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Abstract

The objective of this research is to develop an understanding of the mechanical
behavior, failure and microstructure evolution of aluminum tubes under internal pressure
loading, and to delineate the physical and mechanical origins of spatially-localized plastic
deformation. Traditional approaches to the study of plastic instabilities, necking and
failure have either been based on kinematic considerations, such as finite strain effects
and geometric softening, or physics-based concepts. In this study, we develop a
framework that combines both approaches to investigate the tube deformation and failure
behavior at various loading conditions.

A rate-dependent dislocation-based MTS model has been developed to study the
tube hydro-forming process at high temperatures and at various strain rates. The
development and application of the MTS model led to an advanced industrial application
of PRF bottle forming, which has been fully investigated. This simulation shows a good
agreement between experimental results and prediction. The model has been used
extensively throughout the PRF bottle development, with several patent applications.

The crystal plasticity based finite element model is selected to simulate surface
roughening and localized necking in aluminum alloy tubes under internal pressure. The
measured electron backscatter diffraction (EBSD) data are directly incorporated into the
finite element model and the constitutive response at an integration point is described by
the single crystal plasticity theory. The effects of the spatial grain orientation distribution,

strain rate sensitivity, work hardening, and initial surface topography on surface



roughening and necking are discussed. It is demonstrated that while localized necking is
very sensitive to both the initial texture and its spatial orientation distribution, the initial
surface topography has only a small influence on necking, but a large influence on
surface roughness of the formed product.

An elastic-viscoplastic based finite element model has been developed to study
the necking behavior of tube expansion for rate dependent monolithic materials and
laminated materials during dynamic loading. Numerical study shows that a high strain
rate sensitivity can significantly delay the onset of necking for both monolithic and
laminated sheets, and affect the multiple-neck formation in high speed dynamic loading.
The model also shows that higher volume fractions of a clad layer with positive rate
sensitivity material in laminated sheet could improve the sheet ductility as well.

A commercial FE package, ABAQUS, is employed as a finite element method
solver in this research work, and several user subroutines were developed to model
various hydro-forming processes. Interfaces between the ABAQUS user subroutine
UMAT and the ABAQUS main code are developed to allow further extension of the

current method.
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Chapter 1

Introduction

One topic of current interest to the aluminum sheet forming industry is
hydroforming due to its ability to extend the range of formability of sheet. This forming
operation provides significant advantages over the currently used D&I (draw and iron)
processes (Koc et al. 2001). Fig. 1.1 shows the process for tube hydroforming. A tube is
placed in the tool cavity, where the geometry of the die corresponds to the final geometry
of the product. In most cases, the tooling is closed by the ram movement of the press. The
tube ends are loaded by punches moving along the tube axis, normally the longitudinal
direction. During the hydroforming process, internal pressure of the tube is increased
until the expanding tube wall comes into contact with the inner surface of the die.

The benefit of numerical simulation of hydroforming is to replace the expensive
and time-consuming experimental investigation and subsequent tests which are
commonly used in this trial-and-error approach. The simulation of the hydroforming
processes becomes especially relevant if the feasibility of metal forming processes has to
be checked before expensive tooling is manufactured. In this sense, the finite element
simulation can contribute to both understanding of the process, and assistance in process
planning and feasibility. In order to accurately capture sheet metal deformation behavior
under various forming conditions in the simulation, there is a growing need for more

detailed understanding of the material response to loads and strains over loading periods
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of time, for the mechanical properties may evolve away from those achieved in the final
forming step. It is therefore imperative to develop appropriate numerical tools to reliably
predict the mechanisms of deformation and failure under hydroforming in order to fully

explore its potential.

|~ ;f’JU:FF;Jm{h.tr S ,:;;
o 7

C: b S Liguid emulsion of a water-soluble material H P Axial
....................................................... — cylind

Lower tool half
N

Stroke @ Slroke

Figure 1.1 Process principle for tube hydroforming

There are many topics related to the hydroforming process in term of deformation
and failure that remain to be studied. This research will focus on four major areas, which

are directly related to the aluminum industrial interests and applications:
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1) Hot/Warm hydroforming process with its application of PRF bottle forming.
2) Prediction of localized necking failure in aluminum tube during hydroforming.
3) Surface roughening analysis in aluminum tube on internal pressure.
4) Effect of rate sensitivity on necking behavior of tube under dynamic internal
pressure loading.
As the industrial applications of hydroforming have expanded rapidly, the current
study on the mechanism for deformation behavior at various forming conditions is far
from complete; further research and contribution to a better understanding of these topics

are the task of this thesis.

