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Abstract: The effect of the distribution of the primary phase Si and TiB, particles in the hypereutectic
Al-Si alloy was studied and found to be influenced by the cooling rate. Therefore, this article studies
the effect of the cooling rate on the multi-phase structure of TiB, particles in Al-20Si using a wedge-
shaped mold. The sizes, shapes, and distribution of primary phase Si and TiB, particles inside
primary phase Si were observed through SEM. The effect of TiB, particles on cracks in primary
phase Si was studied using nanoindentation technology, and the interface relationship between
primary Si and TiB, was studied using TEM. Finally, based on the experimental results, the trapping
mechanism of primary Si for TiB, particles is discussed. The results indicate that the faster the cooling
rate, the finer and more uniform the size distribution of the primary Si phase in the structure. TiB,
mostly exists as individual particles. Moreover, the pushing rate of the solid-liquid interface during
solidification is faster, resulting in more TiB, particles being engulfed by the primary Si phase.

Keywords: hypereutectic Al-Si alloys; TiB, particles; particle distribution; crack extension; particle
engulfment

1. Introduction

There are many benefits to hypereutectic Al-Si alloys, namely excellent wear resistance,
thermal stability, and a low coefficient of thermal expansion [1]. Practically, it can replace
cast iron and steel, as well as other materials used in automotive engine parts, achieving a
lighter weight [2,3]. In a typical cast state, the eutectic Al-Si alloys and eutectic silicon are
distributed in a coarse needle-like shape within the matrix, while in hypereutectic Al-Si
alloys, in addition to eutectic silicon, there is also a primary silicon phase. The primary
phase of Si in a hypereutectic Al-Si alloy is coarse and can come in a variety of shapes: slat,
five-petal star, and octahedron. The sharp edges cause deep cuts in the matrix, introducing
internal cracks and propagation to the metal. This reduces its mechanical properties, lowers
the quality of machinability, and affects practical application [4,5].

The addition of P, Na, S, B, Re, and other denaturing agents can provide a significant
change in the growth of the Si phase in the alloy, refining the microstructure and improving
the mechanical properties [6—10]. Phosphorus has a significant metamorphic effect on the
primary silicon. After it is added, the AIP compound is generated and becomes the nucle-
ation core of the primary phase of the silicon alloy, as well as acting as a non-spontaneous
nucleator. This increases the amount of silicon in the primary phase and decreases the
average size as well [11,12]. However, studies found that adding to the second phase of
reinforced particles to form metal matrix composites is also an effective way to strengthen
materials [13,14]. The addition of ceramic particles such as Al,O3, SiC, and TiB; can not
only change the growth pattern of primary phase silicon and refine the structure, but also
lessen the likelihood of crack generation and expansion, thus increasing the strength of the

Metals 2023, 13, 933. https:/ /doi.org/10.3390/met13050933

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met13050933
https://doi.org/10.3390/met13050933
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://doi.org/10.3390/met13050933
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13050933?type=check_update&version=1

Metals 2023, 13, 933

20f15

alloy matrix and improving the toughness of hypereutectic Al-Si alloys [15-17]. Hongseok
et al. [18] added y-Al,O3; nanoparticles to a hypereutectic Al-Si alloy and scattered them
using ultrasound. It was demonstrated that y-Al,O3 can refine the primary phase of Si and
visual changes occurred in eutectic Si, which improved the material’s strength and ductility.
Ma et al. [19] investigated the effect of TiB, on the rheological Al-175i alloy. The results
suggested that the primary Si phase, and its eutectic structure, were refined after adding
TiByp in situ, and the refined primary Si was distributed more uniformly in the casting,
alleviating the local stress concentration. The lower stress concentration, crack deflection,
and crack branching inhibited the formation of microcracks, slowed down the merging of
microcracks, and improved the strength and plasticity of Al-175i composites.

