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Overview

Pt

» Past: How structural
Integrity assessments
were developed

* Present: What techniques
are available and how we |

can use them
» Future: What future | Jizradds £
structural integ nty Stereo digital image correlation

and energy dispersive X-ray

assessments will look like diffraction of a fatigue experiment

*With Professor P.J. Withers, University of Manchester
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Shippingportduring consffuétion World Nuclear News

Past and Present
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Engineering context

Circumferential welding of a reactor Cracked welded pipe knee joint

vesselby submerged arc welding

'Operator has to submit a safety case to the regulator to renew its license
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Structural Integrity Assessment

» R6 in the UK (also BS7910)
. EPRIin the USA o -

(EDF — ARIVA)
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How is it done?

SDV1
(Avg: 75%)

Ql-

5@

Material Fracture behaviour Finite element simulation
properties

FE model is validated using measurement on
one point: crack opening displacement
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And how much does it cost?
* Option 1: In-house ~£250

* No FE, No material property is needed, residual
stress estimated at one point)
* Option 2: In-house ~£3000
* No FE, material properties are needed, residual
stress estimated at one point

* Option 3: External consultancy ~£250k

 Elastic-plastic FE, materials properties andresidual
stress measured at >10000 points
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Future
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 Digital image correlation
» X-ray Computed
tomography
- Lab sources
« Synchrotron sources

» Digital volume correlation

» X-ray Diffraction

 Microstructurally-faithful
finite element simulation
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What information do we have?

Full-field displacement field
Full-field microstructure o
* Full-field elastic (plastic?) Iattlce strain
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coating subjectto 20 hours thermal loading* a fatigue crack tip

* With Dr B.Connolly, University of Birmingham
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Payehan 2 (uing cenaiatinn) Graphite bricks in the core FE simulation

Fracture of nuclear graphite
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Why graphite?
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* With Professor P. E. J. Flewiit, University of Bristol
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|s crack tip real?

X-ray beam
window

X-ray

slots
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Normalised crack opening displacement, COD/CMOD
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How to model graphite”? o resmuaor

with cohesive zone
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* With Professor J. Marrow, University of Oxford
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Combining DIC and FE

 After Jim Rice J-integral
* Usually is calculated from CMOD

J = j(—dy ds) e

i du, dq ox
J — y 1 d t k
2 Z ( Y axl Jj axl C ( ] WP

Elements p=1 [ ank Ap

 J-integral in the presence of residual stress (JEDI)

* With Dr T Becker, University of Stellenbosch
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« Direct elastic J Measurement

Impossible to put a clip

, gauge on this crack and
=2 measure crack opening
displacement

v
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Crack extension, da (mm)

* With Professor T. J. Marrow, University of Oxford
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Fatigue of bainitic steel

* Grabulov, A., R. Petrov, and H.W. Zandbergen. INTERNATIONAL JOURNAL OF FATIGUE, 2010. 32: p. 576-583
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DIC and synchrotron

23 diffraction
peaks are
obtained T

J
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Effect of overload (crack tip
blunting and residual stress)
was investigated

diamond

* With Prof P. J. Withers, University of Manchester
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DIC and XRD

parallel to the crack growth
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Crack opening
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* Crack is identified

th opening
t(CMOD)

- Opening displacement [~ 7T T
profile was extracted ... : ;
 The far field opening S . R
profiles are affected by = |
the local residual stress : ..
field §°-°°5
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How to find a crack
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Phase Congruency
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CraCk deteCthn rigil ias
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Atomatic crack detection
« andquantification

-0.0015

-0.001

-0.0005

1.5 -5.0 25 0.0 25 5.0
mm

Directly from DIC analysis (bainite
steel)

* With Dr T. Sjégren and Dr M. Johansson
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DIC informed FE

* One point verification and
validation

* Full-field measurery

w

Vertical distance from the
crack tip, y (mm)

£y < oberd Horizontal distance from the crack tip, x (mm)
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Y ODe: fnal.odd  Abaqus/Standard 6.13.2

l Step: Step-1
Xircroment 1:Step Tme = 1000

Prmary Var: S, Mises
Deformed Var: U Deformation Scale Factor: «1.169e401
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CMOD evolution
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Direct J-calculation

J=3.329 J/m? From applied load: Ky, .4=35 MPa.m?>
i.e. Ko 1=27.72 MPa.m%°  (21% difference)
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X-directional COD of the crack on the XZ-plai
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Oxide dispersion-strengthened alloy
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Gen |V Nuclear Power Plants

Gen IV

Materials for Gen IV
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Vertical distance, z (mm)
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Reverse engineering
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Nano tompgraphy

Nano-tomography
(resolution 35nm)

Material property extraction from nano-
tomography, in-situ nano-indentation, and
digital volume correlation
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¢ Displacement field

- 5
Compressive displacement, Ve (um)

Distance from the centre of indent, y (um)

Distance from the centre of indent, 2 (um)
w
Compressve displacement, V2 (am)

. _/' - : I : A
Distance from the centre of indent, x (um) t : "”

Otm:lomlh ntre of indent, x (uml

We are still analyzing the data!
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Other examples
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¢ Ceramic iIndentation  seeminglysimple problems

e.g rigid body rotation during
the experimentcan become a

Sub-indentation crackingin alumina big issue when the aim is to

resolve small dlsplacements

Compressive displacement, V. (mm)

Vertical Displacement Maps

Saance, mm distance, mm
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« Strain visualization: alumina

The displacementcomponent
perpendicularto a trace through
the indenter
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point, but quantification is difficult
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CAFE modelling

macro-pores and
inter-fibres pores

c)
Displacement Z (mm) log scale
| ' ’ .
0.04 fora,b and c 0.0001
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inter-fibre pores only

M FEM simulation
¥4 with damage

Displacement Z (mm) log scale
] ] 1 IEEE

0.04 ford 0.0001
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I CAFE with 800 pores = FEM (damage) 343 nodes

® Expenmental data = FEM (clastic) 343 nodes
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Distance from the top of specimen, Z (mm)

Influence of the pores and fibres
on the compressive displacement
field; CAFE simulation with




Very happy PhD
student!

Displacement, U (mm)

0nnnTa

* With Dr R. Abel, Imperial College London
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Composites at low temperature

R S00 um | 500 pm b,
XCT scans of a representative carbon fibre
composite: (a) a reconstructed slice (b) trial
projection without phase contrast (c) same as
(b) with phase contrast AirLander 50: the lighter than air hybrid
= N ! airship, originally designed for the United

States Army as Long Endurance Multi-
intelligence Vehicle (LEMY)

* With Dr J. Meredith, University of Sheffield
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Conclusion

 Digital image/volume correlation is a powerful technique
but the analysis that comes after measurementis as
important

* We can not only find cracks in 2D and 3D but quantify
them (COD, J, ...)

» Combined with other full-field techniques (e.g. XRD) they
can give us an insight into why materials behave the way

they do.

* Their application spans from nuclear to aerospace and
biomechanics

» Combining them with modelling techniques (such as finite
element analysis can give us even more information
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