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ABSTRACT 

High strength die-cast AlSi9Cu2Mg alloy strengthened by the addition of titanium diboride 

nanoparticles under as-cast condition was achieved with industrially acceptable ductility. The 

main intermetallic compounds in the die-cast AlSi9Cu2Mg alloy were identified as θ–Al2Cu 

and Q–Al5Cu2Mg8Si6 phases. The Fe-rich compound formed in the alloy with a high Mn/Fe 

ratio of 3:1 was determined as the BCC structured α–Al15(Fe,Mn)3Si2 phase with a lattice 

parameter of a = 1.2702 nm, and the Fe-rich compound had highly faceted morphology with 

{110} surface termination. The primary α-Al phase in the die-cast AlSi9Cu2Mg alloy was 

refined by 65 % from 18.1 μm to 6.4 μm, after adding 3.0wt.% titanium diboride 

nanoparticles. The titanium diboride nanoparticles in the alloy showed coherent interface 

with the Al matrix, with the (11-1) lattice face of Al parallel to the (0001) lattice face of 

titanium diboride. The as-cast AlSi9Cu2Mg alloy containing 3.0wt.% titanium diboride 

nanoparticles exhibited the high yield strength of 233±3 MPa and the tensile strength of 

398±7 MPa, as well as the industrially acceptable good elongation of 4.8±0.7 %, showing 23 % 

improvement in the as-cast yield strength over the alloy without reinforcement particles. The 

strengthening by nanoparticles with coherent interface (~32 MPa) was higher than that by 

refining the primary α-Al phase (~10 MPa). The addition of titanium diboride nanoparticles 

also affected the fracture because cracks were initialed from the eutectic Si phase in the alloy 

without particles, but from the Q and Fe-rich compounds in the alloy with 3wt.% titanium 

diboride nanoparticles. 

Keywords: Aluminium alloys; Microstructure; Mechanical properties; Intermetallic 

compounds; Interface.  
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1. Introduction 

        High pressure die casting (HPDC) is a highly efficient precision casting method for the 

massive production of lightweight aluminium or magnesium alloy parts in automobile, 

aerospace and other transport manufacturing industries. In HPDC, the Al or Mg alloy melts 

are injected into steel die cavities through a shot sleeve [1–5]. In industry, most of the HPDC 

parts are fabricated by traditional non-vacuum methods and not suitable for further 

strengthening by solution and ageing heat treatment due to the blistering in the HPDC parts 

after solution heat treatment [6–8]. Although the recently developed vacuum-assisted HPDC 

is a way to produce heat treatable die-castings [9–11], extra time and energy costs are 

associated in the production. Therefore, most of the HPDC parts are preferred to be used in 

as-cast state. 

        Aluminium alloys are more widely applied than Mg alloys due to the good corrosion 

resistance, and the urgent requirements of lightweight in transport. Unfortunately, the as-cast 

yield strength (YS) of the generally applied die-cast Al alloys are always in the range of 90–

170 MPa, of which the popular die-cast A380 Al alloy offers ~150 MPa [12,13]. Different 

investigations were tried to improve the as-cast YS of die-cast Al alloys via the regular alloy 

composition optimization, but the enhancements were not so significant considering that, in 

satisfaction of industrially acceptable ductility of 4 % in the standard tensile samples, the YS 

of die-cast Al alloys are still below 190 MPa [14–17]. Therefore, particle strengthening is a 

possible solution to achieve high strength for die-cast Al alloys under as-cast condition 

because of the strengthening effectiveness. 

        Various ceramic particles such as titanium diboride, alumina, silicon carbide, silicon 

nitride and titanium carbide were reported [18–26] for the reinforcement of gravity cast Al 

alloys or wrought Al alloys, but studies on the particle strengthening of die-cast Al alloys are 

quite insufficient [27]. The titanium diboride is a special particle that could be synthesized at 

nanoscale in Al melt by in-situ chemical reaction [28], and the titanium diboride 

nanoparticles are more wet-able with Al alloy melts. Therefore, the in-situ synthesised 

titanium diboride nanoparticle is possibly an ideal choice for the strengthening of die-cast Al 

alloys. 

