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ABSTRACT

MECHANICAL PROPERTIESAND MICROSTRUCTURE
EVOLUTION OF THIXOFORMED ALUMINUM ALLOYS

Thixoforming is an attractive process for the manufacture of complex parts with
substantial savings of time and cost. Different from the conventional metal forming
technologies which use either solid metals (forging) or liquid metals (casting) as starting
materials, thixoforming deals with semi-solid durries Thixoforming is composed of three
main processes, i.e. thixotropic feedstock production, reheating, and thixoforming. In this
study, three steps of the thixoforming process were carried out for A357 and AA6082
alloys. The production of a fine, equiaxed, globular microstructure (often referred to as
“thixotropic) is amust for the success of the thixoforming process. In the first step, cooling
slope (CS) casting process was carried out to obtain such a feedstock. The effect of casting
temperature and pouring length on the formation of thixotropic microstructure were
investigated. In the reheating step, as-cast billets were partialy remelted at semi-solid
temperature intervals and isothermally held for suitable durations with an induction
furnace in order to observe the microstructural evolution. In the forming step of the
process, as-cast billets were inductively reheated to the temperatures practiced in the
second step and then thixoformed between dies. Microstructural evolution and mechanical
properties (hardness, tensile strength, yield strength, elongation to fracture) of the
thixoformed samples were investigated. In order to use the advantage of low viscosity
presented in the thixotropic feedstocks, thixoforming was performed with lower press

loads comparing to the loads used in literature.



OZET

YARI-KATI HALDE SEKILLENDIRILEN ALUMINYUM
ALASIMLARININ MEKANIK OZELLIKLERI VE MIKROYAPISAL
EVRIMI

Y ari-kat1 halde sekillendirme, karmagik sekilli pargalarin daha az sayida stireg adinmu
ve daha disuk maliyetlerle Uretilmeleri igin cazip bir yontemdir. Hammadde olarak kat1
metalleri (dovme) veya sivi metalleri (dokim) kullanan geleneksel islemlerden farkl:
olarak; yari-kat1 halde sekillendirme islemi yari-kati durumdaki malzemeleri sekillendirir
ve hammadde Uretimi, tekrar 1sitma ve sekillendirme olmak lizere Ui¢ ana prosesden olusur.
Bu calismada yari-kat1 halde sekillendirmenin (¢ basamagida A357 and AA6082
aiminyum alasimlarr icin uygulanmustir. Eseksenli ve yuvarlak ince taneli bir
mikroyapmin (tiksotropik olarak adlandirilir) Uretilmesi yari-kati halde sekillendirme
surecinin ilk islemini olusturur. Bu tir bir yapmin olusturulmas: icin egimli plakadan
dokim islemi uygulanmustir. DOkim sicakliginin ve dékiim uzunlugunun tiksotropik yapi
olusumu Uzerindeki etkis incelenmistir. Tekrar 1sitma isleminde, dokilen kuttkler
indiksiyon firmi kullamilarak yari-kati1 sicaklik araiklarinda kismen eritilmis ve bu
sicakliklarda bazi bekleme sirelerine tabi tutulmusglardir. Isitilan kituklerde mikroyapisal
evrim gozlemlenmistir. Uglincli basamak olan sekillendirme isleminde, dokilen kiitikler
ikinci basamakta uygulamast yapilmis sicakliklara tekrar 1sitilip, 6zel olarak tasarlanmis
kaliplarda yari-kar1 halde sekillendirilmislerdir. Sekillendirilmis orneklerin mikroyapisal
evrimleri ve mekanik ozellikleri (sertlik, gekme dayanimi, akma dayammi, uzama) tespit
edilmistir. Tiksotropik hammaddenin dogasinda olan dusik vizkozite 6zelliginden
yararlanmak amaciyla sekillendirme islemi literatiirde uygulanan kuvvetlere oranla ¢ok

dahadusuk yikler altinda gergeklestirilmistir.
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1. INTRODUCTION

The new trend in automotive industry to produce more fuel-efficient vehicles has
resulted in the increased use of aluminum alloys. Especidly for light weight structures
aluminum is on advance. Furthermore, firms are looking for cost reduction due to shorter
process routes and fewer forming operations [1]. A necessary condition for the
manufacture of low-cost lightweight aluminum partsis the ability to process this expensive
material into near net shape components of complex geometry and high strength [2]. Die
casting and permanent mold methods have been used in manufacturing critical parts in
aluminum, but have a number of quality and weight problems to overcome. Soundness,
property uniformity, and near-net-shape limitations (part weight) are some of the issues
that have troubled the users of such parts. Over the past five years, thixoforming has
developed into a mature, high volume production method capable of satisfying the need for
near-net-shape, high qudity, low cost aluminum parts [3]. The advantage of this new
process over die casting as an economic casting method becomes clear when the
component cannot be satisfactorily produced by conventional die casting (thick-walled
component, special alloys) or if additional stages in production can be saved. Compared to
forming in a solid state, the main advantage is the high flowability, enabling complex
shapes and a complicated material distribution in only one forming step. The concomitant
low investment costs and material savings due to burr-free forming often more than

compensate the extra costs and work for the very exact heating which is required [4].

Thixoforming process is arelatively new method for forming dloys in the semisolid
state to near net shaped products. This recently developed technology was derived from
basic studies initiated by Flemings and collaborators in the 1970s [5]. Conventional
forging is done in the solid state, whilst conventional casting is done in the liquid state.
Thixoforming takes place in the solidus-liquidus region and has the advantages of giving
possibility of forming complex parts with cast and wrought aloys with shorter process
routes [6]. Thixoforming takes advantage of the unique thixotropic behavior found in the
semi-solid state. In this state, the alloy generaly exhibits decreasing viscosity with

increasing shear. This unique viscosity behavior is a result of the buildup and breakdown



of the solid phase within the slurry. With no shear stress applied on the slurry, the semi-
solid durry behaves like a solid allowing the operator or robot to handle the slurry prior to
forming. Once shear is applied to the slurry (during casting) the structural buildup of the
solid breaks down alowing the durry to flow like a high-viscosity liquid. This unique
thixotropic nature of semi-solid durry is exhibited in Figure 1.1 where a semi-solid slug
was cut like butter with aknife [7].

Figure 1.1. Slug in semi-solid state being cut with a knife exhibiting the unique thixotropic

nature of the semi-solid material [7]

Today, thixoforming has established itself as a scientifically sound and commercially
viable technology for production of metallic components with high integrity, improved
mechanical properties, complex shape, and tight dimensional control [8]. Although there
will initial extra capital costs involved in providing speciaized new equipment and higher
running costs in using specially prepared feedstock, there will be many applications where
the benefits cited above will ensure that thixoforming is a commercially viable technology.
As wdl as automobile wheels, these presently include aluminum master brake cylinders,

fuel systems, electrical connectors, valve bodies and brass plumbing fittings complete with



threads [5]. Figure 1.2 shows some of the components produced by thixoforming at
Stampal for an AlfaRomeo car [9]. Economically interesting applications already exist for
aluminum casting aloys. The fundamental feasibility of such processes has also been

proven for aluminum wrought alloys and a wide range of refractory materials [4].

Figure 1.2. Automotive components produced by STAMPAL for the AlfaRomeo car: a)
multi-link, rear suspension support 8.5 kg, A357, T5; b) steering knuckle A357, TS
subgtitution of cast iron part [9]

Thixoforming basically consist of three phases: (i) manufacturing of material with
non-dendritic microstructure, (ii) heating the material to the forming temperature, and (iii)
forming the material in a die casting press (thixocasting) or forging press (thixoforging) as
shown in Figure 1.3 [10]. In thixoforming, specially produced non-dendritic billet is
heated - as arule inductively - to atemperature between solidus and liquidus. This material
then ideally consists of afine and evenly distributed globular solid phase in a matrix melt.
In this condition the material can be handled like a solid and placed into a forming die.
Depending on whether forming takes place in a die casting machine or aforging press, one
talks of thixocasting or thixoforging. The shear stresses which occur during forming lead to
a reduction in viscosity, the billet behaves in the same way as a viscous fluid despite its
high share of solid phases (approximately 40 - 60 per cent) and permits the production of

complicated geometries at relatively low forming forces [4].
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Figure 1.3. Diagrammatic representation of thixoforging and thixocasting [4]

Semisolid billets production, which is to obtain billets with a non-dendritic
microstructure and behaving with thixotropic nature after proper partial remelting,
becomes the basis and the key to the whole process [11]. Feedstock can be produced by
either solid or liquid state routes. Feedstock is produced mainly by magneto-hydrodynamic
(MHD), dgrain induced melt activation (SIMA), recrystallization and partia melting
(RAP), or spray casting. In addition, there have been several attempts to employ ultrasonic,
low pouring temperature (LTP), grain refining, and cooling slope casting (CS) for
feedstock preparation. However, there have been few published reports on the latter
process [12]. A cooling slope is the simplest process to make the ingot for the
thixoforming. Only pouring the melt on the cooling slope and solidifying the metal, the
ingot for thixoforming is obtained [13]. In this study, cooling slope casting process was
carried out in order to obtain thixotropic feedstock for the alloy groups A357 and AA6082.
After producing feedstock via pouring down the molten metal through a cooling slope
plate, the produced billets were inductively heated to semi-solid interval and formed with a

hydraulic press.



The principal objectives of the present study are:

To obtain thixotropic feedstock via cooling slope casting process and to investigate
the effect of pouring temperature and pouring distance on the formation of
thixotropic microstructure.

To investigate the morphologic evolution of as-cast billets via induction heating and
isothermal holding practices.

To investigate microstructural evolution and mechanical properties (hardness, tensile

strength, yield strength and elongation to fracture) of the thixoformed samples.



2. THIXOFORMING

2.1. Semi-Solid Forming

Semisolid metal (SSM) processing is a hybrid manufacturing method that
incorporates e ements of both casting and forging [14]. It isarelatively new technology for
metal forming. Different from the conventional metal forming technologies which use
either solid metals (solid state processing) or liquid metals (casting) as starting materials,
SSM processing deals with semisolid durries, in which non-dendritic solid particles are
dispersed in a liquid matrix [8]. Forming in the semisolid state requires that a metal or
aloy have a roughly spherical and fine-grain microstructure when it enters the forming die
[14].

The term SSM processing is usualy confused with the terms rheocasting and
thixoforming. Rheocasting and thixoforming are two types of SSM processing. In brief,
rheocasting involves the application of shearing during solidification to produce non-
dendritic semisolid slurry that can be transferred directly into amould or die to give afinal
product. On the other hand, thixoforming is used to describe the near net shaping of a
partidly melted non-dendritic alloy slug within a metal die: thixocasting if in aclosed die,
or thixoforging if in an open die [8]. In rheocasting, slurry is formed when 60 to 70 per
cent of the material is liquid and in thixoforming, non-dendritic billet is formed when 30 to

40 per cent of the materid isliquid [14].

SSM processing offers to industry parts of complex shapes that have substantially
higher quality than, for example, die casting but are lower in cost than those produced by
alternative methods such as forging and machining. The higher quality arises primarily
from the higher viscosity of the SSM processed material as compared with liquid material
[15].



2.1.1 Background of Semi-solid Forming

Semisolid metal forming is based on a discovery made during research on hot tearing
undertaken a MIT in the early 1970s. Seeking to understand the magnitude of the forces
involved in deforming and fragmenting dendritic growth structures, MIT researchers
constructed a high temperature viscometer. They poured model lead tin aloys into annular
space created by two concentric cylinders and measured the forces transmitted through the
freezing alloy when the outer cylinder was rotated. During the course of these experiments,
it was discovered that when the outer cylinder was continuously rotated, the semisolid
alloy exhibited remarkably low shear strength even at relatively high fractions solidified.

This unique property was attributed to a novel non-dendritic microstructure [14]

The research expanded, and the MIT engineers coined the term rheocasting to
describe the process of producing this unique microstructure. They showed that sheared
and partidly solidified alloys could be assigned an apparent viscosity and that they possess
many of the characteristics of thixotropy. Most notably, the semisolid alloys displayed
viscosities that depend on shear rate and that rose to several hundred, even thousands, of
poise (approaching the consistency of table butter) when at rest and yet decreased to less
than 5.0 Pa .s or 50 P (poise) (the range of machine oils) upon vigorous agitation or
shearing. For the first time, therefore, these results afforded an opportunity to control

viscosity of alloy melts from that of fully liquid to any desired upper limit [14]

The feasibility of SSM processing of various aloys has been investigated in the past
30 years. Initially, the primary focus was on high temperature alloys, notably steels, and
practically no attention was given to aluminum and magnesium alloys. This was mainly
due to the drive for perfection of steel die casting technology for military applications.
Semisolid processing was considered to be an effective means reduce the casting
temperature. However, because the oil crises in the 1970s, and increasing environmental
concerns since the 1980s, automobile market forces have been pressing hard for weight
reduction using high performance light metal parts. As a consequence, since the 1990s,
SSM processing has predominantly concentrated on aluminum aloys. In the past decade,
SSM processing has experienced intensive research, development, and commercialization.

Today, SSM processing has established itself as a scientifically sound and commercially



viable technology for production of metallic components with high integrity, improved
mechanical properties, complex shape, and tight dimensional control. Perhaps more
importantly, it has demonstrated a great potential for further technological development

and commercial exploitation [8].

2.1.2. Advantagesand Disadvantages of Semi-solid Forming

Alloy slurries used in thixoforming may contain as much as 80 per cent solid: this
has a number of consequences for SSM processing as compared with conventional liquid
metal casting into permanent metal dies, leading to both technical and economic benefits
[5]. The main specific advantage of the thixoforming route is that the forming facility is
free from handling liquid metal, and the process can be highly automated using approaches
similar to those employed in forging and stamping. This basic concept of completely
separating the two main parts of the process (forming of the desired structure and forming
of the part) has been intuitively appealing and much work has been done in developing this

process route industrially [14].

Particularly significant for higher-melting alloys, semisolid metal working afforded
lower operating temperatures and reduced metal heat content (reduced enthalpy of fusion).
The lower temperature and short dwell time lead to longer die life. In addition, the energy
required to heat auminum alloys for casting (ignoring losses) is 35 per cent greater than
the energy required to heat the same aluminum alloy to the condition ready for semisolid
forming (Figure 2.1). When this is adjusted for the yield differences, the actual advantage
of SSM processing can be observed to be substantially greater [14].

The viscous flow behavior could provide for a more laminar cavity fill than could
generally achieved with liquid aloys. This could lead to reduced gas entrainment. And
aso, fluid flow filling die cavity under high final pressure enables the filling of thinner

sections and the forming of lighter parts[14].

Solidification shrinkage would be reduced in direct proportion to the fraction
solidified within the semisolid metal working alloy, which should reduce both shrinkage

porosity and tendency toward hot tearing [14].
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Figure 2.1. Heating curves showing energy savings possible in semisolid forging versus

Rapid quench in the forging press which is one of the specia characteristics of
semisolid forming avoids expensive solution treatment to obtain higher properties. This

press quench, along with the very fine spherical grains, can be used with some duminum
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alloysin order to achieve better mechanical properties with only aging treatment [14].

Beside these advantages, SSM processing has other benefits such as [8]:

Provide high integrity components, which are heat treatable.

Provide improved mechanical properties of finished components.

Produce components with complex shapes and tight dimensional control.

Produce castings with thin walls.

Provid

In comparing SSM processing with shaping in the solid state, the most significant
advantage is that the forming stresses are perhaps 10 lower in the semisolid state. This

means that more intricate shapes can be formed faster, using smaller presses, and with

lower finishi

e high production rate.

ng costs [5].
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With these enabling features in mind, there are several areas where thixoforming

process finds most of its applications [8]:

Existing permanent mould parts where the near net shape capability of SSM can
eliminate much of the machining and finishing.

Parts that must be pressure tight and cannot be produced in conventional die casting,
such as master brake cylinders, fud rails, air conditioner compressor housing, and
safety-critical parts.

High strength parts, such as engine mounts, steering knuckles, alloy wheels, tierods,
control arms, and seat belt retainer housings.

Wear resistant parts that require hypereutectic alloys, such as unanodised master
cylinder, compressor piston, brake drums, and gearshift levers.

Parts that are forged requiring excessive tooling.

Table 2.1 gives an example of acomparison of an aluminum automobile wheel made
by two routes: semisolid forging and gravity die casting. Many of the points above are well
illustrated: there is raw material weight saving of one third and the greater integrity and
superior aloy properties have allowed the design weight to be reduced by almost a third
again, added to this the production rate isincreased by afactor of over 7 [5].

Table 2.1. Comparison of semisolid forging (thixoforging) and gravity diecasting for

production of auminum automaobile wheels [5]

. - Production : ;
Weight from | Finished ) Tensile Yield .
) ) Rate per Aluminum Heat Elongation
Process | Mould/die, | Part weight, Mould/die Alloy treatm Strengtg Strengtg %
kg Kg Pi 1 MN m MN m
eces, h

Semisolid 357

forging 75 6.1 00 (AI-7S-0.3Mg) T5 290 214 10

Gravity 356
diecasting 111 8.6 12 (AI-7S-0.5Mg T6 221 152 8

On the other hand, SSM processing has some disadvantages [9]:

The cost of raw material can be high and the number of suppliers small.

Process knowledge and experience has to be continually built up in order to facilitate
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application of the process to new components.

This leads to potentially higher die development costs.

Initially at least, personnel require a higher level of training and skill than with more
traditional processes.

Temperature control. Fraction solid and viscosity in the semisolid state are very
dependent on temperature. Alloys with a narrow temperature range in the semisolid
region require accurate control of the temperature.

Liquid segregation due to non-uniform heating can result in non-uniform

composition in the component.

