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The increase in strength usually accompanies by the sacrifice of ductility in the composites. This work proposed a
strategy of design and synthesis of in-situ TiB, particles to effectively tailor the microstructures and to enhance
the mechanical performance of Al-Si-based composites. The tuning mechanisms for size and morphology of TiBy
particles were investigated by combustion synthesis in the Al-Ti-B reaction system. The nano/submicron-sized
TiB, particles with desirable morphology were then specially selected to construct high-performance Al-Si-based
composites. Thanks to the strong interface bonding with a low crystallographic mismatch, TiB, particles
significantly refined the primary a-Al dendrites, eutectic Si and 6’ precipitates in the composites, which were
79.2%, 51.9% and 37.6% respectively smaller than those of the matrix. Numerical modeling results suggested
that submicron-sized TiB; particles were more likely to be engulfed or serve as heterogeneous sites while nano-
sized TiBy particles would be repulsed to the solid/liquid interface to physically restrict the growth of a-Al
dendrites. The strength-ductility trade-off dilemma was broken therefore superior mechanical properties were
obtained in the composites. This work provides a novel perspective for manipulating Al-Si-based alloys in terms
of avoiding poisoning and achieving microstructural refinement and outstanding strength-ductility synergy.

1. Introduction

Ceramic particulate reinforced aluminum matrix composites
(CPRAMCs) beneficially combine the advantages of both soft aluminum
matrix and stiff ceramic reinforcing phases, which endow them great
capability to stretch the performance limit of traditional metallic ma-
terials and to broaden application prospects as structural components in
automotive applications in recent years [1-4]. Interestingly, certain
amount of ceramic particles with specific spatial distribution in the Al
matrix are believed to dynamically manipulate the nucleation and
growth process, thereby tailoring a homogeneous and refined composite
microstructure [2,5-7]. Nevertheless, a longstanding challenge of the
trade-off relationship between strength and ductility still encounters a

bottleneck to the practical applications of CPRAMCs and has not been
effectively overcome till now [7-9]. Moreover, Al-Si-based series alloys
perform a set of superior characteristics, including high
strength-to-weight ratio, cost-effective formability, excellent corrosion
resistance and wear resistance. However, in the aluminum alloys with
high Si contents (>3%), ceramic particles display poor chemical stability
and wettability, which may result in the formation of poisonous phases
and significantly impair the tailoring capacity of ceramic particles
[10-13]. To overcome these intractable issues, an appropriate and
meticulous ceramic particle design, synthesis and incorporation strategy
is definitely required for the manipulation of Al-Si alloys to obtain high
performance in CPRAMCs. More importantly, the manipulation mech-
anism of Al-Si-based alloys by ceramic particles in terms of the size and
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morphology of the ceramic particles and the characteristics of the par-
ticles/matrix interfaces should also be sound understood to achieve
tailored microstructures and enhanced strength-ductility synergy in
Al-Si-based alloys [12,14,15].

Among well-known reinforcements, TiBy, which performs high spe-
cific strength, extremely high hardness, high melting point and low
thermal expansion coefficient, is regarded as an outstanding reinforce-
ment in metal matrix composites [16-20]. However, TiB, particles
synthesized by conventional methods are generally in sub-
micron/micron size and with hexagonal plate-like morphologies, which
may cause local stress concentrations and degrade their reinforcing ef-
fects [21,22]. Even worse, the incorporation and manipulation processes
of those TiBj particles are usually accompanied by the formation of the
unavoidable Al3Ti intermediate phase [23-26]. This intermediate phase
is thermodynamically prone to react with Si atoms, thereby forming
TisSiz layers on TiBy particles [10,13]; this immensely reduces the
heterogeneous nucleation rate of a-Al and deteriorates the final me-
chanical performance of the matrix. However, different from the silicide
coat poisoning theory, recently, Li et al. [11,12] have demonstrated that
the segregation of Si atoms at the TiBy/a-Al interface would cause Si
poisoning. The formation of Ti-Si covalent bond within TiAls
two-dimensional compound (critical for triggering the nucleation of a-Al
on TiBy) can obstruct the a-Al epitaxial nucleation and hence lead to Si
poisoning. As such, some Ti-free or low-Ti content master alloys that
contain B-terminated TiB, or AlB, particles were designed recently for
Al-Si-based alloys [27]. Nevertheless, researchers revealed that both the
B-terminated TiB,/a-Al interface and the Al3Ti/a-Al interface are less
stable than the Ti-terminated TiBy/a-Al interface according to density
functional theory calculations [28,29]. More importantly, Ti-terminated
TiB; is more favorable for a-Al grain refinement compared to B-termi-
nated TiBy and AlsTi [30,31]. These results reveal that developing
Ti-terminated TiB; particles with almost no AlsTi phase is of great sig-
nificance for effective manipulation of Al-Si-based alloys, yet this still
needs a suitable synthesis strategy in the current research stage.