1.1 Literature review
1.1.1 Hot/Warm hydroforming process with its application of PRF

bottle forming
The research of hot/warm hydroforming has been intensely studied in recent
years, particular for aluminum alloys. Li and Ghosh (2003 & 2004) studied deformation

behaviour of aluminum sheet alloys in the warm forming temperature range of 200°C to

350°C and in the strain rate range of 0.015-1.5s™. They observed a significant
improvement in biaxial warm forming at temperatures ranging from 200°C to 350°C.
More specifically, they found that the formability of the aluminum sheet alloys formed at
250°C, in terms of the forming limit diagrams, are already comparable to those of A-K

steels formed at room temperature. Guan (2006) studied the deformation behavior of
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aluminum extruded tubes under hydroforming with finite element analysis based on
empirical data.

In order to capture the thermal and mechanical behavior of the metal deformation
at high temperatures and high strain rates, a proper material model needs to be defined.
This requires that phenomenological models reflect experimentation. The relations and
material parameters will be correlated with from observations. A typical
phenomenological material model accounting for the strain rate and temperature
evolution is the well-known Johnson-Cook model (1983 & 1985), which has been
extensively used in industrial applications.

Physically-based models utilize microscopic mechanics associated with different
plastic deformation processes to derive corresponding relations between structure and
mechanical performance. The microscopic physical process includes dislocation slip,
climb, thermally-activated dislocation glide, grain boundary sliding, diffusion dislocation
accumulation and annihilation, and so on. As an example, the Mechanical Threshold
Strength (MTS) model, developed and progressively improved by Follansbee and Kocks
(1988), Kocks and Mecking (2003), Maudlin et al. (1990) and Chen et al. (1998),
describes the constitutive behavior at moderate stress levels and temperature ranges, in
which slip is the main deformation process, and plastic deformation occurs by thermally
activated dislocation glide. The theory of thermal activation provides a description of
kinetics for mobile dislocation interacting with physical obstacles, i.e. forest dislocation,
solute atoms and precipitates. The internal state variable is defined by a mechanical

threshold, the flow stress at OK, which is related to the density of obstacles. The physical
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basis for work hardening lies in the accumulation of stored dislocations. Kocks and
Mecking (1998) provided a model for evolution of mechanical threshold to account for
work hardening. Verdier et al. (1992) extended the MTS model of Kocks’ type by
introducing a new state variable to represent the dislocation structure, which provides a
detailed explanation for microstructure evolution during recovery. A state variable model
was developed by Bammann et al. (1990, 1993 & 1996) for finite inelastic deformation
and damage. The total deformation is multiplicatively decomposed into elastic, plastic,
damage and thermal portions. A two-defect model provided by Saimoto (1989) is also
based on thermally activated flow. That model was developed for a material system with
strong barriers and provides a reasonable explanation for the observation in stress
evolution which is contradictory with the original thermal activation. Based on the theory
of thermodynamics, in the work hardening model by Goerdeler and Gottstein et al.
(2001) and by Roters et al. (2000), three microstructure state variables were applied to
represent mobile dislocations, immobile dislocation in the cell interiors and immobile
dislocations in the cell walls, respectively, and evolution equations for each portion are
identified. The micromechanical consideration contributes to predict more precisely work
hardening behavior. The physically-based state variable model presented by Ghosh
(1980) incorporated specific micro-mechanisms of varied physical processes during
inelastic deformation, such as strain hardening, recovery and boundary effects.

From the viewpoint of application, most models are developed for large strain
deformations because many manufacturing processes for metals such as forging, sheet

metal forming and rolling are associated with larger deformation. The MTS model is
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intended for bulk plastic flow, while Bammann’s state variable model (1990 & 1993) is
developed for finite inelastic deformation and damage. In applications of these models,
elastic strain is often ignored for it is relatively small compared to the plastic strain. Some
models do cover from small to large strains, such as the models by Ghosh (1980) and by
Miller (1987). The former model was applied for uni-axial tensile, creep and cyclic
loading; the later was for multi-axial plastic deformation, creep, anisotropic effect and a
complex deformation history.

