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ABSTRACT

This study investigates the relationship between
variations in the geometric configurations of an aluminum
alloy’s complex structure and the evolution of its tensile
property towards improving its mechanical performance.
A prototype aluminum 6063 structure with geometric
features of tapered cylinder, convergent cones, cylinder,
and stepped cuboids was designed. The heat transfer and
solidification analysis were simulated on the structure in
the ANSYS software environment to obtain the cooling
rates at each of the change of sections. A heat transfer
model was used to calibrate the geometric constraints.
The experimental validation was performed by sand-
casting. The geometric constraints were modeled with

variable-sized chills of representative heat transfer
coefficients and the temperature-time-history was
obtained during casting. Mechanical tests were conducted
at the change of sections and the tensile behavior was
obtained. The results showed that variability of the heat
transfer coefficients corresponds to associated variability
in mechanical performance which is in agreement with the
simulations. The effect of variations in the cooling rates
across the complex geometry suggests that tensile
behavior can be closely controlled. Microstructural
investigations also confirmed that by controlling
temperature gradients, the morphology of the alloy can be
tuned for better mechanical performance.

Keywords: solidification, complex geometry, aluminum
6063, ANSYS.

1. INTRODUCTION

A non-uniform geometric structure alters the
distribution of mechanical behavior significantly during
its forming process. This is critical to the integrity of
highly sensitive components in aerospace and automotive
engines operating under high temperature loading
conditions. Hence, there is now a strong requirement that
structures in the aerospace and automotive industries
retain their physical characteristics and mechanical
integrity for a prolonged period in their entire useful
service life (Zhang et al., 2017). This is true especially for
certain critical components such as the single-crystal
superalloy turbine blades, crankshafts, and acro-engine
components in avoiding catastrophic damage while
maintaining optimal performance. Most of these
components are complex-shaped, and the propensity for
incipient failures to initiate at points of discontinuities is
usually very high. As a result, to ensure that quality is not
compromised, sophisticated and costly processes are
usually employed to circumvent the manufacturing
difficulties, which, on a large scale, could prove to be
prohibitive. Hence, it is of utmost importance, from an
economic standpoint, that straight-forward and easy-to-
implement procedures are developed. To achieve this, the
intricacies of molten metal solidification in complex
geometries during casting need to be better understood.

Scientifically, it has been shown that in the
solidification of a pure metal, the transformation from the
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liquid phase to the solid solution, occurs across a non-
equilibrium independent interface where it is impossible
to achieve total uniformity of the solid at each temperature
during cooling. Consequently, heterogeneities are formed
in the chemical composition of the solidifying system
(Jarry and Rapphaz, 2018). This ultimately leads to
macrosegregation, shrinkage porosity, and other defects
that negatively impact the mechanical behavior. Since
contraction due to density changes at the liquid-solid
interface during solidification is inevitable, the consequent
effects of dimensional variation in cooling for the
solidifying media can be studied to elicit a set of criteria to
control the effects of solidification on mechanical
performance. In this perspective, the solidification study
of a phase change material (PCM) around a curved cold
tube was performed by Ismail et al. (2012). In their work,
the effects of cooling fluid flow parameters were
investigated with respect to the time for complete
solidification and the solidified mass. Similarly, Taghilou
and Talati (2018), developed an approximate analytical
model to evaluate the temperature distribution and
position of the solid-liquid interface during the
solidification of the PCM to correlate the solidification
time with the geometrical features of a two-dimensional
finned container. Simmonetti and Fox (2019), developed
new experimental methods to encase complex parts in
blocks of crystal-clear ice regarding the detection of
damage in critical components of complex geometry. Their
results indicate that by controlling the propagation of the
solidification front while water is freezing, it is possible to
prevent the formation of cracks inside the ice volume. Fan
et al. (2015), investigated the effect of directional
solidification ~ parameters on the microstructural
characteristics and mechanical properties of Ti-49Al alloy
and found a correlation between higher cooling rates and
enhanced mechanical performance. Zhang et al. (2016),
showed how the dendritic morphology could be modified
for crystal orientation control in Ti-AINb alloys through
directional solidification.

