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Rotational viscometry has been extensively used in studies
of flow behavior of semi-solid alloys, including commercially
important alloys from the Al-Si-Mg group. [1-7]  Several
alternative techniques have also been employed to investi-
gate the complex rheology of semi-solid metal slurries in a
wide range of high shear rates.  These include the parallel
plate compression, [8,9] capillary rheometry, [ 10] and back
extrusion. [11]  Rapid compression between parallel plates
[12,13] is an example of a powerful alternative technique for
the study of high solid content metal slurries subjected to
rapid deformation rates. The experimental evidence accumu-
lated to date shows that semi-solid metal slurries exhibit a
shear thinning thixotropic behavior in steady state deforma-
tion.  Shear rate thickening behavior has also been reported
under conditions of rapid, time-dependent deformation.  A
thorough understanding of the behavior of metal slurries un-
der the latter conditions is highly desirable, considering the
short duration and the highly unsteady flow of metal slurries
during mold filling operations.Although discrepancies among
the available experimental results exist and are usually at-
tributed to the rheological complexity of metal slurries, this
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may not be the only or the most important contributing fac-
tor.  Most frequently, the rheological behavior of metal sus-
pensions is deduced from measurements relying on the as-
sumption of a theoretical (viscometric) flow within a par-
ticular type of rheometer.  To approach ideal flow condi-
tions, most investigators make use of rotational viscometers
with narrow gaps.  Smaller tool scales relative to the charac-
teristic particle size may lead to conditions where the con-
tinuum hypothesis is not respected, in addition to other prob-
lems.  Coussot, [14 ] in a comprehensive discussion of shear
rheometry of concentrated suspensions pointed out that for
those materials no general rule exists.  According to the au-
thor, the sheared thickness may be smaller than the gap, and
a sufficiently large ratio of gap to particle diameter may not
be the only condition necessary to guarantee that the con-
tinuum hypothesis is respected.  This  requires at least a large
ratio of sheared thickness to maximum particle size.  How-
ever, this ratio is not only affected by tool dimensions but
also by the possible existence of a finite yield stress and by
the imposed flow rate or shear stress.  In the case of metal
slurries, the highly interacting nature of the solid particles
also needs to be considered.
With the above requirements in mind, a modified parallel-
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plate rheometer was built for this work that allows testing of
metal slurries using different geometries.  The parallel plate
configuration was selected for being better suited for tran-
sient experiments in which both the gap and the angular ve-
locity are varied during a given run.  This provides addi-
tional degrees of freedom to investigate the aforementioned
disturbing effects and deduce the true constitutive behavior

of the material from rheometric measurements.  For this, it is
also important to be able to preserve the structures formed
after given flow histories. Here we report on viscosity meas-
urements performed by increasing (or decreasing) the shear
rate of alloy A357 slurries in a stepwise manner. The alloy
slurries used in the present investigation are formed by re-
heating industrially rheocast material into the semi-solid state.

	
�	���	��
��
��
�
���

Figure 1 shows a schematic view of the parallel plate rheom-
eter built for this work.  The metal slurry is contained in a
high-density graphite crucible of 83-mm inner diameter, which
is housed in a vacuum chamber and heated by induction coils
powered by a 20-kW source.  A 200-g sample can be heated
into the semi-solid range in about ten minutes.  Temperatures
are measured and controlled by means of calibrated thermo-
couples protected by quartz sheathing and attached to the
crucible’s inner wall.  The thermocouples remain immersed
in the semi-solid metal during the whole experiment.  The
induction source is provided with a closed-loop temperature
controller, which limits temperature variations to within
±0.5¡C over the entire duration of an experiment.  Spatial
temperature variations in the melt do not exceed 1¡C along
both the vertical and radial directions.  Oxidation of the melt
is minimized by maintaining the chamber pressure in the 10-
1 torr range.
Parallel plates are also made out of high density graphite and
are of 30-mm diameter.  The geometry of the plates is shown
schematically in Figure 1.The lower plate is positioned in the
tapered crucible as an insert and the top plate can be moved
up and down while rotating.  This arrangement allows for
easy sample recovery after completion of an experiment.  To
help  prevent   slip,   a   serrated   design previously used in
work with greases, [15] was chosen for the rotating plate.
The rough surface of the bottom plate also contributes to
minimize slip.  The serrated plate is rotated by a variable
speed DC motor capable of a maximum angular velocity of
2500 revolutions per minute.  A dynamic torque sensor is
mounted in between the driving motor and the rotating steel
shaft by means of flexible couplings.  The motor controller is
capable of accelerating the motor at variable rates.  Accel-
eration times to reach maximum speeds can be set between 2
and 10s.  A tachometer is used to measure angular velocities.
A motorized linear slide capable of moving the motor and
connected components along the vertical direction is used to
position the rotating plate.  An LVDT is used to measure the
plate separation. The experimental   data    consist   of    tem-
perature, torque,  plate  separation  and angular  velocity DC
signals and can be acquired at rates of up to 1000 Hz using a
data acquisition system from Omega Engineering.

