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A B S T R A C T   

A comprehensive investigation of the trace additions of in situ novel bimodal-sized (nano and submicron) TiB2 
particles on the solidification behavior, microstructure and mechanical property evolution of Al–7Si–4Cu alloys 
were carried out through remelting and dilution-assisted ultrasonic vibration. The results showed that both the 
primary α-Al dendrites and eutectic Si structure were greatly refined in the presence of 0.7 wt% bimodal-sized 
TiB2 particles, with a reduction of 79.0% and 53.7% compared to the base alloy, which is far beyond the effi
ciency of micron-sized TiB2 particles. Additionally, the average diameter of the θ0 precipitates was greatly 
reduced by 32.7%. Thermal analysis revealed that the bimodal-sized TiB2 particles sharply shifted the nucleation 
temperature of primary α-Al from 600.7 �C to 607.1 �C; meanwhile, the corresponding recalescence undercooling 
decreased by 3.6 �C. More importantly, in contrast with the common dilemma of strength-ductility trade-off, the 
yield strength and elongation to fracture of the inoculated Al–7Si–4Cu alloy were simultaneously and signifi
cantly improved by 26.3% and 71.1%, respectively. In this work, the mechanisms of multiscale microstructure 
refinement and mechanical property enhancement by bimodal-sized TiB2 particles were systematically discussed.   

1. Introduction 

Hypoeutectic Al–Si alloys, which are primarily characterized by a 
unique combination of low density, good formability, high thermody
namic stability, low coefficient of expansion and excellent wear resis
tance, have been investigated extensively and are recognized as ideal 
candidates for automotive components [1–4]. However, it is also well 
documented that their strength and ductility still cannot meet the 
increasingly high requirements of some crucial structural parts due to 
the coarse α-Al dendrites and brittle and flaky eutectic Si phase that 
aggregates in the interdendritic regions [1,5]. 

To improve the mechanical properties of this metallic material, 

precipitates are often induced in the interior of the matrix to disrupt the 
dislocations in terms of precipitation strengthening, whereby the 
spatially dispersive nanosized θ0 precipitates, via the addition of the 
elemental Cu accompanied by a subsequent T6 heat treatment, are 
supposed to be the highly efficient strengthening phases [6], but the 
ductility may be somewhat sacrificed [7]. Additionally, Sr [8], Ce [9] 
and La [10] elements could effectively modify the flake-like eutectic Si 
into a fibrous morphology and then improve the ductility of the Al–Si 
alloys, but it seems that their effects on the primary α-Al are limited; 
thus, the strength of these alloys increases only marginally. Further
more, other modifiers, such as Al-Sc [11,12] for primary α-Al and 
eutectic Si modification, contain expensive rare earth elements and are 
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not commercially available for mass production due to their high cost. 
Actually, adding grain-refining particles as inoculants, accompanied by 
ultrasonic vibration, during the solidification of Al alloys is extensively 
recognized as the most effective and simplest method by which to pro
mote a reproducible, sound, uniform and refined equiaxed grain struc
ture, which then facilitates the improvement in both the strength and 
ductility of the alloy [13,14]. Normally, the standard grain-refining 
practice for industrial manufacturing is to introduce super
stoichiometric Al–Ti–B (e.g., Al-5wt%Ti-1wt%B, hereafter in weight 
percentage) master alloys, which usually contain micron-sized TiB2 and 
Al3Ti particles, into the molten Al [15,16]. It is widely accepted that the 
acquired efficient grain refining is attributed to the potential heteroge
neous nucleation sites that are provided by the TiB2 particles and the 
strong growth restriction effects of the solute Ti (dissolved from Al3Ti) 
for the α-Al crystals [16–18]. Nevertheless, the elemental Si in Al–Si 
alloys (when the Si content exceeds 3%) is likely to react with Ti and 
form Ti–Si compounds, which seriously degrade their nucleation, i.e., 
poisoning effects occur [19]. Moreover, the refinement of the second 
phases by the Al–5Ti–1B master alloy is even negligible, which therefore 
determines the marginal improvement in the mechanical properties. 
Similar results also occur for commonly used Al–Ti–C master alloys 
because both TiC and Al3Ti particles are unstable in Al–Si alloys and are 
very likely to react with Si [20]. Recently, Al–TiB2 master alloys con
taining only in situ TiB2 particles have been shown to possess high 
chemical stability and grain-refining potency in Al–Si alloys [21–23]. 
The most popular method to prepare potent in situ TiB2 particles is 
through the chemical reaction in the Al–K2TiF6–KBF4 system, but most 
of the particles are micron in size, which results in a lower grain-refining 
efficiency when compared with that of their nanosized counterparts. 
Moreover, alloys with micron-sized particle addition commonly un
dergo a strength-ductility trade-off [24–26]. Therefore, considerable 
research has been carried out to simultaneously achieve high strength 

and ductility by reducing the particle size from the traditional micro
nscale to the nanoscale [27–30]. 

More recently, innovative bimodal-sized particles, mainly a mixture 
of nano- and micron-sized particles, have been recognized as novel grain 
refiners. It has been recently suggested that they exhibit superior per
formance to those counterparts with single-sized particles [31,32]. In 
this regard, this approach may be expected to be a novel strategy for 
synergistically enhancing the strength and ductility of metallic material 
by adding a mixture of nanosized TiB2 particles and certain amounts of 
submicron-sized TiB2 particles. Nevertheless, to the best of our knowl
edge, the underlying reason for this response has not been fully under
stood. In comparison with well-reported single-sized reinforcements, 
there is little research on Al alloys that have been inoculated by in situ 
bimodal-sized TiB2 particles, particularly Al–Si alloys. 