2.1.3. Rheology of Semi-solid Alloy Slurries

Conventional liquid casting processes face many potentia problems. These include
gas entrapment during turbulent filling operations, hot tearing of the solidifying metal and
shrinkage porosity formation. Hot tearing (cracking of the stressed solidifying metal)
occurs during the solidification of aloys as a result of the dendritic network limiting the
aloy’ s ductility in the semi-solid state. Shrinkage porosity can also be produced due to the
reduced feedability of liquid metal through the dendritic network. These problems are
greatly alleviated in alloys with spheroida primary phase morphologies. Under the action
of shear these alloys can fill all areas of a die cavity in a laminar manner, reducing gas
entrapment, shrinkage porosity, and hot tearing. It is the rheology of the metal slurries with
this spheroidal solid morphology that promote their use in semi-solid forming operations.

It is, therefore, important to understand the rheology of these fluids [16].

The modeling of durry flow into die cavities during thixoforming requires
fundamental understanding of their rheological behavior and knowledge of the basic
parameters which control the process. Concentric cylinder viscometers or rheometers are
usually employed for this purpose. Two types of cylindrical viscometers are possible: the
Searle type in which the inner cylinder rotates and the outer remains stationary, and the

Couette which has arotating outer cylinder which inhibits the onset of turbulent flow [5].

Semisolid metal slurries can be roughly divided into two broad categories; ‘liquid-

like' slurry contains dispersed solid particles and behaves like afluid under external forces,
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while a ‘solid-like’ slurry contains an interconnected solid phase and behaves like a solid,
exhibiting a well defined yield strength. The deformation mechanisms for these two types
of dlurry are fundamentally different. Semisolid metal durries with a solid fraction less
than 0.6 and a globular solid morphology usualy exhibit two unique rheological
properties: thixotropy and pseudoplasticity. Thixotropy describes the time dependence of
transient state viscosity at a given shear rate, while pseudoplasticity refers to the shear rate

dependence of steady state viscosity [8].

The first investigation of the rheology of SSM slurries was conducted on the Sn—Pb
system by Spencer et al [17]. They showed that the stirred SSM dlurry at a solid fraction
higher than 0.2 behaves like a non-Newtonian fluid with an gpparent viscosity orders of
magnitude less than that of an unstirred dendritic durry. It is this first observation which
initiated numerous rheological studies on stirred SSM dlurries. Among them is the very
extensive study by Joly and Mehrabian [18] on the Sn—Pb system. As demonstrated by Joly
and Mehrabian, the rheological phenomena in stirred SSM dlurries can be approximately
divided into three categories:

Continuous cooling behavior, which describes the viscosity evolution during
continuous cooling at constant cooling rate and shear rate.

Pseudoplastic behavior, which describes the shear rate dependence of steady state
viscosity, or shear thinning behavior.

Thixotropic behavior, which describes the time dependence of transient state

viscosity.

The continuous cooling behavior gives the first insight into the effects of solid
fraction, shear rate, and cooling rate on the rheological behavior of SSM durries. In
particular, it is more relevant to the practical conditions set in SSM processing techniques.
Figure 2.2 shows an example of results obtained from the continuous cooling experiments
on Sn—15Pb alloy carried out by Joly and Mehrabian [18]. Generally, for a given cooling
rate and shear rate, the measured apparent viscosity increases with increasing solid
fraction, slowly at low solid fraction and sharply at high solid fraction. At a given solid

fraction, the apparent viscosity decreases with increasing shear rate and decreasing cooling
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rate. This is because both increasing shear rate and decreasing cooling rate promote more

spherical particle morphology [18].

continuously
cooled : 230 st

Apparent viscosity (Pa s)

0 02 0.4 06 08
Solid volume fraction

Figure 2.2. Apparent viscosity versus solid fraction fs of Sn—15Pb alloy sheared
continuoudy and cooled at 0.33 K min—1 at different shear rates y, [18]

The isothermal steady state experiments lead to more precise rheologica
characterization and are afirst step towards the determination of a constitutive equation.
The steady state is usually defined as a state at which the viscosity of a SSM dlurry with
fixed volume fraction and shear rate does not vary with prolonged shearing time. Thus, for

a given alloy system, steady state viscosity is a function of solid fraction and shear rate.
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Joly and Mehrabian [18] showed on Sn—15Pb alloy that the behavior is shear thinning (or
pseudoplastic), where the apparent steady state viscosity decreases with increasing shear
rate. This shear thinning was demonstrated more generally by Turng and Wang [19], as
shown in Figure 2.3. For a SSM dlurry with afixed solid fraction, the steady state viscosity
decreases with increasing shear rate, approaching an asymptotic value when the shear rate
becomes infinite. It is now generally accepted that the steady State viscosity at a given
shear rate depends on the degree of agglomeration between solid particles, which, in turn,
is the result of a dynamic equilibrium between agglomeration and deagglomeration

processes [8].

f=0.57

Apparent viscosity (Pa s)

100 200 400 600 8001000 2000
Shear rate (1/s)
Figure 2.3. Steady state apparent viscosity versus shear rate in Sn—15Pb alloy for various

solid fractions f[19]

The thixotropic behavior of SSM durry was firg demonstrated by Joly and
Mehrabian [18] on Sn—15Pb alloy by measuring the hysteresis loops during a cyclic shear
deformation. However, such a procedure is not sufficient to quantify the kinetics of

agglomeration and deagglomeration processes. To overcome this shortcoming, special
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experimental procedures involving an abrupt shear rate jump or a shear rate drop were
developed to characterize the kinetics of structural evolution [8]. An example of such
thixotropic experiments obtained by Mada et al. [20] for Sn—15Pb alloy is shown in Figure
2.4. 1t has been found that the agglomeration process dominates after shear rate drop,

whereas the deagglomeration process dominates after a shear rate jump.
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Figure 2.4. Results obtained from shear rate transient experiments on Sn-15Pb alloy with
solid fraction of 0.45: along top of figure are shear rate (unit s *) values that apply to
vertical sections beneath [20]

2.2. Thixoforming

Thixoforming is a general term coined to describe the near net shape forming
processes from a partialy melted non-dendritic aloy slug within a metal die. If the
component shaping is performed in a closed die, it is referred to as thixocasting, while if
the shaping is achieved in an open die, it is called thixoforging, as schematically illustrated
in Figure 2.5 [8]. This distinguished thixoforming from rheocasting which has come to be
known as the process used for producing semisolid structures or forming parts from slurry

without an intermediate freezing step [14].
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Figure 2.5. Schematic illustration of thixoforming process [8]

There have been several attempts in the United States and abroad to commercialize
rheocasting process, but none of these ventures is known to have been commercially
successful. On the other hand, thixoforming which exploits the manufacturing advantages
of thixotropic semisolid alloy bars began commercial production in 1981. It is a now
rapidly expanding commercial process [14]. Thixoforming is now highly automated, with
billets being progressively heated under computer control and then transported by robot
arms to the forming operation for automatic shaping and subsequent removal from the die.
Commercid interest today is primarily in high-integrity aluminum components, especially

for the automotive industry [15].

The industrial thixoforming processis subdivided into three independent sections, as
schematically shown in Figure 2.6: the raw material production, the reheating and the
actual forming process. The aim of the raw material production is to prepare the feedstock
in such a way that, after reheating it to the semi-solid processing temperature, a globular
solid-phase structure will be obtained. Commonly, the characteristic structure is generated
by shearing the liquid aloy during solidification, either mechanically or
electromagnetically. Due to shearing forces, the dendritic structures are globularised. Other
possible treatments to achieve the desired globular microstructure are the Single Slug
Production method (SSP) or chemica grain refinement through crysalization nuclel
additions. After total solidification, the structure will be retained during reheating.
Reheating takes place immediately before the actual forming process. Since fast
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adjustment of a homogeneous temperature field in the billet is required, inductive heaters
are usualy applied. The actual forming is carried out with modern forging or high-pressure
casting machines. Thus, one can distinguish between thixoforging and thixocasting. One of
the main advantages of thixoforming is the production of complex-geometry components
within a single production step. Because of the small volume shrinkage during
solidification, parts can be produced in near-net-shape quality without additional cutting
and shaping, thus saving time and energy. Furthermore, in thixoforging, the driving forces
are small compared to conventional forging, leading to smaller plant dimensions and an
increase in the forging tool durability. Thixocasting guarantees, in comparison to its
conventional counterpart, a laminar filling of complex geometries. Remarkable
characteristics of thixoformed products are excellent mechanical properties as well as the
possibility of thermal treatment. Especially, the automobile industry already produces
complex light body components as well as high-pressure-resistant components for fuel
injections and braking systems. Alloys already used by thixoforming are mainly aluminum
based dloys (e.g., Al-Si-Mg alloys A356, A357). Other materias, like copper-based
aloys, metal matrix composites and steels are of industrial interest and are under scientific
investigation [21].

2.2.1. Feedstock Production

In thixoforming process, production of appropriate raw material is a key step. These
billets are cast from semisolid fluids possessing the rheocast non-dendritic microstructure.
The final freezing of these bars captures this microstructure. The bars then represented a
raw material that could be heated to at a later time or remote location to the semisolid

temperature range to reclaim the special rheological characteristics[14].

The objective of feedstock production is to provide a material with a characteristic
thixotropic microstructure where a non-dendritic (or globular) primary phase with a fine
grain size is uniformly distributed in a matrix of lower melting point. Although thixotropic
feedstock materials in their semisolid state may be directly used for component shaping,
they are often used as a raw material in the solid state for subsequent reheating into the
semisolid state and component shaping through thixoforming. Thixotropic feedstock

production can start either from a liquid aloy through controlled solidification under
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specific conditions, or from solid state through heavy plastic deformation and
recrystallization. Currently, there is little choice in commercially available feedstock
materials, and alloys are usualy limited to aluminum based materials, mostly A356 and
A357 type cast aloys 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 development. The basic features of those techniques available for feedstock production
are summarized in Section 3 [8].

1) Raw Material Production 2) Reheating
Magneto Hydrodynamic Mechanical
Stirring Stirring

(R Rel]=]e]
COD0OD

TS<TThiX0<TL

3) Forming Process

Thixocasting Thixoforging

'
o, T

Figure 2.6. Steps of thixoforming process [21]

Alloys Usad for Thixoforming: The aloys commonly used for thixoforming are
limited to a few casting alloys, only a limited number of trials have been carried out on
wrought alloys. If the materials are properly cast and the mould is well designed, the
resulting mechanical properties are generaly better than those of conventionally cast

alloys. However, the mechanical properties offered by thixoformed cast alloys may not be
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sufficient for specific applications when higher strength, especially higher fatigue strength,
is required. Wrought alloys could be an alternative for such applications. However,
wrought alloys are very difficult to cast or shape in the semisolid state owing to the very
strong temperature dependence of the liquid volume fraction, lower fluidity compared with
silicon containing cast dloys, and problems related to hot tearing. Table 2.2 summarizes
the calculated thermal properties of some conventional wrought and cast aluminium aloys,
which have been used in the past for thixoforming processing. For the wrought aloys, a
small variation in temperature induces a large change in solid fraction. Therefore, a small
decrease in temperature can lead to a considerable increase in solid fraction resulting in a
microstructure absolutely not favorable to thixoforming. In this case, deformation is
inhomogeneous and liquid segregation occurs often during mould filling. On the other
hand, when temperature increases, the liquid fraction becomes too high, which makes slug
handling very difficult due to the reduced shape stability [8].

Table 2.2. Thermal properties of aluminum aloys [8]

T.°C (Ref. 184} T, "C (Scheil model T, 'C (Equilibrium) Slope of -T curve
Alloy/ nominal composition T Ts ATz, To Ts ATs, T, Ts ATz, £=03 =06
Wrought aluminium alloys
2024 /Al-4'4Cu-15Mg-0-6Mn 638 502 136 6406 5070 1336 6406 5158 1248 00339 0014
3004/A1-1-2Mn-1-0Mg 654 629 25 6538 5220 1318 6B538 6408 130 0149 0-084
4032/A1-12:25i-1'0Mg-09Cu-0-9Ni 571 532 39 5715 5190 525 5715 5354 361 00676 00244
5056/Al-50Mg-0-1Mn-0-1Cr 638 568 70 6357 2980 3377 6357 5788 569 00335 0-0188
6061/Al-10Mg-0'615i-0-30Cu-0-20Cr 852 582 70 6521 532 1201 6521 5905 616 00707 0-0331
7075/Al-56Zn-2"5Mg-16Cu-023Cr 635 477 158 6349 4714 1635 6654 5177 1477 0031 0-0147
Cast aluminium alloys
296.0/Al-4-5Cu-2-55i 635 530 105 6325 5251 1074 6325 5278 1047 00192 0-0078
356.0/A1-7Si-03Mg 615 555 B0 6156 5572 584 6156 5675 481 00118 0201
357.0/AI-7Si-06Mg 615 555 B0 6149 5572 577 6149 5607 54:2 00117 0121
390.0/A1-17-05i-4-5Cu-0'6Mg 650 505 145 6614 5102 1512 6614 51002 1512 006 0-0241
520.0/A1-10Mg 605 450 155 6087 4501 1586 6087 5080 10007 0016 00094
T71.0/A-7Zn-0-9Mg-0-13Cr 645 605 40 6448 4682 1766 6448 6128 320 00586 0-0349

A356 and A357 are well adapted for the thixoforming process. Shape retention is
improved by decreasing silicon concentrations with some loss in fluidity and strength.
Magnesium additions (0.2 - 1.0 wt per cent can be used to provide product strength
through heat treatment. Eutectic modifications where necessary are accomplished with
small additions of strontium (~0.02 wt per cent). Since, the 0.2 per cent offset yield
strength is reached in the early stage of dislocation motion; yield strength is only
moderately affected by minor defects and grain size. This property is primarily a function
of alloy composition and heat treatment [22]. The first commercia attempt at aloy



20

development especially suited for thixoforming was carried out by Pechiney. To optimize
the strength and ductility in the T5 condition, an Al-6Si-1Cu-Mg alloy was developed
based on the A357 compositions. The properties of AI-6S-1Cu-Mg alloy after
thixoforming match or exceed those of permanent mould cast A356 dloy under T6
conditions. There have also been trials on modified hypereutectic alloys based on A390
alloy. The other approach for alloy design for thixoforming is based on existing wrought
aloys for improving processability and maintaining the good combination of mechanical
properties. Efforts in this direction have been mainly concentrated on the Al-Mg-S
system with increased magnesium and silicon contents and minor additions of other
aloying elements. It was found that such alloys have sufficient thixoformability and good

combinations of mechanical properties. In addition, hot cracking was eliminated [8].

Most of the published work concerning semi-solid forming of aluminum isrelated to
the casting alloys A356 and A357. For reheating usualy wrought Al-alloys, the different
freezing range and solidification characteristics as well as the different thermophysical
properties have to be taken into account. For example a billet made from 6082 can be
reheated to homogeneous semisolid condition much faster than a billet made from A356

because 6082 allows faster homogenization of the temperature field [23].

2.2.2. Reheating

Slug reheating is a critical stage in the thixoforming process. However, from a
fundamental point of view, remelting has been much less frequently studied than feedstock
production step in thixoforming. Its purpose is not only to obtain the desirable nominal
liquid fraction, but also to ensure transformation of the solid phase to a spheroidal
morphology with fine particle size. The driving force for such morphological evolution in
the semisolid state is the reduction of the interfacial energy between the solid and liquid
phases. To achieve this semisolid microstructure, the important processing parameters
during the reheating process include accuracy and uniformity of heating temperature and
heating duration. It is the heating temperature that determines the solid fraction in the slug.
Too high a heating temperature causes instability of the slug resulting in difficulties for
slug handling, while too low a heating temperature leads to unmelted, coalesced,

polyhedral silicon phase in the dug in the case of hypoeutectic cast aluminum alloys
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having a detrimental effect on the rheological properties during die filling and on the
ductility of the finished parts. Furthermore, a uniform temperature distribution throughout
the slug is important, because a non-uniform digribution of temperature may lead to
fluctuation in solid fraction and rheological characteristics, which in turn may cause
solid/liquid separation during mould filling. Finally, the heating duration has to be
optimized; too long a heating time will cause structural coarsening, while too short a
heating time will lead to incomplete spheroidization of the solid particles compromising

the rheological properties and leading to difficulties during mould filling [8].

A variety of methods can be used to reheat the thixotropic slug to the semisolid
temperature interval. Selection of the method depends on the aloys involved, the costs of
different forms of energy and the levels of heat control required. Furnaces can employ
convection or radiant electric or gas heat, electrical induction, or resistance. The time and
energy requirements may vary widely depending on the alloy and the size of the slug [14].
Reheating of the billet before forming must be accurate and homogeneous and should be
quick to avoid excessive grain growth. Induction hegting is to be preferred because of its
high heat penetration and good controllability [23]. Induction heating has advantages over
conventional radiant-heated furnace heating in the reduction of the amount of scaling and
scrap due to the lesser billet heating time [24]. In industry and research laboratories only
induction heating units are used to obtain heated parts within the range of temperatures
between the solidus and liquidus state with a semi-solid microstructure. Through the use of
induction heating it is possible to induce high energy in the part, to obtain heated parts at
the right temperature in a short time. Considering the possible output of a thixoforming
process, the time for the heating process is also important. Furthermore, the duration of the

heating process influences the quality of the microstructure [25].

Another feature of induction heating is its repeatability. For a given material, the
power input repeats accurately over the heating cycle. This allows time to be used as the
measure of temperature, since the material, heated for a measured time, can be assumed to
be at the given temperature with high accuracy. This is useful where there is a constant
production rate, using automatic feeding and gjection. Because the initial billet temperature

of the forming process is the key parameter to filling results in the semi-solid forming
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process, an accurately controllable induction heating method must be selected for the
reheating process [24].

