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Mathematical modeling and simulations of semisolid filling processes remains a
critical issue in understanding and optimizing the process. Semisolid slurries are
non-Newtonian materials that exhibit complex rheological behavior. Therefore,
the way these slurries flow in cavities is very different from the way liquid in
classical casting fills cavities. Actually filling in semisolid processing is often
counterintuitive.

The modeling work of the semisolid consortium is focused on three distinct areas
as described below:

1. The understanding of the SSM rheology from a fundamental point.of view and
the mathematical description of the observed macroscopic constitutive
behavior. Current understanding of the rheology of SSM suspensions
indicates that the slurries are characterized by a finite yield stress, and by
material properties that are time and shear rate dependent. Mathematically,
the observed behavior fits well a generalized time-dependent Herschel-
Bulkley fluid model. Computationally the model was modified from the ideal
Herschel-Bulkley model to avoid the mathematical singularity inherent in the
original model. The theory we developed has been incorporated into a
number of two- and three-dimensional computer codes.

2. The understanding and a mapping of flow instabilities distinct to semisolid
processing. During filling semisolid slurries exhibit flow behaviors not
observed in liquid casting. For instance, semisolid slurries fill cavities in a
preferential way i.e. filling in one direction may halt while filling proceeds in
other parts of the cavity. Due to the unique rheology of semisolid suspensions
and depending on the slurry properties dies fill in very distinct patterns. Also,
due to flow instabilities during filling, final parts are found to have
unacceptable variability in their mechanical properties. This of course
increases the scrap rate, and consequently the cost of the process. The
dominant instability responsible for this variability in the properties in known
as the "toothpaste instability."

In our modeling we managed to reproduce the above mentioned behaviors. In
the case of preferential filling, we concluded that the behavior is due to the
finite yield stress of the slurry. The same is true for the distinct filling patterns
obtained in the filling of simple cavities. In our work we identified five patterns
with which SSM slurries may fill a simple two-dimensional cavity: (i) shell, (i)
disc, (iii) mound, (iv) bubble and (v) transition pattern-- a pattern between that
of the disc and the bubbile filling patterns.
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The toothpaste instability is due to fluid column buckling. This behavior is
likely to happen at distinct combinations of the Reynolds and Bingham
numbers. In our work we identified the parameter space where unstable
behavior is more likely to occur in a simple rectangular two-dimensional
cavity. We concluded that the most unstable pattern is that of bubble, and to a
lesser degree that of the transition pattern.

3. The simulation of filling o real parts. In parallel to tasks (@) and (b), we
initiated a number of simulation studies to simulate filling of real die cavities
used by our industrial partners to produce real parts. The simulations were
performed using the simulation package PAM-CAST offered for consortium
use by ESI and Pechiney aluminum company. The simulation packaged was
modified to include the Herschel-Bulkley flow behavior.

The attached paper gives the processing map which Is needed to avoid
instabilities. This emanated from Philippe Le Menn’s Master Thesis and Dr.
Pan’s work on yield stress measurements.
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Abstract

The purpose of this work is to address lingering concerns about
the reliability of the semisolid metal process (SSMP) and its in-
ability to produce consistently high quality parts. In this paper
we provide evidence of experimental results that are typical of
those that lead to questions about the consistency of the process.
While the rheology of SSM suspensions is not fully understood,
we demonstrate that the inconsistent results can be explained by
considering the finite yield stress of the slurries. This implies
that by controlling the process parameters the instabilities can
be avoided. We also provide stability maps to indicate the pa-
rameter space where unstable behavior is more likely to occur in
a simple rectangular 2-D cavity.

1 Introduction

Traditionally, metal alloys are cast in their fully liquid state using pro-
cesses such as sand casting, high pressure casting or squeeze casting. Sand

! Corresponding author. Currently at the Department of Mechanical Engineering, Uni-
versity of Cyprus, Nicosia, Cyprus.
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casting produces parts with large dimensional tolerances that require extra-
machining; moreover, due to porosity caused by air entrapment, they have
inferior strength. High-pressure casting significantly reduces porosity, allow-
ing the production of much thinner parts. However, the low ductility of the
final products remains an important handicap. Squeeze casting is designed
to operate at higher-than-usual pressures. The increased pressure reduces
porosity, but the process is hampered by tool wear and manufacturing costs.

- Shaping aluminum alloys in the semisolid state by thixoforming produces
complex parts with better metallurgical quality when compared to parts pro-
duced by the aforementioned liquid casting methods. Thixoformed parts can
have thinner sections than in squeeze casting and have mechanical proper-
ties independent of the local cooling rate [1]. In contrast to liquid casting,
in semisolid metal casting the material is processed from a slurry kept at a
temperature between the solidus and the liquidus isotherms. Therefore, it
can be applied only to materials that have a wide solidification range. Since
pure aluminum and eutectic alloys solidify at a single temperature, they are
not suitable for semisolid processing. Non-eutectic alloys, however, over a
given range of temperature and composition are thermodynamically stable
in the semisolid state, which makes them suitable for the process. Since
SSMP combines the advantages of both liquid metal casting and solid metal
forging, it is gaining interest very rapidly within the casting industry.

Thixoforming of aluminum alloys is fast and allows for high production
rates with enhanced mechanical properties. Therefore, the automotive, air-
craft and aerospace industries represent a large market for this technology

- [2]. The automotive industry already makes use of thixoforming for a num-
. ber of different components that require a high degree of tightness such as

fuel rails [3], master brake cylinders [4], ABS bodies and air-conditioner com-
pressor housings. Other examples include high-strength parts such as engine
mounts, knuckles, suspension components, wheels, and wear-resistant parts
requiring hyper-eutectic alloys, such as unanodized master cylinders, brake
drums and gearshift forks [5]. These examples show that thixoformed parts
are attractive replacements for permanent mold or forged aluminum compo-
nents, as well as substitutions for cast iron parts, in which weight saving is
especially important [6]. :

However, despite the attractive features of the process, its implementation
to industrial applications is hampered by technical issues. One outstanding



problem that limits the spread of the process is the fact that many casters

< report significant scrap rates associated with problems in filling. These rates
o are often high enough to label the process as unpredictable. While there
é are still many unresolved technical issues related to the semisolid process, it

is the belief of the authors that many problems associated with filling can
- be explained by considering properly the complex rheology of the slurries.
The main objective of this paper then is to address concerns about the re-
producibility of the results in semisolid processing. This is achieved through
numerical simulations by considering the basic rheology of the slurries.
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Figure 1 shows three filling patterns obtained experimentally by Paradies
and Rappaz [7] for semisolid aluminum alloy A356 filling a simple cavity.
Filling patterns were obtained by interrupting metal injection during die fill-
ing. These three filling profiles, respectively named “mound” (a), “disk” (b)
and “shell” (c), were obtained for slightly different process conditions. This
is a clear demonstration that filling can be significantly different when pro-
cess conditions change, even by a small amount. Interestingly, this behavior
_ is not restricted to semisolid materials. Experimental results obtained by
L Koke et al. [8] show that filling a die with substances such as chocolate

cream, calcium-carbonate/oil suspension, tomato paste, ultrasonic gel and
Newtonian silicone oil lead to similar flow patterns. As a matter of fact,
these model substances have a rheology similar to semisolid alloys which
shows that semisolid slurry behavior is not unique and, hence, can be pre-
sented by some general framework. Typical “shell’ and “mound” patterns
- were obtained and are shown in Fig. 2. The three aforementioned flow pat-
terns (“mound,” “disk” and “shell”) have been clearly identified and observed
for both Newtonian fluids and semisolid materials. In a recent experimental
study, Midson et al. [9] filled a rectangular plate shaped cavity with semisolid
E’ aluminum alloy A357. For given geometrical dimensions and process param-
: eters, a very unique filling behavior has been observed, as shown in Fig. 3.
Quite clearly, the metal (injected from the left) appears to initially low down
£ - the center of the die. The main filling then proceeds from the entrance of
ks the cavity as a growing bubble. This flow pattern strengthens the idea that
filling in semisolid processing may be very counterintuitive.
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Other experimental observations [10] clearly established the importance
of controlling parameters such as inlet velocity, temperature (i.e., viscosity
and yield stress of the material) and geometrical dimensions of the die. Figure
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4 shows an experimental observation of the “toothpaste” behavior which is
a typical fluid instability observed in semisolid metal processing during die
filling. As shown, even though the part is symmetric, the left arm presents a
wavelike instability. A similar irregular filling profile is also shown in Fig. 5.
Investigations by Midson et al. [9, 10] provide other illustrations of irregular
fillings. Figure 6 shows photographs of the filling progession for castings
produced with various gate dimensions. Quite clearly, once the stream of
metal hits the end-wall, the remainder of the cavity is filled by the stream
bending and folding upon itself. Such unpredictable behaviors are believed to
be caused by flow instabilities. The folding provides numerous opportunities
for air entrapment and a casting produced under such conditions would most
likely have inferior mechanical properties. These experimental observations
provide evidence of unpredictable flow behavior. Consequently, the stability
of the process for various critical parameters deserves to be qualitatively and
quantitatively investigated.

2 Rheology of Semisolid Materials

Typically, the solid fraction for SSMP varies between 0.3 and 0.6. There-
fore, the slurry behaves neither as a fully solid material (Hookean solid),
nor as a fully liquid material (Newtonian liquid). The semisolid materia] is
considered as a two-phase body composed of a solid porous medium with
an interstitial liquid phase. As a solid the semisolid metal maintains its
structural integrity, and as a liquid it flows with relative ease. In this state,
individual solid particles begin to agglomerate and form a skeleton that can
sustain a finite shear stress without deforming. During the injection process
the microstruture of the semisolid material is a function of the local tem-
perature and the applied shear rate. Therefore, its rheology varies during
processing.

‘The “yield stress” (7,) is a key property of semisolid slurries. Below a
finite level of stress, the slurry behaves and reacts as a solid. Above this level,
it exhibits flow characteristics and can be described by rheological properties.

~ This minimum shear stress for deformation is known as the yield stress and

is a property of the material. In the “core” regions where the local shear
stress is below the finite yield stress of the material, the velocity gradient is



essentially zero. Once the yield stress is exceeded, the material behaves as a
liquid and is characterized by a non-linear stress-strain relationship.

Whether the yield stress is a true property or an apparent physical quan-
tity has been questioned by several investigators. Barnes and Walters [11]
concluded that, given accurate measurements, no yield stress exists but what
appears to be so is simply creep. However, this was disputed by Harnett and

. Hu [12] using a fiber-reinforced polymer material. Currently, the concept of

yield stress is generally accepted as a standard term to characterize materials
such as semisolid slurries which exhibit this particular behavior.

For semisolid aluminum slurries it is easily understood that the finite
yield stress of the material strongly depends on its solid fraction, i.e., on
its temperature. At very low solid fractions the yield stress is close to zero
and the slurry is mainly liquid. At high solid fractions the yield stress is
significant and the material becomes a porous solid that can no longer be
considered as a liquid.

Pan and Apelian [13] investigated yielding behavior of commercial semi-
solid aluminum alloys A356 and 357 fabricated by both magnetohydrody-
namic (MHD) and grain-refined (GR) methods. In the study, a plate com-
pression method was used to measure yield stress of semi-solid slurries at high
solid fractions (> 0.5), while a cone penetration method was used to mea-
sure yield stress at intermediate and low solid fractions (< 0.5) [13]. Their
results show that the yield stress of aluminum alloys is a strong function
of temperature (solid fraction) in the semi-solid state, as shown in Figs. 7
and 8. In the two phase region, with increasing temperature the yield stress

- decreases dramatically. A significant variation in yield stress was found to

occur in the temperature range between 570 — 580°C for A356 alloy, and
between 570 — 585°C for 357 alloy.

Pan and Apelian have also shown [13] that for a given solid fraction,
the GR alloy has a higher yield stress than MHD processed alloy in the
solid fraction range between 0.5-1. Once the solid fraction is less than 0.5,
however, there is no difference in yield stress values between MHD and GR
alloys (see Figs. 9 and 10). Their detailed metallographic and image analysis
shows that the relatively high yield stress value of GR alloy can be attributed
to the entrapped liquid and the shape factor of the primary Al particles, as
summarized in Figs. 11 and 12. Compared to the MHD processed alloy, GR
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two-phase model is currently available (although some developments are in
progress [18, 19, 20]). Consequently, models dealing with the bulk behavior
of the material are being used. Although less rigorous, they provide sufficient
information for the design of the process.

The most commonly used model is the Bingham model [21, 22, 23]. It is
expressed in tensorial form as:

¥=0 for 7<7, (1)

;=(n+%):’y_ for 7> 1, (2)

where ¥ = (Vu + VuT) represents the rate of strain tensor, 7 the extra stress

tensor, 7, the yield stress and 7 the viscosity of the deformed material. T

and  are respectively the second invariants of the extra stress and rate of
strain tensors, defined as:

1 1/2 1 1/2

T = [ETijTjk:l and ’)’ = [-i;yij")’jk] . (3)
The rheological behavior of a Bingham fluid is characterized by two different
flow regimes: if 7 < 7, the material behaves as a rigid solid. If 7 > 7, it flows

. .. To
with the apparent viscosity 7y, =1+ —.
Y

The Herschel-Bulkley model is a generalization of the Bingham model. It
takes into account changes in the effective viscosity with the applied shear
rate (shear-thinning and shear-thickening behaviors). The Herschel-Bulkley
model assumes the following power-law expression for the effective viscosity
of the deformed material:

= &y, (4)

where n and k are the power-law and consistency indices, respectively. The

. fluid behavior is shear-thickening for n > 1 and shear-thinning for n < 1.

For n = 1 the Herschel-Bulkley model reduces to the Bingham model with
the consistency index equivalent to the viscosity.

The yielded (7 > 7,) and unyielded (7 < 7,) regions of the fluid are sep-
arated by the “yield surface” defined as the surface where the local stress
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is equal to the yield stress. In numerical modeling, in addition to the non-
linearities in the governing equations, an inherent difficulty is the discontinu-
ity in the constitutive relation. Due to the presence of 4 in the denominator
of Eq. (2), the apparent viscosity becomes unbounded at vanishing shear
rates. Also, while calculating the velocity field the shape and location of the
yield surface are unknown. Although this does not constitute any limitation
in analytic solutions in simple cases such as flow in tubes [24], it introduces
significant difficulties in more complicated problems that are only amenable
to numerical analysis. To overcome these issues, several modified versions of
Egs. (1) and (2) have been proposed [25, 26, 27, 28]. A common approach is
to approximate the rheological behavior of the fluid to be valid uniformly at
all levels of stress. Papanastasiou [25] introduced a regularization parameter
m that controls the exponential rise in the stress at low rates of strain:

I=(n+7 l

1-— exg(—mﬁ)J . 5)

' The parameter m has dimensions of time. This constitutive relation is ex-

pressed in terms of three independent material parameters, 7,, k, and n,
which are determined from experimental data. The Herschel-Bulkley behav-
ior is approximated for relatively large m values. According to Eq. (5), for
7 & 0 the apparent viscosity is finite and given by 7,,, ~ (7 + m7,). The
constitutive relation is then expressed as T = (7 + m7,)}. Papanastasiou

[25] validated this model on several simple flows such as one-dimensional
channel flow, two-dimensional boundary layer flow and extrusion flow. The
accuracy and effectiveness of this model in studying Herschel-Bulkley fluids
has also been demonstrated by Elwood et al. [29], Mitsoulis and Abdali
[30], Tsamopoulos et al. [31], Blackery and Mitsoulis [32] and Burgos et al.
(28, 33].

4 Mathematical and Computational Model

The schematic of the problem considered here is shown in Fig. 14. The 2-D
geometry is characterized by the inlet section (length ! and height H ). The

- material is injected in the die from the left side and hits the vertical solid

surface at a distance L away.



