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High residual stresses (GPa) are generated during 
the elaboration process

� affect reliability (life time), physical properties, etc…
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Delamination and spontaneous buckling on rigid substra tes
resulting in interesting topographical patterns



����������$�

��������$������������$����
�  ���  �� ������������
������������������

�
����

���������



���

���������������

���*(+�%��,-�

��
�����
��

���� 7�������



��.���))��������$�������� �
����������

-88���
&/��$

Deformation mechanisms 
in nanostructured materials

- Pile-up breakdown

- Grain-boundary sliding

- Core and mantle models

- Grain-boundary
rotation/ grain
coalescence

- Shear-band formation

- Gradient models

- Twinning
. Mechanical twins
. Growth twins

- Grain-boundary
dislocation creation and
annihilation
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Size effect and elasticity: what we can predict .…

• Elastic constants «««« inter atomic bonds

• Theoretical considerations : simulations and models
Modification of 

neighboring atoms / 
bulk

Binding energies ��� �

Softening of elastic 
constants 

Role of punctual defects
grain boundaries
free surface and interfaces

Surface effect

Bulk:
optimal 
vicinity

Interface effect 
(grain boundary)

Young’s modulus as a function 
of the length scale of W self-

supported single-crystal

< 3 nm !
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X-rays

X-rays

Grain size > or ~ 
beam size

Grain size << 
beam size

White beam

Monochromatic

• Orientation imaging

• Strain/Stress map

• Microtopography

• Strain/Stress map

• Phases distribution
map
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source

M1 toroid mirror

shield wall

lead hutch

roll slits,
primary focus
virtual object

Si(111) 4 bounce 
monochromator

JJ X-ray slits
aperture slits

KB mirrors

sample

24.8 m
24.665 m

24.53 m24 m
22.4 m

13 m

ELEVATION
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The sample is scanned under the white X-ray 
microbeam. A preliminary X-ray fluorescence 
scan can be used to precisely locate the region 
of interest. At each step a diffraction (Laue) 
pattern is collected with the CCD detector. 

SEM image of an 
encapsulated 
Al(Cu)  
interconnect

Cu fluorescence map
White beam (Laue) diffraction 
pattern of an Al(Cu) 
interconnect. The brighter 
spots are from Si wafer.



The indexation of the Laue patterns provide 
the crystal orientation matrix of the area 
illuminated by the X-ray microbeam. The 
analysis of the entire scan gives the grain 
orientation map of the sample. 

Al grain orientation 
map

Si spots from the wafer have 
been digitally removed. The 
remaining Al spots are 
indexed.
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Deviations of the Laue peaks positions from their 
“unstrained” positions provide the distortional strain tensor. 

Stress map

- Stress tensor: s ij = Cijkl ekl
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Peak shapes provide information on plastic deformation 
and dislocation distribution in the diffracted volume.

Rb
1

=r

Cahn-Nye Relation

Pure bending

L
b

�tan =

Subgrain boundary

Exp. Simul.
Burgers vector and 
dislocation line directions 
can be derived from the 
shape of the Laue 
reflections (Barabash et al., 
2002 and 2003)

Dislocation density map:�����%��$�0 " �1
2
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Thermal fluide
Tc ~ 320°C
Pc ~ 15 MPa

nuclear fuel pellets UO2

Zircaloy tube

C.Colin Thesis
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Oxidation of Zr alloy components used as 
cladding and structural elements of the 

nuclear fuel assembly especially in 
Pressurised Water Reactors (PWR)  

X-ray microbeam analyses using 
synchrotron radiations (APS)
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Oxidation of 
Zr alloys

Metal Zr

OxideZrO
2

SEM (Zr02 thickness ~ 10 microns)

To improve our understanding of the corrosion 
behavior of Zr alloys and especially to increase our  
knowledge on the differences on oxidation processes  
between two Zr alloys (Zy-4: 1.3Sn-0.2Fe-0.1Cr-0.013 O 
and M5ÔÔÔÔ: 0.024Fe-1Nb-0.013O, wt% ), experimental 
investigations at the metal/oxide interface on zirc onia
and metal have been performed to validate a predict ive 
approach of the oxidation kinetics for Zr alloys.
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ZrO2 oxide scale investigations using Synchrotron Radiat ion 
to obtain accurate determination of stress state an d phase 

quantification

Experiments performed in collaboration with Arthur MOTTA (Penn State University, USA) at APS

� Scan synchrotron radiation 
microbeam (at Advanced 
Photon Source) across 
different oxide layers cross-
sections

� Beam size 0.2x0.6 mmmmm²,
monochromtic beam 10 keV

� Obtain diffraction patterns at 
every 0.2 micron in the oxide 
layer, integrate to find

� phases (tetra, mono)
� texture

� grain size, etc

2qqqq

Zr metal alloy

Zr oxide

Epoxy 

CCD camera
Incident beam

X-ray detector
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Zr metal alloy

Zr oxide

Epoxy 

CCD camera
Incident beam

X-ray detector
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Zr metal alloy

Zr oxide

Epoxy 

CCD camera
Incident beam

X-ray detector
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PhD theses of Aylin Yilmazbayhan (2004)  and Marcelo Silva (2007) at Penn State
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Sample Preparation
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Mo Rod

Oxide 
attached to 
the Zr alloy

Brass 
Tube

Zr Alloy

Epoxy

Same samples can be used 
for TEM and transmitted 
light optical microscopy

Prepared cross sectional 3 
mm diameter oxide 
samples

Examined oxide layers in 
cross section performing m-
XRD and m-XRF
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Microbeam XRD

CCD CCD 
diffraction diffraction 
patternpattern

Converted Converted 
CCD CCD 
diffraction diffraction 
patternpattern

19.7 21.7 23.7 25.7 27.7 29.7 31.7
2-theta

In
te

gr
at

ed
 In

te
ns

ity

Integrated Intensity versus two theta Integrated Intensity versus two theta 
diffraction patterndiffraction pattern

Integration of CCD 
diffraction patterns
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Optical 
observation in 
transmitted light: 
oxide formed in 
360°C water

(Zirlo is a 
trademark of 
Westinghouse 
Electric Co. : 1% 
Sn – 1% Nb)

� strati�cation of 
the oxide

A. Yilmazbayhan, A. T.Motta, R. J.Comstock, G. P.Sabol, B. Lai, Z. Cai, Structure of zirconium 
alloy oxides formed in pure water studied with synchrotron radiation and Optical microscopy: 
relation to corrosion rate, Journal of Nuclear Materials 324 (2004) 6–22.

A. T. Motta, et al "Microstructure and Growth Mechanism of Oxide Layers Formed in Zr Alloys Studied 
with Micro Beam Synchrotron Radiation," Journal of ASTM International, vol. 2, pp. Paper # JAI 12375, 
2005.
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Periodicity in Texture and Phase content
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Oxide LayerMetal

O
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� The tetragonal phase varies periodically 
and out of phase with monoclinic. Period 
same as transition. Tetragonal  intensity 
variations likely caused by changing grain 
size across the oxide layer

� The periodicity on (020)M is caused by 
periodic variations in oxide orientation 
across the oxide layerGrain size: Monoclinic 40 nm; Tetragonal 15 nm
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