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There is a gap in our current understanding and prediction of
defect behaviour at these key length scales that is driving the

development of new techniques.




Type I: Stress varying on engineering scales (~ mm),
macrostress

Type Il: Stress varying on grain size scales (~ um), e.g.
interphase

Type lll: Stress due to lattice defects (~¥ nm), e.g. dislocations

Type II: Type I:
Bl Phase?2 Intergranular ~ Average
Macroscopic
Stresses

Type III: Intragranular Microstresses Microstresses




Predictive models

continuum mechanics
constitutive behaviour

defect and dislocation \
dynamics. Intra grain
stresses.

Grain boundaries
and phase
distribution




Coherent X-ray diffraction

~10 nm limit. Flux ~10 um limit.
limited. 0.1 nm Coherence length
possible with XFELs limited.
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Y TOMOGRAPHIC IMAGING
OF ELASTIC STRAIN

 Knowledge of residual elastic strain profile key to
predicting deformation and fatigue lifetimes of
engineering components

e Current technigues for non-destructive strain
measurements use scanning.

* Neutron Bragg-edge transmission measurements
provide information on the average strain
throughout the whole sample.
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TOMOGRAPHIC IMAGING
OF ELASTIC STRAIN

Typical energy resolved
spectrum

Detector:

Microchannel Plate with TimePix readout
512 x 512 pixels of 55 x 55 um,
1 us temporal resolution
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TOMOGRAPHIC IMAGING
e OF ELASTIC STRAIN

SO _ €06 (Rl) COSE(Q‘)) + Err (Rl) Sinz ((.b)
R{Er(r,0)}(t, d) = Ty X pg,=o(t) X T

Hoop strain Radial strain

Abbey, B., Zhang, S. Y., Vorster, W. J. J., et al. Proc. Engineering 1(1), 185-188, (2009).
Abbey, B., Zhang, S. Y., Vorster, W. J., et al. NIMB, 270, 28-35 January (2012).

Abbey, B., Zhang, S. Y., Xie, M., et al. IMJR, 103, 234-241 (2012).

Kirkwood, H. J., Abbey, B.*, Quiney, H. M., et al. In ACA Trans., (2013).

Kirkwood, H. J., Zhang, S. Y., Tremsin, A. S., Lie, W. Korsunsky, A. M., Baimpas, N.
Abbey, B*, Materials Today, (2014) (Accepted)

patent: B.Abbey, “System and Method for Three-
Dimensional Strain Mapping”, March 2014



WHAT ABOUT PLASTIC STRAIN?




How can X-rays image dislocations?

HRTEM image
of the creation
of two edge
dislocations [2]




How can X-rays image dislocations?

HRTEM image
of the creation
of two edge
dislocations [2]

X-Ray Studies of Surface Layers of Crystals
By ELIZABETH J. ARMSTRONG [3]

Rocking curve photographs
of “disturbed quartz”

Bell System Technical Journal '
Volume 25, Issue 1, pages 136-155, January o
1946 5 ki P o Sl ROCKING




How can X-rays image dislocations?

Direct Observation of Individual Dislocations
by X-Ray Diffraction [4]
A. R. Laxg
Bivision of Engineering aud Applied Physice, H arvard Dwiversity,
Cambridge 38, Massachuseils
{Receivesd October 21, 1957)

‘1G. 1. Principle
of method.

Fi1G. 3. Infrared transmission
micrograph,
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How can X-rays image dislocations?

Direct Obsgervation of Individual Dislocations
by X-Ray Diffraction [4] stacking

A. R. Laxg fault
Dvision of EJJ‘IHGH.}].H}, aIml -‘H'Ph_ Physicr, H:!I vard [Fndversily,

inclusion

‘1¢. 1, Principle
of method.

thickness
fringes

Fii. 3. Infrared transmission
micrograph,




What happens in polycrystals?

Nickel Foil < 2% plastic strain. Energy scan over 2000 eV
carried out at the XFM beamline, Australian Synchrotron (2014).

e Diffraction from sub-grain regions.
* Most information lost at a single energy.

* No direct correspondence between real and
reciprocal space information.



XRT: SUMMARY e

X-ray Topography (XRT) is a very mature technigue (in development since the
1930’s!).

Great technique for brittle materials where crystallinity is good, not so great for
ductile.

3D dislocation imaging demonstrated by Ludwig in 2001, 5 years before Banard
achieved the same feat with electrons.