Compared to the type of reinforcement, the characteristics of parti-
cles/matrix interface play a more significant role in tuning the micro-
structures and mechanical properties of a composite when the
reinforcing particles are refined to nanoscale [32,33]. Specifically, by
manipulating their spatial distribution, the nanoparticles can induce
microstructural evolution of the matrix during solidification process
[13,32-36]. Recently, Guo et al. [35] reported that nanoparticles
distributed around the growing solid-liquid interface can alter the a-Mg
dendritic morphology. Cao et al. [36] suggested that nanoparticles
pushed to the grain boundaries owing to the slow cooling rate can
physically restrict the growth of Cu grains. As for the Al-based matrix,
Chen et al. [32] found that nanoparticles could be assembled at the
phase/matrix interface, which hindered the solute transport and sup-
pressed the further growth of Bi-rich droplets in Al-Bi-based composites.
Wang et al. [13,33] further reported remarkable performance
enhancement in CP-Al and Al-10Si alloys through tailoring the distri-
bution (i.e. intragranular and intergranular distribution) of TiC(sNg s
nanoparticles in the matrix. Most recently, Zan et al. [37] revealed that
AlyO3 particles distributed at grain boundaries were more favorable to
enhance high-temperature strength of the Al metal matrix composites by
strengthening grain boundaries and hindering dislocation annihilation
compared to intragranular Al,O3 nanoparticles. Therefore, owing to the
manipulation of the specific spatial distribution of nanoparticles in the
matrix during the grain growth, reinforcing nanoparticles exhibited
superior strengthening effects compared with micron-scale particles for
enhancing strength-ductility synergy [8,9]. By contrast, according to the
free-growth model, large-sized particles exhibited prominent heteroge-
neous nucleation capacity than nanoparticles, owing to lower nucleation
undercooling [24]. Besides, according to our previous researches,
compared with the particles with sharp edges and corners,
near-spherical particles were more effective to manipulate the me-
chanical performance of composites by preventing stress concentration,
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thereby exhibiting better compressive mechanical performance [38,39].
Therefore, during the processes of heterogeneous nucleation and grain
growth, there exists a complementary relationship between
submicron/micron-sized particles and nanoparticles with desirable
morphologies, which stimulates better strengthening effects. In our
previous work, we had found that the hybrid-sized TiC or TiC-TiB,
ceramic particles exerted excellent manipulating capacity in enhancing
strength-ductility synergy of Al-Cu-based composites [40,41]. However,
the instability of TiC in Al-Si-based alloys may plague their strength-
ening effects, and thereby a proper strategy for targeted design and
controllable synthesis of size- and morphology-tunable in-situ TiB,
particles should be investigated for the manipulation of Al-Si-based
alloys. This strategy can help optimize the spatial distribution of those
particles in the matrix and synergistically deliver balanced mechanical
performance of composites.

As such, this work proposed an in-situ synthesis strategy by com-
bustion synthesis in Al-Ti-B reaction system to elaborately tune the size,
morphology and crystallographic terminated planes of TiB, particles in
TiBy/Al precursors. Furthermore, the size-tunable TiB, particles
released from TiBy/Al precursors were therefore delivered into Al-Si
alloys to construct TiB, particles reinforced Al-Si-based composites. By
manipulating the spatial distribution of the nano-, submicron- and
micron-scale TiBy particles in the Al-Si-based alloys with better parti-
cles/matrix interface performances, the microstructure could be tuned
and strength-ductility synergy was also enhanced in size-tunable TiBy
particles reinforced the Al-Si-based composites.

2. Materials and experiments

In this work, TiBy particles from TiBy/Al precursors with different
sizes and morphologies were fabricated by combustion synthesis from Al
(99.0 wt% purity and ~28 pm in size), Ti (99.5 wt%, ~30 pm) and B
(99.0 wt%, ~0.5 pm) powders. The influences of different theoretical
TiB, contents and the molar ratio of B/Ti, as shown in Table 1, on the
size and morphology of TiB, in each sample were investigated.

As shown in Fig. 1, the samples were synthesized by the following
steps. The reactants were uniformly mixed by mechanical milling with
ZrO; milling balls for 20 h at 50 rpm. The mixtures were cold-pressed
into ®30 x 40 mm cylinders (with relative density of 65-75%) under
an axial force of 70 kN and then placed in a vacuum sintering furnace to
induce the combustion synthesis reaction in the Al-Ti-B system. The
heating rate in the furnace was approximately 30 °C/min, and the
vacuum was lower than 50 Pa. During heating, after a sharp change in
temperature detected by a W5-Re26 thermocouple, which corresponded
to the formation of TiB, particles with a large amount of heat release, the
heating was stopped, and the final product was cooled to room

Table 1
Reactants compositions in each sample of the Al-Ti-B system.

Factor Samples Reactants Theoretical final TiBy
composition content (wt%)
Ti: B (at. Ti: B (wt
%) %)
TiB, content 10-B/Ti- 1:2.0 2.2:1 10
2.0
20-B/Ti- 1:20 22:1 20
2.0
30-B/Ti- 1:2.0 22:1 30
2.0
B/Ti molar 20-B/Ti- 1:2.4 19:1 20
ratio 2.4
20-B/Ti- 1:3.2 14:1 20
3.2
20-B/Ti- 1:4.0 1.1:1 20
4.0
Comparison 50-B/Ti- 1:24 19:1 50
2.4
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Fig. 1. Schematic illustration of the reaction processes, including fabrication of TiB,/Al precursors and manipulation of microstructures and mechanical properties

for TiB, reinforced Al-Si-based composites.

temperature under vacuum in the furnace. A 15-30 vol% HCIl aqueous
solution was adopted for the dissolution of the Al matrix to reveal the
three-dimensional (3D) morphologies of the as-synthesized TiB, parti-
cles. More details of the sample preparation were described in Ref. [3].

Then, the grain refinement ability of size-tunable TiB, particles was
performed in the matrix of hypoeutectic Al-Si alloy (Al-7.1Si-3.8Cu-
0.1Fe-0.1Mn, wt%). First, the as-synthesized TiB, particles in 20-B/Ti-
2.4 and 50-B/Ti-2.4 systems were preheated to 600 °C and held
isothermally for at least 1 h before being fed into the Al-Si melt. The
Al-Si alloy was melted in a resistance furnace in advance. The previously
mentioned TiBy/Al precursors were added into the melt at 850 °C and
then stirred sufficiently for 3 min by a graphite rod. Here, ultrasonic
treatment was utilized to further disperse the TiB, particles in the Al-Si
melt. An ultrasonic niobium probe was preheated and immersed into the
Al-Si melt for about 20 mm and ultrasonically treated at 750 °C under a
frequency of 19.9 kHz for 5 min. Finally, the melt with dispersed TiB,
particles was poured into a preheated steel permanent mold (with
dimension of 290 mm in length, 50 mm in half-width and 170 mm in
height) at 750 °C, and the as-fabricated cast was in the dimension of 200
x 20 x 150 mm>. A reference sample free of TiB, particles was also
fabricated in the same condition, and this reference was named UM
hereafter. Also, Al-Si-based composites manipulated by 50 wt% TiBy/Al
precursor and 20 wt% TiB,/Al precursor were synthesized in 50-B/Ti-
2.4 sample and 20-B/Ti-2.4 sample respectively and they were named
as MM and MN respectively hereafter. The heat treatments of the alloys
in this work were performed before tensile testing. First, all as-cast
samples were kept at 510 °C for 10 h followed by water quenching.
Second, all quenched samples were aging-treated at 165 °C for 10 h
followed by air cooling.

