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ABSTRACT

COMPARISON OF MECHANICAL PROPERTIES OF SEMI SOLID
FORMING AND HOT FORMING OF A356 ALUMINUM ALLOY

Thixoforming is a forming technology to produce near net shaped complex parts
with high mechanical properties especially for automotive industry. The process is based
on a discovery made at MIT in the early 1970s. The operation takes place in the semi solid
region of the metal and therefore has several advantages such as close dimensional
tolerances, lower porosity and better mechanical properties over conventional forming
processes. In this study origins and principles of thixotropic behavior of metals were
explained with giving examples of previous studies on the subject. The production
techniques for obtaining the necessary raw material with fine and globular microstructure
were explained and the steps of the forming process were described. In the experimental
part of the study semi-solid forming and hot forming experiments were conducted on A356
aluminum alloy, at different temperatures with various holding times. After the production
of the samples the effects of the heating parameters on the final microstructure of semi-
solid formed products were examined. Finally microhardness and tensile tests were
performed on the samples and a comparison of mechanical properties was made between

semi solid formed and hot formed samples.



OZET

YARI-KATI VE SICAK SEKILLENDIRILEN A356 ALUMINYUM
ALASIMININ MEKANIK OZELLIKLERININ KIYASLANMASI

Yari-kati  sekillendirme oOzellikle otomotiv endiistrisinde yiiksek mekanik
ozelliklere sahip karmasik geometrik sekillerdeki parcalarin iiretilmesinde kullanilan bir
yontemdir. Bu islem temel olarak 1970 lerin basinda MIT de yapilan bir bulusa
dayanmaktadir. Sekil verme islemi malzeme yari-kat1 halde iken gerceklestirilmekte ve
bunun sonucunda klasik sekillendirme yontemlerine kiyasla yakin boyutsal tolerans,
diisiik gozenek oran1 ve daha iyi mekanik ozellikler gibi bircok avantaja sahiptir. Bu
calismada tikzotropik davranisin temelleri ve ilkeleri ge¢mis calismalardan Ornekler
verilerek anlatilmistir. Gerekli kiiresel mikroyapinin temini i¢in uygulanan yontemler
aciklanmis ve sekil verme isleminin adimlar1 siralanmistir. Calismanin deneysel
bolimiinde A356 aliminyum alagimi kullanilarak farkli sicakliklarda ve bekleme
stirelerinde yari-katt ve sicak sekillendirme deneyleri gergeklestirilmistir. Parcgalarin
tiretiminin ardindan deney parametrelerinin yari-kati1 sekillendirilmis iiriinler iizerindeki
mikroyapisal etkileri incelenmistir. Son olarak iiriinler iizerinde sertlik ve ¢ekme deneyleri
yapilarak yari-kat1 sekillendirilmis ve sicak sekillendirilmis iiriinlerin mekanik 6zellikleri

kiyaslanmistir.
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1. INTRODUCTION

Semi-solid processing is a novel method of forming complex-shaped components in
the semi-solid state. An alloy as a semi-solid slurry has a much higher viscosity than when
fully liquid, thereby retaining laminar flow and filling a die more evenly, facilitating near

net-shape forming with a single processing step.

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 semi-solid metallic alloys is discovered in the early
1970s at the Massachusetts Institute of Technology (MIT). If the material is stirred
continuously during cooling from the fully liquid state to the semi-solid state the viscosity
is significantly lower than if the material was cooled into the semi-solid state without
stirring. Stirring breaks up the dendrites which would normally be present so that the
microstructure in the semi solid state is non-dendritic, which is spheroid particles well
insulated from each other by a continuous layer of eutectic liquid. Typical microstructure is
shown in Figure 1.1 where the lighter areas are the primary globular grains and the darker
region is the eutectic structure. The spots inside the grains are the entrapped liquid phase

inside the primary structure [1].

It is this microstructure which is a requirement for thixotropic behavior and for semi-
solid processing. When such a semi-solid 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 falls. In the semi-solid state, if the alloy is
allowed to stand it will support its own weight and can be handled like a solid. As soon as
it is sheared, it flows with a viscosity similar to that of heavy machine oil [2]. This is the
behavior which is exploited in semi-solid processing and which is illustrated in Figure 1.2

where the alloy can be cut and spread like butter [3].

This behavior is attractive because it provides an efficient net shape forming method

that competes favorably with casting and solid state forming. The thixotropic properties



will permit the material to be handled by robotic devices in the semi-solid condition,
allowing processing automation and precision controls while increasing productivity

compared to other production methods.

Figure 1.1. Special microstructure in semi-solid metal [1]

Thixoforming has become an important forming technology during the last years. In
contrast to the classical die casting and forging processes, the alloy is processed in the
semi-solid state, with globular grains suspended in the liquid phase [4]. The thixoforming
process is a three step process. The first stage is the raw material production which has a
non-dendtritic microstructure. In the second stage the metal is reheated to the semi-solid
temperatures as quickly and homogeneously as possible. After the reheating process the
material consists of fine globular solid phase in the eutectic liquid. In the last process the
forming operation takes place by means of thixoforming or thixocasting. The operation is

illustrated in Figure 1.3.

Thixoforming has come to play an increasing role as an alternative to classic
manufacturing techniques such as casting and forging. One reason for this is the growing
demand for high-strength aluminum components for lightweight automotive designs. A
necessary condition for the manufacture of low-cost lightweight aluminum parts is the
ability to process this expensive material into near net shape components of complex
geometry and high strength. Thixoforming provides the engineer with a vastly broader
range of design options than forging possibly even broader than conventional casting

processes [5].



Figure 1.2. Cutting reheated billet with a spatula [3]

In the automotive sector there is a trend to use different aluminum alloys for parts
with complex geometry. In the automotive industry, lightweight materials are very
important with respect to reducing fuel consumption and protecting the environment. For
this purpose, heavier cast iron and steel parts have been replaced with lightweight
aluminum castings in the automotive industry around the world. Particularly from a
manufacturing point of view, for lighter and more advanced functional products semi-solid
die casting provides a substantial potential as an innovative net shape manufacturing
process. With manufacturing costs now on a level with high-grade casting applications,
high mechanical component qualities can be achieved, and applications in the field of

highly-integrated safety critical components have become possible.

Thixoforging Thixocasting
L &) o
1{:|n|§hed reheating o o Finished
orging o ° castin
e] o g
T Al !

B*_E’/ *4

forging forging die feeding die casting

Figure 1.3. Schematic view of semi-solid forming [4]



Commercially, thixoforming is used to produce automotive components on a mass
production scale, but only with conventional casting alloys such as A356 and A357, for the
most part produced by magneto hydrodynamic stirring (MHD) stirring. There is a
considerable interest in extending its application to the higher performance wrought
specification aluminum alloys. Nowadays, the known fields of application of forging- and
extrusion forming processes are somewhat restricted for technical and economical reasons.
In these manufacturing processes, the raw material must be in the full solid state, which
makes the plasticity requirement mandatory: materials presenting low deformation ability
would require prohibited pressures to be formed. Therefore, only alloys with considerable
ductility find commercial application in the forged or extruded state, even though such
processes usually demand high pressures and consequent high energy demands. The
utilization of raw material in the semi-solid condition can make feasible the forming by
forging and by extrusion of low ductility alloys: those which could not be formed in
conventional processes. Due to the flow behavior of the semi-solid metal characterized as
thixotropic, it can be handled as a solid, even when containing a high solid fraction and it
presents low resistance to deformation under pressure. Such a behavior means lower
energy requirements for forming when compared to conventional solid forming processes,
leading to lower investment costs on machinery [6]. Thixoforming processes, or semi-
solid metals (SSM) processing, can potentially produce high quality, near-net-shape
products, due to the better accommodation of globular structures, compared to dendritic

material, and are reported to have less internal porosity.



2. FORMATION OF NON-DENTRITIC STRUCTURES

Nearly all metal alloys of commercial importance solidify dendritically, either with a
columnar or with an equiaxed dendritic structure. In both equiaxed and columnar
structures, the dendrites themselves evolve greatly during solidification, as a result of
ripening due to surface energy. The structure becomes gradually coarser during
solidification as a result of remelting of dendrite arms of smaller radius. In accordance with
expected ripening kinetics, it is found that final dendrite arm spacing bears in
approximately cube-root relationship to the local solidification time or, inversely to the
cooling rate. The increase of dendrite (above about f;=0.5) arm spacing takes place only
during the initial portion of the solidification time. In later stages of solidification liquid-
solid surface area can be most effectively reduced by the filling of spaces between rod like

arms to form plates [7].

2.1. Mechanisms for Formation of Non-Dendritic Structure

Vigorous agitation, as solidification begins, results in formation of new grains
(Figure 2.1a). The early growth of each dendrite fragment then continues dendritically, as
shown in Figure 2.1b. With continuing shear and time during solidification, the dendrite
morphology becomes that of a rosette (Figure 2.1c), as a result of ripening, shear and
abrasion with other grains. Repining proceeds during further cooling (Figure 2.1d). In
addition the reduction of the interfacial energy between particles and liquid provides the
driving force for spheroidization of the particles. Oswald ripening would also take place,
wherein solutes diffuse from small particles to larger particles effect, resulting in the
coarsening phenomenon. Stirring would enhance the ripening by accelerating solute
diffusion. At this stage a rosette type of structure would form due to bending and plastic
deformation of the dendrites. Two competing mechanisms also prevail, which are structure
agglomeration due to bond formation among particles caused by impingement and
reaction, and subsequent structure breakdown due to shearing and particle collision. As the
stirring time increases, the structure revolution is governed by the balance among the

dendrite fragmentation, Oswald ripening and structure agglomeration and breakdown. As



particles become further spheroidise, the dendrite fragmentation mechanism become less
and less prevalent. A second rosette type of structure due to particle coalescence may
develop when the agglomeration mechanism dominates over the breakdown mechanism. In
the subsequent stage, a steady state may be reached where the structure agglomeration and
breakdown mechanism are balanced, after which Oswald ripening might become the

prevalent mechanism [7,8].

{a)

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

{e)

D) o8 42+

Figure 2.1. Schematic illustration of evolution of structure during solidification with
vigorous agitation: (a) initial dendtritic fragment; (b) dendtritic growth; (c) rosette; (d)

ripened rosette; e)spheroid [8]

In the initial stage of stirring, the dendrite fragmentation dominates, for which a
higher shear rate would lead to a smaller particle size. In the subsequent stage when
Oswald ripening dominates, a higher shear rate would enhance the solute diffusion.

Therefore coarsening is accelerated and results in a larger particle size.



To explain the observed fine particle size and non-dendritic morphology under
forced convection several mechanisms have been proposed. These include: dendrite arm
fragmentation, dendrite arm root remelting, and growth controlled mechanisms. Any
proposed mechanism has to address two basic aspects of solidification under forced
convection, namely, grain refinement and morphological transition. It should be mentioned
that solid particles with any morphology in the semi-solid state would, with prolonged
isothermal holding, spheroidise by a ripening process under the driving force for reduction

of interfacial free energy, even under full diffusion control.
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Figure 2.2. Schematic illustration of dendrite arm fragmentation mechanism: (a)
undeformed dendrite; (b) after bending; (c¢) formation of high angle boundary; (d)

fragmentation through wetting of grain boundary by liquid metal [4]

To explain the observed grain refinement by melt stirring, Vogel et al. [9] have
proposed a dendrite arm fragmentation mechanism to account for grain multiplication, as
schematically illustrated in Figure 2.2 [4]. Dendrite arms bend plastically under the shear
force created by melt stirring. Plastic bending introduces large disorientations into the

dendrite arms in the form of ‘geometrically necessary dislocations’. At high temperature,



such dislocations rearrange themselves to form high angle grain boundaries through
recrystallisation. Any grain boundary with energy greater than twice the solid/liquid
interfacial energy is then wetted by liquid metal, resulting in the detachment of dendrite

arms.

Secondary dendrite arms can detach at their roots because of remelting due to solute
enrichment and thermosolutal convection. Temperature fluctuations in the MHD
rheocasting process play a significant role in the structural evolution. Vigorous stirring
prevents the establishment of stable diffusion fields for continued dendrite evolution.

Eventually, smooth rounded shapes are expected out of solidification [8].

The intensity of shear is expected to determine the fluid flow characteristics in the
melt. At low and intermediate shear rates the flow is essentially laminar, and it is unlikely
that a laminar flow can interact with the secondary dendrite arms to exert a bending
moment. In fact, under a laminar flow, the secondary dendrite arms are not expected to
experience any relative fluid motion at the solid/liquid interface. But the intensity of
laminar flow will certainly determine the thickness of diffusion boundary layer around a
growing particle, and therefore determine the growth morphology of the solid. At a high
shear rate, the flow characteristics change to turbulence, and liquid penetration into the
interdendritic region is likely to take place. The turbulence flow enhances relative particle
motion. This would bring about a significant change in the solidification structure; as

solute transport away from the secondary dendrite arms would take place [4].

Based on the above considerations, Qin and Fan [10] found that the penetration of
the liquid phase into the interdendritic region results in a relative change in growth rate
along the solidification interface. With increasing intensity of turbulent flow, the local
growth rate increases laterally and at the root of dendrite arms, resulting in the formation of
rosettes and even spheres at sufficient intensity of turbulence. It has been concluded that
turbulent flow stabilizes the solidification interface. Turbulent flow can enhance crystal

growth more effectively than laminar flow.

Under intensive turbulent flow, the solidification morphology is spherical even at the

very early stage of solidification [11]. The size, shape factor, and density of the solid



particles are almost constant with increasing isothermal shearing time. The particle size
distribution was found to be very close to that of randomly dispersed monospheres [12]. 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. This demonstrates the importance of turbulent flow as regards the formation of

spherical morphology. The important findings from these investigations are:

e Turbulent flow is crucial for the formation of spherical particles during solidification
under forced convection
e The observed rosette and spherical particle morphologies are more likely to be a

growth phenomenon during solidification under forced convection.