During the heating process with induction system, the whole part of the billet has to
be heated homogeneously up to the temperature needed for the process. It isimportant that
the induction current, conditioned by the working frequency of the induction heater, heats
up only the outer part. This effect is called skin effect. The necessary homogenization of
the temperature of the whole part is achieved by heat conduction. Therefore some timeis
needed in order to reach the same temperature. Even after this time, there is a radial
temperature gradient. This gradient can be minimized by optimizing the parameters of the
heating process. With regard to the time needed for the induction heating process, it is

necessary to have several heating units for one thixoforming press[25].

Controlling the temperature of the billet during heating via induction system is very
important because thixoforming is carried out within a small range between the solidus and
liquidus temperature. A small variation in the temperature especially for auminum
wrought aloys lead inadequate solid fraction and microstructure for thixoforming.
Controlling the temperature with Ni-Cr-Ni thermocouple (K-type) is the most conventional
method. However the capability of thermocouples is limited if auminum wrought alloys
are used. This is due to the fact that duminum wrought alloys only have a very narrow
temperature range for processing, which exceeds the accuracy of the commonly used Ni-
Cr-Ni thermocouples [26]. An alternative method was developed in order to control the
temperature more accurately which is based on the changes of the magnetic and electric
properties that occur during the heating process. These changes occur both in the solid and
in the semi-liquid state. The unit works with a constant coil voltage. The effective current
changes when the temperature changes. This change of the current can be measured with
the help of the tests that are being done before series production starts. During these tests,
the temperatures as well as the effective current are measured during the heating process.
After this, during the series production, it is possible to use the recorded changes of the
effective current to indicate the temperature during the heating process and also to indicate
when the material is in the semi-solid state. The beginning of the partial melting processis

clearly indicated by a considerable current drop [25].
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Induction heating is currently implemented in two different ways: vertical and
horizontal heating. A vertical heating system has been conventionally used. It suffers from
the slug instability problem when the height/diameter ratio is not correctly chosen. The
horizontal heating system is arelatively new development, in which the slug lies in atray
and is heated to the optimal processing state monitored by an automatic control loop.
Advantages of the horizontal heating system include reduction of the shape stability
problem, possibly using higher liquid fractions and alloys with a short freezing range.
However, it has a higher system cost and higher space requirement. The relatively low
energy efficiency of the induction heating station is a drawback. Possible improvement of
energy efficiency can be achieved by preliminary heating to a critical temperature in a
convection furnace followed by induction heating for temperature homogenization [8]. For
vertical type induction heating, if too much thermal energy and heating time are provided
to heat the billet to the required temperature, undesirable phenomena such as liquid
segregation, ‘‘the elephant-foot effect’’ by its own weight and an *‘electromagnetic end
effect’”” may occur. For the horizontal-type induction coil, the ‘* elephant foot effect’’ by its

own weight seldom appears and outflow of the liquid decreases remarkably [27].

Structural Evolution During Partial Remelting and Isothermal Holding:. During
reheating, microstructura evolution is a diffusion controlled process. On the one hand, the
holding time should be long enough to complete the morphological transition from
dendritic (or rosette) to spherical, but, on the other hand, the holding time should be short
enough to prevent excessive grain growth, which is detrimental to the mechanical
properties of thixoformed parts. So the reheating process needs to be optimized to achieve
the most desirable dlurry characteristics for thixoforming. Understanding the structural
evolution would be a critical step towards such optimization. In contrast to solidification
from the liquid state, the variety of solid state structures that can be encountered during
remelting give rise to a rich range of melting behavior. However, the microstructural
evolution during remelting and subsequent holding before thixoforming has received only
limited attention. In the section above, the information available about structura evolution
during partial remelting and isothermal holding inthe literature is summarized [8].

The kinetics of structural evolution during isothermal holding in the semisolid state
has been subjected to a number of studies. Sannes et al. [28] investigated the structural

evolution of semisolid ZE33 magnesium alloy at different solid fractions. They found that
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the coarsening rate increases with decreasing solid fraction. Based on the experimental
results, the authors proposed that at high solid fraction, growth by coalescence ripening
makes a major contribution to the total microstructura coarsening in the semisolid state,
while at low solid fraction; Ostwald ripening is the dominant mechanism for structural
coarsening. Loue and Suery [29] studied the influence of thermomechanical history on the
microstructural evolution of A357 alloy during partial remelting and isotherma holding.
They found that during the coarsening process, particle density for the initially globular
structures decreases with increasing isothermal holding time, while that for initially
dendritic structures remains fairly constant, as shown in Figure 2.7. They dso found that

longer solidification time and smaller initial grain size accelerate the coarsening kinetics.
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Figure 2.7. Particle density N as function of isothermal holding time during partial
remelting at 580 °C (f<=0.45) of conventiondl, initialy globular (o) and MHD stirred,
initially dendritic (o) Al-7Si—0.6Mg aloy [29]

The effects of initial particle morphology on the coarsening process were investigated
by Blais et a [30]. During isothermal holding in the semisolid state, regardless of the
initial particle morphology, the solid phase aways evolves towards a spherical
morphology. However, the kinetics of such evolution is governed by the initial
microstructure; as shown in Figure 2.8, the larger the initial shape factor Fg, the faster the
kinetics for spheroidisation, and the longer the holding time required to obtain spherical
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particles [30]. The kinetics of coarsening of a MHD stirred A357 alloy follows the
prediction of Ostwald ripening (Figure 2.9) [31].
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Figure 2.8. Particle shape factor Fq as function of holding time at 580°C (fs=0.5) for
Al-S—0.6Mg alloy obtained by classical continuous casting, without (1) and with (m)
grain refining, and by MHD stirring (n) [30]

Another phenomenon observed during microstructural coarsening is the entrapped
liquid inside the solid particles. Based on the available experimental results, it appears that
both Ostwald ripening and particle coalescence contribute to the process of entrapping
liquid, but with opposite effects. On the one hand, Ostwald ripening leads to a loss of
entrapped liquid, since the small particles with entrapped liquid will dissolve and the
entrapped liquid will join the bulk liquid. On the other hand, coalescence of complex
shaped particles results in liquid entrapment. In the latter case, the liquid entrapped in the
solid particle will remain entrapped. This makes the evolution of entrapped liquid rather
complex, especially during short holding time [32].
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Figure 2.9. Average particle size as function of holding time at 580°C (fs=0.5) for
Al-7Si-0.6Mg aloy obtained by MHD stirring [31]

Plastic deformation before reheating has been found to be an important factor as
regards the coarsening kinetics. Loue and Suery [29] found that cold working before partial
remelting of A356 alloy alows the most rapid globularization of the solid phase once the
threshold for crystallization is surpassed.

Tzimas and Zavaliangos [33] compared the reheating behavior of three different
initial microstructures obtained by MHD tirring, the SIMA (stress induced and melt
activated process), and spray casting. They concluded that at medium liquid fraction, the
microstructure of spray cast and SIMA aloys consists of discrete equiaxed grains
uniformly dispersed in the liquid matrix, while the corresponding microstructure of MHD
alloys exhibits extensive agglomerates consisting of incompletely spheroidized grains.
Their results dso demonstrated that the reheated MHD microstructures are less equiaxed
compared with SIMA and spray cast alloys even after 5 min soaking in the semisolid state.

The kinetics of semisolid thermal transformation of initially dendritic structure has
been investigated by a number of workers. On increasing the temperature, partia remelting
was found to start at grain boundaries, followed by an apparent decrease in the proportion
of eutectic phase. During partial remelting and the subsequent isothermal holding in the

semisolid state, coarsening first proceeds predominately through coaescence of dendritic
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arms. As the dendritic arms of the same cell have a perfectly matching crystallographic
orientation, coalescence of the dendrite arms is supposed to be extremely rapid. Such a
mechanism of rapid coalescence causes substantial entrapment of the liquid phase in the
interdendritic region, while in the case of electromagnetically stirred alloys the coalescence
of short dendritic arms leads to a more spherical morphology. After this rapid coalescence
stage, the much dower coarsening by diffusion of solid atoms from areas of high curvature
to areas of low curvature can take place. As long as the particles are not spherical,
coarsening will lead to an increase in the mean free path in the solid phase, but the number
of particles remains constant until eventually the solid phase becomes spherical. Further
coarsening will then take place through dissolution of the small globules and the particle

density will then decrease[8].

It can be summarized that the microstructural evolution during reheating and

subsequent isothermal holding is characterized by the following processes [8]:

Partial remelting of the low melting point phase starting at grain boundaries.

Rapid coalescence of dendritic arms resulting in liquid entrapment.

Spheroidization of individua particles due to atomic flux from the areas of high
curvature to the areas of low curvature.

Coarsening by both dissolution of smaller particles and coalescence between

particles, resulting in a decrease in particle density.

2.2.3. Forming

The process of forming a partially melted non-dendritic alloy slug into a near net
shape component within metal dies has been termed thixocasting, thixoforging, or more
generally, thixoforming. Thixocasting usually refers to the operation of injecting the slug
into the die by a ram or plunger as in die casting, and in fact the early work on SSM
employed die casting machines and dies. Placing the slug within open dies and sgueezing
the two halves together is often referred to as thixoforging. However, the deformation and
flow of the semisolid aloy within the die is different from that of pure liquid or pure solid

in either process, and the term thixoforming is generally preferred [5]
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There are two separate stages involved in thixoforming a slug of the appropriate non-
dendritic structure into a shaped component within a die. The first is the uniform heating
and partial melting of the alloy slug which is carried out with induction heating in order to
avoid steep temperature gradients. When the slug is known to be in the correct softened
condition, either by adopting a heating program established experimentally, or by
temperature measurement or some other non-contacting device monitoring softness, the
slug may be transferred to the die shot chamber by robot handling where it isthen injected
into the die by a hydraulic ram. Alternatively, the induction heating may be carried out
with the slug seated on a pedestal attached to the ram and injected directly into the die.
This technique avoids handling of the semisolid slug and delay involved, and permits both
heating and injection to be carried out within a vacuum or controlled atmosphere chamber,
this has obvious advantages when dealing with easily oxidized aloys at high temperatures
[5]. During the experiments performed by Kang et al. [34], 7-8 seconds delay in feeding of
reheated billet from induction furnace to the dies lead increase in solid fraction before

applied pressure which reduced mechanical properties of the thixoforged part.

In thixoforming, the material flow begins with the impact of the ram on the slug and
the thixotropic nature of the slug allows the metal to flow into the cavity at very low
pressures. Only at the end of the forming stroke, the pressure increases to the selected level
to form fully dense component. The time of containment under pressure depends on aloy
and part dimensions and is normally only a few seconds in duration because heat transfer
to the die is extremely efficient at the high pressure. At the completion of the forming
cycle, dies are opened and the part is gjected [14]. Figure 2.10 shows typical thixoforming
arrangements. The slug is generally heated in an induction heater until it reaches the
required semi-solid state and then forced into the die by aram. Slugs are usualy orientated
vertically during heating but there are some horizontal arrangements where the slug is
placed in a container to catch any escaping liquid. Horizontal heating arrangements tend to
operate with liquid fractions around 0.6, vertical with 0.4 [35].

At present, thixocasting through horizontal cold chamber die casting is the dominant
process. A robot arm transfers the semisolid slug into the shot chamber and the plunger
injects the materials into the die cavity. All the thixocasting machines are real-time

controlled and thus permit areaction to possible fluctuation during the forming process. At
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this stage, smooth laminar mould filling is the crucia step for the forming process. This
can be achieved by an optimised shot profile tailored for specific aloys and their physical
conditions [8]. In the alternative process, whereby the semisolid slug is forged between
two die halves (thixoforging), similar conditions will hold, but it is more difficult to predict

and control the flowrates of the durry in different regions of the closing dies [5].

Die Clamp
Graphite Die

K-type Thermocouple placed in aslug

Ram

Computer Contra Induction Controaller

i Ram Semi-solid
Slug

Figure 2.10. Top: computer controlled hydraulic vertical thixoforming press and bottom:
typical commercia hydraulic horizontal thixoforming press [35]

In thixoforging process, forging presses may vary, but the ability to control the
forming speed and the pressure precisely is essential if the pressis to be used to forge a

variety of parts. Depending on part size, geometry, alloy and quality specified, forming
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speeds may range from a few millimeters per second to 1270 mm/s and mold pressure
from a few hundred kilograms per square centimeter to 140 MPa or more [14]. Because of
the shear-rate dependent viscosity of the metal, the thixoforging technique requires
extremely low punch forces at the beginning of the forging process. Only towards the end
of the process is a higher punch force needed, because the material cools down to
temperature which is closer to the solidus temperature and because of the surface of the
work piece gets larger. The punch force of the traditional forging process, however,
increases during the whole punch stroke as shown in Figure 2.11. After the cavity has been
filled, the press works with a constant force over a certain period of time during which the
workpiece has to solidify completely. The punch velocity should be as high as possible in
order to close the dies as fast as possible. This is necessary because the differences in
temperature of the material and die cause a quick cooling of the workpiece. The stroke of
the punch should be as short as possible because the cycle time should aso be kept short.
The punch velocities should be optimized to fill the cavity with alaminar flow of the semi-
solid material. If there are large variations in the cross sections of a workpiece, the punch
velocity will have to be adjusted during the filling process. After the cavity has been filled,
the material of the workpiece should solidify completely under a pressure load of
approximately 1000 bar. This pressure is needed to ensure a microstructure without inner
porosities [25]. Cho and Kang [36] observed the filling behavior of thixoforged products
and they investigated effect of pressure on microstructure and mechanical properties of
these products. They carried out experiments with ram speed of 200 mm/s and applied
pressure of 100 and 150MPa. The results showed that the higher applied pressure, the

denser microgtructure and the higher mechanical properties.

Another important aspect during the forming process concerns the design of the
gating system and die cavity and the correct choice of die temperature. Such a design
process has to consider the flow characteristics of the semisolid metals. The forming
process can be optimized through process simulations using various computer modeling
techniques [8]. When simulating the die filling, the moving upper die as well as the
thixotropic properties of the work material has to be considered. The work materia is
described by a shear rate and shear time dependent viscosity. The die filling of a smple
part, calculated with different viscosity parameters is, compared with the experimental

results. Within these simulations, the forming forces were calculated and compared with
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the experimentally measured forces. The simulation is verified with these quantitative data.
With a proper choice of the viscosity parameters it is possible to fit the results of the
simulation to the reality [37]. Kapranos et al. [38] studied a process for producing and
assessing a high-quality thixoformed component, using a standard aluminum die casting
aloy, forced into a non-hardened steel die. They showed that die designs based on
conventional pressure die casting practice are inadequate. In particular, the higher
viscosities of the metal slurries used in thixoforming require modified runners and gates.
The design of these can be aided greatly by CFD modeling and this tool will be used more

and more in all aspects of die design for thixoforming.
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Figure 2.11. Punch-force punch-stroke diagram of atraditional forging process and
thixoforging process [25]

The practice in thixoforming of aluminum and copper aloys has been to use
conventional die steels (H-13, H-21) and die lubricants to prevent sticking [5]. Dies have
hardness of 45 to 48 HRC. Die cavities are ground and electric discharge machined;
tolerances and shrink rule are approximately the same as for die casting. Polishing is
frequently advised to improve metal flow, to ease part gection and to optimize surface
quality [14]. Generally the dies are preheated to about 250°C-300°C, so the rate of heat
transfer from the aluminum to the die will be reduced, allowing the semi-solid metal to

flow alonger distance before the critical solid fraction preventing flow is reached [39].
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3. FEEDSTOCK PRODUCTION FOR THIXOFORMING

3.1. Propertiesof Feedstock for Thixofor ming

Forming in the semisolid state requires that a metal or aloy have aroughly spherical
and fine-grain microstructure uniformly dispersed in a liquid matrix when it enters the
forming die [14]. This final structure is suitable for semi-solid processing. In this case, the
structure that presents minor grain size, minor shape factor (roundness), and the most
homogeneous and globular size of the primary phase has the best behavior in semi-solid
forming as well as the best mechanical final properties [40]. A primary goa of durry
preparation is to create such a structure to ensure the favorable rheological characteristics
to facilitate the subsequent component shaping process. Semisolid metal slurries exhibit
distinctive rheological characteristics: the steady state behavior is pseudoplastic (or shear
thinning), while the transient state behavior is thixotropic [8]. For example, mascara, honey
and certain kinds of paint are all thixotropic. When they are sheared they flow, when
allowed to stand they thicken up again; their viscosity is shear rate and time dependent.
Such behavior in SSM adloys was firstly discovered in the early 1970s during the
investigation of hot tearing with a rheometer. If the material was stirred continuously
during cooling from the fully liquid state to the semisolid state the viscosity was
significantly lower than if the material was cooled into the semisolid state without stirring.
Stirring breaks up the dendrites which would normaly be present so that the
microstructure in the semisolid state consists of spheroids of solid surrounded by liquid
(Figure 3.1). It is this microstructure which is a requirement for thixotropic behavior and
for semisolid processing. When such a semisolid microstructure is allowed to stand, the
spheroids agglomerate and the viscosity increases with time. If the material is sheared, the
agglomerates are broken up and the viscosity fals. In the semisolid state, with between 30
per cent and 50 per cent liquid, if the alloy is allowed to stand it will support its own
weight and can be handled like a solid. As soon asiit is sheared, it flows with a viscosty

similar to that of heavy machine ail [9].