Can image dislocation dynamics in real-time (current max temporal resolution
~ 10 Hz).

However...

Spatial resolution is limited to ~5 um, low
levels of plastic strain required.

For plastically deformed materials need to
consider sub-grain structure...




Sub-grain

deformation

What happens inside
the grain?

Formation of CELL and WALL
structures. (Mughrabi et al.)

Lattice rotation and mosaicing

“Streaking” grain
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“Soft” grain
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“Hard” grain

Undeformed Elastic Limit 1% Pl. Str. 2% PI. Str. 6% PI. Str.  10% PI. Str. 14% PI. Str.

Hofmann et al. International Journal of Modern Physics B 24:279-287 (2010)



Sub-grain

deformation

What happens inside
the grain?

Deconvolution of real and reciprocal space information is most
easily achieved using a small incident beam.

4% plastic strain:
(A)(1OO x 100 yum beam) (B)(< 1 ym beam)

. ‘

Full grain topograph 0.1 X 0.1 mm beam - 1 position (2 mins)

Abbey et al. Scripta Mat., 64 , 884-887, (2011)



[ T MICROBEAM LAUE

(331) (442) . (664)

.t an) 65 (333) Elastic strain example (stainless
(331 : . steel).

575 : :
s71) (462) - g * Need to know unstrained lattice
: ® 8 : 1A6) parameter (i.e. needs to be of

: (353) «(355) known composition).
(351) - (242)
b (244) * Determine elastic strain tensor
G from deviations of indexed
1 \ reflections.
Plastic strain example (Ni 15% plastic
: strain).
\ : \

\ * Can analyse streak data to
determine lattice rotations and
predominant active slip systems.
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X-ray micro-beam characterization of lattice

rotations and distortions due to an individual
dislocation

Felix Hofmann!, Brian Abbey2-3, Wenjun Liu4, Ruging Xu?, Brian F. Usher®, Eugeniu Balaur?3 & Yuzi Liu®

First Laue measurement of a single dislocation:
Hofmann & Abbey et al., Nature Comm. 2013

simulation "\
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MICROBEAM LAUE

2013

56 years

Elastic strain Shear strain




LAUE: SUMMARY - —rmrm—e)

X-ray microbeam measurements of
deformed single-crystal copper

individual dislocations inside
grains.

LYLE E. LEVINE"*, BENNETT C. LARSON?, WENGE YANG®, MICHAEL E. KASSNER?,
JONATHAN 7. TISCHLER2. MICHAEL A. DELOS-REYES*. RICHARD J. FIELDS' AND WENJUN LIUS

However, spatial resolution is
determined by spot size,
currently ~ 0.5 um. (N.B. ~ 4-5
times better then XRT).

CcCD
20 um pixels

Platinum wire

¢ Diffracted beams

Can we image samples with
nanometer spatial resolutions
and on femtosecond
timescales?

.. Energy-scanned
incident microbeam

Dislocation
cell structure
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Coherent diffractive imaging is a method for recovering the phase of
coherently diffracted intensity.

With the recovered phase one may (with a suitable propagator) recover the
complex wavefield exiting the diffracting sample in any plane.

CDI occurs when:
the sample < coherence volume
Beam stop

Incident Detector
wavefield,

sample

(e

Scattered wavefield

B. Abbey, Nature Phys, 2008
B. Abbey, APL., 2008
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o — BRAGG COHERENT DIFFRACTIVE
IMAGING (BCDI)

2006 — lan Robinsons group apply coherent imaging
to a crystal in Bragg diffraction

namre

LETTERS

Three-dimensional mapping of a deformation field
inside a nanocrystal

Mark A. Pfeifer't, Garth J. Williams'+, Ivan A. Vartanyants't, Ross Harder' & lan K. Robinson't

Bragg diffracted

Detector

Incident
wavefield, A

Forward
scattered

Radians
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We see lots of this: Or this

XRPD Al wire Si crystal
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We see lots of this: Or this: | am interested in this:

XRPD Al wire Si crystal



J : , LA TROBE
Q} MOLECULAR IMAGING Coherent X-ray Diffraction B e ST
AUSTRALIA

KEY CONSIDERATIONS

Sample Pixel Width

Propagation Distance Detector width determines

/ your highest resolution
AzsD

= ” Detector Pixel Width
NAzy

A,

Pd =

4 ¥ Detector coordinate
AZSD

q=

Detector pixel size
determines the maximum

Reciprocal Space imaging area
Vector (1/d)
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Large Rotations: XRT, Laue, XRD, etc.