In the typical parallel plate geometry, the shear rate (γ) is
proportional to the radius (r) at which it is measured and its
maximum value, at the perimeter of the plate,  is given by

γR = (1)

where Ω, R, h are the angular velocity, plate radius and plate
spacing, respectively.  In this geometry, the shear stress for a

ΩR
h
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non-Newtonian fluid is given by the following expression:
[16]

τ(R) = 3+ (2)
M

2πR3

dlnM
dlnγ

R

M
2πR3γ

R

dlnM
dlnγ

R

With Equation 2 and the relation τ(R)=ηγ
R
, an expression

for the apparent viscosity can be written as:

η
app

 = 3+ (3)
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Alloy

The material used in this work is of industrial origin and
consists of alloy A357 in the form of rheocast billets fabri-
cated by an electromagnetic stirring route. As-received cy-
lindrical billets are 75 mm in diameter and 100 mm long.
Cylinders or discs for the experiments are cut from the as-
received billets as described below.  Typical ranges of chemi-
cal composition (wt.%), measured on a few billets, are as
follows: 6.74-7.47%Si, 0.47-0.51%Mg, 0.13-0.15%Fe,
0.01%Mn, Zn and Ti, <0.01%Cr and Ni, and <0.15% other
elements.  The solid content reported in this work is calcu-
lated with the help of Thermocalc using the SGTE data-
base and assuming non-equilibrium solidification.  Discrep-
ancies between calculated and measured solid fractions have
been reported and discussed elsewhere. [17,18]

Experimental Procedures

Two different methods have been employed for viscosity
measurements that differ somewhat from the standard ap-
proach usually followed with parallel plates.  In the first
method, measurements are taken with the rotating plate com-
pletely immersed in the semi-solid slurry.  The second method
is a combination of the standard parallel plate approach and
the plate-in-a-cup approach.  The two methods are illustrated
schematically in Figure 2. In method 1, the crucible is loaded
with a 250-cm3 cylindrical billet section. The rotating plate
is then lowered to a position just above the surface of the
billet, the chamber evacuated, and the temperature of the cru-
cible rapidly raised to a value in the semi-solid range of the
alloy.  For volume fractions below 0.5, completely semi-solid
and homogeneous materials are obtained after a holding time
of 45 min.   At that point, the  plate  is  slowly  immersed  into
the semi-solid mass while rotating at a few rpm, until a gap
of 12 mm is established between the plates.  After an addi-
tional waiting time of 5 min to ensure proper temperature
uniformity throughout the slurry, both the data acquisition
sequence and the plate rotation are initiated.  The slurry is
then sheared at a constant rate of 400 s-1 for 100 s.  This
procedure leads to a near constant torque reading for all vol-
ume fractions examined and is the reference state adopted
for this type of experiment.  After the 100-s shearing time, a
stepwise increase in shear rate is imposed ton the slurry by

means of a stepwise decrease in plate gap, from the initial
value of 12 mm to values near 4 mm.  The typical duration of
a step is between 20 and 30s.  Figure 3(a)  illustrates the
output of such an experiment.
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Equations 2 and 3 are not valid when the rotating plate is
immersed in the fluid.  In this case, for a given shear rate, the
conversion of torque readings to viscosity values has to rely
on instrument calibration.  This was accomplished by meas-
uring the ratio of torque-to-shear ratio for equivalent vol-
umes of standard silicone oils and correlating the measure-
ments to their viscosity. In method 2, the crucible is loaded
with a smaller quantity of alloy in the form of a 75-cm3 disk.
Similarly to method 1, the rotating plate is positioned just
above the disk, the chamber is evacuated and the crucible
heated to the temperature of interest.  Fully semi-solid and
homogeneous materials are obtained after holding the sam-
ple in the semi-solid range for 15 min.  At this point, the plate
is lowered further until it makes contact with the semi-solid.
At this time, the data acquisition sequence and the plate rota-
tion are initiated in this order and the material is sheared for
100 s at a constant shear rate (constant plate gap) to obtain a
nearly constant torque reading.  Again, a stepwise increase
(or decrease) in shear rate is imposed on the slurry by a
stepwise increase (or decrease) in the angular velocity at a
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fixed gap value of 6mm.  The typical response obtained in
this case is shown in Figure 3(b) for the case of a multiple
step decrease in shear rate, which is imposed by reducing the
angular velocity.  Increasing the shear rate by a number of
steps leads to the opposite behavior, i.e., for every step in-
crease in shear rate, a step decrease in viscosity is observed.
For the experiments employing method 2, viscosity values
were calculated directly from the torque measurements using
Equation 3.  Correction factors have been discussed in the
literature to account for reservoir effects. [19]  These correc-
tion factors, however, are small when the diameter of the
crucible is much larger than that of the plate, and in the present
case are below 30%.