The alloys used as a feedstock material for thixoforming should owe some basic

properties. First of al, solidification range is an important factor and needs to be optimum.
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On the one hand, too narrow solidification ranges leads poor castability. On the other hand,
too wide a solidification range could lead to poor resistance to hot tearing and poor fluidity
of the liquid aloy. The temperature sensitivity of solid fraction is another important
criterion for feedstock materials. The feedstock material’ s temperature sensitivity of solid
fraction should be as small as possible. In addition, to take full advantage of the fact that
thixoformed components are heat treatable, aloys for thixoforming need to have large AC
which is defined asthe solid solubility difference between semisolid temperature and aging
temperature. ldeal slurry for thixoforming has a controlled volume fraction of fine and
spherical solid particles distributed uniformly in a liquid matrix with good fluidity. Such
slurry can ensure smooth mould filling and fine and uniform microstructure after
solidification. However, the ease with which the fine and spherical particles can form
during thixoforming depends on the actual alloy composition. Lastly, the characteristic
rheological properties of SSM slurries makes thixoforming unique and advantageous
compared with other conventional casting techniques. The processing condition, and the
morphology, size, and distribution of the solid phase in the liquid matrix, all have great
influence on the viscosity of SSM dslurries. The variation in viscosity, on the other hand,
will influence the castability. In addition, particle agglomeration strongly affects the
rheology of SSM durries. A reduced tendency for particle agglomeration will facilitate

thixoforming and can be achieved through addition of alloying elements [8].

Figure 3.1. Micrograph of atypical @ dendritic microstructure in an as-cast sample and b)

globular microstructure in a semisolid alloy sample [9]
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3.2. Microstructural Evolution During Feedstock Production

3.2.1. Microstructural Characterization

For a fixed aloy compostion, complete description of the microstructure of
semisolid durry involves quantifying the volume fraction, size, shape, and distribution of
the solid particles. Thisis normally done with a solid material quenched from the semisolid
temperature. So far, nearly al the quantifications have been done on a two-dimensional

(2D) polished surface using conventional metallographic techniques[8].

The behavior of a semisolid material is very sensitive to the volume fraction of solid.
A large volume fraction of solid results in increased apparent viscosity and significant
internal damage during deformation, as a result of strain localization which in turn causes
difficulties in die filling and defects in the final product. Although no specific limits have
been explicitly suggested in the literature, it is generally accepted that the volume fraction
of solid during processing should be & most 0.6 [41]. Accurate knowledge of solid fraction
in semisolid slurry is critical for both scientific understanding and effective process
control. For a given aloy, solid fraction can only be defined uniquely a a given
temperature under equilibrium conditions. In any other case, it depends on the prior
thermal history. Practically, utilization of thermodynamic data (equilibrium phase
diagram), thermal analysis techniques and quantitative metallography on microstructures
are three effective methods for the evaluation of solid fraction. Although these three
methods are all approximate, each one has its own significance and unique advantages: the
use of thermodynamic data is a fast tool for alloy design, thermal analysis provides one
with comparable information and reveals the prior thermal history of an aloy, and
guantitative microscopy after quenching reveals more microstructural information, such as

morphology and distribution of the solid phase in the semisolid state [8].

During feedstock production in thixoforming, it isimportant to control whether the
microstructure is composed of adequate spherical grains. In order to quantify the particle
morphology, an object-specific shape factor F is usually used. Two different expressions

for the shape factor F has been used in literature:
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2 4PA (32)

where A and P represent the area and perimeter of the object, respectively. In both cases,
F=1 refers to a perfectly spherical morphology, while for very complex shapes, F1 —0 and

Fz—)OO.

For a given durry system with a fixed solid fraction, particle distribution in the liquid
matrix has a pronounced influence on the slurry rheology and has a strong implication
regarding the quality of the SSM processed components. Despite such importance,
currently there is no mature method for the quantification of particle distribution in the
liquid matrix. To model the deformation behavior of SSM dlurries, a structural parameter s
has often been used to describe the particle distribution. In a completely agglomerated state
s=1, while for a completely dispersed state s=0. Thus, 0<s<1. However, this parameter is
not well defined and is extremely difficult to measure experimentally. More recently, it
was proposed that using the average number of particles in agglomerates as a parameter to
describe the degree of particle agglomeration in SSM slurry. Obviously, this parameter can
be determined experimentaly using a standard metallographic method. The concerned
parameter has been successfully used for the development of a microstructural model for
SSM dlurries. It was demonstrated that the viscosity of specified SSM durry has a one-to-

one correspondence to the average number of particles in agglomerates [8].

3.2.2. Nucleation and Formation of Equiaxed Grains

During dendritic solidification of alloys, a number of processes take place
simultaneoudy within semisolid region. These include crystallization, solute redistribution,
ripening, interdendritic fluid flow and solid movement. The dendritic structure which
formsis greatly affected by convection during the early stages of solidification. In the limit

of vigorous convection and slow cooling, grains become spheroidal. Alloys with this
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microstructure posses rheological properties in the semisolid state which are quite different

from those of dendritic aloys[15].

Nucleation and growth are the two man mechanisms during solidification.
Homogeneous and heterogeneous nucleations are two ways in which nuclei can form.
Once nuclestion has occurred, solidification proceeds by the movement of an interface.
The process may generate heat if the enthalpy of the solid is less than that of the liquid.
Similarly, solute may partition into the liquid if its solubility in the solid isless than that in
the liquid. The accumulation of solute and heat ahead of the interface can lead to
circumstances in which the liquid in front of the solidification front is supercooled. The
interface thus becomes unstable and in appropriate circumstances solidification becomes
dendritic. The driving force of dendritic growth is proportiond to the constitutional
supercooling. In general, solidification occurs by heterogeneous nuclegtion, either on
impurity particles or wherever the liquid comes into contact with the container surface
[42]. Dendritic growth occurs by three separate processes: (a) Theinitial propagation of the
primary dendrite sem, which forms driving by the large constitutional supercooling (b)
evolution of dendrite branches, and (c) coarsening and coalescence of the dendrite stem
and arms. Depending on the above conditions, the microstructure in the semisolid state can

have columnar dendritic, equiaxed dendritic, rosette or spheroidal morphology.

A number of theories have been developed to explain the origins of equiaxed crystals
during solidification. The first of these is the constitutional supercooling theory which is
based on the idea that equiaxed crystals nucleate in the liquid ahead of the moving
solid/liquid interface. Owing to solid segregation, this liquid is constitutionally
undercooled, and growth of the columnar region is restricted by diffusion ahead of the
interface. The possibility thus arises for undercooling in the liquid ahead of the solid/liquid
interface to be sufficient to allow nucleation on any suitable substrates present in the melt.
The second theory is the free chill crystal theory. This proposes that, on pouring, the
equiaxed zone is formed by free chill crystals that nucleate in the thermally undercooled
region adjacent to the cold mold. These equiaxed crystals are carried into the bulk liquid by
convection and turbulence. Rejection of solute from the growth of solid material nucleated
on the wall (rather than in the adjacent liquid) produces a region of constitutionally

undercooled liquid. The undercooled zone preserves those crystals which would otherwise
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have remelted. It extends further into the liquid for lower pouring temperatures and higher
solute contents, increasing the number of free crystals that are able to survive and grow
until impingement. One of the most widely accepted theories is the dendrite arm remelting
theory. Based on observations of growth in transparent organic analogues, it was proposed
that secondary arms of columnar dendrites form a necked shape because of solute buildup
at the base of the arm. Diffusion of solute into the bulk liquid is restricted by the presence
of neighboring dendrite arms. This decreases the local equilibrium freezing temperature
and growth occurs preferentially in the purer liquid near the tips of the arms where solute
diffusion is relatively unrestricted. Necks are comparatively rich in solute, and those that
grow in thermally undercooled regions can be remelted if latent heat conducted through the
solid raises the local temperature above the liquidus temperature. Another theory proposed
that a coarse layer, formed from grains that nucleate independently of the mould wall can
exig at the surface of the ingot exposed to the atmosphere. Equiaxed grains are formed
when dendrites from this surface layer fracture and detach during the formation of the
shrinkage pipe. Fragments sink into the liquid until they come into contact with columnar
crystals growing in from the mould wall. They are then able to grow under the same
conditions as the columnar zone with heat being transferred through the solid in the
direction of heat extraction. The fifth mechanism for equiaxed grain formation is the
separation theory which suggests that crystals nucleate on the mould wall as a result of
thermal undercooling immediately after pouring but before the formation of a stable solid
skin. The crystals grow out from the wall in a necked shape, owing to solute segregation,
and are subsequently detached through mechanica break-age and/or therma fluctuations
in the liquid. Convection and turbulence play important roles in both crystal detachment
and transportation in the bulk liquid. Surviva of crystals in any of these five theories is
dependent upon local thermal conditions and degree of constitutional undercooling in the
liquid. All mechanisms are possible, but whether a particular mechanism becomes
operative depends on the alloy composition, casting conditions and the type of nucleating
substrates present in the melt [43].

In general, as-cast metal exhibits three distinct zones of grain sructures: chill zone,
columnar zone and equiaxed zone. Columnar to equiaxed zone transition is found to be
affected by such factors as superhest, aloy sysem, composition, fluid flow, mechanical

disturbance, inoculation, addition of grain refiner and casting size [44]. Vibration has been
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shown to influence formation of new grains. An interpretation favored by many some
decades ago that the vibration promoted heterogeneous or even homogeneous nucleation.
Equiaxed grains are favored over columnar grains by low pouring temperature. As pouring
temperature is lowered further, the equiaxed grains become finer. More important from a
practical standpoint, introducing convection by mechanical or electromagnetic means
during the early stages of solidification favors formation of fine, equiaxed grains. The early
growth is dendritic, but with continuous shear and time during solidification, the dendrite
morphology becomes that of a rosette, because of ripening, shear and abrasion with other
grains. With sufficiently slow cooling and high shear, the grains become spheroidal,
usually with a small amount of entrapped liquid. Figure 3.2 shows schematically the
evolution of the morphology of the primary phase during the rheocasting process. Thereis
a general belief today that, vibration, low pouring temperature and externally induced
convection all promote grain refinement primarily by a dendrite fragmentation mechanism.
Some possible dendrite fragmentation mechanisms are: (a) dendrite arm fracture, in which
arms shear off as aresult of the force on the arm from the fluid flow; (b) remelting of the
arm at its root because of normal ripening; (c) remelting as above, enhanced by thermal
perturbation, which results from turbulent convection; (d) remelting as above, but where
the melting at the root is accelerated by the stress introduced at the dendrite root because of
the force of fluid flow; (e) asin (c), but where the melting at the root is further enhanced
by a high solute content in the solid at the dendrite root; (f) recrystallization as a result of
the stress introduced by the force of the fluid flow, with rapid liquid penetration aong the

new grain boundaries [15].

3.2.3. Solidification Behavior Under Forced Convection

As it was concluded in the previous section, stirring or forced convection leads to
production of equiaxed morphologies. The early work by Spencer et a. [17] and Joly and
M ehrabian [18] on the Sn—Pb system using rotational rheometers confirmed that the solid
phase in the semisolid state has either a degenerated dendritic structure or rosette
morphology. With prolonged stirring time, such particles change to a more or less
spherica morphology containing entrapped liquid by a ripening process. Increasing the
shear rate accelerates this morphological transition and reduces the amount of entrapped

liquid inside the solid particles [8].



39

{a)

(b)
Structure evolution in rheocasting
increasing shear rate
{c) increasing time
decreasing cooling rate
Y
(d)

(e)

O &8 %+

Figure 3.2. Schematic illustration of evolution of structure during solidification with
vigorous agitation: (@) initial dendritic fragment; (b) dendritic growth; (c) rosette; (d)
ripened rosette; (€) spheroid [15]

For Al-Cu alloys, Vogel et a. [45] observed that with applied shear the primary
particles grow as rosettes until a certain limit beyond which further growth does not occur
but subsequent solidification takes place by formation of more (new) particles. Molenaar et
al. [46] observed rosette type and radially grown cellular particles in intermediate and fast
cooled and sheared Al-Cu alloys. At low cooling rate, rosettes were observed. Similar to
the observation by Vogel et al. [45], stirring speed was not found to influence the particle
density or size significantly. The cell spacing was considerably greater than the secondary
dendrite arm spacing from unstirred melt, indicating that stirring promotes crystal growth.
Smith et al. [47] studied the microstructural evolution during solidification of a stirred Al—
19S dloy. They found that with increasing shear rate the average particle diameter
decreases, while the particle density increases. It should be mentioned that in all those

investigations on melt stirring the flow conditions are generally characterised by largely
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laminar flow with relatively low shear rate achieved by using rod or simple impeller as
stirrer [8].

Ji and Fan [48] studied the effect of turbulent flow on the solidification morphology
of Sn—15Pb alloy using a laboratory scale twin screw rheomoulding (TSRM) machine
developed recently. They found that under intensive turbulent flow, the solidification
morphology is spherical even at the very early stage of solidification. Their isothermal
shearing experiments showed that the size, shape factor, and density of the solid particles
are dmogt constant with increasing isothermal shearing time (Figure 3.3). This is in good
agreement with the early work by Ryoo and Kim [49] on Mg-Al-Zn-Si aloys. The
particle size distribution was found to be very close to that of randomly dispersed
monospheres. They also found that in the low shear rate region, increasing shear rate
increases particle density and decreases particle size, while in the high shear rate region
both particle size and density reach a plateau solid/liquid interface. Following this work,
Das et a. [50] have recently conducted a systematic study on the growth morphology
under various fluid flow conditions using different stirring devices. Cylindrical rod with
low rotation speed creates essentially simple laminar flow; propellers induce
predominantly laminar flow with limited degree of turbulence, while a TSRM machine

produces basically turbulent flow [8].
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Figure 3.3. Effect of isothermal shearing time on intercept length on a) intercept length, b)
shape factor and particle density of primary particles of Sn-15Pb aloy processed in TSRM

machine [48]
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The experimental findings so far on solidification under forced convection can be

summarized as follows [8]:

Forced convection promotes finer particles with a non-dendritic morphol ogy.

Forced convection accelerates crystal growth.

Turbulent flow influences much more significantly the particle size and morphology
than does laminar flow.

With increasing shear rate and intensity of turbulence the particle morphology

changes from dendritic to spherical viarosette.

3.3. Feedstock Production Methods

The ideal microstructure for a thixotropic feedstock before the component shaping
process would be an accurately specified volume fraction of fine and spherical solid
particles uniformly dispersed in a liquid matrix [8]. There are many different routes for

obtaining such a microstructure as described in the following sections.

3.3.1. Mechanical Stirring

The original MIT research showed that a very effective method of producing the
semisolid metalworking microstructure was to mechanically agitate an aloy vigorously
during the solidification process [14]. The vigorous agitation of metal alloys during
solidification leads to formation of spheroidal solid particles suspended in the liquid matrix
through a process of dendrite-arm detachment and coarsening [51]. Melt agitation is
commonly generated by means of augers, impellers, or multipaddle agitators mounted on a
central rotating shaft. Shear rate can be roughly estimated by the ratio of the velocity of the
impeller extremity to the clearance between the impeller tip and the mould wall. The shear
offered by the irrer during solidification promotes the formation of non-dendritic

structure rosettes [8].

The mechanica stirring approach was developed from a batch process in which a
crucible of molten liquid is mechanically mixed while cooling. It has been incorporated in

vacuum or inert atmosphere chambers for use with high melting point metals or to reduce



42

air entrapment [15]. Continuous rheocaster process was improvement of batch process, as
illustrated in Figure 3.4. In the continuous process, superheated liquid in the holding vessel
flows down into an annulus between the stirring rod and the outer cylinder where it is
simultaneoudy stirred and cooled. Slurry flows from the bottom of the rheocaster either to
be cast directly to shape (rheocasting), or to be solidified as feedstock material for
subsequent reheating and thixoforming. The resulting solid particles are usually coarse
rosettes [8]. High solidification rates produced finer particle diameters, and high shear rates
produced more rounded particle shapes with less clustering particles [14]. Efforts have
been made to scale up the continuous rheocaster to industria production level but
apparently without success. The reason for this are the unacceptable erosion of the ceramic
stirrer (particularly with high melting point alloys), the contamination of the slurry by

dross and gas entrapment, low productivity and the difficulty in process control [4].
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Figure 3.4. Schematic diagram of continuous caster [8]

Recently, due to the technical and commercia concerns associated with other
methods for feedstock production, there has been renewed interest in this technology.

Modifications to the early version of the rheocaster were made to develop a process for
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feedstock production employing mechanical stirring such as SCR process (shearing-
cooling roll) and passive stirring [5]. In these modified rheocasting processes, shearing and
solidification are caused to occur in separate volumes, and thus are effectively decoupled.
The objective of the modification was to improve the microstructural uniformity in the
cross-section of the continuous cast billet [8]. Brabazon et al. [52] designed a novel stir
caster for processing aluminum alloys in the mushy state. In their experiments, stir cast
A356 aloy showed significant improvements in mechanical properties and reduced

porosity in comparison to conventional gravity permanent mold castings.

3.3.2. Magneto Hydrodynamic (MHD) Casting

The industrial application of semi-solid metal working to meta parts used in
military, aerospace, automotive or other high-quality or safety-critical applications
demands integrity of the materials. Equivalence to the materials used in the conventionally
cast or forged parts is a minimum specification [14]. The mechanical stirring route of
producing feedstock for semisolid processing has a number of drawbacks; the most
obvious being that it is only suitable for batch rather than continuous production [51]. In
order to meet these requirements and overcome the problems associated with direct
mechanica sirring, the MHD caster was developed. The development of this equipment
recognized the need for the exclusion of gasses, oxides and nonmetallic inclusions and the
avoidance of other discontinuities. It aso showed that there is an important relationship
between the stirring shear rate and the solidification rate, and this relationship determines
the type of semisolid metal working microstructure that is generated [53].