During cooling, the solidification behavior with different types of
TiB, particles was detected by a K-type thermocouple connected to a
data-logger system. The melts with or without the TiBy/Al precursors
were respectively cast into a cylindrical refractory brick mold (®45 mm
x 50 mm, thickness 20 mm) with a cooling rate of 0.8 °C/s at the center
of the mold (20 mm above the bottom) to detect the corresponding
cooling curve. The thermal data analysis were carried out in terms of the
Al-Si solidification characteristic analysis in Ref. [42], in which some
characteristic temperatures were defined as Tny, Tmin and Tg, corre-
sponding to the primary phase nucleation, unsteady-state growth and
steady temperature, respectively. Accordingly, ATg,, was the reca-
lescence undercooling between the unsteady temperature and the steady
growth temperature; that is, ATrec = Tin - Tg.

Phase identifications of the as-synthesized master alloys were

conducted using an X-ray diffractometer (XRD, D/Max 2500 PC Rigaku,
Japan) with Cu-K, radiation, a scanning speed of 4°/min and a scanning
range of 20°-80°. The size distributions and 3D morphologies of the TiB,
particles were characterized by field emission scanning electron mi-
croscopy (FESEM, JSM 6700F, Japan). The as-cast Al-Si-based alloys
before and after manipulating by size- and morphology-tunable TiBy
particles were mechanically ground, polished and etched by 5 vol%
HBF, solution. Then, the microstructures were characterized by optical
microscopy (OM, Olympus PMG3, Japan) and scanning electron mi-
croscopy (SEM, Tescan vega3 XM, Czech Republic). The Al/TiB; inter-
face and the 0’ phase were observed by high-resolution transmission
electron microscopy (HRTEM, JEM-2100F, Japan). Tensile tests of the
heat-treated samples which had cross-sectional dimensions of 4.0 x 2.5
mm? and a gauge length of 10.0 mm were performed by a servo-
hydraulic material testing equipment (MTS 810, USA).

3. Results and discussions

3.1. Size and morphology manipulation of the TiBy particles in the
AL-Ti-B system

It is known that, during the heating process of combustion synthesis
in the Al-Ti-B system, Ti particles can easily start to react with Al at a
relatively low temperature (around the Al melting point) to form AlsTi
through the following reaction in Eq. (1).

3AI(L) + Ti(S) = AI3Ti(S) (€]

AG| = —154.904 + 4.205 x 1072T (kJ/mol)

Accompanied by a large amount of heat release during this reaction,
Al3Ti is synthesized first and then partly dissolves to form Al-Ti melt.
The reaction between Al and Ti also provides sufficient energy for the
subsequent formation of TiB; particles between B atoms and Ti atoms.
Under a higher temperature condition, B also dissolves into the Al-Ti
melt. When a critical concentration of B in the liquid phase is achieved,
TiB, particles are expected to form under the reaction Eq. (2) with
higher kinetics. It is also suggested that TiB; is more stable than Al3Ti in
this Al-Ti-B system, and the transformation of Al3Ti and B into TiB; is
feasible from the viewpoint of thermodynamics.

ALTI(S) + 2B(S) = TiBs(S) + 3AI(L) )
AG, = —186.085-1.128 x 1072T (kJ/mol)

Fig. 2(a) shows the phase constitution of the 10 wt%TiBy/Al, 20 wt%
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Fig. 2. (a) XRD patterns, (b—d) SEM morphology and (e-g) corresponding size distribution of TiB, particles for the TiB,/Al matrix composites with different

TiB, contents.

TiBy/Al and 30 wt%TiBy/Al precursors synthesized from the 10-B/Ti-
2.0, 20-B/Ti-2.0 and 30-B/Ti-2.0 samples. The a-Al, TiBy and AlsTi
phases can be detected at this B/Ti molar ratio (=2). An Al3Ti diffraction
peak is detected in these samples, which suggests that the trans-
formation of AlsTi and B into TiB; is incomplete. Actually, due to the
high heating rate and the instantaneous ignition process, the reactions
between Al, Ti and B during the combustion synthesis are far from
equilibrium, which makes the solute atoms non-uniformly distribute and
finally remain as Al3Ti phase [43].

The size distribution and 3D morphology of these as-extracted TiBy
particles from the precursors are shown in Fig. 2(b-d). Here, typical
hexagonal plate-like TiB, with basal (0001) and prismatic (1010) planes
can be seen in each sample. As the theoretical TiB, content increases
from 10 to 30 wt%, the average size of the TiB, particles (Fig. 2(e-g))

significantly increases from ~106 nm to ~406 nm, and most curved
edges disappear. The coarsening of TiBy particles is attributed to the
increase in combustion temperature with the decrease of Al content.
Further increasing the B/Ti ratio while maintaining the same 20 wt%
TiBy significantly reduces the fraction of AlsTi phase in the composites,
as shown in Fig. 3(a). The Al3Ti phase is even exhausted and AlB;5 phase
is present in the 20-B/Ti-3.2 and 20-B/Ti-4.0 samples. As seen from
Fig. 3(b-d), with increasing the B/Ti molar ratio, some high-index
crystal planes, i.e. chamfered (1212) and prismatic (1120) planes are
observed, and most particles display a polyhedral or near-spherical
morphology in the sample of 20-B/Ti-4.0. The size distributions
(Fig. 3(e-g)) also suggest that the average particle size decreases as
increasing the B content from ~339 nm in 20-B/Ti-2.0 to ~205 nm in
20-B/Ti-4.0, and the size distribution becomes more uniform. It is
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known that the increase in B concentration during the reaction in the
Al-Ti liquid would promote the ignition process, i.e. the reaction of
Al3Ti and B into TiBy, as the ignition process becomes easier and starts at
a lower temperature [44]. Nevertheless, the excessive B atoms in the
reaction system would absorb on the a-Al/TiB; interface, which induces
irregular growth of the basal (0001) and prismatic (1010) planes. Other
high-index planes are thus observed, and TiB, particles transform into
fine and irregular polyhedrons or near-spheres.

