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Abstract: In the present review, the main findings on the rheological characterization of semi-solid
metals (SSM) are presented. Experimental results are a fundamental basis for the development of
comprehensive and accurate mathematics used to design the process effectively. For this reason,
the main experimental procedures for the rheological characterization of SSM are given, together
with the models most widely used to fit experimental data. Subsequently, the material behavior
under steady state condition is summarized. Also, non-viscous properties and transient conditions
are discussed since they are especially relevant for the industrial semi-solid processing.
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1. Introduction

In the early 1970s Flemings and coworkers [1] discovered metallic alloys in the semi-solid state
with non-dendritic structure to have special rheological properties which can be exploited for a new,
attractive forming process. The non-dendritic structure can be easily achieved by stirring the alloy while
cooling it from the liquid state down into the semi-solid temperature range. This results in a suspension
consisting of a liquid metallic phase and primary solid particles with globular or rosette-type
shape [2,3], such as that shown in Figure 1, in comparison with a typical dendritic microstructure.

Figure 1. Typical microstructures of an A356 component obtained by (a) thixocasting (billet preheated
to a solid fraction of 0.52–0.54) and (b) conventional casting (pouring temperature = 680 ◦C).

The rheological properties of this special type of slurry give the advantages of the semi-solid
metals (SSM)-processing. In detail, the slurry can either flow like a liquid—but with non-constant
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viscosity—or it can behave like a solid. This is typical for suspensions with high solid fraction (Fs) [4],
whereas fully liquid metals show Newtonian flow behavior, which is water-like [5]. The rheological
properties are responsible for the die-filling behavior of SSM, which is different from fully liquid
(or fully solid) materials [6,7] and which results in specific advantages in the quality of the product
(low gas porosity, less shrinking, higher mechanical properties, etc.), besides those related to
technological aspects (longer tool life in comparison with conventional casting processes due to the
lower metal temperature, etc.) [2]. To obtain these advantages, it is necessary to fully understand the
rheology of the material. This enables understanding of flow-specific phenomena, such as instabilities
or segregation, and allows optimization of the process. Carefully performed experiments with respect
to the mechanical, fluid dynamical, and thermal conditions lead to the development of comprehensive
and accurate mathematical models, which picture the physics properly and which are used in computer
simulation to design and optimize the process effectively.

Few publications provide a comprehensive discussion on the rheological behavior of SSM [8,9].
In addition, in this regard, it should be mentioned that still some aspects about the flow of semi-solid
metals are not clear or contradict data are available in the literature [8]. For this reason, it appears
useful to provide an overview of the current knowledge about this topic, with particular attention to
the scientific innovation that took place in the past 10–15 years, while details about semi-solid metal
processing can be found elsewhere [2,7,10].

In Section 2, the rheological classification of SSM is explained. In Section 3, the principles of the
most frequently used devices for investing rheological properties of SSM are presented: in Section 3.1
the rotational rheometer and in Section 3.2 the compression test. Section 4 gives a summary of the
applied rheological models and the corresponding constitutive equations. An overview of recent
published results of the equilibrium viscosity of Al-alloys is given in Section 5. Section 6 deals with
special rheological phenomena of SSM: yield stress and thixotropy. Section 7 explains the influence of
Ostwald ripening in rheological experiments, which is important to consider for long-term experiments.

Before analyzing the literature, it is useful to clarify some rheological terms that are related
with the rheological properties of SSM and which are frequently used improperly in the literature of
SSM processing.

2. Rheological Classification of SSM

The rheological behavior of any material is found to be between two limiting, ideal cases: the ideal
solid body (Hookean body), which shows deformation proportional to the stress, and the ideal viscous
material (Newtonian body), which shows rate of deformation proportional to the stress. Within
the viscous materials, besides the Newtonian fluids (with constant viscosity, only depending on
temperature and pressure), we find the Non-Newtonian fluids. Among these, we have the non-linear
pure viscous fluids, whose viscosity depends additionally on the stress and which exhibit shear
thinning or shear thickening behavior. Another class of the non-linear materials are the plastic ones,
which show solid behavior below a certain threshold of stress (yield stress), while they are characterized
by linear (Bingham body) or non-linear behavior above the yield stress. Another class of materials
shows time-dependent properties, whose rheological properties do not change immediately after
change in strain but follow a specific kinetics. Viscoelastic materials have simultaneously elastic and
viscous properties. Thixotropic materials show a gradual decrease of viscosity under constant stress
and a recovery of the viscosity when the stress is removed; in particular, the viscosity of the initial
condition will be recovered totally. As shown in Figure 2, due to thixotropy, at the beginning of
shearing or after a rapid change in shear rate, the instantaneous viscosity is different from the steady
state values, and it takes time for the viscosity to reach a constant value, which reflects the equilibrium
condition of the structure. The opposite behavior, an increase of viscosity with time, is called rheopexy.
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Figure 2. Schematic diagram showing the change in viscosity with time following changes in shear
rate to illustrate the thixotropic behavior of semi-solid slurries [11].

Regarding the rheological classification of SSM, it is generally accepted that they are shear thinning
fluids, that means that viscosity will drop with increasing shear rate (Figure 3) [12]. Additionally, they
are thixotropic materials.

Figure 3. Example of plot of viscosity measurements in isothermal conditions from shear rate
experiments for A356 alloy at various solid fractions showing the typical shear thinning behavior of
SSM [12].

Finally, SSM with high solid fraction exhibit yield stress, which is nicely demonstrated with the
picture of a block of Al alloy in the semi-solid state able to wear its own weight and which can be cut
with an ordinary knife. A representative image of this phenomenon is shown in Figure 4; analogous
pictures are available in the scientific literature, as for instance in [1].