The flow was modeled using the conservation of mass and momentum for
an incompressible fluid. The set of governing equations were non-dimensionalized
using:
Z; t "

A AN

« 1

P* =

P 1
z; —; "=
To -

I;
To™ To

I

u

where H is taken as the inlet height and U, the average inlet velocity. Due

- to the non-dimensionalization the imposed volumetric flow rate is Q=1

Using the dimensionless groups introduced in Eq. (6) we can rewrite the
governing equations in a dimensionless form:

V.au* =0, (7)
611* * * : *
Re e +u*-Vu*| = BiV - g". (8)
Here, g* = —P*[ + r*, is the total non-dimensional stress tensor. According

to Eqs. (7) and (8) the fluid behavior depends on two dimensionless param-
eters, the Reynolds (Re) and Bingham (Bi) numbers, defined respectively

as:
UH H
=2 gnd Bi= 9)
Tesf NessUo |
The effective viscosity 7,s; is obtained from the one-dimensional analog of
the constitutive equation (Eq. (5)):

Re

T=To+ kY =T +x|F[" 4, (10)
‘where 7 is the shear rate, and 75y = k | 7 [*! is the effective viscosity.

Therefore, the Reynolds and Bingham numbers are generalized as:

(2=n) rn n
pUs" W H . ToH
Re = — and Bi= P (11)

The Herschel-Bulkley constitutive relation (Eq. (5)) can thus be rewritten
in a dimensionless form: :

T

bl

1 .., [1—ezp(—m*y")]] .
* *(n—1) * 2
[ 77 + Ee (12)

=
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where 4* is the dimensionless rate of strain tensor, ¥* its second invariant,
and m* the dimensionless growth exponent, which are respectively defined
- I . _ ml,
L gmEL VowEE TR 1
Equation (12) has only two independent material parameters (B: and n),
whereas Eq. (5) had three (k, 7,, and n).

The governing equations and constitutive relation were discretized using
the classical mixed-Galerkin finite element method with nine-node rectan-
gular elements. The resulting non-linear system of equations was linearized
using a Newton-Raphson iteration procedure. For converged results in the
Newton-Raphson iterative scheme, usually three to four iterations were nec-
essary at each time step. More details can be found on the method of solution
in [34, 35].

5 Results

In this section we examine semisolid filling behavior in a simple 2-D cavity
(or an equivalent flow arrangement). As shown below, the filling patterns and
flow instabilities observed experimentally can be reproduced using the most
basic characteristic of the slurry rheology, i.e., the finite yield stress.

In a recent study, Alexandrou et al. [36] investigated filling of a 2-D
cavity by Bingham fluids using the simulation package PAM-CAST/Simulor
by examining the relative importance of inertial, viscous and yield stress
effects on the filling profiles. They identified not only the filling patterns
shown in Fig. 1, but also a pattern identified as “bubble”, as well as a
“transition” pattern between that of “mound” and “bubble” patterns. These

" numerical results were obtained using a finite-volume code and a fixed mesh.

For the purpose of the present study, we simulated the cases considered in
[36] using finite-element simulations along with a moving mesh scheme. In
this case, the simulations can be classified as “exact” since the mesh follows
the motion of the fluid and the boundary conditions are applied exactly.
Figure 15 shows the results for similar conditions as in [36]. The five typical
flow behaviors reported by Alexandrou et al. have been reproduced here as
well, providing thus further evidence on the existence of these patterns.

10
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It is postulated that the inconsistent filling of SSM slurries is the result of
flow instabilities during processing. A common defect observed in SSM pro-
cessing is a behavior known as toothpaste (Figs. 4 and 5). The name “tooth-
paste” comes from the similarity between this instability and the toothpaste
behavior when forced out of its tube. When reaching the end-wall, the jet
bends due to local increase in pressure. From a practical point of view such
instabilities are undesirable and can lead to non-uniformities in the final com-
ponent. This of course increases the scrap rate and consequently the cost of
the process. Analysis of experimental results clearly demonstrates that the
way semisolid materials fill a cavity is strongly dependent on the flow condi-
tions and rheological parameters [9, 10]. Therefore there is a need to control
the influence of these parameters on the stability of the injection process.
Uncontrolled filling would indeed result in an important amount of folding
and inferior mechanical properties. Moreover, the toothpaste instability is
believed to be caused by fluid column buckling which is a direct consequence
of the yield stress effect. Therefore, this behavior needs to be documented.

~'In this work, we concentrate on the interaction of a Herschel-Bulkley
fluid jet and a vertical surface at a distance L from the die exit and we study
the interplay between inertia, viscous drag and yield stress, or as expressed
in terms of force per unit depth, F; = pU?H, F, = nU,, and F,=7H
respectively. This problem reproduces the filling at the early stages when the
filling front first reaches the closed-end of the die. Non-dimensional analysis
shows that the flow depends on two dimensionless parameters: the Reynolds
(Re) and Bingham (Bi) numbers.

In numerical simulations, flows that in real life are stable, may fail to re-
veal instabilities. This is due to the almost perfect symmetry of the numerical
flow field and the fact that numerical errors take a long time to initiate insta-
bilities. Therefore, it is customary to introduce an artificial disturbance in
the flow to disrupt its symmetry. This artificial instability is typically small
and it is applied for a short duration. Here, a small disturbance is introduced
in the flow by imposing an asymmetric velocity profile at the inlet for a short
time At, beginning at the moment (defined as ¢ = 0 in the following) the
jet of fluid reaches the vertical wall. For ¢ > At, the inlet velocity was kept
constant and symmetric. In both the symmetric and asymmetric cases the
volumetric flow rate was kept constant. The flow field and the jet stabil-
ity are found to be independent of the magnitude and the duration of the

11



asymmetry.

The finite-element mesh used in the simulations is refined around zones
which are sensitive to flow singularities (die exit and end-wall). The power-
law index n and parameter m are fixed at values n = 1 and m = 1000
(Bingham case). The unsteady simulation begins at the time where the jet
hits the vertical wall (¢ = 0). The initial conditions were taken from the
steady solution of the problem for the configuration when the jet is about

~ to touch the wall. The geometry we used includes an inlet section (H =1,

[ = 5), and a vertical wall at a distance L from the exit of the die. The
results shown are for variable values of L. Typical jet-wall interactions are
shown in Figs. 16 and 17, as sequences of snapshots of the jet profile, where
t is the non-dimensional time.

Figure 16 shows the jet behavior for the L = 10 geometry at a low
Reynolds number, Re = 1, and a moderate Bingham number, Bi = 3. For a
symmetric velocity profile at the inlet (i.e., no disturbance), these conditions
lead to a “bubble” pattern. Here, when the jet emanating from the inlet
section reaches the vertical wall, it grows as a “bubble” pattern up to a
dimensionless time ¢ ~ 7. When the disturbance is introduced from the start
of the flow (¢t = 0) until ¢ = At = 1.5, it triggers an instability which forces
the jet to bend, very much like the buckling of a slender solid column. The
fluid starts to flow sideways leading to an unstable jet profile. This flow
behavior is very similar to what is observed experimentally and descnbed as
the toothpaste effect.

The flow shown in Fig. 17 is obtained for Re = 5 and Bi = 1. For
both symmetric and asymmetric flow conditions the jet grows in a manner

- consistent with a transition pattern. Therefore, the initial disturbance has

no impact on the stability of the jet, and no noticeable difference can be
observed between the symmetric and asymmetric cases.

A complete map of the jet profiles as a function of the Reynolds and
Bingham numbers was developed in the range 0.5 < Re < 50, 0 < Bi < 40.
The map presented in Fig. 18 clearly shows the regions where “stable”
and “unstable” patterns occur. The estimated boundary between these two
zones has been sketched in in order to demarcate the range of Re and Bi
which they correspond to. On this map, the symbols A, o, M, ¥ represent
respectively the “mound,” “disk,” “bubble” and “transition” patterns. The

12
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hollow symbols (CJ, and V) represent the cases discussed in detail (Figs. 16
and 17). The estimated boundary between stable and unstable behaviors has
been sketched in. As speculated, while “bubble” pattern leads to unstable jet
behavior, “shell,” “disk” and “mound” patterns remain stable. Most of the
“transition” cases lead to stable jet profiles. These numerical results explain
why experimental observations of the “bubble” pattern are not common, as
the pattern is very sensitive to flow instabilities.

So far the length L was kept constant. However, the stability charac-
teristics depend also on the length of the die L. The effect of the distance
between the die exit and the vertical wall was studied using three different

. lengths L = 10, 15 and 20. The map shown in Fig. 19 summarizes these

results. The solid line represents the L = 10 case while the dashed line and
the dashdotted line stand for the L = 15 and L = 20 cases, respectively.
From that figure, the overall jet stability is confirmed: the longer L, the
more likely it is to observe toothpaste-like instabilities.

Experimental observations by Midson et al. [9] are a good illustration on
the way the maps developed in this study could be used to control process
parameters. Figure 6 shows a photograph of a series of castings (A357)
produced when filling a rectangular cavity (150 mm long, 100 mm wide and
9 mm thick) through a 19 mm by 9 mm gate. This gives a ratio L/H =
7.5 = 10. The metal appears to initially flow down the center of the die to
the top of the cavity, before it starts to flow sideways. Folds can be clearly
observed in some of the castings. The process conditions and geometrical
parameters make these castings fall into the unstable regions of the stability

. maps shown in Fig. 18. So as to obtain a stable filling, process parameters

have to be modified. Considering the stability map and the definition for
the Reynolds and Bingham numbers, a solution would be to change the gate
velocity U,. Starting from a state in the unstable region, we increase U,.

- This will increase Re and reduce Bi. On the map, this will move our process

state in diagonal toward the bottom right of the map, i.e., within the stable
region. Another possibility is to modify the temperature of the slurry. As
demonstrated earlier, the viscosity and the yield stress are functions of the
material temperature. Therefore, by controlling the temperature parameter,
we are able to control the Reynolds and Bingham numbers and to shift the
process state within the stable region.

13



6 Conclusions

Due to the unique rheology of semisolid suspensions and depending on the
slurry properties, dies fill in very distinct ways. Eventually, the various filling
patterns have direct implications on the quality and mechanical properties
of the produced parts. In this study, we presented numerical simulations
and experimental measurements that highlight the significant role of the
finite yield stress in semisolid metal processing. The simulations confirm
experimentally observed flow patterns in filling of simple cavities. This paper
also addresses concerns about the reproducibility of the process. In actual
SSMP, filling patterns are often irregular and unpredictable, pointing to the
existence of flow instabilities. The yield stress of semisolid metals is believed
to be responsible for these instabilities. In this study, stability maps are
drawn as a function of the process parameters in filling of 2-D cavities. The
results highlight the way process parameters should be controlled in order to
obtain high quality castings.
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Figure 1: Photographs of the metal removed from the reservoir following

“experiments on a die with a 20 mm tube diameter, in order of increasing

velocity (a) mound and disk, (b) disk and (c) disk & shell [7].
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Figure 2: Experimental results on die filling for (a) Nutella (Re = 6.51,
Bi = 0.00311), (b) ultrasonic gel (Re = 158, Bi = 0.0377) and (c) n=12. 5
Pa.s silicone oil (Re = 3.19, Bi = 0) [8].
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Figure 3: Experimental observation of a “bubble” pattern [9]. A rectangular
plate shaped cavity is filled with semisolid aluminum alloy.
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.. Figure 4: Toothpaste behavior (Courtesy of Aluminium Pechiney).
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Figure 5: Toothpaste behavior (Courtesy of Aluminium Pechiney).
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Figure 6: Photographs of a series of castings made with (a) a 19 mm by 9
mm gate and (b) a 50 mm by 4.5 mm gate [9].
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Figure 11: Microstructure of MHD 357 (a), and GR 357 (b) at 578°C.
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Figure 12: Image analysis results of MHD and GR 357 alloys evaluated. SF
§ is the shape factor, V} is the volume fraction of entrapped liquid.
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Figure 16: Toothpaste behavior, Re = 1, Bi = 3, L = 10. The disturbance

is imposed from ¢t = 0 until ¢t = 1.5.
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Figure 18: Stability of the jet when hitting a vertical suface (L = 10), the
Reynolds and Bingham numbers being the control parameters. A-mound
pattern; e-disk pattern; M-bubble pattern; Y-transition pattern. The hollow
symbols ([J, and V) represent the cases discussed in detail and pictured on
the map. The estimated boundary between the stable and unstable behaviors
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and above this limiting line.

36



2
£3 10y

m 10°

10"

2 ; .
N A 10452 107 10° 107 702

3 rerrrni

Figure 19: Estimated stability limits for different jet lengths. L = 10 (solid
line), L = 15 (dashed line) and L = 20 (dashdotted line).

37

L
DS
v

_,_._.
M



£
B
33

B. Quantitative Microstructure
| Characterization of Commercial
Semi-Solid Aluminum Alloys

g
£
Lo
&
o




,—,v.-pq,.,,,i
POV |

ey

F
P

L

QUANTITATIVE MICROSTRUCTURE CHARACTERIZATION OF

COMMERCIAL SEMI-SOLID ALUMINUM ALLOYS

Report PR-01-#1

Focus Group:

Research Team:  Qingyue Pan

Diran Apelian
A.Figueredo
Carsten Afrath

John Miller
Craig Bergsma
Stig Brusethaug

gypan@wpi.edu
dapelian@wpi.edu
amf@wpi.edu

(508) 831 5790
(508) 831 5892
(508) 831 6157
49 241 9800521
Carsten.Afrath@post.rwth-aachen.de

(Northwest Aluminum)
(Hydro Aluminum A.S.)

Objectives

Karuppa Chinnathamba  (Citation Aluminum)
Vincent Genise (Citation Aluminum)
Tom Dedohn (Superior Industries International)
Michel Garat (Aluminum Pechiney)
Alain Charbonnier (Aluminum Pechiney)
John Jorstad (JLJ Technologies)
Rod Riek (Harley-Davidson Motor)
Jim Van Wert (Amcast)
PROJECT STATEMENT

* Determine effect of heating rate and processing temperature on microstructural
evolution of semi-solid A356 alloy during reheating.

* Determine effect of isothermal hold on microstructure evolution in the semi-solid

state.

e Characterize différences in microstructure evolution of commercial semi-solid
billets at different locations throughout the billet.

* Investigate mechanism on the formation of entrapped liquid.

* Provide quantatitive data for optimization of industrial practice.




Strategy

« The rheological behavior and flow properties of commercial semi-solid alloys
depend on their microstructure developed during reheating. Thus an accurate
understanding of microstructure evolution at commercial processing conditions is
critical for optimization and control of semi-solid processing.

b « Both chemically grain refined and MHD A356 commercial billets were used in
‘ this study. Processing conditions investigated include different heating rates,
Lo different shearing rates, as well as isothermal hold at commercial forming

! temperatures.

* Image analysis was carried out to quantify the semi-solid microstructure. Three
important characteristic parameters-shape factor, particle size of Alpha particles,
as well as the amount of entrapped liquid were measured in this study.

* Specifically, due to the significant difference in as-cast microstructure of

i commercial billet at different locations (for example, at the center or surface of an
L individual billet), extensive image analysis were performed on samples along
cross section of the billet to identify differences in microstructure at different
locations.

£

b ACHIEVEMENTS THIS QUARTER

During this quarter, extensive sample preparation and image analysis were carried out

Em to quantify microstructure of samples obtained at different commercial processing
L conditions. Detailed results are given as follows.
i 1. The microstructural evolution of MHD and GR billets during reheating is quite

different. GR billets tend to have higher shape factor values, larger patticle size,
and much more entrapped liquid than MHD billets.

= 2. Heating rate does not alter microstructure evolution of both MHD and GR billets -
significantly. Rather, processing temperature has a much more of an influence
on microstructure evolution of both billets. Higher temperature results in faster
spheroidization, and a significant decease of entrapped liquid of GR billets.

