Prediction of Cooling Curves for Squeeze Cast Al/SiC,
Composites Using Finite Element Analysis
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This paper reports the experimental and finite element analyses of the solidification behavior of
Al/SiC, composites, fabricated by the squeeze casting technique. Experiments were carried out
by varying the melt temperatures for cylindrical-shaped composite castings. The composite
samples were produced at the following constant temperatures: melt—1023 K, 1073 K, 1123 K,
and 1173 K (750 °C, 800 °C, 850 °C, and 900 °C); and die—673 K (400 °C). The pressure
applied throughout the experiment is 100 MPa. The melt temperature shows significant influ-
ence on the solidification behavior of the metal matrix composite. It was observed that the
solidification time was 40 seconds when the melt temperature was 1023 K (750 °C) but it in-
creased to 51 seconds when the melt temperature was at 1173 K (900 °C). The results also
showed that the cooling rate decreased on increasing the melt temperature. Cooling curves for
our system, squeeze cast composites, were predicted using the finite element software ANSYS.
K-type thermocouples were interfaced to the die and the microcomputer from which the
experimental cooling curves were constructed. The experimental and predicted cooling curves
were then compared. While both show similar trends, the finite element analysis consistently
under-predicts the temperature. In addition, finite element stress analysis reveals that both

radial and tangential thermal stresses increase with the melt temperature.
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I. INTRODUCTION

ALUMINUM alloy, reinforced with ceramic parti-
cles such as SiC and Al,Os, is used in the automobile
and aviation industries. Generally, particle-reinforced
metal matrix composites (PRMMCs) are produced by
several routes, i.e., powder metallurgy, liquid-state
processing, and vapor deposition processes. Among
these routes, liquid-state processing techniques have
been employed successfully for the production of
PRMMCs in the recent past.!! Aluminum-based metal
matrix composites offer a combination of higher specific
stiffness, better elevated temperdture propertles and
improved wear resistance.! Squeeze casting is a 11qu1d-
state fabrication technique, and it is often used in the
fabrication of Al/SiC,, composites. In squeeze casting,
solidification shrinkage is eliminated by the force
feeding of liquid metal into voids. Therefore, castings
produced by the squeeze casting process are free of
shrinkage defects and exhibit excellent mechanical
properties. The mechanical properties of composites
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fabricated using the squeeze casting technique depend
on a number of parameters including the stirring action,
squeeze pressure, melt temperature, and die temperature
as they all affect the final microstructure in varying
degrees.”) It is therefore 1mportant that the process
parameters be carefully selected in order for the com-
posite to achieve optimum properties.

In squeeze casting, a too low casting temperature
causes inadequate fluidity to distribute the reinforcement
particles into the melt; alternatively, a too high casting
emperature can promote the settling of particles in the
melt. It is believed that the application of pressure for
the period of solidification would be ex ected to affect
the phase relationship in an alloy system.” Furthermore,
particle agglomeration, inappropriate melt temperdture
and stirring would affect the solidification rate.[! These
parameters must be maintained at their optimum levels
during fabrication of the composr[eS

Hanumanth and Irons!”! reported that the addition of
ceramic particles into the melt increased the cooling
rate, and thereby decreased the solidification time. This
was attributed to the increase in effective thermal
conductivity of the melt resulting from the added SiC
particles. Rajan er al™® studied the effect of varying
volume fraction of SiC,, and graphite particles on the
solidification curves of 356 aluminum matrix compos-
ites solidifying in three molds having different heat-
extracting capacities. They also reported that the addi-
tion of SiC,, into the melt initially increased the cooling
rate. However, cooling rate decreased at high volume
fractions of SiC, owing to the reduction in the effectlve
thermal d1ffus1v1ty of the composite system. Yang!
studied the effect of the solidification time on aluminum
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(LM6) and zinc (ZA3) alloys, by both gravity and the
squeeze casting method. The results showed that the
lower part of the squeeze cast solidified faster than the
upper part of the casting. Further, the mechanical
properties of the castings were related to the solidifica-
tion time for both the alloys. It was suggested that a
faster rate of solidification yielded superior mechanical
properties.

