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Abstract

Because they exhibit very similar diffraction patseernW K H D Q sof rick8Hbaz& H
superalloyscannot be distinguigt by the conventionaEBSD techniquealone This paper
presents an original method which discriminatesse phases on armrientation map by
exploiting their chemicaldifferences Performed with a Focused lon Beam (FIB) microscope,
the method is the combination of the ion CHanneling ORientation Determination technique
(ICHORD) =*recently developed by Langlois et §l] *with the chemical information
obtained from Secondary lon (Sl) imagé&be performances of the method are compared to
the EDS-EBSD coupling which also discriminates phases based on their chemical
compositions. Applied filters, angular resolution,spatial resolution of thephase
discriminationand acquisition timare discussedt tesults thathe iCHORD4SI combination
offers an orientation map with an angulesolutionslightly decreased comparedttat of the
EBSD technique,but with an interesting phase resolutiaown to 150 nm) and within a
reasonable acquisition time. Thus, the iICHOBDcombinationappeardo bean interesting
method for the crystallographic systems where phases are difficult to discriminate by the
EBSD technique but present a significant chemical contrast.

Keywords. Focused lon Beam; lon channeling; Secondary ions;-EBSD coupling
Gamma Gamma Primeickel-basel superalloy.

1. Introduction

'‘XH WR WKHLU VXSHULRU UHYVL WieckelQdsé sip@valldys ke WgddlP S H U D
for the manufacturing ofhighly-constrained aereengine parts[2]. Their mechanical
SURSHUWLHV DW KLJK WHPSHUDWXUH UHVXOW IURP VHYHU
,QGHHG WKH 9 SKDVH IRUPVY SUHFLSLWDWHYV RI GLIIHUHQV
the finer precipitates ensuring the strengthening of the 4BpyBut many interactions
EHWZHHQ WDKRV DQ Geciititebalsth o&Ur during hot forging operatios
deformationtriggers recrystallizatiomechanismsvhich closelydepend on th@recipitdaion
andits evolution For instance, precipitates may dissolve to potentially reprecigiténd
the front[4,5], pin grain boundarief6] or act as nucleation sg¢¢7,8]. UnderstartGLQJ WKHVH

1 L QW H enabteatieRofQrimization ofthe forging processo asto obtain the § SKDVH
distribution leading to the bestechanical propertie§hus forthe - § PLFURVWUXFW XU
characteriation of respectivgphasess a realneed
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Electron BackScattered Diffraction (EBSD) is commonly used to characterize
polycrystalline microstructures. However, in the case thé - § PLFURVWUXFWXUH
technique is not able to discriminate the D Q Gpha%es becausef their respectie
crydallographic structured=CC and L3, which lead tovery similar diffraction pattern$9].
Superstructure reflections, whidire theoreticallypresentL Q W Kattern$and absent in
those of the S K Dhéw to low intensitiesto be detectedvith the conventional EBSD
mapping settingée.g. diffraction patterns of 160x120 pixels)

SKDVH LV HDVLO\ UHFRJQL]DEOH R Qe%hbBdansé fsthighdrHU H G
content in light chemical elements makes it agge&s DUNHU WK D e Weflély of S KDV H
BSE imageacquired at a 0° tilt angleith an EBSD magacquired at a 70° tilis difficult
since distortion are very likely to exisbetween théwo images even after tilt correctiom
the EBSD sample configuration, BSE can be colleeiiterby a BSE detector beneath the
SEM column or by a salistate BSE detector mounted at the topsidéhefEBSD camera.

But in both cases the detted intensity is low, whicltan resultin noisy imaged10]. In
addition, with the solictate detectooptimal contrastsettings can be difficult to findLO]. In
order to collect more intensitypse research have bedonein orderto use the EBSD
detector itself as a BSE detecfd®]; but the technique is netidespread

Performing Energy DispersiveX-ray Spectrometry (EDS) at the same time as the EBSD
scan allows the discrimination ofthe phasesthanks to ther difference in chemical
composition[11,12]. One limit of this method ishe spatial resolution of the EDS technique
which depends orthe chemical composition of the mater@ well ason theelectronbeam
energy[13,14] Yet, fprecipitatesas small as 100 nmust beconsideredn the analysis of
the microstructuredecausehey have asignificant effecton the mechanisms and kineticd
recrystallizatiorin addition to their impaabn thematerialmechanicaproperties

The present paper aims at presenting another metiétd GLVFULPLQDWH WKH DQ
an orientation map, also $&d on the chemical differences of the phases but performed with a
Focused lon Beam (FIB) microscope. This methods combthes ion CHanneling
ORientaton Determination (iCHORD) techniqueecently developed by Langlois et §l]
and whichuses the intensity variationsin Secondary Electron (SE) imagesdeterminethe
crystal orientationswith the Secondaryion (Sl) signalwhose intensitystronglydepends on
the atomic numbefl5]. Acquired with the same scan electronics and without changing the
sample positionSE and Skignak arecan be easily superimposqatpviding an orientation
map withphaseidentification The performances of th€HORD 151 combinationR Q -Df
microstructureare analyzel in regards tathat of the EDSEBSD coupling.Applied filters
(part 3.1), angular resolutiofpart 3.2),spatial resolution of th@hase discriminatiorjpart
3.3) andacquisition timgpart 34) are discussed

2. Experimental

2.1 Material
The AD730™ alloy is apolycrystalline - Ynickel-basel superalloyrecentlydesigned by
the Aubert&Duval Company for aer@ngineapplications[16]. Its chemical composition is
given in Tablel.

