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Desiccation cracks of colloidal suspension‘ ‘
Colloidal particles Contraction due to drying

(~um) + l
Adhesion at the bottom : :

To releasel stress horizontally ‘

Formation of cracks crack

spacing ~ depth of paste [ 5[ 5

Usually cellular Crack patterns produced by memory effect
isotropic cracks

Memory is induced by plasticity

4P

Random Structure?
vibration (jamming) (memory)




Desiccation crack patterns produced by memory effect




Memory of vibration that water-poor CaCQ, paste has
Wiater-poor CaCO, paste -
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Memory of vibration

A. Nakahara and Y. Matsuo

J. Phys. Soc. Jpn. 74 (2005) 1362.
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Uncharged Pastes remember vibration anm

\/
Magnesium Carbonate Hydroxide, Carbon, Kaolin, etc.
A. Nakahara and Y. Matsuo
PRE. 74 (2006) 045102. Uncharged
Water-poor Water-rich Water-too-much
paste paste paste
Initial

vibration

Stop & dry ‘ ‘

Memory of vibration Memory of flow No memory

Crack
formation




Difference between two memories

Water-poor paste Water-rich & uncharged paste
Lamellar cracks Lamellar cracks
(perpendicular to vibration) (parallel to flow)
Memory of vibration Memory of flow

all perpendicular to vibration parallel to local flow direction

movie
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Quantitative difference between vibration and flow

Water-rich paste

Water-poor paste

o (a) before ﬂow e (b) under flow
before flow under flow

(a) before vibration (b) under vibration

before vibration under vibration

Check deformation of letter M (written by carbon powder)

Large scale deformation
(elongation)
under flow and shear

Faint plastic deformation
under vibration

We need to control Strain and Shear rate
in future experiments




Only flow experiment (without vibration)

Magnesium Carbonate Hydroxide, p=7.7%

Remove plate Final depth of paste = 2cm
< 700mm >

Paste rowls/

x
/{

Memdry of flow (cracks paraIIeI to flow)



Experiment to make morphological phase diagrams

paste

\

camera

U

shaker

Initial external vibration

Acryl containers
20cm * 20cm

for 60 sec, amplitude 15 mm, frequency 30~150 rpm

Controlling parameter in experiments

@ solid volume fraction@ :

@ strength of the initial vibration /

amplitude r, frequenc

Change systematically




Morphological Phase Diagram of uncharged paste
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Morphological Phase Diagram of CaCQ, paste

; Plastic limit

CaCO; paste has a memory of vibration,
but it has no memory of flow.
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memory of flow?

Why does CaCO, paste have no
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Shape of particles

CaCO, paste has
only memory of
vibration

Rough
Isotropic

lum

magnesium carbonate hydroxide

kaolin, carbon, ...
who have

memory of vibration

+ memory of flow

For memory of flow

Shape dependence ?




Coulombic repulsion between CaCOs particles

R
Dispersion of N
CaCO, particles
by Coulombic
repulsion
N
CaCO,

(memory of only vibration)

Screening effect

by Na* ion
Add NaCl 3
‘ Aggregation

Sedimentation

magnesium carbonate hydroxide
(memory of vibration and flow)

Charged

No NaCl

Sedimentation Sedimentation
by adding NaCl any case
Add 0.1mol/I NaCl Uncharged

Particles interact
with Coulombic repulsion

Particles interact
without Coulombic repulsion



Adc NaCI and CaCO paste can remember flow direction
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Mechanism for memory of flow...Attractive interaction

f Interaction van der Waals Repulsion
charge
,""\ Coulombic repulsion
charged / O ), K
add NaCl
Il ><Caco3
|
uncharged mag\esiumO J‘ X %k > X
carbohate Y 4
hvdroxh“/
3k Y. Matsuo and A. Nakahara
. . JPSJ. 81 (2012) 024801.
Dilute network is formed % % | ( .)
_ n preparation
by van der Waals attraction N N N
Attractive interaction is needed % :
for the memory of flow. 0) 0)
Flow == elongation of dilute network 8 :




Spiral crack patterns made by memory of flow
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Mechanism for memory of vibration...Residual tension

Otsuki Model

(oS
ompressm

stretching

vibration =———
Ooshida Model

Two Residual Tension Theories

Model A: horizontal stretching mechanism
Non-uniform horizontal stretching, global model
M. Otsuki, PRE 72 (2005) 046114.

Model B: shear deformation mechanism
Longitudinal tension due to nonlinear elasticity,
local model
Ooshida T., PRE77 (2008) 061501, JPSJ 78 (2009) 104801.



