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Projection gnomonique

CoOnes de Kossel -> Hyperboles

1 Bande de Kikuchi
= 1 famille de plans cristallo.

(hkl) plane trace
Intersections
= Axes de Zone
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Indexation Standard

Performances

Angulaire (relatif) 0,1°-0,5°

Spatiale W FEG

Latérale (// axe de tilt) | 0,5 um | 20 nm

Longitudinale X 3

Profondeur ggs 10 nm
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Euler angles Deviation from
mean orientation

Not much to look at, except for the usual noise !
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With HAR-EBSD

Enhanced Euler angles Deviation from
mean orientation

I 170.359 170.752

D - =1 | HAR-EBSD reveals slightly misoriented domains

P2 o 0.659
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With HAR-EBSD

<HAR KAM> = 0.03°

|
0 0100

<KAM> = 0.25°

Enhanced Euler angles Kernel Average Mis.

0,
()

170.359 170.752

HAR-EBSD detects misorientations below 0.1°
& improves rotation axis determination

44619 45191

P2 o 0.659 :
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1 - The principles of HAR-EBSD

2 — A few selected examples
elasticity - lattice defects - elasto-plastic polyX

3 — Current Limitations : why not try 3D Hough?
4 - Source Point and Elastic Strain
How to kill two birds with one stone?

5 — Conclusions
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Band width Zone axes
change move
Interplanar
angles
change
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Link the displacement field between 2 EBSPs
to the material deformation gradient between 2 probed volu

Incident beam

DIC used to measure shifts
between 2 EBSPs
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An historical perspective

Microscale Elastic-Strain Determination by

1993 Troost et al. Backscatter Kikuchi Diffraction in the

Scanning Electron-Microscope
o Measurement of elastic strains and small

1996  Wilkinson lattice rotations using electron back scatter
diffraction

2004  Villert et al. Début de these a Saint-Etienne (CEA — ST Micro)
High-resolution elastic strain measurement crosselllly

2006  Wilkinson et al. from electron backscatter diffraction F
patterns: New levels of sensitivity.

2007 Winkelmann et al. Many-beam dynamlca_l S|mqlat|on of -
electron backscatter diffraction patterns.

2009 Villert et al. Accuracy assessment of elastic strain

10

measurement by EBSD.
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[H strainCorrelator

ode 10 Cabtaon Tos.He Digital Image Correlation

! _Lens Distorsion Interactif | Project  Settings |

[~ Correct Lens Distorsions

—Band Pass Filter Settings
 Ideal % Gaussian
" Smoothed " Butterworth

| LowFreq cutoff=5 =] |HighFreq cutoff=40 =
V" Modified Hamming Window

~ROIs Settings

ROI size ]256 pixels

Nb of ROIs {39

ROI#0 at (544,384)
ROI#1 at (460,385)
ROI#2 at (628,386)
ROI#3 at (409,309)
ROI#4 at (595,263)
ROI#S5 at (712,384)

ROI#6 at (595,505) .
Rosk G5 Ref FFT Band pass filtered Auto correl.
ROI#9 at (722,519)

ROI#10 at (544,576) ~| + Hamm ing

Save ROIs Load ROIs |

Lkl 1l

Def FFT Cross correl.
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ode. 7rcc: Cabration Toos Hel Interactive mode

Interactif I Project | Settings |

—Image source

% Simulation " Experiment

Reference Image Deformed Image

—Image files

Reference Pattern

IB_nodef.ds _j

Deformed Pattern

|B_rand1.ds _]

