Diss. ETH Nr. 14803

Development of Al-Si-Mg Alloysfor Semi-Solid
Processing and Silicon Spher oidization Treatment
(SST) for Al-Si Cast Alloys

A dissertation submitted to the

SWISS FEDERAL INSTITUTE OF TECHNOLOGY ZURICH

for the degree of

Doctor of Technical Sciences

presented by

Erhard Ogris
Dipl.-Ing., TU-Wien
born on 26th February 1975
citizen of Austria

accepted on the recommendation of
Prof. Dr. P.J. Uggowitzer, examiner

Prof. Dr. M.O. Speidel, co-examiner
Prof. Dr. S. Virtanen, co-examiner

2002






- to Elke -






ACKNOWLEDGEMENTS

Thisresearch project was carried out from January 2000 to September 2002 at the | nstitute
of Metallurgy of ETH-Swiss Federal Ingtitute of Technology in Zurich, Switzerland, in
collaboration with the Leichtmetallkompetenzzentrum (LKR) Ranshofen, Austria, and
the Salzburger Aluminium Gruppe (SAG). It was part of the K ,s-technology fund pro-
gram and supported by the Federal Republic of Austriaand the County of Upper Austria.

At first I am very much indebted to my supervisor, Prof. Peter J. Uggowitzer, for placing
enough trust in a process engineer to succeed in light metal research eventually. | do not
only thank him for his critical and motivating discussions, the extraordinary cooperative-
ness and support but also for enriching conversations about classical music, historic

novels, and very useful tips for beautiful bicycle tours.

| am grateful to Prof. Markus O. Speidel, the head of our institute, and to Prof. Sannakaisa

Virtanen for being co-examiners.

A big thank you goesto Dr. Helmut Kaufmann as the head of the LK R-Ranshofen for his
support and agreeable collaboration aswell asto Dr. Arne Wahlen who has performed the
FEM simulations.

| would also like to thank our industria partner SAG-AG in Lend (Austria) which
co-funded this research project. In particular the following persons were responsible for
the supply of feedstock material and production of thixocomponents: Ing. Franz Brandl,
Dipl.-Ing. Andreas Kraly, Dipl.-Ing. Hans Luchinger and Dipl.-Ing.(FH) Bernd Wend-

inger.



| also owe my appreciation to many other members of our institute as well as to some
students. Here are the names of those who have substantially contributed to the successful
completion of this particular work: Roger Bachmann, Werner Blattmann, Dr. Markus
Diener, Niklaus Koch, Markus (Bio) Muller, Régis Pittier, Christian Roth, Eduard
Schaller, Christian Wegmann, Torsten Wulff and Pius Zihlmann.

A sincere thank you goes to Simon Kleiner with whom | had the pleasure to share the
room for the most part of my time here. | thank him for many useful critical comments

and helpful discussions aswell as for his special sense of humour.

Last but not least | would like to express my deep gratitude to my parents who encouraged
and supported me in all respects. A very big thank you goes to my sisters (Waltraud,
thanks amillion for reviewing the manuscript and Hedwig, thank you for being my first
medical consultant) and mother-in-law as well as to my great extended family for their

support and constant interest in my work.

Aboveall | owe an extraspecial thank you to my beloved wife Elke, not only for her enor-
mous interest in my work and her critical review of my written English, but furthermore

for her brave and selfless approval of an amost three-year-long weekend relationship.



ABSTRACT

The increasing need of lighter and safer cars is the driving force behind research in the
area of high strength light metal safety part applications. Following the demands of the
automotive industry, safety parts should have a minimum fracture elongation of 15% and
aminimum yield strength of 180 MPa. The huge hurdle for Al-Si cast alloysis the 15%
fracture elongation which can not be reached by conventional sand or die casting, but
some relatively new aternative casting technologies, like thixocasting yield encouraging
ductility values. The development of new ductile Al-Si-Mg aloys for semi-solid metal
forming isthe subject of thefirst part of the present thesis. It isgenerally desired to abstain
from the expensive T6 treatment. During T6 solution heat treatment the silicon fibres
spheroidize and therefore substantially contribute to good ductility values in T6. It is
shown, though, that due to sharp-edged eutectic silicon fibresthe ductility islimited when
no solution heat treatment is applied (T5). Although the effect of silicon spheroidization
has aready been well documented, there are very few statements concerning the entire
process of spheroidization and kinetics. The effect of sole spheroidization on mechanical
properties has not been studied so far. The silicon spheroidization and its influence on
mechanical propertiesis theoretically and experimentally described in the second part of
thethesis. Modelling aswell as experimental investigations of the silicon spheroidization
show that well modified eutectic silicon spheroidizes within minutes of soaking time
between 500°C and 540°C. The application of this Silicon Spheroidization Treatment
(SST) to thixoformed components resultsin outstanding fracture elongation values (up to
18%) at good yield strength level (~230MPa). The influence of SST on static, dynamic
and impact propertiesisalso investigated. FEM simulations of the short high temperature
heat treatment confirm a short processtime for successful SST even for components with
notably variable wall thicknesses. SST has been patented and is successfully applied to

different components and alloysin industrial environment.



Z USAMMENFASSUNG

Der steigende Bedarf an leichten und sicheren Autos ist die treibende Kraft fur die For-
schung an hochfesten L e chtmetallsicherheitsbauteilen. Fir Sicherheitsbauteile wird von
der Automobilindustrie eine minimale Bruchdehnung von 15% und eine minimale
Streckgrenze von 180MPa gewinscht. Fur Al-Si Gusslegierungen ist die grosse Hirde
dabel die Bruchdehnung von 15%, die mit herkdmmlichem Sand- oder Druckguss nicht
erreicht werden kann. Bruchdehnungswerte aus Bauteilen, die mit einem relativ neuen
Semi-Solid Giessverfahren wie Thixocasting hergestel It werden, geben allerdings berech-
tigten Anlass zur Hoffnung, die geforderten Bruchdehnungswerte zu erreichen. Der erste
Teil der vorliegenden Arbeit beschéftigt sich mit der Entwicklung neuer, duktiler
Al-Si-Mg Legierungen fur das Thixocasting, die mdglichst ohne die teure T6 LOsungs-
glthung hergestellt werden sollen (T5). Eine T6 L&sungsglihung sphéroidisiert das
eutektische Silizium und ist somit hauptverantwortlich fir die guten Bruchdehnungswerte
im Zustand T6. Eswird gezeigt, dass die Duktilitdt ohne entsprechende L 6sungsglihung
wegen des scharfkantigen eutektischen Siliziums begrenzt ist. Obwohl der positive Effekt
der Siliziumsphéroidisierung schon lange bekannt ist, wurden die aleinigen Auswirkun-
gen einer Siliziumsphéroidiserung auf die mechanischen Eigenschaften bis jetzt noch
nicht untersucht. Diese Sphéroidisierung des eutektischen Siliziums und ihr Einfluss auf
die mechanischen Eigenschaften ist im zweiten Teil dieser Arbeit Gegenstand theoreti-
scher und experimenteller Untersuchungen. Modellierung und experimentelle Untersu-
chungen ergeben, dass ein veredeltes eutektisches Silizium zwischen 500°C und 540°C
innerhalb weniger Minuten vollstandig sphéroidisiert ist. Die Anwendung dieses Silicon
Spheroidization Treatments (SST) liefert bei Thixobauteilen bestechende Bruchdeh-
nungswerte (bis 18%) bei guter Festigkeit (~230MPa). Weiters wird auch der positive
Einfluss von SST auf andere mechanische Eigenschaften beschrieben. FEM Berech-
nungen bestétigen die sehr kurze SST-Gesamtprozessdauer auch fir Bauteile mit be-
tréchtlich unterschiedlichen Wanddicken. SST wurde bereits patentiert und wird an ver-

schiedenen Bauteilen und Legierungen industriell erfolgreich angewendet.
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1

| NTRODUCTION

1.1 HISTORIC PERSPECTIVE

Since Hans Christian @rsted had succeeded at first in making aluminum on a laboratory
scalein Denmark in 1825 the triumphal procession of aluminum was not to stop. In 1886
the American Charles Martin Hall and the French Paul T. Héroult independently from
each other developed the electrolysis of aluminum oxide dissolved in molten cryolite
[ALT98]. The coincidental invention of the dynamo by Genera Electric and Siemens and
the development of an efficient process that used caustic sodato extract the aluminafrom
bauxite by the Austrian Karl Joseph Bayer in 1892 have substantially contributed to the
mass production of aluminum. However, since pure aluminum is a very soft metal, the
development of numerous aluminum alloysbecame aprerequisitefor their extensivetech-
nical use. Above all the epoch making discoveries of precipitation hardening of aluminum
alloys by Alfred Wilm and the modification of aluminum silicon eutectic by Aladar Pacz

are worth to be considered more closely.

1.1.1 THE STORY OF DURALUMIN

Around the turn of the last century, in 1901, Dr. Alfred Wilm started work to improve the
strength of Al-alloys which then left much to be desired. He joined a government labora-
tory closeto Berlin. With a background in chemistry from Berlin and Géttingen universi-
ties he knew all about the physical metallurgy of his days. He knew that steel can be
hardened if the right compositions were cooled fast enough. So he mixed a very large
number of Al-aloys and quenched them at different rates. To his great frustration many

alloys became even softer the morerapidly they were quenched. The sagaof hisdiscovery
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tellsthat Wilm was a devoted researcher, but a man with other hobbies too. He conducted
many quenching experiments with Al-Cu-alloys with smal amounts of additional
elements on a saturday morning. The sun was shining and so he remembered his other
hobby, interrupted his work and went out sailing on the Havel river for the whole week-
end. On monday morning, first hardness measurements and then tensile tests were re-
sumed of the quenched aloys. To his greatest astonishment, hardness had increased
considerably during the two days and so did the tensile properties. The experiments were
repeated systematically and by 1906 an alloy of Al with 3.5-5.5% Cu, plus less than
1% Mg and Mn was patented [wiL06]. This alloy, named DURALUMIN, is still in use
100 years later [HORO1].

1.1.2 THE STORY OF SILICON MODIFICATION

The commercial attraction of Al-Si cast al-
loysis based on the discovery of modifica-
tion of Al-Si eutectic around 1920 from a
genius named Dr. Aladar Pacz. Pacz who
was born in Csokas, Hungary, on January
11th, 1882 emigrated to the United States
in 1905 where he first became an engineer
at General Electric Company in Cleveland.
Around 1915 he developed a non-offset-

Figure 1.1: Aladar Pacz, deve-
loper of Al-S eutectic modifica-
was obtained by the addition of potassium tion and non-sag tungsten wire.

ting and non-sagging tungsten wire which

to the tungstic oxide. This was the major

breakthrough for the successful development of the incandescent lamp. Pacz | eft the Gen-
eral Electric Company sometime in the early 1920s and established a business to develop
aluminum alloys [woo@)]. There he observed that the brittle aluminum silicon eutectic
changed its morphology from undesired long plates to fine acicular fibres when small
amounts of alkali fluoride or sodium or potassium were added to the melt. In 1921, Pacz
introduced Al-Si aloys containing up to 15% silicon in the United States under the trade
name "ALPAX" [PAC21], and the development of these alloys marked the start of exten-
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sive research on Al-Si alloys and subsequently deliberate investigations of the nature of
the Al-Si eutectic [MAKO01]. As part of the spoils of World War |, the United States were
to receive a dirigible, which would be made by the famous Zeppelin Company at Frie-
drichshafen, Germany. Until that ship was christened in the United States, it was known
as ZR-3; after the christening it became the U.S.S. Los Angeles. The delivery date was
made possible, in part, because of one of Pacz's silicon-aluminum alloys. After the war,
Germany was not in good financial condition, and it could not afford to use copper in its
aluminum alloys. Pacz's alloy, therefore, could be used to some extent in needed castings.
His alloy was used by the French in streetcars and railways, and the Belgians, British and
Germans aso used it. In Germany the alloy was used in motor blocks of the expensive
Daimler car. That car was later renamed after the 10-year-old daughter of the business-

man, Emil Jellinek. Thus, the Mercedes name on an automobile was born [WO0@).

1.2 ADVANCED PROCESSING OF ALUMINUM ALLOYS

For many years the biggest end-use market for auminum has been the transportation
sector with a major share of it going into car manufacturing. More than 80% of present
aluminum applicationsin automobiles are accounted for by cast components, such as gear
boxes, cylinder heads, pistons, and engine blocks [EAA@]. A novel casting process that
has lately been the subject of much attention is thixocasting. The technique takes advan-
tage of the thixotropic properties of some metal alloys in the partly solidified state
[ALT98]. Thixotropy can be derived from the Greek words for ,contact, touch*, and
»change, modification“. Hence, thixotropy describes the property of some materials
becoming fluid when stirred or shaken, and setting solid again when allowed to stand till
[WAHO01]. The cutting test demonstrates the thixotropic behaviour of AISi7Mg aloy in
Figure 1.2. The discovery of this shear rate dependent viscosity for metalsin the solidifi-
cation rangein the early 1970s[SPE71] was the starting point for the development of semi-
solid processing routes for light metal aloys, aso known as , semi-solid metallurgy*

(SSM) or ,,semi solid forming” [WABOQ2].

Over thelast decade or more, the primary driving force for the development and enhance-

ment of semi-solid forming processes has been the automotive industry in its search for
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Figure 1.2: AIS7Mg dug in its semi-solid state can be easily cut with a knife.

energy efficient automobiles. Aluminum and magnesium usage in automobiles, especial-
ly in cast form, has increased dramatically and as a consequence the need for parts of
higher strength and greater reliability has increased. SSM is one of the important pro-

cesses filling this niche [FLEOQ].

One of the major benefits from SSM is the enhanced weldability and heat treatability of
SSM components. Heat treatment is a key process to improve mechanical properties and
durability of metallic components. Its technology is currently facing various challenges
such as environmental impact, energy conservation and the more stringent market needs
such as higher performance, reliability, reduction of car weight, and production costs
[FUN98]. Heat treatment standards currently being used in the cast shops were developed
several years ago and need to be revised to suit current foundry practice [APE9Q0]. Addi-
tionally to traditional heat treatment processes the advancement of new furnace design
and new heat treatment technologies like fluidized bed heat treating [BIC98] or new alter-
native heat treatment procedures will forward effective contemporary processing of alu-

minum components.

The enhancement of mechanical properties via balanced development of both specific
alloys for semi-solid forming and alternative cost-effective heat treatment procedures is

the main object of this particular work.



2

GENERAL ASPECTS

Semi-solid forming provides several advantages compared to conventional forming tech-
niques. In order to satisfy the increasing demands for high-strength and high-ductile light
metal components, specific alloy designsfor semi-solid forming combined with develop-

ment of new competitive heat treatment processes are essential.

2.1 SEMI-SOLID PROCESSING

For semi-solid metal forming (SSM) the following major requirements are necessary:

e The material must have a sufficiently wide temperature range of solidification and a
continuous transition from solidus to liquidus.

e The material must provide non-dendritic, globular c-grains prior to forming.

In alloys which fulfill these prerequisites the viscosity dramatically decreases when the
material is sheared in the semi-solid state (Fig. 2.1).
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Figure 2.1: Schematic breakup of solid Figure 2.2: Thixotropic behaviour of Al
skeleton when sheared [UGG004] . 7075 by backward extrusion [OGRO01].



2 General Aspects

Theinterconnected solid skeleton breaks up resulting in a suspension containing o-grains
and liquid. A semi-solid backward extrusion experiment demonstrates the transition from
solid behaviour to thixotropic behaviour (Fig. 2.2). Dueto laminar filling of the cavity and
lower process temperatures several specific advantages of thixoformed components in

comparison to conventional forming techniques can be indicated (Table 2.1).

Table 2.1: Characteristics of SSM for future exploitation [FLE99].

Characteristic Potential benefit or application

- Higher speed part forming
- Higher speed continuous casting
- Lower mould erosion
Lower heat content than liquid metal )
- Ferrous part forming
- Forming of other high-melting-point materials

- Forming of reactive materials

- Less shrinkage voids
. _ o - Less feeding required
Solid present at time of mould filling )
- Less macrosegregation

- Fine grain structure

- Less entrapped mould gases
- Reduced oxides - improved machinability
- Less mould attack
Viscosity higher than in liquid metals . )
- Higher speed part forming
and controllable
- Improved surface finish
- Automation

- New processes

- Forming of intricate parts
- High speed part forming
- Lower cost part forming
Flow stress lower than for solid metals ) ) )
- High speed forming of continuous shapes (e.g. extru-
sion)

- New processes

Ability to incorporate other materials - Composites

Ability to separate liquid and solid - Purification
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2.1.1 TECHNOLOGIES FOR SSM PROCESSING [FAN0Z]

Technologies for SSM processing can be generally divided into two basic routes: the
thixo-route and the rheo-route. The thixo route is basically atwo step process, involving
preparation of a feedstock material with thixotropic characteristics, then reheating the
feedstock material to semi-solid temperature to produce the SSM slurry which is subse-
guently used for component shaping. The rheo-route involves preparation of a SSM slurry
from liquid alloys by shearing during solidification and transferring the prepared SSM

slurry directly to adie or mould for component shaping.

The objective of feedstock production is to provide a material with a characteristic thixo-
tropic microstructure where a non-dendritic (or globular) primary phase with afine grain
size is uniformly distributed in a matrix of lower melting point. Thixotropic feedstock
production can start either from aliquid alloy through controlled solidification under spe-
cific conditions, or from solid state through heavy plastic deformation and recrystalliza-
tion. Currently, there is little choice in commercialy available feedstock materials, and
aloys are usualy limited to aluminum based materials, mostly A356 and A357 type cast
alloys with 3-6 inch billet diameter, produced by MHD stirring. However, there are a
number of other production techniques which are at different stages of research and

devel opment.

2.1.1.1 TECHNOLOGIES FOR PRODUCTION OF NON-DENDRITIC FEEDSTOCK

Mechanical stirring

Melt agitation is commonly generated by means of augers, impellers, or multipaddle
agitators mounted on a central rotating shaft. The shear offered by the stirrer during soli-

dification promotes the formation of non-dendritic structure.

M agnetohydrodynamic (MHD) stirring

In this technique, local shear is generated by rotating electromagnetic fields within the
continuous casting mould, and continuous billets of solidified non-dendritic alloy can be
produced. Thestirring isdeep in the sump of theliquid, which has previously beenfiltered
and degassed, so that contamination isvirtually eliminated. At present, MHD stirring has
established itself as the most widespread practice for feedstock production. Electromag-
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netic stirring can be achieved through three different modes: vertical flow, horizontal
flow, and helical flow, with the helical mode being ultimately a combination of the verti-
cal and horizontal modes (Fig. 2.3).

a) vertical flow b) horizontal flow c) helical flow

== -

v v

Figure 2.3: Different flow modes of electromagnetical stirring, a) veritcal flow,
b) horizontal flow and c) helical flow [NIE0Q].