Table 1. Composition of the AD73nickeFbaseal superalloy (wt%9[16].

Element Ni Fe Co Cr Mo W Al Ti Nb B C Zr

AD730™™ Base 400 850 1570 3.10 270 225 3.40 110 0.01 0.015 0.03

7KH Sfarm3tke matrixof the alloyand isa Face Centered Cubic solid solutiorK™H
phaseforms precipitates bvarious sizes antdas aSimple Cubic L} ordered structure. The



chemical composition of each phase measorethe ageceivedbillet by EDSat 15 kVis
presented in Table 2.

7TDEOH &RPSRVLWLRQ Vs Rdadlr&dh thelaQeCeivéd BlleDWEBS atl5 kV (wt% - semi
guantitative values obtained without using a suitatésdard- average valuesveran area of few pm?

Element Ni Fe Co Cr Mo W Al Ti Nb B C Zr

SKD 546 5.1 9.9 19.8 3.1 2.1 2.3 2.5 0.6 NA NA NA

SKIL[ 70.7 15 51 3.6 0.3 0.9 6.0 10.6 1.4 NA NA NA

Compression samptevere machined out othe AD730™ industrial billet. To trigger the
recrystallizationof the alloyand observe - finteractions the sample were isothermally
compressesdEHOR Z WKH whichviBR @idxt V110°C) and water quenchedsample
sections were ground and polishedh first diamond suspensions down to 1 pm tl@e02
pum colloidal silica (OPS) on a vibratory polishing machiHet compression tkto a partially
recrystallized microstructe exhibiting many microstructural features, including
recrystallized/unrecrysti@ted grains and several] SR S X O D Wch&a@teristclL s &s.
Thus, this kind of microstructurewas foundrelevant to discusshe performance of the
iICHORD-SI combination

2.2The iCHORD-SI combination

The ion CHanneling Orientatio Determination (iICHORD) techniquieas beerrecently
developed by Langlois et dll] to obtain orientation maps usirnige ion channelingeffect
lon/matter interactionproduce secondary electrons whose intensity depentewmeep the
ionsarechameled through the crystand soon the orientation ofhe crystallographic planes
relative to the ion bearfl5,17,18] Then, f the crystal position changsrelative to the ion
beam, the intensity of the collected secondary elestvanes following an intensity profile
which is characteristic of the crystallographic orientation of the crystal.

The experirental setup of the iICBIRD techniqugFigure 1.a) has beeawptimizedso that
eachintensity profile corresponds to a uniqugstallographic orientation.fie sample igirst
tilted at a 40° fixed angle around an ag) which lies in its surfaceNext with a fixed
azimuthalrotation stepthe sampleperforms a completstationaround its tilted normalef)
to make secondary electron intensigry (Figure 1.c) One Secondary Electro(SE) imageis
acquiredat eachazimuthal positionThen, ingthe Fiji image processing softwafE9], SE
images undergo tilt correction, rotation correctiare alignedand croppeall togetherto get
a stack ofalignedimages The intensity of a given point of the scanned arearies as the
stack is browsedllowing the plot ofa sacalled ntensity profile {.e. intensity of the point in
the SE image as a function of the azimuthal rotation afggeire 1.b).Finally, during the
posttreatment stagentensity profiles are compared to theoretical intensity profiesed in
a databaseeach theoretical intensitprofile corresponthg to a known crystallographic
orientdion. The building ofthe theoreticalprofiles and the database search algorithre
precisely described ifMl]. The theoretical profé which matches the best with the
experimental intensity profile gives the crystallographic orientation of the point.

The ionmatter interactions also @& secondary ions whose intensity mainly depends on
the atomic number of the excited atofi%]. Thus, collected by a Secondary lon (SI)
detector, the Secondary l@ignal highlights the chemical contrast of the microstructure. In

WKH SUHVHQW FDVH ks lifjht& keledhteT abke LA} lppears much
EULIJIKWHU WKan@! mgdgFig8rk DYJHR SURSHUO\ HIWUDFW WKH 1
data, several S| imagdsave been acquired at different rotation angles and summed all
together so as the channeling contrast of the Sl images does not interfere with the chemical



information.Finally, WR VHSDUDWH WKH ¢ SUH&L@dngitpthveddoldidRP W K|
appliedto the sum image.