Ramesh er all"” experimentally studied the solidifi-
cation of chilled and un-chilled sand cast Al 6061 and
Al 6061-SiC,, composites with 2 to 8 wt pct incorpo-
ration of SiC particles. It was observed that the overall
thermal conductivity of the composite melt decreases,
with the addition of SiC particles, as compared with
the un-reinforced Al 6061 matrix alloy. However,
further understanding on the effect of melt tempera-
tures on the solidification of the casting is essential.
Therefore, an understanding of the solidification
characteristics of MMCs under different processing
conditions is necessary to optimize the mechanical
properties of the composite. A finite element software
(FEA)-based analysis could solve different types
of engineering problems, particularly in the casting
industry, as it could avoid repetitive castings. In
this study, the temperature distribution and cooling
curves were predicted for A356/SiC (10 vol pct) metal
matrix composite by coupled field analysis using
ANSYS 13.

II. EXPERIMENTAL WORK

A. Materials

In the present study, A356 Aluminum alloy with the
density of 2.68 g cm ™~ was used as the matrix material,
and SiC particles of 320 grit size (40 um) and density of
3.2 gem * are used as the reinforcement. The compo-
sitions of the A356 alloy are shown in Table I. The
different process parameters used for the processing of
the composites by squeeze casting are listed in Table II.
The H13 steel die of size 150 x 120 x 25 mm® was used
for the preparation of squeeze cast samples. The
temperature of the composite slurry during solidification
was measured by a K-type thermocouple, from which
the cooling curves were constructed. The diameter of the
thermocouple was 1.5 mm. An eight-channel data log-
ger is used to record the temperature values at every
second.

B. Processing of Composites

A weighted quantity of the A356 aluminum alloy was
melted in a graphite crucible. The temperature of the
melt is maintained at 1073 K (800 °C). The melt was
stirred using a mild steel impeller at a speed of 600 rpm,
to create a vortex. The stirring process was carried out
inside an electrical furnace. The stirrer was coated with
zirconia to avoid the dissolution of the impeller material
into the aluminum melt at high temperature. The
calculated quantity of the SiC particles (10 vol pct),
which were preheated to 1273 K (1000 °C) for 2 hours,
was added to the liquid aluminum. The melt was
continuously stirred for 10 minutes.

A schematic diagram of the experimental setup for the
preparation of the Al/SiC,, slurry through melt stirring is
shown in Figure 1. After the preparation of the Al/SiC,
slurry by the stirring technique, the melt was transferred
to the die, which was preheated to 673 K (400 °C). The
die walls are coated with graphite to provide the
lubrication effect. Pressure was applied by means of a
50 t hydraulic press. The punch is used to apply high
squeeze pressure to the melt, which is designed to
withstand high pressure. The punch is made of H13 tool
steel, with a projection at the bottom, which helps in
catching the specimen along with it. A cylindrical-
shaped H13 steel die is used for producing the cast
specimen. Figure 2(a) illustrates the production of the
metal matrix composite processed by the squeeze casting
method. Three K-type thermocouple wires were inserted
in the base plate—first one at the center, the second one
10 mm from the center, and the third one 20 mm from
the center. Similarly, three more thermocouples were
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Fig. 1—Experimental setup for the preparation of the Al/SiC,, slurry
through melt stirring.

Table I. Composition of A356

Si Fe Cu Mn

Mg Zn Ti Al

6.5to0 7.5 0.2 0.2 0.1

0.25 to 0.45 0.1 0.2 balance

Table II. Processing Condition for the Sample Preparation

Melt Temperature [K (°C)]

Die Temperature [K (°C)]

Squeeze Pressure (MPa)

1023 (750), 1073 (800), 1123 (850), 1173 (900)

673 (400) 100
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Fig. 2—(a) Schematic sketch of the squeeze casting process. (b) Schematic sketch of the cylindrical die with thermocouples.
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Fig. 3—Schematic diagram of the model with boundary conditions (squeeze pressure P is 100 MPa).

inserted into the die at a radial distance of 3, 6, and
9 mm from the inner face of the die, as shown in
Figure 2(b). All six thermocouples were connected to a
data logger which scanned the temperatures of the
thermocouples at one-second intervals and stored them.
The temperature data were converted to ‘tempera-
ture—time’ curves for all the thermocouples with the help
of Visual Basic and .Net software. Glass wool insulation
was used between the metallic die and the base plate to
prevent axial heat transfer. The cooling curve and the
cooling rate of the squeeze cast MMC were studied from
both the experimental and predicted cooling curves.

