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Abstract
This study was carried out to examine the mechanical properties of hypereutectic Al–16% Si alloy with the introduction of 
zinc oxide (ZnO) nanoparticles (NPs) synthesized by simple sol–gel method. The microstructure of the synthesized ZnO 
NPs was characterized by X-ray diffraction (XRD) and transmission electron microscopy (TEM). The microstructure of 
the synthesized ZnO NPs reflects the formation of the wurtzite-type ZnO and the average crystallite sizes around 35 nm. 
Hypereutectic Al–16% Si with varies concentration of ZnO NPs (0.5, 1, 1.5 and 3%) was synthesized utilizing permanent 
mold casting technique. Energy-dispersive spectrometer (EDS) and scanning electron microscopy (SEM) of hypereutectic 
Al–16 wt% Si alloys after the dispersion of these nanoparticles were analyzed. The results revealed that an addition of ZnO 
nanoparticle to hypereutectic Al–16wt % Si alloy enhanced the tensile strength, impact energy and the hardness. The maxi-
mum tensile strength, impact energy and hardness of this alloy was 200 MPa, 5.38 J, 60 BHN, respectively, which occurred 
at 3 wt% of ZnO NPs. This enhancement in mechanical properties can attributed to the decomposition and dissolution of 
the nano-oxide particles in aluminum alloy melt and grain growth restriction.

1 Introduction

Hypereutectic Al–Si alloys have a good castability, high stiff-
ness, best temperatures strength, high electrical conductiv-
ity, good corrosion, and wear resistance so was most widely 
utilized in the industrial applications especially in the engine 
components such as head cylinder, valves, engine block, 
pistons and in electrical applications such as the electrical 
transmission lines [1–5]. Hypereutectic Al-Si alloys have a 
wide range of use and therefore we must work to improve the 
mechanical properties. The examination of addition of nano-
particles on the microstructure and the mechanical properties 
of this alloy is important. Among nanoparticles, zinc oxide 
(ZnO) is considered a semiconductor material, self-activated 
crystal, and multi-functional because of low dielectric con-
stant, high catalytic activity, more economical and wide band 

gap around 3.37 eV with high exciting binding energy [6–8]. 
Therefore, this is used in field of nanotechnology science to 
improve material operation and machines in the nanometer 
scale by various techniques; in addition, it is used in solar 
cell, solid-state gas sensor, nanowire, electronic nanodevices, 
UV lasing diode, nanoresonators, and piezoelectric transduc-
ers [9–12]. Raghukiran et al. [13] studied the effect of the 
scandium addition on the mechanical and wear behavior of 
Al–x%Si–0.8Sc alloys. The results show the Al–x%Si–0.8Sc 
alloys give higher tensile strength and flow stress, and an 
improvement in the wear behavior at low concentration ratio 
of silicon for ternary alloys. In addition, the effect of scandium 
on hardening and composition of the Al–Ca eutectic alloys 
were investigated by Blow et al. [14]. It was found the scan-
dium addition to this alloy does not leave an influence on the 
strengthening. Hengcheng et al. [15] investigated the effect 
of an addition of strontium on grain structure of Al–13 wt% 
Si alloy. It was observed that the eutectic grain structure was 
refined with an addition in Sr and the faster cooling rate leads 
to the increasing in eutectic nucleation rate. El-Mahallawi 
et al. [16] used three types of nanoparticles such as  (Al2O3), 
titanium dioxide  (TiO2) and zirconia  (ZrO2) to improve the 
properties of A356 aluminum alloys. There is an enhance-
ment in the mechanical properties with an addition of nano-
particles of  Al2O3,  TiO2, and  ZrO2 at stirring temperature and 
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speed 600 °C, 1500 rpm, respectively. The microstructure of 
aluminum alloy (A356) is transformed to more fine structure 
and improved mechanical properties due to introduction nano-
oxide particles (ZnO,~ 20 nm in size) [17]. Qasim et al. [18] 
investigated the mechanical properties of Al 356 casting alloys 
filled by ZnO nanorods. It was indicated that mechanical prop-
erties such as tensile strength, hardness, and ductility were 
good enhanced significantly after adding the nanorods ZnO 
to Al alloys. Jabeera et al. [19] investigated the metallurgical 
properties of the aluminum zinc alloy anodes reinforced with 
the ZnO nanoparticles. An enhancement in the galvanic per-
formance and metallurgical properties of the Al alloy anodes 
was observed. The improvement in the mechanical proper-
ties depends on the dispersion of NPs through Al matrix. The 
main reason for the improvement of the mechanical properties 
of aluminum alloys due to the introduction of nanoparticles 
can be attributed to the restriction of aluminum growth during 
solidification [20]. This work focuses on studying the mechani-
cal properties of hypereutectic Al–16% Si alloy based on zinc 
oxide (ZnO) NPs synthesized by simple sol–gel method with 
varied concentrations 0.5, 1, 1.5, and 3 wt%. In addition, the 
dependency of aluminum growth on ZnO NP concentration 
was examined. The correlation between mechanical properties 
and the microstructure is investigated through study.