In our work, the correlation between the microstructure and me
chanical properties of the Al–7Si–4Cu alloys inoculated by in situ 
bimodal-sized TiB2 particles was well established. Furthermore, the 
mechanisms controlling size and morphology of the primary α-Al den
drites, eutectic Si and θ0 precipitates and the mechanical properties of 
the inoculated alloys were systematically analyzed and discussed. This 
work may be a remarkable contribution to further scientific research and 
practical applications. 

2. Material design and fabrication 

In our work, two steps were involved in the experimental procedure: 
synthesis of Al–TiB2 master alloys, and remelting and dilution-assisted 
ultrasonic vibration. The relevant experimental set-ups and procedures 
are schematically illustrated in Fig. 1. 

Fig. 1. Fabrication processing of Al–7Si–4Cu alloys inoculated by bimodal-sized TiB2 particles assisted by ultrasonic vibration. (a) Mixture of Al powders, Ti powders 
and B powders by ball mixing; (b) condensing the blends into a cylindrical compact; (c) the synthesis process of Al–TiB2 master alloys; (d) remelting and dilution- 
assisted ultrasonic vibration; (e) pouring the melts at 750 �C; (f) cooling curve measurement with a refractory brick mold. 
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2.1. Synthesis of Al–TiB2 master alloy 

The preparation of the Al–20%TiB2 and Al–50%TiB2 master alloys 
included three steps: First, the three reactants, Al powder (99.5% purity, 
~48 μm), Ti powder (99.5% purity, ~25 μm) and B powder (99.5% 
purity, ~100 nm), were initially mixed uniformly using a ball mixing 
machine at 50 rpm for 30 h (see Fig. 1 (a)). Second, the blends were 
wrapped in rod-shaped Al foils and were consolidated into a cylindrical 
compact with dimensions of Ф30�40 mm under axial stress of approx
imately 60 kN for 15 s (see Fig. 1(b)). Finally, the compact was placed 
inside a vacuum sintering furnace with a heating rate of 30 �C/min (see 
Fig. 1 (c)). The graphite electrode rods inside the vacuum furnace 
worked as the heating source. As the temperature was mutated, a large 
amount of TiB2 particles were synthesized and this process lasted less 
than 5 s. 

2.2. Remelting and dilution-assisted ultrasonic vibration 

First, the as-received Al–7Si–4Cu alloys were remelted in a clay- 
bonded graphite crucible using a resistance furnace at 850 �C. Prior to 
the addition, the Al–20TiB2 master alloy was initially preheated in 
another resistance furnace and held isothermally at 550 �C for 2 h. Then, 
according to the addition levels of 0.1%, 0.3%, 0.7% and 1.0% TiB2 
particles, the Al–20TiB2 master alloy was fed into the Al–7Si–4Cu melts 
and was stirred sufficiently using a graphite rod for almost 3 min. Af
terward, the preheated niobium probe of the ultrasonic was immersed 
into the molten Al, about 25 mm below the melt surface, to further 
disperse the small-sized TiB2 particles under a frequency of 19.9 kHz for 
approximately 5 min, and then the probe was lifted out quickly. Sub
sequently, after slag removing and degassing, the melts were cast at 750 
�C into the permanent mold (preheated up to 100 �C) with dimensions of 
200 � 20�150 mm3, as shown in Fig. 1 (d and e). The alloys with 
Al–20TiB2 master alloy addition were denoted as BS-0.0, BS-0.1, BS-0.3 
BS-0.7 and BS-1.0. For comparison, Al–50TiB2 master alloy was also 
added at an addition level of 0.7% TiB2 particles, and the obtained alloy 
was referred to as MS-0.7. To maintain consistent experimental condi
tions, ultrasonic treatment was also conducted during the preparation of 
the Al–7Si–4Cu alloy without TiB2 particle addition. The chemical 
compositions of the fabricated Al–7Si–4Cu alloys are shown in Table 1. 

2.3. Thermal analysis 

To precisely determine the influence of bimodal-sized TiB2 particles 
on the thermal kinetics of the melts during cooling, the solidification 
behavior analysis of the Al–7Si–4Cu alloys with and without TiB2 par
ticle addition was conducted using a refractory brick mold (inner cavity 
dimensions: Ф45�50 mm; wall thickness: 20 mm) with a K-type ther
mocouple (tip at approximately 20 mm from the bottom of the mold) 
connected to the data acquisition system (see Fig. 1 (f)). The cooling rate 
of the brick mold was as low as 0.8 �C/s. The pouring temperature of the 
melts was also set at 750 �C, and a frequency of 40 Hz was used during 
the measurement. The characteristic temperatures were obtained 
through a careful comparison of the obtained cooling curves and their 
corresponding first derivatives and second derivatives, according to 

Ref. [33]. For convenience, the first noticeable transformation of tem
perature, in terms of the derivative, was the nucleation point, which was 
defined as TN. Furthermore, the minimum and maximum temperatures 
in the cooling curves during recalescence were defined as TMin and TG, 
respectively, and the recalescence undercoolings (ΔTα-Al and ΔTAl-Si) of 
the primary α-Al and eutectic Al–Si reactions were taken as the differ
ence between their TMin and TG values, respectively. 