With respect to aluminum alloys, controlling the
grain size is a profound strategy to minimizing the effect
of segregation due to the advancement of the solidification
front in the melt. Solute segregation is a known
phenomenon that deteriorates the mechanical properties.
In this purview, the effect of mold filling oscillations in
complex geometries have been investigated by Bedel et al.
(2019) for low pressure castings, and a predictive model
was developed to analyze the effect of geometric
parameters impacting the oscillations. Tang et al. (2019),
also implemented a scheme in the solidification of Al-
5.0Mg-3.0Zn-1.0Cu where it was discovered that a higher
cooling rate helps to increase solute concentrations in
promoting the transformation from the GP II zone to 1’
phase and ultimately enhancing the mechanical behavior.
A grain coarsening phenomenon associated with fast
cooling rates has been explained by the interdependency
theory for grain refinement in relation to both the
constitutional undercooling zone ahead of the solid-liquid
interface and the growth restriction factor of the solutes
(Guofang et al., 2018). Similarly, according to Benjunior et
al. (2017), a sharp variation in cooling rate has been found
to refine the microstructure and improve grain circularity
while studying the relationship between solidification

rate, metallurgical behavior, and fraction phase growth of
wrought aluminum 6061. Also, by controlling pouring
temperatures and varying chill sizes to control the cooling
rates, a finer grain structure coupled with better
mechanical properties had been observed (Wankhede et
al., 2018). It is well known that using end chills can
promote directional solidification, which accelerates
solidification and enhances the mechanical behavior.
Based on these concepts, this paper focuses on providing a
framework to strategically implement controlled cooling
aimed at addressing the variations in mechanical behavior
of aluminum alloy castings with complex geometries.

2. NUMERICAL MODELLING

2.1. Theoretical formulation and model
description

According to solidification theory, metal casting
involves a process of unstable heat conduction at the
molten metal-mold cavity interface. For a hypothetical
cylindrical mold, a solid layer is assumed to be formed at
the cold inner wall with the outer wall being insulated.
The solidification front propagates in the outward
direction. Hence heat transfer takes place in the radial
direction and its effects in the z-direction is neglected
(Ismail and Batista de Jesus, 2001). The fluid is
incompressible and Newtonian. The heat conduction
equation for modelling this problem is given by Equation 1.

1({a aT 18 (oT ar

;(;("-r;))ﬂ—za(@) =Py )
where 1, @ are the cylindrical coordinates, x is the
longitudinal direction of heat conduction, p the density, c,
the specific heat, t, the Time, T, the Temperature, and k is
the thermal conductivity.

The solid-liquid interface is considered as isothermal
occurring at a phase change temperature Tp. Hence the
conventional boundary conditions for the solid-liquid
interface can be written as:

Tou(t,0,t) =T, @

The energy balance at the interface that accounts for
the latent heat of solidification L can be written in terms
of the Stefan condition that must be solved for the
solidification front r,, and can be expressed as:

arp\? aT,  aTy| _ 0y
[”(@)“"s;—; =pL5e &)
where s and | represent the solid and liquid phases
respectively.

The prototype geometry of interest is shown in
Figure 1. The material is aluminum alloy 6063 with
thermo-physical properties and chemical composition as
shown on Tables 1 and 2, respectively.

Figure 1: Prototype geometty of cast
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Table 1: Thermo-physical properties of aluminum 6063 and air

Material Density Specific ~ Thermal  Liquidus Solidus Young’s
Property (kg/m®) heat conductivity temp. temp. modulus
g9 WmkK) (& (S  (Pa)
AA 6063 2700 0.9 200 620 580 68.9
Air 1.225 1006 0.0242
Table 2: Chemical composition of aluminum alloy 6063
Alloy Fe Mg Si  Mn Cr Cu Zn Ti Al
6063 0.9 0.47 054 0.02 0.0007 0.001 0.00033 0.015 Balance

A boundary-value problem was formulated based on
Equations (1) to (3) and implemented in finite element
model in the ANSYS fluent environment through the
standard k-¢ turbulence model given by:

a 0 (e Bk) ou; auj ou;
—(pu;k) = — (—— —+—)— —pE 4
0x; (p t ) 0x; \oy 0x; + He oxj + ox;) 0xj p ( )
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The energy conservation for the fluid
2 2 ar
p (pu;h) = E (K +Kp) o (6)

The energy conservation for the die

w(Kuo)=0 ™)

2.2. Model constraints

The following assumptions were considered in the
simulation process:

i The liquid phase is a viscous Newtonian fluid, and
the flow is assumed to be turbulent with no viscous
dissipation.

ii. Thermal energy of the body (mold and cast) is lost
by radiation.
iii. Material properties are constant and there is no
heat resistance between the phase change material
and the mold.

iv. Gas-liquid surface tension effects are negligible.

