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Abstract The main parameter required to characterize
the rheological behavior of semi-solid metal, SSM, slurries
is the ‘viscosity’’. Since the viscosity depends on the
microstructural characteristics of the SSM slurries and it is
also a measure of their rheological behavior, viscometry
may be employed to study the rheology and structure of
SSM alloys. This is much faster and less expensive
microstructural characterization method than quantitative
metallography which is a time consuming operation and
requires a highly skilled operator. Furthermore, it may be
used as an on-line quality check in production of rheo-
billets used as feedstock for near net shape manufacturing
routes. Al-Si 356 foundry alloy with different morpholog-
ies of primary a-Al particles was tested at different initial
applied pressures of 5—11 KPa, using parallel plate com-
pression viscometery. The resulting strain—time graphs
were further treated mathematically to calculate the vis-
cosity of SSM billets. The viscosity was then attributed to
the microstructure and primary phase flow during com-
pression. It was shown that the dendritic primary o-Al
structure has the highest viscosity number which is almost
three orders of magnitude greater than those for a globular
morphology. Such difference reduces to one order of
magnitude when the rosette morphology is compared to
that of globular structure.This study has shown the validity
and reliability of the ‘‘parallel plate compression viscom-
etry”’ method in characterizing the microstructural evolu-
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tion of rheocast SSM billets and highlights the correlation
between the viscosity numbers and the resulting micro-
structures cast at different pouring temperatures.

Introduction

One of the main parameters to study the rheological
behavior of semi-solid metal, SSM, slurries is the viscosity
and its importance is equivalent to that of fluidity for liquid
metals [1, 2] or tensile modulus in engineering materials
[3]. The viscosity value is an indication of materials
capability in filling the die cavity during casting operations.
It is also a measure of the magnitude of force required for
deformation of materials [4]. A lower viscosity value
induces easier movement of SSM slurry through the die [5—
7] and allows an intricate thin wall component to be cast
with lesser machine pressure and metal scrap [8, 9].

The viscosity of SSM slurries is dependent on metal-
lurgical parameters including the fraction solid, and its
morphology, e.g., dendritic or globular, solid particle size
and distribution, chemical composition of the alloy and
pouring temperature. Pouring temperature is one of the
most important parameters to influence the evolution of
primary particles during semi-solid casting [10-13]. The
current authors have also studied semi-solid metal struc-
tures in details and were able to generate a fully globular
structure for conventionally cast hypoeutectic Al-Si alloys
through manipulation of superheat [14]. Generally, higher
superheats establish steeper temperature gradient across the
bulk liquid and promote dendritic growth of primary pha-
ses such as «-Al in hypoeutectic Al-Si alloys.

Since the viscosity of SSM alloys is dependent on the
metallurgical parameters and also is a measure of rheo-
logical behavior, rheological tests can be employed to
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characterize their microstructure. This is a much faster and
less expensive characterization method than quantitative
metallography, which is generally employed to character-
ize the microstructure of SSM billets. This is particularly
beneficial if on-line quality checks are required in pro-
duction of rheo-billets used as feedstock for near net shape
manufacturing routes.

The current article reports on the application of parallel
plate compression viscometry to characterize the mor-
phology of the primary «-Al particles in conventionally
cast SSM slurries of Al-Si alloys prepared through
manipulation of pouring temperature.

Rheology

One way to examine the rheological behavior of paste-like
materials is by the parallel plate compression test [15-17].
In this method, a dead weight is simply applied on the top
surface of a SSM billet and its deformation behavior is
studied by analyzing the strain variation with time. The
resulting strain—time graph is further treated mathemati-
cally to determine the viscosity as an indication of the
rheological behavior of the tested alloy [18, 19]. The
interpretation of the results obtained from such graphs can
be treated differently depending on the assumption of the
SSM slurries behaving as Newtonian or non-Newtonian
fluids. In the case of low applied shear rates of less than
0.01 (s7"), the resulting graphs could be treated similar to
those of Newtonian fluids with the following equation to
calculate the viscosity of the semi-solid cylindrical billets
[15-19].