2  Experimental procedure

2.1  Zinc oxide nanocrystalline synthesis

ZnO nanocrystalline powder has been synthesized using 
sol–gel mechanism. Materials used in synthesization include 
zinc acetate dehydrate [Zn(CH3COO)2⋅H2O], isopropanol 
and diethanolamine [HN(CH2-CH2OH)2, DEA]. The rea-
gents, provided in analytical grade, were utilized without fur-
ther purification. First, solution which consists of 6.585 g of 
Zn(CH3COO)2⋅H2O and 75 mL of isopropanol was stirred at 
60 °C for 1 h. Then DEA with molar ratio three times that of 
Zn(CH3COO)2⋅H2O was added gradually to the obtained solu-
tion and kept on the magnetic stirrer for another hour at the 
same temperature. The solution becomes clear and homogene-
ous gel after 2 min from adding DEA. With a view to achieve 
the final ZnO nanocrystalline powder, the obtained gel was 
refluxed for 1 h at 140 °C and then the result was calcined at 
600 °C for 6 h.

The crystal structure of the synthesized ZnO pow-
der was examined by means of X-ray diffraction (XRD) 
using Philips computerized diffractometer of type XPERT-
MPDUC PW 3040 with CuKα radiation source of wavelength 

λ = 0.15406 nm, at a power of 1600 W (40 kV and 40 mA). 
The microstructure of the synthesized ZnO NP powder was 
investigated by high-resolution transmission electron micro-
scope HR-TEM of model JEM-2100 with acceleration voltage 
up to 200 kV.

2.2  Preparation of nanocomposite

Hypereutectic Al–16% Si alloy was utilized as a base mate-
rial in this study. Zinc oxide nanopowders were used as rein-
forcement phase at different weight concentration from 0.5 to 
3%. The chemical composition analysis of the base material 
is summarized in Table 1 [20].

Permanent mold casting technique (PM) was used to pro-
duce the hypereutectic Al–16 Si %. The more details about the 
casting procedure and the cooling conditions were presented 
in the previous work [20]. The concentrations of ZnO NPs in 
investigated alloy were 0.5, 1.0, 1.5 and 3 wt%. The desired 
amount Al–16% Si alloy and synthesized ZnO NPs were in 
total mass 1 kg. The wanted mass of hypereutectic Al–16% 
Si alloy was placed into the copper crucible of the electrical 
furnace after cutting it into small pieces and primates to melt 
inside the furnace up to 710 °C. Then ZnO nanoparticles with 
different weight percent was added to the Al–16 Si % alloy in 
the liquid or semisolid state at 750 °C and mixing with Al–16 
Si alloy molten into the copper crucible and stirred manually 
for 5 min after the addition of the ZnO nanoparticles. Finally, 
the melt was pouring manually inside the metal mold. Al–Si 
alloy specimens before and after ZnO nanoparticles addition 
samples were cutting according to ASTM standard.

The microstructure of the hypereutectic Al–16% Si alloy 
with and without ZnO nanoparticles was analyzed using a 
JEOL 6060 scanning electron microscope coupled with an 
energy-dispersive spectroscopy (EDS) chart.

2.3  Mechanical testing

Tensile test was performed using the universal testing machine 
(TQSM 1000), according to ASTM D638 standard to deter-
mine the tensile strength of the hypereutectic Al alloy without 
and with ZnO nanoparticles addition from 0.5 to 3 wt% at 
room temperature. The dimension of the sample was 165 mm 
length; 19 mm width and 5 mm thickness, Fig. 1. For accurate 
results, four measurements were done for each sample and the 
average final tensile strength was calculated.