The specific rheological properties are finally nothing more than the consequences of the changes
in the internal structure of the slurry due to external forces. A simple physical model can be set
up, in agreement with the general understanding of the kinematics of the SSM. It can be assumed
that cohesive forces are acting between the particles of the SSM, resulting in the formation of
agglomerates [13]. The particles of such agglomerates can be connected temporarily by formation
of welded necks or e.g., by capillary forces. Within the agglomerates, a certain amount of liquid is



Metals 2018, 8, 245 4 of 23

immobilized, which leads to a higher apparent solid fraction [14]. Under the influence of shear forces,
the agglomerates will be partially or totally disintegrated whereby the liquid phase is released and
the apparent solid fraction will approach the true fraction. With this model, the steady state behavior
of the material, i.e., shear thinning, can be explained since the viscosity decreases with decreasing
solid fraction.

Figure 4. Billet of a semi-solid metal cut with an ordinary knife.

By reducing the shear rate, particles that meet in the shear field have the chance to agglomerate,
resulting in an increase in the apparent solid fraction.

It follows that the structural change is reversible, which explains one feature of thixotropy.
The deagglomeration and agglomeration processes do not happen instantaneously, but they take
some time. The agglomeration is diffusion controlled and, therefore, it is much slower than the
deagglomeration phenomenon.

Similar to other suspensions, the most important parameter influencing the rheological properties
is the solid fraction, which depends on the temperature [2]. Experimental measurements show that an
increase in solid fraction results in an increase of viscosity. In addition, also the yield stress increases
with higher solid fraction, as demonstrated in scientific literature [15–18], together with the presence of
the thixotropic effects. Other factors, such as particle diameter, or diameter distribution, and the shape
of the particles are of minor importance. Both these parameters can be combined with the specific
surface area of solid and liquid phase. The dependency on the viscosity of the liquid phase is not very
strong because the liquid phase viscosity is orders of magnitude lower than of the SSM.

This rather simple structural model has been accepted widely—although there is no clear
experimental evidence. Indeed, all metallographic micrographs have been produced from ordinary
solidified samples with low cooling rates. It has been demonstrated [19,20] that, with cooling rates
smaller than −10 K/s, diffusional processes will significantly change the size of the particles and,
therefore, the appearance of the structure. To investigate the structure is difficult. There are only
a few publications [20–24] that are dealing with structural experiments with X-ray tomography for
SSM in rest and compression. However, up to now, no work has been published for investigations
of SSM under pure shear. The evaluation of the X-ray images shows that with increasing shear rate
the distribution of the particles will become more homogenous over the volume, which confirms
qualitatively the physical model [24]. The compression experiment under the X-ray beam shows that
for high solid fraction (0.70) the material behaves as a saturated sponge and the liquid phase is pressed
out of the skeleton with the consequence that the solid fraction will change locally. This has been
previously found, as well by analyses of the solid distribution in a billet after compression [25].

3. Experimental Methods for the Measurements of Rheological Properties

3.1. Shear Experiments in Rotational Rheometers

The most widely used shear rheometers for the study of semi-solid metals are the rotational
rheometers with concentric arranged cylinders. The outer cylinder is a cup that contains the SSM



Metals 2018, 8, 245 5 of 23

material and in which the inner cylinder, the bob, is inserted. In the Couette-type rheometer the
cup is rotating and the bob is fixed, whereas in the Searle rheometer the bob is rotating while the
cup is fixed. Because of the relative movement of cup and bob, the material is sheared in the gap
between them. The shear stress at the wall is related to the torque, which is measured, and the shear
rate is related to the rotational speed and to the geometry. Due to inertia forces, the Searle system is
sensitive for secondary flows, the Taylor vortices, which dissipate energy and cause an increase in the
measured torque [26]. Depending on the geometry of the system and the properties of the sample,
the vortices can occur already at rather low rotational speed. Simple criteria are available to calculate
the onset of the vortices [26], which can be applied for all viscous fluids. Another effect that falsifies
the measurements consists in turbulent vortices that occur for both rheometers at higher rotational
speeds, which is defined by a critical Re number [27].

For Newtonian fluids, the evaluation of the viscosity from the torque and the rotational speed is
rather simple. For non-Newtonian fluids, it is complicated when the rheological nature of the fluid is
unknown. In this case, frequently the way of evaluation valid for Newtonian fluids is applied. This
results in an apparent viscosity value and in an apparent flow curve, which does not reflect properly
the physical properties of the material. For purely viscous materials, the approach of the representative
shear location should be applied [28], which results in physical correct values. Alexandrou et al. [29]
have shown recently that this method does work for viscoplastic materials in special cases only.
In general, the processing of data collected from rotational rheometer should be evaluated with the
help of computational rheology [30].

Wall slip is another phenomenon that affects rheological measurements in suspensions with any
kind of shear device. The slip is caused by segregation of a thin layer of the liquid phase adjacent
to the wall. This thin layer has the effect of a lubricant that reduces the friction and, consequently,
the torque measured by rotational rheometers, resulting in apparently lower viscosity values. In the
literature, some different geometries for the bob have been proposed to avoid slip. For instance,
Modigell et al. [31] have shown that vane-type bobs are not suitable because they lead to secondary
flows that influence torque measurements, whereas a grooved bob prevents slip without affecting the
torque significantly. Another way to treat slip is to apply the Kiljanski method for Searle or Couette
rheometers [32] (or the Mooney method for capillary systems). The idea of both methods is to evaluate
the slip velocity with the help of two different geometries. Harboe et al. [33] could show that the
application of the Kiljanski method results in the same flow curve as the application of a grooved rod,
but it requires significantly more experimental effort.