       In this work, the titanium diboride nanoparticles were added into the AlSi9Cu2Mg die-

cast alloy melt for studying the high strength die-cast Al alloys under as-cast condition. The 

microstructure especially intermetallic compounds, mechanical properties, strengthening and 
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fracture mechanisms of the alloy were investigated to understand the effect of titanium 

diboride nanoparticles in the HPDC aluminium alloys. 

2. Experiments 

2.1. Preparation of alloy melts 

Table 1 shows the chemical contents of the AlSi9Cu2Mg die-cast alloys with different 

levels of titanium diboride (TiB2) nanoparticles. One electric resistance furnace was applied 

for melting the die-cast alloys at the temperature of 760 °C. 1.5 wt.% and 3.0 wt.% 

TiB2nanoparticles were added into the alloy melts via adding the in-situ synthesised Al and 

TiB2master alloy containing 10 wt.% TiB2 . The preparation and microstructure of the Al and 

TiB2 master alloy is described in 3.1.1. Argon was injected into the alloy melt through an 

impeller rotating machine at 400 rpm for degassing. The degassing time was set for 6 min. 

The final density index was controlled at a level of <0.3%. 

Table 1. Contents of elements in the experimental alloys (wt.%). 

Nanoparticle Si Mg Cu Mn Fe Ti B Sr Al 

0 9.02 0.47 1.98 0.55 0.18 0.12 0.001 0.019 Bal. 

1.5 8.98 0.48 1.97 0.56 0.17 1.16 0.472 0.019 Bal. 

3.0 9.03 0.48 1.99 0.55 0.18 2.20 0.938 0.020 Bal. 

2.2. HPDC and tensile tests 

A steel die was machined and fit on a 450-tonne cold chamber HPDC machine to make 

round mechanical testing bars with the gauge diameter of ϕ6.35 mm and the gauge length of 

50 mm. During HPDC. The die was preheated at 220 °C and the melts were poured at 700 

°C. The tensile properties of the as-cast bars were tested at ambient temperature using an 

Instron tensile machine. During tensile tests, the extension speed was controlled at 1 mm/min. 

A minimum of sixteen bars were tested for each condition, and the average values were 

applied as the final tensile performance. 

2.3. Microstructure analysis 

Scanning electron microscope (SEM) and transmission electron microscopy (TEM) 

were applied for the microstructure analysis of the die-cast AlSi9Cu2Mg alloys. Energy 

dispersive X-ray spectroscopy (EDS) under SEM was used for composition analysis, and 
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electron backscatter diffraction (EBSD) was applied for the analysis of grain size. Standard 

polishing and vibration polishing were used for the fabrication of SEM and EBSD samples, 

respectively, and ion polishing was applied to obtain TEM samples. SEM and TEM 

characterization were performed under 20 kV and 200 kV, separately. Bright-field and high-

resolution TEM (HRTEM) images as well as select area diffraction patterns (SADP) were 

obtained under high magnification TEM observation. X-ray diffraction (XRD) analysis was 

conducted on a D8 X–ray diffractometer in the 2 Theta range from 20° to 80°. 

 

3. Results 

3.1. Microstructure 

3.1.1. Al and TiB2master alloy 

        The Al and TiB2master alloy containing 10 wt.% TiB2nanoparticles was prepared via the 

in-situ chemical reaction of potassium tetrafluoroborate and potassium hexafluorotitanate 

salts in the 855 °C pure Al melt [28]. The TiB2nanoparticles were the chemical reaction 

products, and the reacted melt was poured into the ingots of Al and 10 wt.% TiB2master alloy. 

