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

« Bring multimodal information to bear on Rol

« 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

The University of Manchester

« Stainless steel component

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

» 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

The University of Manchester

™ f Atomic image of SrTIO3 | B

Overlay 3D atom probe map
and STEM image of pearlitic
steel: GB2, (23 coherent twin)
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

Macro In sito — | :
tension/compression Micro in situ

Laboratory
benchtop tests

tensio 1/r~nmprneeinn

Crystallography

Chemistry

Analytical Modalities

Destructive

AFM

In situ indentation - — -
In situ microindentation

In situ nanoindentation

DCT and 3D XRD STEM diffraction

XRD
EESE Transmission EBSD
XPS (depth to 10 nm) STEM EDX
SIMS (depth to 2 nm)
EPMA EELS
SEM-EDX
APT

Colour X-rays

| | Microtomy*
Laser FIB-SEM i

Plasma FIB-SEM
| Ga FIB-SEM

HIGHIR AND FURTIER EDUCATION
2011 & 2013

XY pixel dimensions
Right hand limit ultimate
resolution, left hand limit

maximum area that can be
covered

Mechanical Polishing serial sectioning | ‘ APT

Macro X-ray CT
|

|
NMicro V|
Miere-X-ray .CT. Nano X-ray CT |

3D imaging

Non destructive |

Neutron CT | |

TEM Tomo

OCT* (depth up to 500 um) |

Confocal* (depth up to 100 um) |

Laser |

[
Microtomy* |
Plasma FIB |

achining

Mechanical cutting

Imm

Accuracy right,
max cube
volume left

Im 10cm
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To see the value of a correlative
multiscale framework lets consider

pitting corrosion of a stainless

steel wire



psc Connecting timescales: Macroscale ¢
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2011 & 2013

Sample immersed in Chloride Solution and polarized

The University of Manchester

« Time lapse images show nucleation and growth of
corrosion pits

 Identification of the fastest or slowest growing pits
But we need to better characterize the pit morphology....




BB Connecting Scales: high-resolution N

The University of Manchester X_ray CT e
Use macroscale X-ray CT as a 3D map

to find Rol for microscale X-ray CT

 We can now see the detailed
morphology of the corrosion pit,

NNIVERSARY PRIZES
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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 _,

The University of Manchester S eCti O n I n g
3D analysis at the nanoscale using Slice and View

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

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

But we need to understand the crystallography to identify
the corrosion fronts....

ANNIVERSARY PRIZES



Connecting Modalities: Crystallography 2¢

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

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

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

But we need to understand the role of the materials chemistry....

S X A, W
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rmenaess  CONNECtING Modalities: Nanoscale
Chemical Analysis

Chemical Mapping with Titan ChemiSTEM-EDS

« GB and CSL are associated with chemical
segregation

Mj « Slip bands have not yet shown any chemical

segregation

ANNIVERSARY PRIZES




Correlative Tomography

The University of Manchester

Macroscale X-ray CT (3.4 um voxel size)

: Intergranular cracks
Multiple Pits 9 GB

Component _
failure Pits Grain structure

m mm pm nm Atomic

Sub-grains segregation




Mechanical testing Macro In situ

tension/compr Micro in situ

$ Laboratory tension/comnression :
= benchtop tests In situ indention e micron® izes
©
- Crystallography DCT and 3D XRD

O XRD
> EBSD

8 Ch ist XPS (depth to 10 nm)
= emistry SIMS (dd
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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)



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

FoR HIGHER AND FURTHER EDUCATION

2011 & 2013

Excitation laser: fixed frequency, f

B « With Steve Sharples
emenanowe  (Nottingham), Lowe (Imperial
F- f}z\:\ér:etection College)

Line spacing is scanned at each
sample position:

g

SAW a

V=f/{ ) Line spacing
Sample is raster-scanned

Best signal when
line enarina = SAW wauslannth at frequency f
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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
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Smart weld fillers
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specimen
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Mechanical characterisation at

the tens of micron (grain to grain)



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




Laboratory Diffraction Contrast Tomography e

The University of Manchester N

(DCT): crystallographic information

ANNIVERSARY PRIZES

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

Bringing synchrotron technology to

the laboratory

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

* Non-destructive 3D grain mapping in
lab.