Furthermore, it is generally observed that melt stirring accelerates crystal growth
during solidification. Under full diffusion control, spheroidization of the initially dendritic
structure in the semi-solid state usually takes a few tens of minutes or even up to a few
hours while formation of spherical particles takes only a few minutes under predominantly
laminar flow conditions [13]. This process requires only a few seconds under intensive
turbulent flow conditions, even with a fully dendritic structure before stirring. It can be
understood from these findings that turbulence flow is essential for the formation of non-

dendritic structure.

The experimentally observed grain refinement under high shear rate and high
intensity of turbulence was explained by a copious nucleation mechanism [4]. Under the
intensive mixing action, both temperature and composition fields inside the liquid alloy are
extremely uniform. During the continuous cooling under forced convection, heterogeneous
nucleation takes place at the same time throughout the whole liquid phase. The intensive
mixing action disperses the clusters of potential nucleation agents, giving rise to an
increased number of potential nucleation sites. In fact, this situation not only occurs under
intensive turbulent flow, but also applies to nucleation under forced convection in general.
However, it seems that laminar flow is much less effective for homogenizing the
temperature and composition and for dispersing the potential nucleation agents.
Consequently, laminar flow is less powerful for structural refinement and spheroidization

of the solid particles than the turbulence flow.
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Figure 2.3. Schematic illustration of morphological transition from dendtritic to spherical

increase of solidification

@

i %

via rosette with increase in shear rate and intensity of turbulence [4]

The understanding of the microstructural evolution obtained from the above
investigations [4,11,12,13] can be schematically illustrated in Figure 2.3 and can be

summarized as:

¢ Forced convection promotes crystal growth due to enhanced mass transport during
solidification

e Laminar flow changes the normal dendritic growth morphology to rosette, while
turbulent flow changes the growth morphology from rosette to sphere

e [t appears that the observed rosette and spherical morphologies under forced
convection are more likely to be a growth phenomenon rather than resulting from a
mechanical fragmentation mechanism

e The structural refinement under intensive stirring is most probably caused by a
copious nucleation mechanism, which is facilitated by homogeneous temperature and

composition fields and well dispersed heterogeneous nucleation agents. However, at
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lower shear rates, the dendrite arm remelting and fragmentation mechanisms may

also be of significance.

2.2. Origins of Thixotropy

A liquid like semi-solid metal (SSM) slurry is considered as a suspension in which
interacting spherical solid particles of low cohesion are dispersed in a liquid matrix. In a
simple shear flow field, the dynamic interactions between solid particles result in the
formation of agglomerates. Under viscous forces, collisions between agglomerates lead to
the formation of new agglomerates of a larger size, and at the same time agglomerates also
break up giving rise to agglomerates of smaller size (Figure 2.4). As a result the viscosity
decreases. The viscosity is both time and shear rate dependent with a dynamic equilibrium
between agglomeration and disagglomeration at a microstructural level. Each shear rate
has a characteristic agglomerate size distribution. When the shear rate is changed, over a
period of time the agglomerate size distribution will tend towards that characteristic of the
new shear rate, with the viscosity changing proportionally. It is believed that it is the state
of agglomeration which determines the rheological properties of SSM slurries, whereas the
external flow conditions, such as shear rate and shearing time, affect the rheological

properties by changing the state of agglomeration [14].

In semi-solid metallic systems, the agglomeration occurs because particles are
colliding and, if favorably oriented, form a boundary. By ‘favorable orientation’ is meant
the fact that if the particles are oriented in such a way that a low energy boundary is
formed, it will be more energetically favorable for the agglomeration to occur than if a
high energy boundary is formed. If a 3-D network builds up throughout the material, the
semi-solid will support its own weight and can be handled like a solid because the globular
particles agglomerate by forming solid—solid boundaries. It must be energetically favorable
for these boundaries to replace solid—liquid boundaries and thus the solid—solid boundaries
tend to be of low energy types. As shear occurs, particles are forced into contact with each
other. If it is energetically favorable for a solid—solid boundary to be formed; the two
particles will stay in contact. If not, they will separate again. The process will be
influenced by the rate of shear in two opposing ways. Increasing the rate of shear will

increase the possibility of particle—particle contact but it will decrease the time of contact
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and the formation of a new solid—solid boundary [2]. There is a higher proportion of low-
angle and twin boundaries present between neighboring particles, and hence a higher
degree of agglomeration, than for the unstirred grain refined alloy. Non-dendritic structures
revealed low energy special boundaries within the primary particles whose formation has
been attributed to the sintering of individual primary particles and growth twinning

mechanisms [15].
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Figure 2.4. Diagram showing when the shear rate increases, the agglomerates break up and

spheroidise, when the shear rate decreases further agglomeration occurs [14]

The viscosity in the steady state depends on the balance between the rate of structure
build up and the rate of break down. It also depends on the particle morphology. The closer
the shape to that of a pure sphere, the lower the steady state viscosity [8]. Contrary
viscosity increases with the change of the particles from spheres to dendrites. In addition, if
liquid is entrapped within particles, it does not contribute to flow. Thus, although the
fraction liquid may take a certain value, governed by the temperature in practice, the
effective fraction liquid may be less as some is entrapped within spheroids. As a result
entrapped liquid in the primary grains adversely affects the viscosity and result in poor

flow behavior of the material.
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2.3. Experimental Techniques

Semi-solid metal slurries used in SSM processing can be roughly divided into two
broad categories, a liquid like slurry contains dispersed solid particles and behaves like a
fluid under external forces, while solid-like slurry contains an interconnected solid phase
and behaves like a solid exhibiting well defined yield strength. The deformation
mechanisms for these two types of slurry are fundamentally different. Semi-solid metal
slurries with a solid fraction of less than 0.6 and a globular solid morphology usually
exhibit two unique rheological properties, thixotropy and psuedoplastisity [4]. Thixotropy
describes the time dependence of transient state viscosity at a given shear rate, while
psuedoplastisity refers to the shear rate dependence of steady state viscosity. All the SSM
processing techniques rely on either one of those properties or both properties in the same
process. Therefore, successful development of SSM processing technologies requires a

good understanding of the rheology of SSM slurries.

The concentric cylinder rheometer has been most commonly used for rheological
characterization of SSM slurries [16]. In the concentric cylinder rheometer, rheological

experiments for SSM slurries are often performed in three different modes [4].

e Continuous cooling and shearing from a temperature above the liquidus
¢ Transient or steady state experiments from a specified starting condition under fixed
solid fraction and shear rate

e Shearing after partial solidification or partial remelting.

The major advantages of this technique include high flexibility in terms of operating
mode and well defined flow conditions. This makes it very suitable for under-standing the
physical mechanisms of SSM rheology. However, this technique is limited to low shear
rates and relatively low solid fractions, because too high a shear rate can cause flow

instability and too high a solid fraction can lead to wall slippage.

For high solid fractions, above about 0.5, conventional rheometers do not have
sufficient torque capability. Other methods must then be used, introducing complexity

because the shear rate is no longer constant throughout the material [2].
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Compression between parallel plates is the technique used for rheological
characterization of SSM slurries with a high solid fraction. In this method, a cylindrical
sample with low aspect ratio is compressed between two parallel plates at constant
deformation rate or under constant load [17]. In this case, the axial velocity becomes
insignificant compared to the radial velocity of the alloy during the later stage of
deformation. It should be noted that the stress—strain field in this experiment is highly
inhomogeneous due to the presence of friction. Therefore, comparison of results should be
made with caution, especially when there are specimen size differences. This technique can
be used to investigate SSM slurries with high solid fraction, and to detect the presence of
yield stress. However, the flow conditions are complex, it is difficult to define the steady

state and, more importantly, it is difficult to prevent solid/liquid segregation.

Capillary die and backward extrusion have also been used to characterize SSM
slurries. In such techniques, the flow is pressure driven and is characterized by a variation
of shear rate along the cross-section depending on material behavior. Viscosity is usually
calculated assuming linear viscous behavior, which may not necessarily be true for all the
cases. As in the parallel plate technique, it is not clear whether the steady state is reached;
the data obtained are not steady state values, but probably closer to iso-structure data.
Moreover, in the presence of strong deviation from linearity or if yield stress is present,
plug flow conditions will develop. In this case, the flow conditions near the wall dominate
the response of the materials. Therefore, a true viscosity cannot be calculated. Another
problem associated with this technique is that it is almost impossible to study thixotropy.
Segregation may also occur due to the pressure gradient that develops as a result of the
long length required by this test and the increased permeability at the walls. However,
since similar flow conditions are present in an actual thixoforming process, the information
extracted from such tests can be relevant when comparable values of cross-sections are

used [4].

2.4. Rheology of Semi-Solid Alloys

The first investigation of the rheology of SSM slurries was conducted at MIT

(Cambridge, MA, USA) on the Sn-Pb system. They showed that a stirred SSM slurry with

a solid fraction higher than 0.2 behaves like a non-Newtonian fluid with an apparent
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viscosity orders of magnitude less than that of an unstirred dendritic slurry. It is this first
observation which initiated numerous rheological studies on stirred SSM slurries [4]. The
rheological phenomena in stirred SSM slurries can be approximately divided into three

groups:

¢ 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.

e Thixotropic behavior, which describes the time dependence of transient state

viscosity.
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Figure 2.5. Apparent viscosities versus solid fractions at different shearing rates (left) and

cooling rates (right) [16]

The continuous cooling behavior gives the first insight of the effects of solid fraction,
shear rate, and cooling rate on the rheological behavior of SSM slurries. Figure 2.5 shows
examples of results obtained from the continuous cooling experiments on Sn—15Pb alloy

[16]. The measured apparent viscosities are plotted versus the solid fraction at different
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cooling rates and shear rates. 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 rate. This is because both
increasing shear rate and decreasing cooling rate promote more spherical particle

morphology [16,18].
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Figure 2.6. Steady state apparent viscosity versus shear rate in Sn-15Pb alloy for various

solid fractions [4]

Following the standard model used for general suspensions, Joly and Mehrabian [19]
showed on Sn-15Pb alloy that the behavior is shear rate thinning (or pseudoplastic), where
the apparent steady state viscosity decreases with increasing shear rate. It is generally
accepted that the steady state viscosity at a given shear rate depends on the degree of
agglomeration between the solid particles, which in turn is the result of a dynamic

equilibrium between agglomeration and disagglomeration of the solid particles [15].
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The isothermal steady state experiments lead to more precise rheological
characterization. The steady state is usually defined as a state at which the viscosity of
SSM slurry 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. The shear thinning is more generally demonstrated in Figure 2.6.
For a SSM slurry with a fixed solid fraction, the steady state viscosity decreases with
increasing shear rate, approaching an asymptotic value when the shear rate becomes

infinite [4].
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Figure 2.7. Yield stress of semi-solid Sn-15Pb alloy as function of resting time [4]

Another phenomenon associated with steady state behavior is the presence of yield
stress. It is generally agreed that many suspensions have a yield point at low shear rate,
resulting from the structural formation due to the dynamic interaction between solid
particles. The yield phenomenon is generally inherent to the thixotropy. This is the result
of agglomeration of solid particles with the help of resting time. More recently, yield stress
data for Sn—15Pb SSM slurries as presented in Figure 2.7 as a function of resting time. The
strong particle interactions are responsible for the existence of yield stresses, below which

the SSM slurries behave like elastic solid. Yield stresses are ideally measured using shear
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stress controlled rheometers by applying shear stress ramps and measuring the stress value

when the alloy starts to deform [4,15].

In order to characterize the constant structure flow behavior shear-rate ramp decrease
experiments are performed on Sn—15Pb alloys [20]. The result of a typical experiment is
shown in Figure 2.8. The findings showed that, at increasing shear-rate steps, the apparent
viscosity grows immediately with respect to the prior steady state, before approaching a
new steady state value that is lower than the previous steady viscosity. The inverse

phenomenon is observed at decreasing shear-rate steps.

The break down time is the characteristic time for the slurry to achieve its steady-
state condition after a shear rate change from a lower value to a higher value, while the
build up time is for a change from a higher shear rate to a lower shear rate. The times for
breakdown are faster than those for build up. This is because of the breaking up of ‘bonds’
between spheroidal solid particles in agglomerates is likely to be easier than the formation
of bonds during shear-rate drops. During a shear-rate change, the slurry undergoes an
initial rapid breakdown/build-up followed by a more gradual process dependent on
diffusion. This can be described by a double exponential expression. Immediately after a
change in shear rate, the structure remains the same iso-structure. This is followed by a
very fast process and then a slow process, associated with diffusion, giving coarsening and

spheroidization [2,21].
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shear-rate step experiments [20]
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2.5. Technologies for Production of Non-Dendritic Feedstock

Semi-solid metal forming, forming a metallic alloy at a temperature between its
equilibrium liquidus and equilibrium solidus temperatures, is a hybrid metalworking
process combining the elements of both casting and forging/extrusion. One of the key
elements for the successful operation of a semi-solid forming process is the microstructure
of metallic alloy being thus formed. The semi-solid forming process needs a unique

microstructure which is different than the conventional alloys.

Conventionally solidified metals can not be utilized in a semi-solid condition, since a
structure of dendritic network forms upon solidification in such metals. This kind of an
alloy does not show the necessary characteristics for the semi-solid forming process.
Cracks and segregates will occur when a conventionally solidified metal is formed in
partially liquid-solid state. Therefore raw material of a semi-solid forming process must
have a structure comprised of globular or spheroidal grains contained in a secondary phase
lower melting alloy matrix. When heated to a semi-solid temperature, the globular solid
phase is retained, suspended in a lower melting alloy liquid matrix which is called as
eutectic phase. The secondary phase is solid when the metal composition is frozen and is
liquid when the metal composition is partially solid and partially liquid. The primary solid
particles are generally spheroidal in shape. The primary solid particles are made up of a
single phase having an average composition different from the average composition of the
surrounding matrix. The primary solids obtained in the composition differ from normal
dendritic structures. Normally, solidified alloys have branched dendrites separated from
each other in the early stages of solidification and develop into an interconnected network
as the temperature is reduced and the weight fraction solid increases. On the other hand,
the structure obtained in thixotropic metal slurries consists of discrete primary particles
separated from each other by a liquid matrix even up to solid fractions of 80 weight
percent. The primary solids have smoother surfaces and less branched structures which
approach a spherical configuration compared to normal dendritic structure. The secondary
solid which is formed during solidification from the liquid matrix, contains one or more

phases with other alloying elements of the material.
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The feedstock preparation is the essential step for semi solid forming operations. The
objective of feedstock production is to provide a material with a characteristic thixotropic
microstructure where a non-dendritic primary phase with a fine grain size is uniformly
distributed in a matrix of lower melting point. There are two routes for using the feedstock
material. In the rheo-route the feedstock material is directly used for component shaping
after obtaining the globular microstructure. In the second method called thixo-route the
feedstock material that has a globular microstructure, formed previously from the liquid
state and allowed to solidify, is used as a raw material in the solid state for subsequent

reheating into the semi-solid state and component shaping.

