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EFE Principle of SEM Rm

Electron beam

Secondary electrons,
backscattered electrons

i |
e T

.J.I';' J‘_M1h’muww%w L?LJ ‘\r‘ﬁe\JL:“*"

400 200 300 400 500 600  L00 800 900 100
Energy - keV




EF E Backscattered and secondary electrons Rm
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Electron Backscatter Pattern
(EBSP)

Principle of SEM

Electron beam

Secondary electrons,
backscattered electrons



EFE Kikuchi 1928

Shoji Nishikawa and Seishi Kikuchi
The Diffraction of Cathode Rays by Calcite.
Proc. Imperial Academy (of Japan) 4 (1928) 475-477

Shoji Nishikawa and Seishi Kikuchi
Diffraction of Cathode Rays by Calcite.
Nature 122 (1928) 726
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EFE Influence of tilt Rm

Energy spectrum of
backscattered electrons

Amuch higher fraction of high- _
energy BSE at 70Atilt f 7 tin

Y higher intensity of diffracted
signal on top of diffuse
background, i.e. higher
contrast in diffraction patterns

& of electrons
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(source: Goldstein et al.,2003)



E F E EBSD cameras

A CCD-based cameras: Phosphor screen + SLR lens + CCD chip

Example: EDAX DigiView2 camera
(historic,  bumldoxedi )

A CMOS-based cameras: Phosphor screen + SLR lens + CMOS chip
or Phosphor screen + fibre optics + CMOS chip

Example: Oxford Symmetry camera

A Direct electron detection-based cameras: pixelated electron detector
(currently only as prototypes, but commercialization planned, e.g. by EDAX)



SF E Electron Backscatter Patterns (EBSP) Rm

A Scattered electrons create a virtual point source in the material, from which the phosphor is
Alluminatedf




SF E Electron Backscatter Patterns (EBSP) Rm

A Scattered electrons create a virtual point source in the material, from which the phosphor is
Alluminatedpi

A Crystalline structures along the outgoing electron trajectories modify intensity distribution and
produce bands of higher electron intensity on phosphor
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SFE Components of the EBSP Rm

Electron Backscatter Pattern Background produced by diffuse Modification by crystal structures

(EBSP) scattering
(background-corrected EBSP)

as measured (measurable e.g. by averaging
over high number of grains or
while rotating the specimen)
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SFE Components of the EBSP Rm

Electron Backscatter Pattern Background produced by diffuse Modification by crystal structures
(EBSP) scattering

(background-corrected EBSP)
as measured (measurable e.g. by averaging

over high number of grains or
while rotating the specimen)
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SF E Approaches to understand the EBSP Rm

A Scattered electrons create a virtual point source in the material, from which the phosphor is
Alluminatedpi

A Crystalline structures along the outgoing electron trajectories modify intensity distribution and
produce more intensive bands on phosphor

A Channeling of electrons between lattice planes

A EBSP gnomonic projection of the lattice planes from the virtual source onto flat phosphor

Y Explains position of bands
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SF E Approaches to understand the EBSP Rm

A Scattered electrons create a virtual point source in the material, from which the phosphor is
Alluminatedpi

A Crystalline structures along the outgoing electron trajectories modify intensity distribution and
produce more intensive bands on phosphor

A Electron waves undergo diffraction at lattice planes

A Enhanced electron emission between A K 0 s Gorekii

Y Explains position and width of bands é

7z

€ b width difficult to measure with precision needed for phase differentiation
(e.g. in example below: error of 1px in band width leads to errors up to 0.5A in dy;,)
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— Examplary values in an SEM:
| 50 © 0.009nm Y gg(Ferritey,q) © 1.27A




Intensity within the bands

Background-corrected Ferrite EBSP as measured Kinematic Simulation with Esprit DynamicSa (Bruker Nano)




SFE Dynamic Simulations
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Reciprocity principle

Images from Winkelmann, 2009 9-Bloch-wave calculations for Ferrite (smaller atoms: center of bcc structure)



Intensity within the bands Rm

Dynamic Simulation with Esprit DynamicSa (Bruker Nano)




SFE Information content of the EBSP conventionally used Rm

Projected Posi'tiqﬁ of the ;gﬁbﬁ”o‘n theﬁhospﬁor screen

Y Orientation of the crystal within thesspecimen




SF E Detection of Kikuchi bands in the EBSP Rm

Hough-Transformation:

AAssociation of each pixel (x,y) in the diffraction pattern with a sine curveinaso-c al | ed aHough
coordinates (r ,).dhe pixel coordinates (x,y) act as parameters of the sine curve, the intensity of the pixel
acts as intensity of the sine curve.

AThe intensities of the sine curves for all pixels of the phosphor screen are summed-up and renormalized.
AAIl sine curves belonging to a straight line in the EBSP intersect in one point with the Hough coordinates

(ro» § The higher the integrated intensity along the straight line in the EBSP, the brighter the corresponding
intersection point in the Hough space.