Using the TESCAN Lyra3IB-SEM of the Orsay Physics Company, combined iCHORD
andSl scanshave been performed oa sample sectiormhe FIB was equipped with a Gallium
ion source and the beam setup for data acquisition was 30 kV / 48 pAixiéi size was 36
nm and the azimuthal rotation step was 4°, which implied the acquisition of 90 SE images to
achieve the complete rotation of the sample. With the same 36 nm pixel size, four Sl images
were also acquired at different azimuthal rotatingles.

Beam direction

Flgurel Pr|nC|pIe of theCHORD-SI combinationa) Experimental setup in the FIB microscope. b) Theoretical
intensity profile (blue dagd line) matching with an »perimental profile (redline) *data of thepoint
highlighted by ared crosson c). ¢) Secondary ElectrofSE)imagefor one azimuthal position around ghe
orientation contrast ariesfrom theion channeling effeft d) Secondary lofSI) imagefor the samezimuthal
angle (gray levels mainly dependon the chengial compositioneven ifa slight orientation contrasts also
visible). Both SE and Sl images are tilt corrected.

2.3EDS-EBSD coupling: example of the - fhickel-basel superalloys

The crystallographidattice paameters bthe D Q (pha$e are very close to each other
However theoreticallyEBSD patterns oboth phasesdo exhibit differences ,QGHHG WKH
phase has an ordered structure which alokystallographic planes with both odd and even
Miller indices to diffract contrary to W K H SKDVH ZKRYV Htu@ ledasUcGcGdH UHG V
systematic extinction for such plan&o, in principle detecting the presence tire absence
of the superstructure reflections should allthe distinction of the two phasesith EBSD.
But, the corresponding Kikuchibands exhibit veryow intensities compared to the otharsd
would thus require the acquisition ofvery high signatto-noise ratioEBSD patterngo be
detected Thisdoes notonformto the settings ofommerciaEBSD optimizedor orientation
mapping which means a higindexing speed from noisy Kikuchi patter(esg. patterns of
160x120 pixels) Consequentlyin practicethe D Q Ggrailfis of same crystallographic
orientation display identical patterns(Figures 2.a, 2.b and 2.¢ and the EBSD indexing
software is unable to decide alone whether a given diffraction patises from on@haseor
the other.This is why extra information is needed to distinguish the two phases in an EBSD
map.



7KH DQG 9 SKDVHV F D QittHtie\EDS tedBhiqueGalyid/omh tHeld iGickel,
Titanium and Chromium contents (Table 2, Fig2al, 2.e and 2.f)Thus, simultaneously to
the EBSD scan EDS spectraare acquired for each point of the mafpiterward, from EDS
datg Ni, Ti and Q ratios are defineds referencefor each phaserhe reanalysis of the
EBSD data assigrne anindexed pointhe phase whose reference ratios are the closést to
Ni, Ti and Cr ratios quantifieth this point.Finally, an EBSD mapZ L W Kdiscrifninatonis
obtained(Figure 2.9).

EDSEBSD coupled acquisitiahave been performed oa similar sampl¢han that used for
the ICHORD-SI acquisition using the same 36nm pixel siZEhree accelerating voltage
10kV, 15kV and 20kV were testedrresponding ta beam current in the 0 nA rangeThe
EDS/EBSD system is a QUANTAX system from the Bruker Company composed of an EDS
XFlash 5030 detector and aiFlasi’™™ EBSD detector, controlled by the ESPRIT software
packageThe ESPRIT software package was usedfiihthe acquisition and the ranalysis
of the EBSD datavith the EDS data (seraiutomated procedur€his system is installed on
aField Emission Guscanning electron microscope (Zeiss Supra 40).

Figure 2. Principle of the EDSEBSD coupling. a) and b) Kikuchi patterif$60x120 pixels)f the points
displayed on c)M (Matrix - SKDVH (Megigitag- 9§ S K.xMEBSD gientation map, the color code
(standard triangle) displays the crystal directiparallel to the Z axisnormal to the scanned ared) to f) EDS
elementalmaps.g 1 S kobtardéd from the EDEBSD coupling methodighlighted blue on the EBSD
pattern quality map

3. Results and Discussion
3.1Raw data quality and applied filters

Some of the results presented in the following parts were analyzed and displayed using the
freeMTEX Matlab toolbox20].

During an EBSD scan, points located at grain boundaries show poor pattern quality because
the diffraction patterns of the adjacent graiwerlap This explains why grain hamdaries are
nonindexed with the EBSD techniq(Eigure 3).
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Figure 3.Grain boundaries with the EBSD technigiEBSD aientation mapnhonindexed points plotted white.
Black arrows highlight nofindexed points at grain boundaries.

