincide with atomic
positions in a crystal lattice and aoempared to theoretical valueorrection factors can be
calculated if distortions occur. The atom number of tesultingvolumeis countedto calculate

' . [64][67]. Using this method, the detector efficiency[Bi7] was determined to be around 59%

for their instrument, using a measurement of crystalline tungsten.

Unfortunately, the SDM procedure cannot be used for evagasurement since ggood spatial
resolution is required. This is affected bygh measurement temperature and using laser
induced evaporation rather than high voltagehe highethermal energyincreaseghe vibration
of atomsat theirinitial positions When they start evaporatindtajectory aberrationoccur,and
the calculated atomic positiawill be distortedso muchthat the lateral periodicityis notseen

in the SDMs&anymore
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Anotherwayfor calculating isby directlymeasuring samplesr featureswith known lateral and
linear dimensions. These dimensions can bepreviously determined by TEM. This direct
measurement of wasalso used in this projech samplavith avertical multilayer stack of CuNi
with definedlayerthicknesgswas used The linear dimension was calibratesing theCu and Ni
lattice planesas received from APT analydiken, dargereconstructionvolumewascut, andits
lateral dimensionwascorrectedaccording to the TEM resultSince the TEM has a nanometer
sizedresolution for measuring the layer thicknesses, the accuracy of this method is limited to this
range. To calculate , the number of atoms from this box were dividég the theoretially
expectedatomic number.An advantage of this method is that variations' oWith depth and
radial variationsof ' are consideredby using large sample volumegsearly the whole cross
section and length). This is not the case for the SDM procedure. Herey#bgatedvolume is
limited to a fewnanometersaroundthe tip center, sincethis region has the besateralresolution

[68]. In [68], the detector efficiency for two instruments was successfully determined to be 77%

and 50%.

3.6.3 Densityartefactsin the reconstruction

Since reconstruction is based thre atom trajectories, trajectory aberration will cause artefacts.
Already the reconstructionf single crystalBasregions with lower density stemming from zone
lines and polesdjrections withhigh atomic density).This is due to electrical fielhriationsat
these regionsnducedby highemrepulsive interactiondetweenthe atomsat the starting oftheir
flight. So,the ionsare deflected and their impact points on the detecttistorted, leavingertain
areasempty.Such a deflection is also seen forigreoundaries, since tharrangementof atoms

differ in both adjacent grainsvith a disordered interfacen between

Another property leading to density fluctuations are chemical inhomogeneities, like precipitates
or segregated grain boundarieBifferent chemical environmentseed different field strengths
for evaporation. Th@ne that requires the lower field wikvaporatefirst, andthus the surface
will not be removed eually, forming depleted or protruded zonesn the tip surface These

deformed regionawill deflection trajectorieseither inwards (for lowfield defects) or outwards
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(for hightfield defects)the defectwhich thencauses alincrease or decrease of atom density on

the detector.

Although density artefacts can be advantageous for defect identification, they need to be
considered in quantitative composition and distribution analysisallassical composition
profile, for examplethe profile is generated by selectiagertainvolumeand splitting the length

scale into boxes (bins) of same siE®r eachbin, the concentration is determinedvithout
considering lhe density However, if the selected volume contains two chemically or structurally
different regions, the different evapation behaviorwill cause density variations. Then, the
dimensions of these regionll beartificialy broadered/ compressed, and the dimensigannot

be evaluated correctly anymore. Especially for the evaluation of the GB widths, this is a problem.
A composition profile across the grain boundavidth will have a Gaussian shape. The full width

at half maximum of this Gauss may represent the chemicabidth of the grain boundary.

However, if the densityaries thewidth of the profile is artificially distorted.

To overcome these difficulties, the densitystbe correctlyhomogenizedin this project, thigs

done bymolecular dynamicsorrection Herein, the atoms of the region of interest were allowed
to move for a certain time perigdto fit with the theoretical lattice constant, based on an
interatomic embeddeeatom potential[8]. For the density homogenization, a short MD run of

Yo p TAEQ atemperature of Y o Tt Hisalready sufficient.
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4 Resultand Discussion

In this chapterthe experimentalresultsare presented The findingsre compared toprevious
literature data and discusseBor the atom probe experiments, the Micro Electrode Tomographic
Atom Probe (METAP)as be@& used, which is a custottuilt, laserassisted atom probe,
presented in63].

4.1 Thickness calibration

Hrst, the actual thickness of the sputtered layers was investigated this the layer thicknesses
of a test sputtering weranalysedvia TEM. The testd sample consist of a silica plate with one
layer of (Cesnn/Ni2snm) as buffer, ten bilayers of (n/Nizonm) and a protective layer of 500 nm
Cr,(seeFigure29a). Using the standard FIB4dtit technique, a TENamella of this sample was
prepared.Figure29b shows the resulting cross sectional TEM imagthough the layers can be
hardly distinguished, because tife low material contrastbetween Ni and Cuthe structural
differenceat the interfaces makes them visibleome aremarked by red lines). The layers are

planar and uniformand ther thicknessegorrespond to theaimedsputter thickness

Figure29: a) Schematic illustration of the sample fibre calibration of the deposition deptand its
corresponding TEM image (b).
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To investigatethe microstructure a low magnification darkield imagewith individual grain
coloring was prepareds show irFigure30. The graindiave a columnar arrangemernrossng
severallayerswhichindicates coherent intefaces. For theoveralllateral graindiameteralmost
25nm is measured, whereas the lengths are over a80 Thespecific chemistry of the layers is
evaluated byEDX mpping with a spot size of 4 njras shown on the rightlet in Figure30. The
alternating layer structures for Cu (pipland Nickel (yellow) are clearly visijoleth the Ni layers
being slightly thinner.

Figure30: Coloredoverlay of different darkield images from the lamella shown kigure29. Thecolors
mark the different grains showing a spread through the whole layer system. On the right, an EDX map
shows the layering of Cu (pink) and Nickel (yellow).

