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X-ray Laue diffraction microscope for structunalaging

on CRAFbeamlineat ESRF, Grenoble, France

V' Polycrystallineicrostructure V Crystal orientation & fultrain
with high 10* resolution
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V <500 nm Xay probe
V Largefield of view

V In situexperiments o
_ o V 3D Localisation aneheasurement
V Singleobjectinternal structure defects& high stressevel
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Scattering @ InterFaces

Laue Diffraction Microscopy

(Ti' MicrodiffractionLaue (pLaue)

Beamsize0.3 (H) x 0.3 (Mym?
Energyband: 5¢ 23 keV,
White & Monochromatic

|

Visiblelight

X-ray Laue pattern

X-ray
quorggfgence




@- uLaue diffraction (uLaue)

scattering @ InterFaces  LaU€ Diffraction Microscopy

Routine
Beamsize0.3 (H) x 0.3 (Wm?2 | 2D mapping
Energyband: 5¢ 23 keV, Orientation/Strain/phase
White & Monochromatic Crystalline defects

Mono- & poly-crystals
Single micro-object

In situ
furnace, stressj,
1.
\ KB mirters . Advanced
N - Full stress
(energy resolution)
- 3D mapping

(depth resolution)

Unique in Europe

Structure phase, orientation, strainL
Morphology Grain position & shapg
Crystal defectdocation & nature




X-ray (scattering signal) microscopy faaterials studies

A ocal (residual) strains measurements
ASurface technique with useful probing depth several 10 pum
ASmall gauge volume : < 500x500nm ~10 um or grainsize limited

Aé¢ray equivalent to EBSD with:
Adigher penetration, less sample preparation
AConducting or isolating materials
Aciner resolution in orientation : x 1/100
Adigh strain resolution: 16

500 nm

White XRay

10 pm

Still needs
A\cceleratedacquisition- automated analysis
ASynchrotron beamline



@- uLaue diffraction (uLaue)

Scattering @ InterFaces Strain/orientation resolution: 104
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Maths for Laue inautshell(1/2) : mirror reflection

Reflectionof incidentbeam? ::by amirror with normalvector¢ 4 (elasticcollision)

0 GE OAd A itiseasyto constructthe reflected(or scattered beamOpg



Maths for Laue inautshell(2/2) : Braggeflection

Atomicplanesactas amirror with normal A(elasticscattering.
Direction of theincomingwave (wavevector  ischangednto a new direction
(wavevector. g) due to A

—°g +—°% i os i— avec | -
. Il k=]l kl=2p / | R@=2p / H|[all/(2sin q)
© 4 lgll=(p/ l2sim = EkeV) /12,398 =q7/(2q.u)




Laue Principles |measuring reciprocal directions & orientations

Reciprocal lattice nodes ¢ 2dsin =<8 G*=k;-k
G*=ha* + kb* +Ic*
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Mapping - Alwaysdiffraction signal foanycrystalorientation
1 Reciprocadirectione 1 Lauespot - Largenumberof Braggeflections

e fund. andharmonicsreciprocalnodes
G/ IB% (X, Yoetector

- No samplerotation

- Determineeasilyorientation



Laue Principles |measuring reciprocal directions & orientations

Zone axes

X

Absolutepositions =>0rientation

Matchingexp. (red) Theo. (black) spots Simulatingstrain (black>blue)



Laue Pattern visualisation. Frame
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Laue Principles | Sensitivity tdeviatoric strain

idem Deviatoric strain idem Non dgy.igtqrig strain
iaem

&

Projection sphere

idem
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5" B*
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Laue =>Deviatoricstraint* : angularunit cell distortionsi.e. b/a, c/a,h,] !

Laue tmeasuringl spotenergy=> ireciprocalvectorlength
=>unit cellvolume,a,b,g",i ,* (full strain)




LLaue | Experlmental setup

Laue Pattern:
Diffraction signal
4 Mpix, 16bits

Optical microscope;
X ~7mrﬂ. Surface image
V| 40x40 pum2 FOV

KBmirrors focusing

rf Focused/Nhite beam
H w

Size = 0.X 0.5um?