Nearly all the alloys of commercial importance solid solidify dendritically, with
either a columnar or an equiaxed dendritic structure [8]. During dendritic solidification of
castings and ingots, a number of processes take place simultaneously within the semi-solid
region. These include crystallization, solute redistribution, ripening, interdendritic fluid
flow, and solid movement. The dendritic structure is greatly affected by the interdendritic
flow and solid movement, which, in conventional solidification, is caused by internal

factors such as density difference and heterogeneous distribution of temperature.

The ideal microstructure for a semi-solid slurry before the component shaping
process would be an accurately specified volume fraction of fine and spherical solid
particles uniformly dispersed in a liquid matrix. A primary goal of slurry preparation is to
create such a structure to ensure the favorable rheological characteristics to facilitate the
subsequent component shaping process. Technically, this structure can be achieved by a

number of different techniques [4].

Thixotropic feedstock production can start either from a liquid alloy through
controlled solidification under specific conditions, or from solid state through heavy plastic
deformation and recrystallisation.

2.5.1. Mechanical Stirring

The use of mechanical stirring is a direct and cost effective way of altering shear

rate. Melt agitation in mechanical stirring is based on the technologies originated at MIT
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[22]. The process is commonly generated by means of augers (Figure 2.9), impellers, or
multi-paddle agitators mounted on a central rotating shaft. The shear caused by the stirrer
during solidification promotes the formation of non-dendritic structure. 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.
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Figure 2.9. Schematic view of a mechanical stirring machine [21]

The mechanical stirring approach was developed from batch process into a
continuous process. 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
simultaneously stirred and cooled. The continuous rheocaster is shown schematically in
Figure 2.10. 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 [4]. The early version
of rheocasting has not reached a commercial stage. Historically, this was attributed to a
number of technical difficulties at that time, such as contamination of the melt through
oxidation and chemical reaction with the stirring system. Recently, due to the technical and

commercial concerns associated with other methods for feedstock production, there has
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been renewed interest in this technology. Modifications to the early version of the
rheocaster were made to develop a process for feedstock production employing mechanical
stirring. In the modified rheocasting process, 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.
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Figure 2.10. Schematic view of continuous rheocaster [4]

In mechanical stirring it is necessary to provide adequate shearing forces to the

mixture to create the rounded solid particles and prevent agglomeration of the solids.

It has been conclusively established from experimental observations that
solidification under melt stirring produces non-dendritic structures [8]. The early work by
Spencer et al. [23] on the Sn—Pb system using rotational rheometers confirmed that the

solid phase in the semi-solid state has either a degenerated dendritic structure or rosette
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morphology. With prolonged stirring time, such particles change to a more or less
spherical 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. The rosette morphology of solid particles has also been

observed in many stirred alloys using rod and impeller types of stirrer [9].

For Al-Cu alloys, 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. The cell spacing is considerably greater
than the secondary dendrite arm spacing from unstirred melt, indicating that stirring
promotes crystal growth. With increasing shear rate the average particle diameter

decreases, while the particle density increases [4].

Brabazon et al. [24] designed a mechanical stir caster and built to produce the
various cast morphologies (Figure 2.11). The semi-solid alloy was sheared in a heated
tubular zone between a grooved rotor and a crucible. An independent in-line torque meter
is positioned between the stirring rotor and the drive motor to enable rheological
measurements. The caster furnace is heated by means of four resistance heating elements.
One element around the wide reservoir at the top of the crucible and three along the lower
narrow section are used to control the temperature in the semi-solid range of the alloy. This
configuration enables a maximum temperature of 850 ° C and control of the temperature
gradient within the narrow section of the crucible, where the shearing occurred. A linear
drive provides lift to the rotor, enabling evacuation of the stir caster after the desired period
of shear. The rotor and crucible are both, uniquely, of Reaction Bonded Silicon Nitride
(RSBN), which enables these two parts to be easily lapped together during operation of the
stir caster. RBSN has good thermal shock resistance, good high temperature strength, does
not contaminate the melt, and has a low coefficient of thermal expansion and moment of
inertia. An additional external immersion heating element is in the reservoir to provide
sufficient molten alloy there for an adequate metallostatic head for stir casting at higher
fractions solid. A batch casting trolley, which also holds a plug against the crucible outlet,
is used to carry the chill moulds into which the stir cast material poured. Control of stirring

speed, stirring time, stirrer height, and the temperature profile of the furnace, is
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implemented on a computer which displays the stirring speed, height of the stirrer,

temperatures in the furnace, and the torque experienced by the stirrer, on a real time basis.
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Figure 2.11. Schematic view of stir casting device [24]

2.5.2. Magneto Hydrodynamic (MHD) Stirring

To overcome the problems associated with the original rheocasting process using
direct mechanical stirring, a magneto hydrodynamic (MHD) stirring process was
developed by ITT in the USA [25]. In this technique, rotating electromagnetic fields
generate local shear within the continuous casting mould, and continuous billets of
solidified non-dendritic alloy can be produced. The stirring is deep in the sump of the
liquid, which has previously been filtered and degassed. The contamination, gas
entrapment and stirrer erosion involved in mechanical stirring are virtually eliminated in
MHD casting. Since the start of this technology for thixotropic feedstock production, it has
been subject to intensive research and at present, and MHD stirring is the most widespread

route for feedstock production for semi solid forming operations [4].

As illustrated in Figure 2.12 the metal in the mold is stirred vigorously by the
dynamic electromagnetic field and as a result the shearing is created. Electromagnetic

stirring can be achieved through three different modes: vertical flow, horizontal flow, and
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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 an isothermal plane so that mechanical shearing is probably the dominant mechanism
for spheroidization. In the 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. At the same time with
the stirring, heat removal is established with the conductive heat transfer between the mold

wall and the surrounding water [4].
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Figure 2.12. Vertical casting with horizontal electromagnetic flow [26]

The continuous casting is made through either a vertical or horizontal arrangement,
depending on the casting direction in relation to the gravity direction. While vertical
stirring has so far been employed in vertical continuous casting only, horizontal stirring has
been used in both vertical and horizontal casting systems. 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 [4].
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Electromagnetic stirring (EMS) is widely used because it permits continuous
production of ingots and there is no contact between the agitator and the metallic bath.
Besides, this type of stirring has very low energy consumption to ingot produced ratio,
which justifies its extensive application [27]. The stirring promotes the coarsening of
primary particles by the formation and melting of grain boundaries produced either by
deformation or by sintering of the primary particles. The initial dendritic structure is
fragmented by the stirring of the partially solidified alloy, so that the melting of the grain
boundaries is the predominant mechanism during the initial stage of stirring. Long periods
of stirring increase the curvature radius of the primary phase solid-liquid interface and the

coarsening mechanism takes place [28].

Figure 2.13. Effects of EMS stirring time on microstructure of A356 alloy: (a) 0 s; (b) 10 s;
(c) 20 s; (d) 40 s; (e) 60 s; (f) 90 s [28]

In a study of Yang et al. [29] the effects of stirring time on the microstructure of
A356 was shown in Figure 2.13. It can be erroneously determined that the particles size
was influenced so little by the stirring time and no significant grain refinement had
occurred as the stirring time was prolonged. But in fact, the size of the primary dendrites

was significantly decreased.

The MHD casting process provides the ability to control precisely the shearing action
and the rate of heat removal and thus deliver the desired microstructure with a grain size

that is normally about 30 pm. This compares favorably with the 100 to 400 um grain size
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produced by mechanical stirrers. Proper control of the casting variables will result in billet

properties that meet the quality specifications for MHD billets.

The major difficulties beyond the wide acceptance of MHD technology for
thixotropic feedstock production include high production costs (accounting for up to 50
percent of the component cost), lack of microstructural uniformity in the cross-section of
the cast billet, and non-spherical (although non-dendritic) with some rosette character
remaining 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 [2,4].

2.5.3. Stress Induced and Melt Activated (SIMA) Process

An alternative to the liquid agitation route is the stress induced and melt activated
(SIMA) process. This process is based on the scientific understanding that high angle grain
boundaries induced by plastic deformation and recrystallisation will be wetted by liquid
metal at the semi-solid temperature, resulting in a fine and globular structure. Liquid phase
is located at high angle grain boundaries and alloy achieves a microstructure consisting of
almost spherical solid particles. These particles are separated by a low melting-temperature

liquid phase. Size of these particles depends on [4]:

e Chemical composition of the alloy, which determined the solidus—liquidus
temperature interval, microstructure at the beginning of melting.
¢ Heating rate below the solidus.

¢ Holding time in the semi-liquid state.

The SIMA process relies on the development of process steps in the basic hot-
worked metal alloy extrusions or rolled bars are subjected to additional cold work. When
sufficient strain is induced and the material is heated to the semi-solid state, the structure
transforms to an extremely fine, uniform, nondentritic spherical microstructure [30]. The
semi-solid forging on SIMA processed bar has been demonstrated for a wide variety of
alloys, including aluminum, magnesium, copper and ferrous alloys. SIMA processing

represents a cost effective and readily available source of small diameter raw material for
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semi-solid forging. The process is also technically operable for larger sizes, but the costs of

processing are not competitive with those of MHD casting on most metal alloys.

A modification of the SIMA process is made by changing the cold working to warm
working at a temperature below the recrystallisation temperature to ensure the maximum
strain hardening. With appropriate choice of processing conditions, such as amount of
plastic deformation, reheating temperature, and time duration, the resulting solid phase
particles are usually fine in size, globular in morphology, and uniform in distribution. 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. Small

diameter (<38mm) can also be produced by SIMA process [4].

Continuous Extrusion Quenching Cold Working Heating & Holding Forming

Figure 2.14. Schematic diagram of SIMA process [31]

In SIMA hot worked and quenched billets are cold worked to induce residual plastic
strain. Hot working operations include extrusion, rolling, forging, swaging and cold
working operations found to be effective include drawing, swaging, rolling and
compression or upsetting. The actual strain level will vary with the specific metal or alloy
and with the type and conditions of hot working. In the case of extruded aluminum alloy,
the strain level should be equivalent to at least a 12 per cent cold worked alloy. Upon

completion cold working the billet is reheated to a semi-solid temperature to produce the
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globular structure. The specific temperature is generally such as to produce a 0.05 to 0.8
volume fraction liquid, preferably at least 0.10 volume fraction liquid and in most cases a
0.15 to 0.5 volume fraction liquid. As the final step the billet is thixoformed in its semi-

solid state. The process is shown schematically in Figure 2.14 [31].

The process has a number of very significant advantages. Casting of the starting
billet may be carried out in a single convenient diameter, at one location and reduced to
any desirable smaller diameter at the same or a second location using conventional
extrusion equipment and technology. The process permits removal of any dendritic exterior
skin on the staring billet as part of normal practice prior to extrusion so that the extruded
billet exhibits no skin effect. Moreover, the process produces a considerable refinement of
the microstructure of the final product, including its size, shape and distribution relative to

the starting billet microstructure [31].

However, the SIMA process requires energy and processing intensive steps as plastic
deformation and recrystallisation of conventionally cast dendritic materials by thermo-
mechanical treatments. As a result of these processes it cost approximately 3 to 5 times
more than the MHD stirring process. Therefore the SIMA process is only effective for
small applications and for small diameter feedstock. Another disadvantage is that there
may be variation in the amount of stored work across the section, resulting in

inhomogeneity.

2.5.4. Spray Casting

Spray casting is another non-agitation process for feedstock production. It is a
relatively expensive route but one which can be used to produce alloys, which cannot be
produced in any other way, such as aluminum-silicon alloys with greater than 20 weight
per cent silicon [32]. Spray forming essentially involves the atomization of a liquid metal
stream and collection of the droplets on a former. The resulting microstructure is fine and

equiaxed. When heated into the semi-solid state it is ideal for thixoforming operations.

The spray casting process has been investigated extensively over the past two

decades and several models have been proposed to describe the process. Various alloys
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produced by spray casting have been evaluated experimentally as feedstock materials for
semi-solid processing [33]. It is generally believed that spray cast materials are suitable as
feedstock for thixoforming, especially for high temperature alloys, such as steels and

superalloys.

In the spray forming process, a liquid alloy metal stream is atomized through a
nozzle into a spray of fine droplets, of mass median higher than 200 um, by jets of a high
pressure inert gas (nitrogen or argon). The droplets then deposit on to the surface of a
growing preform to build up large billets, tubes or rings for down stream processing. The
droplets experience cooling during flight, at rates of up to 10* K/s, such that partial
solidification takes place in a significant fraction of droplets. While the large droplets
remain fully liquid the small droplets solidify during atomization, those of intermediate
sizes become semi-solid. The droplets are collected on a moving substrate and
consolidated to form a coherent preform. A second stage of solidification takes place on
the substrate at the beginning of the deposition, and subsequently on the upper surface of
the preform. Liquid and semi-solid droplets with high liquid fraction splat upon impact,
while solid and semi-solid droplets with high solid fraction fragment. A portion of the solid
grains undergoes remelting and resolidifies slowly. Typical local solidification time on the
preform surface is of the order of 100 s indicating that more than 90 per cent of the
solidification time of a spray cast preform occurs in the deposit at high solid fraction. The

resulting microstructure comprises very fine equiaxed grains [4,34].