V2 (dh
F=-21_(=— 1
2k (dr) (m

Equation (1) is based on the continuity and momentum
equations of flow for a cylindrical specimen squeezed be-
tween two parallel plates where the sample does not fill the
space between the plates and remains between the two
parallel plates during the course of deformation. Integrating
Eq. (1) for h = hgatt =0 and h = h at ¢ = ¢, yields Eq. (2).
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Equation (2) is further treated mathematically knowing the
initial pressure at the onset of deformation, P, = ﬂV", and
assuming quasi steady state deformation behavior for the SSM

billets, the viscosity—time relationship is given as (Eq. 3);

3Vho (1 1 t
woh ) 8

For both Newtonian and non-Newtonian fluids, the average
o . . . . .

shear rate, 7y, at any instant during compression is given by

Eq' (4)7 a

0 V (dh/dt

= — —_ 4
P2 (5) @
where 7, V, hy, h, F and ¢ are, the viscosity (Pa s), volume
of specimen (mm?), initial height (mm), instantaneous
height (mm), applied dead force (N), and deformation time
(s), respectively. The viscosity is then calculated as the

inverse slope of the graph where the left hand side of the
Eq. (3) is plotted against time.

Experimental procedures

Pre-alloyed ingots of 356 with the chemical composition
given in Table 1, melted in an electric resistance furnace,
degassed with Argon, and poured into a refractory coated
steel mold of 75 mm diameter and 200 mm long at tem-
peratures of 615, 630, 645, 675, and 695 °C, (superheats of
~0-80 °C).

In all cases, two K-type thermocouples were installed at
the mold center and near the wall with their tips at 80 mm
from the bottom of the mold to monitor the temperature
distribution of the bulk liquid during solidification. Solidi-
fication of the alloy continued up to the point where the melt
temperature reached 594 + 1 °C at the center of the billet.
At this moment the billet transferred and compressed
uniaxially in a parallel plate compression test machine. A
solid fraction of 0.33 is expected to form at this temperature
according to the equilibrium lever rule and Scheil’s equa-
tion." The wall temperature was registered at 591 = 1 °C.

The machine used for compression tests was designed
and constructed in our labs [20] for applications of
1-100 kg dead weight, Fig. 1. The dead weight motion is
controlled pneumatically. The applied force and resulting
displacement are monitored using a 300 kg maximum
capacity load cell with <0.02% precision and a displace-
ment transducer (0-255 mm), with precision of (+0.1-
0.2%) full stroke. A cylindrical furnace is installed on the
press bed to keep the billet temperature constant during the
compression tests. The furnace is equipped with two quartz
heat resistant windows to view the billet from the front and
back of the furnace. There are two K-type thermocouples
positioned within the furnace to control the chamber tem-
perature.

! Solidification of alloys where there is no diffusion in the solid. For
more information, references should be made to solidification text
books.
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Table 1 Chemical analysis of the melts

Si% Mg% Fe% Mn % Cu% Ti% Al

6.9-7.1 0.3-0.31 0.09 0.001 0.001 0.13 Bal.

The temperature of the furnace was kept constant at
594 + 2 °C in all trials; the same as the billet temperature
at the end of casting. The applied dead weight varied be-
tween 2.1 and 5.1 kg and the changes in the billet height
was registered versus time using a national instrument data
acquisition unit, SCXI-1102™. The billets were taken out
of the furnace immediately after deformation and quenched
rapidly in cold water.

It should be noted that the application of parallel plate
compression tests in characterizing the microstructure of
as-cast rheo-billets has not been reported before and was
only employed for thixo-cast samples [15-17].

The microstructure of the as-cast and deformed billets
was examined on metallographic specimens prepared from
regions between the center and mold wall at 80 mm from
the bottom of each billet and at regions with maximum
strain, respectively.

Results and discussion

The morphological evolution of the primary «-Al phase
with decreasing pouring temperature is shown by the
optical micrographs in Fig. 2. Detailed analysis of the
resulting microstructure and the effect of pouring temper-
ature are reported elsewhere [14]. The registered thermal
data for low superheats shows the very large temperature
gap between the wall and center during the early stage of
solidification which encourages faster heat flow towards
the mold wall. However, the mold coating coupled with the
resulting air gap and the mold thin wall decelerate the rate
of heat dissipation into the surrounding environment. As a
result, the melt temperature near the mold wall increases

Fig. 1 Schematic diagram and
the actual parallel plate test
machine designed and

Dead Weight

and a shallow temperature gradient establishes across the
bulk molten alloy. The resulting thermal equilibrium, i.e.,
homogenous cooling condition, across the bulk liquid is
reached at shorter times and lower temperatures for the
alloys poured at lower temperature. The low bulk tem-
perature and shallow thermal gradient coupled with multi-
directional heat flow due to the mold geometry promote the
formation of equiaxed and globular structure as shown in
Fig. 2, 615 °C. As pouring temperature increases, the
resulting steeper thermal gradient postpones equiaxed
growth to form rosette, 630—645 °C and dendritic, 675—
695 °C, structures, respectively. As discussed later, the
morphology of the primary a-Al has considerable effect on
the viscosity of the SSM billets.