Tilt controlled table
A~ (closedloop control
g +/- 0.1 prad)

Fluorescence detect
Chemical informatior
Resolution~125 eV




uLaue | 2D microscopy

2D lateral resolution
<0.5x0.5um

local crystal orientation
[ IR .
indexing "
- b

1.00
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0.50
IS
0.00
-0.25
-0.50
-0.75
-1.00

- 2D detector

In situ &operando r
A ,
e-, light collection (XEOL), Y |
X

Tensile test furnace

B

surfaceopticalmicroscope element/phase mapping

4
;

XY,...




uLaue |First steps: (1) Locat& Measure
Visible microscope Fluorescence map

Field of view: 200X200 to 40X40 #1m Duration time: 210 min

N-implanted Ni

' -
Z Polycrystalllne up ‘,
&

X

T _

0.5um

AU nanowires

1opym  VAFEB  mmm Cu pads/Si
2um

- Find micro region in macro sampaten be long!)

- Select single point/ROI ftuaue diffraction

Ni



uLaue| First steps: (2) Imaging Tracking
Slnglecrystal& polycrystalmapplng

from

Images

from ¥ | e
dataset

peaks lists | ja=

Images ROI

dataset

mosaic

N
7

X

Single peak monitoring

N
7

UG, polycrystals X

GB & structuratiefectsmapping
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R.l. Barabasét al, -~ o100 o1 03
Appl. Phys. Lett. 103 (2), 021909 (2013) E“9'“e°""93"°'“ %]




LLaue | Second steps: (1) Indexation & (raw) Orientatior

G*=h.a* +k.b* +I.c*

q :UraW'BO'Gk = kf B ki
B, initial matrix a*,b*,c*in Lab. frame
Uw=U.(5+¥) & Strain

Indexing esingleLaue pattern v c*cos )
v* —c*sin[3* cosa

c*sin #*sina

Indexing results
-~ Miller indices Kkl)
- crystal orientation(J,,,)




IndexingBasianethod principles

Recognition of anglbetween2 atomicplanesnormals

Reference Table
(AnglesLUJrdes angleg;
entre plans lokl), et (hk|)j

ExampleCubic
structurewith highest
Miller indices QLU =3

Vhepbofy

fiokals
100 110 111 210 211 221 310
100 0 i
%0
110 45 o
90 &0
90
111 54 .7 35.3 (o]
90 70.5
09 .5
210 26.6 18.4 39.2 0
63.4 50.8 75.0 | 36.9
90 71.6 | 53.1
211 35.3 30 19.5 24 .1 0
65.9 54.7 61.9 43.1 33.6
73.2 90 56.8 48 .2
%0 !
‘ 221 48.2 19.5 15.8 | 26.6 17.7 0
70.5 45 54.7 41.8 35.3 27.3
76.4 78.9 | 53.4 47 .1 39.0
20
310 18.4 26.6 43.1 8. 25.4 32.5 0
L 71.6 47 .9 68 .6 58.1 49 .8 42 .5 25.9
90 63.4 45 58 .9 58.2 36.9
77 .1
3N | 25.2 | 31.5 29.5 19.3 10.0 | 25.2 17.6
| 72.5 64.8 58_5 47 .6 42 .4 45.3 | 40.3
‘ 20 80.0 66.1 60.5 59.8 i 55.1
| 320 33.7 11.3 61.3 7.1 25.2 22.4 § 15.3
; 56.3 54.0 71.3 29.8 37.6 42.3 | 37.9
20 66.9 41.9 55.6 49.7 | 52.1
321 36.7 19.1 22.2 17.0 10.9 1.5 | 216
57.7 40.9 51.9 33.2 29.2 27.0 32.3
74.5 55.5 72.0 53.3 40.2 36.7 40.5
90
331 46.5 13213 22.0




Indexing recognition of angl®etween2 atomicplanesnormals

it ¢ /7 |

ho S |

h.k,l,} and 2 potential solutions:

Spot 2 Orientation
Matrix

Solution 1a h;kl;
Solutionlb hyk,l,

Then 2 Laue patterns argmulated

LJE31
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Evaluatanatchinglevelbetweentwo Laue Patterns