For SSM with low solid fraction—and low corresponding viscosity—the influence of the surface
tension on the experimental result must be considered. Tocci et al. [34] could demonstrate that small
deviation of the symmetry of the measuring system leads to secondary forces caused by the surface
tension, which is dominant for small shear rates. Consequently, the material appears to be strongly
shear thinning, although it is almost Newtonian.

At the beginning of the development of SSM processes, most of the rheological investigations have
been performed with low melting Sn-Pb alloys because of the lack of high temperature rheometers.
Nowadays, commercial instruments for testing Al alloys are available, while, to our knowledge, only
one commercial instrument is available on the market for studying steels [35]. Yekta et al. [36] and
Modigell et al. [37] have used own developed instruments.

Typically, for experiments with rotational rheometers, a first important part of the procedure is
the preparation of the semi-solid material by shearing it for a certain time during cooling to the desired
temperature, according to the solid fraction. A proper material preparation is fundamental, especially
under consideration of the Ostwald ripening (see Section 7), since the flow behavior of semi-solid
metals is strongly related to the microstructure [2]. An example of the evolution of viscosity during the
material preparation is presented in Figure 5 for an Al-Si alloy for a constant shear rate of 100 s−1 [12].
First, the material is sheared in the fully liquid state (630 ◦C) to ensure the homogeneity of the material.
When the temperature decreases, a severe increase in viscosity takes place, mainly due to the formation
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of solid particles. Finally, when the temperature reaches the value corresponding to the desired solid
fraction (0.35 at 583 ◦C), a first steep decrease in viscosity is observed due to the change of dendrites
into globular particles because of the application of shear forces. The following less steep decrease of
the viscosity is due to Ostwald ripening.

Values of viscosity for the evaluation of flow curve in steady state condition are calculated from
experimental data at different shear rates.

Figure 5. Plot of viscosity versus time at constant shear rate (100 s−1) during cooling from liquid state
(630 ◦C) to semi-solid condition (solid fraction of 0.35 at 583 ◦C) for an Al-Si alloy measured by means
of a Searle rheometer [12].

3.2. Compression Tests

The compression test is a conventional testing method to acquire strain-stress curves by squeezing
a sample either under a constant load between two parallel plates or with a constant speed of
displacement of the plates [38]. Compression experiments are usually performed with materials
characterized by a solid fraction higher than 0.5.

Various experimental configurations are possible according to the used device, an example is shown
in Figure 6. Usually, the sample is first heated to the required temperature in a separate furnace or
directly in the testing chamber, while, after compression, it can be quenched in water for further study of
the microstructure. The applied force and the obtained displacement is monitored by a proper load cell.

Figure 6. Scheme of parallel plate deformation set up [39].

From the stress-strain curve, it is possible to calculate rheological parameters and obtain a flow
curve in terms of viscosity as a function of the shear rate, as illustrated by Laxmanan et al. [40]. It is
important to mention that, with this method, the viscosity at a given shear rate is calculated under the
assumption of Newtonian behavior (comparable to the simple approach with rotational rheometers).
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Consequently, the calculated viscosities are apparent values only. Nevertheless, the evidence of the
shear thinning behavior of SSM is obtained when the values of apparent viscosity calculated at different
shear rates are compared.

Another drawback is the flow condition at the surfaces of the plates. For pure shear flow,
the material should adhere to the plates. Slipping conditions result in elongation flow, which must
be evaluated in a different way. In practice, none of the two conditions are completely fulfilled and
the flow is of mixed mode. Additionally, the flow is non-stationary and at least 2-dimensional. Since
usually the ram speed is high in order to simulate forging conditions, high accelerations are achieved,
and the evaluation of thixotropic effects is difficult (as it is discussed in Section 6). At this regard,
Hu et al. [40] performed compression tests with Al alloy under conditions close to forging processes
and applied ram speeds up to 1000 mm/s, which results in experimental times of approximately 0.01 s.
Similar values were achieved by Becker et al. [41,42] during experiments with steel.

Two practical problems arise with SSM during compression. Even at low ram speeds liquid phase
is squeezed out of the sample when solid fraction is less than 0.80. This results in an inhomogeneous
composition of the sample, which additionally is changing by time, although the experiments have
been performed isothermally. Moreover, another problem is the cracking of the free surface with
increasing deformation [43].

Temperature and compression rate can be varied to reproduce real cavity die-filling conditions,
which is one advantage of this technique in comparison with shear experiments. On the other hand,
the possible experimental procedures are wider for shear experiments, allowing to completely
characterize the rheological behavior of the material.

Particularly, the compression rate is a key parameter since a slow compression can provide
information not adequate for the understanding of the actual industrial process, which is known to
take place in less than 1 s. For this reason, rapid compression tests were carried out to investigate
the transient behavior of SSM [44–46]. A schematic representation of the load-displacement curve for
these kinds of experiments is shown in Figure 7.

Figure 7. (a) Typical signal response to rapid compression of semi-solid A356 alloy (ram speed:
500 mm/s; soak time: 0 min; and temperature 575 ◦C) [44]; (b) Schematic appearance of a load vs.
displacement response. Four distinct regions are present: (1) zero load prior to reaching the die;
(2) an initial breakdown, or peak load (stress); (3) a relatively constant, or plateau, load after the initial
breakdown; and (4) a rapid increase in the load as the die approaches complete filling [45].