The microstructure of the as-spray formed perform 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 at the top of the growing preform before final solidification [33,34].

Spray-formed hypereutectic Al-Si alloys have a microstructure consisting of fine
(Iess than 10 pm), approximately uniformly sized silicon crystals in a matrix of aluminum
solid solution [2]. On heating into the semi-solid state, the liquid penetrates some of the
grain boundaries and produces a microstructure of finely dispersed silicon and primary

aluminum spheroidal grains surrounded by liquid, one suitable for semi-solid processing.
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Hence, semi-solid processing of these spray-formed materials offers a route to the
production of components with the highly desirable properties hypereutectic Al-Si alloys
can potentially offer. However, at silicon contents above approximately 27 weight per cent
the silicon exists as a continuous three-dimensional (3-D) network with sufficient strength
to resist flow. This results in segregation, porosity, incomplete die filling, inhomogeneity,
and other deleterious effects. Also, from a practical point of view, further problems occur
as the slugs are extremely stiff and consequently appear to contain very little liquid. There
then exists the danger of overheating and destroying the aluminum spheroids which is

required for thixotropic flow [36].

2.5.5. Liquidus Casting

There have been recent developments in producing feedstock by manipulating the
solidification conditions. The new rheocasting (NRC) process [37] is based on this
principle with the molten metal at near-liquidus temperature poured into a tilted crucible
and grain nucleation occurring on the side of the crucible. The grain size is fine because
the temperature is near liquidus. An allied technique is the direct thermal method. In the
cooling slope method, liquid metal is poured down a cooled slope and collects in a mould.
Nucleation on the slope ensures the spheroid size is fine. With liquidus casting, a high rate

of nucleation can be achieved within the entire volume of undercooled melt [2,38].

Liquidus casting, also known as low superheat 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. This technique can be used on both cast and wrought

aluminum alloys.

The effect of melt superheating was recognized nearly 40 years ago by Chalmers and
coworkers. It has been found that reducing the pouring temperature promotes the formation
of an equiaxed zone and suppresses the formation of the columnar grain zone. In addition

to this lowering the pouring temperature also refines the equiaxed grains. Such
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experimental observations can be explained by using the Mullins—Sekerka instability
theory, which suggests that an alloy with very small undercooling coupled with a very high
saturation of nucleation sites would form an equiaxed structure. However, it seems much
effort is still required to establish the exact mechanism for the formation of the fine and

non-dendritic structure during liquidus casting [4].

Recently, Fan et al. [12] developed a liquidus rheocasting process. In this process,
overheated liquid metal is poured into a twin screw extruder where it is continuously
sheared and cooled to a temperature around its liquidus before being transferred to a mould
for shaping or to a DC (direct chill) caster for continuous casting of thixotropic feedstock
billets. The microstructural features offered by the liquidus rheocasting process include
fine grain size, spherical particle morphology and much improved chemical and
microstructural uniformity. Liquidus casting, with liquidus rheocasting in particular, 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 [4].

The 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. Molten metal is poured from the top of a tilting cooler. Gravity
accelerates the liquid flow and produces in this flow a shear. The cooling slope is a very
simple, compact and cheap piece of equipment with low associated running costs. The
equipment and running costs associated with the cooling slope are very low. As a further
advantage offered in this route, the casting of the ingot can be synchronized with the act of

thixoforming itself, providing more efficiency all around.

However, there is a disadvantage that the solidified metal tends to stick to the slope
in the pouring or at the end of the pouring of the melt. When the solid fraction of the metal
become higher, adherence of solidified melt at the slope happens during the pouring of the
metal. As a result the cooling of the melt that flow on the adherence becomes worse. When

the solid rate is low, the adherence of the metal happens at the end of the pouring of the
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melt. The cooling slope can be coated by lubricant (BN) to prevent adherence of solidified
metal. The use of the lubricant is effective. However, adherence cannot be prevented
completely by the use of adherence. The primary crystals of the products are spheroidal,
and the general morphology of the ingot microstructures, when heated up to semi-solid
condition, is very similar to the microstructures obtained by conventional semi-solid

casting routes [39,40]. A schematic view of a cooling slope casting system is shown in
Figure 2.15.
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Figure 2.15. Cooling slope casting system [41]

The important factors which affect the microstructure are cooling length of the slope,

the angle of the cooling slope and the superheat of the molten metal and the die material.

In another process utilizing low superheat casting, the melt is poured directly into the
die and solidified. The need to produce an ingot for further processing by thixoforming can
be eliminated since the molten metal can be shaped directly into the semi-solid state by
synchronizing the pouring into the die with the thixoforming operation. The size of ingot

can be easily varied accordingly by appropriate choice of ladle and die [40].
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2.5.6. Chemical Grain Refining

Chemical grain refinement is a common practice in continuous casting of aluminum
alloys. In most cases, a pre alloyed wire is pro-portioned into the hot metal flow into the
launder where it releases heterogeneous nucleation agents, usually titanium and boron
based. Owing to the enhanced heterogeneous nucleation rate and suppression of dendritic
growth, a fine and equiaxed structure can be achieved. With an appropriate grain refining
procedure, such a structure can also be suitable for subsequent reheating and thixoforming.
However, chemical grain refining is not used alone, but used in conjunction with other

feedstock production methods, such as MHD stirring and liquidus casting.

One disadvantage of the chemical grain refinement method is that nucleation agents
are only effective to specific alloy systems. Another is that in some cases these additives
will remain present in the product as non-metallic inclusions, which may impair both the

process ability of the semi-finished stock and the mechanical properties of the final product

[4].

It is generally acknowledged that TiAls constituent meets all the necessary criteria
for grain refinement mechanism. The aluminum-titanium binary alloy contains TiAlj, but
because TiAls is soluble in molten aluminum, it is necessary to add titanium to levels
greater than 0.15 per cent in order to retain grain refining effectiveness. However, high
level of titanium can rise to coarse intermetallic particles, which are detrimental to

mechanical properties [42].

A number of commercial master alloys are available for use of grain-refinement
agents. Where it is the practice to add titanium above the peritectic level, that is, in the
range of 0.1 to 0.2 per cent, aluminum-titanium binary alloys containing up to 10 per cent

Ti can be obtained in the form of cast waffles for furnace additions [42].

In conclusion grain refined alloys can give equiaxed microstructures but it is difficult
to ensure the grain structure is uniformly spheroidal and the volume of liquid entrapped in

spheroids tends to be relatively high.
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2.5.7. Ultrasonic Treatment

Application of high power ultrasonic vibration (or ultrasonic treatment) to a
solidifying melt for refinement of as cast structure can be traced back to the mid 1970s.
Ultrasonic treatment of aluminum alloys, in general, has been studied extensively. In the
past few years, there has been renewed interest in this technology as a means for feedstock
production. Experimentally, it is well established that application of ultrasonic treatment to
a cooling melt at a starting temperature just above its liquidus can produce effectively a
fine and non-dendritic microstructure, which is suitable for subsequent reheating and
thixoforming operations. They are related to ultrasonically induced cavitations, which
produce large instantaneous pressure and temperature fluctuations in the melt. These
pressure and temperature fluctuations are likely to induce heterogeneous nucleation in the
melt. They are also likely to promote dendrite fragmentation by enhancing solute diffusion
through acoustic streaming. However, there is no convincing evidence in the literature as
to which mechanism, i.e. heterogeneous nucleation or dendrite fragmentation is more

important for grain refinement under ultrasonic vibrations [43].

Regarding the mechanism for the formation of such fine and non-dendritic structure,
it is now generally believed that introduction of high power ultrasonic vibration into a
liquid alloy can lead to two basic physical phenomena [44]: cavitation and acoustic
streaming. Cavitation involves the formation, growth, pulsation, and collapsing of tiny
bubbles in the melt. The compression rate of these unsteady bubbles can be so high that
their collapsing generates hydraulic waves, thus producing artificial sources of nuclei. The
propagation of a high intensity ultrasonic wave involves the initiation of steady state
acoustic streaming in the melt. The overall effect of various types of stream is to
vigorously mix and homogenize the melt. Therefore, hydraulic shock waves generated by
the collapse of cavitation bubbles fragment dendritic arms, and acoustic streams will
distribute the dendritic arm fragments homogeneously throughout the melt. When
ultrasonic vibration is coupled to the solidifying metal, the structural changes include grain
refinement, suppression of the columnar grain structure, increased homogeneity, and

reduced segregation [4,43].
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3. SEMI SOLID AND HOT FORMING OF ALUMINUM

Present commercial metal forming processes employ either fully liquid metals or
fully solid metals. Metal forming processes such as sand castings, die castings, and the like
employ fully liquid metals while processes such as forgings, extrusions, etc., employ fully
solid metals. Existing cast methods in which a metal is brought to a liquid state and then
poured or forced into a mold have a number of shortcomings. In casting, when the liquid
changes to solid, shrinkage of about 5 per cent is encountered which initiates stress
generations. This stress results in cracking and casting porosity. In addition, the fully liquid
melt is highly erosive to dies and molds and the high temperature of the liquid and its
erosive characteristics makes difficult die casting of some high temperature alloys. The
foregoing shortcomings can be alleviated by casting a controlled semi-solid mixture in the
form of thixotropic slurry. Traditionally, forming processes did not employ semi-solid
metals because in the conventional solidification of the metals, a dendritic network
structure forms when the alloy is as little as 20 per cent solid. Such partially solidified
metal cannot be deformed homogeneously without cracking or forming segregates.
Because of this reason a material with a non-dendtritic microstructure is needed for semi-

solid processing.

3.1. Semi-Solid Metal Forming

At a very basic level, a “semi-solid” material is simply a mixture of a liquid and solid
phase. In the context of semi-solid metal processing, a semi-solid is a mixture of rounded
solid phase particles suspended in a liquid matrix. These metal mixtures are slurries, much
like slush, ketchup, or sand castles mixtures of dispersed solids within a liquid. In a metal
alloy, thermodynamics determine at what temperatures a metal is solid, liquid, or partially
solid and liquid. For most alloy compositions, there exists a freezing range between the
states of solid and liquid where both liquid and solid exist together in the semi-solid state.
This is also called as the solidification range of the alloy. This range should be at certain

values for the feasibility of semi-solid forming [21].
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Deformation of alloys in partly liquid state is one of the latest methods in the forming
of metallic products. The process consists in the deformation of the material after it has
been heated to a temperature exceeding the solidus point. In such conditions two phases,
solid and liquid, coexist in the alloy and their mutual proportion in the entire volume of the
material depends on the temperature. Because of the presence of the liquid component, a
change in the mechanism of plastic deformation occurs and the conditions of metal flow
are affected. In the temperature of the alloy above the solidus point, the liquid component
appears at the grain boundaries and makes the plastic deformation to be mainly due to the
effect of rotation and relative slip between the grains. The deformation of grains
themselves has minor contribution to the metal flow in partly liquid state. Such a
mechanism of deformation leads to a decrease of the material’s flow strength because the
liquid phase located on the grain boundaries fosters displacements of the grains. The
resistance to deformation is much lower than in the conventional processes of hot metal
forming. All these facts in connection with the compressive state of stress lead to a

significant improvement of the workability of partly liquid materials [45].

During any semi-solid forming process, good flow behavior and adequate mould
filling are fundamental requirements for the production of sound and defect-free products.
Those requirements are fulfilled when a relatively low viscosity of the semi-solid billet can
be achieved. In its turn, the attainment of suitable viscosity values depends of the
establishment of a particular microstructure, typically non-dendritic, which is a
precondition for the success of all semi-solid processing technologies. Due to the higher
viscosity than that of liquid, the material flow pattern will not become turbulent flow
during die filling. Thus, gas defects such as porosity are diminished, and there will be only

small shrinkage defects for on-going solidification.

Even though a die can have complex shapes, the semi-solid forming (SSF) process
can manufacture products that can compete with the mechanical properties of aluminum
forging parts. Moreover, the applications of the SSF process in the fields of automotive
parts and compact electronic parts have been studied actively, because the SSF process has
advantages over conventional forming processes in the areas of reduction of forming force,

increase of die life, reduction of product defects, and improvement of processes [46].
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Figure 3.1 shows a variety of products that are manufactured by semi-solid forming

technology.

Figure 3.1. Examples of semi-solid formed products [21]

3.2. Rheocasting

Rheocasting refers to the process where the alloy is cooled into the semi-solid state
and injected into a die without an intermediate solidification step. The non-dendritic
microstructure can be obtained by mechanical stirring, by stimulated nucleation of solid

particles as in the new rheocasting NRC process or by electromagnetic stirring.

Although rheocasting was identified as the production technology at the very
beginning of semi-solid processing research, it has not been commercialized to any great
extent so far. This is possibly because of the quality of the semi-solid slurry produced by
such stirring processes. Mechanical stirring using either rod or impeller as stirrer results in
the formation of very coarse rosettes with a diameter of a few hundred micrometers or
approaching millimeter level. The slurries produced under such conditions do not have
adequate thixotropic characteristics for successful direct shaping by either a casting or a
forging route. In this regard, MHD stirred slurries are not better than mechanically stirred
slurries. The MHD stirring process usually gives rise to degenerated equiaxed dendrites,

which are inherently unsuitable for direct component shaping unless they are held at semi-
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solid temperature for sufficiently long time. However, component shaping directly from
SSM slurries is inherently attractive due to its characteristics, such as overall efficiency in
production and energy management. The recent effort on the development of so called

‘slurry-on-demand’ processes is in this direction [4].

One of the slurry-on-demand processes is the recently developed new rheocasting

(NRC) process, which was patented by UBE Industries Ltd [37].