High temperature hydrofoming with aluminum sheet is a process involving large
strain and a high strain rate under high temperature forming conditions. From this
perspective, the MTS model provides a solid fundamental background to address this
deformation behavior. In this thesis, a modified MTS model has been developed to
simulate aluminum tube deformation under pressurization at a temperature range of
300°C to 400°C. Based on the understanding of existing models and experiments; this
modified MTS model has the following requirements:

e This modified MTS model should be phenomenologically sound, with the
capability to describe the transient process of aluminum sheet deformation at high
temperatures and high strain rates,

e The material parameters should be identifiable through easily performed
experiments,

e This material model will be easily implemented into FE codes with practical

applications for industrial use without inherent computational difficulties.
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In this work, this modified MTS model is investigated to describe the behavior of
sheet forming under hydroforming loading at high temperatures. Its application to the

Pressure Ram Forming (PRF) process has also been studied in detail.

1.1.2 Prediction of localized necking failure in aluminum tube during

hydroforming

The failure of ductile cylindrical tubes under internal pressure has been studied
experimentally and theoretically for many years (see e.g. Larsson et al. (1982);
Kyriakides and Chang (1990); Korkolis and Kyriakides (2008); Kuwabara et al. (2005)). It
has been generally accepted that failure in a pressurized elastic-plastic tube is usually
initiated from a strong shear band inside a localized neck on one side of the tube at a
stage somewhat beyond the maximum pressure (Larsson et al. (1982)). Early research on
the subject had been concentrated on bifurcation analysis based on the approach proposed
by Hill (1958). Storakers (1971) studied strain hardening in rigid-plastic tubes and found
that bifurcation away from the cylindrically symmetric state of the deformation mode
may occur beyond the maximum pressure point. In the analysis for both very thin-walled
and relatively thick-walled tubes, Chu (1979) extended Storakers’ investigation by
including elastic deformation. It was found by Chu (1979) that the predicted failure
depends upon the loading conditions. More specifically, if the volume enclosed by the
tube is prescribed, the cylindrically symmetric deformation may continue stably beyond
the maximum pressure point until a bifurcation point is reached. However, if the internal

pressure is an input quantity in the analysis, failure occurs in a cylindrically symmetric

7
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mode at the maximum pressure point, prior to a possible bifurcation point. Tadmor and
Durban (1995) carried out a large strain analysis for internally pressured multi-layered
tubes, and discussed the possibility of locating an optimal two-layer configuration. The
finite element method has been widely used to predict instabilities and failure in
pressurized tubes. Tomita and Shindo (1981) studied the development of
circumferentially non-uniform deformation in cylinders under internal pressure using
classical smooth yield surface plasticity theory. They found that in all cases investigated,
bifurcation occurs beyond the maximum pressure point. Based on the J, corner theory
proposed by Christoffersen and Hutchinson (1979), Larsson et al. (1982) carried out a
plane strain analysis to numerically reproduce the experimentally observed neck
development and the onset of localized shearing in narrow bands of material inside the
neck. Since the plane strain analysis could not explain the formation of a localized bulge
on one side of the tubes, Tvergaard (1990) reinvestigated the problem without restriction
to planar deformation. It was revealed that the first critical bifurcation corresponds to an
axisymmetric, non-cylindrical deformation mode, which subsequently develops into an
axisymmetric bulge on the tube. The formation of a neck on one side of the bulge occurs
as a second bifurcation well beyond the first bifurcation. Tugcu (1996) studied effects of
strain rate sensitivity on instabilities and failure in pressurized tubes. Inertial effects in
dynamic response of tubes under pressure impact were investigated by Han and
Tvergaard (1995) and Tugcu (1995 & 1996) for metals and by Lindgreen et al. (2008) for
glassy polymers. The influences of material anisotropy were explored by Jansson et al.

(2005) and Korkolis and Kyriakides (2008); strain path changes by Asnafi and
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Skogsgardh (2000), Korkolis and Kyriakides (2009) and Sorine et al. (2008); damage
evolution by Varma et al. (2007); nonlocal effects by Mikkelsen and Tvergaard (1999).
However, these investigations hardly improve our understanding of the effect of material
microstructure on instabilities and failure in pressurized tubes. In this research, the goal is
to extend the study of tube failure mechanisms through crystal plasticity to better

understand the deformation behavior at the microstructure level.

1.1.2.1 Crystal plasticity

Isotropic plasticity modeling based on continuum theory combined with a return
mapping algorithm provides a robust numerical method to solve nonlinear boundary
value problems caused by material non-linearities with the finite element method; it also
provides theoretical guidance for building other types of nonlinear plastic m