In addition, the test temperature and the holding time in isothermal condition should be
carefully chosen when the main aim of the experiments is to provide information adequate for
the industrial process.

Finally, this experimental procedure can be applied using a close die to investigate the liquid flow
during compression. This is helpful in predicting the formation of liquid segregation and surface cracks
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in the products obtained by SSM processing [47]. Also, drained compression tests can be performed to
investigate the compressibility of the solid phase in isothermal condition [10].

4. Modelling of Rheological Properties

The evaluation of experimental rheological investigations should result in mathematical equations,
called constitutive models, which should reflect the physics of the flow and the deformation process.
Surely, it is difficult to include all phenomena in one model and it is generally accepted to make
simplifications according to the application of the model. The simplest models are the one phase,
equilibrium models, which assume the SSM to be a homogenous fluid without time-dependent
properties. Under these assumptions, the Ostwald-de-Waele model—or power law—is the simplest
one, assuming viscous properties only. The relationship between shear stress and shear rate can be
expressed by the following equation:

τ = m
.
γ

n (1)

And the apparent viscosity is given by:

η = τ/
.
γ = m

.
γ

n−1 (2)

where for n < l, the fluid exhibits shear thinning properties; n = l, the fluid shows Newtonian behavior;
n > l, the fluid shows shear-thickening behavior.

The terms m and n are two empirical parameters, the flow index and shear exponent, respectively.
Because of the simplicity of this equation, it is widely applied to process data from rheological

experiments. Besides the first studies on the characterization of the rheological behavior of semi-solid
slurries [38,48], mainly focused on SnPb15 alloy, also more recent papers used the Ostwald-de-Waele
relationship to express the viscosity as a function of shear rate for various Al alloys and steels [49,50].

The simplicity relates to a couple of disadvantages. First, the flow index m does not have a fixed
dimension because this depends on the power index. More serious is the fact that for small and large
shear rates the equation results in physically non-correct values. This gives problems in its application
in numerical simulation. Frequently Ostwald de Waele parameters are presented with shear exponents
less than zero. This will result in physically nonsensical results, as e.g., a positive pressure gradient in
a simple tube flow.

The Herschel-Bulkley equation is typically used to describe the flow of viscoplastic fluids [26].
It is a generalization of the Bingham plastic model to consider the case of a non-linear relationship
between shear stress and shear rate [51].

τ = τy + m
.
γ

n (3)

With τy the yield stress and m and n the flow index and the shear exponent.
It is believed τy to be a fundamental parameter for the modeling of semi-solid metals behavior [52].

For this reason, a Herschel-Bulkley model was applied to the numerical simulation of the semi-solid
processing [30,53,54], fitting experimental results for Sn-Pb15 alloy. More recently, the same model
was modified to better describe the phenomena taking place in the early stages of deformation of the
solid structure [30].

To model thixotropy, three main approaches are applied. One is to describe the change in the
structure with the change of the viscosity, which needs to define a rate equation for the temporal
development of the viscosity [55]. Another approach is to calculate the number of existing and broken
connections between the particles, which depend on the local shear rate [56].

The most promising model is the one that was originally worked out by Moore [57]. He defined a
structural or coherency parameter λ, which is defined to be 1 in a fully saturated state of the structure
and to be 0 when all particle bonds are broken. A rate equation for the structural parameter is set up to
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consider the creation and the destruction of bonds. It is frequently assumed that all parameters of the
Herschel-Bulkley equation are depending on λ [58].

A more detailed model has been set up by Petera et al. [59]. The SSM is modelled as a two-phase
system with a semi-fluid approach for the solid phase. A kinetical equation is introduced reflecting
the change in structure. The model has been successfully applied for the simulation of die-filling
experiments where the flow front was videotaped. Good agreement was achieved between simulation
and experiment for the development of the flow front, the transient pressure drop in the die and the
final distribution in the solid phase due to segregation [60].

The Cross model considers that at extreme boundary condition, i.e., at very low or very high shear
rate, thixotropic fluids assume a Newtonian viscosity [61]. This is expressed by the following equation:

η = η∞ +
η0 − η∞

1 + k
.
γ

n (4)

with η0 the viscosity for zero shear rate and η∞ the viscosity for high shear rates and k and n parameters
as in the Ostwald de Waele equation.

This model has been applied to fit the experimental results from various researches on SnPb15
alloy in a satisfactory way [62], even though consistent data about the extreme conditions are hardly
available in literature and, therefore, the reliability of the model cannot be stated [7]. From the practical
point of view, it does not provide an advantage compared with Ostwald de Waele model since the Cross
model reduces to the Ostwald de Waele one if the extreme condition viscosities are not determined.

The above-mentioned approaches are applicable if the solid fraction is below approximately 0.65,
which corresponds to the maximum packing of the solid particles. Above this value, the SSM can be
treated as a “porous solid body” and the approaches of the continuum mechanics must be applied to
model the relation between stress and deformation.

5. Steady State Condition: Time-Independent Properties

As aforementioned, it is fundamental to distinguish between the properties of SSM in steady state
and transient conditions. In this paragraph, the main findings related to time-independent behavior
will be reviewed according to the experimental procedure applied.

Comparison of data available in the literature have been done in the past for A356 and A357 [44].
It was found that the flow curves for both alloys, expressed using a power law relationship, were
characterized by a slope of approximately −1, corresponding to the shear exponent. The comparison
was carried out among results obtained by means of various techniques and conditions (Figure 8),
which is expected to lead to discrepancies in the flow curves, even when studying the same alloy.