Automaticpairingbetweenneighbouringtheoretical (hollow red circleg and
experimental(filled circleg is performedby (Auto Link9 to:

assessl K S

[ | dzSmatchingNUO-SINg/GAZ W

Matching Rate

(Ny(greent)+N, ( )) INSpOt$e,

Nb of unambiguoudinks
Npairs(green)

Within Matching toleranceangle

1 theo. spotlinkedclose to lexp. spot

1 theo. spotlinkedclose toseveralexp. spots

O 1 theo. Spotwithout neighh Exp Spots

- identify unambiguougpairs of €xp., theo.) for structurerefinement
o . G||30001.dat 83 spclnts .
o . o L] o]
o o
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| o i °® P
[} : , I .
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Matchingrates report ofpotentialindexingresults

Giventwo spots angle recognitiorseveralpotential indexingsolutions (i.e. UB
orientation matrix) ardisted.

Classical Indexation Solutions o
Select Potential Solutions to Check Plot Refine

#Makrix Matched Expected Matching Rate(%) std. dev.(deqg)

— 0 30 35 85.71 0.01

B 1 13 31 41,04 0.01 \
I _ ’ ) 34 24 *’Mean Standard
Znergy min: [ 5 deviationof pairs
Znergy max: [ 5 - ang]es

Plok Simul 53 Quik

Nbmatched NbExpected
Nb ofexp. Spots Numberof theo. Spots  MatchingRate:
(includingharmonicy (includingharmonic$ Nbmatched/ NbExpected

linkedto atheo. spot

A poor de MatchingRatecanbe due to:
A - Asmallnumberof exp. Spots geePeakSearchprocedure
- Thereferencestructure forindexingis not well chosen(stronglattice deformation?)
- Matchingtoleranceangleistoo small




Matchingrates report ofpotentialindexingresults

Giventwo spots angle recognitiorseveralpotential indexingsolutions (i.e. UB
orientation matrix) ardisted.

Classical Indexation Solutions %
Select Potential Solutions to Check Plot Refine
#Makrix Matched Expected Matching Rate(%) std. dev.(deqg)
B 0 30 35 85.71 0.01
B 1 13 31 41.94 0.01 \
B 2 8 34 23.53 0.01
Znergy min: | g
ZNergy max: | 5o -
Plok Simul 53 Quik
defaultGeOOOLCt;r 83/83 spots | GEfa”'tGeoom-‘:' 83/83 spots defaultGe0001.cor 83/83 spots
40.0 1 - - 40.0 [ - 0.0 i : o
. ) * ‘
30.0 * - 30.0 1 in & 30.0 1 .
. ‘ £°3 a -
20.0 1 * LJ 20.0 1 3¢ . 20.01 * e #*
-] ° ol o u e | ’ N .
10.0 4 = 10.0 - — oo I° i: -
0.0 4— e T 0.0 1= *,_ T "_‘ 0.0 4 & t w»‘:’
. * # L ' [
10.0 2 #® -10.0 A % - 1 . . L
* . : - . N -10.0 A * * * v .
20.0 1 & . -20.0 A L] ;‘( ° 0.0 4 . . L
x ° * . | ) . *
30.0 4 . ¥ 30.0 : jar 30.0 A * ®
* * 1 : o -
40.0 4| . * o . 4001 | * : | 00| .
60.0 80.0 100.0 120.0 60.0 80.0 100.0 120.0 T T T T
2theta(deg.) 2theta(deg.] 60.0 80.0 100.0 120.0

2theta(deg.)



uLaue |Second steps: (1) Indexation & (raw) Orientation

Multiple indexation Indexation

of superimposed Laue patterns - Miller indices (hkI)

- crystal orientation (U,,,)
Grain 1 | - Separate grains contributions

2]
Grain n

V' Seguentialindexation
In case of no orientatiorelationships
betweengrains




uLauemicroscopychallenges

Single imaganalysiof complexLaue patterns

W .'.V.'. e ‘. [
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Segmentation Recognition S - _ )
by Templatem atchlng Crystal structureefinement

or standard angle recognition

V' parallelindexation
to handleorientationrelationshipsbetweengrains
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Dealingwith sigma3twins in fcc

