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Abstract

Ductile polymers have widely been used as structural materials under severe mechanical
conditions, so that it is highly desirable to develop a material model that can precisely express
mechanical responses and fracture of polymers. Recently, to describe macroscopic mechanical
properties of materials, it is frequently attempted to take a microscopic inhomogeneity into
account. Meanwhile, ductile fracture of polymers occurs at the front edge of propagating neck.
This characteristic behavior of ductile fracture attributes to the localization of craze, which is
microscopic damage peculiar to polymers. However, a material model considering both of the
microscopic structure of polymers and the craze evolution has not yet been proposed. In this
thesis, inelastic deformation of polymers is expressed using theories of molecular chain
plasticity and crystal plasticity with a craze evolution equation developed newly. Multiscale FE
simulation using this model is carried out. It is attempted to computationally reproduce the large
deformation and fracture behaviors of ductile polymers.

Chapter 1 is an introduction relating to backgrounds and aims of this thesis.

In Chapter 2, inelastic deformation rate and inelastic spin are kinematically determined. Also,
differences between molecular chain plasticity and crystal plasticity theories are clarified.

Chapter 3 explains the updated Lagrangian formulation of the principle of virtual work in rate
form, which is assuming a role of the balance equation for finite strain theory.

In Chapters 4 and 5, an elastoviscoplastic constitutive equation is obtained unifying the
damage-dependent elastic constitutive equation and the inelastic deformation rate obtained in
Chapter 3. To express the properties of glassy and crystalline phases, poly-entangled model is
adopted for the glassy phase and inextensibility in the chain direction is introduced into the
crystalline phase. The inelastic response law based on a change in the local free volume is
employed for glassy phase. On the other hand, a material response law based on Eyring’s
chemical kinetics is adopted for the crystalline phase.

In Chapter 6, craze evolution is decomposed into nucleation and growth of craze. These
evolution equations are newly developed using chemical kinetics with activation energies.

In Chapter 7, microscopic and macroscopic governing equations are derived by the
homogenization method using the balance equation obtained in Chapter 3 and the constitutive
equations in Chapter 4.

In Chapter 8, governing equations obtained in Chapter 7 are discretized by finite element
method and computational schemes consisting of this model mentioned above are developed.

In Chapter 9, FE analyses for polymethylmethacrylate and polypropylene are conducted
under plane-strain condition. The characteristic behaviors in uniaxial tension, i.e., propagation
of a neck with craze-concentration region and orientation of molecular chains are reproduced in
the macroscopic specimen. The relationship on deformation response between the
macrostructure and unit cells is investigated. Nonlinear strain recovery in unloading state and
dependence of hydrostatic stress, strain rate and temperature are represented. Moreover, using
fracture criteria obtained by a fibril strength and craze density, change in ductility of polymers
dependent on the strain rate is numerically predicted. In addition, the validity of this model in
three-dimensional condition is discussed through three-dimensional FE analyses.

Chapter 10 summarizes the conclusions obtained in this study.




