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Abstract:



The effects of Zr additive on the microstructure, mechanical properties, and fracture behavior of Al-Si alloy were systematically investigated. The additive of Zr obviously reduced the size of Si particles and changed its morphology. Grain size refinement was promoted by the reaction between Al and Zr forming Al3Zr and ZrSi2 compounds. Compared to a Zr-free alloy, the additive enhanced the tensile strength, compressive strength, shear strength, and hardness. The optimized Zr content was 2.4 wt % corresponding to a tensile strength of 231.1 MPa, compressive strength of 343.1 MPa, shear strength of 174.9 MPa, and hardness of 85.5 HV, greater than those of the Zr-free alloy. This illustrates that fine-grain strengthening and the existence of a second phase can improve the mechanical properties of Al-Si alloy. The fracture surface of Al-Si alloy without Zr additive showed a brittle fracture mode and there were no pits on the fractured surface. In the presence of Zr addictive, a typical plastic deformation with a large amount of pits was evidenced.
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1. Introduction


There is an increasing need of outperforming materials having properties matching societal needs. Among advanced engineering materials for aerospace and automotive applications, Al-based metal matrix composites (MMC) stand out for their excellent mechanical properties, such as low density, high plasticity and strength, and good fatigue and wear resistance [1,2,3,4,5]. Up to now, aluminum–silicon (Al-Si) alloys have been extensively used because of their excellent castability, low coefficient of thermal expansion, good corrosion resistance, and high strength-to-weight ratio [6,7,8]. Al-based metal matrix composites finds application in many industries, including automotive, military, aerospace, and electronics [9,10]. The limitation of aluminum is still with regard to its low mechanical properties. In previous works [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24], it was found that the plasticity and wear resistance of Al-Si alloy are reduced because of the presence of undesired thick and irregular silicon precipitates, also causing the poor machinability. There are two different ways to enhance the mechanical properties: one is to act on the processing, the other one is by modifying the chemical composition.



The composition modification has been considered effective to design the morphology and size of silicon particles. Therefore, many chemical elements have been considered for this purpose, these include earth-abundant elements (TiC, TiB2, Sr, and Na), and rare earths (Er, Sb, Ce, La, Yb, Eu, and Sc [11,12,13,14]. Prukkanon et al. [15] investigated the effect of Sc on the modification of Al-6Si-0.25Mg alloy. Experiments show that the eutectic composition of Al-6Si-0.25Mg can be modified with the addition of Sc as low as 0.2 wt %. Pandee et al. [16] investigated the effect of Er on the micro-structural evolution and mechanical properties of the Al-7Si-0.3Mg alloy, they reported that Er refined the primary Al grain size and eutectic Si particles. With an addition as low as 0.2 wt % Zr, the grain size of the as-cast alloy was refined, and the solid solution forms a secondary Al3Zr phase, which enhanced the mechanical strength [17]. The hardness of theA319 aluminum cast alloy in both as-solutionized and age-hardened conditions is improved with small additions of Zr [18]. The effects of the Gd and Zr additions of A356 cast alloys have been systematically investigated with respect to grain size refinement and eutectic Si modification [19], and both Gd and Zr promoted grain refinement of A356 alloy. A fine grain changes the micro-structure of the material, which leads to the change of the mechanical properties. Therefore, it is very meaningful to understand the additive of an alterant on the micro-structure and mechanical properties of Al-Si alloy.



Powder metallurgy (PM) is a well-established method for the fabrication of MMC [20,21]. The pressure-assisted PM method include hot pressing (HP) and hot isostatic pressing (HIP). Most of the literature is focused on HP and only few reports are on use of HIP. In this work, the effect of Zr additive on the micro-structure and mechanical properties of Al-Si alloy prepared using HIP was systematically investigated. The reinforcement mechanisms were also discussed.