CheckingrariousLaue spotpresence -
(+ KnowingLaue spotnergysolvesthe ambiguity) -511 1570@&v ._111 5166 eV
® e o0 O @ e °
. . * b * ., . 111 5166 eV
% Py ° °

@’ Jd e . . -202 6934ev
202 6888V

a
ur
0
151 15612V 282 20847 eV
® .1-15 15492v

o 1-11 5166V
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uLaue | Second steps: (1) Indexation & (raw) Orientatior

Orientation map

x_sample

dyech {microns)
i
3

." ’ ‘-..:': "
s fu fqlllllhl ! e

—400 = A -
(a ) =400 =350 =300 =250 =200 -150 =100 -350 0
dxech (microns)

V. Consonni et al, Phys. Rev. B 89 (2014) 035310

Useful to Correlate
scattering 7 spatial informations

Orientation, texture,
Grains size, shape, positions, phase

But Also: strain, defects,...




Laue Diffraction | Data analysis

LaueTools Suite Software for Laue microdiffraction data analysis

Element a*,b*,c*

M Polyprains continuum definition for, Laue Simulation

1- Peak Search ——r

number of grain : 11

Transformations
{MicroStrain and MisOrientation})

Spectral Band (keV)
Er in: =l
nergy min 5 =

B =]
Energy max 25 =

Plot Parameters

n  wvaryingt|ro,10,10]

& Variation {a: absolute,s:sample,cicrystal)

2- Indexing

3- Unit Cell Refinement
4- Map results plot

5- Automatic Analysis

aneentineen o e
IR S vy .““';Q)

File Parameters

........... Directory
Vﬂ'Yi”Dtli[DJIU,IU] Selact | Current ‘
ion (a: absalute,s:sample, ¢ crystal) [ Save File

" Manual W
% Auto, Indexed  |mySimul_
E\@@ Create .cor file  [mySimul_

)11 Fackor| 1.000
L8] Factor| 1.000

.sim

.sim

.cor

T
Z sample

Parameters Current File: BKr_0252b.cor

Classical Indexation Result Plot : = #central spot: 12 =
- g By e 5 =

. BKr 0252b.cor 1424 spots Element: uoz -

® - o peaksearch Board =
File Preferences Help Intense spoks set Size (1555} 15 j

ViewCol FilterBackGround| B C
UO2_A163_2_0028.mccd Jewcolor TOWSECTON it of spots index [ 12

ma = 401940 Blurimage | | Show Blur Image savelmf| {from 0 ta1555-1)
Substract blur as background Dist. Riecogn, Tol. Angle (deg) ,705
] Useimageas B
Matching Tolerance Angle (deg) 0.2
i 5 =
informula (A: currentimage) |A-B Minimurn Murber Matched Spots: 15 =i
Remove BlackListed Peaks ¥ PlotBestresuk  Numberbestresubsplots |3 o

Start Quit
1_Threshold | 1_Arrayshift 1_Convolut

Minimumbistance ~ - - -
10 -'| ® - o classical Indexation Solutions
IntensityThreshold (5g0 =

#Matrix nb. <MTAR=1.00 %ADRTA:LOO mean

) o o 71 123 0.505
1000 1050 1100 1150 1200 1250 1 70 123 0.529
2 40 116 0.651

pOoOC+F B@

Energy min: | 5 - Energy max: g |
Fit Peak Add Peak | |Remove Peak | |SearchAllPeaks| |SavePeakList| Quit

Plot || simuls3 Quit

J.S. Micha et al, to be submitted to J. Appl. Cryst.