In the horizontal flow mode, the motion of the solid particles takes place in a quasi-iso-
thermal plane probably the dominant mechanism for spheroidization. In the vertical flow
mode, the dendrites |ocated near the solidification front are recircul ated to the hotter zone
of the stirring chamber and partially remelted, and therefore thermal processing is domi-
nant over mechanical shearing. The continuous casting is made through either a vertical
or horizontal arrangement, depending on the casting direction in relation to the gravity di-
rection.The major advantages of horizontal continuous casting include better economy,
continuous production, and low investment costs, but the quality of the billet isinfluenced

by the gravity.

Stress induced and melt activated (SIMA) process
An dternative to the liquid agitation route is the SIMA process. This process originaly

developed by Young et al. [Yous3] involves:
a) cold deformation of ahot extruded and quenched billet to induce residual plastic strain.

b) reheating the cold worked billet to a semisolid temperature to produce the globular
structure.

c) thixoforming the billet in its semisolid state.
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This processis based on the scientific understanding that high angle grain boundariesin-
duced by plastic deformation and recrystallization will be wetted by liquid metal at the
semisolid temperature, resulting in afine and globular structure. The SIMA process pro-
duces high quality feedstock for thixoforming and has the potential for wrought alloysand
high melting temperature alloys such as steel and superalloys. However, the SIMA pro-
cess requires plastic deformation and recrystallization of conventionally cast dendritic
materials by thermomechanical treatments that are energy and processing intensive mak-

ing it cost approximately 3-5 times more than the MHD stirring process.

Spray casting

Spray casting (Osprey process) isanother non-agitation process for feedstock production.
In this process molten metal is directed through a nozzle to meet the high pressure inert
gas (nitrogen or argon). The liquid metal stream is atomized by the high pressure gasinto
micrometer sized dropletsthat experience high cooling rate during their flight, the cooling
rate being in the order of 103 K/s. While the large droplets remain fully liquid and the
small droplets solidify during atomization, those of intermediate sizes become semi-solid.
The droplets are collected on a moving substrate and consolidated to form a coherent pre-

form.

Liquidus casting

Liquidus casting, also known as low superheat casting, has been developed recently asan
alternative technique for production of thixotropic feedstock. In liquidus casting, melt
with a uniform temperature just above its liquidus is poured into a mould for solidifica-
tion. The resulting microstructures are usually fine and non-dendritic. Upon reheating, the
liquidus cast microstructure spheroidizes rapidly to produce microstructural features suit-

able for thixoforming operations.

Ultrasonic treatment

Experimentally, it iswell established that application of ultrasonic treatment to a cooling
melt at a starting temperature just above its liquidus can produce effectively a fine and
non-dendritic microstructure, which is suitable for subsequent reheating and thixoforming
operations. Regarding the mechanism for the formation of such fine and non-dendritic

structure, it isnow generally believed that introduction of high power ultrasonic vibration
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into a liquid alloy can lead to two basic physical phenomena: cavitation and acoustic
streaming. Cavitation involves the formation, growth, pulsation, and collapsing of tiny
bubbles in the melt. The compression rate of these unsteady bubbles can be so high that
their collapsing generates hydraulic waves, thus producing artificial sources of nuclei.
The propagation of a high intensity ultrasonic wave involves theinitiation of steady state
acoustic streaming in the melt. When ultrasonic vibration is coupled to the solidifying
metal, the structural changes include grain refinement, suppression of the columnar grain

structure, increased homogeneity, and reduced segregation.

Chemical grain refining

Chemical grain refinement is nowadays a common practice in continuous casting of alu-
minum alloys. This technique has also been considered for feedstock production. In most
cases, aprealoyed wire is proportioned into the hot metal flow into the launder where it
rel eases heterogeneous nucleation agents, usually titanium and boron based. Owing to the
enhanced heterogeneous nucleation rate and suppression of dendritic growth, afine and
equiaxed structure can be achieved. With an appropriate grain refining, such a structure
can a'so be suitable for subsequent reheating and thixoforming. However, chemical grain
refilling is not used alone, but used in conjunction with other feedstock production meth-
ods, such as MHD stirring and liquidus casting. One disadvantage of the chemical grain
refinement method is that nucleation agents are only effective to specific alloy systems,
another isthat in some cases these additives will remain present in the product as nonme-
tallic inclusions, which may impair both the processability of the semifinished stock and

the mechanical properties of the final product.

2.1.1.2 TECHNOLOGIES FOR COMPONENT SHAPING

Thixoforming
Thixoforming is a general term coined to describe the near net shape forming processes

from apartially melted non-dendritic alloy slug within ametal die. If the component shap-
ing is performed in a closed dig, it is referred to as thixocasting, while if the shaping is
achieved in an open dieg, it is called thixoforging. There are two separate stages involved
in the thixoforming process: reheating and forming. Reheating to the semisolid stateis a

particularly important phase in the thixoforming process. Currently, reheating is achieved
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horizontal continuous casting
with MHD stirring facility

sawing into slugs

thixoforging  thixocasting

Figure 2.4: Process scheme of conventional thixoforming [GULO1].

mainly by induction heating, which ensures precise and fast heating, which is necessary
for SSM processing. The forming process takes place either with casting (thixocasting) or
with forging (thixoforging), as schematically illustrated in Figure 2.4. At present, thixo-
casting through horizontal cold chamber die casting isthe dominant process. A robot arm
transfers the semisolid slug into the shot chamber and the plunger injects the materials
into the die cavity by a hydraulic ram. All the thixocasting machines are real-time con-
trolled and thus permit a reaction to possible fluctuation during the forming process. At
this stage, smooth laminar mould filling is the crucia step for the forming process. This
can be achieved by an optimized shot profiletailored for specific alloys and their physical
conditions. Another important aspect during the forming process concerns the design of

the gating system and die cavity and the correct choice of die temperature.

Rheocasting
The process of production of non-dendritic semisolid slurry by shearing during solidifi-

cation has been identified as rheocasting. Although rheocasting wasidentified as the pro-
duction technology at the very beginning of semisolid processing research, it has not been
commercialised to any great extent so far. Thisis possibly because of the poor quality of

the semisolid slurry produced by stirring processes. However, component shaping

-11-
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directly from SSM durriesisinherently attractive dueto its characteristics, such asoveral
efficiency in production and energy management. One of the so called slurry-on-demand
processes is the recently developed new rheocasting ( NRC) process, which was patented
by UBE Industries Ltd [UBE96]. In the NRC process, as shown schematically in
Figure 2.5, adlightly overheated melt liquid metal is poured into specially designed steel

crucibles, which are placed on acarousel next to avertical SQC machine. In the crucible,

Holding < Heat Slurry .
furnace Pouring adjustment inversion Casting

XY

nduction coil

!

biscuit and runner

Figure 2.5: Process stages of the New Rheocast (NRC) Process, schematic [GULO01].

semisolid slurry isformed by controlled cooling through a mechanism similar to the case
of liquidus casting described in Chapter 2.1.1.1. By controlling the slurry temperature
(therefore solid fraction), a stable skeleton of the solid phase isformed within afew min-
utes after pouring. The solid-like slug of cylindrical shape is then heated by induction
heating to homogeni se the dlug temperature before being transferred into the sleeve of the
vertical SQC machine, whereit is cast into its final shape. Since conventional alloys can
be used, NRC offers a significant cost advantage over thixoforming and SQC processes.

A detailed description of the NRC process can be found in [WABO1].

-12 -
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2.2 HEAT TREATMENT OF ALUMINUM ALLOYS

Controlled heat treatment of aluminum alloys can significantly influence properties such
as strength, ductility, fracture toughness, thermal stability, residual stresses, dimensional
stability, and resistance to corrosion and stress corrosion cracking. The main heat treat-
ment procedures are homogenization, annealing, and precipitation hardening involving
solution heat treatment, quenching, and ageing [DAHO01]. A heat treatment and temper des-
ignation system has been developed by the Aluminum Association to describe the

processing of wrought and cast aluminum alloys (Table 2.2).

Table 2.2: Heat treatment and temper designation system for aluminum alloys [DAHO1].

Suffix Treatment

F As-fabricated
@) Anneaed
H Strain hardened by cold work
T Heat treated to a stable condition, excluding annealing (O)
T1l Cooledfrom an elevated temperature forming process (partial solution) followed by natural
ageing
T2  Cooled from an elevated temperature forming process, cold worked and naturally aged
T3  Solution heat treated, quenched, cold worked and naturally aged
T4  Solution heat treated, quenched and naturally aged
T5 Rapidly cooled from elevated forming temperature and then artificialy aged
T6  Solution heat treated, quenched and then artificially aged
T7  Solution heat treated, quenched and overaged
T8  Solution heat treated, quenched, cold worked and then artificially aged (amount of cold
work in % indicated by subsequent digit)
T9  Solution heat treated, quenched, artificially aged and then cold worked
T10 Cooled from an elevated temperature forming process, cold worked and then artificially
aged
W Unstable temper applied for alloys which age spontaneously at room temperature after

solution heat treatment. Only specific if followed by the time of natural ageing.
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2.2.1 HOMOGENIZATION

The as-cast microstructure of direct chill (DC) cast ingots normally displays significant
segregation and supersaturation. Microsegregation in the cast ingots, i.e., segregation on
amicrostructural scale, is manifested by coring in the dendrites and also non-equilibrium
eutectics and intermetallic phases at the grain boundaries. Coring describes the gradual
change in composition from the center to the edge of dendrites and grains. Elements such
as iron, chromium, zirconium, and manganese have a low solid-state diffusion rate and,
therefore, exist in supersaturated solid solution in the aluminum dendrites owing to the
high cooling rates during solidification. The main aim of homogenization is to improve
workability and mechanical properties by dissolving the non-equilibrium brittle interden-
dritic constituents and by providing a more homogeneous structure throughout the ingot.
Homogenization carried out at temperatures between the solvus and the solidus,
~450-600 °C, for extended periods of time, 2-10 h.

2.2.2 ANNEALING

Different types of annealing treatments with different objectives exist depending on the
alloy system and prior processing. Full annealing (O temper) produces the softest, most
ductile, and workable conditions for both heat-treatable and non-heat-treatable wrought
alloys. Reduction or elimination of the strengthening from cold working is accomplished
by heat treating at atemperature between ~250°C and 450°C for times ranging from afew
seconds to several hours. The annealing temperature should not exceed 415 °C to avoid
oxidation and grain growth. Heating and cooling rates must be controlled to avoid precipi-
tation hardening or softening in heat-treatable aloys. Relatively dow cooling is recom-
mended for al alloys to minimize distortion. However, for heat treatable aloys, a slow
cooling ratewill result in the formation of coarse precipitates. Annealing of castingsisnot
common. However, it may be used to provide maximum dimensional stability for elevat-
ed temperature service and a high ductility. When used, the treatment involves 2-4h at
315-345°C to provide the optimum relief of residual stresses and precipitation of phases

formed by any excess solute retained in solid solution in the as-cast state.
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2.2.3 SOLUTION HEAT TREATMENT

Solution heat treatment to achieve the maximum concentration of solute in solid solution
is carried out at a sufficiently high temperature for sufficiently long times to produce a
nearly homogeneous solid solution. The temperature is determined based on the compo-
sition and maximum solid solubility, and is normally achieved by heat treating near, but
below, the eutectic temperature. It isimportant to avoid local melting both during heating,
i.e., heating sufficiently slowly to redissolve nonequilibrium precipitates, and at the solu-
tion heat treatment temperature. Normally, temperature variations within £ 6°C are al-
lowed, but may be even stricter for some high-strength aluminum alloys. Underheating
results in incomplete solution and reduces the strengthening potential of the alloy. solu-
tion heat treatment time depends on mi crostructure, section thickness, and furnaceloading
and can vary from less than a minute to 20h. Generally, the soak times for castings are
longer than for wrought products due to coarser microstructures. Aluminum-silicon cast-
ing aloys in which the eutectic silicon is modified by the addition of elements such as
strontium, sodium, or antimony, undergo rapid spheroidization of the silicon particles,
while complete spheroidization is never achieved in unmodified alloys. solution heat
treatment isnormally performed in air, but molten salt baths or fluidized beds can be used
to obtain more rapid heating. Distortion due to creep must be considered in designing the
furnace loading equipment. High-temperature oxidation causing surface blistering and
rounded pores within the material can result if the solution heat treatment is performed in

an atmosphere with high moisture content and is aggravated by sulfur containing gases.

2.2.4 QUENCHING

Subsequent to solution heat treatment the material must be cooled at a sufficient rate to
retain the solute in solid solution and to retain a high number of vacancies at room tem-
perature. Precipitation during cooling could result in coarse particles that are detrimental
to mechanical and corrosion properties. It also reduces the level of supersaturation and,
therefore, the response to subsequent age hardening. Generally the highest attainable
strength levels, the best combination of strength and toughness, and best corrosion resis-
tance and resistance to stress corrosion cracking are, therefore, associated with the most
rapid quenching rates. The sensitivity of alloys to quench rate and the alowable delay

between solution heat treatment and quenching is determined from quench factor analysis
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which is based on avoiding the tip of the nose of the Continuous Cooling Transformation
(CCT) diagram. Precipitation kineticsis a compromise between degree of supersaturation
and diffusion rate which depend on temperature in opposite ways, resulting in maximum
nucleation and growth occurring over a critical temperature range which is between
290°C and 400°C for most alloys. Quench sensitivity isgenerally higher for higher solute
levels and in alloys containing dispersoids which can act as nucleants for coarse precipi-
tates. Water is normally used as the quenching agent. Components with complex shapes
and with different thicknesses, such as castings and forgings, are often cooled at slower
rates to avoid distortion and excessive residual stresses. This can be achieved by using

water at 65-80°C, boiling water, polyalkylene glycol, forced air or mist.

2.2.5 AGEING

Ageing isthe controlled decomposition of the supersaturated solid solution to form finely
dispersed precipitates in heat-treatable alloys, usually by soaking for convenient times at
one or sometimes two temperature levels. The decomposition is normally complicated
and occurs through several precipitate stages. These finely dispersed precipitates have a
dominant effect in raising yield and tensile strengths, and may also affect other properties
such as corrosion resistance and dimensional stability. The age hardening response of
some aloys is significantly improved by introducing a controlled amount of cold work
prior to ageing. Some alloys retain a supersaturated solid solution and high vacancy con-
centration, without quenching, by rapidly cooling the material after mechanical working
at elevated temperatures. In 1906 Alfred Wilm [wiL06] discovered that hardness and ten-
sile properties of an Al-alloy with 3.5-5.5% Cu had increased after solution heat treat-
ment, quenching and following two-day-ageing at room temperature. In 1939 Guiner and
Preston discovered independently from each other copper-rich zones by means of X-rays
small angle scattering which appeared precipitated in clusters and were named after them
as GP-zones [GUI96]. In order to contribute substantially to an enhancement of strength

three requirements had to be fulfilled in Orowan's theory of 1948:

1. atwo-phase microstructure of the dispersoid type which impedes motion of disloca
tionsin the matrix,

2. particle diameters and spacings not much larger than atomic size b: §,<<100b,

3. particles strong enough to promote looping of dislocations without being sheared:
de<d,.
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Theforce F which aparticleisableto

I | sustain depends on its intrinsic
| I'—SeT’l | strength and on the particle diameter
V7 (Fig. 2.6). Bypassing must take place

WE AK A STRONG for

F>G-b° (2-1)
For coherent, ordered particlesF=C.y
d

dy (v = energy of the antiphase do-

main boundaries) and consequently

Figure 2.6: Force F exerted on particle by Gb?
looping dislocation, schematic [HOR01] . d. = C.-— (2-2)

the critical particle diameter follows

C isageometrical factor given by the shape of the particle. The other extreme case is a
non-coherent particle with ahigh shear modulus G4. A dislocation has to be recreated in

order to shear the particle. Its critical diameter is consequently very small:

_ 4nbG,
.=
Gg

(2-3)

The coherent case would be representative for a* particlein Al-Si-Mg alloys. Hard non-
coherent particles are Si or B-Mg,Si equilibrium phase. The condition dy>d. limits the
applicability of Equation (2-4) which expresses the increase in yield stress due to disper-

soid particles Aoy

(2-4)

where Sisthe spacing of the particle center. S= S for small volume fractions f < 1%,

which are customary in Al-alloys [HORO01].
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2.2.5.1 NATURAL AGEING

Natural ageing refers to the decomposition of the solid solution that occurs at room tem-
perature. Most alloys age harden at room temperature and some alloys decompose over a
few daysto yield stable and adequate properties for many applications. Natural ageing is
practised industrially with alloys that display the most significant changes in microstruc-
ture and properties over a period of afew days ( < 4 days), while the subsequent changes
are minor. Other alloys can continue to naturally age for many years. During natural age-
ing the high level of supersaturation and the high vacancy concentration causes rapid for-
mation of clustersor coherent stable Guinier-Preston (GP) zones. In some alloys, notably
the 2xxx series alloys, the ageing response is greatly improved by cold working the re-

cently quenched material, i.e., T3 and T4 treatments are common for these alloys.

2.2.5.2 ARTIFICIAL AGEING

Artificial ageing involves decomposition at elevated temperature, normally in the range
of 100-200°C, for times between 2h to 48h. Multiple ageing treatments can aso be used.
The artificial ageing treatment is designed to produce optimum size, distribution, consti-
tution and morphology of precipitates and amount of solute in solid solution. Hardening
is often obtained from partially coherent precipitates. Temperature control during artifi-
cial ageing isimportant while there are often large tol erances on treatment time. Pai ntbak-
ing operations of many products are often performed in the artificial ageing temperature
range and can result in significant hardening. The T6 temper normally yields the highest
practical strength combined with useful engineering performance with respect to other
specific requirements. Castings have the highest combination of strength, ductility, and
toughnessin the T6 temper. The T5 and T7 (overageing) treatments are more commonly
used for castings than for wrought products. Overageing often involves heat treating at
higher temperatures to carry the alloy beyond the maximum strength level. It resultsin
lower strength and hardness than the T6 temper but yieldsimproved dimensional stability
during eleva-ted temperature service. The level of residual stressis reduced during artifi-
cial ageing, ranging from 10% to 35% for T6, while T7 provides even more substantial
reductions. Although the alloys are suitable for age hardening, thermal treatments are nor-
mally not beneficial to the mechanical properties of high pressure die-castings, owing to

problems such as blistering from entrapped air.
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2.3 THE Al-S EUTECTIC

TheAl-Si systemisasimple binary eutectic with limited solubility of aluminum in silicon
and limited solubility of silicon in aluminum. The solubility of silicon in aluminum reach-
esamaximum 1.65 at.% at the eutectic temperature, and the solubility of silicon increases
with temperature to 0.016% Si at 1190 °C [MAKO01]. Figure 2.7 depicts the contemporary
Al-Si phase diagram, calculated with Thermo-Calc.
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Figure 2.7: Smple binary phase diagram of Al-S.

There is only one invariant reaction in this diagram, namely

Lso+p (2-5)
In Equation (2-5), L isthe liquid phase, ris predominantly aluminum, and Sis predomi-
nantly silicon. It is now widely accepted that the eutectic reaction takes place at 577°C

and at asilicon level of 12.6%. Fig. 2.7 shows that the Al-Si eutectic can form asfollows:

1. directly fromtheliquidinthe case of asilicon concentration of 12.6% (i.e., for eutectic
Al-Si dloy),

2. inthe presence of primary aluminum in the case of silicon contents <12.6% (i.e., for
hypoeutectic Al-Si aloys), and

3. inthe presence of primary silicon crystals in the case of silicon contents >12.6% (for
hypereutectic Al-Si alloys).
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Eutectic microstructures can be fibrous or lamellar, regular or irregular (Fig. 2.8). The
conditionisthat one phase must always have alow entropy of fusion, sothat AS , < 2R.