3. MODEL IMPLEMENTATION

The model shown in Figure 2 is an idealized 2-D
analysis of a slice with unit thickness. One-half symmetry
is used to reduce the size of the model. Thermal Solid-
PLANE35 clements were used to discretize the model. A
total of 3556 triangular elements were applied to the
structure and metal melt-mold interface (an infinitesimal
boundary between the molten metal and the mold). These
generated 7346 number of nodes, out of which 1263 nodes
belonged to the casting region and 6083 number of nodes
belonged to the mold region. The mold is characterized by
the properties of sand shown in Table 3 [Narayan et al,
2001].

Convective heat load was applied to the model to
initiate the solidification process, at this point, the heat
transfer coefficient between sand and mold was specified

as 10 W/m-K with the ambient air temperature at 27°C
and molten metal at 600°C. A bonded contact condition
governs the interface between the cast and the mold
sections. By the transient thermal analysis for the model,
the boundary conditions indicate the thermal behavior at
the sudden contact of molten metal at 973 K with the mold
at ambient temperature as convective load is applied. The
solution strategy is to choose an automatic time stepping
that will account for the modification of temperature
variations depending on the severity of nonlinearities in
the system. Consequently, the simulation time history was
specified between 3.6 and 900 secs (the approximate
period for the complete liquid-solid phase transformation
at the saturation point when the chills cease to accelerate
the removal of heat from the castings, Akhil et al., 2014,
and Mehr et al., 2014) respectively.

Figure I: Area plot of the model in ANSYS (AL mold, A2: cast)

Table 3. Property of sand material

Conductivity (k)  0.519W/m-K
Density 1495kg/m?
Specific heat (c) 1172.304]/kg.K

3.1. Experimental validation

The complex part simulated was produced by sand
casting to implement the results obtained during the heat
transfer analysis and solidification process and the
properties of the structure were verified by tensile testing.
The sand-casting method was chosen based on its low
production cost and flexibility to accommodate various
complex geometries. A wooden pattern for the casting was
fabricated in accordance with the specification shown in
Figure 3. The experiments entail, two sets of casts which
were divided into the controlled group and the variation
group.

The castings were implemented using the wooden
pattern as a preform at a pouring temperature of 700°C
(Figure 4) with all other factors held constant. The
geometry consists of four sections described by a tapered
oylinder, a cylinder, 2 convergent cones and 2 stepped cuboids. Chills
for the adjustment of differential cooling rates were
designed for size according to the surface area-volume
method and corresponding temperature gradient factor.
The chills (Figure 5) were fixed into each section at points
T;, T3, T3, Tyand T5(Figure 6) prior to casting and K-type
thermocouples, connected to a high precision HUATC 12-
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Fioure 3: 2D rebresentation of the brototvhe model (All dimensions in mm)

channel data logger (Figure 7), were subsequently inserted
into the mold at each section to measure the temperature
variations during solidification. The tip of the geometry
was without the attachment of a chill because it was
considered as the point of instantaneous freezing,

Figure 4: Awooden pattern

Figure 5: Chills positioning in the cast
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Figure 6: Thermocouple positioning

Figure 7: Data logging process

3.2. Design of gating system

An unpressurized gating system (Figure 8) was
designed for the casting process based on the dimensions
and geometry (shape factor) of the cast and other
parameters, ie., mass, volume and density. The design
consideration includes: Sprue design, Runner design,
Gating ratio, Riser design, Ingate design.

e

Figure 8: The gating system design

Six sections of the castings were designed as a
tapered cylinder, a cylinder, 2 convergent cones and 2
stepped cuboids. Using the weighted surface area-volume
method, an approximate volume of each section was
calculated as: 9.8cm?, 9.42 cm?®, 28.27 cm?, 22.5 cm?, 12 cm?
and 10.6 cm’® respectively.

The specifications for the gating design are shown in
Table 4, where, V. L. m; L, L, ps and p; are the total cast
volume, total cast length, mean thickness of cast sections,
largest thickness, largest width of cast sections, density of
solid aluminum, density of liquid aluminum, ¢, is the
efficiency factor, and w, is the weight of poured melt
respectively.
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Table 4: Gating design parameters

VTv Lc me Lt Lw Ps P ¢ w
93 cm3 27cm? 2.07cm 3cm 3cm 2.7g/cm® 2.375g/cm?® 0.8 0.5kg
Using these parameters, the shape factor was
calculated from:
Shape factor = (L, + L,,) ~ L, ®)

The volume of riser Vrk was obtained from the
) v
relations V—R,: 0.45

T

By using the NRL design chart, the riser height and
riser diameter for a corresponding Vg, were selected.