Table 2 shows the average cooling rate (d7/df) at the
center and near the wall of the mold during solidification in
all trials. It is evident that the difference in cooling rate
decreases with reducing pouring temperature.

Strain—time graph

The effect of «-Al morphology on the ability of the billets
to deform is clearly observable in strain—time graphs pre-
sented in Fig. 3. Three regions recognized on these graphs;

(1) Stage I, where the billet flows almost without any
resistance to applied pressure. This may be attributed to
easy movement of the primary o-Al particles within the
residual liquid and without appreciable collision. The
extent of this region is dependent on the pouring tem-
perature, and it is greater at lower pouring temperature.

(2) Stage II, where there is some degree of resistance to
flow. This is due to the collision of solid particles and
formation of o-Al agglomerates. The agglomerated
chunks are the resisting constituents to billet flow.

Both stages I and II are regarded as non-steady state
deformation, since the slope of the graphs varies with time.
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The reducing trend in the slope may be attributed to mainly
the collision and agglomeration of the primary «-Al particles.

(3) Stage III, where the billet flows almost steadily with a
constant slope. It is believed the two processes of
agglomeration and de-agglomeration have reached an
equilibrium state, i.e., quasi steady state equilibrium.

The applied pressure is also an important parameter
to induce more engineering strain. However, the maxi-
mum and minimum engineering strains are always ob-
tained at 615 °C and 695 °C pouring temperatures
respectively, irrespective of the applied pressure. In
other words, the structure at 615 °C shows less resis-
tance to plastic deformation and if examined in con-
junction with optical micrographs in Fig. 2, the obvious
conclusion is that, ‘‘the more globular and finer
microstructure yields more engineering strain, better
flow’’. The pouring temperatures of 630 and 645 °C as
the representative of rosette microstructure have shown a
moderate resistance to deformation somewhere between
the globular and dendritic morphologies. The worst
deformation behavior, greatest resistance to flow, ob-
tained for the pouring temperatures of 675 and 695 °C,
irrespective of the applied pressure, where dendritic
morphology is dominant.

Liquid segregation
The optical micrographs taken from the central parts of the

deformed billets, where deformation is maximum, Figs. 4
and 5, show almost no liquid segregation for low super-

heats and some minor segregation at the higher superheats.
The absence of liquid segregation for low pouring tem-
perature billets may be attributed to the globular structure
of the billets, which allows easy glide of the primary o-Al
particles over one another almost at the same speed as the
liquid flows through the inter-particle channels. This is
further assisted by the fine particle size and the low values
of shear rate, 0.001-0.00001 (s_l). Low shear rates allows
solid particles to move easily without excessive collision to
bring about homogenous distribution of a-Al phase. The
micrographs presented in Figs. 4 and 5 prove such theory
and show almost no segregation of liquid at different
applied pressures. Nonetheless minor liquid segregation
could be seen near the wall, particularly in the dendritic
structure, Fig. 5, which is due to dendrites interlocking and
thus inability to move freely, in contrast to the globules.
The reader should be reminded that such segregation
within dendritic morphology has taken place just after 0.1
engineering strain, Fig. 5, against 0.6 strain in the case of
globular microstructure, Fig. 4. This further supports the
suitability of globular structure by having lower suscepti-
bility to liquid segregation and better flowability during die
casting of SSM billets. The as-cast die-cast parts made
from billets with globular morphology should have more
uniform structure.

The main shortcoming of semi-solid materials, the
segregation of residual liquid during deformation [7],
which is due to the separation of liquid from the solid phase
under pressure is therefore mitigated or even overcome by
the refinement and globularization of the solid particles and
the application of lower applied shear rate.