Model A: Otsuki Model on memory of vibration

Displacement in x direction, u(x, z, t) by M. Otsuki, PRE. 72 (2005) 046114.
y ‘M) 00X, 2,1) n 00y, (X, 2,1) @ vibration z y
ot OX 0oz H
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Model A: Otsuki Model on memory of vibration

L

tretched
Q)
4
mptesse

Lf

0.01

o

Average Normal Stress (L)

R i

3440 ==
8 +50 e

— 4

-0.006

-10 0 10
X (H)

FIG. 6. The average normal stress (o,.(x,f)) in the case
a;=0.08 as a function of x.



Model B: Ooshida model

4+

shear deformation mechanism &

itudinal ion d Plastic deformation is
Longitudinal tension due to in the lower half

nonlinear elasticity G—l

vibration

> =

Vibration
| | Horizontal
Repeated shear X-directional
(oblique stretching) tension remains



Model B: OQoshida Model on memory of vibration

Continuum model of a paste

Ooshida (2008) PRE 77; Ooshida (2009) JPSJ 78
e a kind of nonlinear Maxwell model of viscoelasticity
AW
[

e formulation with label variable & = (£,¢) and natural
metric g° —(gu)—(gJ) L (cf. T=k(z-2%))

P = Pi(81r) ® 9;1), Pl = ggii 4 8 (gi./ o g'J) (1)
stress convected basis 8tgz'.j s —I/g:j 4 V*gi_j (2)

r=r(§,0), g =97 (&1); gec = (Br)- () etc.; (97) = (i)™
e plasticity: 1/t

relaxation time 7 can diverge
depending on & = g,/ — ng /-

2 -
elastic energy 0. /sr¢ ¢




Model B: Ooshida Model on memory of vibration

Equation of motion

For momentum pv G =¢,n, F = Fy(t)ey — Gey)

0 (8,51)7; -+ vjvjvi) — —VjPi-j + F (3)

stress  forcing

All vectors/tensors in convected coordinate system

v="> vgr=" v Ve etc. ]v—av —I—I_Z

contravariant covariant covariant derivative

Boundary conditions

e free surface at ¢ = (max

e No-slip condition at ( =0
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Where will cracks appear in Residual tension mode]s?
M. Otsuki, Model A (Otsuki)
i,g

PRE 72 (2005) 046114. Horizontal stretching compression
vibration ¢——— Shear deformation
Model B (Ooshida)

Ooshida T,
PRE77 (2008) 061501,
JPSJ 78 (2009) 104801.

Crack here

Otsuki Mode]
[horizontal? ® g

stretching

Cracks anywhere

Ooshida Model
[ shear J ® g
n

deformatio




Experimental verification of two residual tension models

M. Otsuki,
PRE 72 (2005) 046114.

Ooshida T,
PRE77 (2008) 061501,
JPSJ 78 (2009) 104801.

Model A (Otsuki)
Horizontal stretching

compression

vibration ¢———————) Shear deformation

Model B (Ooshida)

Overwriting | Where do the perpendicular cracks appear?
% shake Stretched part (Model A by Otsuki)
2 shakes Sheared part (Model B by Ooshida)




Conclusion 1

@® Memory of vibration = residual tension Water-poor

compression

vibration

vibration < ————l

® Memory of flow = elongation of dilute network under flow

Uncharged
Attractive interactions needed. Water-rich
A A A
v e
O

flow

flow | © O
S8




Can we control position of cracks?

By horizontal vibration... Only Direction!

direction* = by same memory

Direction: imprinted by memory effect

Position : stochastically formed

p=6.7%

stop

paste ‘

cut

Horizontal
vibration

Memory of flow
(memory of vibration)

Memories are formed

not by macroscopic hydrodynamic structure | position * * "stochastic

like convection.



Position control of cracks using Faraday waves
Experimental setup for vertical vibration

Paste: Water-poor CaCO, paste (only memory of vibration)

vertical vibration I

Circular container
diameter d = 200 mm

. 4

Square container
150mm side

—
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e and ring cracks produced by vertical vibration

Vertical vibration—> Faraday waves desiccation crack patterns

Stop vibration
& dry
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Spatial correlation between Faraday waves and cracks

Where do cracks appear?

At Anti-Node regions or at Node regions?