The sprue was designed based on the volume of
casting required to flow through the system in a six
second, interval. The choke area for the sprue was
determined by the relations: :

A =w= (CPL‘/Zch) () Figure 9: Temperature profile (controlled)
where, A, is the choke area, w, the weight of poured melt,
Py, the density of liquid aluminum, g, acceleration due to
gravity and H,, the height of the sprue. The gating ratio of
1:3:3, was selected for the gating system to specify the
choke area, runner area and ingate area.

3.3. Mechanical testing

After the casting process, tensile test pieces were
machined out of each section of the shape for each group
in accordance with ASTM E9-08 specifications using the
Instron Universal Test Machine to determine the tensile
response of each section.

4. RESULTS AND DISCUSSIONS

4.1. Temperature variations across sections

The simulated temperature response obtained for the
controlled and variation groups and are as shown in
Figures 9 and 10. The contour plots for the entire
simulated surface indicate the evolution of temperatures
during solidification of the alloy. The associated cooling
curves depicting the thermal performance at the chilled
sections are presented in Figures 11 and 12 respectively.
The controlled group showed a slight variation in the
solidification profile before the freezing point, thus
agreeing with Narayan et al. (2001). Hence the transient
heat transfer was steady throughout. This phenomenon
translates into a faster rate of solute depletion on the cold
side of the solid-liquid interface causing predominantly a
restricted a-Al phase precipitation. Conversely, for the
variation group, the family of curves is characterized by
peaks of temperature variations, due to differences in the
flux pattern when the solidifying alloy contacts the Figure 11: simulated cooling curves (controlled)
asperities on the chill surfaces and the mold. At this point,
and in-between the peaks the interfacial heat flux
continues to vary, giving rise to increased a-Al phase
precipitation and progressive nucleation. (Tang et
al. 2019).
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1600
2400

Figure 12: simulated cooling curves (variation)

The heat transfer coefficients for the determination
of chill sizes with respect to temperature variations across
the mold sections were obtained at the metal-mold
interface through an iterative procedure for heat flux
variations based on the following relations [Narayan et.al.,
2001]:

ar = (1—1) (10)

where, q; is the radiative heat flux at the interface of the
sand mold and the casting, 8 and ac are the Stephan
Boltzmann constants, o, the emissivity of the mold
surface, Tc and Ty are the surface temperatures of the
casting and the mold respectively.

The heat transfer coefficient h is then given by the
relations:

h="/r g, a

4.2. Castings

The complex geometries were cast by pouring
molten aluminum alloy 6063 from the muffle furnace into
the prepared mold pattern. Two sets of castings were
made each for the control and variation groups as shown
in Figures 13 and 14. The solidification process for the
castings took place at ambient conditions.

Figure 13: Control group

Figure 14: Variation group

4.3. Temperature history and cooling curves

The temperature history of each section of the
castings obtained through the data logger are presented in
Figures 15 and 16 for the control and variation groups
respectively. The corresponding cooling curves were
obtained by plotting the temperature data against time for
each section. It can be readily observed that differential
cooling rates occurred across the sections. From Figure 15,
it could be observed that an expanded region which
describes the transition phase from liquid to solid occurs
over a longer interval because a lower latent heat was
released during solidification leading to a secondary phase
precipitation where the formation of a solid state is
evident at the onset of cooling. Conversely, in regard to the
solidification behavior of the variation cast group as
shown in Figure 16, it was observed that a gradual
variation in cooling rates is evident, which is as a result of
the controlled application of metal chills of varying heat
transfer coefficients in consonance with the variations in
geometric profiles. The sudden drop in temperature as
shown by the curves indicate that at the onset of cooling, a
large amount of latent heat was released in what could be
described as a primary phase precipitation. The higher
cooling rates in effect promote a large thermal
undercooling of the melt, facilitating a higher
heterogenous nucleation (Wang et al., 2018).
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Figure 15: Cooling curves (control group)
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Figure 16: Cooling curves (variation group)