As additional evidence of this, Lashkari et al. [63] and Blanco et al. [49] studied a similar Al
alloy containing approximately 4.5% Cu using respectively compression tests and shear rate jump
experiments with a Searle rheometer. In this case, the difference is also in the range of shear rate
investigated since compression tests results correspond to very low shear rates (in the order of
10−3–10−2 s−1), while in the other study a very different range was investigated (60–260 s−1).

Regarding shear experiments, more recently Das et al. [64] performed various experiments on
A356 alloy with a Searle-type rheometer applying the power law model to evaluate their results.
Furthermore, they compared the obtained m and n parameters with the findings of previous researches.
The difference between the values was mainly due to the different ranges of shear rates considered for
the fitting of the flow curve since Das et al. [64] performed rheological measurements up to 1500 s−1 as
shear rate values, while the other authors considered a narrower range (approximately up to 200 s−1).

To update the available information, in the present review the attention was focused on the studies
from 2003 up to now. Values of flow index and shear exponent for Al alloys were collected from various
scientific publications, when available, and they are shown in Tables 1 and 2. It was chosen to organize
the data according to the experimental methods used, i.e., shear (Table 1) or compression experiments
(Table 2) in order to better represent the rheological behavior of these materials. At this regard, it is
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important to mention that experiments with rotational rheometers are useful for the investigation
of the rheological behavior of semi-solid slurry with a solid fraction of 0.2–0.5, while compression
experiments can provide information for materials characterized by a solid fraction higher than 0.5.

Figure 8. Comparison of apparent viscosities obtained by various experimental techniques and
conditions [44].

It appears that the shear exponent assumes values between −1.5 and −1.2 for shear rates up to
300 s−1, while it decreases if a wider shear rate range is applied. Values very close to 0 are found for
investigations carried out at low solid fraction. This is reasonable if it is considered that liquid metals
exhibit Newtonian behavior. Consequently, it is expected that the flow of semi-solid slurries at low
solid fraction would shift towards a Newtonian-like behavior.

Table 1. Power law parameters from experiments with rheometer for different alloys.

Alloy Solid
Fraction (-)

Shear Rate
Range (s−1)

Flow Index
m (Pa·sn)

Shear Exponent
n − 1 (-) Source

1 A356 0.33 3.1–124.8 269 −1.3 [65]
2 AlSi4 0.36 3.1–124.8 325 −1.3 [65]
3 A356 0.2 0–1500 166 −0.92 [64]
4 A356 0.41 0–1500 509 −1.05 [64]
5 A356 0.5 0–1500 589 −1.05 [64]
6 A356 0.4 10–300 789 −1.23 [66]
7 AlSi3 0.4 10–300 122 −1.23 [66]
- A201 (AlCu4.5) 0.35 60–260 - −1.35 [49]
- A201 (AlCu4.5) 0.45 60–260 - −1.49 [49]
8 AlSi22 0.09 10–50 2.53 −0.34 [50]
9 AlSi30 0.15 10–50 4.63 −0.39 [50]

10 AlSi30 0.20 10–50 109 −1.04 [50]

This is particularly evident if the flow curves corresponding to the parameters listed in Table 1
are plotted in a viscosity vs shear rate graph, as in Figure 9. It clearly appears that the slope of the flow
curves obtained for solid fraction above 0.3 are comparable, while for lower values of solid fraction the
viscosity is less dependent on the shear rate, reflecting the increasing contribution of the Newtonian
liquid phase. Furthermore, also the influence of solid fraction is visible if the results for the same
A356 alloys are considered. On the other hand, a scattering in the viscosity values of semi-solid AlSi
alloys is observed, which underlines how these kinds of measurements can be affected by various
parameters, as such as material preparation, holding time, shear history of the samples, etc. Despite
the large number of experiments available in scientific literature, it is still difficult to define viscosity
values for SSM in an unambiguous and systematic way.
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Figure 9. Comparison of flow curves according to parameters reported in the previous Table 1.

It is more complex to perform the same analysis for flow curves obtained from compression
experiments, since less abundant data are available in scientific literature, as shown in Table 2.

Table 2. Power law parameters from compression experiments for different alloys.

Alloy Solid Fraction (-) Shear Rate Range (s−1) Flow Index m (Pa·sn) Shear Exponent n − 1 (-) Source

6061 0.5–0.9 0.01–2 104–106 From −2 to −1 according
to the solid fraction [47]

7075 0.5–0.9 0.01–2 104–105 approx. −2.5 [47]

2024 0.5–0.9 0.01–2 103–105
From −2.75 to −2.5

according to the solid
fraction

[47]

AlSi25 Various T (◦C) 10–3000 1.78 × 107 −1.5 [67]

It is important to mention that most of the shear exponents are negative values. As mentioned
above, this gives strange physical results. It must be assumed that the experiments were dominated by
secondary effects that influence the experimental results, e.g., wall slippage. The application of these
results seems to be doubtful. This is even more evident for the results of the compression tests, which
indicate the difficulty to extract reasonable results for the shear behavior from compression tests.

On the other hand, compression experiments can provide important information about the
transient and time-dependent properties of SSM close to practical application [68] even when their use
for simulation might be doubtful.

6. Non-Viscous Properties

6.1. Yield Stress

It is obvious from the previous explanations that the rheological properties of SSM strongly
depend on time—which is frequently forgotten. This is insofar important as any die-filling process,
either casting or forging, is a non-stationary process by nature with temporally changing border
conditions for the deformation of the material.