AThe Hough coordinates of the intersection point (r ,,q,) correspond to the length of the perpendicular line
from the origin onto the given band in the EBSP and the angle between this perpendicular line and the

horizontal axis in the EBSP. ) )
Associated sine curves

in Hough space

Kikuchi-Band
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(Source: EDAX) 18



EI:E Idealized example

Artificial EBSP with 4 bands Result of Hough-transform

Reasons for transformation:
Al ntersection points in Hough space (aHough peal

computer algorithms than lines in the untransformed EBSP
ASince intensity of Hough peaks corresponds to the integrated intensity of the bands in the
EBSP, transformation can enhance the probability of detection of low-intensity bands.
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Real example: Band detection

Hough-
Transformation

Inverse
Hough-
transformation




F & Al mage

Measure for Quality / Contrast of an EBSP

Independent of indexing!

Depending on manufacturer o
Contrastfi or APattern Qual.i

Calculated as the sum of Hough-Peak intensities
Strongly dependent on the local lattice perfection of the

crystal and therefore also the quality of sample
preparation

Examples:

Ferrite in recrystallized Bainitic Ferrite in 100Cr6 b-Mn in combinatoric
IF steel Fe-Mn-Al-thin film
1Q: 5776
IQ: 6181 1Q: 840

21



GFE

Preset of possible candidate phases
from database:

e.g. Body-centred cubic (bcc)
Face-centred cubic (fcc)

A Splitting up the EBSP into as
many triangles as possible, i.e.
selection of triplets of Hough
peaks

A Check how many measured
triplets match theoretically
expected triplets for database
phases and different orientations

Phase/Orientation with highest
number of matches is attributed to the
measured EBSP

AConfidencieCl:l ndex i

Cl = (# matches best solution
- # matches second-best solution) /
(max. # possible matches)

Measure of non-ambiguity of indexing
(varies between 0 and 1)

Automated indexing (e.g. as used by EDAX)

lLphit = 163.8° PHI = 126.2° phi2 = 155.0°

Best solution fcc: 220 matches

g}ﬁ 521] 211] 323

Second best solution fcc:
20 matches

Ranking of possible indexing
solutions:

bcc fcc

ution  Votes

1
2
3
4
5
6
7
8
9

Sol
o
a
a
20 O
a
a
o
a
a
)

20
10
1
8
7
5
5
4
4

—_

0

Max. number of possible triplets ' B
of 12 Hough-peaks: 220 : el BLiZ 1oy

Confidence Index of indexing: Cl = (220-20)/220 = 0.909
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SFE Automated indexing

Complete indexing result:

EBSP can be explained with

Cl =0.909

face-centred cubic phase

with the
Orientation

(f ,F f,) = (334A 113.5A 225.9A.

phi1 = 334.0° PHI = 113.5°

Orientation given as Euler angles 23



GFE RWTH

Sample coordinate system

VA

Crystal coordinate system

AOrientationin: Orientation of crystal coordinat
24



SFE Some orientation descriptors Rm

Euler angles (Bunge convention):

Set of three rotations, needed at a given position of a sample to
rotate the sample coordinate system XYZ into the crystal
coordinate system [100][010][001]:

j - Rotation around Z until X lies in plane spun by [100] and
[ 010] ( X06)

F: Rotation around X6 unti | Z i

j o Rotation around Z6 unt il X i

{hkl} <uvw>-Notation:

Definition of orientation by giving the crystal plane {hkl} parallel to plane of the polished section (XY) and the
crystal direction <uvw> aligned with X,

e.g. for sheet metal {hkl} in sheet plane and <uvw> || rolling direction

25



GFE

electron beam

Automatic Collection of EBSPs

~phosphor

yreeann

EBSD camera

Unit

1 Computer
- X-y stage Shift Beam /
®  Move Stage
' Camera gm B
i j Control o Process Image
' Unit Obtain Orientation
~from Image
Stage
Control =




SF E EBSD-Scan / Orientation microscopy Rm

Sample area is scanned by placing measurement points in regular distances (i.e. constant step size)
and collecting an EBSP for each measurement point

For some manufacturers, a hexagonal grid is used (with
every second row being indented for half the step size), so
that each measurement spot has 6 equidistant neighbours

Data saved point-by-point (example EDAX):

APosition of measurement spot

Almage Quality

AAttributed phase

AOrientation

AConfidence Index

AFit (Average angular deviation between measured bands and expected bands for attributed
phase/orientation)

Adetermined Hough peak positions

Afor selected applications: individual EBSP as image files

Afor selected applications: EDX-count rates / spectra 27



Spatial resolution Rm

A High tilt angle leads to elliptical shape of irradiated spot on
sample surface as well as elliptical sections through interaction
volume at any given depth