2.4. Characterization 

The fabricated Al–20TiB2 master alloy was characterized by X-ray 
diffraction (XRD) equipment (Moldel D/Max 2500PC Rigaku, Japan) to 
determine the phase constituents, and then the in situ TiB2 particles 
were extracted with a 10 vol% hydrochloric acid solution. Field emission 
scanning electron microscopy (FESEM, JSM-6700F, Japan) was used to 
analyze the three-dimensional morphology of TiB2 particles. Solution 
treatment at 510 �C for 10 h, water quenching treatment and artificial 
aging treatment at 165 �C for 10 h were successively applied to the 
solidified Al–7Si–4Cu samples with and without TiB2 addition. Then, 
both the as-cast and heat-treated samples were mechanically ground, 
polished and finally etched with 5 vol% HBF4 solution. Afterward, op
tical microscopy (OM, Olympus PMG3, Japan), scanning electron mi
croscopy (SEM, Tescan vega3 XM, Czech Republic) equipped with an 
energy dispersive spectrometer (EDS), and high-resolution transmission 
electron microscopy (HRTEM, JEM-2100F, Japan) were used to char
acterize the microstructural evolution of the alloys. The size distribu
tions of the TiB2 particles, α-Al grains, eutectic Si, and θ0 precipitate were 
measured from the FESEM images, OM images, SEM images, and 
HRTEM images, respectively, using Nano Measurer software 1.2 [14]. 
For accuracy, more than 10 images were selected stochastically and 
analyzed for each phase to obtain the average value. Tensile tests of the 
heat-treated samples were carried out with a cross-section of 4.0�2.5 
mm2 and a gauge length of 10.0 mm using servo-hydraulic materials 
testing equipment (MTS, MTS 810, USA). 

3. Results 

3.1. Microstructural analysis of the synthetic Al–TiB2 master alloy 

As exhibited by the XRD spectrum in Fig. 2 (a), only the TiB2 and α-Al 
phases could be detected in both the Al–20%TiB2 and Al–50%TiB2 
master alloy, while no brittle Al3Ti compounds were discernable, which 
indicates that the reaction process proceeded completely. The TiB2 
particles in the Al–20%TiB2 master alloy are shown in Fig. 2 (b). It is 
interesting to find that the in situ TiB2 particles could be clearly divided 
into nano- and submicron-sized particles, as indicated by the dash- 
dotted lines. The submicron-sized particles mainly exhibited typical 
hexagonal prism shapes, while most of the nanosized particles presented 
a spheroidal morphology, which may be due to their incomplete growth. 
In addition, the TiB2 particles were isolated and were not clustered 
throughout the microstructure, which was highly beneficial for further 
dispersion during the melting process. To further demonstrate the size 
distribution and morphology of the as-fabricated bimodal-sized TiB2 
particles, the TiB2 particles were extracted and characterized by FESEM, 
as shown in Fig. 2 (c). According to the statistical histograms in Fig. 2 
(d), the size distribution of the TiB2 particles in the Al–20%TiB2 master 
alloy ranged from less than 100 nm–350 nm. In contrast, as shown in 
Fig. 2 (e and f), the TiB2 particles in the Al–50%TiB2 master alloy 
exhibited the similar morphology to those in the Al–20%TiB2 master 
alloy but were much larger, with an average particle size of 0.73 μm. 

3.2. Phase analysis of the Al–7Si–4Cu alloy 

The as-solidified microstructures and characteristic phases of the 
Al–7Si–4Cu alloy are clearly exhibited in Fig. 3. As observed from the 
OM micrograph in Fig. 3 (a), coarse primary α-Al dendrites and eutectic 

Table 1 
The chemical compositions of the fabricated Al–7Si–4Cu alloys (wt%).  

Alloy Element content 

Si Cu Fe V Ni Zn Al 

BS-0.0 6.80 4.02 0.11 0.02 0.010 0.010 Balance 
BS-0.1 6.91 3.90 0.10 0.007 0.010 0.020 Balance 
BS-0.3 6.72 4.06 0.09 0.01 0.002 0.008 Balance 
BS-0.7 6.85 3.86 0.12 0.02 0.030 0.020 Balance 
BS-1.0 6.95 4.05 0.11 0.02 0.006 0.009 Balance 
MS-0.7 7.01 3.95 0.11 0.01 0.005 0.005 Balance  
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phases in the interdendritic regions were present in the typical micro
structure of the Al–7Si–4Cu alloy. The backscattered electron (BSE) 
magnification micrographs in Fig. 3 (b and c) and the element mapping 
analysis spectra in Fig. 3(d–f) suggest that the eutectic phases were 
mainly composed of gray flake-like eutectic Si structures with needle- or 
plate-like morphologies and bright, large Al2Cu phases. Moreover, the 
Al2Cu intermetallic structures were interconnected with the eutectic Si 

in the interdendritic regions. 

3.3. Microstructures of the inoculated Al–7Si–4Cu alloys 

The grain-refining response of Al–7Si–4Cu alloys to the added in situ 
bimodal-sized and micron-sized TiB2 particles is clearly shown in the 
polarized optical micrographs in Fig. 4(a–f). Obviously, the Al–7Si–4Cu 
alloy without TiB2 addition presented a coarse and uneven dendrite 
structure, with an average grain size of up to 1150 μm. As shown in 
Fig. 4(b–e), the bimodal-sized TiB2 particles exhibited continuous and 
substantial grain refinement effects on the microstructures of 
Al–7Si–4Cu alloys with increasing addition levels. Upon minor addition 
of 0.1% bimodal-sized TiB2 particles, the coarse dendrites were signifi
cantly refined, with an average size of 367 μm. With a further increase in 
TiB2 particles, the morphology of α-Al gradually transformed into fine 
and equiaxed dendrites. At 0.7% bimodal-sized TiB2 particle addition, 
the grain size sharply decreased to 241 μm, a reduction of 79.0%. As the 
addition level of bimodal-sized TiB2 particles increased to 1.0%, the 
grain size was further reduced by 85.7%. Comparatively, as shown in 
Fig. 4 (f), although 0.7% of the micron-sized TiB2 particles could refine 
the grain size of the Al–7Si–4Cu alloy to 507 μm, the grain-refining ef
ficacy was visibly inferior to that of the bimodal-sized TiB2 particles. 

