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Thixoforming requires semi-solid slurries, which contain a high volume fraction of
non-dendritic solid phase with special grain morphology. Volume fraction, geometry and
connectivity of the solid α-phase has to be kept within narrow limits. The paper illustrates
the development of a new aluminium based wrought alloy AIMgSi1 alloy, adapted with
barium, characterised by a microstructure which exhibits a low sensitivity towards
fluctuations in process parameters resulting in improved mechanical properties of the
alloy. The rheological behaviour of the new alloy by means of backward extrusion
experiments is described, and an overview of the static and dynamic strength properties is
given that can be achieved when the alloy is processed by means of the New Rheocasting
process. C© 2002 Kluwer Academic Publishers

1. Introduction
The discovery of shear rate dependent viscosity for met-
als in the solidification range in the early 1970s [1] was
the starting point for the development of semi-solid pro-
cessing routes. In the past 30 years a number of pro-
cesses named Thixocasting, Thixoforging, semi-liquid
Casting and Rheocasting, have advanced to becoming
manufacturing routes of industrial relevance.

The key feature of all these processes is the specific
flow behaviour of semi-solid slurries, which contain a
high volume fraction of non-dendritic solid phase. Such
a semi-solid slurry allows a laminar, smooth front filling
of the die, thanks to the increased viscosity compared
with fully liquid melts. Since air entrapment can be
avoided heat treatable and weldable components with
low porosity levels are obtained, which are superior in
mechanical properties compared to conventional die-
casting parts. Additionally, the die filling temperature
as well as the heat content of the metal are lower, lead-
ing to longer die life and higher productivity. Semi-
solid processes are near-net shape forming technolo-
gies. Compared with conventional casting and forging
processes the machining cost can be reduced. Due to
these advantages semi-solid cast and forged parts have
replaced conventional forgings, permanent mould and
investment castings, and in some instances even die
castings. Applications include automotive suspension
parts, wheels, master brake cylinders, antilock brake

valves, pump housings, electrical connector multicon-
ductors, brass plumbing components and many more
parts covering the field of automotive, aerospace and
mechanical engineering components.

However, a wider technical implementation of semi-
solid forming in large scale production requires im-
proved stability of the process and high reproducibility
of product quality. The classical processing routes for
semi-solid forming comprise the production of precur-
sor material with globular α-phase and the reheating of
the slugs into the semi-solid state by induction heating,
followed by casting or forging of the latter into shape
in High Pressure Die Casting machines (HPDC) or in
forging presses.

For a given alloy the required flow characteristics
and product properties can only be achieved within a
narrow temperature window and at special grain mor-
phologies of the microstructure. This requires precise
process control.

Depending on the diameter of the slugs, the re-
heating time can vary from 5 minutes up to more
than 20 minutes. After this heating period the tem-
perature distribution along the cross-section and over
the whole length of the semi-solid slugs must be uni-
form. Small temperature fluctuations may lead to un-
suitable amounts of liquid fraction and thus result in
unfavourable semi-solid forming conditions. In partic-
ular, for wrought alloys the semi-solid processing range
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is difficult to adjust due to the high sensitivity to the
liquid volume fraction on temperature changes. There-
fore, a precise and usually long homogenisation time is
necessary in order to obtain a uniform temperature dis-
tribution over the cross section of the semi-solid slug.
However, in most cases this leads to grain coarsening
and grain coalescence and, consequently, to the deteri-
oration of the rheological and flow properties.

It was the main target of the research work presented
in this paper to design an aluminium wrought alloy tai-
lored specifically for semi-solid forming. The inherent
properties of this alloy should help to stabilise the pro-
cess and make it less prone to fluctuations in the pro-
cessing parameters. The adapted alloy should be less
sensitive (i) to long holding times within the semi-solid
state and (ii) to variations in the solid/liquid volume
fraction, thus permitting a better control of the process.