An important question is how the typical time scales of the process and the material behavior
compare when discussing an appropriate approach to model the material behavior properly [51,69].
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This matter becomes evident when investigating the phenomenon of yield stress in SSM. The existence
of yield stress is subject of basic discussions, which seem to have philosophical character [70,71]. There
is no doubt that the experimental detection of yield stress depends on the quality of the experiment.
However, this holds for any mechanical property as well. To identify e.g., thixotropic properties it is
necessary to have an instrument with a certain minimal temporal resolution.

In general, it is accepted that the introduction of yield stress for materials with viscoplastic
behavior is at least a reasonable engineering approach to model adequately the flow behavior [11,52,72].
As with other materials, the yield stress in SSM is the consequence of the formation of a network of
the particles, which is more or less mechanically stable. The direct way to investigate yield stress
phenomena is the application of stress or strain ramps and the observation of the temporal behavior of
strain or stress respectively [69]. Experiments [6,15] show that the yield stress depends on the solid
fraction, the particle size and shape and on the resting time. With increasing resting time, the yield
stress increases nearly exponentially, which leads to the concept of three different values of yield
stress [15,16]:

• the static one is a constant value and it is achieved after long resting time,
• the dynamic yield stress holds for the period where the yield stress increases with time when the

material is in rest after being sheared and
• the isostructural one corresponding to the value which would be measured immediately after

shearing the material.

The isostructural value cannot be measured directly and must be found, for instance,
by extrapolating the dynamic yield stress to resting zero time. For two Al alloys, it was found
that the isostructural yield stress is less than 1/10 of the static value, which was for both alloys about
400 Pa. Comparable experiments have been performed by Solek [73] with high carbon steel, which
confirms the above-mentioned findings.

Application of oscillatory shearing and comparison of the temporal development during rest of
the yield stress and the loss- and storage-moduli show that the ratio of the both moduli decreases while
the yield stress increases [74]. Due to the formation of a stable structure in the material the rheological
nature of the material changes from viscous to elastic—fluid to solid—as indicated by the loss angle.
The temporal increase of the storage modulus compares with the increase of the yield stress.

The other way to determine yield stress is an indirect one by evaluating the flow curve on
the base of an appropriate visco-plastic model. A Herschel-Bulkley model was found to fit in a
proper way the experimental results for semi-solid Sn-Pb15 alloy at different solid fractions [60].
The alloy was considered as a homogeneous material with thixotropic properties and it was tested
under isothermal conditions. Among the parameters obtained from the application of the model to
experimental results, it was possible to calculate finite values of yield stress as a function of the solid
fraction. A Herschel–Bulkley approach was applied to the numerical simulation of die filling and it was
validated with the results from die-filling experiments [75] using a Sn-Pb alloy. In these experiments,
the evolution of the flow front as well as the pressure drop were observed during the die filling and
the process was performed for different flow conditions. Similarly, a model corresponding to the
Herschel-Bulkley was developed to represent the behavior of semi-solid metallic suspensions in fast
transient conditions [76]. The validation of the model was carried out with short time measurements
of Sn-Pb15 alloy under rapid shear rate changes, already published by other authors [77]. The model
can show the increase of the shear rate in a shear rate jump and the gradual decrease after reaching a
maximum. For the yield stress, the authors found interestingly a constant value of 100 Pa, independent
of the time the material was in rest (which was between 0 and 5 h).

The evaluation of yield behavior of Al-Si alloys was carried out also using different experimental
procedures, as such as the compression and the cone penetration method [72]. Yield stress was
measured as a function of temperature, i.e., solid fraction, taking also into account different billet
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processing methods, as such as the addition of grain refiner and the application of magneto-
hydrodynamic stirring (Figure 10).

Figure 10. A comparison between measured average yield stresses of grain refined (GR) A356 and
magneto-hydrodynamically stirred (MHD) A356 alloys with yield stress values predicted by the
Loue–Sigworth (LS) model [72].

It was found that not only the solid fraction is affecting the yield behavior, but that also the
entrapped liquid and the morphology of the solid globules can play an important role in determining
the deformation resistance. A high amount of entrapped liquid can lead to an increase in yield stress
because the “effective” liquid fraction is decreased, while the presence of more rounded solid particles
can result in a smaller deformation resistance and, consequently, in a decrease in yield stress.

The viscoplastic behavior of A356 alloy in semi-solid state was expressed by the Herschel-Bulkley
model by Simlandi et al. [78]. They also considered a time-dependent structural parameter to
comprehensively describe the material behavior at different solid fractions.

An enhanced model based on the Herschel-Bulkley equation was proposed also for other metallic
alloys, as such as steels [79] and Mg alloys [80]. Pouyafar et al. [79] calculated the yield stress of
M2 steel from the flow curve obtained from experiments in steady-state flow by interpolation of the
experimental results to evaluate the stress at zero shear rate. The enhanced model was compared to
the classical one and it was found that the new model could predict in a more precise way the behavior
of the material, especially at high shear rate, than the conventional one. This was confirmed also by
the application of the model to the simulation of the rheometer flow. Moreover, the same model was
used to simulate the material behavior during compression test [36].

6.2. Transient Behavior: Time-Dependent Properties

In the introduction, the main thixotropic properties of SSM were briefly discussed. It was
mentioned that thixotropic materials show a decrease of viscosity under constant stress and a recovery
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of the viscosity when the loading stops. This behavior is linked to microstructural evolution of SSM,
in particular to the agglomeration and deagglomeration phenomena.

Various experiments can be performed to better investigate these time-dependent properties,
which focus on the response of the SSM to changes in the applied deformation rate or shear stress,
as such as shear rate jump or hysteresis loop experiments [60,65,68] or rapid compression tests [45,81].

