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LAUE MICRODIFFRACTION



V PolycrystallineMicrostructure

X-ray Laue diffraction microscope for structural imaging
on CRG-IF beamlineat ESRF, Grenoble, France 

V< 500 nm X-ray probe
VLarge field of view
VIn situ experiments

V Crystal orientation & full strain
with high 10-4 resolution

V 3D Localisation and measurements
defects& high stress levelV Single object internalstructure

µLaue scanner 



Materials x-ray based characterization techniques

Atom

Crystal

Material

Final object

Á Multi -scale approach

Á Multi -modal analysis

Å Fine chemical analysis
Å Composition
Å Physico-chemical properties

Å Microstructure
Å Residual strain
Å Phase recognition

Å Morphology
Å Structure
Å Defects

Å Failure analysis
Å Compliance
Å Reverse engineering

X-ray 
Diffraction

X-ray 
Spectroscopies

X-ray 
Scattering

2D/3D 
X-ray 

Imaging

Á Coherence Ą resolution and contrast

Á Hard X-rays Ą penetration (in-situ, operando)

CourtesyJ. Susini

LAUE
MICRODIFFRACTION



Scattering @ InterFaces

Beamsize: 0.3 (H) x 0.3 (V) mm2

Energyband: 5 ς23 keV, 
White & Monochromatic

Laue Diffraction Microscopy

Visible light
X-ray

fluorescence

X-ray Laue pattern

MicrodiffractionLaue (µLaue)



Scattering @ InterFaces

Unique in Europe

Beamsize: 0.3 (H) x 0.3 (V) mm2

Energyband: 5 ς23 keV, 
White & Monochromatic

Routine

2D mapping

Orientation/Strain/phase

Crystalline defects

Mono- & poly-crystals

Single micro-object

In situ 

furnace, stress, light é 

Advanced

- Full stress 

(energy resolution)

- 3D mapping

(depth resolution)

Laue Diffraction Microscopy

µLaue diffraction (µLaue)

Structure: phase, orientation, strain
Morphology: Grain position & shape
Crystal defects: location & nature



ÅLocal (residual) strains measurements

ÅSurface technique with useful probing depth : ~ several 10 µm

ÅSmall gauge volume : < 500x500nm2 x  ~10 µm or grainsize limited

ÅX-ray equivalent to EBSD with:
ÅHigher penetration, less sample preparation
ÅConducting or isolating materials
ÅFiner resolution in orientation : x 1/100
ÅHigh strain resolution: 10-4

Still needs:
ÅAccelerated acquisition - automated analysis
ÅSynchrotron beamline

X-ray (scattering signal) microscopy for materials studies

White X-Ray

500 nm500 nm

10 µm



Scattering @ InterFaces

HR Strain map

In Ge strained membrane

s

2D

Strain/orientation resolution: 10-4

In situ

10 µm

Microstructure & defects in Hard X-ray detector CdTe

investigation of

plasticity damages

and stress level

High spatial resolution (< 1µm)

In situ 
Crystalline

defects

µLaue diffraction (µLaue)

3D

stress
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Maths for Laue  in a nutshell(1/2) : mirror reflection

Reflectionof incident beam◊░by a mirror with normal vector◊▲(elasticcollision)
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Maths for Laue  in a nutshell(2/2) : Bragg reflection

avec
|| kf||=|| ki||=2p/l 
|| q|| = (2p/l)2sinq
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Atomicplanes actas a mirror with normal ▲(elasticscattering).
Direction of the incomingwave(wavevector▓░ is changedinto a new direction 
(wavevector▓█) due to ▲.
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R(q)=2p/l =||q||/(2sin q)
= E(keV) 2p/12,398  = -q2/(2q.ui)
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Given▲and incomingbeamvectors◊░, the scatteredvector▓█(direction and 

norm) iseasilydeterminedgeometricallyby meansof the bisectionof ▲
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|| kf||=|| ki||= 2p/l=-q2/(2q.ui)



a*

c*

ki

401

Reciprocal lattice nodes
G* = ha* + kb* + lc*

2d sin̒ = ˂ ᵾ G* = kf - ki

~

kf

303

202

401

202

303

Advantages

- Alwaysdiffraction signal for anycrystalorientation

- Large numberof Bragg reflections

- No samplerotation

- Determineeasilyorientation

1/ m˂in

1/ m˂ax

Mapping:
1 Reciprocaldirection ė 1 Laue spot
ė fund. and harmonicsreciprocalnodes