In the following the microstructural features of two
AlMgSi1 (AA6082) alloys in the semi-solid state are
discussed in detail. A recently developed AlMgSi1
alloy modified with barium and optimised for the
semi-solid forming process is compared to a standard
AlMgSi1. Grain growth and grain coalescence as a
function of different solid/liquid fractions and hold-
ing periods are considered. In order to describe the
solid-skeleton changes, particular attention is paid to
the variation of the contiguity of the solid phase and
its effect on the thixotropic flow characteristic. Fur-
thermore, microstructural evolution, flow characteris-
tics and mechanical properties are presented.

2. Experimental procedure
2.1. Materials
Different grades of semi-solid precursor materials of
AlMgSi1 alloys were used for quenching, backward
extrusion and casting experiments. The chemical com-
positions are given in Table I. Continuously cast rods of
diameter 80 mm in MHD-stirred condition were sup-
plied by the company SAG, Austria. While alloy 1 was
a conventional AlMgSi1 grade, alloy 2 has been modi-
fied with barium.

2.2. Quenching experiments
The microstructural evolution in the semi-solid state
was investigated by using cubic samples of 10 mm side
length. The specimens were cut from the precursor rods
and partially re-melted to various solid/liquid fractions
in a vertical IR tube furnace and held at various semi-
solid temperatures and homogenisation times before
water quenching. After polishing and etching, the mi-
crostructure was characterised by means of light optical
image analysis in order to determine the relevant mi-
crostructural parameters.

T ABL E I Chemical compositions of alloy 1 and 2 (weight-percent)

Si Mg Mn Fe Cr Cu Ti Zr Ba Rest

Alloy 1 1.00 0.69 0.42 0.23 0.11 0.05 0.07 <0.01 – <0.02
Alloy 2 1.02 0.67 0.40 0.23 0.11 0.04 0.06 <0.01 0.2 <0.02

2.3. Backward extrusion experiments
The rheological properties of the re-melted alloy were
studied by means of backward extrusion experiments.
Cylindrical specimens (26 mm∅ × 35 mm long) were
heated and partially re-melted in a steel container, us-
ing the same vertical IR tube furnace as for quench-
ing experiments. After homogenisation times of 5, 10,
20 and 30 minutes, respectively, the specimens were
isothermally backwards extruded around the stationary
plunger at constant ram speed. The chosen ram speed
was 200 mm/s (shear rate 70 s−1), which represents a
good approximation to industrial shear rates. Ram dis-
placement and extrusion forces were measured. Details
of the experiment are described elsewhere [2].

2.4. Casting experiments
and mechanical tests

In the casting experiments the same alloys were taken
in fully liquid state from a melting and holding furnace,
poured into steel cups and transformed into semi-solid
slugs of 80 mm diameter and 120 mm length by means
of the New Rheocasting (NRC) technique [3]. The melt
temperature in the holding furnace was 665◦C (only
about 15◦C above liquidus temperature), whereas the
forming temperature was 642◦C, corresponding to liq-
uid fractions of about 45%. These slugs were then trans-
ferred into the sleeve of an UBE HVSC 350 Squeeze
Casting machine and cast into a 4-step die (step wall
thickness 14 mm, 10 mm, 6 mm and 2 mm). The die
temperature was held constant at a level of 270◦C. The
step plate castings were then heat treated to peak hard-
ness. This T6 heat-treatment was performed at 540◦C
for 5 hours, followed by water quenching and artificial
ageing at 170◦C for 10 hours.

Round tensile test specimens of 4 mm diameter were
taken from the steps with 14 mm, 10 mm, and 6 mm
thickness and tested in the T6 condition at room tem-
perature. Cylindrical hourglass-shaped fatigue strength
test specimens, with a minimum diameter of 6 mm,
were taken from the two thickest steps, and tested in
the T6 condition with R = 0.1 and f = 50 Hz at room
temperature on a servo-hydraulic tensile/compression
test machine.

3. Microstructure and flow characteristics
The conventional semi-solid forming processes, such
as Thixocasting or Thixoforging, are based on the fact
that in the un-perturbed state the semi-solid slugs can
be handled like solid rods, but attain fluid-like proper-
ties during shearing. It is generally accepted that the
solid-like characteristic is due to the presence of a solid
skeleton consisting of interconnected grains. During the
forming operation the bonds between grains break un-
der shear stress, resulting in a significant decrease of
viscosity [1, 4, 5].