4.2 Miscibility gap
As described in sectiod.2.1, multi-layered APT samples were prepared. To determine the
suitability, with respect to chemical and local resolution of #ieernating layersas well as the

capability of quantificationtips without annealingas preparedjvere analyzedirst viaMETAP.
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4.2.1 As preparedamples

A typicalmass spectrum foa multilayeredCuNitip with 50 at.% Cu conteran be seein Figure

31. CuandNi are detected mainly single charged. The resolution is goadigh that even the

6INi and®Ni isotopes are visible although they have a very low isotalpimdanceof 1.1 % and

3.6 %. A slight overlagccurs with?3Cuand®Ni. However, the isotopic ratio 6fNi is so low (0,93

%), that this is neglecteth contrast to Cu, a small amount of Ni is detected in the double charged
state. This is in accordance with the Kingham curves which predectseecessity oé higher field

for double charged Cu than for double charged@9i. Despite minoresidualimpurities at mass
ranges between 1 and 2@ydrogen, water, B, which are usual for APT measurements, no

further contaminations are visible.
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Figure 31: Exemplary mass spectrum received from an atom probe analysis of an as prepared
measurement.
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After the mass peaks were assigned to the corresponding elements, a-dimessional
reconstruction could be created, as shownHigure32. The layer structure with thin Cu layers
(blue) and thick Nrich layers (yellow) is nicely visiblhelayers arenearly straighthowever, the
thickness of theCu layersaries in lateral direction and are broader at tbenter, and narrower

outside.
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Figure 32 left: Threedimensional reconstruction of an -psepared tip with a layer system
{Cunn/(NizoCuo)snmpro. At the bottom of the tip, low density regions on the sides are visible due to a huge
difference of the evaporation field of Ni and W. Right: Composition profile of the red marked tip region.

Thisobservation is explained byraconstruction artefactcaused by the planar layering and the
lower evaporation field of Cu (30 V/nm) in contrast to Ni (35 V/nm). When threeNiayer is on
top of the tip, the tip surfacesNi-richin the center, surrounded byCu. Since the field to evaporate
Cu is lower, thesurroundingCuis evaporatel first or together with the Nirich center. Whenthe
Ni-rich centeris completelyremoved the rest of the Cu layer will be at the tgurface in the

center. Howeverthe Cuoutside is evaporated alreadgnd just the centered Cu isvaporated.
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The Nirich layer below requires a higher field,soit ¢ 2 y Q0 S @ritilLiie NOu dager is
completelyremoved. This procedure is shown in the schematic belffgure 33). Since the
evaporation field difference between the layers is strondgesthe as prepared tipshisartefact

is strongesthere. With annealing, mixing will be induced and the evaporation field difference

between the layersliminishes

Figure33: Schematic illustration of the evaporation procedure responsible for the inhomogeQadager
thickness in the reconstruction.

For quantitative analysis, a composition profile is prepared out of tfagked region in the
reconstruction inFigure32. The box has dimension 0 x 10 x 80 nf(red). With the resulting
composition profile, shown on the right side Bfgure32, the layer concentrationsand their
thicknesses aranalyzed As expected, the Niontent in the Nirich layers is G+1.4 at% and in

the Cu layers @t% (pure Cu) The layer thicknesses are also in accordance with the aimed ones
which are 3nm for Cu, and 8nm forzbGwo, dthough the lateral thickness variation of the Cu
layersmakes an exact definition difficultlowever,since the aimed overall concentration is not

affectedby thickness variationshis is notrelevant hereandistherefore neglected

4.2.2 Isothermal development
Depending on the annealinginperature awl time, thesamplesare atdifferent states of mixing.

This can be seen already in the atomic maps of the reconstructedstijosvnafter annealing at
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673K inFigure34. For easier comparison, boxasth the same sizesf 60x40x10 nrhare cut from
tip regions with four Cu and three Nch layers and wereolored according to the local
concentration of NiWith increasing annealing time, the interfaces become blespecially
between 2.5d and 7dand the thicknesses of Cu and Nch layersequalize.After 14d,the

concentrationdifferencewithin the layersranishesandthe layer structure is not visiblenymore.

Local Concentration

2 o0s8b A

Figure34: Local concentration plots from reconstructed tips, cropped in a box of volume 60x40%10 nm
anneded at 673K for different times to visualize the tidependenintermixing.

The temporal evolution of the mixing can be clearly derived from-dingensional composition
profilesacross the layeras depicted irfFigure35a, exemplary for samples annealed at 673 Ke

as prepared profile (black) has a plateau at 70 at.% for the concentration of #tiehNayer and
a peakio 0 at.% representing the Cu layer. This profile has the higieshical contrast between
the layes. With increasing annealing timéhe peak concentrationsmerge towards complete
mixing.In comparison to the aprepared state (0d)the Ni concentration at the Nsidefor the

1d annealed sample lowers only slightly (around 4%), whereas on the Calst@delya large step

to higher concentrations is observed.
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Figure35: Measured composition profiles at 67@4 and 623 K (dbr different annealing times
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This indicatesa huge asymmetry in the diffusivitiesgemonstrating the concentration
dependency of the diffusion coefficient, where the diffusion inrich alloysswayfasterthan in

Ni-rich alloys At this annealing time, the different layer thicknesses of theadd Nirich layers
equalize already. After 7d, a layering is still visible, with a concentration in the Cu layer around 50
at.%, and a Ni layer concentration of c(Ni) = 65 affter 14d, however, the layer structuiie

nearly not visible aygmore, with concentrations lying a(Ni) =55 at.% and €U =53 at.%.Here,

the layer concentrationsmay merge at the average, which varies slightly from 50 at.% due to

concentration fluctuationsn layer deposition.
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Figure36: Measured composition profiles at 573 K for different annealing times.