On the other hand, with the iCHORD techniquiéthee points are indexed by tlleeoretical
profile which suits the bestThen, b assess the quality of the correlation between the
experimentaland theoreticalntensity profiles, a confidence index can lmlculated. This
confidence indexnay bedefined by (1ED) where ED means the Euclidian Distance between
the two normalized profiles (this confidence index is plotted in Fig@ra. By default, o
threshold values applied on theconfidence indexf the ICHORD raw dataet. That is why

by defaultthere is no zergolution points and orientations areroposed even fopoints
located at grain boundaries (Figused.e, 5.c and 6)a This will be referred toas 3JUDL Q
ERXQGDU\ LQGH[LQJ LQ WKH IROORZLQJ

3* U Dboghdary indexingis actuallyan artifact of theCHORD techniquesincemost of
the timethe orientatios assignedo grain boundaes aretotally different fromthat of thér
surrounding grairs (Figure 4.e) Those wrong orientationsat grain boundaries can be
explained by tweceffectsresulting from the sample abrasiarich occursduring the scan
even atbeamcurrens as low asi8 pA. Indeed, letween the first and the fourth SI image0
nm large precipitates have vanished (green circles on Figuaeand4.b) and others have
appearedin the sample sectionhe largestdiameterof the small precipitat@populationis
approximatively340 nm (Figure4.a). This means thaif, the small predpitatesare initially
spheres with 840 nm diameterat least the removal of4) nm layer is required to makbke
precipitatesvith a220nm diametein the samplesectiondisappear. The fourth Sl image was
acquired atonethird of the iCHORD experiment so that the removed layeduring the
completerotationis about120nm.

The first effect of abrasion is boundary raveling (Figdye Abrasiondepends on the
phase tbecauseW K H DQG T SKDVHV GRardnhesyvraaddépentisaiselov D P H
crystal orientatiorwithin the same phas&éhat is whyal WHU VHYHUDO ), % DMEBQV V

- grain boundary planes are reveakmad an extra topographic contrast added in SE
images(yellow arrows on Figure 4.c)n fact whenthe revealedgrain boundary plane is
exposed(or hidder) to the SE detector, brightor dark) saturation is observedlhese
aternative signal saturatiorsdong grainrboundaresdegrade the SE images alignment (Figure
4.d) and leads tthick grain boundaries. The pixels withimese thick boundaries are indexed
by the closest theoretical profile, which is likely be different from that of the adjacent
grains due to thealternative signal saturation&igure 4.e) but which may nevertheless
present a good fitting~igure 4f and 4.9)

The second effect of abrasion is boundary displacement (Figure 5). If a grain boundary
plane is tilted regarding the sample surface, then the intersection griaiheboundarylane
with the observed sectidne. the grain boundaryrace will progressively move as the matter
is removed from the sample surface by the ion beam (FigureSoba point initially in a
grain can belong tthe neighbograin at the end of the iCHORD scan. The intensity profile
acquired in such a point begins by theemsity profile of the first grain it belonged and ends
by that of the second grain (Figure 5.d). The whole profiksggned t@ theoretical profile



which, once again, is likely to be different from that of thdjacentgrains (Figure 5.¢)but
which may nevertheless present a good fitting
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to abrasion. d)Grain boundaries obtaineffom SE imagse processingwith Fiji [19]. Boundariesdetectedbn the
first ten SE images and boundarigstectedon the last ten SE images plotted green and red respectively. e)
iCHORD aientation map, yellow arrowshowingraveling boundariesvhoseorientationsare different from

that of theneighboringgrains. f) and g) Intensity profiles acquired in thein boundary3* % ~

D ®dBipitate

boundary33 %"~ S RL QW Vin@G)LReS @rDwsisBowvgignal saturation.

Thus, theoretical profilexan correctly fitprofiles of points at grain boundaries by chance
and thisexplains why the confidence index is not effici¢atfilter out theindexedgrain
boundary from the ICHORD raw datase&io, another method wagxperimented the
microstructure edgewere extractedy processing the ESimages withthe Fiji programs
(Figure 6.b)andthenstated asonindexed points in the ICHORD dataset (Figure 6.d). This
filtering is globally efficient but noperfect.Due to the FIB abrasioeffectsdiscussed above,



the extracted edges can be lartfenthe indexed interfacé On the contrarysome small
areas with inconsistent orientatiossill remain after filteing (black arrowsFigure 6.d).
Another ideato remove theindexed bound#s” from the dataset could have been ijo
calculate the grains from the raw datasehich would have identifiedarifact elongated
grains along some real grain boundarigdilter out those elongated grains based agrain
shape factocriterion This idea was not investigated in this paper but may provide a finer
treatment of the iICHORD raw daita the future The following parts will present the results
obtainedfrom theiCHORD datdfiltered as explained above.

0.25 T T
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Figure 5. Boundary displacement resulting from FIB abrasion. a) SE insageving at the centex grain with

no boundary ravelingb) Grain boundaries obtaineftom SE images processing with FiBoundariesdetected

on the first ten SE images abdundaries detected on the last ten SE images plotted green and red respectively

The white arrow suggests the boundary plane trace has moved between the beginning and the end of the
L&+25' VFDQ F L&+25' RULHQWDWLRQ PDS G ,QWH®WQWIQ®B SUBRIOHWVD
displayednc 3 =~ 3*0% " D Q GpldttedDdd Htblack and blue respectively.