3. Isothermal holding at 580°C leads to rapid spheroidization throughout MHD billet,
and the periphery of GR billet, but has little effect on the microstructures at the
£ center of GR billet. Coarsening during isothermal hold is most evident.



4. Semi-solid microstructure has a strong structural “heredity” resulting from the as-
cast microstructure. 1t is difficult to eliminate the heredity to obtain an optimal
spherical morphology through subsequent thermal treatments if the scale of the
as-cast microstructure is above a certain threshold level. Our analysis of
quantitative data points out that the control of cooling rate is critical in
manufacturing high quality, commercial SSM feedstock.

Appendix A is a detailed report on the quantitative microstructural characterization of
[ commercial A356 alloy.

CHANGES IN PROJECT STATEMENTS

None

é\ WORK PLANNED FOR NEXT QUARTER

« Complete remaining image analysis work to identify mechanism of formation of the
entrapped liquid.

& * Complete yield stress measurement of SiBloy, grain refined SSM alloys.

*  Documentation of all microstructural work to date.
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ABSTRACT

Extensive microstructure observations and image analysis were performed to
quantitatively characterize microstructural evolution of semi-solid A356 alloy
billets during reheating. In this study, commercial billets fabricated by both
magnetohydrodynamic (MHD) and chemically grain refined (GR) methods were
used. Processing parameters evaluated include different heating rates,
temperatures, isothermal hold time as well as different shear rates. It has been
found that the microstructural evolution of MHD in contrast to GR billets during
reheating is quite different. GR billets tend to have higher shape factor values,
larger particle size, and much more entrapped liquid than MHD billets. Heating
rate has little effect on the microstructural evolution of both types of billets, while
processing temperature has a significant influence on microstructure evolution.
Higher temperature results in a faster spheroidization, and a significant decease
of entrapped liquid of GR billets. Isothermal holding at 580 T leads to a rapid
spheroidization throughout MHD billets, and the periphery of GR billets, however,
it has little effect on the microstructures at the center of GR billets. Specifically,
we found that semi-solid microstructure has a distinct structural “heredity”
resulting from precursor material, which implies that once the scale of the as-cast
microstructure is beyond a certain level, it is difficult to obtain the expected
spherical morphology through subsequent thermal treatments. Our analysis of
quantitative data points out that the control of cooling rate is critical in
manufacturing high quality commercial semi-solid billets, particularly for GR
feedstock.
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1. INTRODUCTION

Thixoforming aluminum alloys is a relatively new casting technology offering distinct
advantages over conventional casting and forging processes. Thixoformed parts can have
thinner sections than in squeeze cast parts with improved mechanical properties.
Moreover, due to laminar flow during mold filling, thixoforming ensures casting quality,
including absence of inclusions, possibility of heat treatment and welding, high strength
and elongation. Though we have witnessed several successful commercial launches with
SSM, and even through much progress has been made during the last few years in our
understanding, the fact remains that predictive and fundamental knowledge in SSM
theological properties as well as microstructural evolution is still incomplete.

Process robustness and quality assurance measures are based on our accurate
understanding of the rheological behavior of semi-solid metal slurries. Thixofoming
involves three distinct stages: (1) casting of billet with microstructure suitable for
thixoforming; (2) reheating of slugs cut from these billets into semi-solid state; and (3)
injecting the semi-solid slurry into a die. Commercially, semi-solid billets are
manufactured either by magnetohydrodynamic (MHD) or chemically grain refined (GR)
methods to ensure development of proper semi-solid structures. Figures 1 and 2 give the
typical as-cast microstructures of both MHD and GR billets. It can be seen that MHD and
GR materials exhibit significant microstructural differences. The microstructure of GR
billets has a dendritic structure with a very fine scale; while the microstructure of MHD
billets has a non-dendritic, rosette-like structure with agglomerated Alpha particles.
Specifically, comparing microstructures of an individual billet at different locations
(center or periphery), one can find that microstructures near the billet surface are much
finer than those at the billet center due to relatively high cooling rates during billet
casting .

It is well known that the rheological behavior of semi-solid metal slurries is strongly
dependent on microstructure. To elucidate the complex rheological behavior of SSM
slurries, it is important to understand how the precursor microstructure evolves during
reheating of the billet into the semi-solid range. The relevant questions we have posed
are:

1) How do the observed differences in as-cast microstructures affect the
microstructure evolution during reheating?

2) What is the effect of a billet genealogy (MHD, GR, etc.) on the slurry structure?

3) What metrics are used to design heating procedures to ensure the required
rheological properties?

Kopper and Apelian [1-2] investigated microstructure evolution of 357 aluminum alloy
during reheating and its effect on the flow properties. Their work pointed out that the
semi-solid microstructure is very much path dependent. For a given billet stock, factors
such as heating rate, soak temperature, and soak time are critical variables affecting the
resultant microstructure, and thus the flow properties. Pan and Apelian [3-4] investigated
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the yielding behavior of commercial aluminum alloys A356 and 357 in the semi-solid
state. Their work indicated that the yield stress of the semi-solid slurry is a strong
function of temperature/solid fraction. For a given solid fraction, some characteristic
parameters of semi-solid microstructure such as the amount of entrapped liquid, shape
factor of the Alpha particles have a significant influence on yield stress and flow
properties.

In this work we have taken on the task to quantitatively characterize microstructural
evolution of commercial A356 semi-solid billets during commercial forming conditions.
Effects such as heating rate, isothermal hold, shear rate on slurry structure have been
evaluated. This report presents recent results on microstructure evolution of A356 alloy
as a function of different thermal histories. Specifically, much attention will be paid to
identify differences in microstructural evolution throughout a given semi-solid billet.

2. EXPERIMENTAL

2.1 Materials

Commercial A356 semisolid billets fabricated by both magneto hydrodynamic (MHD)
and grain-refined (GR) methods were used in this study. Table I gives the chemical
composition of the alloys used. Samples with 3 inches in diameter and 0.25 inch in

thickness were cut directly from commercial MHD and GR billets.

Table I: Chemical composition of the alloys investigated

Composition, %
Alloy Si Fe Cu Man Mg
A356 (MHD) 6.92 0.10 0.09 0.05 0.18
A356 (GR) 6.85 0.10 0.11 0.05 0.33

2.2 Apparatus

An Inston high temperature chamber was used with an accurately controlled
environment; a convection fan ensures even distribution of the atmosphere, maintaining
the desired temperature. The temperature variation in a sample during an experimental
run was kept within + 1°C in the temperature range investigated (577°C-590°C). The
sample was placed in a copper container, and a thermocouple was inserted into the
sample to monitor temperature variations (see Figure 3).
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2.3 Processing Conditions

Processing conditions investigated in this study include different heating rates and
temperatures, isothermal hold time, as well as different shear rates, as illustrated in Figure
4,

The first series of experiments dealt with the effect of heating rate on microstructure
evolution during continuous heating in the semi-solid state. Two heating rates were
examined

* Rapid heating (49°C/min.)

* Slow heating (4°C/min.)

The second series of experiments was designed to investigate the effect of isothermal
hold on microstructural evolution at a temperature commonly used in commercial
forming operations (580°C). Holding time varied from 1 to 64 minutes.

The third series of experiments focused on the effect of deformation by shear on the
semi-solid microstructure. Two shear rates were examined. The high shear rate (1033'1)
experiments were performed using MIT’s forging apparatus, and the low shearing rate
(5x10°s") experiments were carried out using parallel plate compression set-up reported
before [4]. Liquid microsegregation due to the applied deformation was investigated.

2.4 Microstructure Characterization

Metallographic observations were made on water-quenched samples. The specimens
were etched with Keller’s reagent after mounting, grinding, and finally polishing.

Microstructure characterization was performed using optical microscopy and image
analysis (microGOP2000/S). Three specific microstructural parameters were measured to
quantitatively characterize semisolid microstructures:

(1) particle size, D
(ii) shape factor, SF
(iii)  entrapped liquid in the primary particles, V;

The particle size (D) is determined by

D=2x\[z 1)
T

Where A is the area of the particle. The average particle size is the mean value of the total
numbers of particles measured. The shape factor (SF) is defined as
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alloy has more entrapped liquid. As the entrapped liquid does not participate
in the deformation during filling, it has the effect of decreasing the “effective”
liquid fraction, and causes an increase in the deformation force (yield stress).

 On' the other hand, the higher shape factor of GR alloy leads to a larger

flow resistance of the intergranular liquid, and as a result, the deformation
force (yield stress) of GR alloy is increased. Specifically, their analysis of
the experimental data points out that the contribution of yield stress to the
apparent viscosity value is dominant during commercial forming condition.
Thus the inclusion of yield stress in modeling the rheological behavior of
semi-solid metals is critical.

Once the yield stress is exceeded, the material flows following a non-linear
stress-strain relationship, either as a shear-thickening or shear-thinning fluid.
The shear rate can be understood as the speed at which the slurry is de-
formed. If the effective viscosity of the material increases with increasing
shear rate, it is said to be shear-thickening. On the other hand, if the effec-
tive viscosity of the material decreases with increasing shear rate, it is called
shear-thinning. These two typical fluid behaviors are shown in Fig. 13. Un-
der steady shear and temperature (steady-state conditions), a semisolid alloy
behaves as a shear-thinning material {14, 15]. However, in rapid processing
conditions (short-term transient behavior), semisolid slurries tend to exhibit
a shear-thickening behavior [16]. This shows that the immediate response

- of a semisolid slurry is radically different from the steady-state one. Addi-

tionally, whether the shear rate is suddenly increased or decreased makes a
difference in the reaction time of the slurry. This means that agglomeration
and de-agglomeration of solid networks do not happen at the same veloci-
ties. In other words, the rheological fluid properties are time-dependent or
thixotropic. This time-dependence has already been studied by Burgos et al.
[17] and we will not consider it in the present investigation.

3 Material modeling

To accurately describe the rheological behavior of semisolid materials, a
two-phase model is required. Indeed, since particles interact with both solid
and liquid phases during deformation, a one-phase model does not seem suf-
ficient to describe the semisolid behavior. However, no accurate and effective
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Where P is the perimeter of the particle. For a perfectly globular shape, SF is equal to 1.
The shape factor values reported here are the mean values of the total numbers of
particles measured.

In order to obtain results of statistical significance, more than twelve images were
analyzed for each sample. Specifically, measurements along the sample radius were
performed to identify differences in microstructure throughout the billet.

3. RESULTS & ANALYSIS

Microstructural evolution of A356 alloy as a function of temperature and heating rate is
presented below in section 3.1. Microstructure evolution during isothermal holding at
580°C is presented in section 3.2. This is followed by the microstructural characterization
of samples deformed at different shear rates.

3.1 Microstructural Evolution during Continuous Reheating

3.1.1 High heating rate (49°C/min.)

Figures 5 and 6 detail microstructure evolution of both MHD and GR billets as a function
of forming temperature in the semi-solid state. Significant differences in microstructure
evolution can be observed between the two kinds of materials. Upon reheating, the
dendritic structure in the as-cast GR billet is no longer evident. Rather, large
asymmetrical globules with large amount of entrapped liquid dominate the GR
microstructure; while for the MHD billet, its microstructure is characterized by round
spheroid particles in a eutectic matrix. Although entrapped liquid is apparent, it is much
less severe than what is seen in the GR billet.

Specifically, comparing microstructures at different locations of the same billet, one can
find that significant differences exist throughout the GR billet. In all cases, the
microstructure near billet surface has a much smaller, and more spherical Alpha particles
than those at the billet center. While for MHD billet, it is not the case. The only
noticeable difference is the degree of agglomeration of Alpha particles. The Alpha
particles at the billet center tend to have a higher degree of agglomeration.

From a rheological standpoint, an “ideal” semi-solid microstructure is composed by
small, round alpha particles containing no entrapped liquid and homogeneously
distributed in a eutectic phase. The small size of the alpha particles is beneficial for the
casting of thin-walled parts, while a more spherical shape, and the absence of the
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entrapped liquid are critical for the improvement of the slurry flow properties during
filling. :

We believe that the semisolid microstructure can be fully characterized by three
characteristic parameters. They are

* Shape factor
* Particle size
* The amount of entrapped liquid

Figure 7 shows the image analysis results of the evolution of the shape factor as a
function of temperature. It can be seen that with increasing temperature, the shape factor
of both MHD and GR billets decreases. This is expected because higher temperature
provides additional activation energy for mass transport. The driving force for
spheriodization becomes stronger as the surface energy is increased. It should be pointed
out that although both MHD and GR billets show a similar tendency, the microstructures
at the billet center have higher shape factor values, indicating that the spheroidization
process is relatively slow. This is consistent with direct microstructure observations.

Figure 8 gives the evolution of particle size as a function of temperature. It can be seen
that in the temperature range between 577and 585°C, the particle size of both MHD and
GR billets tends to a constant value. A significant increase in particle size starts only at
temperature above 588°C. In most cases, the particle size of MHD alloy is below 100
pm, and the distribution of particle size is homogeneous throughout the billet. Whereas
the particle size of GR alloy is much larger, falling in the range of 100-180 pm,
moreover, the particles size distribution is quite different throughout the GR billet.
Particles around the billet center are about 30% larger than those near the billet surface.

Figure 9 gives the evolution of entrapped liquid as a function of temperature. It can be
seen that a significant difference exists between MHD and GR alloy. The amount of
entrapped liquid in GR alloy is 3-4 times higher than in MHD alloy in the temperature
range between 580-585°C. Specifically, temperature has a strong effect on the entrapped
liquid of the GR alloy. With increasing temperature, the amount of entrapped liquid of
GR alloy decreases dramatically, whereas temperature has little effect on the entrapped
liquid of MHD alloy.

3.1.2 Low heating rate (4°C/min.)

Figures 10 and 11 depict microstructural evolution of both MHD and GR billets as a
function of temperature at low heating rate (4°C/min.). Visually, the microstructure
evolution is very similar to the high cooling rate samples (Figures 5-6). However,
detailed image analysis identified the following differences:

* For both slow and rapid heating rates, the forming temperature has a similar effect
on the shape factor. However, a comparison of the slope of shape factor vs.
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temperature curves at both conditions shows that slow heating leads to a faster
spheroidization process (see Figure 12).

* Slow heating has a similar effect on the Alpha particle size as found during rapid
heating, however, a minimum value in globule size is seen for both the GR and
the MHD samples at about 582°C. This can be explained as a result of the
competition between melting and coarsening processes, which did not manifest
itself clearly when the specimens were subjected to continuous heating at a higher
rate (see Figure 13).

3.2 Isothermal Hold at 580 €

Figure 15 shows the microstructure evolution of GR billets as a function of isothermal
hold time at 580°C. A rapid evolution of Alpha particles towards a globular structure is
clearly seen throughout the MHD billet, and as well as at the periphery of the GR billet.
However, this is not the case for microstructures at the center of the GR billet. Instead, a
very slow spheroidization was observed. Many large, asymmetrical and irregular globules
are still evident in the GR billet even for isothermal holding time as long as 64 minutes
(see Figure 15).

Image analysis points out that

* With increasing isothermal time, the microstructures throughout the MHD billet
evolve rapidly towards a perfectly globular structure with a shape factor value of
1.1-1.2 (see Figure 16). Interestingly, the rapid spheroidization is also observed at
the periphery of the GR billet, but not at the center. Actually, the shape factor of
the microstructures at the billet center remains at a high level (around 1.4).

* As expected, isothermal holding leads to coarsening of Alpha particles.
Specifically, a good linear dependence was found between the particles size and
isothermal hold time (see Figure 17).

* Isothermal holding has no effect on the amount of entrapped liquid in MHD billet,
however it greatly decreases the level of entrapped liquid in the GR billet (see
Figure 18).