Figure35b showsa similar plotof samples annealed &23K. To reduce the annealing time for
reaching equilibrium, the starting concentrationsthe layers are chosen to be 65 and 30 at.%
Ni. Like the 673 K plots, a mixing is seetween Cu and Nich layers withincreasing time, with

the highest effect after the first annealing time and an asymmetric diffusion. Fdotigertimes,
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the layers merge equally to the average concentration, with small steps of around 5 at.%. Even
after 60d, which is the longest annealing tinmyestigatedfor this temperature, the layering is
slightly visible.Whether this is a proof oflimited miscibility or the annealing duration is

insufficient, needs to be clarified by further investigatwirthe kinetics

A crucial difference is observed for the composition profiles received after annealBigBaK
(Figure 36). Here, longterm annealing treatments for more than 1 year, namely 458d were
fulfilled under UHV with a pressure of 4énbar. In this case, after very long annealing of &8d,
merging of the layer compositions is seétowever, vith further annealingup to 458d the

concentrations do not change anymore. Here, a miscibility gap is clearly evidenced.

4.2.3 Microstructural change during annealing

During mixing, Cu and Ni atoms from layers with high concentrations were transferred to regions
with lower concentration, until thermodynamic equilibrium is reached. However, lattice transport
requires high activatioandistherefore the slowest mechanisnihe transport oveshort circuit
pathsis possiblyeasier. Transport mechanisrtike DIGM causeheterogeneousnicrostructural
transformation and remainingpeterogeneity ifthe annealing times are not sufficient to reach
equilibrium.Forsuchsamples, the kinetically controlled intermixing process camaredyzed as
shown inFigure37. This figure showthe local Ni concentration maps of tip reconstructions from
samples annealed at 673 K for different duratiddsual defecsin thin films are grain boundaries.
They are known to be fast diffusion paths withD00 times faster diffusiorf18]. Especially at low
temperatures, diffusion over grain bodaries is the preferred transporbute. An example of
this transport mechanism is shown kigure37a. The alternating layesstackof the sampleis
disturbed by threelines representingGBs (red arrows), which are nicely visible due tarthe
compositiondifference.The GBsurrounding, thelayerstructureis disappearedhowever, this is

not a generalcase.Figure37b shows another sample containing GBs, with@utlestructed
surrounding layer structureNote that the GB ifrigure37a consist mostly of Catoms (40 at.%

Ni), while the GB irFigure37b contains mainly N{65 at.% Ni)In the kinetic regime, both
elements are transported over GBs, meaning both lamalizedin GBs and diffuse into grains.

This happens faster for Cuedause ofts higher mobility resulting in high Cu content GBVith
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time, the Cu atoms diffuse along the GB faster than the Ni atoms, resulting in GBs with a higher
Ni contentas seen irFigure37b. So, this is a kinetic proce3$ien, theNiatoms are solved in the

bulk faster and just th€uatoms are left in the GBeading to higlCuconcentrations in the GB

as seen irFigure37a. However,Cuhas also a tendency to beegregatedn GBs, even when
equilibrium is reached, which ignalyzedin more detail in sectio.4. In Figure 37a, the
surrounding of the GB lost already the layered structure and become homogeneous. This
indicates that the sample is closer to equilibrium than the onigure37b, meaning that the Cu

enrichment is may due to the equilibrium GB segregation.

Another effect during intermixing, is the formation of clustiée structures with an increased
concentration ofaround 70 at.9i (Figure37c) or Cuigure37d). This might be an effect of the

fast Curansport over GB getting enriched locallgombined with migration of grain boundaries
Figure 37a, with GB segregation and simultaneously elimination of the surrounding layer
structurerepresentsprobably the beginning of the formation of such clustéfshermodynamic
equilibrium is not reached, these structures can mistakenly be considered as clustering. However,

they are not stable and vanish with increasing annealing time.

At temperaturesoutside the miscibility gapsome samples are observed consisting of a region
which is completely mixed (52 at.% Ni) and a region, where the layer structure is still intact. Such
an example is shown irigure37e, where the mixed and layered regions apdit vertically, along

the tip axis. This kind of intermixing can &enost certainlyexplained by diffusion induced grain
boundary migration (DIGM). Herein, the equilibrium concentration is reached at the GB earlier,
due to fast diffusion processes, and nucleation of the new (intermixed) phase is achieved (GBs
are preferred nucleation zas). While the GBiigratesfurther, a completely mixed region is left
behind, becoming larger, the more the GB moves. So, the interface represents the GB and the

mixed regiorrepresentsthe path of its migration.

As shownrby the examples of heterogenous cases-igure37, the mixing development is not
strictly controlled over the annealing timeand bulk diffusion ratesbut more by the
heterogeneousnicrostructure. Since GBs work as fast diffusion paths, the higher the GB area, the

faster the atomic transport.
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Figure37: Local Ni concentration plots of tips in the kinetic regime annealed at 673 K with different
microstructural inhomogeneities. In a) and b) atomic transport over grain boundaries is seen for tips
annealed for 4.5d. ¢) and d) show Ni andrichh volumes cased by grain boundary nucleation after 1d

and 2.5d annealing. d) shows a tip with diffusion induced grain boundary migration after 4.5d annealing.

67



Results and Discussion

4.2.4 Determination of miscibility

To determine the phase boundaries of the miscibility giue, time dependent concentration
change at cortant temperatures was investigated. Therefore, the respective layers in the
composition profiles weranalyzedHowever, taking only the peak maxima and minima as layer
concentrations isnadequatehere, since contributiondrom interfaceswill artificially reduce
these valuesespecially for the narrow Cu layelsstead, theprofilesareanalyzedas a wholeand
their trend is describedanalytically. Fo temperatures with diffusiorcontrolled mixing, the
compostion profiles were considered as diffusion profil&¥ith the knowledge of the starting
layerconcentratiors (at t =0) and theannealing time, the profiles can be fitteatcording toEq.

