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Chapter 1 

Introduetion 

Since the frrst results of rapid solidification processing were published in the 1960's 
(Duwez [1963]), a large number of rapid solidification techniques has been developed to 
enable the production of new metallic materials, sometimes having unique properties not 
attainable by conventional processing. Rapid solidification processing (RSP) of aluminium 
alloys can result in: 
- a small grain size, enhancing both strength and ductility, 
- an excellent chemica! homogeneity, 
- the formation of metastable phases with a favourable shape (e.g. spheres instead of 

needies or plates) and 
- a supersaturation of alloying-elements in solid solution: the percentage of elements in solid 

solution is larger than according to the equilibrium phase diagram. 

By far most work concerning rapid solidification processing of aluminium alloys has 
been carried out for aerospace applications. Examples are e.g. commercial high strength 
alloys (7090 and 7091) and high modulusflow density AI-Li alloys prepared b~ atomising. 
Potential applications for utilisation in the automotive industry are offered by >alloys with 
improved high temperature performance or increased operating temperature for pistons and 
2>bumper-alloys with increased strength and toughness (Waldman [1986]). However, 
especially utilisation outside the aerospace industry critically depends on cost price. 
Meltspinning is regarded a cost-effective, safe and easily implementab Ie method of RSP, 
most likely to meet the requirement of a low cost-price (Kool [1993]). 

For rapid quenching from the melt, it is obligatory that at least one dimeosion of the 
solidified object (for melt spinning: ribbons) is small, typically in the order of some tens of 
micrometers. Therefore, direct practical use of the solidified product is limited. Normal 
engineering dimensions are obtained after consolidation, normally by means of hot extrusion. 
During hot extrusion, the oxide layer on the flake surface is broken up and redistributed. 
Unfortunately, there are disadvantages connected with the consolidation of rapidly solidified 
aluminium alloys by means of the hot extrusion process. Principally, the hot extrusion 
process causes microstructural coarsening and the entrapment of gasses and water vapour 
which are adsorbed by the surface of the flakes. Vacuum degassing, in order to minimise the 
gas content, has not been performed prior to extrusion: a vacuum degassing step further 
coarsens the microstructure (Van Rooyen [1988]) and is highly uneconomical because 
extrusion biliets have to be canned and after extrusion the canning material has to be 
removed. A large number of global and local parameters is involved in the process of 
extrusion like pressure, temperature, extrusion-ratio, geometry of the die and extrusion 
velocity. For each application of RSP alloys there exists an optima! specific extrusion 
scenario. Here, optima! from the technological point of view can be quite different from 
optima! in an economical perspective. Regarding these problems, it is not surprising that the 
hot extrusion process for consolidation of RSP aluminium alloys has been referred to as 'an 
infant interdisciplinary technology' (Zhou [1991]). 

Rapid solidification processing of 'designed' alloys can be applied tomeet a broad list 
of demands. The RSP alloys investigated in this thesis can be classified into two groups, each 
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meeting a specific goal: the first group results from the recycling of secondary car-engine 
scrap into a useful wrought alloy, the second group includes high grade hypereutectic Al-Si-X 
alloys specially developed to achieve a high wear resistance combined with elevated 
temperature strength. The first series of alloys can include a broad variety of chemica! 
constituents. Investigations on different scrap-types have shown that alloys can be produced 
having a yield strength in the range from 275 up to 325 MPa and an elongation of more than 
10% in the direction of extrusion (Kool [1993]). These properties are considered to be good 
enough for general constructive applications. However, low processing costs are required to 
benefit by the savings on raw materials. The hypereutectic Al-Si-X alloys are intended for 
use in pistons. The performance of these alloys is superior compared with the cast alloys they 
are intended to replace. Again, application in mass production will depend on costs. 

For reason of material efficiency, the consolidated metal has to be formed into its 
desired shape e.g. by extrusion or forging. To enable successful and efficient production of 
parts by forming, detailed knowledge is required of the behaviour of RSP alloys in forming 
processes. This thesis concerns the consolidation, plastic flow and formability of RSP 
aluminium aUoys. The knowledge required for the prediction of the behaviour of these 
materials in forming processes comprises a number of, at first sight separate, topics: the 
influence of primary extrusion parameters upon formability and ductility has to be known, 
the yielding of the material has to be described in an acceptable manner and, since the 
ductility of some types of RSP alloys is moderate, ductility is to bedescribed in such a way 
that it becomes a transferable material property. 

The work is arranged into two parts, each consisting of two chapters. The first part 
(chapters 2 and 3) is material-orientated while the second part (chapters 4 and 5) is devoted 
to the continuum-mechanical description of plastic flow and ductility. 

Part I contains the results of experimental research towards the consolidation process 
and towards the formability of two alloys after consolidation. Chapter 2 concentrales on the 
conditions required for the consolidation of ribbons. Model experiments and experimental 
analyses of the extrusion process are part of the chapter. Chapter 3 contains the results of 
a number of forming operations and tests. In this chapter the hot formability of hypereutectic 
Al-Si-X alloys is investigated and used to demonstrate some particular features concerning 
the failure behaviour of RSP aluminium alloys. 

Part 11 comprises results of the phenomenological modelling of plastic yield and 
ductility. Chapter 4 focuses on the description of plastic flow. Aluminium alloys have a 
reputation of being troublesome with regard to this aspect, they are even incidently reported 
to show 'anomalous behaviour' (Woodthorpe [1970]). Since the description of plastic flow 
is of interest for forming technology in genera!, conventional aluminium alloys as well as 
RSP alloys are included in chapter 4. Chapter 5 is concerned with ductile failure . Formability 
can -amongst others- be limited by a Jack of ductility. In this situation, failure is called 
ductile failure. For alloys containing a large volume fraction of inclusions or second phases, 
like the RSP aluminium from this thesis, formability wil! frequently be limited by a Jack of 
ductility. Chapter 5 therefore is dedicated to universa! methods for the prediction of ductile 
failure in forming processes. Here, universa! means that the parameters characterising 
ductility are independent of the process of interest. In that case, these can be considered to 
be process-independent material parameters. 
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Chapter 2 

Consolidation of RSP aluminium alloy flakes 

The consolidation step of rapid solidification processing -by hot extrusion- is crucial 
with respect to the final properties of RSP alloys. The extrusion process with the primary 
aim to obtain bonding is a strongly interdisciplinary technology: here surface chemistry, 
materials science and mechanics meet and interact. The goal of this chapter is to attribute to 
the knowledge of consolidation from a mechanica! point of view. 

2.1 General introduetion 

Necessarily, at least one of the initia! dimensions of rapidly solidified alloys is small; 
the melt spinning process produces ribbons with about 50 to 80 ~-tm thickness, approximately 
3 mm width and theoretically infinite length. After chopping, the chopped ribbons are called 
flakes. Subsequenly, there is a need for consolidating the flakes into (half-) products with 
'normal' engineering dimensions. The hot extrusion process is predominantly used for 
consolidation because -from a mechanica! point of view- it seems to combine all the 
requirements needed. These requirements are intuitively assumed to be: l)Jarge deformation, 
2)high isostatic stress, 3)the generation of new contact surface (between adjacent flakes) and 
4)a temperature enhancing the diffusion/pressure welding process. 

These requirements for consolidation are limited in the extrusion process: Fora fixed 
ram speed, the possibility to produce a sound extrudate -here called extrudability- is usually 
represented in a diagram of extrusion ratio versus the billet preheat temperature (fig. 2.1). 

Fig. 2.1 
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Extrusion limitdiagramfora certain ram speed (after Van Rooyen [1988]) . 

The extrusion ratio Re is a global identifier for the deformation in the extrusion process. It 
is defined as the ratio of the cross-sectionat area of the extrusion-billet and the extrudate: 

(2.1) 

where Ab is the cross section of the billet and AP is the cross section of the product. The 
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extrusion ratio, the preheating temperature of tooling and billet and the ram speed are the 
main factors involved in the extrudability of an alloy. A low preheating temperature results 
in (too) high ram loads, whereas a high preheating temperature, and also high extrusion 
velocity, gives the danger of poor quality (partial melting, surface cracking) by excessive 
temperatures during the process. The Iimitation of the ram load originates from the maximum 
load-capacity of the extrusion machine. The temperature limitation arises from l)incipient 
melting and/or 2>the occurrence of surface cracking approximately perpendicular to the 
extrusion direction, immediately after the profile has left the die. The conditions needed for 
consolidation are also not independent in the extrusion process: e.g. a larger extrusion ratio 
will automatically lead toa (Iocal) rise in 1>temperature, 2>isostatic stress and 3)magnitude of 
deformation. 

Normally, studies of the extrusion of ribbons or powders are performed in the 
following manner: the resulting properties and microstructure are characterised depending 
on the extrusion variables. Such a characterisation gives difficulties in the interpretation from 
a mechanica! point of view: none of the assumed requirements for consolidation is constant 
during extrusion and their measurement is -at least- rather complicated: e.g. Yoneyama 
[1993] applied membranes in the extrusion tooling -combined with optica! deflection 
measurement-, to measure the tooling/billet contact stress distribution during the cold 
extrusion of lead. 

Experimental results concerning the deformation distribution in axi-symmetric 
extrusion wil! be presented in this chapter, since it turned out that the magnitude of 
deformation is a key-variable determining consolidation. This was found as aresult of model 
consolidation experiments. In these experiments, some process parameters -Iike temperature, 
isostatic stress and the amount of deformation- were varied independently. Flakes were 
consolidated using two modes of macroscopically imposed deformation: 

simple shear: (mainly) causing microscopie sliding between flakes in the initia! stage, 
and shearing of the flake contact surface in a later stage and 
compression: (mainly) enlarging the contact area of neighbouring flakes with minimal 
interfacial sliding. 

These two macroscopie deformation modes are assumed to play a major role in consolidation. 
Of course, on a smaller scale, consolidation will show similar features: flakes are 
consolidated by breaking and distribution of the oxide layer and by the generation of fresh 
surface. 

Sliding between adjacent flakes is predominantly present at a distance from the centre 
in axi-symmetric extrusion. Macroscopie enlargement of the contact surface is present 
throughout the whole of the deformation zone, that is, also in the centre: during extrusion, 
flakes are stretched in their Iength direction to roughly Re times their original length and 
therefore they become oriented in the direction of extrusion. For axi-symmetric extrusion, 
this means that both the width and the thickness ofthe flakes will become roughlyv~ times 
smaller. The global average increase of the contact surface between neighbouring flakes 
therefore is about equal to vRc 1. 

1 When assuming axi-symmetric extrusion to be stationary, completely homogeneaus and volume 
invariant, flakes are stretched to R" times their original leng tb and compressed to 1 WR" their original width 
and thickness. Thereby, the contact surface between two adjacent flakes increases with R"tVRcdR". 
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After consolidation by model experiments, the quality of the consolidation was 
investigated by measuring an ultimate tensile strength. This is quite arbitrary since many 
other properties -like e.g. the yield strength, the fracture toughness and the Youngs modulus
can also be representative for the quality of consolidation, depending on a specific 
apptication. Nevertheless, the tensile strengthof the consolidate is determined. The direction 
of tensile testing is parallel to the preferred orientation of the thickness direction of the 
former flakes within the consolidate, thus testing the (presumed) weakest direction. In this 
way one is able to identify the mechanica! requirements for consolidation. The experiments 
are intended as a first step towards a phenomenological description of the consolidation 
process. Also they lead toa better understanding of the phenomena involved. 

A literature review is presented first in section 2. Section 3 presents the alloys 
investigated. Section 4 comprises the results of the experimental study of the deformation 
during the extrusion of a 'solid' aluminium alloy and flakes of identical composition. Model 
consolidation experiments are introduced in section 5 and the results are evaluated. 

2.2 Literature review 

Some recent literature is shortly reviewed in this section. The intention is not to give 
a complete overview, but to underline that for description of consolidation a large number 
of approaches is available. The mechanica! approach, applied in this chapter, follows from 
the background of metal-plasticity. This does not imply however that other approaches 
(originating from e .g . materials science or surface-chemistry) are not relevant. 

Van Rooyen [1988] reports on melt spun and extruded binary AI-Mg and Al-Si alloys . 
Consolidation was characterised by tensile tests on the extruded rods in axial and transverse 
direction. The extrusions were performed in air and -after vacuum degassing- in vacuum. 
Some conclusions are that: l)bonding between the ribbons was less for AI-Mg alloys than for 
Al-Si alloys: this effect is attributed toa difference in thickness of the oxide layer, 2)for Al-Si 
alloys, vacuum degassing only results in an increase of transverse tensile strength at low 
silicon contents. 

Zhou [ 1991] used a thermodynam ical approach to describe the temperature and strain 
rate dependenee of the extrusion ram load. Also he determined the flow behaviour -by hot 
torsion and tensile tests in axial direction- and microstructural features of the extrudates. 

Kalinichenko [1989] consolidated 'melt spun' and ' twin roller quenched' Al-Cr-Zr-X 
alloys using four variants of forward extrusion. The variants were: axi-symmetric forward 
extrusion, eccentric rod extrusion, quasi isostatic extrusion and extrusion using a die which 
rotates with respect to the container. The highest hardness and the most homogeneous 
microstructure was obtained by the ' rotating die' process. This process provided maximum 
deformation in the extruded rod. Unfortunately, the process is highly uneconomical. 

Duszczyk [1987] constructed limit diagrams (like fig. 2.1) for the extrusion of rapidly 
solidified aluminium. He found that the load limitation is shifted somewhat towards higher 
extrusion ratios since particles require less extrusion load, whereas the temperature limitation 
is shifted towards lower temperatures since rapid solidification processed alloys are more 
sensitive toa thermally induced 'severe relative change of microstructure' . A lso he observed 
a minimum extrusion ratio for directly visible ' unsound product' and a minimum extrusion 
ratio for proper break up and redistribution of oxides. Fig. 2.2 schematically shows the 
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modified extrusion diagram in comparison with the diagram for the conventional alloy. 

Fig. 2.2 
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Staniek [1991] reports on the extrusion of P/M Al-Fe alloys after modification of the 
oxide layer by chemica! surface treatment. It was found that the axial tensile properties were 
hardly influenced by the chemica! treatment or by extrusion in air or vacuum. However, the 
fracture toughness in transverse direction was significantly raised by extrusion in vacuum or 
by chemica! treatment. 

By using radial forging to consolidate, Hodiamont [1991] was able to obtain a yield 
stress of approximately 575 MPa fora P/M Al-6Fe alloy. This result was attributed to the 
low temperature -250 oe_ during radial forging . For the rods extruded at 350 oe, from 
identical powders, a yield stress of only 340 MPa was reached. It was concluded that 
maximum -axial- strength was obtained by consolidation at low temperatures . Then minor 
structural coarsening occurred and work hardening improved the final strength, at the cost 
of ductility however. 

2.3 AHoy composition and thermal stability 

The alloys discussed in this chapter represent the two groups of alloys already 
mentioned in the first chapter. The extrusion experiments from section 4 were performed 
with a recycled 'scrap' alloy: Al-8Si-3eu-X. Hypereutectic AI-19Si-5Fe-2Ni alloy flakes 
were used for the model consolidation experiments ofsection 5. Fig. 2 .3 shows a micrograph 
of a melt spun AI-19Si-5Fe-2Ni flake. A vacuum remelt of this alloy is also shown, 
illustrating the microstructural roerits of RSP. Table 2.1 lists the chemica! composition of the 
alloys. 



Consolidation of RSP alwniniwn alloy flakes 11 

Fig. 2.3 

1 50 /Jffi 1 

Left: microstructure of an Al-19Si-5Fe-2Ni melt spun ribbon; note different 
microstructure at melt spinning wheel side (bottom) and air side (top); right: 
microstructure of vacuum remelted Al-19Si-5Fe-2Ni showing coarse primary 
silicon (squarish white phase) and Al3Fe intermetallic phases (highly elongated 
dark phase); identical magnification. 

A complicating factor -e.g. for calculation of the extrusion load- is that after melt 
spinning the flakes are thermally unstable. During preheating and extrusion, the flow stress 
decreases due to microstructural developments within the flakes. To demonstrate this, the 
micro Vickers hardness at room temperature is given as a function of the exposure time to 
elevated temperature (fig. 2.4) for alloy Al-19Si-5Fe-2Ni. 

wt. % Si Fe Cu Ni 

Al-19Si-5Fe-2Ni 19 4.6 0.4 2.0 

Al-8Si-3Cu-X 8 1.0 3.0 0.2 

Table 2.1 The chemica/ composition of the alloys. 
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Fig. 2.4 The hardness of 
flakes as a function of the 
exposure time to elevated 
temperature; alloy: Al-19Si-
5Fe-2Ni. 
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2.4 DeCormation in axi-symmetric e:xtrusion 

This section concerns an experimental investigation on the deformation during 
extrusion of a 'solid' metal and melt spun flakes since in the next section it will be shown 
that the (local) equivalent strain is a key variabie in consolidation. In order to define the 
various stages of the process -e.g. start and end-, a global variabie called the dimensionless 
extruded length (L*) is introduced: 

L. = 1- Lb 
Lo 

b 

(2.2) 

where the suffices 'b' and '0' refer to billet and initia! respectively. The dimensions involved 
are clarified in fig. 2.5. 

Fig. 2.5 ScheTrUltic lay-out of 
the extrusion process. 

L* ranges from 0 (start of extrusion) to 1 (absolute end of extrusion). In practice, L* = 1 will 
not be reached since then the pressure pad wili contact the die and the extrusion load needed 
wili already exceed the press capacity before. 

2.4.1 Defonnation in extrusion of 'solid' roetal 

Deformation patterns in the extrusion of a 'solid' aluminium alloy (Al-8Si-3Cu-X) 
were obtained by using Iongitudinaliy sectioned billets. Besides forward extrusion, with 
extrusion ratios of 9 and 25, also backward extrusion was performed, with an extrusion ratio 
of 22. The experiments were performed using 29 mm diameter billets. The sectioned biliets 
had 50 mm lengthand were provided with a photo-etched grid of squares (Jaspers [1994]). 
The 38 mm diameter rod -from which these biliets were machined- was extruded before 
starting from flakes- on a 10 MN industrial extrusion press. Using an 800 kN extrusion press 
with a container inner diameter of 30 mm, partial extrusion of the sectioned biliets was 
performed at a temperature of 420 oe. Lubrication of the billet-halves (with MoSiJ was 
necessary to enable removal of the biliets from the container without substantial deformation 
and to avoid both halves from being joined irreversibly. Fig. 2.6 shows examples of the 
deformed grids . 
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Fig. 2.6A 

Fig. 2.68 

L*=0.41 L*=0.79 

Deformation patterns in forward extrusion for different stages of the process; 
extrusion ratio 9; alloy: Al-8Si-3Cu-X. 

L*=0.33 L*=0.65 

Deformation patterns in forward extrusion for different stages of the process; 
extrusion ratio 25; alloy: Al-8Si-3Cu-X. 
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Fig. 2.6C Deformo.tion pattems in backward extrusion; extrusion ratio 22; Al-8Si-3Cu-X. 

From previous figures, it is clear that the centre suffers least deformation during 
extrusion. From the deformed grid of an extrudate, the strain distribution in the centre (r=O) 
was measured by measuring the length of the individual grid-elements. In the centre, the 
strain path is straight and therefore straightforward calculation of equivalent strain is 
possible. To denote a position within the extruded bar -after complete extrusion- along the 
extrusion direction, the identifier x* is used. It ranges from 0 (begin of the extrudate) to 1 
(theoretica! maximumlengthof the extrudate). Fig. 2 .7 gives the measured equivalent strain 
in the centre of the rod as a function of x •. 
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Fig. 2.7 Equivalent strain in the cent re of the extruded rods after extrusion. Extrusion 
ratios Re equa/9 and 25 for forward extrusion and 22 for backward extrusion. 
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2.4.2 DeCormation and structural development in flake extrusion 

To visualise the deformations during the extrusion of flakes and 'solid' metal, an 
additional experiment was performed. First, flakes were compacted in the 30 mm extrusion 
container up to a load that was only slightly lower than the load necessary to start the 
extrusion. From two of süch precompacted -weakly coherent- cylinders, again a 29 mm 
diameter sectioned billet was machined . This sectioned billet was supplied with a photo
etched grid of squares and then partially extruded. For comparison, an identical 'solid' billet 
has also been partially extruded. Again, MoS2 lubrication was applied. The initia! density of 
the billet consisting of compressed flakes was 99.3%. Fig. 2 .8 shows the deformed grid of 
the two partially extruded billets. 

Fig. 2.8 Deformed grid of partially extruded billets; left: initially precompacted 
(extrudate was bent by accident during removalfrom the extrusion container); 
right: initially 'solid'; alloy: Al-8Si-3Cu-X; Rc=25; L *""' 0.5. 

From the deformed specimens it can be concluded that the deformation behaviour of 
'solids' and flakes in extrusion is globaly identical. The microstructural developments during 
the extrusion of flakes are visualised in fig . 2. 9, using the other half of the left half-billet in 
fig. 2.8. Clearly visible are dead roetal zones in the corner of the die and near the pressure 
pad. Also, it is visible from the microstructure that the smallest straining occurs in the centre 
of the extrudate. 
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Fig. 2.9 lllustrating the 
consolidation process: 
A: extrudate edge; 
B: extrudate centre; 
C: dead metal zone; 
D: shear zone; 
E: zone near pressure pad; 
F: deformation zone centre; 
G: showing locations of A 

through F; 
A-F: identical magnification; 
(orientation is maintained). 
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2.5 Model experiments for consolidation 

This section comprises the model experiments for the consolidation process. The 
experiments in this sectionare described in detail by Jaspers [1994] and are for that reason 
only shortly outlined here. The experiments are intended as a first step towards a 
phenomenological description of the consolidation process from a mechanica! point of view. 
The result leads to a better understanding of the consolidation process and can be part of a 
basis for the numerical modeHing of consolidation during extrusion. 

lt is resumed that from, a mechanica! point of view, two -macroscopie- deformation 
modes are assumed to play a major role in consolidation: l)the increase in contact surface 
between two neighbouring flakes without -macroscopie- relative sliding and 2)the relative 
sliding of flakes thereby -macroscopically- maintaining identical contact area. Of course, on 
a micro scale these two deformation modes may show similar features. No attempt is made 
to evaluate or characterise consolidation on a micro-scale. 

Consolidates were manufactured and were tested by using model experiments. In the 
experiments, parameters were chosen such that they are representative for the extrusion 
process. 

2.5.1 Experimental 

2.5.1.1 Shear consolidation 

Macroscopie simple shear was imposed on flakes by using a hydraulic press equipped 
with a 100 kN axial hearing, a drive unit for rotation and the tooling shown in fig. 2.10. The 
tooling consisted of a stationary and a rotating -15 mm diameter- toothed punch and a heated 
container rotating at half the frequency of the punch. Temperature, punch pressure and the 
number of revolutions could be varied. Two consolidated specimens are shown in fig. 2.10. 
Friction at the container wall had an influence over a distance of approximately one time the 
height of the specimen. This edge effect occurs despite the MoS2 -solid film- lubricant that 
had to be applied to the container wall to enable remaval of the specimen. Contaminations 
of MoS2 could not be identified in the consolidated specimens using EDX. 

For the evaluation of the consolidates, tensi\e testing was applied. Since the shear 
strain in the centre of the consolidate theoretically equals zero, tubular specimens had to be 
used. Because the consolidates were smal) -3 mm in height- tensile testing was applied using 
a special fixture. Fig. 2 . 11 shows some specimens -machined from the consolidates- and the 
fixture. After machining, the specimens were annealed at 375 oe for two hours to remave 
residual stresses. 

In the tensile test, the ultimate tensile strength ofthe specimens was determined . Since 
all specimens were identical, this ultimate tensile strength provides a measure for the quality 
of consolidation. Since the state of stress in the specimens -by its shape- is not uniaxial, 
direct comparison with results from 'normal' tensile tests is not possible. Therefore the 
ultimate tensile strength measured for these specimens will be referred to as the 'bond 
strength'. 
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Fig. 2.10 

Fig. 2.11 
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lower punch 

- -- / 1/ 

-- ~~-~< ~ 
----=---..... ,"!:,<\ 
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-=-==-~', 
~ --

top left: schematic lay-out of consolidation apparatus; (•) denotes 
thermocouple positions; top right: consolidated specimens showing 'negative ' 
of the teeth on the punches; bottom: structure of specimen and geometry of 
tensite test specimen 1: friction influenced zone; 2: location and geometry of 
tensite test specimen (see main text and also fig. 2.11); 3: orientation of 
former flakes is indicated. 

Left: the geometry of the tensite test specimens; middle: some specimens; 
right: the fixture (panially dismant led). 
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Forthese consolidation experiments, the assumption was made that the teeth on the 
punches (visible on the consolidated specimens in fig. 2.10) assured that tooi slip did not 
occur. The macroscopie equivalent strain wasthen calculated from the formula also valid for 
axial torsion of cylindrical bars: 

e =(IX r) I (s../3) (2.3) 

where s is the thickness of the specimen, a the total relative tooi rotation (in radians) and r 
the radial coordinate. Punch pressures of 70, 140 and 280 MPa were used. All tests were 
performed at a temperature of 470 oe. which roughly equals the average temperature during 
extrusion. For each consolidation parameter setting, four specimens were tested. 

2.5.1.2 Consolidation by increase of contact surface 

Generation of new surface between adjacent tlakes with minimum sliding between 
tlakes was performed using a modified compression test. Fig. 2. 12 visualises the experiment. 
The 100 kN hydraulic press was equipped with two flat nosed 16 mm diameter punches and 
a radiative furnace. Rods of precompacted flakes were compressed. The side-flow of the 
specimens could be constrained by the use of steel tubes thereby increasing the isostatic 
stress. 

F 

steel 
tube 

flakes 

F 

Fig. 2.12 

~ F up per 
punch 

position of S ';meo 
bulged •2 tube -thermo-

couple 

lower 
punch 

t F 

left: the 'semi-constrained' compression test (stand of! not shown); right: solid 
specimen with deformed -originally square- grid; like in previous consolidation 
experiment, flakes we re preferably orientated with their thickness inthetensite 
test direction: this orientation was already present after precompaction. 

By using a stand off, the final height of the consolidate was controlled. Finally, the amount 
of deformation could be influenced by varying the initia! length of the precompacted rods of 
flakes . After consolidation, tensite test pieces identical to those from previous section were 
manufactured and tested. For these experiments, the equivalent strain was derived from the 
deformed grids of 'solid' specimens (fig. 2 .12). Mean punch pressures were 60 MPa and 300 
MPa. All tests were performed at a temperature of 470 oe. For each consolidation parameter 
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setting, four specimens were tested. 

2.5.2 Results 

Figure 2.13 shows examples of the microstructures obtained using the two 
consolidation experiments. Flakes are ordered into laminae for both consolidation techniques. 
The direction of tensile testing was perpendicular to the lamination. 

Fig. 2.13 

1 0 .25 mm 1 

left: microstructure by shear consolidation; right: microstructure by 
compressive consolidation; identical magnification; arrow indicates direction 
of tensile test. 

Results are given in figs. 2.14 and 2.15. Fig. 2.14 shows that there is hardly any 
correlation between the applied punch-pressure and the resulting bond strength and that the 
equivalent strain during 'shear' consolidation has a positive influence. Fig. 2.15 shows the 
results of all tests in a diagram of bond strength versus the logarithmic equivalent strain. A 
linear relation between the bondstrengthand the logarithm of the equivalent strain is found, 
despite the fact that different levels of isostatic stress are involved in the diagram. 



Consolidation of RSP aluminium alloy tlakes 21 

0 
(l_ 

:2 

:5 
0> 
c 

~ 
Ul 

u 
c 
0 
.D 

125-,--- -----.-- ----, 

100 
I --- - ---,---- - ---

I 
0 OI 0 
0 OI 0 

75 - -- ----ûl --- - ----
1 8 

0 

I 

1 25,..------~------, 

0 0 
1 00 - - - - - - - + - - - - - - - -

0 

0 

I 

Ql 
o: 

:5 75 - - -o- - - - ~ - - - - - - - -
0> 
c 
1! 

-;;; 
50 -- -o- --- ...,-- ---- - - u 50 - - · --- -., -- ----- -

25 - - - - - - - + - - - - - - - -

ï= 3.2 

0 o 1so 30 

pun c h pressu re (M Pa ] 

c 
0 

.D 

25 - - - - - - - + - - - - - - - -
I 

i:=l 6 

0 o I SO 300 

punch pressure (MPo J 

1 25,-----~------, 

8 

s: 
100 -- - - - --I - ----- - -

0 

0 
(l_ 0 0 

2 

.s:: 75 
_ __ ____ .! _ _ _ ___ _ _ 

0> 
c 
1! 
IJ) 

I 

u 50 - -- - - ---r- - --- ---
c 
0 

.D 

I 
25 - - - - - - - 1 - - - - - - -

t =40 

0 o 1so 3 0 

pu nch pressure ( MP a J 
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punch pressure and the equivalent strain during consolidation on the resulting 
bond strength. 
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2.6 Discussion 

Coupling of the extrusion process and the model consolidation experiments would be 
a logica! next step for this work. However, this requires far more information than presented 
in this chapter e.g.: 

• measurement of the intluence of temperature on consolidation in the consolidation 
experiments and the calculation of local temperature and strain rate within the 
extrusion process for instanee using FE modeHing (e.g. like Chen [1993]) and 

• modelling of the influence of macro-structure: the model consolidates showed a 
laminated structure (fig. 2.13), while, as will be shown in next chapter, axi
symmetric extrusion results in a fibrous structure. 