The microstructure of the Al and 10 wt.% TiB2master alloy was observed under SEM, as 

shown in Fig. 1a, and numerous TiB2nanoparticles were found distributing in the alloy. The 

in-situ generated TiB2nanoparticle shows the faceted shape under the high magnification 

TEM observation, as shown in Fig. 1b, which conforms with the previous works [29,30]. The 

SADP result in Fig. 1c and the HRTEM result in Fig. 1d confirms that the nanoparticle 

shown in Fig. 1b is TiB2. The in-situ formed TiB2nanoparticles were well characterized 

ranging between 0 and 450 nm with the mean size of approximately 100 nm [30], which are 

in good agreement with the present observations.  
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Fig. 1. Microstructure of the prepared Al and TiB2master alloy. (a) SEM morphology, (b) 

microstructure of the TiB2nanoparticle observed under TEM, (c) diffraction result and (d) 

high resolution micrograph of the TiB2shown in (b). 

 

3.1.2. Die-cast AlSi9Cu2Mg alloy 

3.1.2.1. Theoretical analysis 

        The AlSi9Mg0.5 alloy was reported as a high-performance cast Al alloy with excellent 

ductility and corrosion resistance, and the β–Mg2Si phase was the main compound in the 

alloy for strengthening [8]. Unfortunately, the AlSi9Mg0.5 alloy is not excellent for elevated 

applications due to the lower stability and easier coarsening of the Mg2Si precipitates. The 

addition of Cu can enable the AlSi9Mg0.5 alloy to be used at elevated temperatures, via the 

formation of Q and θ precipitates with higher thermal stability. Fig. 2 presents the evolution 

of different compounds in the AlSi9Mg0.5Cu alloy with Cu contents, via the theoretical 

calculation conducted on the thermodynamic software Pandat. The volume fraction of the β 

compound decreases with increasing the Cu content and disappears at ~1.0wt.% Cu. With the 

increase of Cu content, the volume fraction of Q compound increases obviously up to 

~1.0wt.% Cu, and the volume fraction of θ compound increases continuously. The total 
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volume fraction of β, Q and θ compounds increases continuously with increasing the Cu 

contents, which indicates the capability of continuous compound strengthening of the alloy. 

However, too much addition of Cu will increase the hot-tearing tendency of the alloy. The 

intention of present addition of 2.0wt.% Cu is to eliminate the formation of β compound and 

to achieve a desirable strengthening effect without significantly worsening the hot-tearing 

tendency of the alloy after adding TiB2 nanoparticles. 

 

Fig. 2. Theoretical analysis of the evolution of different compounds in the AlSi9Mg0.5Cu 

alloy with Cu content via the thermodynamic calculation. 

 

3.1.2.2. SEM morphology 

        Fig. 3 shows the microstructure of the as-cast AlSi9Cu2Mg alloy without the addition of 

TiB2 nanoparticles, under backscattered electron SEM observation. Fig. 3a presents the low 

magnification morphology of the die-cast alloy, and α–Al phases with two different grain 

sizes were observed, i.e., the larger primary α1–Al phase and the finer primary α2–Al phase, 

which was due to the difference of cooling rate in shot sleeve and steel die. The eutectic 

silicon phase and the primary α–Fe1 compound were also observed in Fig. 3a. The θ, Q, 

primary α–Fe1 and secondary α–Fe2 compounds were observed in the alloy, as shown in Fig. 

3b–d. The θ and Q compounds located at α–Al boundaries, while the α–Fe1 and α–Fe2 

compounds presented both at the α–Al boundaries and within the α–Al grains. The 

calculation conducted on the thermodynamic software Pandat showed that the α–Fe 

compound formed before the formation of α–Al phase, which provides the thermodynamic 

base for the presence of α–Fe compound in the α–Al grains. Yang et al. [31] also reported the 

presence of the early formed α–Fe compound in the α–Al grains of AlMg5.3Si2.4Fe1.0 (in 

wt.%) die-cast alloy. In addition, the θ compound is concentrated with Al and Cu, and the Q 
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compound is concentrated with Al, Si, Cu and Mg, while the two α–Fe compounds are 

concentrated with Al, Si, Mn and Fe, according to the EDS test patterns listed in Fig. 1S in 

the supplementary material. 

