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a b s t r a c t

The application of Melt Conditioner (MC) for production of high-quality DC billets and slabs at semisolid
state is examined. In this technique, liquid metal is continuously fed into a twin-screw melt conditioning
device, where the liquid metal or semisolid slurry is subjected to high shear rate, and then delivered
continuously into a DC caster. In this paper, the feasibility of MCDC of a wrought aluminium alloy in
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the semi solid state has been investigated and the possibility of DC casting by MC technique below the
liquidus temperature as a novel idea was explored. This idea may challenge the conventional DC casting
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. Introduction

One of the main characteristics of a proper ingot or alloy is
ne and uniform microstructure. However, most of the ingots
hich are produced by DC casting not only do not have uniform
icrostructure but also potentially contain defects such as hot tear-

ng, cracks and anisotropic grain sizes [1]. Some methods have
een suggested to resolve the above problems such as Magneto
ydro Dynamic (MHD) stirring [2] or Electro Magnetic Stirring

EMS) [3]. However, these techniques have their own problems
uch as complexity, size of ingot and production rate. To address
hese problems, Brunel Centre for Advanced Solidification Tech-
ology (BCAST) recently developed a novel processing technique,
elt Conditioner Direct Chill (MCDC) casting [4,5]. MCDC is more

fficient in energy and cost, produces high quality ingots with
ne and uniform microstructure and does not have the restric-
ions of other methods. By applying intensive shearing, not only
he problems of columnar microstructure and macrosegregation
re resolved, but also fine and uniform structure is achieved across
he ingot [5]. This technique consists of a twin screw Melt Condi-
ioner (MC) device [6,7] and a DC caster, in which liquid metal is
elivered continuously into the twin screw melt conditioner and

fter intensive shearing the conditioned liquid metal, is poured
nto the DC caster. The result of this process is a fine microstruc-
ure achieved by exploiting solidification under high shear stress
nd rate. This process not only offers a high quality feedstock, but
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also enhances nucleation and grain refinement [8], resulting in a
fine and uniform microstructure which improves ingot properties
[9,10].

In this paper, the feasibility of applying the MCDC tech-
nique with 7075 aluminium alloy below the liquidus temperature
has been investigated with the intension of producing semi-
continuous cast billet. Moreover, performance of DC casting for
wrought aluminium alloys at semisolid state as a novel idea
was investigated. Furthermore, the microstructural evolution
of the billet has been studied and the mechanisms of struc-
ture refinement by MCDC explored; resulting structures have
been analysed and compared with conventional DC cast speci-
mens.

2. Experimental procedure

The MCDC equipment consists of two basic functional units (Fig. 1). The MC
device consists of a pair of co-rotating, fully intermeshing and self-wiping screws.
The screws have a profile designed to achieve high shear rate and high internal
turbulence. A coating of molybdenum disilicide is applied to the screws to hinder
reaction with the molten aluminium alloys. The barrel is made of special grade cast
iron. The operating temperature is monitored and controlled by 4 R-type thermo-
couples inserted through the barrel and located close to the screws.

For testing the feasibility of the process, 5 kg charges of 7075 aluminium alloy
ingot supplied by Smith’s Metal Centres Ltd., was melted in a resistance furnace in
a graphite crucible, the furnace temperature was set at 750 ◦C to melt the ingot. The
alloy composition is given in Table 1.
After melt preparation, the sample was poured into the twin screw and sheared
for 60 s at 800 rpm at 630 ◦C (with a corresponding volume solid fraction of 20% [11]),
after which the slurry was fed into the DC caster. A baseline DC sample was cast
without shearing for comparison. Cylindrical ingots of diameter 70 mm and length
140 mm were cast with a water flow rate of 78 L/min, a cooling rate of 3.5 K/sec and
casting speed of 85 mm/min.
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Fig. 1. Schematic illustration of MCDC process.

Table 1
Chemical composition of the 7075 Al alloy in wt%.

Zn Mg Cu Cr Fe Mn Ti Si Al

5.56 1.95 1.64 0.19 0.10 0.03 0.01 0.07 Bal.
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Fig. 2. Thermo-calc analysis of AA7075.

In order to investigate the microstructural features of the produced ingots,
amples were cut, ground, polished and anodised at an optimum voltage of
20–40 V/cm2) in a 2% aqueous solution of tetra fluoroboric acid (HBF4), reveal-
ng the grain structure. Samples were examined under polarized light and the grain
izes measured according to standard ASTM E112-96, linear intercept method [12].
he error bars were calculated from (screen of 100 �m × 100 �m of) analysing sev-
ral pictures and standard deviations were calculated. Chemical compositions were
easured across the ingot in increment of 10 mm using a foundry master spectro-

raph (Worldwide Analytical System-AG). In order to understand the solidification
equence of AA7075, Thermo-Calc analysis was performed using Scheil equation.