METALLURGICAL AND MATERIALS TRANSACTIONS A

C. Methodology of the Numerical Simulation

Studies dealing with the computer simulation of the
solidification process of the metal matrix composite
during the squeeze casting process are limited. In this
study, coupled field analysis is used to identify the
temperature distribution and thermal stresses and to
predict the cooling curves of the A356/SiC,, metal matrix
composites. A non-linear transient thermal analysis with
two-dimensional, four-node quadrilateral element
(PLANE 13) is considered for this analysis. Figure 3
shows the schematic representation of the geometry of
the casting which is a cylinder. The analysis was done
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Table III. Recommended Thermo-Physical Properties for A356!'!!

373 473 573

653 673 773 840 887 973 1073 1173
(380)  (400)  (500) (567) (614) (700) (300)  (900)

Temperature [K (°C)] (100)  (200)  (300)
Thermal conductivity (W m~' K™ 165 162 155
Enthalpy (J g7 68 162 261
Density (kg m™>) 2662 2641 2620
Specific heat J g~' K™ 0921 0.967 1.011

153 153 145 134 65.8 67.9 70 71.9
343 364 472 547 1025 1144 1263 1382
2602 2600 2578 2567 2406 2379 2352 2325
1.046 1.055 1.098 1.127 1.19 1.19 1.19 1.19

Table IV. Properties of Silicon Carbide!®

Material Thermal Conductivity (W m~' K1) Density (kg m ) Specific Heat (J kg ! K1)
Silicon carbide 100 3200 1300

Table V. Properties of Die Material'®
Material Thermal Conductivity (W m~' K™ Density (kg m™) Specific Heat (J kg~' K™")
AISI H13 28.6 7761 461

for half of a radial cross section of the model due to the
axial symmetry of the problem. A total number of 762
elements were used initially to compute the results.
Subsequent refinements of the mesh revealed hardly any
difference in the computed results. Initially, an ambient
temperature 303 K (30 °C) was applied on the outside
die wall, and the melt and die temperatures considered
were 1023 K (750 °C) and 673 K (400 °C), respectively.
Convection boundary conditions were enforced on the
top, bottom, and left vertical sides of the die model.

The thermo-physical properties of the matrix rein-
forcement are given in Table III. The thermal conduc-
tivity of the composites was calculated by the rule of
mixture. The enthalpy of the composites was assumed to
be that of the matrix alloy, as the ceramic particles do
not undergo phase change.'” Table IV shows the
properties of the SiC. The initial condition for the die
was the environmental temperature 303 K (30 °C)
applied on the outer wall of the die. Table V shows
the properties of the die materials. A time-history post
processor is used to plot the cooling curves of temper-
ature with respect to time. Solution control is used to
establish the time-step increments to converge the phase
change non-linearity. The temperature and structural
inputs were taken for the coupled field analysis. The
analysis did not take the effects due to the interfacial
reaction between the SiC and the molten aluminum, the
presence of an air gap during solidification, the metal
flow velocity, rheological behavior, porosity, and parti-
cle agglomeration into consideration.

III. RESULTS AND DISCUSSION

A. Effect of the Melt Temperature on the Cooling Curves
and Cooling Rates

This investigation compared the experimental and
analytical studies of solidification behavior of the A356/
SiC, composite in a cylindrical die. The time and
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temperature curves are drawn from the temperature
value taken at the center of the casting. It is theoretically
possible to calculate the solidification time of the
castings™ according to

p[H+ (T, — Th)] m

to =
h[T\ — To)

- ]

The heat transfer coefficient can be determined from

Eq. [2]
L, L, !

