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Abstract

Many works have reported the role of grain refiners in aluminum-
silicon alloy casting in direct chill casting. However, only a few
are under the unidirectional solidification condition. Direct chill
casting favors equiaxed structures, while unidirectional
solidification favors columnar structures. This work investigated
the influence of AI-Ti-B on the microstructure of unidirectionally
solidified  Al-10wt.%Cu-10wt.%Si. The samples were
directionally solidified using the Bridgman apparatus. It was
cooled at the bottom to a temperature of 650°C, and the
temperatures were recorded during the cooling. A representation
of the cooling curve was selected, and the solidification
parameters were calculated. Metallographic procedures were
applied to observe the microstructure across the sample length.
The results show that the 0.03wt.%Ti effectively promotes
nucleation in many sites. It leads to the formation of equiaxed
structures and prevents fine columnar structures from further
growth. Due to the magnitude of the cooling rate, the 0.03wt.%Ti
exhibits fine columnar, fine equiaxed, coarse equiaxed, and
dendrite equiaxed structures at the separated distance from the
contact area. This formation is in line with the one produced by
the mechanism in direct chill casting. Understanding the grain
refiner effect is crucial for optimizing manufacturing processes
and achieving desired material properties. The Al-Ti-B addition is
not recommended in the propeller manufacturing industry.
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1 Introduction

Metal casting has been an economical way to manufacture
complex components. Recently, the development of this technique
has involved 3D printing technology [1]. The mechanical
properties of cast products are influenced by process parameters,
namely pouring temperature [2], die temperature, material
composition, modifier, and grain refiner.

Aluminum-Silicon (Al-Si) alloys are one of the selected
materials that have been widely used in metal casting. The
mechanical properties of aluminum-silicon can be improved by
modifying the silicon eutectic morphology, grain size, shape, and
microstructure parameters (primary and secondary dendrite arm
spacing) [3], [4], and [5]. A low percentage of elements were
added to the AI-Si alloys, namely, strontium (Sr), sodium (Na),
potassium (K), calcium (Ca), antimony (Sb), arsenic (As),

selenium (Se), niobium (Nb), and titanium (Ti). These elements
induce a modification in eutectic morphology (modifier) and
reduce the grain size (grain refiner) [3], [4], [6], [7]1, [8], [°], [10].
This modified structure plays an essential role in determining the
final properties of the alloy; therefore, scientists have made
considerable efforts to understand them.

Adding Ti in the form of Al-Ti-B master alloy reduces the
grain size of Al-Si alloys. The Ti concentration and the holding
time influence this reduction. 0.06wt.%Ti is required to produce
grain sizes of 1 mm and 0.5 mm in Al-7wt.%Si [11] and A356
alloys, respectively [12]. 0.19%wt.%Ti reduces the grain size of
Al-7wt.%Si-3wt.%Cu-Mg from 3.5 mm to 0.5 mm [7]. The grain
size remains constant for further Ti addition. The minimum grain
size can only be achieved within a particular holding time; beyond
that time, the grain refiner dissolves into the aluminum, and the
grain size increases. The holding time range is less than 3 minutes
for commercially pure aluminum [13], less than 10 minutes for
Al-7wt.%Si-0.3wt.%Mg [14], and less than 30 minutes for A356.

The grain refinement process in direct casting is described by
the mechanisms [13], [14], [15], and [16]: once the Al-5wt.%Ti-B
melts, it releases TiAls crystal into the aluminum and dissolves. Ti
enriches the crystal surface and begins to solidify at a temperature
above the melting temperature of aluminum (665°C). a-Al crystals
then grow around the surface of TiAls. After further cooling, the
dendrite growth begins and ends when the solidification process is
complete. This mechanism occurs in many sites and involves
higher thermal gradients and faster cooling rates. It leads to a
uniform distribution of TiAlzand Ti-B particles, which are critical
for nucleation. As a result, uniform, fine structures are obtained.

