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The aim of this work was to determine the high temperature compression behavior of the solid phase
found in a semi-solid 6061 alloy by using an original procedure. A drained compressive test has been
carried out to drain the majority of the liquid from the semi-solid alloy and obtain a solid representative
of the solid phase of the alloy within the solidification range. The drained compressive tests have shown
that the behavior of the semi-solid state is viscoplastic and depends on the initial morphology of the
solid skeleton and on the accumulated strain. Then, compressive tests at high temperature have been
carried out on drained and non-drained 6061 alloy. Results show that: (1) both alloys exhibit a behavior
governed by a hyperbolic sine rheological law, (2) the deformation at high temperature of the drained
alloy differs from the deformation of the non-drained 6061 alloy.

1. Introduction

The rheological behavior of alloys in the solidification range
is now studied more and more extensively [1-5] owing to the
importance of processes during which solid and liquid phases
are coexisting. This coexistence occurs obviously during conven-
tional solidification of castings, ingots or billets but also during
liquid phase sintering, welding and forming such as rheocasting
or thixocasting [6-10]. The knowledge of this behavior is indeed
important for modeling purposes to avoid numerous trial and error
experiments. For example, during semi-continuous casting of Al
billets, defects like hot tears or macrosegregations[11-13] can form
depending on alloy composition and process parameters. Their pre-
diction requires modeling the whole process by considering the
behavior of the semi-solid alloy taking into account both the defor-
mation of the solid and the flow of the liquid. Criteria for hot tear
formation are then introduced based on critical solid deformation
or cavitation pressure in the liquid [14,15].

To determine the rheological behavior of the solid, it is gen-
erally assumed that its composition is not far from that of the
alloy. Experiments are then carried out at temperatures close to
but below the solidus temperature of the alloy to determine the
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various parameters of the constitutive equation. In this tempera-
ture range, viscoplastic behavior is generally a good approximation
so that the constitutive equation is mainly determined by the strain
rate sensitivity parameter and by the activation energy [16-18].
This procedure therefore does not take into account the fact that
the composition of the solid phase is not that of the alloy and also
thatitis changing with temperature and thus with the solid volume
fraction present in the alloy.

Indeed, during solidification or partial melting of a binary alloy,
solid and liquid are coexisting with compositions given by the
phase diagram and proportions by the lever rule in equilibrium
conditions. The composition and the proportion of these two phases
thus continuously change with temperature. To determine the con-
stitutive equation of the solid phase, it is therefore necessary to
test alloys with various compositions corresponding to those of the
solid phase at various temperatures below the solidus. Extrapola-
tion of the results at the solidus temperature for each composition
allows determining the behavior of the solid phase in a semi-solid
alloy at various temperatures. This procedure can be quite easily
considered in the case of a binary alloy but it is hardly possible in
a multi-constituent alloy. In this case indeed, the composition of
the solid phase is not simply given by the phase diagram and even
the solid can be constituted of several phases. Specific softwares
are thus required which are able to give the composition and the
proportion of the various phases as a function of temperature for
various solidification or partial melting conditions. The next step of
the procedure would be to prepare alloys with the composition of
the solid phase at various temperatures and to test them.



Another simpler procedure can be considered, i.e. drainage of
the liquid from the semi-solid alloy and testing of the remaining
solid. If all the liquid present at a given temperature can be drained
out of a sample, the remaining solid has the exact composition of
the solid phase at this temperature. Repeating this procedure at
various temperatures would then lead to various specimens hav-
ing the composition of the solid phase at these temperatures. One
way to carry out this drainage of the liquid is to use drained oedo-
metric compression, already performed on aluminum alloys [2,19].
It consists in compressing a semi-solid sample placed in a container
with a filter on top of it by applying the compression using a hollow
piston to drain the liquid through the filter. This procedure allows
one to measure also the compressibility of the solid skeleton pro-
vided that the pressure required to drain the liquid is low compared
to that required to compress the solid.