In the above equation, ¢, is the solidification time (s);
p is the density of molten metal (kg m~); H is the latent
heat of fusion (kJkg™'); ¢ is the specific heat
Jkg 'K, T, is the molten metal super heat tem-
perature K (°C); T is the mean melting temperature K
(°C); V is the volume of the casting (m°); 4 is the area of
the mold wall (m?); 4 is the heat transfer coefficient
(W m~2 K™ "); Ty is the initial mold temperature K (°C);
K, is the thermal conductivity of the molten metal
(W m~2 K ); L, is the half the length (thickness) in the
direction of the heat flow (m); L, is the thickness of the
mold in the direction of the heat flow (m); and K, is the
thermal conductivity of the mold (W m 2 K ™).

Four sets of specimens were fabricated for different
melt temperatures of 1023 K, 1073 K, 1123 K, and
1173 K (750 °C, 800 °C, 850 °C, and 900 °C) while
keeping the die temperature value constant at 673 K
(400 °C). From this experimental result, cooling curve
and cooling rate are predicted. Figure 4 shows the
experimental and predicted cooling curves of the Al
A356/SiC,, composites, with increasing melt tempera-
tures. It can be seen from the experimental cooling
curves that the solidification time has considerably
increased upon increasing the melt temperature from
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1023 K to 1173 K (750 °C to 900 °C). The solidification
time varies from 40 seconds at 1023 K (750 °C) to
51 seconds at 1173 K (900 °C), respectively. The values

of experimental and theoretical solidification time are
shown in Table VI. It is clear that an increase in the melt
temperature increases the solidification time. This was
anticipated since an increase in the temperature of the

W T T T 7T T e EE&“&:‘;‘:“;%}S’e 750°C ceramic clusters leads to the slowing down of the
800 Experimental Curve 800°C soli.diﬁcgtionlzfront. This, in turn, increases the solidifi-
oo d L1 11 | | | IS FEA Curve 800°C | cation time.!'?

— _IEE&C‘&‘I::“;%}:‘CVC 850°C The experimental cooling rates are 276.45 K s~ ',
ge0 N\ Experimental Curve 900°C 276.05 K s, 27575 K s, and 2757 K s (3.45 °C
g o0 M\ | =. = FEA Curve 900°C s7, 3.05°Cs™, 275°Cs™", and 2.7°Cs™") for
2 llli\'«» 1023 K, 1073 K, 1123 K, and 1173 K (750 °C, 800 °C,
g 400 o
g Table VI. Experimental and Theoretical Solidification Time
= 3001 for Melt Temperatures

200
Melt Experimental Theoretical
100 Temperature Solidification Solidification
0 ' | ' . [K (°O)] Time (s) Time (s)
0 A0 400 b9 &0 1023 (750) 40 4221

Time( ) 1073 (800) 43 44.36

. ‘ . ‘ 1123 (850) 46 472
F}g. 4~Expe.r1mental and predicted cooling curves of the Al A356/ 1173 (900) 51 50.81
SiC,, composites at the end of 800 s.
N ! - I N m— | I
308.37 311.178 313.986 316.794 319.602 309.548 312.37 315.191 318.012 320.834
309.774 312.s582 315 318.198 321.006 310.959 313.78 316.602 319.423 322.245
(a) (b)

e
310.727 313.562 316.396 22.066
312.144 314.979 323.483

(c)

311.905

317.602 320.45 323.298
16.178 319.026 321.874 324.722

(d)

Fig. 5—Temperature distribution of the solidified A356/SiC,, composites at various melt temperatures at the end of 800 s (a) 1023 K (750 °C) (b)

1073 K (800 °C) (¢) 1123 K (850 °C) (d) 1173 K (900 °C).
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Fig. 6—The thermal radial and circumferential stresses obtained with increasing melt temperatures at the end of 800 s () 1023 K (750 °C) (b)