A useful microstructural parameter describing the
magnitude of the solid skeleton is the contiguity of the
solid phase Cα [6, 7]. The contiguity is a measure for
the amount of solid-solid contact in a semi-solid struc-
ture and is defined as the average fraction of the surface
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Figure 1 Contiguity Cα ( ❦) and contiguity volume Cα f α ( ✉) vs. liquid
fraction at an isothermal holding time of 5 min.

Figure 2 Extrusion curves for alloy 1 at different liquid fractions
(0 < f L < 0.5). Isothermal holding time 5 min, ram speed 200 mm/s.

area shared by one grain with all neighbouring grains
of the same phase, Cα = 2Sαα/(2Sαα + SαL), with Sαα

being the αα-grain boundary and SαL being the bound-
ary between α-Al and the liquid phase. Contiguity is
a parameter, which quantitatively helps to describe the
distribution of phases in coarse two-phase alloys. For
alloys in the semi-solid state, it is appropriate to stan-
dardise the contiguity by multiplying it by the fraction
of solid, f α , hence the contiguity volume Cα f α , which
quantifies the connecting portion of the solid phase [8].
Fig. 1 illustrates the decreasing contiguity volume with
increasing liquid fractions up to 50% f L. Fig. 2 shows
the effect of the liquid fraction f L on the flow charac-
teristics, measured by backward extrusion, for alloy 1
as a function of temperature.

In the fully solid state (Cα f α = 1) the alloy shows
a typical hot forming flow characteristic with a steep
increase of the force at small displacements (elastic
range) followed by deformation of the specimen before
reaching a steady-state plateau. A similar behaviour is
observed for specimens with liquid fractions f L lower
than 30%. In this range of liquid fractions, the bridging
of the solid skeleton is highly pronounced, and the con-
tiguity volume Cα f α exceeds 0.3. The microstructural
examination of the deformed specimens after backward
extrusion revealed an expulsion of the liquid phase and
a corresponding densification of the solid at the bottom
of the container, as reported by Loué et al. [2]. This

Figure 3 Extrusion curves for alloy 1 as a function of the isothermal
holding at a constant liquid fraction of 40%, ram speed 200 mm/s.

suggests that the deformation process is essentially con-
fined to the skeleton. Extensive disruption of the solidly
bound particles does not take place and therefore, no
thixotropic behaviour is observed [5].

At liquid fraction levels of f L = 0.4 and 0.5, on the
other hand, the slugs are sufficiently stable to maintain
their cylindrical shape, but deform without any remark-
able increase in force, indicating that the contiguity
volume is low enough to permit the required disruption
of the bridges between solid grains. Consequently, the
flow characteristic can be assumed to be thixotropic at
Cα f α < 0.3 (Fig. 1).

For contiguity volume levels below 0.1 at f L > 0.6
very low extrusion forces are measured, because the
solid-phase particles are only weakly inter-connected
in a 3D network and the billet becomes unstable and
looses its shape stability. The fact that a contiguity vol-
ume Cα f α of 0.3 describes a pragmatic upper limit for
the solid skeleton’s cohesion will be discussed further
below.

Fig. 3 illustrates the measured force during backward
extrusion for different holding periods at a constant liq-
uid fraction of 40%. It is apparent that after exceeding
5 minutes isothermal holding time, the behaviour of
alloy 1 shifts from a homogeneous, thixotropic shear
deformation to an unfavourable elastoplastic deforma-
tion. Obviously, longer homogenisation times lead to
an increase in the flow resistance of alloy 1. The rea-
son for the drastically different rheological behaviour
is attributed to the microstructural change of the semi-
solid alloy during isothermal holding, mainly involv-
ing an increase of the contiguity volume. As will be
shown later, both spheroidisation and particle size in-
crease with longer homogenisation times, which in turn
also affect the contiguity. As soon as the coarsening
grains start contacting each other they interconnect via
solid neck bonds [9, 10]. This coalescence phenomenon
influences the cohesion and interlocking of the solid
skeleton, hence the rheological behaviour of the
alloy [11].