. Results
Results of Thermo-Calc analysis are shown in Fig. 2. It was
bserved that the first phase to form within the liquid during solid-
fication is Al7Cr. Further with progression of solidification, the
ollowing phases were formed: Al, Al3Fe, Mg2Si and Al7Cu2Fe.

Fig. 3. Micrographs of MCDC and DC processes, (
Fig. 4. The grain size distribution of MCDC process and DC processed ingot (trans-
verse section).

The microstructures of transverse sections of both MCDC and
DC specimens from edge to centre are shown in Fig. 3. The MCDC
billet (a) shows a significantly refined microstructure compared
to the DC billet (b). The microstructure of the MCDC, shows fully
equiaxed grains and a uniform grain size across the billet. On the
other hand, the DC ingot comprises a near equiaxed microstructure
at the centre and pseudo columnar structure at the edge and a non-
uniform equiaxed grain size across the billet.

The distribution of grain sizes in the MCDC process and DC cast-
ing is plotted in Fig. 4. In the MCDC samples, the grain size varies
between 50 and 80 �m whereas in the DC cast specimen the grain
size varied between 90 and 280 �m.

Fig. 4 indicates two points, (1) the grain size distribution in the
MCDC process is narrower in comparison to DC casting, and (2) the
effect of shearing is dominant in the MCDC in which most of the
grains have been distributed between 60 and 70 �m.

Fig. 5a and b shows the variation of the grain size and the chem-
ical composition for MCDC process from edge to the centre of the
ingot. In Fig. 5a, the grain size of MCDC is in average 63 �m whilst in
the DC casting, the average grain size is 207 �m. Also the chemical
composition variation throughout the ingot was carried out which
is constant in the entire MCDC ingot (Fig. 5b). However, in the DC
ingot due to shell segregation and partial re-melting of the shell
during the dwell time in the air gap region, the distribution of the
alloy elements can not be uniform [13] (Fig. 5c).

Fig. 5 implies that applying the MCDC can provide fine
and uniform microstructure across the ingot and reduce

macro-segregation properly, whilst in the conventional cast-
ing non-uniform structure/chemical composition distribution
are observed.

a) MCDC, (b) DC sample surface to the left.
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ig. 5. (a) Spatial variation of grain size in MCDC and DC billets, (b) variation of
hemical composition in MCDC billet, (c) chemical composition in DC billet.

. Discussion

.1. Grain refinement mechanism

There are few possibilities that can be suggested for refine-
ent of the structure by MCDC method. Those have been described

riefly below:

1) Rapid Cooling+ Agitation: Rapid cooling can decrease the grain
size of an alloy [14]. In other words, due to large ratio of sur-
face area to volume in the melt conditioner, heat extraction
is encouraged and rapid cooling is occurred (7 ◦C/s), thus solid

nuclei can be formed on the surfaces. With further agitation
or intensive shearing of the melt, the formed nuclei are dis-
tributed uniformly across the melt. Indeed, due to shearing,
uniform temperature and composition are obtained which pro-
mote equiaxed growth.
d Compounds 502 (2010) 382–386

(2) Cavitation: Shearing like as ultrasonic waves by the help of cav-
itation can contribute to heterogeneous nucleation [15–17].
The suggested mechanism include improved wetting, local
undercooling upon collapse of cavitation bubbles and pre-
solidification of particles inside fine capillaries. The cavitation
occurs more easily at higher temperature where the density
of liquid is less. However, this mechanism is ruled out as the
melt cooled rapidly to the semisolid state in which the formed
cavities can not be stable.

(3) Aluminides Refinement: The results of AA5754 by Haghayeghi
et al. [18] showed shearing could significantly improve refine-
ment when the intermetallics are available (such as Al3Fe).
Indeed, Eskin [19] suggests aluminides in aluminium alloys also
grain refine alloys, even above the liquidus temperature. How-
ever, the only aluminide which is available above the liquidus
temperature is Al7Cr, but due to its different crystal structure,
this aluminide can not act as substrate.

In fact, in the MC machine the experimental condition is similar
to the Martinez and Flemings [20] study. In their experiment they
agitated the melt and cooled it rapidly from close liquidus temper-
ature. Similarly, in the MC machine the melt is cooled rapidly from
temperature above liquidus whilst sheared. Large ratio of surface
area to volume in addition to fragmentation of grains encour-
ages heterogeneous nucleation and further uniform distribution of
nuclei. Consequently, it is suggested, shearing followed by rapid
cooling can be acknowledged as the main factors for refinement of
the structure.

4.2. Solidification process in melt conditioner

By applying the MCDC technique, two stages of solidification
take place. Primary solidification occurs in the melt conditioner in
which the liquid is sheared which results in distributing nuclei and
growing them partially at semisolid range. The dominant action at
this stage is the distribution of nuclei in the semisolid temperature
range. The second stage of solidification occurs inside the DC caster
with an appropriate cooling rate in the absence of shearing. At this
stage, the nuclei that have been formed and distributed uniformly
in the first stage would activate due to the applied cooling rate.
In consequence, all the nuclei would be able to survive and grow.
This, results in a fine and uniform microstructure. So, an ingot with
fine and uniform microstructure is achieved. The novelty of this
technique in this paper is producing a DC ingot at below liquidus
temperature. The dynamic solidification process of MC machine is
shown in Fig. 6.