Moreover, Wang et al. [22] suggested that the surface energy of TiB,
low-index planes is related to the chemical potential of Ti or B. Under the
Ti-rich condition, the stability of TiBy low-index surface structures in
Fig. 4(a) follows the following sequence: (0001) or (1010) Ti-termi-
nated > (1120) > (0001) B-terminated > (1010) B-terminated. Fig. 4(b)
illustrates the most stable hexagonal close-packed (HCP) bonding
structure calculated by Han [28] or Deng [21] concerning the Al/TiBy

interface. The (0001) Ti-terminated interface has a higher work function
than the (0001) B-terminated interface because of the higher bonding
energy of Al-Ti than of Al-B. As illustrated in Fig. 4(b), the
Ti-terminated TiBo/Al interface is more stable at a lower B chemical
potential, whereas a higher B chemical potential in the reaction system
is favorable for the stability of the B-terminated TiBp/Al interface.
Therefore, the atomic concentration in the melt indeed influences the
Al/TiB; interface system therefore the morphology evolution of TiBy
particle in the Al melt. Moreover, it was reported that Ti-terminated TiBy
could induce five ordered Al layers, whereas B-terminated TiB; could
only induce one Al layer on the TiB, substrate [29], which also suggests
that different terminate interfaces may exert distinct nucleation effects.
For the samples of 20-B/Ti-2.0, 20-B/Ti-2.4 and 20-B/Ti-3.2 in this
work, TiBj is still Ti-terminated. When further increasing the B con-
centration to B/Ti = 4, which means that the weight ratio between Ti
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and B approaches Al-3wt%Ti-3wt%B, Ti-terminated TiBy gradually
transforms into B-terminated TiB,. The corresponding TiB, nano-
particles morphology evolution mechanism is illustrated in Fig. 4(c). For
a high Jackson alpha-factor, TiB, exhibits a two-dimensional (2D)
nucleation growth model [45,46]. The 2D nucleus seems to be enclosed
by the relatively stable edges and planes such as (0001) and (1010)
because the creation of 2D nucleus edges is an energy-consuming pro-
cess, and the low-index (0001) and (1010) planes have the lowest
interfacial energy in the Al melt. Then, after a thin hexagonal nucleus is
formed, the surrounding B and Ti atoms would deposit rapidly on the
platelets. However, the 2D nucleation rate is higher than the atom
spreading rate on the newly formed platelets, which leads to the stepped
growth between the adjacent platelets in Fig. 4(c). During these nucle-
ation and growth processes, TiB, particles grow into perfect hexagonal
prisms under normal growth conditions, whereas the variation of B
concentration would launch the morphology evolution of those parti-
cles. The addition of B atoms almost refines the particles by the

absorption on the specific planes and reduces the growth ratio of the
corresponding plane. Therefore, some high-index planes are formed,
most sharp edges and corners disappear, and the hexagons are thus
transformed into polyhedrons or near-spheres with curved edges. The
TEM image shown in Fig. 4(d) illustrates the morphologies of the 20 wt
% TiBy/Al precursors synthesized in 20-B/Ti-2.4 reaction system, and
the selected area electron diffraction (SAED) pattern in Fig. 4(e) dem-
onstrates that the exposed planes of in-situ TiB; particles in the Al matrix
are mainly (0001), (1010), (1120) and (1011). Interestingly, the TiBy
particles with the morphology of typical hexagon, cube, polyhedron or
near sphere with curved edges are also observed in Fig. 4(f). This sug-
gests that the particle morphology can be successfully tuned by the
design and controllable synthesis in Al-Ti-B systems.
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3.2. Fabrication of high-performance TiBy reinforced Al-Si-based
composites

3.2.1. Interface crystallographic matching

It is known that a good crystallographic matching between the
reinforcement and the matrix at the interface has low interfacial energy,
thereby facilitating heterogeneous nucleation and grain refinement. As
such, the manipulation of TiB; reinforced Al-Si-based composites
significantly relies on good interfacial bonding between the reinforce-
ment particles and the Al-Si alloy matrix. Fig. 5 (a) shows the crystal-
lographic orientation relationships (ORs) of a-Al/TiBy and Si/TiBy
interfaces determined by the edge-to-edge model (E2EM) with respect to
the crystal structures and possible exposed planes of Al, Si and TiBs.

The interatomic spacing mismatch f. along with the possible
matching directions and the interplanar spacing mismatch f3 between
close or nearly close-packed planes of TiBy with Al and Si matrix can be
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dM—dp

4 4

fa=

where ry; and rp are the interatomic spacings along a certain close-
packed (CP) row of the Al or Si matrix and TiB,, respectively, and dy,
and dp are the interatomic spacings between certain CP planes or
possible exposed crystal planes of the Al or Si matrix and TiB,, respec-
tively. Considering that the construction of matching rows should lie in
the matching planes, the possible ORs between a-Al/TiB; and Si/TiBy
with a relative lower f; and f, are presented in Table 2, which suggests

Table 2

The crystallographic orientation relationships (ORs) and the corresponding
interplanar spacing mismatch (fy) and interatomic spacing mismatch (f;) be-
tween Al/TiB, and Si/TiB,.

defined as the following Egs. (3) and (4), and an OR is considered to exist ORs Matching planes fa Matching rows fr
when the values of f; and f; are equal or less than the critical value of AUTiB,  {200}p//{1011}risz  0.54% <110>4//<1120>1p,  5.45%
10% [47-49]. {220)a1//41120} 1, 5.48%  <112>5//<1010>mp,  5-47%
oy — T Si/TiB,  {111}s/{0001}rigy  2.84%  <112>g//<1120>p,  9-80%
fr= P 3 11}s//41120}mps~ 369%  <112>//<0001>7p;  3.23%
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Fig. 5. (a) Atomic configurations on the corresponding CP or exposed crystal planes of Al, Si and TiB5. (b) XRD patterns of 20 wt% TiB,/Al precursors and 50 wt%
TiBy/Al precursors synthesized by 20-B/Ti-2.4 and 50-B/Ti-2.4 systems. (c) FESEM image and (d) size distribution of the as-extracted TiB, particles synthesized in the
50-B/Ti-2.4 system.
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that TiB, particles can be excellent nucleation sites for a-Al and Si with
the exposure of {0001}, {1011} and {1120} crystal planes.