¥ Source displacement compensation

[~ use orientations to rotate EBSP

Cross Correlation |

" Linear system ( F=I+epstom { F=Rx(I+eps)

|Use 1 in 1 ROI in optimization :I
Fit F tensor |
—Reference Pattern Information —Deformed Pattern Information
Locate Pattern Center |
|B_nodef.ds | 1344 x 1024 {B_rand1.ds | 1344 x 1024 [” Finite Rotation
—Results summary.
o = ol e e s ’ s
SR e Projection Imposed displacement gradient Projection Imposed displacement gradient
Min 118 [0,5000 = [0,7000 = [0,4500 = [oo0  [o00  [o.00 {o,5000 = fo,7000 = |0,4500 = [2600 [-1900 [44.00
Max 4.57
fo.o0 oo  [o.00 |28.00 [23.00 [10.00
Mean 2.46 —Euler —Euler
Correlation error I0.814 |0145 j |82,69 j |69,59 j IO'OO IO'UO IO'UO |0,45 5 |82,69 5 |69,59 5 130'00 11'00 |3'00
XCF mean IO.9565
Measured Displacement Gradient =
Measured | Measured Simulated | Simulated “alculater | Zalculater :‘
F25.391 F13.705 F44.327 ROIXpos | ROIYPos | “y'chgr | yshit | F | “xshit | vshit | XFeT {USl "y i | v shit
f28.692 [22.052 fo.053 1 672 512 -1.424 0.3651 0.9578 -1.416 0.4056 0.6113 -0.2083 0.5489
f28.395 f1.583 f3.256 2 588 513 -1.19 0.6691 0.9563 -1.169 0.7651 1.461 0.1232  0.8739
Mean Ang. Error (10e-4 rad W 2 a0 c14 1 A/77 N 1NAS N QK74 -1 £Q7 NNENRE N RQ12E Ml  _ng251 nnna L.l
Measurement error |3.263
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| EHl strainCorrelator

' Mode Project Calbraton Tools Help

Project mode

Ch |5 Project
Current Project
[Ramin_16_L7_cB1 =

Iin_l 6_L7/Ramin_16_L7_GB1/Ramin_16_L7_GBlImages

[~ Use Corrected Data

Projection Parameters

fo4536  H Jo77zs A fosin =
—Map Information
Step Size |0.5x0.5 microns
I Map size [100x120

—Reference Points

(82 66)

Clear all |

—Solve options
[¥" Source Displacement Compensation
|_ Use Orientations to Rotate EBSP

[~ Compute Stress Tensor (s33=0)

[~ Use RANSAC algorithm

% Linear system ¢ F=I+epstom { F=(I+eps)*R

r—Cycle Control

Strain Identification |

Undo Shift Measurement |

Accept Discard |

Interactif

Project | Settings |

=lofx|

Pixel X=39 Y=68 BC =235 BS =140

Euler = (62.315 30.648 7.36415)

Map : |Band Contrast hd| Zoom : IE 3:
—Map Contrast
Min = 39,0000 = |max = 255,0000
a 235
Count ;12000 Min 39
Mean : 210,49 IMax @ 235
StedDey @ 18,3044 Mads @ 210

'Grain' identification parameters

XCF value = 0.117115 reference pixel = 0

Shift stats
minShift = 4.31 maxShift = 11.3 meanShift = 7.81
minXCF =1 max¥CF=1 meanxXCF =1




G

ﬁ Ecole Nationale

I Superieure des Mines Experimental protocol

Il _SAINT-ETIENNE

One time

camera optics
distortions

Acquisition
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EBSP distortion

Beam Aluminium —, Lead glass
coating

CCD window

Electron

Phosphor
particles —

e Lens = Distortion
 CCD + Lens + Phosphor = Misalignment
e Presentin all detectors

e Usually not seen by indexing

15/43
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Each time
One time '
camera optics SR
distortions detector orientation

scan rotation

Acquisition

19/43
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Mechanical issues (courtesy A.P. Day)

e Camera rotation & shift

e Droop, twist, boing & bounce

Asymmetric

carriage push
20/43
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Each time
One time .

camera optics stage tilt

distortions detector orientation
scan rotation
o No binning Store on hard disk
-Acquisition
(~1Hz) (~1 Mo | per pattern)

CPU intensive
DIC on PC-
cluster

GUI for shift analysis,
data presentation...