The addition of ceramic particles can refine the grain, but because they are nanoparti-
cles, a larger surface energy forms and easily leads to agglomeration in the alloy melt. The
non-uniform distribution of particles significantly weakens the strengthening effect of the
composites. Guo et al. [20] prepared TiB, /Cu composites from Cu-B and Cu-Ti alloys and
studied the impact of the cooling rate and element concentration on the arrangement of
TiB; particles in the Cu matrix. It was found that, as the TiB; particles were thickened and
distributed unevenly, the cooling rate decreased. The size of TiB, particles became coarser
and the uniformity of particle size distribution became more erratic with the increase in B
or Ti elements. Sun et al. [21] investigated the effect of the cooling rate on the distribution
of TiB; particles in an industrially pure aluminum matrix formed by wedge-shaped copper
mold casting. It was shown that the TiB, particles in the aluminum matrix were heavily
clustered in the wedge-cast specimens, and the cluster size of particles increased as the
cooling rate decreased.

Cooling rates have a significant impact on ceramic particle-reinforced Al-Si alloys.
Therefore, in this work, TiB,/Al-20Si composites were prepared using the mixed salt
reaction method. The effect of the cooling rate on the multi-phase structure of TiB, particles
in Al-20Si was investigated using a wedge-shaped mold. The microstructure, especially
the interface between TiB; and the Si matrix, was determined using optical microscopy,
scanning electron microscopy, and high-resolution transmission electron microscopy. The
effect of the cooling rate on the primary Si phase and TiB, particles was analyzed based on
experimental results, and the effect of TiB, particles on the cracks in the primary Si phase
was studied using a nanoindentation technique. Finally, the capture mechanism of primary
Si relative to TiB, particles was discussed.

2. Materials and Methods
2.1. Preparation of 6 wt.% TiB,/Al-20Si Feedstock

Melted industrial pure Al (99.7 wt.%) and metal Si (98 wt.%) were combined in
a resistance furnace at 850 °C. The dehydrated K;TiFs and KBF4 powders were mixed
uniformly in a 1:1 mass ratio and then added to the inside of the melt through inert gas
(N2). A high-purity graphite stirrer was used for 30 min. After the reaction, the refining
agent (C,Clg) was added for purification. The product, 11 wt.% TiB,/Al-65i composite,
was obtained after the melt cooled to 730 °C and was cast into graphite molds. The reaction
process is as follows [22]:

2KBF, + 3Al = AlB, + 2KAIF, 1)
3K, TiFg + 13Al = 3TiAl; + K3AlFg + 3KAIF, )
AlB, + TiAl; = TiB, + 4Al 6)

The composite was then heated to about 860 °C in a resistance furnace and held for a
while in a ratio of 6 wt.% TiB, /Al-20Si. After finishing the heat preservation, the floating
slag on the surface of the metal liquid was stripped off and C,Clg (0.5% of the molten
metal mass) wrapped with aluminum foil was added for de-slagging and de-gassing. Then,
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the metal was cast into the wedge mold when the melt temperature dropped to 730 °C.
The chemical compositions of the composites were measured using Inductively Coupled
Plasma-Atomic Emission Spectroscopy (ICP-AES) and are listed in Table 1. After casting,
the mold cooled to room temperature to obtain a wedge-shaped casting. Figure 1 shows
the wedge mold, with a height of 80 mm, length of 100 mm, width of 20 mm, and angle of
8°, made of 45# steel.

Table 1. Chemical compositions (wt.%) of the prepared 6TiB, / Al-20Si composites.

Ingredients

Si

Ti B Fe Mg Mn Al

Content

19.79

3.66 2.18 0.10 0.12 0.11 Bal.

\\\Z e =il

a
/

80mun

Figure 1. Schematic diagram of wedge mold and cast.