Other works conducted in unidirectional solidification reported
that adding Al-2wt.%Nb-xB produced fine-equiaxed crystals less
dependent on the thermal gradient. The addition of Al-
2wt.%NbxB also leads to the refinement of eutectic and primary
silicon particles [8]. In contrast, adding Al-5wt.%Ti-1wt.%B to
Al-10wt.%Si formed columnar grain [17]. The unidirectional
solidification process provides a controllable environment with a
lower thermal gradient, and nucleation occurs at a particular site.
In the case of the addition of Al-Ti-B, the dispersed TiAls crystals
are supposed to initiate nucleation at many sites: however, the
formed microstructure clearly shows the opposite.

The work in unidirectional solidification, especially in Al-Ti-
B, is still limited to the produced microstructure. However, the
mechanism of the grain refinement is still unexplained. This work
investigates the influence of Al-Ti-B on the microstructure of
unidirectionally solidified Al-10wt.%Cu-10wt.%Si.

2 Materials and Methods

2.1 Materials

Al-10wt.%Cu-10wt.%Si  with (0.03wt.%Ti) and without
0.03wt.%Ti (base alloy) samples were prepared by combining
aluminum AA1050, Al-40%Cu, Al-33.6%wt.%Si (master alloy),
and AIl-6Ti-B in the weighing amount. The percentage of
0.03wt.%Ti refers to [12] as sufficient to decrease the grain size.
AA1050 and Al-40wt.%Cu were melted in a ceramic electric
furnace at 700°C and kept at this temperature for 5 minutes. Al-
6Ti-B was added to the melt and then stirred using the aluminum
rod for 30 seconds. The melt was poured into the 6 mm diameter
and 60 mm height cylinder-shaped cavity in a medium carbon
steel die (Fig. 1).

The casted cylinders were inserted in the 6 mm inside
diameter, 10 mm outside diameter, and 60 mm height hollow clay
mold (Fig. 2). Six holes were prepared for embedding
thermocouples in the mold wall. The first hole was 5 mm from the
contact area, and the next five holes had 10 mm of distance
between them. The clay mold was attached to the stainless-steel
holder, with a ceramic pipe on the upper part. Those parts
maintained the mold position during the unidirectional
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solidification process. Similar steps, excluding the addition of Al-
6Ti-B, were repeated for the preparation of the Al-10wt.%Cu-
10wt.%Si samples.
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Fig. 1. Carbon steel die.
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Fig. 2. Clay mold and thermocouples position details.

2.2 Methods

The scheme of equipment is referred to [18] and presented in
Fig. 3.

The sample was set in the Bridgman apparatus; it was heated
up to 650°C at a 1.9 °C/s heat rate and kept for 5 minutes [19].
Next, the sample was withdrawn at 0.04 mm/s, and the cooling
system was activated simultaneously. The furnace was still active
during cooling to ensure the heat transfer was only in the vertical
direction. A data logger, PLX-DAQ, and Arduino Uno system
recorded the temperature throughout the cooling, and it was
stopped if the temperature at 55 mm was lower than the solidus
temperature.

Toa datalogger—p

Thermocouple Cable
Sample

Electric heater
Cooling pad
Withdrawal bar

ik e

11 Movement
B 4
Fig. 3. Scheme of equipment.

The cooling curves were generated from the recording
temperatures at 5, 15, 25, 35, 45, and 55 mm from the contact
area. A representation of the cooling curve for samples was
plotted to observe the influence of the grain refiner. The
representation curve is made from the recorded temperature data
at 15 mm. Prior to the calculation of the solidification parameters,
the liquidus and solidus temperatures at the selected composition
were determined based on the AI-Cu-Si at 10wt.%Si phase
diagram by Pan [20]. These temperatures (560.85 and 521.91°C)
were the boundaries of the freezing zone of Al-10wt.%Cu-
10wt.%Si. The cooling rate, growth rate, temperature gradient,
and local solidification time were calculated within this zone. The
calculation method was referred to in [21], [22], [23], and [24].