3.3 Microstructural Evolution under Different Shear Rate

Does liquid segregation exist in semi-solid forming? This is an interesting question
because liquid segregation will cause problems during casting of semi-solid parts, which
will degrade the resultant mechanical properties. Unfortunately, this phenomenon has not
been investigated to a great extent, and its occurrence is somewhat controversial [5-8].



Figures 19-20 show typical microstructures of deformed MHD and GR samples at
different shear rates. It can be seen that a significant difference in liquid fraction is
evident only in MHD samples deformed at a low shear rate.

To quantitatively characterize liquid segregation, a parameter termed “degree of liquid
segregation (DLS)” is used, which is defined as

Fraction area of liquid at periphery of the deformed sample
DSL = ®)
Fraction area of liquid at center of the deformed sample

Figure 21 presents the results of image analysis on all the deformed specimens. These
results clearly show that significant liquid segregation does occur in the MHD specimens
deformed at a low shear rate (5x10‘3s'1). The degree of liquid segregation can be as high
as 1.44, while no significant liquid segregation is seen for GR alloy specimens at the
same deformation conditions. For deformation at high shear rate (10° s™), however, no
significant liquid segregation was observed for both types of materials.

It can be concluded from these results that the occurrence of liquid segregation is related
to the deformation rate, as well as the material “genealogy”. Among these, the role of
deformation rate is predominant. Significant liquid segregation does not exist during high
shear rate conditions; but it does exist at low shear rate conditions, particularly in
deformed MHD alloy specimens. This finding clarifies conflicting claims regarding the
existence of liquid segregation in previous studies [5-8],

4. DISCUSSION

4.1 Effect of Heating Rate on Microstructural Evolution

Comparing Figures 7-9 with Figures 12-14, one can find that heating rate does not alter
microstructural evolution of both MHD and GR billets in a significant way. However,
heating rate does affect the evolution of the shape factor to some extent. Lower heating
rate tends to have smaller shape factor values, indicating a better spheroidazation during
microstructure evolution. This observation is consistent with the results of Kopper and
Apelian [1-2] in 357 alloy.

4.2 Effect of Temperature on Microstructural Evolution

Processing temperature, however, has a significant influence on microstructure evolution
of both the MHD and GR billets. Higher forming temperature leads to a decrease of both
shape factor and entrapped liquid content, particularly for GR billet. However, higher
temperature tends to increase particle size. In addition, higher temperature may cause
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excessive metal loss (run-off) as pointed out by Kopper and Apelian [1-2]. Therefore,
580-588°C is probably the most favorable temperature range for industrial forming of
SSM parts. For GR billets, the upper limit is recommended in order to ensure sufficient
flow properties during casting.

4.3 Effect of Isothermal Holding on Microstructural Evolution

Isothermal holding at 580°C results in a rapid spheroidization throughout MHD billet,
and the periphery of GR billet, but has little effect on the spheroidization of
microstructures at the center of GR billet. In addition, isothermal holding tends to reduce
the amount of entrapped liquid in GR billet. However, isothermal hold also incurs
coarsening of Alpha particles. Analysis of quantitative data points out that isothermal
holding for 1-2 minutes is adequate for MHD billet, while a longer isothermal holding for
5-10 minutes is better for GR billet.

4.4 Differences in Microstructural Evolution throughout Semi-solid Billet.

Significant differences in microstructure evolution are clearly seen throughout GR billet,
but not in MHD billet. In all cases, the microstructures at the center of GR billet show a
much higher shape factor and a larger particle size; moreover, a strong microstructural
“heredity” resulting from the as-cast microstructure has been observed, which implies
that once the scale of the fine dendritic structure obtained via chemically grain-refining
treatment is above a certain level, it is difficult to obtain optimal spherical morphology
through subsequent thermal treatments. Specifically, our analysis points out that
increasing cooling rate may be more important than chemically grain refining treatment
in obtaining high quality billet. '

10



5. CONCLUSIONS

1. The microstructural evolution of MHD and GR billets during reheating is quite
different. GR billets tend to have higher shape factor values, larger particle size,
and much more entrapped liquid than MHD billets.

gmx 2. Heating rate does not alter microstructure evolution of both MHD and GR billets
e significantly. Rather, processing temperature has much more of an influence on
: microstructure evolution of both billets. Higher temperature results in a faster
Lo spheroidization, and a significant decease of entrapped liquid of GR billet.

£ 3. Isothermal holding at 580°C leads to a rapid spheroidization throughout MHD
?&; billet, and the periphery of GR billet, but has little effect on the microstructures at

the center of GR billet. Coarsening during isothermal hold is most evident.

4. The occurrence of liquid segregation is related to the shear rate, strain rate, as well
as the material “genealogy”. Among these, the shear rate is predominant.
Significant liquid segregation does not exist at high shear rate conditions; but

/0

E exists at low shear rate conditions, particularly in deformed MHD alloy specimens
- at large strains.

=

b 5. Semi-solid microstructure has a strong structural “heredity” resulting from the as-
. cast microstructure. It is difficult to eliminate the heredity to obtain an optimal
;& spherical morphology through subsequent thermal treatments if the scale of the

as-cast microstructure is above a certain threshold level. Our analysis of
quantitative data points out that the control of cooling rate is critical in
manufacturing high quality, commercial SSM feedstock.

Y
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Figure 1(a)

Figure 1: As-cast microstructure of A356 GR billet, (a) at the periphery,
and (b) at the center.

Figure 2(a) Figure 2(b)

Figure 2: As-cast microstructure of A356 MHD billet, (a) at the periphery,
and (b) at the center.
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Figure 4: Schematic diagram of thermal treatments applied, (a) continuous
reheating, and (b) isothermal holding.
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Fig. 5(cl) 582°C

Figure 5. Microstructure evolution of GR A356 billet as a function of temperature
(heating rate: 49°C/min.), (a)-(b): samples taken from the periphery of the
billet; (a1)-(c1): samples taken from the center of the billet.
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Figure 5: Microstructure evolution of GR A356 billet as a function of temperature
(heating rate: 49°C/min.), (d)-(f): samples taken from the periphery of the
billet; (d1)-(f1): samples taken from the center of the billet.
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Fig. 6(c) 582°C : Fig. 6(c1) 582°C
Figure 6: Microstructure evolution of MHD A356 billet as a function of temperature

(heating rate: 49°C/min.), (a)-(b): samples taken from the periphery of the
billet; (a1)-(c1): samples taken from the center of the billet.
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Fig. 6(f) 590°C

Fig. 6(f1) 590°C

Figure 6: Microstructure evolution of MHD A356 billet as a function of temperature
(heating rate: 49°C/min.), (d)-(f): samples taken from the periphery of the
billet; (d1)-(f1): samples taken from the center of the billet.
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Figure 10: Microstructure evolution of GR A356 billet as a function of temperature
(heating rate: 4°C/min.), (a)-(b): samples taken from the periphery of the
billet; (a1)-(b1): samples taken from the center of the billet.
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Figure 10: Microstructure evolution of GR billet as a function of temperature
(heating rate: 4°C/min.), (c)-(d): samples taken from the periphery of the
billet; (c1)-(d1): samples taken from the center of the billet.
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Figure 11: Microstructure evolution of MHD A356 biliet as a function of temperature
(heating rate: 4°C/min.), (a)-(b): samples taken from the periphery of the
billet; (a1)-(b1): samples taken from the center of the billet.
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Fig. 11(d) 585°C Fig. 11(d1) 585°C

Figure 11: Microstructure evolution of MHD A356 billet as a function of
temperature (heating rate: 4°C/min.), (c)-(d): samples taken from the
periphery of the billet; (c1)-(d1): samples taken from the center of the
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Figure 15: Microstructure evolution of GR A356 billet as a function of isothermal
time at 580°C, (a)-(c): samples taken from the periphery of the billet;
(a1)-(c1): samples taken from the center of the billet.
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Figure 19: Microstructure of compressed GR A356 and MHD A356 alloy
samples at different locations (temperature: 580°C; shear rate:
5x1073%s™).
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Figure 20: Microstructure of compressed GR A356 and MHD A356 alloy
samples at different locations (temperature: 585°C; shear rate:

10%s™).
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PROJECT STATEMENT

Objectives

The main objectives of this work are:

1. Continue the investigation of the flow behavior or semi-solid metals
under experimental conditions that better simulate the flow of SSM
slurries into molds during forming processes;

2. Correlate SSM structures with viscosity;

3. Determine shear stress-shear rate curves during rapid shear rate
transients and establish the operating regime for shear thinning versus
shear thickening;

4. Investigate the yielding behavior in semi-solid metals.

Strategy

This work will build on the existing body of experimental data on the flow behavior
of SSM metals and other thixotropic slurries, using rheological approaches that
are better suited to these materials. A viscometric approach based on the
rotating vane geometry will be used to measure the temporal dependence of
both the shear rate and the viscosity of slurries subjected to constant shear
stresses. An important advantage of this geometry is that it allows for an easier
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determination of the conditions where secondary flows and instabilities occur.
The previous phenomena make the true behavior of SSM slurries very difficult to
detect with other geometries. In addition, the vane method has a number of
advantages over Couette or plate techniques, inciuding:

1.

The material to be measured can be placed in the regions delimited by
the vanes before it is heated into the semi-solid state; this results in far
less disturbance, which is a significant factor with thyxotropic slurries,
and may lead to conflicting results.

The gaps between the vane and the cup are larger, and artifacts arising
from large particles are less important.

The slurry contained within the cylinder described by the rotating vane
blades is assumed to move together with the vane as a solid body. This
is important, since the boundary of the cylinder is located between layers
of fluid and any yielding must occur within the fluid itself.

The possibility of carrying out constant stress experiments and
carrecting for inertial effects that arise during rapid transient
experiments.

The expected outcomes from this work are:

1.

2.

3.

Temporal viscosity measurements of SSM slurries for a range of applied
shear stresses, with and without pre-shearing;

Qualitative and quantitative information on the flow behavior of semi-
solid metals during and after very rapid changes in shear stress/shear
rate, i.e., changes occurring over periods of time shorter than 100 ms.
Information on the yielding behavior of SSM slurries.

The above data are needed as input for WPI's work on mathematical modeling and
simulation of semi-solid filling processes, in particular the data on material properties
that are time and shear rate dependent

ACHIEVEMENTS THIS QUARTER

« The rotating vane rheometer to be used in this work has been developed by Dr.
Nguyen at the University of Adelaide, in Australia. Contact and visitation by Dr.
D. Nguyen of University of Adelaide here at MPI.

» Experimental procedures have been developed by MPI and Dr. Nguyen for MHD
357 alloys produced by ORMET.

e The experiments will be initiated during the 3" week of April 2001.

CHANGES IN PROJECT STATEMENTS

e None
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WORK PLANNED FOR NEXT QUARTER

« Analysis of preliminary experimental results of Dr. Nguyen

« Microstructural analysis of sheared samples at WPI
e Correlation of rheological observations with slurry microstructure
¢ Conduct constant shear stress experiments :

OPERATIONAL SCHEDULE

Jun 2001

Jul 2001

Aug
2001

Sep
2001

Instrument calibration;
Development of experimental
procedures for SSM

alloys

Constant shear stress
experiments in the solid fraction
range 0.4 — 0.5

MHD alloy 357

Microstructural analyses
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TIME-DEPENDENT RHEOLOGY OF SEMI-SOLID ALLOYS

A.M. de Figueredo, Q. Y. Pan, and D. Apelian
Metal Processing Institute (MPI)
WPI, Worcester, MA 01609 USA

1. Introduction

The flow of semi-solid metals has been the subject of many investigations and a general
agreement has been reached regarding the behavior of these materials under steady
state flow conditions.™ However, these conditions do not apply to industrial forming
operations.>* Semi-solid metal forming takes place under highly transient conditions
and over time scales that are smaller by orders of magnitude when compared to the
typical duration of a steady state experiment.

In recent years, several attempts have been made to understand the transient flow
behavior of semi-solid metals and to measure properties that are time and shear rate
dependent.®’ Most of the reported work on transient flow behavior of semi-solid metals
relies on rotational viscometry,'° but alternative techniques have also been used,
including capillary rheometry,'" back extrusion'? and rapid compression between
parallel plates.”™'* All these techniques suffer from serious drawbacks when used to
investigate the behavior of structured fluids like semi-solid metals.

For example, viscometers with narrow gaps are frequently used to achieve near ideal
flow conditions."? In doing so, the continuum hypothesis is not respected because
characteristic flow lengths start to approach the size of the particles in the SSM slurry
being tested.’ When this occurs, the theoretical relations for a given geometry'® are no
longer valid or useful. Due to experimental artifacts and the difficulties in establishing
true viscometric flow with semi-solid metals, the available experimental data on the
time-dependent rheology of these fluids are conflicting. Under rapid, time-dependent
deformation, both shear thinning and shear thickening behavior have been reported for
SSM slurries.*® The viscosity (or shear stress) response to rapid shear rate transients
and the yield stress are examples of issues that still remain unresolved.!”

The central objective of this work is to investigate the transient flow behavior of semi-
solid metals using an approach that eliminates the drawbacks of the techniques
mentioned above, particularly wall slip, flow separation and particle bridging.
Specifically, this work will attempt to:

* Determine the flow behavior of SSM slurries under conditions of rapid
deformation (tens of milliseconds), and

* Investigate the yielding behavior in SSM slurries.
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A clear understanding of the flow behavior during rapid deformation and of the yielding
of SSM slurries is critical for the efforts on mathematical modeling and simulation of
SSM processing at WPI, as well as the general materials science community.

2. Experimental Approach
Vane Geometry and Rheometer

To avoid the experimental Problems mentioned above, the "vane-in-a-cup" geometry
was selected for this work. This configuration, which consists of four blades
connected to a spindle (Figure 1), is simply used as an attachment that can be made to
fit an existing rheometer. The vane has several important advantages over other
geometries commonly used for measurements of structured fluids,*® like the cylindrical
bob: 1) the vane can be inserted into the sample with minimum disturbance, which is a
significant factor with thixotropic slurries; 2) the larger gaps between the blade tips and
the cup virtually eliminate artifacts due to large particle size (gap bridging); 3) for a very
shear thinning, power-law fluid (a fluid with a power law index less than 0.5), the fluid
within the cylinder circumscribed by the vane blades moves together with the vane as a
solid body. In this case, the stream lines around the vane are circular, the boundary of
the cyllnder occurs between layers of fluid and any yielding must occur within the fluid
itself.?° This is, perhaps, the most important advantage of the vane geometry over other
configurations.

Figure 1. lllustration of the vane-and-cup geometry selected for the present work.

The proposed vane assembly can be used in combination with either stress or shear
rate controlled rheometers.”” The thickness and height of the vanes are, respectivelly,
2.82 mm and 38.2 mm. The internal diameter and the height of the cup are 35.1 mm
and 76.4 mm, respectively. Figure 2 shows the controlled stress rheometer that will be
used for this work in conjunction with the vane assembly at the University of Adelaide.
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Figure 2. View of the high-temperature (1300°C) rheometer used in the experiments. This rheometer
was specially designed for coal ash melts and can be used for any molten material, including
SSM slurries. Courtesy of Dr. Q. D. Nguyen, University of Adelaide.

According to Barnes and Dzuy,?' the formation of vortices behind the blades is likely to
occur. The extra dissipation of energy associated with the vortices may produce
viscosity measurements that are too high. This problem is common for low-viscosity
fluids, but less likely to occur with the viscous SSM slurries, especially under the
experimental conditions planned for this work.

SSM Slurry Formation

The slurries to be measured will be formed in the cup by rapid reheating of SSM
feedstock. Figure 3 illustrate the sample loading procedure that was devised to
minimize or completely eliminate structure disturbances that would inevitably result if
the blades were to be inserted in the slurry. Such disturbances make it difficult to
achieve reference states for the slurry. Reproducible measurements are very hard to
obtain without a well-defined reference state. In the proposed procedure, 34-mm
diameter cylinders are machined from as-received billets and split into four sections.
The vane is positioned in the cup and the four sections are loaded into the spaces
between the vane blades, as shown in Figure 3.
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Figure 3. Sample loading procedure to enable the measurement of undisturbed SSM slurry structures.