20 and thelayer concentrationsan be determinedAs an advantagehe effective diffusion
coefficientD isreceived as fitting result, too.Note that fordiffusion-controlled processesthe
layer concentration will vary according to the diffusion tme @ A t £ 06S O2yaidl ya:
independentof time. In contrast, for temperaturesvhere phase separatioroccurs the layer
concentration will stay constardfter a certainannealing time, and thughe apparentD is not
constant anymoreSo, thepossiblechange of thediffusion coefficientserves as an additional

indicatorfor miscibility.

For the analysis, composition profiles as showifrigure35 and Figure36 were evaluatedfor
each annealing temperature at different annealing tim&€kerefore, analysis boxes of 10 x 10
nm? cross section and up to 80 nm length were placetignmegionswith visible layer structure
and oriened perpendicular to the interfacesAlong these rectangular prismspmposition
profiles wereextracted andfitted according to Eq20), to calculateD and to investigate the
temporal layer evolution The process igliffusion controlled, fi the change in thelayer
concentratiors is in accordance witkq.@0), andthe determinedD is consant. In this casethe

systemisunderstood axompletelymiscible at this temperature
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Figure38: Exemplary fitted (red line) composition profiles according t@2B)fér 673 K (a) and 623 K (b)
(black crosses) at different annealing times.
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For the temperatures 673 K and 623 K, saamemplaryfitted profiles are shown ifrigure38.

The experimental profiles are marked by black crosses and the corresponding fit by sedtiae
blue line represents the mean concentration, which iesult offitting, too. Generally, the fits

are in good agreement with the experimental curves. Some oscillations appear stemming from
statistical fluctuations. With increasing annealing time, the peak concentrations (profile
amplitudes) are damped exponentially tavds the mean concentration (blue line). The diffusion
coefficients determined after different annealing timesemain almost constantat both
temperatures. At 673 K, the profile reaehthe mean concentration after 14d. Although some
fluctuations are still visible, no distinct regions with differing composition were found and the
general trend clearly indicates miscibility. For 623 Komplete mixingcould not be observed.
Even after 60 d, alightsinusoidal periodicity with around 5 at.&mnplitudeis left. However,
considering the continuous decrease of the concentration amplitudes according @0Eand

the constantD, it can be ensured that full mixirdgasjust notbeenachievedbecause ostill too

short annealing times. Furthermore, if the system would be immiscible at this temperature,
concentration plateaus would be formed at the highest mixed compositions, representing the

homogeneougphases, which are not seen here.

The possibility of insufficient annealing time was further tested by using the diffusion coefficient
receivedfrom all profiles at 623 K and calculating the time necessary to reach equilibrium with
less than &t.% remaining amplitudeSuchannealing treatment must be at least 77 d, which

explains, why complete miscibility was not observed in the experiments, where the longest

annealingime was 60 d.

4.2.5 Determination of the dfusion coefficient

With the knowledgethat the profiles a673 K and 623 kepresent adiffusion-controlledprocess
an effective diffusion coefficient Der, can be determined which is valid for the overall
nanocrystalline microstructure afie samples used ithis study With this information, the times
necessary for reaching thermodynamic equilibrium canrddmbly estimatedDiffusion kinetics
in NiCu wasalready investigated several tim¢g0, 71, 72, 18], resulting in a wide range of

different diffusion coefficients. The reason w@bviously the dependency ofD on the
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microstructure, the analysitechnique,and thethermal range, since extrapolating to the required
temperatures cause additional deviatimmFrom EqZ00 A (i Q & the kirfeticskas & Eguaie
dependencyfrom the singlelayer thicknesss whichis hardly equal for all tips Though, this
fluctuation is determined in the fitting process and treated corredttycalculatethe diffusion
coefficientsaccurately The resulting diffusion coefficientsf all evaluated profiles for both
temperaturesare plotted against the annealing time iRigure39. As expected, e diffusion
coefficients & 623K (black diamondgyre lower thanthose at673K (red circleshut both are
reasonablyconstant at least foithe longer annealing treatmentor early stages of the annealing
treatments a slight change in D is seen, becoming lower with time. This is due to the
concentration dependence db, since with time,the difference in the layer concentrations

vanishes and convergés be approximately 50 at.%.

The diffusion coefficients from all 54 profildeterminedat T = 623 K and from all 45 profiles at

T =673 K (sdeigure39) were averaged and plotted as an Arrhenius diagraRigare40, together

with literature datafor chemical diffusion of Cu into NThe measured diffusion coefficients of
the present study agree well with thmterdiffusion coefficientsfrom Johnson et. al, where
deposited CuNi bilayers of 500 nm thickness were analyzed via Scanning Auger Micfblobe
Regarding the transport process, both investigations analyze the interdiffusion between
nanocrystallinghin films at nearly the same temperature range. On the other hand, the diffusion
coefficients measured ifi7l] and [72] are in good accordance to each other but have huge
discrepancies to the present study. In these investigations, coarse grained Ni sarep@esated

with a thin Cu layer and the lattice diffusion is determinatlhigh temperatures. So, the
approaches are similar to each other but differ in comparison to the present study with respect
to their microstructureand diffusant source In coarse grained samples, the amount of fast
diffusion paths likedislocationsor grain boundariessless, and the diffusioneeds totake place
mainly over the volume, which is the slowest form of diffusion. In thin fimarostructures,
however, a fast diffusion, controlled over short circuit transport is predominant, resulting in
strong differences considerin®. In our samples, the existence of GBs was confirmed over the

microstructure analysiand DIGM is evidencedo high diffusivity paths wegroven
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Figure39: Diffusion coefficients D of all composition profiles measured at 673 K (red circles) and 623 K
(black diamonds) in the present work.