As known, the size, morphology and terminated atoms of the TiBy
particles and the residual intermediate phase in TiBy/Al precursors
strongly affect their manipulation effects in the Al matrix, especially the
Al-Si matrix. In the 20-B/Ti-2.4 sample, such B concentration is favor-
able to reduce the Al3Ti intermediate phase in order to avoid Ti-Si
poisoning, and the as-synthesized TiB, particles are still Ti-terminated
with submicron-/nano-scale and spherical or hexagonal morphology.
As such, well-designed TiB, particles fabricated in the 20-B/Ti-2.4 sys-
tem were specially selected to manipulate hypoeutectic Al-Si alloy to
construct TiB; reinforced Al-Si-based composites. Additionally, micro-
sized TiB, particles fabricated in a 50-B/Ti-2.4 system are also incor-
porated with the same content level of 0.7 wt% to verify the size effects,
i.e., microscale and nanoscale, on the manipulation of TiBy/Al-Si-based
composites during the heterogeneous nucleation and free growth pro-
cesses. As shown in Fig. 5(b), no Al3Ti could be detected in the 20-B/Ti-
2.4 or 50-B/Ti-2.4 systems. For particles synthesized from 50-B/Ti-2.4
systems, these TiB, particles display polyhedral or near-spherical mor-
phologies almost in the submicron/micron-scale (Fig. 5(c and d)).
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3.2.2. Microstructures manipulation of TiBy reinforced Al-Si-based
composites

To verify the size effects (nano-sized, submicron- and micro-sized) of
reinforcing particles on the manipulation of microstructures and per-
formances of Al-Si composites, TiB, reinforced Al-Si-based matrix
composites are constructed by incorporating size-tunable TiB, particles.
As seen from Fig. 6(a—c), a-Al dendrites transform from coarse dendrites
to fine equiaxed structures in the MN sample, whereas some columnar
dendrites are still observed in the MM sample. The average sizes of the
a-Al grain in the MM and MN samples are ~506 pm and ~237 pm,
respectively, which are refined by 55.5% and 79.2%, respectively,
compared with the average size of the «-Al grain in un-manipulated
matrix alloy (~1138 pm). Interestingly, the typical eutectic Si micro-
structures are altered by manipulating the micron/submicron-sized and
nano/submicron-sized TiB; particles in both the as-cast condition (Fig. 6
(d-f)) and the T6 heat treatment (Fig. 6(g-i)). In the as-cast condition,
the eutectic Si displays a plate-like morphology with an average size of
18.5 pm in the UM sample, which substantially transforms to long
needle-like morphology with an average size of 16.9 pm in the MM
sample and to short needle-like morphology with a size of 8.9 pm in the

As-cast

T6 heat trement

A

Fig. 6. Microstructure configurations in the samples of unmanipulated Al-Si based alloy (UM), TiB,/Al-Si-based composites manipulated by micro-/submicron-sized
TiB, particles (MM) and TiB,/Al-Si-based composites manipulated by nano-/submicron-sized TiB, particles (MN): (a—c) Polarized optical micrographs of a-Al
dendrites; backscattered SEM micrographs of the Al-Si eutectic microstructure of TiB,/Al-Si-based composites (d-f) in the as-cast and (g-h) after T6 heat treatment;
(j-D) TEM micrographs taken in the [001],; zone axis showing the diameter and morphologies of the ¢ precipitates after T6 heat treatment.
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MN sample. The aspect ratio (i.e. the ratio of the length and width) also
decreases from 12.89 in the UM sample to 8.51 in MM sample and 5.94
in MN samples. After the T6 heat treatment, most eutectic Si in the MM
and MN samples transforms into a fine, short rod-like structure without
sharp edges and corners compared with a long rod-like structure in UM
sample. The eutectic Si shows an average size of 10.6 pm, 9.5 pm and
6.9 pm and with aspect ratios of 4.51, 3.16 and 2.26 in the UM, MM and
MN samples, respectively. Furthermore, as seen from the TEM images
shown in Fig. 6(j-1), compared to UM sample, ¢ precipitates with a
plate-like morphology are substantially refined in MM and MN samples.
The MM and MN also have higher densities of ¢ precipitates than the
UM sample. The average diameters of ¢ precipitates in the UM, MM and
MN samples are about 47 nm, 39 nm and 29 nm, respectively.
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Consequently, Al-Si-based alloy demonstrates much finer microstruc-
ture configuration, in terms of o-Al dendrites, Al-Si eutectic and 6’
precipitates, in the MN sample than in MM sample. This suggests that
nanoparticles combined with submicron-sized particles are prone to be
effective in the manipulation of Al-Si alloys.

3.2.3. Solidification behaviors analysis

Fig. 7(a) displays the cooling curves during the casting of the UM,
MM and MN samples. Fig. 7(b) and Table 3 further show the corre-
sponding characteristic thermal data of the primary o-Al and Al-Si
eutectic, which are derived by the first and second derivatives of the
cooling curves in Fig. 7(c-e). The critical nucleation temperatures of
primary a-Al in both the MM and MN samples are increased. The critical
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Table 3
Characteristic thermal analysis data of the samples of UM, MM and MN during cooling. (°C).
Samples Manipulated reinforcement Primary a-Al nucleation (°C) Al-Si eutectic nucleation (°C)
Thuc-al Trmin-a1 Tgal ATRec-al Thucsi Timin-si Tgsi ATRecsi
UM Without TiB, particles 600.9 595.9 600.8 4.9 570.0 567.9 598.6 0.7
MM Micro-/submicro-TiB, 615.0 606.6 607.2 0.8 570.6 569.3 570.1 0.8
MN Nano-/submicro-TiB, 608.5 603.8 605.3 1.5 569.7 567.0 567.5 0.5

nucleation temperature of primary a-Al in MM sample is about 615 °C,
which is higher than the ones in the MN sample (about 609 °C) and in
the UM sample (about 601 °C). The addition of micro-/submicron-scale
TiB; particles could reduce AT, of primary a-Al from 4.9 °C to 0.8 °C
while nano/submicron-sized TiBy particles could only reduce from
4.9 °C into 1.5 °C. Furthermore, micron/submicron-sized and nano/
submicron-sized TiB, particles decline the formation temperature of
the Al,Cu phase. The decreased ATg, caused by the introduction of TiBy
particles indicates that the formation process of Al,Cu phase by the
migration of Cu atoms completes more rapidly, and nano/submicron-