The NRC process involves pouring molten alloy, at a temperature slightly above the
liquidus, into a steel crucible and then controlled cooling to achieve a spheroidal
microstructure before transfer to a forming machine. By controlling the slurry temperature
(therefore solid fraction), a stable skeleton of the solid phase is formed within a few
minutes after pouring. The solid-like slug of cylindrical shape is then heated by induction
heating to homogenize the slug temperature before being transferred into the sleeve of the

vertical SQC machine, where it is cast into its final shape (Figure 3.2).

pOUrlng COOIing adjus‘tment inverSion Casting product

Figure 3.2. Schematic illustration of new rheocasting (NRC) process [4]

There is no need for specially treated thixo-formable feedstock and scrap can be
readily recycled within the plant. The NRC route has a lower unit cost than thixoforming,
due to the lower starting material cost. It also allows the use of a wider range of alloys; of
particular interest are the magnesium alloys, where a thixotropic feedstock material is not

readily available in the market place at present.

Rheocasting provides a means to cast very high-strength and high-ductility
aluminum structural parts, pressure-tight components, and rangy parts with thin walls at

somewhat lower cost than thixo-cast or squeeze cast parts.
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Semi solid rheocasting (SSR) is another new process which is patented by MIT [25].
The process is implemented in three stages. In the first stage the molten alloy is held above
the liquidus temperature. After that a rotating, cool rod is inserted in the melt and it starts
solidification. At final stage the rotating rod is removed, and the quiescent melt is cooled to
the casting temperature. SSR is fundamentally different than other rheocasting processes
because molten alloy is converted to semi-solid slurry with applied rapid cooling and
convection. Desirable, spheroidal microstructures are formed quickly and efficiently from
molten alloy right at the liquidus. This gives the SSR process several advantages. The heat
removal and convection are controlled with a separate cooling/stirring device, rather than
relying upon temperature loss from pouring into a cold vessel. This allows a wider range of
incoming melt temperatures and ensures a consistent slurry temperature after the cooling
process. During the rheocasting process, heat is removed from the metal before it’s
transferred to the die casting machine, thus decreasing the cycle time within the die casting
machine. In addition cooling occurs within the melt via the spinning rod, thereby ensuring
a uniform cooling of the material. Other processes that rely upon heat removal through the
outer surface of a container are more susceptible to formation of dendritic skin because of

the localized rapid cooling on the surface.

3.3. Thixomolding

Thixomolding is a relatively new process for production of near net shaped
components from magnesium alloys in a single integrated machine, as shown in Figure 3.3.
The raw material for thixomolding is magnesium alloy chips of 2—5 mm in size obtained
during metal working of conventional solid magnesium alloys. A volumetric metering
device feeds the magnesium chips into an electrically heated plasticizing and conveying
unit where they are partially melted and transformed under continuous shear force into
semi-solid slurry. The core of this unit is the screw, which performs both a rotary and
translational movement. Upon entering the unit at the feed throat, the chips are forced to
pass from the heating zone to the front of the screw while the screw retracts. Once the
plasticizing volume corresponds to the weight of the part to be molded, the screw advances
at high speed and injects the material into a mould. A non-return valve keeps the material

from flowing back from the front of the screw to the in-feed zone. To prevent the
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magnesium alloy from oxidizing and igniting as it is heated, an argon atmosphere is

usually maintained at the in-feed, displacing the air between the magnesium chips.
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Figure 3.3. Schematic diagram of thixomolder [46]

It is now used by numerous companies, particularly to produce magnesium alloy
components, e.g. for portable computers and cameras. Although the process is highly
effective with magnesium alloys, aluminum alloys in the semi-solid state attack the screw
and the barrel. Strenuous efforts have been made to overcome these problems but it is not

clear that a successful commercial outcome has yet been achieved [2].

A major advantage of thixomolding compared with other SSM processing
technologies is that it combines effectively the slurry making and component forming
operations into a one-step process leading to high efficiency of productivity and energy
management. The other advantage of thixomolding is the elimination of liquid metal
handling operations, hence creating a cleaner and safer working environment, which is
particularly advantageous for processing magnesium alloys. Dimensional stability, low
porosity and tighter part tolerances with reduced shrinkage are also obtained with the
process. A large number of machines are in operation for producing magnesium castings,
particularly for electronic components. At present, this process is limited to relatively low

solid fraction and to magnesium alloys for thin wall components [4,48].
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3.4. Rheomolding

Rheomolding is a new idea of combining rheocasting in an injection-molding-like
apparatus to achieve net-shape manufacturing of semi-solid metal parts with lowest
porosity. Instead of solid pellets or chips in conventional injection molding or
thixomolding, as starting material, rheomolding begins with molten metal in a crucible. As
the fluid enters the extruder, it is always subject to cooling along the barrel and begins to
crystallize on the cold wall. The screw rotation and the moving fluids will break the
dendritic crystals on the wall and form solid particles suspended in the remaining fluids.
By adjusting the temperature profile along the barrel and screw rotating speed, one could

achieve various degrees of solid fraction and perhaps manipulate particle sizes [49].

Fluid flow in the twin screw rheomolding process (TSRM) is characterized by high
shear rate, high intensity of turbulence, and cyclic variation of shear rate. As a
consequence of such fluid flow characteristics and the accurate temperature control, the
temperature and composition fields inside the barrel are extremely uniform. So far, this
technology has been tested using Sn—Pb and magnesium based alloys [12]. The SSM slurry
produced by the TSRM process is characterized by fine and spherical particles of uniform
size, Such a slurry structure allows direct shaping operations, such as casting, extrusion,

and forging [2,4].

3.5. Thixoforming

Thixoforming is a general term coined to describe the near net shape forming
processes from a partially melted non-dendritic alloy 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 3.4. There are three separate stages involved in the thixoforming process [4]. The
first stage is the production of the raw material which has a fine, equiaxed, globular
microstructure. The second stage is the uniform heating and partial remelting of the alloy
slug so that it is homogeneous throughout. In the last stage, the semi-solid slug is
transferred to a forging die or shot chamber by robot handling where it is injected in a

controlled manner into a die cavity by a hydraulic ram. After solidification, the shaped
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component is removed from the mold for further processing, such as minor machining or
grinding. The further processing steps are much lower than other manufacturing

techniques.

Thixoforming is the process where suitable material is heated into the semi-solid
state and injected into a die. Usually, the liquid content is between 30 and 50 per cent prior
to forming. Firstly the specimen is induction heated into the semi-solid state with holding
at the semi-solid state for a while in order to achieve the desired microstructure. Secondly
when it has reached the appropriate proportion of liquid it is forced into the die for the
forming operation. Cycle times are then very comparable with die casting, if not faster

because the full solidification range does not have to be gone through.

Most specimen parts and authentic application components produced in the world to
date are still made from AlSi7Mg alloy. This material can be semi-solid formed into

components weighing from under 10 g to more than 10 kg.
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Figure 3.4. Steps of thixoforming [50]
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3.5.1. Reheating Process

Reheating to the semi-solid state is a particularly important phase in the thixoforming
process. It aims to provide semi-solid slug with an accurately controlled solid fraction of
fine and spherical particles uniformly dispersed in a liquid matrix of low melting point. In
order to obtain good mechanical properties, the eutectic must be completely remelted to
achieve this semi-solid 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. At the same time too low a heating temperature leads to unmelted, coalesced,
polyhedral silicon phase in the slug in the case of hypoeutectic cast aluminum alloys
having a detrimental effect on the rheological properties during die filling parts. A small
variation in temperature can cause a large difference in solid fraction. Therefore,
temperature accuracy affects the stability of the forming process and the consistency of the
product quality. Furthermore, a uniform temperature distribution throughout the slug is
important, because a non-uniform distribution 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 [51]. Typical microstructure after reheating

is shown in Figure 3.5.

Currently, reheating is achieved mainly by induction heating, although a convection
furnace is also used in some cases. Induction heating has advantages over conventional
electric furnace heating in that the former reduces the amount of scaling and scrap due to
less billet heating time. Induction heating has the advantage of precise and fast heating,
which is necessary for SSM processing. On the other hand the relatively low energy
efficiency of the induction heating station is a draw-back. 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. Induction heating

is currently implemented in two different ways: vertical and horizontal heating. For



45

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.

Figure 3.5. Microstructure of reheated alloy [52]

The horizontal heating system is a relatively new development, in which the slug lies
in a tray 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. For
the horizontal-type induction coil, the ‘elephant foot effect’ by its own weight seldom
appears and out flow of the liquid decreases remarkably. Horizontal-type induction coils
reduce the temperature gradient of the billet and the globular microstructure can be
obtained. However, it has a higher system cost and higher space requirement than vertical

systems [53,54].

When heating by electromagnetic induction, energy is transferred from a coil to the
work piece via an alternating magnetic field. The induced electro-magnetic force (E..)
produces a circulating current which, in turn, generates heat (Figure 3.6). The current, and
therefore the generation of heat, is concentrated at the surface and its density falls off

approximately exponentially with distance from the surface [55].
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¢ = Flux

lc = Coil Current

lw = Current in Workpiece
N = Number of Turns

Ec = Coil e.m.f.

Figure 3.6. Induction heating of cylindrical work piece [55]

The realization of the thixoforming process requires the reheating of the billets in
their semi-solid state with a very accurate temperature control. Optimization of the
processing parameters is a critical step to ensure a high quality of formed parts. Induction
heating can control the billet temperature exactly for a short time but a temperature
gradient can arise over the entire cross-sectional area. To obtain a uniform temperature
distribution in a cross section of the billet and to reduce the heating time, the design of the
induction coil is very important. The temperature of the billet at the edge region is much
higher than that at the center region. Reduction of heating times with the same final
temperature difference in the billet cross-section can be obtained by the use of multi-stage
heating processes [54,56]. In multi-stage heating process firstly the billet is heated to a
temperature that is lower than the working temperature and held at that temperature for
some time in order to minimize the temperature gradient across the billet. This holding
stages maybe two or three. At three stage processes the final holding stage is generally
slightly lower than the final temperature. After the final stage the specimen reaches a

homogeneous temperature gradient for the forming operation.

3.5.2. Forming Process

The forming process takes place either with casting (thixocasting) or with forging

(thixoforging). A robot arm transfers the semi-solid slug into the shot chamber and the

plunger injects the materials into the die cavity. All the thixocasting machines are real-time



47

controlled and thus permit a reaction to possible fluctuation during the forming process. At
this stage, smooth laminar mould filling is the crucial step for the forming process. This
can be achieved by an optimized shot profile tailored for specific alloys and their physical
conditions. Another important aspect during the forming process concerns the design of the
gating system and die cavity and the correct choice of die temperature. Such a design
process has to consider the flow characteristics of the semi-solid metals. The forming
process can be optimized through process simulations using various computer modeling

techniques [4].

In the forming process, the reheated billet is stable similar to a solid as long as it is
not stressed, but flows similar to a liquid when subjected to shear stresses. Compared to
plastic deformation in solid state forging the semi-solid metal has almost no flow
restrictions. Thus very complex shapes with thin ribs, hollow cross sections, undercuts and
difficult mass distribution can be formed in one forming step. In comparison to high
quality casting methods, like squeeze casting or vacuum die casting, the unique advantage
of thixoforming is, that the solidification shrinkage is significantly reduced which gives the
designer more freedom towards thicker cross sections and wall thickness changes. Other
process advantages are reduced gas entrapment due to laminar flow and significantly
reduced thermal die loading. Compared to castings thixoformed components exhibit none
or minimum of porosity and inclusions, which results in high mechanical properties,
pressure tightness and the possibility to apply thermal treatment. During the last few years
at least the following four categories of components have been identified, for which the

thixoforming process maybe of particular interest [5]:

e Components subject to high pressures e.g. brake cylinders

e Thick-walled components subject to high loads

e Thin-walled structural components

e Components made of special materials such as metal matrix composites, which are

expensive, difficult to machine and known for their poor casting properties

Forging presses may vary, but the ability to control the forming speed and the
pressure precisely is essential if the press is to be used to semi-solid forge a variety of

parts. Depending on the part size geometry, alloy and quality specified, forming speeds
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may range from a few inches per second to over 1270 mm per second and mold pressures
from a hundred pounds per square inch to 140 MPa or more [30]. A schematic view of a

thixoforming press is shown in Figure 3.7.
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Figure 3.7. Schematic view of the thixoforming press [57]

Flemings [8] has recently summarized the major advantages and disadvantages of the
thixoforming process. 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. As time progresses, the disadvantages of

the thixocasting route are also becoming apparent. It has been difficult to obtain fully
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homogenized billets in MHD stirred continuous castings. Typical billets have some degree
of inhomogeneity with respect to both structure and composition. There is metal loss
during the reheating process, which may amount to as much as 10 per cent of the total part
weight. Gates and risers cannot be recycled within the forming facilities, but must be sent
back to the ingot producer. Thus, the metal former pays a premium to the continuous caster
not only for the unique thixotropic structure in the metal, but also for the recycled
materials. Currently, the cost for thixotropic feedstock could account for up to 50 per cent

of the total component cost.

The advantages of semi-solid metalworking have enabled it to compete effectively
with a variety of conventional processes in a number of different applications. The areas of
applications are as automotive, aerospace and some other industries as electronics. Semi-
solid forged parts have replaced conventional forgings, permanent mold and investment
castings, impact extrusion, machined extrusion profiles, parts produced on screw machines
and in usual circumstances, die castings and stampings. Applications include automobile
wheels, master brake cylinders, antilock brake valves, disk brake calipers, power steering
pump housing, power steering pinion valve housings, engine pistons compressor housings,
airbag containment housings, power brake proportioning valves, electrical connectors and
various covers and housings that require leak-tight integrity [8,30]. Two key
manufacturing advantages of semi-solid working over conventional methods are degree of
automation that can be incorporated into the material handling systems, as well as the
heating and forging operations and the precision that is routine in the control of the
process. In summary, the advantages of the semi-solid working can be summarized as

fallows [30,58]:

e Laminar flow in die excludes gas entrapment and porosity, (< 0.1%).