Microstrutures

Figure 4(a) shows the microstructure of the rheocast alloy

billets, which is typical of electromagnetically stirred
materials.  Figure 4(b) is representative of the structures
found after the experiments. That structure was
produced by remelting the as-received rheocast material to a
volume
fraction of 0.35, soaking at the temperature for 10 min, and
then imposing a shear rate of 785 s-1 for 200 s.  The parallel-
plate geometry utilized in this case was that shown in Figure
2-2.  Rapid gas cooling contributed to the preservation of
most of the structural features.  The qualitative and quantita-
tive observation of microstructures formed at different shear
histories may contribute important information about the flow
resistance of these materials, particularly on its dependence
on globule size, globule morphology, amount of entrapped
liquid, and the nature of the bonds between the primary phase
particles.
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The shear rate dependence of the viscosity of the A357 slurries
studied is presented in Figure 5(a) for low to moderate vol-
ume fractions (up to 48 vol%).  The curves of Figure 5 show
the viscosity
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evolution for shear rate histories similar to that depicted in
Figure 3(a).  In this case, viscosity values
measured in between two consecutive jumps decrease
monotonically with shear rate and the slurry behavior is shear
thinning for all volume fractions examined.  Moreover, Fig-
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A modified parallel plate rheometer is being used to investi-
gate the flow behavior of alloy A357 slurries.  The slurries
are produced by re-heating rheocast material of industrial
origin into the semi-solid temperature range by means of ex-
periments of relatively short duration (~200 s).  Viscosity
measurements taken during a stepwise increase (or decrease)
in shear rate show that, for all volume fractions examined,
the slurry behavior is shear thinning.  Fairly constant viscos-
ity values are measured between two consecutive transients.
Transient shear thickening behavior was not observed for tran-
sition times as lows as ~200 ms. Experiments are under way
to examine the viscosity response of the slurry to shear rate
transients of duration shorter than 200 ms and larger shear
rate amplitudes.  Slurry structures after given shear rate his-
tories will be analyzed and correlated to viscosity
mesurements.


������	��	�	���

Support from the Department of Energy and the Semi-Solid
Metal Processing Consortium is gratefully acknowledged.

�	�	�	��	�

[1] M. C. Flemings, Met. Trans. 22B (1991), p. 269
[2] D. H. Kirkwood, Int. Mat. Rev. 39 (1994), p. 1927
[3] H.-K. Moon, Ph.D. Thesis, M.I.T. ,Cambridge, MA, 1990
[4] P. Kumar, C. L. Martin, and S. Brown, Acta Metall. Mater., 42 (1994),

p. 3595
[5] C. J. Quaak and W. H. Kool, Mater. Sci. Eng., A188 (1994) p. 277
[6] M. Mada, and F. Ajersch, Mat. Sci. Eng. A212 (1996), p. 171
[7] F. C. Yee, Ph.D. Thesis, Nanyang Technical University, Singapore (1999)
[8] V. Laxmanan and M. C. Flemings, Met. Trans. 11A (1980), p. 1927
[9] M. Su•ry and M. C. Flemings, Met. Trans. 13A (1982), p.1809
[10] F.C. Yee, Ph.D. Thesis, Nanyang Technical University, Singapore (1999)
[11] W. R. Lou•, M. Su•ry and J. L. Querbes, Proc. 2nd Int. Conf. On Semi-

Solid Processing of Alloys and Composites, Cambridge, USA (1992), p.
266

[12] J. A. Yurko, A. M. de Figueredo, and M. C. Flemings, This volume
[13] P. Kapranos, D. H. Kirkwood, and M. R. Barkhudarov, Proc. 5th Int.

Conf. On Semi-Solid Processing of Alloys
 and Composites, Boulder (1998), p. 11
[14] P.Coussot, Mudflow Rheology and Dynamics, IAHR/AIRH Monographs,

A.A.Balkema,Rotterdam(1997),p.69-92
[15] J. Ferguson and Z. Kemblowski, Applied Fluid Rheology, Elsevier, Lon-

don and New York (1991), p. 104
[16] C. W. Macosko, Rheology, Principles, Measurements, and Applications,

Wiley-VCH, NY (1994), p. 217-219
[17] A.M. de Figueredo and M.C. Flemings, Light Metals 1998, B. Welch,

ed., TMS, Warrendale, PA (1998), p. 1103
[18] E. Tzimas, Ph.D. Thesis, Drexel University, Piladelphia, PA, 1997
[19] J.S. Vrentas, D. C. Venerus and C. M. Vrentas, Chem. Eng. Science 46

(1991), p.33
[20] P. Kumar, C. L. Martin, and Stuart Brown, Metall. Trans. 24A (1993), p.

1107

ures 3(a) and 3(b) shows that step changes in shear rate did
not lead to stress (torque) overshoots or undershoots, and
transient shear thickening behavior was not detected for tran-
sition times as low as ~200 ms.  For the most part, the vis-
cosity curves level off immediately after a rapid increase or
decrease in shear rate.  This behavior was observed for both
the experimental methods employed, as shown in Figure 3(b)
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and 5(b), and is in disagreement with results from previous
investigations on Sn-Pb alloys. [20]  For the same shear rate
and fraction solid ranges, the present results are higher than
those reported in the
literature for slurries prepared on cooling, [3-5] and lower
than the values deduced from rapid compression or back-
extrusion. [12,13]
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