The design of the MHD casting system incorporates the feed of filtered and degassed
metal into the direct chill mold well below a quiescent surface in the delivery vessel or
tundish. The metal near the freezing point in the mold is vigoroudly stirred by dynamic
electromagnetic field, which creates the necessary shearing action. At the same time and
location, controlled conductive heat transfer through the mold wall to a surrounding water
jacket induces freezing. The MHD casting process therefore provide the ability to control
precisely the shearing action and the rate of heat removal and thus deliver the desired
solidified microstructure with a grain size that is normally about 30 um. This compares

favorably with the 100 to 400 pm grain size produced by mechanical mixers [14].
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Electromagnetic 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 vertical and horizontal modes. In the horizontal flow mode, the motion
of the solid particles takes place in a quasiisothermal plane so that mechanical shearing is
probably the dominant mechanism for spheroidisation. In vertical flow mode, the dendrites
located near the solidification front are recirculated to the hotter zone of the stirring
chamber and partially remelted, and therefore thermal processing is dominant over

mechanical shearing [8].

MHD casting systems are installed in the primary aluminum plants of one company
on both vertical and horizontal continuous casters, producing a variety of fine-grained
semisolid metalworking aluminum alloys from 38 to 152 mm in diameter [14]. The major
advantages of horizontal continuous casting include better economy, continuous
production, and low investment costs, but the quality of the billet is influenced by the
gravity. On the other hand, the vertical casting system benefits from symmetrical
solidification and there is no limitation of the billet diameter. However, the vertical system
suffers from drawbacks such as discontinuous production, high investment costs, and high
production costs [8]. The MHD equipment is essentially superimposed on the mature direct
chill casting technology [14].

The MHD casting process has been engineered to deliver aluminum billets suitable
for thixoforming at commercially competitive rates [14]. Much of the commercia
production of aluminum aloy components to date has been based on MHD material
supplied by Pechiney and SAG [9]. The essential requirements of the billet are afine-grain

non-dendritic microstructure and freedom from oxides, nonmetallic inclusions and gas. [5].

The major hurdles to the wide acceptance of this technology for thixotropic
feedstock production include high production costs, microstructural non-uniformity in the
cross-section of the cast billet, and non-spherical (although non-dendritic) particle
morphology. Such a microstructural deficiency will cause prolonged reheating time and
difficulties during subsequent thixoforming, consequently resulting in a further increase of
the production costs [5]. Tzimas and Zavaliangos [33] found that MHD-cast alloys exhibit
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a non-uniform initial microstructure, with dendritic features dominant at the perimeter of
the casting.

3.3.3. Strain Induced Melt Activated (SIMA) Process

Small diameters materials (smaller than 38 mm) and some wrought alloys are
difficult and expensive to cast and an dternative method is needed for the production of
raw materials for thixoforming [14]. An effective approach utilizing wrought processing
technology was perfected in 1981. This technique has been named strain induced melt
activated (SIMA) by itsinventors [54].

The SIMA process involves the partial melting of a heavily deformed alloy in order
to obtain a fine equiaxed microstructure. The process consists of four discrete sages. First,
the aloy is cast in convenient sizes to obtain a typical dendritic microstructure.
Subsequently, it is hot worked so a directional microstructure is introduced and the
thickness of the casting is decreased. The third stage involves the introduction of a critical
level of stored energy in the alloy by cold working. Finally, the deformed alloy is partially
remelted, within the range of 15-50 vol. per cent liquid, and held isothermally for a short
time [24]. A schematic process sequence for the SIMA process can be seen in Figure 3.5.
[55].
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Figure 3.5. Schematic process sequence for SIMA method [55]
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The transformation of the deformed dendritic microstructure into equiaxed could be
explained by the grain deformation—recrystallization model: when the alloy is deformed
during the third stage of the process, its dislocation density increases. During the final
stage, as the temperature increases and while the deformed alloy is still in the solid state, it
is subjected to recovery and recrystallization. New, strain-free grains nucleate and grow at
the expense of drained grains. These new grains are characterized by high-angle grain
boundaries. Upon heating above the solidus temperature, the high-energy grain boundaries
are penetrated by liquid, causing the fragmentation of the original grains. The presence of
liquid phase enhances grain growth and spheroidization of the newly formed grains. The
soaking time and temperature in the semisolid state are expected to control the extent of

grain growth and the degree of spheroidization [33].

The SIMA process produces high quality feedstock for thixoforming and has the
potential for wrought alloys and high melting temperature alloys such as steel and
superalloys [8]. In SIMA process, particle can be as small as 30 um, depending on the
degree of cold work and the rate of heating. A minimum of 10 per cent cold work would
seem to be required for effective fragmentation, which sets a limit on the maximum
practical billet achievable by extrusion to around 50 mm. The solid state production route
via recrystallisation would appear to offer a competitive route to the liquid MHD process,
using simpler technology and equipment generally available [5]. However, the SIMA
process requires plastic deformation and recrystallisation of conventionally cast dendritic
materials by thermomechanical treatments that are energy and processing intensive making
it cost approximately 3-5 times more than the MHD stirring process. The SIMA processis
therefore only effective for small niche applications and for small diameter feedstock [8].

3.3.4. Spray Casting

Spray forming has successfully demonstrated its ability to produce materials having
superior properties compared to that of ingot metallurgy. The major advantage of spray
forming is that it can produce near-net-shape preform of alloys or composites with refined

equiaxed microstructure, low segregation and sometimes, increased solubility [56].



a7

In spray casting, the metal is melted in an induction furnace and poured through a
nozzle. A jet of high pressureinert gas (usually nitrogen or argon) disintegrates the stream
of liquid metal into micron-sized droplets that experience very high cooling rates during
flight, of the order of 10° K s—1 (gas atomization). While the largest droplets remain fully
liquid during atomization and the smallest solidify, droplets of intermediate sizes become
semisolid. The droplets are collected on a substrate moving underneath, are consolidated
and form a coherent preform. A second stage of solidification takes place on the substrate
at the beginning of deposition, and subsequently on the upper surface of the preform.
Liquid and semisolid droplets with high liquid content (>40 vol. per cent) splat upon
impact, while solid and semisolid droplets with high volume fraction of solid fragment. A
portion of the solid grains is subjected to remelting and resolidifies slowly. Typical local
solidification times on the preform surface are of the order of 100 s indicating that, more
than 90 per cent of the solidification time of a spray cast preform occurs on the deposit, at

high volume fractions of solid [24].

The microstructure of the as-spray formed preform consists of fine equiaxed grains
with no microsegregation, but the mechanism by which this microstructure evolves from
the dendritic droplets is complex. The dendrites contained within the droplets fragment on
impact with the top surface, and then spheroidise and coarsen in a sump of semi-solid

material a the top of the growing preform before final solidification [57].

The spray forming process is in commercial operation and is able to deliver clean
alloy with controllable grain size down to about 20 um [5]. Various aloys produced by
spray casting have been evaluated experimentally as feedstock materials for thixoforming.
[8]. A present limitation of this route is the minimum size of billet that may be sprayed,
around 60 mm, though this can be reduced by a further operation such as extrusion. In
total, this could be a more expensive production route compared with, says MHD; however
it may have particular advantages with high temperature alloys such as steels and super
aloys|[5].
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3.3.5. Chemical Grain Refining

In some aloy systems grain refiners are added before casting and can be potent in
suppressing dendritic growth. In this case, the alloy having a fine dendritic microstructure
is heated to and maintained at temperature above the solidus temperature, while retaining
its shape. After the dendritic networks have been thermally transformed into spheroidal
solid particles, the aloy in its semi-solid condition is then thixoformed [58]. However,
chemical grain refining is not used alone, but used in conjunction with other feedstock
production methods, such as MHD stirring and liquidus casting [8]. Compared to MHD
techniques, the grain refinement approach is more flexible and is relatively cost-effective.
Therefore, grain refined aluminum alloys are being employed for semi-solid processing by
many die casters. However, there are some drawbacks inherent to the current Al-Ti/Al-Ti-
B grain refined materials such as lack of grain size uniformity, the fading of nucleating
agents, and the agglomeration and settling of insoluble nucleating particles in the melt.
These can negatively affect the quality and productivity of SSM castings and the operation
[59]. Another disadvantage of the chemical grain refinement method is that nucleation
agents are only effective to specific alloy systems,; another is that in some cases these
additives will remain present in the product as non-metallic inclusions, which may impair
both the processability of the semi finished stock and the mechanical properties of the final
product [8]. Although suitable structures have been produced in auminum alloys using
higher additions of standard grain refiners, it appears to be difficult to obtain grain sizes

less than 100um and questions of recyclability of the alloys have been raised [5].

In the recent past, a permanent grain refining technology has emerged. This new
technology is termed SiBloy®, and has been patented by Elkem Aluminum. Unlike
traditional grain refining techniques, the grain refining effect of SiBloy® is achieved by
adding Si-B magter aloy into the melt. During cooling, fresh AlIB, particles (instead of
insoluble TiB,, TiAl; etc.) precipitate out from the melt just above the liquidus
temperature, which, in turn, serve as potent nucleating agents, and thus grain refining the
melt. Extensive experiments with Al-Si cast alloys were carried out by Per-Arne Tondel
which showed that the Si-1B additive gives rise to the finest grain structure with a small
boron addition level (~0.015wt per cent B) in contrast to traditional grain refiners such as
Al-6Ti, Al-5Ti-1B, AlI-5Ti-0.2B, Al-4B etc. Moreover, the grain refining effect was found
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to be: 1) independent of holding time (no fading); 2) unaffected by remelting treatments
(permanent effect), 3) almost independent of cooling rate in the range between 0.5 and
15°C/s, and 4) effective for Al-Si alloys with Si content between 5 and 11 per cent [59].

3.3.6. Liquidus Casting Process

Liquidus casting, also known as low superhesat casting, has been developed recently
as an 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 solidification.
The resulting microstructures are usually fine and non-dendritic. Upon reheating, the
liquidus cast microstructure spheroidises rapidly to produce microstructural features
suitable for thixoforming operations. So far, this technique has been tested on both cast and
wrought aluminium alloys[8].

Xia and Tausig [60] made experiments about liquidus casting process of a wrought
auminum alloy 2618 by casting from its liquidus temperature They found that the
resulting microstructure consisted of fine equiaxed, non-dendritic grains and the grains in
the liquid cast material were fine with a mean size of 44um and fairly globular in shape
with a mean CSF of 18. Moreover, they have discussed the mechanism responsible for
formation of the equiaxed, non-dendritic primary grains in liquidus casting process as
mentioned below. When superheat is sufficiently low, the whole melt may be undercooled
and copious heterogeneous nucleation may take place throughout the melt, and this may
lead to the complete eimination of the columnar zone in the casting and to the formation
of fine, equiaxed grains in the entire casting. Another possibility is that equiaxed grains
may form through some crystal multiplication mechanisms such as melting of dendrite
arms and deformation of dendrites caused by fluid motion from convection or pouring
action. With liquidus casting, the melt before pouring has no superheat and the whole melt
would certainly be undercooled after casting (some crystals might even be formed during
pouring). Therefore, nucleation will take place in the entire volume of the melt and the
growth of the nuclei will be equiaxed as the melt is undercooled and heat flows from the
solidifying solid to the liquid surrounding it. This would most probably be responsible for
the formation of the fine, equiaxed structure in the liquidus cast material although other

mechanisms may also play some role [60]. Dong et a. [61] studied liquidus semi-
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continuous casting of wrought aluminum alloy 7075 and they found that lowering the
casting temperature changed the shape of the primary grains from dendritic ones to non-

dendritic and net globular ones.

Liquidus casting is gaining more attention as a simple and cost effective technique
for feedstock production and seems to have a promising future. However, the major
obstacles for industrial application may arise from difficulties related to accuracy and
uniformity of temperature control, and consistency and uniformity of resulting

microstructure in large scale production [8].

3.3.7. Cooling Slope (CS) Casting Process

Cooling slope (CS) casting process is a recently developed method to produce raw
material required for further thixoforming route. It is a simple continuous casting process
and based on pouring molten metal with a suitable superheat through a cooling slope plate

into the mold. A schematic illustration of this method is shown in Figure 3.6.
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Figure 3.6. Cooling slope casting system: a) melting, b) casting via the cooling slope [62]

In the literature, two mechanisms were suggested to explain the formation of non-
dendritic microstructure after CS casting process. According to Kapranos et a. [12],
dendrite fragmentation mechanism plays an important role during microstructural

evolution in CS casting process. The fragmentation of weak dendrite arms may occur near
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the contact surface of cooling slope samples because dendritic crystals in the partialy
solidified melt collide under gravitational forces on the inclined CS. These crystals, formed
by detachment of weak dendrite arms along the cooling slope plate based on dendrite
fragmentation mechanism, then grow in the mould [12]. On the other hand, according to
Motegi a al. [63, 64, 65, 66], crystal separation theory is responsible for the formation of
non-dendritic morphology as-cast CS microstructures. According to this theory, granular
crystals nucleate and grow on the cooling end like a mold wall and separate from it due to
fluid motion. They believe that metal crystals were generated on the cooling plate and
moved with molten alloy into a heating mold, and subsequently became granular in the
mold. The inclination governs the flow rate and contact time between the molten alloy and
the cooling plate. If a low angle is employed, the molten alloy flows slowly and a solid
shell forms easily on the cooling plate. In contrast, if a high angle is employed, the alloy

flows faster and fewer crystals are formed. As aresult, the dendrite crystals are produced.

The cooling slope casting process is composed of the following main process
sections (Figure 3.6):

a) A melt pouring section (1), which consists of a crucible which melts the aloy and
pours down it through the cooling slope plate.

b) A nucleation section (2), which generates crystal nuclel in the melt as it is flowing
through the cooling slope plate.

c) A crysa generating section (3) which metal obtained from the nucleation sectionis

cooled down in the metal mold.

Cooling slope casting provides globular or spheroidal microstructure when heated to
the semisolid temperature. However, a drawback of this process may be the formation of
casting defects, such as pores and oxide. This would cause the mechanical properties of
thixoformed CS products to be lower [12]. Studies about this process were reviewed

below. Most of the studies were carried out by the leadership of Motegi and Haga in Japan.

Motegi et al. [63, 64, 65, 66] performed many experiments using a water cooled
slope made of pure copper in order to obtain thixotropic Al-Si-Mg feedstock for

thixoforming. They modified a vertical continuous casting machine as shown in Figure 3.7.
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Crystal seeds of the primary oo duminum were nucleated on a specially designed cooling
plate. This was followed by pouring the molten alloy into the mold. The seeds of primary
crystals existing in the molten alloy grew granular grains. In their first study, Al 7.64wt per
cent Si0.303wt per cent Mg alloy was poured at 624 to 724°C with a cooling plate of 470
mm long and 70° inclination. They observed that granular crystals appear at pouring
temperature of 654°C and cooling length of 200 mm. They found that the cooling plate was
effective in generating crystal seed in the molten aloy. In order to explain the presence of
granular crystals in the solidified structure, they applied crystal separation theory which
proposes that granular crystals nucleate and grow on the mold wall, and then are separated
from there by fluid flow. They also found evidence that lower casting temperatures in the
mold yield more granular crystals of o aluminum [63, 64]. In their following experiments,
they poured an Al 1.63wt per cent Si0.54wt per cent Mg alloy at 656m to 696°C. They
found that the cooling slope is useful for generating numerous crystal seeds, and the best
conditions were tilt angle 60°, length 200 mm. If length in cooling slope is too long, the
molten alloy flowing onto it forms a solid shell, on the other hand, short distance generate
small amount of crystals seeds, because there are less position for seed to be generated, and
finally the best pouring temperature was 656°C. They found evidence that increase in
pouring temperature resulted in a bigger particle size [65]. Motegi and Tanabe [66] used a
copper aloy with different Sn contents in order to obtain semisolid feedstock with inclined
cooling plate. Their results were generally consistent with the previous studies and they
found that the best casting temperature of each Cu-Sn aloy was liquidus temperature + 30
K and the optimum plate inclination was 60 degrees with a cooling length of 280 mm.
Moreover, semisolid slurry must be held in an isothermally heating mold in order to

produce granular crystals.

Haga and Suzuki [67] cast A356 alloy via a cooling slope made of mild steel at a
range of temperatures of 640 to 680°C and investigated the factors which affect the
spheroidicity of aAl. In order to analyze the effect of cooling rate on the formation of
primary aAl particles, they used two mould materia's (metal and insulator) and they found
that the factor which mostly affects the globularization of the primary crystal is the cooling
rate in the mold. When metal mold was used, finer and more globular grains were obtained
comparing to insulator mold. Haga and Kapranos [68] poured A356 and A390 aluminium
alloy ingots via cooling slope casting through pouring distances of 150 and 250 mm, with a
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tilt angle of 60°, and superheats of 20 and 40°C. They used two molds made of copper and
ceramic. The as-cast billets were reheated at 570, 580 and 590°C and then thixoformed.
With copper die, if the ingot was heated up at 570°C the primary particles did not
spheroidise, but if the temperature is 580 or 590°C the particles became spheroidal, with a
larger particle size for the higher temperature. With the insulating die, when the ingot was
heated up to 570°C the primary particles spheroidised, for 580 or 590°C, the particles also
became spheroidal, with a larger particle size for the higher temperature. Haga and
Kapranos [69] poured A356 auminum dloy into preheated lower part of a die and
immediately an upper die at room temperature, containing an internal cavity, was inserted
in the lower die half. The results were in agreement with previous work and they found

again that low superheat temperature promoted the formation of spheroidal grains.
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Figure 3.7. Schematic illustration of horizontal continuous casting of semi-solid aluminum
aloy [64]

Different from the previous studies, Liu a a. [62] used cooling slope casting
technology for the preparation of thixoformable feedstock from auminum wrought alloys
instead of conventional cast alloys. They poured 2014, 6082, 7075 and 7010 aluminum
wrought aloys at a temperature 10-20 K above the liquidus via a water cooled slope and

reheated as-cast samples to the semi-solid intervals in order to observe the morphologic
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evolution. Cooling slope cast material showed coarsened rosette morphology with a
relatively high proportion of entrapped liquid within globules after heating to the semi-
solid state. Thixoforming for all alloys resulted in successful filling of die and the tensile

results of all thixoformed alloys were in agreement with the results in the literature.