2. Experimental Procedure


The quality percentage of different contents in Al–Si alloys were shown in Table 1. The Al-Si alloys with different Zr contents of 0 wt %, 1.0 wt %, 1.5 wt %, and 2.4 wt % were named as Alloy 1, Alloy 2, Alloy 3, and Alloy 4, respectively. Firstly, 128.2 g aluminum powder (50 μm, 99.9%), 13.6 g silica powder (60 nm, 99.9%), and Zr (50 μm, 99.9%) with different quality (0 g in Alloy 1, 1.4 g in Alloy 2, 2.1 g in Alloy 3, and 3.5 g in Alloy 4) were weighed and mixed for one hour using a ball milling machine at room temperature. After freeze drying and sieving, the mixture was loaded in a rubber bag and cold isostatically-pressed under a pressure of 100 MPa. Dense alloy was consolidated by HIP (QIH-15, ABB, Zurich Switzerland) at 800 °C for 30 min under 70 MPa. Specimens were cut using electrical discharge machining. After polishing and ultrasonic cleaning using water and ethanol, the surface of samples was observed using an optical microscope (OM) (Zeiss MFA 2, MF, Jena, Germany).



Table 1. The quality percentage of different contents in experimental alloys.







	
Alloy

	
wt % (Al)

	
wt % (SiO2)

	
wt % (Zr)






	
Alloy 1

	
90.4

	
9.6

	
0




	
Alloy 2

	
89.5

	
9.5

	
1.0




	
Alloy 3

	
89.1

	
9.4

	
1.5




	
Alloy 4

	
88.2

	
9.4

	
2.4










The density of the consolidated samples was evaluated by the Archimedes’ principle. The Vickers hardness of Al-Si alloy was measured using a hardness tester (HX-1000TM, Taiming, Shanghai, China) with the load of 100 gf. The tensile, compressive, and shear tests were carried out by using an Instron 4204 universal testing machine (Mini MFA 2, MF, Jena, Germany) at a crossing speed of 1 mm/min. The fracture surface of tensile samples was observed and analyzed using a scanning electron microscope (SEM) (FEI, Hillaboro, OR, USA) equipped with an energy dispersive spectrometer (EDS) (Octance Super, EDAX, Mahwah, NJ, USA). Phase analysis was performed using X-Pert PRO-MPD (PANalytical B.V., Almelo, The Netherlands) with Cu Kα radiation.




3. Results and Discussion


3.1. Micro-Structure Characterization


Figure 1 shows the optical microscope images of Al-Si alloys with different Zr amounts. The black arrows points to the silicon particles having different morphology and dimension and, in the unmodified Al-Si alloy, the size of silicon particles (gray area) is very large and have the phenomenon of reunion, as shown in Figure 1a. In contrast, when Zr was added to the Al-Si alloys, the silicon particles become progressively smaller, as shown in Figure 1b–d. When the Zr additive is 1.0 wt %, the size of dispersive silicon particles was reduced and it distributed uniformly within the matrix, as shown in Figure 1b. When the Zr content is 1.5 wt %, the size of the dispersive silicon particles was reduced compared to the unmodified Al-Si alloys and was not uniform, as shown in Figure 1c. When the Zr content was 2.4 wt %, the size of the dispersive silicon particles was reduced significantly compared to the alloys with other content of Zr and distributed uniformly in the basic material, as shown in Figure 1d. There are no holes in the optical microscope images, as shown in Figure 1, and Table 2 shows the theoretical density and the actual density of four different kinds of Al-Si alloy. The actual density is almost the same with the actual density and that means the Al-Si alloys are compact.


Figure 1. Metallography images of Al-Si alloys with different contents of Zr: (a) unmodified, Alloy 1; (b) 1.0 wt % Zr, Alloy 2; (c) 1.5 wt % Zr, Alloy 3; and (d) 2.4 wt % Zr, Alloy 4.
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Table 2. The quality ratio of alloys elements and the quality percentage of Zr.







	
Alloy

	
Theoretical Density (g/cm3)

	
Actual Density (g/cm3)






	
Alloy 1

	
2.78

	
2.78 ± 0.02




	
Alloy 2

	
2.80

	
2.82 ± 0.02




	
Alloy 3

	
2.80

	
2.82 ± 0.02




	
Alloy 4

	
2.81

	
2.81 ± 0.02










According to the theory [22], when adding an element to an alloy which has low diffusivity and solubility could relate to grain coarsening. Zr has the lowest diffusion coefficient in aluminum among the transition metals [22], and aluminum base alloys result in the formation of an Al3Zr phase with the addition of Zr. The XRD result shown in Figure 2d confirmed the formation of Al3Zr. In binary Al-Zr alloys, Al3Zr can form either as a semi-coherent tetragonal equilibrium phase or as coherent cubic form. Both forms are expected to form low-energy interfaces with the Al matrix [23]. Due to the low solubility and diffusivity of Zr in the Al matrix, these coherent particles are stable, resulting in Si particle refinement [18].