(a) 20

treatment.

sized TiB, particles seem to have a more evident effect on the diffu-
sion of Cu. Additionally, the introduction of TiB, particles with different
lattice parameters could cause lattice mismatch at the Al-TiB; bonding
interface in atomic scale, as illustrated in Fig. 7(f). Thus, a-Al lattice
distortion takes place around the interfaces. The lattice distortion of a-Al
increases the diffusion coefficient of Cu atoms. As such, the Cu segre-
gation is weakened and the precipitation of ¢ precipitates is signifi-
cantly triggered to occur. Therefore, finer and more dispersed ¢’ phases
can be obtained, especially around the TiB, particles after T6 heat
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Fig. 8. (a) The relationship between the undercooling for free growth and the diameter of the nucleating particles; (b) The size distribution of micro/submicron-sized
and nano/submicron-sized TiB, particles in 50 wt % TiB,/Al precursor and 20 wt % TiB,/Al precursor synthesized in 50-B/Ti-2.4 sample and 20-B/Ti-2.4 sample; (c)
The highest critical interface velocities V., of a-Al. (d) A schematic representation of the solute diffusion model and constitutional supercooling region for equiaxed
dendritic growth; (e) The actual dendrite tip velocity V. of Al-Si-based alloy in this study; (f) Schematic drawing showing a particle in front of the solid/liquid
interface and the actual dendrite tip growth, which details the highest critical interface velocities V., and actual dendrite tip velocity V.
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As previously calculated, TiBy particles can act as effective nucle-
ation sites for both Al and Si and further refine the a-Al grains and Si
phase of the Al-Si eutectic in the TiB,/Al-Si-based composites. By the
free-growth model raised by Greer [24], the undercooling for free
growth (ATg) and the diameter of the nucleating particles (dy) can be
simply described by Eq. (5):

40

ATy =—2
e T ASvdy

)

where o is the S/L interfacial energy, which is estimated by the highest
available value of 0.158 J/m?2, and ASy is the entropy of fusion per unit
volume, which is 1.12 x 10° J/K m® [24]. In this work, the MM samples
contain TiB, particles ranging from 2.5 pm to 500 nm, whereas the TiBy
particle size in the MN sample varies from 900 nm to 50 nm. As Fig. 8(a)
illustrates, the free growth undercooling of a-Al in the MM sample and in
the MN sample is calculated to be 1.12-0.22 K and 11.4-0.63 K,
respectively. As known, a larger nucleation substrate is more favorable
for grain nucleation under a low undercooling. Therefore, smaller par-
ticles start to nucleate until this undercooling (ATg,) reaches their crit-
ical value. As cooling continues, the nucleated grains would grow and
release latent heat. When the release of latent heat exceeds the rate of
external heat extraction from casting, nucleation would stop and reca-
lescence would start. Therefore, most nanoparticles cannot reach the
critical undercooling for nucleation. However, the solidification micro-
structures among the UM, MM and MN samples shown in Fig. 6(a)-(c)
suggest that further growth barriers are also dominant besides hetero-
geneous nucleation. Those nanoparticles distributed around the growing
phase would sharply slow down the release rate of latent heat into the
melt during the growth. This promotes the initiation of nucleation from
a higher temperature under a low necessary nucleation undercooling
and, in turn, enhances the nucleation efficiency. Therefore, the nucle-
ation and growth time also decreases after the addition of
micron/submicron-sized and nano/submicron-sized TiB, particles for
both the primary a-Al and Al-Si eutectic.

It is known that nanoparticles are likely to assemble at the solid-
liquid (S/L) interface during solidification, and they could be engulfed
or pushed by the S/L interface in terms of the critical interface velocity
V. [50], which can be described as Eqs. (6) and (7).

_ A}/()ag R 6)
" 3paRH; R; — R
Ayo="sp — YLp — YsL @)

where ygp, yrpand yg are the solid/particles, liquid/particles and solid/
liquid interface energies, respectively; and Ay, is calculated to be 0.4 J
m~2 [50] and ag is the atomic diameter of Al, which is 2.55 x 107 %m
[51] while « is a coefficient as 0.15 according to the contact condition
[52]; n is the liquid viscosity as 0.85 x 103NS m2 [53]; Hq is the
particle/interface separation for 1.43 x 1078 m [54] ; Ry and R are the
radius of the non-planar interface (grain radius) and the average radius
Ry

Ri-R
regarded as 1. The highest critical interface velocities of a-Al were
calculated to be in the range of 95.1-23.7 mm/s when the particles are
50-200 nm, as illustrated in Fig. 8(b) and (c).