The size and morphologies of the eutectic Si in the Al–7Si–4Cu alloys 
with and without TiB2 particle addition in the as-cast state are clearly 
shown in the BSE micrographs in Fig. 5(a–f), and the detailed statistics of 
their lengths are illustrated in Fig. 5(m–r). The eutectic Si phase 
occurred as coarse and long structures, with an average size of 18.8 μm 
in the base alloy. Comparatively, the eutectic Si was well refined by the 
bimodal-sized TiB2 particles and gradually transformed from long 
needle-shaped structures to short structures with increasing addition 
levels. In particular, at 0.7% bimodal-sized TiB2 particle addition, the 
size of the eutectic Si was greatly reduced to 8.7 μm, a reduction of up to 
53.7%. In contrast, the micron-sized TiB2 could not substantially 
transform the size and morphology of the eutectic Si structure. It is well 
known that the solution treatment could also transform the size and 
morphology of the eutectic Si structure. Fig. 5(g–l) shows that the 
eutectic Si exhibited a much shorter structure or even a globular shape 
after heat treatment. Combined with the statistical graphs in Fig. 5(s–x), 
a significant refinement of the as-cast eutectic Si induced by the 
bimodal-sized TiB2 particles was still observed after heat treatment. 
Specifically, with a 0.7% addition level, the size of the eutectic Si 

Fig. 2. (a) XRD spectra of the Al–20%TiB2 and Al–50%TiB2 master alloys; (b) 
TEM micrograph of Al–20%TiB2 master alloy; (c) FESEM micrograph of the 
extracted TiB2 particles; (d) statistical analysis of TiB2 particle sizes in the 
Al–20%TiB2 master alloy; (e) FESEM micrograph of the extracted TiB2 particles; 
and (f) statistical analysis of TiB2 particle sizes in the Al–50%TiB2 master alloy. 

Fig. 3. (a) OM micrograph and (b–c) BSE micrographs showing the representative phase compositions in the as-cast base alloy and the corresponding EDS maps of 
(d) Al; (e) Si and (f) Cu. 
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decreased from 10.9 μm to 6.3 μm, with a reduction of 42.2%. 
In Cu-containing aluminum alloys, metastable precipitate phases are 

formed from the decomposition of a supersaturated solid solution during 
the precipitation process. The sequence of steps for the Al–Cu precipi
tation process is Alss→ Guinier Preston (GP I zones)→ θ" (GP II zones)→ 
θ’ →θ [34]. θ0 precipitate, a metastable phase with the stoichiometry of 
Al2Cu, is the dominant strengthening phase at the peak aging condition 
and exhibits a high-aspect-ratio plate-like morphology with coherent 
interfaces (001)θ’k(001)Al parallel to their broad faces. At approximately 
250 �C, θ0 precipitate transforms to the thermodynamically stable θ 
phase, which is incoherent with the Al matrix and results in decreasing 
mechanical properties [34]. Fig. 6 shows the diameter and morphology 
of θ0 precipitates in the Al–7Si–4Cu alloys without and with 
bimodal-sized TiB2 addition after artificial aging at 165 �C for 10 h. As 
shown in Fig. 6 (a, b and c), the coarse θ0 precipitates in the base alloy 
were greatly refined and the density was also enhanced with the addi
tion of bimodal-sized TiB2 particles. According to the statistical results, 
the average diameter of θ0 was reduced from 52�6.2 nm to 42� 3.5 nm 
with addition of 0.1% bimodal-sized TiB2 particles. When 0.7% 
bimodal-sized TiB2 particles were added, the average diameter of θ0

further decreased to 35�3.2 nm, a decrease of 32.7%. Moreover, the 
average thickness also decreased from 3.7�0.3 nm to 3.2� 0.2 and nm 
2.8�0.2 nm, respectively. Furthermore, the θ0 precipitates were 
distributed much more uniformly throughout the microstructure 
compared with those of the base alloy. The HRTEM micrograph and 
SAED pattern of area D in Fig. (c) were further shown in Fig. 6 (d) and 
(e), respectively. As observed, the interface between the θ0 precipitate 
and the α-Al matrix was identified to be very coherent, which was highly 
beneficial for the improvement in the strength. 

3.4. Tensile properties and fracture behavior 

Fig. 7(a) shows the engineering stress-strain curves of the 
Al–7Si–4Cu alloys inoculated with various addition levels of TiB2 par
ticles, along with the detailed statistical data given in Table 2. Overall, 
the yield strength (σ0.2), ultimate tensile strength (σb) and elongation to 
fracture (εf) of the inoculated alloys were improved simultaneously 
when compared to those of the base alloy. Upon the addition of 0.1% 
bimodal-sized TiB2 particles, σ0.2, σb, and εf. were enhanced to 273 MPa, 
398 MPa and 9.8%, significantly improved by 17.7%, 11.5% and 28.9%, 
respectively, relative to the low σ0.2 (232 MPa), σb (357 MPa), and εf 
(7.6%) values of the base alloy. This improving tendency continued until 
the 0.7% bimodal-sized TiB2 addition level. At this level, σ0.2, σb, and εf. 
were significantly enhanced to 293 MPa, 419 MPa and 13.0%, which 
were 26.3%, 17.4% and 71.1% higher than those of the base alloy. 