Y Spatial resolution along and perpendicular to tilt axis differs just
by geometrical reasons by a factor of

dy/dx © 1/cos(70A ° 2.92

A Experimental determination of physical resolution:
lateral: how close can you get to a boundary before getting a
contribution from the neighbour grain in the EBSP?
depth: which thickness of an amorphous coating reduces pattern
intensity to e.g. 10% ?

dependent on size of the interaction volume, and thus on beam
energy and material, typical values e.g. for steels @ 15kV (Zaefferer, 2007)

dx° 35° 5nm
dy° 90° 15 nm
dy,z ° 5.5nm

A Effective resolution:
how close can you get to a boundary before assigned orientation
changes after automatic indexing ?

Obviously depending a lot on parameters of indexing, but might be
better than values given above



EF E Angular resolution (Hough-based)

A Accuracy of (absolute) orientation determination highly dependent on sample mounting

A Precision of (relative) orientation determination within a given sample dependent on parameters of measurement, like
settings of Hough transform, effective read-out resolution of CCD chip ( bdningf )

Test: Measurement of 100um x 100pum @ 5um step size on Si wafer (100) at 480px x 480px pattern resolution
Deviation of individually measured orientations from average orientation:

50
Average = 0.11°
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SFE Evaluation possibilities Rwrl.l

/ Interactive correlation

Possible!

Spatially resolved evaluation
as map é

Statistical evaluation,
e.g. as texture

RD
] _ € or histogram
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SFE Example: Phase distribution in a duplex steel Rm

a-iron (bcc) and giron (fcc) directly distinguishable by
their crystal symmetry

Phase distribution and phase contents direct result of the
measurement

APhase Maph

Total

Phase Fraction
B 'ron-Apha 0467
[ iron-Gamma 0520




Example: DP steel Rm

Tetragonal distortion of martensite too
small for direct distinction martensite
(bct) T ferrite (bcc) based on position of
bands in the EBSP, but:

Histogram of IQ values for points
indexed as bcc:

Image Quality
0.09 -
Ferrite
0.08,
0.0%

0.06;

0.05

Nurmber Fraction

0.04

0.03

0.03

Martensite

0.01

0.0
0 1000 2000 3000 4000 5000

Image Quality

32



SF E Simultaneous EDX T EBSD - Measurement

Distinction of phases with equal crystal
symmetry based on band position
impossible

Example:
Cu band with Sn-Pb coating

Cu: fcc,
a=3.61A

Sn: tetragonal,
a=5.832A ¢c=3.182A

Phb: fcc,
a=4.95 A

Measurement without EDX:

Cu and Pb cannot be
distinguished,

points indexed as Cu/Pb
statistically distributed!




SF E Simultaneous EDX T EBSD - Measurement

Distinction of phases with equal crystal
symmetry based on band position
impossible

Example:
Cu band with Sn-Pb coating

Cu: fcc,
a=3.61A

Sn: tetragonal,
a=5.832A ¢c=3.182A

Phb: fcc,
a=4.95 A

Measurement with EDX:

Cu and Pb distinguished by
EDX signal,
realistic phase distribution




SFE (Micro-) Texture anal ysi s: Alnverﬂm

nver se Pol e Cdlourgcadedamadirmg pficrystal axis aligned with reference axis

Example: Cross-Section through drawn W wire (bcc)

Wire axis

Crystal@xis 8CrystaITaxis ECrystal —aol s €
35



Texture analysis

Pole figure as scatter plot:

X Stereographic projection of
individual crystal axes onto
plane of analysed polished
section

36



Texture analysis

111

Texture Name: Harmonic:L=16, HW=5.0
Calculation Method: Harmonic Series Expansion
Series Rank (I): 16

Gaussian Smoothing: 5.0°

Sample Symmetry: Triclinic

max=14.044
9.041

5821

3.747

2413

1.553

1.000

0.644
min=-1.261

Quantified Pole figures



SFE Grain boundaries, grains and grain sizes

Agrain boundariesi:
Normally defined by orientation change between
neighbour pixels (rotation angle between
corresponding lattice orientations).

Thresholds can be set by analyst.