At high volume fractions of both phases (f = 0,5), a Situation which is encouraged by a
symmetrical phase diagram, there is a marked preference for the formation of lamellar
structures (e.g. Pb-Sn). On the other hand, if one phaseis present in a small volume frac-
tion, there is atendency to the formation of fibres of that phase (e.g. Cr in NiAI-Cr). Asa
rule of thumb, one can suppose that when the volume fraction of one phase is between
zero and 0.25, the eutectic will probably be fibrous, especialy if both phases are of non-
faceted type. If it is between 0.25 and 0.5, the eutectic will tend to be lamellar. If both
phases possess alow entropy of fusion, their growth iseasy on al crystallographic planes
and the resultant structures are regular (non-faceted/non-faceted eutectic). Fibres will be-
come faceted if one phase has a high entropy of fusion or when interfaces having a mini-
mum energy exist between the two phases. When the low volume fraction phase possesses

a high entropy of melting, as do Fe-C and Al-S, the eutectics are of non-faceted/faceted
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Figure 2.8: Types of binary eutectic morphology, seen in transver se cross-section
[KURS6]. o= A4S/ R, where AS denotes the entropy of fusion and R the universal

gas constant.

-20-



2 General Aspects

type and the microstructure is usualy irregular. Even though the volume fraction of sili-
con inthe Al-Si binary isless than 0.25, the typical Al-Si eutectic is closer to alamellar
structure than to afibrousone. Thisisusually attributed to the strong anisotropy of growth
of silicon and to the relatively low interfacial energy between silicon and aluminum
[KURSS].

2.3.1 MODIFICATION OF THE Al-Si EUTECTIC

Aladar Pacz discovered in 1921 that: "When normal Al-Si aloys are treated after ssimple
melting with an akali fluoride or with sodium or potassium, so-called , modified* aloys
result. In the case of thenormal aloys, thesilicon occursasrelatively large plates and nee-
dles, while in the modified ones the silicon is in a state of high dispersion”. The prepara-
tion of both normal and modified has been patented by Pacz and by the Aluminum
Company of America(ALCOA) [PAC21]. Now it iswell established that the Al-Si eutectic
can exhibit either of two morphologies an unmodified and a modified morphology. The
unmodified morphology is typically coarse and flaky and is usually observed in slowly
cooled foundry alloys when no chemical modifiers are added. The microstructure of an

unmodified Al-Si eutectic is shown in Figure 2.9.

Figure 2.9: Unmodified Al-S Figure 2.10: S-modified Al-S
eutectic. eutectic.

In chemically modified alloys or at relatively fast cooling rates, such asin chill casting,
the Al-Si eutectic is much finer and the silicon assumes fibrous morphology as shown in
Figure 2.10. It should be noted however that the growth mechanism of silicon in the chem-

icaly modified aloy is quite different from that in the chill cast alloy.
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In 1987 Lu and Hellawell conducted detailed TEM studies on impurity modified silicon
fibres in order to document their growth mechanism. Lu and Hellawell [Lu85] observed
significant twinning in the flake morphology and the impurity modified fibres, but not in
the quench modified fibres. Moreover, they observed that twinning in the impurity mod-
ified fibres was more frequent than in the silicon fibre with flake morphology. Based on
these observations they concluded that silicon in the flake morphology grows predomi-

nantly by the layer mechanism illustrated in Figure 2.11. According to the impurity in-

GROWTH DIRECTION

t— STEP MOTION

§,<2rc £,>2Tc

Figure 2.11: Schematic representation for Figure 2.12: Schematic branching in sili-
adsorbing of impurity atoms at monolayer ~ con flakes[LU87].
steps on a growth interface, r.. is some cri-

tical dimension for layer extension [LU87].

duced twinning theory [LU87], chemical modifiers are impurities that poison aready
growing atomic silicon layers by becoming adsorbed onto surface steps and kinks thus
preventing the attachment of silicon atoms to the crystal. Furthermore, the adsorbed im-
purity atoms induce twinning by altering the stacking sequence of atomic layers as the
newly added layers seek to grow around the adsorbed impurity atom. Thus, during growth
of the fibrous eutectic the fibres branch frequently (Fig. 2.12), with a wide range of
branching angles, in order to maintain optimum interphase diffusion distances at the solid
liquid interphase [HOGS87]. Lu and Hellawell assumed a face centered cubic structure and
calculated the ratio of impurity atom radius (r) to matrix atom radius (r) that is required
for impurity induced twinning and found it to ber;/r=1.6457. Analysis for sodium in mod-
ified Al-Si aloysvia Auger electron spectroscopy and via el ectron microprobe measure-
ments show that sodium segregates in the silicon fibres and in the aluminum matrix,
which seemsto validate the impurity induced twinning theory. It isinteresting to note that

sodium, which has less than the ideal radius ratio for eutectic modification as predicted
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by the impurity induced twinning theory, is a better modifier than ytterbium and calcium,
which are very close to the ideal radius ratio. Moreover, lithium, which is much smaller
than the ideal radius ratio modifies the silicon morphology when added in large concen-
trationsto Al-S aloys[MAKO1]. Figure 2.13 illustratestheratio of atomic radii for various
elements and their reported effect on the Al-Si eutectic.

2.5
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Si Al Mg Ba Sr Eu Ca Yb La Na Ce Pr Nd Sm Y

Figure 2.13: Optimal ratio of atomic radii for impurity induced twinning after the
model of Lu and Hellawell [LU87] and reported modification level for different ele-
ments. (References: Mg [JOE91], Ba, Yb, Y [KNUO1], S [CLO81, CLO82, VEN91, HAQ94,
SHI98], Eu, Pr, Nd, Sm [QiY81], Ce [QIY8l, ROB98], Na [PAC21, KIM63, VEN91],
La[KIM63, BAC83], Sb [MEY74, KNUO01], Ca (+) [KNU01], Ca (+/-) [KIM63, ABD9S]).
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2.4 MICRO- AND MACROSEGREGATION

Segregation terms the demixing of elements as a result of non-equilibrium states during
solidification. It occurs as a consequence of the different solubility of these elementsin
the solid and the liquid phase, respectively. These segregations remain for the most part
present even after complete solidification. Furthermore, segregation is highly influenced
by mass transport phenomena (e.g. diffusion) in the solid phase and in the liquid phase.
Segregation can be seen as short range (micro) segregation and long range (macro) seg-
regation. Concentration differences of the latter are in the order of the component and re-
main unchanged even after long-term heat treatment. Short range segregations are in the
order of the grainsand can mostly be eliminated by a homogenization heat treatment. Dif-
ferent models have been developed for long and short range segregation [SAH99], respec-

tively, of which the following is arelevant abstract.

2.4.1 EQUILIBRIUM SOLIDIFICATION (LEVER RULE)

Asthe solidification proceeds under the equilibrium condition, the solute compositionsin
the solid, cg, and the liquid, ¢, vary along the solidus and liquidus lines, respectively
(Fig. 2.14). Theratio cg / ¢ is referred to as the equilibrium partition or distribution
coefficient, k [ASM8s].

kCO Cs Co CL

Figure 2.14: Smplified phase diagram of a binary eutectic system, k = cg/ ¢, .
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In the equilibrium condition, there isideal diffusion in the solid and complete mixing in
the liquid (Dg = o, D, = ). A liquid with a initial concentration, cy, solidifies at
T=T_ withasolid fraction of k - ¢, . The mass balance which remains effective during the

whole solidification process can be written to

where fg and f, denote the fraction of solid and liquid phase, respectively. With
fg=1- f_ for the considered one-dimensional solidification and k=cg/c; Equation (2-6)
yields

kg

-0 27
1 (1K) fg 7)

Cs
aso known as the law of lever. On the basis of the smplified phase diagram in
Figure 2.14, arelationship between the liquid fraction, f , and the temperature, T, can be
written to

= 1-fo=1- = 1- 2-8
fii=l-fs=1 (1-k)c, ! (1-k)(Ty-T) 9

2.4.2 NON-EQUILIBRIUM SOLIDIFICATION (SCHEIL-MODEL)

The boundary conditions for thismodel are no diffusion in the solid and complete mixing
in the liquid (Dg = 0, D, = ). The solidification starts again at T=T, with a solid
fractionof cg = k- ¢,. However, no diffusioninthe solid effectuates that csremains con-
stant in a discrete area during solidification. Solely at the solid/liquid interface a local
equilibriumof ¢ = k-cf isformed. With achange of the solid fraction dfg the dif-
ference ( c*[ - cz ) leadsto auniform increase of the concentration dc;_in the remaining
melt (1-fg). The mass balance therefore is

(¢ —ct )dfg = dc (1-fg) (2-9)
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Integration of Equation (2-9)

CL

fs
f dc, df

(1-k)c_ Il—fs

Co 0

(2-10)

with the boundary condition ¢, = ¢y at fg= 0 yields Equation (2-11), commonly known

as Scheil’ s equation:

ct = ko (1-fg ™ (2-11)

Rearrangement of Equation (2-11) with the aid of relationshipsillustrated in Figure 2.14,

adependence of liquid fraction, f , from temperature, T, can be indicated as follows:

fl= 1-fg = (z—;)k_l - (TM_T)H (2-12)

2.4.3 SOLIFICATION FROM SEMI-SOLID STATE

New boundary conditions for Equation (2-9) must be set if the liquid solidifies from the
semi-solid state. Assuming equilibrium condition at fg= 0.5, the new boundary condition
arecy= (c tcg)/2at fg= 0.5[UGG00L]. | ntegrating Equation (2-9) with the boundary con-

ditions for semi-solid solidification gives:

0,5Scheil

1
Ty — T)(k+1) k-1
fg w) ! (2-13)

= 1-05 ( 2m, ¢,

This model can be used to estimate the amount of unexpected eutectic due to non-equi-

librioum solidification from the semi-solid state. However, the model only works properly

under the assumption of linear solidus and liquidus lines, respectively.
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2.5 MULTIPARTICLE DIFFUSION - OSTWALD RIPENING [GL100]

Almost a century ago the chemist W. Ostwald observed that the solubility of a substance
introduced as particles into an otherwise saturated solution was dightly greater for fine
particlesthan coarse ones. The enhanced solubility of fine particles or dropletsin asecond
continuous phase leads to the growth of the larger particles at the expense of the smaller

- aprocess generically termed Ostwald ripening (Fig. 2.15). The phase separation result-

.. .. ‘ ‘ . o
. %'e
L) @

* —>

Figure 2.15: Ostwald ripening (schemtaic): Larger particles grow at th expense of the
smaller particles [MAS95].

ing from curvature-induced solubility changes and the competitive multiparticle diffusion
in solid and liquidsistermes microstructural phase coarsening. The diffusivetransport is
driven by the chemical gradients surrounding each particle. Multiparticle diffusion re-
quires both the enhancement of solubility with curvature, and the transport of species
through the host matrix between the particles. The basic theory of coarsening was deve-
loped by Lifshitz, Slyozov and Wagner, which is known as the LSW theory [KUC72]. The
main result from the LSW theory is that the mean volume of particles grows proportional
to time:

R-RG = g = Kt (2-14)
where R, denotestheradiusRat t = O, D isthe diffusion coefficient, o the specific inter-
facial energy, Q the mean atomic volume, c_ the equilibrium concentration in the

matrix, and kg Boltzmann's constant [SAH99].
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2.5.1 INFLUENCE OF CURVATURE ON SOLUBILITY

The chemical potential of asolute ug at a curved interface relative to the chemical poten-

tial at a planar interface, ug , isgiven by
ug(H) = pg+RyT - Inag(H) , (2-15)

with H as the mean curvature. Chemical potential changes at curved interfaces induce
dlight shifts in the phase equilibria in the free energy-composition diagram, Figure 2.16.
These shifts cause corresponding changes in the activity a(H) or equilibrium solubility.
The solubility change resulting from the curvature is known as the Thomson-Freundlich
effect. For the small changesin the concentration caused by phase curvature, the ratios of

the activity and the composition are approximately equal:

aB(H) - C(H) (2_16)
0 "~ ¢
ag planar

The Thomson-Freundlich effect shows that local concentration differences arise in any
polydisperse collection of particlesin local equilibrium with a matrix phase. The solubil-
ity of B atoms saturation the matrix of o~phase surrounding a spherical particle of f-phase
with a mean curvature much smaller than the reciprocal capillary length,

H<<I' = (2yQ/R;D)™, may belinearized as

(%TZH) 2vQ
cg(H)=cg-e A ch(1+§Y—T : H) (2-17)

where cg denotes the bulk solubility in the o-phase at a planar o—f interface (H=0). The
small solubility increase depicted for the curved particle (dashed curve in Fig. 2.16) is
found from Equation (2-17) as

Cg(H)-Cg _ 2Qy
Cg Ry T

H = 9(R) (2-18)

where y isthe o~ interfacial energy and Q the mean atomic volume. The capillary dif-

fusion potential, 9(R) , representsthe equilibrium interfacial values of the dimensionless
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Figure 2.16: Free energy versus composition for planar (solid curves) and curved inter-
faces (dashed curve). (Not to scal€) [GLI00].

potential in the matrix at the o~ S interphase of a spherical S particle of radius R. Because
of the complexities of the diffusion field, the diffusion problem isreduced to that of asin-
gle, isolated spherical grain, which imposes the following boundary conditions on the dif-

fusion potentia in the surrounding a matrix:
1
(g = 5 (2-19)

1
B(Djim r 5w = @ (2-20)
The boundary conditions shown in Equation (2-19) and Equation (2-20) are consistent
with the assumption that each particle interacts with the average diffusion potential

1/(R), established by the total population of spherical particles dispersed throughout the
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matrix. This assumption, known as the mean-field approximation, precludes direct inter-
actions among the individual particles. Figure 2.17 depicts the mean-field boundary con-
dition schematically. The average diffusion potential sensed far away from each

»isolated” particle isthat of the average particle, with the average curvature 1/ (R).

A S

a-phase
39=1/R

N 8o =1/<R>

e e e e e e e e e e e e e e e e e e e e e e

Figure 2.17: Diffusion potential surrounding an isolated spherical particle embedded
in a matrix containing a population of particles with an average radius (R) [GLI00].

The solution to the quasi-static diffusion equation
V23(r) = 0 (2-21)

for a given particle with the boundary conditions specified in Equation (2-19) and Equa-
tion (2-20) is given by the spherically symmetric solution

1 R 1
LA B 2-22
V() r(l <R>)+<R>. (2-22)
A normalized graph of the diffusion potential for particles with various radii is shown
plotted in Figure 2.18. Note that the average-sized particle has a normalized radius equal
to unity; the gradient surrounding this particleis, on average, zero. This condition is con-
sistent with the mean-field approximation. The instantaneous average particle neither

grows nor shrinks, becauseit isin momentary local equilibrium with the matrix phase dif-

-30-



2 General Aspects

R=0.25

Diffusion Potential, 9 (r, R/<R>)

Figure 2.18: Diffusion potential ¥(r) for spherical particleswith various radii versus
normalized radial distance. Radii and distances are expressed in units of the average
radius (R) . The critical particle R = (R) separates the population of smaller

shrinking particles, surrounded by negative gradients, and larger growing particles,
surrounded by positive gradients [GLI00].

fusion potential. Therate of growth (or shrinkage) of the particleisrelated to the diffusion
potential gradient at the interphase:

o

-k ROVR

If Risthe dimensionless particle radius, defined in the boundary condition of Equation

(2-19), the expected growth or shrinkage rate is given by the mean-field kinetic equation
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Equation (2-24) isthe main result obtained from mean-field theory. It showsthat particles
larger than the average are expected to grow, whereas particles smaller than the average

are expected to shrink.
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ALLOY DESIGN

Alternative processes like thixoforming mostly evoke a certain need for new materials.
The thixoforming process occurs in the semi-solid range, i.e. at totally different tempera-
tures than conventional forming techniques like forging or casting. Thus, diffuson and
solubility of significant elements are different. This might open anew process window for

alloys specifically developed for semi-solid processing.

3.1 EXPERIMENTAL PROCEDURE

3.1.1 THERMODYNAMIC CALCULATIONS

Thermo-Calc Version M was used for thermodynamic calculations. Thermo-Calc is a
databank for inorganic chemistry and metallurgy developed at the Division of Material
Science & Engineering of the Royal Institute of Technology in Stockholm. It isrestricted
to equilibrium calculations but it is possible to use Thermo-Calc asa subroutinefor simple
simulations of for example non-equilibrium Scheil-Gulliver solidification which was
used in this work. For equilibrium calculations the POLY 3 modulus with a special Al-
database was used. With POLY 3 it is possible to calculate many different kinds of equi-
libriaand diagrams, in particular multicomponent phase diagrams. Special databases have
been fed by alarge quantity of datafor thermochemical quantitiesand chemical equilibria
which has been determined experimentally. These databases contain the expressions re-
lating the Gibb* s energy of each phase to the temperature, pressure and constitution of the
phase [SUN97].

3.1.2 CHEMICAL ANALYSIS

The chemical composition was determined at AluLend GmbH with a spark spectrometer
Spectro - Lab M8 of Spectro-Analytical Instruments. The values are mean values of three

measurements.
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3.2 THE SysTeM Al-Si-Mg,

Among commercial aluminum casting alloys those with silicon as the major alloying el-
ement are the most important, mainly because of their excellent casting characteristics.
Additions of Si to pure aluminum impart high fluidity, good feeding characteristics, low
shrinkage and good hot cracking resistance. The properties of aluminum-silicon aloys
make them very popular in various applications including the automotive, aerospace and
defence industries. The high strength to weight ratio is one of their most interesting cha-
racteristics. As the density of Si is 2.3 g/cm?, it is one of the few elements which may be
added to aluminum (2.7 g/cm3) without loss of weight advantage [PAR00]. Aluminum-si-
licon aloysthat do not contain copper additions are used when good castability and good
corrosion resistance are needed [DAV93]. Magnesium can act as a substitute for copper.
Magnesium and silicon can form the intermetallic hardening phase Mg,S which preci-

pitates in the a-aluminum matrix and increases the yield strength.
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Figure 3.1: Pseudo-binary section of the system AISMgO0.3.

Due to their excellent castability and good strength-ductility ratio, AIS'7Mg(0.3-0.4)
(A356, EN-42100, THIXALLOY®630) and AISi7Mg(0,45-0.7) (A357, EN-42200,



3 Alloy Design

THIXALLOY®650) are both standard alloys for light metal cast components. Figure 3.1
illustrates a pseudo-binary section through the system AISIMg0.3. The temperature
interval of solidification isabout 60 °C and the semi-solid forming temperature, Tsg, at a

liquid and solid fraction of ca. 50% can be detected to ~580°C.