An effective way of reducing the contiguity growth
rate of the solid skeleton is offered by the enhanced wet-
ting properties [5, 12] between the α-phase and the re-
maining liquid, as indicated schematically in Fig. 4. The
contiguity of the solid phase is affected by the relative
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Figure 4 Schematic image of liquid penetration between two adjacent
grains. Note that solid grains are less connected at lower γαL-values.

values of the solid/solid and solid/liquid interface ener-
gies. Therefore, two adjacent grains will become con-
tiguous if the condition γαα < 2γαL is fulfilled, where
γαα is the energy of the contiguous solid/solid boundary
and γαL is the energy of the solid/liquid interface. The
lower the value of the solid/liquid interface energy γαL
is, relative to γαα , the more pronounced is the penetra-
tion of the liquid between the grains and, consequently,
the lower will be the contiguity and the strength of the
solid bonds. Furthermore, the solid/liquid interface en-
ergy γαL is the driving force for the spheroidisation and
the growth of the solid phase.

It was found that small amounts of barium dimin-
ish the solid/liquid interface energy γαL [12] and con-
sequently increase the penetration of the liquid phase
between the α-Al grains, which in turn lead to lower
contiguity values Cα . Small additions of barium re-
sult in a decrease of γαL, therefore reducing the α-Al
grain growth and, due to the abated spheroidisation,
increasing the shape factor Fα (note: shape factor
Fα = (SαL)2/4π Aα , with Aα as average area of α-Al
grains and SαL being the length of the α-liquid phase
boundary; normally Fα is >1, however in case of fully
spherical grains Fα is equal to 1).

Fig. 5 indicates the flow characteristic of the new
barium-containing alloy 2 during isothermal holding at
a constant liquid fraction of f L = 40%. It shows prac-
tically no increase in flow resistance even after 30 min
holding time. This can be attributed to the favourable
behaviour during homogenisation.

As shown in Fig. 6, the contiguity volume of the solid
phase remains in the range of 0.2 to 0.25 and does not
exceed the critical value of 0.3, thus forming a weakly
interconnected solid skeleton. On the other hand, the
contiguity volume of alloy 1 exceeds a value of 0.3 and
loses its shear thinning behaviour (see Fig. 3).

As mentioned above, the low cohesion of the solid
network in alloy 2 is due to the increased penetra-
tion of the liquid phase between the grain contacts

Figure 5 Extrusion curves for alloy 2 as a function of the isothermal
holding time at a constant liquid fraction of 40%, ram speed 200 mm/s.

Figure 6 Contiguity volume Cα f α vs. isothermal holding time for
alloy 1 ( ✉) and alloy 2 (�) at 40% liquid fraction.

Figure 7 Dα and Fα vs. isothermal holding time for alloy 1 ( ✉) and
alloy 2 (�) at 40% liquid fraction.

and the reduced grain coarsening attained by the ef-
fect of barium in reducing the interface energy γαL
(Fig. 7). The weakly interconnected solid skeleton
changes only slightly with increasing holding times,
consequently allowing a homogeneous deformation of
the semi-solid slug even after longer homogenisation
times.

From Figs 6 and 7 it becomes obvious that the al-
loy composition affects the isothermal-coarsening rate.
Due to the difference in the driving force, namely the
interface energy γαL, the coarsening rate for the parti-
cles decreases from alloy 1 to alloy 2 (both had initial
grain sizes close to 50 µm). It is generally accepted, that
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the cavity filling behaviour is better with smaller grain
sizes, especially for thin wall sections and therefore,
the Ba modified alloy 2 is of advantage.

4. Mechanical properties
Fig. 8 shows the yield strength Rp0.2, the ultimate ten-
sile strength Rm and the elongation to fracture A5 for

Figure 8 Mechanical properties (yield strength, RP0.2, ultimate tensile
strength, Rm, and elongation to fracture, A5) of alloy 1 and 2 in T6
condition.