55

4. EXPERIMENTAL STUDY

4.1. Materials Used in Thixoforming Experiments

The alloys used for thixoforming process are limited to a few casting alloys, only a
limited number of trials have been carried out on wrought aloys. Al-Si7-Mg (A356 and
A357) cast dloys are the most common aluminum dloys used as raw material for
thixoforming applications. Commercially, MHD route is processed for A356 and A357
aluminum cast aloys to be used as feedstock materials for thixoforming applications by
SAG in Audtria. The application of aluminum wrought alloys in thixoforming industry has
been growing during last years. AA6082 and AA7075 wrought alloys are the most widely
tried aloys for thixoforming. SIMA route is the most appropriate method for processing
wrought alloys to obtain non-dendritic feedstock material.

In experimental studies, A357 (Al-Si7-Mg) aluminum cast alloy and AA6082 (Al-
Mg-Si1) auminum wrought alloy were used. A357 aloy is also designated as Etia 177
according to Etibank designation system. A357 aloy is commercially fabricated by
Etibank as ingot forms. AA6082 aloy was supplied from ASAS ALUMINYUM as in
billet shape for the experimental study. Al-Si based A357 aloy has wide solidification
interval and good fluidity and due to these properties, it is widely used in thixoforming
processes especially in automotive applications. AA6082 aluminum alloy is heat treatable,
high strength wrought alloy and it is used in Europe for structural extrusions in automotive
parts. However, AA6082 aloy has very strong temperature versus liquid volume fraction
dependence, lower fluidity compared with silicon containing cast aloys and narrow
solidification interval so there are some difficulties in using this alloy for thixoforming

applications.

The chemical compositions of A357 and AA6082 aloys are given in Table 4.1. In
order to obtain solidus and liquidus temperatures of these alloys, differential scanning
calorimeter (DSC) technique was carried out in TUBITAK MAM Alloy Development
Laboratory. Samples of about 30 mg weight were cut from both alloys and put in an argon
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atmosphere for DSC tests A357 sample was heated to 650°C and cooled to 450°C at 2.5
°C/min while AA6082 sample was heated to 700°C and cooled to 500°C a 2.5 *C/min.
Liquidus and solidus temperatures of both alloys are the starting and ending point of the
endothermic reaction occurred during phase transformation as shown in Figure 4.1 and
Figure 4.2. According to these DSC curves, solidus and liquidus temperatures of A357 and
AAG082 alloys are givenin Table 4.2.

Table4.1 Chemical composition A357 and AA6082 aloys (wt per cent)

Alloy Al S Mg Cu Fe Mn Ti
A 357 92.72 6.629 0.347 0.016 0.167 0.002 | 0.066
AAB082 97.25 1.194 0.677 0.004 0.189 0.625 | 0.014
SETARAM |Figure:  Experimerkatilasma araligi-A357 numunesi(2.5C) Cruciblésl203 100 ul  Atmosphere:
Labsys ATD-DSC| 14/04/200®rocedure{Zone 2) Mass (mg)31
HeatFIOW‘/mW ‘ ‘ ‘ ‘ ‘
_35% Exo 1
| 30 ]
| 25 _
| 20 ]
| 15 ]
| 10 -
S ]
Y ]
|- ]
| -10 _
4?0 45?0 5(?0 5%0 STO 5?0 55?0 6(?0 Furr}ace tempelrature /°C

Figure 4.1. DSC curve of A357 alloy
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Figure 4.2. DSC curve of AA6082 alloy

Table 4.2 Solidus and liquidus temperatures of A357 and AA6082 aloys

Alloy solidus temperature (°C) liquidus temperature (°C)
A357 549 614
AA6082 603 649

4.2. Experimental Methods

In the experimental study, thixoforming of A357 and AA6082 alloys were carried
out in three steps. Production of the non-dendritic raw material for thixoforming process
was the first step in the experimental study. Cooling slope casting process was carried out
as a feedstock production method. The second step of the thixoforming process was
reheating practice in order to observe the microstructural evolution of as-cast billets in the

semi-solid interval. In this step of experiments, as-cast billets were heated to temperatures
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between solidus and liquidus and optimum cooling slope casting parameters were
determined for further experimental step. The last step of the thixoforming experiments
was heating the chosen billets to semi-solid temperature interval and giving a final shapein
that phase. After casting, reheating and forming practices, metallographic studies were
carried out in order to investigate microstructures of the specimens. Moreover, in order to
determine mechanical properties of the thixoformed specimens, hardness measurements
and tensile tests were carried out. T6 heat treatment practice was performed to improve the

mechanical properties of the thixoformed specimens.

4.2.1. Feedstock Production via Cooling Slope Casting Process

Thixoforming is an advantageous process for the production of complex shaped parts
with less process steps and lower cost. Before the forming operation, microstructure should
consist of immersed solid particles in liquid matrix and during reheating, lower melting
point phase should disperse to the grain boundaries. There are various methods for
obtaining such a structure and among them; cooling slope casting process is atractive due
to its practica and economical application. In the experimental study, non-dendritic
feedstock was produced via cooling slope casting process. In the cooling slope casting
process, low superheat molten metal was poured through water cooled inclined plate into a
mold. The molten metal darts solidification on the cooled plate and continues
solidification in the mold. With this method, dendritic morphology of the materia turns

into a non-dendritic microstructure.

In the experimental study, firstly, A357 and AA6082 aloys were melted in a graphite
crucible. Resistance and induction furnaces were used to melt the material. An induction
furnace and coils were designed for melting and heating processes during the experiments.
A photo of induction furnace for melting operation is shown in Figure 4.3. Dimensions of

the induction coil for melting operation are below:

Coil wire diameter.............. 7 mm
Coil diameter.........coceeeen... 103 mm
Coil height.......ccccceveeeevennnnne 100 mm

Number of turns.................. 5
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Figure 4.3. Induction melting unit &) induction machine b) graphite crucible inside the

melting coil

A357 alloy was melted at 680°C and AA6082 alloy was melted at 710°C. The oxide
layer on the molten material was cleaned with a metal rod before casting. Then, molten
metals were allowed to cool down in the air to the suitable superheat temperatures which
were varying from 10°C to 40°C. A K type thermocouple was used to monitor the
temperature in the melt. When the molten metal reached the desired superheat temperature,
it was poured through a specialy designed cooling slope plate into a metal mold. Tilt angle
of the cooling dope was chosen as 60°. The molten material was poured from three
different pouring distances for each casting temperature in order to investigate the effects
of casting temperature and pouring distance on the formation of non-dendritic
microstructure. Experimenta conditions for casting with the cooling slope are given in
Table4.3.

Table 4.3 Experimental conditions of cooling slope casting process

Alloy A357 AA6082
Pouring temperature range 620°C to 640°C 665°C to 680°C
Tilt angle (a) of the cooling slope 60°

Mould material Mild steel

Pouring distance on the cooling slope 200 mm 300 mm 400 mm
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The cooling slope plate was produced from U profile made of mild steel and has
dimension of 10 x 50 x 500 mm. The plate was cooled with city water that has a flowrate
of 5 liter/minute. In order to prevent sticking of molten aluminum to the cooling slope
plate, boron nitride (BN) spray was coated on the plate before starting the casting practice.
Steel was chosen as mold materia because in cooling slope casting process after the
nucleation stage, one of the important aspects is to control the cooling rate in the mould
and the mould must provide first a cooling rate high enough to promote the nucleation
process. Steel mold has dimensions of 100 x 100 x 150 with a core of 30 mm in diameter.
The amount of aluminum cast during the process was approximately 300 gram and the
resulting as-cast billet from the cooling slope casting process had 30 mm diameter and 120
mm height. The width of the plate is 50 mm and the diameter of the core insidethemold is
30 mm so a cone was designed to collect the flowing aluminum and ease the filling of the
mold with out spreading outside. The cone was produced from graphite because graphite
has a property of conserving the heat. The graphite cone was heated to 500C° in a
resistance furnace in order to prevent freezing of the aluminum pouring from the plate
before filling the mold and hot graphite cone was inserted on the mold before starting to

cast. The photo and schematic illustration of the cooling sSlope casting process

experimental set up isshown in Figure 4.4.

Water out
N —p

Graphite
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Graphite cone <+
Water in
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Figure 4.4. Cooling slope casting process experimental set up
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4.2.2. Reheating and Isothermal Holding of As-cast Billets

Grain coarsening and liquid fraction in the semi-solid state depend on both
temperature and time. Therefore, with the aim of examining the microstructura evolution
in the semisolid state as a function of holding time, samples of as-cast A357 and AA6082
billets were subjected to isothermal exposure a various times and temperatures after

cooling slope casting process.

Before starting the reheating practices, solid fraction versus temperature curves of
A357 and AA6082 aloys should be evaluated in order to determine the isothermal holding
temperatures. For the determination of volume fraction of solid, the DSC curves (Figure
4.1 and Figure 4.2) and heat transfer model of Gray (Equation 4.1) were used [70].

dT 2
o Wic-c)le pedd 4.1)
dt dt dt dt

where h is the enthalpy, q is the heat flux represents the heat flux between sample and
reference pan and it was determined by DSC experiment. Scanning velocity, dTy/dt, is the
variation of temperature via time while (Cs- C;) dT/dt is the deviation in the baseline. RC

is the system parameter. So Equation (4.1) can aso be written as:

dh__dg_ RCd_Zq

hald 4.2
dt dt dt? (42
By using finite differences method, Equation (4.2) can be rewritten as:
rcl¢ D Dyl
Dh_ Dy jen(t+Dr) Dx)) (4.3)
Dt Dt Dt

Scanning velocity, dTy/dt, did not change so At was known for specific Ty
temperature. RC was the system parameter while h was the area under the DSC curve and

represents the enthalpy value. Assuming that, enthalpy value was directly proportional
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with amount of solidifying alloy, solid fraction was determined. In order to obtain solid
fraction curve, firstly, RC value which was the only unknown term in the right side of the
Equation 4.3 was calculated by trial and error method. During this method, the enthalpy
value corresponded to 100 per cent solid fraction was obtained from the software presents
in the DSC machine. In order to calculate real RC value, iteration method was carried out
such as an initial RC value was given in Equation 4.3 and the resulting enthalpy value was
compared to the enthalpy value obtained from the software. The real RC values were
calculated as 33.79 for A357 aloy and 12.66 for AA6082 dloy. After finding the only
unknown term in the right side of the Equation 4.3 (RC), volume fraction of solid versus
temperature curves of both aloys were obtained by calculating enthalpy values for each
temperature. Figure 4.5 shows the solid fraction versus temperature curves of A357 and
AA6082 alloys. In accordance with this figure, reheating temperatures were determined as
580°C for A357 aloy which corresponds to solid fraction of 50 per cent and 640°C for
AA6082 alloy which corresponds to solid fraction of 52 per cent.

100

90 -+
80 +
AAB082
70 4
60 +
50 A357

40 +

Solid fraction (per cent)

30 -

20 -

10 A

0 T T T T T T T T T T T
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Temperature (°C)

Figure 4.5. Solid fraction versus temperature curves of A357 and AA6082 aloys
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During the reheating practice, billets should be heated to semi-solid temperature
interval as quickly and as homogeneously as possible. Induction heating units are widely
accepted heating systems for thixoforming. In induction heating system, energy is
transferred from a coil to the billet via an alternating magnetic field. The induced eectro-
magnetic force (e.m.f) produces a circulating current that in turn, generates heat on the
billet. So if energy on the coils is cut, the heating of the billet is stopped immediately. In
resistance furnaces, there is no such option to cut the heat on the billet immediately. So,
another advantage of induction heating unit over resistance furnace is the more accurate

controlling of the temperature on the billet.

For the reheating experiments, a laboratory scale induction furnace was designed. It
is a high frequency induction unit with the characteristics: 3 kW maximum power and
frequency up to 130 kHz. This induction furnace was designed to perform melting and
heating functions during the experimental studies. For each function, special coils were
designed. Designed coil for the melting function was mentioned in the previous section.

Dimensions of the induction coil for the heating function are below:

Coil wire diameter............. 7 mm
Coil diameter.................... 65 mm
Coil height........ccccvvveneene. 50 mm
Number of turns................. 5

The as-cast hillets were cut into small billets with a diameter of 30 mm and height of
35 mm for the reheating experiments. 3 mm diameter hole was drilled from the center of
the surface through a depth of 15 mm in order to insert the K-type thermocouple. The
machined as-cast billets were placed in the center of the coil on a refractory type material

Experimental set-up of the reheating system is shown in Figure 4.6.

During the reheating practice, controlling of the temperature is very important.
Temperature controlling unit should own at most + 1°C sensitivity in order to avoid
undesired temperature fluctuations during the isothermal holding step of reheating. In the

reheating experiments, temperature of the billet was controlled directly via an inserted K-
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type thermocouple. During reheating, temperature was displayed with a digitd
thermometer that has sensitivity of + 1°C.

Figure 4.6. Experimental set-up of the reheating and isothermal holding practices

The reheating duration is directly proportiona with the used power of the induction
heating furnace. In the experiments, the as-cas billets were heated by induction furnace
with power of 1.3 kW. The current of the furnace was 7 A and the voltage was 190 V.
A357 billets were heated to semi-solid temperature (580°C) in 3 minutes while AA6082
billets were heated to semi-solid temperature (640°C) in 4 minutes. This time difference
arises from the different semi-solid temperatures of the alloys. During the reheating, the
billets were subjected to different isothermal holding times varying from 5 minutes to 30
minutes. Figure 4.7 and Figure 4.8 show reheating curves of the A357 and AA6082 as cast
billets with isothermal holding time of 5 minutes.
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Figure 4.7. Reheating curve of A357 aloy with isothermal holding time of 5 minutes
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Figure 4.8. Reheating curve of AA6082 aloy with isothermal holding time of 5 minutes

The parameters used in cooling slope casting and reheating practices are given in
Table 4.4 and Table 4.5. Codes were given for each parameter to ease designation in
further experimental studies.
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Table 4.4. Experimental conditions used in cooling slope casting process and reheating
practice for A357 aloy

Sample Casting Casting Holding Holding time
code Temperature Distance temperature (minute)
(0 (mm) (0

CAl 640 400 - -
CAl1 640 400 580 5
CAl12 640 400 580 15
CAl13 640 400 580 30
CA2 630 400 - -
CA21 630 400 580 5
CA22 630 400 580 15
CAS 620 400 - -
CA31 620 400 580 5
CA3.2 620 400 580 15
CA4 640 300 - -
CA41 640 300 580 5
CA4.2 640 300 580 15
CA5 630 300 - -
CA5.1 630 300 580 5
CA5.2 630 300 580 15
CAG6 620 300 - -
CA6.1 620 300 580 5
CAG6.2 620 300 580 15
CA7 640 200 - -
CA71 640 200 580 5
CA7.2 640 200 580 15
CA8 630 200 - -
CA81 630 200 580 5
CA8.2 630 200 580 15
CA9 620 200 - -
CA9.1 620 200 580 5
CA9.2 620 200 580 15




Table 4.5. Experimental conditionsfor AA6082 alloy

Samplecode | Cagting Temperature (°C) Casting Distance (mm) Hol ding temperature (°C) Holding time (minute)
C1 680 400 - -
Cl1 680 400 640 5
Cl2 680 400 640 15
c2 675 400 - -
c21 675 400 640 5
Cc22 675 400 640 15
C3 670 400 - -
C31 670 400 640 5
C32 670 400 640 15
Cc4 665 400 - -
C41 665 400 640 5
C4.2 665 400 640 15
C5 680 300 - -
C51 680 300 640 5
C5.2 680 300 640 15
C6 675 300 - -
C6.1 675 300 640 5
C6.2 675 300 640 15
c7 670 300 - -
Cc71 670 300 640 5
C7.2 670 300 640 15
Cc8 665 300 - -
c8.1 665 300 640 5
C8.2 665 300 640 15
c9 680 200 - -
Co1 680 200 640 5
C9.2 680 200 640 15
C10 675 200 - -
C10.1 675 200 640 5
C10.2 675 200 640 15
C11 670 200 - -
Cl11 670 200 640 5
Cl11.2 670 200 640 15
C12 665 200 - -
C12.1 665 200 640 5

67
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4.2.3. Forming Operation

After obtaining feedstock material for thixoforming via cooling slope casting process
and reheating practices, the last step of the thixoforming was to give a fina shape to
produced billet in the semi-solid Sate.

The thixoforming operation was carried out with a hydraulic press as shown in
Figure 4.9. The maximum load of the pressis 7.8 ton-f and the maximum speed of the ram
is 89 mm / sn. In thixoforming presses, the speed of the ram is very important and it must
be as fast as possible in order avoid temperature drop in the reheated billet before the
pressureis applied.

™

Figure 4.9. Photo of hydraulic power unit

For the thixoforming experiment, two kinds of dies were designed with Solid Works
3D software. The material of the dies was 2344 steel. Hardness of the dies was increased to
52 HRC via heat treatment in order to minimize dimensional changes because of thermal
expansion and applied load and in order to extend life of the dies. The two die groups were

designed for different purposes. Each die group is composed of three dies: main die, upper
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half die and lower haf die. First die group was designed to thixoform a pat for
metallographic investigations and hardness tests while the second die group was designed
to obtain tensile specimen from the thixoformed product to investigate tensile mechanical
properties. Figure 4.10 shows photo of each die group. Thixoformed samples are also
shown in the same figure in order to describe the cavity of the dies. The design of die
groups was similar but the cavity of the second group is deeper comparing to the first
group in order to obtain much longer specimens needed for tensile tests.

