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Results on the rheological behavior of an A356 alloy com-
pressed between parallel plates in the semisolid state are 
presented in this work. The tests were performed on cylin-
drical specimens machined from billets cast while being 
subjected to a rotating permanent magnetic field. These 
samples did not exhibit the conventional microstructure 
of dendrites, and were tested with different solid frac-
tions. The tests were performed either at a constant load 
or at a constant displacement rate. A power law equation 
was derived to describe the rheological behavior of the 
material when tested at constant load, however, it was 
not possible to establish a mathematical relationship to 

describe the flow on the semisolid material when the tests 
were made at constant displacement rate. It can be con-
cluded from these results that the rheological behavior 
of the alloy is affected by the morphology of the phases 
present in the microstructure, in such a way that a glob-
ular microstructure, with a shape factor near the unit, 
behaves as a fluid while deformed in the semisolid state, 
a behavior that is not witnessed in an as-cast dendritic 
microstructure.
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ture, rheology

The use of magnetic fields during metal solidification dates 
from the 1930s decade. Magnetic stirring, in the electromag-
netic cast, is due to the Lorentz forces generated by an alter-
nating inductor. Magnetic stirrers are designed to produce 
convection in the liquid near the solidification front, and this 
is the reason for the use of low frequency magnetic fields 
that allow for Lorentz forces to penetrate deeply into the liq-
uid metal.1

In a Newtonian fluid, the shear stress, τ, is proportional to 
the shear rate, γ, and the constant of proportionality is the 
viscosity, η. Thixotropic fluids are non-Newtonian, i.e., the 
shear stress is not proportional to the shear rate. The vis-
cosity is then named “apparent viscosity” and depends on 
shear rate, pressure, temperature and time. Some non-linear 
fluids also show viscoelasticity i.e., they store some of the 
mechanical energy as elastic energy. Thixotropic materi-
als do not store elastic energy and show no elastic recovery 
when the stress is removed. If a fluid exhibits a yield stress 
and then gives a linear relationship between shear stress and 
shear rate, it is termed a Bingham material.2 Then,
       
   Eqn. 1

where k is a parameter related to viscosity. The Herschel–
Bulkley model is applied when behavior is non-linear after 
yield i.e.:
       
  Eqn. 2

The Ostwald-de-Waele relationship is used to describe flu-
ids which do not have a yield point and where a power law 
relationship between the shear stress τ and the shear rate γ 
can be established.2

     Eqn. 3

If the exponent n is equal to 1, this expression is reduced 
to a Newtonian fluid with the parameter k equal to vis-
cosity. A shear thinning material (in which viscosity de-
creases as the shear rate increases) would have a value of 
n of less than 1, and a shear thickening material would 
have n greater than 1. 

Joly and Mehrabian used a simple power law to describe the 
shear thinning behavior observed during isothermal steady 
state experiments:2

       
  Eqn. 4

.

.
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Where:  η is the apparent viscosity, γ is the shear rate, and k 
and m are two solid fraction dependent factors.

The non-Newtonian, two parameter, Ostwald-de-Waele or 
power law model is widely used to describe the rheological 
behavior of pseudoplastic materials. This model assumes a 
relationship of the form,
       
   Eqn. 5

Where:  m and n are experimentally determined coefficients.

Laxmanan and Flemings3 derived an equation for the case of 
a sample of constant volume being compressed between two 
large plates, their final result is:

      
 Eqn. 6

Where:  h
0
 is the initial height, h the instantaneous height, m 

and n are power law constants and k 

       
Eqn. 7

Where:  d
o
 is initial diameter and F the applied load

It is possible to calculate the power-law parameters m and n 
using equations (6) and (7). This involves replotting the ex-
perimental data using the equation of the engneering strain 
valid for long times:

     Eqn. 8

m and n may be obtained from the slope and intercept of a 
plot of log (1-e) vs log t at long times.