Figure 6. iICHORD data and applied filters. a) Orientation map from the raw iCHORDsdgtdl the points are
indexed by default. b) Backscattered Electron (B8t&pge showing thatndexed boundariedo not correspond
to real crystals butmainly to grain boundaries revealed by the ion beanEdges of theCHORD data
extracedwith theFiji programsfrom the SE images) ICHORD orientation mapafter data filtering(i.e. where



edgesof the microstructurevere stated as nofindexed poinfs Black arrows show remaining inconsistent
orientations

3.2Angular resolution
In order to have a reference in term of crystal orientation, an EBSD scan at 20 kV has been
performed on the area chostem the ICHORDSI combination.The obtainedCHORD and
EBSD mapsare very similarthoughsomeslight discrepanciesire observedat sonme points
(black arrows inFigure 7) These discrepancies cdme explained by ahange in the
macroscopic reference framesince thetwo experimentshave been carried out in two
different microscopes but alsoby thedifferert angular resolutiosof the two techniques
Indeed once the sample tilted the collected backscattered elecrmhsecondary ionsome
from volumes of approximately same sizésataretypically within the20-40 nm rangg21 +
23].

Figure 7. Orientations mapgiven by theiCHORD and EBSDtechniqus. The color code (standard triangle)
displays the crystal direction parallel to the Z axis, normal to the scaaresda) ICHORD orientation mapb)
EBSDorientationmap.Black arrows highlight some differences between the iCHORD and EBS® map

To decorrelate orientation variations due to a change imtdwoscopic referendeame
(used to definghe Euler angles¥rom that due tahe angular resolutiorof the techniqus
intragranular misorientatiohas been ahgzed Grains have been define$ groups of pixels
with a neighborto-neighbormisorientationranglelower or equal t010°, and misorientation to
the mean grain orientatiovalues have beecalculated Based orthe misorientation tathe
mean grain orientation, the deformed grains can be easily distinguished from the newly
recrystallized onesn boththe EBSD and iCHORDmaps(Figure 8.a and 8.bDeformed
grains have a high orientation sprdaetause ofattice distortionanduced by deformation
On the contrary recrystallized grains have a very homogeneous orientation and have
theoretically no deviation of individual pixel orientation from tmeangrain orientation.
Thus, the misorientatiomeasured between neighboring pixelsairrecrystallized grains
representative of the angular resolution of teehnique This way, from the orientation
variations observed iRigure 8.c and 8,dhe angular resolutiois estimated to babout 0.75°



for EBSD and a bit less than 1.5° for ICHORDhis difference in angular resolutionakes
that the 10°grain thresholddoesnot lead exactly to the same grainfor the iCHORD and
EBSD datasets, and theecounts for the differences in misorientationmean orientation
valuesobservedetweenFigures 8.a and 8.lilowever,the misorientation profiles plotted in
Figure 8.e and 8.f demonstrateghat even if small discontinuities (£5°) arevery roughly
captured by the iCHORD thoiquedue its angularasolution,similar grain substructures are
globallyrevealedvy bothtechniques

1C



Figure 8. Angularresolutionof theiCHORD and EBSD technigue a) Misorientation to meagrain orientation

map calculated from the iCHORD datagetisorientationangle threshold10°), grain boundarieplotted white

b) Misorientation to meargrain orientation map calculated from the EBSD dataseisrientation angle
threshold 10°) grain boundaries plotted whitec) and d) Misorientation profile along thepink line in the

recrystallized grainshownin a) and b for the iCHORD and EBSD techniquegespectively.e) and f)

Misorientationprofile along the redine in the nonrecrystallized areashownin a) and b)or theiCHORD and

EBSD techniques respectively.
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3.3 Spatial resolution of the phasediscrimination
Figure 9 shows that the Sl images can restilee fprecipitatesdown to150 nm, which
meansall the precipitates of the studied microstructure including the smallestjuageag
from the BSE imagé Figure 9.athe differences between the BSE and Sl image arise from
the ion beam erosion which occurred between the first SI image and the BSE image acquired
after the iCHORD scgnThe resolution of the Sl imagésrelated tathe volume from which
the collected secondary ions come: typicaltyne tens of nanometd22,24]

Figure9. 1 SKDVH IURP WKH UDZ 6, VLIJQDO FRP Srhegd atqu@edzaftyythieW KH %6 ( VL
iICHORD-SlIscanat 0° tilt. b) FirstSI image of the iCHORI3I scan.