* Neglect fine scale structure of reflection.

* Consider change in position, i.e. large rotations of whole
reflection.

* Evaluate quantities like overall FWHM of the whole
reflection.

Small Scale rotations:

* Consider structure of each reflection.
* No large rotations, i.e. offsets in the reflection position.
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Large Rotations:

* Neglect fine scale structure of reflection.
* Consider change in position, i.e. large rotations of whole

reflection.
* Evaluate quantities like overall FWHM of the whole
reflection.
Small Scale rotations: Coherent X-ray Diffraction

* Consider structure of each reflection.
* No large rotations, i.e. offsets in the reflection position.
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BRAGG COHERENT DIFFRACTIVE IMAGING (BCDI)

Coherent small
Incoherent large crystal crystal/grain/beam

0.032 A"

Dronyak et al., APL 95 (2009)|

Plane-wave diffraction from MgO nanoparticle

Dronyak et al., APL, 2009
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BRAGG COHERENT DIFFRACTIVE IMAGING (BCDI)

001 001

. (002) _(002)
' y 0g, B

(111)
Bra eaks for a perfect crystal: X ol .
85P Jorap f ) &, ., Bragg peaks for strained crystal:
a. arecentrosymmetric, e ' Lo (@0) :
, ) ‘o L O % T a. arenoncentrosymmetric and,
b. the maximumis at the centre and, | % W, W S (110) .
. , ' . . i ' (111) b. are all different for each h,.
c. areall identical for each h,,. ‘s €
N .

Lo

) Y
(771 %A)
K3

e,

Crystal electron density Displacements

Bragg Intensity Shape function

Any asymmetries are indicative of strain.
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BRAGG COHERENT DIFFRACTIVE IMAGING (BCDI)

What can be done so far? Some examples:

Characterising disorder in
nanodiamonds:

fdddd
Magbool et al. J. Nanotech, 2016 (in press)

: ) k A
1[I} e SR
" "‘ 27 54 81 108 135 162 189
( LTU ) Distance from surface (nm)

High-resolution characterisation of single defects in nanocrystals:

Ulvestead et al.
Science, 2015
(UCSD)

| o —8167A
o
al-anesA
£

O¥—si51A

—
100 nm

Measurements on single buried grains also possible.
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BRAGG COHERENT DIFFRACTIVE IMAGING (BCDI)

Have looked at disorder, what about recovery of strain tensor?

High-resolution strain mapping in ion implanted nanocrystals using 5 reflections:

£
<
=
@
£
@
o
S
a
2
o
5 @
s
£
£

iso-surfaces of von Mises stress, corresponding to 300 MPa (blue), 400 MPa (green) and

500 MPa (red). Three different viewpoints are shown. Scale bars are 300 nm in length in

lattice strain

F. Hofmann et al., PNAS (submitted), 2016

Full lattice strain tensor in Au nanocrystal after
Ga ion implantation.
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Coherent diffraction + protein crystallography

Dilanian et al. Acta cryst A, 2016
Continuous X-ray diffractive field in protein Chapman et al. Natu re, 2016

nanocrystallography

CbbbLbLLbbbbLbbLdH d

bbb bbbbbbbls
Ruben A. Dilanian,** Victor A. Streltsov,” Harry M. Quiney® and Keith A. Nugent®

Model of the disorder

I(q) = |[F(a)]*- A(q)
A (q) = T‘ exp(iq-R;)g;i(q) exp(—iq-Ry)
'.' k

where F(q) is the molecular (unit-cell) form-factor, J-'_\.l:f(.]_:] is the

interference function and the summations are over all unit cells. 45 angstrom 35 angstrom

The complex factor g;i(q) incorporates information about disorder

(perfect order restored if g;1.(q) = 1, independent of q.
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Hannah Coughlan
4th year PhD student

Coughlan et al. Str. Dyn. 2015

| 130 MGy (0217 MGy 305 MGy
b) c)

13x1.5x1.1um

Total = 62 MGy d ©)

(221) ‘
@ 340‘“~ G:l»u .