4.4. Solidification rate and phase constitutions

Figures 17 and 18 represent the derivative plots of the
cooling curves #1 from the control and variation groups,
respectively. The cooling rates for the plots were obtained
by the linear intercept method. The a-Al phase nucleation
occurs at region A as the cooling rate is increased due to
the instability of the solid-liquid interface. For the
variation group, the nucleation and distribution of
aluminum dendrites occurred faster as compared with the
control group. The size and distribution of the precipitates
determine how the solute concentrations are altered in the
aluminum matrix. As higher cooling rates are attained
with respect to the variation group, solute concentrations
would increase, giving rise to solid solution strengthening
(Benjunior et al.,2017). At region A-B, there exists a
transition into the binary eutectic Al + Si phase associated
with a drop in the cooling rate at point C. The effect of
further decline in cooling rate is indicated by the
transition points C-D. The formation of various peaks at
points C and D suggests the effect of non-equilibrium
solidification promotes the formation of ternary and other
higher-order eutectic phases in the variation group. On the
other hand, a gradual and slower reduction in cooling
rates for a longer period suggests that a lower thermal
undercooling is in effect for the control group in relation
to the variation group. The longer time for solidification
facilitates the growth of intermetallics which is justified
by the larger size of region C-D in Figure 17. But since,
nucleation  continues  within  the  constitutional
undercooling zone, there is a greater specific dendritic
boundary area in the volume which prevents the fast
development of intermetallics in the variation group (Feng
etal,, 2019). At any rate, a homogenous distribution of the
intermetallic phases would potentially influence the
mechanical performance of the solidified alloy.
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Figure 17: Cooling derivatives (control group)
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Figure 18: Cooling derivatives (variation group)

4.5. Solidification and mechanical behavior

The tensile plots of the control and variation groups
indicating the responses of samples taken from the
geometrical sections to peak tensile stresses are shown
Figures 19 and 20, respectively. In general, there is an
increase in the tensile strengths of the geometrical
sections for the variation group relative to the control

group.
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Figure 19: Tensile plot for sections (control)
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Figure 20: Tensile plot for sections (variation)

It is objective to attribute this to the effect of
controlled cooling, because a progressive nucleation
within the constitutional undercooling zone due to
variations in the cooling rates leads to grain refinement
caused by the restriction of the primary grain. However, it
is quite interesting to note that the variability in tensile
behavior with average cooling rates across the sections is
minimal for the variation group. For the control group, the
calculated variations are -73%, +369%, and +17.4% for
sections #1 (0.57°C)-#2 (0.33°C), #2-#3 (1.68°C) and #3-
#4 (2.81°C) respectively. On the other hand, the
representations in the variation group were -22.57%,
+55.8% and 8.3% for sections #1 (2.71°C)-#2 (1.44°C), #2-
#3 (3.69°C) and #3-#4 (3.44°C) respectively. It may be
argued that the reason for this occurrence may be
attributed to differential cooling rates at the interfaces
between the sections which is more prominent between
the adjacent sections #1-#2 and #2-#3. A significant drop
in cooling rates between these sections could lead to the

~SECTION 4 ,-SECTION 3
/

formation and accumulation of residual intermetallic
phases preventing the growth of precipitates. A
coarsening effect is also feasible due to recovery to a higher
cooling rate, leads to a small undercooling zone which also
could impart a detrimental action on the tensile strength
due a reduced driving force for nucleation. However, as
the cooling rates increase, the solubility of the alloying
elements (Si, Mn) in solid solution increases due to the
phase-transition effect. When the solubility in the alloy
system exceeds the equilibrium state, supersaturated solid
solution results, which in turn promotes a variation in the
strain field that resists deformation due the interactions
between dislocations and the strain field (Chen et al,
2014; Zhang et al, 2018). At lower cooling rates, the
alloying elements at the solid-liquid interface diffuse into
intermetallics, which in turn is responsible for a decline in
mechanical behavior.

4.6. Microstructural characterizations

The microstructures of the control and variation
samples at different segments of the solidified alloy
investigated by the scanning electron microscopy (SEM)
are shown in Figures 21 (a-d) and 22 (a-d) respectively.
Generally, the microstructures are composed of primary a-
Al and modified eutectic silicon features. A sparse
arrangement of dendrites with coarse silicon eutectic
phases is noticeable in Figure 21 but a more refined
microstructure consisting of higher dendritic densities
and an even distribution of microporosities can be
observed in Figure 22. This characteristic can be
attributed to the enhanced cooling rates effect giving rise
to a relative increase in the solid solubility of silicon
within the a-Al phase and promoting the formation of
lamellar eutectic silicon features (Housseni et al., 2013).