3.2.1 INCREASING OF Mg CONTENT

It isawell known fact that the yield strength can be increased by an increase of alloyed
Mg [WIL11], [RAVI8], [CAC99]. The maximum amount of Magnesium which can be dis-
solved in o-aluminum at simultaneous presence of Si and Mg,Si is between 0.45 wt%
(Fig. 3.3) and 0,75 wt% (Fig. 3.4) at 555°C. Magnesium which cannot be dissolved in the
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Mg content,c,,,, [wt%6] temperature, T, [°C]

Figure 3.3: Pseudo-binary section of ~ Figure 3.4: Solubility of Mgand S in oy
the system AIS7Mg. with concurrent presence of Mg,S and S
in equilibrium [APE90].

matrix is available for the formation of undesired intermetallic compounds. Impurities
likeiron, which isthe most deleteriousimpurity for AISIMg alloys, form variousinterme-
tallic compounds with Si and Mg such as a(Fe,SiAlg), B(FeSiAls) and t(FeMgsSigAlg).
Among these compounds, the formation of plate shaped B compounds reduces the me-
chanical properties, particularly ductility and fracture toughness. The size and the volume
fraction of the 3 plates depend strongly on the Fe content, solidification rate [RAV98] and

level of modification [PEN98]. The -phase - n-phase transformation is dependant of the
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Mg content. As long as B-FeSiAlg is the Fe bearing phase all the Mg will bein solid so-
lution. Further additions of Mg will first lead to transformation of the B-AlFeSi into mt-
FeMgsSigAlg, whilethe concentration of Mg in solid solution stays constant. When all the
B-FeSiAls has been transformed, additions of Mg will giveincreased Mg in solid solution,
with n-FeM g5SigAlg as the only Fe-bearing phase [DONO0Q]. Taylor et al. report atransfor-
mation of r-phase to B-phasein low Mg alloys (0.3-0.4%). In aloys with higher Mg con-
tent (0.7wt%) the larger m-phase particles are more dominant [TAY00]. While sharp edges
of B-FeSiAl5 plates act as stress raisers with detrimental consequences for the ductility,
the t-FeM g3SigAlg phase has |ess negative effect on the ductility, because larger amounts
of Mg are consumed in forming these constituents and therefore the amount of Mg avail-
able for forming Mg,S precipitates is reduced, resulting in softening of the matrix
[RAVOS].

Recent semi-solid light-metal research activity hasfocused on increasing strength without
any high temperature heat treatment (T5) [GAR99]. Componentsin T5 are artificially aged
directly after fabrication without any solution heat treatment. It is important to note that
T5 hardening can only be obtained by Mg and Si that isalready in solid solution in the as-
cast condition. While silicon is abundant in Al-Si cast aloys, magnesium is the crucia
element for optimal precipitation of Mg,Si. As depicted in Figure 3.5, the Mg concentra-
tion in a-aluminum, ¢y, a semi-solid forming temperature, Tsg, of conventional A356
aloy is low. However, increasing the Mg content of the aloy up to 0.8 wt% leads to a

significant improvement of Mg concentration in o-aluminum.
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Figure 3.5: Change of S- and Mg-concentration in e~Aluminum of AIS7Mg at 580 °C
with increasing Mg content, cal culated with Thermo-Calc (equilibrium).
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Scheil smulations of AISi7 alloy with 0.3, 0.6 and 0.8 wt% Mg show that the eutectic
temperatureis slightly lowered with increasing Mg content (Fig. 3.6). At semi-solid form-
ing temperature of 580°C each alloy consists of approximately 55% liquid and 45% solid

phase.
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Figure 3.6: Scheil simulation of AIS7with  Figure 3.7: Temperature dependence of
various Mg contents. Mg-concentrationin o~-Aluminum of AIS7

with various Mg contents.

The result of equilibrium calculations of Mg content in o.-aluminum with respect to the
temperature shows Figure 3.7. During reheating of the slugs to the semi-solid temperature

of 580°C AISI7Mg0.8 can dissolve much more Mg in the o-aluminum matrix than the

standard alloys A356 and A357, respectively.

From Fick's law the diffusion path is given by

x = JD-t (3-1)

where D denotesthe diffusion coefficient and t the diffusion time. Considering 5 min ho-
mogenization time of the slugs at semi-solid temperature level of 580°C, it can be seenin
Figure 3.8, that the diffusion path at 580°C for Mg yields about 70 um. Assuming amean
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Figure 3.8: Mean diffusion path of Mg and S in e~aluminum at 540°C and 580°C.
D calculated from Dy g = 2.48 [cn?/s], Epg = 137 [kJ/imol], Dgpg=1.24 [cn/s],
EA,Mg = 113 [kJ/mOI] .

grain size of ~100 um it becomes clear that the reheating stage of the thixocating process
seems to be suitable to bring Mg in solid solution. Hence the alloy with 0.8 wt% Mg
should be able to precipitate more of the hardening phase Mg,Si in o-aluminum when

artificially aged directly after fabrication than A356 or A357, respectively.

The chemical composition of alloys with increased Mg content isgiven in Table 3.1.

Table 3.1: Chemical composition of A356 and A357 and AIS7Mg0.8 in wt%.

Alloy S Mg Fe Mn Cu Ti Be S Al

AIS7M@g0.3 7.15 032 0.15 0.017 0.004 0.086 0.002 0.031 bal.
AIS7Mg0.5 6.88 053 0.16 0.009 0.005 0.064 0.002 0.031 bal.
AlIS7Mg08 7.1 0.79 0.15 0.010 0.005 0.08 0.001 0.028 bal.
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3.2.2 LOWERING OF Si CONTENT

Scheil smulationsin Figure 3.9 clearly illustrate that by reducing the Si content from 7%
to 5% the amount of eutectic phase can be lowered. While AISi7Mg0.8 contents ~50%
eutectic phase, its amount can be decreased to ~42% (AISI'7TMg0.8) and ~33%
(A1SI5Mg0.8). Concurrently the amount of ductile o-aluminum phase isincreased which
might lead to the assumption that the total ductility of the alloy will beincreased. The con-
centration of Mg in a-aluminum at semi-solid temperature, Tsg (f =fs=05), IS Slightly
increased with decreasing Si content (Fig. 3.10).
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Figure 3.9: Sheil simulation of AIMg0.8  Figure 3.10: Temperature dependence of
with various S contents. Mg-concentration in a-Aluminum of
AlMg0.8 with various S contents.

3.23 Mn ADDITION

Manganese is used by the foundry industry to impede the sticking of the aloy to the
mould. Addition of 0.6% Mn is also reported to improve the fracture toughness of
AlSi7TMg aloys [v0Jo1]. In order to investigate the influence of different Mn additions
AlSI5Mg0.8 with either 0.4 wt% and 0.8 wt% Mn was produced. The chemical composi-
tion of alloyswith reduced Si content can bee seenin Table 3.2.
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Table 3.2: Chemical composition of alloys with reduced S content and Mn addition in
wt%.

Alloy S Mg Fe Mn Cu Ti Be Sr Al
AlSi7TMg0.8 71 079 015 0.010 0.005 0.08 0.001 0.028 bal.
AlSi6Mg0.8 6.01 0.80 0.13 0.008 0.005 0.07 0.001 0.031 bal.
AlISI5Mg0.8 486 0.79 0.11 0.007 0.004 0.06 0.001 0.028 bal.

AlS5Mg0.8Mn04 533 0.79 0.14 039 0.004 0.06 0.002 0.029 bal.
AISI5Mg0.8Mn0.8 529 0.82 0.16 0.78 0.004 006 0.002 0.027 bal.

3.3 THE SysTeEM Al-Mg,-Siy

Die cast components are net-shape components with a complex geometry and thin wall
thickness. During solution heat treatment and especially during quenching distortion can-
not completely be avoided. A few years ago a new die casting alloy was invented which
fulfilled the desired strength and especially ductility requirements for many components
without any heat treatment [KOC98]. The alloy Magsimal59 with the chemical composi-
tion AIM@g5.5Si12Mn is reported to reach 185 MPayield strength and 18% fracture elon-
gation in the F state [FRA98].

Figure 3.11 shows a pseudo-binary section through the system AlSi2Mg. The hatched
area coversthetolerance of Mg content of Magsimal59. Theliquid alloy solidifies direct-
ly into the o+Mg,Si area. The result is a very fine eutectic containing predominantly
Mg,Si and AlgMn phases which ensures a high ductility. The isothermal section of the
system AISIMg at 587°C (Fig. 3.12) which isjust below the eutectic temperature, Tg =
599°C, makes clear that the chemical composition of Magsimal59 must deviate from the
quasi-binary composition in order to avoid the three phase area L+o+Mg,Si area during
solidification. In fact the point where the solidification range of o5 -Mg,S eutectic equals
zero does not lie on the quasi-binary line of o -Mg,Si with strict stoichiometric compo-

sition ratio (wMg/wsi =1.71), but it shiftsto the Mg-rich side [LI 97].
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Figure 3.11: Pseudo-binary section
through the system AlS 2Mg.
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Figure 3.12:Position of Magsimal59 in the
isothermal section of system AISMg at
587°C.

An aluminum alloy with 5 wt% Si and 1.75 wt% Mg shows a similar interesting solidifi-
cation behaviour (Fig. 3.13). This alloy solidifies directly from the L+S area into the

o+Si+Mg,Si area.
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Figure 3.13: Pseudo-binary section
through the system AIS5Mg.
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Figure 3.14: Position of AIS5Mgl.75 in
the isothermal section of system AISMg
at 556°C.
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3 Alloy Design

The temperature range of solidification of ~75°C is more than sufficient for semi-solid
forming.The isothermal section in Figure 3.14 just above the eutectic temperature,
Te=555°C, illustrates the importance of exact chemical composition to avoid the three-

phase-area L+o+Mg,Si at higher and L+a+Si area at lower Mg content.

Scheil simulations of Magsimal59 in comparison to AISI5SMgl.75 are depicted in
Figure 3.15. The semi-solid forming temperature, Tgg, a aliquid fraction of 0.5isin the
range of 600°C for both alloys. AIS5Mgl.75, however, contains less eutectic phase
( ~30%) than Magsimal59 (~50%).
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Figure 3.15: Scheil simulation of
Magsimal59 (AIMg5.5S2Mn) and
AlS5Mg1.75.

Figure 3.16: Temperature dependence of
Mg-concentration in o-Aluminum of
Magsimal59 (AIMg5.5S2Mn) and
AlS5Mg1.75.

With a solubility of amost 2 wt% Mg in o-aluminum at the semi-solid forming tempera-
ture of 600°C (Fig. 3.16) Magsimal59 can dissolve four times more Mg in o-aluminum
than AISI5Mg1.75. But since the solubility of Si at the same temperatureisjust 0.18 wt%
the amount of possible Mg,Si-formation islimited to ~0.3 wt%. Almost the same amount
of possible Mg,Si-formation can be found in AISI5Mg1.75 with a Mg solubility of 0.44

wt% and Si solubility of 0.77 at the same semi-solid forming temperature.
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3 Alloy Design

Chemical compositions of produced alloys AISI5Mgl.75 are given in Table 3.3. The
modifying agent Ba, which was reported to evoke a well modified eutectic structure

[KNUO01], was used as a substitute for Sr in one of the following alloy modifications.

Table 3.3: Chemical composition of developed alloysin wt%.

Alloy S Mg Fe Mn Cu Ti Sr Ba Al
AlS5Mgl.75 524 171 0212 0.016 0.008 0.07 0.023 - bal.
AlSi5Mgl.75
Mn0.6Sr 499 169 0.12 0562 0.005 0.05 0.024 - bal.
AISSMgL.75 501 168 0.10 056 0.003 0.05 <0001 005 bal.

MnO.6Ba

* aloyed, not analysed

3.4 SUMMARY OF PRODUCED ALLOYS

The main aloying elements of all alloys are summarized in Table 3.4.

Table 3.4: Summary of main alloying elements of developed alloys.

Alloy S Mg Mn Fe Sr Ba Al
AlSi7TMg0.3 715 032 0.017 0.15 0.031 - bal.
AlSi7TMg0.6 6.88 053 0.009 0.16 0.031 - bal.
AlS'7Mg0.8 71 079 0.010 0.15 0.028 - bal.
AlSi6Mg0.8 6.01 0.80 0.008 0.13 0.031 - bal.
AlSI5Mg0.8 486 0.79 0.007 0.11 0.028 - bal.
AlISI5Mg0.8Mn0.4 533 0.79 039 014 0.029 - bal.
AlIS’5Mg0.8Mn0.8 529 082 0.78 0.16 0.027 - bal.
AlISI5Mgl1.75 524 171 0.016 0.12 0.023 - bal.
AlIS5Mgl.75Mn0.6Sr 4.99 1.69 0.562 0.12 0.024 - bal.

AlSiI5SMgl.75Mn0.6Ba 501 168 056 010 <0.001 005 bal.

* aloyed, not analysed
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A

MICROSTRUCTURE AND
M ECHANICAL PROPERTIES

4.1 EXPERIMENTAL PROCEDURE

4.1.1 FABRICATION OF THE PRECURSOR MATERIAL

All aloyswere produced at Aluminium Lend GmbH & Co KG cast shopinLend, Austria
The melt was modified with an A1Sr10 master alloy, treated with argon for about 30 min-
utes and then horizontal continuously cast by applying electromagnetic stirring facility in
order to provide globular a-grains. The rods were sawn into slugs of appropriate size for

thixoforming.

4.1.2 THIXOFORMING OF COMPONENTS

The slugs were reheated to the semi-solid state (f, =fs=0.5) and formed at THIXALLOY®
Components & Co KG in Lend, Austria. A mass-produced thixocomponent was chosen
to be tested with the newly developed alloys. This side door pillar of the Audi A3 can be
seen in Figure 4.1. The components were partly T5 and partly T6 heat treated. Heat treat-

ment parameters are given in Table 4.1.

Table 4.1: Heat treatment parameters of thixoformed components.

T5 4h at 160°C

T6 12 h at 540°C, quenched in cold water, 4h at 160°C

Flat tensile specimens (Fig. 4.2) witha6 x 2.5 mm? cross section areawere cut out asil-
lustrated in Figure 4.1.



4 Microstructure and Mechanical Properties

Figure 4.1: Thixoformed component of Figure 4.2: Flat tensile specimen.
the Audi A3.

4.1.3 METALLOGRAPHY

Small specimens were embedded in raisin and then prepared by conventional metallo-
graphic preparation which includes grinding and mechanical polishing. For a better con-
trast the samples were etched with Keller's reagent (2ml HF, 3ml HCL, 5 ml HNOg,
190 ml H,0) for 30 seconds.

4.1.4 LIGHT MICROSCOPY
A Polyvar widefield photomicroscope of Reichert-Jung with an implemented digital cam-
era (Leica) was used for optical examination of the microstructure.

4.1.5 ELECTRON MICROSCOPY

Scanning electron microscopy (SEM) pictures and energy dispersive X-rays (EDX) ana-
lysis was carried out on a Cam-Scan CS4 scanning electron microscope. For chemical
identification of phases and intermetallic compounds spot measurements and mapping
measurements were used for visualization of the element‘s distribution. Examinations
were made with avoltage of 20 keV and a working distance of 35 mm for EDX analysis

and 11 mm for SEM pictures.

4.1.6 TENSILE TESTING

The static mechanical properties weretested on a Schenck Trebel tensile testing maschine

with a 100 kN force sensor.
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4 Microstructure and Mechanical Properties

4.2 MICROSTRUCTURE

4.2.1 AlSiTMg(0.3-0.8)

The microstructure of the precursor material of AISi7Mg(0.3-0.8) isshown in Figure 4.3
and Figure 4.5. The globulitic (bright) a-aluminum phase and the (dark) aluminum-

silicon eutectic can be identified.

Figure 4.3: Microstructure of the pre- Figure 4.4: Microstructure of the thixo-
cursor material of AIS7MgO0.3. formed material AIS7Mg0.3 (F).

Figure 4.5: Microstructure of the pre- Figure 4.6: Microstructure of the thixo-
cursor material of AIS7MgO0.5. formed material AIS7Mg0.5 (F).

The a-aluminum to eutectic ratio does not significantly change when the amount of Mg
isincreased from 0.3 wt% to 0.8 wt%, which is in good accordance to the Thermo-Calc
results in Figure 3.6. While the precursor dlugs are reheated, some eutectic is entrapped
within the o-globules during ripening. The outcome is a microstructure which is typical

for conventional thixocasting and can be seen in Figure 4.4 and Figure 4.6.
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4 Microstructure and Mechanical Properties

4.2.2 AlSi(7-5Mg0.8

By lowering the Si content the amount of the brittle Al-Si eutectic can be reduced (see
Fig. 3.9). The microstructure of the precursor material is depicted in Figure 4.7, Figure

4.9 and Figure 4.11, where the reduction of the (dark) eutectic is evident.The increase of

3 & : 50 um
Figure 4.7: Microstructure of the pre- Figure 4.8: Microstructure of the thixo-
cursor material of AIS7MgO0.8. formed material AlIS7Mg0.8 (F).

Figure 4.9: Microstructure of the pre- Figure 4.10: Microstructure of the thixo-
cursor material of AIS6MgO0.8. formed material AIS6Mg0.8 (F).

Figure 4.11: Microstructure of the pre- Figure 4.12: Microstructure of the thixo-
cursor material of AIS5MgO0.8. formed material AlIS5Mg0.8 (F).
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secondary aluminum is evident as well in the microstructure of the thixoformed material

(Fig. 4.8, Fig. 4.10 and Fig. 4.12).

The iron containing intermetallic compounds AlsSiFe (B-phase), Figure 4.13, and
AlgSigMgsFe (n-phase), Figure 4.14, could be detected by EDX. The latter was predomi-
nantly found in the alloy with 0.8 wt% Mg content.
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Energy (ke

B-phase: Al 91  a%
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: t Fe 5 at%
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Figure 4.13: SEM picture and chemical composition of the #-phase AlsSFein
AlS7Mgo.8.
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Figure 4.14: SEM picture and chemical composition of the z-phase AlgSgMgsFein
AlS7Mgo.8.
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4.2.3 AISI5Mn(0.4 - 0.8)

With increasing Mn content intermetallic compounds containing Al, Si, Mn and Fe could
be identified. The chemical composition of the phases was detected via EDX spot
measurement to approximately 70.5 at% Al, 13 at% Si, 11.5 at% Mn and 5 at% Fe. Micro-
structures of as-cast condition, Figure 4.15 and Figure 4.17, and T6 condition, Figure 4.16

and Figure 4.18, show size and distribution of those intermetallic compounds.

AISiMnFe

Figure 4.15: Microstructure of thixo- Figure 4.16: Microstructure of thixo-
formed AIS5Mg0.8Mn0.4 (F). formed AIS5Mg0.8Mn0.4 (T6).

AlISiMnFe
P T

Figure 4.17: Microstructure of thixo- Figure 4.18: Microstructure of thixo-
formed AIS5Mg0.8Mn0.8 (F). formed AIS5Mg0.8Mn0.8 (T6).
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4.2.4 AIS'5Mgl.75

Due to the special composition of AISI5SMgl.75, avery fine Al-Si eutectic could be ob-
tained. (Fig. 4.19). Mg,Si in so called ,, chinese script* and n(FeMg3SigAlg) phase were
identified.Comparing this microstructure to that of Magsimal59 (Fig. 4.20), it becomes

Figure 4.19: Microstructure of the pre- Figure 4.20: Microstructure of
cursor material of AIS5Mg1.75. Magsimal59 (AIMg5.5S2Mn).