To evaluate the performance of the Sl signal, three-EBSD mapshave beermacquired
at 10 kV, 15 kV and 20 kwn an areavhereprecipitate sizes were similar to tratalyzed
with the Sl signalFor each EDSEBSD map the exposure time per pixel was adakib get
an X-ray spectrum with B00 countsfor each poinbf the mapindeed, 2000to 3,000 counts
per spectrunmare empirical valuesleading toa signalto-noise ratio large enoudor a semi
guantitative analysisf the EDSspectrum With Figure 10 one can check that fbe chosen
exposure timeghe quality of the diffraction patterns was sufficiemperform EBSDeven at
10 kV which is a quite low accelerating voltaige the technique

The chemical contrast resulting from ttieee EDS scans is presented in FiguteAls
expectedthe higheris the accelerating voltagehe ower WKH § SUHFLSLWDWHYV D
Indeed, f the X-ray absorption in the sample is neglecfeda 0° tilted sampléhe maximum
escape depth of the-bays can be estimated usirtge formula proposed by Anderson and

4478 .., 55 . 53 - i
Hasler[13,25} :gN——&"' ;> F',23<; where : zis the average maximurescape

depthof the Xrays (um), éis the density of the material (.8 ', the incident electron
beamenergy (keV) and' ., the critical excitation energy (keVYonsideringapproximate
atomic compositios IRU WKH Qréngdfos tkebrvaximunescapalepthat a 0° tilt

are given in Table 3. Tilting the sample at 70° impacts the shape of theayXemission
volume regarding the sample surfd26]. This implies that the maximum escape deptim is
fact a bit snaller for a 70° tilt than for a 0° tiltNevertheless, Figure 11 shows that for a 70°
tilt EDS at10 kV is theonly appropriateconfigurationto properlyresolve thel50-340 nm
precipitateg(although the results are a bit affected by the sample rdieg§ddition,asthe
volume from which the collected -Kay arise is deeper than that of tbackscattered
electrons once the sample tilted at 7BDS dataareslightly shifted compared to EBSD data
[26]. The shift is highlighted by green arrows in Figure 1. This problem does not exist with
the ICHORDSI combination since SE and &hissionvolumeshavenearlythe same sizes.
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Figure 10.EBSD pattern for the different EEEBSDsettings-160x120 pixels patterns. a) EEEBSD coupling
at 10 kV. b) EDEEBSD coupling at 15kV. ¢) EBEBSD coupling at 20kV.

Figure1l. 1 SKDVH IURP WKH UDZ ('6 VLIQDO FRPSDULVRQSXKIDWVK V& HHBEVV
dark because ofstcontent in light elements arnlde samplerelief. b), ¢) and d) Overlay of the Ni, Ti and Cr

elemental maps obtained at 10 kV, 15 kV and 2fekpectively Ni, Ti and Cr elemental maps are plotted blue,

green and red whichevealsW KH aSligHd hMué.

Table3. Estimation of the maximumdy escapelepthata0° tiit XVLQJ $QGHUVRQ DQG +DVOHUSYV I

10 kv 15 kV 20 kv
(9.cmi®)
8.22 0 #5987 | 0.2 +0.37 | 0 #8.339 | 0.46 +0.74 | 0 +8.339| 0.92 +1.19
~ Ni-22%CF1296C06%Fe4%Al (Cr-K) (Ni-K) (Ni-K)
7,58 0.23 +0.40 0.50 +0.80 1.00 +1.29
~ Ni-12,5%Ti12,5%Al

7KH T SKDVH GLVFULPLQDWLRQV REWIHOQBS ahtd EPS WKH SL
EBSD data are presented in Figure TReresolutionof the ICHORDSI map(Figure12.d) is

slightly degradeccompared to that of the origin8ll image (e.g. Figure 9b). Indeed,the

evolution of the precipitate®sulting fromthe abrasion of the sampdarfaceas well aghe

treatment applied to Sl data (alignment, sum and threshold adjusamengsponsible fahe

slight degradation Regarding the ED&BSD method as implemented in th&SPRIT

software, the | S Kdiserihination (Figure 12b-d) is notdone for the noindexed points
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sinceno crystallographic structuns assigned tahe nonindexed pointsY et the norrindexed
pointsappeammore numerous for low accelerating volta¢ge.g.10 kV). Moreovet the Ni, Ti
and Cr ratioslefined for Figure 124 seemto bemore adapted to the largeecipitateghan
to the smalloneswhich are consequently less resohmdthe phase discriminatioin fact,
the large and small precipitates do riotm at the samaemperatug during the forming
processandthus may have somewhat differenhemicalcompositions But, above all, e
resolution of small precipitates is subjectedhie se F D O @&rR effect’ i.e. theaffection
of the measuredprecipitate composition by thatf the matrix located below)which goes
worse and worse as tlhaecelerating/oltageincreasesliue tothe interaction volumeDifferent
routes could be possible to improve the spatial resolution of the final-BEE3®
discrimination, for instancehé adapation of the composition ratiofor each precipitate size,
or the correction othe matrix effect However, thiswould require EDS spectra with much
higher signato-noise raticand so the sacrifice tfie acquisition speed.

