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To design better high performance materials we need to:
A ldentify the critical length and time scales

A Bring multimodal information to bear on Rol

A Spatially correlate information at different scales

Optical X-ray SEM
Microscopy Tomography
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Consider degradation by creep cavitation s

e.g. boiler spine in a nuclear reactor

A Stainless steel component

A Combination of high temperature and residual
stress local to a weld

A Creep cavitation cracking can be life limiting

Creep
cavitation
crack




sassa Creep starts at the
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atomic scale

GB segregation Point defects

Dislocations
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Large scale imaging
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http://xray-imaging.org.uk/index.php?view=image&format=raw&type=orig&id=408&option=com_joomgallery&Itemid=17
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http://xray-imaging.org.uk/index.php?view=image&format=raw&type=orig&id=65&option=com_joomgallery&Itemid=17
http://xray-imaging.org.uk/index.php?view=image&format=raw&type=orig&id=469&option=com_joomgallery&Itemid=17
http://xray-imaging.org.uk/index.php?view=image&format=raw&type=orig&id=501&option=com_joomgallery&Itemid=17
http://xray-imaging.org.uk/index.php?view=detail&id=442&option=com_joomgallery&Itemid=17
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Ultra high resolution imaging and Chemlstry N
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™ f Atomic image of SrTIO3 | B

Overlay 3D atom probe map
and STEM image of pearlitic
steel : CoBe2enttwing 3
shows much lower C
segregation than average
grain boundary[Herbig, Raabe
et al PRL 2014]

Atomic resolution elemental
map of SrTiO, crystal by Super
X EDS on Titan 80-300
Aberration Corrected STEM
[NC State Univ]



Mechanical testing
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To see the value of a correlative
multiscale framework lets consider

pitting corrosion of a stainless

steel wire
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FOR HIGHER AND FURTHER EDUCATION
2011 & 2013

Sample immersed in Chloride Solution and polarized

A Time lapse images show nucleation and growth of
corrosion pits
A Identification of the fastest or slowest growing pits

But we need to better char ac




EESEY Connecting Scales: high-resolution )
S X_ray CT A P
Use macroscale X-ray CT as a 3D map

to find Rol for microscale X-ray CT

A We can now see the detailed
morphology of the corrosion pit,
revea | 1 n g a ‘

mor e

n

around |
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Correlative Tomography: Linking X-ray ¢
y CT to SEM Q(

R En
2011 & 2013

Manually register the surface as rendered from X-ray CT to
the SEM image to locate periphery of pit obscured by a

lacy cover:

After




Correlative Tomography: FIB-SEM serial _,
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3D analysis at the nanoscale using Slice and View

A Destructive but very high resolution and SEM imaging
reveals contrast from grain boundaries

A Characterize the shape, extent and direction of the
corrosion fronts

But we need to understand the crystallography to identify
t he corrosion frontse.
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Connecting Modalities: Crystallography }:

Electron backscatter diffraction has enabled analysis of the
crystallography around the corrosion fronts

A We have identified high angle grain boundaries (A), coincidence site
lattice (CSL)(B) and slip bands (C)

A The structural disorder of each of these boundaries appears related
to the degree of corrosion

But we need to understand the rol e

e T e
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rmenaess  CONNECtING Modalities: Nanoscale
Chemical Analysis

Chemical Mapping with Titan ChemiSTEM-EDS
A GB and CSL are associated with chemical
segregation
Mj A Slip bands have not yet shown any chemical
- segregation

ANNIVERSARY PRIZES




Correlative Tomography
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Macroscale X-ray CT (3.4 um voxel size)

: Intergranular cracks
Multiple Pits 9 GB

Component _
failure Pits Grain structure

m mm em nm Atomic

Sub-grains segregation




Mechanical testing Macro In situ

tension/compr Micro in situ
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rosvocess \N@ now have advanced tools to map
microstructures across the scales:

3D map of crystalline orientation in bone trebecula [Georgiadis et al Bone 2014]

Challenge is to correlate these to
mechanical properties across the scales
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Mechanical characterisation at
the millimetre (polycrystal)

scal eée.



il Mapping elastic properties - Spatially
resolved acoustic spectroscopy (SRAS) ..

Excitation laser: fixed frequency, f A Wlth Steve Sharples

2011 & 2013
Spatial light modulator:

mage pater ono surface (Nottingham), Lowe (Imperial
F- f}z\:\ér:etection College)

Line spacing is scanned at each
sample position:

g
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(SS308 TIG weld) :
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A Originally
developed by Brian
Roebuck et al.
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MRS [N situ monitoring of smart weld e
filler during weld cooling

Instron
| version of

ESRF synchrotron facility



Evolution of phase fractions

niversity of Me ~ *

150
0.9 —
0.8 —
0.7 —
0.6~
0.5~

Phase Fraction

0.4 —
0.3.~
0.2 —
0:] —

—&— Austenite
—=— Ferrite

0.0~

A Full structural (Rietveld) refinement of the

I I
100 200

[
300

[ I
400 500

Temperature (°C)

o A Poen w0 AT o

600

700

= *)

800

(q
I

:
900

diffraction patterns to obtain phase fractions



Smart weld fillers
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Mechanical characterisation at
the tens of micron (grain to grain)

scal eéeé



Coupling to 3D simulations ) XNOVOiecn @

« 3D grain maps are perfectly
suited for coupling to 3D
computer simulations of
microstructure evolution

Experiment Simulation

{a}

(c)
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\(goldg()jggl- 71(\5 King, P. Reischig et al, Materials Science and Engineering A 524 .M. McKenna, S.0. Poulsen, E.M. Lauridsen, W. Ludwig, P.W. Voorhees, In print



GrainMapper3D™ implementation

¥ xnovolech
New lab-based 3D grain mapper (Zeiss-Xnovo-UoM)

Version 0.5 implementation:
Laue focusing geometry

Details

= Add-on module to
standard Xradia Versa
520 XRM

= Utilizes white divergent
X-ray beam

= Utilizes Laue focusing
geometry




i L aboratory Diffraction Contrast Tomography e
(DCT): crystallographic information

The University of Manchester

Synchrotron DCT well established
A 3D crystallographic grain maps Bhours
A e.g. 3D sintering of Cu particles

Bringing synchrotron technology to

the laboratory

A 3D crystallographic information
obtained on a laboratory XRM (ZEISS
Xradia 520 Versa)

A Non-destructive 3D grain mapping in
lab.

Powered by

¥, xnovotech
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Mapping grain deformation: EBSD + HRDIC

A Electron Back Scatter Diffraction

I Before deformation:
A Grain boundaries
A Grain orientations (slip traces)

I After deformation
A Lattice rotations (local misorientation)
A Low angle grain boundaries

i Spatial resolution: 0.2 um e

A High Resolution Digital Image : A a
Correlation Rt 1
i In-plane deformation gradient ’
A In-plane strain, rotation and their -

gradients
I Spatial resolution: 0.2 pm



BRIl High resolution digital image correlationss
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A Sub-micron spatial resolution strain maps

200,000 VECTORS PER 100FP100 >m?
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(LAVision DIC)



Al-Si Local strain evolution




RANGE T Al-Si Local strain evolution
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Al-Si Local strain evolution >
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