Alternatively, rotation angles can be restricted to
certain rotation axes, e.g. for fcc twin boundaries:
(60 N5)A<111>

AGr ai nsi:

Coherent pixel areas surrounded by a closed grain
boundary of a given minimum orienation change. 5 . . o . i .
Additionally, a minimum pixel number per grain is AGrain boun d%rf %S Y isoriontation »6and ot loas e ||
set, under which Agrainsin are €0 — uw e rplidithiansgarda r t e f a
of the measurement (e.qg. individual pixels)

- Grain Size (diameter)

AGrain sizei:
Direct consequence of number of pixels belonging
to such a Agrainfi and the s

measurement.
First step calculation of the grain area by number of
pixels times Aareain of indi of a

hexagon with step size as distance between
parallel faces of the hexagon).
Subsequently calculation of diameter, e.g. as

diameter of the equivalent circle. .
Grain Size (Diameter) [microns]
38




Examples: Growth of GeSb,Te, on Si

e R’efer.enc?e 9 GeSb,Te, Si R_efer.encj'e ‘
Phase: (83| sr'?'dgreen dlrectlon.® ) 1}10.100 i jm direction: X Projection of a {0110} plane
Epitaxial GeSb,Te, deposited by (0001 ][Uil 0] Getsbates || (111 ][Zj]gi (green grains)
MOVPE on Si (111) (0001)[1100] cersbzres || (111)[211]s; (blue grains)

SFB 917
(Hardtdegen et al., 2016, J. Alloys and Compounds 679, 285-292)

Nanoswitches




SFE Some examples fromSFB 761 Aigiticdie | anm
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SFE Some Examples: Deformation of High-Mn TWIP steels Rm

Comparison of EBSD with ASTAR-System at the TEM on 10% deformed specimen of
Fe-22Mn-0.3C-1.2Al (F. Dorn, T. Weirich)

i

Py
N
3‘ \

\

*'.‘
7 7

35 um 7
T RN /’.,é
EBSD: Astar: )
Al mage Qu &lllilstbyufidaries 6 0 Al n d e xAil11*bowénaries

Y EBSD detects deformation twin bundles rather than individual deformation twins! 41




SFE Validation of mechanism maps (A. Saeed-Akbari, IEHK) Rm

Manganese content |“ L% Manganese content [wt.%|
— — "~ - — —_ L | -
= = = =h = n = N o 'A

[94Im] Juajuod voque)
[¢414] 121100 voqIE)

[2671M] Juayuos woqae)
|2571m] 1u2Iu00 voqIE)

(Saeed-Akbari et al., MMTA 43(5), 2012)



SF E Validation of mechanism maps (with A. Saeed-Akbari) Rm

+ Mn § Fe-22Mn-0.1C
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Texture evolution (with Yang Li-Chih, Kaohsiung)

max. 1.979 max. 2.771 max. 5.010 max. 6.304 max. 8.524
NERRR RN lII|lIIIIIIIIIIIIIIIIIIIIIIIIIIIII

o (0.0°-90.0% < = SHP‘_
max. 3.354 max. 5.349 max. 6.299 max. 6.492 | - twin —

& (0.0°-90.0% max. 9.580



SF E Some possibly useful references Rm

Classical SEM + EDX

[1] Goldstein, J., Newbury, D., Joy, D., Lyman, C., Echlin, P., Lifshin, E., Sawyer, L., and Michael, J., 2003, Scanning Electron
Microscopy and X-ray Microanalysis, 3" ed.., Springer, New York.

[2] Reimer, L., 1998, Scanning Electron Microscopy: Physics of Image Formation and Microanalysis,2" ed., Springer, Heidelberg.

EBSD

[3] Schwartz, A. J., Kumar, M., Adams, B. L. and Field, D. P. (Eds.), 2009, Electron Backscatter Diffraction in Materials Science, 2nd ed.,
Springer, New York.

[4] Randle, V., and Engler, O., 2000, Introduction to Texture Analysis i Macrotexture, Microtexture and Orientation Mapping, Gordon
and Breach Science Publishers, Amsterdam.

[5] Zaefferer, S., 2007, On the formation mechanisms, spatial resolution and intensity of backscatter Kikuchi patterns, Ultramicroscopy
107, 2541 266.

Dynamical Simulations
[6] Winkelmann, A., 2009, Dynamical Simulation of Electron Backscatter Diffraction Patterns, in [3]
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GFE RWTH

EBSD-based analysis of lattice
deformations/defects in the SEM

Alexander Schwedt
Central Facility for Electron Microscopy (GFE)
RWTH Aachen University



SFE AKer nel Average'l'WAMoriean

KAM (r, Dg,ax) = @vg. change in orientation over radius r, calculated for neighbour pixels in the same grain
(after exclusion of points separated by grain boundary, defined by orientation change Dg > Dg,,,.,)

Provides cumulative measure for all effects, which in total lead to a lattice rotation,
especially the density of geometrically necessary dislocations, plastic deformations and
partly also strain states

Related Parameters:
pixel-based: Grain Reference Orientation Deviation (GROD)
grain-based: Grain Average Misorientation (GAM), Grain Orientation Spread (GROS),

47
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Examples: Bent sheet of stainless steel

Neutral plain

Interior (compressive stress)

¢

Austenite;

KAM(500nm, 54

(with Ph. Seemann, WITg Tagerwilen)

TDe B'

(ssaa1s ajIsual) Jo11a1x3
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