The diffusioncoefficientsmeasuredby Matanoclearlydeviate fromthe other in the Arrhenius
plots, shown inFigure40. Consideringhat this data representhe first diffusion study made for
GKAAa ae3a0SY IYyR GKSNBF2NBE GKS 2t RSaidz GKS Sl|dz

of transport dataand consequentlhed to uncertainties.
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Figured0: Arrhenius plots of diffusion data from present wilack trianglesjn comparison to literature
data. Helfmaie([72] (purple diamonds)Anand[71] (blue circlesand Matano[70] (red triangles)studied
the Cu diffusion from a thin layer into polycrystalline Ni, whereas Johnson [@Bla(green squares)
investigated interdiffusion of CuNi thin film couples similar to this study.

From the Arrhenius plodf the present studythe characteristic parameters f@ andH may be
determinedto be Do = 1.86 x 18°m?s* and H = 164 kJméhlthough two datapoints are a weak
base. Thse parameters areompared to the literature valugsresented inTable2. Despite the
fact, that the presentwork investigatedthe interdiffusionin nanocrystalline thin filméveraged
on the full concentration range andith possibledefect contributionfrom grain boundaries
they arestill comparable tdhe diffusiondataof pure Cu into Nerystals.Since the diffusion into

Ni is way slower (1000mesin the studied temperature rangeccording tg18]) than diffusion
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into Cu, the ratedetermining proces$or the interdiffusionis obviouslythe volume diffusion of

Cu into Ni

Table3: Comparison of diffusion dataund in the literature for diffusion of Cu into Ni with the present

study.
Source Do (m?st) | H kJmot') | Kind of diffusion Measurement
Present work| 1.86A101° | 161.1 Interdiffusion in thin film couple APT
Helfmaier 2.70A10° | 255.3 Latticediffusion from thin film sourcg Microprobe analyser
Johnson 5.20A1012 | 145.7 Interdiffusion in thin film couple Auger Depth Profiling
Arnand 7.24A10° | 255.2 Lattice diffusion wit Cu tracer Residual Activity
Matano 1.1A107 | 1485 Latticediffusion from thin film sourcq X-ray studies

4.2.6 Determination othe phase boundariesf the miscibility gap

The resulting composition profiles for an isothermal annealing treatment at T = &78skown

in Figure4l. In addition tothe assumption of phase separation at this temperature, which was
made alreadyin Section 4.2.2, these plots further confirm thihen they werecompared to
predicted profiles expectedfor diffusion-controlled intermixingfor eachannealing time using

Eq. 20) andD, extrapolated from the Arrhenius plot in sectid?.5. The resulting profiles are
shown inFigure41 as blue dashed lines. After 88d annealing, the predicted diffusion profile is in
good agreement with the experimental profijlevell indicating a diffusion controlled mixing
behavior valid for this annealing time. After 214d, however, a difference around 10 at.% between
the model and experimental Cu layer concentration can be seen, while the concentrations of the
Ni layers are siitar. By increasing the annealing time to 458 d, thi#usion model predicts a
merging of the layers to the average concentration with a compositional difference of just 3 at.%.
This is in strong disagreement to the experimental profile, which still thassame layer
concentrations as in the 214-glofile. This clearly demonstrates a saturation of the layer
concentrations, known athe phaseequilibrium and consequently the existence of a miscibility

gapat this temperature
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Since phase separation occued this temperature, the analytical modedescribing the
concentration profile must be adjusted to clearly evaluate the equilibrium concentrdtistead
of EQ.e0), a model separating two phases by an interface is necessary. Therefore, the Cahn

Hilliard approach27] is used according to:

ol : : . (39)

Eq. 89)is derived from Egl6) by considering, that the composition profile consist of an periodic
array, with the period , with one period representing one double layer. So, two sigmoid functions

are summed. Withx ; andd ; as the interface positions. The full composition is given by:

wd ® O 0B Mda& (40)
With n as the number of periods amal and® as the layer concentrations in the equilibrium.

The fits according to E®#@) are plotted inFigure4l as red lines, together with the equilibrium
compositions, received as fitting result, which are shown as green dashed lines. The received
equilibrium compositions are slightly higher than the profiles peak maxima.ig kigse tothe

narrow layer thicknesses in the {ayerand limited spatial resolution, so th#te impact of the

adjacentlayersis high enough talreadyreduce the plateau values.

With these results, the critical temperature of the miscibility gag, can be restricted to lie
between 573 K and 623 Khephase boundaries &73 K lie a26.0 and 65.7 at.%u Using this
information, the likely phase diagram can be calculated by applying the Re#Hlister
parametrization of the Gibbs energy (Bd.)), [73]). Inthis equation, the values fdp andL; were
determined using thecommontangent method torecoverthe measuredconcentrationsof the

phase boundarieOnce Lp and Ly are known the whole miscibility gapan beconstructed.

The free coefficients were found to He = 10.006 kJ/mol anth =-0.695 kJ/moleading tothe
calculated miscibility gap, shown iRigure 42 (red line. The phase boundaries received
experimentally are markeds red triangleswWith this graph, thelcis predictedto be at 608K at

a concentration of 45 at.% Ni.
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Figure42: The experimentally measured phase boundaries (red triangles) and constructed miscibility gap
(red line) together with the measured miscible temperatures (red dashed line). The black squares represent
the experimentally measured miscibility gap by Igethail.[17] and the black line the latest CALPHAD style
miscibility gaf74].

Figure42 contains also the lategiublishedCALPHAD miscibility gap (black lii7d) and the only

other experimentablata on themiscibility gap (black squard4d)7]. The form, temperature range

and Tc of the CALPHAD miscibility gap is in good agreement to the recent work. However,
oppositely, it is shifted to Ni rich concentratignghereas our miscibility gap is shifted to-Gzh
concentrations In comparisorthe experimentdly determined miscibility gap from Iguchi et al. is
not matchingat all and lis at way higher temperaturesat which our experiments have clearly

demonstrated full mixing
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Beside these studies, several attempts were made, to determine the miscibility gap, leading to a
broad spectrum of critical temperatures, summarized able4. Starting with the research on a
ternary NiCrCisystem from Meijeirng et aJ75], a phase separation of CuNi wassured since

a threephase equilibrium was observed which is just possible when Cu and Ni demix. By
calculating an interaction parametefc was determined to be 450 K, although it was referred

that this is rathem roughestimate.

