ASTAR : Automatic Crystal Orientation
and
Phase Mapping package for TEM
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Comparison SEM-(EBSD) vs TEM spatial resolution

SEM orientation map
deformed TaeV alloy

TEM orientation map
(25 nm stepsize)

-

SEM Mag: 1278985

I - - ;M ap 1 Step=01 pm: Grid523x330

EBSD map (100 nm stepsize)

Electron Backscattering Diffraction (EBSD ) orientation maps in SEM have usually
poor resolution in comparison with TEM maps showing detailed nanostructure



PROBLEMS WITH EBSD - SEM vs TEM

‘ SEM spatial resolution is generally much lower than TEM

‘ EBSD orientation maps in SEM rely on Kikuchi lines generation from
sample surface

‘ EBSD 1 SEM surface specimen preparation is very critical and time
consuming step to produce well defined Kikuchi lines

‘ Many materials ( eg many ceramics or heavily deformed metals )
DO NOT show any Kikuchi line contrast so EBSD-SEM is not possible

‘ Time consuming technique ( eg hours typical time for EBSD map )

X ﬁanoMEGAS
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NEW technique for phase /orientation mapping in TEM

ASTAR

A sample areais scanned (eg matrix 500 x 500 points ) at TEM resolution
:> (eg 5 nm step size for FEG-TEM to 20 nm step size for LaB6 TEM)

:> Scanning is performed by dedicated unit « spinning star » (no STEM need )

Spot ED patterns are collected from a sample area ( eg matrix of 500 x 500
:D points) with a fast dedicated CCD camera ( external or online)

:> All collected spot ED patterns are stored in a dedicated computer for
comparison with data Bank of known crystal phases and orientations

Template generation of all possible simulated orientations (every 1°) within
the stereographic triangle for existing crystal lattice(s) and symmetry

:> Cross-correlation comparison of all collected ED patterns with all simulated
templates to deduce detailed phase and orientation mapping

I:> Detailed map generation (nm ) for all crystal phases and orientations

X NanoMEGAS
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ASTAR Procedure

Control Computer

D.A. Board Beam Control

Image Processing
Frame Grabber

’ Phase /orientation maps
\ ‘%"’% generation (off-line)

,nﬁ’;-

Beam scanning
Dedicated precession unit
« Spinning Star »

ASTAR : Automatic Crystal Orientation
and
phase mapping hardware /software package for TEM

5; NanoMEGAS
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ASTAR : diffraction pattern adquisition

A sample areais scanned (eg matrix 500 x 500 points )
at TEM resolution (eg 5 nm step size for FEG-TEM )

Scanning is performed by dedicated unit « spinning star »

Spot ED patterns are collected from scanned sample area
with a fast dedicated CCD camera ( external or online)

Example :Severely

deformed

7075 Aluminium Alloy

Any TEM1FEG/LaB6
may work with ASTAR

X NanoMEGAS

Advanced Tools for electron diffraction
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ASTAR software: on-line pattern acquisition

Diffraction patterns are acquired
with dedicated software through a
user friendly interface that enables
an easy definition of the the area of
interest.

Thousands of patterns are collected
at rates up to 175 fps.Typically a
map is collected in 5-15 min

Spacial resolution is down to half
the spot size (TEM electron gun
dependent)

NanoMEGAS

Advanced Tools for electron diffraction
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ASTAR : crystallographic orientation identification

Precalculated templates e °.

m 0. . ° 9
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Correlation index N .

Acquired pattern | =

Degree of matching between experimental patterns and
simulated templates is given by a correlation index ; highest
value corresponds to the adequate orientation/phase

X NanoMEGAS

Advanced Toois for slectron diffraction

Template generation of all possible
simulated  orientations  (everyl©°)
within stereographic triangle for given
crystal lattice(s) and symmetry

Stereographic projection
1-11

(example ,cubi@ 0 6 6imulated patterns
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ASTAR software : template generator
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Diffraction patterns are pre-calculated for all possible orientations of the crystals

Any phase may

NanoMEGAS
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ASTAR : pattern matching by image crosscorrelation

NanoMEGAS

Advanced Toois for slectron diffraction

P y — Coraddina gty pdile
-= Tardae

Image treatment

Cross-correlation comparison of all acquired ED patterns with all
simulated templates to deduce correct pattern index; degree of
matching between experimental patterns and simulated templates is
given by a correlation index where highest value corresponds to the
adequate orientation/phase.
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Edit Virtual Dark Field

ASTAR software : template matching
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Every acquired diffraction pattern is compared to all the pre-calculated
templates ; best match indicates both the phase and the orientation of

the crystal.