Brinell hardness testing machine utilizing a 10-mm-
diameter hardened steel ball and 125  kgf applied load 
carried out the hardness test. The toughness of Al alloy 

Table 1  Chemical composition 
of Al–16 wt% Si alloys [20]

Composition Cu Si Mg Fe Mn Al

Al–16% Si 0.008 16 0.019 0.29 0.002 Bal
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reinforced by ZnO nanoparticles was obtained by examin-
ing the impact energy of this alloy using Charpy impact 
tester according to ASTM D256 standard. The specimen 
used in this test was (15 × 15), thickness 4 mm and the 
pre-crack length was 2 mm.

3  Results and discussion

3.1  Structure of the obtained ZnO NPs

Figure 2 shows XRD pattern of the synthesized ZnO pow-
der. The XRD pattern of ZnO powder detects the formation 
of pure ZnO with wurtzite structure type based on stand-
ard crystallographic data in the reference pattern (JCPDS 
36-1451). The crystallite size (D) of the synthesized powder 
was evaluated from X-ray line broadening using Scherrer’s 
equation [21, 22]: D = 0.9 � ∕� cos � , where λ, β and θ 
are the X-ray wavelength, the full width at half maximum 
(FWHM) of the diffraction peak and the Bragg diffraction 
angle, respectively. The average-evaluated D values for all 
recorded diffraction lines is 32.5 nm and the wurtzite lattice 
parameters a and c are 0.3242 nm and 0.5195 nm, respec-
tively, which are close to the standard data (a = 0.32488 nm 
and c = 0.52066 nm) card no JCPDS-36-1451.

Figure 3 shows TEM image of the synthesized ZnO NPs. 
Figure 3 reflects that the obtained shape of the synthesized 
ZnO is hexagonal shape with large uniformity.

3.2  Microstructure

Figure 4a–d shows the influence of zinc oxide nanoparti-
cle addition on the microstructure of hypereutectic Al–16% 
Si alloy, analyzed by the SEM micrographs. It was found 
that from Fig. 4a, there are large voids, and cracks in the 
base material (without ZnO nanoparticles). The introduc-
tion of ZnO NPs into hypereutectic Al matrix may reduce 
these voids and cracks in this alloy. The introduction of ZnO 
NPs in Al–16% Si alloy leads to decrease the grain size of 
primary Al as shown in Fig. 4a–d. This decrease in grain 
size was highly observed at high concentration of NPs. The 
Al–16 Si % alloy was refined in the microstructure by reac-
tion between ZnO NPs and Al, so the strength of the grain 

Fig. 1  Dimension of tension test specimen

Fig. 2  XRD pattern of the obtained ZnO NPs

Fig. 3  TEM image of the 
obtained ZnO NPs
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boundaries may be enhanced. NPs with high surface area 
have high reaction with aluminum due to high interfacial 
zone between them. For high concentration of ZnO NPs 
(3%), the reaction reaches high value so this sample has 
highest refinement in microstructure. The refinement of Al 
by addition of varied elements can be attributed to growth 
restriction factor and heterogeneous nucleation [17, 18]. 
More deeply, the addition of ZnO NPs to solution of Al–16 
Si % alloy at high temperature leads to decomposition of 
ZnO NPs to Zn and O. Almost all oxygen after decomposed 
from ZnO NPs was combined with aluminum oxide. The 
presence of oxygen decomposed from ZnO NPs at interface 
between liquid and solid of Al through growth of primary 
aluminum alloy leads to restrict growth. The restriction of 
aluminum growth during solidification can be attributed to 
diffusion of solute Zn at interfacial between solid and liquid 
of aluminum. In addition, both oxygen and Zn resulted from 
decomposition are considerable for heterogeneous nuclea-
tion of primary aluminum grain.

Figure 5a, b shows SEM and EDX for sample with 3% 
ZnO NPS. The formation of  Al2O3, found in eutectic region, 
indicates the restriction of growth. The presence of zinc 
metal and absence of zinc oxide from EDX chart are a clear 
evidence of decomposition of zinc oxide.

