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(aula 8, Plesso Ingegneria Didattica)

Ongoing research at Lund University (Per Stahle, Lund University, Sweden)

The presentation will give an overview of ongoing research at Lund University. Four projects will be
reviewed. 1) The necking type of fracture that occur in elastic plastic materials with a sub-critical thickness
that reduces the fracture process to pure necking is described. Laminate applications will be discussed. 2)
Stress corrosion crack growth with a moving mesh is described. A single chemical criterion for removal of
matter replaces the crack growth, crack path and crack branching criteria. 3) A phase field model of delayed
hydride cracking. The mechanics of surface blister hydrides forming at cold spots on zirconium surfaces and
hydrides at crack tips will be presented. 4) Bone growth controlled by stress driven diffusion will be
demonstrated. Both a switch of state and an alternative, a set of coupled PDEs derived for a phase field
model are used to trace the growth of a bone exposed to mechanical load.

Biosketch

Per Stahle addresses problems in the theoretical and applied mechanics of solids. His research involves
stress corrosion, hydrogen embrittlement and materials testing. He has a focus on the mechanical
conditions leading to dissolution of materials, instabilities at material surfaces, growth of precipitates and
initiation and growth of cracks. He became honorary doctor and professor at Uppsala University 1986,
Professor of Mechanics of Materials at Malmo University and is since 2009 Professor of Solid Mechanics at
Lund University.

Per was visiting Professor at Brown university 1989/90, University of California Santa Barbara 1992, Tokyo
Institute of Technology and Academy of Science Beijing 1997. From 2004 to 2009 he was the chairman of
the National Committee for Theoretical and Applied Mechanics at the Swedish Royal Academy of Science,
correspondent of EuroMech, expert for the Swedish Research Council, the NATO Collaborative Research
Council and the Royal Society of London. He is presently Swedish representative in The International Union
of Theoretical and Applied Mechanics since 2012, the official blogger for the Elsevier publication
Engineering Fracture Mechanics and a member of the executive committee of the European Society of
Structural Integrity.



Mercoledi 21 dicembre 2016, ore 10:30-11:30 (aula 8, Plesso Ingegneria Didattica)

Ongoing Solid Mechanics Research at Lund University

Per Stahle, Lund University, Sweden

1) Necking Type of Fracture of Laminates
2) Stress Corrosion Crack Growth - a Moving Boundary Mod.
3) Modelling of delayed hydride cracking

4) Bone Growth Controlled by Stress Driven Diffusion




A Strong Toughening Mechanism
in an Elastic Plastic Laminate

P.Stahle!, C. Bjerkén?, ]. Tryding® and S. Kao-Walter*

'Lund University, Lund
2Malmo University, Malmo
3TetraPak AB, Lund

“Blekinge Technical University, Karlskrona




Necking vs fracture

Fracture toughness of aluminium is ~ 24 MPam?/2.
Measured toughness of an 9um aluminium foil is 3.5 MPam?/2 due to
necking.

The stress intensity factor is
K ~ sheet thickness!/?
A sheet thickness > 400um is needed to restore K. fracture control.

The largest load per unit of length

P ~ sheet thickness>/2

A sheet thickness > 32um is needed to provide the strength of a non
necking 9um aluminium foil.



Layers and laminate properties

Metal foil (fully annealed AA1200 aluminium) Stiff and Brittle
ta =9um, Ep = 71GPa, opa = 73MPa, v| = 0.33, F4 = 12.5N
Polymer (PolyEthene LDPE, LD270) Weak and Soft
t; = 27pum, E;= 126MPa, op = 8MPa, v, = 0.45, F; = 2N
The laminate (homogenized, plane stress) Stiff and Ductile

tiam = 36,um, Ejzm= 18GPa, opjam = 27TMPa, vi3m = 0.3, Fi,m = 22.5N



Test results

(Kao-Walter et al., 02, Macionczyk and Bruckner, 99)
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Test results
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Work of failure

a) b) Al-foil ) laminate

Y, Y,
localised

\ strain region
crack | N ‘/ \

K—d x / z z
/\ crack tip

Al-foil

LDPE

Strip yield zone ahead a crack tip. a) the crack geometry in the plane

z=20. b and c) the slip region as seen in a plane x = const.



Super-tough Thin Film Laminates
Sharon Kao-Walter, Rickard Hagglund, Eskil Andreasson
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Na=Np=0.1and ha/hp =2 (Hutchinson, 2013)
op/oa =0.002 or 04/0cp = 0.002
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Material parameters

Comparison of structural and material parameters for
the different test speciemens.