Faraday waves Desiccation crack pattern

overlap




Structure of Faraday waves of CaCO, paste

Faraday waves
at each snapshot

Time

Period of Faraday waves T,
=2 X Period of vertical vibration T,

Side view : Square waves




Prediction of Horizontal oscillation in node regions
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Experimental observation of horizontal oscillation in node regions

Faraday waves
at each snapshot

Horizontal
vibration




Visualization of node regions (N) of Faraday waves

Faraday waves at each snapshot

A A A A : Anti-node regions
[ Regions where anti-nodes]
stand up alternatively
N : Node regions
(Always flat regions)

I Period of vertical vibration T,

Superposition of
successive Faraday waves




Superposition of successive Faraday waves and desiccation cracks

Superposition of
successive Faraday waves

l‘\)"

"‘F{" /' L A F7P7W’.-w/-w

desiccation cracks

t+T, |

Faraday waves
at each snapshot

Superposition of
successive Faraday waves and desiccation cracks



Ratio of observing cracks at node regions
to that of anti-node regions

node regions
@cil-qogleI regions > |Og

anti- node regions
: length of cracks at(node regions
————

: length of cracks at@nti-node regions
S. : Area ofnode regions
: Area oflanti-node regions

Statistical analysis

From 10 experiments

P=0.76+0.40

At node regions, cracks are formed
more frequently than in anti-node
regions.

Node regions > Cracks emerge at node regions.




Square lattice cracks produced by vertical vibration

Vertical vibration
— Faraday waves desiccation crack patterns

Stop & dry

Square
lattice _

Why tilt by 45° ?

Q

il

Square Stop & dry
lattice

Why tilt by 45° 7
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Cracks at nodes =

Localized
horizontal
vibrations

across
node-lines [
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Experimental check: superposition of successive Faraday waves

« 24
O\ é( _ Snapshot

« @

3\

Faraday waves
.‘ ‘

at one snapshot O 8~ \

t

Faraday waves
at next snapshot

t+T, anti-nodes

are marked

as a direction of lattice structure
that the superposition of
successive Faraday waves make

Superposition
of successive
Faraday waves
t and t+T,,



Experimental check: Spatial correlation between
Faraday waves at one snapshot and desiccation cracks

Structures : Tilt by 45° !




Conclusion 2

@ Using vertical vibration, we can control
not only the direction but also the position of cracks.

@ Cracks with lattice structure can be created !

Square lattice

H. Nakayama, Y. Matsuo, Ooshida Takeshi and A. Nakahara
European Physical Journal E 36 (2013) 1.



Further applications

1. What will happeTechnoIogy)

- Control microstructure of materials,
anisotropy in conductivity and elastic moduli,
and macroscopic crack patterns

2. What happene (Geoscience)

- Know past by memories and cracks in rocks

Future plans
Flow === large deformation

@ Definition and quantification of Memories in pastes
including Memory of flow
@ Theoretical model which explains Memory of flow

@ Transition from Memory of vibration to Memory of flow



Future plans 2

to control crack patterns

Combine various external fields

A. Nakahara & Y. Matsuo
JPSJ (2005), PRE (2006)

Mechanical method (vibration, flow)

Electrical method
D. Mal et. al., Physica A (2007)

Magnetic method
L. Pauchard et. al., PRE, (2008)

A. T. Ngo et. el., Nano Letters (2008)

Desiccation cracks

xx September 2007 Physics Today
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Desiccation cracks

%, + Crack pafterns in layers of mud in-dried river

beds or in the'glaze on old porcelain crockery
are familiar fo everyone. Desiccation crack
patternis share.some fypical characteristics,
which:make them an active. topic of research.
Delails such as the width distribution of cracks,
the'drea they cover, the angles at which they
deet, and the number of sides and the size
distribution of the polygonal pieces depend on
numerous factors, ine uding the materia

L substictte, drying rate, humidity, and

tdmperature. Realistic crack patterns can be
ienerored by computer simulation using models
that take into’ account the details of the physics
and ehemistry of the process. Numerous studies
are under way to better understand the
crccking process and, in some cases, how to
control it, since crack patterns are sometimes
intentionally produced as an artistic effect for
decorative objects. Shown above are the spiral
cfack patterns produced when a clay sample is
maved in a circular path before drying, and
radial crack patterns formed when a synthetic
clay is dried in a radially symmetric static
electric field. More about desiccation crack
patterns can be found in D. Mal et al., J. Phys
Soc. Jpn. 76, 014801 (2007); D. Mdl et al., J.
AppldClay Sci. doi; 10.1016/j.clay. 2007
05005 (in press); A Nakahara, Y. Matsuo,
Phys. Rev. E 74, 045102 (2006)
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