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Polyethylene 1s the worlds largest tonnage thermoplastic
polymer; however few people know just how remarkable
and beautiful the crystalline microstructure structure of
polyethylene can be.

The percentage crystallinity in most articles made from
polyethylene can vary from 30-80% where many millions of
mitially long, flexible polymer chains form crystal
structures that rival diamond in their beauty and state of
molecular organisation.



The unit cell of polyethylene
(Established by C.W. Bunn et al in 1954)
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Bunn, C. W. & Daubeny, R. de P. 1954 Trans. Farad. Soc. 50, 1173-1177.

The crystalline fraction of Polyethylene (PE) forms an orthorhombic unit cell as shown in the diagram
above. The polymer chain is in the straight all “Trans” configuration with a high degree of order. This
contrasts sharply with the amorphous fraction of PE where the chains will be in a random coil
configuration.



Polyethylene Chain Folded “Single Crystals” grown from solution
(Discovered by Andrew Keller in 1957)
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See for example. Keller, A. 1968 Rep. Prog. Phys. 31, part 2, 623-705.

If PE is dissolved at elevated temperature in solution, say at 0.1% concentration in Xylene and then cooled
to an isothermal crystallization temperature, PE “Chain folded” single crystals can form over a period

of hours to days. The crystals can be seen in a transmission electron microscope and they are both
beautiful and remarkable, as they have been formed from millions of initially flexible random coil chains.



Polyethylene single crystals
(A fantastic electron micrograph by D.C. Bassett)

PE crystallised from solution can form beautiful crystals. Here is an electron
micrograph of a stack of PE Chain Folded crystals that have grown on top of
each other. The symmetry is incredible when you think that these crystals are
formed from one of the most flexible polymer chains in the world.



Polyethylene single crystals
(A fantastic electron micrograph, probably by Dr Mitsuhashi)

This 1s another remarkable electron micrograph of a stack of chain folded single crystals that

have all nucleated from a central screw dislocation site.



Melt crystallised polyethylene Spherulites

(Viewed 1n optical microscope between crossed polars)
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When PE cools from the melt, point nucleation occurs followed by spherulitic crystallisation
From each nucleus. Eventually the spherulites impinge and fill 3D space. Spherulites are
Birefringent and so you can follow their development using an optical microscope

by viewing between crossed polars



Schematic of Polyethylene Spherulite Crystals showing
how they are formed from chain folded lamella crystals

Spherulite crystallisation from the melt is driven by supercooling and is both complicated and beautiful.
Nucleation occurs and “spherulites” of a few micron diameter then develop. The spherulites impinge and
fill 3D space. The building block of the spherulite is the chain folded lamella crystal. It is all a triumph of
space filling; a remarkable rearrangement of polymer molecules and something that occurs when every PE
plastic bag on the planet is manufactured.



Electron Microscopy (EM) of bulk PE crystal lamellar morphology

By observing fracture surfaces in the EM, it is possible to detect individual crystal lamellae surfaces of bulk
polyethylene, showing that the binding forces between lamellae are much weaker than interior PE crystal
binding forces.
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Using the replica technique below, the above EM image shows smooth bulk crystal lamella surfaces
where fracture has occured between adjacent lamella .
Photograph and schematic provided by, H.-H.-W Preuss Physica Status Solidi vol. 3, nos3, 109-112 1963,.
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Effect of shear on polyethylene solution crystallisation,
produces “shish kebab” crystals

e
i

Y ZR XA
ZESM
1))
LU

;
"ﬂﬂ[}*‘
v

See for example. M.R.Mackley and A. Keller. Phil. Trans. Royal Soc. (Lond.) 278, 29 (1975).

If certain types of shear is applied to a crystallising polymer solution, a dramatic change in crystal
morphology can be found. “Shish Kebab” crystals with extended chain backbones are formed.



Electron micrograph of polyethylene “Shish kebab” crystals
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The backbone fibre 1s of order 200 angstrom diameter and consists of extended chain
crystal which then acts as a nucleus for periodic chain folded “single crystal” growth



A summary of Polyethylene
Crystallisation

PE crystallised from solution can either form chain folded single crystals
or if flow 1s involved, shish kebab fibrous crystals may grow. The lamella
thickness of chain folded PE crystals is typically 15 nm (150 Angstroms).

PE crystallised from the melt will normally form “spherulite” crystals with
a typical diameter of 1-10 microns. These spherulites are made up from a
complex array of chain folded lamella crystals.

The overall level of crystallinity for an extruded or injection moulded
article 1s usually in the range 30-80%.

The kinetics of PE crystallisation can be modelled using Avrami kinetics,
however the molecular details of the chain folding mechanisms and
crystallisation as a whole still are subject to debate amongst specialist in the
subject.
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