2.6.1 Model consolidation experim(mts 

The model consolidation experiments (figs. 2.14 and 2.15) show that the bond 
strength normal to the flake-thickness is independent of the isostatic component of stress in 
the consolidation process and that the macroscopie equivalent strain is a suitable measure for 
the bond strength. The bond strength obtained depended linearly on the logarithm of 
equivalent strain during consolidation. 

Scatter is present in the measured bond strengths (figs. 2.14 and 2.15). Ten tensite 
tests -using identical specimens- in extrusion direction of extruded AI-20Si-5Fe-2Ni rod 
showed a mean strength of 176 MPa with upper and Jower measured values of 162 and 186 
MPa (Jaspers [1994]). This last scatter is quite low because the tensile direction was parallel 
to the extrusion direction and therefore bonding will not be very critica! with respect to the 
test result. lt is therefore concluded that the scatter in figs. 2.14 and 2.15 mainly originates 
from the orientation of tensile and -former- flake direction. The magnitude of scatter is 
moderate when considering that only the honds between a few flakes are tested. 

2.6.2 Extrusion process 

The distribution of the deformation over the extrudate is more homogeneaus for 
backward extrusion than for forward extrusion (figs. 2.6 and 2.7). However, forward 
extrusion is preferred frequently by reasoning that -since more deformation power is 
required- more extensive straining occurs. For the centre of the extrudate this reasoning is 
false si nee only the hind part (x* > 0.50 see fig . 2. 7) of the extrudate is subjected to larger 
straining as compared to backward extrusion. 

In axi-symmetric extrusion, the process of consolidation is most critica] in the centre 
because it is strained minimally. Also, it is shown that the extrusion process is not stationary 
(fig. 2. 7). From this figure it is clear that for x* < 0.1, the extrusion process is still in its 
start-up phase since the equivalent strain in the centre has not yet reached a (quasi-) 
stationary level. This part of the extrudate should be treated as discard: the deformation in 
the centre is smal! with respect to the deformation in the centre of the rest of the extrudate. 



Consolidation of RSP alurniniwn alloy flakes 23 

The length of the discard at the front of the extrudate is subsequently calculated as: 

x. < 0.1 - Ldiscord = O.l·L~ = 0.1 · L~ ·Re (2.4) 

Of course, this result is only valid for the specific height to diameter ratio of the biliets used. 
From figs. 2.6A through C it is clear that for x*< 0.1 (and thus for L* < 0.1) the actual 
length of the billet will be of minor importance for the deformation in the centre of the 
extrudate. This observation holds approximately for forward extrusion and fully for backward 
extrusion. It therefore seems more logica! to express the length of this discard solely as a 
function of the extrusion ratio and the container inner diameter. Since in upset condition 
( =30 mm diameter) the hiliets had a length to diameter ratio 1.56 this results in a discard 
length of: 

(2.5) 

This experimental result is shown to be valid for forward and backward axi-symmetric 
extrusion for extrusion ratios Re ranging from 9 to 25. Another -simpler- interpretation of 
eq. 2.5 is that a ram displacement of approximately 0.15 times the diameter of the billet is 
required for the extrusion process to obtain a quasi stationary strain level in the centre of the 
extrudate. 

2.7 Ciosure 

An attempt was made to analyse the deformation behaviour during the extrusion of 
'solid' metal and tlakes. From the experiments it is found that: l)there exists a simple 
equation to appriximately calculatate of the lengthof the discard at the front of the extrusion 
(eq. 2.5) and that 2)the extrusion of flakes and 'solid metal' showdeformation patterns which 
resembie each other closely (fig. 2.6) . 

Model experiments were performed to evaluate the influence of deformation during 
consolidation upon the resulting bond strength. From the experiments two conclusions can 
be drawn: 1)bonding is -within limits- not found to be dependent on the magnitude of 
compressive isostatic stress and 2)the macroscopie equivalent strain during the consolidation 
process is found to be a suitable quantifier for the transverse bond strength between flakes. 

Some examples of structural features of consolidated material have been presented 
(e.g . figs. 2.9 and 2. 13) and the extrusion process is elucidated. Both wil! be shown to be 
of considerable importance in subsequent chapters of this thesis. 
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Chapter 3 

Some aspects of the hot formability of 
hypereu teetic AI-Si-X alloys 

Before paying attention to ductile faiture criteria in the next part, an orientation 
concerning some formability aspectsof RSP Al-Si-X alloys was carried out. This chapter has 
two goals: 
1ldetermining some process-related forming limits to serve as a guideline in the design of 
forming processes and 
2lobtaining knowledge about the formability behaviour of RSP hypereutectic Al-Si-X alloys, 
in particular a)the influence of structural anisotropy and b)the influence of primary processing 
conditions on the formability. 

3.1 Introduetion 

Formability is considered to be the relative ease with which a metal can be shaped 
using a specific plastic formin~ process without the occurrence of any type of failure. 
Formability can e.g. be limited a by a Jack of sufficient ductility, blby an undesired mode of 
plastic deformation, c)by instabie plastic deformation or d)by intolerable surface roughening. 
Formability usually is regarded as a process and material dependent property and the 
drawability, bendability, forgeability etc. are all gathered by the expression 'formability of 
a material'. Formability therefore is different from ductility, although formability can be 
strongly depending on it. Ductility is the magnitude of deformation that a material can 
withstand without the occurrence of fracture . Ductility is dependent on e.g. the temperature, 
the isostatic component of stress and the structural features of a material (in the extrusion and 
the transverse directions) but is not dependent on a specific forming process. 

The properties of RSP hypereutectic Al-Si-X alloys are superior to the Al-Si cast 
alloys they are intended to replace (Moerman [1993]). The substitution of conventional Al-Si 
cast alloys by RSP Al-Si-X alloys requires a change over from casting to forming as 
production technology, as remelting would annihilate all benefits of RSP. The formability of 
RSP hypereutectic Al-Si-X alloys therefore is a crucial aspect. Regarding the formability of 
these alloys the following was observed: 1lthere existed an almost total Jack of experience 
in forming of these alloys and 2lthe formability of these alloys is rather limited as compared 
to conventional wrought aluminium alloys. 

This limited formability is a consequence of the fact that these alloys are developed 
to obtain elevated temperature strength and wear resistance by application of large volume 
fractions (in total > 25%) of silicon and intermetallic phases. Therefore, maximum use of 
their (hot-) formability is necessary to allow successful transformation from extrudates into 
(semi-) finished parts. To enable this maximum use of formability, it is necessary to obtain 
detailed knowledge concerning the deformation behaviour, formability limits and the extent 
to which they are influenced by primary processing conditions. For this reason, the failure 
behaviour of two alloys in a number forming tests was determined. 
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In this chapter the formability of two hypereutectic RSP Al-Si-X alloys will be 
characterised in a variety of tests. Section 2 gives an overview of the literature available on 
the formability of hypereutectic RSP Al-Si-X alloys. Section 3 presents the materials used 
and their production. The test methods used are presented insection 4 and results are given 
in section 5. Th is section also i nel u des structural observations through fractography. Same 
results of hot forming processes are given in section 6. Results are discussed in section 7. 

Fig. 3.1 gives an indication of the properties of hypereutectic Al-Si-X alloys that were 
obtained on a Iabaratory scale (Moerman [1993]). Alloying with iron and nickel results in 
higher strength levels by the formation intermetallic phases, however at the costof ductility. 
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Ultimate tensite strength, yield strength and elongation of some RSP alloys; 
longitudinal direction; 'as extruded' condition; 70 glbatch laboratory 
production; extruded JO x 2 mm2 strip; extrusion temperature: 420 oe; 
(Moerman [1993]). 

Because of the dimensions preferred for formability testing, all materials used were 
produced on a plant scale. The extrusion facility (an industrial 10 MN forward extrusion 
press) is not optimized for the extrusion of flakes so the properties of plant material are 
worse than the properties obtained in Iabaratory production. Th is is mainly due to the Jonger 
duration of preheating befare and the higher temperature during plant extrusion (Moerman 
[1993]). Hereby strength levels (fig . 3.2) are lower than for Iabaratory production, but the 
properties obtained are thermally more stabie in time (fig. 3.3) than those of Iabaratory 
produced alloys. 
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extruded alloys as ajunetion oftemperature (Moerman [1993]). 
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3.2 Literature review 

Fig. 3. 3 Room temperature Vickers hardness 
as a function of the exposure time to 
elevated temperafure showing thermal 
stability of the alloys (plant scale 
production) (Moerman [1993]). 

Most publications regarding RSP are focused on the preparation and characterisation 
of powders, ribbons or spray deposited billets. Only moderate attention has been paid to the 
consolidation of flakes or powders by extrusion. The subject of forming the extrudates into 
their semi-final shape is almost absent in literature. 

Results of tensile testing at temperatures ranging from room temperature up to 480 
oe were obtained by Hirai et al. [1988]. The alloy tested was a powder metallurgical (P/M) 
AI-20.1Si-4.5Fe-2.1eu-l.0Mg-1.1Mnalloy. Between 400 and 480 oe, the true fracture 
strain in tensile testing ranged from 0.5 to 1.4 in the direction of extrusion, depending on 
strain rate and temperature. Hirai et al. [1989] also reported on the lubrication characteristics 
during hot upsetting of the same alloy using a number of lubricants. 

Takeda et al. [1988] reported on backward can extrusion and upsetting tests . A variety 
of P/M AI-20Si-Fe-X alloys, with different compositions and processing conditions, were 
tested. Faiture did not occur in backward can extrusion for any of the alloys at 450 °C. 
Similar results for 'melt spun ribbon' alloys were obtained by Baltussen [1994]. From the 
upsetting tests, Takeda [1988] concluded that the extrusion ratio has no influence on the test 
results for extrusion ratios larger than 10 and that upsetability was not significantly 
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influenced by strain rate. Further, it was concluded that the addition of 2% Ni to a P/M AI-
20Si-5Fe alloy improves the upsetability significantly. The maximum reduction of height until 
faiture was used as a measure for upsetability. Unfortunately, results in terms of height 
reduction are depending on frictional conditions. Maximum height reduction, using 
concentrically grooved dies according to the JCFCS (Japan Cold Forge Committee Standard), 
amounted to 75%. Th is result was obtained for an air atomised AI-20Si-5Fe-2Ni alloy. 
Detailed information about the extrusion and/or degassing procedures was not given. 

Zhou [1991] reports on the strain rate response concerning the extrusion of Al-20Si-X 
powders and characterised flow stresses of the consolidated alloys by hot torsion and tensile 
tests. No information regarding the ductility of the material was given. 

3.3 Material production 

After meltspinning, flakes were cut to a mean length of about 10 mm and were 
subsequently preheated in ambient air at a temperature of approximately 450 oe during one 
hour. Subsequently, the flakes were extruded without having been canned and vacuum
degassed. Then, the preheated flakes were extruded using an industrial 10 MN forward 
extrusion press with a 0 127 mm extrusion container. Dies with profiles 0 18 mm, 0 30 mm 
and the profile shown in fig. 3.4 were used. The chemica! composition of the alloys used and 
their reference coding are listed in table 3.1. Table 3.2 shows the extrusion ratios (the ratio 
in cross section between the extrusion container and the profile) for the extrudates. 

Si 

Al-Si-Fe-Ni 18 

Al-Si-Cu-Ni 17 

Fig. 3.4 Extruded test profile1: 'dog bone'; '0': 
extrusion direction; '90': long transverse direction; 
't ':short transverse direction (or thickness direction). 

Fe Cu Ni Mg 

4.9 0.02 2.2 0.03 

0.5 3.6 2.3 0.02 

Table 3.1 Chemica/ composition (wt %). 

0 18 mm rod 0 30 mm rod 'dog bone' profile 

I Extrusion ratio Re 50 18.5 37.5 

Table 3.2 Extrusion ratios for consolidation on the plant scale extrusion facility. 

1 terminology used for the indication of orthogonal directioos nonnally is '0', '90' and 't' in forming 
technology. However, insome other disciplines, these directioos are often referred to as 'extrusion direction' 
(ED), 'long transverse' (LT) and 'short transverse' (ST) respectively. 
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In order to alter the orientation of the former flakes within the rod, a part of the 30 
mm rod material -of both alloys- was prestrained in torsion (fig. 3.5). The prestraining 
temperature equalled the temperature applied for the formability experiments that foliowed 
after prestraining. Torsion specimens with a 100 mm gauge lengthand a diameter of 21 mm 
were machined from the rod. After torsional prestraining, the gauge section of the torsion 
specimens was machined down to 20 mm diameter. This material was then used for further 
experiments. At that diameter of 20 mm, a shear angle of 45 degrees was obtained resulting 
in an equivalent prestrain of 0.58. 

Fig. 3.5 

45' 

- ~ -----·-~--------·-

Left: torsional prestraining; 1: radiant fumace; 2: specimen; 3: control 
thermocouple placed in a head of the torsion specimen; right: part of the rod 
showing orientation of the primary extrusion direction after torsional 
prestraining. 

3.4 Hot formability testing 

The temperature during hot forming is limited to approximately the temperature used 
for consolidation of the alloy by hot extrusion. The extrusion of flakes -resulting in a fully 
consolidated extrusion profile- is further referred to as 'primary extrusion'. Exposure for 
prolonged time to temperatures above the primary extrusion temperature can lead to blister 
formation and porosity. Since the primary extrusion temperature equalled approximately 450 
oe, the temperature interval of forming is limited to 400 to 500 oe. The lower value ensures 
that noblister formation and only limited grain growth take place. At higher temperature the 
alloys are expected to show a better formability. 

In all tests (upsetting, bending and buiging), faiture occurred at a free surface. To 
minimize machining effects, specimens were annealed during 10 hrs. at 400 oe after 
machining. In all experiments, the strain rate was kept low (10"3-10-2 s-1) to enable optica! 
strain measurement and crack deleetion during the experiment. In genera! , increasing the 
strain rate wil! lead to a somewhat decreased formability. However for an initia! 
determination of formability this is considered to be of only secondary importance. 

In all experiments, the temperature of the test piece was controlled by thermocouples 
either mounted in the specimens itself or in the tooling near the specimen. When the 
temperature was controlled near the specimen, it always was verified -using dummy test 
pieces equipped with a thermocouple- that the temperature within the specimen is equal to 
the control temperature within ± 2 oe aftera certain stabilisation time. Normal stabilisation 
times were 5 to 15 minutes depending on the test. 
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3.4.1 Upsetting 

Cylindrical specimens were upset between concentrically grooved dies (fig. 3.6). The 
axes of these specimens were parallel to the extrusion direction of the 18 and 30 mm 
diameter rod from which they had been machined. During upsetting, the introduced sticking 
conditions at the tool-workpiece interface promote large positive stress and strain-levels in 
the tangential (or circumferential) direction of the specimen. 

Frequently, the results from upsetting are expressed in the percentages that the height 
can be reduced without faiture (e.g Takeda [1988]) . This measure of formability is highly 
dependent on the frictional conditions at the tool/workpiece interface. For a more general 
validity of the results, the surface strains on the specimens have to be measured at half the 
specimen height because failure is expected at this location. For this purpose a single circular 
1.5 or 2 mm diameter grid-element was used. It consisted of an approximately 1 t-tm thick 
PVD-layer of titanium-nitride (fig. 3.6). The grid-marks produced in this way had well
defined boundaries and a superior bonding. The strains in upsetting were recorded 
continuously during the test through a small porthole in the furnace, using a video-system 
with a 60 x magnification. The video system was also used for the detection of surface 
cracks. In the upsetting experiments, only about a quarter of the surface could be checked. 
Failure was assumed if a continuously growing crack appeared on the free surface. 

The alloys tested were Al-Si-Cu-Ni and Al-Si-Fe-Ni (table 3.1). Specimen diameters 
were 17.5 and 28 mm for 0 18 and 0 30 mm rod material respectively. Height to diameter 
ratios (Ho/D0) of 1 and 1.5 were applied. For the prestrained material the specimen diameter 
equalled 20 mm. 

Fig. 3.6 

5 

SchenuJtic representation of the expertmental apparatus used for upsetting. 1: 
specimen; 2: thermocouples inside dies; 3: radiant fumace; 4: stainless steel 
sterns; 5: ponhole for video strain measurement and crack detection; 6: grid 
element used for strain measurement. 
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3.4.2 Bending 

Fig. 3. 7 shows two versions of the bending experiment for the testing of rod (A) and 
strip (B) respectively. The mounting of a thermocouple in a secondary part of the specimen 
was necessary to guarantee the correct temperature, since the heat exchange between the 
specimen and the tooling was insufficient. As in previous experiments, the press was force 
controlled during the heating up. A small load was applied to hold the specimen in its 
position so that the thermal expansion of the specimen and the tooling could take place 
freely. For the actual test, the press was switched into constant velocity mode. Strain 
measurement was identical to that used for upsetting. 

For the rod material, the bending specimens used (fig 3.7A) had dimensions 28 x 4 
x 28 and 17.5 x 3 x 28 mm3 (diameter x thickness x width) for the 30 mm and 18 mm 
diameter rod respectively and 20 x 3 x 20 mm3 for the prestrained rods. Bending specimens 
taken from the strip section of the profile shown in fig. 3.4 had dimensions 26 x 26 x 3.5 
mm3 (length x width x thickness). By using tools that supported the specimens over only half 
the thickness (detail of fig. 3.78), the buckling direction of the specimen was fixed . 

. A 

4 

3 

B 
p 

2 

3 

front view side view front v iew side v iew 

Fig. 3.7 

3.4.3 

Tooling used for bending. A: bending of half hollow cylinders; 8: bending of 
square plat es; Al: aluminium dummy block to prevent premature deformation 
of specimen, dummy block is deformed together with the specimen; A2 control 
thermocouple inside specimen; A3: control thermocouple used when prehealing 
the dies; A4: grid mark used forstrain measurement; 81: grid on specimen; 
82: control thermocouple in specimen; 83: thermocouple to control the 
prehealing of the dies; detail: tooling by which the buckling direction was 
controlled; see fig. 3.6 fortotal view of tooling. 

Bulging 

An apparatus was built (fig. 3.8) with which strip can be bulged. Using a liquid as 
a bulging medium at hot forming temperatures causes difficulties. Therefore bulging was 
performed using chemically pure aluminium -a solid with an extremely low flow stress- as 
a pressure transmittant medium. 
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Fig. 3.8 

3.4.4 
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Schematic view of apparatus used for buiging. Apparatus is placed inside a 
radiant fumace (fig. 3. 6). 1: specimen; 2: ram; 3: chemically pure aluminium 
(easily defonning solid); 4: control thennocouple; 5: grid-element forstrain 
measurement; diameter of the bulge: 20mm. 

Fractography 

For structural evaluation of the extrudates tensile testing was applied. From the 
extruded rods, test specimens were manufactured. A modified capacitor discharge welding 
technique (Koppes [ 1992], Baeslack [ 1988]) was used to weid material to the test pieces, so 
that a fractured surface in tangential direction of a rod could be obtained. The tensile test 
temperature amounted to 400 °C. These tests have only been performed for alloy Al-Si-Cu
Ni. 

Fig. 3.9 
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Tensite test specimens used for obtaining fractographs. Dimensions are given 
for fJ 30 mm rod. For fJ 18 mm rod the specimens are proportionally smaller. 
The weids showed a heat affected zone of only 50 to 100 p.m thickness. 

Tensile testing was also applied to the strip materiaL Specimens from the long 
transverse direction (fig. 3.4) were tested. Also test specimens in thickness direction were 
manufactured, again using the modified capacitor discharge welding technique to weid 
material to the strip. A fractured surface in thickness direction could be obtained in this way. 
The tensile test temperature equalled 450 °C. These tests have only been carried out for alloy 
Al-Si-Cu-Ni. 
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3.5 Results 

In this section the results of the tests are given, ordered to the specific extrudate shape 
(rod and strip) since this allows visual presentation of all results for a specific type of 
extrudate expressed as strains in principal material directions. Afterwards -by means of 
fractography- a structural characterisation of extruded rod and strip is given. 

3.5.1 Extruded rod: upsetability and bendability 

The principal surface strains -for all tests on rod- were calculated from the deformed 
grid as: 

(3.1) 

where Dg D11 and Dz are dimensions of the (un)deformed grid element as indicated in fig. 
3. 10. The deviations caused by measuring on a curved surface have not been taken into 
account since it would require knowledge of the curvature of the surface. The error 
introduced in this way is typically in the order of 1 %. 

Fig. 3.10 

B 

Coordinate system (A) and basic test geometry; B: upsetting; C: bending 
(dimension of grid elements is exaggerated). 

Upsetting and bending limits-as measured in the experiments- are given in figs . 3.11 
through 3.13. Duplicate or triplicate experiments were performed (as indicated by the number 
of dots). In ez-e8 space, the strain paths for upsetting are curved and those for bending are 
straight (ez =0). The measured strain path and failure points are given in figs. 3. 11 through 
3.13. Figures 3.11 and 3.12 show the influence of the primary extrusion ratio and of the 
torsional prestraining on the bendability and upsetability for the two alloys. Figure 3.13 
shows the influence of test temperature for aHoy Al-Si-Cu-Ni . 



34 Rapidly Solidified Al-Si-X Alloys 

R = 50 Re= 18.5 Re= 18.5 e 
0 60 0 .60 0 .60 

upsetting prestro ined 
/H0/D0 ~1.5 

H0/D0 / 4! 

• 0 .40 • 0.40 0.40 

<Se <Se <Se 
bending 

""' 
0 .20 0.20 0 .20 

0.00 0.00 0.00 
-0.40 -0.20 0.00 - 0. 40 -0.20 0 .00 -0.40 - 0 .20 0 .00 

C:z C:z C:z 

Fig. 3.11 Strain-paths and faiture points in upsetting and bending; alloy: Al-Si-Fe-Ni; 
forming temperature: 450 oe; Re: extrusion ratio used for consolidation. 
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Strain-paths and faiture points in upsetting and bending; alloy: Al-Si-Cu-Ni; 
upsetting temperature: 400 oe; Re: extrusion ratio used for consolidation. 
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Fig. 3.13 

.-----------,- 0.60 .-----------,- 0.60 

400 ° c 

• 

Strain-paths and failure points in upsetting and bending; alloy: Al-Si-Cu-Ni; 
test temperature: 400 and 450 oe; Re =50. 

For the two extrusion ratios applied, the effect of the extrusion ratio for consolidation 
on bendability and upsetability is smaller than the experimental accuracy or the scatter in 
material properties. Torsional prestraining enhances upsetability: test results fortheupsetting 
experiment have improved significantly, especially for larger height to diameter ratios (fig. 
3.14). For Al-Si-Cu-Ni, the test temperature was varied (fig . 3.13) . Increasing temperature 
from 400 oe to 450 oe did not result in enhanced upsetability or bendability. 

Fig. 3.14 Upset and undeformed cylinders. left: without torsional prestraining; right 
with torsional prestraining; upper deformed specimen: alloy Al-Si-Fe-Ni; lower 
deformed specimen: alloy Al-Si-Cu-Ni; sulface cracks are present but these are 
not visible at this magnification; 
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3.5.2 Extruded strip: bendability and bulgeability 

The failure strains measured in the bending and bulging test on the strip are 
graphically represented in a diagram of e0 versus e90 (fig. 3.15). In the bending process, the 
strain increment in the direction of the bending axis equalled zero. For alloy Al-Si-Cu-Ni 
complete 180 degree bends could be achieved with 3.5 mm thickness of the strip, regardless 
of the bending direction. The measured strains are therefore indicated as a lower limit. Si nee 
for the bulging test the strain path is straight, it is not given in the diagram. It is concluded 
that pure aluminium performs wellas pressure transmittant medium for buiging: fig. 3.16 
shows a deformed test piece. Failure in bulging consisted of cracking at the top of the bulge 
parallel to the extrusion direction. 

Fig. 3.15 

Fig. 3.16 
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Results from bending and buiging: dots and squares represent faiture points. 
e90: strain in long transverse direction; e0: strain in extrusion direction; test 
temperature: 450 oe; arrows: faiture not attainable with 3.5 mm thickness of 
specimen. Duplicate or triplicate experiment. 

A bulged specimen; alloy: Al-Si-Cu-Ni; bulging temperature; 450 oe; cracks 
are present at the top but these are not visible at this magnification. 



Some aspects of the hot formability of hypereutectic Al-Si-X alloys 37 

3.5.3 Structural observations. 

A structural characterisation of the extruded rod and strip is given through 
fractographs for alloy Al-Si-Cu-Ni. 

3.5.3.1 Extruded rod 

For material in the non-prestrained state, failure in upsetting and bending was 
preceded by instabie metal flow. Fig. 3.17 typically shows the faiture observed on the 
upsetting and bending specimen-surface. Concentrated deformation occurred which led to 
failure. For the prestrained rods, failure preferably occurred parallel to the former extrusion 
direction (fig. 3.18). 

1 mm 

Fig. 3.17 Failure observed in the 
upsetting experiment. lnhomogeneous 
deformation is preceding faiture (non
prestrained); arrow: primary extrusion 
direct ion. 

1 mm 

·--P--c;:\ 
~ 

Fig. 3.18 Faiture observed in 
the upsetting experiment after 
torsional prestraining. Failure 
occurred preferably along 
primary extrusion direction. 
Also visible: grid for strain 
measurement; arrow: primary 
extrusion direction ( rotaled with 
respect to specimen a.xis by 
torsional pres training). 
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Figs. 3.19 and 3.20 show the fractographs of tensite test-pieces in tangential direction 
for the 0 30 and 0 18 mm rod. Both show a fibrous structure. A larger extrusion ratio for 
the rod material (18.5 in fig . 3.19 and 50 in fig. 3.20) does not result in a less fibrous 
structure. Fig. 3.21 shows two of such fibres in detail. 

Fig. 3.19 

Fig. 3.20 

I mm 

Fractograph of tensite test specimen in tangential direction; fJ 30 mm rod 
material (Rc=l8.5); test temperature: 400 oe; Al-Si-Cu-Ni; arrow: extrusion 
('z ') direction. 

1 mm 

Fractograph of tensite test specimen in tangential direction; fJ 18 mm rod 
material (Rc=50); test temperature: 400 oe; Al-Si-Cu-Ni; arrow: extrusion 
('z ') direction. 
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1 0. 2 mm 

Fig. 3.21 Detail of fig. 3.20 

3.5.3.2 Extruded strip 

Figs. 3.22 and 3.23 show the fractographs of tensile test-pieces in long transverse 
('90° ') direction and in the thickness ('t') direction of the strip. In contrast to the fibres 
visible in the previous figures, the extruded strip shows a strongly laminated structure: the 
fractographs show a plate-like appearance. 

Fig. 3.22 

1 mm 

Fractograph of tensite test specimen in long transverse ('90° ') direction of the 
strip,- test temperature: 450 oe; Material: AL-Si-Cu-Ni; arrow: extrusion {'0° ') 
direction (see fig. 3.15). 
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Fig. 3.23 

3.6 
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1 mm 

Fractograph of tensite test specimen in shon transverse ('t') direction of the 
strip; test temperature: 450 oe; Al-Si-Cu-Ni; arrow: extrusion direction. 

Applications 

A number of parts were hot formed from cylindrical preforms machined from 
extruded rod. This is done to demonstrate the findings of the previous sections: that it is 
possible to successfully form these alloys into products. Upsetting, backward cao extrusion 
and radial extrusion were applied (fig. 3.24A). Fig. 3.24B shows an extrusion-forged piston 
preform. 

Fig. 3.24 A: some pans illustrating the hot formability of hypereurectie Al-Si-X alloys; 
B: 55 mm diameter piston preform (Al-Si-Fe-X). 
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3. 7 Discussion 

During primary extrusion flakes orientate towards the extrusion direction. Besides 
this, flakes may orientate into a fibrous or a laminated structure, depending on the shape of 
the die. This structuring is the reason for the anisatrapie behaviour of the extrudates. Also, 
the fractographs of fig. 3.19 through 3.23 indicate that -for a good understanding of 
experimental results- it is necessary to think of the alloys not only as anisotropic but also as 
non-homogeneous. 

Failure behaviour of rod 

For the forming experiments on rod, this inhomogeneity can explain the experimental 
observations: For non-prestrained material it is observed that instabie flow develops along 
the extrusion direction and this on its turn results in failure. Upsetability in this case is 
limited by plastic instability. Th is development of plastic instability is assumed to require two 
simultaneous conditions: 

- the presence of inhomogeneity 
- toading such that plastic instability can develop from inhomogeneity. 

From figs. 3.11 through 3.13 it is observed that, for all experiments for non
prestrained rod, the strain path near the failure point approximately is one of plane strain: 
dez ,." 0, de8 ,."-der> 0. For the development of surface instability this strain-increment is 
highly advantageous: This type of instability wil! be promoted by the presence of 
imperfections orientated in the direction of zero extension which is the axial ('z') direction 
of the specimen for this direction of the strain increment. For non-prestrained rod this is 
indeed the preferred direction of imperfections. The result is that plastic instability develops, 
which leads to failure . 

For the prestrained material, the second condition is notmet since the direction of the 
imperfections initially makes an initial angle of 45 degrees with the specimen axis. 
Upsetability is therefore better for prestrained rod. 