Figure 4.10. Photo of the die groups and thixoformed sample a) first die group, b) sample

obtained after thixoforming with first die group, c) second die group, d) sample obtained

after thixoforming with second die group

Before thixoforming experiment, some as-cast billets were chosen according to their
microstructural evolution during the reheating practices. For A357 alloy, CA4 and CA5
coded as-cast billets were chosen while for AA6082 aloy, C7 coded as-cast billet was
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chosen for forming practices. During the thixoforming experiment, the chosen billets were
reheated to semi-solid temperature by induction furnace. In order to retain the billet shape
and to prevent hesat loss, it is an important part of the forming process to transfer the re-
heated material, having the desirable solid fraction, to the die cavity. Transferring of the
reheated billet from induction coil to the die cavity is a major problem in thixoforming
process because handling of the semi-solid material is very different. In the experimental
study, this transferring problem was solved with the design of the die. As mentioned
before, two die groups were designed to obtain different results from the thixoformed
samples. Asthe design and working principles of the die groups were smilar, only first die
group is explained. The firgt die group was composed of three parts: main die, lower half
die and upper half die. Two methods were carried out in order to solve the semi-solid

transferring problem.

In the first method; the coil of the induction furnace was placed on the surface of the
main die while the chosen as-cast hillet were placed in the cavity of the lower half die as
shown in Figure 4.11a. After reheating route of these billets with induction furnace, the
lower half die was pulled down by hand while the upper half die was moved down into the
cavity of the main die by hydraulic press as shown in Figure 4.11b. The semi-solid
material was forged between upper and lower haf dies. After completion of the forging
route, the upper hdf die was moved up and the forged aluminum billet was ejected by
pulling up of the lower die as shown in Figure 4.11c. In this method, the transferring of the
reheated billet was successfully performed however; the microstructure of the thixoformed
sample was not uniformly distributed. Because during the reheating of the billet, the
bottom of the billet was in contact with lower half die and this lead heat extraction from
the contact surface so temperature difference occurred between upper and lower part of the
reheated billet. To provide uniform temperature distribution during the reheating of the
billet, anew transferring method was designed.

In the second method, arefractor and non-inductive material was placed between the
coil of induction furnace and main die while as-cast billet was placed on this material
during reheating route as shown in Figure 4.12a. After completion of reheating and
isothermal holding routes in semi-solid temperature, the refractor material was pulled in

order to allow the semi-solid auminum billet to drop in the cavity of lower half die. At the
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same time, the upper half die was moved down into the cavity of the main die and
aluminum billet was forged in the semi-solid state between lower and upper half dies as
shown in Figure 4.12b. Then, the upper half die was moved up and the forged aluminum
was gjected by pulling up of the lower die as shown in Figure 4.12c. In this method, both
transferring and homogenous reheating of the billet was successfully performed due to the
fact that refractor material avoided heat extraction from contact surface.

Figure 4.11. Simulation of the first method thixoforming experiment designed with Solid
Works 3D software @) reheating of as-cast billet. b) forging of semi-solid billet. c) gecting

of the thixoformed sample
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Figure 4.12. Simulation of the second method thixoforming experiment designed with
Solid Works 3D software @) reheating of as-cast billet, b) forging of semi-solid billet, c)
gjecting of the thixoformed sample

In the experimental study, the as-cast billets were cut into small billets with diameter
of 30 mm and height of 35 mm. 3 mm diameter and 15 mm deep hole was drilled on the
center of the surface of the billets. The temperature of the billet during the reheating route
was controlled by a K-type thermocouple inserted on these holes of the billets and
displayed via adigital thermometer.

During the experimental study, the dies were preheated by a ring heater in order to
minimize the temperature drop during semi-solid billet was in contact with lower haf. The
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ring heater was fixed to the main die and the temperature was controlled by a closed circuit
controlling unit composed of adigital thermometer and a K-type thermocouple as shown in
Figure 4.13. The dies were preheated to 350°C for AA6082 as-cast billets because low
amount of liquid phase presented in the microstructure of this aloy in the semi-solid
temperature lead poor die filling especially in the experiments with the second die group.
On the other hand, A357 as-cast hillets showed excellent die filling property in the
experiments with both die groups at the preheating temperature of 300°C.

Figure 4.13. Photo of the ring heater and temperature controlling unit

The cavity of the second die group is deeper comparing to first die group and in
order to ease the flow of the semi-solid material through the second die group, the surface
of dies were coated with boron nitride spray. In addition, lower and upper half dies of the
both die groups were in contact with main die during forging and g ecting practices of the
thixoforming experiment, so graphite oil layer was coated on the surface of diesto ease the

moving of the dies and gjection of the material.

Asshown in Figure 4.14, thixoforming unit was composed of a hydraulic power unit,
a hydraulic press, an induction furnace (induction coil), die group (upper half die, lower
half die, main die), a ring heater and temperature controlling systems (K-type

thermocouples, digital thermometers).
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Figure 4.14. A photo of the thixoforming unit

Parameters used in thixoforming experiments are given in Table 4.6. Codes were

given for each condition to ease designation.

4.2.4. Metallographic Study

All metallographic studies were carried out in TUBITAK MAM Alloy Development
Laboratory. Three sets of metallographic studies were carried out. In the first set, the as-
cad billets obtained by cooling slope casting process were cut into smaller billets as shown
in Figure 4.15. All samples were polished using 500, 1000 and 2000 grinding papers,
followed by 3 micron diamond paste and finally polished to ¥ micron by using ‘Silco’
liquid (dlica powder suspended in water) with Struers polishing machine. After this,
samples were chemically etched with 0.5 ml HF in 100 ml water for 20 seconds.
Micrographs from samples were captured using an Olympos camera driven by Spot Insight
QE software from three parts; center, mid-radial and edge (Figure 4.15).
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Table 4.6 Parameters used in thixoforming experiments

Sample Alloy As-cast Holding Holding Die Die
Code billet temperature time group temperature
code C) (minute) °C)
P1 A357 CA4 580 5 Frst 300
P2 A357 CA4 580 15 First 300
P3 A357 CA5 580 5 Frst 300
P4 A357 CA5 580 15 First 300
P5 AAG082 c7 640 5 Frst 350
P6 AAG082 c7 640 15 First 350
P7 A357 CA4 580 5 Second 300
P8 A357 CA4 580 15 Second 300
P9 A357 CA5 580 5 Second 300
P10 A357 CAS5 580 15 Second 300
P11 AAGB082 c7 640 5 Second 350
P12 AAGB082 c7 640 15 Second 350
30 mm
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Figure 4.15. Scheme for ingot machining and location of samples for metallographic
characterization.
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In the second set of studies, the reheated billets were polished and etched in order to
investigate microstructural evolution. In the last set of experiments thixoformed samples
were polished and etched to investigate microstructure and microhardness of the forged
billets. The Vickers hardness of the sample was measured under 500 gf load and 15 sn
dwelling time with Future-Tech micro hardness tester before and after T6 heat treatment in
order to investigate the effect of heat treatment.

4.25. T6 Heat Treatment

To improve the mechanical properties of thixoformed samples, T6 heat treatment
practices were performed for samples made of A357 and AA6082 alloys according to
ASTM B-917M-01 standard [71]. T6 heat treatment was started with solution hardening
process with heating and isothermal holding the samples in the resistance furnace. After
guenching the samples, age hardening process was carried out by reheating and isothermal
holding. Final step was the cooling down of the samples at room temperature. T6 heat
treatment conditions for A357 and AA6082 aloys are givenin Table 4.7.

Table4.7. T6 heat treatment conditions for A357 and AA6082 alloys

Holding temperature in Holding timein Holding temperature | Holdingtimein
Alloy solution hardening solution hardening in age hardening age hardening
practice (°C) practice (hours) practice (°C) practice (hours)
A357 538 10 171 6
AA6082 560 1 185 6

426. TensileTes

For tensile test, circular tensile specimens were machined following ASTM E 8M-04
standard from the samples thixoformed in second die group (coded as P7-P12) asshown in
Figure 4.16 [72]. The specimens had gage length of 24 mm and diameter of 4 mm. The
tensile tests were performed in KOSGEB with Testometric Micro-500 tensile test device
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and tensile strength, yield strength and elongation to fracture properties of the specimens

were obtained.

Figure 4.16. Sample thixoformed with second die group and tensile test specimen machined
from this sample (designed with Solid Works 3D software)
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5. RESULTSAND DISCUSSION

5.1. Asreceived Materials

Figure 5.1 shows the microstructures of as-received A357 and AA6082 aluminum
ingots before cooling slope casting process. The microstructure of A357 aloy presents the
conventional dendrite structure of a phase surrounded by the eutectic. Due to the fact that
AA6082 aloy contains low alloy composition, there are less second phase in AA6082
alloy comparing to A357 alloy and this second phase including Al-Fe(Mn)-Si intermetallic

compound causes discontinuous structure in dendrite boundaries as shown in Figure 5.1b.
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Figure 5.1. Microgtructures of a) as-received A357 aloy ingot, b) as-received AA6082
aloy billet

5.2. As-cast Billetsafter Cooling Slope Casting Process

Figure 5.2 shows the microstructures of al as-cast billets obtained when the molten
metal cast viathe cooling slope into a metal mold. All of the pictures were taken from mid-
radial position of as-cast billets. The dendritic morphology of the as-received material
turned into non-dendritic and equiaxed fine grains after cooling slope casting practice for
casting temperatures and pouring distances shown in Figure 5.2.
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Pouring distance

300 mm 200 mm

640°C

Casting temperature
630°C

620°C

Figure 5.2. Micrographs of A357 as-cast billets obtained after cooling slope casting process
a) CA1, b) CA2, c) CA3, d) CA4, e) CA5, f) CAB, g) CA7, h) CA8, i) CA9.

The microstructures of the as-cast billets were not uniformly distributed. It is
possible to detect three areas in the cross section of the hbillets. First, there is a narrow
dendritic area which was in contact with the mould wall, then, a rosette morphology areain
mid-radial position and finally at the centre of the ingot a spheroidal morphology. Figure
5.3 shows examples of such microstructures in such a billet. These different morphologies

were resulted from different cooling behaviors in such aress.

Figure 5.4 shows the initial microstructure produced by pouring A357 aloy at
620°C, 630°C, 640°C down the cooling slope for a distance of 200 mm into a steel mould.
The resulting a- Al shape changed from spheroidal to rosette and then to dendritic, with

increase of pouring temperature as shown in Figure 5.4. It was found that low superheat
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pouring temperature promotes the formation of fine spheroidal grains in cooling slope
casting process.

dendrite zone in edge section

rosette zone in mid-radial  section

spheroids zone in center section

T
A

Figure 5.3. Microstructure zones of CA2 codedA 357 as-cast billets poured at 630°C through
400 mm cooling length &) and b) edge sections which were in contact with the mould wall,

c¢) and d) mid-radia sections, €) and f) centre sections.

Figure 5.5 shows the corresponding microstructures after casting A357 alloy at
640°C through poring distances of 200, 300 and 400 mm. As the pouring distance
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increased from 200 to 400 mm, the microstructure has changed from dendrite to spheroidal
morphology as shown in Figure 5.5. Longer pouring distance promoted the formation of
spheroidal a- Al morphology because as the contact length increased, the contact time of
the melt with the cooling slope increased and this increases lead much more crystals to

generate on the plate and to separate from it.

620°C

Casting temperature
30

640°C

Figure 5.4. a- Al particle morphologies of as-cast billets obtained after pouring through 200
mm on the cooling slope into a steel mould &) and b) globular from low temperature
pouring (at 620 °C), ¢) and d) rosette-like from medium temperature pouring (630°C), €)
and f) dendritic structure from high temperature pouring (640°C).
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Figure 5.6 shows the microstructures of all as-cast billets obtained after cooling slope
casting process of AA6082 alloy. All of the pictures were taken from mid-radial position
of as-cast billets. After cooling slope casting process, discontinuous structure presented in
the dendrite boundaries turned into more homogeneous morphology consisting of equiaxed

grains and the grain boundaries became clearer as shown in Figure 5.6.

Casting temperature of 640°C
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Figure5.5. Microstructures of as-cast billets poured at 640°C through cooling distances of
a) and b) 200 mm, c) and d) 300 mm, €) and f) 400 mm.
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Figure 5.7 shows the effect of pouring distance on the formation of equiaxed grains
after cooling slope casting process of AA6082 alloy. As the pouring distance was increased
from 200 to 400 mm, the grains became more equiaxed and the amount of second phase in
the grains boundaries increased as shown Figure 5.7. This improvement is directly related
with the increasing contact time of the molten metal on the cooling plate as mentioned
before for A357 dloy.
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Figure 5.6. Microstructures of AA6082 as-cast billets obtained after cooling slope casting
process a) C1, b) C2, c) C3, d) C4, e) C) 5, f) C6, g) C7, h) C8, i) C9, j)C10, k) C11, I) C12.
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Figure 5.8 shows the effect of pouring temperature on the morphology of as-cast
billets. Figure 5.8ato Figure 5.8c show the non-uniform microstructure of the C1 coded as
cast billet obtained after pouring at 680°C down the cooling slope for a distance of 400
mm. As the pouring temperature was decreased from 680°C to 665°C, the grains became

more equiaxed and the morphology became more uniform as shown in Figure 5.8d to 5.8f.

Casting temperature of 665°C
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Figure 5.7. Microstructures of AA6082 as-cast billets poured at 665°C through cooling
distances of a) and b) 200 mm, c) and d) 300 mm, €) and f) 400 mm.
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Figure 5.8. Microstructure zones of C1 and C4 coded AA6082 as-cast billets poured

through 400 mm cooling length at &), b) and c¢) 680°C, d), €) and f) 665°C

5.3. Reheated Billetsafter 1sothermal Holding

Billets with diameter of 30 mm and height of 35 mm from A357 and AA6082
aluminium alloy ingots produced by cooling slope cast into steel mould were heated in an
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induction furnace and isothermally held at 580 °C and 640 °C. The photos of the reheated
and isothermally held A357 as-cast billets are shown in Figure 5.9. The bottom of the
samples deformed and changed its shape while being held in 580°C for various holding
times. The bottom part of the reheated semi-solid sample could not resist the weight of the

remaining upper part and that’s why the cylindrical shape of the as-cast billets changed

into elephant foot like shapes.

Figure 5.9. Photos of reheated A357 as-cast billets obtained after isothermally held at 580°C
for 5 minutesa) CA1.1, b) CA2.1, c) CA3.1, d) CA4.1, e) CAS5.1, f) CA6.1,
g) CA7.1, h) CA8.1, i) CA9.1.
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For A357 alloy, a 580°C, the eutectic constituent is remelted while almost all the
primary phase remains solid. The samples were isothermally held for 5 and 15 minutes.
Representative optical micrographs of the resulting microstructural evolution with
increasing isothermal holding time are shown in Figure 5.10 and Figure 5.11. The samples
had been heated into the semi-solid range in the induction furnace and then rapidly
guenched so are assumed to give a reasonable indication of the evolution of semi-solid
microstructure at the temperature of holding. Non-uniform morphology of the as-cast
billets turned into uniformly distributed globular particles after reheating and isothermal
holding practices.

Figure 5.10. Microstructures of reheated A357 as-cast billets obtained after isothermally
held at 580°C for 5 minutes @) CA1.1, b) CA2.1, ¢) CA3.1,d) CA4.1, e) CA5.1, f) CA6.1,
g) CA7.1, h) CA8.1, i) CA9.1.



Figure 5.11. Microstructures of reheated A357 as-cast billets obtained after isothermally
held at 580°C for 15 minutes a) CA1.2, b) CA2.2, c) CA3.2, d) CA4.2, ) CA5.2,
f) CA6.2, g) CA7.2, h) CA8.2,i) CA9.2.

Figure 5.12 shows the microstructural evolution of the CA5 coded as-cast hillet
poured at 630°C with 300 mm pouring distance then isothermally held at 580°C. After 5
minutes of isothermal holding, the fine dendritic-rosette structure from cooling slope
casting process developed into a clearly globular microstructure and the a- Al phase has
completely transformed to spheroidal dements. After 15 minutes of isothermal holding,
the microstructure became quite globular and uniform in particle size. At the end of the
process, spheroidal a-Al particles were uniformly distributed in the quenched liquid

matrix.

Figure 5.13 shows the corresponding microstructures after isotherma holding at
580 °C of the CA1 coded as-cast billets obtained with casting temperature of 640°C and
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pouring distance of 400 mm. As the holding time was increased from 5 minutes to 30
minutes, a-Al particle size and its spheroidicity increased. Microstructural evolution
proceeded first with a small increase in the spheroidicity and an increase in the size of a-
Al particles. After 15 and 30 minutes of isotherma holding, the microstructure became

more globular with an increase in the size of a-Al particles.

Sample as-cast

5 minutes holding time at 580°C
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Figure 5.12. Microstructural evolution of the CA5 coded as-cast billets poured at 630°C
with 300 mm pouring distance then isothermally held at 580°C for &) and b) 0 minute
(CAD), ¢) and d) 5 minutes (CA5.1), €) and f) 15 minutes (CA5.2)



Sample as-cast

5 minutes holding timeat 580°C

15 minutes holding time at 580°C

30 minutes holding time at 580°C

Figure 5.13. Microstructural evolution of the CA1 coded as-cast billets poured at 640°C
with 400 mm pouring distance then isothermally held at 580°C for a) and b) 0 minute
(CA1), c) and d) 5 minutes (CA1.1), e) and f) 15 minutes (CA1.2), g) and h) 30 minutes
(CAL.3)
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During isothermal holding in the semisolid state, the equiaxed particles are
vulnerable to coalescence and spheroidization. Figure 5.14 shows the growth of particles
by coalescence and developing spheroidization after isothermal holding at 580 °C of the
CA3 coded as-cast billets obtained with casting temperature of 620°C and pouring distance
of 400 mm. The coalescence process is an active mechanism present in the growth of the
a-Al particles. As shown in Figure 5.14a, even in a short holding time of 5 minutesin the
semi-solid condition, the initiad rosette morphology developed a more spheroida
morphology with the developing of coaescence necks. When the holding time was
increased to 15 minutes, a-Al particles grew by coalescence mechanism and spheroidicity

improved as shown in Figure 5.14b.