Figure 4.21: Microstructure of the pre- Figure 4.22: Microstructure of the thixo-
cursor material of AIS5Mgl1.75Mn0.6S.. formed material AIS5Mgl.75Mn0.6S.

Figure 4.23: Microstructure of the pre- Figure 4.24: Microstructure of the thixo-
cursor material of AIS5Mg1.75Mn0.6Ba.  formed material AIS5Mg1.75Mn0.6Ba.
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visible that Magsimal59 does not contain any undesired intermetallic compounds.
AlSI5Mgl.75Mn0.6Sr contains intermetallic compounds which were detected to consist
of approximately 73 at% Al, 13at% Si, 7 at% Mn, 4at% Mg and 3 at% Fe (Fig. 4.21, Fig.
4.22). At first sight the replacement of Sr with Ba (ca. 500 ppm) does not seem to have
any influence on the modification behaviour (Fig. 4.21, Fig. 4.23). But SEM pictures of
the eutectic structure of AIS5Mg1.75Mn0.6 modified either with Sr and Barevea asig-
nificant difference. The eutectic modified with Sr shows a very rough lamella-like struc-
ture (Fig. 4.25). The Ba modified eutectic, though, consists of extremely fine silicon
spines (Fig. 4.26).

Figure 4.25: SEM picture of the Figure 4.26: SEM picture of the
eutectic of AIS5Mgl.75Mn06S.. eutectic of AlIS5Mg1.75Mn06Ba.
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4.3 MECHANICAL PROPERTIES OF THIXOCOMPONENTS

4.3.1 INFLUENCE OF INCREASING Mg CONTENT

The influence of Mg on the static mechanical propertiesisillustrated in Figure 4.27. The
yield strength can be raised with increasing Mg content in F, T5 and T6 state. The gain of
strength goes along with a corresponding reduction of ductility.
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Figure 4.27: Influence of Mg content on thixoformed AIS7 in F, T5 (4h/160°C) and T6
(12h/540°C + 4h/160°C).

4.3.2 INFLUENCE OF DECREASING Si CONTENT

When the silicon content of AISi7TMg0.8 is reduced from 7 wt% to 5 wt% the yield
strength remains more or less unaltered. There is a slight but by no means significant in-
crease of fracture elongation at reduced silicon contents (Fig. 4.28). Especialy the alloy
AlSI6Mg0.8 with yield strength of 195 MPa and fracture elongation of 8% is an recom-
mendabl e candidate for various applications without any high temperature heat treatment.
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Figure 4.28: Influence of S content on thixoformed AIS7 in F, T5 (4h/160°C) and T6.

4.3.3 INFLUENCE OF Mn CONTENT

Except for T6, the addition of Mn neither has a significant influence on the yield strength
nor on the elongation fracture of AISI’5Mg0.8.
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Figure 4.29: Influence of Mn content on thixoformed AIS5in F, T5 (4h/160°C) and T6
(12h/540°C + 4h/160°C).
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4.3.4 AISI5Mgl1.75 WITH INFLUENCE OF Sr AND Ba

Asdepicted in Figure 4.30, AISI5Mg1.75 shows ayield strength of YS > 200 MPain the
as-cast condition and Y S> 250 MPain T5. But the fracture elongation of A=3.5% (F) and
A=2.5% (T5) is very poor. Addition of 0.6 wt% Mn and Sr as modifying agent does not
show any improvements. However, substituting Sr with Ba almost doubles the value for

fracture elongation in F, T5 and T6.
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Figure 4.30: Influence of Mn on the modifiers S and Ba on thixoformed AIS5Mgl.75
in F, T5 (4h/160°C) and T6 (12h/540°C + 4h/160°C).

4.4 CONCLUSIONS OF ALLOY DEVELOPMENT

The development of new alloys with reduced silicon content and increased Mg content,
especially for SSM components in T5, has brought up some remarkable results. During
reheating and processing of AlSi(5-7)Mg0,8 more Mg compared with A356 can be dis-
solved in the a-aluminum matrix. Thus, the F-yield strength of 160 MPais much higher
than the usual F level of A356 (ca. 120 MPa). The T5 yield strength reaches aimost 200
MPa. Especidly the alloy AISi6Mg0.8 with yield strength of 195 MPaand fracture elon-
gation of 8% is an recommendable candidate for various applications without any high

temperature heat treatment. Alloying Mn up to 0.8 wt% does not significantly impair the
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fracture elongation and yield strength in F and T5 condition of AIS'5Mg0.8. A deteriora-

tion of fracture elongation can only be observed with 0.8 wt% Mn in T6.

Thealoy AISI5Mgl.75 shows an relatively high yield strength of 212 MPain the as-cast
condition which can be increased to 256 MPain T5. Dueto coarsely precipitated Mg,Si,
the fracture elongation in F and T5 does not even reach 4%. The valuesin T6 (YS = 292
MPaand A = 5.5%) are comparable to values of thixoformed AISI5Si2 (YS = 300 MPa
and A = 4%) published in [NIEOQ].

The commonly used modifying elements Na (>600ppm) and Sr (>300ppm) are reported
to form needle- and plate-like intermetallic compounds of the type Al,(Si),(Na/Sr),
[WAL93]. Thus, aternative modifying agents might be of interest. The modification effect
of elements which meet the requirements after the theory of Lu & Hellawell (see
Fig. 2.13) aswell, was reported to be very strong with Eu [QIY81], La[QIY81], [BACS3] or
Ba[KNu01]. From the economic point of view, Ba seems to be the most recommendable
one. Baas a substitute for Sr shows a better modification of the Al-Si eutectic (see Fig.
4.26) which leads to a significant amelioration of ductility in AIS5Mgl.75Mn06. As a
consequence the values for fracture elongation are almost doubled in F, T5 and T6 condi-

tion.
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5

DUCTILITY OF Al-S
ALLOYS

Thediscovery of eutectic Si modification in Al-Si alloyswith Naby Aladar Pacz [PAC21],

resulting in the extreme enhancement of ductility, had a major influence on the following

extensive technical use of Al-S alloys. Because ductility is the problem value for many

safety components, the knowledge of possibilities to alter the morphology of brittle sili-

con crystals in the eutectic phase is very important. This morphology undergoes a signi-

ficant modification from as-cast to T6 state. Figure 5.1 shows the evolution of the eutectic

phase of A356 from F (as fabricated) to T6 and the corresponding qualitative course of

strength and ductility. Due to Sr modification, changing the morphology of the eutectic

silicon from long plates to acicular fibres, the ductility increases significantly. In TS

properties

~—~—

—
7~ ~— —

_ T — —ductility  ~—

~
~

strength

F - without Sr

F - with Sr

Figure 5.1: Qualitative course of strength, ductility and corresponding micro-
structure of Al-S alloysin different temper conditions.
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5 Ductility of Al-S Alloys

(artificially aged without solution heat treatment) the oy -matrix is hardened by Mg,Si
precipitates while the eutectic silicon keeps its fibrous morphology. This results in in-
crease of strength and decrease of ductility. The most effective mutation in the morpho-
logy of eutectic silicon isobserved from T5 to T6. Due to T6 solution heat treatment, the
small silicon platel ets spheroidize and contribute substantially to good ductility properties
in T6 state. The T6 solution heat treatment also supplies the o, -matrix with Mg and S
for maximal Mg,Si precipitation. Thus, from T5 to T6, strength and ductility increases.

5.1 DUCTILITY OF Al-Si-M g SEMI-SOLID STRUCTURES IN T5

For safety components made from Al-S
alloys a minimum fracture elongation of
15% is desired. Concurrently the yield
strength must not drop below 150 MPa.
Due to economical reasons, this high duc-
tile condition preferentialy should be ob-
tained without any high temperature heat

treatment. Ductility of Al-Si aloysis pre-

Figure 5.2: Microstructure of thixofor- dominantly influenced by the brittle eutec-
med AIS6MgO.8. tic. Thus, areduction of its amount seems
to be advisable. Scheil calculations of
Figure 3.9 show that the amount of eutectic can be reduced from f = 0,5 (7% Si) tof_ =
0,33 (5% Si). With less Si the semi-solid processing temperature, Tsg 1 =fs=0,5), Shiftsto
a level which is significantly higher than the eutectic temperature. Thus, solidification
of theliquid part of the semi-solid suspension resultsin the formation of eutectic and sec-
ondary a-aluminum (Fig. 5.2). Thetotal ductility of athixoformed component consists of
both, ductility contributed by the eutectic and ductility contributed by primary and sec-
ondary a-aluminum phase. Thus, at first sight a decrease of the amount of eutectic, i.e. an
increase of the volume fraction of secondary aluminum must lead to an increase of total
ductility. But results in Figure 4.28 show amost no influence of reduced eutectic on the
fracture elongation. In fact, however, the contiguity of the different phases, C, as ameas-

ure for their interconnection has to be taken into account (Fig. 5.3). In case of fully con-
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nected a-aluminum its contiguity tends to equal 1, in case of fully isolated o-aluminum
C,. 1s0[KAu0Q]. The contiguity value for the large globulitic primary a-aluminum, which
remains solid during the whole forming process, is much higher than the contiguity value
for the secondary a-aluminum. The latter solidifies into very small globules, which are
totally surrounded by eutectic phase (Fig. 5.2). Thus, the contiguity of secondary o-alu-
minum is diminishing low. Consequently, there is no significant contribution of secon-
dary o-aluminum to the total ductility. Regarding the analytical formulation of the total
ductility, exemplarily expressed by the toughness J,¢ (Equation (5-1)), it is clear that if
the first term (ouyim) remains constant and the second term (oise) is negligible, it is the

ductility of the eutectic that has to be improved.

total _ ;o o o o o o Eu o o _
Je =3¢ Coim Vorim* Je Cae Ve ¥ o " (1-Ches  Vgeo 1)
Corresponding values of fracture toughness are given by
1
Kic = [E-Jyc]? (5-2)

where E denotes Y oung’s modulus.
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Figure 5.3: Schematic course of ductility when the amount of brittle eutectic is reduced.
The dashed line symbolises the course without consideration of contiguity.
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5 Ductility of Al-S Alloys

The lack of sufficient contiguity of secondary o-aluminum on one hand and the sharp-
edged and fibrous rod-like eutectic silicon on the other hand prevent a high ductile
(A>15%) state in T5. Thus, a high temperature heat treatment seems to be unavoidable.
The ductility of the Al-Si eutectic can be improved either by means of modifying agents

like Sr or Na or by spheroidization of silicon.
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6

SILICON SPHEROIDIZATION

Eutectic silicon spheroidizes during a high temperature treatment, which is the main rea-
son for enhanced ductility propertiesin T6 condition (see Fig. 5.1). The evolution of the
change of eutectic silicon during high temperature treatment can be roughly divided into

three steps:

1. Disintegration of the silicon
2. Spheroidization
3. Growth of Si particlesin the matrix

The driving force of spheroidization isthe same asisresponsible for the disintegration of
water jets, namely the minimization of surface energy under the effect of surface tension.
Figure 6.1 shows the beginning of disintegration of awater jet, provoked by small fluctu-
ations of its surface. Figure 6.2 illustrates the micrograph of A356 at the beginning of dis-

integration and spheroidization of eutectic silicon corals.

Figure 6.1: Rayleigh disintegration ~ Figure 6.2:Disintegration of a sili-
of a water jet. con coral in A356 at 540°C.
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6 Slicon Spheroidization

6.1 STATE OF THE ART

About 60 years ago, Rohrig et al. already systematically investigated the mutations of the
microstructure of different Al-Si alloys during annealing [ROH41]. Unmodified and Na-
modified Al-Si alloys (9-13% Si) were annealed at 300-550°C for 15 minutes to 38 days.
First changes of the silicon’s morphology were already observed after 15 minutes anneal -
ing time at 550°C. The edges of the silicon were rounded and the silicon spheroidized. Ad-
ditionally they reported two important points: at higher temperatures the spheroidization
started earlier and in modified alloys the silicon was much smaller and better sphe-
roidized. Similar results were found by Paul et al. by investigating an eutectic aluminum
alloy after 8h at 500°C. They pointed out that ductility is afunction of the mean free path
of the silicon particles in such way that ductility increases when the mean free path de-
creases [PAUS2]. Meyers reports from silicon structures of solution treated A357 which
were neither uniformly planar nor spherical. Most of them appeared to be oblate spheroids
whose sizes varied vastly at each solution heat treatment time [MEY85]. Two stages of the
spheroidization process were found from Zhu et a. who investigated an AISi13 alloy at
540°C for 2h: the dissolution separation of eutectic Si branches and the spheroidization of
these branches. The separation stage has the greatest effect on the time to compl ete sphe-
roidization and is strongly affected by the morphology of the Si flake. The dissolution oc-
curs at the branches, or the thin steps, which is accelerated by increasing number of
branches and growth steps [zHUS85]. Apelian et a. observed spheroidization even after a
short time of 10 min at 540°C [APEQQ]. Tens et a. reported a coral-like structure from
deep-etched eutectic silicon which became spherical after 0.5h of heat treatment at
500°C [TEN99]. Spheroidization of eutectic siliconin A319 at 470°C was reported to occur
between 2h and 40h heat treatment in [PAR00].

6.2 INFLUENCE OF M ODIFICATION ON SILICON SPHEROIDIZATION

The morphology of eutectic silicon can be divided into a non-modified plate-like shape
and a modified fine fibrous coral-like shape (Fig. 6.3 and Fig. 6.4). Thermal degradation
of platesbeginsat local crystal defects, which begin to govern the break-up process. These
defects are morphological faults like terminations, kinks and striations of the plates and

holes and fissures in the plates [WER904]. Silicon corals of a modified eutectic, however,
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are the results of impurity induced twinning (see Chapter 2.3.1) which results in aniso-
tropic multiple branching of silicon at the solid/liquid interface during solidification. As

the original disturbances are responsible for the thermal instability of these structures a

Figure 6.3: Slicon platesof an Figure 6.4: Slicon corals of a modified
unmodified AIS12 alloy. A356 alloy.

modified structure of Figure 6.4 will easier disintegrate and faster spheroidize than the un-
modified plates of Figure 6.3. The positive effect of chemical modifiers on the spheroidi-
zation rate of eutectic silicon has been documented by several studies [APESO, SHI90,
PAR93].

6.3 MODEL OF SILICON SPHEROIDIZATION

Eutectic alloys frequently consist of rods of one phase embedded in the surrounding ma-
trix of the other phase. These structures have acertain thermal instability. Thefirst attempt
to explain the shape instability of rods was made by Lord Rayleigh in 1878. Although his
theory deals originally with the shape instability of jet fluids it also describes the sphe-
roidization of the rod phase in an eutectic alloy [WER90]. Lord Rayleigh's perturbation
theory has been successfully applied to describe the shape instability of chromium fibres
in aNiAl-Cr eutectic [WAL73], of iron fibresin a Fe-FeS eutectic [MAR70], of NiAl3 rods
inaNi Alz-Al eutectic [NAK72], and of Ni fibresin amatrix of silver [MUR80]. Theanalytic

model, here used to describe the spheroidization of eutectic silicon, was originally

-63-



6 Slicon Spheroidization

developed by Stiwe and Kolednik who calculated the disintegration time of potassium
filled cylinders into spheres in tungsten [STU88]. The same model was later successfully
used to calculate the disintegration time and spheroidization time of cementite platesin
o-iron [WERS89, WER90b]. In the following, an adapted version of the model is applied to
the disintegration of eutectic silicon coralsin Al-Si alloys. The deep-etched structure of a
Sr modified eutectic silicon can be seenin Figure 6.5. If thermally activated, this structure
disintegratesinto small spheroids under the influence of surface tension. The branches of
the silicon corals can be simplified seen as interconnected cylinders with radius p that

transform into arow of equidistant spheres of radius R and spacing | (Fig. 6.6).

Figure 6.5: Deep etched siliconcorals ~ Figure 6.6: Model of a silicon branch

of a S modified Al-S alloy [MAKO1]. which disintegrates into spheres.
The dimensionless variables z= é (6-1)
I
= — 6-2
and a=o (6-2)

are used in the model. The constancy of volume during the shape transformation from a

cylinder to a sphere yields the following relationship of the two variables:

A 2
a= @) =112 (6-3)

An obvious lower bound for a and zis provided by the condition that the surface of one
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sphere must not be larger than the lateral surface of the cylinder which went into forming
it:

2npl > 4nR?, (6-4)
which leads to

and a>3 (6-5)

N
\YJ
NIW

The cylinder must be unstable against fluctuations of its diameter. Let us consider a

»hear cylinder* having small fluctuations of its radius of the form

r :s+A-sin2TT°-x (6-6)

Aisthe amplitude of the original disturbance, | isits wavelength and s the mean radius of
the body with

s = p[l_iz] (67)
2p

The difference of surface between the disturbed and undisturbed cylinder was cal culated
by Sttiwe and Kolednik to

n o2 An°—7°
S~z . Ac. L 6-8
S-S=5 AT (6-8)
where §, is the surface of the undisturbed cylinder. The cylinder will be unstable against
alongitudinal fluctuation, if its wavelength is larger than the cylindrical circumference,
orif z>2n,whichisaclassical result, previously obtained by Lord Rayleigh for jets of

fluids [RAY1s78].

The branches of the silicon corals, approximated by cylinders, may be weakly disturbed
by afluctuation with amplitude A and wavelength | > 2rp. If one layer of atoms, con-
sisting of N atoms, diffuses from the adjoining necks to the bulge of the cylinder, the
amplitude of the fluctuation will be increased by the atomic diameter, 4A = ¢, whichis
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Figure 6.7: Dynamic model of a silicon coral branch. The fluctuation amplitude is
increased by surface diffusion of the S atoms at the S-Al interface.

schematically illustrated in Figure 6.7.