Failure behaviour of strip 

Failure of strip material in bending (if faiture could be attained) and bulging is not 
preceded by instabie metal flow: no instahilities (like those of fig. 3.17) were observed in 
the experiments. Bendability and bulgeability of strip therefore are limited by ductility . 

When looking at fig. 3.22 it is clear that the structure of strip is beneficia! from both 
an instability and a ductility point of view: 
- If one of the laminae or interfaces between the laminae from fig. 3.22 shows a strength 

deviating from the others then the laminated structure prevents strain localisation in sheet 
forming e.g. in bending or buiging. 

- Lamination is such that the load is carried over the width or the length of the laminae. Th is 
is favourable as compared to the worst situation: loading over the thickness of the laminae 
(in short transverse or ' t' direction) . Undoubtedly, the interface of two laminae is a 
favourable site for failure by a Jack of ductility. Fortunately, when bending or bulging 
strip, the component of stress that acts perpendicular to the laminae (aJ approximately 
equals zero. 
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Thus for strip, both from a ductility and an instability point of view, the combination of 
loading type and structure is highly beneficia!. 

Comparison of the bendability of rod and strip in transverse direction 

The difference in structure between rod and strip leads to a difference in bendability 
in transverse directions. This is clear when camparing the failure strain from the bending 
tests in which a transverse direction of the extrudate is strained positively. Despite the fact 
that both the tangential ('8') direction of rod and long transverse ('90') direction of strip are 
perpendicular to the extrusion direction, a significant difference in bendability is observed 
(table 3 .3). 

alloy strip: e90 rod: e0 

Al-Si-Fe-Ni 0.25 0.17 

Al-Si-Cu-Ni > 0.44 0.19 

Table 3.3 Average faiture strains for bending in a transverse direction; strip: 90 o ('LT') 
-direction; rod: 8-direction; test temperature: 450° C. 

Origin of structures found in rod and strip 

The fibrous structure in rod is not intluenced by the extrusion ratios used (18.5 and 
50 for 30 and 18 mm diameter rod respectively). This structure originates from the nature 
of the axi-symmetric extrusion process. Considering this process to be approximately 
stationary, the radial and circumferential strain during extrusion are both equal to minus half 
the strain in extrusion direction. Therefore -for the ideal of stationary extrusion- the only 
orientation present in the material will be an orientation in extrusion direction regardless of 
the extrusion ratio. In the plane normal to the extrusion direction there wil.l be no preferred 
orientation of the tlakes. This last feature can be seen in the fractographs of figs. 3.19 
through 3.21. 

The laminated structure of the strip material also is aresult of the extrusion process. 
Stationary axi-symmetric extrusion does not result in orientation in a plane normal to the 
extrusion direction. When extruding wide strip, using a cylindrical extrusion container, the 
situation tends towards another extreme in orientation: plane strain extrusion. During plane 
strain extrusion, the strain in extrusion direction is fully compensated by thickness strain (the 
width strain equals zero). This type of extrusion leads to maximum lamination of the 
extrudate. 

Thus, the die shape has an important intluence on the orientation of former tlakes 
within the extrudate. This on its turn is shown to have a large intluence on some aspects of 
formability. 
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3.8 Ciosure 

Besides alloy composition, crucial factors determining the formability of RSP Al-Si-X 
alloys are: l)the loading direction; the direction of Joading should preferably be the direction 
of extrusion and 2)the structure of the material; e.g. notall transverse directions show equal 
formability: the fibrous structure found in extruded rod is less favourable than the laminated 
structure found in extruded strip. Further it is found that the primary extrusion ratio -within 
limits- does not influence the upsetability of rod. 
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Chapter 4 

Phenomenological models of anisotropic plastic yield 

4.1 Introduetion 

Hecker [1976] states: 'In spite of some very gallant theoretica! treatments of plastic 
deformation such as a) the basic dislocation dynamics approach based on atomistic 
understanding of crystal defects and their movement, b) the crystal plasticity approach 
relating the behaviour of polycrystalline aggregates to the slip behaviour in single crystals 
and c) the general theory of plasticity based on thermodynamic considerations, the so-called 
phenomenological theory of plasticity remains the only theoretica! formulation used 
extensively in stress analysis problems'. The extensive use of phenomenological yield criteria 
has persisred over the past two decades. This undoubtedly is related to their relative 
simplicity. Aside from being simpte, a yield criterion should be in reasonable agreement with 
experiment. Th is chapter will concentrale on the accuracy of some yield criteria and related 
assumptions. The final goal is a more accurate prediction of plastic tlow and process forces 
in metal forming processes. 

Plastic anisotropy is believed to be the main cause for the reputation of aluminium 
alloys of being troublesome in analyses of plastic processes. For better accuracy, a yield 
criterion for aluminium alloys should incorporate in-plane anisotropy . 

. For an arbitrary stress situation in an in-plane anisotropic material only three yield 
criteria are found in literature (Hili [1948], Barlat [1991], Karafilles [1993]). In case of 
restrietion to a plane stress state more formulations are available (appendix A) . The 
disadvantage of a limited (plane) stress-state is acceptable for description of the behaviour 
of relative th in sheet-metaL For RSP-aluminium alloys, being extrusion products, plane stress 
criteria are of little use. For the type of anisotropy (orthotropy, see next section) normally 
found in engineering materials, two of the three anisotropic yield criteria mentioned are 
practically equivalent (see appendix A) and the simplest of the two is chosen for further 
work. The remaining yield criteria are the classica! Hili [1948] criterion and a criterion 
proposed by Barlat [1991]. This last yield criterion is an extension of the Hosford [1972] 
isotropie yield criterion and is derived by best fitting results from crystal plasticity 
calculations with an analytica! function. 

In section 4.2 the yield criteria used wiJl be shortly reviewed . The next section 
introduces the alloys under investigation. Material properties are determined in tensite and 
compression tests (§ 4.3) . For testing, not only sheet and extruded strip but also extruded rod 
is selected . For sheet metal there are well established procedures for the measurement of 
anisotropy. For the rod these are lacking, therefore section 4.3.2 will first focus on the 
measurement of cylindrical anisotropy. The validity of the yield criteria is verified using the 
results of tensite and compression testing (§ 4.4 .1) and the bending of sheet using a pure 
moment (§ 4.4.2). In section 4.5 some yield criteria are used for the simulation of cup 
drawing. This application demonstrales the effects of a particular yield criterion on the 
predicted tlow . From the experiments, it can be concluded that, for aluminium alloys, the 
use of the Barlat [1991] criterion has to be preferred. 
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4.2 Yield criteria 

Before attention is paid to yield criteria, first the general framework of assumptions 
normally applied to metal plasticity at room temperature is shortly mentioned and elucidated. 
The following assumptions regarding the cold plastic flow of f.c.c. metals are made: 
1) It is assumed that yielding is independent of strain rate. For aluminium alloys this 
assumption is reasonable. It is known that the flow stress of f.c.c. metals is Jess sensitive to 
strain rate than the flow stress of b.c.c. metals. The strain rate sensitivity index is in the 
order of 0.001 for aluminium alloys for low strain rates ( < 0.1 s·1 ). Using this index a 
factor 100 in strain rate gives 100°·001-1 =0.5% deviation. Th is effect is therefore neglected. 
2) It is assumed that yielding is independent of the hydrastatic component of stress. 
Brandes [1970] reviewed numerous experiments and concluded this assumption is right 
although are some -{disputable, Braodes [1970])- exceptions found in literature. 
3) Plasticity is assumed associative, that is the normality rule applies. By this rule the 
strain rateis normalto the yield surface. Hecker [1976] reviewed biaxialloading experiments 
on tubes (loaded with tension/compression and torsion) and concluded that the normality rule 
was never violated. 
4) The state of anisotropy remains as it initially is. Development of anisotropy by strain 
in the current process (so called 'induced anisotropy') is nottaken into account. For uniaxial 
loading this assumption seems valid: the ratio of transverse strains measured in uniaxial 
tensile tests is fairly constant (e.g. Raijmakers [1992]). Introducing induced anisotropy 
requires the development of evolutionary hypothesis (e.g. Boucher [1994]) and numerous 
measurements. 
5) The material hardens isotropically. Hecker [1976] states: '1. If yielding is defined by 
zero or very small plasticstrains (""' 10 JJ-e), then the yield loci are anisotropic, move around 
in stress space (usually in direction of prestrain) and cannot be predicted by any of the 
continuurn hardening rules. 2. If yielding is defined by large plasticstrain offsets (2000 JJ-e), 
then the yield loci are usually found to expand isotropically ". 

The Hili [1948] and Barlat [1991] yield criteria are intended for orthotropic materials . 
Orthotropy is a state of anisotropy which is characterised by three orthogonal symmetry axes, 
which are called material axes of orthotropy. Material properties are invariant for a rotation 
over an angle 1r around these axes. For sheet metal these axes are the rolling direction, the 
direction in the plane of the sheet transverse to the rolling direction and the 'thickness' 
direction. Anisotropy of sheet metals is often characterised by measurement of its plastic 
strain ratios Ra. The Ra-value at an angle et to the rolling direction is measured in an 
uniaxial tensile test on a strip taken from the sheet at an angle et to the rolling direction. Ra 
is calculated from the measured width and thickness strains as: 

(4.1) 

Assuming volume invariancy, Ra can also be calculated from the length and width strain 
which method, especially for thin sheets, usually gives more accurate results. Measurement 
of lengthand width strain is therefore required according to ASTM E517 [1993]. 

1 2000 p.c equals a stra in of 0. 2% 
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To accommodate for the orthotropy of aluminium alloys, the classica! Hili [1948] 
yield criterion is frequently used. It states that 

4> = Fh ( ay- al) 2 +Gh( al- a x) 2 +Hh( a x- ay) 2+2Lh ayz2 + 2Mh al/+2Nh a;ry2 = 2 a2 (4.2) 

should be fulfilled at yield where Fh,Gh,Hh,4•Mh and Nh are material parameters. 
An alternative criterion for orthotropic materia Is was proposed by Barlat [ 1991]. The 

criterion states: 

where S1, S2 and S3 are the principal values of a weighed deviatoric stress tensor. Th is 
weighed deviatoric stress tensor is obtained after applying a linear transformation to the 
actual stress tensor (see appendices A & B). This transformation can also be expressed by 
applying weight factors to the componentsof Bishop/Hili stress (A,B,C,F,G,H). This yields: 

A=a -a B=a -o C=a -o F=a G=a H=a yl lX xy yz zx XY 

1 = jF2+g G2 +hH2 + (aA -cC)2 +(cC-bBi+(bB-aA)2 

2 3 54 

1 _ (cC-bB)(aA-cC)(bB-aA) +~: hFGH (cC-bB)(fF)2+(aA-cC)(g G'f+(bB-aA)(hH)2 

3 54 Jg 6 

e =are cos (!2._] 
13/2 
2 

(4.3) 

where a,b,c,f,g,h are the weight factors applied to the conesponding components 
(A,B,C,F,G,H) of Bishop/Hili stress. For the accompanying flow rule etc. the reader is 
referred to appendix B. One of the main features of the yield criterion is that by an 
appropriate choice of the parameter m, the amount of curvature of the yield function near 
points of uniaxial tensite or compressive stress can be influenced, thereby giving yield 
criteria resembling a 'rounded off Tresca yield criterion. This type of yield locus is 
measured for an aluminium alloy at plastic strains of 0.1 to 1% (MacEwan [1992]). In fig. 
4.1 an example visualising the Barlat [1991] and Hili [1948] yield functions is given in the 
a0-a90 principal plane stress space. 
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Fig. 4.1 

Rapidly Solidified Al-Si-X Alloys 
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Calculated yield juncrions fora material with R0=0.42, R90=0.91 in a0-a90 
principal plane stress space (third principal stress equals zero). Solid lines: 
Barlat [1991] criterion; dashed line: Hill {1948] criterion. Suffices 0 and 90 
refer to rollinglextrusion and transverse direction respectively. Stresses are 
normalised to identical unia.xial yield stress in 0-direction. 

The Barlat [1991] yield criterion is an extension to Hosford's [1972] yield criterion. 
This last yield criterion is equivalent to the Barlat [1991] criterion without the application of 
weight factors (a,b,c,f,g, h equal to unity) but still with a non-fixed exponent m. Fig. 4.2 
gives a graphical representation of the yield criterion. 

Fig. 4.2 

m~2.4 
m~6 

m~a 
m=12 

The Hosford {1972] isotropie yield criterion for different values of the 
. exponent m (a3=0). For m=1 & oo the criterion reduces to the Tresca 

criterion andfor m=2 & 4 to the von Mises criterion. (eq. 4.3 with a,b,c,fg 
and h equal to unity) . Stresses are nonnalised to identical unia.xial yield stress. 
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Isotropie workor strain hardening is usually used to describe the hardening behaviour 
of metals. For the von Mises yield criterion the work and strain hardening assumption are 
equivalent. This has led to the impression that work and strain hardening are equivalent in 
genera!, which is not true. Work hardening states that the equivalent stress is equal for all 
histories leading to the same amount of specific plastic work. The specific plasticworkis the 
time integral of the scalar product of stress and strain rate. Strain hardening states that the 
equivalent stress is equal for all histories leading to the same value of the integral: 

(4.4) 

which is a measure of the absolute length of the strain path. 
A simple example, using the von Mises and the Tresca yield criterion (fig. 4.2), in 

the absence of hardening, shows the difference between the two hardening assumptions: in 
a uniaxial tensite test with (principal) strain rate el = 1 e2 = -112 e = -1/2 and 
uniaxial yield stress 1 the rate of specific work equals 1 for both criteria. ~or a plane strain 
tensile test with strain rate el = 1 e2 = 0 e3 = -1 the rate of specific plastic work 
equals 1 for the Tresca criterion and 1.15 for the von Mises criterion. In these two situations 
eq. 4.4 gives identical results for both criteria. Isotropie work hardening is used throughout 
this chapter. With this assumption there is no role for the equivalent strain since a single 
measured stress strain curve gives the relation between equivalent stress and the specific 
plastic work. 

Summarising, a number of isotropie and orthotropic yield criteria, without any 
restrietion to the stress state, are available for use in forming technology. Experimental work 
is needed to evaluate the performance of these criteria for the description of the plastic flow 
of aluminium alloys. 
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4.3 Materials and materials testing 

4.3.1 Composition 

The aluminium alloys from table 4.1 were selected to evaluate the performance of the 
yield criteria from the previous section. Besides RSP alloys also 'conventional' aluminium 
alloys are included. This is done to prevent that results would be restricted or attributed to 
a specific methad of alloy production. 

A number of alloys was heat treated into the peak aged condition (T6)1. This temper 
gives maximum strength and as a consequence low hardening. Low work hardening makes 
the hardening assumption less critica!: if the hardening assumption deviates from reality by 
e.g. 10% in a particular situation, then the absolute error (e.g. of stress levels) will be less 
for low hardening than for strong hardening. The ideal alloy in this respect shows zero 
hardening. A consequence of this choice however is that results have been obtained for some 
alloys in a condition which is normally not used in forming practice. 

material condition geometry heat treatment 

6351 'as received' 3 mmsheet -

6351-0 fully annealed 3 mmsheet 415 •c 3 hrs -30 'Cihr 

5052 'as received' 3 mmsheet -

RSP AJ-5Si-1Cu-X T6 peak aged extr. profile 450' C 45' CWQ 160'C 4 hn 

RSP A1-5Si-1Cu-X stress relief annealed extr. 30 mm rod 350 ' C 45' PC 

6351 - T6 peak aged extr. 30 mm rod sos·c 60' CWQ t70'C 6 hrs 

Table 4.1 Aluminium alloys2 used for experiments and their condition, geometry and 
heat treatment. Abbreviations extr.: extruded; CWQ: cold water quenched; 
FC: fumace cooled. 

Si Cu Mg Mn Fe Zn other Al 

5.32 1.15 0.33 0.14 0.65 0.56 0.40 bal. 

Table 4.2 Chemica! composition (in wt %) of alloy RSP Al-5Si-1Cu-X 

1 The peak aged condition is obtained by salution heat treatment to dissolve as much alloying elements as 
possible in solid solution. After water-quenching the material is artificially aged: a heat treaonent at elevated 
temperature to enable growth of precipitates, with nearly the same lattice parameters, that are homogeneously 
distributed in the aluminium matrix. Maximum strength is obtained in this way. 

2 Aluminium alloys 6351 and 5052 are equivalents for DIN AIMgSil and DIN A1Mg2.5 respectively. 
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4.3.2 Measurement of cylindrical anisotropy 

To discriminate between the yield criteria, sheet metal and extruded rod was tested . 
For sheet metal, the situation of orthotropy and definitions of the plastic strain rat i os (R
values) are clear: the rolling, transverse and thickness direction are principal axis of 
orthotropy and the R-values are well defined. For rod the assumption of orthotropy is less 
conventional. The definition of R-values characterising so called 'cylindrical orthotropy' is 
given by Pölandt [1992] and will be discussed in this section. 

For rod materials, Pölandt [1992] defined the plastic strain ratios in principal 
directions (r, z, 0) of the rod to be measured as: 

R = -( ea) 
6z e 

z a =a Y o = o =0 , , • e l 

( e,) R = -
rz e 

Z a9 = af,a,=ac=O 

R = (~) (4.5) 
Sr e,o=o'o=o=O 

t L ' 9 r 

The strains in these equations are measured as principal transverse strains in an uniaxial 
tension or compression test in radial (R11z), tangential (Rrz) or axial (R11r) direction of the rod 
(fig. 4.3). The last R-value only deviates from unity at a distance from the centre because 
for r=O radial and tangential direction cannot be distinguished. An illustrating example is the 
case of a thin walled welded tube. If the rolling direction of the sheet from which the tube 
was manufactured is parallel to the axis of the tube, then R11r wil! be equal to Roof the sheet. 
Applications of cylindrical orthotropy can be found for eg. tube drawing. As outlined by 
Pöhlandt [1992] , the final length for a tube -drawn without a mand rel- is dependent on Rer· 

Fig. 4.3 

0 
(") 

Principal directions r, z and (} of rod material and position of compression 
specimens within the rod. Note centreline of cylindrical compression 
specimens. 1: specimenfor compression in axial (z) direction; 2: specimenfor 
compression in radial (r) direction; 3: specimenfor compression in tangenttal 
(0) direction. Drawn to scale: bar diameter 30 mm; specimen diameter: 6 mm; 
specimen height: 6 mm. 

It should be noted that the specimens as shown in fig. 4.3 are not truly radial or 
tangential because their dimensions are not infinitesimally small in comparison to the 
diameter of the rod. However, it is expected that the experiment will give a reasonable 
approximation. 
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4.3.3 Detennination of plastic properties 

Material behaviour can be characterised using tensile and compression tests for the 
measurement of stress-strain curves and plastic strain ratios. Tensile testing can be applied 
only when the dimensions, the amount of work hardening and ductility are sufficient. In other 
situations compression tests are more practical and/or give information up to higher strains. 

As shown in appendix A, a feature of the Hili [1948] yield criterion is that it prediets 
large variations of yield stresses in principal orthotropic directions when two R-values are 
used to determine the parameters Fh, Gh and Hh from eq. 4.21. For the Barlat criterion this 
variation in yield stress is less (see e.g. tr90 in fig . 4.1). Therefore material tests were 
performed in tension or compression at least in all three principal material directions. This 
resulted in three stress strain relations and three R-values. Two R-values were used to find 
parameters Fh, Gh, and Hh from eq. 4.2 and a, b and c from eq. 4.31. Only one stress 
strain relation was used for the determination of the relation between equivalent stress and 
specific plastic work. The other two stress-strain curves and the third plastic strain ratio were 
used for comparison with the predictions made by the yield criteria. In this way one 
delermines the validity of a yield criterion with relative simple tests. Sheet metal has also 
been tensile tested at 45° to the rolling direction. Using the R45 value the material parameters 
Nh from eq. 4.2 and h from eq. 4.3 were found. The stress strain curve measured was used 
to verify the yield criterion. 

For the 3 mm sheets, testing consisted of tensile testing at 0, 45 and 90 degrees to 
the rolling directions and compression testing in thickness direction. Th is last test can beseen 
as the sum of biaxial tension and a hydrastatic pressure. Fig. 4.4 shows the points of 
measurement in the principal deviatoric stress space. The three experiments are located in 
a region of the yield locus which is of interest tosheet metal forming. 

Fig. 4.4 Location of 0 arui 90° tensile tests 
and 'through thickness' compression test in 
principal deviatoric stress space. Suffices 0, 
90 and t denote rolling, transverse and 
thickness direction. 

For the extruded rod and profile, only compressive testing was applied. As these 
extrudates are predominantly used in bulk forming, anisotropy was to be measured up to high 
strains. As a consequence, the points of measurement are distributed evenly in the deviatoric 
stress plane (fig. 4.5). 

1 One of the parameters ~. Gh and Hh in Eq. 3.2 or a, b or c in eq. 3.4 is redundant. The shape of the 
yield function (for principal stresses in principal material directions) is determined only by the ratios Fh/Gh and 
Hh/Gh or b/a and c/a. 
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0 

4.3.3.1 Sheet metal 

Fig. 4.5 Location of compression test in principal 
deviatoric stress space. Suffices r, z and 0 refer to 
principal material axis. 

Plasticstrain ratios and flow curves were measured, using tensile testpieces orientated 
at 0, 45 and 90 degrees to the rolling direction. Length (over 50 mm) and width strain were 
measured. The tensile specimens had 10 mm width and 110 mm length of the reduced 
section. So called 'through thickness' compression specimens with a height and diameter of 
12 mm were diamond machined from a pile of 4 sheets glued together with a cyanide
acrylate adhesive. A single layer of adhesive had a thickness of only 10 J.lm and was 
therefore assumed to have no influence on the test result. A general purpose grease was used 
as lubricant. During the test, the load and height were continuously measured to obtain the 
stress strain curve. After compression toa height strain of approximately 0.1, the specimens 
were etched to reveal the rolling direction. Then the transverse strains at 0 and 90 degrees 
to the rolling direction were measured. The plastic strain ratio measured is this way will be 
called Rt and is defined here as: 

(4.6) 

where the suffices 0 and 90 denote the angle with the rolling direction. Fig. 4.6 shows an 
undeformed and a 10% compressed specimen. Measured stress strain curves are given in fig. 
4.7. The strain ratios are given in fig. 4.8 and table 4.3. 
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Fig. 4.6 

Rapidly Solidified Al-Si-X Alloys 

'Through thickness ' compression test specimens; left undefonned specimen; 
right 10% compressed specimen. 
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Fig. 4. 7 Measured stress strain curves 
at 0, 45 and 90 degrees to the rolling 
direction (tensile tests) and in thickness 
direction (compression test) . For the 
compression test stress and strain are 
negative but are given here as being 
positive. All tests were peiformed in 
duplicate and showed good 
reproducibility. For each situation, 
only one test result is givenfor clarity. 
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Table 4.3 

stro in [ -] stro in [ -] 

R-value as a function of length strain for 6351-0 and 5052. These two cases 
represent bestand worst result respectively (see main text) . 

Material ~ Ro R4s ~0 
6351 1.05 0.50 0.82 0.52 

6351-0 1.01 0.55 0.85 0.61 

5052 0 .89 0.62* 0.62* 0.62* 

Measured R-values; *: discontinuous deformation causes inaccuracy in 
determination of the plasticstrain ratio (see main text). 

From last figures it is clear that alloy 5052 deformed discontinuously (an effect which 
is attributed to dynamic strain aging). When deforming plastically, a small deformation zone 
was travelling from one end of the tensile specimen to the other. Because length strain was 
measured over 50 mm length and width strain was measured at the middle position within 
this length, the calculated R-value shows saw-tooth like patterns. This solely is a result of 
the method of strain measurement and it should be averaged out. This behaviour will be 
discussed further in section 4.6. 
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4.3.3.2 Extruded rod 

The plastic anisotropy of two extruded aluminium aHoy rods, RSP AI-5Si-1Cu-X and 
6351-T6, was measured. Specimens with a height and diameter of 6 mm were electro 
discharge machined with their axes at a distance of 10 mm from the centreline of the 030 
mm rod (drawn to right scale in fig. 4.3, photograph in fig 4 .9). Markings were made on 
the material before machining so that the orientation of the specimens remained known. The 
plasticstrain ratio of extruded rod was measured in the radial, tangential and axial direction 
of the rod. These directions were assumed to be the principal directions of cylindrical 
orthotropy. Rastegaev type (Oberländer [1990]) specimens were used which had shallow 
cavities in their end faces. Prior to compression, the cavities were filled with paraffin wax 
to minimise friction. Two types of tests were performed. Continuous tests with height and 
load measurement were performed to measure flow curves (fig. 4.10). In another set of 
experiments, incremental loading was applied combined with 'diameter' measurement in 
principal transverse directions to measure the R-ratios. Fig. 4. 9 shows the dimensions of the 
specimens used and in fig. 4.11 measured transverse strains are given. 

~ 
0 
0 

Fig. 4.9 Left: Geometry of the specimens used for compression testing. Right: some 
specimens and their surroundings after electra discharge machining befare 
machining of lubrication chambers. 
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Measured flow curves in the axial, radial and tangenrial direction of the rod 
(duplicate experiments). 
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Measured transverse strains in the compression tests in axial (z), radial (r) 
and tangenrial (8) direction. 

Jt is clear that the two materials show completely contrasting behaviour (also see fig . 4.12). 
The R-ratios, as defined in eq. 4 .5, were determined by using the slope of a best fit line 
through the measured points (fig. 4.11) and are given in table 4.4. 
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Fig. 4.12 

Roz 

Rrz 
Ror 

Table 4.4 

4.3.3.3 

Tangential compression specimens after compression; left: alloy 6351-T6; 
right: alloy Al-5Si-1 Cu-X; the ex! rusion direction is visible on the specimens. 

RSP AI-5Si-1Cu-X 6351-T6 

1.51 0.61 

1.72 0 .68 

0.88 1.03 

R-values for extruded rod. 

Extruded strip 

For the cup drawing application (section 4.5) an extruded profile was used which 
showed a large in-plane anisotropy. In-plane anisotropy causes the formation of ears in cup 
drawing. When this effect is large, the difference between the two orthotropic yield criteria 
is easily observed by camparing the calculated cup height with the experimental values. Fig. 
4.13 shows the extruded profile used. Experiments were performed on the middle (strip 
section) of the profile. 

Fig. 4.13 Extrusion profile with flat 
strip section. 0°: extrusion direction, 
90°: long transverse direction, t: shon 
transverse direction. Strip section is 33 
mm wide. 
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To obtain plastic strain ratios up to a high level of strain, compression testing was 
applied. Test pieces of 3 mm height and diameter were ultra precision (diamond) machined 
from the middle of the 3.5 mm thick strip section of the profile shown in fig. 4.13. 
Specimens having angles of 0, 22.5, 45, 68.5 and 90 degrees to the extrusion direction and 
through thickness specimens were compressed using a constant die velocity until a height 
strain of -0.24 was reached. Lubricants were 0.1 mm teflon (PTFE) foil and a general
purpose grease, which gave coefficients of Coulomb friction, both determined by a ring 
compression test (Abdul [1981]), of circa 0.025 and 0.05 respectively. 

After compression, the specimens were diamond machined to half the remaining 
length and etched to reveal the extrusion direction. Subsequently, the transverse strains were 
measured using a microscope. The resulting R-ratios are given in table 4.5. 

During the tests, load displacement curves were recorded. For the tests with teflon 
lubrication, the deforming layer of teflon caused severe errors in the height measurement. 
For the grease lubricated tests, reproducing load displacement curves were recorded. Table 
4.5 gives an indication of the flow stress differences , determined from the load displacement 
curves. Results from the test with grease lubrication are used in further work. Fig. 4.14 
shows the stress strain curve in the extrusion direction. 

orientation oo 22.5° 45° 67.5° 900 t 

R~t=0.025 0.41 0.86 1.49 1.11 0.89 * 

Ru=0.050 0.42 0.83 1.40 1.04 0.91 * 

Y.S.-ratio 1 0.97 0.89 0.96 1.03 0.97 

Table 4.5 Measured R-values and flow stress ratio for different orientations. Material: 

0 
0. 
2 

(/) 
(/) 

~ 
lf) 

RSP Al-5Si-1Cu-X T6. Average of at least duplicate experiment; *: etching did 
not reveal extrusion direction clearly; t denotes 'through thickness '. 
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Fig. 4.14 Stress strain curve for the strip 
material in the extrusion direction (duplicate 
experiment). 
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4.3.4 Parameters for anisotropic behaviour 

The material parameters for the two yield criteria are determined using the values Ro, 
R90 and R45 of the sheet and extruded strip section and R6z and R6r of the extruded rod. For 
the Barlat [1989] criterion, material parameters were fitted using numerical procedures 
(Barlat [1991], Chung [1992]). For the Hili [1948] criterion, material parameters were 
obtained using well known formulae relating R-ratios to material parameters (e.g. Kobayashi 
[1989]). The material parameters found are given in tables 4.6 and 4. 7 for the rod and sheet 
and in tables 4. 8 and 4. 9 for the extruded strip section. 