21/43
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Each time
One time .
camera optics stage 'tllt .
distortions detector orientation
scan rotation
o No binning Store on hard disk
- Acquisition
(~1Hz) (~1 Mo [ per pattern)

CPU intensive
DIC on PC-
cluster

GUI for shift analysis,
data presentation...

Relatively small maps : 200x200 points = 50 Go !!! |

More time required for data transfer than for (acquisition + analysis) ‘

22/43
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" Cea S. Villert, C. Maurice, C. Wyon and R. Fortunier,
® B

Accuracy assessment of elastic strain measurement by EBSD, Journal of Microscopy 233 (2), pp 290-301 (2009)
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Cathode

LSM

e«

INSPIRING
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LSM + YSZ

INNOVATION

A few selected examples

INNOVANTE PAR TRADITION

Electrolyte
YSz

3 Ni+YSZ

AFL

NiO + YSZ

Qualité EBSD

Residual strains in SOFC

&, (103)

-1.2
400

-400

J. Villanova, «Détermination des contraintes résiduelles dans les matériaux céramiques pour SOFC », thése de doctorat EMSE (2010)
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Strain and rotation tensor in Sample reference frame

Linear features // to (-1-11) plane trace
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A few selected examples

316L Single Crystal
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A few selected examples

Rotation tensor projected onto the 3 possible (-1-11) slip systems

Rotation around b Rotation around | Rotation around n

—i
(o)
=
0
>
%)
2
n
N
(@)
=
0
>
)
2
)
™
O
-
0
>
)
2
)

Consistent with edge dislocations on D2
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400 800

x104rad
Rotation angle
C) : 3.5

0 0.5 1 1.5 2 2.5

Anomalous strains and stresses are found
in regions rotated by more than 1° from
the reference point

Sample provided by ENSAM-Metz
ANR-SAKE collaboration

27143
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ROI patterns are
stretched and rotated

!

Displacement field
IS poorly approximated
by ROI shifts

i ‘:’_\" ' O o
D r,eference current @

Phantom strains
and rotations

15° rotation

28/43
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15° rotation P

current

|:o:Ro

From initial EBSD
indexation

rotated reference
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-
[0’
(0’
wd
=
o
o e
5=
Rotation angle
c -
) =
N [0’
0 05 1 :'é 0 400 800
:'3.'_’ x10rad
_
3.5

| Remapping of one of the pattern solves the problem. ‘
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High Angular Accuracy EBSD

Cross-correlation

-
[®-] StrainCorrelator

Mode Analysis Options

Image files
@ Simulation Experiment
Reference l [ Current

Process

v Use orientations to rotate EBSP

Optical Flow Registration

Fit Transformation

Results summary
Shifts XCF

max: 1.00211

H=F-1 s | .Crystal Frame

| min: 10.2251 min: 0.873245

|

132 |3 |-54.57 3] |-125.90

5401 =] 087 3| |13.34

an|[ 4] [4]»

125.34 (3] [-13.50 2] [-0.99

Pattern Remapping

based HR-EBSD

Residual Stresses by EBSD
improving on XC-based HR-EBSD

Reference Pattern

Project | Settings ] Results ]

Current

Pattern

can21x21_MNoLens_MNoMip_500_700_500\CARTO\img221 | |can21x21_Nolens_NoMip_500_700_S00\CARTO\img244

[Transformation Tensors

% | 1344 x 1024

[ 0.00 }%‘ [ 0.00

000 3 [o00

0.0 2] [o00

[-1.29 }%‘ [-54.52 }%‘ [-125.95

(5403 2 |08

2 |13

[12544 [3] [-1340 2 [-111

[H:Displacement grad. ¥ l [Cr‘,rstal Frame

Xpos
1 221 215
2 342 215
3 471999 212
4 |59 212

Ypos

Theor. Xshift  Theor Yshift  Meas. Xshift =~ Meas. Yshift

642738
545527
470334
4.22989

H=Displacement grad. ¥ l [Crystal Frame

-
-

7.80873
7.897467
8.16812
8.33574

6.45086
5.58696
452521
4.2719

7.83681
8.03822
8.18185
8.44611

0.9
0.9
1.0
1.0

]
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Some success

Good agreement
« imposed [ measured »
Max error ~ 0.1x104

But a few limitations

¢ Unknown mechanical state

Intragranular variations
i.e. Type Il Res.Stress only

e Unknown source position

Possible artefacts when
remapping
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A few ideas to overcome
the reference pattern problem

