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Origins of hydrodynamic lubrication
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Multi-scale Modelling

3
n

Time scales

=)
n

ps

Computational
Fluid Mechanics

Mesoscale Methods

Coarse Grained
Molecular modelling

AlornisLic Modelling

Quantum Mechanics

nm

um
Length scales

mm

A

Navier Stokes
equation

DPD
Lattice Boltzmann

Molecular interactions

Electronic structure



Atomistic simulations of boundary lubrication

* Liquids in confinement

lonic lubricants
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Force field parameterisation

* Potential function of the system

Q Force fields available (all-atoms description)
U = + +
Q Force field NOT available

« Surface-Lubricant interactions are complex to describe

- Contribution from VDW interactions
- Coulombic interactions from the polarization of the metal surfaces, in the presence of ions
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Energies of interaction

MO6-L/ TZVP, ECP10MHF
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Non-equilibrium simulations

e Shear and load conditions Experimental conditions:
F * Normal applied pressure: 1 GPa
i * Shear velocity: 0.01 — 0.1 m/s
Ferigid |m=mp V, Simulated conditions:
_ * Normal applied pressure: 90 — 800 Mpa (Experimental value ~ 1 Gpa)

« Shear velocity: 0.01 — 15 m-s™! (Experimental value ~ 0.01 m-s-)
lonic Liquid

Shear will create a gradient of velocity in the z-direction,

H for the particles in the fluid:
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Thermodynamic properties

 Temperature
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Kinetic friction coefficient calculation

Amontons’ 1st Law : F, = uk,
Modified Amontons’ 15t Law (for adhering surfaces) :  F,. = Fo + uF),

Definition in terms of pressure (P, (2)) = Py + p{P;,(2x))
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Polymer brushes under shear a structured s{gwﬁa/ce
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Polymer brushes

Polymer mushroom

The excluded volume repulsion (in a

good solvent) balances the elastic pressure o
| "0:0:‘ U
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Alexander, de Gennes 1977



The surface forces apparatus

D. Tabor, R.H.S. Winterton,
J.N. Israelachvili in the early 1970s

SFA of Polyelectrolyte brushes at Cambridge University

U. Raviv, S. Giasson, N. Kampf, J. F. Gohy, R. Jerome, J. Klein, Nature 2003, 425,
163. (PMMA),,(PSGMA),,; physisorbed on to mica g,,, = 0.0006-0.001

B. Liberelle, S. Giasson, Langmuir 2008, 24, 1550. PS-b-PAA covalent bound to
mica €, = 0.05-0.25

Fully charged polyelectrolyte brushes show friction coefficient ca. 40% lower
Than neutral brushes (shear rate 10%*s)



Dissipative particle dynamics (DPD)

4 A
| asywe(rig) Ty (rg <re)
v 0 (rij = 7e)

\\

U)C(Tij) = (1 —rij/rc) (rij < TC)

A

2 = —yw” (1) (£45.v45) B
1
0ij—="Tij
J 5t J

Fluctuation-dissipation theorem:

et w”(ry) = (w(ry))

fz-? — O'CLJR(’I“Z'J')

o)
2kpT

’7/:



Can we use a longer timestep?

e By fitting to the water diffusion coefficient, we obtain
timesteps of ca. 10ps. We are routinely performing runs
of 10us on 20,000 dpd particles.

e The lowest shear rates that we can study are between
10> and 10° s (perhaps one order of magnitude higher
that the experimental oscillatory shear rates)

e The ratio of the Flory of the radius of the polymer to
interpolymer spacing is the same in experiment and the
dpd model. 1 dpd unit of pressure corresponds to 10
MPa

e A water bead contain 3-4 molecules, the polymer dpd
6-8 momomers.



DPD parameter fitting: the mixing of water and.a/surfactant
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Fitting the DPD
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Micellisation

Massimo Noro
And Patrick Warren
Unilever Port Sunlight
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Force-distance curve for neutral polymer brushes
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Electrostatic potential

PPPM method: r/Re
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Electrostatic interactions in dissipative particle dynamics: toward a mesoscal& modeling of the polyelectrolyte
brushes. Journal of Chemical Theory and Computation, 5, 3245-3259, (2009) Ibergay, Malfreyt and Tildesley



Additional Entanglement Force
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Bilayer simulations

Mesoscopic simulation of entangled polymer brushes under
shear: compression and rheological properties, Macromolecules,
42, 43104318 (2009) ( Goujon, Malfreyt and Tildesley)



The interaction of polyelectrolyte brushes

e Simulation in the grand canonical ensemble
e Do not destroy the dynamics or hydrodynamics

e Modelling of chain crossing
e Do not lose the speed advantage of DPD

e Electrostatics through distributed charge
e Use modified Ewald over PPM

e Explicit modelling of counterions and solvent



Modelling of polyelectrolytes single brush
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Height of brush with grafting density
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The kinetic friction coefficient of neutral and charged polymer brushes
Soft Matter 9 2966-2972, 2013 (Goujon, Malfreyt, Ghoufi and Tildesley)

What has the lower friction coefficient,

a neutral or fully charged polymer?




The effect of shear rate on friction coefficient
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The effect of charge

Neutral brushes
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Charged and neutral brushes
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Reminder
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Static friction of using Monte Carlo Methods

Isostress-Isostrain ensemble with configurational bias methods
Fixed variables: P,,, P,,, N, T + DPD soft potential

» Strategy
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Calculating Static friction of polymer brushes

* Quasi-static approach for shear (chusman etal, Phys. Rev. B, 1993; Fuchs et al, Phys. Rev. E, 1998)

The thermodynamic state of the film passes trough a succession of equilibrium states, each

having a different average alignment of the walls (a)
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Conclusion

DPD simulation of neutral polymer brushes reproduce
the experimental force-distance curves

Simulation of polyelectrolytes show that the brush
height depends on charge and grafting density and the
behaviour is in the non-linear osmotic brush regime .In
excess salt, small dipoles are created at the upper limit
of the brush. Scaling of brush height with salt
concentration is observed (index -1/3)

The simulated frictions coefficients from dpd are of the
same order of magnitude as the experimental estimates,
but no better than this - strongly shear rate dependent.

Friction decreases with increasing charge fraction at
fixed surface separation at high compressions in the
model and in experiment




Opportunities

e Static friction coefficients could be calculated using iso-
stress Monte Carlo simulations?

e Much more work needs to be done on finding the force
field correspondence between the atomistic and dpd
levels. This may be case by case dependent

e We need to include surface irregularities in a controlled
way

e We need to find a mapping that accommodates lower
shear rates

e We need to developed polarizable models for dpd
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