AUoy Fh Gh Hh Nb 

6351 sheet 0.96 1 0.50 2.59 

6351-0 sheet 0.90 1 0.55 2.57 

5052 sheet 1 1 0.62 2.24 

6351-T6 rod 0.90 1 0.61 -

AI-5Si-1Cu-X rod 0.88 1 1.51 -

Table 4.6 

AUoy 

Material parameters for the Hili [1948] criterion (eq. 4.2). Forsheet metal the 
suffices x, y and zin eq. 4.2 are related to rolling, transverse and thickness 
direction respectively. For rod material the suffices x, y and zin eq. 4.2 are 
related to r, 8 and z direction respectively. 

a b c h 

m=8 & 12 m=8 m=12 m=8 m=12 m=8 m=12 

6351 sheet I 1.0127 1.0089 0.8318 0.8754 0.9465 0.9603 

6351-0 sheet I 1.0303 1.0235 0.8801 0.9038 0 .9849 0.9889 

5052 sheet I 1 I 0.8820 0.9056 0.9141 0.9370 

6351 rod I 1.1407 1.1094 1.1058 1.0828 - -

AI-5Si-1Cu-X rod I 0.8896 0.9127 0.8608 0.8892 - -

Table 4.7 Material parameters1 for the Barlat [1991} criterion (eq. 4.3) . For sheet 
metal the suffices x, y and zin eq. 4.3 are related to rolling, transverse and 
thickness direction respectively. For rod material the suffices x, y and z in eq. 
4.3 are related to z, 8 and r direction respectively. 

1 Tbe weight factors are given using 4 decimals. This does not imply that the accuracy is better than the 
last decimal. Si nee these parameters are tbe result of fitting procedures, the number of decimals needed to 
characterise the material is oot clear. Ho wever, it has been verified that tbe use of four decimals is sufficient. 
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Fh Gh Hh ~ Mh Nh 

I Hili [1948] 0.64 1.42 0.58 3.91 3.91 3.91 

Table 4.8 Hili [1948] material constants for characterisation of orthotropy fitted on 
R0 =0.42, R90=0.91 and R45=1.40 (eq. 4.2). Only one of the last three 
constants (Nh) results from measuremenrl. Suffices x, y and z in eq. 4.2 
correspond to the extrusion, long transverse and thickness direction 
respectively. 

a b c f g b 

Barlat [1991] m=8 1 1.2823 0.9764 1.2256 1.2256 1.2256 

Barlat [1991] m=12 1 1.1917 0.9826 1.1520 1.1520 1.1520 

Table 4.9 Barlat [1991] material constants for characterisation of orthotropy fittedon 
R0 =0.42, R90=0.91 and R45 =1.40 (eq. 4.3). Only one of the last three 
constants (h) results from measurement1. Suffices x, y and z in eq. 4.3 
correspond to the extrusion, long transverse and thickness direction 
respectively. 

1 The parameters Lh and Mh for the Hili [1948] and f and g for the Barlat [1991] criterion are chosen 
identical toNhand b respectively. Pbysically this means that the yield sbear stresses in principal directions are 
all assumed equal. A straightforward experiment for determination of these two parameters is hardly possible. 



Phenomenological mode Is of artisotropie plastic yield 65 

4.4 Validation of yield criteria 

4.4.1 Tensile and compression test: rod and sheet 

Comparison of the two yield criteria with experiments is possible using results of 
measurements that are not involved in the determination of material parameters. Ro, R90 and 
R45 (sheet and strip) or Rez and ~z (rod) are used for calculation of material constants. R1 

or Rer and all but one stress strain curve can be used for validation. For all alloys, the Barlat 
[1991] criterion prediets ~ or Rer values that are equal to those resulting from the Hili 
[1948] criterion within a margin that is of no technica! interest. The simple formulae , valid 
for the Hili [1948] criterion, (11Ro)*R90 *R1 = l or (l/R9z)*Rrz *Rer= 1 can be used for 
verification. 

The measured stress strain curves discriminate more. Using the Hili and the Barlat 
criterion, with m equal to 12, the stress strain curves were calculated from a measured curve 
and the work hardening assumption. Fig. 4.15 gives the results for the sheets and fig. 4.16 
for the extruded rods. These calculated curves show deviation from the measured curves 
(figs. 4.7 and 4.10). The deviation from the experimental values is much larger for the Hili 
[ 1948] yield criterion than for the Barlat [ 1991] criterion with m = 12. 
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Fig. 4.15 Stress strain curves calculated from measured curve in rolling direction, a 
yield criterion and the work hardening assumption. To separate total strain 
into an elastic and a plastic strain a Youngs rrwdulus of 70 GPa is assumed. 
Left: Barlat [1991) criterion with m=l2; right: Hili [1948] criterion; For 
thickness compression stress and strain are both negative but are given as 
being positive. Compare the results with fig. 4. 7. 
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A typical example of the difference between the yield criteria for the aluminium alloy 
sheets can be seen in fig. 4.17. 

Fig. 4.17 

Hili ------""'> 
Barlat m=8 
Barlat m=12 
Von Mises 

Von Mises 
Barlat m=8 
Barlat m= 12 

ç~.-----+--- H ill 
- - - ---~---- -- -~- - - --- --

1 I 

Yield juncrions for 6351 sheet: Barlat [1991] criterion m = 8 & 12, Hili 
{1948] criterion and von Mises cn'terion in plane principal stress space 
(u1=0). For reference, the von Mises criterion is also given. 

From the comparison of the calculated flow curves (figs. 4.15 and 4.16) with the 
experimentalones (figs. 4.7 and 4.10) it is clear that the Hili [1948] yield criterion severely 
overestimates the differences in the flow curves at different orientations. It can be concluded 
that the Barlat [ 1991] criterion with m = 12 is in better agreement with the experiments than 
the Hili [1948] criterion. From fig. 4.17 it is clear that the Barlat [1991] criterion resembles 
a 'round off Tresca criterion. lt is therefore interesting to validate the flattened shape of this 
yield function near the plane strain region. The bending tests of next sectionare used for this 
purpose. 
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4.4.2 Pure bending of sheet 

To obtain a validation for the yield criteria of section 4.2 in a plane strain situation, 
bending experiments were performed on the aluminium alloy sheets already introduced in the 
previous section. Bending of the sheets was performed using an apparatus designed by 
Perduin [1995] after the original concept by Somhorst [1990] for the bending of sheet using 
a pure moment (fig. 4.18). Bending at slow strain rate was continued up toa given bending 
moment. Elastic spring back occurred at unloading. Hereafter, the outer radius of the bent 
specimens was measured using 6 point measurement. From a number of experiments the 
moment-radius relation was determined. The maximum bending angle is chosen such that 
there was no need for extrapolation of stress-strain curves from the tensile-test to cover the 
total range of specific plastic work. 

Fig. 4.18 

A 

1 Bent testpiece 
2 Clamping bolts 
3 Hardened steel tapes 

Principle of the bending machine (taken from Perduin (1995]). 

There will be little difference between the Barlat [1991] and the Hill [1948] yield 
criterion for the bending tests: stresses for plane strain deformation at 0 and 90 degrees to 
the rolling direction are close together for the two yield criteria for the aluminium alloy 
sheets from previous section (see fig . 4.17). Results using anisotropic criteria are compared 
with those from isotropie yield criteria and experiment. 

FEM-simulation (ABAQUS Implicit version 5.3) was used to calculate the moment 
curvature re lation from the flow curve measured in the direction of rolling and the yield 
criteria. Since the Barlat [1991] yield criterion is not standard to the FEM program used, it 
was implemenled using a subroutine through which user-defined material behaviour can be 
entered (appendix B). The Youngs modulus and Poison ratio are, for all alloys, assumed to 
be 70 GPa and 0.345 respectively. The FEM mesh consistedof a single row of one hundred 
20-node quadratic elements (ABAQUS type C3D20) constrained with appropriate boundary 
conditions. These elements are 3 dimensional but a plane strain state was introduced by 
restraining all nodal degrees of freedom in one direction. In this way the 30 formulation of 
the user subroutine for the Barlat [1991] criterion could still be used without adoption toa 
plane strain situation. When bending with a pure moment, an originally straight specimen 
deforms into an are. In the simulation only a small portion of the are was simulated. 
Kinematica! boundary conditions were chosen such that the remaining forces on the mesh 
were zero and thus toading occurred withapure moment. Fig. 4.19 schematically shows the 
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mesh, the imposed boundary conditions and a comparison of some FE results with an 
elastic/rigid-plastic solution. Fig. 4.20 shows a pile of bent specimens. Fig. 4.21 shows an 
example of the calculated stress distribution after loading and unloading. 

Fig. 4.19 

FE mesh 

" 0.30 ,......------,---,.-----.-----, 
:::;; 

c 
<IJ 

E 
0 

E 0.20 
0> 
c 

"Cl 
c 
<IJ 

.Q 

(/) 

~ 0.10 
c 
0 
(/) 

c 
<IJ 

E 
0 

u 
-<:r 

' ' ' -r r , 
elostic/ rigid 

······-----·--- plastic model 

o FEM solution 

0 0.05 0.10 0 .15 0.20 

dimensionless bending rod ius so I Pmid 

top: principle of the pure bending process; 

bottorn left: principle of the FE mesh and the applied boundary conditions; the 
boundary conditions automatically result in toading with a pure moment. 

bottorn right: diagram of the dimensionless bending moment versus bending 
radius; curve: elastic/rigid plastic analytica! model (Perduin [1995]) assuming 
constant thickness; dots: FE-solution; both models use the von Mises yield 
criterion and an exponentional hardening rule: ä = c ( e + e 0) n in which 
C=126 MPa, n=0.042, e0 =0.0001, E=67 GPa and v=0.35. 
the dimensionless bending moment M* equals M I C b0 s02 and the 
dimensionless bending radius equals S/Pmid where: 

- M: non-dimensionless moment, - C: specifi.c stress, 
- b0: width of specimen, - s0: initia! thickness of specimen, 
- pmid: radius of the current midplane. 
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Fig. 4.20 
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thickness coord inote s [mm ) thickness coordinote s [ mm ] 

Calculated stress distribution in a bent sheet using the Barlat [1991] yield 
criterion (m=l2). left: on loading; right: residual stresses after unloading; 
alloy: 6351; s0: 3.03 mm; bending axis 90 degrees to rolling axis; 
srJpunloaded=0.1725; a1: in-plane normal stress perpendicular to axis of 
bending; a 2: in-plane normal stress parallel to axis of bending; a 3: normal 
stress in thickness direction, am: hydrastatic stress. The integral of a1 over the 
thickness is also given showing that there is no resultant force acting in the 
1-direction. 
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Diagrams giving calculated and measured moment curvature relation for three alloys 
are given in fig. 4.22. lsotropie material behaviour was assumed through Hosford's [1972] 
yield criterion. For m equal to 4 this criterion reduces to the von Mises yield criterion. 
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Fig. 4.22 Measured (•, O) and calculated (-) bending moment versus unloaded outer 
curvature; isotropie yield criteria: Hosford's [1972] criterion with m= 4, 6, 
8 and 12 (m = 4 equals von Mises' criterion). Open dots: bending axis parallel 
to rolling direction; solid dots: bending axis perpendicular to rolling direction. 
Specimen dimensions: (thickness x width) 3.03 x 95, 3.02 x 96 and 2.98 x 
97.25 mm2 for respectively alloys 6351, 6351-0 and 5052. 

Anisotropic calculations were performed using the Hili [ 1948] and Barlat [1991] 
criteria. The Barlat criterion was used with the exponent m equal to 8 and 12. The material 
parameters used are listed in table 4.7. The results are given in fig. 4.23. 

As compared to the von Mises criterion, all other yield criteria give better results in 
predicting the bending moment. The use of the von Mises criterion leads to an overestimation 
of the bending moment by approximately 10 to 15 %. The isotropie Hosford [1972] yield 
criterion gives good results if the exponent m is chosen equal to 12. 
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initial thickness I radius [ -] 

Measured (•, o) and calculated (-, ---) bending moment versus unloaded 
outer curvature; open dots and dashed curves: bending axis parallel to rolling 
or extrusion direction; solid dots & curves: bending axis perpendicular to 
rolling direction; for 5052 R0 equals R90 and therefore the calculated curves 
for two bending directions are equal; for 6351-0 two curves happen to be 
approximately equal; note the different sealing (by a factor two) of the 
vertical axis with respect to the previous figure. 

For the anisotropic criteria results are all in fair agreement with the experimental 
values except for alloy 6361-0 for which calculated results are worsening with increasing 
bending radius. This implies that the isotropie work hardening assumption is not accurate 
here. In sectien 6, a modification to the isotropie work hardening model is shown to give 
better results for this alloy: the introduetion of weighed isotropie hardening. 
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4.5 Application to cup drawing 

Cylindrical cup drawingis used to demonstrate the influence of the yield criterion on 
a simulation of a forming process with a complex stress state. The material selected for the 
experiment, RSP AI-5Si-1Cu-X strip, shows considerable in-plane anisotropy, so that the 
difference between the Hili [1948] and the Barlat [1991] criterion is emphasised. Fig. 4.24 
shows the functions R(lX) and a(lX)Ia0 derived from these yield criteria. R(lX) is the R-value 
of the material as a function of the angle with the extrusion direction. a(lX)Ia0 is the 
normalised yield stress at an orientation lX to the rolling direction (normalised by division 
through the yield stress at oo to the extrusion direction). The two functions were derived 
analytically or numerically. 
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Angle to extrusion ('0 ') d irection Angle \o extrusion ('0') direct ion 

Functions R(cx) and a(cx)la0 for the Hili [1948] and Barlat [1991} m=12 yie/d 
criteria resulting from parameters in tables 4.8 and 4.9. The uniaxial yie/d 
stress at an orientation ex to the extrusion ('0') direction a(cx) is normalised 
through division by a0. Only the functions R(cx) are approximately equal for 
both yie/d criteria. No te yie/d stress varlation of nearly 40% between 45 o and 
90° direction for the Hili criterion! For the Barlat criterion with m equal to 
8 (not shown) results are intermediate. 

Cylindrical blanks for the cup drawing experiment-having 18 mm diameter and 0. 73 
mm thickness- were ultra precision machined from the strip section of the profile shown in 
fig. 4.13. The die and punch diameter equalled 12 respectively 10 mm and the die and punch 
radius were 1.5 and 2 mm respectively. The blank holder force, 0 .3 kN, was applied using 
dead weight. Teflon foil was used as lubricant at the blank/blankholder and blank/die 
interface. The punch/die interface remained non-lubricated. After drawing the cup height was 
measured for comparison with the simulations. Fig. 4.25 shows theset-upof the cup drawing 
experiment. 
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Fig. 4.25 

! ! 

Tooling used for cup drawing experiment; 1: @ 18 mm blank; 2: @JO mm 
punch with 2 mm punch radius; 3: blankholder; 4: @ 12 mm die with 1.5 mm 
die radius; arrows symbolise blankholder force; note 'stand off' between 
blankholder and die (in solid black): it eentres the blank and prevents the 
blankholder from pushing the cup into the die at the final stage of the drawing 
process. 

Three dimensional simulation was performed using explicit FEM (ABAQUS explicit 
version 5.3). The blank was modelled using 2 layers each containing 240 linear brick 
elements (TYPE C3D8R). Hereby the bending and unbending at the die radius was taken into 
account. The material parameters of tables 4.8 and 4.9 were used in these analyses. The 
corresponding yield functions have already been shown in fig. 4.1 as an illustrating example. 
The coeffîcient of Coulomb friction was assumed to equal 0.06 at the lubricated sites and 
0.15 at punch-blank interface but variation of friction showed that it did not play a major 
role. 

Fig. 4.26 shows undeformed and deformed FE meshes. In fig. 4.27 the measured and 
calculated cup height are compared. From this fîgure it is clear that the Barlat [1991] 
criterion with m equal to 12 gives best results. The result based on the Hili [ 1948] criterion 
overestimates the earing tendency by a factor two. 
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Fig. 4.26 
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Undeformed and deformed FE mesh used for cup drawing simulations; left: 
Hill [1948] criterion: right: Barlat [1991} criterion m=12. 
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4.6 Discussion 

4.6.1 Test methods 
The compression test is shown to be useful in characterising anisotropic material 

behaviour up to large strain values. The test can be applied in situations when dimensions 
are too small to allow for tensile testing (rod, thickness direction of sheet), or when 
hardening is limited (extruded strip section). The R-ratios resulting from the test are 
somewhat less accurate then those resulting from tensile testing. The principal reasoos for 
this are Ofriction at the interface of the specimen and the compression platens and 2)the fact 
that a material shows variation in yield stress depending on orientation. Both factors cause 
deviation from the purely one-dimensional state of stress which is required for 'exact' 
measurement of the R-ratio. An analyses of these errors is given in appendix C. However, 
it should be emphasised that the choice of a yield criterion usually introduces larger errors. 
A good example hereof is the cylindrical cup drawing experiment of the previous section. 

The influence of friction on measured flow curves in compression is not investigated. 
For large strain it is possible to use Rastegaev specimens. These specimens contain shallow 
lubrication chamber in the end faces. Thereby friction is minimised but an additional error 
in height measurement is introduced. It is caused by the unknown deformation of the 
lubrication chamber. This error can be quite large at low strains (e.g. 10%), since then the 
total depth of the two lubrication chambers will be in the order of 10% of the total 
displacement necessary to reach a height strain of 0.1 (see e.g. fig. 4.10). For compression 
tests up to high strains, the balance wîll be in favour of the Rastegaev test. For small plastic 
strains (like the 'through thickness' compression experiments on sheet) the uncertainty in the 
height can cause quite large deviation. Conventional lubrication was therefore applied for 
these tests. With the measurement of diameter it would have been possible to use Rastegaev 
compression specimens for low strain tests as well. However, one needs to measure the 
'diameter' at least in the principal material directions. The strain can then be calculated 
assuming that the specimens cross-section is elliptical. 

As was already mentioned in section 4.3.2, the specimens (0 6 x 6 mm) for testing 
of rod material in radial and tangential direction are not truly radial or tangential specimens 
because their dimeosion are not infinitesimally small compared to the dimensions of the rod 
(0 30 mm see fig. 4.3). Fig 4.12 shows the type of deformed specimens resulting from the 
experiment. Since the anisotropic behaviour of extruded aluminium alloy rod is quite strong 
it is reasanabie to assume that the tests give a useful characterisation of the material, in spite 
of the problems outlined above. 

With relatively simple means, the through thickness compression test for sheet metal 
can give valuable information concerning the plastic behaviour of the sheet. The test is an 
alternative to hydraulic bulge testing. The hydraulic bulgetest for evaluation of flow stress 
requires thin sheets and the measurement of strains using grids. Especially for thicker sheets, 
where a biaxial state of stress in a bulge test requires a large diameter of the bulge, the 
through thickness compression test can be practical. For aluminium alloys, the use of through 
thickness compression testing or hydraulic bulging is strongly advised to supplement tensile 
testing. E.g. the results for 6351 sheet (figs. 4.7 and 4.15) show that the flow stress ofthe 
sheet in thickness direction is contrasting to what is predicted by all anisotropic yield criteria. 
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This behaviour, often referred to as 'anomalous' cannot be accounted for by any 30 yield 
criterion. Yield criteria capable of modeHing 'anomalous behaviour' are restricted toa plain 
stress state (appendix B). 

Small machined specimens were used for material characterisation (0 3 x 3 mm 
compression specimens for the extruded strip) and the cylindrical cup drawing experiment 
(0 18 x 0. 73 mm blanks). These specimens were diamond-machined on a ultra precision 
lathe. Feed rate and depth of cut in this machining process are typically 10 J.!m. Using this 
process, the amount of sub-surface damage to the material is extremely small (Dautzenberg 
[1989]). This fact, combined with the extremely small grain size of the RSP-alloy, ensures 
homogeneaus deformation of the specimens. 

Alloy 5052 sheet deformed discontinuously in tensile and compression tests. In the 
tensile test, a deformation zone is travelling from one end of the specimens towards the 
other. This can be deduced from the extensometer signals measuring length (over 50 mm) 
and width strain (at a single position within this length of 50 mm). Fig. 4.28 shows the 
extensometer signals for a particular test. Note that the rise time of the length extensometer 
signa! is larger than that of the width strain extensometer signa!. When measuring width and 
thickness strains, the strain increments appeared simultaneously. The travelling plastic 
deformation zone therefore is necessarily smaller than 50 mm in length. 
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4.6.2 Application of yield criteria 

Fig. 4.28 Extensometer signals in length 
('A') en width ('B') direction in a tensile 
test on alloy 5052 sheet showing 
discontinuous deformation. 

In forming practice, the plastic strain ratio of sheet material is believed to be of 
greater importance than the orientation dependenee of the flow stress. The parameters of 
yield criteria are therefore fitted using the R-values . The parameters could also have been 
determined using yield stress ratios. When looking at fig. 4. 7 it is clear that for e.g. 6351-0 
sheet this procedure is doubtful since the differences in flow curves are only a few percent. 
With the exception of 6351 alloy sheet, yield functions would then have been obtained that 
hardly deviate from isotropy. Seen in this light it is not surprisingly that not the yield stress 
ratio but the R-ratio generally is used as a quantifier for e.g. the drawability of sheet. 
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The calculations for the pure bending process do not incorporate the edge effect. The 
edge effect in bending is the curling of the specimen at the edges (fig. 4.20). This gives a 
systematic discrepancy between calculation and experiment. 3D FE-calculations, very similar 
to those in section 4.4.2, were performed todetermine the magnitude of this error. Fig. 4.29 
shows the FE-mesh withand without edge effect, and fig 4.30 gives the calculated influence 
of the edge effect on the dimensionless bending moment for different width to thickness 
ratios of the bending specimen. The width to thickness ratio was 32 for the experiments in 
section 4.4.2. lt can be concluded that the edge effect can be ignored safely for this width 
to thickness ratio. 
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FE mesh in undefonned condition (A) and defonned condition with (B) and 
without (C) incorporation of the edge effect; width to thickness ratio: 30; note 
the side views on the Left hand side of the figure. 
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the effect is negligible. For material properties etc. see the legend of fig. 4.19. 
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The FE-model applied for the evaluation of the pure bending tests , shows good results 
when compared to an elastic rigid-plastic model (fig 4.18). Still slight deviation (1% of 
calculated moment) occurs at a sharper bend-radius. It is not clear whether the deviation is 
caused by assumptions in the analytica! model (like neglecting thickness strain) or by 
inaccuracy in the FE model. It is shown (Perduin [ 1995]) that the rigid plastic assumption 
is not critica!: an elastic elasto-plastic numerical model, also with zero thickness strain, gives 
almost indistinguishable results. 

In the bending experiments , good results were obtained for two of the three materials 
tested. For the alloy 6351-0, deviation between bending experiment and simulation increases 
with the amount of plastic work (figs. 4.22 and 4.23). Th is suggests that the work hardening 
assumption is not accurate in this case or that there e.g. is a significant difference in 
compressive and tensite yield stresses. Last possibility is unlikely since the alloy is fully 
annealed. So, the error probably is present in the hardening assumption. The oo, 45 ° and 90o 
tensite test and the compression test in thickness direction all give identical hardening 
behaviour (fig. 4 . 7). Only the bending tests shows deviating harden ing. The calculations 
significantly overestimate the bending moment required, especially for sharper bends. A 
choice for strain-hardening in favour of work-hardening would lead to a larger discrepancy 
between experiment and calculation (see section 4.2). This with one exception, being the 
Hosford criterion with m = 4, which -because it is equivalent to the von Mises criterion
gives identical results for both strain hardening and work hardening. 

A salution giving better results can be the introduetion of isotropie weighed work 
hardening. Hardening should be stronger for uniaxial tension or compression than for plane 
strain deformation to be in agreement with the measurements. This can e.g . be achieved by 
using a formulation incorporating the second and third invariant of the stress deviator (eq. 
2 of appendix A). Using such a formulation, it is possible to weigh the hardening, thereby 
distinguishing between an uniaxial tensite or compressive deformation (for which S1 =-2S2 =-
2S3) and a plane strain deformation (for which S1 =-S2 S3=0 in case of isotropy). 

Fig. 4.31 Graphical representation of weight functions cxwh applicable to the work
hardening assumption in principal deviatoric stress space. The weight factor 
only depends on the direction and not on the magnitude of deviatoric stress. 
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Fig. 4.31 shows graphical representations of possible weight functions in principal deviatoric 
stress space. The Iength of the Jine-pieee between the origin and the curve can be used as a 
weight factor awh· Note that for uniaxial compression or lension all weight factors are equal 
to unity. An attractive feature of weight factors derived from stress deviator invariants is that 
they are independent of the stress-coordinate system used. An increment of equivalent stress 

á a for an arbitrary deformation requires an amount of plastic work that is a factor llawh 

larger than the plastic work for the same increment of equivalent stress in a uniaxial tensile 
deformation. Fig. 4.32 shows the result of the bending test when weighed work hardening 
and the Barlat [1991] yield criterion are applied. 
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For the cup drawing process best results were obtained with the Barlat [1991] m=12 
criterion: the earing profile and cup height were reasonably well predicted (fig. 4.27). For 
the Hili [1948] criterion the average cup height was well predicted but the earing profile 
shows a large discrepancy with the experiment. This is not surprising, since the Hili [1948] 
criterion severely overestimates the dependenee of yield stress on orientation (fig. 4.24) . For 
the material used in the experiment, with a large in-plane anisotropy, the differences between 
the two yield criteria are evident. Substantial errors are undoubtedly present in the FE model 
for cup drawing. E.g. bending and unbending is only accounted for using two layers of 
elements, which is a crude approximation. Coulomb friction is assumed which is another 
disputable approximation. By using the ear height for comparison with the experiment this 
does not need to be a severe problem. The earing profile is almost completely determined 
by the choice of a yield criterion while the average cup height is determined by numerous 
factors. An isotropie criterion -e.g. the von Mises criterion- will result in zero earing 
regardless of the frictional conditions or the number of elements in the thickness direction. 
Therefore in fig. 4.27 not the absolute value of the cup height but the variation in cup height 
with the angle to the extrusion direction is to be taken as a measure for the performance of 
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the yield criteria. A somewhat crude result is that the use of the Hili [ 1948] leads toa 100% 
error in calculated and measured ear height. The absolute value of this error is equal to the 
error which would be obtained with isotropie criteria (which of course will result in the 
absence of earing): 100% of the measured value. 

4.7 Ciosure 

For aluminium alloys, the use of the Barlat [1991] yield criterion with the exponent 
m equal to 8 to 12 generally gives better results than the Hili [1948] yield criterion. If for 
convenience an isotropie yield function has to be used then the Hosford [1972] criterion with 
the exponent m equal to 8 to 12 is to be preferred for the aluminium alloy sheets. 

For processes showing a complex stress state the choice of a yield criterion is of far 
more importance than for processes with a simpte stress state. Only for last processes it is 
possible to choose a material test resembling the processof interest thereby eliminating much 
of the problems associated with the use of a yield criterion. 
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Chapter 5 

Phenomenological modeHing of ductility 

5.1 Introduetion 

Over the last decades, numerical tools for the simulation of forming processes have 
been developed aiming at shortening process design by replacing physical by numerical trials. 
For a piece of roetal subjected to a forming operation, detailed information concerning its 
local state of stress and strain and their history can be made available through simulation. 
Although plastic flow is predicted within some accuracy by these methods, the occurrence 
of ductile faiture generally is not. For many alloys this is a major drawback with respect to 
the physical experiment. Thus, the prediction of ductile failure is a subject of great interest 
to roetal forming technology. 

Especially for alloys containing a large volume fraction of second phase particles, like 
RSP Al-Si-X alloys, ductile failure is a phenomenon of considerable importance in the field 
of roetal forming since it is one of the prime formability limiting factors. Ductile failure is 
dominated by complex phenomena being the nucleation of voids, the growth of these voids 
with continuing deformation and the final coalescence of voids, resulting in ductile failure. 
In this chapter, a phenomenological approach is made to predict ductile failure in forming 
processes. In order to be readily applicable, such a phenomenological method should meet 
two demands: firstly, it should be process independent; its parameters thereby become 
material properties and secondly, the ductility parameters involved should be determinable 
in a straightforward manner through experiments. 

The ductility of a material, this is the total deformation up to failure for a certain 
history, is assumed to be dependent on the local state of stress, temperature, strain-rate (rate 
dependent ductility), and orientation (anisotropic ductility) and the history of these four 
within the process of interest. So, in order to yield a generally applicable method,' an 
expression is required which describes the influence of all of these parameters and their 
history during a forming process on the ductility. Undoubtedly, the finding of such a 
formulation, if existing, is a task of enormous complexity. 

Therefore, this chapter wil! first focus on the modeHing of the influence of the state 
of stress, and its history, upon ductility. The goal of the chapter is to provide a methodology 
through which ductility becomes a more manageable and computable property like e.g. 
plastic flow which is reasonably computable now. Such a methodology could be extremely 
useful in the selection of forming processes for a material and vice versa. 

Regarding the exclusion of the other factors, being anisotropic ductility, rate 
dependenee and non-isothermal deformation, the following is noticed: 

• The temperature is excluded as a parameter since material tests and processes were 
carried out under conditions that reasonably allow for the assumption of isothermal 
de format ion. 
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• Ductility is certainly strongly anisatrapie for the RSP extrudates. This is accounted 
for by selective testing: 

o For extruded rod ifibrous structure, chapter 3) ductility testing was focused 
on testing a single material direction. 

o For extruded wide strip (laminated structure, chapter 3) the assumption of in
plane isotropy could be made without introducing large errors. 