 

Fig. 3. SEM morphology of the as-cast AlSi9Cu2Mg alloy. (a) Micrograph of α–Al and 

silicon phases. (b) Distribution of the intermetallic compounds. (c) High magnification 

observation of θ and Q compounds. (d) High magnification observation of α–Fe compound.  

 

3.1.2.3. TEM confirmation of compounds 

        TEM analysis was performed to confirm the three kinds of compounds observed under 

SEM for the as-cast AlSi9Cu2Mg alloy. Fig. 4a presents the shape of θ compound under 

TEM, and the SADP in Fig. 4b verifies that the θ compound is the body centred tetragonal 

Al2Cu. Fig. 4c shows the shape of Q compound under TEM, and the SADP in Fig. 4d 

identifies that the Q compound is the hexagonal close packed Al5Cu2Mg8Si6. Fig. 4e presents 

the shape of α–Fe compound under TEM. The SADP in Fig. 4f confirms that the α–Fe 

compound is the body centred cubic Al15(Fe,Mn)3Si2, and the α–Fe compound has faceted 

shape with the termination of {110} planes. 
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Fig. 4. TEM verification of the intermetallic compounds in the as-cast AlSi9Cu2Mg alloy. (a) 

TEM micrograph and (b) SADP of the θ compound, (c) TEM micrograph and (d) SADP of 

the Q compound, (e) TEM micrograph and (f) SADP of the α–Fe compound. 

 

        According to the (110) interplanar distance shown in Fig. 4f, the lattice constant of the 

α–Fe compound in the alloy was identified as 1.2702 nm, and the obtained lattice constant 

also fits well with the disclosed lattice constant of the α–Fe compound elsewhere [32]. The 

Mn/Fe ratio affects the formation of Fe-rich compound [33], and the Fe-rich compound 

formed in the present alloy with a high Mn/Fe ratio of 3:1 was similar to that in 

AlMg5Si2Mn0.7Fe1.1 [32] die-cast alloy with a low Mn/Fe ratio of 0.64:1. 

3.1.2.4. Titanium diboride nanoparticles in die-cast alloys 

        Figs. 5 a and b show the TEM images of the as-cast AlSi9Cu2Mg alloy with the addition 

of 1.5wt.% TiB2 nanoparticles, and most of the TiB2 nanoparticles distribute at the grain 

boundaries (GB). Fig. 5c presents the SADP of the nanoparticle in Fig. 5b, and it verifies that 



10 

 

the nanoparticle is TiB2. Figs. 5d shows the TEM image of the as-cast AlSi9Cu2Mg alloy 

with the addition of 3.0wt.% TiB2 nanoparticles, and the majority of TiB2 nanoparticles 

locate at the GB as well, while the quantity of TiB2 nanoparticles in the GB is obviously 

increased. Li et al. [34] also noticed the presence of TiB2 nanoparticles at the GB during the 

3D printing of an Al–10Si–0.3Mg alloy. 

 

Fig. 5. TEM images of the TiB2 nanoparticles in the as-cast AlSi9Cu2Mg alloy.  (a,b) TEM 

micrograph and (c) SADP of the TiB2 nanoparticles in the alloy with the addition of 1.5wt.% 

TiB2 nanoparticles. (d) TEM micrograph of the TiB2 nanoparticles in the alloy containing 

3.0wt.% TiB2 nanoparticles. 