Figure 9 Microstructure of alloy 1 in T6 condition, characterized by the presence of secondary phases along grain boundary. Sections of liquid pocket
segregation (right) show pronounced formation of needle shaped Si and α-(AlFeSi) compounds.

Figure 10 Microstructure of alloy 2 in T6 condition. Compared to alloy 1 the secondary Si-phase is more rounded and rosette-like shaped.

alloys 1 and 2 in T6 condition. All data are mean val-
ues of at least 12 specimens tested for each alloy. A
yield strength level of approximately 320 MPa and a
fracture elongation of >3% can be achieved if suitable
process parameters are chosen. No significant differ-
ence between alloy 1 and alloy 2 can be recognised.
The strength properties are satisfactory and are close
to forging qualities. Note that the DIN1749 standard
for die forged components request a minimum value of
260 MPa for Rp0.2 and 310 MPa for Rm, respectively,
which is clearly exceeded by the NRC properties pre-
sented here. The required elongation to fracture of 6%
for forged AlMgSi1, however, cannot be reached. The
gap must be due to the fact that at least the initial liq-
uid portion of the alloy solidifies in non-equilibrium,
which results in the formation of undesired secondary
phases [13].

Figs 9 and 10 illustrate typical sections of the
microstructure of alloy 1 and alloy 2, respectively. It
is clear that the structure of both alloys is characterised
by the presence of secondary phases. Alloy 1 features
local liquid pocket segregations with needle shaped sili-
con (“non-equilibrium eutectic” due to non-equilibrium
solidification), which is accompanied by polygonal
α-(AlFeSi) compounds, where Fe is partly substituted
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Figure 11 Fatigue strength data for the 14 mm and 10 mm plates of the
4-step die in the T6 condition for alloy 1 (�) and alloy 2 ( ✉). R = 0.1.

by manganese. The microstructure of alloy 2 exhibits
more rounded and rosette-like shaped phases along the
grain boundaries. According to EDX-measurements
these phases are of the same composition as the Si
and α-phases; additionally a strong barium signal is
obtained. The morphology of the secondary phases in-
dicates that barium might also act as a modifying el-
ement. Lu and Hellawell [14] reported that elements
such as barium modify the eutectic silicon flakes in
aluminium-silicon cast alloys to branched fibres with
high twin densities, and primary flakes to nearly spher-
ical shapes.

Although the effect of barium addition on the mor-
phology of the secondary phases does not significantly
affect the static mechanical properties, a significant in-
fluence on the dynamic properties is observed. Fig. 11
shows the results of the fatigue tests. The Bamodified
alloy 2 exhibits significantly higher fatigue strength
values.

In alloy 1, the needle-shaped eutectic Si particles,
which are up to 30 µm long, may act as crack initiation
sites and may reduce the fatigue strength, whereas crack
nucleation at the rounded phases in alloy 2 is assumed
to be less dominant.

5. Conclusions
In this paper it is shown that small additions of barium
to a standard AlMgSi1 alloy have positive effects on
formability and product quality in semi-solid forming.
Primarily, Ba reduces the solid/liquid interface energy
γαL, which enhances wetting between the α-Al grains
and the remaining liquid in a semi-solid slug. This re-
duces the contiguity growth rate of the solid phase dur-
ing holding in the solidification range. The alloy main-
tains good flow properties even after extended periods
of holding at higher temperatures. γαL is also the driving

force for the spheroidisation and the growth of the solid
phase. Starting from same shape factors in the precursor
material, the α-Al phase in the barium-containing alloy
does not spheroidise as quickly, as in the barium-free
alloy. This is a slight disadvantage, but Fα remained in
the positive range at all holding times tested in the ex-
periments presented. The grain size, on the other hand,
does not grow as fast, which is beneficial for semi-solid
forming.

Barium-containing alloy AlMgSi1 gives definitely
more flexibility to the manufacturer of semi-solid
formed parts, because of a much wider processing win-
dow in terms of time. An additional improvement was
found during fatigue testing: barium acts as a modifier
for the Si-phase in the alloy and, therefore, increases
the fatigue limit compared to barium free AlMgSi1.
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