Generally, after heterogeneous nucleation, those existing grains
begin to grow. The diffusion coefficient of those alloying elements in the
Al melt follows the Arrhenius relationship in Eq. (8):

of the nanoparticles, respectively. When Ry » R, the value can be

D =Dye o/eT ®
here, Dy is the pre-exponential factor, which is 1.34 x 107 m?s~ ! for Si
and 1.06 x 10~ m? s™! for Cu; E, is the activation energy of 30 kJ/mol
for Si and 24 kJ/mol for Cu [55]. kg is the Boltzmann constant 1.38 x
10722 J K ! and T is the temperature according to the liquidus tem-
perature of Al-7Si—4Cu. Therefore, the diffusion coefficients of Si and Cu
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in the liquid Al were calculated to be 1.80 x 10~° and 3.38 x 10~° m?
s 1in 843 K (before the nucleation of Si) respectively. It can be seen
that, in Al-7Si-4Cu alloy, the diffusion of Si atoms is much more
dominant than that of Cu atoms. Therefore, the local structure of melt
depends on the diffusion of Si. Then, the actual dendrite tip velocity Vg
of Al-Si alloy is estimated by Ref. [56]:

DMC; (E - I)ASV

Va= @ ©)

2o
_ G
1—9(1 —E)

Note that, Egs. (9) and (10) were deduced by assuming a hemi-

G = 1o

spherical dendrite tip. In the two equations, C,, m and k are calculated
by an equivalent method shown in Eqs (11-13) from Ref. [57]:

G=>) G an
i=1

m=Y (m'C)) /Cy 12)
i=1

k= Z(miq)ki) /Z (m'Cp) 13)

i=1 i=1

where Ci, m' and k' are the liquid composition, liquidus slope, and
partition coefficient respectively for each alloy element in TiBy/Al-Si-
based composites. Q is supersaturation as shown in Fig. 8(d). The pa-
rameters used in Egs. (9) and (10) are listed as follows: m (Si) = —6.6 K/
wt%, m (Cu) = —3.4 K/wt%, k (Si) = 0.117 and k (Cu) = 0.140 [56,58,
59]. The calculation curve is shown in Fig. 8(f). Generally, the super-
saturation of Al-Si alloy is usually lower than 0.05 [60]. So, the dendrite
tip velocity is calculated to be lower than 0.48 mm/s, which is lower
than the highest critical interface velocity of a-Al (95.1 mm/s). Fig. 8(f
and g) compares the highest critical interface velocity V. and dendrite
tip velocity Vg, in which two distribution types of nanoparticles in the
TiBy/Al-Si-based composites are obtained, including the intragranular
distribution (Vg4 > V,, the particles are engulfed by the S/L interface and
distributed within the interior of primary «-Al) and the intergranular
distribution (Vg4 < V,, the particles are repulsed by the S/L interface and
distributed along grain boundaries). Accordingly, the dendrite tip ve-
locity is much lower than the highest critical interface velocity of a-Al;
that is, V4 < V.. Consequently, the majority of nanoparticles in this
work are pushed by the S/L interface and distributed around the a-Al
dendrites to restrict their further growth.

The TEM images (Fig. 9) show the microstructures of nano/
submicron-sized TiBy/Al-Si-based composites after tensile testing at
room temperature. Several submicron-sized TiB, particles are distrib-
uted in the interior of primary a-Al (Fig. 9(a)). The interface area “A”
between TiB, and a-Al matrix was characterized in HRTEM, as shown in
Fig. 9(b), which indicates that Al and TiB; have a clear and continuous
interface. The Fast Fourier Transform (FTT) and Inverse Fast Fourier
Transform (FTT) images of the Al matrix (area “B”) and TiB, particles
(area “C”) are shown in Fig. 9 (b;-by4). Dislocations are evident near the
TiBo/Al interfaces in the Al matrix. This results from the mismatch of the
coefficient of thermal expansion (CTE) and lattices between TiB, parti-
cles and Al matrix [41]. Those dislocations near the TiB, particles
prominently promote the precipitation of §’, which is consistent with the
previous discussion in Fig. 7(f). Additionally, most nanoparticles with an
average size less than 80 nm are pushed by the S/L interface and
distributed along grain boundaries (Fig. 9(c)), which effectively restricts
the growth of a-Al dendrites. The SAED pattern in Fig. 9(c) inset also
suggests that those nanoparticles are TiB,.
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Fig. 9. TEM images of nano/submicron-sized TiB,/Al-Si-based composites after tensile testing at room temperature: (a) TiB, nanoparticles distributed in the interior
of primary a-Al and (b) an HRTEM image of the area “A” in (a), (c) Nano-sized TiB particles distributed along a-Al grain boundaries with inset showing SAED pattern
of TiB, particles, and the FFT images of (b;)-(b2) zone “B” of the Al matrix and “C” of the TiB, particles in (b) and (bs)-(b,) the IFFT image of zone “B” and “C”.
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Elongation (%) + AL9Si-3Cu + 20 vol.% (TiB; + ZrBy)

Fig. 10. (a) Tensile properties of the unmanipulated Al-Si-based alloys (UM) and the TiB,/Al-Si-based composites manipulated by micro/submicron-sized TiB,
particles (MM) and nano/submicron-sized TiB, particles (MN). (b) Comparisons between the yield strength and elongation of hypoeutectic Al-Si alloys manipulated
under different treatment conditions.
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3.2.4. Tailoring mechanical properties

As shown in Fig. 10(a), the yield strength (YS), ultimate tensile
strength (UTS) and elongation (EL) of the TiB,/Al-Si-based composites
are simultaneously enhanced after introducing nano/submicron-sized or
micron/submicron-sized TiBy particles. The micron/submicron-sized
TiBy particles in TiBy/Al-Si-based composites seem to have a rela-
tively limited strengthening effect; YS, UTS and EL are respectively 269
MPa, 371 MPa and 8.9% for MM sample, which are 15.4%, 3.3% and
14.1% higher than the corresponding ones (233 MPa, 359 MPa and
7.8%) of UM sample. However, the nano/submicron-sized TiB, particles
exhibit much better mechanical properties: YS, UTS and EL increase to
294 MPa, 420 MPa and 13.2% in the MN sample, which correspond to
increase by 26.2%, 17.0% and 69.2%, respectively, compared with the
un-manipulated sample. The simultaneous enhancement in strength and
elongation is mainly ascribed to the refinement of o-Al grains, the
modification of eutectic Si and the refinement of ¢ precipitates induced
by the hybrid-sized nano/submicron-sized TiB, particles. The refine-
ment and morphology modification of eutectic Si can reduce the number
of potential crack initiation sites, i.e. eutectic Si transforms from a
needle-like structure in matrix alloy (UM sample) into a fine coral-like
structure in tailored composites). Then, with finer o-Al grains and
extended grain boundaries for effectively constraining the local defor-
mation, microcrack initiation and propagation would be restricted. Be-
sides, the much finer 6’ precipitates induced by the introduction of
nanoparticles could also strongly impede dislocation motions.