0
—400 —300 —200 —100

https://qitlab.esrf.fr/micha/lauetools

http://sourceforge.net/projects/lauetools/

S410,,0,0] ¥ Show Plot Det Dist. {mm): w07
2 (+ Camera on top Det., Diarn, {rm}; 165
(" Camera on side + xcen (pix):
i {pix) 1024
- - E
0,0l 00,0, 00,0,11] Camera on side ween (pix); 1024
(& 2ThetaChi " Wimar " wrfitzd


https://gitlab.esrf.fr/micha/lauetools
http://sourceforge.net/projects/lauetools/

LLaue Diffraction | Phase Identification

Oxide layer growth ‘ L epitaxy
at UO, pellet surface .
~100 nm @ @ @-{0
o I
Single shot measurement :
L.Desgrangestal.,] Nucl Mat. 402 p 167 (2010) 3 variants with quadratic strain c/a ~ 1.03
In situPhase transitions of
(GeTe)ShTe; (6 <= n <=15)
a) Rl‘—_'\"- i ‘4()0'{(;-». TR
'ct' "5" f .
330°C > 340°C

<y Spatially resolved study of

defects and distorted structures distribution
M. Schneideet al, Chem. Comm. 48 (16), 2192 (2012)



uLaue | Second steps: (2) Strain & Orientation refinemen

Strain refinement by least squares minimization

- needs refined detector geometry (calibration)
- provides :

i unit cell deviatoric strain €*
i crystal orientation U

q=U(;+€) 6*=Kk;-Kk;

[ / /
T / / /
| / /
[ Vi / /
| / /
/ / /
/ / /
/ / /
/ / /

a,bca, b, b90/ aoao oc I

Rotation
& deformation

Normalto-surface strain level
in polycrystalline Hémplanted UQ

He-Damaged
zone

{110}

Model

[%]

p-XRD Measurement {110}

M. Ibrahim et al., accepted J. Appl. Cryst. (2015)
A. Richard et al., Nucl. Instr. Meth. B 326 (2013) 251
A. Richard et al., J. Appl. Cryst. 45 (4) (2012) 826

Mechanical properties under load
Data => input for FEA




uLaue Diffraction | Peak shape Analysis

Defects induced by He implantation / “:
in UO,, polycrystal
2 PolycCry uo, 8
He-Damaged

zone

U02_Kr_1_0035.mccd

00
00

.0 . e —

TR

Geometrically Necessary Dislocations

Radial streaking => Surface swelling Y Intragrain fine misorientation
Y Activated slip system

=> Stress release modes, Slip system recognition

A. Richard et al., J. Appl. Cryst. 45 (4) (2012) 826



uLaue Diffraction | In

situ mechanical test

Data measurements & analysis validatid
Errors estimation

In situ elastic bending

Area detector

T
di —

800

M Reversible phase transformation

(SMA)
during cycle in CuBeAl

A

S. Bervelller et al, Acta Mat. 59 (2011) 3636
B. Malard, Compt. Rend. Physique 13 (2012) 2807 292

b
600 it
& 400 mmﬁa ’
= lﬂw Mﬂfw"
e- 2 200 n/ ‘
o
c
y s Ot &w
4 &
o -200 ,
b ‘.
k1 -400 o —s— ONLoad —
600 | 7 %ﬁ&ggﬂ —» 17Nload _
ﬁ'ﬂ _g 42N load
-800
0 02 04 06 08 1 1.2 14 16 1.8

X position (mm)

>

F. Hofmann et al, Nucl. Instr. Meth. A 660 (2011) 130
E. Plancher Thesis 2015

- Validation:
- uncertainties on strain
- reliability of data analysis chain

- In situ structural characterization
- Determine behaviour law




uLaue Diffraction | in situ mechanical test

In situ plasticity

CCD acceptance

Cu pillar

straining piezo
x-ray beam

load cell positioning piezos

Compatible SEM & Synchrotron BL - -+ S - -

...............

................