‘ Al-foil ‘ LDPE ‘ [aminate

hlum] 90 | 27 36

E [GP3] 710 | 0.126 | 17.9

v[-] 033 | 045 | 0.30

op [MPa] 730 | 80 26.6

Je [N/m] 188 | 82.6 109

Frnax [N] {2a=45mm} | 14,0 | 9,4 244

/J E 1 1 (obAhf\—i-abLhE) E 1
Oc = cT— =~ — _— - .
Wa(b(%) V3 ha + hy Wa(b(%)



Stress Corrosion Crack Growth

Per Stdhle, Andrey Jivkov and Christina Bjerkén

Malmo University, Sweden



Biocorrosion

Biofilm

Aggressive agents == £ = w T o S8 ST T

Metallicsubstra/te //74 /// //

Competing mechanisms

SD - surface diffusion <&
<

SC - stress corrosion O <« // Metallic substrate / Y
Mt prect/AS




Organisms believed to cause SC

Anaerobic Bacteria:Desulfovibrio, -maculum, -monas
Aerobic Bacteria: Thiobacillus

Fungi, Algae, Protozoans

Surface with different Corrosion in stainless steel
levels of pitting in the presence of
Gallionella Bacillus



hight [nm|

Corroding environment leads to:

1. Continuous loss of mass
2. Pitting

... .and with mechanical stress present

3. Surface roughening

(from Kim et al. 2000)

Uniform scaling 2 um

. > l
e — T 0.05 um
50
Ak Non-uniform scaling -




4. Evolving pits —

5. Formation of cracks
6. Crack growth
7. Crack branching

Growing crack in a polycarbonate
exposed to acetone (Hejman 2011)

£BKY se,B88  1BMm

Cr/zone six charge related of land
and groove substrate erosion
through a micro-crack at the 12:00
bore origin. (Sopok et al. 2005)

3(99)



Corrosion Crack crossing a bi-material interface

. TG T e
Corrosion crack penetrating a The tip of one of the crack branches.
bimaterial interface between Crack length 7 mm, notch width 10
austenitic and pressure vessel steel um. Reproduced with permission from
of type SA533C11. Vattenfall AB.

4(99)



Surface Morphology:
Surface Wave Spectrum

Crack Initiation:
Pit, Cusp and Crack

Crack Growth:
Crack Growth, Blunting and Branching

6(99)



Evolving Surface Morphology

Asaro-Tiller (1972), Grinfeld (1986, 1993),
Srolovitz (1989), Freund (1995), Kung-Suk (2000)

Chemical potential,
O=U.+U

U. surface energy, U elastic strain energy

Surface diffusion
h,t = DV
—_—

A




Governing equations:

Evaporation-condensation

Oh 0%h
oL (W__ k oh
t oz? 2 Ox

or surface diffusion

oh _ . 0% 0°h k Oh
ot~ 0x2

10(99)



Biocorrosion

Biofilm

Aggressive agents == £ = w T o S8 ST T

Metallicsubstra/te //74 /// //

Competing mechanisms

SD - surface diffusion <&
<

SC - stress corrosion O <« // Metallic substrate / Y
Mt prect/AS




Sum

5pm

AFM image of corroded EBM surface (Hejman 006)



AFM image of shallow etched aluminium (Kim et al. 2000)
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FEM calculation of an evolving surface

Increasing time giginal surface
and depth e ——

14(99)



Surface Roughness

2 um Uniform scaling

« |

T~ 7 0.05um

1 1 A 1
o 50 100 150 200 250

From Kim Kung Suk
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Steady State Crack-tip Shape
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(0]

Crack seem to follow a mode | path

o
o
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From Cladding to Grey Material

83(99)



Steady-state Advancing Crack Tip
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Missing lengthparameter => Selfsimilar growth

84(99)



2. Cusp solutions

Spencer and Meiron(94), Chiu and Gao (95),
Yang Xiang and Weinan (02)
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FIG. 1. Cycloid surfaces.

FEM stress corrosion
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Crack-tip Load
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Corroding Surface




Corroding Surface




Corroding Surface
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Corroding Surface
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Corroding Surface
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CraCk-tip |Qad effective stress
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Crack-tip Load
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Phase Field Modelling of Stress
Corrosion

Per Stahle, Eskil Hansen
LU, Lund Sweden



Contributions to the free energy (Ginzburg & Landau, 1950)
F:-Fel‘l_fch—l'fgr

Volume totals:

Elastic energy Fel = / ?(Vw)zdv

Chemical energy Feop = / U(y)dV

Gradient energy F,,. = / %(Vw)QdV

88(99)



Antiplane deformation => Two free variables

Displacements w and phase (density) %

o, o0F Ow _ . oF
ot Vs o, ot Ysw

Ginzburg, Landau (50)

89(99)



Double-well
chemical potential

U(p) = pyp*(1 —1p)?