The aim of this work is to present the results of the study 
on the rheological behavior of a semisolid aluminum alloy 
deformed in compression at high temperature in a specially 

designed machine. The semisolid alloy was subjected to a 
rotating magnetic field during solidification. 

A commercial A356 alloy was used for the experiments, the 
chemical composition, obtained by optical emission spec-
troscopy according to ASTM E607-90 specification, was 0.1 
Fe, 7 Si and 0.25 Mg, weight %, bal. Al.

The non-dendritic structure was produced using the 
equipment designed by the authors, which consists in 
two layers of three permanent magnets displaced 120° 
from each other. The distance between the layers is 30 
mm. The magnets rotate around the crucible with molten 
metal.4 Samples of the alloy of around 250 g were melted 
in ceramic crucibles to a temperature of 680C (1256F) 
and poured in moulds kept either at 25C (77F) or 200C 
(392F). Some samples of the alloy were left to solidify 
freely and others under the influence of a permanent ro-
tary magnetic field. The rotation speeds of the magnet-
ic field were of 0, 650, 980 and 1540 rpm. The cooling 
curves were recorded to evaluate the effect that stirring 
exerts on solidification.

Samples from the solid material were prepared following 
standard metallographic practice to evaluate their grain 
size, secondary dendritic arm spacing and the size and 
shape factor of the silicon platelets from the Al-Si eu-
tectic. The samples were etched by a modified Poulton’s 
reagent with the following composition: 50 ml Poulton’s 
reagent (12 ml HCl + 6ml HNO

3
 + 1ml HF + 1ml water), 

25 ml nitric acid, 12 g chromic acid, and 40 ml water 
and Keller reagent with the following composition: 5 ml 
HNO

3
 (conc) + 3 ml HCl (conc) + 2 ml HF (48%) + 190 

ml water.

Compression tests were carried out on specimens of 12.5 
mm in diameter and 7.0 mm in length machined from the 
solidified samples. These specimens were compressed be-
tween parallel plates at either constant displacement rate 
or constant load. The parameters used in the constant dis-
placement tests are shown in Table 1, whereas the param-
eters used in the constant load tests are shown in Table 2.

.
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Figure 1 shows the macrostructures of the A356 alloy cast in 
ceramic moulds either kept at 25C (77F) or heated to 200C 
(392F), without stirring or stirred by a magnetic field rotat-
ing at 1540 rpm. The changes in grain size and distribution 
produced by magnetic stirring can be appreciated, the as cast 
grain size of 338 μm was reduced to 136 μm for magnetic 
stirring at 1540 rpm. 

The microstructures shown in Figure 2 correspond to the 
alloy cast in preheated moulds at 200C (392F) where it can 

be appreciated that stirring reduces the average grain size 
(as each grain originates from an individual dendrite) and 
the secondary dendritic arm spacing; the most important 
factor may be that the morphology of the dendrites change 
into that of equiaxed rosettes. 

The changes from dendrites to rosettes is due to solidi-
fication conditions and the thermal gradients developed 
within the samples, as has been described by Doherty et. 
al.5 and it only depends on the Ostwald ripening rather 
than on the stirring. Figure 3 shows that magnetic stir-
ring reduces not only the grain size and secondary den-
dritic arm spacing, it also reduces the size of the silicon 
platelets.
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Microstructural refining can be related to solute transport 
and the development of shear stresses within the slurry that 
increases with the rise in rotating speed of the magnetic 
field, product of Lorentz’s forces. The reduction in size of 
the rosette can be appreciated in microstructure (b) of Fig-
ure 2, which may be due to an increase in solute gradient in 
the solid-liquid interface during solidification. These shear 
stresses produce an increase on constitutional supercooling 
and consequently the cellular-dendritic growth is favored.5

It is generally accepted that grain refinement in agitated 
semisolid slurries is caused by dendrite fragmentation. Dis-
agreement arises over the question of how dendrite branches 
detach. There are three major hypotheses:6 (1) dendrite arms 
detach at the roots; (2) dendrite arms melt off at their roots 
and (3) repeated plastic bending creates numerous disloca-
tions at the roots of dendrite arms.