However, with 1.0% bimodal-sized TiB2 particle addition, the me
chanical properties were severely deteriorated. As shown in the SEM 
photograph in Fig. 7 (b), serious aggregations of the added bimodal- 
sized TiB2 particles formed at the interdendritic regions, as confirmed 
by the corresponding EDS elemental distribution maps in Fig. 7(c–f). In 
contrast, σ0.2, σb and εf of the Al–7Si–4Cu alloy with a 0.7% micron-sized 
TiB2 particle addition were enhanced by only 16.4%, 3.6% and 14.5%, 
respectively. Therefore, the bimodal-sized TiB2 particles exhibited a 
much higher strengthening and toughening efficiency. 

Fig. 8(a–e) shows the fracture morphology of the base alloy and al
loys with various TiB2 particle additions. As seen clearly, the Al–7Si–4Cu 
alloy exhibited evident irregular cleavage planes and few dimples, 
which were closely related to the blocky eutectic Si and the coarse α-Al 
dendrites. As shown in Fig. 8(f–i), the large and brittle eutectic Si in the 
base alloy, as the main source of stress concentration and thus crack 
propagation, led to the formation of an intergranular fracture under a 
load. However, smaller dimples were uniformly distributed in the 
Al–7Si–4Cu alloys with increasing the bimodal-sized TiB2 addition 
levels. In contrast, as shown in Fig. 8 (e), the alloy with micron-sized 
TiB2 particle addition exhibited much fewer and larger dimples than 
those alloys with bimodal-sized TiB2 addition, which also suggested that 
the latter underwent more serious plastic deformation prior to fracture; 
thus, higher strength and elongation were obtained. 

4. Discussion 

4.1. Microstructure refinement analysis 

As shown in the typical cooling curves (500–700 �C) in Fig. 9 (a), 
three main plateaus were successively involved during the solidification 
processing of the Al–7Si–4Cu melts with or without the addition of 
bimodal-sized TiB2 particles, which corresponded to the primary α-Al, 
eutectic Al–Si reaction, and eutectic Al2Cu reaction, respectively [35]. 
The relevant data, as summarized in Table 3, were derived from the 
cooling curves and their corresponding first (dT/dt) and second 
(d2T/dt2) derivatives in Fig. 9(d–e). The critical nucleation temperature 
of the base alloy was determined to be 600.7 �C. In contrast, the new 
α-Al crystals were initiated and shifted upward at 607.1 �C in the pres
ence of 0.7% bimodal-sized TiB2 particles. Furthermore, as clearly 
shown in Fig. 9 (b), the recalescence undercooling (ΔT) of the primary 
α-Al was reduced by 3.7 �C by the bimodal-sized TiB2 particles. All the 
above observations strongly indicated that the added bimodal-sized TiB2 
particles were highly potent at promoting the heterogeneous nucleation 
of α-Al crystals at a lower undercooling [36]. As the solidification pro
gressed, an Al–Si eutectic reaction occurred. The recalescence 

Fig. 4. The polarized optical micrographs of the as-cast Al–7Si–4Cu inoculated by various addition levels of TiB2 particles: (a) BS-0.0; (b) BS-0.1; (c) BS-0.3; (d) BS- 
0.7; (e) BS-1.0 and (f) MS-0.7. 
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Fig. 5. BSE micrographs showing the size and morphologies of the eutectic Si structure under the as-cast condition with the corresponding size statistics: (a, m) BS- 
0.0; (b, n) BS-0.1; (c, o) BS-0.3; (d, p) BS-0.7; (e, q) BS-1.0; and (f, r) MS-0.7. Additional BSE micrographs showing the size and morphologies of the eutectic Si 
structure under heat treatment condition with the corresponding size statistics: (g, s) BS-0.0; (h, t) BS-0.1; (i, u) BS-0.3; (j, v) BS-0.7 and (k, w) BS-1.0; and (i, x) 
MS-0.7. 
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undercoolings of the Al–Si eutectic for the alloys without and with 0.7% 
TiB2 particles were measured with a negligible difference, which were 
0.6 �C and 0.4 �C, respectively. However, the nucleation temperature 

and the growth temperature of the Al–Si eutectic decreased by 1.1 �C 
and 1.2 �C, respectively, which is a typical characteristic of eutectic Si 
refinement [4]. 

It is well accepted that the heterogeneous nucleation potency of 
nucleant particles is highly dependent on their crystallographic match
ing relationship with α-Al (typically <10%), which represents interfacial 
energy [37,38]. Fan [39] suggested that the added ex situ TiB2 particles 
could not effectively refine the microstructure of commercial pure Al. 
Other researchers have also noted that an Al3Ti layer formed from the 
excess Ti is required to trigger the TiB2 particles as the active nucleating 
particles [39–41]. Moreover, according to the edge-to-edge matching 
model developed by Zhang et al. [37], there exist only 2 crystallographic 
orientation relationships (ORs) between the TiB2 and α-Al phases, i.e., 
(200)Alk(1011)TiB2, [011]Alk[1210]TiB2 and (200)Alk(1120)TiB2, 
[112]Alk[1100]TiB2. In contrast, Al3Ti and α-Al phases have 4 ORs, i.e., 

Fig. 6. TEM micrographs taken in the [001]Al zone axis showing the diameter and morphologies of the θ0 precipitates in (a) BS-0.0, (b) BS-0.1 and (c) BS-0.7. (d) and 
(e) show the HRTEM micrograph and selected area electron diffraction (SAED) pattern of area D in Fig. (c), respectively. 