Materials To Be Investigated

The materials for this investigation consist initially of MHD feedstock, and subsequently,
of grain-refined and MIT-process feedstock. The MHD material was produced by
ORMET and the grain-refined and MIT-type feedstock will be prepared at WPI and at
MIT. The microstructure of the MHD feedstock is shown in Figure 4. Materials
processed by different routes will produce slurries of varying particle morphology and
entrapped liquid content. This will enable a quantitative evaluation of the effects of the
previous variables on both the viscosity and the flow behavior of the slurry.

Figure 4. Microstructure of the MHD feedstock used in this work. Origin: ORMET, USA.



£
£

N

S,
{rﬂr{. i

s

(o)

Frvereren
o7

3. Planned Experiments

Rheology expe.riments will be carried out at the laboratory of Dr. Dzuy Nguyen,
University of Adelaide, in Australia. Analyses of samples before and after rheological
tests will be performed at WPI, including the structural evolution studies.

Preliminary experimentation will begin in the third week of April 2001 and will assess
experimental issues of relevance for the planned work, including:

Wall slip effects and flow separation;

Maximum shear stress/shear rate that will cause secondary flows or instabilities;

Achievement of a reference state for the siurry;

Ability to impose rapid shear rate transients (ideally as rapid as a few tens of ms)

by means of either a step increase or decrease in shear rate;

* Ability to measure the slurry response during the rapid shear rate transients (fast
data acquisition rates);

* Inertial effects during rapid transients;

* Ability to gas quench and recover samples after a given shear rate history;

 Achievement of shear rates in the range 100 — 1000 s™.

Experiments will be carried out at constant stress (torque) and constant shear rate and
will include transient shear rate measurements and yield stress measurements. Semi-
solid forming conditions will be simulated by means of constant stress experiments.
These experiments have been developed by Nguyen and applied to the investigation of
structured fluids such as bentonite suspensions, which are also time and shear rate
history dependent. The methodology consists of pre-shearing the samples at a
constant stress for pre-determined periods of time to ensure that the same initial
condition (reference state) is achieved before the measurements. These measurements
may alloy extraction of information on the kinetics of structure breakdown and structure
formation.

Typical results of constant stress experiments with the rotating vane are presented in
Figure 5 and are from measurements of bentonite suspensions. In Figure 5, the shear
rate of a bentonite suspension was measured at constant imposed shear stresses. The
measurement at each shear stress was made immediately after the suspension had
been pre-sheared for 60 s at 26 Pa. The observation of Figure 5 reveals that at very
short times after start up, the shear rate is relatively insensitive to the applied shear
stress. As the time of shear increases, the shear rate steadily decreases; the lower the
applied shear stress, the faster the shear rate decreases. This behavior, if verified for
semi-solid metals, may have important practical consequences for the mathematical
modeling of these fluids.

The plot of Figure 5, however, does not contain data points that describe the transition
from the high pre-shearing stress of 26 Pa to the imposed stresses shown. It is the
objective of this work to investigate the slurry behavior in that region, i.e., immediately
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after the stress has been changed from a high to low value. Such experiments will last
(& much less than one second and are the relevant ones for the present study. The
behavior at longer times (tens of seconds) is not relevant for modeling of semi-solid
metal forming.

Quenched slurries will be investigated before and after tests. Slurries will be
characterized by image analysis, with emphasis on particle morphology and fraction of
entrapped liquid.
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Figure 5. Typical results of constant stress experiments on a bentonite suspension.'’
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d PROJECT STATEMENT

Objectives

o Determine the heat treatment response of SSM cast Al 357 alloy in comparison
to conventionally cast A356 and A357 alloys.

e Provide experimental data that can be used to optimize the industrial practice.

» Characterize the microstructure evolution of SSM 357 alloy during heat
treatment, and measure the mechanical properties subsequent to heat treatment.

* ldentify the optimum conditions for heat-treating SSM 357 alloy.

Strategy

» A Taguchi design of experiments consisting of two L9 Orthogonal arrays was
used in order to establish the optimum solution heat-treatment and aging
3 conditions. The conditions tested are presented in Appendix A - attached.
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Mechanical testing was performed on all treated samples, SSM 357 and
conventionally cast A356 and A357, in order to quantify strength and ductility of
samples due to difference in treatment conditions.

Image analysis was performed in order to characterize the evolution of
microstructure in SSM 357 samples. Analysis of the fracture surfaces of test
bars was performed using scanning electron microscopy (SEM) in order to
identify the mode of failure.

Achievements This Quarter

During this quarter, heat treatment has been performed along with mechanical
property testing of all samples. Microstructure analysis of the samples is currently
being performed.

> A comparison of the tensile test results for SSM 357 alloy and conventionally

cast A356 and A357 alloys is presented in Appendix B. It can be seen from
the results presented in Appendix C that SHT times between 1 — 6 hours, for
all three heat treatment temperatures examined, result in excellent tensile
strength and ductility. In order to better represent the tensile data, the quality
index was calculated. Although it was found possible to increase the strength
and ductility of the material by using longer heat-treatments, the benefit in
mechanical properties was not enough to justify the expense associated with
longer heat treatment cycles.

BiiAnalysis of Variance (ANOVA) was performed on the tensile strength data,

and the % elongation data. It is evident from the analysis [Appendix D] that
these properties are highly dependent on the aging time and temperature.
One can also note from the ANOVA analysis with respect to the % elongation
[Appendix E] that it tensile strength data are very dependent upon the
solution heat-treatment conditions.

Since the Taguchi method can only determine the optimum condition within
the parameters selected for testing, it is possible that the real optimum
condition would not be identified if the appropriate testing parameters were
not initially selected. In order to identify the real optimum condition for
maximum strength, ductility, and the combination of strength and ductility, the
team decided to use an Advanced Neural Network Analysis technique
(ANNA). With ANNA it is be possible to determine the optimum condition no
matter what test parameters were initially selected.

The trained ANNA results for the heat treatments performed in the Taguchi
matrix are very close to the actual tensile data received. The trained values
from the ANNA are presented in Appendix F.
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> Image analysis and SEM are currently being performed and the complete
results and discussion will be presented in ACRC PR- 01- #2.

Changes in Project Statements

None

Work Planned for Next Quarter

e Complete the remaining image analysis and SEM work and characterize the
evolution of the microstructure during the heat treatment cycle.

e Characterize the mode of failure during tensile testing.
« Validate the optimum conditions predicted by the ANNA.

¢ Document the mechanical and microstructure results in a final report.

Operational Schedule

All analysis and documentation will be completed by the end of May 2001. A final
report will be issued.

Attachment A gives a summary of the methodology followed, the procedures
utilized, and tabulated results.

Appendices A through F, also attached, give the detailed results.
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ATTACHMENT A

Attachment A: METHODOLOGY, PROCEDURES, AND TABULATED
RESULTS OF HEAT TREATING OF SEMI-SOLID 357 ALLOY

Methodology

The following is a breakdown, in chronological order, of the procedure that was
followed for this experimental study.

¢ Phase | - Performed at ORNL (8/99-12/99)
72 samples cut from SSM Al 357 alloy in form of fuel rail castings
Calibration of furnaces and quench tank
Solution heat-treatment @ 540°C for 1,2,4, or 8 hours
Quench in water held at 80°C
Natural aging (incubation time) 18-24 hours
Aging at 155, 165, 175°C for 2,3,4,6,12, or 16 hours

VVVVVYY

¢ Phase Il - Performed at MPI (1/00 — present)
Taguchi heat-treatment matrix consisting of 18 experimental runs
Calibration of furnaces and quench
Semisolid Al 357 samples taken from cast fuel rails and machined into
rectangular tensile specimen.
Solution heat-treatment @ 540, 545, 550° for 1,2,4,6,8,10 hours
Quench in water held at 80°C
Natural aging (incubation time) 24 hours
Aging at 155, 165, 175°C for 2,4,6,8,12,16 hours
Circular tensile specimen from permanent mold A356.2 and 357.2 undergone
same heat treatment for purpose of comparison

VVVVY VVYV

¢ Phase Ill - Mechanical and Microstructural Analysis
Tensile testing of all semisolid and permanent mold heat-treated samples
SEM analysis of fracture surfaces of semisolid samples
Image analysis of microstructure of semisolid samples
Taguchi and ANN analysis of optimum conditions

VVVY
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Experimental Procedures

The experimental procedure for this study is broken down into three distinct phases.
The first phase of the study is a preliminary heat-treatment experiment, while phase
two was the final heat-treatment matrix, foliowed by the microstructural and
mechanical analysis, phase three. These phases are discussed below.

Preliminary Heat Treatment Experiment (Phase |)

In order to justify the further experimentation of trying to find why a shorter heat
treatment time was preferable for this semisolid aluminum 357 alloy, it was first
necessary to see if it was a feasible goal. These preliminary tests are considered
phase I.

The semisolid aluminum 357 material used in this experiment was provided by
Madison-Kipp Co. in the form of as-cast fuel rails. All samples were cut from the
corresponding cross section of the castings, which were all produced in the same
manner, to ensure minimum variance between samples. The castings were cut into
pieces 0.75cm thick and approximately 3 cm. long. The treatment apparatus was set
up and calibrated to ensure quality resuilts.

The hardness tests of the heat-treated samples were performed using a Brinell
hardness machine. For the purpose of our tests on aluminum, a 10mm steel ball
and a 500 kg load was the appropriate procedure. An indentation was made and the
diameter was measured by using a 20x microscope with a millimeter scale in the
sight of the scope. Once the samples were sufficiently treated and aged they would
be given sufficient time to cool down and then hardness tested. Using the manual
Brinell tester with a 10mm ball and 500 kg load, three indentations were made on
each sample and measured with the 20x scope. The average of these three values
was recorded and then graphed in order to make a visual comparison of the
hardness effects of the different solution heat treatment and aging methods. The
results of these hardness tests were presented in ACRC report 00-#1. These results
showed that it was possible to obtain excellent hardness properties when SHT for 2
hours at 540°C along with an aging treatment at 175°C for 6 hours. From these
results the team decided it was necessary to proceed with a more in-depth testing
and evaluation of these heat treatments.

Final Taguchi Heat-treatment Matrix (Phase [})

The samples used for this heat-treatment matrix were again machined from SSM Al
357 fuel rail castings, provided by Madison-Kipp Co. Since a more in-depth analysis
was to be performed, the samples were machined into rectangular tensile specimen
of precise geometry. All of the machining of the samples was carried out courtesy of
the Oak Ridge National Laboratory in Oak Ridge, Tennessee. For purposes of
comparison samples were also cast from A356.2 and A357.2 material. These
samples were permanent mold castings of circular tensile bars. The casting was
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performed at the MPI/ACRC facilities in Worcester, MA. To ensure consistency
between samples, all castings from each alloy were cast from the same melt. The
melts were sufficiently degassed to a hydrogen content of less than 0.08% before
being cast, to ensure high integrity.

In the interest of time, a Taguchi design of experiments was used to set up the new
heat-treatment matrix. The main purpose of this type of experimental procedure is
the ability to find the optimum conditions desired while minimizing experimental runs.
In this case, the Taguchi design cut down the number of experiments from around
100 to 18. This matrix setup can be seen in Appendix A. The variables in this
experiment were the same as Phase |, solution heat-treatment time and
temperature, and aging time and temperature. The quench delay, quench time, and
quench temperature were held constant, as well as the incubation time, throughout
the experiments. As can be seen in the methodology section of this report, two
higher solution heat-treatment temperatures (545°, 550°) were examined as well as
the typical 540°C SHT temperature. It has been reported [Pan, 2000] that the SSM
Al 357 material does not experience any partial melting at temperatures up to 560°C,
which is slightly higher than the conventionally (permanent mold, sand cast, etc.)
cast Al 357 material. For this reason the group believed it would be beneficial to
examine these elevated temperatures. Given the experimental setup, it was decided
to use a Taguchi design consisting of two L9 matrices.

A small box furnace was used to carry out the solution and aging heat treatments.
This furnace was calibrated to within + 2°C, which is acceptable for these
experiments. The quench tank was also calibrated to within acceptable values.
Once the apparatus was calibrated, the experimental heat-treatments were carried
out. For each experiment, one SSM 357 sample along with a conventionally cast
A356.2 and A357.2 sample were treated at the same time. This was done to ensure
that the variables between samples were minimized for comparison purposes. The
time it took for these samples to reach the appropriate temperature, ramp time,
inside the furnace was also examined. The ramp time for these samples was
approximately 10-15 minutes. After completing their respective heat-treatments, a
mechanical and microstructural analysis (Phase Ill) was performed.

Mechanical and Microstructural Evaluation (Phase 1I1)

This phase of the project is critical and the most important in finding out why these
castings behave the way in which they do. The mechanical testing was performed
first followed by the microstructural characterization. '

The strength of the samples was tested using an Instron tensile testing machine.
From these tests we were able to find out the ultimate tensile strength of the material
along with the percent elongation [Appendix B]. These are two of the most
important factors the commercial sector considers when choosing a material for
automotive and aerospace applications. The hardness of the material can also be
calculated when given the results of these tensile tests. For the purpose of this



study, the tensile strength and elongation after treatment were the focal point of the
mechanical testing. Once the data from the tensile tests are obtained, it will be
possible, using Taguchi analysis techniques, to determine the optimum heat
treatment condition and the properties that the optimum condition should
demonstrate. Although this Taguchi analysis is a fairly quick and accurate way of
determining the optimum conditions, it can only give an optimum condition within the
boundaries selected. For example, if the optimum heat treatment condition for
material ductility was a solution heat-treatment of 24 hours at 530°C, we would not
find this information from our Taguchi analysis. This is because we designed our
matrix to examine only solution heat-treatment times between 1 -10 hours and
temperatures between 540° - 550°C. By performing an analysis of variance
(ANOVA) we are able to find the precent contribution of the different parameters
selected, for example solution heat treatment time, temperature, aging time, and
aging temperature. This ANOVA analysis has been performed with respect to both
the tensile strength [Appendix D] and the % elongation [Appendix E].

To compensate for this lack of ability to determine the absolute optimum heat-
treatment conditions, the team decided to perform an ANN analysis as well. With
the ANN, advanced neural network, analysis we are able to determine the optimum
conditions even if they are not within the parameters tested.

After the samples were tensile tested, it was necessary to carry out a microstructural
evaluation in order to find out what factors directly influenced the properties
demonstrated. The fracture surfaces of the resulting tensile tested samples were
examined using a scanning electron microscope (SEM). This SEM analysis gives
insight as to the mode of failure of the sample while the optical microscope will show
the resulting microstructure after heat-treatment. Selected samples, which have
undergone different heat-treatments, will be examined and compared in hopes of
relating the difference in microstructure to certain changes in their. heat-treatment
processes.