3.3  Mechanical behavior

Mechanical behavior of the hypereutectic Al–16% Si alloy 
after adding the varying percentages of ZnO nanoparticles 
(0.5, 1, 1.5 and 3 wt%) was investigated by tensile, impact 
strength and hardness tests and is summarized in Table 2.

Tensile strength and impact energy of hypereutec-
tic Al–16 Si alloy were enhanced significantly after ZnO 
nanoparticle addition as shown in Fig. 6 and Table.2. It 
was observed that the largest value of the tensile strength 
and impact energy of this alloy was reached at 200 MPa 
and 5.38 J, respectively, at 3% ZnO nanoparticle addition. 
Further, the increase in tensile strength with concentra-
tion of ZnO nanoparticles attributed to refinement of grain 
size, discussed in previous section, and the strong interface 
zone between the nanoparticles and Al matrix due to uni-
form distribution of NPs inside the Al alloy matrix would 
lead to an improvement in tensile strength of Al alloy. The 
highest enhancement in tensile strength was occurred at 3% 
of ZnO NPs because high refinement of aluminum alloy 
which means smaller grain size of aluminum.

Also, the impact energy of hypereutectic Al alloy 
increases with the ZnO nanoparticle concentration increase 
from 0.5 to 3 wt%. The maximum impact energy occurs with 

Fig. 4  SEM micrographs of 
hypereutectic Al–16% Si alloys 
a without ZnO b 1wt% ZnO 
nanoparticle c 1.50 wt% ZnO 
nanoparticle d 3wt% ZnO 
nanoparticle
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3 wt% of ZnO nanoparticles. This increase in the impact 
energy attributed to the good dispersion of the nanoparticle 
ZnO in Al matrix.

Figure 7 shows the effect of zinc oxide nanoparticle addi-
tion on the hardness value (BHN) of hypereutectic Al–16 Si 
alloy. The hardness value of base Al–16 Si % alloy (0% nano-
particle ZnO) was 46.3 BHN. It has been observed that the 
hardness value increased with an increasing in ZnO nanoparti-
cle addition. It can be attributed to the refinement of aluminum 

alloy and the presence of harder and strong zinc oxide nano-
particles, which can withstand the deformation under the effect 
of indentation loads. The hardness of the Al–16% Si alloy at 3 
wt% addition of nanoparticle ZnO was reached to maximum 
value at 60 BHN. The hardness of the Al–16 Si alloy with 
addition 1.50% ZnO nanoparticles was 15% higher than that 
the base Al–16 Si alloys.

Fig. 5  SEM micrographs and 
EDX of hypereutectic Al–16% 
Si alloys 3wt.% ZnO nanopar-
ticle

Table 2  Mechanical properties 
of hypereutectic Al–Si 16% 
with ZnO nanoparticle addition

S. No ZnO nanoparti-
cle weight (%)

Maximum 
force (N)

Tensile strength (MPa) Impact energy (Joule) Hardness (BHN)

1 Base 13,550 135.5 (± 6.75) 3.34 (± 0.09) 46.3 (± 5.09)
2 0.5 15,000 150 (± 4.88) 3.66 (± 0.07) 50.1 (± 4.13)
3 1 16,020 160.2 (± 3.32) 3.90 (± 0.06) 52.2 (± 3.20)
4 1.5 17,439 174.39 (± 2.02) 4.24 (± 0.04) 54 (± 2.08)
5 3 20,000 200 (± 1.08) 5.38 (± 0.02) 60 (± 1.10)

Fig. 6  Variation in tensile strength of hypereutectic Al–16 wt% Si 
Alloys with ZnO nanoparticle addition

Fig. 7  Variation in hardness of hypereutectic Al–16 wt% Si Alloys 
with ZnO nanoparticles addition
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4  Conclusions

The effect of ZnO NP content from 0 to 3% on the micro-
structure and mechanical characteristic of hypereutectic 
Al–16 Si % alloy were studied. The refinement of this alloy 
was detected due to ZnO NP introduction and maximum 
refinement was observed at 3% NP concentration. Decompo-
sition of ZnO NPs through Al–16 Si% alloy leads to refine-
ment and small grain size of Al alloy. Mechanical character-
istics of the hypereutectic Al–16 Si % alloy were enhanced 
after zinc oxide nanoparticle addition in weight percent from 
0.5 to 3%. Enhancement in mechanical properties reaches to 
highest value at 3% NP concentration.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
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