The gain of surface energy will then be

22—411:2
AU = ASy = n=——AAAY (6-9)

with y as the specific energy of interface of the Si-Al interface. Assuming a constant

average driving force for the diffusion of one Si atom,

g- 14U (6-10)
the mean velocity of the Si atoms (in x-direction) is given by the Nernst-Einstein relation-
ship:

= F.—= (6-11)
T isthe temperature, k Boltzmann's constant and D is the coefficient of surface diffusion

at the Si-Al interface. If 771 denotesthe mean diffusion path in x-direction, the growth rate,

Vj, Of the fluctuation amplitude will be
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_dA_ o
Va = dt - T]| Vg (6'12)
Assuming acylinder fraction of length &, the total number of diffusing atoms, N, is esti-

mated as the number of atoms covering the surface shell of the cylinder fraction:

_ 2mp &l 6-13
N =
el (6-13)

Equation (6-12) can be transformed to

D 4 2, 2
d_Azi_sY(g) .Z-A with Z = # (6-14)
z

Integration of Equation (6-14) yieldsthe size of fluctuation amplitude at agiven annealing

timetto be

D 4
Alt) = AO-exp[%-—Sy-g z1] (6-15)

assuming an amplitude A of the original disturbance. The condition A(z7) = p provides a

simple estimate of the disintegration time, 7, of the cylinder

.(9)4. % InL2 (6-16)

t:2n§-£ o

Dy

The function Z of Equation (6-14) is a measure for the driving force for the break-up of
the disturbed cylinder. It only depends on the geometry of the cylinder and is not influ-
enced by mass transport mechanism. It describes the growth rate of the fluctuation ampli-

tude (Fig. 6.8), which is positive for z> 27 and runs through a maximum value at

1
Zoax = 2n2~88 and Zux = Fnz =~ 0,006 . (6-17)
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Wavelengths smaller than | = 27zp
0.009- will be smoothed down very quickly
because Z is then negative and large.
0.0064 All fluctuations with larger wave-

lengths grow. It seems reasonable

N 0,006- that those origina disturbances are
selected for disintegration whose
driving force for disintegration is

0.000 ; . .
( | large. Thus, the original disturbance
' z_ . is assumed to have a wavelength of
-0.003-

| = Zyax0, @nd the smallest possible
Figure 6.8: Function Z which determines the amplitudeis A= ¢, where ¢ denotes
growth rate of the fluctuation amplitude. the atomic diameter of silicon. From

Figure 6.7 the factorsm and &, deter-
mining the mean diffusion path and the number of the diffusing atoms are roughly esti-
mated as 1/3. Substituting into Equation (6-16) leads to the disintegration time, T4, Of &

cylinder having amaximal growing fluctuation amplitude.

2 4
max 9 DS,-Y q)

From Equation (6-18) it is evident, that the disintegration time is highly influenced by the
radius, p, of the original cylinder and by the diffusion coefficient Dg. Very little diffusion
data were found to describe the specific diffusion problem at the Si-Al interphase at tem-
peratures between 400°C and 540°C. However, the following approach should give aclue

how the diffusion process at the Si-Al interface might occur.
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6.3.1 DIFFUSION OF Si AT THE Si-Al INTERFACE

Basically, there aretwo possibilitiesfor aSi atom to migrate at the Si-Al interface: firstly,
it can change its position by surface self diffusion, which means that the silicon changes
its atomic position by diffusing on the Si-surface. Secondly, the silicon can leave the sil-
icon lattice by interdiffusion and migrate through aluminum at the Al-Si interface fa-
voured by lattice defects in the phase boundary. Regarding the activation energies either
for surface self diffusion of ~2.3 eV [KEE94] and for Al-Si interdiffusion of ~1.4 eV
[FUJ7g] the interdiffusion is the more probable mechanism. The interdiffusion coefficient

can be written as follows;

Dinter = Do, inter - exp(—%) : (6-19)
Do,inter 1S the frequency factor and Ep jper
the activation energy for interdiffusion.
However, the activation energy for interdif-
fusion, Ep jnter, Can bedivided into the ac-
tivation energy for the atom's migration,

Q aluminum
Ea ms and the activation energy for vacancy

O vacancy
@ silicon formation, E, . The change of volume dur-
e | o ® e o ing solidification is compensated by forma-
o | o |0 || e tion of vacancies in duminum at the Al-Si
e | o | o | e | @ interface [BEN00]. Hence, the vacancy prob-
e | oo |le| o ability at the Si-Al interface equals almost
1 (Fig. 6.9). Thus, the activation energy of
Figure 6.9: Phase boundary of alumi- vacancy formation can be neglected. The

num and silicon (schematically). diffusion coefficient, D, for silicon at the

Si-Al interface can now be written to

Epinter —E
D, = Dy exp(—Almer _—AY) (6-20

where, Ep jer denotes the activation energy for interdiffusion of Siin Al and Ep , isthe

activation energy of vacancy formation in Al.
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6.3.2 RESULTS OF MODELLING SILICON SPHEROIDIZATION

The numerical values inserted in Equation (6-18) and Equation (6-20) can be seen in
Table6.1.

Table 6.1: Numerical values for the silicon spheroidization model.

Boltzmann's constant k 1.38x 102 [JK]
Universal gas constant R 8.314 [Jmol-K]
Interfacial energy of Al-Si interface v ~1 [Im?]
Covalent atomic diameter of Si o 222x 1010 [m]
Frequency factor [FUJ78]2 Do 229x10%  [m?s]
Activation energy for vacancy En., 743 [k¥mol]

formation in Al [VOL89]

a)The frequency factor and the activation energy for Si-Al interdiffusion are each mean
values from four representative values published in [FUJ78].

Results of the disintegration model for different temperatures are depicted in Figure 6.10.

The annealing temperature aswell asthe original radius of the silicon coral branches have

0.30-

—O0—540°C
0.25-

—0— 500°C
0.20 0 450°C

—A—400°C

radius of silicon coral branches, p, [um]
o
&

0g————7T 77— 7T T T
0 3 6 9 12 15 18 2 24
disintegration time, 1, [min]
Figure 6.10: Results of the silicon spheroidization model. Disintegration time, 7, in

dependence of theradius, p, of the silicon coral branches for various temperatures.
Dotted lines indicate an error for the diffusion coefficient of +/- 20%.
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astrong influence on the disintegration time. From quantitative metallurgy a mean radius
of the silicon coral branches can be detected to pg = 0.15 +/- 0.05 um. The model predicts
that at 540°C disintegration and spheroidization of eutectic silicon coralsarefinished after
a few minutes (ca. 2 minutes for pg = 0.15 um and ca 5 minutes for pg = 0.20 um).
L owering the temperature will naturally prolong the disintegration time for the same p, .
The calculated values for the disintegration time will not even change significantly if an

error of the diffusion coefficient of 20% is assumed.

6.4 EXPERIMENTAL INVESTIGATION ON SILICON SPHEROIDIZATION

An IR-furnace with implemented quenching facility was used to investigate high temper-
ature silicon spheroidization. Small cubes of ~5 mm side length equipped with athermo-
couple were placed in the IR-furnace, heated up to 400°C, 450°C, 500°C and 540°C,
respectively, isothermally held for various times and finally quenched in cold water. The
specimens were ground, polished and etched in asolution of 99,5% H,0 and 0,5% HF for
30 seconds. Best results for deep-etched pictures were obtained after an etching time of
2h with 5% NaOH and 95% H,O. SEM pictures were taken and analysed by Leica QWin
V2.2 software. Illustrated values are mean values of three measured pictures with about

300 silicon particles each.

6.4.1 STRUCTURAL PARAMETERS

The following parameters are used for quantitative microstructural analysis of the silicon

particlesin the eutectic region [HOG96):

- Mean area of silicon particles,

n
- 1
. = - . 6'21
As =+ > Ag , (6-21)
k=1

where Aq denotes the mean area of silicon particles of one measured picture with n as

number of measured pictures

- Mean equivaent diameter of silicon particles,

4Aq

1 n
D =02 /= . (6-22)
k=1
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which is the diameter of a circle with equivalent area, where Ag is the area and n the

number of measured silicon particles.

- Mean interparticle spacing,

12 |A
-2 square -2
Ag nz _q_N , (6-23)
k=1 S

With Agyare 8 @ squared measure areain the eutectic phase and n as number of measured

pictures.

- Mean spheroidization density,

n Ng

_s 6-24
2 x 100 , ( )

k=1

Sk

&s =

which describes the number, Ng, of silicon particles counted in a reference area, A. The
number of measured pictures is n. The values of &g are standardized for an area of
100 um?.

- Shape factor,

n 2
Ps

1
= = 6-25
Fsi n Z AtAg (6-25)
k=1

which can be used as ameasure for the degree of spheroidization. Pg symbolizes the pe-
rimeter of measured Si particles. The shape factor will yield unity, if the particle's cross-

section areaisacircleand > 1 if it deviates from acircle's shape.

6.4.2 MICROSTRUCTURE

The morphology' s change of eutectic silicon with time at a temperature of 540°C can be
seen in Figure 6.11. The spheroidization of the silicon coras is totally finished after 3
minutes of soaking time. After the spheroidization is completed the silicon particles grow
in the oy -matrix. Deep-etched micrographs of Figure 6.12 reveal that the silicon corals
are aso three dimensionally separated after 3 minutes. During further annealing at 540°C,

the silicon agglomerates again and forms large interconnected silicon crystals.
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C

3min/ 540°

1min/ 540°C

as-cast

10min/ 540°C 20min/ 540°C

5min / 540°C

2h /540°C

1h/540°C

30min/ 540°C

C

65h / 540°

C

12h / 540°

6h/540°C

Figure 6.11: Chronology of silicon spheroidization of S-modified A356 at 540°C.
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4

30min/ 540°

6h/540°C | 12h / 540°C 65h / 540°C

Figure 6.12: Deep-etched chronology of S spheroidization of S-modified A356 at
540°C.
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6.4.3 RESULTS OF MICROSTRUCTURAL ANALYSIS

The course of Ag shows alinear behaviour from 1 minute to 65h soaking time at double

logarithmic scale (Fig. 6.13).

¢ 540°C
o 500°C ¢
o m 450°C o
] A 400°C o .
" * -0© "
El * 0° u
i ® O n"™ A
| < 8 8 0] - [ ] A
* A
13 o] © n A A
] . " A
® _ A A 4
L | T LI | T LI | T LI | T
1 10 100 1000

time, t, [min]

Figure 6.13: Growth of mean area of eutectic silicon particles, Ag , with time for
various temperatures.

The growth of equivalent diameter of Si particles, Dg;, shows a linear behaviour when
plotted against t3 which indicates that the growth follows Ostwald ripening (Fig. 6.14)

4~ & 540°C
o 500 °C
m 450 °C * ¢
31 A 400°C k3
& E § §
g [ Q
h; 2 :§ [] E
fa L 2e) []
28 ° = x
% L] A A A
14 Qﬁ li VaN T -+
Exm X 23 2 7
0 T T T T 1T 71 T T | L
0 1 2 3 4 5 6 7 8 9 10

(time, t, [min])**

Figure 6.14: Growth of equivalent diameter of S particles, Dg , with time at various
temper atures.
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The mean interparticle spacing of euetctic silicon particles, Ag, also increases linearly
with tY3(Fig. 6.15).

= & 540°C
] o 500 °C %
6 m 450 °C }
] A 400 °C 3
E 4] 4 5 i
FRe t 5 ?
Z ] . i
2_- é ég % g AN 2 i
e ~ 2 2z % )
1] amp® 22
O- T T T T T T T T T 1

(time, t, [min])*®

Figure 6.15: Course of the mean interparticle spacing of eutectic silicon particles, Ag ,
with time for various temperatures.

The shape factor, Fg, shows a minimum after 3 minutes of holding time at 500°C and
540°C (Fig. 6.16). The minimum for 400°C and 450°C is not reached until 20 min soaking

time.

—A— 400 °C
M- 450 °C
~-©-- 500 °C
—&— 540 °C

Fw[q

time, t, [min]

Figure 6.16: Course of the mean shape factor of eutectic silicon particles, Fg , with
time for various temperatures.
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The mean spheroidization density, &g, in Figure 6.17 indicates that disintegration and
growth of Si particles at temperatures between 500°C and 540°C do not differ signifi-

cantly.

—a— 400 °C

1607 —m— 450 °C
140 —O— 500 °C
] —e— 540 °C

time, t, [min]

Figure 6.17: Course of the mean spheroidization density of eutectic silicon particles,
&g , with time for various temperatures.

6.4.4 DISCUSSION OF SILICON SPHEROIDIZATION

The analytic model for silicon disintegration and spheroidization yields a disintegration
timeof ~2min for 540°C (Fig. 6.10) which isin good accordance with experimental re-
sults. The micrographs from Figure 6.11 and Figure 6.12 clearly demonstrate the rapid
spheroidization of Sr-modified silicon particlesat 540°C. The shape factor, Fg, asameas-
ure for the grade of spheroidization shows a minimum after 3 minutes of holding time for
500°C and 540°C (Fig. 6.16). Thisindicates that at thistemperature level the eutectic sil-
icon corals disintegrate and spheroidize within about 3 minutes. At lower temperatures
(400°C and 450°C) the minimum is not reached before 20 minutes, aresult which can al'so
be validated by the model. However, the values obtained from the model are highly de-
pendant on the radius of the silicon branches, p, which can be influenced by chemical
modifiers and cooling conditions. Hence, modified alloys exhibit a higher spheroidization
rate than unmodified alloys, aresult which was al so previously obtained by other research

studies [SHI89, APE9Q].
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The mean equivalent diameter, Dg (Fig. 6.14), and the mean interparticle spacing, Ag
(Fig. 6.15), as measures for the growth rate is in direct proportion to ti me’3. Hence, the
growth process of the silicon particles can be well described by the Ostwald ripening of
precipitates, which states the following correlation between diameter of a growing phase
and annealing time: Dg; ~ t3, pure Ostwald ripening means that bigger particlesincrease
at the expense of smaller particles [SAH99] (see Chapter 2.5). Similar results have been
obtained by Rhines et al. who found that Si particle growth, as measured by the increase
in volume of the particles of average volume, is alinear of time at constant temperature
[RHI86]. Taking the Ostwald ripening into account, the slight increase of the shape factor
in Figure 6.16 from 3 to 10 minutes at 500°C and 540°C can be explained with the aniso-
tropic growth (see deep-etched micrographsin Figure 6.12) of the silicon particles having

asmall detrimental influence on the shape factor.

The course of the mean spheroidization density as a measure, &g , in Figure 6.17 illus-
trates that between 500°C and 540°C coarsening of Si particles startsat the very beginning
of heat treatment. That also indicates that the disintegration process of the silicon corals
is finished within minutes at these temperatures. At lower temperatures, especialy at
400°C, the spheroidization density even increases within the first minutes. A possible ex-
planation for this might be that most parts of the eutectic have not yet been properly dis-
integrated.

6.4.5 SUMMARY OF SILICON SPHEROIDIZATION

Detailed investigations on silicon spheroidization in Sr-modified A356 have shown that
the disintegration and spheroidization of the silicon coral branches is finished within
3 minutes of soaking time between 500°C and 540°C. Ostwald ripening of the sphe-
roidized silicon particles were observed by quantitative microstructural analysis. An ana-
lytic model which was originally developed by Stiwe and Kolednik for the disintegration
of potassium filled cylindersinto spheresin tungsten was successfully adapted to the spe-
cific problem of Si spheroidization. The observed spheroidization times for various tem-

peratures were in good accordance with calculated values.
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SILICON SPHEROIDIZATION
TREATMENT (SST)

7.1 INTRODUCTION

The need of lighter and safer carsis the driving force behind research in the area of high
strength light metal safety part applications. Following the demands of the automotivein-
dustry, safety parts should have a minimum fracture elongation of 15% and a minimum
yield strength of 180 MPa. The huge hurdleisthe 15% fracture elongation which can not
be reached by sand, die or permanent mould casting. The most promising candidate to

fulfil these requirements eventually isthixocasting (Fig. 7.1).

25 L
1 ---O--- thixo
T4 o
< 20 i ---0O--- permanent
(=)
= . mould
<
g 15 & die
o
g ] T4 o . |
o ---0--- sand
5 10 T4 A\\ \ _
Q) \\\ ~ \\\‘\
o . . OTe
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d— \A
Q 5 - .
3 Tao. | T6
T O Te
0+—

L — T T
0 60 120 180 240 300 360
yield strength, YS, [MPa]

Figure 7.1: Fracture elongation to yield strength for A356 and various forming pro-
cesses [GAB93]. Note that the dotted area of A>15% and YS>180 MPa cannot be
reached by conventional heat treatment T4 or T6, respectively.
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The spheroidized silicon isresponsiblefor the good ductility valuesin T6 condition which
is applied to many high strength aluminum safety parts. T6 treatment includes a solution
heat treatment, continued by quenching in water followed by artificial ageing at slightly
elevated temperature level. A recommended time range for T6 solution heat treatment is
given from 2-12h at a temperature level very close to the solidus temperature [ALU95].
However, heat treatment standards for Al-Si alloys currently being used in the cast shops
were developed several decades ago and need to be revised to suit current foundry prac-
tise. Due to the influence of modification on the spheroidization rate, long solution times
used in most foundries may not be necessary when the alloy is properly modified [APE90].
Although the spheroidization of eutectic silicon in Al-Si aloys has been well documented
(see Chapter 6.1), the effect of these spheroidized silicon particles on mechanical proper-
ties has not yet been studied [KAS93]. On the contrary it was reported that there is amost
no influence of modification on the fracture elongation after a heat treatment of 2h at

540°C with specimens from permanent mould cast [PAR96].

Results of silicon spheroidization experiments of Chapter 6.4 clearly illustrate that silicon
inamodified Al-Si aloys completely spheroidizes within minutes at 500°C < T < 540°C.
The effect of sole spheroidization on mechanical propertiesissubject of the following and
termed Silicon Spheroidization Treatment or abbreviated SST.

7.2 DEVELOPMENT OF SST

Flat tensile specimens of thixoformed components, as described in Chapter 4.1.2, were
placed in afurnace at 540°C, soaked until the metal temperature reached 500°C and then
treated for one, three and five minutes, respectively. The specimens were then quenched

in cold water and instantly artificially aged for 4 hours at 160°C.
The results for the alloy A356 and A357, respectively, which are depicted in Figure 7.2

and Figure 7.3., are mean values of three tested specimens where T6x1 implies 1 minute,
T6x3 3 minutesand T6x5 5 minutes of SST annealing.
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Figure 7.2: Mechanical properties of A356 after 1 min (T6x1), 3 min (T6x3) and 5 min
(Tex5) of SST at 540°C, plus water quenching and artificial ageing for 4h at 160°C.

Both alloys show a maximum value of the fracture elongation after a 3-minute heat treat-
ment at 540°C. Remembering the course of the shape factor of the silicon particles in
Figure 6.16, it becomes evident that the elongation fracture yields a maximum when the

shape factor yields a minimum.
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Figure 7.3: Mechanical properties of A357 after 1 min (T6x1), 3 min (T6x3) and 5 min
(Tex5) of SST at 540°C, plus water quenching and artificial ageing for 4h at 160°C.
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7.3 MECHANICAL PROPERTIES AND MICROSTRUCTURE OF SST

The heat treatment parameters of the newly devel oped temper conditions T4x3 and T6x3,
respectively, in comparison to conventional temper conditionsF, T4, T5 and T6 are sum-
marized in Table 7.1. It isimportant to note that indicated temperatures are metal temper-

atures.

Table 7.1: Conventional and SST heat treatment parameters of thixoformed

components.
§ F as-fabricated
2 5 4h at 160°C
g T4 12 h at 540°C, quenched in cold water, aged at RT
8 T6 12 h at 540°C, quenched in cold water, 4h at 160°C
T4x3 3 min at 540°C, quenched in cold water, aged at RT
g T6x3 3 min at 540°C, quenched in cold water, 4h at 160°C

7.3.1 STATIC MECHANICAL PROPERTIES OF A356 AND A357

The mechanical properties of SST conditions T4x3 and T6x3 in comparison with F, T4,

T5 and T6 are summarized for A356 in Figure 7.4.
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Figure 7.4: Satic mechanical properties of SST (T4x3 and T6x3) in comparison to F,
T4, TS and T6 conditions of thixoformed A356.
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Although the yield strength from T4x3 to T6x3 is doubled, the elongation fracture value
remains almost at the same high level. The difference between T5 and T6x3 is the 3
minute SST annealing. Due to SST, the eutectic silicon in T6x3 is spheroidized, and this
resultsin a mean elongation fracture value which is 70% higher than the value of T5 with
fibrous eutectic silicon. The yield strength increases significantly from T5 to T6x3. The
small difference (15%) of T6 and T6x3 yield strength indicatesthat the diffusion of Si and
Mg in the oy -matrix is almost finished within the first minutes of SST.