 

3.1.2.5. XRD analysis results 

        Fig. 6 displays the XRD analysis results of the as-cast AlSi9Cu2Mg alloy with the 

addition of 3.0wt.% TiB2 nanoparticles. The peaks of Al, Si, Q, θ, α–Fe (Al15(Fe,Mn)3Si2) 

and TiB2 phases were found in the XRD pattern, which agrees with the results from SEM and 

TEM analysis. No peaks of the other phases such as AlB2 and Al3Ti were found in the XRD 

pattern of the alloy, and this indicates that the TiB2 nanoparticles might not react with Al melt 

during casting. The TEM analysis result in Fig. 5 shows the sharp interface between the TiB2 

nanoparticles and the Al matrix, which also demonstrates that the TiB2 nanoparticles might 
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not react with Al melt during casting. However, nanoparticles such as AlB2 were reported 

[35] reacting with the solute atom Ti under the environment of Al melt and transforming into 

TiB2 nanoparticles, as TiB2 is more stable than AlB2 under Ti-containing Al melt, and this 

might be the reason that TiB2 nanoparticles did not react with Al melt here. 

 

Fig. 6. XRD analysis of the as-cast AlSi9Cu2Mg alloy with 3.0wt.% TiB2 nanoparticles. 

 

3.2. Tensile performance 

        The tensile performance measured from the as-cast AlSi9Cu2Mg die-cast alloys with 

and without nanoparticles is shown in Fig. 7. The addition of TiB2 nanoparticles could 

strengthen the AlSi9Cu2Mg die-cast alloy, and the tensile performance meets the trade-off of 

strength and ductility. The alloy without TiB2 nanoparticles have the YS of 191±2 MPa, UTS 

of 370±5 MPa and EI of 7.9±1.0 %. Meanwhile, the alloy containing 1.5wt.% TiB2 

nanoparticles shows the YS of 210±2 MPa, UTS of 381±6 MPa and EI of 6.6±1.0 %. The 

alloy with 3.0wt.% TiB2 nanoparticles demonstrates the YS of 233±3 MPa, UTS of 398±7 

MPa and El of 4.8±0.7 %. Although the elongation is significantly reduced, it is still within 

the industrially acceptable level, by which the minimum elongation from round standard bar 

is 4% and the corresponding minimum elongation from casting body will be >1.5% by 

experience estimation. It is known that gas porosities are inevitably included in high pressure 

die castings due to the entrapment of gas during high speed injection [6]. Gas porosities have 

more significant effect on El than YS and UTS [8,11], which results in the larger error bars 

on El than that of YS and UTS in Fig. 7b. From Figs. 7c and d, the as-cast AlSi9Cu2Mg alloy 

with 3.0wt.% TiB2 nanoparticles shows a minimum of 23 % improvement in YS and a 

minimum of 20 % enhancement in UTS. When comparing with the data from the exsting die-
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cast alloys  [12–17], it is seen a significant improvement in yield strength and UTS, which is 

important in  lightweight structures. 

 

Fig. 7. Tensile performance of the as-cast AlSi9Cu2Mg alloys with different amount of TiB2 

nanoparticles. (a) Representative curves of the tensile test, (b) mean values of the tensile 

performance, (c,d) comparison of the tensile performance of the AlSi9Cu2Mg die-cast alloy 

containing 3.0wt.% TiB2 nanoparticles with that of the existing die-cast Al alloys [12–17]. 

 

4. Discussion 

4.1. Strengthening mechanism 

4.1.1. Refinement of primary α–Al phase 

        The EBSD analysis results in Fig. 8 show the variation of grain size of α–Al phase in the 

as-cast AlSi9Cu2Mg alloys with the addition of TiB2 nanoparticles. Fig. 8a shows the inverse 

pole figure (IPF) of the as-cast alloy without TiB2 nanoparticles. Fig. 8b displays the 

statistical distribution of primary α–Al phase in Fig. 8a.  The mean diameter of α–Al phase in 

the alloy was measured as 18.1 μm. Fig. 8c presents the IPF of the alloy with  3.0wt.% TiB2 

nanoparticles, and Fig. 8d displays the statistical distribution of the α–Al phase in Fig. 8c. 
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The mean diameter of α–Al phase in the alloy 3.0wt.% TiB2 nanoparticles was refined by 65 