2.2. Material Characterisation

The samples were prepared using standard metallographic techniques fixed by an
aqueous HF solution with a concentration of 0.5% for 3-5 s. The metallographic structure
was observed and obtained using a Nikon ECLIPSE MA200 optical metallographic mi-
croscope. The metallographic images were processed by Photoshop and Image-Pro Plus
to analyze the distribution and morphology of the TiB, phase and primary Si phase mi-
crostructure. Firstly, use Photoshop to remove other phases and then import the processed
image into the Image-Pro Plus software. Utilize the calculation function in the software
to obtain the volume fraction of primary Si phase (Sg)i4), assuming that the shape of each
Si grain is equivalent to a circle. The volume fraction of the primary Si phase (Sqlid),
effective diameter (D), and shape factor (R) were calculated based on Equations (4)—(6),

respectively [23]:
S1+S,+S53---+ 5y

Ssolid = A 4)
N )
D = Lz VISI/T 5)
N
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where Sq, Sy, S3, ... Sn are the areas of the 1st, 2nd, 3rd, etc. primary S; grains i, respectively,
and S; was calculated using the Image-Pro Plus software. A is the total area of the primary
S; phase, N is the total number of particles, S; is the area of particle 7, and P; is the perimeter
of particle i.

The microstructure morphology was analyzed using scanning electron microscopy
(SEM; Nova Nano SEM450, FEI, Hillsboro, OR, USA). The composite material samples
were prepared according to the metallographic sample standards, and the observation
surface was ensured to be parallel to the back surface. A standard Berkovich indenter
was loaded onto a nanoindentation instrument (DSI; Hysitron TI980, Bruker, Billerica,
MA, USA) to press the primary silicon region. The nanoindentation test was conducted
in a load-hold—unload process with a time of 5 s-2 s-5 s, and a maximum pressure of
400 mN was applied during the experiment. Finally, the crack extension at the primary
silicon indentation was observed. The interface between TiB; and Si was studied using
transmission electron microscopy (TEM; Tecnai G2 TF30, FEI, Hillsboro, OR, USA).

3. Results and Discussion
3.1. Temperature Variations in Different Areas of the Wedge Mold

The molten metal (at 730 °C) was poured into the wedge-shaped mold at 80 °C. The
molten metal was cooled when contacting the metal mold, and the temperature changes
in different regions of the wedge-shaped mold were measured with a thermocouple. The
cooling rates of 6% TiB, / Al-20Si composites in different regions of the wedge mold are
shown in Figure 2. The temperature change at the bottom of the wedge specimen was the
largest and the slope at the top was the smallest by comparing the temperature change
from A; to Az, and from B; to Bs. The thickness at the bottom of the wedge specimen was
the thinnest and the effect of transferring heat was the best. Therefore, the effect of cooling
is the most significant at the bottom and decreases with the increased thickness of the cast.

The average cooling rate of each location from casting into the mold to eutectic
transition temperature (570 °C) was obtained by calculating the cooling curve at Ay, Ay, A3,
and By, By, B3. The cooling rates of Aj, Ay, and Az were 23 °C/s, 10.6 °C/s, and 5.3 °C/s,
respectively, and those of By, B;, and B3 were 20 °C/s, 9.4 °C/s, and 4.85 °C/s, respectively.
It can be seen that the cooling rate at the edge of the wedge specimen was slightly greater
than that of the center, according to the calculated results.

The cooling rate at the bottom of the sample was faster than that at the middle and top,
regardless of the edge or the middle position. The thickness of the sample at the bottom
was the thinnest compared to other parts, and the stored heat was the least. Additionally,
the thickness of the bottom area of both the upper and lower molds of the wedge-shaped
mold was the thickest. When the 730 °C molten metal was poured into the mold, the
bottom of the mold cooled down rapidly, resulting in a higher cooling rate. Conversely, the
top of the sample was thicker and stored more heat, and the top of the mold was thinner,
resulting in slow heat dissipation and a lower cooling rate.
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Figure 2. Cooling rate at different positions of the specimen: (a) wedge specimen; (b) edge area;
(c) central area.

3.2. Microstructure Evolution in Wedge Specimens

The microstructures of 6% TiB, / Al-20Si composites at different locations in the wedge
mold are shown in Figure 3. From the picture, the size of the primary Si phase increased
with the decrease in cooling rate from bottom to the top of the wedge specimen. The
microstructure mainly consisted of the primary Si phase, eutectic structure, and x-Al. By
analyzing Figure 3a,b, the primary phase of Si was mostly fine and distributed in a granular
form. In Figure 3ef, it can be observed that the majority of the primary Si phase was
irregular. Agglomeration occurred, and the size of grains was large.
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Figure 3. Microstructure of 6% TiB, / Al-20Si composites at different locations in the wedge mold:
(a) A1; (b) By; (0) Ag; (d) By; (e) A; () Bs.