In the present work, the feasibility of the procedure exposed
above has been studied in the case of a6061 alloy. Drained compres-
sive tests have been carried out at various temperatures within the
solidification range. These tests allow measuring the compressibil-
ity of the solid for various temperatures and obtaining specimens
representative of the solid phase found in the semi-solid state. Then
compressive tests at high temperature (below the solidus temper-
ature) have been carried out on these drained specimens in order
to determine the constitutive equation of the solid. Finally, a com-
parison with the behavior of the non-drained 6061 alloy within the
same temperature range has been performed.

2. Experimental procedure

The alloy used for this investigation is a 6061 alloy provided
by Almet (France) in the form of a rolled plate of 50 mm thickness
in the heat treated T6 condition. In order to drain the liquid from
a semi-solid sample, a drained compression apparatus has been
designed. It consists in a container of 35mm diameter in which
the alloy is placed while being still solid (Fig. 1). During the test,
the alloy is initially melted, and then partially solidified at a cool-
ing rate of 20 K/min until a given solid fraction is reached. At this
stage, the temperature is kept constant, and a downward vertical
displacement is imposed to the hollow piston. Two displacement
rates of the piston have been studied: 0.008 and 0.015 mm/s. A sys-
tem of filtration allows the liquid to flow out of the sample, and,
consequently, the solid fraction increases. In fact this system is con-
stituted of two different filters as shown in Fig. 1: a rigid stainless
steel filter with quite large holes (about 2 mm diameter) associ-
ated with a much thinner stainless steel filter with very small holes
(about 200 wm diameter). The first filter allows transmitting the
load from the hollow piston whereas the second is required for the
filtration of the liquid. This test can be seen as a means to impose
solidification mechanically at constant temperature. Assuming that
the solid fraction evolves only by liquid drainage, the following
equation can be used to relate the imposed axial strain &, to the
solid fraction g;:

8s = Zs0 €Xp(—¢z) (1)

where g is the initial solid fraction before any strain is imposed.
Two values of this initial solid fraction (0.6 and 0.8) have been
selected by using two temperatures (910 K and 897 K, respectively)
at which oedometric compression has been carried out. These two
temperatures have been determined by using the ProPhase soft-
ware (from ALCAN CRV, France). The compression of the sample is
pursued until g is theoretically equal to 1, which means that all the
liquid should have been drained from the semi-solid sample. The
test was thus stopped when ¢; satisfied this condition.
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Fig. 1. Schematic view of the oedometric compression apparatus (a) with picture
of the two filters (b).

After drained compression, the solid remaining in the container
has been cut in two pieces through the axis of the cylinder to
observe the microstructure of the alloy after drainage of the liquid.

These two pieces have been thereafter machined in order to get
compression specimens of 8 mm in diameter and 6 mm in height.
These specimens have been used for compression tests carried
out at high temperature by using the strain rate jump procedure.
Four temperatures have been investigated: 723, 773, 803 and 823 K
as well as five strain rates: 1074, 2.5 x 1074, 103, 2.5 x 10~3 and
6x1073s71,

Similar compression tests have been also carried out for com-
parison on samples machined in the non-drained 6061 rolled plate.

3. Experimental results
3.1. Drained compression tests

3.1.1. Influence of initial solid fraction

Fig. 2 shows the variation of the applied stress as a function of
the theoretical solid fraction (given by Eq. (1)) for the two tests
carried out with different initial solid fractions at a displacement
rate of the piston of 0.015 mm/s.

The applied stress obviously increases with increasing strain i.e.
with increasing solid fraction. It increases slowly initially when the
initial solid fraction is small (0.60) and much more rapidly when
the initial solid fraction is larger (0.80). It should be noted that the
two curves are coming close to each other at large solid fractions
but the curve corresponding to the larger initial solid fraction is
always below that for the lower initial solid fraction. In addition,
it is surprising to observe that the stress does not increase very
sharply when the solid fraction is close to 1 although the solid is
not compressible.
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Fig.2. Variation of the applied stress during drained compression as a function of the
solid fraction present in the specimen. The two curves correspond to two different
initial solid fractions.

3.1.2. Influence of displacement rate

Fig. 3 shows the variation of the applied stress as a function of
the solid fraction for the two tests carried out with different dis-
placement rates of the piston and for an initial solid fraction of
0.8.