% to 6.4 μm. Similarly, the mean diameter of the α–Al phase in the alloy with 1.5wt.% TiB2 

nanoparticles was refined by 39 % to 11.1 μm. In addition to grain refinement, it was found 

that the columnar crystals nearly disappeared after adding TiB2, and the equiaxed grains are 

dominant in the microstructure of the alloy reinforced by TiB2 . Furthermore, the α–Al grains 

and eutectic Si phase are more randomly oriented after the addition of TiB2 in the alloys. The 

decrease of columnar crystals and orientation was also reported in the additive manufactured 

Al–Si cast alloys after adding nanoparticles [34,36]. The TiB2 nanoparticles are excellent 

heterogeneous nucleation sites of Al [37]. Meanwhile, the presence of nanoparticles in the 

alloy melts is capable of suppressing the grain growth [38]. These could be the possible 

reasons for refining the α–Al phase in the AlSi9Cu2Mg die-cast alloys with different amount 

of nanoparticles. It needs to be emphasized that TiB2 is normally recognised as not able to 

refine primary α-Al phase. However, the alloy itself contains some Ti or B in the melts. 

Therefore, the effect of grain refinement is still effective even only TiB2 particles were added 

into the melt during experiments. It also should be mentioned that Si has a poisoning effect 

on TiB2, which restrains the effectiveness of TiB2 on the grain refinement of hypoeutectic 

cast Al–Si alloys with a Si content of over 4wt.%. In the past, the common belief was that 

silicide compounds especially Ti–Si compounds coated on TiB2 particles [39] and resulted in 

the poisoning effect. However, the latest report [40] shows that Si atoms can segregate at the 

interface between TiB2 and aluminium, and disturb the formation of TiAl3 two-dimensional 

compound (2DC) that is critical for triggering the nucleation of α–Al on TiB2 for grain 

refinement. The prevention of forming TiAl3 compounds is the possible reason for Si 

poisoning in grain refinement.  

In accordance with the well accepted Hall-Petch theory [41], the YS (σys) of a material is 

inversely proportional to the square root of the grain diameter (d) of the phase in the material, 

as shown in Eq. (1).  

𝜎𝑦𝑠 = 𝜎𝑐 +
𝑘

√𝑑
                                                                                                                          (1) 

Where σc is the stress constant, i.e., the critical stress for the activation of the shift of the 

dislocation in the material, and k is the enhancement factor for the YS of the material. 

 

Therefore, the refinement of primary α–Al phase can result in the improvement of YS of the 

studied alloy. Based on Eq. (1), the increase of yield strength in the AlSi9Cu2Mg alloy with 



14 

 

1.5wt.% TiB2 nanoparticles is ~4 MPa, and that in the alloy with 3.0wt.% TiB2 nanoparticles 

is ~10 MPa. 

 

Fig. 8. EBSD analysis of the as-cast AlSi9Cu2Mg alloys. (a) Inverse pole figure and (b) 

statistical distribution of primary α-Al phase in the alloy without TiB2 nanoparticles, (c) 

Inverse pole figure and (d) statistical distribution of primary α-Al phase in the alloy with 

3.0wt.% TiB2 nanoparticles. 

 

4.1.2. Nanoparticle and interface 

        Fig. 9 displays the interface between the TiB2 nanoparticle and the Al matrix in the as-

cast AlSi9Cu2Mg alloy with 3.0wt.% TiB2 nanoparticles, which was observed at the zone 

axis of [11-20] of the TiB2 nanoparticle. Fig. 9a shows the TEM morphology of the observing 

TiB2 nanoparticle, and Fig. 9b presents the enlarged morphology of the TiB2 nanoparticle in 

Fig. 9a. Fig. 9c shows the HRTEM micrograph of the interfacial features between the 

observed TiB2 nanoparticle and the surrounding Al matrix in Figs. 9 a and b. The (11-1) 

lattice face of the Al matrix was found parallel to the (0001) lattice face of TiB2 nanoparticle 

(Fig. 9c), which indicates the existence of coherent interface between the Al matrix and the 

TiB2 nanoparticle. The fast Fourier transform (FFT) pattern of the observed interface clearly 
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confirms that the TiB2 nanoparticle has coherent interface with the surrounding Al matrix in 

the present studied alloy. 