Further knowledge about the miscibility gap in CuNi alloys was gain&hwel and Stansbury
[76], as they investigated the specific heat of samphath 90, 75 and 50 wt.% Niontent for
temperatures up to 87R They found anomalies in the datahichwasassumed to come from
inhomogeneous Ni distributionghe maximum temperature for these anomalies is foun@7#8K

for 75 wt.% Niwhich is therinterpreted asthe Tc

Although these investigations support the existence of phases separation, a quantitative analysis
was realized for the first time by Mozer et p17] using neutron diffraction scattering to measure

a CuNi alloy withxg= 47.5 at.%The shorirange order parameters werdetermined,and the
interaction energies were calculated out of them. With this information, the critical temperature
was predicted to lie between 506 and 586 This result is alreadsery close tahe Tcfound in

the present work. The discrepance probablycome from the assumptionsmade for the
theoretical description Additionally, the authors reduce their calculatéglof 595¢ 631 Kby a
factor of 15%, since this error is presumed for the used technigtithout this error estimation,

the Tcfits evenbetter to the result in the recent projectJsing the same experimental procedure,
Vrijen [78] made a prediction of the whole miscibility gap, applying a theoretical model from
Clapp and Mosg/9]. The maximum of the miscibility gap was found at 65 at.% NiTepa613

623 K. AlthougHcis in good agreemenwith our data, the composition of the peak maximum
shows ahuge discrepanc The shift towards Nich concentrations comes from the asymmetric
behavior of the firsieighbor order parametersl At the bottom endthe shift towards higher Ni
concentrations with decreasing temperature, stefrom a selfamplifying effect of manparticle
interactions. Inour experiments, the diffusion via tmmal vacancies was investigated, meaning
that the parameters necessary for the calculation were received from high temperature

annealing. This might be the reason for the differences.
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Alternatively irradiationinduced diffusiorcanincrease the atomic mobility and therefore reduce
the annealingime, leading to a more precise prediction of the miscibility gap. This was made by
Wagner et al]80] for an CuNi alloy with 59 at.% Ni. Here, special care was taken during the
annealing of the samples, since this is crucial for clustefingmprove contrastonly °Ni and

85Cu isotopes were used for the scattering experiments. The resultmgvere 527 K for a
coherent, and 575 K for an incoherent miscibility gap.sEvalues forTcare slightly lower than
found in[78] and in the present work, however, also the sample concentraBdliffered. Since

in that researchnot the whole miscibility gap was modelldtie real, higher Tc might occur at

lower Ni concentrationsas indicated in the present study

Another approach for determinindc was made by EbdB1]. ThroughX-ray diffraction, an
increase of the lattice parameter after decomposition was measured for samples with 50 at.% Cu
and Ni at T = 523 K. For temperatures higher than 573 K, no decomposition was observed,
meaning the resultinglc lies between 523 and 573 K. However, considering that the lattice
parameterincreasesand the measurement accuracy are both in the range o1 @*A at this

temperature the low impacts at higher temperatures may jasivenot beendetected.

Using the same technique, Tsakalakos analyzed the phase separation on composition modulated
samples. From theoretical considerations of the peak intensiti#gspf603 K was determined at

a composition of 45 at.% Ni, fitting very well with the results in the present work.

An analysis of the CuNi decomposition with 70 at.% Ni was made by Lopd82t &8y evaluating
the autocorrelation of the composition profile, the particle distributibas beendetected. For
both annealing temperatures, 473 K and 573 K, phase separation was measuréais
concentration and temperature, also oexperiments show phase separation, howeviese

temperatures do not represerthe Tc.

All this research is based on indirect determination of the miscibility gap by using theoretical
consideration.Depending on differentheoretical assumptionsthe parametersused for the
calculations may vary and the exaktis typically a calculation result. Therefoerrors were
concernedust by assumption or experiencending up in a broad variety d¢s. TheTcfound in

the present workby a direct experimental approach wasmpared to a recently undertaken
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direct experimental study of the CuNi miscibility gap from Iguchi efl&l]. Herein, thin film
samples with 3670 nm thickness of pure Cu and Ni were investigated. Composition profiles were
determined by depth profiling with SNMS (secondary neutral mass spectrogooipying out to
aTcof 780 K at 50 at.% NThese valuesxceed theTc of all other studies by far. Further, the

found miscibility gaphas avery narrowshape which is unusual for a (sub)regular solution model.

For the determination of phase separation, the annealing treatment must be sufficiently long
what is ensuredin this workby determining an effectivaiffusion coefficientand a following
educated guess of the required annealing tinsénce this data was missing17], the diffusion
model of the present work was used to calculate the annealing times necessary for reaching
thermodynamic equilibriunfor the samples of17]. Considering simplelayer thickness of 30

nm eachthe annealing timesecessary would be estimated to B62 h for 723 K, and 2622h for

623 Kwhile[17] used only 168 h. Hence, the higiand the unusual shape of the miscibility gap

may be causel by inadequate annealing.

A usual way in calculating phase diagrams from various thermodynamic data is the CALPHAD
approximation. The latest CALPHAD style phase diagram from CuNi was made by Turchanin et al.
[74] with a Tc of 605 K at ¢ =60 at.%. In comparison to other calculations, the phase diagram
from Turchanin et al. contains various experimental research on structural, electrical, and
magnetic properties. Additionally, the mixing enthalpies and activities are not just taken from
liquid, but also from solid solutions. During all calculations, care was taken foreoasliftent

description of all thermodynamic data.