Figure 2. X-ray diffraction (XRD) patterns of Al-Si alloys with different contents of Zr: (a) unmodified, Alloy 1; (b) 1.0 wt % Zr, Alloy 2; (c) 1.5 wt % Zr, Alloy 3; and (d) 2.4 wt % Zr, Alloy 4.
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Figure 3 shows the SEM of Al-Si alloys with different contents of Zr. The size of silicon particles in light gray area is large and evidences the phenomenon of reunion for the unmodified Al-Si alloy, as shown in Figure 3a. In contrast, when Al-Si alloys were modified with the addition of Zr, the size of the silicon particles became smaller, as shown in Figure 3b–d. When the Zr additive was 1.0 wt %, there are many second phases, as shown in Figure 3b. When the Zr content was 1.5 wt %, more second phases are evidenced in Figure 3c. When the Zr content is 2.4 wt %, there are many small shiny second phases, more than the other samples (Alloy 1–3), as shown in Figure 3d. According to the binary Al-Zr diagram, dispersoid precipitation is possible when the Zr concentration is greater than 0.08% at a temperature of 500 °C [18]. Here, the dispersoid precipitation is also expected to occur at 800 °C using HIP. A peritectic reaction provides heterogeneous nuclei for α-Al nucleation due to the Al3Zr particles’ formation, leading to the obvious grain refinement [24]. The micro-structure of the Al-based metal matrix composites is not changed with the addition of Zr in the as-cast condition, and the only significant change is the dendrite arm spacing (DAS) which is caused by the Zr [18]. This has also been reported by Prangnell et al. [23], who studied the dispersoid precipitation in Zr-containing Al-based metal matrix composites.


Figure 3. SEM of Al-Si alloys with different Zr content: (a) unmodified, Alloy 1; (b) 1.0 wt % Zr, Alloy 2; (c) 1.5 wt % Zr, Alloy 3; and (d) 2.4 wt % Zr, Alloy 4.
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Figure 4 shows the elemental mapping results. The main elements of the second phase are Al, Si, and Zr. Figure 5 shows the EDS results of the second phase, and the fractions of the Al, Si, and Zr were about 67.47%, 11.9%, and 20.63%. Combined with the XRD result, as shown in Figure 2d, the second phase are Al3Zr and ZrSi2—the oxygen form the starting SiO2 formed Al2O3. Some of the Zr is distributed around the Si, which is related with Si and Al hindering the Si particle growth.


Figure 4. Elemental mapping of sample with the adding of 2.4 wt % Zr in Al-Si alloy:(a) SEM; (b) Al element; (c) Si element; (d) Zr element; (e) O element; and (f) element ratios.
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Figure 5. SEM micro-structure and EDS (energy dispersive spectrometer) analysis of the Al-Si alloys with 2.4 wt % Zr: (a) morphology; and (b) EDS of the intermentallic compound containing Al, Si, and Zr.
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Figure 6 includes the TEM (transmission electron microscope) (Jeol Inspect F50, Jeol, Tokyo, Japan) images of Al-Si alloys with 2.4 wt % contents of Zr. It could be observed in any areas because the microstructure of Al-Si alloy is uniform. The selected area electron diffraction (SAED) (FEI, Hillaboro, OR, USA) pattern recorded the zone axis of [02[image: ]] Al and is presented in Figure 7a and the area of the SAED results are shown in Figure 6c. The zone axis of [[image: ]20] Si is presented in Figure 7b and the area of the SAED results are shown in Figure 6a,b. The zone axis of [[image: ]48] Al2O3 is presented in Figure 7c and the area of the SAED results are shown in Figure 6c. The zone axis of [6[image: ]6] ZrSi2 is presented in Figure 7d and the area of the SAED results are shown in Figure 6d. The results in Figure 6 and Figure 7 suggests that the in situ reactions reached competition. Based on the literature [18], the grain of the Al-based metal matrix composites could be refined after adding Zr, leading to the fine-grain strengthening effect. The fine precipitates generated by the reaction with Al-Zr-Si (Al3Zr and ZrSi2) induced improvement in mechanical properties described in the section below.