Figure 4 shows the grain size and shape factor of the primary Si phase in different
regions of the wedge. Aj, Ay, and A3 were located at the edge of the specimen and the
average size was around 24 pm, 51 pm, and 79 um, respectively. The size of By, By, and B3
in the center increased gradually to 38 pm, 53 um, and 96 pm. The cavity at the bottom of
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the wedge mold was smaller and so contained less molten alloy liquid, and less total heat.
However, it was thickest at the bottom and the speed of transferring heat was fast, making
the cooling rate of the alloy at the bottom cavity faster. The faster cooling rate provided a
greater degree of subcooling during the solidification of the melt, significantly increasing
the nucleation rate of the primary Si phase. At the same time, the melt temperature was
rapidly reduced to the eutectic transition temperature at a large cold zone rate, and primary
Si grains grew rapidly, resulting in a fine primary Si phase.
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Figure 4. Statistics of grain size and shape factor of primary Si phase: (a) the edge of the specimen;
(b) the center of the specimen.

Figure 5 shows the SEM images of the central region of the wedge specimen, the
columnar distribution of TiB, particles, and their agglomerate sizes. There was an obvious
increase in the degree of agglomeration of TiB, particles, from the bottom to the top, as
the cooling rate decreased (as shown in Figure 5a—c). At the bottom of the specimen, TiB,
particles were almost evenly distributed in the matrix in the form of fine particles, of
which more than 70% were less than 1 pum (all particles were around 0.1~1.5 pm), and less
agglomeration occurred. A slight lump existed in the middle of the specimen as the cooling
rate decreased, with an agglomerate size of 4~6 um. The top of the specimen witnessed
significant agglomeration, with a large size of about 4~10 um.

Figure 6 shows the SEM images of the central region of TiB, particles in the primary
Si phase. The distribution of TiB; particles in separate regions was observed. The volume
fractions of TiB, particles in the microstructure of the bottom (Figure 6a), the middle
(Figure 6b), and the top (Figure 6¢) of the wedge specimen were about 7.41%, 6.92%, and
6.75%, respectively. The size of the primary Si phase extracted in Figure 6d was around
7.3 um, the volume fraction of TiB, particles was around 10.1%, that of Figure 6e was about
34 um and 6.51%, and Figure 6f was about 86 um and 1.24%.

In Figure 6a—c, the TiB, particle content in different regions are compared and it
can be observed that the TiB, particle content decreased with the cooling rate, but this
is not obvious. However, this can clearly be seen in Figure 6d—f, where there is a direct
comparison of the distribution of TiB, particles in the primary Si phase.

The size distribution of TiB, particles in the primary Si phase in the central region is
displayed in Figure 7, most of which was from 0.1 to 1.2 pm (90% of which is below 0.8 um),
and there were almost no agglomerates. In the middle, the size was mostly in the range of
0.2-1.8 um. The size at the top was large; the average size was above 1.6 pm.
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Figure 5. SEM images of the central region of the wedge mold and the size distribution of TiB,
particles and agglomerates: (a) bottom; (b) middle; (c) top; (d) size distribution of the bottom; (e) size
distribution of the middle; (f) size distribution of the top.

Sum Spm 20um
Figure 6. SEM images of TiB, particles in primary Si phase in the central region: (a) bottom; (b) middle;
(c) top; (d) primary Si phase at the bottom; (e) primary Si phase in the middle; (f) primary Si phase at
the top.
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Figure 7. Statistics of the size distribution of TiB, particles in the primary Si phase in the central
region.

According to the statistical results, it can be observed that, with the increase in cooling
rate, the primary Si phase can engulf TiB, particles with smaller sizes. With the decrease
in cooling rate, the size of TiB, particles distributed in the primary Si phase gradually
increased.