¢ Good combination of strength and ductility.

e Product complexity, close dimensional tolerances, near-net shape, thin walls and
excellent surface finish, precision dies produce near-net shape parts that require less
machining.

e Low processing temperature and therefore short cycles times and low stress on

tooling lead to longer die life.
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e Ability to utilize unusual alloys that normally prove difficult in liquid casting
processes (wrought compositions, for instance) results in broader parts applications.

e An ability to undergo a T-5 heat treatment without loosing ductility, thus often
achieving required mechanical properties without the dangers of blistering, distortion
or quench stress associated with the full T-6 heat treatment.

e The ability to form hypereutectic Al-Si alloys and MMC’s while retaining the
desirable size and distribution of primary or second phases developed during billet
manufacturing under ideal continuous casting conditions (those phases don’t re-melt
or dissolve during Semi-solid forming).

e The product consistency that results from using the pre-cast billet that was
manufactured under the same ideal continuous processing conditions that are
employed to make forging or rolling stock.

e Rapid quench in the forging press avoids expensive solution treatment to obtain
higher properties.

¢ Semi-solid heating requires only 65 per cent of the energy required for casting.

Conversely some disadvantages of semi-solid processing are:

e Specially prepared raw material.

¢ Higher cost raw materials.

e Few sources of raw material.

e Expensive tooling of special design.

® Special and expensive capital equipment.

e Highly skilled staff required.

3.6. Hot Forming of Aluminum Alloys

Hot working is defined as a mechanical process carried out above the

recrystallisation temperature, whilst cold working is performed below that temperature.

When a stress is applied to a metal, it will deform. A small applied stress causes a

small deformation or strain and when released the metal springs back to its original
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dimensions. This is a non-permanent deformation because the strain was within the elastic
limit of the metal. The modulus of elasticity (Young’s modulus, E) reflects the relative
ease of metals to form elastically. Metals have a high degree of ‘plasticity’ they can
undergo appreciable permanent deformation without fracturing. Plastic deformation begins
beyond the elastic limit. If it were not for plasticity, metals would break like glass or other
brittle materials. Metals becoming harder and harder as they undergo plastic deformation
mainly because the deformation produces conditions that limit the movement of faults
(called dislocations) in natural metal crystals. These dislocations allow slip between
crystals at much lower stresses than would be required were the crystals without faults. A
work hardened metal can be softened by heating it long enough at a sufficiently high
temperature so that the grains will recrystallize. The softening occurs simultaneously with

reduction of strength and increase in ductility [59].

3.6.1. Rolling of Aluminum Alloys

Rolled aluminum is the most common wrought product. Between 0,15 to 6,3 mm in
thickness the rolled product is known as sheet. Above 6,3 mm it is called plate and below
0,15 mm foil. Briefly, the rolling process is performed on ingots or rolling slabs. These are

firstly scalped to remove surface defects from the rolling face [59].

Hot rolling is normally performed above the recrystallisation temperature. The lower
temperature limit occurs when the metal is still hot enough to be reduced in thickness with
each pass through the rolling mill but not cool enough to start cracking. Depending on the
alloy, typical temperatures range between 400 and 540 ° C. Lengthening occurs almost

entirely in the direction of rolling.

3.6.2. Forging of Aluminum Alloys

Like several other metals aluminum can be forged by conventional forgings hammers
and mechanical and hydraulic presses. Generally aluminum alloys require a greater
working force for an equal amount of deformation than low carbon steels. Forging
hammers from 2 to 222 kN are used for aluminum. Cast or forged blanks are heated to 360

to 480 ° C depending upon the alloy, are hammered repeatedly between two suitably
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shaped hammer dies which impart the final forged shape to the forge piece. In press
forging a continuous stroke of the press is required. Further strokes using successive die
impressions are possible. Mechanical presses of about 2,5 to 90 MN are used. Pressures
range from 200 to 500 MPa, depending on the alloy, design and mass of the piece. Typical
pieces range from 0,5 to 30 kg. Hydraulic presses are preferred for larger and more
complex or precise parts. These presses are available from 4 to 445 MN and can handle
from small, thin parts up to large 1 200 kg parts. Mechanical and hydraulic presses can

produce close-tolerance forgings requiring a minimum of machining [59].

3.6.3. Extrusion of Aluminum Alloys

Extrusion is the process by which long straight metal parts can be produced. The
cross-sections that can be produced vary from solid round, rectangular, to L shapes, T
shapes, tubes and many other different types. Extrusion is done by squeezing metal in a

closed cavity through a tool, known as a die using either a mechanical or hydraulic press.

Extrusion produces compressive and shear forces in the stock. No tensile is
produced, which makes high deformation possible without tearing the metal. The cavity in
which the raw material is contained is lined with a wear resistant material. This can

withstand the high radial loads that are created when the material is pushed the die.

Hot extrusion is done at fairly high temperatures, approximately 50 to 75 per cent of
the melting point of the metal. The pressures can range from 35-700 MPa. Due to the high
temperatures and pressures and its detrimental effect on the die life as well as other
components, good lubrication is necessary. Oil and graphite work at lower temperatures,

whereas at higher temperatures glass powder is used [60].

Typical parts produced by extrusions are trim parts used in automotive and

construction applications, window frame members, railings, aircraft structural parts.
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3.6.4. Common Forging Processes

Forgings are consistent from piece to piece, without any of the porosity, voids,
inclusions and other defects. Thus, finishing operations such as machining do not expose
voids, because there aren't any. Also coating operations such as plating or painting are
straightforward due to a good surface, which needs very little preparation. Forgings yield
parts that have high strength to weight ratio-thus are often used in the design of aircraft

frame members [61].

A Forged metal can result in the following:

¢ Increase length, decrease cross-section, called drawing out the metal.
e Decrease length, increase cross-section, called upsetting the metal.
¢ Change length, change cross-section, by squeezing in closed impression dies. This

results in favorable grain flow for strong parts

3.6.4.1. Press Forgings. Press forging use a slow squeezing action of a press, to transfer a

great amount of compressive force to the work piece. Unlike an open-die forging where
multiple blows transfer the compressive energy to the outside of the product, press forging
transfers the force uniformly to the bulk of the material. This results in uniform material
properties and is necessary for large weight forgings. Parts made with this process can be

quite large as much as 125 kg (260 1b) and 3m (10 feet) long.

3.6.4.2. Upset Forgings. Upset forging increases cross-section by compressing the length,

this is used in making heads on bolts and fasteners, valves and other similar parts.

3.6.4.3. Roll Forgings. In roll forging, a bar stock, round or flat is placed between die

rollers which reduces the cross-section and increases the length to form parts such as axles,

leaf springs etc. This is essentially a form of draw forging.

3.6.4.4. Net Shape / Near-Net Shape Forging. In net shape or near-net shape forging,

forging results in wastage of material in the form of material flash and subsequent

machining operations. This wastage can be as high as 70 per cent for gear blanks, and even



54

90 per cent in the case of aircraft structural parts. Net-shape and near-net-shape processes
minimize the waste by making precision dies, producing parts with very little draft angle.
These types of processes often eliminate or reduce machining. The processes are quite
expensive in terms of tooling and the capital expenditure required. Thus, these processes
can be only justified for current processes that are very wasteful where the material savings

will pay for the significant increase in tooling costs.
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4. EXPERIMENTAL STUDY

In the following section, the properties of the feedstock material, the components of
the experimental set-up and experimental procedure employed throughout this study are
explained. In addition to these, the methods that are used to investigate the final samples
are given. Finally microstructure images and mechanical properties such as hardness and
tensile test results were examined and discussed with comparing the two forming methods

used in the study.

4.1. Materials

Thixoforming is the forming of metal alloys in the semi-solid state. In order to form
an alloy in the semi solid state the feedstock material has to have a fine and globular
microstructure. After reheating the feedstock material the microstructure consists of
globular grains suspended in a liquid melt. As the forming operation starts the deformation
is obtained mainly by the flow of primary grains in the liquid matrix and the deformation
of the grains has a minor contribution on forming. The most common method for achieving
this microstructure is magneto hydrodynamic stirring (MHD). In this method the melt is
stirred intensively with magnetic forces during solidification to obtain a fine grained non-

dendritic structure for the thixoforming process.

Table 4.1. Chemical composition of A356 aluminum alloy used in the study in wt percent

Si Fe Cu Mn Mg Zn Ti Sr

A356

6,99 | 0,107 | 0,006 | 0,007 | 0,312 | 0,008 | 0,098 | 0,03

In experimental studies cast aluminum A356 which was fabricated by SAG Austria
was used. The alloy was in 76 mm diameter and 100 mm in height. Billets were produced
by electromagnetically stirred horizontal casting process. The alloy is used in the
automotive industry for producing near net shaped aluminum parts. The A356 is the most
popular alloy for semi-solid forming in automotive industry since it has good mechanical

properties, high corrosion resistance and welding properties. Another advantage of the
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alloy is its wide solidification interval which is a key factor in the semi-solid forming

process. The chemical composition of the alloy is shown in Table 4.1.

Table 4.2. Chemical composition of A356 aluminum alloy in wt per cent [62]

Si Fe Cu Mn Mg Ni Zn Pb+Sn | Ti Sr
Minimum |6,5 - - - 0.3 - - - - 0.01
Maximum | 7.5 0.15 10.03 0.03 [0.4 0.03 [0.05 [0.03 (0.2 0.05

The liquidus temperature of this alloy is 614 ° C and the solidus temperature is 554 °
C. The solidification range is 60 ° C. The solid fraction and temperature curve of the alloy

is shown in Figure 4.1.
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Figure 4.1. Solid fraction of A356 alloy as a function of temperature [29]

The microstructure images of the raw material were taken after supplying from the
supplier. The image is shown in Figure 4.2. The raw material have a fine broken non-
dendritic structure. It can be observed from the microstructure images that the grains are in

the form of ripened rosette like. However the roundness is not perfect.

In addition in the surface region of the billet the grains are rosette like and also there
exist dendtritic arms. The eutectic structure can be clearly seen in the images. Since these

are the images before reheating the eutectic structure is between the grains and there is no
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penetrated liquid matrix inside the grain boundaries. The boundaries between the grains

and eutectic structure are clear.

Figure 4.2. Microstructure image of the raw material

4.2. Experimental Setup

4.2.1. Semi-Solid Forming and Hydraulic Power Unit

The hydraulic press consists of two main elements. The first one is the hydraulic
power unit which determines the necessary hydraulic pressure for the system. The view of
the unit is shown in Figure 4.3. The hydraulic pump pressurizes the oil by taking motion
from the electric motor. The circulating oil in the system is controlled by the directional
control valve. When the valve is on free position the oil in the system bypasses through the
control valve and returns to the tank. By pushing the control valve the pressurized oil is
directed to the upper surface of the hydraulic cylinder and the punch moves down with the
pressing force. With the same principle when the valve is pulled the oil is directed to the
lower surface of the hydraulic cylinder and the punch moves up. The applied pressure can

be controlled by a bolt in the control valve body.

The second main part of the hydraulic press is the main body that holds the punch
and the die (Figure 4.4). As it can be seen from the figure the cylinder is placed vertically
at the top of the main body. The die is inserted in a hole at the bottom table of the body.
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Moreover a plate is fixed to the body in order to support the bottom of the die with two
M20 bolts. There is a hole at the centre of the support plate to take the formed samples
easily. In order to prevent movement of the die with the injection load two locking blocks
are fixed to the main body at the edges of the hole where the die is inserted. The main body

generates pressing force by taking necessary pressurized oil from the hydraulic unit.

Figure 4.3. Hydraulic unit

In semi-solid forming operations high ram speed is required in order to minimize the
heat loss and maintain good flow in the die. Lower ram speeds may give undesired results
such as incomplete die filling due to solidification. Since the experiments are made in the
semi-solid state the material solidifies easier than conventional casting operations. Because
of this reason the ram speed should be as high as possible to finish the forming operation
before solidification of the metal. In order to fulfill these requirements the forming unit has
a hydraulic pump of a flow rate of 42 1t/min and a 7.5 KW electric motor to maintain the
adequate oil flow and as a consequence high ram speed. The detailed specifications of the

system are shown in Table 4.3.
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Figure 4.4. Main body

Table 4.3. Specifications of the forming unit

Dimensions of forming unit ......: | 300 x 300 x 765 mm
Maximum load......................: | 7.8 ton-f

Speed of the ram....................: | Max: 89 mm / sec
Electric motor............c.ccc...c...t | 7.5 KW 5 1440 rpm
Hydraulic pump.....................: |42 lt/min

4.2.2. Heating Unit

Instead of induction heating, resistance furnace heating was used for heating the
billets to the target temperature. Under resistance heating the homogeneity of the

temperature is excellent and the temperature may be measured directly. In addition the
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primary component cost is much cheaper than induction furnaces. However the risk of
grain coarsening may be increased due to the longer duration of heating. By using this
technique the feasibility of using resistance heating was evaluated instead of induction
heating. Two heating elements were used for heating operations. First one was for heating
the billets outside the die and second one was the ring heater which heats the die inside the
main body. Vertical tube furnace was used for heating the billets to the semi-solid state. As
a result of its small inner space fast and effective heating was obtained in the furnace. The
temperature of the furnace was controlled by a K type thermocouple through the

temperature controller during the operation.

Preheating the die was done by a 900 W ring resistance as shown in Figure 4.5. It has
a built in J type thermocouple and the temperature of the heater was controlled during
heating operation by the temperature controller. Because of its perfect roundness and
precise inner surface, it contacts equally to every point of the surface of the die and

therefore provides excellent heat transfer.

Figure 4.5. Ring heater used for pre-heating the die

4.2.3. Temperature Control Unit.

Temperature control unit controls the temperature of the furnace and ring resistance

heater by utilizing the thermocouples during the operation. Desired temperature levels for

both heaters can be adjusted separately by the temperature control unit. It typically consists
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of two different thermostats which are connected to the heaters. The control unit can be

seen in Figure 4.6.

Figure 4.6. Temperature control unit

4.2.4. Die

Two dies were designed for the experiments. The dies were similar in design but
differ from each other in their lengths. The first die was shorter and used in forming
samples for microstructural examinations and microhardness tests. The second die was
designed longer to produce samples that comply with the standards of the tensile test
specimens according to ASTM. Both die concepts consists of 5 parts. These are the main
part, moving punch, ejector punch, and two supportive blocks. Figure 4.7 shows all the

parts of the die system.

