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Toughness of amorphous polymers
influence of temperature and length-scale
Harold van Melick, Leon Govaert and Han Meijer
Eindhoven University of Technology, Department of Mechanical Engineering

Introduction

Influence of length-scale

Amorphous polymers like polystyrene (PS) and polymethylmethacrylate (PMMA) appear brittle in most loading situations. However, under certain conditions these materials can
be very ductile, e.g.:

 when tested at an elevated temperature
 when filled with sufficiently small rubber particles
! decreasing polymer ligament-thickness [1]

The properties on a very local scale can be very different from
the bulk properties (see figures below) as is witnessed from:

 increased ductility in thin ligaments of filled PS [1]
 lower glass transition temp. (Tg ) near a free surface [4]
 less resistance to indentation near free surface [5]
An enhanced mobility of polymer chains near a free surface
can account for these phenomena.

Influence of temperature
At elevated temperatures (next figure, left), polymer chains
obtain enhanced segmental mobility resulting in a reduced:

 yield stress
 intrinsic strain softening
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In the simulation an enhanced mobility is modelled by a temperature gradient from the surface into the bulk, assuming:

The temperature gradient determines the length-scale of the
simulation. For two length-scales the results are given below:
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Reduced Tg [4] and resistance to indentation [5] near a free surface
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Stress-strain behaviour of PS in compression (l.) and tension (r.)

Numerical simulations, employing the compressible Leonov
model [2], of a tensile test on a RVE show the influence of
temperature on the deformation. A reduction in yield stress
and strain softening results in (see following figure):

 less localised deformation (see eq. strain)
 lower hydrostatic stress
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Above 80Æ C the changes in intrinsic properties result in ductile deformation behaviour (figure below, right).
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Although these two phenomena seem unrelated, their common factor lies in the mobility of the polymer chains.
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Conclusions
20Æ C, brittle

40Æ C, brittle

60Æ C, brittle

80Æ C, ductile

0

60

 a temperature-induced brittle-to-ductile transition can
be predicted numerically
 the incorporated length-scale by a temperature profile
can account for observed toughness-enhancement of
thin ligaments in rubber-filled polystyrene
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The ductility strongly increases above 80Æ C as the critical
hydrostatic stress (h,c = 40MPa [3]) is not reached and delocalisation of strain allows for higher macroscopic strains.
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