Comparable results are obtained when SST is applied to thixoformed A357 (Fig. 7.5).
From T5 to T6x3 both the yield strength and the fracture elongation are increased. The
gain of fracture elongation from T6 to T6x3 is67%. Theyield strength level of T6x3 can-
not reach the T6 level after 3 minutes of annealing time. It is, however, significantly high-
er than the T5 level. While in T4 condition iron containing B—phases and nt-phases are
dissolved or spheroidized, it is observed that they cannot be spheroidized by short SST.
This might be a possible explanation for the difference of fracture elongation between
T4x3 and T4.
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Figure 7.5: Satic mechanical properties of SST (T4x3 and T6x3) in comparison to F,
T4, T5 and T6 conditions of thixoformed A357.
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7.3.1.1 MICROSTRUCTURE OF SST TENSILE SPECIMENS

The microstructure of aT6 (Fig. 7.6) and T6x3 (Fig. 7.7) tensile specimen shows that the
silicon particlesin T6x3 are completely spheroidized and much smaller than the particles
of the T6 specimen. Deep-etched micrographs reveal that silicon in T6 is agglomerated
(Fig. 7.8) whereas silicon in T6x3 isamost completely separated (Fig. 7.9).

Figure 7.6: Microstructure of T6 tensile  Figure 7.7: Microstructureof T6x3 tensile
specimen(12h/540°C) with A =10 %. specimen(3 min/540°C) with A=18 %.

s, [EIN

Figure 7.8: Deep-etched microstructure Figure 7.9: Deep-etched microstructure of
of T6 tensile specimen(12h/540°C). T6x3 tensile specimen(3 min/540°C).

7.3.1.2 MODE OF FRACTURE OF SST TENSILE SPECIMENS

Different modes of fracture could be observed in T6 and T6x3 specimens, respectively.
While the micrograph in conventional T6 condition (Fig. 7.10) reveals a typical inter-
granular crack propagation, the mode of fracturein T6x3 condition could be clearly iden-
tified as transgranular (Fig. 7.11). SEM pictures of both fracture surfaces can be seen in

Figure 7.12 and Figure 7.13, respectively.
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T6. T6X3.

Figure 7.12: Fracture surface of T6. Figure 7.13: Fracture surface of T6x3.

Crack initiation in T6 specimens could be observed in the brittle eutectic region which can
bee seen in Figure 7.14. The crack propagates through the eutectic and also through the

silicon particles (Fig. 7.15). No cracked particles were found in T6x3 specimens.

Figure 7.14: Crack initiation in the Figure 7.15: Cracked T6 silicon particle
eutectic region of T6 specimen. embedded in Al-matrix.
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7.3.2 STATIC MECHANICAL PROPERTIES FOR VARIOUS Al-S-MG ALLOYS

SST was aso applied to newly developed aloys described in Chapter 3. The results of
tensile tests can be seen in Fig. 7.16. The difference between T5 and T6x3 treatment is
3 minutes of Silicon Spheroidization Treatment at 540°C. As a result of SST fracture
elongation and yield strength were concurrently increased from T5 to T6x3 in all tested
aloys.
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Figure 7.16: Influence of SST in comparison with T5 for various thixoformed AISMg
alloys.
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7.3.3 DYNAMIC MECHANICAL PROPERTIES OF A356

A thixoformed stepped plate of A356 (2mm, 4mm, 6mm and 11mm) shownin Figure7.17
was used to make specimens for fatigue tests (Fig. 7.18). The fatigue tests were carried
out on aservohydraulic testing machine from MTS Systems Corporation with afrequency

of 50 Hz and aratio of minimum stress to maximum stress of R = 0.1.

@10

(R )
STt e Sl BN _> 4

Figure 7.17: Thixoformed stepped plate.  Figure 7.18: Specimen for fatigue testing.

Results for A356 in T6 and T6x3 condition are depicted in Figure 7.19. The positive in-
fluence of the very small spheroidized silicon particleson the endurance of lifeisreflected
by theincreased fatigue stress level of the SST condition T6x3 compared to T6.
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Figure 7.19: Dynamic mechanical properties of thixoformed A356 in conventional T6
and SST-T6x3 condition, R= 0.1.
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7.3.3.1 MICROSTRUCTURE OF FATIGUE SPECIMENS

The microstructures of fatigue specimens of both T6 and T6x3 are illustrated in
Figure 7.20 and Figure 7.21. The smaller and less sharp-edged silicon particles in T6x3
areresponsiblefor the better fatigue stressvalues. The light grey intermetallic compounds
in Figure 7.21 are B-phase needles which were not completely spheroidized. But due to
the short high temperature treatment, they are rounded and partly disintegrated.

. g0 % a®2
Figure 7.20: Microstructure of T6
fatigue specimen. fatigue specimen.

7.3.4 IMPACT PROPERTIES OF A356 AND A357

A modified thixoformed component was used for testing impact properties of SST. The

core of aconnecting pipewasremoved and thixoformed at Thixalloy Components GmbH.

Pointer

/
. i s
End of swing ///

h

Specimen

10 x 10 x 100 mm

Figure 7.22: Charpy test of impact energy Figure 7.23: Thixoformed component
[SHA99]. (connecting pipe with removed core).
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Impact energy specimens were cut out and T6 and T6x3 heat treated, respectively. Two

different quenching media, namely water and air, were used for T6x3 specimens.

The results of impact energy tests are depicted in Figure 7.24. The values for impact en-
ergy of A356 and A357 are significantly increased by SST. Best results are obtained with

air-quenched specimens. Compared to T6, the values of air qguenched T6x3 specimensare
almost doubled.
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Figure 7.24: Impact energy of thixoformed A356 and A357. Smilar results for
thixoformed A356-T6 were found in [BLEO1].

7.4 AGE HARDENING OF AI-SI-MgALLOYS

The precipitation sequence of the alloys system Al-Si-Mg from supersaturated solid solu-
tion (SSS) has been elucidated by various techniques, particularly X-ray technigues and

transmission electron microscopy, as follows [CAH96]:

SSS— GI:)'Ispherical — GP-Il (B”)needle - B,rod - B(Mgzg) (7-1)

platelet

The decomposition process begins with the formation of two types of GP zones. One of
them is coherent and spherical, called GP-1 zone or pre-clusters, with no internal order.

As ageing proceeds, the GP-I zones become ordered and acquire an acicular or needle
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shape. At this stage, they are called GP-11 zones or 3”. The zones are orientated parallel
to the <100> directions of the Al matrix and have coherency strain around the needles.
Prolonged ageing results in the transformation of coherent 3” needles into semi-coherent
B’rods. In the latter stages, B’loses coherency and the equilibrium Bmg,s) phase is
formed. The presence of Si, in excess of the quay-binary composition, is known to en-

hance the kinetics and age hardenability of the material [GUP95].

7.4.1 AGE HARDENING AFTER SST

The enormous increase of fracture elongation due to SST can be explained by the forma-
tion of very fine spheroidized silicon particles. However, the significant increase of yield
strength in T6x3 compared to T5 values after only 3 minutes of annealing time is surpri-
sing. Age hardening curves of A356 after 12h and 3 min of soaking time at 540°C show
only aminimal difference in peak hardness for ageing temperatures of 160° and 180°C,
respectively. In addition the peak hardness shifts to shorter times with increasing ageing

temperatures (Fig. 7.25).
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Figure 7.25: Course of hardness of A356 after conventional T6 treatment (12h) and
SST (3min) at various ageing temperatures.
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It was reported recently that solution treatments of lessthan 1 hour at 540°C are sufficient
for most Al-Si-Mg foundry alloys to undergo full Mg,Si dissolution and alloy homogeni-
zation [ROM99]. The resultswere obtained from numerical modelling and were verified by
wavelength dispersive spectroscopy measurements. Modelling was performed for a sec-
ondary dendrite arm spacing (DAS) of 40um for A356 and 55um for A357, respectively.
Some results are listed in Table 7.2. The model predicts a dissolution time for Mg,Si in
aluminum matrix of 3 minutes and a homogenization time of 5 minutes. However, the ex-
perimental verification of predicted values was carried out by method of spectroscopy,

which is known to be quite uncertain, especially for low concentration profiles.

Table 7.2: Results of modelling dissolution and homogenization of Mg,S in
Al-S-Mg castings [ROM99].

Alloy and Condition Numerical M odel Experimental Results
A356 Dissolution Time 3.0min 2-4min
A 356 Homogenization Time 5.1 min 8-15min
A357 Dissolution Time 38.7 min <50min
A357 Homogenization Time 40.7 min <50 min

7.4.2 DIFFERENTIAL SCANNING CALORIMETRY (DSC)

A more precisely method which provides information about the amount of Mg,Si in the
aluminum matrix is Differential Scanning Calorimetry (DSC). By means of DSC exo-
thermic and endothermic reactions can be detected. The exemplary result of a DSC trace
of naturally aged A356 after severa hours of solution treatment is illustrated in
Figure 7.26. The endothermic peak at ~200°C represents the dissolution of GP-1 zones
which have been formed during natural ageing. The subsequent formation of GP-11 zones
(B”) can be seen at ~300°C. The dashed areais a measure for the amount of [” particles

which can precipitate in the aluminum matrix.
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Figure 7.26: DSC trace of A356 in T4 condition.

7.4.2.1 EXPERIMENTAL PROCEDURE

DSC measurements were carried out on a Seiko DSC220 device. The measure principle
of DSCisschematically illustrated in Figure 7.27. The heat flow passing through the ther-
mal resistance material isproportional to the temperature difference between the heat con-
ducting surface on one end and the sample holder on the other end. The heat conducting
surfaceis controlled to maintain an uniform temperature level. Thus, the measured differ-
ence in heat flow through the sample holder is proportional to the sample and reference

temperature differences.

Small samples of A356 were heated up in an IR-furnace to 500°C and 540°C, respec-
tively. After soaking times of O min, 1 min, 3 min, 10 min and 12 h the samples were
quenched and naturally aged at room temperature for 8 days. Then small cubes of
~40 mg were prepared and placed on the sample holder of the DSC device. Thereference
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Figure 7.27: Measurement principle of Seiko DSC220, schematic.

holder was left blank. Prior to each measurement the whol e heating unit was cooled down
to -10°C. The samples were heated up to 470°C at a heating rate of 40 K/min, then
instantly cooled down to -10°C with amaximal cooling rate of ~300 K/min, held for 10
minutes and reheated again to 470°C with 40 K/min. To prevent oxidation the experiment

was carried out in an argon atmosphere.

7.4.2.2 RESULTS

DSC traces of experiments carried out at 540°C are depicted in Figure 7.28. The curves
represent arescan subtracted by the scan and have been offset for better visualization. The
results show adistinct dissolution peak of GP-I zones at ~220°C which have already been
formed during the natural T4 ageing procedure. The exothermic peak at ~300°C
represents the formation of GP-11(B”) zones. The small peak at ~350°C marks the
transition from B”-Mg,Si to [B’-Mg,Si. The precipitated zones are dissoluted again
at higher temperatures.

Figure 7.29 shows the results of experiments performed at 500°C. It can be seen that in-
stead of the peak at ~350°C a small peak at ~270°C can be observed. This reaction takes
place prior to B”-Mg,Si formation whose peak is shifted to higher temperatures. Only
the DSC trace after 12h at 500°C is different and shows a double peak at 320°C and
440°C, respectively.
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Figure 7.28: DSC curvesfrom A356 after various soaking times at 540°C
(dT/dt = 40K/min).
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Figure 7.29: DSC curves from A356 after various soaking times at 500°C.
(dT/dt = 40K/min).
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The specific energy of formation of B” zoneswas calculated asthe areaof ” peak. Re-
sults of B” formation in A356 at 500°C and 540°C can be seen in Figure 7.30.
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Figure 7.30: Specific energy of formation of GPII (B”) - zones after various soaking
times at 500°C and 540°C, respectively, for A356.

7.4.2.3 DISCUSSION

The values for specific energy of B” formation for A356 at 540°C reveal that most of the
Mg diffusion occurs within the first minutes. From 0.01 minutes to 1 minute the energy
of B” formationisdoubled. Up to 10 minutes of soaking timethevaluesfor B” formation
remain more or less constant. It isimportant to note that when the soaking time is drama-
tically increased from 10 minutesto 12 hours, the energy of B” formationisonly sightly
increased from 25J/g to 30J/g. GP-11 zones act as barriers for dislocations. According to
Equation (2-4) the force to bypassthe particlesis proportional to the cubic root of the par-
ticles' volume fraction. As the volume fraction of formed particles is assumed to be pro-
portional to the energy of formation, a comparison between the increase of yield strength
from T6x3 to T6 and the increase of energy of formation from 3 minutesto 12 h at 540°C

can be written as follows:
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YST6X3 - 3 Ef, 3min_ (7_2)
YSrs A Ef 1o

Inserting 229 MPa for YSrg,3, 260 MPa for YSg, 23.8 Jg for Es 34, and 30.1 J/g for
Es 1on, Equation (7-2) yields ~0.9 for both sides. Thus, the observed increase of yield

strength from T6x3 to T6 of ~10% isin good accordance with the measured increase of

formation energy of B” particles.

At 500°C the diffusion processes are slower than at 540°C. Therefore the values for ener-
gy of formation of B“ particlesarelower than corresponding values at 540°C up to 10 min-
utes of soaking time. At first sight the same amount of 3” particles after 12 h of soaking
time was expected for A356 at 500°C and 540°C, respectively. From the pseudo-binary
section of AISI7Mg in Figure 3.3 can be deduced that the solubility of Mg for
A356(A1SI7TMg0.3) at 500 and 540°C is~0.3 wt%. However, it issurprising that after 12h
at 500°C a significant lower value of energy formation is observed. One reason for that
might be the enhanced formation of Mg and Fe containing n(FeMgsSigAlg)phase at
500°C in equilibrium condition while the amount of B-FeSiAlg phase is concurrently re-
duced (Table 7.3).

Table 7.3: Equilibrium calculation for iron containing
intermetallic compoundsin AlIS7Mg0.3Fe0.15 [wt %] .

Temperature Mgin op, n-phase B-phase
500°C 0.15 1.19 0.034
540°C 0.23 0.68 0.21

As a consequence of enhanced nt-phase formation at 500°C in equilibrium, less Mg can
be dissolved in the aluminum matrix at 500°C and therefore less Mg,Si can be precipita-

ted when the alloy is artificially aged.
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7.5 SUMMARY OF SST

A new short heat treatment process, Silicon Spheroidization Treatment (SST), for modi-
fied Al-S alloyswas developed. SST spheroidizes the eutectic silicon within minutes be-
tween 500°C and 540°C. The effect of SST on the mechanical properties was tested on
different thixoformed Al-Si-Mg components. The ductility was outstanding, maximum
values of 18% fracture elongation and 230 MPaY S were obtained after 3 minutes of SST.
Despite of the short SST annealing time the SST Y S-level was very closetothe T6 YS-
level for A356. Figure 7.31 summarizes the values for yield strength and fracture elonga-

tion of thixoformed A356 and A357 in conventional and SST conditions. It can be clearly
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Figure 7.31: Fracture elongation to yield strength diagram for thixoformed A356 and

A357 for various heat treatments. Note, that the margin of A=15% and YS=180 MPa
can be crossed by newly developed Slicon Spheroidization Treatment (SST).

seen, that a high ductile state cannot be reached without any high temperature treatment
(T5). Speroidized silicon seemsto be a prerequisite for high ductility. The new SST con-
dition T6x3 (3min at 540°C + 4h/160°C) istherefore aserious candidate for various saf ety

components to satisfy these particular demands of the automotive industry.
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Investigations of dynamic mechanical properties of thixoformed A356 revealed that T6x3
specimens have a higher endurance of life compared to specimens which are convention-
aly T6 treated.

The impact energy values of thixoformed A356 and A357 in T6x3 were significantly
higher compared to T6. Best results were obtained when the specimens were quenched in

ar.

DSC experiments of A356 specimens after different soaking times at 500°C and 540°C
were carried out. The energy of formation of B” particles was calculated for each tested
specimen. It was found that most part of Mg diffusion iscompleted after minutes of soak-
ing time at 540°C for A356.

While the spheroidization which is responsible for excellent ductility occurs aready at a

temperature T > 500°C, a metal temperature of 540°C is essential for SST to maximize
the yield strength.
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8

APPLICATION OF SST

The conventional T6 solution heat treatment is expensive itself and causes subsequent
process stages like straightening or X-ray control. The T6 solution treatment is the most
expensive part of the post fabrication treatments as can be seen in Figure 8.1. By applying
the Silicon Spheroidization Treatment instead of conventional T6 solution heat treatment,
the effective soaking time and therefore costs can be dramatically reduced. As a conse-
guence lesswarping and blistering is observed which also leadsto cost savings. Therefore
SST might be asubstitutefor conventional T6 heat treatment when good strength and high
ductility are desired.

W precursor material O thixoforming
37% 37%

T6 solution heat
treatment
) ) 8%
[ straightening

O eye control X-ray control 6%
2% 6%

o vibratory grinding
2%

[0 ageing
2%

Figure 8.1: Cost splitting of different process stages for conventional thixoforming
[WENO1].
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8.1 SIMULATION OF THE HEATING PROCESS OF SST

The application of a short high temperature heat treatment to components with different
wall thicknesses might be difficult. A light weight aluminum rim of A356 (Fig. 8.2) which
isusually T6 heat treated was used to calculate the temperature distribution during SST.
The wall thickness varies from 2 mm at the bead to 20 mm in the hub. A successful SST
application requires a temperature of Tgpero > 500°C (see Chapter 7.5). The effective
time of a successful Silicon Spheroidization Treatment can therefore be divided into the
time which is necessary to heat up the coldest spot of the component between 500°C and
540°C and the effective spheroidization time (Equation 8-1).

tSST = theati ng(500°C < T < 540°C) + tspheroidization (8-1)

In order to obtain ahomogenous silicon spheroidization, it is desired that the temperature

difference between the coldest and the hottest spot is as small as possible at any time.