The displacement rate has an influence on the stress required
to drain the liquid from the specimen: a high strain rate leads to
a higher measured stress at a given solid fraction. This strain rate
sensitivity is correlated to the viscoplastic behavior of the solid net-
work in this solid fraction range as already observed for tensile [20]
and shear [21] experiments.

3.2. Compressive tests at high temperature (below the solidus
temperature)

3.2.1. Compressive tests at constant strain rate on drained
samples

Since most of the solidification defects form in the last stage of
solidification (i.e. gs > 0.8), only samples machined in the remain-
ing solid obtained after a drained experiment at a high initial solid
fraction (i.e. g0 =0.8) have been tested in order to determine the
high temperature behavior of the solid phase.

Fig. 4 shows the stress—strain curves obtained at the various
temperatures and for the different strain rates applied succes-
sively from 10~4s~! to 6 x 10~3 s~1. For a given strain rate, stress
increases until a plateau where it remains relatively constant, thus
showing negligible strain hardening during deformation of the
solid material. Moreover, stress obviously increases with increas-
ing strain rate and decreasing temperature, which highlights the
viscoplastic behavior of the solid material.

3.2.2. Compressive tests at constant strain rate on non-drained
6061 samples

The same type of compression experiments at various temper-
atures in the solid state as for drained samples has been performed
on non-drained 6061 samples. Fig. 5 shows the stress-strain curves
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Fig.3. Variation of the applied stress during drained compression as a function of the
solid fraction present in the specimen. The two curves correspond to two different
displacement rates of the piston.
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Fig.4. Stress—strain curves at various temperatures and various strain rates applied
by compression on specimens resulting from drained compression of the 6061 alloy
at an initial solid fraction of 0.8.

obtained at the various temperatures and for the different strain
rates applied successively from 2.5 x 1074 s~ 1 to 6 x 103 s~1. Neg-
ligible strain hardening and viscoplastic behavior of the solid
material are again found.

4. Discussion

The behavior of the semi-solid alloy during the drained exper-
iments will be discussed first. Then the behavior observed during
compression at high temperature of the solid phase will be exam-
ined in order to determine the appropriate rheological law. Finally,
a comparison with the behavior at high temperature of the non-
drained 6061 alloy will be performed.

4.1. Behavior of the semi-solid alloy during drained compressive
tests

The stress required for the drained oedometric compression of
the partially solidified specimen increases with increasing strain or
solid fraction (Figs. 2 and 3). This stress is due to both the densifi-
cation of the solid skeleton and the liquid flow out of the sample
which becomes more and more difficult as the remaining liquid
volume fraction decreases. Indeed, a decrease of the liquid volume
fraction allows increasing the number of contacts between den-
drites and decreasing the interdendritic spaces thus decreasing the
permeability of the solid skeleton. Adopting Darcy’s law to describe
liquid flow and assuming homogeneous deformation in the spec-
imen, its contribution to the stress measured during the drained
compression test can be evaluated. The maximal interstitial pres-
sure P;, which corresponds to the pressure at the bottom of the
container is then given by [22]:

h% 4+ Py (2)
0
where Vj, is the velocity of the piston, 7 is the liquid viscosity, K is

the solid skeleton permeability, Hy and h are the initial and cur-
rent positions of the piston from the bottom of the container and
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Fig. 5. Stress-strain curves at various temperatures and various strain rates applied
by compression on non-drained 6061 specimens.



0,07 T
0,06 +
0,05t
0,04 +
0,03
0,02 +
0,01 +

0,00 +————— '
02 015 01 0,05 0

Liquid fraction

Liquid pressure (MPa)

Fig. 6. Pressure necessary to drain the liquid through a porous solid medium -
calculated using Eq. (2).

Py is the pressure due to the drained liquid located above the fil-
ters. The variation of the position of the piston during the test is
given by: h=Hy - gso/1 — g, where ggg is the initial solid fraction and
g is the current liquid fraction. To determine the solid skeleton
permeability, the Kozeny-Carman equation can be used [23,24]:
K= gL3 ~)L?/5 where A is the primary dendrite arm spacing. Aq is
assumed equal to that given by Flemings for pure aluminum in [25]
since, to measure this parameter during our experiments, it would
have been necessary to cool with a very high rate the specimen
when a solid fraction of 0.8 is reached, which is not possible. Py is
given by: Pp=(Hp —h)- pr -g with p; the liquid density and g the
gravity acceleration.