ė (X, Y)detector
G* / Dz

Laue Principles |  measuring reciprocal directions & orientations



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

Projection sphereof directions

Laue Principles |  measuring reciprocal directions & orientations

Absolutepositions => orientation Relative positions / ref. => deformation

Zone axes



Laue Pattern visualisation. Frame

P
ixe

l Y

Pixel X

Si(001)

001

Zone axis
<110>

<001>

<110>

<-110>

P
ixe

l Y

Pixel X

Si(001)

001

Zone Axis
<-110>

Y

X

Z
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Scatteringangles



Laue Principles | Sensitivity to deviatoricstrain

idem

Laue => Deviatoricstrain *ʁ : angularunit celldistortionsi.e.  b/a, c/a, h , ̡ , ɹ

G' = (I3 + ʁ )G

Ӷ‐ π π
π Ӷ‐ π
π π Ӷ‐

Laue +measuring1 spot energy=> 1 reciprocalvectorlength

=> unit cell volume, a,b,c, ,h ̡ , ɹ (full strain)



µLaue | Experimental setup
Laue Pattern:
Diffraction signal
4 Mpix, 16bits

Optical microscope:
Surface image
40x40 µm² FOV

FocusedWhite beam
5 ς25 keV

Size = 0.5 x 0.5 µm²

Tilt controlled table
(closed-loop control 
+/- 0.1 µrad)

KB mirrors focusing

Fluorescence detector
Chemical information
Resolution~125 eV



2D lateral resolution
< 0.5 x 0.5 µm2 Fluo.

Kh Ge

xʁy,...

surface opticalmicroscope element/phase mapping

local crystal orientation local unit cell strain

in situ & operando
,̀ kBT,

e-, light collection (XEOL),
Χ 

Tensile test furnace

indexing refinement

2D detector

2D detector

Synchrotron X-ray based signal microscope

µLaue | 2D microscopy



Fluorescence map
Duration time: 2-10 min

Cu pads/Si

Au nanowires

Visible microscope

Polycrystalline UO2

Field of view: 200X200 to 40X40 µm2

10 µm

NiN-implanted Ni

- Find micro region in macro sample (can be long!)

- Select single point/ROI for Laue diffraction

2µm

0.5µm

NdFeB
10µm

µLaue | First steps: (1) Locate & Measure



GB & structural defectsmapping

from
peaks lists

dataset

from
Images
dataset

x

y

R.I. Barabash et al.,
Appl. Phys. Lett. 103 (2), 021909 (2013)

NiMnGa

Laue Spot(s) Monitoring

Images ROI
mosaic

y

x

Single crystal& polycrystalmapping

UO2 polycrystals

Au NW

Fluo. Single peak monitoring

µLaue | First steps: (2) Imaging & Tracking



B0 = 

Indexing results
- Miller indices (hkl)
- crystal orientation (Uraw)

Indexing a singleLaue pattern

001

113

-2-24 224

315

q =Uraw.B0.G* = kf - ki

B0 initial matrix a*,b*,c* in Lab. frame

Sʁtrain

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

Uraw=U.(I3 + ʁ )

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



Reference Table 
(AnglesLUT) des angles aij

entre plans (hkl)i et (hkl)j

IndexingBasic methodprinciples:
Recognition of angle between2 atomicplanes normals

Example: Cubic
structure with highest
Miller indices (nLUT) =3
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if:  ȿ‌ȟ ‌ȟ ȿ ‌ ȟangle‌ȟin LUT is recognisedand corresponds to a pair of planes {h1k1l1, 

h2k2l2} and 2 potentialsolutions:

Spot 1 Spot 2 Orientation 
Matrix

Solution 1a h1k1l1 h2k2l2 UB1a

Solution1b h2k2l2 h1k1l1 UB1b

a1,2= 29,501°
h1k1l1 =(-1 1 1)
h2k2l2 =(-1 3 1)

(-1 1 1)

(-1 1 1)(-1 3 1)

(-1 3 1)

UB1a UB1b

Then, 2 Laue patterns are simulated:
experimental

simulated

Spot 1 Spot 1

Spot 2 Spot 2

Indexing: recognition of angle between2 atomicplanes normals



Evaluatematchinglevelbetweentwo Laue Patterns
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Automaticpairingbetweenneighbouringtheoretical(hollow red circles) and 
experimental(filled circles) isperformedby (Auto Links) to:
- assessǘƘŜ [ŀǳŜ ǇŀǘǘŜǊƴǎ ΨmatchingǊŀǘŜΩ
- identify unambiguouspairs of (exp., theo.) for structure refinement