• The strain rate is excluded as a parameter in hot forming where rate dependent 
ductility is present; care was taken that the average strain rate, as much as possible, 
was equal in the experiments. 

The accurate description of anisotropic plastic yield has received quite some attention 
in chapter 4. The modeHing of the anisotropy of ductility however is deliberately omitted in 
this work. At frrst sight this might seem to be inconsequent. However, the modeHing of 
isotropie ductility depending on -the history of- the state of stress alone is a complex task. 
Extensions towards anisotropic ductility are useful, but only when the isotropie case is more 
or Iess clear. 

Extensions towards a wider validity, being the introduetion of rate dependence, non
isothermal conditions and anisotropic ductility will be left for future research. Even with this 
limited scope, the results of this chapter will still be applicable e.g. in cold forming of 
conventionally processed steel and aluminium alloys . Here, the assumptions of rate
independent isotropie ductility and isothermal deformation are often quite reasonable. 

Several phenomenological models have been proposed in order to predict the 
occurrence of ductile failure. Among them, two groups can be distinguished: the first is 
basedon the calculation of a 'ductile faiture integral' over the local material history without 
feed back of the nucleation and growth of voids - accumulated damage - to the flow 
properties of the materiaL Failure is assumed to occur if a ductile faiture criterion reaches 
a critica! value. Th is approach is called 'uncoupled'. On the other hand, it is proposed (e.g. 
Gurson [1977], Zhu [1995]) to account for the influence of the accumulated damage upon 
the plastic flow characteristics of the materiaL For the last approach, a major concern is the 
choice of a realistic evolutionary hypothesis which describes the rate of void nucleation and 
growth with continuing deformation and their feed back on plastic yield. In recent work by 
Alberti [1994], a simplified evolutionary hypothesis was necessary to allow fora practical 
application: the prediction of central bursting in drawing. In this particular case, the 
nucleation of a void volume fraction of 4 (!) % at first plastic yield and a fraction at faiture 
of approximately 5 .5% were assumed. 

A number of failure criteria -most of which are frequently used in literature- will be 
applied in this chapter. No attempt is made to evaluate the performance of the coupled 
approach si nee it seems premature to introduce the intluence of void-growth upon the flow 
stress. The failure criteria used will be shortly reviewed in section 5 .2. 
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Two test cases are used to validate criteria for the prediction of ductile failure in 
forming processes: 

• The first case concerns the axi-symmetric cold upsetting of hypoeutectic Al-Si-X rod 
(section 3). Results from upsetting experiments and from tensile testing (under a 
hydraulic pressure) were used to evaluate the performance of the failure criteria. 
Complicating factors, like e.g. the modelling of the tool/workpiece interface, have 
deliberately been avoided in this case. Thereby, the testing of the fa i! ure criteria is 
much simpler and also more accurate. The drawback is that the working-environment 
is idealised, a situation which will not frequently be found for an actual industrial 
application. The results are discussed in section 4. 

• The second case is more directed towards such an industrial application and therefore 
contains tooi workpiece interaction. It comprises elevated temperature sheet forming 
of hypereutectic Al-Si-X extruded strip (section 5). Ductility tests were performed on 
extrudates to predict ductility in the cup drawing/ironing process. The results are 
discussed in section 6. 

Promising results are obtained in the first, idealised, test case. However, the two test 
cases also demonstrate that the accurate modelling of plastic yield and also tooi workpiece 
interaction is a basic requirement for actual industrial application of ductile failure criteria. 
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5.2 Sorne ductile faiture criteria 

In this paragraph, some ductile failure criteria from literature are shortly mentioned. 
Since a review of these criteria is given by Bolt [1989], only the criteria that are selected for 
this work are shortly outlined here. Selection criteria were 1>the a~lity to ~redict ductile 
failure for continuous loading under negative stress triaxiality a",/ a and 2 the use of not 
more than two parameters. The first condition originates from the observation that loading 
under negative stress triaxiality can certainly lead to ductile failure. It excludes a number of 
criteria, amongst others the Cockroft [ 1968] plastic work criterion and the Lemaitre [ 1985] 
criterion. The second criterion, being the use of maximum two parameters originates from 
the requirement of operational simplicity and thereby industrial applicability. Three criteria, 
given in the following sections, wil! be used in this chapter. They differ in the metbod of 
modeHing the influence of the isostatic stress upon the failure strain. 

5.2.1 Oyane criterion 

Oyane [1980] proposed a modified von Mises yield function for porous metals . Using 
this yield function, the relative density of a material can be calculated from the loading
history. For the proposed failure criterion assumptions are made, being that the material is 
initially pore-free and that voids nucleate immediately after first yield. Then, when faiture 
is believed to occur at a critica! density, it can be derived from the yield criterion that: 

-
c =JE' O+Aa fa) de 

0 m 
(5.1) 

is the ductile failure criterion where C and A are hoped to be process independent material 
properties. The determination of these constants from a set of data is relatively simple since 
all ductile failure points should fall on a straight line in a diagram of: 

-
E 

/ (om/a) de versus e 

5.2.2 Rice and Tracey criterion 

Rice [ 1969] derived an equation for the rate of growth of a single spherical void in 
an infinite matrix. The equation shows that the growth of a single void is related 
exponentially to the stress triaxiality and linearly to the amount of straining. When assuming 
that void growth is the most critica! aspect and again assuming failure to occur after a critica! 
density change, an exponential function of the stress triaxiality is integrated instead of a 
linear function for the Oyane criterion (eq. 5. 1). This results in: 

-
E -

C =of' ea.o",fo de (5.2) 

Usually cx is assigned the value of 3/2. However, Bolt [1989] achieved good results by taking 
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both 0! and C as material properties. For determination of -what are hoped to be- process 
independent material properties 0! and C from a set of measured data, a numerical procedure 
is required which minimises the total error. 

5.2.3 Hancock and Mackenzie ductile failure curve 

As was shown by Hancock [1976] (but also see Pugh c.s. [1970]), good results 
concerning the predietien of ductite faiture can be obtained by assuming that failure points 
are located on a curve in a graph of stress triaxiality versus equivalent strain for stress paths 
ha ving a reasonably constant stress-triaxiality over their deformation history. So the faiture 
criterion is: 

(5.3) 

where g is a continuous function and the suffix 'f denotes 'at failure' . These findings are 
supported by Needieman and Tvergaard [1984], who performed catculations of notched and 
unnotched plane strain and uniaxial tensile tests. They used a modified Gurson yield 
criterion and concluded: 'Our catculations indicate that as long as deviation from a constant 
stress triaxiality history are not too great, the onset of failure, when represented in a plot of 
stress triaxiality vs effective strain is approximately represented by a single curve'. Although 
in principle the effect of the stress history upon failure is totally denied by this formulation, 
Bolt [1989] obtained good results even for abrupt changes of the stress triaxiality during 
deformation. In order to obtain a fair comparison, each failure criterion is given two free 
parameters in this chapter. By taking the function gas a linear one, again two parameters are 
required. Judging the failure criterion is relative simple then since for a linear curve all 
failure points should fall on a straight declining line in a diagram of: 

(a I om) versus e . 
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5.3 Prediction of ductile failure in cold forming of hypoeutectic 
Al-Si-X extruded rod 

First confrontation for the failure criteria from section 2 concerns the axi-symmetric 
upsetting of extruded RSP rod. The upsetting process is included in this set of experiments 
since -for isotropie solids- the stress triaxiality during the process is rising from -113 upwards 
towards the theoretica! maximum at a free surface: 2/3. These tests are combined with 
(pressurised-) tensile and torsion tests which -sometimes- have more constant stress 
triaxiality. Thereby, the difference between the inlegrating (Oyane and Rice & Tracey) and 
the non-integrating (Hancock & MacKenzie) formulations should be easily observed. 
Experiments were carried out on a RSP Al-Si-X alloy, extruded into 30 mm diameter rod. 
Tab ie 4.2 lists the chemica! composition of the alloy. Before testing, all specimens were heat 
treated at 350 oe for 45 minutes to remove residual stresses. The plastic flow behaviour of 
this extrudate has already been described in section 4.4.1. 

5.3.1 Tensile test and pressurised tensile test 

5.3.1.1 Experimental 

Tensile tests and pressurised tensile tests were carried out on the extruded rod. The 
axial direction of the specimens was directed in the tangential direction of the rod. The 
method of specimen-manufacture has already been described in chapter 3. The dimensions 
of the specimens are given in fig. 5 .1. 

I 
\ 

' " ' -----""" 
/ 

/ 

I 

I "'-extruded bar 
/ 

Fig. 5.1 Geometry of the tensile 
specimens -with capacitor discharge 
welded heads, see section 3.4.4- in 
tangenttal direction of the rod. The 
extrusion a.xis of the 0 30 mm rod is 
perpendicular to the drawing. 

Non-pressurised tensile testing was performed on a standard tensile testing machine. 
For pressurised tensile testing, a new apparatus was designed and built by which the stress 
triaxiality during the test could be lowered by application of a surrounding hydrastatic 
pressure. Basically, the equipment for this test consisted of an oil filled container with two 
punches (fig. 5.2). Hydrastatic pressure, up to 200 MPa, was generated by placing the 
apparatus in a 100 kN hydraulic press which applied a controlled force to the two punches. 
One head of the tensile test specimen was connected to one of the punches, while the other 
head was fixed to the container. By axial translation of the container with respect to the 
punches, the tensile test specimen could be loaded up to fracture (fig. 5.2). During the test, 
the hydrastatic pressure was somewhat influenced by friction between the seals and the 
punches. When pressurised, but without a tensile specimen, the load required for axial 
translation of the container was in the order of 5% of the punch load. 1t was corrected for 
by assuming that both seals require equal forces for translation. By doing so, the hydrastatic 
pressure was known to within 1 or 2%. 
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5.3.1.2 Evaluation 

91 

Fig. 5.2 New design of simple 
tooling for tensile testing under a 
hydrostatic pressure up to 200 
MPa (limited by press capacity); 
1: container; 2: 025 mm 
punches loaded with 100 kN 
max.; 3: tensile specimen with 
threaded heads; 4: ENERPAC 
type RCH2020 single acting 
hydraulic cylinder with 0 27 mm 
inner bore; 5: ERJKS TE-20 
seals, 6: translating part of 
cylinder (4) which axially shifts 
the container (1); the container 
(1) was filled with SHELL H 
gearbox-oil; 

After fracture, the global strain in the extrusion ('z') direction e/ lobal was measured 
at the smallest cross section of the tensile test piece1 (table 5.1). This gfobal component of 
strain could be measured most accurately since the specimens predominantly failed along 
planes which are parallel to the 'z' material direction and which make a 45 degree angle with 
the 'r' and '()' direction of the rod (see fig. 5.1 and also fig. 5.15). 

hydrostatic pressure [MPa] 0 94.3 186 

f 
ez global 0.09 0.21 0.30 

Table 5.1 Failure strains efgwbal in the (pressurised-) tensile test; all data are averages 
of jour tests. 

The neck is not strained uniformly. Therefore the subscript 'global ' is introduced. 
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At room temperature, the state of stress during the first stage of tensile testing of 
ductile work hardening alloys is uniaxial. After the load-maximum, a neck wil! develop 
which causes the local state of stress to become triaxial. The stress distribution in the neck 
of a tensile test specimen is classically described by the models of Siebel [1925] and 
Bridgman [1952]. Both models are however shown not to be very accurate, especially not 
for deep necking (v.d. Avoort [1978], Yang [1993]). Therefore FE calculations are required 
for specimens that fracture after severe necking. For the specimens of this section, three
dimensional simulation of the tensile test was needed because of anisotropy. 

For the simulation, the stress strain curve -measured using compression tests- in axial 
direction of the rod was used (fig. 4.16). The material data for the Barlat [1991] yield 
criterion are given in table 5.2. Simulations were made with the exponent m of the Barlat 
[1991] yield criterion set to 12, 8 and 4. The exponent m=4 is included because it gives 
results that are virtually indistinguishable from those obtained with the Hili [1948] yield 
criterion. For convenience, not the Hili but the Barlat criterion with m =4 is used. 

a b c f,g ,h 

m=4 1.1370 0 .9159 0.8630 1 

m=8 1.0824 0.9514 0.9176 1 

m=12 1.0586 0.9662 0.9414 1 

Table 5.2 Anisotropy factors for the Barlat [1991] yield criterion (eq. 4.3) used for the 
extruded rod; constants from table 4. 7 were multiplied such that a+c=2 so 
that according to eq. 4.3 the equivalent stress strain curve equals the stress 
strain curve in tangential direction1. 

A simplifying approximation was made by calculation with respect to cartesian axes 
of orthotropy, while in reality orthotropy is cyl indrical. However, at the place of interest -the 
actual neck- the approximation wil! be reasonable. An undeformed and deformed FE mesh 
is given in fig. 5.3. Fig. 5.4 gives the calculated and measured load displacement curves 
(measured for the non-pressurised tensile test). 

In the previous chapter, the constant 'a' of the Barlat criterion bas been fixed to unity (lilce by Barlat 
[ 1991] and Chung [ 1992]). To obtain agreement with a measured flow curve, the relation between the equivalent 
stress and the equivalent strain is adapted. By this practice, the number of anisotropy parameters is reduced to 
5, since 'a' always equals unity. Unfortunately, the disadvantage is that there is no longera pbysical meaning 
for the equivalent stress and the equivalent strain. Since the failure criteria introduced insection 5.2 do require 
a pbysically meaningful equivalent stress and equivalent strain, the anisotropy parameters have been scaled such 
that a + c = 2. The experimental tangential flow curve can then be taken as the equivalent stress I equivalent 
strain curve , thereby obtaining pbysical meaning. This operation is a purely numerical one and it bas no 
influence on any of the characteristics (R-values, hardening etc.) of plastic yield. 
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Fig. 5.3 

Fig. 5.4 

Undefonned and defonned FE mesh of a tensile test specimen. The mesh only 
models an eighth of the specimen because -local- cartesian orthotropy was 
assumed; the introduetion of cylindrical orthotropy would require the 
simu/ation of a quarter of the specimen (see fig. 5. 1); the mesh consisred of 
C3D8R reduced integration linear brick elements. 
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Measured and three calculated load displacement curves. The calculated 
curves are given for three exponents of the yield criterion. However, the 
curves are non-distinguishablefor m=4, 8 and 12; the arrow indicatesfailure 
initiation in the experiment. 
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The aim of the FE simulation is to calculate the equivalent strain and the stress 
triaxiality in the centre of a tensile specimen. Figs. 5.5 and 5.6 show contours of constant 
isostatic stress and length strain1 respectively. 

Fig. 5.5 

Fig. 5.6 

Calculated lines of constant isostatic stress; an area of high isostatic stress is 
found in the centre of the neck neighboured by two zones of low (in this 
example even negative) isostatic stress; upper half: plane with normal in 
radial direction of the rod; lower half; plane with normal in extrusion 
direction of the rod; note different depth of the neck. 

Calculated lines of constant strain in axial direction of the specimen; largest 
deformation is present in the cent re of the neck; upper half: plane with normal 
in radial direction of the rod; lower half; plane with normal in extrusion 
direction of the rod; note different depth of the neck. 

Calculations were continued up to the point where the global transverse strain ez global 

over the smallest diameter matched those at failure (table 5.1). Since the oil pressure only 
marginally affects the -elastic- deformation, it was not imposed in the FE model but was 
accounted for afterwards by subtracting it from all normal stress components. Calculated 
equivalent-strain/stress-triaxiality paths will be given in section 5.3.4.1 in combination with 
results from other experiments. 

1 Unfortunately, the ABAQUS user subroutines UMAT (through which the Barlat [1991] criterion is 
entered) aod UV ARM (for user defioed post plotting) could oot be used simultaneously. Therefore, contours 
of equivalent strain and stress triaxiality could not be obtained easily. As an alternative, contours of urn and the 
component of strain in axial direction of the specimen are given. These quantities are still very wel! 
representative since the extremes of isostatic stress and stress-triaxiality aod of axial strain and equivalent strain 
coincide. 
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5.3.2 Torsion test 

5.3.2.1 Experimental 

Torsion testing on cylindrical or tubular specimens is a standard method for the 
determination of the ductility of a material under zero mean stress loading. Specimens with 
their axis in tangential direction (fig. 5.1) were torqued up to failure. A precision lathe was 
used as a torsion testing machine, since it guaranteed a far better alignment of the heads of 
the specimen than the torsion testing machine available. During testing, the torsion specimens 
were free in axial direction. 

5.3.2.2 Evaluation 

The shear strain 'Y and the equivalent strain e at the surface of the specimen are 

y =(a. r) I L e =(a. r) I (LIJ) (5.4) 

where L is the length of the specimen, a is the total rotation in radians and r is the radius 
of the specimen. The formula for the equivalent strain is based on the traditional assumption 
that V3 times the shear yield stress equals the uniaxial yield stress. 

For anisotropic materials, a torsion test can often give interpretation difficulties. 
Principally, this is caused by the fact that -during the test- the principal material directions 
rotate but the principal stress directions do not. The result is that the loading is not 
proportional when expressed with respect to the principal material axes. Another aspect is 
that -macroscopically- cracking in a torsion test will occur perpendicular to the specimen 
axis. On a smaller scale, such failure can show more complex characteristics e.g. that of a 
'twisted rope' nature. For the tests reported in this section, it was observed that cracking 
occurred instantaneously at a single cross section (fig. 5 .7). The equivalent strain at faiture
average of three tests- amounted 0. 73. 

A 

\ B 

-----1000 10KV X33 1MM WD23 \ 

Fig. 5.7 

-twist 

Left: type of failure observed for torsion testing: simpte faiture at a single 
cross-section; 
right: torque-twist curvesforA: fracture of a single cross-section and B: more 
complex failure (type B is frequently observed for RSP extrudates at elevated 
temperature when the extrusion direction is parallel to the specimen axis); 
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5.3.3 Upsetting test 

5.3.3.1 Experimental 

Upsetting tests were carried out on 20 mm diameter cylinders machined from the 
extruded rod with the specimen axis in the extrusion direction. Length to diameter ratios of 
0.75, 1 and 1.5 were used. Campression of the specimens between co-axially grooved dies 
was applied in smal! increments. Between two strain increments, the local axial and 
tangential strain were measured at the largest diameter of the specimen. The tangential strain 
was measured by diameter measurement. The axial strain was determined by optica! 
measurement of the distance between two micro hardness indentations, which had an original 
spacing of 1 mm. Fig. 5.8 illustrates the experiment. 

Fig. 5.8 Illustrating the upsetting 
experiments; measurement of diameter and 
distance between two hardness indentations 
was applied to measure the tangenrial and 
axial strain respectively. 

Between two strain increments, visual crack detection was applied. Cracks of only 
some tenths of a millimetre could be detected because -due to the extremely small grain size
surface roughening was virtually absent and therefore cracks were extremely wel! visible. 
Fig. 5. 9 shows a typical example. No signs of inhomogeneous deformation could be observed 
befare failure. 

Fig. 5.9 Typical suiface crack observed in upsetting; initia! height to diameter ratio of 
the test piece equals unity; the crack is 0.4 mm in length; the compression 
(axial) direction of specimen is horizontal: => ~ (also see previous figure). 
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5.3.3.2 Evaluation 

Fig. 5.10 shows the measured strain-paths for the upsetting tests in ez-e6 space. For 
the three height to diameter ratios, the measured data are given. Also, the faiture points -
averaged out of three tests- are depicted in the diagram. 

A coarse FE model (fig. 5.11) was used to fit the strain points with smooth curves 
without making assumptions about the nature of the strain path (e.g. parabol ie). By doing so, 
a physically more meaningful curve-fit was obtained. Coulomb friction with a shear stress 
limit was used as the fit-parameter. These calculations were made using the Hili [1948] 
material data for this extrudate from table 4.6. The results are the strain paths in fig. 5.10. 

Fig. 5.10 

Fig. S.IJ 
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Measured surface strains (small symbols), average faiture stroins (•) and 
calculated strain paths (curves) in ez-e8 space; failure points are averages of 
three tests. 

Example of an undeformed (left) and a deformed (right) coarse finite element 
model usedfor bestfitting of strain path (curvesfromfig. 5 .10) in ez-e8 space; 
axi-symmetric calculation including cylindrical orthotropy; the FE model uses 
the Hili [1948] yield criterion (table 4.6 and eq. 4.2) and 8 nodes reduced 
integration axi-symmetric elements; 
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5.3.4 Perfonnance of failure criteria 

The tensite tests were recalculated -using FEM- to yield stress-triaxiality/equivalent
strain paths. For the torsion test, the stress triaxiality equals zero and the equivalent strain 
was calculated using eq. 5.4. For the upsetting tests, the stress-triaxiality/equivalent-strain 
paths were derived numerically from the fitted strain-paths (fig. 5 .10), using the yield 
criterion (eq. 4.3 and table 5.2) and the work hardening assumption, thereby assuming rigid 
plasticity. For the Rice and Tracey criterion the parameter a was optimised using a least 
squares method. 

The results are given for the Barlat criterion with the yield function exponent m set 
to 4 and 12. As has already been mentioned, the yield function with m=4 is practically 
identical to Hill's [1948] criterion. Figs. 5.12 through 5.14 give the results for the three 
ductile failure criteria from section 5.2. The results are given for numerical evaluation using 
the Barlat [1991] criterion with m=4 and m=l2. For m=8, the results are alike the 
'average' of the other two. 

Comparison of figs. 5.12 through 5.14 shows that the Hancock and Mackenzie failure 
curve gives qualitatively good results whereas the results for the other ductile failure criteria 
are less. Also the effects of the use of a particular yield criterion are visible in the figures. 

0. 15 .----,-------,,...-------,----, 0 . 15 .----,-------,------,----, 

Ba rlo l m=4 

~ 

I 

1(0 
-o 
lb 
~ 

~ 
'"L, 

0 

Barlol m = 12 

' ' --- - -- ----.. - ----------- .... --- ------- ... -- --- -- ---- -
' ' ' ' ' ' 
' ' 

- 0 .1 5 +-----t----+-----i------1 -0.1 5 +-:-----:-+::-----<-,-------,+::-----1 
0.00 0.25 0.50 0.75 1.00 0 .00 0. 25 0.50 0 . 75 1 .DO 

Fig. 5.12 

equiva lent strai n [; [- ] equiva lent s t rain [ [-] 

Showing the performance of the Oyane failure criterion (eq. 5.1). In graphs 
of stress triaxiality integrated over the equivalent strain versus the equivalent, 
failure points should fall on a straight decfining fine; •: failure in the tensile 
tests; •: in the upsetting tests; + : in the torsion test; · · ·• · • : regression fine 
giving minimum correlation (r=0.59, see next section). 



Phenomenological modeHing of ductility 99 
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Barlat m=4 Barlat m =12 
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Fig. 5.13 

equivalent strain f [-] equivalent strain f [- ] 

Graphs ofthe Rice and Tracey integral (eq. 5.2) versus the equivalent strain; 
failure points should be located at a straight horizontal fine in the diagram; 
•: failure in the tensite tests; •: in the upsetting tests; • : in the torsion test; 
the diagrams are givenfor optimised a which equals 2.2for m=4 (left) and 
3.2 for m=J2 (right). 
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Fig. 5.14 

equ iva lent strain f [-] equiva lent strain f [-] 

Showing the performance of the Hancock and Mackenzie faiture curve (eq. 
5.3). In a graph of the stress triaxiality versus the equivalent strain, the 
failure points should be located at a straight declining line. •: failure in the 
tensite tests; •: in the upsetting tests; •: in the torsion test. .. .... 
regression line giving maximum correlation (r=0.96, see next section). 
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5.4 Discussion: cold forming 

The results obtained for the linearised Hancock and Mackenzie failure curve are 
encouraging. Good agreement between their hypothesis and the experiments is found (fig. 
5.14). For the integrating formulations (Oyane and Rice & Tracey), the results are worse. 
Apparently, history is represented sufficiently by the equivalent strain alone: It needs not to 
he expressed on the vertical axes of the failure diagrams by the integration of the stress state 
over the equivalent strain (figs. 5.12 and 5.13) . 

Both for the Oyane criterion and the Hancock and Mackenzie failure curve the failure 
points should be represented as a straight line in a diagram. This enables the calculation of 
a regression line and correlation coefficients to this fine. The correlation coefficient is a 
simple measure for the performance of a failure criterion. Table 5.3 lists the correlation 
coefficients that were found. For reasons outlined in the next paragraph the torsion 
experiment is in- and excluded. It is immediately seen that the Hancock and Mackenzie 
failure curve gives best correlation and that there is a trend for better correlation when the 
Barlat yield criterion with m = 12 is used for evaluation. Only the regression I i nes giving 
maximum (0.96) and minimum (0.59) correlation are shown in the figures of previous 
section. 

Table 5.3 

excl. torsion exp. incl. torsion exp. 

m=4 m=l2 m=4 m=l2 

Oyane 0.66 0.75 0.59 0.68 

Hancock & Mackenzie 0.74 0 .96 0 .75 0.83 

Correlation coejficients for the Oyane criterion and the Hancock & Mackenzie 
failure curvefor evaluation using the Barlat yie/á criterion with m=4 and 12. 

For the RSP extrudate, these results could only be obtained by selection of the 
experiments to avoid the influence of anisotropy of ductility: in all experiments (except for 
torsion) the following is observed: 

• at the local material point of interest, the principal axes of the material and the 
loading (both stress and strain) are aligned throughout the process and 

• the direction of the highest principal stress is directed in tangential direction of the 
extruded rod. 

A result of the selection of the experiments is that the cracking mode is identical for all but 
the torsion experiment (figs. 5 .7, 5.9 and 5.15). For the torsion experiment, a shear stress 
and zero normal stress act over -what will become- the failure surface. Thereby, the failure 
mechanism might be different. It can therefore well be necessary to treat the torsion test 
result with some reserve. Also, the torsion test result is known to be intluenced by surface 
conditions. 
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Fig. 5.15 

z 
0 

ldentical type and plane of faiture observed in tensite testing (left) and 
upsetting (right, crosssectionat half of deformed specimen height); viewpoint: 
in extrusion direction of the extrudate. 

In the experiments, the scatter in the equivalent strain sometimes is quite large. 
Typical scatter in the upsetting test is characterised by ± 5% in e{ The non-pressurised 
tensite test showed ± 25 % ! scatter in measured e/ Fortunately, this improved when 
hydrastatic pressure was applied. Maximum deviation from the average then amounted ± 5 
and ± 8 % fora pressure of 94.3 and 186 MPa respectively. 

In the upsetting experiments, cracks were detected visually. Cracks of only some 
tenths of millimetres could be easily spotted. The length of a crack which wil! lead to 
immediate fracture of a tensite test piece of 3 mm diameter is of the same order. 

For the tensite specimens, certainly for those pulled under hydrostatic pressure, the 
critica! spot is the centre of the neck. Th is location of the critica! spot follows both from the 
failure criteria and from experimental observations. For evaluation, this is the simplest 
situation: maxima of deformation and stress triaxiality coincide. In general this wil! not be 
true for an arbitrary forming process. Fortheupsetting tests, this means that the location of 
cracking is not necessarily predicted rightly by the failure criteria, since throughout the 
process the maxima of stress triaxiality and equivalent strain do not coincide. Fig. 5.16 
therefore shows the critica! areas within an upsetting specimen -for which H0/D0 equals 
unity- according to the three failure criteria. It shows that failure is predicted at the right 
spot, except by the Rice and Tracey criterion which prediets the 'double cone' fracture 
observed frequently e.g. when upsetting hard brass. In the figure, the exponent 01 for the 
Rice and Tracey criterion is 3/2. Faiture at the right location is predicted by the Rice and 
Tracey criterion only when the exponent 01 is set to values higher than about 3, which is 
higher than optima! -aoyt=2.2- for this yield criterion. However, in that case, an extremely 
large and somewhat diffuse critica! zone is found. 
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Fig. 5.16 
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9 7 

Oyone 

Rice & Trocey 

Honcock & Moekenzie 

Critica! areas according to the Oyane criterion, the Rice & Tracey criterion 
(ex =312) and the Hancock & Mackenzie faiture curve; the arrow indicates the 
most criticallocation; index 1-7: most-least critica[ respectively; HrJD0 =1; 
results from an axi-symmetric model using the Hili [1948] yield criterion1. 

Uist point of discussion is the use of the Barlat yield criterion with exponents m equal 
to 4, 8 and 12. The use of more than one yield criterion showed that when a strain path is 
used as input, the stress-triaxiality/equivalent sttain path depends strongly on the yield 
criterion (e.g. see fig. 5.14). In this figure, it is interesting to note that the equivalent
stress/stress-triaxiality-paths are strongly depending on the yield criterion for the upsetting 
tests while for the (pressurised-) tensile tests no significant influence is found. Th is 
remarkable difference is caused by the input: for the upsetting tests, a measured strain path 
was used as 'input'. Thereby, the results are 'strain driven': for calculation of the state of 
stress a yield criterion and a hardening rule are required. In the tensile test, the local 
deformation is not totally enforced upon the material and thus the dependenee of the 

The Hili [ 1948] yield criterion bas been used bere because of incompatibility of ABAQUS user 
subroutines UMAT (for the Barlat criterion) and UV ARM (for user defined post platting). However, use of the 
Barlat [ 1991] yield criterion with m =4 will lead to indistinguisbable results. How critica! a eertaio point is 
depends on: the shortest distance to a line througb the faiture points of the non-pressurised tensile test and the 
upsetting tests (Oyane criterion, fig . 5.12, m = 4), the value of the Rice and Tracey integral and the shortest 
distance to a line through the non-pressurised tensile and torsion faiture points (fig. 5.14, m = 4) for the 
linearised faiture curve. 
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equivalent-stress/stress-triaxiality-paths on the yield function is far less. Therefore, to be able 
to use both 'strain controlled' and 'stress controlled' deformations in the prediction of ductile 
failure, yield functions and hardening assumptions need to be as accurate as possible. 