Figure 6. TEM images of Al-Si alloys with 2.4 wt % Zr. (a) Si ; (b) Si after amplification; (c) Aluminium Matrix; (d) the second phase.
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Figure 7. The SAED (selected area electron diffraction) pattern of sample with the adding of 2.4 wt % Zr in Al-Si alloy: (a) Al; (b) Si; (c) Al2O3; and (d) ZrSi2.
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3.2. Mechanical Properties


Table 3 lists the tensile strength, yield strength, elongation, compressive strength, shear strength, and hardness of Al-Si alloys with the different Zr contents. The mechanical properties of Al-Si alloys were improved obviously after adding Zr element compared to the unmodified alloys. It is reported that the hardness of the Al-based metal matrix composites is enhanced with small additions of Zr in both as-solutionized and age-hardened conditions [18]. The rather slow kinetics of the dispersoid precipitation requires such a long time to form the precipitation of the Al3Zr phase during the solutionizing treatment. The same results were confirmed for Al-Si alloy prepared with HIP. The hardness of Al-Si alloys with the additive of 1.0 wt % Zr, 1.5 wt % Zr, and 2.4 wt % Zr was increased up to 82.5 HV, 79.3 HV, and 85.5 HV, respectively, in comparison with the unmodified alloys with the hardness of 65.2 HV. This corresponded to percentage improvements of 6.2, 2.0, and 10.0%. It has been reported that, when adding Zr to A356 + 0.4Gd [22], the mechanical properties (the ultimate tensile strength (UTS) and the yield strengths (YS), along with elongation) were improved with the addition of Zr because of the grain refinement and eutectic Si modification.



Table 3. The mechanical properties of Al-Si alloys with different Zr content.







	
Alloy

	
Tensile Strength (MPa)

	
Yield Strength (MPa)

	
Elongation (%)

	
Compressive Strength (MPa)

	
Shear Strength (MPa)

	
Hardness (HV)






	
Alloy 1

	
211.2 ± 7.2

	
89.1 ± 7.9

	
5.7 ± 0.3

	
299.6 ± 22.6

	
151.6 ± 3.7

	
65.2 ± 7.2




	
Alloy 2

	
224.2 ± 10.2

	
99.1 ± 8.5

	
6.5 ± 0.3

	
337.8 ± 28.8

	
171.3 ± 4.5

	
82.5 ± 10.2




	
Alloy 3

	
221.6 ± 9.0

	
98.4 ± 6.7

	
6.7 ± 0.2

	
330.6 ± 32.3

	
174.7 ± 7.7

	
79.3 ± 9.4




	
Alloy 4

	
231.1 ± 15.4

	
114.6 ± 9.7

	
7.4 ± 0.7

	
343.1 ± 24.4

	
174.9 ± 5.5

	
85.5 ± 11.6










The tensile strength, yield strength, elongation, the compressive strength, and the shear strength of Al-Si alloys with the additive of Zr additive were improved. The tensile strength, yield strength, elongation, the compressive strength, and the shear strength of Al-Si alloy with 2.4 wt % Zr was enhanced most significantly, improved to 231.1 MPa, 114.6 MPa, 7.4%, 343.1 MPa, and 174.9 MPa. This illustrates that fine-grain strengthening and the existence of a second phase can improve the mechanical properties of the Al-Si alloy. According to the Hall-Petch equation, the relationship between the grain size and strength follows:


σs = σi + Kd−1/2








where σs is the material strength, σi and K are two constants which is related to the material, and d is the grain size. Fine-grain strengthening can improve the plasticity, and also enhance toughness. According to the Orowan’s theory, dislocation would bypass the intermetallic second phase without leaving the dislocation loop. The second phase (Al3Zr and ZrSi2) hinders the movement of a dislocation, which increases the stress of the crystal slip and the density of the dislocations, leading to enhanced mechanical properties. When a second phase is finely distributed within the matrix it will produce a significant reinforcement. The main reason of the second phase strengthening is the interaction between the dislocation, which hinders the motion of the dislocation and improves the mechanical properties of the alloy. Combined with the XRD result, as shown in Figure 2d, the compositions of the second phase are Al3Zr and ZrSi2.