Figure 8 shows the transmission electron micrograph of the distribution and interface
condition of TiB; particles in the primary Si phase of the 6% TiB,/ Al-205i composite. TiB,
particles were widely dispersed in the primary Si phase (Figure 8a,b), and agglomeration
occurred in some areas (in line with Figure 6). The high-resolution image in Figure 8c
indicates the interface between primary Si and TiB, is well bonded, as it is clear, flat, and
continuous. Figure 8d is the fast Fourier transform (FFT) image, where the orientation
relationship between primary Si and TiB, can be determined as:

[504} {0 11 0} <§11> <1010>
Si TiBy Si TiB,

The crystal plane spacing was 0.211 nm for the primary phase Si on (211) and

0.248 nm for TiB; on <IO 1 0) . The degree of mismatch between the two crystalline planes
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was 14.91% (<25%), and there was a semi-coherent lattice relationship between them. TiB;
particles could be used as an effective nucleation base for primary phase Si.

The number of particles that could serve as heterogeneous nucleation cores of primary
Si gradually increased as the proportion of TiB, particles increased. The nucleation rate
gradually increased and the size of the primary Si phase gradually became smaller, which
was consistent with the results observed in Figures 3 and 6.

Figure 8. TEM micrographs showing (a) the distribution of TiB; in the primary Si; (b) the morphology
of TiB; in the primary Si; (c) the Si/TiB, interface; (d) the corresponding FFT patterns of the Si/TiB,
interface.

Figure 9 displays the indentation scanning images and load—displacement curves on
the primary Si phase. Radial cracks were produced in the indentations of all primary Si
phases. The cracks on the bottom of the primary phase Si had multiple directions in addition
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to the radial direction, and the cracks showed a web-like pattern (Figure 9a). The cooling
rate was high, and a large number of TiB, particles were engulfed by the newly formed Si
phase molecules. When the material was damaged and cracks occurred in the newly formed
Si phase, the crack propagation was hindered when it reached the non-deformable TiB,
particles, causing a change in the crack propagation path, such as branching or deviation,
which enhanced and toughened the material. The load—displacement curves in Figure 9d
show the indentation depth on the newly formed Si at the bottom of the sample to be the
smallest, and as the proportion of TiB, particles decreased, the indentation depth increased,
and the TiB, particles strengthened the alloy.

load/(mN)
g

0 L
0.0 0.3 0.6 0.9 1.2 1.5 1.8

Displacement/(nm)

Figure 9. Scanned images of indentation on the primary Si phase and load-displacement curves:
(a) primary Si phase at the bottom; (b) middle primary Si phase in the middle; (c) primary Si phase at
the top; (d) load-displacement curves.

Many factors affected the particle distribution at the front end of the solid-liquid
interface, including the difference in density and thermal conductivity between the particles
and the matrix, the cooling rate of the melt during solidification, the shape and size of the
particles, etc. [21,24,25].

During the solidification of the base melt, when the solid-liquid interface push rate of
the base metal melt (Vg,1) was greater than the particle movement rate (Vp), the particles
were engulfed by the grains. Conversely, the particles were pushed by the melt to the areas
that solidified later. When both were equal, the rate at which the solidification front moved
was called the critical rate (V) and was used to characterize the engulfment of particles by
looking at the particle distribution at the front of the solid-liquid interface.
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To further explore the factors affecting the push rate (Vg1 ) of the solid-liquid interface
during solidification, the Stefanescu model [26] summarizes the main factors affecting
particle distribution—the size and shape of the particles, the viscosity of the melt, the
interfacial energy between the particles and the liquid and solid, the particle agglomeration
phenomena, the heat-transferring behavior in the melt, and the temperature field gradient
at the front of the solid-liquid interface. Based on the above factors, Stefanescu proposed
the expression for the critical rate as [26]:

AO’QHQ |:2 Kp:|

Ve = gt 1R |2 K,

@)
where V; is the critical rate, Ay is the interfacial energy difference between the particle
and the matrix phase, ag is the lattice constant of the particle, # is a constant, taking values
from 2 to 7, 1 is the viscosity coefficient of the melt, R is the radius of the particle, and Kp
and K, are the thermal conductivity of the particles and the substrate, respectively.