This is illustrated using the upsetting experiment with a initia] length to diameter of 
1.5. Fig. 5.17 gives the equivalent strain/stress triaxiality paths according to various yield 
criteria. The figure shows that the choice of a yield criterion can have significant effect in 
the prediction of ductile failure. Further elaboration concerning yield criteria and hardening 
assumptions is therefore required. 

Fig. 5.17 
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Equivalent strainlstress tria.xiality paths according to various yield criteria; 
curves were calculatedfrom a measured strain path (fig. 5.10); upsetting test 
with Hr!D0 =1.5; note that for increasing exponent m of the Barlat yield 
criterion, results are more 'Tresca-like '; the Barlat yield criterion with m=4 
is practically identical to the Hili [1948] criterion. 
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5.5 Prediction of ductile failure in hot forming of hypereutectic 
Al-Si-X extruded strip 

In the previous section, experiments are chosen to obtain maximum confrontation of 
the failure criteria. It was shown that the Hancock and Mackenzie failure curve gave best 
results. However, all experiments were chosen such that they could be easily evaluated. In 
forming practice numerical evaluation wil! generally be more complex. Therefore this section 
concerns a case that is more directed towards an application: the elevated temperature cup 
drawing of hypereutecticAl-Si-X extruded strip. Th is process is selected because it not only 
shows zones with widely varying stress triaxiality but also shows stress-triaxiality changes 
during the process. 

The materials used for the experiments were manufactured by extrusion of flakes into 
strip. Table 5.4 lists the chemica! compositions, the dimensions of the extrudates and the 
forming temperatures. Before testing, all specimens were annealed at 400° C for 1.5 (Al-Si
Cu-X) or 3 (Al-Si-Fe-X) hours to remove residuat stresses. 

extrudate 

Al-Si-Cu-X 

Al-Si-Fe-X 

Table 5.4 

Si Cu Fe Ni Mg w t T 

21 3.5 0.4 2.0 0 .9 90 1.8 450 

22 0.1 6.1 2.7 <0.01 80 4 480 

Chemical composition (wt%), dimensions (width 'w' and thickness 't' in mm) 
and selected forming temperatures ('T' in °C} for the extrudates. 

As will be shown, the extrudates are reasonable in-plane isotropie from a ductitity 
point of view. Therefore, the material tests and the forming processes are chosen such that 
the stress component acting in thickness direction of the strip is smal! in comparison to the 
other stress components. 

5.5.1 Uniaxial tensile test 

5.5.1.1 Experimental 

Hot tensile testing at various strain rates and orientations to the extrusion direction 
was done using a TIRA-test 2300 tensite testing machine equipped with a Heraeus 3-zone 
furnace which allowed the temperature of the specimen to be controlled within less than 1 
oe (Brand [1995]) over the whole of the specimen. An extensometer coutd not be applied 
in the furnace, so only the load displacement curves were recorded. The dimensions of the 
specimens wil! be given in next section (fig. 5.18). The Al-Si-Cu-X specimens had 1.8 mm 
thickness, which is identical to the extruded strip thickness. Al-Si-Fe-X tensite test specimens 
were diamond machined to a thickness of 1.4 mm. 
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5.5.1.2 Evaluation: plastic yield 

At elevated temperature, the behaviour of aluminium alloys is elasto-visco-plastic. The 
following equations, relating the equivalent stress, strain and strain rate, were applied1: 

(5.5) a ( t)l'p - = - + l 
<Jo D 

where aQ = f(ë) is the flow stress depending on the equivalent strain at an infinitesimally 
small stram rate. p is a parameter for the strain-rate dependenee of the flow stress. D is a 
reference strain rate . For an equivalent stress smaller than a0, elasticity is assumed (E=40 
GPa, v=0.345: Richter [1994]). 

For the characterisation of the plastic yield , tensile testing was applied in the 
long transverse ('90° ') direction of the strip using three crosshead velocities . The load
displacement curves were recorded. These were subsequently compensated for the elastic 
compliance of the tensile testing machine and the fixture and then used to determine a first 
guess for the parameters of eq. 5.5. In this procedure it was first assumed that the flow stress 
at an infinitesimally small equivalent strain rate is in the order of 5 MPa. Then an iterative 
procedure was then used to obtain good agreement between measured and calculated load 
displacement curves. Fig. 5.18 shows a FE mesh used for this purpose. 

Fig. 5.18 

90 

~~III IIII II "J 
r 

Example of an undeformed and deformed FE mesh used for fitting of the load 
displacement curves by iterative varlation of the flow parameters from eq. 5.5; 
the actual mesh only covers a quarter of the specimen; plane stress calculation 
using the von Mises yield criterion and CPS4R elements. 

Fig. 5. 19 shows the results of the fitting procedure. The measured and calculated 
load-displacementcurves are in fair agreement. Table 5.51ists the material parameters found. 
As an illustration, fig . 5.20 graphically shows eq. 5.5 with its parameters for Al-Si-Cu-X. 

o = C ; " ;.. is a simpler and more frequently used formulation. HereCis a constant. However, 
this relation caooot be used by non rigid-plastic FE codes since these require some (elastic) volume variance. 
Because, accord.ing to last equation, an infinitesimally smal! equivalent stress will cause an infinitesimally smal! 
plastic strain rate, deformation is always plastic and thereby completely volume invariant. Tberefore this 
equation is not applicable. 
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Al-Si-Cu-X Al-Si-Fe-X 
Al-Si-Cu-X 

D 2.01 ·10-5 [s-1] 

p 4.0 [-] 

uo [MPaJ e 1-1 
3.95 0.000 
4.40 0.010 
4.45 0.018 
4.49 0.026 
4.51 0.033 
4.53 0.040 
4.51 0.060 
4.43 0.080 
4.23 0.200 
4.19 0.250 
4.03 0.350 
3.88 2.000 

u0 (MPaJ e 1-1 
5.35 0.000 
5.50 0.002 
5.55 0.004 
5.65 0.008 
5.80 0.013 
5.90 0.017 
5.85 0.025 
5.65 0.090 
5.50 0.100 
5.30 0.150 
4.80 0.210 
4.80 2.000 

Al-Si-Fe-X 
D 1.90·10-5 [s-1] 

p 4.0 [-] 

Table 5.5 Material parameters rewting equivalent stress, strain and strain rate (eq. 5.5); 
the piece-wise linear re lation u0 = f (ë) is tabulated. 
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displacement [mm] displacement [ mm] 

Measured and calculated load displacement curves for the tensile test; left: 
alloy Al-Si-Cu-X; test temperature 450°C; thickness of specimens: 1.8 mm; 
right: alloy Al-Si-Fe-X; test temperature 480 oe; thickness of specimens: 1.4 
mm; crosshead velocities: 600, 100 and 14.5 mmlminfor upper, middle and 
lower curve respectively. 
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Fig. 5.20 
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The relation between equivalent stress, strain and strain rate according to eq. 
5.5 and table 5.5 for Al-Si-Cu-X; the hatched area represents the elastic 
range. 

Tensite testing was also applied -using 100 mm/min crosshead velocity- at angles 0, 
22.5, 45 and 67.5 to the extrusion direction todetermine the magnitude of anisottopy of the 
extrudates. From the tensite test pieces, plastic sttain ratios Ret (fig. 5.21) were determined 
after the test at some distance from the faiture site. 

Fig. 5.21 
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Plastic strain ratios for extruded strip. 
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Isotropie yielding according to the von Mises yield criterion was assumed for the 
extrudates since the extrudates showed to be reasonably in-plane isotropie (the plastic strain 
ratios are fairly close to unity) . In hot forming, plastic deformation mechanisms (e.g. grain 
boundary sliding) can differ significantly from the deformation mechanism predominant at 
room temperature: dislocation slip. Therefore, without additional validation, the application 
of e.g. the Barlat [1991] or Hosford [1972] yield criterion (chapter 4) for hot working 
conditions is premature. 

5.5.1.3 Evaluation: ductile failure 

During hot tensile tests on aluminium alloys, tensile specimens usually elongate quite 
uniformly up to failure due to the presence of sufficient strain rate hardening. Under these 
conditions, necking is extremely diffuse and the stress state can be considered uniaxial. 

From the tensile test-pieces of previous section the strains at failure were measured. 
Fig. 5.22 gives the failure strain as a function of the orientation within the strip for the 
middle strain rate (crosshead velocity: 100 mm/min) and depiets the failure strain as a 
function of strain rate for the long transverse ('90° ') direction. Especially extrudate Al-Si-Fe
X shows extremely isotropie behaviour from a ductil ity point of view. This relatively 
isotropie failure behaviour within the plane of the extruded strip is related to the laminated 
structure of extruded strip (chapter 3). 
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30 60 
ex [ degrees 1 

90 10 _, 10 _, 10 _, 

nominal stroin rote [ 1 /s ] 

Left: equivalent strain at faiture in a tensile test as function of the angle with 
the extrusion direction; crosshead velocity: 100 mmlmin; 
right: equivalent strain at faiture in a tensite test as a function of nomina! 
strain rate: (Vcrosshead!L8fl!,lge sectimJ ; orientation: 90 degrees to the extrusion 
direction. 
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5.5.2 Plane strain tensile test 

5.5.2.1 Experimental 

Vegter [1991] reported on optimization of the shape of a plane strain tensile test 
specimen. His specimens were intended for the measurement of plane strain flow curves on 
sheet metal. The optimised specimen showed good plane strain loading over a large part of 
the width of the specimen. Resulting from the boundary conditions, it is clear that the two 
free edges of the deformation zone of the specimen are subjected to uniaxial tensile 
deformation since there the two free surfaces make that two principal stresses are zero. 
Unfortunately, the specimens as optimised by Vegter [1991] are not suitable for ductility 
testing since the straining at the free edges of the specimen is about two times Iarger than the 
straining in the centre of the specimen. Thereby, these specimens are Iikely to fail as aresult 
of edge effects. To overcome edge problems, the following specimen with 'winglets' is 
proposed (fig. 5.23). The winglets ensure minimal deformation at the free edges. 

Fig. 5.23 

50 

Proposed plane strain tensite specimen for ductility testing; hatched area: 
clamping zone; extrudate: Al-Si-Fe-X. 

Specimens -with the tensite axis in long transverse direction- were machined and were 
subsequently polished. The specimens were tested with 14.5 mm/min crosshead velocity 
using the equipment also used for the uniaxial tensile test. The nomina! strain rate in the 
experiment amounted 0.05 s·1• After the test, the thickness of the specimens was measured. 
As for the uniaxial tensile test, necking was nearly absent because of the visco-plasticity. Fig. 
5 . 24 shows two specimens after failure. Th is figure also shows that side effects are well 
suppressed by the use of winglets. 

5.5.2.2 Evaluation 

Since no serious necking occurred in the specimens, the stress triaxiality can be 
assumed constant during the process. According to the von Mises yield criterion the stress 
triaxiality amounts l!v'3 and the equivalent strain at failure is calculated as -2!v'3 times the 
thickness strain. Three tests resulted in an equivalent strain at failure of 0.23 ± 0.02 for Al
Si-Fe-X. For Al-Si-Cu-X, tests were carried out with I mm thickness of the test-section. 
These tests failed because of unevenly distributed slip between specimen and clamping. 
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Fig. 5.24 

5.5.3 

Rapidly Solidified Al-Si-X Alloys 

Plane strain tensite specimens after failure; note that cracking does not 
originate from the edges of the specimen due to the 'winglet' design. 

In-plane torsion test 

During sheet forming processes on the extruded strip, the toading of the thickness 
direction (short transverse) usually is smal!. The in-plane torsion test was developed to shear 
a piece of extruded strip without significant loading of the thickness direction. Because of the 
laminated structure of the extruded strip (section 3.5.3), a conventional torsion test cannot 
be representative for sheet metal forming since in that test the thickness direction wil! atways 
be severety loaded. To overcome this problem, an in-plane torsion test was developed. In an 
in-ptane torsion test, a sheet specimen is torqued in the plane of the sheet. 

5.5.3.1 Experimental 

Normally, ductite faiture in the in-plane torsion test takes place nearby the inner 
clamps (Marciniak [1972], Sowerby [1977]) since the shear stress has its maximum there. 
Since faiture at a clamped edge is undesirable for the determination of ductility, specimens 
with variabie thickness were used. These specimens were provided with a special contour, 
which assured a distribution of shear stress CJer during the test designed such that ductile 
failure wil! take place in the middte of the test zone1. Fig. 5.25 shows half of a specimen 
and fig. 5.26 gives the shear stress distribution within the deformation zone. 

1 Normally, indices r, zand() are used to refer to cylindrical orthotropic material axes. However, in the 
particwar case of in-plane torsion testing, they are used to refer to the principal axis (radial, axial and 
tangential, respectively) of the specimen. 
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Fig. 5.25 

Fig. 5.26 

Half of a specimen used for the in-plane torsion test. The actual test zone is 
CNC dianwnd machined to allow the manipulation of a 0, as a function of the 
radial coordinate (fig. 5.26); Al-Si-Cu-X specimens were identical, only their 
thickness is 1.6 mm insteadof 2.0 mmfor Al-Si-Fe-X. 
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Relative shear stress a0Ja8,max as ajunetion ofthe radial coordinate and the 
contours of the deformation zone. 

A disk with a variabie thickness loaded with a moment around its axis has a constant 
shear stress a8r anywhere within the disk if the thickness s is related to the radial coordinate 
ras: 
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s(r) = C I r2 (5.7) 

where C is a constant. Two of such contours of constant shear stress are given in fig. 5.26. 
between the two radii ra and rb. From these contours, determining the ratio of the minimum 
and the maximum shear stress, and the function /(r)=4*(r-ra)*(rb·r)/(rb-ra)2 for ra :s; r :s; 
rb used as a weight factor, the shear stress within the deformation zone can be manipulated 
to show a smooth maximum in the middle of the deformation zone (fig. 5.26). 

Fig. 5.27 shows the tooling for the test. The tooling was placed on an axial hearing 
in a press which was controlled to apply about 500 N axial force to the sterns. Since the 
system was force controlled, axial thermal expansion could take place freely during heating 
by the radiant furnace already introduced in chapter 3. During the test, the temperature was 
monitored at five positions in the tooi ing. The temperature within the whole of the specimen 
was equal to the control temperature to within ± 2 °C. 

Fig. 5.27 The tooling (left) for hot in-plane torsion testing and a torqued specimen 
(right); 
I: inner clamping bolt; 2: outer clamping balts; 
3 specimen (in solid black); 4: outer clamp with internat radial hearing; 
5: inner clamp; 6: rotating stem; 
7: stationary stem; 8: two-piece part jor heat conduction. 
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5.5.3.2 Evaluation 

Specimens were torqued until a certain twist angle was obtained. After removal from 
the test-equipment, the specimen was checked for crack ing. Table 5. 6 gives the results of the 
experiments for alloy Al-Si-Fe-X. Al-Si-Cu-X specimens wrinkled before failure. This 
behaviour will be discussed further on in this section. 

twist angle [rad] 0.33 0.37 0.41 

number of tests 4 4 4 

number failed 0 2 4 

Table 5.6 Results of in-plane torsion testing for Al-Si-Fe-X. 

Like most torsion tests, the in-plane torsion test on extruded strip suffers from the 
disadvantage that the Joading is not proportional when expressed with respect to the principal 
cartesian material axes. This non-proportional loading results in local failure at a position 
where the material and toading have a -momentary- orientation that promotes ductile failure. 
For the experiments from previous section, ductile failure in the in-plane torsion test was a 
locat eventand the observed torque-twist curve resembied curve B of fig. 5.7. Fig. 5.28 
shows the type of faiture observed for Al-Si-Fe-X. 

Fig. 5.28 Failure observed after hot in-plane torsion testing of Al-Si-Fe-X specimens; 
left: after ductile failure but before load collapse: right: after load collapse; 
cracks are present nearly everywhere and load carrying capacity has vanished. 

Al-Si-Cu-X specimens coutd be torqued up to faiture but these specimens wrinkled 
before failure took place. As a result, the stress triaxiality is not known. Fig. 5.29 visualises 
a wrinkle. Because of this wrinkling, the principat compressive stress vanishes and the stress 
triaxiatity rises: for severely wrinkled specimens there is only one non-zero principal stress 
(tensile) which acts parallel to the wrinkles (fig. 5.29). Therefore, the stress triaxiatity is 
somewhere in between 0 and 1/3 for wrinkled specimens. 
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Fig. 5.29 Left: wrinkling mode in Al-Si-Cu-X specimens (upper left) and orientation of 
principal stresses for non wrinkled specimens (lower left); by wrinkling, the 
compressive principal stress a2 becomes smaller and the tensile principal 
stress a1 increases; therefore, stress triaxiality rises by wrinkling; 
Right: profile measurements of a wrinkle taken at 4 degree intervals of the 
tangenrial (0) specimen coordinate (right); direct registration of a Talysuif 
instrument: piek-up radius (0.5 mm) is not corrected for. 

Determination of the equivalent strain in the tests on Al-Si-Fe-X strip was carried out 
by FE simulation and by measurement of grid rotation. 

Measurement of grid rotation was applied using -1 mm wide and approximately 1J.Lm 
thick- radiallines of TiN which had been physical vapour deposited on the specimens through 
a mask. After twisting of the specimen, the shear angle was measured using these lines with 
the aid of video imaging (Brand [1995]). 

The FE model only covered a small angular portion of the specimen (fig. 5 .30). The 
displacements -in all three orthogonal directions- of pairs of nodes located at the two side 
planes (planes with a normal in 0 direction) are equated equal in the model (with respect to 
a cylindrical coordinate system originating at the centre of the specimen). Therefore, a node 
on the one side plane is in equilibrium with the corresponding node on the other side plane. 
In this way only one layer of 3D elements is required. However, three layers were used to 
control that the boundary conditions were imposed correctly. Fig. 5.31 gives the results of 
the FE model and the measurements of grid rotation for Al-Si-Fe-X. For Al-Si-Cu-X, 
wrinkling occurred at twist angles about equal to those where Al-Si-Fe-X specimens failed. 
Still , no faiture could be observed for Al-Si-Cu-X specimens that only slightly wrinkled. The 
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failure strains for Al-Si-Fe-X are therefore considered as a lower bound for Al-Si-Cu-X. 
From the FE model, the strain rate during the test was determined to amount 0.02 s- 1• 

Fig. 5.30 

Fig. 5.31 

B 

Deformed (A) and undeformed (B) FE mesh for the modelling of the in-plane 
torsion test; FE model uses the von Mises yield criterion and linear reduced 
inlegration brick (CJDBR) elements; see main text for boundary conditions. 
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Equivalent strain in the in-plane torsion test measured by grid rotation and 
calculated using the FE model; Al-Si-Fe-X. 
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5.5.4 Cup drawing 

5.5.4.1 Ex perimental 

Hot cup drawing experiments were carried out using so called 'tractrix' dies. A 
blankholder is not required for this process since -in the ideal case- the curvature of the die 
is such that, during the process, the blank is supported by the die at its largest diameter. The 
process is especially apt for somewhat thicker blanks because some thickness helps in 
preventing the blank fröm wrinkling. Fig. 5.32 shows the tooling that was used. Two 
temperature controllers were needed to control the temperature of the punch holder -which 
heated and aligned the punch- and the die respectively. With two variacs and two small 
heating elements, the heat flow from the die through the two cylindrical supports towards the 
press-bed was compensated. This allowed temperature control of the tooling to within ± 2 
oe of the desired temperature. Molybdenum disulphide solid film lubricant was applied. 
Blanks -with dies designed for them- of 50, 60 and 65 mm were used. The diameter of punch 
equalled 26.4 mm and it had a nose radius of 2. 75 mm. The minimum die inner-diameter 
equalled 31 to 31.5 mm depending on the die. Further experimental details are given by 
Brand [1995]. 

Fig. 5.32 Drawing of the tooling and the heating elements used for cup drawing with a 
tractrix die; 1: punch; 2: punchholder; 3: die; 4: cylindrical supports; 5: 
blank; 6: heating elements; •: thermocouple positions. 
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5.5.4.2 Evaluation 

In table 5.7 the results ofthe experiments are given. Complete failure (tearing out of 
the bottom) of the cup was observed for 65 mm blanks of Al-Si-Cu-X. For the experiment 
using 1.8 mm thick blanks of Al-Si-Fe-X, non-catastrophic cracking occurred at the outer 
side of the cup near the punch radius (fig. 5.33). The two other tests did not show any 
failure. 

Al-Si-Cu-X Al-Si-Fe-X 

blank thickness 1.8 1.8 1 1.8 

blank diameter 60 65 50 50 

failure 

Table 5.7 

Fig. 5.33 

0/3 3/3 0/3 3/3 

Results: 'failure' gives number failed and total number. 

Drawn cups; left: Al-Si-Fe-X: thick-walled cups show local cracking (not 
visible at this magnification); thin walled cups: no failure; right: Al-Si-Cu-X: 
successfully drawn cups from 60 mm diameter blanks and tearing out of the 
bottorn when starring with 65 mm diameter blanks. 
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For numerical evaluation of the cup drawing experiments, FE modeHing was used. 
Fig. 5.34 shows the four processes at various stages within the process. In table 5.8 
measured and calculated cup heights are compared. Figs. 5.35 and 5.36 give the 
experimental and calculated load displacement curves. The cup heights and load-displacement 
curves show that the FE models give results that are quite correct in a global sense. 

Coulomb friction was assumed in the calculations. Si nee no friction data are available, 
the friction coefficient which gave optimum agreement between experimental and numerical 
load-displacement curve was taken. Good correlation for drawing is found between 
experimental and calculated load displacement curves when the coefficient of Coulomb 
friction is used for optimization. One experiment formed an exception: the drawing of 60 mm 
blanksof Al-Si-Cu-X. For the drawing part, the simulation was straightforward. However, 
when entering the ironing stage two phenomena were observed: 

The ironing started too early in the process; this is due to local errors in the 
calculated cup-wall thickness. This was compensated for by taking the die slightly 
larger than it is in reality (0.12 mm in diameter). 
After this modification of the die geometry, the peak load required for ironing was 
overestimated roughly 2 times. The coefficient of friction had to be decreased 
drastically for good agreement between the calculated and the experimental load. 

These actions were required to obtain a reasonable simulation: if they would not have been 
taken, an ironing load would have been predicted that is far larger than the load carrying 
capacity of the bottorn section, and as aresult immediate calculated failure would have been 
predicted. 

E 
E 
co 

0 
(f) 

Fig. 5.34 

Al-Si-Fe-X 
00 = 50 mm 

sa fe 

E 
E 

lflo 

ironed 
zone 

Al-Si-Cu-X 
s 0 =1.8 mm 

ca tastrophic 
safe failure 

FE mesh at various stages ofthe cup drawing process; left: Al-Si-Fe-X; 1 and 
1.8 mm thick blanks of 50 mm diameter; right: Al-Si-Cu-X; 1.8 mm thick 
blanks of 60 and 65 mm diameter; in all cases, the mesh consists of 4 layers 
of one hundred CAX4R elements each. 
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D0 x s0 

experiment 

calculated 

p. 

Table 5.8 

D 
0 
0 

Al-Si-Cu-X Al-Si-Fe-X 

60 x 1.8 65 x 18 50 x 1 50 x 1.8 

26.5 n.a. 15.8 16.8 

26.8 n.a. 15.5 16.4 

0.25 0.30 0.22-+ 0.08 0.30 

drawing .... ironing 

Calculated and measured cup height; measured cup height is the average of 
three cups, measured at 12 positions each (n.a: not applicable); coefftcient of 
Coulomb friction (p.) used in the calculation is given (see te.xt). 
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Measured (open symbols) and calculated (fine) load displacement curves; Al
Si-Fe-X; left: thickness 1.8 mm (p.=0.25); right thickness 1 mm (p.=0.30) . 

15 30 45 

d isplocement [ mm] 
60 

'0 
0 
0 

---- ----- ., ---- --- . --- ~ -- -- - ---- ---

.o 

0 • • 
1 -- ---4 - -- - ~ - - - - - -- -- -- - ~ -- -- - ---- -- ~- -- --- - - - . --. . . . . . 

Al- Si-Cu-X 
0 =65 s= 1.8 

. , 
15 JO 45 

d isplocement [ m m ) 
60 

Measured (open symbols) and calculated (fine) load displacement curves; Al
Si-Cu-X; left: blank 060 mm (p. = 0.22 up to arrow '1 ' then it decreases to 
0.08 at arrow '2' and then remains constant); right blank 065 mm (p.=0.28) . 
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5.5.5 Application of failure criteria 

The tensile tests (fig.5.22) show that ductility is somewhat influenced by strain-rate. 
In the other experiments, care was taken that the average strain rate was in between the 
lower and the middle strain rate of the tensile experiments ("" 0.008-0.06 s-1). 

For the tensile and in-plane torsion tests, the stress triaxiality equals 113 and 0 
respectively. Forthetensite test, the strain at failure was taken at the 90 degrees orientation 
and was averaged for the two lowest strain rates. For the in-plane torsion test on Al-Si-Fe-X, 
the faiture strain was taken roughly as 1.75 (fig. 5.31). According to the von Mises yield 
criterion, the stress triaxiality in plane strain tension amounts Itv'3 and the equivalent strain 
at failure is equal to -2tv'3 times the thickness strain. 

For the cup drawing, the stress triaxiality and the equivalent strain were taken as the 
values at the outer surface, since the process is most critica! there. These were calculated by 
linearly extrapolating them from integration point values. The FE analyses are continued up 
to the point where the load vanishes (up to the end of the calculated curves in figs. 5.35 and 
5.36). 

Results are given here for the Oyane criterion (figs. 5.37 and 5.38) and the Hancock 
and Mackenzie failure curve (figs . 5.39 and 5.40) only, since the use of the Rice and Tracey 
criterion gave unsatisfactory results when its parameter ex was assigned a value of 3/2. For 
optimizatîon wîth respect to ex more data are required. 
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Fig. 5.39 
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Evaluation of the Hancock and Mackenzie failure curve. In graphs of stress 
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50 mm diameter Al-Si-Fe-X blanks; upper diagram: 1.8 mm blank thickness; 
lower diagram: 1 mm blank thickness; 
faiture in the •: tensite test, •: in-plane torsion test, 0: plane strain tensite 
test; 
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5.6 Discussion: hot forming 

Plastic yield 
Eq. 5.5, re lating equivalent stress, strain and strain rate, results in flow curves that 

are congruent for any constant strain rate. Although this is a severe limitation, it describes 
the behaviour of the extrudates well over a wide range of strain rates (fig. 5 .19). For 
obtaining its parameters, the assumption was made that for an equivalent stress lower than 
about 5 MPa the materials behave fully elastically. Of course this elasticity limit is just an 
intuitive guess. 

In-plane isotropie ductility 
From chapter 3 it is clear that extruded strip has a laminated structure. Based on this 

finding, it was believed that, as a result, extruded strip should show reasonably isotropie 
ductility in the plane of the strip. Figure 5.22 shows that especially for alloy Al-Si-Fe-X this 
reasoning is true. Alloy Al-Si-Cu-X shows maximum ductility in tensite testing at 45 degrees 
to the extrusion direction. This type of in-plane anisotropic behaviour is quite common for 
both RSP and conventional extruded aluminium strip (Raijmakers [1992]). 

Ductility tests 
Two ductility tests are developed or adapted to allow for a wider range of stress 

triaxiality in ductility testing. 

The first one is the plane strain tensite test. The specimen design was developed 
successfully to suppress faiture at the edges of the specimen. The influence of the length to 
width to thickness ratios has notbeen investigated. Especially the length to width ratio should 
be large to assure plane strain toading in the centre. A ratio of 10 (width: 50 mm, length: 
5 mm) was used. In literature a value of 7 is sametimes assumed a minimum requirement 
to approximate plane strain conditions. A nother complicating aspect of the plane strain tensite 
test is that it is a 'strain driven' test: in the ideal case, the straining is imposed upon the 
specimen. The component of stress in tensite direction can more or less be derived from the 
measured force after correction for edge effects. However, the stress component 
perpendicular to the tensite direction cannot be measured . Therefore one needs a yield 
criterion and a hardening rule for calcutation of the stress triaxiality and the equivalent strain. 
As a result, the test is sensitive to the uncertainties outlined in the last paragraph of section 
5.4. 

The second test concerns in-plane torsion testing. This test had to be developed 
because conventional torsion testing woutd atways result in toading of the thickness direction 
of the strip. Therefore, in case of tamination, a conventional torsion test cannot be 
representative as a ductility test for sheet forming. The specimens for this test were 
successfully adapted to suppress faiture at a ctamped edge. However, wrinkling occurred for 
Al-Si-Cu-X specimens. The causes for this wrinkling are not yet completely understood. 
Faiture in the in-ptane torsion test was a graduat process and therefore microscopie 
examination was required. However, in earty experiments on conventional aluminium alloy 
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sheet instantaneous failure of the specimens was observed. A last remark concerns the 
diamond machining of the specimens. This machining process is impossible using ferrous 
metals. As a good alternative, the development of (electro-)chemical machining techniques 
for specimen preparation is advised . Then the test could be very well apt as a ductility test 
for thin ("" 1 mm) steel sheet. 