 

Fig. 9. TEM images showing the interface between the TiB2 nanoparticle and the Al matrix 

in the as-cast AlSi9Cu2Mg alloy along the [11-20] zone axis of the TiB2 nanoparticle. (a,b) 

TEM micrographs of TiB2 particles, (c) high resolution micrograph and (d) FFT of the 

interface between Al-TiB2 phases. 

 

        As mentioned before, the yield strength of as-cast AlSi9Cu2Mg alloys with 1.5wt.% and 

3.0wt.% TiB2 nanoparticles are improved by 19 MPa and 42 MPa, respectively, when 

compared with the one without TiB2 nanoparticles. The contribution of grain refinement is 4 

MPa for the alloy with 1.5wt.% TiB2 nanoparticles and 10 MPa for the alloy with 3.0wt.% 

TiB2 nanoparticles. The contribution from the addition of nanoparticles is 15 MPa for the 

alloy with 1.5wt.% TiB2 nanoparticles and 32 MPa the alloy with 3.0wt.% TiB2 nanoparticles. 

Clearly, the strengthening from the addition of TiB2 nanoparticles is more effective than grain 

refinement. Usually the agglomeration is a significant concern for adding particles into Al 

melt. However, the in-situ creation of nanoparticles is beneficial for diminishing the 
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agglomeration. More importantly, the high-speed fluid shear generated during the die filling 

of HPDC was reported helpful for the uniform dispersion of particles [27]. Therefore, the 

particles in the present study are not prone to agglomeration under HPDC. Therefore, the 

ductility of the die cast samples is still acceptable when TiB2 particles is at a level of 3.0 

wt.%. 

 

4.2. Effect on fracture 

        Fig. 10 present the tensile fracture of the AlSi9Cu2Mg die-cast alloy with different 

amount of TiB2 nanoparticles. The α-Al phase, the eutectic Si phase, TiB2 particles and the 

compounds of θ, α–Fe and Q were recognized on the fractured surface, which conforms with 

the SEM observation in Fig. 3. The α-Al phase on the fractured surface is shown as dimples 

due to the ductile characteristic. Cracks are present in the silicon phase resulting from its 

relatively brittle nature [48–53], while seldom cracks were observed from the θ, α–Fe and Q 

compounds, which demonstrates that the main resources of cracks are silicon phase in the 

die-cast AlSi9Cu2Mg alloy without TiB2 nanoparticles. In the alloy with TiB2 nanoparticles, 

the TiB2 nanoparticles are present on the fractured surface in addition to the α-Al dimples, Si 

phase and θ, α–Fe and Q compounds. Cracks are mainly observed from the Q and α–Fe 

compounds, and hardly find from the Si phase and θ compound. The EDS analysis results of 

the silicon phase and the θ, α–Fe, and Q compounds on the fractured surface are shown in 

Fig. 2S in the supplementary material. 
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Fig. 10. SEM images showing the fractured surface of as-cast AlSi9Cu2Mg alloy, (a,b) 

without  TiB2 nanoparticles, (c,d) with 1.5wt.% TiB2 nanoparticles, (e,f) with 3.0wt.% TiB2 

nanoparticles. 

        According to the fracture analysis in Fig. 10, the addition of TiB2 nanoparticles affects 

the fracture mechanism in the die-cast AlSi9Cu2Mg alloy, and the die-cast alloy breaks more 

easily from the Q and α–Fe compounds than the silicon phase, after the addition of TiB2 

nanoparticles. The deformation ability of different phases themselves might not change much 

after the addition of TiB2 nanoparticles in the present AlSi9Cu2Mg die-cast alloy. However, 

distribution of Si phase may be varied because of the addition of TiB2 particles. This can be 

the possible reasons for the difference of fracture mechanism. 
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Fig. 11. Breaking mechanism of the as-cast AlSi9Cu2Mg alloys, (a) detail of the multiple 

phases in the die-cast alloys under SEM observation, (b) schematic diagram showing the 

fracturing mechanism. 