Fig. 7. (a) Engineering stress-strain curves of the Al–7Si–4Cu alloys with various addition levels of TiB2 particles; (b) SEM photograph showing the area with severe 
aggregation in BS-1.0 and the corresponding EDS elemental distribution maps of (c) Al; (d) Si; (e) Cu and (f) Ti. 

Table 2 
Engineering stress-strain curves of the Al–7Si–4Cu alloys with various addition 
levels of TiB2 particles.  

Alloy σ0.2(MPa) σb(MPa) εf(%) 

BS-0.0 232 � 4 357 � 10 7.6 � 1.0 
BS-0.1 273 � 6 398 � 12 9.8 � 1.2 
BS-0.3 286 � 6 409 � 11 12.6 � 1.2 
BS-0.7 293 � 8 419 � 13 13.0 � 1.4 
BS-1.0 225 � 5 337 � 13 5.5 � 1.6 
MS-0.7 270 � 4 370 � 14 8.7 � 1.3  
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Fig. 8. Fracture surface morphologies: (a) BS-0.0; (b) BS-0.1; (c) BS-0.3; (d) BS-0.7 and (d) MS-0.7. Corresponding EDS elemental distribution maps of (e) via a 
layered graphic of (f) Al; (g) Si and (h) Cu elements in the BS-0.0. 

Fig. 9. The cooling curves of the as-fabricated Al–7Si–4Cu melts. (a) Cooling curves of BS-0.0 and BS-0.7; (b) magnification of the shadowed area B in (a); and (c) 
magnification of the shadowed area C in (a). (d) The cooling curve of BS-0.0 and the corresponding first (dT/dt) and second (d2T/dt2) derivatives; (e) the cooling 
curve of BS-0.7 and the corresponding first (dT/dt) and second (d2T/dt2) derivatives. 

Table 3 
Characteristic temperature (�C) statistical data of the as-fabricated Al–Si–Cu melts with and without the addition of TiB2 particles during cooling.  

Alloy Primary α-Al Eutectic Al–Si  

TN,α-Al TM,α-Al TG,α-Al ΔTα-Al TN, Al–Si TM,Al–Si TG,Al–Si ΔTAl-Si 

BS-0.0 600.7 596.1 600.9 4.8 569.5 568.1 568.7 0.6 
BS-0.7 607.1 604.2 605.4 1.2 568.4 567.1 567.5 0.4  
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(111)Alk(112)Al3Ti, [110]Alk[201]Al3Ti; (111)Alk(112)Al3Ti, 
[110]Alk[110]Al3Ti; (200)Alk(200)Al3Ti, [011]Alk[021]Al3Ti and 
(200)Alk(200)Al3Ti, [010] Alk[010]Al3Ti. Additionally, the Al3Ti and α-Al 
phases show smaller interatomic spacing misfits and the interplanar 
spacing mismatches, which indicates that Al3Ti is more powerful than 
TiB2 as a grain refiner. Therefore, it is speculated that the TiB2 particles, 
with a monolayer of Al3Ti on their surface, acted as the heterogeneous 
nucleating substrates for primary α-Al. In addition, according to the free 
growth model proposed by Greer and coworkers [42], the size distri
bution of the nucleant particles is another important factor and plays a 
crucial role in determining the resultant grain refinement in terms of 
thermodynamics, which could be quantitatively related to the critical 
undercooling, as follows: 

ΔTfg¼
4γ

ΔSvd
(1)  

where ΔTfg is the critical undercooling required for the free growth of 
α-Al crystals; γ is the interfacial energy between the melt and the 
nucleating particles; ΔSv is the entropy of fusion per unit volume; and d is 
the diameter of the particles. 

For a given particle, the critical undercooling for free growth is also 
quantitatively determined. Accordingly, the new crystals will be pref
erentially initiated by the larger particles in terms of the thermodynamic 
driving force, while the smaller ones may be completely suppressed due 
to the released latent heat from the growing nucleated grains. 

Fig. 10 (a) shows the schematic illustration of the effects of bimodal- 
sized TiB2 particles during solidification. In our work, in contrast with 
the nanosized particles, the submicron-sized TiB2 particles were more 
energetically favorable for providing heterogeneous nucleation sites for 
α-Al crystals. However, only trace amounts of approximately 1.0% of the 
TiB2 particles were reported to have the opportunity to be activated for 
the nucleation of α-Al grains [42]. Once the steady crystal formed, the 
S/L interface advanced radially and started to grow toward the sur
rounding melt. Furthermore, the dispersed TiB2 particles in the melts by 
ultrasonic vibration underwent redistribution during solidification. A 
large proportion of the TiB2 particles, especially the nanosized particles, 
were driven to assemble onto the S/L interface by the reduction of 
surface energy, as shown in Fig. 11 (a), which also effectively restricted 
the growth of α-Al dendrites by impeding the diffusion of Al atoms onto 
the growing crystals and prevented the coalescence of dendrites at the 
end of α-Al solidification [28]. The significant grain refinement in our 
work could also be observed clearly from the electron backscatter 

diffraction (EBSD) analysis shown in Fig. 10 (b and c). Additionally, 
many submicron-sized TiB2 particles would be engulfed by the α-Al 
grains by the advancing S/L interface, as shown in Fig. 11 (b and c). The 
corresponding SAED pattern and HRTEM micrograph of area A in Fig. 11 
(c) were further shown separately in Fig. 11 (d) and (e). As observed, the 
interface between the TiB2 particles and the matrix was very clean. At 
the end of solidification, the final spatial configuration of the TiB2 par
ticles formed as illustrated in Fig. 11 (f). 

