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Laurent Corté * ,† and Ludwik Leibler

Matière Molle et Chimie, Ecole Supe´rieure de Physique Chimie Industrielle
(UMR ESPCI-CNRS 7167), 10 rue Vauquelin 75231 Paris Cedex 05, France

ReceiVed March 21, 2007; ReVised Manuscript ReceiVed May 21, 2007

ABSTRACT: Dispersing particles within a semicrystalline polymer can result in remarkable impact strength
improvement and opens promising routes toward super-tough materials. Although the technique is extensively
employed to modify polymer properties, predicting which dispersions yield toughness remains a challenging
issue. By comparing the characteristic lengths and deformation processes involved in toughening, we explain
why a minimum matrix confinement or ligament thickness is required to induce ductility. Our model was used
to interpret experimental data and show how this critical confinement length depends on material properties,
temperature, and processing history. Most importantly, it reveals an unexpected particle size effect. The predictions
provide fresh insight into the design of toughened materials. The model also provides guidance to understanding
the fracture mechanics of other complex systems such as composites or biological matter.

Introduction

Most solids are heterogeneous materials. Among plastics,
semicrystalline polymers exhibit remarkably complex structures
at the molecular scale.1 During processing, these macromolecular
chains spontaneously fold and form dense crystalline lamellae
separated by amorphous regions, as depicted in Figure 1a.
Because of the high density and melting point of these lamellae,
semicrystalline polymers such as polyamides, polyolefins, or
cellulose exhibit excellent chemical resistance and can maintain
physical integrity at temperatures exceeding 100°C. These
characteristics make them attractive to many applications
ranging from tubing to components for aeronautics. Unfortu-
nately, these materials are generally prone to ductile failure and
are known to become brittle at low temperature and in the
presence of notches that concentrate stress. A major discovery
was that particle inclusion in the polymer matrix can signifi-
cantly relax the strong stresses developed in front of notches
and impart ductility, especially at low temperature.2-4 This
toughening strategy, together with recent developments in
polymer science, has increased the impact strength of semi-
crystalline polymers by an order of magnitude and opened
promising routes toward new super-tough and rigid materials.5-7

Yet, the toughening ability of dispersions remains largely
unpredictable and is usually probed by costly trial-and-error
experiments.

We show here that a microscopic model of the fracture
mechanism captures the existence of a minimum confinement
length governing the onset of ductility. The analysis also
explains how toughening depends on the matrix and dispersion
characteristics as well as on the impact conditions. This generic
picture could lead toward an understanding of the fracture and
confinement effect in other composite materials such as botani-
cal structures made of highly flawed cellulose-based tissues.8

Numerous studies9-12 initiated by the first observations of
Wu13 have shown that a minimum confinement of the polymer
matrix is necessary to induce ductility. This confinement is
usually characterized by the average surface-to-surface distance
between particles,L, which is also referred to as the average

matrix ligament thickness. For given impact conditions, Wu
found that toughening can only be achieved below some critical
ligament thickness,Lc (Figure 1b). This critical length is
commonly considered as an intrinsic property of the matrix,
independent of the size and nature of the particles. For example,
standard impact conditions yield a value of about 0.3µm for
Lc in polyamide-66,13 while it is about 2µm in polyamide-
12.14 Shedding some light on this intriguing length scale is the
purpose of this paper.

Initial attempts to explain the origin ofLc were based on
continuous media mechanics and inevitably failed to capture
the existence of a critical length governing toughening.15,16

Indeed, dimensional considerations suggest that a geometrical
description of the dispersion is insufficient and thatLc should
be related to some other characteristic length of toughened
materials. A microscopic model proposed by Argon et al.17 first
introduced the concept thatLc corresponds to a characteristic
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Figure 1. (a) Schematic representation of the molecular organization
of semicrystalline polymers.(b) Typical evolution of the impact strength
of toughened semicrystalline polymers as a function of average ligament
thicknessL. (c) Transmission electron micrograph taken from an
injected impact test sample of polyamide-12 filled with rubber particles.
Rubber particles appear in white. A specific staining of the matrix
reveals bright crystalline lamellae separated by dark amorphous regions.
Crystalline lamellae exhibit a long-range orientation perpendicular to
the local flow undergone during processing.14
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