Fig. 2 Typical microstructure formed at different pouring temperatures; (a) 695 °C-dendritic, (b) 675 °C-dendritic, (c) 645 °C-rosette, (d)

630 °C mixed rosette and globular, (e) 615 °C-globular
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Table 2 Average cooling rate (d7/dr) at the center and near the wall
of the SSM billet at different pouring temperatures just above liquidus

Pouring Temp. 695 °C  675°C 645°C 630°C 615 °C

Centre (°C s™)  3.68 23 1.07 1.03 1.00
Wall (°C s7™) 8.67 3.17 1.2 - -

Viscosity

Figure 6, the graphs developed from Newtonian model, Eq.
(3), using the results for instant height versus time during
the steady state stage of deformation, ~200s after the
beginning of each compression test, shows the same
behavior as the strain—time graphs, Fig. 3. The viscosity is
calculated through the inverse slope of these graphs. The
calculated viscosity values are listed in Table 3, for all
trials. The results support those of the previously reported
for semi-solid alloys of Sn-15%Pb [15] and A356 [21] with
logarithmic viscosity numbers of 6-9. It is evident that,
there is almost three orders of magnitude difference be-
tween the viscosity numbers for dendritic, 695 °C, and
globular, 615 °C, morphologies and one order of magni-
tude difference in the case of rosette, 630-645 °C, mor-
phology.

As qualitatively explained before, i.e., easier flow of
globular structure, it is shown quantitatively that in contrast
to dendritic particles, microstructures with more globular
primary «-Al have lower viscosity numbers. Lowering the
pouring temperature down to the liquidus point provided
appropriate conditions to produce equiaxed «-Al particles
within the melt and brought about lower viscosity numbers.
The equiaxed grains flow with less resistance as compared
to dendrites. This is due to the lack of secondary, tertiary
and higher degree branches which impede particle move-
ment as a result of branches’ interlocking.

It is further noticeable that the viscosity numbers for
each temperature did not change significantly with the
applied pressure or shear rate which may confirm the
assumption of treating the SSM billets as Newtonian fluid
is not an exaggerated assumption.

Conclusions

(1) The reduction of pouring temperature down to 615 °C
brings about globular microstructure with improved
flow characteristics of the billets.

(2) The liquid segregation within the SSM structures is
dependent on the applied shear stress and size and
morphology of primary a-Al particles. It is reduced at

@ Springer

§ 0.8
5 a 695
< 7
® 06 675 |
5 645
?
8 L ——630
o 0.4 — 615
®
g ///
£ 0.2
(7]
=)
[=4
w
0 T T T T
0 200 400 600 800 1000
time (s)

< 0.8
¢ b 695
] 675
-] -
® 0.6 645
=]
a ——630
[ O il -
g 04 —615
®
£
T 0.2
7]
o
g 0 . . : .

0 200 400 600 800 1000

time (s)

« 0.8
o
X c 695
= 675
- 0.6 L
o 645
2 // ——630
© 04 e —— 615
Q.
[=}
s 0.2
& |
2 0 : : : :

0 200 400 600 800 1000

time (s)

Fig. 3 Strain—time graphs obtained at different pouring temperatures
and under different applied pressures (a) 4.8 KPa, (b) 8.9 KPa, (c)
11.2 KPa

lower shear rates and with finer and globular primary
o-Al particles.

(3) The calculated viscosity numbers for the billets with
globular primary «-Al particles prepared at 615 °C
are almost three orders of magnitude less than the
fully dendritic cast structure at 695 °C. The difference
reduces to one order of magnitude in the case of ro-
sette morphology compared to that of globular. The
actual viscosity value plays an important role during
die filling of such billets.

(4) Rheological principles and tests may be employed as
an alternative route to quantitative metallography to
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Fig. 5 Microstructure of as-deformed SSM billets, maximum strain = 0.1, cast at 695 °C, (a) 8.9 KPa, (b) 11.2 KPa applied pressures, 25x

characterize the quality of billets cast by different Table 3 Viscosity numbers at different pressures and pouring
SSM technologies temperatures, (Log 1)

(5) The parallel plate compression test is simple, fast and Log# Log # Log 1 Log n Log 1
effective method to characterize SSM microstructure. (695°C) (675°C) (645°C) (630°C) (615 °C)
It may even be used to differentiate amongst the 48 KPa 9 8.6 73 7 6.6
globular, rosette and dendritic morphologies of the 89 KPa 9 8.6 73 6.6 6.3

primary o-Al particles in Al-alloys. 11.2KPa 9 8.6 ’ 6.6 6.3
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