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Functions

• Strength   • Permeability

• Electrical/Thermal conductivity

• Optical property

Structures

• Porosity

• Contact network

CoatingDispersing Drying



 Relation between dynamic modulus and the structure 

of particles
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 Direct numerical simulation of viscoelastic behavior 

of concentrated colloidal suspensions 

Oscillatory shear

Stress
𝜎 𝑡 = 𝜎0 sin 𝜔𝑡 + 𝛿

Shear strain/rate

𝛾 𝑡 = 𝛾0 sin𝜔𝑡
ሶ𝛾 𝑡 = 𝛾0𝜔 cos𝜔𝑡

Dynamic modulus

𝐺′ =
𝜎0
𝛾0
cos 𝛿 𝐺′′ =

𝜎0
𝛾0
sin 𝛿
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Silica (60 nm, 37 vol%)

Ethylene glycol/Glycerol solvent

Laponite (25 nm, ~0.3%(w/v)) 

+ Montmorillonite(250 nm, ~3%(w/v))

Gelation

𝐺′

𝐺′′

Shikata & Pearson, J. Rheol. (1994).

Well-dispersed system

Pujala et al., Sci. Rep. (2018).



𝑀
d𝑽

d𝑡
= 𝑭H + 𝑭PP

𝐼
d𝜴

d𝑡
= 𝑵H +𝑵PP

𝛁 ⋅ 𝒗 = 0

𝜌
𝜕𝒗

𝜕𝑡
+ 𝒗 ⋅ 𝛁𝒗 = 𝛁 ⋅ 𝝈F +Φ𝒇P

Particles
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𝝈F = −𝑝𝑰 + 𝜂 𝛁𝒗 + 𝛁𝒗 ⊤

・Contact force

・Van der Waals force

Fluid Imposition of velocity in particle domains

Φ = 1

𝒗 𝒓, 𝑡

𝑝 𝒓, 𝑡 Φ = 0

𝜴

𝑽

Hydrodynamic force

Calculation on peculiar velocity: 𝒗′ = 𝒗 − ሶ𝛾 𝑡 𝑦ෝ𝒙

𝑥

𝑦

𝑧

Kobayashi & Yamamoto, J. Chem. Phys. 134, 064110 (2011).

Boundary conditions

𝑥, 𝑧: Periodic,  𝑦: Lees-Edwards
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Stress 𝜎 𝑡 = 𝜎0 sin 𝜔𝑡 + 𝛿

= 𝛾0 𝐺′ sin𝜔𝑡 + 𝐺′′ cos𝜔𝑡

𝐺′ =
𝜎0
𝛾0
cos 𝛿 𝐺′′ =

𝜎0
𝛾0
sin 𝛿

𝐺′ 𝜔 =
𝜔

𝜋𝛾0
න
0

2𝜋/𝜔

𝜎 𝑡 sin𝜔𝑡 d𝑡 𝐺′′ 𝜔 =
𝜔

𝜋𝛾0
න
0

2𝜋/𝜔

𝜎 𝑡 cos𝜔𝑡 d𝑡

Input

Shear strain   𝛾 𝑡 = 𝛾0 sin𝜔𝑡

Shear rate   ሶ𝛾 𝑡 = 𝛾0𝜔 cos𝜔𝑡

Output

𝜎 = 𝜂 ሶ𝛾 +
1

𝑉
෍

𝑖

න
𝜕𝑃𝑖

𝝈F ⋅ ෝ𝒏 𝑥 𝑦 − 𝑦𝑖 d𝑆 −
1

𝑉
෍

𝑖<𝑗

𝐹𝑖𝑗
𝑥 𝑦𝑖 − 𝑦𝑗

𝑖 𝑗

𝑭𝑖𝑗

Stress

Dynamic modulus

Steady shear

𝛾0

𝜔

SAOS
Linear

LAOS
Nonlinear

Oscillatory shear

𝜔 = 0

(Present study)
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Particles

• Diameter: 𝑑 = 100 nm

• Volume fraction: 0.5

• Zeta potential: 0 mV

• Adhesive force: 

Shear flow

• Strain: 𝛾0 = 3 × 10−4 − 1 × 10−1

• Frequency: 𝜔𝜏vis = 3 × 10−2 − 3

Fluid density: 𝜌

Viscosity: 𝜂

𝜏vis =
𝜌𝑑2

𝜂
Timescale of 

momentum diffusion

𝑈𝑥 𝑡 = ሶ𝛾 𝑡 𝑦

𝐹∗ = 4.2 → Hamaker constant ~10−20 J

Fluid: Water

𝑥

𝑦

𝑧

Shear rate

Time

𝛾0𝜔

0

−𝛾0𝜔

ሶ𝛾 𝑡 = 𝛾0𝜔 cos𝜔𝑡

Domain size: 12𝑑 × 12𝑑 × 3𝑑

𝐹∗ =
𝜌

𝜂2
𝐹 = 4.2 × 10−4 − 4.2
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𝛾0 = 1.0 × 10−4 𝛾0 = 1.0 × 10−2

Contact number

0 10
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Linear region ← Little change in structure

Linear region
Nonlinear region

𝐹∗ = 4.2
𝜔𝜏vis = 0.1
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11

𝛾0 = 10−4
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Larger adhesive force, Lower frequency 

Relaxation time

Adhesive force ~ Drag force

𝜏F =
𝑑

𝑈
=
3𝜋𝜂𝑑2

𝐹

𝐹~3𝜋𝜂𝑑𝑈

𝑈 =
𝐹

3𝜋𝜂𝑑

Velocity of adhesion

𝛾0 = 10−4
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• Direct numerical simulation of viscoelastic behavior of  

concentrated colloidal suspensions

• Calculation of dynamic modulus in oscillatory shear flow 

• Increasing frequency corresponds to decreasing adhesive force 

• Frequency dependence reflects relaxation of particle motion 

by adhesive force 

• Strain dependence reflects the structure change of particles