APPENDIX A
- APPENDIX A: Taguchi Matrix for Heat Treatment of SSM 357 Alloy
L
Exp. SHT (°C) ___SHt (hours) ___AHT (°C) ___Aht (hours)
1 540 1 155 2
2 540 2 165 4
3 540 4 175 6
. 4 545 1 155 6
b 5 545 2 165 2
Ly 6 545 4 175 4
7 550 1 155 4
8 550 2 165 6
;- 9 550 4 175 2
e 10 540 6 155 8
b 11 540 8 165 12
5 12 540 10 175 16
13 545 6 155 16
14 545 8 165 8
15 545 10 175 12
- 16 550 6 155 12
B 17 550 8 165 16
b 18 550 10 175 8
i
g
L
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APPENDIX B

APPENDIX B: Tensile Results for Heat-Treated Samples

Sample ID A357.2 A356.2 SSM 357
A1A2 UTS(ksi) 33.7 30.5 21.1
% elong  1.60 2.39 1
A2B4 UTS(ksi) 44.9 36.9 44.0
% elong 3.73 1.90 _ 10.73
A4C6 40 43.4 42.6
0.64 4.43 1.99
ABA8 47 38.7 414
6.5 3.40 14.45
A8B12 43.3 39.5 486.5
0.87 1.55 8.10
A10C16 '
B1B6 44 38.3 46.1
1.79 1.62 9.78
B4A4 414 39.2 39.9
2.62 9.54 8.46
B6B16 49.7 41.4 43.5
2.23 1.20 2.15
B8C8 42.2 48.0
0.70 4.0
B10A12 38.9* 41.4 27.5*
0.84* 2.67 0.78*
C1C4 47.5 445 45.3
3.74 2.85 6.26
C2A6 34.8 40 : 40.8
1.10 5.85 12.63
C4B2 36.9 37.3 37.8
1.78 6.99 8.76
C6C12 52.2 47 46.3
3.43 4.14 12.37
C8A16 425 44.6 456
1.41 5.63 11.46
c10B8 49.9 38.9 41.2
6.84 1.64 8.41

* Results are doubtful.

The Sample ID # is decoded as follows:

First letter denotes SHT temperature: A =540°C, B = 545°C, C = 550°C
First number denotes SHT time: 1-10 hours
Second letter denotes Aging temperature: A =1585°C, B =165°C, C = 175°C
Second number denotes Aging time: 2 -16 hours



APPENDIX C
APPENDIX C: Quality Index of Heat Treated SSM Al 357 Samples
Quality Index: Q(MPa) = UTS (MPa) + 150 log (% elong.)

L Condition UTS (MPa) % elongation Quality Index
i As Cast 533.05 17.35 418.04
o A1A2 145.48 1 145.48
& A2B4 303.38 10.73 457.97

A4C6 293.73 1.99 338.56

ABAS8 285.45 14.45 450.43
E A8B12 320.62 8.10 . 456.89
A10C16 * . .
k  B1B6 317.86 9.78 466.41
o B2C2 284.76 16.43 467.11
i B4A4 275.11 8.46 414.22
P B6B16 299.93 2.15 349.79
b B8CS8 322 8.53 461.62
g“\, B10A12 * * ¥
c1c4 312.34 6.26 431.83
: C2A6 281.32 12.63 446.53
. C4B2 260.63 8.76 402.01
% C6C12 319.24 12.37 483.09
L C8A16 314.41 11.46 47329
C10B8 284.07 8.41 422.79
& 1ksi = 6.895 MPa

10
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APPENDIX D

APPENDIX D: Analysis of Variance with Respect to Tensile

Strength
Trial Run SHT SHt AHT Aht UTsS % Elongation | Quality Index

1 540 1 155 2 145.8 1 145.48
2 540 2 165 4 303.38 10.73 457.97
3 540 4 175 6 293.73 1.99 338.56
4 545 1 165 6 317.86 9.78 466.41
5 545 2 175 2 284.76 16.43 467.11
6 545 4 155 4 275.11 8.46 414.22
7 550 1 175 4 312.34 6.26 431.83
8 550 2 155 6 281.32 12.63 446.53
9 550 4 165 2 260.63 8.76 402.01
Degrees of Freedor Sum of Squares Variance % Contributic

SHT 2 3459.04 1729.52 16.15
SHt 2 1465.89 732.95 6.84
AHT 2 7546.75 3773.38 35.23
AHt 2 8950.16 4475.08 41.78

11




'APPENDIXE

APPENDIX E: Analysis of Variance With Respect to % Elongation

SHAT

Trial Run SHt AHT Aht UTS .ETongatic Quality Index
1 540 1 155 2 145.8 1 145.48
2 540 2 165 4 303.38 10.73 457.97
3 540 4 175 6 293.73 1.99 338.56
4 545 1 165 6 317.86 9.78 466.41
5 545 2 175 2 284.76 16.43 467.11
6 545 4 155 4 275.11 8.46 414.22
7 550 1 175 4 312.34 6.26 - 431.83
8 550 2 155 6 281.32 12.63 446.53
9 550 4 165 2 260.63 8.76 402.01
Degrees Sum of Percent
Factors of Freedom Squares Variance Contribution
SHT 2 75.80 37.902 39.84
SHT 2 105.09 52.545 55.24
AHT 2 8.81 4.407 4.63
AHT 2 0.54 0.270 0.28

12




!
g
L

-
Ea

APPENDIX F

APPENDIX F: Trained ANN Results for Tested Samples

r UTS(MPa) Elongation(%)
b UTS(MPa) (trained) Elongation(%) (trained)
- A1A2 145.48 150.586411 1 1
L A2B4 303.38 . 806.172699 10.73 10.685494
A4C6 293.73 293.239288 1.99 2.009587
i AGAS 285.45| 287.137512 14.45 14.436964
L A8B12 320.62 319.437225 8.1 8.105284
B1B6 317.86 318.841309 9.78 9.766171
h B2C2 284.76 284.744293 16.43 16.399982
i B4A4 275.11 271.598541 8.46 8.509809
3 B6B16 299.93 299.203827 2.15 2.184688
= BSCS8 322 317.516174 8.53 8.588956
5 C1C4 312.34 315.293732 6.26 6.230551
C2A6 281.32 280.762085 12.63 12.62949
C4B2 260.63 258.717133 8.76 8.775007
C6C12 319.24 319.10907 12.87 12.379145
C8A16 314.41 315.104065 11.46 11.448699
C10BS 284.07 987.445038 841 8.360417
error: 0.1829057

13
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Appendix A

Flow Instabilities in Herschel-Bulkley Fluids
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- Abstract

: In this paper we investigate the interaction of a two-dimensional
jet of a Herchel-Bulkley fluid with a vertical surface at a distance
L from the die exit. This problem also simulates the early stages
of filling of a two-dimensional cavity. The main purpose of this
work is to study numerically flow instabilities for this flow ar-
rangement. Results are obtained for a range of Reynolds and
Bingham numbers, and we establish the effects of these dimen-
sionless numbers on both the filling, and the stability of the jet.

£

m .

L 1 Introduction

g‘ﬁ':i

@\ Materials that exhibit no deformation below a finite applied shear stress

(7o) are known as Bingham plastics [1]. Examples of such materials in-

clude paint, slurries, aqueous foams, pharmaceutical products, pastes, poly-
b meric solutions, paper pulp, food substances like margarine, mayonnaise and
il ketchup (2], colloidal suspensions (3], plastic propellant doughs [4], drilling
fluids (5], and semisolid materials [6].
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The motivation of the present work is our interest in the processing of
semisolid slurries. These are two-phase slurries whose behavior can be rep-
resented using a Herschel-Bulkley fluid model. In processing of such slurries
filling patterns are often irregular and unpredictable, pointing to the exis-
tence of possible instabilities. Here, we investigate the “toothpaste” behavior
which is a typical flow instability observed in semisolid slurry processing. Fig-
ure 1 shows an experimental observation of such an instability: as shown,
even though the part is symmetric, the left arm develops a wave-like pattern
after the jet hits the closed-end of the cavity. A similar jet profile is also
shown in Fig. 2. The name “toothpaste” comes from the similarity between
this instability and the toothpaste behavior when forced out of its tube. From
a practical point of view such instabilities are undesirable and can lead to
non-uniformities in the parts being made. Investigations by Midson et al.
[7, 8] provide further evidence of these instabilities, and demonstrate exper-
imentally that slow filling yields the “best” die filling behavior, with mostly
laminar flow, and the least amount of material folding. In general, these
instabilities originate at the point where the filling front in the form of a
Jjet meets the wall of the cavity. Therefore, the jet-vertical wall arrangement
chosen here represents well the early stages of filling of a 2-D cavity. To our
knowledge no similar investigation has been reported in the literature.

Several rheological equations and yield criteria have been proposed [9, 10,
11] to describe the stress-deformation behavior of materials exhibiting a yield
stress. The most commonly used mode] is the Bingham model [1, 12, 13],
which in tensorial form is expressed as:

¥=0 for 7<7, (1)
T\ .
T= (n+-:,y—)1 for 71> 7, 2)

where § = (Vu+ VuT) represents the rate of strain tensor, 7 the extra stress
tensor, 7, the yield stress and 7 the viscosity of the deformed material. 7
and 7 are respectively the second invariants of the extra stress and rate of
strain tensors, defined as:

1 1/2 1 1/2
T= [gﬁﬁjk] and ¥ = [E*ﬁﬂjh] . (3)



The rheological behavior of a Bingham fluid is characterized by two different
flow regimes: if 7 < 7, the material behaves as a rigid solid. If 7 > 7, it flows

. . . To
with the apparent viscosity 7., = 17+ ?

The Herschel-Bulkley model is a generalization of the Bingham model
that takes into account changes in the effective viscosity with the applied
shear rate. The Herschel-Bulkley model assumes that the effective viscosity
upon deformation follows a power-law behavior:

n= K"yn—l ) (4)

where n and « are the power-law and consistency indices, respectively. The
fluid behavior is shear-thickening for n > 1, and shear-thinning for n < 1.
For n = 1, the Herschel-Bulkley model reduces to the Bingham model with
the consistency index equivalent to the viscosity.

The two distinct regions (yielded (7 > 7,) and unyielded (7 < 7,)) of the
fluid are separated by the “yield surface” defined as the surface where the
local stress is equal to the yield stress. In numerical modeling, in addition
to the non-linearities in the governing equations, an inherent difficulty is the
discontinuity in the constitutive relation. Due to the presence of 4 in the
denominator of Eq. (2), the apparent viscosity becomes unbounded at van-
ishing shear rates. Also, while calculating the velocity field the shape and
location of the yield surface are unknown. Although this does not consti-
tute any limitation in analytic solutions in simple cases such as flow in tubes
[14], it introduces significant difficulties in more complicated problems that
are only amenable to numerical analysis. To overcome these issues, several
modified versions of Eqs. (1) and (2) have been proposed [15, 16, 17, 18].
Keunings [19] reviews current developments in the field of computational rhe-
ology applied to the prediction of the flow of polymeric liquids, i.e., highly
non-Newtonian materials, in complex geometries. Many of the reviewed pa-
pers are representative of current trends in the field of numerical modeling
of Herschel-Bulkley fluids.

For numerical modeling purposes, a common approach is to approximate
the rheological behavior of the fluid to be valid uniformly at all levels of stress.
Papanastasiou {15] introduced a regularization parameter m that controls the



exponential rise in the stress at low rates of strain:

l.

= n+T05M]‘ (5)

The parameter m has dimensions of time. This constitutive relation is ex-
pressed in terms of three independent material parameters, 7,, &, and n,
which are determined from experimental data. The Herschel-Bulkley behav-
lor is approximated for relatively large m values. According to Eq. (5) for
¥ = 0 the apparent viscosity is finite, given by e & (7 + m7,). The con-
stitutive relation is then expressed as £ = (7 + m7,)y. Papanastasiou [15]
validated this model on several simple flows such as one-dimensional channel
flow, two-dimensional boundary layer flow and extrusion flow. The accu-
racy and effectiveness of this model in representing Herschel-Bulkley fluids
has also been demonstrated by Elwood et al. [20], Mitsoulis and Abdali
[21], Tsamopoulos et al. [22], Blackery and Mitsoulis [23] and Burgos et al.
(18, 24].

Experimental data reported by Ellwood et al. [20], Keentok et al. [25]
and Dzuy et al. [26] actually demonstrate that a continuous model pro-
vides a better approximation to experimental data than the ideal model.
Therefore, it is postulated that the ideal Bingham model may be only a the-
oretical idealization. Recent investigations by Blackery and Mitsoulis [23],
Beaulne and Mitsoulis {27], Papanastasiou and Boudouvis [28] concentrate on
problems that involve Bingham and Herschel-Bulkley fluids. In these studies
the material was also modeled using Papanastasiou’s regularized constitutive
equation.

In a recent study, Alexandrou et al. [29] investigated filling of a 2-D
cavity by Bingham fluids. They examined the relative importance of iner-
tial, viscous and yield stress effects on the filling profiles. They identified
five characteristic filling patterns: “mound,” “disk,” “shell,” “bubble” and a
“transition” between that of “mound” and “bubble” patterns. A summary
of these different flow behaviors is shown in Fig. 3. These characteristic
flow patterns highlight the important role of the finite yield stress in Bing-
ham fluids. Experimental studies confirmed the existence of the numerically
obtained patterns; the “mound,” “disk,” and “shell” patterns have been
observed by Paradies and Rappaz [30] in semisolid processing. Recent ex-
perimental results by Koke et al. [31] also confirmed these patterns by using



T

]

o
Ll

Bl

L

model substances such as chocolate cream, calcium-carbonate/oil suspension,
tomato paste, ultrasonic gel and Newtonian silicone oil.

The main objective of the present work is to investigate the stability of
a jet of a Herschel-Bulkley fluid emanating from a die and impinging on a
vertical wall. As discussed earlier, this low arrangement simulates also the
early stages of filling of a 2-D cavity. Since the results obtained by Alexan-
drou et al. constitute the equilibrium states for the problem considered here,
for the purpose of the present study we also simulated the cases considered
in [29].

2 Mathematical and Computational Model

2.1 Governing Equations

The schematic of the problem considered here is shown in Fig. 4. The
2-D geometry is characterized by the inlet section (length ! and height H).
The material is injected in the die from the left side and hits the vertical solid
surface at a distance L away. The flow was modeled using the conservation
of mass and momentum for an incompressible fluid:

V-u=0, (6)

p{%ltl-i-u-Vu]:V'_g_, U]
where u is the velocity vector, p the density of the fluid, and g the total
stress tensor, which is given by

g=—-P[+1.
Here P represents the total pressure, I the unit tensor, and z the viscous
stress tensor. The body force per unit volume due to gravity was neglected
in this study.
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2.2 Non-Dimensionalization

The set of governing equaﬁons (Egs. (6) and (7)) were non-dimensionalized
using:
i t 1
=1 2 op Lol o=ty g

= —_— 1 = —; T
i H b H/Uo ) []o ) o To", o

where H is taken as the inlet height and U, the average inlet velocity. Due
to the non-dimensionalization the imposed volumetric flow rate is @* = 1.

2.3 Dimensionless Equations

Using the dimensionless groups introduced in Eq. (8) we can rewrite the
governing equations in a dimensionless form:

Vau* =0, 9)
ou* . ) .
Re[at*+u*~Vu]=BzV-g. (10)
Here,
g =-PL+r,

is the total non-dimensional stress tensor. According to Egs. (9) and (10)
the fluid behavior depends on two dimensionless parameters, the Reynolds
(Re) and Bingham (B?) numbers, defined respectively as:
_PH g Bi= R

Tes s Tes1Uo
The effective viscosity 7.ss is obtained from the one-dimensional analog of
the constitutive equation (Eq. (5)):

Re (11)

T=T+r " =T+ k| ¥4, (12)
where ¥ is the shear rate, and 7,55 = & | ¥ |"~! is the efective viscosity.
Therefore, the Reynolds and Bingham numbers are generalized as:

(2-1) 110 n
_PUTTHY 4 Bi= T

- = (13)

Re
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The Herschel-Bulkley constitutive relation, Eq. (5), can thus be rewritten
in a dimensionless form:

1. 1 —ezp (—m*"y*)]] .
* | Z_ax(n~-1) * 14
7t Fe ¥ (14)

11

where 4* is the dimensionless rate of strain tensor, 4* its second invariant,

and m* the dimensionless growth exponent, which are respectively defined

o 1 ' U,
. . . Y * muU,

e Y e = — 15

1=y/EY YT woHEEe T TH (19)

Equation (14) has only two independent material parameters (B¢ and n),

whereas Eq. (5) had three (k, 7,, and n). Hereafter, for convenience, the

asterisk () is dropped from the non-dimensional variables and all physical

quantities mentioned are implicitly dimensionless.