Shear modulus

G<¢> = G, <¢)<_2¢

0.06 -

0.05F U/p
0.04 ]

, 0031 ,
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Evolution of the phase

0
2 = Ly[5 G W)(Vw) + po(&” — 1) — gy 0]

Evolution of the displacements

ow

Fri L.,V - |G(Y)Vw)

At equilibrium: V- [G)Vw] =0

91(99)



Steady state solution

1 = — tanh(

D

29

:l72+

Transition Rate vs. Distance

3

4

Ly Go(Viw)2y [ 2284)

Dissolution Rate vs. Tensile Stress
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growth rate

d 0.15;— ________ \
- 2 / + 2 - 1 — O o.|o:— //’/ ~3
(k= 28)(f+ 17~ 1)
2 —0.05: ]O.‘(;WBVG |0é02|'lgth v / \\0.04
L¢Go(vw)2 ﬂt) —0.10E . . \
D ; critical limit

1 f@) I
Red is remaining material Effective Stress Effective Stress
96(99)



20

H15

10

Red is remaining material Effective stress

97(99)



Without general corrosion with general corrosion

98(99)



Formation and growth of hydrides

Per Stahle

Solid Mechanics,
Lund University, Sweden

Collaborators:
Waurigul Reheman, Ram N Singh,
Martin Fisk, Srikumar Banerjee,
Ali Massih, Christina Bjerkén




Hydride Blister section

Optical micrograph of hydride blister section, grown in Zr-2.5wt.% Nb pressure
tube material. Three regions - Region | - matrix & circumferential hydrides, region
I| - matrix containing both radial and circumferential hydrides and region Il -
mainly of d-hydride.

The basis of radial hydride formation is the stress field of blister in the matrix
surrounding it.



a hydride blister grown in Zr-2.5wt%Nb
pressure tube alloy (Singh et al., 2001)




The Phase Field
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Contributions to the free energy

.F:.Fez—chh"‘fgr
Elastic energy Feop = /O'ijdfij
Chemical energy ]:ch =U (w)

Gradient energy  JF . = %’" (¢7i)2



Double-well
chemical potential

U(yp) = pyp*(1 —1p)?

Expansion

() =es(3 — 2¢)p”
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Plane cases. Unknown: ¥, U1, us
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Heat transfer with heat generation

5 -
w,ii 81? — {SE,L-,L-ZES + 2(1 — 210)} (1 — ¢)¢
Mechanical equilibrium with thermal expansion
. I s
Ui,jj + 7o Ujiij — (€s).5 =0

In analogy with a fully coupled thermal-stress



Surface energy v = /2pgy,  [F/L]

Strain energy density W = g,;e, [F/ L]

Length parameter — ~/W [L]
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Noisy background
€11 — €22 = 0.563
X2
e
X1



Noisy background

€11 = 0.5¢g




Evolution of the phase
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Osteoporosis

Periosteum —p

_ <e—Cortical
£ bone

Osteoporosis

100.000 fractures related to osteoporosis each year in Sweden.

(Sweden has a population of 9 million people)



Observations of exercise stimulated bone growth

Right wing, no load

The dynamic load was applied at a frequency of 1 Hz

, during 100s per day during 8 weeks. Max force 525 N.
(Lanyon and Rubin, 84)

Experiments performed on the left wing, while the right wing was used as
reference for each turkey.

The flow J, and the concentration c,

J = —DVc+ BVo,
VJ = —¢

Hooke stress tensor

05 = 2[€jj + )\52']' = ﬁ&;jc

=> —VDVc+ VBVO‘h = —C




Landau phase field model

before after 4 months

phase field variable -1<¢y<1
Young’s modulus E(y) = —411(7’03 -3y —-2)E,
Gibbs free energy F= /V(Fch + Fgr + Fep)dV

. oY 2
Governing PDE o Ly | p(1 = 9°)Y + gp¥ i +

1
+ gez’jaij(l = ¢2)Eb/Eo>
\ iStahidard 6.13-5 Sat Nov 124184918:18 CET 2016 fandard 6.13-5  SatNov 1248818518 CET 2018
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Amplitude, 4, as a function of load frequency w

C=C(x, ) =Afx)sin(w?), AL)=1

ADW/(BML)
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02
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log(Z2aw/D)



Concentration per unit of area

w = 32 D/f?

0,01 0,1 1 10 100 1000

wt?/D