The variation of interstitial pressure with liquid fraction, calcu-
lated using Eq. (2), is shown in Fig. 6: it increases slowly up to a
solid fraction of 0.97 and then very sharply when the solid fraction
exceeds 0.97 which corresponds to the coalescence solid fraction
[20,21]. This sharp increase is due to the fact that, for solid fractions
larger than that for coalescence (>0.97), the number of solid bridges
increases drastically thus leading to a drop of the solid skeleton per-
meability and then to more and more difficult liquid flow. However,
the interstitial pressure remains much lower (0.07 MPa) than the
experimental measured stress (12 MPa as shown in Figs. 2 and 3)
so that it can be neglected during the deformation of the semi-
solid alloy. The mushy material therefore behaves during drained
compression like a solid without liquid.

Metallographic observation of the part of the specimen which
has been drained through the filter (Fig. 7) and of the part which
remained in the container (Fig. 8) shows that liquid has been effec-
tively drained from the specimen.

The solidified drained liquid (Fig. 7) contains much more eutec-
tic and intermetallics than the non-drained 6061 alloy [20]. Since
this liquid was drained from the specimen when the solid fraction
was equal to 0.8, it is possible to determine its composition by using
the ProPhase software for the solidification conditions of the exper-
iment (20 K/min) (Table 1). The liquid is theoretically enriched in

)
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Table 1
Composition (in wt%) of the liquid in a 6061 alloy when the solid fraction is equal
to 0.8 obtained by ProPhase calculation.

Si Mg Cu Fe Mn Cr
2.5 29 1.1 1.2 0.2 0.06

Mg, Si, Fe and Cu which are the main secondary elements of the
6061 alloy. An analysis by X-ray diffraction of the drained liquid,
by using the Cu Ko radiation, allows detecting various phases which
contain these elements such as: Mg,Si, CuAl,, Al;5(FeMn)3Si, and
Al4Cuy;MggSi; in addition to the Al-rich matrix (Fig. 9). This result
confirms that liquid has been drained from the specimen.

The solid part which remains in the container after drainage con-
tains some intermetallics homogeneously distributed everywhere
in the specimen (Fig. 8). Their concentration is not high enough
to allow detection by X-ray diffraction: as shown in Fig. 9, only
the Al matrix is detected. Since these intermetallics are observed
after cooling, it is necessary to wonder whether they were already
present in the material before liquid drainage or they formed upon
cooling after liquid drainage. Prophase calculation indicates that
the first intermetallics form in the 6061 alloy when the volume
fraction of the primary phase is 0.84. Therefore, the intermetallics
present in the solid part are more likely to result from the solid-
ification of the liquid which was not drained from the specimen.
Thus, the drainage of the liquid has not been complete which
seems to be in contradiction with the stress-solid fraction curves
(Figs. 2 and 3): these curves indicate that the drained compression
tests were stopped when the solid fraction was theoretically very
close to 1, so that almost no liquid should have remained in the
specimen. The fact that some liquid remains can be explained by
two factors: the filter has been deformed slightly at the end of the
compression test so that the real axial strain applied to the speci-
men was smaller than expected, and/or some solid was extruded
through the filter. These assumptions allow us to explain the behav-
ior observed when the apparent solid fraction reaches 1. Indeed,
since the solid is not compressible, the stress should have increased
asymptotically to infinite, which is not observed experimentally.

In addition to the viscoplastic behavior of the solid phase shown
in Fig. 3, the influence of the initial solid fraction and of the accumu-
lated strain on the mechanical behavior of the semi-solid material
has been investigated.

Fig. 2 also shows that stress increases more or less rapidly with
increasing strain depending on the initial solid fraction. This is due
to the initial morphology of the solid phase: when the initial solid
fraction is high, the solid grains are more connected so that drained
compression involves extensive deformation of the solid with less
rearrangement thus leading to an important increase of stress with
increasing strain.