MatchingRate
(Nb(green+)+Nb (orange)) /Nspotstheo

Nb of unambiguouslinks
Npairs(green) 

Within Matchingtoleranceangle 

1 theo. spot linkedclose to 1 exp. spot

1 theo. spot linkedclose to severalexp. spots

1 theo. Spot without neighb. Exp. Spots 
(MissingReflectionin exp. Spots list)



Matchingrates report of potentialindexingresults

Giventwo spots angle recognition, severalpotential indexingsolutions (i.e. UB 
orientation matrix) are listed: 

A poor de MatchingRate canbe due to:
- A smallnumberof exp. Spots (seePeakSearchprocedure)
- The referencestructure for indexingisnot well chosen(stronglattice deformation?)
- Matchingtoleranceangle is too small

Nbmatched:
Nb of exp. Spots
(includingharmonics)
linkedto a theo. spot

NbExpected:
Numberof theo. Spots 
(includingharmonics)

MeanStandard 
deviationof pairs 
angles

MatchingRate:
Nbmatched/ NbExpected



Matchingrates report of potentialindexingresults

Giventwo spots angle recognition, severalpotential indexingsolutions (i.e. UB 
orientation matrix) are listed: 

UB0 UB2 UB1



Grain 1

Grain 2
é
Grain n

Indexation
- Miller indices (hkl)

- crystal orientation (Uraw)

- Separate grains contributions

Multiple indexation

of superimposed Laue patterns

111315

337

220

753

426

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

V Sequentialindexation
in case of no orientation relationships
betweengrains



µLaue microscopychallenges

Single image analysisof complexLaue patterns

Segmentation Recognition
by Template matching
or standard angle recognition

Crystal structure refinement

PolycrystalsLaue patternsRawbinaryimage

V parallel indexation
to handleorientation relationshipsbetweengrains



DealingwithS3 twins in fcc

100% matching

~33% matching

Twins
Ambiguoussuperimpositionof Laue 
spots (of different grains and hkl)

UB_child_1

UB_child_2

UB_child_3

UB_child_4

UB_parent



CheckingvariousLaue spots presence
(+ KnowingLaue spot energysolvesthe ambiguity!) -511  15700 ev

-111

111 5166 eV

-202 6934 ev

282    20847 eV

-202   6888 ev

-15-1   15612 ev

-1-15   15492 ev

-1-11   5166 ev

5166 eV

Dealingwith sigma3 twins in fcc



Fine Texture canbe resolved(at least manually)

111 texturedpolycristallineCu



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

Orientation map

Useful to Correlate

scatteringïspatial informations

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

But Also: strain, defects,...

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



Laue Diffraction | Data analysis

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

LaueTools Suite Software for Laue microdiffraction data analysis

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

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

1- Peak Search
2- Indexing
3- Unit Cell Refinement
4- Map results plot
5- Automatic Analysis

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


µLaue Diffraction | Phase Identification

(111)

Single shot measurement :
3 variants with quadratic strain c/a ~ 1.03

~ 100 nm

epitaxyOxide layer growth
at UO2 pellet surface

L. Desgrangeset al.,J. Nucl. Mat. 402 p 167 (2010)

M. Schneider et al, Chem. Comm. 48 (16), 2192 (2012)

In situ Phase transitions of
(GeTe)nSb2Te3 (6 <= n <= 15)

Spatially resolved study of
defects and distorted structures distribution

DVD

330°C 340°C



Strain refinement by least squares minimization

- needs refined detector geometry (calibration)

- provides :

ïunit cell deviatoric straine*
ïcrystal orientation U

bô/aô, cô/aô, aô, bô, gô

He-Damaged
zone

UO
2

Mechanical properties under load
Data => input for FEA

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

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

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

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

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

Normal-to-surface strain level
in polycrystalline He-implanted UO2

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

q = U(I3 + e) B0G*= kf - ki

a, b, c, a, b, g

B0 U(I3 + e) B0

µLaue | Second steps: (2) Strain & Orientation refinement 

Rotation
& deformation



µLaue Diffraction | Peak shape Analysis

=> Stress release modes, Slip system recognition

Grain 1 Grain 2

Geometrically Necessary Dislocations

Radial streaking => Surface swelling ÝIntragrain fine misorientation
ÝActivated slip system