Whilethe Tcand the miscibility gap shape is fitting nicely with the daftéhe present projectthe
phase boundaries are shiftday around 10 at.% to higher Ni contents. Although the annealing
times used in our experiments were long enough to reach equilibmuanclear layer geometry
heterogeneous transport along the GBsin destruct the sample geometry and lead to
precipitates, causingxtensionof the necessary annealing times. Especially on thecNiside,
this plays an important role due to tredow kinetics and caavenshift the phase boundaries to

higherNiconcentration
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Table4: Some literature values for critical temperaturesaiid boundary concentrations, c(Ni) in CuNi

alloys
Reference Method Tc[K] cni [at%o]
Meijering, 1957[75] | Theoretical calculations of ternary phase diagr{ 450
Pawe] 1965[76] Specific heat measurements 673 52¢ 77
Mozer, 1968[77] Neutron scattering 506536 |47.5
Vrijen1975[78] Neutron scattering 613623 |65
Wagner 1982[80] Neutron scattering 575 59
Ebe| 1971[81] X-ray diffraction on spinodal decomposition 523573 | 1090
Tsakalakgs1981[83] | X-ray diffraction with composition modulation | 603 45
Lopez 1992[82] ARFIM 573 70
Iguchj 2018[17] Secondary Neutral Mass Spectroscopy 780 50
Srikanth, 198916] Activity measurements 690 67
Aalders, 198284] Cluster variation 723 50
Dey, 196485] Internal friction 753 50
Asta, 199514] EAM effectivepair-interaction study 900 67
Schile, 1961 Resistivity, Hall coefficient 923
Turchanin 2007[74] | CALPHAD 605 60
Thisstudy, 2022[26] | Atom probe tomography 608 45

4.3 Detector efficiency

In this work, thedetector efficiencyof the usedAPT instrumenis determined by measuring

samples containing features of known dimensions. For the preparation of such a saswpiéar

to the thickness calibration, planarSiQ-substrate was coated with multilayer stack of Cu and

Ni, corresponding to ten layers of {auNionm, andaprotectingCr layeion both sides of the stack
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serving as buffer and protectiotdsing the FIBft-out technique a lamella wagsut out, rotated
to 90°andglued on a Wpost. This way the layer stacking is aligned perpendicular to the tip axis.

After shapingo a tip,the samplewas measurediaMETAP

Figure43: a) TEM lamella of the multilayer structure with marked layer interfaces (red). b) Cross section of
the tip reconstruction with vertical lamellas. For the determination of p, the marked region i$wisesl
box). ¢) Zoom in b) to show the lattice planes.
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A second lamellalose to the first one was cut and timed for investigations with TEM, to analyze
the layer thicknesse®y that the lateral scaling of the APT sample is determinEdr thedepth
scaling, the distance between thesolved latticeplaneswasdetermined, which are known to be

the {111}planes as the closegiacked direction and will be preferred during deposition.

The results fronTEM andAPTrecongruction are shown irFigure43. Assuming that the scaling
in both lateral directions (x and iequivalent, a box containing all layers is placed in#sealed
reconstruction. Counting all atoms in this bdxg atom numbeis determined and compared to

the number of atoms that the box would theoretically contain

The detector efficiency is received as:

N s T YT T8rou
With Nexp = Nou+ N = 1352132 + 1377763 = 2729895 and the corrected box dimensions

V=xAy Az= 72 nmA50.6 nmA30 nm =109350 nm.

The advantage of this procedure is, that lateral density fluctuations, caused by poles or zones axis,
are also included. Especially, the density gradient being highest at thpdyand getting radially
lower, which is normal for APT tips, is considered. This is not the case for the SDM technique,

which uses a small tip cross section (2xZ)ywheresuchgradient is notomprised

4.4 Grain Boundar$egregation

For characterizing GB Segregation, homogeneous thin film alloys of four different CuNi
concentrations were prepared. After an annealing treatment to be in thermodynamic
equilibrium, Cu segregation into the grain boundaries was obsetuddtal, 20 tips with overall

70segregated grain boundaries were evaluated.

To search forsegregatedgrain boundariesn the samples volume, Cu isosurface maps were
created from tip reconstruction®o emphasizeCurich regiong(Figure44). Straight parts of the
GB were thamextractedby a box with dimensionsf around 15x15x3@&m?3 (red). For an accurate

evaluaton, the fluctuationsin atomic densitycaused byevaporation artefacts have to be
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homogenizedand the overall density needs to be corrected to the physical deristy.

Therefore, a density coraotion by short, simulated annealingasperformed

Figure44: Cuconcentration isosurface of a reconstructed sample with ¢ = 0.6 at alise of 48%. The
red rectangle represents the extraction box around the GB.

4.4.1 Density correction

The density correction was fulfilled via molecular dynamics (MD) by utilizing an interatomic
embeddedatom potential from[8]. In a first step, the box volume was scaled down to fit with
the theoretical density. Then, the interatomic distances were equilibrdtgdising a short MD

run of ofgd = 100 fs at 300K. As a consequence of the dehsitgogenization the originally
rectangular box will becomdeformed Thus the GB area is corrected and can be directly used
for further evaluation of the solute exces#lthough this procedurecorrects the density
deviationsandequalizest to the theoreticaR Sy a A G &8 = A ( tRer&bsghplé densByL NP R dz(
since themeasured densitis reduced by the detector efficiencyhis izonsidered by multiplying

the result byp. Note that the density correctionas no influence othe possiblywrong positions

of individual atomscaused bytrajectory aberrations.These artefacts still can Heund in the
measurementBut with this correction, the calculation of the solute excessl the GB width of

