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a b s t r a c t

Part I presented an experimental investigation of hydroforming of Al-6260-T4 tubes and a simple two-

dimensional model of the process. Relatively long, extruded circular tubes were formed against a square

die with rounded corners, with simultaneous application of axial feeding. Localized wall thinning was

reported to occur at mid-span which, accentuated by friction, led to burst. Part II presents fully 3D models

of the process that include friction as well as more advanced constitutive models shown in previous

studies to be essential for simulation of burst in free hydroforming of aluminum alloy tubes. The models

are used to simulate several of the experiments of Part I, emphasizing the prediction of all aspects of the

forming process, including wall thinning and its localization that lead to rupture. A shell element model is

shown to capture the majority of the structural features of the process very successfully. However, even

with the implementation of advanced constitutive models, it fails to reproduce correctly the localization

of wall thinning. It is demonstrated that switching to solid elements coupled to non-quadratic yield

functions results in accurate predictions of all aspects of the problem, including the onset of rupture.

Apparently, slow growing depressions that develop at the interface between the flattened part of the cross

section that is in contact with the die and the rounded part that is not, have a complex three dimensional

stress state requiring accurate modeling offered by solid elements. Furthermore, the evolution of these

depressions is only reproduced with accuracy when in addition non-quadratic yield functions are

adopted.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In the companion paper (Part I) we reported results from
hydroforming experiments on Al-6024-T4 seamless tubes con-
ducted in a custom facility. The experiments involved relatively
long (L¼32 in. (813 mm)) circular tubes (D¼2.358 in. (59.89 mm)
and t¼0.080 in (2.0 mm)) formed into a square shape (2.4 in.
(61 mm) sides, 0.5 in. (12.7 mm) radius corners and 24 in.
(610 mm) long). The tubes were formed against external dies by
internal pressure. Simultaneously, the material was axially fed into
the dies in order to counter the induced wall thinning and thus
avoid or delay burst. The pressure–axial feed loading path was
selected using a 2D numerical model so as to avoid the possible
limiting states of wrinkling, buckling and burst.

Despite careful lubrication of the tubes, friction affected the
forming. Indeed, the effect of friction was aggravated by the length
of the tubes formed. Thus, at mid-span, the tubes experienced less
than half of the axial compressive strain prescribed at the ends.
Inadequate compression in this area led to failures by burst, which

initiated from local thickness depressions that develop where a
flattened side of the cross section meets a curved one.

Obviously, a 2D numerical model, while used in designing the
experiments, cannot capture friction-induced axial variations in
the cross sectional deformation of the formed tubes. Thus, here we
present fully 3D finite element models of the process. Both shell
and solid element models are considered. In addition it will be
shown that, as described in Refs. [24–26],I reproducing the evolu-
tion of the localized wall thinning and the onset of burst for the Al
alloy used require the adoption of a non-quadratic yield function
that is also capable of incorporating material anisotropy. The paper
presents strengths and weaknesses of the shell and solid 3D
models, each coupled with the advanced constitutive models
developed previously, in providing accurate predictions of the
onset of rupture.

2. Shell element model (3D-Sh)

2.1. Model set-up

We start by developing a 3D shell element model of our
hydroforming process, as this presently constitutes the standard
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