Figure 12. S Kdis¥firhinationobtained afteiSI and EDSEBSDdataprocessinga) 1 SKDVH UHVXOWLQJ
WKH 6, GDWD RYHUODLG RQ WKH L&+25" FRQILGHQFH LQEBSEBBD S E F
data overlaid on the pattern quality magnd correspondig to the EDSEBSDacquisitions at 10 kV, 15 kV and

20 kV respectivel\Non indexed points amisplayedblack.

3.4 Acquisition and processing times

As said above, for eadBDS-EBSD map performed for the study thexposuretime per
pixel has been adapted so asctonulate3,000 ®unt per point Consequentlyacquisition
time must increase as the accelerating voltage decrétabt 4). The time given in the
Processing LPH SL[HO® FROXPQ FRUUHMWSRESBRITYGRvaVe koH WL PH
re-analyze the EBSD data considering the EDS data with the defined Ni, Ti aetefénce
ratios.

For the ICHORDSI acquisition relatively low scanning speeds were chosen to get a good
signatto-noise ratio while limiting theample abrasion by the ion beam. The chassanning
speeds lead to 0.010ms/pixel and 0.03pmsl for the SE and S| images respectively (Table
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4). These times do not include the time required for the stage rotation which may be
automated. The time givebh Q Widessing timépixel “column corresponds to tleerage

time theiCHORD algorithm takes to assign a theoretical profile to an experimental intensity
profile. However, wvith the iCHORD technique, the number of acquired points is twice bigger
thanthe number ofeffectively analyzed points. In fact, the analyzed area must be an area
common to all the SE images after their alignment. Yet, SE images are square images
acquired at different rotation angles and this makes the corners of the imageseuatisabl

the alignment. This explains why the effective analyzed area is much smaller than the original
image size. This drawback could be fixed in the future by controlling the scan coils of the
microscope to automatically perform a scan rotation at dagle sotation step.

Table4. Acquisition angprocessingimes for each method

Method Settings Acquisition time Pixels acquired | Processingtime / 37TRWDO WLPH
/ pixel / Pixels analyzed pixel
EDS-EBSD 10 kV 36 ms x 2 frames 1 1ms 36x2+1=73ms
(42 kCts)
15 kv 15 ms x 2 frames 1 1ms 15x2 +1 =31 ms
(100 kCts)
20 kv 8.3 ms x 2 frames 1 1ms [ § P\
(182 kCts)
iCHORD-SI | 30 kV /48pA | - SE image : 0.010 m 2 17ms (0.010x90 + 0.032x4)x2 A
x 90 images 8 PV
- Slimage: 0.032 ms
X 4 images

From total times approximatively spent per pixel reported in Tahlet 4appearsthat
performing the iCHORESI method is equivalent to perform an EBBSD coupling at 20
kV (taking into accountthat the acquired pointare twice numerous than that effectively
analyzednes.

3.5Discussion

EBSD patterngjive essential details on the crystallograpliythe phaseandon the crystal
orientationswith anangular resolutionypically in the range of 0.50n the othehand, he
current versionof the iCHORD techniqueis adapted toget a good overview of the
microstructureof a material with a know crystallographic structurethe 1.5° angular
resolution is enough to study tlgeain sizes and orientations as wellths recrystallization
stae of the microstructure

Regarding the EDS techniqUeDS spectrabring more thara chemical contrasts S| images

do and so enabls a semiquantitative analysis of the chemical composition of the phases
Thus, numerous possibilitiefor the re-analysis of the EBSD datombined withthe EDS
spectra are possiblafterwardNevertheless, the spatial resolution of the EDS technique
strongly depends on the accelerating voltdige smaller is the acceleratingltage, the better

is the spatial resolutiorBut decreaisg the accelerating voltage must be compensated by a
significant increase in the exposure tinmeorder tohave a signalo-noise ratio good enough
for a semiquantitative analysis of the specfa@bout 30 ms x2 for an EDS at 10 k\By
UHVROYLQJ T SUH F L% nwW,3\Whidgeéshan pxokide® &pddid resolutioras
goodasthe EDS acquisitionperformed at 10 kV But thetotal time per pixeis approximately
three timessmallerfor the ICHORD-SI combination at 30 kMthan forthe EDSEBSD at
10kV. Indeed, the exposure tinrepresentsa verylarge part of the total timespent foran
EDSEBSD map Besides,long exposure tinge such as that applieat 10 kV make the



electron beam diti more significant during thEDSEBSD mays. On theother handfor the
ICHORD-SI combination, the time dedicated to the data acquisition (SE and Sl images) is
very short compared to the time needed to process th¢adiaiiaution of a theoretical proél

to the experimental intensity profileJhis makes thdime spent on the microscomeuch
smaller for an iICHORDSI map than for an EDSEBSD map whatever the accelerating
voltageused forthe EDSEBSD acquisition In addition the diffelert escape depghof the

BSE and Xray signalsleads to aslight misalignmenof the EBSD and EDS datsecause the
sample is tilted at 70°. Thoes nobccur forthe iCHORDBSI data combination since SE and

S| havearise from volume witlapproximately the sansze

But, themaindrawback of the ICHORESI combinationis the abrasion of the sample surface

by the ion beamAbrasionleads to boundary ravelirandboundary displacemeiiut also to

the potential loss of the smallest grains and precipitdtdse microstructre during the scan

This makes the ICHORDSI combination a quite destructitechniqguewhich cannot be
performed twice on exactly the same atdawever, two ideas can be proposed to make the
technique less destructive tharhat presented in the presentpes. First,the number of
acquired SE images can be decreagdtas been shown ifi] that 30 SEmages with a 12°
rotation step allow a correct description of the microstructBesond, the scanning speeds
could have been increased and denoising algorithms used to enhance th®-sigisal ratio

of theacquiredmages.