Flemings7 has proposed the mechanisms for the first two 
hypotheses and a completely different mechanism has been 
proposed by Vogel et al.8 and discussed later by Doherty et 
al.5 It may be possible for all these mechanisms to occur si-
multaneously as the solidification, stirring and cooling con-
ditions change. Thickening or ripening processes operate re-
ducing the surface area and high curvature regions are elimi-
nated or reduced by diffusion of solute into the liquid. This 
process can be accelerated by stirring, since solute transport 
is improved. With time, stirring promotes the morphological 
change from dendrites to rosettes containing liquid trapped 
between the cellular arms and eventually, between spherical 
particles. When a slurry that already has growing dendrites 
is cooled at a fast enough rate, ripening process can lead to 
islands of liquid trapped and unable to escape between solid 
spheroids. Under these conditions, continuous stirring can-
not exert any effect and the reduction in viscosity is limited.

Vogel and Cantor developed a boundary layer model to analyze 
the effect of stirring on the growth of spherical particles from 
the liquid.9  They found that the growing solid-liquid interface 
becomes more unstable and the dendrites grow at a higher 
velocity and with a smaller tip when stirred.10  This apparent 
disagreement suggests that the non-dendrite microstructure ob-
served during rheocasting can be produced because the diffu-
sion fields of a great number of growing particles overlap.

Vogel et al 8 have proposed a mechanism of dendritic arms 
fragmentation that promotes grain multiplication and explain 
the grain refinement produced by liquid stirring. They suggest-
ed that dendrite arms bend plastically under the shear stresses 
created by stirring and this flexion generate dislocations that 
promote the misorientation within big dendrite arms.

It is possible to point out that formation of globular struc-
tures depends on thickening and Ostwald ripening process-
es, rather than on stirring, a reason that in the present work in 
which stirring was conducted in continuous cooling condi-
tions, primary aluminum was in the shape of rosettes.

The cooling curves of Figure 4 show that the application of 
the magnetic field that stirs the melt shift the eutectic trans-
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formation point to significantly lower temperatures, which 
is translated into microstructural refinement. The decrease in 
temperature for the critical points has been documented by 
other authors11-13  and may be attributed to either enhanced 
convection of the stirred liquid, or to enhanced nucleation 
from broken dendrites.14 

Four main mechanisms have been proposed to control the 
deformation of semisolid alloys.15 Two of them are domi-
nant when the solid particles are surrounded by the liquid 
phase, and these are the mechanism of liquid flow (LF) and 
the mechanism of liquid flow that incorporates solid particles 
(SLF). The other two mechanisms are dominant when the 
solid particles are in contact with others, and these are the 
mechanism of sliding between solid particles (SS) and the 
mechanism of plastic deformation of solid particles (PDS).

Figure 5 shows the behavior of the material while being 
compressed in the semisolid state at a constant displacement 
rate of 0.4 mm/s for different processing conditions. The 
strong incidence of the initial microstructure in the defor-
mation capacity of the materials can be observed. A coarse 
microstructure (as cast condition), with high connectivity 
between solid particles, and great amount of liquid trapped 
between dendrite arms, have a smaller amount of liquid for 
allowing sliding of particles. This condition strengthens to 
a greater degree due to liquid expulsion and forcing plastic 
deformation at the necks of solid. This is the reason for the 
greater load required for a given degree of deformation, as it 
is observed in Figure 5.