The preparation and metallography test procedures were
applied to both sample types. The first step was sectioning the
samples across their length, and then metallography sample
preparation procedures were applied without etching.
Microstructure observations were conducted using a metallurgical
microscope (Olympus, Japan). The observations were made at 1,
5, 10, 20, 25, 35, 40, and 45 mm from the contact area.

3 Results and Discussion
A representation of the cooling curve of both samples is shown
in Fig. 4.
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Fig. 4. Cooling curve of Al-10wt.%Cu-10wt.%Si with and without
0.03wt.%Ti.

The cooling curve of 0.03wt.%Ti in the freezing is mainly
about 39.25 to 16.5°C above the base alloy zone. The cooling
slope of 0.03wt.%Ti is higher than the cooling slope of the base
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alloy. This condition indicates the solidification process of
0.03wt.%Ti is faster than that of the base alloys. The base alloy
starts to solidify at 13 s and ends at 31 s, while the solidification of
0.03wt.%Ti begins at 25 s and finishes at 36.8 s. The process is 6 s
faster than the base alloys. The addition of 0.03wt.%Ti increases
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the temperature and slope of the cooling curve, yet it shortens the
solidification time.

The solidification parameters of 0.03wt.%Ti and the base alloy
are presented in Fig. 5. Generally, they decline with the distance,
except for the local solidification time.
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Fig. 5. Solidification parameters (a. Cooling rate, b. Growth rate, c. Temperature gradient, d. Local solidification time) across sample

length.

The cooling and growth rate of 0.03wt.%Ti are 1-1.1 °C/s and
0.09-0.45 mm/s over the base alloy, respectively (Fig. 5(a) and
Fig. 5(b)). The temperature gradient of 0.03wt.%Ti decreases from
5.5 °C/mm at 10 mm to 2.8 before rising to 5 °C/mm at 50 mm
(Fig. 5(c)). The base alloy's temperature gradient declines from 4.8
°C/mm at 10 mm to 2.3 °C/mm at 40 mm, then rises to 8.75
°C/mm at 50 mm. The local solidification time shows a vice versa
of the cooling rate data (Fig. 5(d)). The local solidification time of
the base alloy is 2.05 to 1093.64 s above the 0.03wt.%Ti.

The micrograph images across the length of 0.03wt.%Ti are
presented in Fig. 6. Fine columnar dendrite structures are seen at 1
mm; some grow parallel to the solidification direction (a), and
others grow at random (b). The fine columnar structures (a) is seen
at 5 mm; above this structure, a fine equiaxed structure is formed
(c). No more columnar is found in 10 mm; two structures are
available: fine equiaxed (c) and large equiaxed (d). The large
equiaxed with growing branches in the dendrite form is spotted at

20 and 25 mm (e-f). The branches are dominantly in the vertical
direction, but with the increasing distance to 35-45 mm, more
horizontal branches (i) and large sizes of equiaxed dendrites are
found (g). The microstructure of 0.03wt.%Ti undergoes non-
uniform structures: fine columnar, fine equiaxed, coarse equiaxed,
and dendrite equiaxed.

Fig. 7 presents the micro-structures of the base alloy across the
sample length. The nucleation sites were only seen at 1 mm; the
nuclei grow in narrow spacing and form fine columnar structures
(). Fine columnar is seen at 1 to 10 mm, the second branch
thicken (b) at 10 to 25 mm, and the space between the dendrite
increases. The third branch start to grow (c) at 25 mm, and finally,
the coarse columnar structures (d) are found at 35 to 45 mm. Long
columnar structures are seen at all observed distances. Many
nucleation sites are unlikely to occur in the AIl-10wt.%Cu-
10wt.%Si sample.
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The cooling curve indicates an uplift of the temperature on
0.03wt.%Ti about 39.25 to 16.5°C above the cooling curve of the
base alloy in the freezing zone. The uplift in temperature is also
reported in [7], [12], [16], and [25]. Al-Ti-B was separated into
titanium aluminide (TiAls) and titanium diboride (TiB2) when it
was added to the melt [12]. Millions of TiAls crystals were
released into the melt and formed nucleates. The TiAls was
responsible for the rising nucleation temperature above the
liquidus point by forming high-energy planes as duplex particles
with boride particles [26]. Moreover, it reduced the recalescence