4.3. Solidification in DC casting

In contrast in conventional casting the un-sheared melt is
poured directly into the mould and solidification starts from the
mould wall. Due to different cooling rate at different positions
of the ingot as well as shell formation around the sump and the
air gap, the structure would not be uniform (Fig. 4). Moreover,
just some of the nuclei would survive due to convection and re-
melting, which result in non-consistent structure. The produced
ingots by this method have an improper microstructure with many
defects such as cracks. In fact, because of uneven cooling in dif-

ferent regions of the ingot, thermal stresses are generated, which
may induce cracks. These might propagate, leading to an ingot fail-
ure if the thermal stresses increase. Further; shell segregation may
occur which is difficult to avoid regarding DC casting conditions
(Fig. 5c).
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Fig. 6. The o

.4. Microstructural evolution in MC technique

By applying the MCDC technique, the problems of conventional
asting can be eliminated. As for non-uniform microstructure in
onventional casting, MCDC helps nuclei to survive and form them
hat can contribute to the solidification and growth. In fact, the
ntire ingot from edge to the centre has active nuclei contribut-
ng in the process, which offers a fine and uniform microstructure.

oreover, the slurry is not poured at relatively high temperature
ike DC casting and is consistent in temperature and composition.
o, thermal stresses due to fairly low temperature in comparison to
C casting are not considerable. Also no macro-segregation is seen
ue to the controlled volume fraction and the characteristics of flow
etween solid and liquid phase. Further, due to lower viscosity in
CDC process, melt flows more smoothly and the associated prob-

ems of melt flow in DC casting (segregation and columnar grains)
ould be restricted [21].

Martinez and Flemings [20] study is close to MC machine exper-
mental conditions. They kept the slurry isothermally and sheared
he melt at 60 s with 409 rpm; the achieved grain size was 60 �m. In
he MC at 60 s with 800 rpm, grain size of 63 �m was acquired. Fur-
her, by using cooling slope by Tanabe et al. [22], Motegi and Tanabe
23] and Guan et al. [24], all got the grain size of around 56–60 �m.
t seems in all cases the grain size in the semisolid range can not
e below 55 �m. This would imply fragmentation of grains can be
xtended up to a certain limit and thereafter ripening would occur.

By comparing the microstructure of sheared samples above and
elow liquidus temperature, it seems by shearing above liquidus
he grain size would be around 120 �m [25], whilst in the semisolid
heared samples grain size of 63 �m was achieved. Haghayeghi et
l. [25] showed when a melt is sheared above liquidus the grain
ize becomes eight times smaller than conventional casting. With
ddition of grain refiner of 0.4 wt% of Al-5Ti-1B master alloy to the
elt without shearing the grain size becomes 8000 times smaller.
ore over, by applying shear in combination with grain refiner

0.4 wt% of Al-5Ti-1B master alloy) the acquired grain size would

e 64,000 times finer than conventional casing. However, by apply-

ng MC machine below liquidus grain size of 63 �m is achieved
43,000 times smaller). It means shearing below liquidus temper-
ture would be more effective than shearing above. This can be
erified by comparison of MC grain size with inclined cooling slope
of dynamic.

(CS), where the grain size of 56 �m can be achieved by applying
CS whilst with Melt conditioner no grain size of less than 63 �m
is acquired [22,25]. In fact, in CS due to continuous fragmenta-
tion numerous crystals are generated and the grain size would be
125,000 times smaller than conventional casting.

Results of 7075 processed by MCDC method at below liquidus
temperature imply fine and uniform structure across the produced
ingot and restricted macro-segregation throughout the sample. As
presented, the grain size achieved in the MCDC is constant and
around 63 �m and the grain distribution is narrower. In the con-
ventional process, a grain size of 207 �m is achieved in average and
a wider distribution of grains is achieved leading to disappropriate
properties.

5. Conclusion

In summary, the MCDC as a well-developed technology is
reported. This technology is a combination of DC casting and a
(Melt Conditioner) MC machine. MCDC technique demonstrates an
alternative method for producing billets and slabs at below liq-
uidus temperature. The produced billets by this technology have
a uniform and fine microstructure with consistent chemical com-
position throughout the cross-section of the billet. Heterogeneous
nucleation due to large surface area to volume (Rapid cooling) in
combination with intensive shearing would encourage the grain
refinement of A7075 structure. It is thought, the above-mentioned
combination is responsible for nucleation. Comparing the results of
shearing below and above liquidus temperature imply shearing at
semisolid range may result in 125,000 times smaller grain size than
conventional casting whilst shearing above liquidus decrease the
grain size by the order of eight. This achievement may challenge
the idea of shearing above liquidus.
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