Coalescence
necks

Growth of particles by
| ___— coaescence and

4 developing
| spheroidization

Figure 5.14. The coalescence mechanism and spheroidization process of the CA3 coded as-
cast billets poured at 620°C with 400 mm pouring distance then isothermally held at 580°C
for @) 5 minutes and b) 15 minutes.
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Figure 5.15 shows the photos of the reheated AA6082 as-cast billets. Similar to A357
aloy, AA6082 as-cast hillets turned into elephant foot shape and the diameter of bottom
part increased after reheating and isothermal holding practices. However, shape and
dimension changes were not significant as in A357 alloy due to the low amount of liquid

phase formation in the structure.

Figure 5.15. Photos of reheated AA6082 as-cast billets obtained after isothermally held at
640°C for 5 minutes @) C5.1, b) C6.1,¢) 7.1

Figure 5.16 and Figure 5.17 show all resulting microstructures formed after reheating
of AA6082 as-cast hillets to 640°C and then isothermally held for 5 and 15 minutes.
Reheating temperature of 640°C corresponds to solid fraction of 52 per cent according to
Figure 4.2. Different from the micrographs of the reheated A357 hillets, the grains were
hexagonal and the amount of the remelted eutectic phase was small. This is a frequently
occurred difference between cast and wrought aluminum alloys.

Figure 5.18 shows the microstructural evolution of the C4 and C8 coded as-cast
billets at 640°C obtained after poured at 665°C. As mentioned in previous section, the
initial as-cast microstructures of these billets were different resulted from different pouring
distances as shown in Figure 5.18a and Figure 5.18b. But after reheating to 640°C and
isothermal holding for 5 and 15 minutes, these two different microstructures turned into
similar thixotropic structure as shown from Figure 5.18c to Figure 5.18f. However,
hexagonal grains were formed rather than equiaxed and globular particles. These
hexagonal grains are frequently formed during heating of wrought aluminum alloys. It is

found that, inadequate spheroidization in grain boundaries were resulted from insufficient
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amount of remelted eutectic phase in AA6082 aloy and this situation is directly related
with the low alloy composition of AA6082 alloys. For example, large amount of remelted
eutectic phase formed in the reheated samples of A357 aloy due to the large amount of

silicon present in the alloy composition.

sdli

1 e

Figure 5.16. Microstructures of reheated AA6082 as-cast billets obtained after isothermally
held at 640°C for 5 minutes @) C1.1, b) C2.1, ¢) C3.1,d) C4.1, ¢) C) 5.1, f) C6.1, g) C7.1,
h) C8.1, i) C9.1, j) C10.1, k) C11.1,1) C12.1

Figure 5.19 shows the increase in grain size with increase in holding time at 640°C

for AA6082 alloy. For thixoforming process, feedstock with coarse grains is not a
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preferable stuation due to the negative effects on mechanical properties. As the holding
time increased from 5 to 15 minutes, the grains became coarser and the grain boundaries
became clearer as shown from Figure 5.19c to Figure 5.19f. In addition, the amount of
remelted eutectic phase increased as the holding time increased as shown in figure 5.19e
and figure 5.19f.

Figure 5.17. Microstructures of reheated AA6082 as-cast billets obtained after isothermally
held at 640°C for 15 minutes a) C1.2, b) C2.2, ¢) C3.2, d) C4.2, e) C) 5.2, f) C6.2, g) C7.2,
h) C8.2,1i) C9.2,j) C10.2, k) C11.2,1) C12.2
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Sample as-cast

5 minutes holding time at 640°C

15 minutes holding time at 640°C

Figure 5.18 Microstrcutural evolution of AA6082 alloy as-cast billets obtained after poured
at 665°C and isothermally held at 640°C @) as-cast sample poured through 400 mm
distance (C4), b) as-cast sample poured through 200 mm distance (C8), ¢) poured through
400 mm distance and isothermally held for 5 minutes (C4.1), d) poured through 200 mm
distance and isothermally held for 5 minutes (C8.1), e) poured through 400 mm distance
and isothermally held for 15 minutes (C4.2), f) poured through 200 mm distance and
isothermally held for 15 minutes
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(poured at 680°C through 400 mm)
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Figure5.19. Microstructural evolution of AA6082 aloy as-cast billets obtained after poured

at 680°C through 400 mm and then isothermally held at 640

C for a) and b) as-cast samples

o

(C1), ¢) and d) 5 minutes (C1.1), €) and f) 15 minutes (C1.2).
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5.4. Thixoformed Samples

For thixoforming practices, CA4 (casting temperature of 640°C and pouring distance
of 300 mm) and CAS5 (casting temperature of 630°C and pouring distance of 300 mm)
coded as-cast billets were used for A357 aloy while C7 (casting temperature of 670°C and
pouring distance of 300 mm) coded as-cast billet was used for AA6082 alloy. Figure 5.20
and Figure 5.21 show the photos of thixoformed samples obtained from these as-cast
billets. The samples in Figure 5.20 were thixoformed for microstructural investigation and
hardness tests with first die group while the samples in Figure 5.21 were thixoformed for
tensle tests with second die group. As given in Table 4.6, in order to investigate six
conditions for each die group, totally twelve types of samples were thixoformed and codes
from P1 to P12 were given. Both sample types showed successful die filling characteristics
resulted from their thixotropic nature. Although the forming experiment was designed for
die filling without any flash, small amount of flashes formed due to tolerance between
main die and lower half die. These undesired flashes made difficulties during ejecting of

the thixoformed samples.

Figure 5.20. Samples thixoformed with first type die group for microstructural investigation
and hardness tests

Figure 5.21. Samples thixoformed with second type die group for tensile tests
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5.4.1. Microstructure of the Thixoformed Samples

As mentioned in section 4.2.3, two methods were carried out in order to solve
handling and transferring problem of semi-solid material during thixoforming practice.
Figure 5.22 shows the micrographs of the thixoformed sample obtained with the first
method experiments after CA5 coded as-cast billet was formed at 580°C with holding time
of 5 minutes. Micrographs were taken from different parts through longitudina cross
section of the thixoformed sample in order to represent the non-uniform structure of the a-
Al particles. Bottom part of the thixoformed sample was not thixotropic and did not
contain globular grains suspended in liquid matrix. The bottom part was in contact with the
lower half die and due to the heat extraction, temperature was less than 570°C. That iswhy
eutectic phase was not remelted and the grains did not spherodize in the parts close to the
bottom. Moving from bottom to the upper parts, the structure became thixotropic, globular
grains formed and eutectic phase was remelted as illustrated in Figure 5.22. Although
handling and transferring problem of semi-solid material was solved in this method, non-
uniform microstructure was obtained. So, second method was carried out in order to solve

both problems.

Figure 5.23 shows the corresponding microstructures of P3 coded sample obtained in
the second method after forming of CA5 coded as-cast billet at 580°C with holding time of
5 minutes. As shown in Figure 5.23, different from first method experiment, globular
grains were suspended in liquid matrix which was distributed uniformly in all parts of the
sample. Eutectic phase was remelted and the temperature was approximately 580°C in all

over the specimen.

In the second method, both transferring and uniform distribution problems were
solved, so the remaining thixoforming experiments were carried out with the second
method. Figure 5.24 shows the microstructures of P1, P2 and P4 coded samples obtained
after thixoforming of CA4 and CA5 coded A357 as-cast billets at 580°C with holding time
of 5 and 15 minutes. In all thixoformed samples, thixotropic structure was formed with fine
globular grains distributed uniform in eutectic phase. However, the eutectic phase was not
uniform and in lamellar form instead of fine structure. The lamellar eutectic phase was

formed in the thixoformed samples because the formation of the eutectic silicon is strongly
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affected by the addition of strontium and there is not strontium element in the chemical
composition of A357 aloy asgivenin Table 4.1. As the holding time was increased from 5
to 15 minutes, the size of the globular grains increased. Coarse grains and lamellar eutectic
phase were not desirable in thixoforming process due to adverse affect on mechanical

properties.

Buttom part which
was in contact with
lower half die

Figure 5.22. Micrographs were taken from different parts through longitudinal cross section
of the thixoformed sample after first method. Non-uniform morphology presented in the

sample.
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Figure 5.23. Micrographs were taken from different parts of the longitudinal cross section
of the P3 coded thixoformed sample after second method. Globular a-Al grains were
uniformly distributed in the sample.

Figure 5.25 shows the micrographs of the P5 coded sample obtained after forming of
C7 coded AAGB0B2 as-cast billet at 640°C with 5 minutes holding time. It is possible to
detect three zones in the cross section of the thixoformed sample. In the first zone, the
grain boundaries were not clear and liquid phase was not present. The second zone was a
transition zone and it was similar to the results obtained in reheating practices. In this zone,
hexagonal grains were formed with clear grain boundaries but there was not any remelted
eutectic phase due to the low aloy composition of AA6082 aloy. The third zone was
composed of fine globular grains suspended in liquid matrix. This structure is thixotropic
and preferable for thixoforming process. Uniform distribution of microstructure in this
thixoformed sample was resulted from the macrosegregation of the liquid phase during
forming. In the previous section, the results of the reheating practices showed that only
small amount of remelted liquid phase formed for AA6082 aloy and it is obvious from
Figure 5.25 that all this remelted liquid phase segregated from the first and the second zone

to the third zone during thixoforming process.
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P1

P4

Figure 5.24. Microstructures of the thixoformed A357 samples @) and b) thixoformed after
CA4 coded as-cast billet isothermally held at 580°C for 5 minutes, ) and d) thixoformed
after CA4 coded as-cast billet isothermally held at 580°C for 15 minutes, €) and f)
thixoformed after CA5 coded as-cast billet isothermally held at 580°C for 15 minutes

Figure 5.26 shows the micrographs of the P6 coded sample obtained after forming of
C7 coded as-cast hillet at 640°C with 15 minutes holding time. Similar to microstructure of
P5 coded sample, a key feature of this microstructure was the segregation of liquid phase
and formation of different zones. Figure 5.26a and Figure 5.26b represents the

microstructure of one zone which was composed of unclear grains without any liquid
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phase. On the other hand, Figure 5.26¢ and Figure 5.26d represents the microstructure of

another zone in which liquid phase was formed among globular grains.

P5 coded thixoformed sample

first zone

second zone

third zone

Figure 5.25. Microstructure zones of P5 coded sample thixoformed after C7 coded AA6082
as-cast billet isothermally held at 640° for 5 minutes a) and b) first zone, ¢) and d) second

zone, €) and f) third zone.
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5.4.2. Hardness M easur ements of Thixoformed Samples

The microhardness of the thixoformed samples were measured in 4 mm increments
through x and y axis of the cross section as shown in Figure 5.27. The center of the sample
was chosen as base point and indicated as “O mm”. The other points were indicated as

positive and negative values respectively according to the base point and axes.

P6 coded thixoformed sample
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Figure 5.26. Microstructure of P6 coded sample thixoformed after C7 coded AA6082 as-
cast billet isothermally held at 640° for 15 minutes.

Figure 5.28 to Figure 5.33 show the hardness measurements of the thixoformed
samples coded from P1 to P6. As expected, T6 heat trestment increased the hardness
values of the samples. Another consequence of these measurements was the effect of

isothermal holding times on the hardness values. Thixoformed samples which were held
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isothermally for 5 minutes (P1, P3 and P5) had better harness values comparing to samples
which were held isothermally for 15 minutes (P2, P4 and P6). Grain coarsening
mechanism could be responsible for such a decrease because as the holding time was
increased, the grain size was also increased due the coal escence of the particles.

Figure 5.27. Schematic illustration of the points taken for hardness measurements
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Figure 5.28. The microhardness measurements of the P1 coded thixoformed sample
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Figure 5.29. The microhardness measurements of the P2 coded thixoformed sample
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Figure 5.30. The microhardness measurements of the P3 coded thixoformed sample
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Figure 5.31. The microhardness measurements of the P4 coded thixoformed sample
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Figure 5.32. The microhardness measurements of the P5 coded thixoformed sample
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Figure 5.33. The microhardness measurements of the P6 coded thixoformed sample
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Figure 5.34 shows the average hardness values of the thixoformed samples. For
A357 dloy (P1, P2, P3 and P4 coded samples), measured values of around 100 HV (after
T6 heat treatment) exceeded the results of similar studies in the literature [27, 36]. On the
other side, after T6 heat treatment, values around 120 HV were measured for AA6082
alloy (P5 and P6 coded samples); however, there is not any similar study in the literature

for AA6082 aloy to compare the results.

5.4.3. Tensile Mechanical Propertiesof Thixoformed Samples

Figure 5.35 shows the ultimate tensile strength, yield strength and elongation to
fracture values of the A357 and AA6082 thixoformed samples. The samples were coded
from P7 to P12 and conditions correspond to each code were given in Table 4.6. For
comparison of these results, similar studies in the literature were reviewed in Table 5.1.
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Figure 5.35. Tensile mechanical properties of the thixoformed samples

For A357 aloy (P7-P10), the results were in good agreement with literature.

However, best mechanical properties were not obtained due to the facts listed below:

Formation of casting defects such as pores and oxides during CS casting process
Formation of lamellar eutectic phase during reheating due to the lack of strontium

element in alloy composition
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Lower pressload (1.5 ton) during thixoforming process comparing to the loads in the
literature (200-500 tons).

Table5.1. Mechanical properties of the thixoformed samplesin the literature

Feedstock Ultimate Yield .
Process Alloy production trelz:terr?tmt tensile strength | strength E(lﬂﬁ(t))n
method (MPa) (MPa) P
Thixoforging [68] A356 Cs T6 293 234 15
. . 295 253 5.4
Thixoforging [36] A356 MHD T6 208 150 78
Rheocasting [73] A356 T6 290 229 11.7
Thixoforging of
master cylinder [3] A357 MHD T6 269 230 6.2
Thixofordina of A357 T6 250 200 6.5
eeriro K o5 | AA6082 6 280 250 7
9 AAB082 6 250 200 7.5
AAG6082 T6 210 150 11
Thixoforging [23] AA6082 MHD T6 370 330 6
A357 MHD T6 346 280 4
Thixoforging of A357 MHD T6 337 220 4.2
steering knuckle[74] | AA6061 SIMA T6 313 270 10.2
AA6061 SIMA T6 235 193 11.5

On the other hand, the results for AA6082 alloy were not in agreement with
literature. In addition to the facts listed above, macrosegregation of remelted liquid could
be responsible for such a decrease in the strength of the thixoformed sample. For the
wrought alloys, a small variation in temperature induces a large change in solid fraction.
Therefore, a small decrease in temperature can lead to a considerable increase in solid

fraction resulting in a microstructure absolutely not favorable to thixoforming. In this case,
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deformation is inhomogeneous and liquid segregation occurs often during mould filling. In
the tensile specimen of AA6082 alloy, non-uniformly distributed liquid phase, especialy
liquid pools, could form weak points and these weak points could lead to lower tensile and
yield strength values. The results also show that tensile mechanical properties were
dependent on holding times. As a result of longer holding times, the tensile and yield

strengths decrease and the elongation to fracture increases.
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6. CONCLUSIONS

Thixoforming is an attractive process for the manufacture of complex parts with
substantial savings of time and cost and it is composed of three main processes, i.e.
thixotropic feedstock production, reheating, and thixoforming. In this study, three steps of
the thixoforming process were carried out for A357 and AA6082 alloys. Feedstock for
thixoforming ought to have a non-dendritic microstructure where equiaxed, globular grains
are uniformly distributed in a liquid matrix. Cooling dope (CS) casting process was
employed to obtain such afeedstock as it is both economical and practical. Microstructure
of the as-cast samples showed that decreasing the superheat and increasing the cooling
length in CS casting process promoted the formation of non-dendritic and equiaxed grains.
Moreover, the morphology of a-Al phase changed through the cross section of as-cast
samples. Dendrite morphology was dominant in the regions close to edge of the sample
while equiaxed morphology was observed in sections near to the centre. This non-uniform

microstructure was resulted from different cooling ratesin different regions.

In the rehesating step of the experiment, A357 and AA6082 as-cast samples were
patialy remelted at 580°C and 640°C respectively and isothermally held for 5 and 15
minutes with an induction furnace. The results of the reheating practices showed that, the
non-uniform morphology presented in the as-cast samples turned into a more
homogeneous and globular microstructure after partial remelting and isothermal holding
for A357 aloy. Moreover, as aresult of alonger holding time, the grain size increased and
the grains became more globular. However, hexagonal grains were formed rather than
equiaxed and globular particles in the microstructure of the reheated AA6082 samples. Itis
found that, inadequate spheroidization in grain boundaries were resulted from insufficient
amount of remelted eutectic phase in AA6082 alloy and this situation was directly related
with the low aloy composition of AA6082 alloys. The external appearance of the billets
turned into elephant foot shape during reheating practices for both alloys.

In the forming step of the experiment, as-cast billets were reheated inductively to the
temperature practiced in reheating step and then thixoformed between dies to investigate

microstructural evolution and mechanical properties. Thixoforming for both aloys resulted
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in successful filling of the dies. The microstructure of the thixoformed A357 samples were
in good agreement with the results obtained in the reheating step while macrosegregation
of the liquid phase was observed in the microstructure of the thixoformed AA6082
samples. T6 heat treatment was carried out to improve the mechanical properties of the
samples. Mechanical properties of the thixoformed A357 samples were in good agreement
with results in the literature, however; formation of defects during CS process, lamellar
eutectic phase formation during reheating step and lower press loads comparing to forces
in the literature avoided to obtain better yield and tensile strengths. On the other hand,
yield and tensile strength of the thixoformed AA6082 sample was lower than the valuesin
the literature due to the segregated and non-uniformly distributed liquid phase in the

sample.
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