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Abstract: In this work, the rheometric tests employed for studying wormlike micellar solutions -
known as living polymers, are also applied to investigate the rheological response of semi-solid
metal alloys. Contrary to the common assumption of their Newtonian behaviour under fully-molten
state, some semi-solid alloys exhibit shear-tinning and thixotropy right above their melting point.
Using theories and rheological equations-of-state to model the flow of semi-solid metal alloys
provides an alternative and innovative method for elucidating the connection between the evolution
of microstructures within these materials and the macroscopic characteristics of their flow. Firstly, a
discussion of the rheological features that living polymers and semisolid metals share is given.
Subsequently, the benefits of employing a theoretical approach proper to living polymers are
exemplified in the description of the response of semi-solid metals: the case of the rheological
characterization of a semisolid A380 aluminium aIon.2 This work concludes by showing how this
characterisation enabled simulations of a mixing process in industrial metal processing.

Introduction

The term living polymers is commonly used to
refer to wormlike micellar solutions.®> These
kind of fluids share many characteristics with
conventional chain polymers, such as (1) the
flexibility of their structures and their
capability to entangle and disentangle, (2) a
stress-relaxation mechanism, i.e., reptation,4
(3) as well as phase transitions gisotropic to
nematic) under an imposed flow,” leading to
non-Newtonian responses. Such features,
alongside their ability to dynamically break
and reform their internal structure as an

additional  stress-relaxation mechanism,
render wormlike micellar solutions as
benchmark systems to study thixo-

viscoelastoplastic behaviour.®

There are several theoretical frameworks
seeking to explain how the flow properties of
living polymers relate to the evolution of their
structures. Even if the main objective of such
frameworks is the wormlike micellar solutions,
their scope can include other thixotropic
materials, e.g., semi-solid aluminium alloys.®
In general, semi-solid metallic alloys are
constituted by dendritic structures that can
switch to a %Iobular shape under shearing
deformations.” This phenomenon is the

working principle of semi-solid processing of
metals,” including  the manufacturing
processes of rheocasting and thixocasting,
that improve the mechanical properties of
ingots and solid parts, playing an important
role in metal recycling.6

Semi-solid aluminium alloys show thixotropy
and extremely shear-thinning responses
under shearing flow,*° which is crucial in
mixing operations and High Shearing
Processing (HSP)."*® The optimization of this
processes depends on the understanding of
the rheological nature of semisolid aluminium
alloys and their response in this kind of
setup.™®

This work shows the application of a
theoretical framework suitable for living
polymers, to the description of a semi-solid
A380 aluminium aIon,2 in the context of a
mixing operation in a rotor-stator geometry.l

Methods

Theoretical framework. The Bautista-
Manero-Puig (BMP) constitutive equation was
proposed to describe the response of
wormlike micellar solutions,"* but it has
proven its potential to model other thixo-
viscoplastic systems.lz’13 Its formulation
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encompasses an additive expression for
stress (r), based on the Elasto-Viscous
Stress-Splitting approach:

T= T, +1,, Q)
where t, represents the contribution of a
non-Newtonian solute, and z, the contribution
of a Newtonian solvent. The corresponding
expression for z,,, which is an Oldroyd-B-type
equation (a model widely employed to
describe polymers) is:

[ty + 4%, = 21, D. (2)
Here, viscoelasticity is considered through
the upper-convected derivative of the solute
stress, which provides a temporal variation of
the solute stress under flow, i.e., %, =—"+
v-Vr, =V’ -1, — 1, -Vv.In EQ.(2), 4, is the
viscoelastic relaxation time, and f is a
structure  parameter defined as the
comparison between the apparent viscosity
(n) and the solute zero-shear viscosity (15,),
viz:  f =mn,,/n. Then, the macroscopic
reflection of an evolving structure within the
fluid is a time-dependent fluidity. Such
evolution is given by a kinetic-like equation,
where a destruction process takes place
caused by the solute energy dissipation
produced under flow (|z,: D|):

T =r-D+k (= f):Dl. @
Problem description. The example of
application of the BMP theoretical framework
to the modelling of semi-solid metallic
materials, is the problem of the numerical
simulation of a mixing process of semi-solid
A380 aluminium alloy in a rotor-stator mixer.
This kind of devices are commonly used in
HSP, and until the work of Garcia-Beristain et
al.,' these operations remained unexplored in
terms of a numerical simulation accounting
for the non-Newtonian thixo-viscoelastic
nature of molten alloys. The schematic
representation of the open rotor and rotor-
stator geometry considered in such work of
simulation is given in Figs. 1 and 2.
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Figure 1. Open rotor geometry and
discretisation (details in Table 1).

Table 1. Mesh parameters

M1 M2 M3 M4
Elements 2.1e° 3.3e° 1.0e° 4.7e
Nodal points 4.2e5 6.8¢° 2.1e® 9.4e°
Elements in 9 18 80 160
rotor tip
Boundary 5e~5 3e75 le™5 5e~°
layer element
size

Figure 2. Schematics of the rotor-stator
device. S1 denote the rotor wall, and S2 the
arc between blades.

Rheological characterization. For the next
step to describe the response of the semi-
solid A380 aluminium alloy in this setup, it
was necessary to prove that the BMP model
could fit the rheometric experimental data
available in literature.” In Figs. 3 and 4, the
rheological characterisation with the BMP
constitutive equation of a semisolid A380
aluminium alloy is displayed at 530°C and
550°C. The steady-shear curves in Fig. 3
show the shear-thinning response of the
aluminium  alloy considered, with a
considerable gap between viscosity plateaux,
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e feature which can be considered as an
apparent yield stress. In Fig. 4, the thixotropic
nature of aluminium is evidenced by the
different levels of viscosity in the step-up 10°F
compared to the step-down phase of the
transient test (step-shear rate). In both

experiments, we see that the BMP model :f
accurately describes the response of the =10k
alloy. The fitting parameters are listed in
Table 2.