Title : Heat Treatment
Database : Felye.DE

Step 360 of 600
Thu Aug 8 D8:59:37 2002
SFTC DEFORHM-3D POST 4.0 2002

SST Step 360

B i
AT Erara:
s AL AT
e =
AREETS
o5 A=
T e
e
[ !
o e
i AT
2

eI,

R

W)
T

5

25
P s
SRR s -
SRS LSS
I Pl iy e e e S
= R
R AN

!
o L s
AR
WAVAYL S
s
=,
AN
£

=
s
&5
)
i

%
YAV,
=S
Ay
I
T

o

A T e v;vr";'ﬁgrﬂ

DI O R PR ]
I AR

Bt e i Py O T T T

e S A T

S VA AL T L

i Tl T Ty

%

CrL
=
A
<7
Av&:%
i
I AR

Zt
VA
1ok

ra

i
L
o7

4

Pt
i)
i

A
%
£

s

L
&
Yl
7
S

A A¥aY, H " ‘w‘fu.s"
A‘VA“‘L‘)‘“ I AN e P
A YA e e ST AV i
NS e et

R L]
R SNl
TN s S
S Ry
B R
<BRK]

Figure 8.2: FEM simulated geometry of a light weight aluminum rim (A356).
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8.1.1 EXPERIMENTAL PROCEDURE AND RESULTS

Specimens of thixoformed A356 with wall thicknesses of 3mm, 10mm and 20mm, re-
spectively, were placed in afurnace heated up to 540°C. The temperature-time profilewas
recorded and can be seen in Figure 8.3. These experiments were used to determine un-
known parameters needed for numeric simulation, i.e. the emissivity € of the material and
the heat transfer coefficient h to the furnace atmosphere. The simulation was performed
with the commercial simulation software tool DEFORM-3D. Based on the finite element
method it can simulate the complex behaviour of material flow and diefill aswell as heat
transfer problems between and within objects [DEF@]. The heat transfer cannot be only
analyzed asaintegral part of adeformation simulation but can also performed as a stand-
alone process. After several iterations of the calibration simulations, most realistic results
were obtained with an emissivity of € = 0.3 and a heat transfer coefficient of
h = 40 WnPK (Fig. 8.3).
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Figure 8.3: Calibration of the heat transfer at a furnace temperature of 540°C.

The temperature profile of the rim was caculated with a therma conductivity of
k = 167 W/mK and a specific heat capacity of cp = 0.963 J/gK [MAT@)] for afurnace at-
mosphere of 540°C. The temperature distribution after 6 minutes of soaking time at
540°C isillustrated in Figure 8.4. It can be seen that after such a short soaking time the
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Title : Heat Treatment
Database : Felye.DB

SST Step 360 Temperature (C) 50461

zzzzz
ssssss
aaaaa
aaaaa
aaaaa

55555

xxxxx

Figure 8.4: Temperature distribution in the rim after 6 min of soaking time at 540°C.

metal temperature, T, [°C]
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—0O— coldest spot
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Figure 8.5: Smulated temperature evolution of the hottest and coldest spot, respec-

tively, in the A356 rim.
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temperature in the bead of the rim exceeds already 500°C, atemperature which isdesired
for successful SST. Naturaly, the coldest area (~450°C) can be found in the rim's hub
which is the thickest part of the rim (20 mm). Figure 8.5 shows the evolution of the
temperature of the hottest and coldest spot, respectively. The hottest spot in the rim
reaches 500°C after 6 minutes of soaking time whereas the coldest spot needs ~8 minutes
to match the same temperature. The small temperature difference between the hottest and
the coldest spot, ATy, after 10 minutes of soaking time indicates a sufficient
homogeneous temperature distribution for SST. According to Equation (8-1), the heating
time for advantageous SST can be indicated to less than 10 minutes for a component with
considerable variations of wall thickness. The total processtime for SST istherefore less
than 15 minutes but might vary depending on the size and geometry of the particular
component. It is important to note that the simulation was performed without the
assumption of forced convection. Thus, the effective time for SST may be even shorter

because of the enhanced heat transfer at forced convection in convection furnaces.

8.2 SST APPLICATION EXAMPLES

8.2.1 THIXOCOMPONENT REAR DOOR HINGE (A357)

SST was applied to a A357 rear door hinge (Fig. 8.6) of the Audi A2 in industrial envi-
ronment at THIXALLOY® Components GmbH & Co KG in Lend, Austria. The par-
ticular requests for this component are: very high strength and elongation, surface quality

and no machining before assembling. The rear door hinge is shot in 8 cavities with a shot

i L
P{"ﬂ'-"ﬂ'f"iﬁ%@:am ) lﬂg BT m'
1 ‘. '__ R p s ' $ i ".ﬂn' A

Figure 8.6: Thixocomponent rear door hinge (Audi A2), A357 (THIXALLOY 650).
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weight of 2.8 kg. It has wall thicknesses from 2 mm to 20 mm, a part weight of 0.17 kg
and atotal length of 245 mm [WEN0Q]. The components were placed in a furnace which
was preheated to ~530°C. One component was equipped with athermocouple in order to
measure the metal temperature. The metal temperature reached 520°C after ~15min. After
3 additional minutes of SST the components were water quenched and artificially aged
for 4h at 160°C.

The static mechanical properties of specimens of the rear door hinge are illustrated in
Figure 8.7. Due to SST, the fracture elongation is doubled from conventional T5 and T6
treatment to newly developed SST condition T6x3. Theyield strength level issignificant-
ly increased from T5 (170 MPa) to T6x3 (245 MPa) and comes close to T6 level (270
MPa). Considering that the diffusion time of Mg in a-aluminum is much longer in A357
than in A356 (see Table 7.2), the SST yield strength level is avery good value compared
to the T6 value after a 12h solution treatment at 530°C. However, the yield strength after
SST might be improved if the furnace temperature was increased up to 540°C.
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Figure 8.7: Mechanical properties of the A357 rear door hinge of the Audi A2 after
SST (T6x3) in comparison to T5 (F+4h/160°C) and conventional T6 (12h/530°C +
4h/160°C) condition.
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8.3 SST FOR VARIOUS ALLOYS

SST effectuates the spheroidization of the eutectic silicon. The spheroidization process
can be accelerated if the eutectic silicon ismodified. The application of SST isnot limited
to AISiMg alloys. Asamatter of principleit can be applied to all alloys containing alumi-
num-silicon eutectic. The following experiments intend to demonstrate the application of
SST to common representatives of hypoeutectic-, eutectic and hypereutectic aluminum-

silicon alloys.

8.3.1 HYPOEUTECTIC Al-Si ALLOYS

AlSI9Cu3isavery frequently employed die-casting alloy. It isused in aimost all fields of
pressure die casting, especialy in the fabrication of pumps, engine housings and gearings

[WABO02].The microstructure of the unmodified as-cast condition isgiven in Figure 8.8. If

<y
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Figure 8.8: Micrograph of unmodi- Figure 8.9: Micrograph of unmodi-
fied AIS9Cu3, as-cast. fied AIS9Cu3, SST (3min/540°C).

Figure 8.10: Micrograph of S-modi-  Figure 8.11: Micrograph of S-modi-
fied AIS9Cu3, as-cast. fied AIS9Cu3, SST (3min/540°C).
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the unmodified aloy istreated with SST, small silicon fragments spheroidize whereasthe
big silicon needles are preserved (Fig. 8.9). The same material modified with ~300ppm
strontium shows a fine fibrous Al-Si eutectic (Fig. 8.10) which is totally spheroidized

after 3 minutes of SST (Fig. 8.11).

8.3.2 EUTECTIC Al-Si ALLOYS

Alloy AlISi12 is notable for its very good castability and excellent weldability, which are

dueto its eutectic composition and low melting point. It combines moderate strength with

relatively high fracture elongation and good corrosion resistance. The alloy is particularly

suitable for intricate, thin walled, leak-proof, fatigue resistant castings [ALU9S].

e

A
e

Figure 8.12: Micrograph of unmodi-
fied AIS12, as-cast.

. ;Z:Q:O!/.‘-'/-..
Lo Y,

Figure 8.13: Micrograph of unmodi-
fied AIS12, SST (3min/540°C).

Figure 8.14: Micrograph of S-modi-
fied AIS12, as-cast.

Figure 8.15: Micrograph of S-modi-
fied AIS12, SST (3min/540°C).

The influence of Sr-modification on the microstructural evolution of the Al-Si eutectic

during SST (Fig. 8.12-Fig. 8.15) is analogue to the results of hypoeutectic AISI9Cu3.
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8.3.3 HYPEREUTECTIC AI-Si ALLOYS

Hypereutectic aluminum silicon alloys are used in the automotive industry and other
applications where good wear behaviour is necessary [VAL96]. Especially the alloy
AlSi17Cu4 (A390) can be used for engine components like cylinder liners, pistons, con-
necting rods, oil pump gear wheels and control pistons for water- and oil pumps, respec-

tively [HUM99].

Figure 8.16: Micrograph of unmodi- Figure 8.17: Micrograph of unmodi-
fied AIS17Cu4, as-cast. fied AIS17Cu4, SST (3min/540°C).

Due to SST, the eutectic silicon is partly spheroidized and the sharp edges of the big
polyhedral primary silicon (Fig. 8.16) are clearly smoothed in Figure 8.17. This might
lead to an increase of wear resistance performance which was reported for a zinc-alumi-

num alloy reinforced by spheroidal silicon phase in [ZHA98].

8.3.4 ALLOY AIM@5.5S512 (MAGSIMAL59)

The influence of ashort high temperature treatment on the eutectic system Al-Mg,S was
investigated. Small specimens of Magsimal59 were heated up to 580°C, soaked for
3 minutes and quenched. The microstructure in as-cast condition can be seen in
Figure 8.18. After application of SST the morphology of eutectic Mg,Si does not seem to
be significantly altered which is illustrated in Figure 8.19. However, a possible positive

influence of SST on the mechanical properties of Magsimal59 remains to be tested.
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Figure 8.18: Micrograph of Magsimal59  Figure 8.19: Micrograph of Magsimal59
in as-cast condition. in T6x3 (3min/580°C) condition.

8.4 SUMMARY

FEM simulation of the heating process hasindicated that SST is possible for components
with variable wall thicknesses. The heating time for reaching the starting temperature of
500°C for most effective SST was calculated to 8 minutes in a furnace atmosphere of

540°C for an aluminum rim with wall thicknesses ranging from 2mm to 20mm.

SST was applied to a thixocomponent in industrial environment at THI XALLOY® Com-
ponents GmbH & Co KG in Lend, Austria. The mechanical properties of SST application
in comparison to conventional T5 and T6 treatment were measured of this particular com-
ponent. As aresult the fracture elongation in T6x3 (SST) was more than doubled in com-

parison to conventional T6 condition.

SST was a'so applied to various alloys containing Al-Si eutectic phase. It seemsthat SST
can be applied to hypoeutectic- aswell asto eutectic- and even hypereutectic alloys. How-
ever, proper modification of the Al-Si eutectic in as-cast condition is a prerequisite for
successful SST.

The benefitsof SST are summarized in Table 8.1. It seemsthat SST can act as a substitute
for conventional expensive T6 heat treatment for a broad spectrum of components. An
application of SST can especially be recommended when highest ductility with moderate
strength isrequired. Due to excellent ductility after SST its application for safety compo-
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Table 8.1: Benefits of Slicon Spheroidization Treatment (SST).

Characteristics Potential benefit or application

- Time saving in comparison to T6
- Cost reduction in comparison to T6
Very short high temperature - No gravity warping
heat treatment (SST) - Less straightening
- Less surface oxidation

- Can berealized in a continuous furnace

Lessblistering - Can be combined with various forming processes

Can be integrated in existing ] )
- Time and cost reduction
process sequences

nents in the transport industry seemsto be possible. SST can be integrated in existing in-
dustrial process sequences. It can be applied to components fabricated by various conven-
tional forming techniques like squeeze casting or die pressure casting. However, SST
seemsto work best with low porosity thixoformed components. SST has been patented by
SAG-AG.
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CONCLUSIONS

Ductility of Al-Si cast aloysisthe crucia value to meet the requirements for many appli-
cations. The ductility of Al-Si cast aloysis highly determined by the morphology of the
brittle eutectic silicon. It can be improved either by means of modifying agents like Sr or

Naor by spheroidization of silicon.

The development of new Al-Si-Mg alloys for semi-solid forming has shown that the frac-
ture elongation values are limited when no solution heat treatment is applied before
ageing (T5). During the T6 solution heat treatment, the eutectic silicon spheroidizes
which is responsible for good fracture elongation values in high strength T6 condition.
Thus, a high temperature heat treatment seems to be unavoidable to attain high ductility
(A > 15%) at elevated strength level (Y S > 180 MPa) which are the demands of the auto-
motive industry for light metal safety components.

It has been shown that the determining spheroidization process of eutectic silicon iscom-
pleted within minutes of soaking time at 540°C in case of well modified eutectic in as-cast
condition. The influence of this Silicon Spheroidization Treatment (SST) on the mecha-

nical propertiesis outstanding.

Table 9.1: Satic mechanical properties of AIS6Mg0.8 in T5 and A356 in T6 and
T6x3 (SST) condition, respectively.

YS UTS A time for solution heat

Alloy — Condition ryyor IMPa]  [%]  treatment at 540°C
AlS6Mg08  T5 195 281 78 0 min
AIS7TM@O3  T6x3 229 37 167 3 min
AIS7TM@03  T6 260 320 106 12h
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The static mechanical properties of AIS6Mg0.8in T5 and A356 in T6 and newly devel-

oped T6x3 conditions are summarized in Table 9.1.

Thelife of endurance benefits substantially from the very small spheroidized silicon par-
ticleswhich isreflected by the increased fatigue strength, o, after SST (T6x3) in compa-
risonto T6. The positive influence of SST on the dynamic mechanical properties of A356

can beseenin Table 9.2.

Table 9.2: Influence of SST on dynamic mechanical properties of A356.

Allo Condition YS Of time for solution heat
y [MPa] [MPa4] treatment at 540°C

A356 T6 260 180-190 12h

A356 T6x3 230 200-210 3min

The spheroidization process of eutectic silicon was successfully described by a dynamic
analytic model. The modified eutectic silicon was approximated by small cylinders with
fluctuating disturbances of their diameter. It has been shown that the spheroidization rate
is highly dependent from the radius of the original cylinder, i.e. the degree of modifica-
tion. By consideration of the specific diffusion problem at the Si-Al interface, the calcu-
lated spheroidization times for various temperatures were in good accordance with

observed values as can be seen in Table 9.3.

Table 9.3: Comparison between calculated and experi-
mentally observed spheroidization times of modified
eutectic silicon with an original radius of p = 0.15 um.

Temperature Tcalculated Texperiment
[°C] [min] [min]
540 24 2-3
500 3.88 35
450 8.08 ~10
400 18.88 ~20
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9 Conclusions

FEM simulation of the SST heating process of acomponent with variable wall thicknesses
has shown that the total process time for SST is somewhere between 10 and 15 minutes
inaconventional convection furnace. Successful application of SST on thixoformed com-
ponents has been aready carried out in industrial environment. Apart from the enormous
gain of ductility the potential economic savings of SST are also considerable since the
costs of conventional solution heat treatment are typically around 11-22 cent/kg [APEQQ].
SST has been patented by SAG-AG and further industrial implementation and application
of SST are currently the subjects of several studies and trials including various compo-

nents and alloys.
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APPENDI X

Table 10.1: Satic mechanical properties of thixoformed alloys AIS7Mg0.3,
AlS7Mg0.5 and AIS7MgO0.8 in various temper conditions.

Alloy Condition YS[MPa] UTS[MPa] A [%]
F 122 + 3 246 + 4 130 =+ 16
T4 138 + 3 265 + 4 205 = 55
T4x3 115 + 10 232 + 19 174 = 19
AIS'7Mg0.3
T5 168 + 4 266 + 5 99 =+ 19
T6 260 + 5 320 + 4 106 *= 35
T6x3 229 + 5 317 + 4 16.7 =+ 11
F 144 + 4 256 + 6 104 = 24
T4 174 + 3 301 + 3 21 + 11
T4x3 114 = 7 232 + 14 165 = 2
AISI7Mg0.5
T5 176 + 5 2712 £+ 6 93 =+ 16
T6 312 + 15 | 358 + 8 91 + 15
T6x3 240 + 10 |32 + 10 | 139 + 38
F 160 + 2 263 + 9 83 + 34
T4x3 118 + 24 | 207 = 11 97 =+ 28
AlS'7TMg0.8 T5 197 + 6 287 + 9 68 =+ 13
T6 323 + 12 | 367 = 5 76 = 14
T6x3 265 + 4 346 + 1 101 = 35

-115-



10 Appendix

Table 10.2: Satic mechanical properties of thixoformed alloys AlIS6Mg0.8 and
AIS5M(gO0.8 in various temper conditions.

Alloy Condition YS[MPa] UTS[MPa] A [%]

F 160 + 2 262 + 3 |102 + 24
T4x3 126 + 22 246 + 32 | 152 += 06
AlSi6Mg0.8 T5 195 + 3 281 + 3 |78 + 14
T6 319 + 9 353 £+ 3 |65 =+ 33
T6x3 251 + 4 329 + 5 (89 =+ 10

F 155 + 4 251 + 5 101 = 2
T4x3 117 + 19 232 + 32 |16 + 19
AlISI5Mg0.8 T5 190 + 4 2/1 + 3 |75 =+ 16
T6 314 + 11 3B3 + 5 87 + 17
T6x3 241 + 18 |316 + 17 |95 <+ 13

Table 10.3: Satic mechanical properties of thixoformed alloys AlIS5Mg0.8Mn0.4 and
AlS5M@g0.8Mn0.8 in various temper conditions.

Alloy Condition YS[MPa] UTS[MPa] A [%]

F 157 + 3 262 + 4 106 = 16
T4x3 132 + 20 | 252 21 149 + 39
AlSI’5M g0.8Mn0.4 T5 184 + 7 269 9 69 =+ 17

I+

I+

T6 323 + 18 | 367 + 8 76 =+ 21

T6x3 253 + 10 (327 + 15 |74 + 26

F 155 + 6 257/ = 5 99 + 22

T4x3 136 + 11 |260 + 12 |14 + 19

AlISI5Mg0.8Mn0.8 T5 184 + 5 264 + 11 (66 =+ 20
T6 324 + 8 359 + 10 |49 <+ 24

T6x3 256 + 1 329 + 1 6.7 =+ 0.2

- 116 -



10 Appendix

Table 10.4: Satic mechanical properties of thixoformed alloys AIS5Mg1.75,
AIS5M@1.75Mn0.6S and AIS5Mg1.75Mn0.6Ba in various temper conditions.

Alloy Condition | YS[MPa] UTS[MPa] A [%]
F 212 + 4 |26/ £+ 3 |35 *= 07
T4x3 137 + 19 |256 + 18 | 125 + 23
AlIS5Mgl.75 T5 256 + 5 294 + 9 25 + 05
T6 292 + 17 331 + 11 |53 =+ 17
T6x3 242 + 8 303 £ 16 |51 =+ 12
F 28 + 8 283 £ 11 |31 =+ 07
T4x3 135 + 33 | 252 + 37 |112 + 29
All\ji ﬁ'(\)/l gsler T5 255 + 8 |28/ = 15 |24 =+ 10
T6 318 + 7 |33 = 19 |33 + 15
T6x3 255 + 12 1318 + 16 (46 + 13
F 218 + 5 |28/ £ 15 |53 =+ 17
T4x3 124 + 17 | 245 + 23 (149 + 14
A'l/ISnSOI\/(ISng;S T5 246 + 7 305 £ 8 |50 =+ 12
T6 324 + 9 |37 = 9 |63 + 26
T6x3 248 + 5 326 £+ 9 |89 =+ 23
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