Diffraction patterns in bitmap format may be indexed individually.
Indexing rate is as high as 100 patterns per second



ASTAR software : template matching
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Additional features

- camera length detection

- pattern center detection and optimizing routines
- image distorsion correction wizzard

- diffraction spots enhancing routines

- spectrum fitting interface (for ring type patterns)
X NanoMEGAS
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ASTAR Iidentification example : nanocrystalline Cu

111

110

correlation index = 585

Diffraction pattern

( nanocrystalline cubic copper)

Correlation index map

For a given ED pattern, the correlation index map is calculated for all possible template orientations and plotted
on a map that represents a portion of the stereographic projection (reduced to a double standard triangle). That
resulting map reveals the most probable orientation for every experimental spot ED pattern ( in this case ED

pattern is found to be close to 110 ZA orientation )

X NanoMEGAS
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ASTAR - example : Phase identification

Asbestos (several phases)

ED patterns is compared with simulated patterns ( templates )

Asbestos particles are toxic and their for all possible orientations for crocidolite and chrysotile
characterizationvith fastandreliabletechniques monoclinic phases present in this asbestos sample. Correlation
is very important phasesmay be presentin a index map (below) show most probable ( higher correlation
sample( like monoclinicchrysotile, crocidolite) index ) crocidolite phase and respective crystal orientation.

ASTAR can distinguish in secondsexisting
phasesfrom experimentalED patterns
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X NanoMEGAS Index = 1242 Index = 550
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ASTAR : ultra-fast TEM orientation map

Sample : severely deformed copper

= * 400 x 400 pixel data adquisition

5min 4sec!!

Typical software data analysis
time (for cubic)

5-10 min

( hexagonal , tetragonal )

Orientation map X 3-4 more time

NBD step 20 nm

X NanoMEGAS
Advanced Toois for slectron diffraction



ASTAR : OM, VBF, index and reliability maps

Orientation maps (OM),virtual bright
field maps (VBF), index maps and
reliability maps may also generated.

VBF maps measure the fluctuation of

the central beam intensity, revealing in
this way a STEM-like bright-field contrast with a
one-to one connection to orientation maps.

Correlation index maps are mainly
used to emphasize structural details
such as different crystal orientations

A reliability index has been defined
(similar to an EBSD 6confi de

index ) in such away that it has a low value
when more than one solution is proposed, a
high value when the assigned solution index is
much higher than any other proposed
orientation or phase.

Such reliability maps clearly reveal grain
boundaries

Index reliability
% NanoMEGAS

Advanced Tools for electren diffraction



ASTAR : few examples (orientation maps)

Bright field images

Nanocrystalline Al Deformed steel
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Orientation maps
X NanoMEGAS
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ASTAR : Phase maps

example : TWO POSSIBLE PHASES

Sample : Replica sample extracted from 430

stainless steel contain lot of precipitates NOT M23Cs carbides cubic fcc a=10.62 A
possible to distinguish between them from size Cr2N nitrides hexagonal a=483.c=451A

carbides

TEM

nitrides

NanoMEGAS ASTAR crystal phase map, step 22 nm

Advanced Toois for slectron diffraction



ASTAR : combine scanning with precession

NO precession precession

Using precession diffraction the number of ED spots observed
increases ( almost double ) ; correlation index map becomes
much more reliable when compared with templates

NO precession

Orientation map

INCORRECT orientation (Index 622)

In this example (right) a metal particle gives . S
wrong correlation index without precession due o, %o, h
to presence of Kikuchi lines; after applying o, ’a°°°°
precession (right lower image), index gets ' 1 °+o° o
correct value as ED quality improves and A °°a'°°°
Kikuchi lines dissapear pL W,

L]

0.5° precession
X NanoMEGAS CORRECT orientation (Index 745)

Advanced Toois for slectron diffraction



ASTAR : orientation maps with and without precession

orientation map, NO precession

beam scanning step 28 nm

’ ' . VBF

In this example three different cubic mayenite
crystals Ca12Al14033 are analyzed with ASTAR ;

orientation map generated without precession
results in inconsistent index over areas that
must have uniform orientation. On the contrary,
orientation maps generated with small precession
angle present true uniform orientation over
individual grains

orientation map
precession angle 0.25°

CONCLUSION

% NanoMEGAS Orientation maps are more precise with precession

Advariced Tools for glectron diffraction




ASTAR : Phase maps with and without precession

‘ ALL precipitates get inambiguous identification
WITH precession

crystal phase map crystal phase map

orientation map ,step 22 nm

NO precession with precession 0.3°

X NanoMEGAS

Advanced Tools for electron diffraction



ASTAR : Phase maps with and without precession

‘ 3 existing phases: only possible to distinguish by precession
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NEW technique for phase /orientation mapping in TEM

] 18881

ASTAR

TEM based technique similar to EBSD for SEM '
(with much higher resolution details ), NO sample preparation

easy to reveal detailed crystal orientation maps

(angular resolution <1°, < 5 nm step size)
applications for metals, ceramics , semiconductors for accurate
orientation / phase maps (resol.< 5 nm —TE< 25nm i TEM LaB6)

Ultra-fast data adquisition
(< 5-10 min eg 5x 5 microns, 500 x 500 points) with CCD camera

Scanning in combination with precession for accurate orientation
and phase maps

ASTAR can easily be retrofitted to any (old or new) 100- 400 kV TEM
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