10° =
Table 2. BMP model parameter fitting experimental data 2 3 3 30 5 50
reported by Solek & Szczepanik.” t(min)
Temperature 530°C 550°C Figure 4. Step-up and step-dawn in shear
1y, (Pa.s) 1.0e* 1.0¢* rate experimental data and BMP fitting for an
N (Pa.s) 8.0e72 8.0e72 A380 aluminium alloy.
ns(Pa.s) 2.0e72 2.0e72
A4(s) 1 1
A (s) 50 50 Results and discussion
Step-up phase Num_ericgl sir_nulations were conducted
ko(1/Pa) 1 7¢-10 16e-° considering, firstly, for the open rotor
&(s) 0.93 0.19 geometry, and then for the rotor-stator setup,
Step-down phase using the software OpenFOAM with the
ko(1/Pa) 3.1e-° 4.7¢8 rheoTool extension. The chosen parameters
&(s) 0.04 0.06 consisted of a simpler case of the ones

reported in Table 2, warranting solution
stability. Also, the mesh M4 was the one
allowing to obtain results at higher rotation
frequency. The simulations for the
viscoelastic case (representing the behaviour
of the metallic alloy) were contrasted against
the response of a Newtonian fluid under the
same conditions.

g ) Open rotor mixer. To describe the flow field,
= the system was divided into a bulk zone and
an inter-blade zone. In the bulk zone (Fig. 5),

10! the Newtonian solutions did not display

. Ben differences across rotational-speed levels.

107 | BME For the viscoelastic case, in the outer region
e BT Ewr p and the gap between the rotor blades and at
Shear rate (1/s) w = 1 rad/s, the structured material prevailed,

Figure 3. Steady-shear data and BMP model and the fluidized material was located only
fitting for an A380 aluminium alloy. near the rotor-tip surroundings. At w = 10 rad

/s, the region containing fluidized material
expanded. Correspondingly, stress levels
decline with the rotational-speed rise,
following the shear-thinning characteristics of
the alloy.

———
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e G

Teq at 1 rad/s
Figure 5. Fluidity and stress fields at
rotational speeds of w =1,10 rad/s. The
Newtonian case did not present changes to
plot in a color map.

Teq at 10 rad/s

In the inter-blade zone, the formation of a
recirculation is apparent. The shape of the
vortex convexity was influenced by the
change in rheology. The Newtonian fluid
responded always with a weaker and flatter
vortex boundary, whilst in the viscoelastic
case, the increase in rotational speed leaded
to faster-rotating vortices, evolving with
rotational-speed increase, from a convex to a
concave shape, as a possible effect of the
non-Newtonian behaviour of the alloy, as
presented in Fig. 6.
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(c) viscoelastic strain-rate at 1rad/s

Figure 6. Strain-rate profile.

Rotor-stator mixer. By considering the
stator, the vortex boundary and location
changed according to the rheological nature
of the material. In the viscoelastic case, at
w =1 rad/s the convex vortex is shifted
towards the stator, and at w = 10 rad/s, the
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vortex is centred, as in the Newtonian case
for every rotational speed (see Fig. 7). The
rotor-stator configuration at higher
frequencies is the closest to the Newtonian
case, obeying a diminished viscosity due to
shear thinning.
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(a) Newtonian
strain-rate solution at 10
rad/s with stator
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(b) Viscoelastic
strain-rate at 1 rad/s
with stator
Figure 7. Strain-rate field at rotational speeds
of w = 1,10 rad/s.

(c) Viscoelastic
strain-rate at 10 rad/s
with stator

The presence of the stator generated a
restriction in the fluid circulation between the
outside and the inside of the stator ring. The
streamlines are circular shaped, in contrast
with the elliptical ones of the stator-free case.
This mechanism produced the inter-blade
vortex size amplification. At low frequencies,
a less effective dispersion of sheared
microstructure into the bulk fluid was
achieved in the viscoelastic case.

At low frequencies, the inter-blade vortex
region was filed by a fully-structured material,
and presented relatively high stress values,
whilst at the rotor-stator gap zone, despite of
the high fluidity in the area, the stress level
remained high due to the high shear rates
produced. The alternating viscoelastic stress
patterns in the stator gap affected the
inflow/outflow velocity behaviour. At the
higher w = 10rad/s, the stress generated in
the entire domain is much milder, where the
higher fluidity locates in the rotor-stator gap
(see Fig. 8).
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|
(b) Viscoelastic fluidity solution at
10 rad/s with stator

(c) Viscoelastic 74 at 1 rad/s with (d) Viscoelastic 7, at 10 rad/s

stator with stator

Figure 8. Fluidity and stress fields.

These results are relevant for mixing head
optimization, as shear-rate maximization is
crucial for fragment deterrent intermetallic
phases and achieve effective grain-
refinement. The required strain-rate level to
achieve an appropriate microstructure of the
alloy is problem-dependent according to the
alloy under consideration, the required solid
state microstructure quality level, and the
possible solidification speed though heat-
transfer. However, the main benefits of a
rotor—stator mixing head are evidenced
through numerical solutions.

We encourage the reader to see further
details about this simulation work in our
manuscript in Garcia-Beristain et al.*

Conclusions

To this point, we proved that a theoretical
framework suitable for living polymers can be
extended to non-polymeric materials, such as
metallic semi-solid alloys. This is possible
because the rheological response these
quite-different systems display, depends on
the evolution of their microstructure in a
qualitatively similar fashion. Then, their
theoretical description can be accomplished
by the same constitutive equations, as is the
present case using the BMP model with the
A380 aluminium alloy in semi-solid state.?
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