1073 K (800 °C) (¢) 1123 K (850 °C) () 1173 K (900 °C).

850 °C, and 900 °C), respectively. The presence of the
SiC particles in the matrix always affects the tempera-
ture—time parameters of its cooling. From this FEA
analysis, the predicted cooling rates are 275.21 K s~ !,
27498 Ks7!, 27471 Ks !, and 27428 Ks!
(221°Cs7 ! 1.98°Cs™!, 1.71 °Cs™', and 1.28 °Cs™ ')
for 1023 K, 1073 K, 1123 K, and 1173 K (750 °C,
800 °C, 850 °C, and 900 °C), respectively. It can be
seen that there is a considerable decrease in the cooling
rate upon increasing the melt temperature. This trend is
consistent with that reported by Jagadeesh er al'¥! In
this study, increasing the SiC, in the matrix material
decreases the cooling rate of the composite.

B. Predicted Temperature Distribution and Thermal
Stresses

The simulation of the solidification process was carried
out to 800 seconds. Figure 5 shows the melt temperature
distribution in the solidified casting for different melt
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temperatures at the end of 800 seconds. The rate of
solidification in a squeeze casting process is controlled by
the rate at which heat is transferred from the melt to the
die which, in turn, is significantly influenced by the
thermal resistance at the interface between the melt and
die. Once the pressure is applied, the heat transfer is
increased and subsequently, the temperature of the cast
metal increases.' When temperature is increased, the
viscosity of the melt decreases, thereby displacement of
the melt within the composite is high. Further, the
solidification starts from the die wall surface and ends at
the center of the casting. In addition, the melt temper-
ature is increased from 1023 K to 1173 K (750 °C to
900 °C), which results in decrease in the cooling rate.
From the predicted results, the maximum melt temper-
atures are 594 K, 595 K, 596 K, and 597 K (321 °C,
322 °C, 323 °C, and 324 °C) at the end of 800 seconds
with the applied pressure of 100 MPa.

Figure 6 shows the radial and tangential stress distri-
butions of the squeeze cast specimen. It is observed that

METALLURGICAL AND MATERIALS TRANSACTIONS A



Table VII. Radial and Tangential Stress Components of the
Composite Under Increase in Melt Temperatures at the End of

800 s

Radial Stress Tangential Stress
Melt (MPa) (MPa)
Temperature
[K (°O)] Max Min Max Min
1023 (750) 258 —479 611 —488
1073 (800) 259 —481 613 —490
1123 (850) 260 —482 616 —492
1173 (900) 261 —484 618 —494

the maximum values of the radial stress are lower than
those of tangential stress. Table VII shows the radial and
tangential stress components of the composite for different
melt temperatures. The maximum value of the tangential
stress component occurs in the interface region, while the
maximum value of the radial stress component occurs at
the bottom of the casting. Increasing the melt temperature
results in a corresponding increase in radial and tangential
thermal stresses within the casting.

IV. SUMMARY

The effect of melt temperature on the solidification
time and cooling rate of A356/10 pct SiC, during
squeeze casting is studied. The results obtained from
the experimental cooling curves are compared with
those predicted by finite element analysis. The following
major conclusions can be drawn:

1. Solidification time increases with the melt tempera-
ture. For instance, the solidification time increased
from 40 to 51 seconds when the melt temperature is
increased from 1023 K to 1173 K (750 °C to
900 °C).

2. Both experimentally obtained cooling curves and
those predicted by the finite element analysis show
similar trend. In addition, the finite element analysis
consistently under-predicts the temperatures. This
could perhaps be addressed by considering factors

METALLURGICAL AND MATERIALS TRANSACTIONS A

such as the effect of conduction through solid con-
tact (interface of casting and die), gas phase, radia-
tion, interfacial reaction, and air gap during
solidification which were not considered in the ana-
lysis for simplicity.

3. It is observed that the maximum values of radial
stresses are lower than those of tangential stresses.
Additionally, both radial and tangential thermal
stresses increased with the melt temperature.

In future, additional FEM work will be carried out
considering metal flow velocity, rheological behavior,
porosity, and particle agglomeration. The present sim-
ulation shows that the process has great potential for use
in the squeeze casting industry.
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