Powered by

¥, xnovotech
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 Electron Back Scatter Diffraction
— Before deformation:
* Grain boundaries

» Grain orientations (slip traces)
— After deformation

« Lattice rotations (local misorientation)
« Low angle grain boundaries

— Spatial resolution: 0.2 pm A f

« High Resolution Digital Image v ‘

Correlation Rt )

— In-plane deformation gradient ’ 4

« In-plane strain, rotation and their -
gradients

— Spatial resolution: 0.2 pm



EREl High resolution digital image correlationse

The University of Manchester
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« Sub-micron spatial resolution strain maps

400/ECTORSEPEREL00x100Fum 2@ 200, OOOEVECTO RSEPERELOOX 100|L71lezl

Natural contrast Gold speckle

(LAVision DIC)



Al-Si Local strain evolution




RANGE T Al-Si Local strain evolution

The University of Manchester







MANCHESTER Al-Si Local strain evolution
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2011 & 2013
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MANCHESTER Al-Si Local strain evolution

A
The University of Manchester N
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e Al-Si Local strain evolution o
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Mstrain heterogeneity — Bands vs 2
Aatrex =
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Cube texture
1.5 1 | ' | ' | ! T

Matrix
= Band

Microscopic Strain

0.0 0.1 0.2 0.3 0.4
Macroscopic Strain
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DIC strain

EBSD
rotation

10pm
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Stress can be measured at the mm scale... ~e

The University of Manchester 'A\

IHD (incremental hole drilling) Slotting (Crack Compliance)

|
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Gary S. Schajer (Uni. British Columbia, Canada) Michael B. Prime (Los Alamos National Lab. USA)
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Schajer GS, Winiarski B, Withers PJ. Exp. Mech. 2012

Novel relaxation methods in the micron

Residual stress (MPa)
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NPLE

MNational Physical Laboratory

Mapping stresses within Alloy 600 grains 3¢
{

The University of Manchester

3-D FEA model
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of Manchester

The University

Residual stress, MPa
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Mechanical characterisation at

the hundreds of nanometers



DUAr complassion

2011 & 2013
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The University of Manchester

Mechanical load cell with three
operating modes

« Compression

* [ndentation

« Tension

Compatible with Xradia 800/810 Ultra
(incl. UltraXRM-L200, nanoXCT-200)

Preliminary specs:

» Piezo actuator for closed loop
displacement control
» Strain gauge force sensor, <0.1%
sensitivity
* Option 1: 9 N max force
* Option 2: 0.8 N max force

« Allows +/-70° tomography in Xradia Ultra

« Customizable anvil tips for different
operating modes, sample types and
experimental designs

Prototype currently in test phase
53

7N
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Load cell
installed in Xradia
810 Ultra

Top anvil (fixed)
with indenter tip
or flat anvil

Bottom anvil (on
piezo actuator)
holds sample




Xradia Ultra load cell — initial results:

The University of Manchester

e
. . . . . A
In situ indentation / cracking of dentin
Diamond tip landing on Dentin (2D series, phase
contrast, 65 um FOV) Horizontal section
< L
Diamond tip
(stationary)

e X
Dentin sample (moving §
up on actuator) ;

Foece (N)

~ Force—displacement
curve: Abrupt fracture
event occurred here (c)

20+ T ' T ' 1 3 1
A1 A4 N0 NBL XOO R0 20 0 B0 200 B0

Deplacement (um)




Loading in situ within TEM ES

Cu tensile
sample

True stress (MPa)
Dislocation density (1E14 m™)

0.00 0.05 0.10 0.15 020 0.25 0.30 0.35 040 0.45 050 055 0.60 0865 )
True strain (-) Courtesy Hysitron
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s CONClUAING remarks

* Now able to track the same region of interest across
time and multiple length scales
* Using a correlative multi-scale framework can now

determine for the same region of interest the
mechanical properties as a function of length scale

— Better understanding of microstructure property
relationships

— Better understanding of how micro-structuring
can be used to control properties

 Inverse/Virtual fields methods may provide rich
spatially variant datasets without the need for idealised
test geometries

N
7N
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Paper on correlative tomography:
http://www.nature.com/srep/2014/140416/srep04711/full/srep04711.html

Video on pitting example: https://www.youtube.com/watch?v=P50UpiVvZVY
More information: www.imaging.manchester.ac.uk
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