Fig. 7. Microstructure of the liquid part of the 6061 specimen which has been drained through the filters for an initial solid fraction equal to 0.8: overall view (a) and magnified

view (b).
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Fig. 9. X-ray diffraction patterns on the liquid part of the 6061 specimen which has been drained through the filters (a) and on the solid part which remained in the container

(b) for an initial solid fraction equal to 0.8.

Fig. 2 shows also that, at a given solid fraction, the measured
stress is higher when the initial solid fraction is low. This result
can be explained by the level of accumulated strain required to
reach this solid fraction, which is larger when the initial solid frac-
tion is low. A larger accumulated strain obviously leads to a more
deformed microstructure and consequently to a larger number of
solid-solid contacts. However, when the strain is such that the solid
fraction approaches 1, the microstructure is largely deformed with
almost no liquid remaining, but, as strain hardening is not observed
in this temperature range, the stress no longer depends on the
initial solid fraction.

4.2. Behavior of the drained solid at high temperature

Fig. 4 has shown that the solid phase exhibits a viscoplas-
tic behavior with negligible strain hardening. The most common
approximation used to describe the mechanical behavior of such
material consists in using a classical creep law as follows [16,18]:

. n Q

E=A.-0 ~exp(—ﬁ> (3)
where ¢ is the strain rate, o is the measured stress, n is the stress
sensitivity parameter, Q is the activation energy, A is a material
constant, T is the temperature and R is the ideal gas constant.

The behavior of the solid material is thus described by two main
parameters: n and Q. The slope of the curves showing the variation
of stress as a function of strain rate in logarithmic scales (Fig. 10)
allows determining the strain rate sensitivity parameter m which
is close to 0.08 whatever the temperature. The stress sensitivity
parameter n is then equal to 12 (n=1/m). From the curves showing
the variation of In(¢/0™) as a function of —1/RT(Fig. 11), itis possible
to deduce the activation energy Q which is equal to 347 kJ/mol.

The values obtained for n and Q are very high. Indeed, as a gen-
eral rule, the stress sensitivity parameter for materials deformed at
high temperature is between 3 and 5. An exponent of 3 is generally

attributed to dislocation glide controlled by viscous drag whereas
a value of 5 corresponds to climb controlled dislocation glide [26].
A value of 8 can be sometimes observed when the substructure
does not evolve with stress. The activation energy is usually around
130-140 kJ/mol which is the activation energy for self-diffusion in
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Fig.10. Stress-strain curvesinalogarithmic scale at various temperatures for speci-
mens resulting from drained compression of the 6061 alloy at an initial solid fraction
of 0.8.
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Fig. 11. Determination of the activation energy Q from Eq. (3) for specimens result-
ing from drained compression of the 6061 alloy at an initial solid fraction of 0.8.
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Fig. 12. Determination of the material constants A and « from Eq. (4) for specimens
resulting from drained compression of the 6061 alloy at an initial solid fraction of
0.8.

Table 2
Parameters for the rheological law (4) and for specimens resulting from drained
compression of the 6061 alloy at an initial solid fraction of 0.8.

n Q (kJ/mol) o (MPa~1)
5 142 0.04

A(m2s1)

2x10°14

aluminum [27,28]. Thus, the classical creep law (3) is not adapted
to describe the behavior of the solid phase of the 6061 alloy since
the values of the various parameters have no physical meaning.

Another possibility consists in using a hyperbolic sine law.
Indeed, some alloys can exhibit a stronger stress increase than that
predicted by an exponential law when exceeding a given stress
or strain rate level [18,29-32]. This leads to the presence of two
regimes: a power-law region and a power-law breakdown region,
presumably governed by different physical processes not already
completely known. For intermediate strain rates and stresses, the
alloy exhibits a behavior governed by a power law, whereas, for
high strain rates and stresses, a hyperbolic sine law intervenes.
Therefore, due to the stress level reached during the experiments,
it can be assumed that the experimental conditions lead to the typ-
ical behavior of the power-law breakdown regime. In this case, the
following equation can be used to relate the strain rate & to the
experimental stress o [18,29,30]:

s_AGb
T kT

-Q : n
exp (ﬁ) [sinh(e- )] 4)
where b is the burgers vector (2.86 x 10-19m), k is the Boltz-
man constant (1.38 x 10-23]/K), A and « are material constants
and G is the shear modulus. It is assumed that the shear modu-
lus depends on temperature according to the equation suggested
in[33]: G=3.022 x 10* — 16 x T (in MPa).