The die hade to have high performance since it is designed for pressing operations
for both semi-solid forming and hot forming operations. For this purpose the parts of the
die were machined from hot work steel. The machining operations were done in
conventional lathe. After machining, the parts were heat treated to HRC 56-60. Lastly the
set ups were machined in a grinding machine within very small tolerances to fit each other

perfectly and prevent possible sticking problems during experiments.
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Figure 4.7. Die used to produce the specimens

Figure 4.8. Closing the bottom hole of the die

The main part of the die was inserted in the cavity inside the main body of the
forming unit. The punch was assembled in the piston of the hydraulic cylinder. In order to
close the bottom hole of the die two parts were used. The first part fits into the bottom of
the die and provides excellent closure. The second support part was placed between the

first part and main support plate (Figure 4.8).
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4.2.5. Conveyer

Convey unit was designed to transfer the heated billets from the furnace to the die.
Billets in mushy state are delicate and require special handling in transforming to the die.
Another problem is the heat loss during the transformation of the reheated billet to the die
cavity. In order to solve both of these problems billets were heated in a cylindrical
conveyer made of steel (Figure 4.9). After putting the billets inside the conveyer the upper
hole of the unit was closed by ceramic fiber insulator and the whole part was transformed
to the furnace. In addition, by using this unit the heated billets did not contact with outside
atmosphere directly. As a result oxidation and cooling of the billet were minimized and it
ensured enough time to transform the billet to the die for the forming operation. On the
surface of the conveyer a thermocouple hole was drilled to measure the temperature of the
billet. After transforming the unit to the top of the die the pin was removed and the billet
was dropped into the preheated die.

Figure 4.9. Conveyer

4.3. Semi-Solid Forming and Hot Forming of A356 Alloy

The experiments were conducted with thixotropic A356 aluminum alloy which was
fabricated by SAG, Austria using the MHD casting method. Supplied billets were cut into

pieces and machined to @ x h = 15 x 45 mm samples in a conventional lathe. Samples for
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tensile test specimens were machined to @ x h = 16 x 90 mm. A thermocouple hole was
drilled on the samples. In order to prevent sticking problem polishing was applied to the

samples after machining. The general view of the experimental set up is shown in Figure

4.10.

Figure 4.10. General view of the experimental set up

Before starting the experiments firstly the die with the ring resistance and the punch
were assembled to the main forming unit. Support parts were fixed to close the bottom hole
of the die. In addition to these, two locking blocks were fixed at the top to prevent the
movement of the die under the injection load. To prevent sticking of the samples to the die
during the forming operation, special graphite oil was used. After these the cable
connections of the ring heater were done. Secondly a sample was put into the convey unit
and a K type thermocouple was inserted inside the unit to measure the temperature of the
sample during heating. After these the furnace and the thermocouples were connected to

control unit.
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Figure 4.11. Transferring the heated billet to the die cavity

The furnace and ring heater were set to desired temperatures. Before starting the
heating of the elements, the punch was left inside the die to provide the heating of the
punch with the ring resistance through the die. This operation minimizes the temperature
difference between the die and punch, prevents thermal shock and the dimensional
difference between the parts as a result of thermal expension. After reaching the desired
temperatures the convey unit was put inside the hot furnace to provide rapid heating of the
sample. Rapid heating is an essential part in thixoforming since prolonged heating times
results in grain coarsening. The temperature of the sample was noted during the heating
operation. When the sample reached to required temperature the convey unit was
transformed to the upper part of the die and the billet was dropped inside the die cavity

with the removal of the pin of the conveyer (Figure 4.11).

Afterwards the convey unit was taken away rapidly and the punch moves through the
die hole and the forming operation took place at this period. The punch squeezes the
sample about 15-20 seconds and at the end of this time it moves back. After the operation,
in order to open the hole of the die, the second support part must be ejected first. After
ejecting the second part the first support part can be ejected from the hole of the die since it

had a fitting. Lastly the specimen could be ejected form the die by the help of the ejector
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punch. The final product was dropped through the hole of the support plate. Figure 4.12

shows the removal of the specimen from the die.

Figure 4.12. Removal of the sample from the die

Semi solid experiments were conducted at 570 ° C and 580 ° C. Since the eutectic
temperature of the alloy is 574 ° C the effects of the eutectic melting could be seen by
using these temperature ranges. Different levels of holding times were used in the
investigations. The samples were hold for 3, 5 and 7 minutes at both 570 °Cand 580 °C.
Hot forming experiments were done at 450 °C, 470 °C and 500 ° C. The temperature of the
die was set to 300° C in both hot forming and semi-solid forming experiments. In order to
obtain fast heating condition which is necessary for thixoforming, all the experiments were
done after the die, punch and the furnace were heated to target temperatures. The

parameters used in the study are shown in Table 4.4.

Table 4.4. Forming parameters of the specimens

Specimen No S1 S2 S3 S4 S5 S6 S7 S8 S9

Temperature 570 570 570 580 580 580 500 470 450
(O

Holding time 3 5 7 3 5 7 - - -
(minute)
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4.4. Sample Characterization

4.4.1. Microstructure Examinations

Samples cut from the semi-solid and hot formed bars were prepared for
metallographic examination. Microstructural examinations were carried out by using an
Olympus PME-3 type optical microscope. Olympus C-35AD-4 camera connected to the
Olympus microscope was used and collared photographs were taken in three different
scales. The microstructure images of the specimens were taken as polished and etched
conditions. Etching treatment was carried out using Keller reagent. The composition of the
solution was 2.5 ml HNOjs (concentrated), 1.5 ml HCI (concentrated), 1 ml HF(%48) and
95 ml water. Keller reagent is the most common etchant for Al & Al Alloys, except high Si
alloys. The samples were etched for 20 seconds. Figure 4.13 shows a specimen cut,
polished, etched and replaced into bakelite for examination. Images of the samples were

captured from upper, middle and bottom portions of the samples.

Figure 4.13. Prepared specimen in bakelite

In order to characterize the materials and compare their microstructures in a more
quantitative way, extensive image analysis was carried out on the samples. After taking the
photographs of the samples the images were analyzed for the determination of the shape
factor and grain size. For this purpose Image Tool program was used. With the help of the
program perimeters, areas and sizes of several grains were calculated from the images of
each sample. After wards, averages of these values were taken as the result. The shape

factor F can be defined as:
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F=4I1A/P? 4.1)

F= shape factor
A= particle cross sectional area

P=perimeter of the particle

When F is equal to 1, the shape is in the form of exact sphere

4.4.2. Vickers Microhardness Tests

In microhardness testing, an indentation is made by a precision diamond tool at loads
from 15 to 1000 gf. The impression length, measured microscopically, and the test load are
used to calculate a hardness value. The advantages of the Vickers hardness test are that
extremely accurate readings can be taken, and just one type of indenter is used for all types
of metals and surface treatments. Although thoroughly adaptable and very precise for
testing the softest and hardest of materials, under varying loads, the Vickers machine is a

floor standing unit that is rather more expensive than the Brinell or Rockwell machines

[63].

The Vickers microhardness tests were performed according to the ASTM E384
standards. The Matsuzawa MHT-2 Vickers Microhardness Testing Instrument was used.
Applied load was 100 gf and holding time was 5 seconds. Five measurements through the
cross section of height and the center transversal section were made for each sample. At
each point 3 measurements were made and the averages of these values were taken as the

result. The hardness tests were made on the specimens that were formed in the shorter die.
The equation to calculate the hardness value is given below
HV = 1854,4L/d> (4.2)
L= Load in gf

d = Arithmetic mean of the two diagonals, d1 and d2 in (um)

HV = Vickers hardness
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4.4.3. Tensile Tests

During a tension test, it is desirable to apply forces to the specimen large enough to
break it. The grip region of the specimen must have a large enough area to transmit the
force without significant deformation or slipping. There are standard specimen geometries

specified by the American Society for Testing Materials (ASTM).

When a load is applied to a solid, deformation occurs. The deformation is elastic if it
is completely recovered immediately after the load is removed. Purely elastic deformation
is associated with the stretching of primary bonds in materials. Stress is the force per unit

arca

c=F/A 4.3)

and strain is the elongation per unit length

e=AL/L (4.4)

The stress and elastic strain are directly proportional and related by the Modulus of
Elasticity (or Young's Modulus) which is related to the potential energy well of the

interatomic bonds. Hooke’s law relates these parameters,

6=Ez¢ 4.5)

where E is Young's modulus. It is implicit here that only axial stresses and strains are

of interest.

If permanent deformation occurs, it is called plastic. The onset of plastic deformation
corresponds to a stress level necessary to initiate the motion of dislocations (a type of
defect) in crystalline materials. The stress necessary to produce permanent deformation is
the yield strength of the material. Some materials exhibit a sharp yield point, whereas

others show a slow change in slope at the end of the elastic range. The yield strength is
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conventionally defined as the stress necessary to produce a plastic strain of 0.2 per cent

(elongation).

If the hardening rate is too low, a runaway situation called necking develops. This
corresponds to the load reaching a maximum, at which point the tensile deformation is
inhomogeneous and strain is no longer uniform. The corresponding stress is called the
ultimate tensile strength or UTS. The elongation to failure, which is the permanent
engineering strain after fracture, is an expression of material ductility. It does not include
elastic strain but does include the uniform strain and the localized, necking, strain. The

elongation to failure is usually stated as percent strain over a given gauge length.

The yield stress, ultimate tensile stress, and elastic or Young’s modulus of a material
can all be determined from the engineering stress-strain curve for that material. At small
strain values (the elastic region), the relationship between stress and strain is nearly linear.
Within this region, the slope of the stress-strain curve is defined as the elastic modulus.
Since many metals lack a sharp yield point, i.e. a sudden, observable transition between the
elastic region and the plastic region, the yield point is often defined as the stress that gives
rise to a 0.2 per cent permanent plastic strain. By this convention, a line is drawn parallel to
the elastic region of the material, starting at a strain level of 0.2 per cent strain (or 0.002
m/m.). The point at which this line intersects the curve is called the yield point or the yield
stress. The ultimate tensile strength (stress), in contrast, is found by determining the

maximum stress reached by the material [64].
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Figure 4.14. Tensile test specimen

After the experiments tensile tests were performed on the specimens which were
prepared according to the ASTM E 8M-04 standard [65]. Forming of these products was

done in the longer die to fit the standards. Round bar tensile specimens with a diameter of
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4 mm were machined from the rod parts of products. The tensile test was carried out on
Testrometric Micro 500 testing machine. Three tests were made for each parameter. Figure

4.14 and 4.15 show the dimensions and a photograph of the tensile test specimen.

Figure 4.15. Image of the tensile test specimen
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S. RESULTS AND DISCUSSION

The aim of the experiments is to compare the mechanical properties of the samples
that were produced by semi-solid forming and hot forming processes. In addition the
effects of reheating temperature and holding time on the microstructure characteristics of

semi-solid formed samples were observed.

For the semi-solid forming process, both the coexisting solidus-liquidus phase and
the reheating conditions to obtain a globular microstructure are very important. The
eutectic phase must be melted completely, and that the reheating time for complete eutectic
melting is necessary to obtain a fine globular microstructure. Fine primary grains also
favor the manufacture of thin-walled parts and decrease the segregation of the liquid phase.

Another advantage of fine microstructure is enhanced mechanical properties.

Figure 5.1. Formed specimen

The raw material used in the experiments was A356 aluminum alloy which was
fabricated by SAG, Austria by electromagnetic stirring method. In semi-solid forming
experiments two different temperatures and three different holding times were use. Figure
5.1 shows a cylindrical specimen which was formed in the longer die for tensile test.
Flashing problem was not observed in the experiments as a result of the tight tolerances.
Formed samples were cut into cross sectional parts and micrograph pictures were taken

from different regions.
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5.1. Microstructure Examination

In order to evaluate the morphology of the products microstructure analyses were
performed on the specimens. For this purpose, optical micrographs at three different
magnifications were used. There is a scale at the center of each image. In the x50 images
the length of the scale is equal to 200 um, in x100 images the scale is equal to 100 pm and

in the x500 images the scale is equal to 20 um.

Samples S1, S2 and S3 were formed at 570 °C with different holding times changing
from 3 to 7 minutes respectively. The time to reach the desired temperature was about 8
minutes and heating speed was 68 °C/min. The holding time in sample S1 was 3 minute
and Figure 5.2 and 5.3 show the microstructure images after forming, from surface and
center sections of the sample. Globularization was not observed in 3 minute holding time
at this temperature. As it can be seen from the images, in both the center and surface area
of the sample the globularization mechanism was not started and the grain boundaries were
not clear. This is because of the insufficient time for eutectic melting. It can be concluded

that 3 minutes of holding time was not enough for the formation of globular grains.

Figure 5.2. Microstructure of surface portion of sample S1 (x100)
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Figure 5.3. Microstructure of mid-portion of sample S1 (x100)

Figure 5.4. Microstructure of surface portion of sample S2 (x100)

Specimen S2 was formed with an isothermal holding time of 5 minute at the same
temperature. The images of the formed samples from different regions were shown in
Figure 5.4 and 5.5. The effects of increasing isothermal holding time can be observed
when compared to the images of the sample S1. It can be seen from the figures that

increasing the holding time from 3 to 5 minutes starts the globularization mechanism of the
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grains. However this can only be observed in surface sections of the samples. In addition
the grain boundaries were not clear in all parts and the grains were not in the shape of exact
spheroids. The eutectic structure between the primary grains was not clear because the
reheating temperature and holding time were still not sufficient for complete eutectic
melting. As a result the forming of the sample was due to the deformation of the grains
rather than liquid flow. The observed deformation of the primary grains in the
microstructure images confirms this. Average grain size was about 60 pm ranging from 40

to 85 pm.

The center area of the sample did not show such microstructure as the surface part.
This could be the consequence of resistance heating method employed throughout the
study. Because of heating by convection in the furnace the inner parts remained cooler
compared to the surface of the sample and globularization did not occur at inner regions. In
view of the heating characteristics of resistance furnace, the occurrence of microstructural
evolution, such as, eutectic melting, spheroidization and grain coarsening was not
synchronous, but in turn and gradually carried out from the surface to the center of billet
during reheating. As a result the surface parts of the samples became globular and eutectic
melting occurs earlier than the inner portions. These are the drawbacks of resistance
heating and further holding time is needed for homogenous temperature distribution across

the billet.