In Equation (7), the radius R of the particle is inversely proportional to the critical
rate V. That is, the larger the R, the smaller the critical rate, and the more easily large
particles are engulfed. The cooling rate at the bottom of the wedge specimen was the
largest. When the pushing rate (Vg1 ) is larger at the solid-liquid interface, it can engulf a
large number of TiB, particles of a smaller size. This also confirms that the TiB, particles at
the bottom of the specimen were almost diffusely distributed in the form of fine particles,
while agglomeration of TiB, particles occurred at the top of the specimen (Figure 5).

Inside the primary Si phase in Figure 6, TiB, particles exist mainly as individual
particles or small clusters, and the profiles are all close to spherical shape. However,
large clusters of agglomerated TiB, can be observed at the edge of the grain boundary
of the primary Si phase, and the clusters are large in size and irregular in shape. This is
because the thermal conductivity of TiB; particles was greater than that of the Si matrix,
and there was a force between the front of the solid-liquid interface and the particles or
clusters [27]. When the solid-liquid interface was in contact with TiB, particles, the forces
were symmetrical and uniform for individual (almost spherical) particles, and there was
only contact between the particles and the solid-liquid interface. For the particle clusters
with irregular shapes and larger sizes, the force was not uniform and there were multiple
contact points. This lead to a reduction in the distortion at the front of the solid-liquid
interface, each point bore part of the force, and the final force was smaller than the single
point of contact. Some researchers have concluded [28] that clusters in irregular shapes
lead to a reduction in effective diameter, which causes an increase in the critical rate of
phagocytosis of agglomerates, making it more difficult for phagocytosis to occur.

The factors affecting the engulfment of TiB, particles by the primary Si phase were
mainly the cooling rate and the size of the particles, as seen in Figure 10. When the cooling
rate was low, the degree of subcooling was small and the movement rate (Vg,1) of the
solidified solid-liquid interface was smaller than the critical rate (V;). The particles and
clusters at the front of the interface were pushed to the latter solidification region, and TiB,
particles were largely absent inside the primary Si phase. When the cooling rate was high,
the degree of subcooling was great and the movement rate (Vg ) of the solidified solid—
liquid interface was greater than the critical rate (V). The TiB, particles were captured
and engulfed by the primary Si phase.
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Figure 10. Schematic diagram of the relationship between primary Si phase and TiB, particle

distribution.

4. Conclusions

In this work, dual-phase structure distribution and the interfacial relationship of TiB;

particles in Al-20Si were regulated. The capturing mechanism of primary Si relative to TiB,
particles was also discussed. Five experiments were conducted to ensure the accuracy of
the results. The main findings were as follows:

@

@)
®)

4)

©)

Different cooling rates had a large effect on the matrix structure. The size of the
primary Si phase at the bottom of the specimen was small and uniformly distributed
at a larger cooling rate, and the size of the primary Si phase increased significantly as
the cooling rate decreased.

TiB, particles agglomerated in the wedge mold and increased as the cooling rate
decreased.

The cooling rate had a significant impact on the engulfment of TiB, particles in the
primary Si phase in the matrix. The greater the cooling rate, the greater the pushing
rate of the solidified solid-liquid interface, the faster the growth rate of the primary
Si phase, and the more TiB, particles engulfed. When the cooling rate decreased, the
degree of subcooling was not sufficient to engulf smaller TiB; particles, making only
the larger TiB, particles present.

The interface between TiB, particles and primary Si was well bonded. There was a
semi-coherent lattice interface between TiB, particles and primary phase Si:

[204} {0 11 0} , (211) (Imo) .
Si TiB, Si TiB,

TiB; particles could inhibit the expansion of internal cracks on primary phase Si, and
thereby enhance, toughen, and strengthen the material.
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