The standard procedure to determine the parameters values can
be divided into two main steps: (i) determination of the activation
energy Q and the stress sensitivity parameter n by applying Eq. (3)
on experimental data within the power-law regime and (ii) deter-
mination of the material constants A and « by applying Eq. (4) on
experimental data within the power-law breakdown regime and by
using the values of Q and n calculated in (i). This procedure assumes
that sufficient data for each regime are available, which is not the
case in this study. Therefore, the values of Q and n have been fixed
to classical values for hot deformation of aluminum alloys [34,35]
i.e. 142 kJ/mol and 5, respectively. Parameter’s and material’s con-
stants A and « have then been determined so that the variation of
&-k-T exp(Q/RT)/G - b as a function of sinh(« - o) in a logarithmic
scale exhibits a slope equal to 5, as shown in Fig. 12. The values
of the different parameters of Eq. (4) are summarized in Table 2. It
can be noticed that the material constant « is in agreement with
classical values of the literature for aluminum alloys: from 0.01 to
0.08 [29-31,36], which tends to show that a hyperbolic sine law is

Table 3
Parameters for the rheological law (4) and for non-drained 6061 specimens.

n Q (kJ/mol) o (MPa~1)
5 142 0.055

A(mZs1)

6x10°13

relatively appropriate to describe the behavior of the solid phase of
the 6061 alloy.

4.3. Comparison with the behavior at high temperature of the
non-drained 6061 alloy

The same study as for the drained alloy has been performed on
the 6061 alloy in order to determine the most appropriate rheolog-
ical law describing its behavior at high temperature.

Since Eq. (3) still leads to high values for the activation energy Q
(about 287 kJ/mol) and the stress sensitivity parameter (about 11),
an identical procedure has been followed to estimate the values of
the parameters for Eq. (4). These values are summarized in Table 3.

Although the behavior of the non-drained 6061 alloy is also gov-
erned by a hyperbolic sine law, it can be noticed, by comparing
Tables 2 and 3, that the values of the constitutive parameters are
different depending on the type of tested material. Therefore, the
deformation at high temperature of the non-drained 6061 alloy dif-
fers from the deformation of the drained alloy, which confirms the
necessity to study the behavior of the material with the appropri-
ate composition to determine the response of the solid phase in the
semi-solid state.

5. Conclusion

In this study, an original technique to determine the behavior at
high temperature of the solid phase of a multi-constituent alloy was
presented. It consists in: (i) drainage of the liquid present at a given
temperature in order to obtain a solid with the exact composition
of the solid phase at this temperature and (ii) deformation of the
solid at high temperature to determine the rheological law.

The densification behavior of the 6061 alloy in the mushy state
has been investigated thanks to drained compressive tests. These
tests consist in a mechanical solidification of the semi-solid alloy
at a constant temperature resulting from liquid drainage through
filters which leads to a nearly complete densification of the solid
phase. The results have shown that the compression behavior of
the semi-solid alloy depends on strain rate, on the initial morphol-
ogy of the solid skeleton and on the accumulated strain. Indeed,
at a given solid fraction achieved during compression, the pres-
sure required to densify the solid increases with decreasing initial
solid fraction and thus increasing accumulated strain. Since strain
hardening is not present in this temperature range, this result is
correlated to the liquid distribution in the specimen which depends
on the accumulated strain.

Specimens resulting from drained compression have been
further tested in simple compression at high temperature to deter-
mine the constitutive equation of the solid phase present in a
semi-solid 6061 alloy at a given temperature and to compare it with
that of the 6061 alloy. Compression tests with strain rate jumps
at various temperatures have shown that the behavior of the two
materials is governed by a hyperbolic sine law. The values of the
parameters of the constitutive equation are however different. This
thus shows that the behavior of the solid phase in the 6061 alloy
differs from that of the alloy. It is therefore necessary to study the
behavior of the material with the appropriate composition if the
behavior of the solid phase must be known within the solidification
range.
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