        Fig. 11a displays the sizes of the silicon phase and the compounds of θ, α–Fe and Q in 

the as-cast AlSi9Cu2Mg alloys under backscattered SEM observation. The size of silicon 

phase is much larger than that of the θ, α–Fe and Q compounds. Fig. 11b presents the 

schematic diagram showing the relative sizes of different phases in the AlSi9Cu2Mg die-cast 

alloys and the possible mechanism for breakage. The silicon phase is breakable [48–53], 

however, the size of the silicon phase is significantly larger than that of the TiB2 

nanoparticles, and cracks were not easy to form in the large silicon phase when interacted 

with the small hard TiB2 nanoparticles after loading. The size of θ compound is comparable 

to the size of TiB2 nanoparticles, however, θ compound is ductile and easy to deform under 

loading, so cracks hardly form in θ compound. The sizes of Q and α–Fe compounds are also 

comparable to the TiB2 nanoparticles, but these two phases are hard to deform, so Q and α–

Fe compounds were more easily to crack when interacted with the small hard TiB2 

nanoparticles after loading, and cracks formed in Q and α–Fe compounds, while cracks 

hardly formed in the silicon phase as Q and α–Fe compounds cracked in advance. Thus, the 

addition of the TiB2 nanoparticles promote the crack of the Q and Fe compounds instead of 

the crack of the eutectic silicon phase in the present as-cast AlSi9Cu2Mg die-cast alloys. 

 

5. Conclusions 

        High strength die-cast AlSi9Cu2Mg alloy was achieved under as-cast condition through 

the addition of TiB2 nanoparticles. The main results are summarized as below: 
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        (1) The die-cast AlSi9Cu2Mg alloy with 3.0wt.% TiB2 nanoparticles offers the yield 

strength of 233±3 MPa, ultimate tensile strength of 398±7 MPa, and elongation of 4.8±0.7 % 

under as-cast condition showing an improvement of 23 % in comparison with the alloy 

without TiB2 nanoparticles. 

        (2) The main intermetallic compounds in the as-cast AlSi9Cu2Mg alloy are identified as 

θ–Al2Cu and Q–Al5Cu2Mg8Si6 phases. The Fe-rich compound formed in the as-cast 

AlSi9Cu2Mg alloy with a Mn/Fe ratio of 3:1 was determined as the BCC α–Al15(Fe,Mn)3Si2 

phase with a lattice parameter of a = 1.2702 nm, and have a highly faceted morphology with 

{110} surface termination. 

        (3) The primary α-Al phase in the die-cast AlSi9Cu2Mg alloy with 3.0wt.% TiB2 

nanoparticles is refined to 6.4 μm from 18.1 μm in the alloy without TiB2 addition. The TiB2 

nanoparticles have coherent interface with Al matrix, in which the (11-1) lattice face of Al is 

parallel to the (0001) lattice face of TiB2. 

        (4) The as-cast yield strength of the die-cast AlSi9Cu2Mg alloy is strengthened by 42 

MPa with the addition of 3.0wt.% TiB2 nanoparticles. The contribution of the strengthening 

by nanoparticles is 32 MPa and that by refining the primary α-Al phase is 10 MPa. 

        (5) The addition of TiB2nanoparticles affects the fracture of as-cast AlSi9Cu2Mg alloy. 

The cracks are formed from the Q–Al5Cu2Mg8Si6 and α–Al15(Fe,Mn)3Si2 phases, rather than  

from the eutectic silicon phase in the TiB2  enhanced AlSi9Cu2Mg alloy under as-cast 

condition. 
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