Holding time in specimen S3 was changed to 7 minutes and the reheating
temperature kept same as the samples S1 and S2. Figure 5.6 and 5.7 represents the
microstructure of the sample S3. The images revealed that the grains were more globular
compared to S2. Unlike sample S2 surface and centre parts of the sample showed similar
microstructure. This was obtained by the increase in holding time and eventually
minimizing the temperature gradient throughout the sample. It is apparent that the liquid
phase around the grains was clearer than S1 and S2 but still complete eutectic melting did
not take place. The black areas around the collared regions correspond to the eutectic
structure. Primary a phase was found to be non-uniformly distributed through the eutectic
phase. The grain sizes range from 40 to almost 120 um and the average was about 73 pum.
It can be noticed from the figures that the eutectic melting started and the grain boundaries

were wetted and penetrated by the liquid phase. On the other hand still the deformation
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was achieved mainly by the grains rather than the liquid flow. This can be observed from

the shapes of the primary deformed grains in the images.

Figure 5.5. Microstructure of mid-portion of sample S2 (x100)

Figure 5.6. Microstructure of surface portion of sample S3 (x100)
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In can be concluded from the above findings that at a reheating temperature of 570 0
C exact thixotropic structure can not be obtained. This is because the reheating temperature
in these samples was below the eutectic temperature of A356 which is 575° C. With
increasing the isothermal holding time from 3 to 7 minutes the primary grains started to be
globular and the eutectic structure became more observable. However the separation
between solid and liquid did not occur completely and the globularization was not

completed but in progress in samples S2 and S3.

Figure 5.7. Microstructure of mid-portion of sample S3 (x100)

Samples S4, S5 and S6 were formed after reheating the specimens to 580° C and

holding for 3, 5 and 7 minutes respectively like the previous samples.

Figure 5.8 and 5.9 represent the microstructure of sample S4. Globurazation started
on the surface region at this temperature. Unlike the experiments on 570 % C the formation
of globular grains started to form earlier at this temperature. The grain size was similar to
the samples S2 and S3. Size of the primary grains range from 50 to 85 pum and the average
grain size was 68 um. As it was seen before in the sample S2, centre part of the sample
showed no globular grains. Also the grain boundaries were not observable at mid-section.

The reason was the lack of heat transfer to the mid portions by convection in the furnace.
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Figure 5.8. Microstructure of surface portion of sample S4 (x100)

Figure 5.9. Microstructure of mid-portion of sample S4 (x100)

The images of sample S5 are shown in Figure 5.10, 5.11. Globular grains were
obtained at this temperature. The eutectic structure was melted since the boundaries
between the grains and the liquid phase were clear. Fine, equiaxed, spheroidal grains were
dispersed uniformly in the quenched liquid matrix. The structure was homogeneous

through the centre to the surface of the sample. This was achieved by the increase in
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isothermal holding temperature from 3 to 5 minutes. With increasing the forming
temperature to 580 ° C homogenous temperature distribution across the sample was
achieved earlier than the previous samples as a result of exceeding the eutectic melting
point. Completely melted eutectic phase surrounded the primary o grains and deformation
was done mainly due to the effect of rotation and relative slip between the grains by the
liquid flow. In other words the deformation of grains has minor contribution to the forming
operation and the shape of the grains also confirmed this. Grain sizes range between 50 pm
100 pm. Average grain size was 72 pm and a significant coarsening was not observed by
the increase of the holding time to 5 minutes. Round Si particles were observed between
the boundaries. Smaller and globular-shaped Si particles in the products would effectively
reduce the stress concentration at the boundary between Si particles and matrix under an
applied stress and led to better mechanical properties. It was noticeable from the images

that semi-solid forming was accomplished at 580 % C with 5 minutes of holding time.

Figure 5.10. Microstructure of mid portion of sample S5 (x50)

The globular grains were also obtained in sample S6. Figure 5.12 and 5.13 represents
the microstructure of sample S6. It can be seen from the images that separation between
the solid and liquid phase was completed and the primary grains were uniformly
distributed in the liquid matrix like the sample S5. The grains have a fine equiaxed and

globular microstructure and the boundaries were clear. Grain size was between 60 to 120
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pum. Part of the liquid resides inside the solid grains, a result of the grain growth process.
This type of liquid adversely affects the ability of the material to deform, since it decreases
the amount of interconnected effective liquid available for deformation and results in
increased temperature requirements. This was the result of prolonged heating time in
resistance furnace heating. However the amount of interconnected liquid available for
deformation was adequate. Average grain size below 100 pum in the reheated state will be
sufficient to ensure a homogeneous material flow of the semi-solid alloy and good
dimensional stability during die filling [4]. Average grain size was 80 um. Figure 5.14
shows micrograph magnified to the scale of 500 to observe the eutectic microstructure
obtained under the experimental conditions. Fine and uniform silica particles in the
eutectic structure were obtained in the sample. On the other hand changing the holding
time to 7 minutes resulted in coarsening of the grains because of coalescence and ripening,
compared to sample S5. Therefore 5 minute of isothermal holding time would be
appropriate to form the suitable thixotropic structure for semi-solid forming because

further heating starts the development of grain coarsening.

Figure 5.11. Microstructure of surface portion of sample S5 (x100)

As a result fine and globular microstructure was obtained for A357 alloy in samples
S5 and S6. Liquid segregation and coarsening in silicon particles which result in

undesirable variation in mechanical properties were not observed in the samples. Further
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increase in holding time is not necessary because it results in grain growth, poor

thixotropic behavior and also decreases in mechanical properties in the products.

Figure 5.12. Microstructure of mid-portion of sample S6 (x50)

Figure 5.13. Microstructure of surface portion of sample S6 (x100)
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Figure 5.14. Eutectic microstructure of sample S6 (x500)

In order to evaluate globular mechanism more precise shape factor values were
determined by analyzing the images with Image Tool program. The averages of the

calculated shape factor (F) values were shown in table 5.1.

Table 5.1. Shape factor (F) values of the samples
Sample No S1 S2 S3 S4 S5 S6
Shape Factor (F) - 0,59 0,73 0,80 0,87 0,88

It can be said that the shape factor values increases gradually with changing the
temperature from 570 to 580 ° C. It is also noticeable from the values that increasing the
holding time helps the globurazation of the grains. With longer holding times the shape
factor values converge to 1 which represents a perfect sphere. In contrast further increase
in holding time results in grain coarsening in the microstructure and adversely effects the
formability and the final mechanical properties of the product. As a result the holding time
should be chosen carefully where maintaining the forming of globular structure together

with preventing the coarsening of the primary grains.

Figures 5.15, 5.16 and 5.17 represent the microstructure of hot formed samples S7,

S8 and S9. The images were similar to the raw material images and the grains were aligned
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in the direction of deformation. Increasing the temperature from 450 % C t0 500 ° C showed
no observable difference on the microstructure of the samples. In all of the samples the
forming was accomplished by the deformation of solid primary grains rather than flow in
the liquid intermetallic matrix. Because of this lower mechanical properties can be

expected in hot formed products.

Figure 5.15. Microstructure of sample S7 (x500)

Figure 5.16. Microstructure of sample S8 (x100)
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Figure 5.17. Microstructure of sample S9 (x100)
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5.2. Mechanical Properties

After microstructural examinations Vickers Microhardness values of the samples
were determined in order to observe the difference of mechanical properties between semi-
solid forming and hot forming. The measurements were performed at 5 different points
through the cross sectional height and width section of the samples. So hardness
distribution across the sample was determined. Average of 3 measurements at each point
was taken as the final value. Hardness measurements were made on the specimens that
were formed in the shorter die. Figures 5.18, 5.19, 5.20 and 5.21 show the hardness of the
semi-solid formed samples. The y axis refers to height while x axis refers to width of the

samples.

As seen from the figures, generally the values were higher at the surface portions of
the samples. This should be the result of direct pressing force by the punch and inner
surface of the die to the product. On the other hand the results did not show general
increasing or decreasing behavior through the sample. The hardness values range between

63-82 HV after semi-solid forming experiments.
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Figure 5.19. Vickers microhardness values of samples S1, S2 and S3 through width
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Figure 5.21.Vickers microhardness values of samples S4, S5 and S6 through width
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Figure 5.22. Vickers microhardness values of samples S7, S8 and S9 through height
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The hardness values of hot-formed products were shown in Figures 5.22 and 5.23.
The values were in the range of 58-67 HV. The values were more uniform compared to
thixoformed products and there was no general increasing or decreasing tendency in the
samples. As it can be seen from the figures hardness of the samples decrease with
increasing temperature and highest hardness values were observed in sample S9 which has
a forming temperature of 450 ° C. Hardness of samples S7 and S8 were appear to be

similar.
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Figure 5.24. Average Vickers microhardness values of the samples

Figure 5.24 shows the average hardness values of the samples as a whole in order to
make a comparison between semi-solid forming and hot forming experiments. It can be
noticed from the figure that hardness values tend to decrease with increasing holding time
in thixo-formed products S1, S2, S3, S4, S5 and S6. After 5 minutes of holding time the
decrease became more observable. This could be the outcome of grain coarsening with the
prolonged holding times. In addition to this, a slight decrease in hardness values was
observed with increasing the forming temperature from 570 ° C to 580 ° C. All of the hot-

formed specimens S7, S8 and S9 showed lower hardness levels than the semi-solid formed
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ones. Therefore, it can be summarized that in semi-solid forming better mechanical

properties were determined by means of hardness levels.

After microhardness measurements, tensile test were performed on the specimens
and yield strength, tensile strength and elongation to fracture values were determined to
make a further comparison between the mechanical properties of the samples. The tests

were performed on the specimens S3, S5, S7 and S9.

Table 5.2. Tensile test results of the products

Sample No S3 S5 S7 S9
Yield Strength (MPa) 64 79 60 67
Tensile Strength

(MPa) 195 225 186 190
Elongation (%) 14,9 14,7 18 15,8

Table 5.2 shows the tensile test results of the products and Table 5.3 represents the
tensile values found in the literature. The values indicate that semi-solid formed samples
S2 and S5 gave better tensile properties when compared to the hot formed samples S7 and
S9. This table demonstrates that semi-solid forming is beneficial for improving tensile
properties compared to hot forming. The grains retained their shape during deformation by
the help of liquid flow and the fine and equiaxed grains led to better mechanical properties
in the product. Therefore the mechanical properties were better in thixo-formed products as
expected. Also the results were similar to those found in the literature. However the results
were not at best values as in the literature. This could be the result of grain coarsening and
liquid penetration in the grains as a consequence of resistance furnace heating. In addition
lower pressing forces on the experiments compared to the ones on the literature could be
another reason for these findings. Sub-size specimens used in tensile test could be another

reason. Better properties can be achieved with T6 heat treatment on the alloys.

In contrary with the tensile strength results better elongation values were determined
in hot forming experiments. The improvement of tensile strength and elongation in
forming is not expected together. Another observed difference between the two forming
experiments was that necking was developed in the hot-formed samples. In semi-solid

formed samples fracture occurred at the maximum stress value. On the other in the hot-
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formed samples necking was observed and the tensile value at fracture was lower than the

ultimate tensile result. In other words ultimate tensile strength was not observed in semi-

solid formed samples. Low hardening rate was the reason of this necking situation.

Table 5.3. Mechanical properties of A356 aluminum alloy

Yield Strength | Tensile Strength | Elongation
(MPa) (MPa) (%)
Semi-solid Forming
(66.67.68) 85-110 190-240 12-18
Hot Forming (69) - 160 18
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6. CONCLUSIONS

According to the results of the experiments it was established that determining a fine
and globular microstructure for semi-solid forming is possible in resistance furnace
heating. However care must be taken in transferring the reheated billets to the die in order
to prevent the heat loss and oxide layer on the surface during the operation. In addition
handling the billet at high liquid fractions is a major problem in thixoforming. Apart from
these issues, resistance furnace heating can be used as an alternative method. Its

advantages are the simplicity and lower costs compared to induction heating method.

After the experiments with different parameters fine and uniformly distributed grains
in a liquid matrix was obtained at 580 ° C in 5 and 7 minutes of holding times. However
after 5 minutes the grain coarsening and penetration of liquid phase inside the grains
occurred at the samples. In addition the liquid fraction of the metal increased rapidly and
this led to difficulties in handling the reheated billets. It was also found that reheating the
billets to 570 ° C did not give satisfactory result for the operation. In thixoforming globular
and solid grains in a liquid eutectic matrix is needed. Although the holding time was
prolonged to 7 minutes, the obtained microstructure was not totally globular and the grain
boundaries were not clear. This was because 570 ° C was below the eutectic temperature of
the alloy and complete eutectic melting could not be reached. The best results were
achieved by holding the samples for 5 minutes at 580 ° C. It was also enough for the
homogeneity of temperature distribution across the billet and further increment was not
necessary which will promote grain coarsening and adversely affects the mechanical
properties. The microstructure of the hot-formed specimens was alike to the raw material
and did not show any difference with different temperatures. The grains were aligned along

the deformation direction.

After microstructural examinations mechanical test were performed on the products.
Firstly hardness measurements were made on the formed samples. The results revealed that
in semi-solid forming hardness values decrease with the increase in holding times. In

addition to this, increasing the forming temperature from 570 ° C to 580 ° C resulted in a
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slight decrease at the values. Besides, at hot formed experiments best results were achieved
at the lowest forming temperature and a severe decrease in hardness was observed after
470 ° C. It is clear from these findings that hot forming experiments should be done at
lower temperatures. According to the hardness values of the final products it can be
summarized that semi-solid forming of the A356 aluminum alloy gave better results than
the hot forming. Secondly tensile tests were carried out on the samples. The tensile
properties of semi-solid formed samples were better than the hot-formed ones. On the other
hand hot forming gave better elongation levels. The results were also similar to the ones

found on literature.
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