Modigell et al. [60] investigated thixotropic behavior under isothermal condition on a Sn-Pb15
alloy. Hysteresis loops experiments are particularly useful to provide qualitative information on the
degree of thixotropy of the material. It was found that the faster the ramp is performed, the higher
the hysteresis area and, therefore, the more evident the thixotropic behavior (Figure 11). On the other
hand, Brabazon et al. [65] tested an AlSi4 alloy in a similar way but found that with slower ramp the
peak viscosity increases corresponding to an increase in thixotropy, not considering the change around
the hysteresis loop. They also evaluated the effect of rest time on the material thixotropy and measured
an increase in the viscosity with increasing rest time.

Figure 11. Hysteresis experiments at different sweep times (T = 198 ◦C, Fs = 0.45) [60].

It is reported [60] that, immediately after an increase in shear rate, the measured viscosity makes a
sudden jump and, subsequently, a decrease follows according to the thixotropic nature of the material.
The opposite happens when the shear rate is decreased. This phenomenon is said to be “isostructure
behavior”. It is assumed that the structure of the alloy—corresponding to the initial shear rate—will
not change instantaneously to the structure corresponding to the new shear rate. Evaluation of special
shear rate jump experiments in terms of an “isostructural flow curve” shows that the SSM immediately
after a shear rate jump reacts in a shear thickening way [17]. Recent analyses of the literature [10]
regarding this effect confirm the findings of [60]. They showed that it needs a solid fraction larger than
0.36 to be observed. It has been clarified that for shear rate jumps from shear rate zero (sample at rest)
this shear thickening effect is masked by yield stress effects.

As above-mentioned, it is important to compare the time scale of the time-dependent rheological
properties and the typical process times. Typical process times for die casting or forging are in the order
of 1/10 s [40,82], as also confirmed by other authors [83,84] for the thixoforging of steel components.
This is interestingly in the order of the response time of modern rotational rheometer. Detailed
investigations about kinetics of the thixotropy in SSM are rare. The first well-known investigations
of this phenomenon were done by Quaak and Peng et al. [85,86]. Quaak assumed that the process
of deagglomeration and agglomeration after a change in shear rate is composed of two steps: a fast
process to destroy or create agglomerates and a slow one of coarsening and sintering. This has been
confirmed for Sn-Pb alloy by Koke [18], who could model the transient process assuming two different
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kinetics. The time scale for the fast process was in the order of 0.5 s—and seemed to be independent of
shear rate—whereas the scale of the slow process was 100 times slower. Liu at al. [77] studied the effect
of shear jumps on the temporal development of the shear stress for Sn-Pb15 as well (Figure 12). They
only investigated the short-term behavior and the time scale they found for the thixotropic effects is
comparable with the results of Quaak [85] and Koke.

Figure 12. Shear rate jumps (1–200 s−1) for Sn15Pb alloy for two different solid fractions (Fs = 0.5 and 0.36)
in isothermal condition [77].

Rapid compression tests on AlSi alloys have been performed by Hogg et al. [45], to investigate
the rheological properties under the conditions of the real manufacturing process. Time scale of the
test has been around 0.065 s, so much shorter than the scale of rotational rheometer. The experiments
provided data also about the effect of the holding time and the reheating temperatures. The viscosity
estimated from their experiments were by around a factor of ten higher then viscosity values evaluated
from shear experiments. Assuming a time scale for the thixotropy of some 1/10 s it can be concluded
that in these experiments the material was not in the final state of equilibrium. Based on these studies,
also numerical models were developed to describe accurately the transient behavior [30,40,46,76].

Another interesting result regarding thixotropy can be extracted from the work of
Bührig-Polaczek et al. [87] who performed experiments with Al 356 with a capillary rheometer.
The device, which was developed in house, was equipped with four pressure sensors along the
capillary. This allowed evaluating the pressure drop along the path of flow and, consequently, it was
possible to analyze the thixotropic reaction of the material. The shear rates they could realize in the
capillary were up to 3200 s−1 and the resident time in the capillary was in the range of 1/10 s, which
compares to typical process times in casting. They found shear thinning behavior in the shear rate
range from 1000 to 3200 s−1, whereby the viscosity for 1000 s−1 was approximately ten times higher
than the viscosity measured in a rotational rheometer at shear rate equal to 250 s−1, which compares
with the findings of Hogg [45]. Evaluation of the pressure drop along the capillary showed that the
viscosity close to the entrance was around 2.5 Pa·s, while it dropped towards the end of the capillary
to 0.6 Pa·s (both for a shear rate of 3200 s−1). The drop was almost linear and showed no tendency to
become constant. This indicates that, within the residence time of 0.15 s, the thixotropic reaction is
not finalized.

The consequences of this are that obviously the short term and transient behavior of the SSM is
of much more interest for the typical casting and forging processes than the equilibrium flow curves.
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This is in accordance with numerical analyses of the flow of a viscoplastic material in the gap of a
rheometer under conditions relevant for technical processes performed by Alexandrou et al. [30]. They
composed the stress function by two contributions: the “steady state” stress, evaluated from long
shearing time experiments and assumed to follow a Herschel-Bulkley model, and the stress due to
slurry strength, which depends on a coherency parameter, depending on time. The simulation showed
that for short times the latter contribution is dominant and defines the propagation of the shear in
the gap. The relevant time frame is in the order of less than 0.1 s. Evaluation of experiments in this
time scale need the application of computational rheology rather than the classical evaluation of the
experimental data.