Defects induced by He implantation
in UO2 polycrystal

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

He-Damaged
zone

UO
2



µLaue Diffraction | in situ mechanical test

Data measurements & analysis validation
Errors estimation

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

In situ elastic bending

Reversible phase transformation
(SMA)

during cycle in CuBeAl

S. Berveiller et al, Acta Mat. 59 (2011) 3636
B. Malard, Compt. Rend. Physique 13 (2012) 280ï292

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

- In situ structural characterization
- Determine behaviour law

s

e

eyy

x

x



µLaue Diffraction | in situ mechanical test

Well controlled micromechanical tests
- Crystal & GB orientation
- Fine Force resolution
- Tension, compression, bending, torsion,...

Measurements of peak elongation direction and width
Ÿ Activated slip systems
Ÿ Dislocations density

Cu pillar

Defects nature & location In situ plasticity

Compatible SEM & Synchrotron BL

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



- Full stress/6 lattice parametersmeasurements

- Mechanicalassumption e.g.   ̀ 33 = 0  

- Laue spot energyfine experimentalmeasurement:

How?
insert monochromator(opticshutch)
use of  a 0D movableenergy-resolveddetector
insert monochromator(diamond) in transmission (in exp. Hutch)

- Depthresolution: 3Dmicroscopy

Determine then ethens=Ce

s=CeSolve for and 5 sij

Deviatoricstrain
Standard Laue Pattern analysis

Full strain hydrostaticstrain

µLaue Add-ons| Goingbeyondphase/orientation/straindetermination



From the deviatoric to the full strain tensor

ʎ
ʎ
ʎ π
ʎ
ʎ
ʎ

Ã Ã ὧ π π π
Ã Ã Ã π π π
Ã Ã Ã π π π
π π π Ã π π
π π π π Ã π
π π π π π Ã

ʀ ϳʀ σ

ʀ ϳʀ σ

ʀ ϳʀ σ

ςʀ

ςʀ

ςʀ

„= stress (unknown)

ὧ Σὧ Σὧ ҐмнсΣппΦлΣстΦтDtŀҐŜƭŀǎǘƛŎŎƻŜŦŦƛŎƛŜƴǘǎƻŦDŜ

‐Ω = deviatoricstrain (measured)

‐ = hydrostatic strain (unknown)

ρȟςȟσ ὼȟώȟᾀ ρππȟπρπȟππρ

Solve the 6 equations for the 6 unknowns to get the full strain tensor

Hypothesis : No stress perpendicular to the free surfaces (3̀3 = 0)

IƻƻƪŜΩǎlaw F= kxΧwith ǘŜƴǎƻǊǎ ŀƴŘ ±ƻƛƎǘΩǎ ƴƻǘŀǘƛƻƴΥ



Local stress agrees with
macroscopic stress ( by sin2y)

„Ґ
ωψφ συ σπ
συ ψχψ ςυ
σπ ςυ ςπω

Electrolyte YSZ :  (ZrO2)1-x(Y2O3)x

YSZ

White Beam

Monochromatic beam

Energy scan

=> e(hkl)

refinement

=> e*

s=CeFull tensors

µLaue Diffraction | Full Stress

La (1-x)SrxMnO3

Cathode:

Anode:

NiO + YSZ

Spatial distribution of full stress tensor in
polycrystalline ZrO2-based electrolyte
for Solid Oxide Fuel cell

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)

Mpa



Direct energy measurement with energy-resolved detector (SDD)

2D detector

Sample

Energy resolved 
Silicon Drift Detector

Local energyspectraacquiredwith the Laue diffraction pattern (no overhead)

Energycalibration required(usingfluorescence or knowndiffraction peaks)

C
o

u
n
ts

Channel =f(Energy)



Quest for the last parameter:

The Rainbow filter technique

"Inverse" monochromatic diffraction

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



Quest for the last parameter:

The Rainbow filter technique

"Inverse" monochromatic diffraction

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



Quest for the last parameter:

The Rainbow filter technique

"Inverse" monochromatic diffraction

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



The Rainbow  filter technique

Relationship between filtered out energies and diamond filter angle

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

A
tt

e
n

u
a

ti
o

n

Strong

Weak



Rainbow filter technique: full strain tensor determination



XRD measurements vs FEM simulations

a

b

c

FEM               |             µLaue