The flow is established by applying a fixed dimensionless volumetric flow
rate (i.e., Q=1) at the inlet with a parabolic velocity profile imposed at the
entrance plane of the inlet. The inlet length is fixed at a sufficient distance
! so that the flow becomes fully developed prior to reaching the exit of the
die. In this study the non-dimensional length of the inlet was fixed at { = 5
which was found to be sufficient to ensure fully developed flow in the die.
Along the die walls the velocity was set to zero. The same no-slip condition
was imposed at the end-wall.

As mentioned earlier, different lengths L were used in order to study
the influence of this geometrical parameter on the stability of the jet. The
simulation is initialized when the jet emanating from the inlet section reaches
the end-wall. The initial jet profile is taken from the steady state results,
and corresponds to a column of fluid hitting the end-wall at velocities u ~ 1,
v~ 0.

3 Method of Solution

The governing equations and constitutive relation were discretized using
the classical mixed-Galerkin finite element method with nine-node rectan-
gular elements. The resulting non-linear system of equations was linearized
using a Newton-Raphson iteration procedure. For converged results in the

7



Newton-Raphson iterative scheme, usually three to four iterations were nec-
essary at each time step.

A detailed presentation of the mixed-Galerkin finite element discretization
for the extrusion problem can be found in {20, 32, 33]. The nonlinear system
of equations resulting from this analysis is then solved by Newton-Raphson
iteration. The spatial discretization reduces the set of equations to a system
of ordinary differential equations:

M- %4 +R(q) =0, (16)
ot
where q = [ui(y, 2,t),v1(y, 2,t), ..., hn, (2,1)] is the vector of all the time-
dependent nodal unknowns, R is the column vector of the time-dependent
Galerkin residuals. The time derivatives are discretized by a standard back-
ward difference scheme,

aq qn+1 _ qn
M- —==M. |——2 | =R(q"*}). 17
Bem. [T @) an)
Thus all the nodal unknowns of the velocity components and pressure are
evaluated simultaneously. The free surface is calculated automatically by
properly assigning the velocity of the nodes along the free surface to reflect
the fact that the free surface is a material surface.

Equation (17) is then solved at each time step by Newton-Raphson it-
eration for u, P, and h. The set of linear equations is repeatedly solved
by a frontal technique [34, 35, 36] developed by Hood [37]. The tessellation
is updated at every iteration with the newly found free surface. The ini-
tial conditions are those of a jet from its steady state. The initial velocity
and pressure fields are determined from the steady-state counterpart of the
problem at the initial configuration.

4 Results

In this work, we concentrate on a problem equivalent to that of die fill-
ing, i.e., the interaction of a Herschel-Bulkley fluid jet and a vertical surface
at a distance L from the die exit and we study the interplay between in-
ertia, viscous drag and yield stress, or as expressed in terms of force per

8



unit depth, F; = pU?H, F, = qU,, and F,, = 7,H respectively (Fig. 5).
Non-dimensional analysis shows that the flow depends on two dimensionless
parameters: the Reynolds (Re) and Bingham (Bi) numbers. The Reynolds
number represents the F;/F, ratio, while the Bingham number indicates the
F, /F, ratio. A third choice is the Saint-Venant number which indicates the
importance of the yield stress effects relative to inertia forces (F,,/Fy) and
which is defined as: Bi ; :

Obviously, only two of these three parameters are independent. The appro-
priate choice of parameters depends on the flow regime being analyzed. The
effects of Re and Bi are investigated using the two-dimensional geometry
shown in Fig. 4, with the finite-element mesh shown in Fig. 6.

(18)

The parameter m in the regularized model was set to a value of m = 1000,
which was found to be high enough to insure results independent of m. The
reported results are also mesh and time-step independent. A more pertinent
study of the effect of m on the accuracy of the results can be found in (18, 24].
The power-law index n was set to a value of n =1 as in [29].

Figure 7 shows the results for conditions similar to those in [29]. The five
typical flow behaviors reported in [29] have been reproduced here as well,
providing thus further evidence on the existence of these patterns. Table 1
summarizes the flow parameters for the flow patterns shown in the aforemen-
tioned figure.

Re | Bi | FlowPattern
500 | 10 | Shell

6 0.1 | Disk

0.5 { 0.1 | Mound

1 3 Bubble

10 | 1.7 | Transition

Table 1: Flow parameters used for the displayed jet behaviors (L = 10
geometry).

The figure also shows the topography of the yielded and unyielded re-
gions. As shown in the figure, only the “bubble” and “transition” patterns



208
|

3
e
i

£y
§")
by
)

<

exhibit significant unyielded zones. Therefore the first three patterns behave
in a manner consistent with a viscous fluid. The “bubble” and “transition”
patterns, though, are expected to be influenced by the yield stress effects.
As we will demonstrate below, flow instabilities are primarily connected to
these two patterns.

The following results examine the interaction of the Herschel-Bulkley jet
with a vertical wall as a function of rheological and geometrical parameters.
Numerical simulations of flows that in real life are unstable may fail to predict
flow instabilities. This is due to the almost perfect symmetry of numerical
results, and due to the fact that numerical errors take a long time to grow
to a magnitude that can trigger instabilities. Therefore, it is customary
to introduce an artificial disturbance to disrupt the symmetry of the flow.
This artificial instability is typically very small, and it is applied for a short
duration. Here, a small disturbance is introduced in the flow by imposing
an asymmetric velocity profile at the inlet for a short time At, beginning
at the moment the jet reaches the vertical wall (defined as ¢t = 0 in the
following). For t > At, the inlet velocity was kept constant and symmetric.
In both the symmetric and asymmetric cases the volumetric flow rate was
kept constant. The flow field and the jet stability are found to be independent
of the magnitude and the duration of the asymmetry.

The finite-element mesh used in the simulations is refined around zones
that are sensitive to flow singularities and where gradients are large (die exit
and end-wall). The case n # 1 is considered at the end of the present study.
The unsteady simulation is initiated at the time where the jet hits the vertical
wall (¢ = 0). The initial conditions were taken from the steady solution of
the problem for the configuration when the jet is about to touch the wall.
The geometry used here includes an inlet section (H = 1, I = 5), and a
vertical wall at a distance L from the exit of the die. Results are also shown
for variable values of L. Typical jet-wall interactions obtained numerically
are shown in Figs. 8 and 9, as sequences of ‘snapshots’ of the jet profile,
where t is the non-dimensional time.

Figure 8 shows the jet behavior for the L = 10 geometry at a low Reynolds
number (Re = 1) and at a moderate Bingham number (Bi = 3). For a
symmetric velocity profile at the inlet (i.e., no disturbance), these conditions
lead to a “bubble” pattern. Here, when the jet emanating from the inlet
section reaches the vertical wall, it grows as a “bubble” up to a dimensionless

10
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time t &~ 7. When the disturbance is introduced from the start of the flow
(t = 0) until t = At = 1.5, it triggers an instability which forces the jet
to bend, very much like the buckling of a slender solid column. This flow
behavior is very similar to what is observed experimentally and described
as the “toothpaste” effect. For the discussion that follows such behavior is
labeled as “unstable”.

The flow shown in Fig. 9 is obtained for Re = 5 and B:i = 1. For
both symmetric and asymmetric flow conditions the jet grows in a manner
consistent with a “transition” pattern. Therefore, the initial disturbance has
no impact on the stability of the jet, and no noticeable difference can be
observed between the symmetric and asymmetric cases. In the discussion
below this flow behavior is labeled as “stable”.

Figure 10 shows a complete map of the jet profiles as a function of the
Reynolds and Bingham numbers for the range 0.5 < Re < 50, 0 < Bi < 40.
This map clearly shows the regions where “stable” and “unstable” patterns
occur. The estimated boundary between these two zones has been sketched
in in order to demarcate the range of Re and Bi which they correspond to.
On this map, the symbols 4, o, B, ¥ represent respectively the “mound,”
“disk,” “bubble” and “transition” patterns. The hollow symbols (O, and
V) represent the cases discussed in detail (Figs. 8 and 9). As speculated,
while “bubble” pattern leads to unstable jet behavior, “shell,” “disk” and
“mound” patterns remain stable and most of the “transition” cases lead to
stable jet profiles. The “bubble” pattern is very sensitive to flow instabilities,
that prevent this pattern to develop. These numerical results explain why
experimental observations of the “bubble” pattern are not as common as the
other patterns. It is clear from the results that the instabilities are indeed
the result of the finite yield stress and the way yielded and unyielded regions
interact with each other.

As mentioned earlier, it is possible to express the results in terms of
the Saint-Venant number as shown in Fig. 11. In the map, the squares
(M) represent stable configurations and the upward pointing triangles (4)
correspond to unstable behaviors. The hollow markers (O and A) correspond
to the cases shown in Figs. 8 and 9. The advantage of considering the Saint-
Venant number is that it is independent of the characteristic length scale
parameter H, and is expressed in terms of fluid properties and kinematics of
the flow.

11
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So far the length L was kept constant. However, the stability charac-
teristics depend also on the length of the die L. The effect of the distance
between the die exit and the vertical wall was established by using three
different lengths L = 10, 15 and 20. Figure 12 highlights this effect on the
stability of the jet for given rheological parameters (Re =1, Bi = 0.7). The
jet behavior is either stable and symmetric (Fig. 12(a), L = 10) or unstable
and toothpaste-like (Fig. 12(b), L = 15, and (c), L = 20). This demon-
strates that the longer the die, the more likely it is to observe the toothpaste
instability. Figure 13 summarizes this behavior in a manner similar to Fig.
10 for L = 15 and L = 20. The map shows the estimated boundaries between
stable and unstable jet behavior for the three lengths studied. The solid line
represents the L = 10 case while the dashed line and the dashdotted line
stand for the L = 15 and L = 20 cases, respectively. From that figure, the
overall jet stability is confirmed: the longer L, the more likely it is to observe
toothpaste-like instabilities.

The results shown are for Bingham fluids (n = 1). However, once the yield
stress is exceeded, Herschel-Bulkley fluids flow either in a shear-thinning or
shear-thickening manner. The effect of the power-law exponent was studied
for two cases: one corresponding to a shear-thinning fluid (n = 0.5) and
another to a shear-thickening fluid (n = 1.5). For both cases the length was
set to L = 15. Figure 14 shows the overall stability behavior as a function
of n. Again, limiting lines separate stable and unstable behaviors. The solid
line represents the n = 1 case while the dashed line and the dashdotted line
stand for the n = 0.5 and n = 1.5 cases, respectively. A shift between the
three limiting lines can be observed: the smaller the power-law index, the
more unstable the flow is. In other words, a shear-thinning behavior is more
sensitive to instabilities than a shear-thickening one. It appears also that
the power-law index becomes less important (actually it is not important at
all) for large values of Bi. This is due to the fact that for large Bi the flow
behaves more like a solid as very little of the fluid deforms.

5 Conclusions

The numerical simulations presented in this study verify the importance
of the finite yield stress in Herschel-Bulkley flows. The results confirm the

12



i
§
H Y
Ll

|

s

™
§

existence of five characteristic flow patterns (“shell,” “disk,” “mound,” “bub-
ble” and “transition”) that have been observed both experimentally and nu-
merically. By controlling flow parameters, one may be able to a priori fix jet
behavior to lead to desirable quality and properties of the final parts.

In actual Herschel-Bulkley flows, the injection process is very sensitive
to flow instabilities which may lead to irregular and unpredictable filling
patterns. This undesired behavior is likely to happen at distinct combinations
of flow parameters. Stability maps of the injection process have been drawn
as & function of these parameters. It was concluded that the most unstable
pattern is that of “bubble” and to a lesser degree that of the “transition”
pattern, primarily due to the effects of the yield stress.

Acknoledgments: Partial support for this study was provided by Alu-
minium Pechiney, France.
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Figure 1: Flow instability in SSMP: toothpaste behavior (Courtesy of Alu-

minium Pechiney).
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Figure 2: Flow instability in SSMP: toothpaste behavior (Courtesy of Alu-
18

minium Pechiney).
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Figure 3: Summary of the flow patterns observed in 2-D die filling [29].
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Figure 7. Summary of the flow patterns observed for the L = 10 geometry.
Yielded and unyielded regions are highlighted.
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thickness each were cut directly from the billets. Figure 1 illustrates the
experimental procedures.

Table I: Chemical composition of the alloys investigated

Composition, %

Alloy Si Mg Cu Mn Fe
A356 (MHD) 6.92 0.18 0.09 0.05 0.1
A356 (GR) 6.85 0.33 0.11 0.05 0.1
SiBloy (GR) 6.84 0.29 0.0005 0.003 0.07
A357 (SIMA) 6.61 0.53 -- 0.01 0.1
A356 (MIT) 7.27 0.38 0.01 --- 0.1
Al-Si-Cu (UBE) — --- --—- --- -

1.2 Processing Conditions

Processing conditions investigated in this study include continuous heating and
quenching samples at different temperatures in the two-phase region, as well as
isothermal holding at 582°C and quenching samples at different holding time, as
shown in Figure 2.

The first series of experiments dealt with the effect of processing temperature
on semi-solid microstructure during continuous heating in the semi-solid state.
The average heating rate was about 49°C/min.

The second series of experimehts were designed to investigate the effect of
isothermal hold on microstructural evolution at a temperature commonly used in
commercial forming operations (582°C). Holding time varied from 1 to 64
minutes.

. 1.3 Microstructure Characterization

Metallographic observations were made on the water-quenched samples. The
specimens were etched with Keller's reagent after mounting, grinding, and
polishing.

Microstructure characterization was performed using optical microscopy and
image analyzer (microGOP2000/S). Three specific microstructural parameters




were measured to quantitatively characterize the semisolid microstructures. They
are

1. particle size of the Alpha phase, D
2. shape factor of the Alpha particles, SF
3. entrapped liquid content within the Alpha partlcles ;

The particle size (D) is determined by

D=zx,/i M)
T

Where A is the area of the particle. The average particle size is the mean value
of the total numbers of particles measured.

The shape factor (SF) is defined as

sk = 2 @
474

Where P is the perimeter of the particle. For a perfectly globular shape, SF is
equal to 1. The more irregular the particles, the higher the shape factor value.
The shape factor values reported here are the mean values of the total numbers
of particles measured.

Specifically, we found that there are two types of entrapped liquid in nature. One
is entrapped within Alpha particles in isolation, and the other is entrapped within
the Alpha particles in 2D, but is connected to the intergranular eutectic in 3D. The
entrapped liquid content (Vi) here is defined as

AgL
Viz ——m8m ——— x 100% 3)

ALiquid

Where Ag, is the area of the entrapped liquid in isolation, Ayquq is the area of the
entire liquid phase including the intergranular eutectic phase, the entrapped liquid
in isolation, as well as the entrapped liquid in connection to the intergranular
eutectic. Since most entrapped liquid has a spherical shape, here the mean
entrapped liquid content in 2D can be considered as an approximate volume
fraction value in 3D.

In order to obtain results of statistical significance, more than twelve images were
measured for each sample. In addition, since there is significant difference in



microstructural scale throughout MHD A356, GR A356 and SiBloy as-cast billets,
we analyzed semi-solid microstructures at twelve different locations on the cross
section, which cover the whole region within a radius.

2. RESULTS & ANALYSIS

Microstructural evolution of various semi-solid billets as a function of material
genealogy and processing temperature is presented below in section 2.1.
Microstructure evolution as a function of material genealogy and isothermal
holding time at 582°C is presented in section 2.2. This is followed by analysis on
formation mechanism of the entrapped liquid within the Alpha phase.

2.1 Microstructural Evolution During Continuous Reheating

From a rheological standpoint, an “ideal” semi-solid microstructure is composed
of small, round Alpha particles containing no entrapped liquid and
homogeneously distributed in a eutectic phase, as illustrated in Figure 3. The
small size of the Alpha particles is beneficial for the casting of thin-walled parts,
while a more spherical shape, and the absence of entrapped liquid are critical for
the improvement of the slurry flow properties during die filling.