7. Ostwald Ripening

Another important aspect to consider to completely describe the rheological behavior of SSM is the
growth and coarsening of the globular solid particles under rest or shear condition by recrystallization.
This will happen under isothermal conditions. The phenomenon is usually indicated as Ostwald
ripening and it takes place in different materials, as such as emulsion systems, etc. During this process,
small particles dissolve, while the larger ones coarsen with the consequence that the surface energy is
minimized [88] so that in total the mean particle diameter in the material will increase.

This phenomenon was investigated in the past by several researches [89–92] mainly by means
of the observation of 2D sections of samples quenched from the semi-solid state, which represented
a serious limitation in the investigation of the real phenomenon. More recently, agglomeration and
growth of necks between solid particles, which are different from Ostwald ripening, and the later were
investigated by X-ray in situ tomography [93,94].

In systems in rest, Ostwald ripening is a diffusion-controlled process that is rather slow and has
less technical importance in the frame of the subjects discussed here. The growth of the particle
as a function of time can be calculated on the base of the LSW-theory (Lifshitz, Sloyozov [95]
and Wagner [96]) which gives a linear relationship between the volume of the particle and the
time. In agitated systems, the growth of the particle is strongly enhanced by convective transport,
which results in a growth of particles in a time frame which is at least relevant for a couple of
experimental investigations.

The rheological effect of the Ostwald ripening is a decrease of the viscosity because of the increase
of the mean particle diameter in the sample—although solid fraction will not change because of
isothermal condition. This effect is demonstrated in Figure 13.

The Sn-Pb melt, initially fully liquid, is cooled down into the two-phase condition. First,
the viscosity will rise, subsequently it will reach a maximum and will start to drop. The first
decrease after the maximum is due to the formation of non-dendritic particles. At the first small
peak, this process is more or less finalized. The further decrease of the viscosity is mainly due to
convective Ostwald ripening. The increase in particle size is clearly demonstrated in the metallographic
pictures. The time scale of this process is in the order of 60 min, depending on the shear rate. The higher
the shear rate, the faster the growth.
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Figure 13. Viscosity vs. time at constant shear rate (110 s−1). Initial cooling rate is 1 ◦C/min.
Steady-state temperature is 198 ◦C, corresponding to a solid fraction Fs = 0.45. The metallographic
pictures show samples quenched after 1 and 6 h of constant shearing (Sn–15% Pb) [17].

It is obvious that the Ostwald ripening falsifies the experimental results when performing
long-term investigations, such as, for example, making shear rate jump experiments. For instance,
in the case of A356 alloy tested in a rotational rheometer at 0.40 solid fraction, it can be seen in Figure 14
that at the end of the experiment the viscosity for a shear rate of 80 s−1 is significantly lower than at
the beginning. Evaluation of these data will result in an overestimation of the shear thinning effect.
Modigell et al. [97] have developed a simple model considering convective transport in the system,
which allows correcting the data for any shear, as shown in Figure 14. For sufficient large shear rates,
the temporal change of the diameter is linear with time.

Figure 14. Shear rate experiment results with A356 under solid fraction of 0.40 [97].

The effect of isothermal and non-isothermal stirring on particle size was also evaluated for
Al-Si alloys [98–101] and Mg alloys [102]. Sukumaran et al. [99] investigated the evolution of particle
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diameter with shearing time for an Al-Si alloy with and without the addition of grain refiner (Figure 15).
In this case, it was found that first the particle size decreases due to the fragmentation of the dendritic
structure. Subsequently, particle size reaches a minimum value before starting to increase due to the
discussed Ostwald ripening mechanism, which is considered the main mechanism for coarsening
of solid globules, while agglomeration phenomena is believed to contribute in a minor way. Due to
the presence of the grain refiner, the growth of dendrites during semi-solid processing is inhibited,
promoting the formation of an equiaxed microstructure, in comparison with the base material, and
accelerating the formation of a globular microstructure, as well as the coarsening and ripening
phenomena. Therefore, the coarsening of particles takes place earlier for the alloy with grain refiner in
comparison with the base alloy, as visible in Figure 15.

Figure 15. Plot of nominal particle diameter vs. time of isothermal stirring (shear rate 210 s−1) at 615
◦C [99].

The same mechanism is illustrated also by Chen et al. [102], who provided the following schematic
diagram (Figure 16) and correlated the evolution of the particle size to the apparent viscosity for a
Mg alloy.

Figure 16. Schematic diagram of the variation of microstructure for: (a) decreasing apparent viscosity
and (b) increasing apparent viscosity [102].
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8. Summary

In the present review, a summary of the basic aspects of the rheology of semi-solid metals are
presented. These materials exhibit a complex behavior and several parameters must be considered
to correctly characterize it. For this reason, the distinction between steady state and time-dependent
properties is fundamental. Furthermore, additional important aspects as the evaluation of yield stress
and Ostwald ripening mechanism are discussed.

In general, the analyses of the recent literature show that a lot of experimental and theoretical
work has been done and that the initial findings of the early researches are confirmed. A database has
been provided for higher melting alloys due to technical development in the field of rheometers. Even
for steels, basic data are now available provided by shear experiments.

Most of the data give information about rheological behavior under equilibrium conditions.
In technical practice, the processes are far from equilibrium due to the high process speeds. For better
understanding of the process phenomena and for reliable simulation of the forming process,
the short-term behavior of the SSM must be investigated more deeply than it has been done up
to now. This means that the thixotropic properties, as well as the yield phenomena, must be studied to
clearly understand the process phenomena under technical conditions. Additionally, there is a lack of
knowledge in the relationship between the composition of the alloy and the rheological properties.
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