Thus, like the EDEBSD coupling, the iCHORESI combination bBs disadvantages and
advantages. & by resolving precipitates down 1&0 nm on an orientation map withénvery
reasonable timehis method igeally interesting forthe § PLF U RV WichdisplayshHV Z
multimodal distributionof § S U H F [ir&nh 1&VDrilckbieters to some tens of nanometers.
Yet, for the study of polycrystals, a technique performed within a reasonable time is of
particular interest since it allows a more statistical yamslof the microstructure.

Finally, Figure 13 shows the complete result of the ICHORD FRPELQDWLRQ WKDW
phase discriminated from the S| data overlaid on the orientation map obtained with the
ICHORD technique. Black and white arrows prove itterest of the phase discrimination for
WKH VWXGLHG PLFURVWUXFWXUH E\ KLIJKOLJKWLQJ WZR F
precipitation: the sgalled SmithZener pinning6] enforced by precipitates as small as-150
340 nm on the grain boundariaad theheteroepitaxial recrystallization which starts by the
QXFOHDWLRQ RI D FRKHUHQW[122RHOO DURXQG D Y SUHFLS
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Figure 13. Results of the ICHORDP, FRPELQDWLRQ 7KH 9§ SKDYVHoveNaidSADR&WWHG GD
orientation map. Black ah yellow arrows highlight grain boundary pinning and heteroepitaxial
recrystallization respectively.

4. Conclusions

%HFDXVH WKH DQG T SKDVHV FDQQRW EH LaBErQWLILHC

methodsare neededVR FKD U D FWHRILLAH RVK\HJ XFW XUHV

The EDSEBSD coupling uses the chemigaformation providedy the EDS technique

to discriminatehe D Q fphase®nanEBSD map.The iCHORDSI combinationwhich is
anoriginal method performed with a FIB groscope idbased on the sanigea: he ICHORD
techniquerecently developed by Langlois et [dl], provides the crystallographic orientations
based on the ion channeliogntraston Secondary Electron & imageswhile the chemical
contrast of the &ondary lon (Slimagesis usedto identify W K igdhage

The performances of the ICHOREBI combinatbn on apartially recrystallized -

microstructure have been assessed usingBD&EBSD coupling as a referencé&he
corclusions are the following:

- By default the ICHORD technique indexeachpoint of the mapwith the theoretical
profile which suits the besb collected intensity profileOrientations indexed at grain
boundaries are most of the time inconsistent and resultboamdary raveling and/or
progressive boundary digglement induced by the ion bealthus, ICHORD data
have to be treateth eraserom the datasethe false orientations attributed to pixels
on/alonggrainboundaries

- The angular resolution of the ICHORBchnique(about 1.5°)is a bitless good than
that of the EBSDechniqugabout0.50-0.75°). Neverthelesghis angular resolutiois
sufficient tosucceed inatchingmost ofthe grain substructures

- Unlike EDS and EBSD data,onmisalignmentbetweenthe SE and Sl data are
observed since secondary electrand secondary ionme from valimes of similar
sizeswhich aretypically in the20-40 nmrange

- Resolving {1 S UH F d&\nwDbW/r\Mhe spatial resolution of thel imagesis as
good as that of EDS performedldt kV.

- However, bhe total time required per pixel (acquisition angrocessiny for an
ICHORD-SI mapis approximately three times smaller than that required for an-EDS
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EBSD mapat 10 kV with 3000 countsper spectrumin addition, theilCHORD-SI
acquisition time isnuchdecreasedompared tahe EDS-EBSD method andmost the
requiredtime is spent in the processing of the experimental intensity profiles which is
performed offline.

- The iCHORDSI combination is a quite destructive method but the ion beam abrasion

can besomewhatimited by reducing the number of acquir&E images ardr by
adapting the scanning spegdsich may notlegrade the quality of the results.

In this way, the ICHORD6, FRPELQDWLRQ LV DQ LQWHUHVWLQ.
microstructuresvhich haveD PXOWLPRGDO GLVWULEXWLRQ RI § SUHFL
to some tens of nanometeBeyond superalloys, the iCHORS®I combinationmay beused
for any crystallographicsystem, wherghe phase discrimination is difficult/impossible by
EBSDand whee there is aufficientcontrast in atomic number between the phases.
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