Figure 4 compares typical as-cast microstructures of various semi-solid billets. It
can be seen that their as-cast microstructures are quite different. The as-cast
microstructure of GR billets (by addition of Ti-B or Si-B alloys) is a dendritic
structure with a very fine scale, while the microstructure of MHD billets is a
mixture of dendritic and rosette-like structures. SIMA billets show typical
deformed microstructure with a lot fine Mg.Si particles. The new MIT processed
billets, however, have a globular Alpha structure, which is formed due to a rapid
mechanical stirring and a strict cooling rate control during billet casting.

Upon reheating, the above billets show quite different microstructural evolution.
Figures 5 and 6 give the typical semi-solid microstructures of all these billets at
580°C and 585°C, respectively. Visually, there are significant differences among
them in terms of the shape and size of the Alpha particles, as well as the
entrapped liquid content within the Alpha phase. Detailed image analysis results
are given below.
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2.1.1 Entrapped Liquid Content

The entrapped liquid within the Alpha phase has a significant influence on the
rheological behavior of semi-solid slurry. As the entrapped liquid does not
participate in the deformation during die filling, it has the effect of decreasing
“effective” liquid fraction, and thus flow properties.

Figure 7 details the evolution of entrapped liquid as a function of processing
temperature and material genealogy. It can be seen that

GR billets (by addition of Ti-B or Si-B alloys) have much higher entrapped
liquid content than MHD billets. The entrapped liquid content in Ti-B
refined billets can account for as high as 36% of the liquid phase at 578°C.
During commercial forming temperature range between 580-590°C, the
entrapped liquid content in GR biliets varies between 15-30%, which is 2-3
times higher than in MHD billets

Processing temperature has a significant influence on the entrapped liquid
content of GR billets. With increasing temperature, the entrapped liquid
content decreases dramatically, however, processing temperature shows
little effect on the entrapped liquid content of MHD and SIMA billets.

No entrapped liquid was found in MIT and UBE processed billets.

2.1.2 Particle Size

Figure 8 details the evolution of particle size as a function of processing
temperature and material genealogy. The quantitative data shows that

Higher processing temperature tends to increase particle size, but the
effect is not significant in commercial forming temperature range (580-
590°C).

The Alpha particle size in grain refined billets (by addition of Ti-B or Si-B
alloys) is much larger than in MHD, SIMA and MIT processed billets.
Among them, the SIMA billets have the smallest Alpha particie size, and
very uniform size distribution, falling in the range between 50-80 pm in the
temperature range investigated.

Interestingly, processing temperature has no influence on Alpha particle
size of Si-B grain refined billets (SiBloy). In addition, compared to Ti-B
grain refined billets (GR A356), the particle size distribution in Si-B refined
billets is more uniform.
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2.1.2 Shape Factor

Figure 9 details the evolution of shape factor as a function of processing
temperature and material genealogy. It can be seen that

During commercial forming temperature range (580-590°C), shape factor
values of all the semi-solid billets decrease with increasing temperature,
indicating that higher forming temperature leads to a better spheriodization
of Alpha particles.

As shown in Figure 9, SIMA billets have the smallest shape factor value,
corresponding to the best spheroidized Alpha particles. Whereas, Si-B
refined billets have the highest shape factor value, thus corresponding to
the most irregular shape of Alpha particles. This is consistent with
microstructure observations.

2.2 Microstructural Evolution During Isothermal Holding at 582 °C

Figures 10 and 11 give the semi-solid microstructures of various billets
isothermal holding for 2 minute, and 32 minute, respectively. A rapid evolution of
Alpha particles towards a globular structure was seen in MHD, SIMA and MIT
billets, whereas relatively slow spheroidization was observed in GR billets. This
can be clearly seen from the image analysis results given below.

2.2.1 Entrapped Liquid Content

Figure 12 gives the evolution of entrapped liquid content as a function of
isothermal holding time and material genealogy. The results show that

Isothermal holding has a significant effect on the entrapped liquid content
of GR billets (by addition of Ti-B or Si-B alloys). With increasing isothermal
holding time, the entrapped liquid content decreases considerably.

Isothermal holding, however, shows little influence on the entrapped liquid
content of MHD and SIMA processed billets. Again, no entrapped liquid
was found in MIT processed billets under isothermal holding conditions.
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2.2.2 Particle Size

Figure 13 gives the evolution of particle size as a function of isothermal holding
time and material genealogy.

As expected, isothermal holding leads to coarsening of Alpha particles.
Specifically, a good linear dependence between particle size and
isothermal holding time was found in GR (by addition of Ti-B alloys), MHD,
MIT and SIMA processed billets.

Interestingly, isothermal holding does not show any influence on the
particle size of Si-B refined billets. With increasing isothermal holding time,
the particle size of Si-B refined billets tends to a constant value (around
160 um), even isothermal holding for 64 minutes.

The insensitivity of particle size in Si-B grain refined billets to both
processing temperature and isothermal holding time is most likely related
to the long-term grain refinement effect of Si-B alloys found by ACRC
researchers.

2.2.3 Shape Factor

Figure 14 gives the evolution of shape factor as a function of isothermal holding
time and material genealogy. It can be seen that

A rapid spheroidization process usually occurs in the first 1-2 minute
isothermal holding, and thereafter, the process proceeds very slowly.

Si-B and Ti-B grain refined billets have higher shape factor values than the
other billets, corresponding to a more irregular shape of Alpha particles.
Moreover, isothermal holding shows little effect on the spheroidization of
Alpha particles in GR billets, particularly for Si-B grain refined billets.

Specifically, a significant difference in shape factor values has been
observed throughout the grain refined billets. Usually, the microstructures
at billet center have higher shape factor values than those at billet edge,
indicating that the speroidization process at billet center is relatively slow.
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2.3 Entrapped Liquid Analysis

As stated before, the entrapped liquid within the Alpha particles does not
participate in the deformation during die filling, thus it greatly decreases the flow
properties of the semi-solid slurry. Moreover, since no feeding is available during
the subsequent solidification process, the entrapped liquid may cause casting
defects such as microporosity, shrinkage etc. Therefore, an understanding of
origin and nature of the entrapped liquid is critical.

Figures 15 through 16 show typical morphologies of the entrapped liquid within
the Alpha phase under both microscope and SEM. It is clear that

The entrapped liquid has different morphologies (see Figure 15). One
typical morphology is circular. Others include irregular shapes such as
triangle, rectangular or ellipse, etc.

The morphology and amount of the entrapped liquid is strongly dependent
on the as-cast microstructure of the billet. A fine dendritic as-cast structure
tends to form high volume of entrapped liquid with both circular and
iregular shapes, while a rosette-like as-cast structure gives rise to
intermediate volume of globular entrapped liquid. If the as-cast billet has a
spherical Alpha phase (for example, the MIT billet), one can obtain semi-
solid microstructure completely free of the entrapped liquid upon reheating
(compare Figure 4d with Figures 5d and 6d).

Specifically, SEM observations clearly show that there are two types of
entrapped liquid in nature. As shown in Figure 16(a), one is entrapped in
isolation within the Alpha particles, and the other is entrapped in 2D but is
connected to the intergranular eutectic in 3D. This can be easily identified
by a comparison between the entrapped liquid and the intergranular
eutectic. In fact, the entrapped liquid, which is connected to the
intergranular eutectic in 3D, has exactly the same morphology as the
intergranular eutectic phase.

More importantly, an enlarged view of the entrapped liquid in isolation
reveals that the entrapped liquid indeed consists of many extremely fine
eutectic grains, as shown in Figure 16(b). The grain size is in order of
several micrometers.

Further SEM and EDAX analysis points out that there are many small
oxide spheroids inside each eutectic grain, as shown in Figure 16(c). The
small spheroids serve as nuclei for eutectic grains, thus leading to the
formation of the extremely fine eutectic grains.
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Based on the above observations, it is logical to assume that the origin of the
entrapped liquid is due to the coalescence of the broken dendritic arms formed
either by MHD or grain refinement treatment. Compared to rosette-like structure,
the fine dentritic structure tends to entrap more liquid and form more irregular
shapes during the coalescence upon reheating, and that's why the GR billets
have much more entrapped liquid, and the entrapped liquid has more irregular
shapes than MHD biliets.

Obviously, our findings clarify some conflicting claims as to whether the
entrapped liquid is connected to the rest of the eutectic or it is entrapped in
isolation. Still, there are some issues remaining open.

e Where do the oxide spheroids come from? They come from the broken
oxide film during billet casting? or from the oxidization due to the addition
of Sr?

» Specifically, we observed that most modified eutectic silicon grows from
the oxide films. Is this a new mechanism for modification of the eutectic
silicon?

Further experiments are being carried out to try to answer these questions.
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3. CONCLUSIONS

Based on our extensive microstructural observations and quantitative data, the
following conclusions were drawn:

1.

The chemically grain refined billets have relatively high entrapped liquid
content. During commercial forming conditions, the entrapped liquid
content usually accounts for 15-30% of the total liquid phase for grain
refined billets, and 8-15% for SIMA and MHD billets.

. The formation of the entrapped liquid can be attributed to the coalescence

of the broken dendrite arms upon reheating. SEM analysis reveals that
there are two types of entrapped liquid in nature. One is entrapped in
isolation within the Alpha phase, and the other is entrapped in 2D but is
connected to the intergranular eutectic in 3D. Specifically, we found that
the isolated entrapped liquid consists of extremely fine eutectic grains (in
order of several micrometers), and a lot of small oxide spheroids have
been identified as the nuclei for the fine eutectic grains.

Higher processing temperature tends to decrease shape factor value and
entrapped liquid content, however, it also increases the Alpha particle size
and the runoff of liquid phase during semi-solid forming. A favorite
temperature range for aluminum semi-solid billets is between 580-590°C.
For grain refined billets, 585-590°C is recommended.

Isothermal holding leads to a speroidization and a coarsening process of
Alpha particles. Analysis on quantitative data points out that an optimum
isothermal holding time is between 2-8 minutes. For grain refined billets,

the upper limit is recommended.

Specifically, both processing temperature and isothermal holding have a
significant influence on the entrapped liquid content of GR billets.
Increasing processing temperature or isothermal holding time decreases
entrapped liquid content of GR billets considerably. However, processing
temperature and isothermal holding time show little effect on the
entrapped liquid content of SIMA and MHD billets.

10
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Figure 1: Schematic diagram of experimental procedures.
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(d) MIT A356 (e) SIMA 357

Figure 4: As-cast microstructure of various semi-solid billets.
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(d) MIT A356 (e) SIMA A357 (f) UBE (Al-Si-Cu)

Figure 5: Semi-solid microstructure of various billets at 580°C.
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(d) MIT A356 (e) SIMA 357

Figure 6: Semi-solid microstructure of various billets at 585°C.
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Figure 10: Semi-solid microstructure of various billets at isothermal
: holding for 2 minutes at 582°C .
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Figure 11: Semi-solid microstructure of various billets at isothermal
holding for 32 minutes at 582°C .
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(@) MHD A356 at 578°C (b) GR A356 at 578°C

(C) Enlarged view of the entrapped liquid

Figure 15: Different morphologies of the entrapped liquid.
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Figure 16: SEM microstructure of the entrapped liquid, showing (a)
two types of entrapped liquid in nature; (b) extremely fine
. eutectic grains, and (c) the nuclei-some oxide spheroids in
& each eutectic grain.
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understanding of microstructure evolution during commercial processing
conditions is critical for optimization and control of semi-solid processing.

« In this study, various semi-solid billets including MHD, GR (by addition of
Ti-B or Si-B alloys), SIMA, new MIT and UBE processed materials were
evaluated. Processing conditions investigated include different processing
temperatures during continuous heating, as well as isothermal holding for
different time at commercial forming temperatures.

 Image analysis was carried out to quantify the semi-solid microstructure.
Three important characteristic parameters--shape factor, particle size of
Alpha particles, as well as the amount of entrapped liquid within the Alpha
phase were measured in this study. '

ACHIEVEMENTS THIS QUARTER

During this quarter, extensive image analysis was carried out to quantify
microstructure evolution of various semi-solid billets manufactured by MHD, GR
(by addition of Ti-B or Si-B alloys), SIMA, new MIT and UBE processes,
respectively. Detailed results are given as follows.

1. The chemically grain refined billets have relatively high entrapped liquid
content. During commercial forming conditions, the entrapped liquid
content usually accounts for 15-30% of the total liquid phase for grain
refined billets, and 8-15% for SIMA and MHD billets.

2. The formation of the entrapped liquid can be attributed to the coalescence
of the broken dendrite arms upon reheating. SEM analysis reveals that
there are two types of entrapped liquid in nature. One is entrapped in
isolation within the Alpha phase, and the other is entrapped in 2D but is
connected to the intergranular eutectic in 3D. Specifically, we found that
the isolated entrapped liquid consists of extremely fine eutectic grains (in
order of several micrometers), and a lot of small oxide spheroids have
been identified as the nuclei for the fine eutectic grains.

3. Higher processing temperature tends to decrease shape factor value and
entrapped liquid content, however, it also increases the Alpha particle size
and the runoff of liquid phase during semi-solid forming. A favorite
temperature range for aluminum semi-solid billets is between 580-590°C.
For grain refined billets, 585-590°C is recommended.

4. Isothermal holding leads to a speroidization and a coarsening process of
Alpha patrticles. Analysis on quantitative data points out that an optimum
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isothermal holding time is between 2-8 mlnutes For grain refined billets,
the upper limit is recommended.

5. Specifically, both processing temperature and isothermal holding have a
significant influence on the entrapped liquid content of GR billets.
Increasing processing temperature or isothermal holding time decreases
entrapped liquid content of GR billets considerably. However, processing
temperature and isothermal holding time show little effect on the
entrapped liquid content of SIMA and MHD billets.

Appendix A is a detailed report on the quantitative microstructural
characterization of various semi-solid billets.

CHANGES IN PROJECT STATEMENTS

None

WORK PLANNED FOR NEXT QUARTER

This project is completed.



Appendix A

. QUANTITATIVE MICROSTRUCTURE CHARACTERIZATION OF
G COMMERCIAL SEMI-SOLID ALUMINUM ALLOYS

PR-01-#2

Qingyue Pan, and Diran Apelian,

Advanced Casting Research Center (ACRC)
Metal Processing Institute
WPI, Worcester, MA 01609

The rheological properties of semi-solid metal slurries are strongly dependent on
their microstructure. Specifically, our previous studies identified that three
characteristic microstructural parameters are critical in determining rheological
behavior of aluminum semi-solid slurries. They are

1. Patrticle size of the Alpha phase,
2. Shape factor of the Alpha particles, and
3. Entrapped liquid content within the Alpha particles.

Using the MPI image analyzer, we quantified microstructual evolution of various
£ semi-solid billets during commercial forming conditions. In report PR-01-#1, we
M presented our results on A356 billets manufactured by both MHD and GR
processes. This report presents our recent results on new MIT, SIMA (strain-
induced melt activation), SiBloy (grain refined by addition of Si-B alloys) and UBE

gekes B

i materials. Specifically, we compared the quantitative data of ail these materials
during commercial processing conditions, including continuous heating and

S isothermal holding at a commercial forming temperature. Therefore, this report

Ul provides a comprehensive knowledge base in understanding the effect of

) processing conditions and material genealogy on the microstructure evolution

i and rheological properties of various semi-solid metal slurries.

1. EXPERIMENTAL

2

i 1.1 Materials

The semi-solid billets evaluated include MHD, GR (by addition of Ti-B or Si-B
alloys), SIMA, new MIT, as well as UBE processed materials. Table 1 lists alloy
designations and composition. Sliced samples with approximately 0.25-inch