Well controlled micromechanical tests
- Crystal & GB orientation

Stress

e |- Fine Force resolution
-»—*W-**‘V - Tension, compression, bending, torsion,...
: | ]
y Measurements of peak elongation direction and width
™| E Y Activated slip systems
P Y Dislocations density

B ' ) See C. Kirchlechner et al, Acta Mat (2011) to (2016)



uLaueAdd—ons| Goingbeyondphase/orientationkstrain determination

- Fullstress/6lattice parameterameasurements
e*=¢eg—¢l

Deviatoricstrain _— ~ Fullstrain hydrostaticstrain
Standard Laue Pattemmalysis

- Mechanicabssumption e.g 33=0

Solves L efor € and 5s;

— —

- Laue spoenergyfine experimentaimeasuremeni € =€+ (€' G).G

Determine € then ethens €e

How?
insertmonochromator(optics hutch)
use of a ODnovableenergyresolveddetector
insertmonochromator(diamond in transmission (iexp. Hutch)

- Depthresolution 3Dmicroscopy




From the deviatoric to the full strain tensor

Hypothesis No stress perpendicular to the free surfaces,; & 0)

| 22 ldBakxXwithi Sy a2NBE FyR +2A330Qa y2daFdAz2yY

£ A A o m m m\ /R R

A /A A A 1 ™ n\/R RjO
K Tt A A A m 1 T ||R RjO

A mT nm m A T m CR

A \n nm n 1 A Tt CR

A m T M M T A/\ CR /

pltlo  chuf  [p mlffm plim mp
, = Stress (unknown)

WX IMHOBEeTDrIFSt I @23PF2DODSESY G a
- (= deviatoricstrain (measured)
- = hydrostatic strain (unknown)

Solve the 6 equations for th& unknowngo get the full strain tensor




LLaue Diffraction | Full Stress

Spatial distribution of full stress tensor in
polycrystalline Zr@based electrolyte
for Solid Oxide Fuel cell

: . Monochromatic beam
- ;
i 2% : : - Energy scan
__.:)':.d""—q_.‘,t‘\ . ] I!l. : = > hm
== %;.-,..?,T,‘Jz gy No+vsZ White Beam (hie)
.r-d.“‘_,-—k‘\?_-""i'*‘ 3 ::.‘.- ]
LA T Dt AL TN AT TN et refinement

Electrolyte YSZ 1 (ZrO,),4(Y,03), = > e *

wYye ocuv o _
Full tensors S=Ce | ou wxw ¢ v |Mpa | Local stress agrees with

omn ¢U ¢ Ww macroscopic stress ( by sin?y)

J. Villanova et al, Nucl. Inst. Meth. Phys. B 268 p 282 (2010)
J. Villanova et al, J. Appl. Cryst. 45 (5) p 926-935. (2012)



Direct energy measurement with energy-resolved detector (SDD)

2D detector

— e Ka
— Ge K3
—  5iBragg |
Durmmy
Ge Eragg-
data

Counts

Energy resolved
Silicon Drift Detector

Channel =tEnergy

Localenergyspectraacquiredwith the Laue diffraction pattern (noverhead

Energycalibrationrequired(usingfluorescence oknowndiffractionpeaks




Quest for the last parameter:
The Rainbow filter technique

"Inverse" monochromatic diffraction

hkl peak intensity
A

2=

> Diamond angle

White heam

Diffracting diamond plate

sample Achromatic focusing system

Robach et al., Acta Cryst. (2013). A69, 164-170



Quest for the last parameter:
The Rainbow filter technique

"Inverse" monochromatic diffraction

hkl peak intensity
A

> Diamond angle

/ White beam

Diffracting diamond plate

sample Achromatic focusing system

Robach et al., Acta Cryst. (2013). A69, 164-170



Quest for the last parameter:
The Rainbow filter technique

"Inverse" monochromatic diffraction

hkl peak intensity
A

o

> Diamond angle

/ White heam
Diffracting diamond plate

sample Achromatic focusing system

Robach et al., Acta Cryst. (2013). A69, 164-170



The Rainbow filter technique

Relationship between filtered out energies and diamond filter angle

%
2\ g
»/, \‘v ‘

/
/ v./“ ?ﬁr

(A®Y) >90co coyoca pajoelyip

18

Strong

uolenua1y

Weak

-40 =35

filter angle (degrees)

=30

-55 =50 -45

-60

The full bandwith of the beamline (5-25 keV) can be covered




reflection intensity (arb. units)

Rainbow filter technique: full strain tensor determination
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XRD measurements vs FEM simulations

FEM | HLaue aue
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