Numerical evaluation of cup drawing 
The accuracy of the numerical evaluation for the cup drawing experiment depends 

heavily upon a good friction model and correct data for it. Since neither seems to be 
available at the moment (e.g. see Barten [1995] and Vegter [1991] for friction modelling), 
friction probably is the prime souree of error in the evaluation. The coefficient of Coulomb 
friction was adapted to obtain good agreement concerning the load displacement curve. Also, 
the calculated height was in fair agreement with the experiment. Unfortunately these results 
do not guarantee correct calculation of the local state of stress and strain. When looking at 
the detail of fig. 5.34 it wil! be clear that friction plays a vita! role at the critica! zone of the 
cup. lt therefore is an oversimplification to use one global coefficient of friction. 

Besides this, the combined cup drawing/ironing process showed that the local cup-wal! 
thickness was over-predicted in the simulation: ironing started at an too early stage in the 
process. Whether this fact should be attributed to the relations descrihing frictional or 
material behaviour is not clear. 

Another typical feature of the FE model for cup drawing can beseen in figs . 5.39 and 
5.40. In the lower left corner of these figures, the stress triaxiality is seen to change 
violently. This behaviour is not very realistic: smooth curves are expected. This undesirable 
changing of stress triaxiality is attributed to toollworkpiece interaction. The contact between 
the blank and the die is concentrating on few nodal points. As a result, when making contact, 
pressures are high and this results in low stress triaxiality. When tool/workpiece contact is 
lost for a certain area, stress triaxiality rises abrupt. 

Towards the end of the cup drawing process a sudden rise of the stress triaxiality is 
found for points B and C in fig. 5.39 and for point B in the lower half of fig. 5.40. This 
behaviour is realistic and it is a consequence of material leaving the die in combination with 
the visco-plastic behaviour of the materiaL In the die, radial compression takes place under 
negative stress triaxiality. After a material point has left the die it will be subjected to a 
limited amount of plane strain tensile deformation because it can not withstand the drawing 
force elastically. This is a pure consequence of elasto-visco-plasticity: for a sufficiently 
hardening elasto-plastic material, plastic deformation will not occur aftera material point has 
left the die. 

Application of faiture criteria 
The results obtained are not particularly in favour of any of the two failure criteria. 

Partially this is due to the uncertainty in the numerical evaluation of the cup drawing 
experiment as outlined above. Also, the number of data points conesponding to failure sites 
is smal!, which hinders accurate evaluation. 

Still, some general conclusions can be drawn concerning the performance of the 
failure criteria. The results obtained are not particularly in favour of any of the two failure 
criteria. Bothof them show unrealistic features. Th is will be illustrated using two examples: 
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• The first example concerns the total denial of the influence of stress history by the 
Hancock and Mackenzie failure curve, which is unrealistic: Strictly speaking, failure is 
predieled by the failure curves of figs. 5.39 and 5.40 for material point 'B' (except for 065 
mm Al-Si-Cu-X). This region of the cup first undergoes compressive deformation and 
afterwards suffers a limited amount of plane strain tensile deformation when the point 'B' 
has left the die. A stress-triaxiality jump to above the ductility limit is the result. However, 
failure is not observed -or even expected- in this part of the cup. 

• The second example concerns 'ductility gain' predicted by the Oyane criterion: E.g. in 
fig. 5 .37 material point 'A' undergoes simple tangential compression during cup drawing. 
At the end of the cup drawing process, point' A' is further from the ductility limit as it was 
at the start: in other words ductility has increased for point A. Although this behaviour is not 
impossible (the consolidation experiments from chapter 2 prove this!), a significant increase 
of ductility by a deformation of 0.5 is not very realistic. 

Summarising, from these two examples it is clear that difficulties can be expected as 
soon as the stress triaxiality in the process differs strongly from the range covered by the 
ductility tests and as soon as extreme stress triaxiality jumps are present in the process. 

5.7 Ciosure 

For the prediction of ductile failure in cold forming of a hypoeutectic RSP Al-Si-X 
alloy rod, the Hancock and Mackenzie failure criterion gave excellent results. For the 
application to hot cup drawing, the situation is less clear: for various reasons, no preferenee 
could be given for any of the failure criteria. 

The two test cases in this chapter demonstrate that: 1lfor right prediction of ductile 
failure, the use of ductility tests resembling the process of interest is inevitable since 
extrapolation of ductility data causes large errors, 2lnon of the formulations used for the 
prediction of ductile failure is anyway near perfect, 3lthe development of ductility tests is 
worth while and 4lfailure prediction is an 'end of line' process in which prior errors can 
accumulate. 
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Chapter 6 

General conclusions and recommendations 

6.1 General conclusions 

The primary goal of this work is to thoroughly characterise the behaviour of rapidly 
solidified Al-Si-X alloys in forming processes and to provide numerical tools to enable the 
transfer of plastic properties from material tests to forming processes. 

The underlying thought for this goal is that the knowledge and transferability of the 
plastic properties of a material enable rapid selection and optimization of forming processes 
for conversion of half-products (extrudates) into parts. This on its turn will broaden the 
application field and accelerate the industrial use of rapidly solidified aluminium alloys. 

In part I of this thesis , a material orientated approach was used to obtain a 
characterisation of the primary extrusion process and to demonstrate some typical features 
of tlake-extrudates in forming processes. 

The conclusions resulting from the consolidation and extrusion experiments (chapter 2) are: 
• The equivalent strain during consolidation has a significant intluence on the resulting bond 

strength in tlake consolidates. Within eertaio limits , the isostatic stress under which this 
straining takes place is of minor importance. 

• A simple empirica! formula is found for the calculation of length of the discard at the 
front face of the extrudate, which suffers less deformation than the rest of the extrudate. 
Within a large range of extrusion ratios , it was observed that the start up phase of axi
symmetric extrusion requires a ram stroke of l/6 of the billet diameter. 

The conclusions drawn from the hot forming experiments on hypereutectic Al-Si-X alloys 
(chapter 3) are: 
• Hot forming was successfully applied for the production of many parts out of 

hypereurectie Al-Si-X extrudates, including the parts these alloys were developed for: 
pistons. 

• The formability of these extrudates is strongly intluenced by structural features resulting 
from the shape of the extrusion die. Extruded rod has a fibrous structure whereas extruded 
strip shows a laminated structure. From a formability point of view, the laminated 
structure is to be preferred. 

• The influence of the primary extrusion ratio, within the range normally used for RSP, 
upon the formability of rod is negligible. 

Part ll of this workis devoted toa better phenomenological description of two main 
aspectsof plastic behaviour: plastic yield and ductility. Part I resulted in knowledge of plastic 
properties that can be transferred to other situations based upon intuition, experience or some 
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reasoning. The second part tries to provide the numerical tools for such a transfer of plastic 
properties from one situation to another. 

The conclusions concerning the modelling of the plastic yield of aluminium alloys (chapter 
4) are: 
• The Hosford [1972] yield criterion is a useful extension to the von Mises yield criterion 

for the rnadelling of isotropie plastic yield. 
• The use of the Barlat [ 1991] yield criterion to account for orthotropy of aluminium alloys 

is to be preferred to the u se of the H ill [ 1948] yield criterion. 
• The exponent m of the Barlat [1991] yield criterion should be 8 to 12 to be in best 

agreement with experiments. 
• The last three conclusions not only hold for RSP aluminium alloys but for aluminium 

alloys in generaL 
• The need for a well suited yield criterion arises if one wants to model more complex 

processes. This was demonstrated in an application: the prediction of earing in cup 
drawing. 

The conclusions concerning the rnadelling of ductility (chapter 5) are: 
• Two tests were successfully adapted to be suitable for ductility testing: the in-plane torsion 

test and the plane strain tensile test. These two tests enable the measurement of the 
ductility under simple shear and plane strain tensile loading respectively. 

• For good results in the prediction of ductile failure, the use of ductility tests resembling 
the process of interest is inevitable because extrapolation of ductility data is a prime 
souree of error. 

• Good results for the prediction of ductile failure in cold upsetting were obtained using the 
Hancock and MacKenzie [1976] failure curve. The results are superior to those obtained 
with the faiture criteria of Oyane [1980] and Rice and Tracey [1969]. 

• The application of these ductile failure criteria to hot cup drawing of hypereutectic Al-Si
X extruded strip was less successful: clear conclusions could not be drawn. This is due 
to l)a limited amount of ductility data in combination with 2)inaccuracy in the rnadelling 
of friction and material behaviour making the FE calculation for cup drawing inaccurate 
at a local scale. However, accuracy at a local scale is required since ductile failure is a 
local phenomenon. 

6.2 Recommendations 

Thermo-mechanically coupled FE modelling of the extrusion process, as applied by Chen 
[1993], is highly recommended fora better understanding and prediction of some desired or 
unwanted phenomena -like e.g. structural orientation, overheating, bonding and porosity
during the extrusion of flakes. 
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The experiments from chapter 3 show the influence of the structure of extrudates 
(laminated, fibrous) upon some aspects of the formability of rapidly solidified hypereutectic 
Al-Si-X alloys. At this moment, it is not clear whether these structures are primarily due to 
-networks of- former flake boundaries or to the formation of bands with an increased 
amount of secondary phases during primary extrusion. In order to optimize consolidation this 
question needs an answer. 

Chapter 4 and appendix A both focus on yield criteria. Significant improvements in the 
predictability of the anisotropic plastic flow of aluminium alloys have been obtained by 
implementation of the recently proposed Barlat [1991] yield criterion into an FE code. 
However, isotropie work hardening was assumed almost without validation. Errors arose 
from the hardening assumption, as was directly clear from certain bending experiments (see 
section 4.6.2). Quite arbitrarily and based upon intuition, weighed isotropie work hardening 
was introduced to obtain better agreement with these bending experiments. Experimental 
work, including proportionat toading and toading with abrupt strain path changes, is 
recommended to validate and further elaborate hardening assumptions. 

Chapter 5 contains results of some ductility tests that are not frequently used: the 
pressurised tensite test, the plane strain tensile test and the in-plane torsion test. In genera!, 
the development of ductility tests is recommended. However, the pressurised tensite test 
undoubtedly is a prime candidate for further etaboration because the test 1)is very easily 
performed and 2)requires only a single FE calculation for a test-run si nee hydrastatic pressure 
can simply be superimposed, 3)does not incorporate any friction, 4)is free of interpretation 
difficulties and 5)uses simpte and therefore cheap specimens. The impravement suggested is 
the steering of the stress triaxiality in the neck of specimen by controlled variation of the 
hydrastatic pressure during the tensite test. When doing so, one gains the freedom of creating 
quite arbitrary paths in stress triaxiality/equivalent strain space. 



Appendix A 

A review of anisotropic yield criteria. 

To a large extent, the accuracy of (FE) analyses of forming processes is determined 
by the assumption of realistic constitutive equations for the description of the material (Lege 
[1989]) and its interface with tooling. Concerning RSP aluminium alloys, there are two 
reasans for special attention to the first topic. For one, aluminium alloys have the reputation 
of being troublesome when being subject to analyses of forming processes (e.g. Perduin 
[1995]). In addition, RSP aluminium alloys were expected , because of the nature of the 
production process, to show a large structural anisotropy. This will probably be combined 
with a strong texture causing severely anisotropic behaviour. 

To accommodate for this, the obvious salution is the use of the classica] Hili [1948] 
yield criterion. It states that 

4> = Fh ( cry- crz )2+Gh ( crz- cr" )2+Hh ( cr"- cry )2+2Lh cryz2+2Mh crzx2+2Nh crxy2 =2 (J2 (A.l) 

should be fulfilled at yield where Fh, Gh, Hh, ~, Mh and Nh are material parameters. This 
yield criterion is standard to most commercial FE packages. However, the criterion has a 
number of demerits: for aluminium alloys it shows the tendency to severely overestimate the 
variation of the yield stress depending on orientation within an orthotrop ie material when the 
parameters of the yield criterion are fitted using R-values. Secondly, the criterion does not 
accurately describe the global shape of the f.c.c. yield surfaces resulting from experimental 
data and from poly-crystal plasticity roodels (Barlat [l987a,b]). lt will be shown in this 
appendix that alternatives are available from literature. 

It should be noted that the overview of yield criteria from literature given here is by 
no means intended to be complete. Here only phenomenological criteria using the generally 
accepted concept of a yield function and associated flow are selected. Th is excludes concepts 
which are based on poly-crystal plasticity roodels (e.g. Montfort [1993]) to describe both 
initia! anisotropy and its evolution with deformation for reasoos of complexity and the 
amount of computational power required (Karafilles [1993]). A further restrietion is made 
by the applicability of a criterion to complex forming processes. Capability of covering a 
plane stress situation with in-plane anisotropy is the minimum requirement. 

A.l Classical isotropie yield criteria 

Several representations for isotropie yield surfaces have been proposed. Weil known 
are those of Tresca, von Mises, Drucker [1949] and Hosford [1972]. The first two are 
assumed to be known to the reader, the third and fourth are of special interest and are 
therefore given in eqs. A.2 and A.3. The modified Drucker criterion states that 

3 2 4 -6 4> = 27 (12 - c J3 )/ (1-- c) = a 
27 

(A.2) 

should be fulfilled at yield. Here J2 and J3 are the second and third invariants of the stress 
deviator and c is a constant, smaller than 9/4 for convexity, defining the curvature of the 
yield function. The Hosford criterion assumes yielding when 
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(A.3) 

is satisfied, where a1 > a2 > a3• The exponent m can be used to define a yield function. For 
m=l and oo the criterion reduces to the Tresca criterion while for m=2 and 4 it equals the 
von Mises criterion. For the interval 2 < m < 4 the yield function is positioned slightly 
outside the von Mises yield function. It should be noted that an equivalent to this formulation 
has been published earlier by Hershey [1954]. 
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0 .00 0 .00 
0.50 0 .75 

-0.25 - 0. 25 

Fig. A.l The Hosford [1972] criterion for different values of the parameter m (left, eq. 
A.J) and the Drucker [1949] criterion for different values of the parameter c 
(right, eq. A.2) (a3 =0). 

A.2 Anisotropic yield criteria for plane stress applications 

To be included in this appendix, a yield criterion should at least be able to deal with 
an arbitrary plane stress situation combined with in-plane anisotropy. This restrietion 
excludes e.g. criteria proposed by Budiansky [1984], Hili [1979], Bassani [1977], Logan & 
Hosford [1980] and Hili [1993] . Restricting ourselves to previous conditions five plane stress 
criteria are wel! known: 

The function proposed by Gotoh [1977] states: 

(A.4) 
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where A2 to A9 are material parameters to be determined from a relatively large set of data 
e.g. Ro, R22.5, R45 , Rw. a22.5/a0 , a01a90 , a01ub. When fitted to this data set, theseven free 
parameters ensure a good correlation with Ra and aa and the ratios of yield stresses in 
principal directions. The magnitude of curvature near points of uniaxial stress of this fourth 
order yield function cannot be influenced. 

Barlat [1989] proposed the yield function: 

(A.S) 

where: 

where a, h and p are material constants and m is a parameter like in the Hosford [1972] 
isotropie yield function . The yield function is shown to be convex for m values larger than 
unity. For m=2 this function reduces to the Hili [1948] criterion. Ro, R90 and R45 can be 
used to fit the three material parameters and m determines the amount of curvature near 
points of deviatoric uniaxial tensile or compressive stress. Fora given Ro and ~0, the value 
of u0! u90 is fixed for any m and is therefore equal to that of the Hili [I 948] criterion. The 
measured RO! values can be fitted using only the material parameter p, so that in general the 
function R(ö!) of this criterion wiJl be less accurate than the function R(ö!) derived from eq 
A.4. 

Another yield function of non-fixed order is proposed by Hili [1990]. lt states that: 

c!>=la+a lm+(o"'/~"')l(a-a ) 2 +4a 2 1"'12 + 
%)' %)' %)' 

(A.6) 

should be fulfilled at yield. Here a, b and (am ;;;m) are material parameters where m 
influences the global shape of the yield function. The author leaves convexity conditions to 
future investigation. In fact, numerical treatment (fig. A.4) shows that this criterion can give 
concave yield surfaces. Also it indicates that varying the extra parameter m does not result 
in yield surfaces that are in any way similar to those obtained from poly-crystal plasticity 
roodels or experimental data (fig. A.9). 

Ferron [1994] proposed a yield function basedon modifications to the Drucker [1949] 
criterion (eq. A.2 and fig. A.l). First, the Drucker [1949] criterion is rewritten into apolar 
coordinate form, (g(8),8), with the restrietion of plane stress. When coefficients A and B 
deviate from 3 and 9 respectively, a planar isotropie yield function is obtained. The 
parameter k equals 4c/27 (c in eq. A.2). 

(A.7) 

In-plane anisotropy is introduced by making g(O) in eq. A. 7 dependent of the angle 0! 

between the principal axes of stress and the principal axes of orthotropy: 
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(A.8) 

Here m,n,p and q are more or less fixed parameters and a and b and k are material 
parameters. The function g(O,a) is related to the principal stresses a1 and a2 according: 

a -a 
g(B,«) sin6 = ~ 

2a 
(A.9) 

where the equivalent stress equals the equibiaxial yield stress. The values of the integers m, 
n, p, q are advised to be 2, 2, 2 and 1 respectively for reasans of giving best correlation with 
experiments. The four parameters A, B, a and b can be used to fit three R-ratios (e.g. R0, 

R45 and R90) and one ratio of yield stresses (in this appendix a45/ab). The parameter k finally 
determines the curvature of the yield function. Convexity of the yield function is not 
guaranteed and should be verified. 

Zhou [1994] proposed a yield function of the form: 

(A.lO) 

and derived the flow rule to this criterion. 

A.3 General 6D anisotropic yield criteria 

Based upon the Hosford [1972] yield criterion and a weighing of stresses, Barlat 
[1991] proposed a general 6 dimensional yield criterion, that is without any restrietion toa 
particular stress situation. The Hosford criterion (eq. A.3) is rewritten in terros of the 
principal deviatoric stresses S1, S2 and S3. 

With the aid of complex numbers, the criterion can be written in terros of invariants of the 
stress deviator S using the Bishop-Hili notation of stresses [Barlat 1991]: 

A=a -a 
y l 

C=a -a F=a~ x y _, 

l = F 2+G2+H2 + (A-C)2+(C-Bi+(B-A)2 

2 3 54 

H=a 
xy 

13 (C-B)(A-C)(B-A) +FGH (C-B)F2 +(A-C)G2 +(B-A)H1 

54 6 
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6 =are cos [}2_] 
13(2 

2 
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(A. U) 

Orthotropy is introduced when weight factors (a,b,c,f,g,h) are applied to the Bishop
Hili components of stress. Eqs. A.ll still hold for this modified stress-state and the yield 
criterion then states: 

1 = fF2+gG2 +hH2 + (aA-cCi+(cC-bBi+(bB-aAi 
2 3 54 

13 (cC-bB)(aA -cC)(bB-aA) +fi_ hFGH (cC-bB)(jF)2+(aA -cC)(g GY+(bB-aA)(hH)2 

~ g 6 

e =are cos (2] 
13(2 

2 

(A.l2) 

Here a,b,c,f,g,h, are weight factors descrihing the state of orthotropy of the materiaL The 
variabie m, which should be larger than unity for convexity, need.s not to be an even integer 
because of the absolute values used in eqs. A.ll and A.12. For a to h equal to unity the 
criterion reduces to the Hosford [1972] criterion. This on it's turn reduces to von Mises 
criterion for m = 2 and 4 and to the Tresca yield function for m = 1 and oo. Calculation 
of associated plastic flow is a somewhat lengthy implicit procedure using composition of 
derivation. 

[ a~ as1 ~ as2 ac~> as3 ] ai2 = -- + -- + ----
asl a/2 as2 a/2 as3 a/2 aa all 

[ a~ as1 ~ as1 a~ as3] a13 
+ asl a/3 + as2 a/3 + as3 a/3 aa «11 

(A.l3) 

Karafillis [1993] introduced a yield criterion based on a linear transformation of 
stresses. As the basic isotropie yield criterion, that is without transformation of stresses, he 
used a criterion obtained by mathematica! mixing of two yield criteria. This is done in order 
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to be absolutely general in descrihing an arbitrary isotropie yield surface that obeys 
convexity. From the restrietion of convexity, an isotropie yield function should, in the 
deviatoric plane, be located between the Tresca hexagon and a 1/6\13 larger hexagon rotated 
over an angle of 1rl6 (fig. A.3). A general isotropie yield criterion should therefore have 
these two situations as a limit. This is obtained by mixing a modified form of the Hosford 
[1972] criterion with a criterion that covers the area between the von Mises criterion and the 
upper limit. The modified Hosford criterion: 

(A.l4) 

is using 2k as exponent, where kis a positive integer, so that k=l results in von Mises 
criterion and k = oo results in the Tresca criterion. The second criterion states: 

(A.lS) 

For k = 1 eq. A. l5 reduces to the von Mises criterion while for k = oo the upper bound is 
reached. The generalised criterion is obtained by mathematically mixing these two with the 
coefficient k settoa sufficiently large value to be able to approximate the two boundaries. 
The mixing factor c then determines the curvature of the isotropie yield function (fig. A.3). 

(A.16) 

Anisotropy is introduced by the operating a linear transformation on the actual stress 
tensor ifl giving an 'isotropy equivalent deviatoric stress tensor' Si. This weighed stress 
deviator and the isotropie criterion determine yielding. An identical transformation is applied 
on the isotropie strain rate resulting in the strain rate tensor for the anisotropic material (fig. 
A.2). 

D' = L U 

~ 

Fig. A. 2 Schematic diagram of linear stress and strain 
transformations. Redrawnfrom Karafilles [1993]. 

Fig. A. 3 Plane stress (u 3 = 0) isotropie yield functions 
for different values of parameter c (k=l5) and upper 
and lower bound (eq. A.16) 
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By the condition that Si is a deviator, six componentsof the symmetrie matrix L (eq. 
A.17) representing the linear transformation are dependent variables. This Ieaves 15 variables 
fora material without symmetry. 

For orthotropy material behaves identical in a plane parallel to any one of the 
principal directions at angles B and -B to this principal direction. This condition makes all 
non-diagonal components of the last three columns in the matrix equal to zero. Thereby six 
parameters (C, cx1, cx2 , -y1, -y2, -y3) are Ieft for the description of the state of orthotropy 
('1) 1 2 3 =0). When for the orthottopic case the mixing factor is chosen equal to zero, the 
criterion reduces to the Barlat [1991] criterion. 

si a 
x 1 P, p2 ", (Jx 

s' a 
y P, ~, 133 "2 

a, 

s' 132 133 
a 

~ ~2 "3 (J~ 
(A.17) =C· 

si Y, a 
1CJ (J:<y 

si yl a 
)IZ (J)IZ 

si ", Th T)3 y3 a 
vc (Ju: 

Where: 

13 1 ;(a2-a 1-1)/3 132 ;(a 1 -a2 -1)/3 133;(1-al-al)/3 ",+"2+"3;0 

and the superscripts i and a denote 'isotropic' and 'anisotropic' respectively. 

For monoclinic symmetry this identical behaviour at angles B and -B is only true with 
respect to the material axis of symmetry (symmetrical by rotation over an angle ?I' around this 
axis). Therefore, one of the last three columns does not have zero components at non
diagonal positions. This, together with the condition that S is a deviator leaves 8 variables. 
For symmetries setdom found in engineering materials, like trigonal symmetry, a different 
lay- out of the matrix L is required. 

For aluminium alloys, the practical advantage of eqs. A.16 and A.l7 over the Barlat 
[1991] criterion is that the development of a lower symmetry from an initially orthottopic 
material, as occurs in forming by shear deformation with respect to principal material axis, 
can be described. For the present, these capabilities of development of symmetry of 
anisotropy during deformation are not used. However the availability of mathematica! tools 
for more complex situations than strict orthotropy should be noted here. 
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A.4 Ability of descrihing measured material behaviour 

Yield loci resulting from various yield functions, for extruded AI-5Si-1Cu-X T6 strip 
(section 4.3.3.3) are visualised in fig. A.4. Ro and R90 were used to fit material parameters. 

Fig. A.4 
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Yield functions for Al-5Si-I Cu-X T6 strip in plane principal stress space. 
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The advantage of the Barlat [1989] and Hili [1990] criteria over the Hili [1948] 
criterion seems doubtful. These two criteria both severely overestimate the ratio of yield 
stresses in oo and 90° direction regardless of the value of m. Using larger m-values the 
Barlat [1989] criterion can accountfora smaller curvature of the yield surface, however at 
the cost of predicting extreme R-ratios in biaxial tension (fig. A.4). 

The Gotoh [1977] criterion roeets the u0 , u90 and ub va lues exactly, because the 
criterion is fitted on it. The curvature of the yield function can however not be influenced . 
This is a severe disadvantage: when more isotropie behaviour has to be modelled, the 
criterion wiJl give von Mises like yield functions. Regarding this aspect the Ferron [1994] 
yield function is more manageable. 

The Barlat [ 1991] criterion overestimates u90! u0 to a less ex tent when the parameter 
m is given an appropriate value (e.g. 8 or 12). The yield function then also shows more 
Tresca like behaviour, as is indeed resulting from measurement (fig. A.5). For the 
orthotropic case there is no reason for preferenee of the Karaftlis [1993] criterion over the 
Barlat [1991] criterion, since from fig. A.5 -taken from e.g MacEwen [1992]- it is observed 
that the yield locus of aluminium alloys is sharply curved near points of uniaxial tension. 
Therefore the general approach of Karafillis [1993] using isotropie yield criteria outside the 
von Mises criterion will not be an improvement with respect to the Barlat [1991] criterion. 
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The functions R(cx) and a(a)!a0 resulting from the Hili [1948], Barlat [1991], Gotoh 
[1977] and Ferron [1994] criteria are given in fig. A.6. The Gotoh criterion provides best 
results here. Concerning Ra-ratios the other criteria do not perform better than the Hili 
( 1948] criterion regardless of the choice of their parameters. The functions R(cx) of all but 
the Gotoh criterion are quite similar to that of the Hili [1948] criterion. 

Fig. A.6 
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Plastic strain ratio Ra and normalised yield stress (ajao) for Jour criteria: 
Hill [1948], Gotoh [1977], Barlat [1991] (m=l2) and Ferron [1994] (R(cx) 
and a(a)la0 .are independent of parameter k); •: measured R-values; •: 
measured normalised yield stress. 

Concluding remarks 

The Gotoh [1977], Ferron [1994] and Barlat [1991] criterion are most suitable for use 
with aluminium alloys. The Gotoh [1977] criterion approximates Ra and a a superiortoother 
yield criteria and prediets right ratios of yield stresses in principal directions. The first two 
are only useful for plane strain applications. A second disadvantage is the fixed curvature of 
the Gotoh yield function. 

The Ferron [1994] and Barlat [1991] criteria for appropriate kormvalues give the 
better overall shape representation of the yield locus. The variation of yield stress depending 
on orientation is still slightly overestimated. 
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Appendix B 

Implementation of the Barlat 1991 yield criterion 
in a rmite element code. 

The implementation ofthe Barlat [1991] yield criterion in the finite element program 
ABAQUS (versions 5.2 through 5.4, Hibbit [1993]) has been realised using the procedure 
given by Chung [1992]. Subjects of this appendix are the derivation of the associated flow 
rule, the plastic strain ratio Ra, an algorithm for pressure independent elasto-plasticity and 
verification of the results. 

B.l Associated flow rule 

The yield criterion proposed by Barlat [1991] states: 

(B.l) 

Here SI, s2 and s3 are the principal values of the weighed stress deviator. Expressed in 
Bishop-Hili stress components (A,B,C,F,G,H) this deviator is: 

cC-bB 
hH gG --

3 

sw hH 
aA-cC 

/F --
3 

gG JF 
bB-aA --

3 

The third degree characteristic equation is: 

A=a, -at F=a"' 

B=ot -o" G=oJa. 