The samples with non-dendrite microstructures, as is the 
case for the specimen stirred at 980 rpm, present a pseu-

doplastic behavior, similar to that of Bingham type fluids, 
as they only require a small load (between 10 and 20 N) 
to deform. These materials achieve great deformation with-
out increasing the load until all the liquid is rejected to the 
periphery of the sample, at such moment, the mechanism 
changes to plastic deformation at interparticle necks and the 
load starts to rise,11 as can be seen in Figure 5.

Figures 6 and 7 show the strain-time curves that describe the 
rheological behavior of the materials being compressed at 
constant load (Figure 6) and constant temperature (Figure 7). 

Figure 8 shows some of the microstructures found in sam-
ples compressed at constant load. It is observed that the 
only sample that retains a considerable amount of liquid 
trapped in the interdendritic zones (around 6,8 %vol at 
570C [1058F]) is the as cast one, Figure 8(a), but this 
liquid does not contribute to deformation. Nevertheless, 
when liquid the liquid fraction increases, the aluminum 
phase adopts a globular morphology, as result of interpar-
ticle sliding and deformation and fragmentation of sec-
ondary dendritic arms.6 

On the other hand, the samples processed via magnetic stir-
ring can be deformed to a great extend, and this is due to 
the initial expulsion of interparticle liquid to the periphery, 
Figures 8(c) and 8(e), sliding between solid particles, and 
plastic deformation of the solid in the center of samples, Fig-
ures 8(d) and 8(f).

The experimental data were adjusted to curves that de-
scribed the rheological behavior of the material according an 
Ostwald-de-Waele two parameters power law model, it was 
not possible to establish a relationship to describe the rheo-
logical behavior at 570C (1058F) and 580C (1076F), in the 
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as cast material, due to the the microstructure and amount 
of liquid available for deformation (Figure 8a), which oc-
curs in a discontinuous way before cracks develop at the sur-
face of the periphery,10 Figure 9. However, it was possible 
to describe the rheological behavior by a power law in all 
the samples that were stirred, even at temperatures as low 
as 570C (1058F), where a 90% solid fraction, according to 
the Scheil solidification model, is expected. No cracking was 
observed in these samples.

The rheological behavior of the material under several 
processing conditions was determined, using equations 
(4) and (5) and the model developed by Laxmanan and 
Flemings.3 The results are shown in Table 3 and Figure 

10. It can be seen that the as cast material and the sample 
stirred at 1540 rpm present a rheological behavior that 
evolves from thinning shear to thickening shear when the 
load applied and the testing temperature increase. The 
behavior of thickening shear (increase of viscosity with 
the increase of the shear stress) can be explained by con-
sidering that the shear stress field generated in a semi-
solid slurry develops a speed gradient through particles of 
the primary phase. Nevertheless, the particles can move 
through the fluid at a unique rate. Therefore, the rate gra-
dient generated in the fluid causes rotation of the solid 
phase. The energy used for this rotation diminishes the 
energy available for liquid flow, which translates in the 
increase in the viscosity.
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The samples cast while stirring at 1540 rpm display a shear 
thinning type, pseudoplastic behavior. An Arrhenius type re-
lationship exists between the viscosity and the inverse of the 
absolute temperature, Figure 11, according to:

     Eqn. 9

Where A = 1.12.10-31 (PA S)
            B = 73211 (K)

The application of a rotational magnetic field stirs the melt, 
displace the dendrite and eutectic transformations towards 
lower temperatures, promoting microstructural refining.

Materials with non-dendritic microstructure, like those that 
are obtained by stirring via application of magnetic fields, 
display a pseudoplastic behavior similar to a Bingham type 
fluid. The material can be deformed to a high extend without 
significant increases in load until the liquid is expulsed to 
the periphery. At this point the mechanism responsible for 
deformation changes to that of straining interparticle necks, 
consequently the load required to sustain deformation in-
creases.

Samples obtained by magnetic stirring at 1540 rpm exhibit a 
shear thinning type or pseudoplastic behavior. An Arrhenius 
type relationship between the viscosity and the inverse of the 
absolute temperature was established.
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