Fig. 10(b) and Table 4 show the yield strength and elongation of the
hypoeutectic Al-Si alloys under different manipulation conditions. The
nano/submicron-sized particles seem to have stronger strengthening

Table 4
Comparison of mechanical properties of Al-Si composites manufactured by
different methods. YS: yield strength and EL: elongation.

Composition Methods YS EL Ref.
(MPa) (%)

Al-7Si-4Cu 0.7 wt% Micro-/ 269 8.9 In this
submicro-TiB, work
0.7 wt% Nano-/ 294 13.2
submicro-TiB,

Al-7Si-4Cu 1 wt% Al-Ce-B 243 6.3 [61]
1 wt% Al-La-B 235 7.4

Al-7Si-0.3 Mg 9 vol%TiB, (LPDC) 314 2.2 [62]

Al-10Si-0.3 Mg 9 vol% TiB, (LPDC) 322 2.1

Al-7Si-0.3 Mg 4 wt% TiB, 250 14.0 [63]

Al-7Si-0.4Mg-1.5Cu 0.6 wt% Sc 237 14.6 [64]

Al-7Si-0.65 Mg 0.3 wt% Sc + 0.2 wt% Zr 330 6.1 [65]

Al-6.88Si-0.75 Mg 0.2 wt% Te + 0.11 wt% 227 5.7 [66]
Ce

Al-7Si-Cu-0.2Mn 0.19 wt% Mo 185 9.0 [67]

Al-7.58i-0.45Mg- 0.2 wt% Al-5Ti-B 299 4.5 [68]

0.11Fe 0.2 wt% Al-3Ti-3B 305 8.5

A356 5vol% Al3Ti + 0.22wt% 238 6.4 [69]
Sr

A356 5 wt% AlsTi 234 8.6 [701

A356 2.12 vol% TiB, 305 4.9 [71]
4.66 vol% TiB, 317 1.9
8.37 vol% TiB, 347 1.3

A356 1.5 wt% Fe + 12 wt% 223 3.9 [72]
TiB,

A356 0.2 wt% Al-2.2Ti-B-Mg 257 7.8 [25]
0.2 wt% Al-5Ti-B 241 6.5
0.2 wt% Al-3Ti-3B 240 6.4

A356 3 wt% TiBy + 0.03 wt% 260 5.6 [73]1
Sr

A356 2.5wt% TiB, + 0.1 wt% 261 6.0 [74]
La

A356 5 wt% TiB, 223 10.5 [75]1

Al-9Si-1Mg-0.7Cu 8.9 vol% TiB, + 1.6 vol 235 1.2 [76]1
% Mg,Si

Al-9Si-2Cu-0.5Mg- 3 wt% TiB, (HPDC) 356 5.5 [2]

0.2Mn
Al-9Si-3Cu 20 vol% (TiBy + ZrBy) 265 14.8 [771
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effects compared to micron/submicron-sized particles and other in-
oculants containing Ti, B or rare earth elements. Because of no free Ti
atoms in the system, further poisoning effects between Ti and Si are
avoided. As such, the interface of Al/TiB; is clean and strong interfacial
bonding is obtained. The present manipulation method by the well-
designed size and morphology of TiB, particles in TiBy/Al master al-
loys has a high potential for manipulating hypoeutectic Al-Si alloys to
realize the refinement of multilevel microstructures including a-Al,
eutectic Si and 0’ precipitates, thereby achieving an outstanding com-
bination of strength and ductility.

4. Conclusion

This work proposed an in-situ synthesis strategy by combustion
synthesis in Al-Ti-B reaction system to elaborately tune the size,
morphology and crystallographic terminated planes of TiB, particles in
TiBy/Al precursors. Furthermore, the designed TiB, reinforced Al-Si-
based composites were constructed and were found to exhibit enhanced
strength-ductility synergy.

(1) As the Al content or B/Ti ratio increases, the average size of TiBy
particles synthesized from the Al-Ti-B system decreases. When
the B/Ti ratio is 2.4, the final 20 wt% TiBy/Al precursor consists
of only Al matrix and Ti-terminated TiBy, and the as-synthesized
TiB, particles are predominantly in nanoscale with near-spherical
morphology and in submicron-scale with hexagonal morphology.
During the manipulation of Al-Si-Cu-based alloy by different size
of TiBy particles, the submicron-sized TiB, particles are more
likely to serve as a-Al heterogeneous nucleation sites or dissolve
into a-Al dendrites, while the nano-sized TiB; is repulsed to the
solid/liquid (S/L) interface and physically restricts the growth of
the a-Al dendrites. Hereinto, Al/TiB; and Si/TiB; interfaces also
exhibit good interfacial bonding with low lattice mismatch.
Nano/submicron-sized TiB, particles can significantly manipu-
late the microstructures of the Al-Si-Cu-based composites. Pri-
mary o-Al dendrites, eutectic Si and & precipitates of the are
substantially refined by 79.2%, 51.9% and 37.6% respectively
compared with the corresponding ones in the unmanipulated
Al-Si-Cu-based alloy.

By optimizing the spatial distribution of TiB, particles in the Al
matrix, the yield strength, ultimate tensile strength and elonga-
tion of the nano/submicron-sized TiBy particles reinforced
Al-Si-Cu-based composites are simultaneously increased by
26.2%, 17.0% and 69.2% compared with the unmanipulated
Al-Si-Cu-based alloy.

The nano/submicron-sized TiB; particles in the Al-Si-based alloy
perform superior refinement and strengthening effects than the
micro/submicron-sized TiBy particles or TiBy particles synthe-
sized by other methods.

2

(3)

(€Y

)

As such, this work provides a novel manipulative strategy for high-
performance Al-Si-based composites, which breaks through the
inherent strength-ductility trade-off limitation of conventional fabrica-
tion methods and obtains an outstanding combination of strength and
ductility in Al-Si-based composites.
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