C=a -a H=a~ 
JC )' _, 

(B.2) 

(B.3) 

where -312 and 213 are the second and third invariants of the weighed stress deviator. The 
principal stresses are given by solution of eq. B.3: 

I = jF2+gG2+hH2 + (aA-cCf+(cC-bBY+(bB-aAY 
2 3 54 

I (cC-bB)(aA -cC)(bB-aA) +.fl. hFGH (cC-bB)(/FY+(aA -cC)(g Gf+(bB-aA)(hH)2 

3 54 g 6 

(B.4) 
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where: 

6 =are cos ( 13 /12312 ) 

Substitution of eqs. B.4 in eq. B.l and the ,fact that 12 is non negative gives the yield 
criterion: 

(B.S) 

The gradient of the yield function with respect to the state of stress is required for the 
calculation of associated plastic flow and is obtained using a composition of derivation (Barlat 
[1991]): 

The individual componentsof eq. B.6 are (Chung [1992]): 

a~~> 

as 

(Sl -S2) IS! -S2jm-2 - (S3 -Sl) IS3 -Stlm-2 

m · (S2 -SJ jS2 -S3jm-l- (S1-S2) IS1-S2j"'-2 

(S3 -s.) IS3 -St lm-2 - (S2 -S3) IS2 -S31m-2 

From eq. B.4: 

sin(~ e) 
as p -1/3 

sin (i (6+1t)) as 2 -2/3 
=-p-

êJ/2 sin(6) aJ3 3sin(6) 

sin(~ (6-1t)) 

(B.6) 

(B.7) 

sin (~(6)) 

sin(~(6-21t)) (B.8) 

sin(~(6+21t)) 
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A lso: 
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where: 
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(B.9) 

(B.lO) 

Eqs. B.8 become singular if 13 equals 12<312) and thereby sin(8) is equal to zero. In 
such cases (like isotropie uniaxial or biaxial compression or tension) it is possible to calculate 
eqs. B.6 to B.8 as a limit for 8-+ 0 (Chung [1992]). 
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B.2 Plastic strain ratio 

The flow rule (eq. B.6) gives the strain rate in a tensile specimen for loading under 
an angle ex with the extrusion or rolling direction: 

É =i acp 
yy aa 

yy 

ë =i a4> 
xy aa 

xy 

(B.ll) 

The stress and the strain increments in the principal material directions (denoted x,y and z) 
and the length and width direction (suffix 1 and 2 respectively) are related by the angle ex 
with the extrusion or rolling (here: x-) direction. When u is the uniaxial yield stress in a 
tensite specimen with orientation ex to the extrusion or rolling direction then: 

a =acos2a a =asin2a a =asinacosa 
Ja' yy xy 

è 11 = cos2aèlt\' +sin2aèyy +2sinacosaèxy (B.l2) 

è22 = sin2aè +cos2aè -2sinacosaè 
;a yy xy 

and the R-value can be calculated from: 

(B.13) 

B.3 Implementation of elasto-plastic material behaviour 

Implementation of the yield criterion into ABAQUS is performed by a user subroutine 
'UMAT' through which user defined material can be entered. An explicit expression of the 
stress increment depending on a prescribed elasto-plastic strain increment is required. First, 

an explicit relation between the co-rotational true stress rate à (or Jauman rate of Cauchy 
stress) and the total strain rate D is derived. The total strain rate is composed of an elastic 
part De and a plastic part DP1• Elasticity is governed by Hooke's isotropie Jaw: 

D=D~+D'1 (B.l4) 

Piecewise linear work hardening behaviour is assumed with the parameter h determining the 
local slope of the equivalent stress versus equivalent strain curve. Together with the 
assumption of work hardening, this enables the specific plastic power to be written as: 

w = a: D'' = a ~ = a (~) = a . (::à) 
s h h 

(B.IS) 
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where bold symbols denote 3x3 matrix notation and : denotes the scalar product. Introducing 
the normal to the yield surface n and the assumption of associated flow: 

(a:D1'1) = (a:in) = i(a:n) (B.16) 

eqs. B.l5 and B.16 can be reworked to yield: 

a(~: ä) . a (éla. ä) 
Dpt = aa. . n (B.17) 

h (o: n) h (a: n) 

Here the normal to the yield surface is defined as: 

.3+ a<J 

n = éla éla 

I a+ I 1::1 éla 

a a __ 1_ ~ (B.18) 

An explicit relation between the stress rate and the total strain rate can now be derived by 

taking the scalar product of eq. B.14 and aaJaa. 

(B.19) 

The third right side term of last equation vanishes because aaJaa is a deviator. After 
substituting eq. B.17 into the last equation and noting that by eq. B.l8 

(aaJaa): n jaaJaa 1 one obtains: 

aa . -:CJ 
a a 

2~ (aa. DJ 
1 + 2110 I aa I aa · 

a:n iJa 

(B.20) 

Th is relation can be used to rewrite à expl icitly as a function of the total strain rate D: 

(B.21) 

where: 

-(aa ) 2J.Laaa :~ 
· n 
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Simpte forward integration is used in the updating of the stress tensor. The equations 
used are: 

(B.22) 

where: 

·n 

Here {3 is the portion of AE required to reach the yield surface. Also in eq. B.22 all 
parameters are taken at the initia! position at the yield surface that is after updating u for the 
elastic strain increment necessary to reach the yield surface. 

By using the *ORIENTATION card in the ABAQUS input file (Hibbit [1993]), the 
coordinate system for stress and strain used in subroutine UMAT is the local coordinate 
system that rotates with the materiaL The axes of this Jocal coordinate system coincides with 
the axes of orthotropy by an appropriate choice of parameters for the *ORIENTATION card. 

As pointed out by De Borst [1993], this explicit procedure (forward Euler integration) 
is inaccurate and can even be unstable for large arbitrarily oriented strain increments. In this 
work calculation times were considered to be of minor importance and the strain increment 

for one integration is kept smal! ( lemaxl = 0.0005 ~ lemaxl "'"' 0 . 1 à 0.2 (ä/E)) by 
applying a smal! increment size and by treating a strain increment that still exceeds the 
maximum as a number of smaller strain increments. Moreover, three of the four problems 
for which the subroutine is used (i.e. bending in chapter 4, tensite testing in chapter 5 and 
compression testing in appendix C) show an approximately straight strain path, thereby 
minimising the error since the algorithm produces exact results for straight strain paths (De 
Borst [1993]). Only for cup drawing (chapter 4) the local strain path sometimes is highly 
curved. Therefore, explicit FEM (ABAQUS explicit 5 .3) was used since then the strain 
increments are extremely smal! compared to implicit FEM. 

More sophisticated stress updating schemes are available from literature. E.g. De 
Borst [1990] compared two algorithms in combination with the Hili [1948] criterion and 
showed that even far more sophisticated algorithms can give inaccurate results for anisotropic 
plasticity if the strain iocrement becomes large. 

B.4 Verification 

The accuracy of the procedure given above can be verified by the results of chapter 
4 and appendix C. In appendix C, the R-value in compression and the load-displacement 
curve are calculated in good agreement with both theory and experiment. A nother verification 
is the comparison of problem calculated using the von Mises criterion that is standard in 
ABAQUS with the results for the user defined material behaviour when the Barlat [1991] 
constants are chosen such that the criterion reduces to the von Mises criterion (fig. B.l). 
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S22 

S22 

Fig. B.l 

VALUE S22 VALUE 

-s .eae-et -s.eue-e t 
-u .eze-et -U.63E-8 1 
-2. 6\E - 81 -2 . 62E·8 I 

-I . 12E-83 -1. 9 7E - 83 
'I . 99E-OI +I . 98E-8 I 

+U. 80E - 0 I •3. 99E- 01 

•6 . 6 IE-0 I +6.00E - 81 

•S . SIE-81 •a. "1 e-et 

VALUE S22 VALUE 

-I . 31 E-S I -I. 30E-01 

-9. 16E-82 -9. 88E- 82 

-S.28E-B2 -5 . 13E-82 

-I, 2UE·82 - I. 19E-82 

•2. 71E-82 • 2 . 7SE-82 

•6 . 6 7E-12 • 6. 69E-t12 
'i .86E-81 •I. 86E-81 
•I. LJSE-81 • I . USE-8 I 

Contours of a stress component for an arbitrarily deformed element: left: von 
Mises (standard); right: von Mises through present tormulation (m=4, 
a=b=c=f=g=h=l); top: after loading; bottom: residual stress after 
unloading; the uniaxial yield stress equals unity. 
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Appendix C 

An error analysis of compression testing for 
characterisation of anisotropy 

In the chapter 4, the usefulness of the compression test for characterisation of the state 
of orthotropy has been demonstrated. Advantages are the ability of measuring within 
dimensions that are not suitable for tensile testing and the ability to measure anisotropical 
behaviour up to absolute strain values that are not accessible in a tensile test due to limited 
work hardening or ductility. 

The test has two basic demerits: First, when measuring in principal material
directions, friction causes deviation from the uniaxial state of stress: friction forces the 
measured R-value towards isotropy. In the absence of friction, an additional demerit is that, 
for an arbitrary orientation, the state of stress is not uniaxial. This is caused by gradients of 
yield stress with respect to orientation. The specimen has a tendency to 'rotate' between the 
dies towards an orientation with a lower yield stress. In this situation even the qualitative 
influence of friction on the test result is not clear. Finding these deviations through a mainly 
experimental approach will be troublesome. Therefore implicit FE calculations with some 
control experiments have been performed to get an impression of the systematic errors in 
these tests. 

C.l loftuenee of friction on R-value in a principal direction of orthotropy 

This simulation is basedon material behaviour of 6351-T6 that has been measured in 
tangential direction (chapter 4). The principle of verification of the test-metbod is to see 
whether the R-ratio, from which the yield function is (partially) derived, can be traeed back 
from the deformed mesh of a FE calculation. In this way one gets an impression of the 
accuracy of the experimental method employed. The tangential test is simulated because it 
shows an R-value (0.68 or equivalently depending on definition 1/0.68= 1.48) found typically 
for aluminium alloys. Also the material shows low work hardening. It thereby is sensitive 
to the problems outlined above. To obtain more insight, three yield functions (Hili [1948] 
& Barlat [1991] with m=7 and 11) are used in a parallel way, so that the results forthese 
three functions can be compared. For the Hili criterion, material parameters from table 4.6 
are used. The yield stress-ratios in principal material directions are derived from these. The 
yield stresses in shear are chosen according: "Y = ( 1/ {3) · ( aY 0 + aY r + aY z ) I 3 so 
that the effect of different yield stresses is averaged out in the yield stress in shear (suffix 
y denotes 'at uniaxial yield'). For the Barlat [1991] criterion the exponent m is chosen equal 
to 7 and 11. Material parameters are given in table C.1 

a b c f g h 

Barlat 1991 m=7 1 1.1789 1.1327 l 1 1 

Barlat 1991 m= 11 1 1.1160 1.0910 1 1 1 

Table C.l Barlat 1991 parameters (6351-T6) fittedon Rrz and Rez (values off, g and h 
have been chosen as for isotropy). 
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The FE mesh consists of 140 20-nodes quadratic brick elements covering an eighth 
of the specimen. In the calculations at least 150 (Hill1948) or 600 (Barlat 1991) increments 
have been used to complete the analysis. Fig. C.l gives the calculated influence of Coulomb 
friction fora number of friction coefficients for increasing equivalent strain. Here the R
value is defined as the ratio of global (elastic and plastic) transverse strains -ln(D/D0)- in the 
middle of the specimen, measured in a plane normal to the axis of compression. Fig. C.2 
shows an example of an undeformed and a deformed mesh. 

The influence of friction on the R-value is enhanced by a small curvature of the yield 
function (Barlat m=ll) near positions of uniaxial compressive stress. In the absence of 
friction, the deviation at low height strains is caused by isotropie elastic deformation. At 
larger strains, the theoretical R-value is approximated. 

: CTr=O 
I 

0 

1.6 ,-------,,,-------;-, ---;--------, 

Barlat m=7 : 
' ' ' ' ' ' ' ..-!'!> A , A. én ".o.oo 

~ L : : 
---...r--=--~-----t1--_c_i$ _____ ÁC--- A0.025 I 1.4 ........ ~;r- 1!, !!< ' A 6: AO 05 

~ ~A ~~A 6~ A0.10 

> : I : 

I 1.2 -- ... ------~---- ..... ---~-- .. ·-----,... 0.20 
(t: : I : 

' ' ' ' 
1.0 +----+----+---1------i 

0.0 0.1 0.2 0.3 0.4 

height strain [-] 

1.6 ,------;-----;-, ---.------, 

,....... 
I 1.4 ........ 

' : Hili 
' ' ' 
I 6 I A A! 60,00 

----H-----%--+~-----~~----:~:~~$ 
A ö A • 6 1 

~ A 1', 6 ' ;;; ::, :'0.10 
- :'0.20 

~ : I : 

f 1.2 .. --------~,...-- .. -----~-- ... ------~---------
0:: ' ' 

' ' ' ' ' ' ' ' ' ' ' ' ' ' 1.0 +----+----+---1------1 
0.0 0.1 0.2 0.3 0.4 

height strain [-] 

1.6 ,-------,,,-------,-, ---., -----, 

Barlatm=11 : : 
' ' ' ' ' 

.. ~ a ; 6 a! ao.oo 

~·· I : ----~f!'"----,e.--": à 'l!!'r 1!!.0.025 

~ ~0.05 
~ 1.2 ----~~0.10 
et: ·-----r---------~0.20 

,........ 
I 1.4 

'--' 

: : : 
' ' ' ' ' ' ' 1.0 +----+----+---1------1 

0.0 0.1 0.2 0.3 0.4 

height strain [-] 

Fig. C.I Yield functions for 6351-T6 in uz-u9 stress space (upper left) and calculated 
irifluence qJ friction on measured R-values using a compression test. Yield 
criteria: Hill1948 (upper right), Barlat 1991 m=7 (lower left), Barlat 1991 
m=ll (lower right), R(rigid_plastic, ~=O) =1.48. R-value is plotted here as 
1/Rn: 
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Fig. C.2 

C.2 

Undiformed and diformed mesh: Barlat 1991, m=ll; p,=O.JO. BarrelZing of 
specimen is visible. 

Analyses of systematic error for an arbitrary orientation 

Forthese simulations the materialand material data of section 4.3.3.3 and tables 4.8 
and 4.9 have been used. Again three yield criteria were used to obtain more insight. For the 
calculations 240 20-node quadratic brick elements have been used to model one half of the 
specimen. Coulomb friction is assumed (p,=0.025 and 0.05). Again the aim of calculation 
is the comparison of R(cx) from the yield criterion with Ra derived from the geometry of the 
deformed mesh. 

In fig. C.3 the results are given for the three yield criteria. In the FE model the 
specimen is simuiared reaching a height strain equal to those of the experiments of section 
4.3.3.3. In the principal material direction (0° and 90°), the effect of friction increases for 
a smaller radius of curvature of the yield function. Further it is seen that for the Hili 
criterion large deviations occur at angles where there is a large gradient of normalised yield 
stress (fig. 4.24 and C.3). This gradient is mainly what causes deviation from the one 
dimensional stress state and it is this gradient that is severely overestimated by the Hili 1948 
criterion: according to the Hili yield criterion a9011To equals approximately 1.3 where only 
1.03 is measured (table 4.5). With increasing m-value for the Barlat criterion this error is 
less. Of all three criteria the Barlat criterion with m= 12 approximates II,:/a0 from the 
experiment best. Results for this yield criterion show that, for an arbitrary orientation, the 
systematic errors in the tests are within reasanabie limits if friction is minimised. 
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Fig. C.3 

C.3 

Appendix C 

Functions R(a) mul u(a)lu0 and recalculated R-values for three yield criteria: 
left Hill1948; middle Barlat 1991 m=8; right Barlat 1991 m=l2; circles: 
p.=0.025; squares: p.=0.05. Global height strain: -0.24. E.D. deMtes 
extrusion direction (0" direction). 

Verification 

To validate the FE-models, a tangential specimen (6351-T6 rod) was compressed 
between degreased dies. The load displacement curve has been recorded. After the test the 
contour of the barrelled surface was measured using a profile projector in the two principal 
transverse directions of the specimen. Fig. C.4 compares the load displacement curves when 
friction (p. • 0.20) is chosen such that the calculated barrelling approximates the measured 
contours (fig. C.S). Good agreement between the calculated and measured load and barreHing 
is observed. 

,......., 16 
z 
.Y 

-a 
0 
0 

12 

displacement [mm] 

Fig. C.4 Measured and calculated 
load displacement curves. The 
curves are nearly equal for all 
three yield criteria (smooth lines) . 
Some deviation from the measured 
curve (rough line) occurs at larger 
displacement. The stress strain 
relationship resulting from 
tangentlal Rastegaev compression 
test has been used in the FE 
calculation. 
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Fig. C.5 

C.4 

0 1 
[rnm] 

2 

E 
E 

Measured (line) and calculated (symbols) contours of specimen. Left: in 0-z 
plane; right in 0-r plane. Note unequal horizontal and vertical sealing. •: 
Hili 1948; o: Barlat m=7; •: Barlat m=ll; Stress strain relationship 
resulting from tangenttal Rastegaev compression test has been used in FE 
calculation. 

Summarlsing remarks 

Errors are introduced in the measurement of R-ratios in compression specimens by 
friction and yield stress gradients in the materiaL The error caused by friction can be 
minimised e.g. by using Rastegaev specimens. The second error however is related to the 
material and cannot be avoided. From fig. C.3 it is clear that the overall shape of the 
function R(a:) is still reasonably predicted by the simulations, especially when one bears in 
mind that the gradients of yield stress with respect to orientation -which is the cause of the 
second error- are overestimated by all yield criteria. 



Summary 

Rapid Solidification Processing enables the design of new alloys with sometimes 
unique properties not attainable by conventional processing techniques. Rapid solidification 
processing can result in: 

a small grain size, 
an excellent chemica! homogeneity, 
the formation of metastable intermetallic phases with a favourable shape with 
respect to the stabie phase (e.g. spheres in stead of plates or needles). 
a supersaturation of alloying elements in solid solution. 

At least one of the dimensions of the rapidly solidifîed metal is necessarily small, 
typically in the order of sometensof micrometers. Consolidation of rapidly solidified metal 
is required for obtaining 'normal' dimensions for engineering purposes. Hot extrusion is 
predominantly used for this purpose. During hot extrusion, coherence between the 
solidification product (in this thesis: cut ribbons designated as 'flakes') is obtained. 

Application of rapidly solidified alloys outside the aerospace industry critically 
depends on the cost price. From the viewpoint of material efficiency, it is desirabie to 
produce parts from extrudates by means of forming. Therefore, the formability of these 
alloys is to be studied, especially because of the often limited ductility of these alloys. This 
limited ductility is characteristic for these alloys: high volume fractions of secondary phases 
are applied to improve mechanica! and physical properties. 

This thesis comprises of two parts: Part I contains the results of material-oriented 
research and focuses on some aspects of the consolidation process and the formability of 
some rapidly solidified aluminium alloys. Subject of part II is the prediction of plastic flow 
and ductile failure. Rapidly solidîfied aluminium alloys have been used for an experimental 
verification of criteria for the prediction of plastic flow and ductile failure during forming 
processes. 

PART/ 

The extrusion process, with the aim of obtaining bonding between flakes, has been 
subject of research. Deformations in hot extrusion of 'solid' material and flakes have been 
determined experimentally. Also model experiments have been performed to determine to 
what extent mechanica! parameters (stress, strain) influence consolidation. The results show 
that the equivalent strain during consolidation is a good measure for the bond strength that 
is obtained between flakes. The experiments also show that the isostatic stress under which 
consolidation occurs, within certain limits, is of less importance. 

The hot formability of rapidly solidified hypereutectic Al-Si-X alloys has also been 
investigated. A number of experiments has been performed on extruded bar and strip. From 
the results, it has become clear that not the global extrusion ratio but the shape of the die 
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(circular versus rectangular with high width to thickness ratio) influence~ the formability of 
an extrudate. 
Axi-symmetric extrusion of rod resulted in a fibre structure, while extruded strip showed 
strong lamination. These two different structures have been shown to have a large influence 
upon the hot formability of the alloys. The fibrous structure can be à cause for plastic 
instability at a free surface resulting in early failure (e.g. found in upsetting); the laminated 
structure of extruded strip is found to be beneficia! during further plastic processing. 

PART 11 

For accurate (FE-) rnadelling of plastic processes, good constitutive equations for the 
material behaviour are required. Certainly for aluminium alloys, this means that the influence 
of anisotropy often cannot be neglected. Two yield criteria for anisatrapie plasticity have 
been compared. Tensile and compressive testing and bending have been applied to validate 
the criteria. An application has been presented: the prediction of the earing profile after the 
drawing of a cup. The research shows clearly that the use of the Barlat [1991] yield criterion 
is to be preferred for the modelling of anisotropic plastic flow of aluminium alloys at room 
temperature. 

Numerical methods within forming technology are aiming at faster realisation of 
product- and process-design: for this purpose physical experiments are replaced by numerical 
calculations. Plastic flow can be predicted by these methods to a certain, often acceptable, 
accuracy. Prediction of ductility however is far more complicated and thereby inaccurate. 
This lack of predictability of ductility is a demerit of the purely numerical approach towards 
process design. The development of tools for ductility prediction is therefore desirable. By 
means of two case studies, a number of criteria for the prediction of ductile failure in 
forming processes has been tested. It is shown that the failure curve concept, as proposed by 
Hancock en Mackenzie, gives the best results. However, it should be noticed that the 
limitations of failure criteria should be kept in mind when using them. Also, the case studies 
show that qualitatively good constitutive equations for material behaviour and friction are 
required for the accurate prediction of ductile failure in forming processes since failure 
prediction is an 'end of line' activity. 
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Samenvatting 

Snelle stolling (Rapid Solidification Processing) van aluminium-legeringen biedt de 
mogelijkheid nieuwe aluminium-legeringen te vervaardigen met soms unieke eigenschappen 
die met een conventionele procesvoering niet te bereiken zijn. Snelle stolling van aluminium
legeringen kan o.a. resulteren in: 

een kleine korrelgrootte, 
een goede chemische homogeniteit, 
de vorming van metastabiele (intermetallische) fasen met een gunstige vorm 
ten opzichte van de stabiele fase (bijvoorbeeld sferische in plaats van 
naaldvormige fasen) en 
een oververzadiging van legerings-elementen in vaste oplossing. 

Minimaal één van de dimensies van snel gestold metaal is noodzakelijkerwijs klein, 
typisch in de orde van enige tientallen micrometers. Consolidatie van snel gestold metaal, in 
dit geval lint, is noodzakelijk voor het verkrijgen van 'normale' in de werktuigbouwkunde 
gangbare afmetingen. De meest gangbare consolidatie-techniek is warm extruderen. Warme 
extrusie resulteert in hechting van snel gestold materiaal. 

Toepassing van snel gestolde legeringen buiten de luchtvaart-industrie is sterk 
afhankelijk van de kostprijs. Vanuit het oogpunt van materiaal-efficiëntie is de produktie van 
onderdelen door middel van omvormen wenselijk. Daarom behoeft de omvormbaarbeid van 
snel gestolde legeringen aandacht temeer omdat deze legeringen veelal, vanwege het hoge 
volume-percentage secundaire fases, een geringe ductiliteit bezitten. 

Dit proefschrift bestaat uit twee delen: deel I bevat de resultaten van materiaal
gericht onderzoek en beschrijft het consolidatie proces en de omvormbaarbeid van een aantal 
snel gestolde aluminium-legeringen. Onderwerp van deel ll is de voorspelbaarheid van 
plastische deformatie en duetiel falen. Snel gestolde aluminium-legeringen worden gebruikt 
voor experimentele verificatie van vloei- en faalcriteria. 

DEEL! 

Het extrusie proces, voor het verkrijgen van onderlinge samenhang tussen snel gestold 
metaal, is onderzocht. De deformatie gedurende het warm extruderen van 'massief' en snel 
gestold aluminiumlint is experimenteel vastgelegd. Tevens is door middel van modelmatige 
consolidatie-experimenten inzicht verkregen in de mechanische parameters die tijdens extrusie 
van belang zijn voor de uiteindelijke hechting. De resultaten geven aan dat de totale 
equivalente deformatie een goede maat is voor de hechting tussen snel gestold lint en dat de 
isostatische spanning waaronder deze deformatie plaatsvindt -binnen grenzen- van 
ondergeschikt belang is. 

De warm-omvormbaarheld van snel gestolde hypereutectische Al-Si-X legeringen is 
onderzocht. Een aantal omvorm-experimenten is toegepast op geëxtrudeerd staf en strip. Uit 
de resultaten volgt dat met name de vorm van de extrusie-matrijs van belang is voor de 
resulterende eigenschappen en niet zozeer de extrusie-verhoudîng. Axi-symmetrische extrusie 
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van staf leidt tot een vezelstructuur, terwijl de extrusie van strip een gelamineerde structuur 
oplevert. De invloed van deze structuren op de omvormbaarheld is aangetoond: de vezel
structuur veroorzaakt inhomogene deformatie aan het vrije oppervlak bij bijvoorbeeld stuiken; 
de gelamineerde structuur is over het algemeen gunstig voor plaat-omvormprocessen: de -
voormalige- grensvlakken tussen stukken snel gestold lint worden hierbij niet of nauwelijks 
belast door een normaalspanning. 

DEEL I/ 

V oor realistische modelvorming van het gedrag van een metallisch werkstuk in een 
omvormproces zijn goede constitutieve vergelijkingen noodzakelijk. Zeker voor aluminium
legeringen betekent dit dat de invloed van anisotropie veelal niet meer buiten beschouwing 
gelaten kan worden. Twee vloeicriteria voor anisotroop materiaal zijn vergeleken. Trek-, 
druk- en buigproeven zijn hiervoor toegepast. De twee vloeicriteria werden toegepast bij het 
voorspellen van het oor-profiel ontstaan door het dieptrekken van een cilindrisch deel. Het 
onderzoek toont aan dat het gebruik van het Barlat [1991] vloeicriterium te prefereren is voor 
aluminium-legeringen. 

Numerieke methoden hebben binnen de omvormtechnologie het doel een sneller 
produkt- en proces-ontwerp te bewerkstelligen: hiertoe worden fysische experimenten 
vervangen door numerieke. De plastische deformatie kan dan binnen een zekere, veelal 
acceptabele, nauwkeurigheid voorspeld worden. Dit geldt over het algemeen niet voor de 
begrenzing van omvormbaarbeid door onvoldoende ductiliteit van een materiaal. Dit gebrek 
aan voorspelbaarheid van ductiliteit geeft probiemen wanneer ductiliteit een kritisch aspect 
is. Dit is zeker het geval voor de snel gestolde Al-Si-X legeringen uit dit proefschrift 
vanwege een hoog volume-percentage secundaire fasen. Door middel van twee casestudies 
wordt een aantal criteria voor het voorspellen van duetiel falen getoetst. Hieruit blijkt dat het 
faalkromme concept, voorgesteld door Hancock en Mackenzie, tot tevredenstellende 
resultaten leidt. Hierbij dient echter te worden opgemerkt dat geen van de geteste faalkriteria 
gebruikt kan worden zonder daarbij rekening te houden met hun beperkingen. De casestudies 
maken echter ook duidelijk dat kwalitatief goede constitutieve vergelijkingen voor 
materiaalgedrag en werkstuk-gereedschap interactie een basisvoorwaarde vormen voor het 
nauwkeurig voorspellen van duetiel falen in complexe omvormprocessen. 
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STELLINGEN 

behorende bij het proefschrift 

Consolidation, Plastic Yield and Fonnability 
of 

Rapidly Solidified Al-Si-X Alloys 

1 Omdat consolidatie en duetiel falen elkaars inverse zijn, zouden 
zij in het ideale geval beide door één model moeten worden 
beschreven. 

2 In een (te) gering volume water gekookte spaghetti of lasagne 
vormt een goede analogie voor de macrostruk:turen, en de 
hieruit resulterende omvormbaarheid, van aluminium flake
extrudaten. 

3 Een model van een omvormende bewerking wordt niet per 
definitie nauwkeuriger door de introductie van anisotropie in de 
beschrijving van ductiliteit of plastische deformatie. 

4 Een uiterst waardevolle test voor de verificatie van constitutieve 
vergelijkingen voor plaatmateriaal is het dieptrekken van een 
relatief dikwandige cup. 

5 Bij bepaling van wrijvings-gedrag door middel van ring
stuikproeven uit geëxtrudeerd aluminium stafmateriaal, dient 
rekening gehouden te worden met de plastische anisotropie van 
het proefstuk. 

6 Een voorwaarde voor de veronderstelling dat geëxtrudeerd staf 
zich in goede benadering axi-symmetrisch orthotroop gedraagt, 
is het gebruik van een ééngats extrusiematrijs. 



7 Voor het met een bijvoeglijk naamwoord aanduiden van een 
streepje boven een sigma of een epsilon verdient 'equivalente' 
de voorkeur boven 'effectieve' omdat het eerste impliceert dat 
er een (of andere) vergelijking aan ten grondslag ligt terwijl 
gebruik van het tweede makkelijker, maar ten onrechte, leidt 
tot de interpretatie dat het hier zou gaan om een of zelfs dé 
spanning of rek die een materiaal fysisch 'voelt' c.q. ondergaat. 

IJ I Van Da/e handwoordenboek van hedendaags Nederlands, Van Da/e 
lexicografie, 1988. 
121 Oxford student's dictionary of current English, Oxford University Press, 
1982. 

8 Ter verhoging van de kwaliteit van sommige commerciële 
televisiezenders verdient het aanbeveling de programmadelen 
tussen twee reclameblokken te verwijderen. 

9 Ook na het openstellen van de vluchtstrook zou de capaciteit 
van de autosnelwegen nog steeds niet optimaal benut worden. 

10 Wanneer er een geldbedrag in onderpand verlangd wordt om 
legaal op locatie te kunnen overwerken wordt het tijd om een 
promotieonderzoek af te ronden. 

11 De naam 'Flippo' voor de nieuwe Europese munt zou vanuit 
een economisch perspectief zinvol geweest zijn, niet alleen 
omdat in dat geval financiële programmatuur geen aanpassing 
behoeft (/1/: fen fl. kunnen immers gehandhaafd blijven) maar 
onder andere ook omdat dan de deugd van het sparen voor de 
jonge generatie beter begrijpbaar zal zijn. 

111 D. de Paepe, De Volkskrant Jn/95 

Roosendaal, januari 1996 Frank Habraken. 