SECTION 1

Figure 21: The micrographs of control samples at different geometric sections (a-d)

(©)
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ECTION 3

~SECTION 4

SECTION 1

Figure 22: The micrographs of variation samples at different geometric sections (d-d)

With slow cooling it is known that a homogenous
composition can be attained at all sections of the molten
liquid alloy but conversely, uniformities of the solid
cannot be reached, hence heterogeneities are present in
the alloy structure. These heterogeneities are the driving
potential for micro-segregations (Antonio et al.,, 2017).
During spontaneous cooling, the growth of dendrites is
retarded as can be observed in all of the micrographs in
Figure 21, because latent heat is absorbed by the effect of
temperature gradients giving no room for undercooling of
the melt. Therefore, the resulting homogenous growth of
nuclei promoted the formation of equiaxic crystals which
creates a freezing band that slowed down the growth of
dendrites and causing a non-progressive variation in
solute distributions along the solidifying mass, leading to
the formation of a thinner columnar structure. The drop in
mechanical properties may be attributed to the
development of the columnar structures which introduced
anisotropic properties in the control samples by the planes
of structural weakness as the crystals impact on one
another, hence, and forthwith making them vulnerable to
cracking under tensile deformation. Furthermore, the
presence of thinner and longer primary eutectic silicon
particles may have induced cracks owing to their
supposedly incoherent bonding with the a-Al phase
[Zhang et al., 2018].

On the other hand, by controlling the temperature
gradients using the chills of varying heat transfer
coefficients (Figure 22 (variation samples)), a continuous
isothermal heat transfer process is maintained between
the mold and the alloy at time t; < t; < t5. Therefore, since
the alloy temperature at the center of the mold would be
significantly higher for a longer period of time as
compared with that of the spontaneously-cooled alloy, the
higher melting temperature translates to the formation of
deeper columnar structures which is beneficial to the
enhancement of mechanical behavior. This is also because
a reduction in the growth of nucleating agents enhanced
the solute concentrations in the liquid metal with time, as
manifested by the multiplication of the dendrites and the
regularity of their configurations, which specifically
suggest that accelerated heterogenous nucleation of
equiaxic grain was in effect (Zhang et al, 2008).

Furthermore, the fast-cooling process introduces a
stationary  diffusion  layer at the  solid-liquid
interface/interphase where solidification takes place; and
by virtue of the differential between the solute
concentrations at the liquid and solid regions in relation to
the average composition in the alloy, the variation in the
microstructures and ultimately the tensile behaviors of the
geometric sections is justified. This underscores the fact
that by imposing a temperature gradient at the solid-
liquid interface of alloys, morphological instabilities can
be introduced at migrating solid-liquid interfaces to
effectively facilitate dendritic growth, modify eutectic
silicon and limit the effects of segregations.

5. CONCLUSIONS

L. The distribution of temperature across a tapered
cylinder, two convergent cones, a cylinder and two
stepped cuboid sections of a complex geometry casting
was performed by numerical simulation and the
solidification profile evolved was defined by a criterion for
controlled cooling.

2. The cooling curves obtained during the castings
indicated that by applying chills of varying sizes in
relation to the geometrical asperities, the results of the
simulation can be successfully reproduced. The
solidification behavior of the variation group suggests that
differential cooling rates can accelerate the period of
nucleation and primary phase precipitation.

3. The relative sizes of the transition zones indicate
that differential cooling for the variation group can
facilitate the formation of various peaks that promote the
formation of ternary and other higher-order eutectic
phases, while the effect of slow cooling for the control
group can facilitate the growth and inhomogenous
distribution of intermetallics preventing further
nucleation of the primary a-phase.

4. Tensile test results confirmed that higher cooling
rates could improve mechanical performance considerably.
The effect of variations in the cooling rates across the
complex geometry suggests that tensile behavior can be
closely controlled. The significant variations in tensile
strength of the control group may be attributed to the
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short period for instabilities at the solid-liquid interface,
due to a relatively prolonged cooling period leading to a
reduction in solute concentrations.

5. Microstructural observations confirmed that
progressive control of temperature gradients introduced
morphological instabilities beneficial to enhancing
mechanical behavior.
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