It is well known that Si has a low solid solubility in an Al matrix (the 
maximum of 1.65% at 577 �C [43]), which indicates that most Si solutes 
are rejected by the growing α-Al dendrites and lead to the coarse eutectic 
Si structure at the interdendritic regions, as shown in Fig. 5 (a). In other 
words, the available growth of the eutectic Si structure was restricted to 
the left space after the α-Al dendrite skeleton formed. Hence, the finer 
and equiaxed α-Al grains in the inoculated alloys facilitated the refine
ment and homogeneous distribution of eutectic Si due to the presence of 
more tortuous boundaries. Furthermore, the high concentrations of 
nanosized TiB2 particles pushed ahead of the equiaxed solidification 
front interacted with both the growing eutectic Si and eutectic Al and 
thus restricted solute redistribution between them, which also caused 
the refinement of eutectic Al–Si structure [18]. 

4.2. Mechanical property enhancement mechanisms 

In our work, the yield strength of Al–7Si–4Cu alloys was significantly 
enhanced with the bimodal-sized TiB2 particle addition. The relevant 
strengthening mechanisms are mainly involved in grain-refinement 
strengthening, Orowan strengthening, and thermal-mismatch strength
ening [14], as schematically illustrated in Fig. 12. To figure out the 
contributions of every strengthening mechanism, the BS-0.1 and BS-0.7 
alloys were deliberately chosen for theoretical analyses. 

In our work, the grain sizes of primary α-Al dendrites greatly 
decreased in the presence of bimodal-sized TiB2 particles compared to 
those in the base alloy, as observed from Fig. 4. Accordingly, the 
resultant increase in grain boundary density improved the yield strength 
to some extent. The relationship between the grain size and the yield 
strength was well described by the classical Hall-Petch relationship, as 
follows [14]: 

ΔσHP¼ k

0

B
@d�

1
2 � d�

1
2

0

1

C
A (2)  

where k (74.0 μm1=2[14]) is the Hall-Petch slope, and d and d0 are the 
average grain sizes of the base alloy and the alloys with TiB2 addition. 
According to equation (2), the grain refinement contributed only 1.7 
MPa and 2.6 MPa to the yield strength of the BS-0.1 and BS-0.7 alloys, 
respectively. 

Due to the difference in the thermal expansion coefficient between 
the TiB2 particles (7.8 � 10-6 K-1) [26] and the matrix (23.6 � 10-6 K-1) 
[14], a large density of geometrically necessary dislocations would be 
generated in the vicinity of the TiB2 particles during water quenching 
immediately after solution heat treatment. The interaction between the 
TiB2 particles and these dislocations played an important role in the 
increase in yield strength, which was quantitatively determined as fol
lows [14]: 

ΔσCTE ¼ ηGbρ1
2 (3)  

ρ¼ 12Δα ΔT VP

bDð1 � VPÞ
(3a)  

where G is the shear modulus (26.2 GPa [14]), b is the Burgers vector of 
the matrix (0.286 nm [14]), Vp and D are the volume fraction and 
average diameter of the reinforcements (78.2 nm), η is a constant of 
approximately 1.25 [14], Δαis the difference in the coefficient of 

Fig. 10. (a) Schematic illustration of the effects of bimodal-sized TiB2 particles 
during solidification. EBSD analysis of Al–7Si–4Cu alloys without and with TiB2 
particle addition: (b) BS-0.0 and (c) and BS-1.0. 
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thermal expansion (CTE) between the Al matrix and reinforcements; and 
ΔT (510 �C) represents the difference between the processing temper
ature and the mold temperature. According to equations (3) and (3a), 
the increased dislocation density contributed 15.1 MPa and 39.9 MPa to 
the yield strength of the BS-0.1 and BS-0.7 alloys, respectively. 

Furthermore, according to the Orowan strengthening effect [29], the 
bimodal-sized reinforcement (<1 μm) made a crucial contribution to the 
significant improvement in yield strength. In our work, the small TiB2 
particles pinned down the dislocations and thereby strengthening the 
alloys, as described by equation (4) [14]. 

∆σTiB2 ¼
0:13Gb

D

2

4ð2VPÞ
� 1

3 � 1

3

5

ln
D
2b

(4) 

According to equation (4), the Orowan strengthening effect by TiB2 
particles contributed 7.3 MPa and 15.6 MPa to the yield strength of the 
BS-0.1 and BS-0.7 alloys, respectively. 

In addition, as shown in Fig. 6 (a and b), the average diameter of the 
plate-like θ0 precipitates was refined from 52 nm to 42 nm and 35 nm; 
meanwhile, the density was also enhanced. It has been reported that 
second phase particles could greatly affect the aging kinetics of the 
precipitates [6,44]. In the existence of TiB2 particles in our work, the 
enhanced dislocations around the TiB2 ceramic particles due to the 
difference in the CTE promoted the segregation of elemental Cu and then 
acted as the nucleation sites for θ0 precipitates during aging [44]. Thus, a 
finer and more uniform θ0 phase precipitated out. The finer θ0 pre
cipitates could strongly impede the moving dislocations during defor
mation, which led to the increased yield strength in terms of 
precipitation strengthening, as described by the modified Orowan 

Fig. 11. TEM micrographs showing the distribution of (a) the nanosized TiB2 particles in BS-0.7 along the grain boundaries; (b) and (c) submicron-sized TiB2 particle 
within the α-Al; (d) and (e) the corresponding SAED pattern and HRTEM micrograph of the submicron-sized TiB2 particle in area A. (f) Schematic illustration of the 
spatial configuration of TiB2 particles. 