by increasing the undercooling temperature [11], promoted an
early synthesis, and increased the number of nucleation primers
[7]. The evidence is seen in the fine columnar structures on
0.03wt.%Ti sample at 1 to 5 mm (Fig. 6). Two reasons attribute to
the formation of fine columnar structures in this area: first, the
massive heat transfer that provides a high cooling rate (Fig. 5(2))
and less solidification time (Fig. 5(d)); second, the presence of
TiAlsand TiB,. This result agrees with [16]; TiB, addition refines
the columnar structures by accelerating the nucleation crystal in
the contact area.

Distance from the contact area, mm

Solidification direction —

The nucleation temperature is higher than the growth
temperature; therefore, a-crystal formed not only in the contact
area but also in the melt [7]. This condition prevented the growth
of the columnar structures in the contact area. Fig. 8 shows the
formation of equiaxed structures that blocked the columnar
structures.

As the distance increases, the heat transfer becomes less
effective, providing enough time for the structure to grow. The
equiaxed morphology increases size, altering their morphologies
to dendrite form (Fig. 6 at 20 to 45 mm). A minimum cooling rate
is needed to achieve successful grain refinement, and different
cooling conditions lead to various degrees of refinement [17]. This
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mechanism is in line with [7], [11], [12], and [13], where the
aluminum crystal grows around the surface of the TiAls crystal.
dendritic growth begins until the

For extended cooling,
solidification process ends.

Fig. 8. The equiaxe
between 5 to 10 mm from the contact area.

This work has demonstrated that the addition of Al-Ti-B
promotes many nucleation sites. These sites prevent the growth of
columnar structures in unidirectional solidification. Moreover, the
grain refining mechanism is applied at a cooling rate of less than
3.27 °Cl/s and an addition of 0.03wt.%Ti effectively controls the
microstructure in this area. In contrast to the direct casting within
this Ti composition, the mechanism is applied in all areas [27].
Further investigation at higher Ti is required to understand
whether it can be effectively used to control the microstructure in
directional solidification.

In contrast to the mechanism in 0.03wt.%Ti, the columnar
structure grows in a very well manner. The sample was composed
of a typical columnar structure. Columnar structures are seen at
every observation point, and they are coarsening as the distance
increases. The size of the microstructure is increasing toward the
high temperature [28]. Their morphology alters mostly due to the
changing in heat transfer and cooling slope [29], which reflects the
variation in solidification parameters variation (Fig. 5). The
contact area imposes a higher cooling rate, and as the distance
from the contact increases, the cooling rate decreases due to the
increase in thermal resistance of solidified shells [30]. These
influences translate to the primary and secondary arm spacing
values; these values decrease as the cooling rate increases [31].
The evidence is seen in the formation of the fine columnar
structures at 1 and 5 mm, and as the cooling rate decreases, the
coarse structure with more inter-dendritic space is found at 25 to
55 mm. The coarsening mechanism is attributed to the decline of
the cooling rate and the increase in dendritic arm spacing. This
condition is also observed in [5], [21], and [32].

4 Conclusion

The AI-Ti-B addition in directionally solidified Al-10wt.%Cu-
10wt.%Si uplifts the cooling curve temperature around 39.25 to
16.5°C, increasing the cooling and growth rate. Due to Ti's
presence, the decreasing cooling rate, growth rate, and
temperature gradient with distance impose a typical implication on
the microstructure. Four types of microstructures-fine columnar,
fine equiaxed, coarse equiaxed, and equiaxed dendrite-exist, while
columnar structures are present in the base alloys. The grain
refinement mechanism with 0.03wt.%Ti is dissimilar within the
direct casting process, especially at a 4.8 °C/s cooling rate. The
Al-Ti-B addition is not recommended in the manufacturing
industry, as it requires forming columnar structures in their
components.
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