Use a simulated pattern as reference ‘

Attractive idea....
... but many issues as shown by Britton et al. - Ultramicroscopy 2010

“Factors affecting the accuracy of high resolution electron backscatter diffraction when using simulated patterns”

| Combine Kossel microdiffraction (mean strain) and EBSD (local gradient) ‘

ANR Project SAKE : Strain Analysis by Kossel and EBSD
(ENSAM Metz - Mines Saint-Etienne — STMicroelectronics)

| Enhance the angular resolution of direct pattern analysis ‘

Based on accurate edge localisation by 3D Hough transform

32/43
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High Angular Accuracy EBSD
t" v; S '.‘g &L N ’[.:’:'~ WY

..................
_J_.»-/-IPI I o

- Incident beam ., I
detector

Plausible Kossel Lines
U.n = sin0Oyg

\ y,
S 4
3D Hough space
°"'_ DEerDoia
angﬂ n ---------------- ol W - -
E4 ; :
{1-" :ﬂ,

Constant sing; sections

Presented at RMS EBSD 2007 — New Lanark
33/43 C. Maurice & R.Fortunier, Journal of Microscopy (2008)
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High Angular Accuracy EBSD

Known EBSD Geometry

n unstrained germanium

(sim

ulation)

.

A

25 reflectors are detected

From these reflectors :

> Refine the lattice parameters
> Refine the orientation

» Compute strains and stresses

54 6.7 -—5.8
g = 8.9 3.4 |MPa
0.1
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s Advanced Properties

High Angular Accuracy EBSD

-~

—\

Not so well-known EBSD Geometry

~

rue Position

“

/
Shifted PC

Sheared Peak
U

\
Shifted DD

Squeezed Peak
J

35/43
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High Angular Accuracy EBSD

Two Morphological Descriptors to quantify the parallax error

7 N

rue Position

P

Morpho 1
1%t order variation
0 with PC
\
Morpho 2
1%t order variation
with DD J
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High Angular Accuracy EBSD

Scanning the Source Point space

Variation of the Morphological Descriptors for PC variation of +4 pixels around true position

"‘ ‘ 0.02

—
Morpho 2

—
N
 —-—

0 -

>PC, Constant DD sections

0.02

X
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Scanning the Source Point space

Mechanical state : Stress Tensor

MPa
1.

-500
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Relative HR-EBSD by cross-correlation

geometric principles well established
.I | E effectively measures low misorientations < 0.1° (check with TEM)
. remapping helps in case of orientation gradients
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Il SAINT-ETIENNE

Relative HR-EBSD by cross-correlation

1 geometric principles well established
.j E effectively measures low misorientations < 0.1° (check with TEM)
— remapping helps in case of orientation gradients

beware of artefacts (topography — carbon contamination...)
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e B Conclusions

Il SAINT-ETIENNE

Relative HR-EBSD by cross-correlation

geometric principles well established

.j E effectively measures low misorientations < 0.1° (check with TEM)
— remapping helps in case of orientation gradients

beware of artefacts (topography — carbon contamination...)

w measures spatial variation of strains and rotations
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e B Conclusions

‘[I SAINT-ETIENNE

Relative HR-EBSD by cross-correlation

) & geometric principles well established
.1 | E effectively measures low misorientations < 0.1° (check with TEM)
o remapping helps in case of orientation gradients

beware of artefacts (topography — carbon contamination...)

w measures spatial variation of strains and rotations

« Absolute » HR-EBSD

Nyl 3D Hough can yield both Source Point position and Strain

g IN PROGRESS
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