Fig. 12. (a) Schematic illustration of the strengthening and toughening effects of bimodal-sized TiB2 particles on Al–7Si–4Cu alloys during deformation.  
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equation [45]: 

Δσθ’ ¼
MGb

2π
ffiffiffiffiffiffiffiffiffiffiffi
1 � υ
p

0

B
B
@

1

1:123d
ffiffiffiffiffiffiffiffiffi
0:318π

af

q
� πd

8 �
1:061d

a

1

C
C
Aln

0:981d
ab

(5)  

where M, υ, f and a represent the Taylor factor for Al (approximately 
equal to 3 [44]), Poisson’s ratio (1/3 for Al [44]), the volume fraction 
and the aspect ratio of the θ0 precipitates (a ¼ d/t, where t and d are the 
thickness and diameter of the precipitates), respectively. According to 
Ref. [46], f was estimated to be 4.5% for this work. By substituting the 
values of M, υ, f, a, d and t into equation (5), it was found that the 
contributions from the θ0 phase in BS-0.1 and BS-0.7 alloys are 26.2 MPa 
and 50.8 MPa higher than that in the base alloy, respectively. 

In conclusion, the yield strength (σT) of Al–7Si–4Cu alloy with 0.7% 
bimodal-sized TiB2 particle addition could be predicted as follows [14]: 

σT ¼ σ0 þ ΔσHP þ
�
ðΔσOrwanÞ

2
þ
�
ΔσCTE

�2
i1=2

(6) 

According to equation (6), the introduction of 0.1% and 0.7% 
bimodal-sized TiB2 particles theoretically contributed 38.3 MPa and 
79.6 MPa to the yield strength of the Al–7Si–4Cu alloy, which agrees 
well with the actual values, as shown in Table 2. Based on the theoretical 
analysis above, the significant improvement in the yield strength of the 
inoculated alloys could be primarily attributed to the thermal-mismatch 
strengthening, θ0 precipitation strengthening and Orowan strengthening 
effects by the bimodal-sized TiB2 particles. Moreover, grain-refinement 
strengthening effect also partly accounted for this improvement. 

In our work, the ductility of the Al–7Si–4Cu alloy inoculated by 0.7% 
bimodal-sized TiB2 particles was also greatly improved by 71.1%, when 
compared to that of the base alloy. It is well known that the improved 
ductility of Al–Si alloys was mainly attributable to three possible 
mechanisms: gain refinement of α-Al dendrites, eutectic Si refinement 
and the introduction of in situ bimodal-sized TiB2 particles [47,48]. 
With the addition of 0.7% TiB2 particles, the coarse grain structure in the 
base alloy was transformed into much finer equiaxed crystals, a reduc
tion of 79.0%. Generally, the significantly refined α-Al grain structure 
could suppress the crack initiation and propagation because the cracking 
path was much more tortuous with the remarkable increase of the 
density of grain boundaries [6]. Moreover, according to previous studies 
[48,49], the relationship between uniform elongation (eF) of the Al–Si 
alloys and the average particle size of eutectic Si (dSi) could be described 
by a lognormal relationship, as follows: 

eF ¼ α⋅ðdSiÞ
β
ðα> ; β< 0Þ

It is well acknowledged that the long needle-shaped eutectic Si 
structure, as the crack source site, is more prone to cracking. With the 
addition of 0.7% in situ bimodal-sized TiB2 particles, in our work, the 
coarse eutectic Si structure was significantly refined by 53.7%. As a 
result, the stress concentrations around eutectic Si were greatly reduced 
during plastic deformation and crack initiation became more difficult. 
Furthermore, it is worth mentioning that the particle size of the added 
TiB2 was a mixture of nano- and submicron-sized TiB2 particles. Unlike 
their micron-sized counterparts, these small particles were much more 
impossible to cause stress concentrations. In addition, according to a 
recent study [47], the nanosized TiB2 particles with uniform distribution 
along the grain boundaries could also effectively constrain crack prop
agation and lead to crack branching or deflection in different directions 
during deformation. 

5. Conclusions  

(1) Bimodal-sized TiB2 particles were in situ synthesized in an 
Al–Ti–B system, wherein no brittle Al3Ti compound was found. 

The size distribution of synthesized TiB2 particles ranged from 
less than 100 nm to 350 nm. 

(2) The bimodal-sized TiB2 particles could effectively refine the pri
mary α-Al dendrites and eutectic Si by 79.0% and 53.7%, 
respectively, which was far beyond the efficiency and ability of 
the micron-sized TiB2 particles. The added bimodal-sized TiB2 
particles were highly potent at promoting the heterogeneous 
nucleation of α-Al crystals at a lower undercooling. Meanwhile, 
the finer primary α-Al dendrites also led to the refinement of the 
Al–Si eutectic due to the reduction in growing space. Addition
ally, the θ0 precipitates was also greatly refined by 32.7%. 

(3) The strength and ductility of Al–7Si–4Cu alloys were simulta
neously enhanced with in situ bimodal-sized TiB2 particle addi
tion. At 0.7% bimodal-sized TiB2 addition, the yield strength, 
ultimate tensile strength and elongation to fracture of the 
Al–7Si–4Cu alloy were significantly enhanced by 26.3%, 17.4% 
and 71.1% over those of the base alloy, respectively. The 
increased strength could be primarily ascribed to the thermal- 
mismatch strengthening, θ0 precipitation strengthening and the 
Orowan strengthening effects by bimodal-sized TiB2 particles. 
Moreover, the grain-refinement strengthening effect also partly 
accounted for this improvement. The significant refinement of 
the α-Al dendrites and eutectic Si and the small size of the 
bimodal-sized TiB2 particles may effectively account for the 
excellent elongation. 
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