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Crystallisation is enhanced in regions of strong flow

180kg/mol HDPE melt Scelsi et al., Rheol Acta(2008).
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Crystallisation is enhanced in regions of strong flow

Key processing control variables are
temperature, flow-rate and molecular weight

180kg/mol HDPE melt Scelsi et al., Rheol Acta(2008).
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Molecular Dynamics - Monodisperse
polymers
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and momentum of of all atoms.
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Molecular dynamics:
The timing of nucleation events during the stress transient
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Molecular dynamics:
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A key result from Nicholson and Rutledge
Nucleation rate is exponential in the Kuhn step nematic order
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A key result from Nicholson and Rutledge
Nucleation rate IS exponentlal in the Kuhn step nematlc order
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A key result from Nicholson and Rutledge
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GO model (kinetic Monte-Carlo)

Limited resolution and
discretised nucleus



Kinetic Monte Carlo model
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Stem addition Stem lengthening

raham and Olmsted,
Phys. Rev. Lett. 115
115707 (2009)

Stem removal Stem shortening

Multiple chain species
compete/cooperate to
perform these moves




Influence of flow - chain deformation

As computed by a
molecular flow theory.

! 4

Flow imposes an
average molecular
strain, <RR>,

>

Graham and Olmsted, Phys. Rev.
Lett. 115 115707 (2009)
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Influence of flow - chain deformation
As computed by a

molecular flow theory.
Flow imposes an
average molecular
strain, <RR>.
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attachment rate: k" o< exp(Af;)

Long chains are
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nucleus
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Lett. 115 115707 (2009)




Influence of tflow - chain deformation

Long chains are
enriched the
nucleus

Graham and Olmsted, Phys. Rev.
Lett. 115 115707 (2009)

As computed by a
molecular flow theory.

! 4

Flow imposes an
average molecular
strain, <RR>,

Monomer
attachment rate: k;~ o< exp(Af;)

Free energy
change on
deformation: Af; =1'Ps ik

;

Nematic order
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a) Faster nucleation simulation
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a) Faster nucleation simulation

This region
has a (known)
Boltzmann
distribution
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F(n)

a) Faster nucleation simulation

This region
has a (known)
Boltzmann
distribution

> Thus, the

effective rate in
here can be
calculated

Nucleation

%rjate

N

Only need to simulate the
reduced barrier region

(much cheaper!)




Generalisation to higher dimensions
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Record fraction that
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Continuum model
(nearly analytic)
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Projecting the GO model to a 1D system
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Model for the barrier under flow (polySTRAND)

Df=nematic order
pi=melt fraction of i
Nr=total monomers
Ny=total stems

es=Bulk free energy gain
us=surface area cost
vi=fraction of i monomers
wi=fraction of 1 stems

S=surface area
q=N7/Ns Minimise with constraint Zz w; = Zi v, =1
Nucleus free energy Stem entropy change: Stem/monomer
melt—nucleus arrangement entropy
F(Nt,Ng,{w;},{vi |
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Model for the barrier under flow (polySTRAND)

Symbols: GO model simulations
Lines: analytic model
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Model for the barrier under flow (polySTRAND)

Symbols: GO model simulations
Lines: analytic model
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Molecular weight distribution
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I\l/IoIecular weight distribution MOdeI SuU mmal'y
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Chain
configurations

Nucleation barrier.

Read, Mcllroy, Das,
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Phys. Rev. Lett. 124
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= Flow model

Chain
configurations

I\l/IoIecular weight distribution MOdeI SuU mmal'y
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Molecular weight distribution

=~ Flow model

Model summary

Read, Mcllroy, Das,

Harlen and Graham,

Phys. Rev. Lett. 124
147802 (2020)

Nucleation barrier.

Also predicts long
chain enhancement

Nucleation Rate




Molecular weight distribution MOdeI SuU mmal'y

- All steps are

' numerically simple/

~y Flowmodel | cheap - no stochastic
simulation required

Chain

configurations

Nucleation barrier.

Read, Mcllroy, Das, Also prediCtS IOng

Harlen and Graham,
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Direct observation of nucleation during steady shear

Count nuclei as
they appear
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Direct observation of nucleation during steady shear

Count nuclei as
they appear
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Direct observation of nucleation during steady shear
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Direct observation of nucleation during steady shear
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Shear pulse experiments
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Is long chain enhancement
seen in Molecular Dynamics
simulations?
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Quantitying the long chain enhancement
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Summary

Flow-induced crystallisation: In polymers flow can very strongly
enhance the rate of crystallisation.

Modelling is challenging: due to very wide spread of length and
timescales

Multi-scale modelling: MD and kinetic Monte Carlo simulations
used to systematically derive a continuum model of nucleation.

Continuum model: Nearly analytic expression for the nucleation
rate; quantitatively consistent with MD and the GO model

Agreement with experiments: Agrees with experiments. Correctly
captures variation with flow rate, temperature and molecular weight.

Enhancement of long chains: Model predicts long chains are
over-presented in nuclei of crystallisation; confirmed in MD
simulations; experimental signature identified.