the segregation zonas statistical averages on many atoms are corrected
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middle the box after correction and tlbettom pictures the histograms
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The process of density correction is exemplifiedrigure45. For an ageconstructed boxtop
images) huge inhomogeneities can be seen for concentration and density, which were maximal
at the grain boundary. After density correctig¢center images)the perfect rectangular shape of
the box is lostandthe GB region is laterally stretched. Now, the density is homogeneous and
equalto the theoretical valugconsideringp), as can be seen from tHecal density histogram
(bottom image3. While theconcentration histogramHigure45a, left bottom) shows nearly no
change, the average (peak) density in the density histogram chatggelsape drasticallgfter
correctionand becomes very sharphis is an indicatiofor the reduction of density fluctuations
and an overall homogeneity. However, a tiny plateau is oleskfor low densities from 0.0tb
0.024A-3, corresponding to the density fluctuations at the box surface. A small difference to the
theoretic density (calculated from the lattice constant parametrization according8&d is
remaining, which can be attributed to the amorphous structure of the reconstructed samples,

opposite to the crystalline onim the theoretic consideration

4.4.2 Grain boundary evaluation

From the density corrected volumes, composition profiles across the-@GiB:€tion inFigure46)
were createdwith a bimingsize ofoqe = 5A and fitted by Gaussians. Therefore, the volume was
cropped to a rectanglewith smooth surfacesWhile the bulk concentratiorcoux and the
segregation widthw were directly received from the base linand the fullwidth-of-half-

maximum (FWHM)the solute excess is received fr&qg. 41), according to:

h h

3 a B R N T oY (42

as the integral of the Gaussian amplitude and the base line, multiplied by the density. Wisere
the volume,cnithe Niatomic fractionand} the density. Tis procedure is shown ifhigure47 for
the corrected GB fronfrigure46. Note that the overall density (blue squares) is constant at the

expectedvalueof 0.85A3 along the whole box length
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Figure46: A densitycorrectedsample volume split into & slices (binstop) for the determinationof a
composition profilébottom, black diamondsyith the addtional Gaussian fitred line) The characteristic
GB parameters are determined from the base ling)cthe FWHM (w) and themplitudearea (shaded
red). Thecorrespondinglensity profile is showny blue squaregight axig.

4.4.3 Grain boundary solute excess

D. a4S3INB3IlIiGA2y A& SELINBaaSR o0& (KS &az2fdzisS SEO!
/ dz SYNAOKYSy (i 200dzNB® ¢KS Ol f Odzf I G SRni#P.25,2 NJ & |
0.6, 0.7 and 0.85 are shownhiigure47 as black diamonds plotted versus the actually measured

bulk concentrations. It can be seen that for low Ni concentrations uppi@ £ 0.25, the
segregation is low, too, ranging from (0.046 + 0.013}d\(0.27 + 0.038) A indicating a low
segregation tendency. With increasing Ni contams increasing, showing values between (0.04

+0.015) Rand (0.54 + 0.022) #for auk= 0.6 at.% Ni. The highest segregation is reachegliat c
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=0.7 at.% Ni with excess values from (0.49 + 0.04a)Ato (1.28 + 0.086) A For even higher
Ni concentrations with ik = 0.85 at.% Nimis reduced again to values ranging from (0.018 +

0.019) R to (0.86 + 0.064 )A similar to eux= 0.4 at.% Ni.

With thisoverall evaluationaclearimpression of the segregation trera a function of théulk
concentration is obtained. Howeveonly four different concentrationsould beexamined, and
a knowledge of theontinousconcentration range is missinijeverthelessthe trend ofrmover
the whole coux might beevaluated analyticallyising the model function from Eg3@). In this
equation, wer was set to 14 A, according to the findings if®]. To defineQe, a polynomial

approach wasised according to:

~

0 ® B | o , (42
with 0 as the polynomial order and as free fitting parameters.

In order to appy the LangmuiMcLean isotherm{( AT 1,0 @ set to zero The resulting

plot is shown irFigure47 as a blue lineRegarding the barycenter of the data pointsasonable
agreement is received on thmost Ni-rich side Already d couk = 0.6 at.% Ni, the fit becomes
worse & only the two highest experimental points, are described by the fit. The same is true for
the Curich side where the datapoint atik= 0.13 at.% NR 2 S a y (il at 8188, yhe Me

Lean model is limited in the description of the excess through the wianige ofconcentration.

If, instead ofbeingconstant,0  is described as a thirdrder polynomial(0  ©), the curve
becomesdn better agreement to the experimental data points for the whole concentration range
as shown by the red cunia Figure47. The plot is similar to the LangmfcLean isotherm on
the Nirich side. However, it has strongerdecrease at ik = 0.6 at.% Ni, fitting better to the
experimental valuesMlost important, thisfit matches the very low excegs$ gux = 0.13 at.% Ni

whereas the Langmui¥icLean isotherndoesnot.

Generally, the solute excesses of the fitted curves are low on thec@side and high on the Ni
rich side, with a peak values &juk = 0.75, which is in accordance to the experimental values.

However, the peak excesses are strictly decreased in comparison to the measurements.
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With the better fitof the third-order polynomiala concentration dependency of the segregation

parameter0  is demonstrated.

Figure47. Experimental determined segregation exagsger the bulk concentration (black diamonds)

of 70 GBs The blue and red line represent fitsngdccording to Eq.30) with Qs being either constant
(blue) or a polynomial of 82 NRSNJ 0 NERO® ¢KS 3INBSY RIAKSR fAyS
from[9].

In 0 AT T(® O, the constant line isoptimized at O T p A 6 assuming equal
segregation tendency over the whole concentration range. In contrast, fora the segregation
enthalpy is zerdor couk = 0 and increass steeply to a maximum of 0.12¥ for couk = 0.87at.%

Ni. Then, it reduces to 0.118r couk = 1. This shape shows that there is no segregation tendency
on the Curich side, whereas a strong segregation tendency is observed ontehNiide being
highest atcouk =0.85 at.% NiThis is in accordance tgure4?7, where the solute excess behaves
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