Bragg | |
angle '

A WTe 0 X

For comparison XFEL delivers ~ 700 MGy in < 100 fs.
Dose required for single BCDI image is < 2 Mgy (1-5 s exp.).
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PROJECT IDEAS/SUMMARY

* Looking for a good student to continue Hannah’s work in super-
resolution synchrotron based crystallography

« Many open guestions:

e.g. Can we use current crystallography beamlines to make
these measurements?

How many reflections need to be oversampled?

Can we model/estimate the potential benefits to
microcrystallography?



X-ray Free Electron Lasers

The LCLS in Stanford is the worlds first ‘hard’ X-ray free electron laser.

O Y D e S S Y 0
D\ by % @ \G;ﬁw% o 2 L -
—= — 4 generation

LCLS-XFEL

Log Peak Brightness

Australian Synchrotron

5
1900 1950

The SLAC accelerator can accelerate electrons up to 50 GeV. It’s > 3 km long and
the longest linear accelerator in the world. Claims to be "the world's straightest
object."[11]

The main accelerator is buried 20 m below ground and the building above the
beamline is the longest building in the US. The LCLS is a partial reconstruction of
the last ~1/3 of the original accelerator.
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STRAIN AT THE NANOSCALE IN 4D USING XFELS

Clark et al, Science, 2013 Clark et al, PNAS, 2015

100 ps

X-ray detector

Diffracted X-ray

Nanocrystals
Coherent X-ray
pulses

Experiment Theory Simulation
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PROs

Provides spatial resolution well-below the
probe size.

Only technique that can image dislocations
and defects in ‘bulk’” materials with nm
spatial resolution.

Can image single dislocations and their
associated strains down to ~ 1/10 lattice
spacing sensitivity.

When combined with XFELS can be used for
probing dynamics on a femtosecond
timescale.

Coherent X-ray Diffraction

LA TROBE

AUSTRALIA

e amcm

CONs

Needs samples with reasonable crystallinity
(fairly low mosaicity)

°M-t

Extended samples (>2 um) still a work in
progress.

Dl
VN

Max energy (due to coherence constraints) ~
13 keV.

At the moment requires specialist expertise
for data analysis.

BN UNIVERSITY



XFEL induced
structural changes

Investigating the dynamical interactions of matter with intense XFEL
sources using C, as a model system.

Brian Abbey, Ruben A. Dilanian, Connie Darmanin, Rebecca A. Ryan, Corey T. Putkunz, Andrew V.
Martin, David Wood, Victor Streltsov, Michael W. M. Jones, Naylyn Gaffney, Felix Hofmann, Garth J.
Williams, Sébastien Boutet, Marc Messerschmidt, M. Marvin Seibert, Sophie Williams, Evan Curwood,
Eugeniu Balaur, Andrew G. Peele, Keith A. Nugent and Harry M. Quiney

First Australian team wins beam time on world's most
powerful X-ray laser.

_ NewsRx Health & Science
- June 26, 2011 | Copyright
Newspaper
Australian researchers investigating the structure of membrane proteins for improving drug
development are the first Australians to be awarded access to the world's most powerful X-ray

laser.




XFEL induced
structural changes

Ceo diffraction data

What we observed was

a

of the C, structure factors
dependant only on the
incident intensity.

Such a structure/diffraction
pattern has never been
observed for Cg, before.

Could have implications for

future XFEL
nanocrystallography.

Abbey et al., Science Adv. 2016



XFEL induced
structural changes

Look into crystal ball

Melbourne scientists in molecule breakthrough

MELBOURNE  researchers " nut with a sledgehammer and
d instead of destroying it and

a shattering
structures in new ways will

h for help us to understand inter-
actions in the human body and

reakthroug!
I:;‘;gjl‘llﬂidhdﬂF; may open new avenues for

drug development.”
The research is being done
Laborati h Associate

verful X-ray emitting

turned more than a century of
accepted thinking i tal-
lography, & nce of deter-
mining arrangement of atoms
ds . tals, or “Buckyballs”, and found 2 hr;:i ﬂl—.u:_lr;mhﬂt':{'gm}
they aitered shape from Group. .
like a soccer ball panel I . |
val pattern
[t was smaching a wal-

First 2 fs of rearrangement of C60 HiETRASLITASER 280

FCC unit cell. (HMO, modelled as an
‘open quantum system’)

Abbey et al., Science Adv. 2016



Thank you for your attention!

Materials characterisation and XFEL science group:

See: http://www.latroe.edu.au/physics/research/x-ray-
science/materials-characterisation