Owing to the refining effect and the dispersion strengthening, the mechanical properties of Al-Si alloys were improved markedly with the addition of Zr. The reinforcement was associated with the formation of Al3Zr and ZrSi2. With increasing Zr content, the Si eutectic was modified little after adding Zr because the formation was Zr-rich [18].




3.3. Fractography


Figure 8 summarizes the SEM fractographs of Al-Si alloys with different Zr content. It is seen that the fracture surface of the Al-Si unmodified alloy shows a clear brittle fracture mode. Few dimples appeared on the fracture surface of Al-Si unmodified alloy, and a quasi-cleavage feature can be observed in Figure 8a. The number of the dimples increases significantly when adding Zr, as shown in Figure 8b–d. The obvious grain refinement and eutectic Si modification led to improved mechanical properties [18]. The ductile fracture confirmed a peeling process and energy was consumed. The ductile fracture surface shows the parallel or 45° angle with respect to the maximum shear stress. The fracture surface of the Al-Si modified alloy with the addition of 1.5 wt % Zr displayed a mixed quasi-cleavage and dimple morphology. Brittle fracture, which presents as flakes under the dimples, is shown in Figure 8c. The fracture surface of the Al-Si modified alloy with the addition of 1.0 wt % Zr shows the smaller and greater number of uniformly distributed dimples. The fracture surface evidences a ductile mode (Figure 8b).


Figure 8. Scanning electron microscope (SEM) graphs of tensile fracture surface of Al-Si alloys with different content of Zr: (a) unmodified, Alloy 1; (b) 1.0 wt % Zr, Alloy 2; (c) 1.5 wt % Zr, Alloy 3; and (d) 2.4 wt % Zr, Alloy 4.
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Figure 9 shows the SEM micro-structure and EDS analysis of the fracture surface of Al-Si alloy with the addition of 2.4 wt % Zr. In agreement with the results in Figure 3 and the EDS results shown in Figure 9b, the second phase composition was 68.88% Al, 11.69% Si, and 19.44% Zr. As shown in Figure 9a, the deformation time is not same of the substrate and the second phase of the different plasticity. Based on the theory of the dislocation, the critical cutting stress of the slip system is different between different grains under the action of the external force because the orientation is different between different grains in poly crystal. The Al grain deforms earlier than the second phase because of the favorable orientation. The plastic deformation of Al will be constrained by the rigid second phase, leading to an increased deformation resistance and tensile properties.


Figure 9. Scanning electron microscope (SEM) graphs of tensile fracture surface of Al-Si alloys: (a) morphology; and (b) EDS of the intermetallic compound containing Al, Si, and Zr.
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The tensile fracture surface of Al evidences a plastic fracture characteristic like potholes because of its plasticity. The tensile fracture surface of Si presents a brittle fracture characteristic like crisp flakes typical of a brittle material. There are vast regions that present the flake fracture in unmodified Al-Si alloy because of the Si particles. After adding Zr to the Al-Si alloy, the dimension of the Si particles was reduced distinctly, leading to the plastic fracture surface like potholes.





4. Conclusions


The effects of Zr additive on the micro-structure and mechanical properties of Al-Si alloys were investigated. The results can be summarized as follows:

	(1)

	
The size of Si particles was significantly reduced and Si was distributed more homogeneously within Al-Si alloy.




	(2)

	
The mechanical properties were improved significantly by adding Zr. The best results were for Zr content of 2.4 wt %. The tensile strength, compressive strength, shear strength, and hardness of Al-Si alloy with 2.4 wt % Zr reached 231.1 MPa, 343.1 MPa, 174.9 MPa, and 85.5 HV, respectively.




	(3)

	
The fracture surface of Al-Si alloy without Zr additive showed a brittle fracture mode and no pits in the surface. When Zr was added, the Al-Si alloys exhibited a typical plastic deformation and a large amount of pits were formed.
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